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Surface processes involved in heterogeneous catalysis can be effectively studied 

by in-situ/operando techniques. For example, in heterogeneous hydrogenation, 

molecular hydrogen dissociates into atomic hydrogen upon chemisorption on metal 

surfaces followed by migration, spillover and even dissolution into the lattice, leading to 

random addition. Pairwise addition, where the two hydrogen atoms come from a single 

molecule and retain their nuclear spin correlation, is not typically considered as a 

distinct process. Nevertheless, surface reaction activities and pathways have been 

shown to be affected by the presence of reactants, intermediates, products and by-

products such as carbonaceous deposits. Other factors affecting heterogeneous 

catalysis include the nature of the catalyst, such as metal type, particle size, shape, 

morphology, dispersion, as well as the properties of the supports, especially those with 

strong metal-support interactions (SMSI). Such factors are also important in determining 

the favorability of pairwise addition. While it would be extremely difficult to distinguish 

between these two pathways using conventional methods such as gas chromatography, 

hyperpolarized NMR based on Parahydrogen Induced Polarization (PHIP) provides a 



 

20 

unique tool to study pairwise hydrogen addition, since only this pathway leads to 

dramatically enhanced (up to 105) NMR signals.  

In this study, a variety of catalysts were prepared with transition metals (Pt, Ir, 

etc.) supported on different oxides (Al2O3, TiO2, etc.), through precipitation of metal salts 

onto supports from an aqueous solution by controlling solution pH followed by aging and 

calcination. For PHIP experiments, a home-built micro-reactor with heating unit was 

installed on the top of the magnet. The precise delivery of gas mixture (propylene, p-H2 

and carrier gas) was facilitated with Mass Flow Controllers (MFCs). The resultant 

hyperpolarized propane flew down to the NMR probe for detection. Kinetic parameters, 

such as reaction temperature, gas composition and flow rate, were varied to optimize 

PHIP enhancement. Kinetic studies about reaction orders and activation energies were 

made possible with the dramatic signal enhancement. In addition, by comparing 

resultant NMR spectra from reactions with n-H2 or p-H2, contributions from pairwise 

addition was able to be derived. 
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CHAPTER 1 
INTRODUCTION 

1.1 Hyperpolarization: Improvement of NMR Sensitivity 

Nuclear magnetic resonance spectroscopy (NMR) is a valuable tool for obtaining 

structural and dynamical information of molecules. However, this method suffers from 

poor sensitivity compared to most other types of spectroscopy. This situation is even 

worse in gas phase where the nuclear spin density is rather sparse, roughly three 

orders of magnitude lower than in liquids. The intrinsic low sensitivity, due to the small 

population difference between nuclear spin states determined by the Boltzmann 

distribution, can be solved, to some extent, by various hyperpolarization methods. 

1.1.1 Pushing Thermal Equilibrium 

NMR signal is proportional to polarization which is defined as the difference over 

the sum of the populations in the case of spin-1/2 nuclei such as 1H shown in Equation 

(1-1). At room temperature and 11.7 Tesla (1H: 500 MHz), this population difference is 

around 0.00008. Thus NMR is a rather insensitive technique. 

Signal ∝ Polarization =
𝑁𝛼 − 𝑁𝛽

𝑁𝛼 + 𝑁𝛽
=
1 − 𝑒−∆𝐸/𝑘𝑇

1 + 𝑒−∆𝐸/𝑘𝑇
 

(1-1) 

 One way to increase the polarization is to increase the magnetic field or 

decrease the temperature as seen in the following Equation (1-2). 

𝑁𝛼
𝑁𝛽

= exp [−
∆𝐸

𝑘𝐵𝑇
] = exp [−

𝛾ℏ𝐵0
𝑘𝐵𝑇

] 

(1-2) 
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1.1.2 Polarization Transfer from Electron or Photon to Nucleus 

1.1.2.1 Dynamic Nuclear Polarization (DNP) 

Nuclear spin polarization can be enhanced by transferring the polarization from 

that of electrons, known as the nuclear Overhauser effect.1,2 This is the basis of 

dynamic nuclear polarization (DNP) and widely used in lots of applications, including 

solid-state NMR experiments of biomolecules. It relies on the fact that electron has a 

much larger population difference between the two spin states based on the Boltzmann 

statistics.  

1.1.2.2 Optical Nuclear Polarization: Optically Pumped NMR 

 In this method, the polarization of circularly polarized light can be transferred to 

electron or nuclear spins through specially designed pulse sequences, leading to 

hyperpolarization. Four to five orders of magnitude of sensitivity enhancement has been 

achieved by optically pumped NMR (OPNMR) and this method is commonly employed 

in the studies of semiconductor band structures.3 

1.1.2.3 Spin Exchange Optical Pumping (SEOP)  

Noble gases, such as Xenon-129, Helium-3 and Kr-89, can be hyperpolarized 

relatively easily with spin exchange optical pumping method.4-8 This is achieved by 

polarization transfer from circularly polarized light to noble gas via alkali metal 

electrons.9 Hyperpolarized Xenon is widely used in diffusion studies and magnetic 

resonance imaging. 

1.1.3 Polarization Transfer from Nucleus to Nucleus 

The nuclear Overhauser effect (NOE) is a common phenomenon in resonance 

where the spin polarization of one nucleus is transferred to another via cross-relaxation. 
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This was based on Albert Overhauser’s prediction that nuclear spin polarization could 

be enhanced by the microwave irradiation of the conduction electrons in certain metals.1 

NOE effect is widely used in NMR for characterizing organic chemical structures and 

even the three-dimensional structures of biological macromolecules in solutions by 

determining the spatial correlations between nuclei. Transferring polarization from high-

γ nucleus (such as 1H) to low-γ (such as 13C) nucleus in solids is used routinely to 

improve the sensitivity and well known as ‘cross polarization’.10 

1.1.4 Parahydrogen Induced Polarization (PHIP) 

In the late 1980s, a new concept was proposed11 and shortly demonstrated12 by 

Bowers and Weitekamp that dramatic signal enhancement could be achieved by 

converting the singlet nuclear spin order of parahydrogen into hyperpolarization, 

through catalytic hydrogenation reactions. This method, initially observed but 

misinterpreted,13 is called Parahydrogen Induced Polarization (PHIP).14-20 Up to 5 

orders of magnitude is achievable and it is possible to observe transient intermediates 

and distinguish reaction pathways. Thus it soon became a powerful mechanistic tool in 

homogeneous catalysis.17,21-24 Besides, the observation of PHIP in heterogeneous 

catalysis25 allows a direct visualization of mechanisms on metal surfaces and production 

of metal-free hyperpolarized fluids for novel biomedical applications.26 

1.2 Basics of PHIP 

1.2.1 Nuclear Spin Isomers: Ortho- and Para-Hydrogen 

The existence of spin isomers of molecular hydrogen was first predicted by 

Werner Heisenberg based on the Born-Oppenheimer Approximation and the Pauli 

Exclusion Principle. There are two isomers, namely ortho-hydrogen and para-hydrogen 

(Equation 1-3). According to the Pauli Exclusion Principle, the total wavefunction of 



 

24 

fermions (a class of particles to which protons belong) is anti-symmetric with respect to 

permutation of the coordinates of the two nuclei. The overall wavefunction of molecular 

hydrogen consists of electronic, translational, vibrational, rotational and nuclear 

contributions. For the ground-state, electronic, translational, and vibrational components 

are all symmetric, thus singlet para-hydrogen (p-H2) is associated with even rotational 

quantum states and triplet ortho-hydrogen (o-H2) is with odd states. 

|𝜑𝑜𝑟𝑡ℎ𝑜 ⟩ =  

{
 

 
|𝛽𝛽⟩

1

√2
(|𝛼𝛽⟩ + |𝛽𝛼⟩

|𝛼𝛼⟩

)  

        𝑚𝑙 = −1
        𝑚𝑙 =    0
        𝑚𝑙 = +1

 

|𝜑𝑝𝑎𝑟𝑎 ⟩ =
1

√2
(|𝛼𝛽⟩ − |𝛽𝛼⟩)                𝑚1 =   0 

(1-3) 

The ratio between ortho- and para-hydrogen depends on the rotational partition 

functions (Equation 1-4).14 Thus p-H2 can be enriched to 50% at liquid nitrogen 

temperature (77 K) and 99% at 20 K. Transitions between singlet and triplet states are 

magnetic dipole forbidden without catalysts (FeO(OH), activated carbon, etc.), allowing 

for extended storage of the p-H2 enriched gas. This is also the reason why p-H2 is NMR 

silent and the p-H2 concentration can be measured using the signal intensity which is 

directly proportional to the o-H2 concentration. 
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1.2.2 PHIP: PASADENA versus ALTADENA 

Parahydrogen induced polarization utilizes the ability of the singlet state nuclear 

spin order of p-H2 to be converted into observable nuclear spin magnetization by the 

addition of the p-H2 molecule to an unsaturated substrate.  

There are two variants of PHIP based on the procedure: 1) PASADENA (Para-

hydrogen And Synthesis Allow Dramatic Enhancement of Nuclear Alignment) (Figure 1-

1)12 and 2) ALTADENA (Adiabatic Longitudinal Transport Engenders Net Alignment) 

(Figure 1-2)27.  

In the case of PASADENA, the reaction and NMR detection are both carried out 

in high magnetic fields. Dramatically enhanced anti-phase multiplets are observed 

which can be rationalized based on Quantum Mechanics’ sudden approximation. The 

transition probability from an initial state to a final state can be calculated from the 

square of the projection of the initial state to the final state.  

In ALTADENA case, hydrogenation is carried out in low (the Earth’s) magnetic 

fields and detection is in high fields following an adiabatic transport to the magnet. This 

relies on both sudden approximation for the product formation and then adiabatic 

transport to high fields. There is no further change in the internal Hamiltonian when the 

sample is transferred to the magnet until the detection by NMR. 

From Figure 1-1, it is clear that the use of ortho-enriched hydrogen would also 

lead to hyperpolarization, though with opposite phases to the para-hydrogen derived 

signals and much less degree of hyperpolarization. 
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Figure 1-1.  PASADENA state-state correlation diagram. A) Left and right show the 

singlet and triplet states of p-H2 and o-H2, respectively, and the middle is the 
spin states of the adduct as a weakly coupled two-proton (AX) system. The 
population distribution of the adduct is found by projecting the initial state onto 
the final states, under the sudden approximation. B) Conventional NMR 
spectrum of the adduct under thermal equilibrium. C) PASADENA spectrum, 
exhibiting antiphase doublets.  

 
 

 
 
Figure 1-2.  ALTADENA state-state correlation diagram. A) Left shows the singlet of p-

H2, middle is the adduct state in low magnetic fields, and right shows the final 
state after adiabatic transport to the magnet. B) Conventional NMR spectrum 
of the adduct under thermal equilibrium. C) ALTADENA spectrum, exhibiting 
net alignment.  
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1.2.3 Signal Amplification by Reversible Exchange (SABRE) 

The requirement of an unsaturated precursor for PHIP drove the development of 

a new hyperpolarization technique without the incorporation of p-H2 molecules into the 

substrate. This was termed as SABRE (Signal Amplification by Reversible Exchange).28-

30  

This polarization transfer from para-hydrogen to the substrate molecule is 

accomplished through the J-coupling when both of them bind to transition metal 

complexes at low magnetic field.  

SABRE greatly extended the scope of parahydrogen induced polarization (PHIP) 

to molecules which are not readily accessible by hydrogenations.  

1.2.4 Basic Requirements for Observing PHIP 

To observe PHIP effects, all of the following conditions have to be fulfilled:  

1. Pairwise addition: the two protons from p-H2 must be transferred to the substrate 
in such a way that their spin order is preserved.  

2. Symmetry break: the hydrogen nuclei must be deposited into magnetically 
inequivalent sites while retaining a spin coupling between them.  

3. Weak coupling: the chemical shift difference of the two coupled spins (in the 
detection magnetic field) has to be much greater than the J-coupling constant. 

4. Relaxation limit: the reaction time scale must be shorter than the lifetime of 
hyperpolarization, approximately the spin lattice relaxation time constant (T1). 

1.3 PHIP in Heterogeneous Catalysis  

Interest in PHIP has been increasing ever since its first discovery. It has 

increased further when the ability to obtain rapid assays and images of metabolism in 

living tissues was demonstrated using PHIP-hyperpolarized molecular probes.31,32 To 

extend such studies to humans, it is critical to have catalyst-free hyperpolarized 

molecular tracers, which is possible in HET (heterogeneous)-PHIP.33,34 Besides the 
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easiness of separation of hyperpolarized fluids from the catalyst, it is also easy to 

control the whole hydrogenation process in heterogeneous catalysis. The dramatic 

signal enhancement enables mechanistic studies on heterogeneous catalysis itself and 

in-situ/operando studies of reactors. 

Based on the dissociative Horiuti-Polanyi mechanism, molecular hydrogen 

readily dissociates into atomic hydrogen, followed by migration, spillover and even 

dissolution into the metal lattice.35 This creates a pool of surface hydrogen atoms 

available for reactions36 but also causes the loss of the spin-order of p-H2. In such 

cases, random addition dominates over pairwise addition. However, the dramatic signal 

enhancement due to PHIP made a small (<3%)37 pairwise contribution detectable in 

heterogeneous catalysis with immobilized Rh(I) complexes (Wilkinson’s catalyst 

(RhCl(PPh)3),15,38,39 Iridium complexes,40 Au(III) Schiff base complexes immobilized 

within a metal-organic framework,41 and supported Pt/Pd metal nanoparticles.42  

The surface reaction activity and pathway have been shown to be affected by the 

presence of reactants, intermediates, products and by-products such as carbon 

deposits,43 whose presence partitions the vast metal surface into isolated islands and 

leads to localization of catalytic sites. This can hinder the ready migration of H atoms 

and increase the chance of pairwise addition of two H atoms coming from the same 

hydrogen molecule. Other factors affecting heterogeneous catalysis include the nature 

of the catalyst, such as metal type, particle size, shape, morphology, dispersion and 

loading, as well as the properties of the supports, especially those with strong metal-

support interactions (SMSI).37,44-47  
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To further expand the scope of PHIP, bulk metals, such as Pt black, and metal 

oxides, such as PtO2, CaO, Cr2O3, ZrO2, CeO2, were reported to produce PHIP 

recently, attributed to the reduced mobility of surface H atoms related with the strength 

of adsorbate-support interaction.48 Even more interestingly, metal-free compounds 

ansa-aminoborane tweezers were found to exhibit PHIP effect recently.49 

1.3.1 Kinetics and Mechanisms of Reactions on Metals 

Kinetic study is typically conducted to evaluate the microscopic impacts of 

macroscopic parameters such as relative ratios between reagents, their concentrations, 

pressures, temperatures, and flow rates in a continuous-flow reactor.50-52 

1.3.1.1 The Horiuti-Polanyi Mechanism 

 

Figure 1-3.  The Horiuti-Polanyi mechanism on palladium. Pd atoms are blue, carbon 
atoms are black, hydrogen atoms are green, and deuterium atoms are red. 
Step 1. Alkene adsorbs and hydrogen dissociates into atomic hydrogen on 
the metal surface. Step 2. One hydrogen atom migrates and adds reversibly 
to alkene with formation of a σ-bond between the metal and Carbon or a alkyl 
moiety. Step 3. A second hydrogen atom adds irreversibly to form the 
product.55 Reprinted with permission from J. Chem. Educ., 2013, 90 (5), pp 
613–619. Copyright (2013) American Chemical Society. 
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Horiuti-Polanyi mechanism is the prevailing mechanism in heterogeneous 

hydrogenation catalysis at typical reaction temperatures,53 consisting of three steps 

(Figure 1-3): (1) alkene adsorbs and hydrogen dissociates into atomic hydrogen on the 

metal surface, (2) one hydrogen atom migrates and adds reversibly to alkene with the 

formation of a σ-bond (or a alkyl moiety) between the metal and carbon,54 and finally (3) 

in a reductive elimination step a second hydrogen atom adds irreversibly to form the 

product.55 

1.3.1.2 The Active Sites on Surfaces 

There are two kinds of adsorption: molecular and dissociative adsorption. 

Generally, it is assumed that there is a random distribution of non-interacting adsorbed 

species on the surface where all sites are equal and all geometric sites are active. This 

is the so-called mean-field approximation,56-58 and can only be fulfilled at low coverage 

or high temperature. While at high coverage and low temperature, the interactions, 

being attractive or repulsive, between adsorbed species can have significant impacts on 

the kinetics.  

In contrast, Taylor proposed that only certain sites or centers on surfaces are 

catalyzing the reactions.59 Those active sites, composing of an ensemble of atoms, 

might be sparsely and randomly distributed on the surface and prone to poisoning by 

just a few molecules or species. Obviously, flat surface atoms or terrace sites are more 

highly coordinated than those located at corners, edges, surface steps or kinks. Three 

distinct adsorption sites as atop, bridge, and hollow co-exist on (111) face of a face-

centered cubic (fcc) metal such as platinum or iridium.60 

Accordingly, reactions can also be categorized into two groups: ‘structure 

sensitive’ (demanding) and ‘structure insensitive’ (facile) reactions.61-65 Catalyst 
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optimization is of critical importance for structure sensitive processes, where local 

atomic structure gives rise to the variations of adsorbate bond strengths and reaction 

kinetics.62,66 Single-site catalysts, where either a single atom (or ion), or a very small 

cluster of atoms serves as the reaction center, were reported and expected to be highly 

selective due to its uniformity across the surface.67  

1.3.1.3 The MARI Approximation 

In a lot of cases, one of the reagents or intermediates adsorbs more strongly 

than the other participants and to a good extent dominates the surface. This 

intermediate is called the Most Abundant Reaction Intermediate (MARI).58 

1.3.1.4 The Proximity Effect 

The d electrons of metals are normally actively involved in chemisorption, 

weakening chemical bonds and making them much easier to break. It is well accepted 

as the proximity effect that bonds only in close proximity to metal surfaces can break.58 

1.3.1.5 The Time Scale in Catalysis 

 A complete catalytic cycle is more than just bonds breaking and reforming. Often, 

surface processes such as diffusion and transport are much slower and limit the 

reaction kinetics. Typically, microscopic chemical bond breaking and formation happen 

in the scale of picoseconds while the macroscopic diffusion through metal catalysts and 

porous supports takes between seconds to minutes.58 The time scale of PHIP reactions 

should lie within the lifetime (spin lattice relaxation time T1) of hyperpolarized signals. 

1.3.2 The Arrhenius Equation and Activation Energy  

 A common phenomenon is that the rate of catalytic reactions goes up when 

temperature increases. A potential energy barrier has to be overcome as, for instance, it 

costs energy to break chemical bonds. This relationship is governed by the Arrhenius 
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Equation (1-5) which can be re-written in the logarithmic scale (1-6). At certain 

conditions diffusion phenomena start to impose influences on reactions and limit the 

kinetics.  

𝑘 = 𝐴 𝑒−
𝐸𝑎
𝑅𝑇 

(1-5) 

ln(𝑘) = ln(𝐴) −
𝐸𝑎
𝑅𝑇

 

(1-6) 

In a more practical situation, for low temperatures the rate increases with 

increasing temperature and the apparent activation energy is positive. However, at a 

certain temperature the diffusion and transport of reactants start to limit the kinetics as 

the reaction rate becomes so high. A concentration gradient between the bulk gas and 

the surface starts to develop, resulting in a slower rate increase. At even higher 

temperatures, the residence time of adsorbed species decreases and there is a lack of 

surface bound reagents. The rate thus decreases with temperature, resulting in a 

negative apparent activation energy.58 

1.3.3 Rate Equation and the Reaction Orders 

For the propylene hydrogenation reaction: 

𝑎 𝐻2  + 𝑏 𝑃𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒 → 𝑃𝑟𝑜𝑝𝑎𝑛𝑒 

(1-7) 

The rate of reaction can be expressed in the following equation:  

𝑟 = 𝑘 [𝐻2]
𝑎 [𝑃𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒]𝑏. 

(1-8) 
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Here r is the reaction rate, and k is the rate constant and assumed to be 

temperature independent. For an easier manipulation, this equation is re-arranged to 

the logarithmic scale as follows: 

𝐿𝑛 (𝑟) = 𝑎 𝐿𝑛([𝐻2]) + 𝑏 𝐿𝑛( [𝑃𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒]) + 𝐿𝑛(𝑘) 

(1-9) 

The reaction order is the corresponding slope of the linear fitting when the natural 

log of reaction rate is plotted against the natural log of the concentration of that species. 

It represents the extent of the effect of the concentration of a species on the rate, and 

also provides information about which species affects the rate more significantly.  

1.4 Applications of PHIP 

1.4.1 Producing Hyperpolarized Tracers for Biomedical Applications  

The use of heterogeneous catalysts for generating PHIP provides a number of 

significant advantages over the homogeneous processes, including the possibility to 

produce hyperpolarized gases, better control over the hydrogenation process, and the 

easiness of separating hyperpolarized fluids from the catalyst. The latter advantage is of 

paramount importance in light of the recent tendency towards utilization of 

hyperpolarized substances in in-vivo spectroscopic and imaging applications of NMR.68-

70 The production of hyperpolarized propane71 and its utilization in gas-phase NMR 

imaging were initially demonstrated using immobilized Wilkinson’s catalyst for propylene 

hydrogenation.34,72,73 

1.4.2 Elucidating the Kinetics and Mechanisms of Reactions on Surfaces  

In addition, the dramatic signal enhancement associated with PHIP makes it a 

sensitive tool for in-situ studies of the kinetics and mechanisms of operating catalytic 

reactors. Short-lived and trace amount of reaction intermediates are now possible to be 
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identified, which provides insight into the whole process. Activation energies and 

reaction orders associated with pairwise addition are valuable information towards 

understanding the fundamentals of different surface reactions. 

PHIP has been applied successfully to the kinetic studies in heterogeneous 

hydrogenations74-76 and reaction orders with respect to either n- or p-H2 were reported 

under PASADENA protocol (reaction in high magnetic fields) over Pt/Al2O3.75 

1.4.3 Operando Spectroscopy and Catalysis Imaging 

Solid state NMR spectroscopy has been used in the in-situ/operando studies of 

reaction kinetics and catalyst deactivation in heterogeneous catalysis.77,78 Yet the 

sophisticated experimental setup related with in-situ MAS (Magic Angle Spinning) NMR, 

the difficulty to mimic industrially relevant high pressure and high temperature 

processes, and the requirement of large signal average due to poor sensitivity limit the 

scope of potential applications. 

On the other hand, the existence of microscopic fluid flow, as well as mass and 

heat gradients within a heterogeneous reactor bed complicates the reactor design and 

catalyst optimizations. Although computational modelling is the routine method to 

approach the coupling between heat transfer, fluid dynamics and surface reaction 

kinetics, a direct visualization of the flow distribution, local density profiles and 

temperature maps is critical to validate such models.79  

The significant signal enhancement of PHIP can be extended to magnetic 

resonance imaging (MRI) of operating catalytic reactors. Bouchard and co-workers were 

able to image the hyperpolarized propane in the void space of the reactor,33 and the gas 

velocity map and density of active catalyst (silica gel-immobilized Wilkinson’s catalyst) 

in a packed-bed micro-reactor.34 They even mapped the gas temperatures for metal 
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nanoparticles catalyzed propylene reduction, taking advantage of the inverse 

relationship between NMR linewidths and the temperature caused by motional 

averaging in a weak magnetic field gradient.80 This motional-averaging NMR method 

based on PHIP is much more sensitive than the conventional NMR thermometry 

method, for instance, based on the temperature-sensitive characteristics of 27Al signal of 

alumina,81 and should find wide applications in the operando thermodynamic studies of 

heterogeneous catalysis. 
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CHAPTER 2 
INSTRUMENTATION AND EXPERIMENTAL METHODS 

2.1 Gas Handling System and Heterogeneous Catalytic Reactor 

To start with, the design and construction of a gas handling system enabling 

ortho- to para-hydrogen conversion and continuous-flow reaction is necessary. The 

whole system incorporates all desired functions and allows easy manipulations: 1) 

Pressures can be monitored everywhere with pressure gauges and a relief valve 

ensures safety (Figure 2-1). 2) The o-/p-H2 conversion system can be purged with 

nitrogen to remove any absorbed gas or moisture, and evacuated with a high-vacuum 

turbo pump. 3) p-H2 can be enriched to 50% with a converter working at 77 K in liquid 

nitrogen (Figure 2-2) or to 99% with a converter working at 20 K in liquid helium (Figure 

2-3). 4) Catalysts can be activated in-situ in the NMR tube (PASADENA) or in a U-

shaped glass tube reactor (ALTADENA) outside the magnet at elevated temperatures 

by flowing through N2 gas or reducing agent (H2) (Figure 2-4). 5) Gaseous reaction 

mixtures can be prepared and charged to the reactor under precise control of three 

Mass Flow Controllers (MFCs) (Figure 2-4). 6) The gas flow rate can be easily adjusted 

with a LabVIEW program connected to MFCs. 7) Reaction temperature can be well 

maintained up to 400 oC for steady-state reaction conditions. 8) The exhaust gas is 

vented out of the building directly.  

 

Figure 2-1.  Gas handling system for ortho- to para-hydrogen conversion. 
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Figure 2-2.  Ortho- to para-hydrogen converter working at liquid N2 temperature. 

 

 
 
Figure 2-3.  Ortho- to para-hydrogen converter working at liquid helium temperature. 

In collaboration with Prof. Helena Hagelin-Weaver’s group, a continuous-flow 

gas-phase reactor was constructed (Figure 2-4). The precise delivery of gases (N2, n-/p-

H2 and propylene/propyne is facilitated with three mass flow controllers (MFCs). The 

reactor (Figure 2-5) is made of a U-shaped glass tube and placed inside a tube furnace 
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for steady-state reaction conditions at variable temperatures (up to 400oC). Schematics 

of ALTADENA and PASADENA reactors are shown in Figure 2-6 and 2-7 respectively.  

The whole system is under easy control from LabVIEW program, which allows 

easy adjustment of flow rates and temperatures, as well as NMR acquisition triggering 

and feedback. It is also capable of producing a stream of hyperpolarized products (such 

as hyperpolarized propane) for further applications in diffusion and MRI. 

 
 

Figure 2-4.  Integrated PHIP gas-phase heterogeneous catalytic reactor system under 
LabVIEW control. 
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Figure 2-5.  Gas-phase heterogeneous catalytic reactor mounted on top of the 

superconducting magnet. 

 
 

 
 
Figure 2-6.  Schematics of ALTADENA reactor (reaction outside the detection field). 
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Figure 2-7.  Schematics of PASADENA reactor (reaction inside the detection/high field). 

2.2 Parahydrogen Enrichment and Ortho- to Para-hydrogen Converter 

The converter (Figure 2-2) is a helical coil of copper tubing which is filled with a 

spin catalyst – currently, activated carbon. This converter is designed to work in liquid 

N2, producing 50% enriched p-H2 (ortho-/para-=1:1).  

2.2.1 Preparation of 50% Enriched p-H2 

For an easy operation, p-H2 is enriched to 50% by passing n-H2 into the 

converter working at liquid N2 temperature (Figure 2-2). A typical procedure is as 

follows: (1) the converter is purged with N2 overnight to remove any adsorbed air or 

moisture, (2) it is then evacuated under rough pump for several hours followed by turbo 

pump for another hour, (3) it is pressurized with n-H2 to around 2 atm and immersed into 

liquid N2 while connected to the n-H2 source, (4) wait for 2 hours to ensure the whole 

converter is maintained at 77 K, (5) finally 50% enriched p-H2 is produced and ready for 
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experiments. Pressure is monitored on both sides of the converter and a relief valve is 

attached as well to ensure a safe operation (Figure 2-1). 

2.2.2 Preparation of 99% Enriched p-H2 

The other converter for 99% enrichment (Figure 2-3) is designed to work inside a 

liquid helium dewar. The helical coil filled with a spin catalyst is held within a vacuum 

space filled with low pressure helium as the heat exchange gas. 20 K is maintained by 

the helium gas together with a heating wire and silicon diode as the temperature sensor. 

Highly enriched p-H2 is expected to further increase the sensitivity of PHIP. 

2.2.3 Determining the Ortho-/Para-Hydrogen Ratio by NMR 

The NMR determination of para-enrichment is based upon the fact that singlet p-

H2 is NMR silent but o-H2 is not. As n-H2 is composed of 75% o-H2, enrichment to 50% 

p-H2 (and 50% o-H2) would result in a decrease in the NMR signal by one-third (Figure 

2-8). Comparison of peak integrals of both spectra indicated a 50% enrichment of p-H2. 

All p-H2 used in this dissertation was actually 50% enriched p-H2. Spectra obtained for 

reactions using 50% enriched p-H2 were subtracted with that obtained using n-H2 and 

regarded as p-H2 results throughout this dissertation.  

 
 
Figure 2-8.  Overlapped spectra of 50% enriched p-H2 and n-H2 (after NMR probe 

background subtraction). Orange: 50% enriched p-H2, blue: n-H2. Comparison 
of peak integrals indicated 50% enrichment. 
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2.3 Preparation of Supported Metal as Heterogeneous Catalysts 

All supported metal catalysts were prepared and characterized by Dr. Wei Cheng 

(and some Iridium catalysts together with Steven Geller) in Prof. Helena Hagelin-

Weaver’s laboratory in the Department of Chemical Engineering at the University of 

Florida.82,83 

Iridium or Platinum nanoparticles supported on oxides were prepared by 

precipitation of corresponding precursors onto the supports from an aqueous solution, 

controlling solution pH using sodium hydroxide. 

2.3.1 Preparation of Supported Platinum (Pt) Catalysts 

1.98 g of TiO2 support (Alfa Aesar) was dispersed in 100 mL of deionized water 

under constant stirring. H2PtCl6∙6H2O (0.053 g) was dissolved in 5 mL deionized H2O 

and was poured into the support/water mixture. Platinum hydroxide was deposited onto 

the support by dropwise addition of a 2.5 mM NaOH solution until the pH value of the 

catalyst dispersion mixture reached 11. The catalyst dispersion mixture was then aged 

overnight under continuous stirring, and titrated with a diluted acetic acid solution to pH 

7. Then, the mixture was filtered, re-dispersed in deionized water, and filtered a second 

time after stirring overnight. The aging step was necessary to prepare a reproducible 

and active catalyst, and washing was necessary to remove residual sodium ions and 

any chloride contaminant as these can accumulate on the surface and reduce activity. 

The pre-catalyst was dried at 105 °C overnight, and then calcined at 350 °C for 3 hours. 

2.3.2 Preparation of Supported Iridium (Ir) Catalysts 

1.98 g of TiO2 support was dispersed in 100 mL of deionized water under 

constant stirring. H2IrCl6∙6H2O (0.056 g) was dissolved in 5 mL deionized H2O and 

poured into the support/water mixture dropwise. Ir nanoparticle was deposited onto the 
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support by titrating the above solution with a 2.5 mM NaOH solution until the pH of the 

dispersion mixture reaches 11 under vigorous stirring at room temperature. The mixture 

was then aged overnight under continuous stirring before it was filtered, re-dispersed in 

deionized water. It was then filtered a second time. The re-dispersed catalyst was 

filtered and dried at 105 °C overnight, and then calcined at 450 °C for 3 hours. 

2.4 Characterization of Heterogeneous Catalysts 

2.4.1 Determine the Actual Metal Loading with ICP-AES 

The metal loading used in this dissertation were reported as the weight 

percentage in the initial preparation step. 

For a more accurate measurement, the actual metal loading can be 

characterized by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) 

on a Perkin-Elmer Optima 3200 RL. In short, catalyst should be fused with sodium 

peroxide at 500°C for 1 hour, followed by dissolution in water and neutralization with 

hydrochloric acid. The concentration of metal species in fusion solution will be analyzed 

by ICP-AES measurement, and this information can be used for calculating the actual 

metal loading in the catalyst.  

2.4.2 Temperature Programmed Reduction Measurements 

Temperature-programmed reduction provides useful information on the 

temperature needed for the complete reduction of a catalyst. This was performed using 

a Quantachrome ChemBET 3000 instrument. For the measurement, 200 mg of the 

catalyst was loaded in a quartz tube reactor, and secured with a plug of quartz wool at 

the gas flow outlet end. The temperature in the catalyst bed was monitored by an 

Omega K-type thermocouple. Reduction condition was optimized at a heating rate of 10 

oC per minute up to a temperature of 500 oC. A gas flow of 5% H2/N2 mixture at a total 
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flow rate of 70 sccm was used for reduction until no further hydrogen adsorption on the 

catalyst was observed. 

2.4.3 Metal Dispersion and Particle Size: the Chemisorption Measurement 

Carbon monoxide (CO) chemisorption is a powerful technique for measuring the 

surface area of supported metal catalysts. The number of surface metal atoms can be 

calculated based on the uptake of CO molecules, provided the stoichiometry of CO to 

metal atoms on the surface is known. Further information about the metal dispersion 

and particle size can be derived. In this study, chemisorption measurements were 

performed on a ChemBET 3000 workstation (Quantachrome Instruments).  

The fresh catalysts were first oxidized at 5% oxygen in helium at T °C (T equals 

350 for Ir and 170 for Pt respectively) for 0.5 h and outgassed in helium, before the 

catalyst was reduced in 5% hydrogen in nitrogen at T °C for 0.5 h. The oxidation and 

reduction cycle provide the catalyst yield a well-defined reduced surface on the catalyst. 

The catalyst was outgassed in helium at T °C for another 15 minutes in order to remove 

all physically absorbed hydrogen on the catalyst surface before cooling down to room 

temperature.  

The activation temperature T was chosen for performing hydrogen reduction 

based on the information obtained from temperature programmed reduction (TPR) 

measurement, which indicated that most of the metal species was reduced at T °C. The 

catalyst was then subjected to CO adsorption measurements to determine the metal 

surface area. 

By titrating a known amount of adsorbate gas (CO) into a stream of inert makeup 

gas (helium), the titrated CO gas stream would flow through the sample surface, and 

the probing gas CO would adsorb onto the exposed metal surface until it is saturated 
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with CO. The amount of CO gas in the makeup gas helium stream not adsorbed on the 

metal surface was measured by a thermal conductivity detector (TCD). By subtracting 

known amount of unabsorbed CO from TCD signal from total amount of titrated CO, the 

absorbed CO gas can be quantitatively calculated. Estimates of the metal particle sizes 

were made from these CO adsorption measurements (Equation 2-1).83 

𝛷𝑎𝑣 =
1

𝑆𝑎𝑣𝑉𝑔

𝑘𝐶𝑚𝑉𝑚
𝑁𝑎𝜌𝑚

 

 

 

(2-1) 

Here Φav is the average particle size, Sav is the average stoichiometry: 

CO/Ir= 1;84,85 k is the shape factor, and a value of 5 was chosen for Ir in this study, 

which related to a cube with one side attached to the support and five sides opposed to 

the environment; Vm is the molar volume; Na is the Avogadro's number; ρm is the metal 

density; Vg is the volume of gas adsorbed; Cm is the surface density of metal atoms. 

The value 1.16 × 1015 atoms/cm2 was used in this study for Ir. 

Similarly, the iridium metal surface area (SIr) can be calculated according to the 

following Equation 2-2: 

𝑆𝐼𝑟 =
𝑆𝑎𝑣𝑉𝑔

𝐶𝑚𝑉𝑚𝑁𝑎
 

 

   

(2-2) 

2.4.4 Transmission Electron Microscopy (TEM) Measurement 

Thin film of catalyst solutions (dispersed in isopropanol) was drop casted onto a 

400 mesh ultrathin carbon film supported copper grids (TED PELLA Inc., USA). TEM 

micrographs were obtained in a microscope JEOL Model JEM -2010F System in the 

Major Analytical Instrumentation Center (MAIC) at UF. 
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2.5 NMR Experiments 

2.5.1 Reactor Setup 

The continuous-flow gas-phase heterogeneous catalytic reactor system was 

employed for these studies. This system provides a well-controlled reaction system, 

highly reproducible thanks to the precise control of gas delivery using mass flow 

controllers (MFCs). The position of the thermocouple inside the reactor, and also by the 

outlet of the catalyst bed, provides highly accurate temperature control. While for the 

heterogeneous PASADENA case,75 the temperature was obtained based on the 

thermocouple in the probe outside the NMR tube, and was not a direct measurement. 

As the reaction is so exothermic, this approach is much more reliable. 

2.5.2 Steady-State Optimization 

 

 
 

Figure 2-9.  Steady-state optimization. Different amounts of time were required to 
achieve steady-state conditions. Reactor was set to 75 oC under a N2 flow of 
200 mL/min before switching to reaction gas mixtures. A significant amount of 
N2 was necessary to dissipate heat. 
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As steady-state condition is critical to kinetic studies, and hydrogenation 

reactions were normally very exothermic, it is important to optimize the reaction 

conditions. In this set of experiments, the reactor was set at 75 oC under a N2 flow of 

200 mL/min before switching to reaction gas mixtures of different ratios among 

N2/H2/propylene. Results (Figure 2-9) indicated that reactor temperature started to 

increase upon switching, and different amounts of time were required to get stabilized. 

Without N2 dilution, the reactor temperature could not get back to 75 oC even after 30 

min. Thus it is important to introduce N2 as the heat dissipater. Reaction conditions 

were optimized based on the total gas flow rate accordingly. 

2.5.3 PHIP Procedure 

All NMR experiments were carried out on a Bruker Avance 400 MHz (B0 = 9.4 

Tesla) NMR spectrometer. Certain amount of the catalyst was placed on the bottom of 

the reactor. Prior to experiments, the catalyst was activated under a stream of H2 (100 

mL/min) for 30 minutes at 350 °C (for Ir catalysts) or 170 °C (for Pt catalysts), followed 

by purging under a stream of N2 (400 mL/min) for 15 minutes at the same temperature, 

and then set to designed experimental temperature under the same N2 stream. The 

precise delivery of reaction gas mixture of N2 (as carrier gas), H2 (either n- or p-), D2 

and propylene/propyne was facilitated with mass flow controllers (Alicat Scientific, Inc.). 

p-H2 was produced in-situ by passing n-H2 through a ¼” copper coil filled with activated 

charcoal and immersed in a liquid N2 (77 K) Dewar. The gas mixture flew through the 

reactor maintained at elevated temperatures (50-350 °C) and then into the NMR tube 

positioned inside the magnet for detection. The reaction was exothermic and 

temperature arose upon switching the gas from N2 to reaction mixture. To reduce the 

heat generation and time taken to reach steady-state condition, a considerable amount 
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of N2 was introduced into the reaction mixture as the carrier gas and heat dissipater in 

most cases. It should be noted that this also significantly reduced the possibility of 

achieving high signal enhancement. Upon reaching steady-state reaction conditions, 

NMR spectra were acquired with multiple scans using a 90 degree pulse for 

ALTADENA conditions and a 45 degree pulse for PASADENA conditions. 

2.6 The Effect of Flow Rate: Relaxation and Magnetization Buildup 

2.6.1 Static Spectra of Propylene, Propane and the Mixture 

 
 

Figure 2-10.  Static 1H NMR spectra of propylene and propane obtained in a 10-mm 
NMR tube at 9.4 T (1H NMR 400 MHz). A) Propane. B) Propylene and 
propane mixture. C) Propylene. 

Figure 2-10 shows the spectra for static propylene, propane and their mixture, all 

at around 1 atm. All peaks were well separated from each other and assigned to 

specific proton accordingly. Special attention should be paid to the CH3 group of 
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propylene (with a chemical shift of 1.72 ppm) and the CH2 group of propane (with a 

chemical shift of 1.44 ppm), as these two were used for conversion and enhancement 

factor calculations in this dissertation. For ALTADENA experiments, the CH2 and CH3 

groups of propane should be expected to show net alignment with CH2 pointing up and 

CH3 pointing down. 

2.6.2 Magnetic Field Profile 

 The magnetic field profile for this ALTADENA reactor (Figure 2-6) was measured 

with a Lakeshore Gauss meter. Zero point is the point of product formation in the 

catalytic reactor on top of the magnet. The volume of gas flow path was calculated 

according to the size of the tube connecting the reactor and the NMR tube. A sample 

time-scale magnetic field profile (assuming a gas flow rate of 400 mL/min) as well as the 

distance-scale profile was presented in Figure 2-11 and Table 2-1. Dramatic magnetic 

field change was observed only in the last part of the flow path. 

 
 

Figure 2-11.  Magnetic field profile for ALTADENA reactor based on Figure 2-6. A gas 
flow rate of 400 mL/min was assumed for. Magnetic field was measured with 
a Lakeshore Gauss meter. Red: time scale. Blue: distance scale. 
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2.6.3 Magnetization Buildup: Effect of Gas Flow Rate on Signal Intensity 

 As the magnetization of propylene and propane was essentially zero outside the 

magnet, it takes time to get polarized during the process of flowing from the gas 

handling system to the detection region. Typically, to reach a maximum magnetization 

or thermal equilibrium at the detection field, it takes 3-5 times of the spin lattice 

relaxation time constant T1. It is worth mentioning that, as relaxation time is magnetic 

field dependent, the effective relaxation time constant Teff here does not necessarily 

agree with the T1 value of static gas measured by conventional inversion recovery or 

saturation recovery methods. 

As the flow rate increases, each individual gas molecule has less time to build up 

the magnetization and this will significantly reduce the NMR signal. To evaluate the 

relaxation process, or to what extent the flow rate affects the signal intensity, a series of 

experiments were repeated with pure propylene and propane respectively (Figure 2-12). 

Signals were normalized to the static condition. 

 
 
Figure 2-12.  Flow rate dependence of magnetization buildup for propylene and propane 

(based on the integral values of propylene-CH3 and propane-CH2 groups). 
Integral values were normalized to that of the static spectrum of propylene 
and propane respectively. 
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 Results indicated that flow rate did affect the signal substantially. Signal reduced 

exponentially with increasing flow rate and at very high flow rate of 700 mL/min, both 

gases only obtained around 10% magnetization.  

 
 
Figure 2-13.  Estimate the effective relaxation constants (Teff) for propylene and 

propane. A) Propylene-CH3: 2.24 s. B) Propane-CH2: 1.94 s. 

 The schematics of the reactor setup used for reactions outside the magnetic 

field, or the ALTADENA condition, is shown in Figure 2-6. The distance and volume gas 

molecules travel from zero field to detection field (9.4 Tesla) was calculated as Table 2-

1. Based on this information, relaxation process is presented in the time scale (Figure 2-

13 & Table 2-2). This is very similar to a saturation recovery relaxation time constant 

(T1) measurement, and observed magnetization follows the following equations 

depending on the flow rate. 

𝑀𝑇𝑃
𝑜𝑏𝑠 = 𝑀𝑇𝑃

𝑒𝑞 ∗ 𝐶𝑇𝑃 

(2-3) 

𝐶𝑇𝑃 = 1 − 𝑒−𝑡𝑡𝑟/𝑇𝑒𝑓𝑓 

(2-4) 
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𝑡𝑡𝑟 =
𝑉

𝑓
 

(2-5) 

Here 𝑀𝑇𝑃
𝑜𝑏𝑠 is the observed thermally polarized magnetization, 𝐶𝑇𝑃 is the 

relaxation correction factor for thermally polarized signal, ttr is the transport time for 

molecules to travel from zero field to detection field, Teff is the effective relaxation time 

constant, V is the traveling volume, and f is the gas flow rate. 

From the fitting equation, effective relaxation time constants Teff were deduced 

(Table 2-3). The CH3 group of propylene and CH2 group of propane have Teff values of 

2.24 s and 1.94 s respectively (Figure 2-13). 

 This flow rate dependence affects the pairwise selectivity calculation. Slower flow 

rate is better for thermally polarized signals, as they have more time to build up the 

magnetization. On the other hand, as relaxation reduces the hyperpolarized signal, 

higher flow rate is better for reactions with p-H2. All kinetic data presented in this 

dissertation were corrected for relaxation effect based on information obtained here. 

This relaxation effect was reported in the literature and corrected by a charcoal insert 

before the catalyst in PASADENA conditions.86 But the method presented here is not 

feasible in ALTADENA conditions as charcoal insert will also relax the hyperpolarized 

signal. Our method is applicable to both PASADENA and ALTADENA conditions. 

2.6.4 Para-H2 Enrichment: Effect of Gas Flow Rate 

 As in Figure 2-14, the relaxation time of H2 is so short that gas flow rate did not 

have a significant effect on the thermal intensity up to 1 L/min. But ortho- to para-H2 

conversion was affected with flow rates higher than 500 mL/min. For lower flow rates, 

this difference in enrichment was negligible. 
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Figure 2-14.  Flow rate dependence of hydrogen signal and ortho- to para-H2 

conversion. A) Flow rate dependent peak integral of H2 signal for n-H2 (blue 
triangle) and p-H2 (red square). B) Flow rate dependent enrichment 
(percentage of p-H2). 

2.7 Kinetic Data Interpretation of Propylene Hydrogenation 

2.7.1 Data Treatment for Reactions with 50% Enriched p-H2 

In this dissertation, 50% enriched p-H2 was used and spectra obtained for 

hydrogenation reactions were subtracted with those spectra obtained using n-H2 and 

treated as the pure p-H2 data. 

2.7.2 Propylene to Propane Conversion 

For reactions with n-H2, the conversion value 𝜅 is defined as the fraction of 

reactant propylene converted into product propane, and can be estimated by comparing 

the concentration of propane and propylene (by integrating the CH3 group in propylene 

and CH2 group in propane) in the product gas stream.75 

As discussed in section 2.6.2, thermally polarized signals were normally 

underestimated at high flow rate and proper correction should be applied. According to 
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Equation (2-3), the relation between observed signal and thermal equilibrium signal for 

propylene and propane are as follows: 

𝑀𝑃𝐴
𝑒𝑞 = 𝑀𝑃𝐴

𝑜𝑏𝑠/𝐶𝑇𝑃
𝑃𝐴 

(2-6) 

𝑀𝑃𝐸
𝑒𝑞 = 𝑀𝑃𝐸

𝑜𝑏𝑠/𝐶𝑇𝑃
𝑃𝐸 

(2-7) 

Here 𝑀𝑃𝐴
𝑒𝑞

 is the thermal equilibrium signal of propane, 𝑀𝑃𝐴
𝑜𝑏𝑠 is the observed 

signal of propane, 𝐶𝑇𝑃
𝑃𝐴

 is the relaxation correction factor for propane, 𝑀𝑃𝐸
𝑒𝑞

 is the thermal 

equilibrium signal of propylene, 𝑀𝑃𝐸
𝑜𝑏𝑠 is the observed signal of propylene, and 𝐶𝑇𝑃

𝑃𝐸 is the 

relaxation correction factor for propylene. 

CH3 group of the starting material propylene and CH2 group of the product 

propane were used for calculating conversion 𝜅 as follows: 

𝜅 =
𝐼𝑃𝐴
𝐶𝐻2/2

𝐼𝑃𝐴
𝐶𝐻2/2 + 𝐼𝑃𝐸

𝐶𝐻3/3
=

1.5 ∗ 𝑀𝑃𝐴−𝐶𝐻2

𝑒𝑞

1.5 ∗ 𝑀𝑃𝐴−𝐶𝐻2

𝑒𝑞
+𝑀𝑃𝐸−𝐶𝐻3

𝑒𝑞

=
1.5 ∗ 𝑀𝑃𝐴−𝐶𝐻2

𝑜𝑏𝑠 /𝐶𝑇𝑃
𝑃𝐴−𝐶𝐻2

1.5 ∗ 𝑀𝑃𝐴−𝐶𝐻2
𝑜𝑏𝑠 /𝐶𝑇𝑃

𝑃𝐴−𝐶𝐻2 +𝑀𝑃𝐸−𝐶𝐻3
𝑜𝑏𝑠 /𝐶𝑇𝑃

𝑃𝐸−𝐶𝐻3
 

(2-8) 

Here 𝜅 is the conversion, 𝐼𝑃𝐴
𝐶𝐻2  is the integral value of propane CH2 group, and 

𝐼𝑃𝐸
𝐶𝐻3 is the integral value of propylene CH3 group. 

2.7.3 Signal Enhancement Factor and Pairwise Selectivity 

2.7.3.1 Signal Enhancement Factor 

The experimental enhancement factor (𝜂𝑒𝑥𝑝) was calculated as the ratio of the 

peak integral of CH2 group of hyperpolarized propane over that of thermally polarized 

propane.  
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𝜂𝑒𝑥𝑝 =
𝐼𝑃𝐴,𝑝𝐻2
𝐶𝐻2

𝐼𝑃𝐴,𝑛𝐻2
𝐶𝐻2

 

(2-9) 

Here 𝐼𝑃𝐴,𝑝𝐻2
𝐶𝐻2 is the integral value of CH2 group of propane obtained in reactions 

using p-H2, 𝐼𝑃𝐴,𝑛𝐻2
𝐶𝐻2 is the integral value of CH2 group of propane obtained in reactions 

using n-H2. 

As discussed in section 2.6.2, relaxation effect plays a significant role at high gas 

flow rate. Proper treatment of the observed signal is necessary to minimize errors. In 

contrast to the fact that thermally polarized magnetization takes time to build up when 

molecules flow from zero field to high field (equation 2-3), hyperpolarized magnetization 

relaxes exponentially after being produced, according to the following equations: 

𝑀𝐻𝑃
𝑜𝑏𝑠 = 𝑀𝐻𝑃

𝑜 ∗  𝐶𝐻𝑃 
(2-10) 

𝑀𝐻𝑃
𝑜 = 𝑀𝐻𝑃

𝑜𝑏𝑠/𝐶𝐻𝑃 
(2-11) 

𝐶𝐻𝑃 = 𝑒
−𝑡𝑡𝑟/𝑇𝑒𝑓𝑓 

(2-12) 

Here 𝑀𝐻𝑃
𝑜𝑏𝑠 is the observed hyperpolarized magnetization, 𝑀𝐻𝑃

𝑜  is the initial 

hyperpolarized magnetization, 𝐶𝐻𝑃 is the relaxation correction factor for hyperpolarized 

signal, ttr is the transport time for hyperpolarized signal to reach the detection field, and 

Teff is the effective relaxation time constant. 

Thus, the experimental enhancement factor 𝜂𝑒𝑥𝑝 after relaxation correction could 

be calculated as follows: 
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𝜂𝑒𝑥𝑝 =
𝐼𝑃𝐴,𝑝𝐻2
𝐶𝐻2

𝐼𝑃𝐴,𝑛𝐻2
𝐶𝐻2

=
𝑀𝐻𝑃
𝑜

𝑀𝑇𝑃
𝑒𝑞 =

𝑀𝐻𝑃
𝑜𝑏𝑠/𝐶𝐻𝑃

𝑀𝑇𝑃
𝑜𝑏𝑠/𝐶𝑇𝑃

=
𝑀𝐻𝑃
𝑜𝑏𝑠 ∗  𝑒𝑡𝑡𝑟/𝑇𝑒𝑓𝑓

𝑀𝑇𝑃
𝑜𝑏𝑠/[1 − 𝑒−𝑡𝑡𝑟/𝑇𝑒𝑓𝑓]

= (
𝑀𝐻𝑃
𝑜𝑏𝑠

𝑀𝑇𝑃
𝑜𝑏𝑠) ∗ (𝑒

𝑡𝑡𝑟
𝑇𝑒𝑓𝑓 − 1)

= (
𝑀𝐻𝑃
𝑜𝑏𝑠

𝑀𝑇𝑃
𝑜𝑏𝑠) ∗ (

1

𝐶𝐻𝑃
− 1) 

(2-13) 

Let: 

𝐶𝐸𝐹 = 1/(
1

𝐶𝐻𝑃
− 1) 

(2-14) 

So: 

𝜂𝑒𝑥𝑝 = (
𝑀𝐻𝑃
𝑜𝑏𝑠

𝑀𝑇𝑃
𝑜𝑏𝑠)/𝐶𝐸𝐹 

(2-15) 

Here 𝐶𝐸𝐹 is the correction coefficient for enhancement factor. In this dissertation, 

propane CH2 group was used for enhancement factor calculations (Table 2-2). 

The theoretical enhancement factor was calculated using the following adapted 

equation for the ALTADENA protocol,14,75 as ALTADENA protocol has 2 times the 

theoretical enhancement factor of PASADENA protocol:  

𝜂𝑡ℎ𝑒𝑜𝑟 =
2𝑘𝑇(4𝜒𝑝 − 1)

3𝛾ℏ𝐵0
∙
1

𝑁𝐻
 

(2-16) 

Here 𝜂𝑡ℎ𝑒𝑜𝑟 is the theoretical enhancement factor, k is the Boltzmann constant, T 

is the detection temperature (297.13 K), 𝜒𝑝 is the fraction of p-H2 in the mixture of 

hydrogen spin isomers (50%), and 𝑁𝐻 is the number of equivalent protons (2 for the 

CH2 group of propane).  
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The maximum signal enhancement that can be produced in a PASADENA 

experiment at 4.7 T, 300 K and for a π/4 detection pulse is 31240f, where f is the 

uncompensated fraction of p-H2 in the hydrogen mixture used (f=1/3 for 1:1 o:p ratio).14 

In our experiments, B0 is 9.4 Tesla, 𝜒𝑝 is 0.5, 𝑁𝐻 is 2. Taking into account that only one 

H atom of the two in the CH2 group is derived from p-H2, and that experiments were 

performed at 9.4 T (9.4/4.7=2), the maximum possible ratio of the integrals reduces to 

approximately 2*31240/(3*1*2*2)*(298.15/300)=2586.  

2.7.3.2 Pairwise Selectivity 

 Pairwise hydrogen addition represents the minor surface process compared to 

the so-called random addition where one substrate harvests two hydrogen atoms 

originating from different hydrogen molecules. Pairwise selectivity 𝑆 is calculated by 

dividing the experimental signal enhancement over that of theoretical value. 

𝑆 =
𝜂𝑒𝑥𝑝

𝜂𝑡ℎ𝑒𝑜𝑟
 

(2-17) 

 In ALTADENA experiments, it takes time for the hyperpolarized product to diffuse 

out of the catalyst and be transported into the detection region. Spin lattice relaxation 

starts once the product is formed, and is dramatically accelerated by collisions with the 

porous surfaces. This significantly reduces experimental enhancement factor, and data 

obtained here represent the lower limit. 
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Table 2-1.  Magnetic field profile for the ALTADENA reactor based on Figure 2-6. A gas 
flow rate of 400 mL/min was assumed for time-scale calculation. Magnetic 
field was measured with a Lakeshore Gauss meter. 

Distance Volume Time Magnetic field 

(cm) (m) (mL) (s) (mT) (T) 

0 0.00 0.00 0.00 4.0 0.0040 

5 0.05 0.27 0.04 3.0 0.0030 

10 0.10 0.54 0.08 2.5 0.0025 

15 0.15 0.80 0.12 2.0 0.0020 

20 0.20 1.07 0.16 1.5 0.0015 

40 0.40 1.47 0.22 3.0 0.0030 

45 0.45 1.57 0.23 3.5 0.0035 

50 0.50 1.67 0.25 4.5 0.0045 

55 0.55 1.76 0.26 5.7 0.0057 

60 0.60 1.86 0.28 7.7 0.0077 

65 0.65 1.96 0.29 10.3 0.0103 

70 0.70 2.06 0.31 13.6 0.0136 

75 0.75 2.16 0.32 19.4 0.0194 

80 0.80 2.26 0.34 28.0 0.0280 

85 0.85 2.36 0.35 41.4 0.0414 

90 0.90 2.46 0.37 63.2 0.0632 

95 0.95 2.56 0.38 98.4 0.0984 

100 1.00 2.65 0.40 173.3 0.1733 

105 1.05 2.75 0.41 308.0 0.3080 

110 1.10 2.85 0.43 596.0 0.5960 

115 1.15 2.95 0.44 1240.0 1.24 

120 1.20 3.05 0.46 2820.0 2.82 

125 1.25 3.15 0.47 5270.0 5.27 

130 1.30 3.25 0.49 7670.0 7.67 

135 1.35 3.35 0.50 8610.0 8.61 

140 1.40 3.45 0.52 8780.0 8.78 
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Table 2-2.  Normalized integral values of propylene and propane at various flow rates: 
the relaxation effect. 

Flow rate Time Normalized integral 

 (mL/min) (s) Propylene Propane 

    CH CH2 CH3 CH2 CH3 

0 NA 1.00 1.00 1.00 1.00 1.00 

50 4.14 0.67 0.65 0.78 0.83 0.75 

100 2.07 0.49 0.47 0.59 0.67 0.59 

150 1.38 0.40 0.39 0.50 0.53 0.51 

200 1.04 0.30 0.28 0.39 0.46 0.38 

250 0.83 0.23 0.22 0.32 0.34 0.31 

300 0.69 0.19 0.18 0.26 0.30 0.25 

350 0.59 0.16 0.16 0.23 0.25 0.22 

400 0.52 0.15 0.14 0.21 0.22 0.18 

450 0.46 0.13 0.13 0.19 0.20 0.17 

500 0.41 0.12 0.11 0.17 0.19 0.15 

550 0.38 0.10 0.10 0.15 0.17 0.15 

600 0.35 0.09 0.09 0.13 0.17 0.15 

650 0.32 0.09 0.08 0.13 0.16 0.12 

700 0.30 0.08 0.08 0.13 0.13 0.12 
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Table 2-3.  Transport time (ttr), effective relaxation time constants (Teff), relaxation 
correction factors (CTP for thermally polarized signal and CHP for 
hyperpolarized signal), and enhancement correction factor CEF for propylene 
and propane. In this dissertation, CEF of propane-CH2 is used for 
enhancement factor calculations. 

  Flow rate Transport Propylene Propane 

  mL/min ttr (s) CH CH2 CH3 CH2 CH3 

Teff (s) NA NA 3.22 3.39 2.24 1.94 2.34 

        

CTP 

300 0.69 0.19 0.18 0.27 0.30 0.26 

400 0.52 0.15 0.14 0.21 0.23 0.20 

500 0.41 0.12 0.11 0.17 0.19 0.16 

600 0.35 0.10 0.10 0.14 0.16 0.14 

700 0.30 0.09 0.08 0.12 0.14 0.12 

        

CHP 

300 0.69 0.81 0.82 0.73 0.70 0.74 

400 0.52 0.85 0.86 0.79 0.77 0.80 

500 0.41 0.88 0.89 0.83 0.81 0.84 

600 0.35 0.90 0.90 0.86 0.84 0.86 

700 0.30 0.91 0.92 0.88 0.86 0.88 

        

CEF 

300 0.69 4.18 4.43 2.77 2.34 2.92 

400 0.52 5.74 6.06 3.85 3.27 4.04 

500 0.41 7.29 7.70 4.93 4.20 5.17 

600 0.35 8.84 9.33 6.01 5.14 6.29 

700 0.30 10.40 10.97 7.09 6.07 7.42 
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CHAPTER 3 
OXIDE SUPPORTED PLATINUM CATALYSTS: KINETIC STUDIES OF PROPYNE 

HYDROGENATION 

3.1 Background 

Selective partial reduction of hydrocarbons with multiple unsaturation, i.e. alkyne 

and dienes, is of particular petrochemical industrial interests,87,88 as the presence of 

trace alkyne may poison the catalyst for alkene polymerization or selective oxidation 

processes.89 Catalyst and reaction condition optimizations are promising ways, and 

insights towards the surface kinetics and mechanisms will be helpful.90  

 The differences in the surface affinity and adsorption/desorption thermodynamics 

of alkyne and alkene make it possible for the partial reduction product alkene being 

replaced by incoming alkyne in the reaction stream. Alkyne has a higher adsorption 

enthalpy than alkene, and dominates surface coverage unless at a significantly low 

concentration.90 TPD suggested a value of 160 kJ mol-1 for propyne adsorption on 

Pt(111),91 and a value of 91 kJ mol-1 for propylene.92 On the other hand, the 

stereoselectivity of alkyne reduction provides insights into the reaction mechanisms. In 

particular, PHIP’s intrinsic requirement of pairwise pathway provides a judgment of the 

syn- or anti- addition.44,74,76,93 

 In propyne hydrogenation, the initial addition of two hydrogen atoms leads to the 

partial reduction product propylene, and further reduction leads to propane. Especially 

in the partial reduction product propylene, the two hydrogen atoms at the end of the 

double bond have distinct chemical shifts. In this case, PHIP can provide direct 

information if only one of them or both come from p-H2. Similar to the case using 

homogeneous Wilkinson’s complex as the catalyst,94 a stereoselective syn-addition of 

H2 was observed using Wilkinson’s catalyst immobilized on silica,95 and reduction with 
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immobilized Au(III) complex led to the hyperpolarization of the atom only trans to the 

methyl group as well.41 In contrast, when the reaction was carried with supported Pt as 

the catalyst, both hydrogen atoms exhibited hyperpolarization, which was attributed to 

the isomerization process on surfaces.96 Interestingly, in the gas-phase reaction using 

immobilized Wilkinson’s catalyst,95 three distinct stages were observed. Initially at 70 oC, 

a syn- addition was observed for a short period of time. The catalyst then became 

inactive and no product was detected. An elevation of temperature to 110 oC re-

activated the system at the cost of losing stereoselectivity. Both trans- and cis- 

propylene configurations were hyperpolarized, probably due to the partial reduction of 

the metal complex at high temperature. 

 Propyne reduction over supported palladium catalysts were proposed to have 

two kinds of active sites.97 Type I represents the sites where full reduction to propane 

happens and type II is the selective reduction part. Type II is formed from the 

carbonaceous deposits at the early stage of the catalytic reaction.98-100 The hydrogen 

dissolved in the lattice is reactive but unselective upon reaching the surface, and 

carbonaceous deposits serve as the obstacle, thus increasing the selectivity.99 

 Palladium is so far the best catalyst for selective alkyne hydrogenations.90 Pd 

nanoparticles in a supported ionic liquid phase Pd0IL1/C and Pd0IL2/C were reported to 

be selective in acetylene101 and propyne44 partial reduction. This high selectivity towards 

partial reduction was also demonstrated in PHIP studies using two different ionic liquids 

supported on activated carbon fiber (ACF) materials and containing Pd nanoparticles.44  

 High selectivity was also reported using supported gold catalysts for the 

reduction of butadiene, butyne and acetylene.102-105 In particular, a 100% selectivity in 
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the temperature range between 313 and 523 K was reported for the acetylene to 

ethylene hydrogenation over Au/Al2O3.105 

 In this chapter, propyne reduction (Scheme 3-1) was studied using Pt/TiO2 as the 

catalyst. Conditions were varied to favor either partial or full reduction product. The 

dependence of selectivity on temperature and hydrogen partial pressure were explored. 

In another case, introducing D2 into the reaction system would suppress the 

production of hyperpolarized propylene as D2 competes with p-H2. Further reaction with 

p-H2 still leads to hyperpolarization. Detailed studies about temperature dependence 

and reaction orders will be presented. 

 
 

Scheme 3-1.  Propyne hydrogenation over Pt/TiO2. 

3.2 Experimental Methods 

The catalysts (Table 3-1) used in this chapter were prepared and characterized 

by Dr. Wei Cheng according the method described in Chapter 2. Catalysts were 

characterized mainly by chemisorption measurements. PHIP experiments were 

conducted according to the method described in Chapter 2. The total gas flow rate was 

400 mL/min, and for the temperature dependent studies, the gas composition was 

N2/H2/Propyne = 140/240/20 mL/min (35/60/5%). 
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As discussed in Chapter 2, all data need to be corrected for relaxation effect. 

Based on Equation (2-11), the initial hyperpolarized signal can be calculated. As 

different protons have different effective relaxation time constants (Table 2-2), data 

should be corrected accordingly. 

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻
𝑜 = 𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻

𝑜𝑏𝑠 /𝐶𝐻𝑃
𝑃𝐸−𝐶𝐻 

(3-1) 

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻2
𝑜 = 𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻2

𝑜𝑏𝑠 /𝐶𝐻𝑃
𝑃𝐸−𝐶𝐻2 

(3-2) 

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻3
𝑜 = 𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻3

𝑜𝑏𝑠 /𝐶𝐻𝑃
𝑃𝐸−𝐶𝐻3 

(3-3) 

𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻2
𝑜 = 𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻2

𝑜𝑏𝑠 /𝐶𝐻𝑃
𝑃𝐴−𝐶𝐻2 

(3-4) 

𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻3
𝑜 = 𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻3

𝑜𝑏𝑠 /𝐶𝐻𝑃
𝑃𝐴−𝐶𝐻3 

(3-5) 

As the total flow rate was 400 mL/min for all experiments done in this chapter, 𝑡𝑡𝑟 

was 0.52 s (Table 2-2). Thus ratios between different protons can be calculated 

accordingly. 

𝑅𝐻𝑃,𝑃𝐴
𝐶𝐻3/𝐶𝐻2 =

𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻3
𝑜

𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻2
𝑜 =

𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻3
𝑜𝑏𝑠 /𝐶𝐻𝑃

𝑃𝐴−𝐶𝐻3

𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻2
𝑜𝑏𝑠 /𝐶𝐻𝑃

𝑃𝐴−𝐶𝐻2
= (

𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻3
𝑜𝑏𝑠

𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻2
𝑜𝑏𝑠 ) ∗

𝐶𝐻𝑃
𝑃𝐴−𝐶𝐻2

𝐶𝐻𝑃
𝑃𝐴−𝐶𝐻3

= 0.96 ∗ (
𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻3
𝑜𝑏𝑠

𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻2
𝑜𝑏𝑠 ) 

(3-6) 

𝑅𝐻𝑃,𝑃𝐸
𝐶𝐻3/𝐶𝐻 = (

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻3
𝑜𝑏𝑠

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻
𝑜𝑏𝑠 ) ∗

𝐶𝐻𝑃
𝑃𝐸−𝐶𝐻

𝐶𝐻𝑃
𝑃𝐸−𝐶𝐻3

= 1.08 ∗ (
𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻3
𝑜𝑏𝑠

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻
𝑜𝑏𝑠 ) 

(3-7) 
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𝑅𝐻𝑃,𝑃𝐸
𝐶𝐻2/𝐶𝐻 = 0.99 ∗ (

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻2
𝑜𝑏𝑠

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻
𝑜𝑏𝑠 ) 

(3-8) 

𝑅𝐻𝑃
𝑃𝐴/𝑃𝐸

=
𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻2
𝑜

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻
𝑜 =

𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻2
𝑜𝑏𝑠 /𝐶𝐻𝑃

𝑃𝐴−𝐶𝐻2

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻
𝑜𝑏𝑠 /𝐶𝐻𝑃

𝑃𝐸−𝐶𝐻 = 1.10 ∗
𝑀𝐻𝑃,𝑃𝐴−𝐶𝐻2
𝑜𝑏𝑠

𝑀𝐻𝑃,𝑃𝐸−𝐶𝐻
𝑜𝑏𝑠  

(3-9) 

 Here 𝑅𝐻𝑃,𝑃𝐴
𝐶𝐻3/𝐶𝐻2 is the ratio between CH3 and CH2 in hyperpolarized propane, 

𝑅𝐻𝑃,𝑃𝐸
𝐶𝐻3/𝐶𝐻 is the ratio between CH3 and CH in hyperpolarized propylene, 𝑅𝐻𝑃,𝑃𝐸

𝐶𝐻2/𝐶𝐻 is the 

ratio between CH2 and CH in hyperpolarized propylene, 𝑅𝐻𝑃
𝑃𝐴/𝑃𝐸

 is the ratio between 

hyperpolarized propane and hyperpolarized propylene, and calculated by comparing 

propane-CH2 and propylene-CH groups. 

3.3 Results and Discussion 

Results indicated that propyne was less reactive than propylene and almost no 

product was hardly detectable in the reaction with n-H2, similar to the case using 

immobilized Iridium complexes as the catalyst.89 But thanks to the dramatic signal 

enhancement, pairwise contribution was easily recognizable.  

3.3.1 Temperature Dependent Studies of Propyne Partial Reduction  

Propyne was partially reduced to propylene and fully reduced to propane. The 

ratio between propylene and propyne depends on the reaction temperature. From 

Figure 3-1 (reactions with CAT009, 0.5 wt% Pt/TiO2) and Figure 3-3 (reactions with 

CAT023a, 1.0 wt% Pt/TiO2), propylene was more favored than propane at high 

temperature, and propane production decreased as temperature went up. This might be 

explained by the surface desorption process of propylene. At high temperature, 
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propylene had high kinetic energy and was more prone to desorbing from the surface. 

Decreased surface propylene lead to lower propane production. 

 
 
Figure 3-1.  Spectra for temperature dependent propyne reduction under ALTADENA 

condition using CAT009 (0.5 wt% Pt/TiO2, 10 mg). A) Reactions with n-H2. B) 
Reactions with 50% p-H2 after subtraction with n-H2 spectra. Gas 
composition: N2/H2/propyne = 140/240/20 mL/min (35/60/5%). 

Figure 3-2B showed that the activation energy for propyne to propylene reduction 

is 20.9 ± 2.6 kJ/mol. The ratio between propylene and propane in the product stream 

represents the selectivity towards partial reduction. Clearly for both catalysts, propane 

production decreased with increasing temperature. For CAT009 (Figure 3-2D), at 150 

oC, propane/propylene was around 1.3, while at 350 oC, it dropped to around 0.3. The 

decreasing showed a linear behavior. Similar trend was observed with CAT023a (Figure 

3-4D), but the ratio was around 5.5 at 150 oC, and around 1 at 350 oC. Thus, CAT023a, 

seemed to be less favorable for partial selectivity. 

The change of full to partial reduction at increased temperature could be 

attributed to the decrease of surface residence time of propylene with increasing 

temperature and the stronger binding energy of propyne. Thus as CAT023a seemed to 

produce more propane than CAT009, the surface of CAT023a was more favorable for 
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propylene adsorption or retention due to diffusion limit or more active metal sites. This 

difference might also be due to the more abundance of sites favoring pairwise selectivity 

on the surface of CAT023a. 

 
 
Figure 3-2.  Temperature dependent propyne reduction under ALTADENA condition 

using CAT009 (0.5 wt% Pt/TiO2, 10 mg). Gas composition: N2/H2/propyne = 
140/240/20 mL/min (35/60/5%). A) Peak integral value versus temperature 
(oC). B) Arrhenius plot for propyne to propylene reduction. C) Peak integral 
ratio between CH3/CH groups in propylene and CH3/CH2 in propane. D) Peak 
integral ratio between propane CH2 and propylene CH.  
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Figure 3-3.  Spectra for temperature dependent propyne partial reduction under 

ALTADENA condition using CAT023a (1.0 wt% Pt/TiO2, 50 mg). Gas 
composition: N2/H2/propyne = 140/240/20 mL/min (35/60/5%). A) Reactions 
with n-H2. B) Reactions with p-H2. 

Thus it is possible to optimize the selectivity towards partial reduction by 

changing the temperature or optimizing the catalyst. 

3.3.1.1 Hydrogen Partial Pressure Dependent Reduction 

For CAT023a, three different hydrogen partial pressures were used to study the 

influence of H2 concentration on the reduction selectivity (Figure 3-4). In all three cases, 

propane production decreased and propylene production increased with increasing 

temperature. Set 2 (H2/propyne = 12/1) produced most propane (Figure 3-4A) but set 1 

(H2/propyne = 6/1) had the most propylene (Figure 3-4B). While it make sense to favor 

partial reduction with least H2, the optimum condition for propane production may be 

due to the blockage of active sites by hydrogen when hydrogen is in large excess and 

predominant on the surface (H2/propyne = 18/1), decreasing the interactions of propyne 

and propylene with surfaces. This was confirmed by the reduced production of 

propylene as well. 
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Activation energies were calculated based on the Arrhenius plot of temperature 

dependent studies (Figure 3-4) for three increasing hydrogen partial pressures: 14.4 ± 

1.7, 18.8 ± 2.7 and 15.2 ± 2.3 kJ/mol respectively. 

 
 
Figure 3-4.  Temperature dependent propyne reduction under ALTADENA condition 

using CAT023a (50 mg). A) Propane-CH2 peak integral value versus 
temperature (oC). B) Arrhenius plot for propylene-CH peak integral. C) Peak 
integral ratio between groups in propane (C-1) and propylene (C-2). D) Peak 
integral ratio between propane and propylene. Red square: Set 1 (H2/Propyne 
= 6/1). Blue triangle: Set 2 (H2/Propyne = 12/1). Cyan diamond: Set 3 
(H2/Propyne = 18/1). 

The ratios between the CH3 and CH2 groups of propane were around 1, as 

expected, but the ratios of propylene CH3 to CH were between 0.5 and 0.6 for all three 

cases. Although it was not expected, as no hydrogen in CH3 group came from p-H2, this 
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polarization gain might be attributed to the polarization transfer from other coupled 

spins. This is be further explained in section 3.3.5 As shown in Figure 3-4D, the more 

hydrogen, the more favorable for full reduction. And all decreased with increasing 

temperature, consistent with previous observations. 

3.3.1.2 Total Flow Rate Dependent Reduction: CAT023a 

For CAT023a, two different flow rates (400 mL/min and 600 mL/min), with the 

same gas composition (H2/Propyne = 12/1), were employed to investigate the effect of 

gas flow rate on catalytic performance.  

 
 

Figure 3-5.  Spectra for temperature and total flow rate dependent propyne reduction 
under ALTADENA condition using CAT023a (50 mg). Gas composition: 
N2/H2/propyne = 140/240/20 mL/min (35/60/5%). A) Total flow rate 400 
mL/min. B) Total flow rate 600 mL/min.  

The temperature dependence was more or less consistent for the two different 

flow rates (Figure 3-5 & 3-6). Figure 3-6B demonstrated that at higher flow rate reaction 

was more sensitive to temperature, and had higher apparent activation energy for 

propylene production. Figure 3-6D Shows at 100 oC, propane production was small 

compared to propylene, but 150 oC gave the best propane/propylene ratio, which 

decreased with increasing temperature. 
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Figure 3-6.  Temperature and total flow rate dependent propyne reduction using 

CAT023a (50 mg). A) propane-CH2 peak integral value versus temperature 
(oC). B) Arrhenius plot for propylene-CH peak integral. C) Peak integral ratio 
between groups in propane (C-1) and propylene (C-2). D) Peak integral ratio 
between propane and propylene. Red square: total flow rate 400 mL/min. 
Blue triangle: total flow rate 600 mL/min. Gas composition: N2/H2/propyne = 
35/60/5%. 

3.3.2 Reaction Orders with Respect to p-H2 

3.3.2.1 CAT023a (1.0 Wt% Pt/Tio2, 50 mg) 

The dependence of PHIP on hydrogen partial pressure was studied at two 

different temperatures (200 and 350 oC). The total flow rate was 400 mL/min, with a flow 

rate of 20 mL/min for propyne.  
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Figure 3-7 dependent (reaction order) propyne reduction under ALTADENA condition 

using CAT023a (50 mg). A) Natural log of propane-CH2 peak integral value 
versus natural log of hydrogen partial pressure. B) Natural log of propylene-
CH peak integral value versus natural log of hydrogen partial pressure. C) 
Peak integral ratio between groups in propane (C-1) and propylene (C-2). D) 
Peak integral ratio between propane and propylene. Total flow rate: 400 
mL/min. Red square: reactions at 350 oC. Blue triangle: reactions at 200 oC. 

The reaction orders with respect to H2 (Figure 3-7A) was around 1 for propane 

production at both temperatures (200 and 350 oC). But for propylene (Figure 3-7B, the 

reaction orders were 0.72 ± 0.02 (with respect to n-H2) and 0.54 ± 0.03 (with respect to 

p-H2) at the beginning for 200 and 350 oC respectively, then the signal started to 

decrease with increasing H2 partial pressure, leading to more full reduction to propane. 

This indicated that full reduction was more sensitive to the hydrogen partial pressure 

than partial reduction. Again, the ratio of CH3 and CH2 groups in propane was around 1 
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for all cases and that of CH3 and CH groups in propane was around 0.5. Low 

temperature (200 oC) favored more full reduction propane production.  

3.3.2.2 Kinetic Isotope Effect: Reactions with D2 

Here D2 was used as the third gas, replacing N2 (Figure 3-8). Reaction orders 

were 0.60 ± 0.07 (with respect to n-H2) and 0.80 ± 0.04 (with respect to p-H2) 

 
 
Figure 3-8.  D2 as the delivery gas: hydrogen partial pressure and temperature 

dependent (reaction order) propyne reduction under ALTADENA condition 
using CAT023a (50 mg). A) Natural log of propane-CH2 peak integral value 
versus natural log of hydrogen partial pressure. B) Natural log of propylene-
CH peak integral value versus natural log of hydrogen partial pressure. C) 
Peak integral ratio between groups in propane (C-1) and propylene (C-2). D) 
Peak integral ratio between propane and propylene. Total flow rate: 400 
mL/min. Red square: reactions at 350 oC. Blue triangle: reactions at 200 oC. 
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Reactions with D2 would not lead to hyperpolarization, but further reduction with 

p-H2 would result in hyperpolarized propane. Results showed that more hyperpolarized 

propane was observed than hyperpolarized propylene in this case.  

Catalytic performances in reactions with D2 or N2 as the third gas were compared 

and are presented in Figure 3-9. In both cases, high temperature (350 oC) favored 

partial reduction to propylene, as the ratio between propane and propylene was less 

compared to reactions at 200 oC. The use of D2 should reduce the production of 

hyperpolarized propylene due to competitive reactions of D2 over p-H2. But for 

hyperpolarized propane, it did not matter either D2 or H2 was added during the first step 

partial reduction, a consequent step with p-H2 would in any case lead to 

hyperpolarization. 

 
 

Figure 3-9.  Comparison of conversion ratio and propane/propylene ratio at different 
temperatures (350 oC/200 oC) in the propyne reduction under ALTADENA 
condition using CAT023a (50 mg). A) The ratio of propane over propylene at 
350 oC/200 oC with N2 as the third gas. B) The ratio of propane over 
propylene at 350 oC/200 oC with D2 as the third gas. Total flow rate: 400 
mL/min. Red square: 350 oC. Blue triangle: 200 oC. 
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Figure 3-10 (H2/Propyne = 6/1), Figure 3-11 (N2/H2/Propyne = 12/1) and Figure 

3-12 (N2/H2/Propyne = 18/1) showed the comparison of using N2 and D2 at different 

H2/propyne ratios.  

 
 
Figure 3-10.  Comparison of ALTADENA spectra obtained with N2 or D2 at different 

temperatures in the propyne partial reduction under ALTADENA condition 
using CAT023a (50 mg), (H2/propyne = 6/1). A) N2/H2/Propyne = 260/120/20 
mL/min. A-1) 350 oC. A-2) 200 oC. B) D2/H2/Propyne = 260/120/20 mL/min. B-
1) 350 oC. B-2) 200 oC. 
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Figure 3-11.  Comparison of ALTADENA spectra obtained with N2 or D2 at different 

temperatures in the propyne partial reduction under ALTADENA condition 
using CAT023a (50 mg), (H2/propyne = 12/1). A) N2/H2/Propyne = 140/240/20 
mL/min. A-1) 350 oC. A-2) 200 oC. B) D2/H2/Propyne = 140/240/20 mL/min. B-
1) 350 oC. B-2) 200 oC. 
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Figure 3-12.  Comparison of ALTADENA spectra obtained with N2 or D2 at different 

temperatures in the propyne partial reduction under ALTADENA condition 
using CAT023a (50 mg), (H2/propyne = 18/1). A) N2/H2/Propyne = 20/360/20 
mL/min. A-1) 350 oC. A-2) 200 oC. B) D2/H2/Propyne = 20/360/20 mL/min. B-
1) 350 oC. B-2) 200 oC. 

For those reactions with N2 (Figure A’s), high temperature favored partial 

reduction product propylene and low temperature favored full reduction product 

propane. For those with D2 (Figure B’s), propylene signals were always smaller 

compared to N2 cases, as D2 competed with p-H2 leading to non-hyperpolarization. 

Propane hyperpolarization showed some interesting results. At high temperature, D2 
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cases had stronger hyperpolarized propane signal than those obtained with N2. While in 

low temperature case, the result was opposite. Those with D2 had smaller signal than 

that of N2. As hyperpolarized propylene production was significantly reduced but 

hyperpolarized propane product was not affected too much, kinetic isotope effect was 

not so significant for the first step reduction than that of second step. D2 competed with 

H2 for first step reduction, leading to reduced hyperpolarization for propylene. But H2 

was much more favorable than D2 for the second step reduction, as results for N2 or D2 

were comparable, just as if no D2 was involved much. 

Future experiments may be conducted to compare the results of using 

D2/H2/Propyne and n-H2/H2/Propyne. Reduction with either D2 or n-H2 will not lead to 

hyperpolarization, but further reduction with p-H2 will result in hyperpolarized propane. 

By comparing the conversion of propyne and resulting hyperpolarized propylene and 

propane, a better understanding of the kinetic isotope effect may be achieved. On the 

other hand, introduction of D2 to propylene reduction should also give a direct insight 

about the kinetic isotope effect. 

3.3.3 Conversion and the Amount of Catalyst  

Comparing the reaction orders for CAT009 (10 mg) and CAT023a (50 mg) at 350 

oC, CAT023 gave more propane as the product while CAT009 lead to more propylene. 

It seemed that the more catalyst was used, the more full reduction was obtained. But as 

the reactivity was different for different catalysts, further experiments should be done 

using the same catalyst (such as CAT023a) but different quantities. 

3.3.4 Stereoselectivity and Surface Isomerization 

 Figure 3-13 is the 1H NMR spectrum of static propylene at 1 atm.  
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 In the PHIP studies of propyne reduction on Pt/TiO2, the two protons in 

propylene-CH2 group behaved differently. The proton cis- to CH group (H3) was always 

hyperpolarized together with the CH group, in agreement with syn-addition of p-H2. 

While the proton trans- to CH group (H2) showed some extent of hyperpolarization, 

depending on the reaction conditions such as temperature and p-H2 partial pressure. 

This was interesting as it was reported that both protons showed hyperpolarization over 

supported Pt, which was attributed to the catalytic isomerization of propylene on 

surfaces and reduction of metal surfaces.96 

 
 
Figure 3-13.  1H NMR spectrum of thermally polarized static propylene at 1 atm. A) Full 

spectrum. B) CH2 group. Chemical shift (ppm): δ 5.85 (m, 1H, CH), 5.03 (d, 
1H, trans- to CH), 4.91 (d, cis- to CH), 1.72 CH3 (m, 3H, CH3). 

 The spectra (Figure 3-14) resulting from syn- or anti-addition of p-H2 were 

obtained using six-spin density matrix simulations using the SpinDynamica package 

developed by Prof. Malcolm Levitt, University of Southampton, UK. Results indicated 

that polarization is shared between the two protons of the propylene-CH2 group. In Fig. 

3-14A, it is apparent that the trans proton is hyperpolarized following syn addition due to 
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coherence transfer through the J-coupling network at low field under ALTADENA 

reaction conditions. Similarly, the Fig. 3-14B shows that the cis-proton is hyperpolarized 

following anti-addition. 

 
 
Figure 3-14.  Six-spin system density matrix simulation of syn- and anti- addition of p-

H2. A) Syn-addition: p-H2 added to H1 & H3 positions in Figure 3-13. B) Anti-
addition: p-H2 added to H1 & H2 positions in Figure 3-13. C) Enlargement of 
syn-addition on CH2. D) Enlargement of anti-addition on CH2. Simulation was 
carried out in SpinDynamica package developed by Prof. Malcolm Levitt, 
University of Southampton, UK.  
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 In a surface hydrogenation reaction, both syn- and anti-additions may occur. 

Spectra resulting from a linear combination of these two processes were simulated and 

representative spectra with certain percentage of anti-addition are shown in Figure 3-

15).  

 
 
Figure 3-15.  Simulated spectra resulting from a linear combination of syn- and anti-

addition. A) 100% Syn. B) 20% Anti. C) 40% Anti. D) 60% Anti. E) 80% Anti. 
F) 100% Anti. Pure syn- and anti- spectral simulations are shown in Fig. 3-14. 
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 A calibration curve correlating the percentage of trans-polarization and the 

percentage of anti-addition is constructed from the simulated spectra (Figure 3-16). 

Trans-polarization is proportional to the integral (𝐼𝑡𝑟𝑎𝑛𝑠) of the trans- proton peak (proton 

number 2 in Figure 3-13). Cis-polarization is proportional to the peak integral of proton 

number 3 (𝐼𝑐𝑖𝑠) in Figure 3-13. Thus, 

% 𝑡𝑟𝑎𝑛𝑠 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 ≡
𝐼𝑡𝑟𝑎𝑛𝑠

𝐼𝑡𝑟𝑎𝑛𝑠 + 𝐼𝑐𝑖𝑠
× 100% 

(3-10) 

With this calibration curve, the percentage of anti-addition can be deduced (Table 

3-2, Table 3-3) from the measured percentage of trans-polarization of the experimental 

ALTADENA spectrum. 

 
 
Figure 3-16.  The percentage of trans-polarization over the sum of trans- and cis-

polarization versus the percentage of anti-addition over the sum of anti- and 
syn-addition.  

 Figure 3-17 indicates that at low temperature (200 oC), both protons showed 

similar hyperpolarization, meaning more surface isomerization. At high temperature 
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(350 oC), the apparent polarization of the trans-H was significantly less than that of cis-

H. Furthermore, fraction of syn- addition increased with increasing hydrogen pressure 

(from top to bottom in Figure 3-17).  

 
 
Figure 3-17.  Comparison of propylene-CH2 hyperpolarization obtained with different H2 

partial pressure at different temperatures in the propyne reduction under 
ALTADENA condition using CAT023a (50 mg). N2/H2/Propyne: A) 260/120/20 
mL/min; 350 oC. B) 260/120/20 mL/min; 200 oC. C) 140/240/20 mL/min; 350 
oC. D) 140/240/20 mL/min; 200 oC. E) 20/360/20 mL/min; 350 oC. F) 
20/360/20 mL/min; 200 oC. 
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Figure 3-18.  Variation of percentage of trans-polarization and percentage of anti-
addition with hydrogen partial pressure and temperature. Propyne partial 
pressure was constant as 0.05 atm. Total gas flow rate: 400 mL/min. A) 
Trans-polarization percentage (Equation 3-10). B) Anti-addition percentage 
(from calibration curve, Fig. 3-16). Red: 350 oC. Blue: 200 oC. 

 The extent of anti-addition or surface isomerization is presented in Table 3-2 and 

Figure 3-18. Lower temperature is more favorable for anti-addition and thus surface 

isomerization. At high temperature, the residence  time of a substrate molecule on the 

metal surface decreases, and the probability of surface isomerization is reduced. In 

addition, increased hydrogen partial pressure also increased the extent of surface 

isomerization. Interestingly, the results show that anti-addition constituted around 60% 

of the whole product. At present, there is no clear explanation for this result.  

 The stereoselectivity studies were extended to several other temperatures and 

flow rates. Figure 3-19 and Figure 3-20 compare the isomerization at various 

temperature with a total gas flow rate of 400 mL/min and 600 mL/min respectively. 
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Figure 3-19.  Comparison of propylene-CH2 hyperpolarization obtained at different 

temperatures in the propyne reduction under ALTADENA condition using 
CAT023a (1.0 wt% Pt/TiO2, 50 mg). Gas flow rate (total 400 mL/min): 
N2/H2/propyne = 140/240/20 mL/min (35/60/5%). A) 200 oC. B) 250 oC. C) 
300 oC. D) 350 oC. E) 375 oC. 
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Figure 3-20.  Comparison of propylene-CH2 hyperpolarization obtained at different 

temperatures in the propyne reduction under ALTADENA condition using 
CAT023a (1.0 wt% Pt/TiO2, 50 mg). Gas flow rate (total 600 mL/min): 
N2/H2/propyne = 210/360/30 mL/min (35/60/5%). A) 200 oC. B) 250 oC. C) 
300 oC. D) 350 oC. E) 375 oC. 



 

87 

 For both cases, at low temperature, syn- and anti- additions have comparable 

hyperpolarization, but as temperature increased, syn- addition hyperpolarization built up 

fast than anti- product. The extent of anti-addition or surface isomerization was 

presented here in Figure 3-21. Comparing data at 200 and 375 oC, almost only half 

extent of surface isomerization was observed at high temperature than low temperature 

in both flow rate cases. High flow rate was less affected as shown below. At low 

temperature, flow rate did not affect the extent of isomerization. 

 
 

Figure 3-21.  Comparison of percentage of trans-polarization and anti-addition at 
various total gas flow rate and reaction temperature. Gas ratio: N2/H2/propyne 
= 35/60/5%. A) Trans-polarization percentage. B) Anti-addition percentage. 
Total flow rate: 400 mL/min (blue); 600 mL/min (red).  

3.3.5 Polarization Transfer 

Interestingly, for the partial reduction of propyne to propylene, the CH3 group of 

propylene (chemical shift at around 1.72 ppm) was also hyperpolarized to a great extent 

(Figure 3-22).  
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Figure 3-22.  Comparison of propylene-CH & CH3 hyperpolarization obtained with 

different H2 partial pressure at different temperatures in the propyne reduction 
under ALTADENA condition using CAT023a (50 mg). A) N2/H2/Propyne = 
260/120/20 mL/min, 350 oC. B) N2/H2/Propyne = 260/120/20 mL/min, 200 oC. 
C) N2/H2/Propyne = 140/240/20 mL/min, 350 oC. D) N2/H2/Propyne = 
140/240/20 mL/min, 200 oC. E) N2/H2/Propyne = 20/360/20 mL/min, 350 oC. 
D) N2/H2/Propyne = 20/360/20 mL/min, 200 oC.  
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This hyperpolarization was not normally expected. As shown Scheme 3-1, CH3 

group (H4) was not involved in the reaction and no hydrogen atom came from p-H2. The 

gain of its hyperpolarization was probably due to the spontaneous polarization sharing 

and transfer among coupled spins via isotropic mixing at low magnetic field, where the 

reaction was taking place. Reactions in PASADENA conditions did not report this 

polarization share to the neighboring group. The peak at around 6 ppm (left most) 

corresponds to CH group of propylene, whose H was originating from p-H2. Thus it is 

interesting to compare the extent of hyperpolarization between these two peaks. The 

ratio between propylene CH3 and CH was about 0.5, while the ratio between CH2 and 

CH3 groups of the full reduction product propane was around 1 for both catalysts 

(Figure 3-1 & 3-3). This polarization transfer extended the scope of potential 

applications especially if, in some cases, different protons could be involved in different 

reactions or interactions with surroundings.  

3.4 Conclusion 

 In this chapter, the selectivity of propyne partial reduction over Pt/TiO2 was 

studied using parahydorgen induced polarization. It was found to be dependent on the 

catalyst quantity, reaction temperature and hydrogen partial pressure. Higher 

temperature was more favorable for selectivity towards partial reduction. 

 The observation of polarization transfer to couple spins and the hyperpolarization 

of trans-H, surface isomerization, as well as the kinetic isotope effect were among the 

most interesting parts of this work. Especially surface isomerization, thus the 

polarization pattern, was found to be related with reaction temperature and hydrogen 

concentration as well. The introduction of D2 into the system, replacing N2, shed some 

lights on the detail of surface processes and the relative kinetic isotope effect. Further 
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studies should be focused on catalyst optimizations towards better control of pairwise 

and stereochemistry selectivity. 
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Table 3-1.  Platinum particles supported on TiO2 as catalysts. Courtesy of Dr. Wei 
Cheng.  

Catalog Catalyst Metal Support Loading Calcination  

No. Name     (w/w%) T (℃) 

CAT009 0.5PtTi450 Pt TiO2 0.5 450 

CAT023a 1.0PtTi350 Pt TiO2 1 350 

 
 
Table 3-2.  Surface isomerization and percentage of trans- (anti-) addition product with 

various total gas flow rate and temperature. Propyne partial pressure: 0.05 
atm. 

PH2 Reaction temperature 

 (atm) 350 oC 200 oC 

  Trans Cis Trans/Cis Trans % Anti % Trans Cis Trans/Cis Trans % Anti % 

0.30 9.16 30.87 0.30 23 35 3.95 10.09 0.39 28 39 

0.60 9.36 26.84 0.35 26 37 6.28 11.53 0.54 35 46 

0.90 11.87 19.81 0.60 37 49 8.89 10.43 0.85 46 60 

 
 
Table 3-3.  Surface isomerization and percentage of trans- (anti-) addition product with 

various hydrogen partial pressure and temperature. Hydrogen partial 
pressure: 0.60 atm. Propyne partial pressure: 0.05 atm. 

T (oC) Total gas flow rate 

 
400 mL/min 600 mL/min 

  Trans Cis Trans/Cis Trans % Anti % Trans Cis Trans/Cis Trans % Anti % 

200 3.10 4.11 0.75 43 56 10.27 14.54 0.71 41 53 

250 3.62 5.29 0.68 41 53 10.33 18.00 0.57 36 47 

300 2.43 7.94 0.31 23 35 12.02 24.39 0.49 33 44 

350 1.05 6.19 0.17 14 27 22.41 78.60 0.29 22 34 

375 1.31 8.31 0.16 14 27 23.68 89.93 0.26 21 33 
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CHAPTER 4 
TITANIA SUPPORTED IRIDIUM CATALYSTS: KINETIC STUDIES OF PROPYLENE 

HYDROGENATION 

4.1 Background 

Hydrogenation of olefinic materials on heterogeneous metallic catalysts is of 

considerable industrial interest. Its kinetic behavior depends significantly on the 

properties of the catalyst itself, including the metal type, particle size, support, and even 

preparation conditions.  

Propylene represents the simplest asymmetric olefin and its hydrogenation has 

been employed as a model reaction extensively in parahydrogen induced polarization 

(PHIP) based on heterogeneous catalysis. Hyperpolarization was observed in a variety 

of catalytic systems, including immobilized inorganic complexes and supported metals. 

Catalyst particle size, support and reaction conditions were varied to gain insights into 

the factors governing pairwise selectivity. Kinetic studies employing the high signal 

enhancement of PHIP was reported recently with Pt/Al2O3 in both PASADENA and 

ALTADENA experiments.42,96 

Ir complexes have been involved in homogeneous hydrogenation reactions for 

long time.106-108,109 It has been involved in the development of PHIP in the form of 

homogeneous complexes, such as Crabtree’s catalyst [(COD)Ir(PCy3)(Py)]+PF6
- (COD 

= 1,4-cyclooctadiene, PCy3 = tricyclohexylphosphine, Py = pyridine), and Vaska’s 

catalyst Ir(CO)Cl(PPh3)2.  

Here we prepared Iridium nanoparticles supported on titanium oxide as the 

heterogeneous catalyst. The activation energy for propylene hydrogenation over 

pumice-supported Ir was reported to be 62.7 kJ/mol.110 Employing the hydrogenation  
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of propylene as the model reaction, the dependence of PHIP performance on the 

reaction temperature and relative ratio of reactants were studied in details. The 

apparent activation energy for the overall reaction and the reaction orders with respect 

to H2 and propylene were determined with either n-H2 or 50% enriched p-H2. This 

represents the first kinetic study of propylene hydrogenation over supported iridium 

catalysts. 

4.2 Experimental Methods 

The catalyst used in this chapter was prepared and characterized by Dr. Wei 

Cheng according to the procedure described in Chapter 2.  

PHIP experiments were conducted based on the procedure described in Chapter 

2. For most of the experiments, a total flow rate of 300 mL/min was employed, except 

for the flow rate dependent studies. All NMR spectra were acquired with 128 scans and 

a 90o pulse under steady-state conditions. Kinetic data were corrected for relaxation 

effect based on Equations (2-3), (2-10), (2-13), and Table 2-2. 

4.3 Results and Discussion 

ALTADENA experiments for the hydrogenation of propylene (Scheme 4-1) were 

carried out and hyperpolarization (net alignment) was achieved in most cases. 

Activation energies of the reaction were derived from temperature dependent studies, 

and reaction orders were also determined by fixing the total flow rate but changing only 

one component at a time. Two different surface pathways, namely random and pairwise 

additions, were distinguished by reacting with n- H2 or 50% enriched p-H2 respectively. 

 

 



 

94 

 
 

Scheme 4-1.  Hydrogenation of propylene over Ir/TiO2 at elevated temperatures. 

4.3.1 CO Chemisorption 

Estimation of the particle size of the prepared Ir catalyst (Table 4-1) could be 

calculated based on CO adsorption measurements with certain assumptions.83 The 

metal loading is reported here as the weight percentage of the reagents, but the actual 

metal loading could be determined by ICP-AES.  

4.3.2 Catalyst Durability 

One of the criteria for being a good catalyst is the robustness. Catalytic durability 

test of the catalyst prepared for this work was carried out under continuous-flow 

condition over 8 hours. Propylene and propane were monitored by NMR. 

Results (Figure 4-1A&B) showed that no significant change of the catalytic 

activity was observed over the whole experiments for both reactions at 50 or 150 oC. 

More propane was obtained at 150 oC than 50 oC, as the catalyst is more reactive at 

higher temperature. 

While at higher temperature (Figure 4-1C&D), reactions were less stable and 

more fluctuations were observed. Reactivity decreased slightly over time for reactions at 

350 oC, but still not too bad. At very high temperature (350 oC), reactivity decreased and 

surface decomposition to methane further reduced propane production. 
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Figure 4-1.  Catalyst durability test. A&C) Remaining propylene in the product stream. 

B&D) Produced propane in the product stream. Gas flow rate (total 300 
mL/min): N2/p-H2/Propylene = 120/150/30 mL/min. Red square: reactions at 
150 oC. Blue triangle: reactions at 50 oC. Green dot: reactions at 250 oC. 
Black star: reactions at 350 oC. 

4.3.3 Kinetic Studies 

It was suggested that n-H2 and p-H2 have different kinetic behavior and in this 

part, the temperature dependence and reaction orders were studied with either n-H2 or 

50% enriched p-H2 under otherwise identical conditions. 
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4.3.3.1 The Arrhenius Equation and Activation Energy 

 
 
Figure 4-2.  Representative (50-350 oC) spectra resulting from reactions with n-H2 and 

p-H2 for the temperature dependent studies of propylene hydrogenation (p-H2 
spectra obtained by subtracting n-H2 spectra from 50% p-H2) under 
ALTADENA condition. Gas flow rate (total 300 mL/min): N2/p-H2/Propylene = 
120/150/30 mL/min. A). n-H2 spectra. B) p-H2 spectra. 

 

 

  

 
Figure 4-3.  3D spectra for temperature dependent catalytic performance under 

ALTADENA condition. Gas flow rate (total 300 mL/min): N2/H2/Propylene = 
120/150/30 mL/min. A) Spectra obtained for reactions with n-H2. B) Spectra 
obtained for reactions with p-H2.  
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As described in Chapter 1, reactions normally depend on the temperature, thus it 

is important to quantify their relationship by running propylene hydrogenation reactions 

at a series of temperatures and the apparent activation energy associated with the 

complete catalytic cycle can be derived. 

 
 
Figure 4-4.  Composition of the product stream at various temperatures. Red square: 

starting material-propylene. Blue triangle: product-propane. Green circle: by-
product. 

Figure 4-2 and Figure 4-3 (3D) showed representative spectra obtained with 

either n- or p-H2. The starting material propylene and the product propane were 

detected based on the 1H NMR spectra. At high temperature (>250 oC), another 

unknown by-product appeared and this was proposed as CH4 based on the chemical 

shift value of 0.2 ppm. As shown in Figure 4-4 of the comparison of integral values, 

propane production started to decrease after 250 oC but propylene conversion seemed 
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to be stabilized. This could be explained by the emergence of the by-product which 

increased with increasing temperature and quickly dominated over the product 

formation. At high temperature, the diffusion and transport processes of adsorbed 

species on surfaces started to limit the reaction kinetics and a drop of reactivity was 

observed. 

 
 

Figure 4-5.  Temperature dependent studies of propylene hydrogenation under 
ALTADENA condition. Gas flow rate (total 300 mL/min): N2/p-H2/Propylene = 
120/150/30 mL/min. Red square: reactions with p-H2. Blue triangle: reactions 
with n-H2. A) Catalytic performance in the temperature range of 50-350 oC. B) 
The Arrhenius plot over the temperature range of 50-250 oC. 

To take a closer look at the dependence of propane formation on temperature, 

two distinct curves were observed for reactions with n- or p-H2 (Figure 4-5). While the 

plot on the left showed the complete data for the temperature range of 50-350 oC, the 

right figure was plotted based on the Arrhenius equation for the low temperature region. 

A linear relationship was observed for temperatures between 50 and 250 oC. According 

to the Arrhenius equation, the slope of the curve is –Ea, so activation energies can be 

calculated for pairwise (16.8 ± 0.5 kJ/mol) and random (9.8 ± 0.8 kJ/mol) pathways. 
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This result demonstrated that the two pathway have different reaction barriers, and 

pairwise addition was more energy-demanding. This difference might be related with the 

location of the reaction sites on the surface. As was suggested in the literature, pairwise 

addition tends to occur at sites with low coordination numbers, such as (100) facet, 

edges and corners, where less interactions are possible between the adsorbed species 

and the surface. 

 
 
Figure 4-6.  Propylene to propane conversion, enhancement factor and pairwise 

selectivity. Gas flow rate (total 300 mL/min): N2/p-H2/Propylene = 120/150/30 
mL/min. A) Propylene to propane conversion. B) Enhancement factor and 
pairwise selectivity. 

As shown in Figure 4-6, propane production increased with temperature up to 

250 oC, and decreased at high temperature region. Although H2 had 5 times higher 

partial pressure than propylene, the maximum conversion was still less than 40%. The 

use of limited quantity of catalyst, the introduction of N2 as the delivery gas, and high 

flow rate may account for this behavior. Nevertheless, these parameters were optimized 

for the best control of the steady-state reaction condition under all temperatures, as the 

reaction was rather exothermic and efficient heat dissipation was critical for maintaining 
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steady-state conditions. Pairwise selectivity proved to be a minor process, as it never 

reached 1%, but increased with increasing temperature.  

4.3.3.2 The Effect of Flow Rate and Relaxation in the PHIP Studies 

 
 

Figure 4-7.  Temperature dependent studies of propylene hydrogenation at a variety of 
total flow rates under ALTADENA condition. Total gas flow rates (mL/min): 
red square-400, blue triangle-500, green dot-600, pink star-700. A) Reactions 
with n-H2. B) Reactions with p-H2. 

As it takes time for the hyperpolarized product to reach the detection region, 

hyperpolarization can be partially lost during this process. On the other hand, 

magnetization buildup, or relaxation, for thermally polarized molecules also affects the 

NMR signal, leading to less intensity as the flow rate increases. These factors could be 

corrected based on the relaxation parameters obtained in Chapter 2. But flow rate might 

also affect the reactivity itself. Here 4 different total flow rates were studied: 400, 500, 

600, 700 mL/min. The ratio of gas composition, thus the partial pressure of each 

component, was the same for all cases, N2/H2/propylene = 40/50/10%.  



 

101 

 Similar temperature dependence was observed for all flow rates (Figure 4-7), 

including the one mentioned in previous section (300 mL/min). Propane production 

started to decrease at 250 oC, consistent with the production of by-product. Figure 4-7A 

showed that propane signals obtained from reactions with n-H2 were similar for these 

four different flow rates, after relaxation correction based on the magnetization buildup 

as described in section 2.6.2. This meant that flow rate did not affect the catalytic 

reaction too much within this range. Contrary to that, for hyperpolarized signals, higher 

flow rate meant less hyperpolarization lost, leading to the observation of stronger signal. 

But data correction for the relaxation effect using the method developed in Chapter 2 

proved to be effective again. As shown on the right of the figure, results were quite 

consistent for different flow rates at low temperature range. But at higher temperature, 

higher flow rate had higher hyperpolarized signal. This behavior discrepancy between 

thermally polarized signal and hyperpolarized signal might be attributed to the reduced 

contact time of hyperpolarized signal with the metal surfaces, minimizing the relaxation 

effect from interactions with metal surfaces. Another possible reason could be the 

increase of pairwise selectivity at higher flow rate. With speeded replacement by the 

feeding stock, surface bound propylene or reaction intermediates had less chance to 

receive two hydrogen atoms originating from different molecules. 

 Plots based on the Arrhenius equation of these experiments provided the chance 

to calculate the activation energies (Figure 4-8). Again, reactions with p-H2 seemed to 

require more energy to overcome the barriers than their counterparts with n-H2. Another 

general trend was that activation energy increased with increasing total flow rate for 

both cases. At high flow rate, reagents had less contact time with surfaces, reducing the 
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chance of bond-weakening effects of the metal-reagent interactions. As a consequence, 

higher reaction barrier might be experienced to break bonds. 

 
 
Figure 4-8.  The Arrhenius plots of the temperature dependent (50-200 oC) studies of 

propylene hydrogenation at a variety of total flow rates under ALTADENA 
condition. Total gas flow rates (mL/min): red square-400, blue triangle-500, 
green dot-600, pink start-700. A) Reactions with n-H2. B) Reactions with p-H2. 

 Propylene to propane conversion, PHIP signal enhancement factor and pairwise 

selectivity were presented in Figure 4-9. Lower propylene to propane conversion at high 

flow rate might be due to the less contact time, thus less chance of reacting with H2, of 

propylene on the surface. On the other hand, enhancement factor and pairwise 

selectivity increased with increasing flow rate, partially due to the reduced relaxation 

effect caused by metal-substrate interaction as mentioned above.  
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Figure 4-9.  Temperature and total flow rate dependent propylene to propane 
conversion, signal enhancement factor and pairwise selectivity. Total gas flow 
rates (mL/min): red square-400, blue triangle-500, green dot-600, pink start-
700. A) Propylene to propane conversion. B) Enhancement factor and 
pairwise selectivity. 

 
 

 
 

Figure 4-10.  Total flow rate dependent activation energies for different reaction 
pathways. Red: pairwise pathway. Blue: random pathway. Error bar 
represents standard error from linear fitting of the Arrhenius equation. 
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 The relationship between activation energy and flow rate can be found in Figure 

4-10 and Table 4-3. Activation energy increased with increasing gas flow rate, and 

pairwise reaction mechanism was more energy-demanding than random addition.  

4.3.3.3 Reaction Orders with Respect to H2 and Propylene 

As mentioned previously, even 5 times excess of H2 did not make 100% 

conversion of propylene to propane. To optimize the ratio between H2 and propylene, as 

well as to gain further information about the kinetics of surface reactions, experiments 

were performed at three different temperatures (150, 250, and 350 oC) to vary the 

partial pressure of H2 or propylene while keeping the other at a fixed value. Results 

indicated that reactions with n-H2 and p-H2 showed distinct behaviors, further confirming 

that pairwise and random additions took place at different sites on surfaces. 

To determine the reaction orders with respect to hydrogen, propylene partial 

pressure was fixed by means of keeping its flow rate constant. The total flow rate was 

kept always as 300 mL/min, and propylene was set as 30 mL/min in one set of studies 

and 150 mL/min in another. By changing H2’s flow rate, thus changing its partial 

pressure, kinetic data were obtained for three different temperatures and two different 

propylene partial pressures (Figure 4-11).  

For the case of propylene partial pressure as 0.1 atm (Figure 4-11A, C & E), 

reactions with p-H2, or pairwise pathway, had higher reaction orders than that with n-H2 

at all three temperatures. Both reaction orders also increased with increasing 

temperature. As higher reaction order means stronger dependence on its partial 

pressure, increasing p-H2 concentration and reaction temperature would lead to better 

hyperpolarization. And similar reaction orders were observed with respect to n-H2 and 

p-H2.  



 

105 

In contrast, for the case of propylene partial pressure as 0.5 atm (Figure 4-11B, 

D & F), reactions with p-H2, or pairwise pathway, had lower reaction orders than that 

with n-H2 at all three temperatures.  

 
 

Figure 4-11.  Reaction orders with respect to H2 partial pressure at various 
temperatures and propylene concentrations under ALTADENA condition. 
Propane CH2 integral values were used. Red square: reactions with p-H2. 
Blue triangle: reactions with n-H2. A) 150 oC, Ppropylene=0.1 atm. B) 150 oC, 
Ppropylene=0.5 atm. C) 250 oC, Ppropylene=0.1 atm. D) 250 oC, Ppropylene=0.5 atm. 
E) 350 oC, Ppropylene=0.1 atm. F) 350 oC, Ppropylene=0.5 atm. 
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This difference even increased with increasing temperature. As propylene was in 

large excess, reaction was more sensitive to hydrogen partial pressure and thus higher 

reaction orders, as compared to the above case.  

Conversion rate, enhancement factor and pairwise selectivity were presented in 

Figure 4-12.  

 
 

Figure 4-12.  Propylene to propane conversion and pairwise selectivity with respect to 
H2 partial pressure at various temperatures and propylene concentrations 
under ALTADENA condition. Red square: reactions with p-H2. Blue triangle: 
reactions with n-H2. A) 150 oC, Ppropylene=0.1 atm. B) 150 oC, Ppropylene=0.5 
atm. C) 250 oC, Ppropylene=0.1 atm. D) 250 oC, Ppropylene=0.5 atm. E) 350 oC, 
Ppropylene=0.1 atm. F) 350 oC, Ppropylene=0.5 atm. 
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The conversion rate increased with increasing hydrogen partial pressure for all 

cases, including different propylene partial pressures and different reaction 

temperatures. But pairwise selectivity didn’t show a clear pattern. At propylene partial 

pressure of 0.1 atm, pairwise selectivity increased with increasing hydrogen partial 

pressure, while it was opposite at propylene partial pressure of 0.5 atm. When the 

surface was surrounded with more propylene, random addition was more favored and 

the access of p-H2 to lots of sites favoring pairwise selectivity might be blocked by 

propylene. But the relative pairwise selectivity was higher when propylene partial 

pressure was 0.5 atm than 0.1 atm in all three different temperatures. Thus to get high 

signal enhancement, high propylene concentration (50%) and low hydrogen 

concentration is more desirable. 

On the other hand, reaction orders with respect to propylene were also studied at 

250 and 350 oC, and plotted in Figure 4-13. In this case, hydrogen partial pressure was 

kept as 0.5 atm by keeping its flow rate as 150 mL/min, while the total flow rate was 300 

mL/min. Figure 4-14 showed the conversion and pairwise selectivity data. 

 
 
Figure 4-13.  Reaction orders with respect to propylene partial pressure at various 

temperatures under ALTADENA condition. Propane CH2 peak integral was 
used. Red square: reactions with p-H2. Blue triangle: with n-H2. A) 250 oC, 
PH2=0.5 atm. B) 350 oC, PH2=0.5 atm. 
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Reaction orders with respect to propylene were smaller than that of hydrogen. At 

250 oC (Figure 4-13A), pairwise addition had a reaction order of 0.8, while random 

addition had 0.5. Pairwise pathway had stronger dependence on propylene 

concentration. While on the other hand, at the reaction temperature of 350 oC (Figure 4-

13B), this was reversed. Pairwise addition had a reaction order of 0.4, while random 

addition had 0.7. At high temperature, random addition was more sensitive to the 

propylene concentration. 

 
 
Figure 4-14.  Propylene to propane conversion and pairwise selectivity with respect to 

propylene partial pressure at various temperatures under ALTADENA 
condition. Red square: reactions with p-H2. Blue triangle: with n-H2. A) 250 
oC, PH2=0.5 atm. B) 350 oC, PH2=0.5 atm. 

Conversion (Figure 4-14) decreased with increasing propylene at both 

temperature, as hydrogen became less excess. At high temperature, conversion of 

propylene to propane was greatly affected by the emergence of by-product. Pairwise 

selectivity increased with increasing propylene at 250 oC, but decreased at 350 oC. It 

seemed that at high temperature, random addition was enhanced to a higher degree 

than pairwise addition. 
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The reaction order data were summarized in Table 4-2. As higher reaction orders 

means stronger dependence of reaction rate on species concentration, adjusting 

hydrogen and propylene partial pressure seemed to be a suitable way to improve 

product formation, or the degree of hyperpolarization.   

4.3.3.4 The Effect of Flow Rate on Reaction Orders 

In previous section, all experiments were carried out with a total flow rate of 300 

mL/min. As discussed before, the flow rate would affect the signal enhancement and 

kinetic behavior. To further investigate that, another set of experiments were carried out 

at 300 oC and with a total flow rate of 700 mL/min. The gas mixture was composed of 

N2, H2 and propylene. In one case, the catalytic dependence on hydrogen partial 

pressure was studied by fixing propylene partial pressure as 0.5 atm with a flow rate of 

350 mL/min. In another case, H2 partial pressure was fixed and the dependence on 

propylene partial pressure was investigated. Thus, reaction orders with respect to either 

hydrogen or propylene were obtained (Figure 4-15).  

 
 
Figure 4-15.  Reaction orders with respect to A) H2 and B) propylene partial pressure at 

300 oC under ALTADENA condition. Total flow rate: 700 mL/min. For A, 
propylene flow rate=350 mL/min, partial pressure = 0.5 atm. For B, H2 flow 
rate=350 mL/min, partial pressure = 0.5 atm. 
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In this case, random addition had a slightly higher reaction order than pairwise 

addition with respect to hydrogen partial pressure, but both were around 1. Quite 

differently, this relationship was reverse for the reaction orders with respect to 

propylene, with pairwise addition as 0.6 and random addition as 0.4 (Table 4-3). 

 
 
Figure 4-16.  Propylene to propane conversion, enhancement factor and pairwise 

selectivity with respect to H2 and propylene partial pressure at 300 oC. Total 
flow rate: 700 mL/min. A) Conversion rate with various H2 partial pressure. B) 
Enhancement factor and pairwise selectivity with various H2 partial pressure. 
C) Conversion rate with various propylene partial pressure. D) Enhancement 
factor and pairwise selectivity with various propylene partial pressure. For A & 
B, propylene flow rate=350 mL/min, partial pressure = 0.5 atm. For C & D, H2 
flow rate=350 mL/min, partial pressure = 0.5 atm. 

Figure 4-16 showed the propylene to propane conversion rate, PHIP 

enhancement factor as well as pairwise selectivity. As for fixed propylene partial 
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pressure, increasing hydrogen pressure increased the overall conversion rate but 

decreased the pairwise selectivity (Figure 4-16 A&B). Contrary to that, with fixed 

hydrogen partial pressure, the conversion rate decreased with increasing propylene 

concentration, but the pairwise selectivity increased (Figure 4-16 C&D). 

The increase of hydrogen partial pressure increased the chance of propylene to 

collide and react with hydrogen to form propane at the cost of reduced pairwise 

selectivity. But when hydrogen pressure was fixed, the more propylene, the less chance 

of propylene to collide with H2 rather than another propylene molecule. Nevertheless, it 

seemed that more propylene were able to reach the sites favoring pairwise addition, 

leading to increased pairwise selectivity.  

4.3.3.5 Probing Propylene Desorption Process on Surfaces 

 
 
Figure 4-17.  Propylene desorption process. 

 Propylene was suggested to bind strongly to metal atoms through several 

different mechanisms. The adsorption process was studied by PHIP at 350 oC. The 

catalyst was first saturated with propylene by flowing propylene gas through it, followed 

by N2 purge to remove the propylene and introduction of p-H2, and then NMR detection. 
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N2 purge time was varied and the result is presented in Figure 4-17. In all cases, 

hyperpolarization was observed. The propylene desorption process seemed to behave 

exponentially. Further experiments should be conducted at various temperatures to 

investigate the adsorption activation energies. 

4.4 Conclusion 

To the best of our knowledge, this work represents the first observation of PHIP 

on supported Iridium particles. Taking advantage of our well-designed continuous-flow 

heterogeneous catalytic reactor setup, steady-state reaction conditions were achieved 

over a wide range of temperatures. Thus it was possible to study the temperature 

dependence of catalytic performance. The activation energies were determined based 

on the Arrhenius equation.  

Surface processes such as adsorption, diffusion and desorption are also known 

to affect the kinetic behavior of reactions. To investigate that, a series of different total 

flow rates were employed to study the temperature dependence. The reaction orders 

with respect to H2 and propylene were investigated by changing the partial pressure of 

one component but keeping the other constant. Results indicated that pairwise and non-

pairwise hydrogen addition showed distinct behaviors.  

Moreover, it was found that the NMR signal enhancement depended on the total 

gas flow rate, reaction temperature and partial pressure of p-H2 or propylene. These are 

valuable information towards understanding the surface processes and improving the 

efficiency of producing hyperpolarized species for potential applications. 
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Table 4-1.  Iridium nanoparticle supported on TiO2 as the catalyst. Courtesy of Dr. Wei 
Cheng. 

Catalog Catalyst Metal Support Loading Calcination  

No. Name     (w/w%) T (℃) 

CAT018 1.0IrTi350 Ir TiO2 1 350 

 
 
Table 4-2.  Effect of total flow rate on the activation energy. Error bar represents 

standard error from linear fitting of the Arrhenius equation. 

Total flow rate Activation Energy 

 (mL/min) (kJ/mol) 

 
Random Pairwise 

300 9.8 ± 0.8 16.8 ± 0.5 

400 14.0 ± 0.9 20.4 ± 2.0 

500 16.8 ± 1.1 26.5 ± 2.8 

600 15.2 ± 0.5 24.5 ± 1.2 

700 16.5 ± 0.8 27.2 ± 1.9 

Average 14.5 23.1 

 
 
Table 4-3.  Reaction orders at various temperatures and total flow rates. Error bar 

represents standard error from linear fitting of the Arrhenius equation. 

Temperature Reaction Orders 

(℃) H2 (propylene: 0.1) H2 (propylene: 0.5) Propylene 

  Pairwise Random Pairwise Random Pairwise Random 

150 0.88 ± 0.06 0.79 ± 0.04 0.97 ± 0.02 0.97 ± 0.05 NA NA 

250 1.08 ± 0.11 1.07 ± 0.08 1.18 ± 0.05 1.66 ± 0.04 0.82 ± 0.01 0.48 ± 0.05 

350 1.72 ± 0.06 1.50 ± 0.06 2.04 ± 0.06 2.77 ± 0.13 0.36 ± 0.02 0.67 ± 0.12 
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CHAPTER 5 
OXIDE SUPPORTED PLATINUM/IRIDIUM CATALYSTS: THE ROLE OF SUPPORT 

AND PARTICLE SIZE IN HETEROGENEOUS CATALYSIS AND PHIP 
PERFORMANCE 

5.1 Background 

The co-existence of several types of active sites which may have distinct catalytic 

behaviors is well recognized for supported metal catalysts. Exact reproducibility is very 

less likely even for catalysts prepared with the same procedure. Even slight and 

unintended deviation in the preparation or activation process can lead to noticeable 

variation in particle shape, size, morphology and thus catalytic activity.65,86,111,112 

One important aspect of research in heterogeneous catalysis is the relationship 

of catalyst structure with reactivity. It is even more important for PHIP applications, as 

pairwise addition pathway contributes to only a small portion of surface processes, a 

small improvement on surface structure may lead to huge difference in signal 

enhancement. 

The general catalytic activities in propylene hydrogenation with different metal 

types are as follows: Rh > Ir> Ru > Pt > Pd > Ni > Fe > Co > Os.110 

5.1.1 The Effect of Particle Size and Support on PHIP Performance 

Supported metal particles tend to expose thermodynamically stable facets, such 

as (111) plane in fcc structures, on surfaces. Thus the composition of different facets on 

surfaces varies. More thermodynamically stable facets contribute more in big particles. 

In addition, different atomic arrangements and coordination numbers associated with 

various facets lead to non-uniform adsorption properties and catalytic activities.113 

 PHIP studies with supported Pt and Pd nanoparticles suggested that small 

particles with more edges and corners, and less coordination numbers tended to 
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facilitate the pairwise addition pathway on surfaces, thus better hyperpolarization. The 

presence of surface adsorbed species, such as carbonaceous deposits and reactants, 

may effectively isolate surfaces into small static or dynamic domains where hydrogen 

diffusion is limited and pairwise pathway is enhanced. 

5.1.2 The Effect of Oxide Support on Pairwise Selectivity 

 Metal tends to minimize their surface potential energy by aggregating to large 

particles, but the use of supports in heterogeneous catalysis can prevent the sintering of 

active sites. Other functions of supports include providing high surface area anchorage 

sites, as well as thermal and mechanical stabilities. On the other hand, the presence of 

supports reduces the availability of active metal sites, and limits the diffusion and 

transport of reactants to surface active sites. Heat transfer and dissipation may also be 

a problem. Thus it is important to choose proper supports to improve the catalytic 

performance. Another interesting phenomenon is so-called the strong metal-support 

interaction (SMSI) due to the charge transfer in the metal-support interface and particle 

morphology change. 

 Comparison of PHIP effects with different supports using platinum or palladium 

as the catalysts were reported in the literature. TiO2 was found be the best support for 

PHIP activity, which was attributed to the presence of SMSI, leading to highest signal 

enhancement.37 

5.2 Experimental Methods 

In this chapter, the effects of particle size and support on PHIP performance 

were evaluated by running identical reactions with a series of catalysts (Pt or Ir) of 

different supports (TiO2 or Al2O3). 
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The catalysts used in this chapter were prepared and characterized by Dr. Wei 

Cheng according the method described in Chapter 2. Calcination at different 

temperatures lead to different CO chemisorption values. Catalysts were characterized 

mainly by chemisorption measurements. 

PHIP experiments were conducted based on the procedure described in Chapter 

2. The total gas flow rate used here was 400 mL/min (N2/H2/propylene = 280/100/20 

mL/min = 70/25/5%). This was selected for best performance and practical temperature 

control for steady-state conditions. Pt catalysts were activated at 170 oC and Ir catalysts 

at 350 oC before experiments. Spectra were accumulated with 16 scans with a 90 

degree pulse and a recycle delay of 2 s. Kinetic data were corrected for relaxation effect 

based on equations (2-3), (2-10) and (2-13), and Table 2-2. 

5.3 Results and Discussion 

5.3.1 Pt Catalysts: the Effect of Support, Loading and Quantity 

A series of Pt catalysts were prepared (Table 5-1 & 5-2), and their catalytic and 

PHIP performance were compared at various temperatures. Among the Pt catalysts, 

only CAT005 had Al2O3 as the support, and all others had TiO2 as the support. 

 Spectra obtained with either n-H2 or p-H2 were presented in Figure 5-1 and 

Figure 5-2. All catalysts showed decent hyperpolarization and thus PHIP activity. 

Enhancement factor and pairwise selectivity (Figure 5-3) increased with 

increasing temperature for all catalysts. 

 Different pairwise selectivity was observed for different catalysts, but it never 

reached 2% in this case. 

 

 



 

117 

 
 
Figure 5-1.  Catalytic and PHIP performance comparison for Pt catalysts at 150 oC 

under ALTADENA condition. Gas flow rate (total 400 mL/min): 
N2/H2/Propylene = 280/100/20 mL/min. A) n-H2 spectra. B) p-H2 spectra. 
Catalyst quantity: 10 mg. Pink: CAT019, 1.0PtTi350. Green: CAT023a, 
1.0PtTi350. Blue: CAT017, 1.0PtTi350. Red: CAT011, 1.0PtTi450. Catalyst 
details see Table 5-1. 

 

 
 
Figure 5-2.  Catalytic and PHIP performance comparison for Pt catalysts at 150 oC 

under ALTADENA condition. Gas flow rate (total 400 mL/min): 
N2/H2/Propylene = 280/100/20 mL/min. A) n-H2 spectra. B) p-H2 spectra. 
Catalyst quantity: 10 mg. Black: CAT025a, 0.5PtTi350. Cyan: CAT009, 
0.5PtTi450.  Pink: CAT015, 0.75PtTi450. Green: CAT026b, 0.75PtTi450. 
Blue: CAT005, 0.5PtAl350. Red: CAT030b, 2.5PtTi450.Catalyst details see 
Table 5-1. 
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Figure 5-3.  Conversion, enhancement factor and pairwise selectivity for particles with 

different sizes at various temperatures under ALTADENA condition. A) 
Conversion for Pt catalysts (I). B) Conversion for Pt catalysts (I). C) 
Enhancement factor and pairwise selectivity for Pt catalysts (II). D) 
Enhancement factor and pairwise selectivity for Pt catalysts (II). Catalyst 
quantity: 10 mg.  
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5.3.1.1 The Arrhenius Equation and Activation Energy 

 The activation energy for propylene hydrogenation over Pt supported on alumina, 

silica or titania was reported to range from 23.8 to 58.5 kJ/mol, depending on the 

particle size, shape as well as support.114-118 For instance, Pt/Al2O3 with 80% cubic 

shape of 8-10 nm size gave 40.6 ± 2.1 kJ/mol.114 Results presented here indicated that 

catalyst with Al2O3 as the support was less reactive and more energy-demanding, with 

much higher activation energies, than those with TiO2 as the support. 

CAT017: 1.0 wt% Pt/TiO2 

Its temperature dependence was studied between 50 and 300 oC, with a total 

gas flow rate of 400 mL/min (N2/H2/Propylene = 280/100/20 mL/min) for the best control 

of steady-state conditions. 

 
 
Figure 5-4.  Temperature dependence and activation energy for temperature dependent 

studies of propylene hydrogenation under ALTADENA condition. Gas flow 
rate (total 400 mL/min): N2/H2/Propylene = 280/100/20 mL/min. A) Signal 
integral versus temperature. B). The Arrhenius plot. Catalyst: CAT017 
(1.0PtTi350), 10 mg. Error bar represents standard deviation of three 
measurements. 
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 PHIP hyperpolarization was observed for all temperatures, and increased with 

increasing temperature with a maximum at 300 oC. Figure 5-4 showed the change of 

integral values of the CH2 group of propane. No evidence of reaching a 

diffusion/transport limit was observed upto 300 oC and the reaction followed very well 

the Arrhenius behavior, under the control of intrinsic kinetics. Random and pairwise 

pathways showed distinct performance and activation energies were derived based on 

the slope of the linear fitting in (B): 7.0 ± 0.6 kJ/mol (random) and 14.9 ± 0.8 kJ/mol 

(pairwise). 

Propylene to propane conversion, PHIP enhancement factor and pairwise 

selectivity were shown in Figure 5-6. Both increased with increasing temperature up to 

300 oC. Reaction at 350 oC resulted in decreasing conversion due to the diffusion limit, 

but still increasing pairwise selectivity, although to a less extent. 

 
 
Figure 5-5.  Conversion rate, enhancement factor and pairwise selectivity for 

temperature dependent studies of propylene hydrogenation. Gas flow rate 
(total 400 mL/min): N2/H2/Propylene = 280/100/20 mL/min. A) Propylene to 
propane conversion rate. B) Enhancement factor and pairwise selectivity. 
Catalyst: CAT017 (1.0PtTi350), 10 mg. Error bar represents standard 
deviation of three measurements. 
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 CAT005: 0.5 wt% Pt/Al2O3 

This was the only catalyst with Al2O3 as the support tested in this section. Its 

temperature dependent catalytic and PHIP performance was studied following the same 

procedure as described above. 

 No PHIP hyperpolarization was observed at 50 oC and also negligible at 100 oC, 

and relatively poor hyperpolarization was observed at higher temperatures, compared to 

the catalyst above with TiO2 as the support. Figure 5-6 showed the change of integral 

values of the CH2 group of propane. Diffusion started to take part in the kinetic control at 

temperatures higher than 250 oC. Activation energies (50-225 oC) were derived based 

on the slope of the linear fitting in (B): 12.5 ± 0.8 kJ/mol (random) and 35.7 ± 1.2 kJ/mol 

(pairwise). 

 
 
Figure 5-6.  Temperature dependence and activation energy for temperature dependent 

studies of propylene hydrogenation under ALTADENA condition. Gas flow 
rate (total 400 mL/min): N2/H2/Propylene = 280/100/20 mL/min. A) Signal 
integral versus temperature. B). The Arrhenius plot. Catalyst: CAT005 
(0.5PtTi350), 10 mg. 
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 Propylene to propane conversion, enhancement factor and pairwise selectivity 

were shown in Figure 5-7. Conversion rate increased with increasing temperature, while 

enhancement factor and pairwise selectivity started to decrease at 250 oC. 

 
 
Figure 5-7.  Conversion rate, enhancement factor and pairwise selectivity for 

temperature dependent studies of propylene hydrogenation. Gas flow rate 
(total 400 mL/min): N2/H2/Propylene = 280/100/20 mL/min. A) Propylene to 
propane conversion rate. B) Enhancement factor and pairwise selectivity. 
Catalyst: CAT005 (0.5PtTi350), 10 mg. 

CAT023a: 1.0 wt% Pt/TiO2 

 The temperature dependent catalytic and PHIP performance of CAT023a was 

studied following the same procedure as described above. 

 PHIP hyperpolarization was observed for all temperatures, and increased with 

increasing temperature with a maximum at 300 oC. Figure 5-8 showed the change of 

integral values of the CH2 group of propane. Diffusion started to take part in at 

temperature higher than 250 oC. Random and pairwise pathways showed distinct 

performance and activation energies were derived based on the slope of the linear 

fitting in (B): 11.2 ± 0.9 kJ/mol (random) and 20.7 ± 1.5 kJ/mol (pairwise). 
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Figure 5-8.  Temperature dependence and activation energy for temperature dependent 

studies of propylene hydrogenation under ALTADENA condition. Gas flow 
rate (total 400 mL/min): N2/H2/Propylene = 280/100/20 mL/min. A) Signal 
integral versus temperature. B) The Arrhenius plot. CAT023a (1.0PtTi350), 10 
mg. 

 
 

 
 
Figure 5-9.  Conversion rate, enhancement factor and pairwise selectivity for 

temperature dependent studies of propylene hydrogenation. Gas flow rate 
(total 400 mL/min): N2/H2/Propylene = 280/100/20 mL/min. A) Propylene to 
propane conversion rate. B) Enhancement factor and pairwise selectivity. 
Catalyst: CAT023a (1.0PtTi350), 10 mg. 
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 Propylene to propane conversion, enhancement factor and pairwise selectivity 

were shown in Figure 5-9. Conversion rate started to decrease at temperature higher 

than 250 oC, but enhancement factor and pairwise selectivity increased with increasing 

temperature even up to 350 oC. 

5.3.1.2 The Effect of Catalyst Amount 

Here, 20 mg of CAT017 was used and NMR spectra were acquired with 128 

scans (receiver gain: 8192). Hyperpolarization was observed at all temperatures. 

 Figure 5-10 showed the change of integral values of the CH2 group of propane. 

Both pairwise and random addition products increased with increasing temperature up 

to 300 oC, and the activation energies were derived: 5.4 ± 0.4 kJ/mol (random addition) 

and 25.2 ± 1.4 kJ/mol (pairwise addition). 

 
 
Figure 5-10.  Temperature dependence and activation energy of propylene 

hydrogenation under ALTADENA condition. Gas flow rate (total 400 mL/min): 
N2/H2/Propylene = 280/100/20 mL/min. A) Signal integral versus temperature. 
B) The Arrhenius plot. Catalyst: CAT017 (1.0PtTi350), 20 mg. 
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 Figure 5-11 showed the conversion, enhancement and pairwise selectivity. 

Except for 350 oC, all values followed the same pattern as increasing with increasing 

temperature up to 300 oC. 

 
 
Figure 5-11.  Conversion rate, enhancement factor and pairwise selectivity for 

temperature dependent studies of propylene hydrogenation. Gas flow rate 
(total 400 mL/min): N2/H2/Propylene = 280/100/20 mL/min. A) Propylene to 
propane conversion rate. B) Enhancement factor and pairwise selectivity. 
Catalyst: CAT017 (1.0PtTi350), 20 mg.  

The effect of catalyst amount on catalytic and PHIP performance was compared 

in Figure 5-12. The more catalyst, the higher conversion rate as demonstrated in (A). 

But for enhancement factor and pairwise selectivity, too much catalyst did not seem to 

be helpful. Data obtained with 10 and 20 mg were comparable in terms of pairwise 

selectivity. But for the case with 50 mg, enhancement factor started to decrease at 150 

oC. It seemed that the increase of catalyst amount increased the chance of random 

addition more significantly than pairwise addition. 
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Figure 5-12.  Comparing the effect of catalyst quantity on the conversion rate, 

enhancement factor and pairwise selectivity for temperature dependent 
studies of propylene hydrogenation under ALTADENA condition. Gas flow 
rate (total 400 mL/min): N2/H2/Propylene = 280/100/20 mL/min. A) Propylene 
to propane conversion rate. B) Enhancement factor and pairwise selectivity. 
Catalyst: CAT017 (1.0PtTi350). Red square: 10 mg. Blue triangle: 20 mg. 
Green star: 50 mg. 

5.3.1.3 The Effect of Gas Composition 

The hydrogen partial pressure dependent studies of catalytic and PHIP 

performance of CAT009 (50 mg) were studied at 150 oC with a fixed total flow rate of 

400 mL/min and propylene 20 mL/min. 

 As propylene partial pressure was so low (0.05 atm), reaction rate reached 

maximum quickly, limited by the availability of surface-bounded propylene. For random 

addition, an initial reaction order of 0.82 ± 0.06 with respect to hydrogen was observed 

(Figure 5-13). With increasing hydrogen partial pressure, the conversion of propylene to 

propane increased, but it seemed that random addition dominated the whole reaction 

more, leading to decrease of PHIP enhancement factor and pairwise selectivity (Figure 

5-14). 
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Figure 5-13.  Reaction orders with respect to hydrogen partial pressure of propylene 
hydrogenation at 150 oC under ALTADENA condition using CAT009 
(0.5PtTi450). Gas flow rate (total 400 mL/min): N2/H2/Propylene = 280/100/20 
mL/min. A) n-H2 spectra. B) p-H2 spectra. Catalyst quantity: 50 mg. 

 
 

 
 
Figure 5-14.  Conversion rate, enhancement factor and pairwise selectivity of propylene 

hydrogenation at 150 oC on CAT009 (0.5PtTi450). Gas flow rate (total 400 
mL/min): N2/H2/Propylene = 280/100/20 mL/min. A) Propylene to propane 
conversion rate. B) Enhancement factor and pairwise selectivity. Catalyst 
quantity: 50 mg.  



 

128 

5.3.2 Ir Catalyst: the Effect of Support and Loading 

 Iridium catalysts (Table 5-2) were compared for catalytic performance and PHIP 

enhancement. A representative set of spectra obtained by reacting with n- or p-H2 was 

plotted as in Figure 5-15. Hyperpolarization (net alignment) according to ALTADENA 

protocol was observed. 

 
 

Figure 5-15.  Representative overlapped spectra for propylene hydrogenation at 150 oC 
under ALTADENA condition using Ir/TiO2 with n-H2 and p-H2. Blue: n-H2. Red: 
50% p-H2 (spectrum subtracted using n-H2. Catalyst (CAT043b, 1.0IrAl450): 
1% Iridium supported on Al2O3, calcination temperature 450 oC.  

 All catalysts except CAT043a were tested in propylene hydrogenation. These 

catalysts showed great catalytic performance but CAT044b and CAT044c did not show 

PHIP activity or hyperpolarization.  

These catalysts were compared for their catalytic and PHIP performance (Figure 

5-16).All catalysts had similar temperature dependence, pairwise selectivity increased 

with increasing temperature up to around 200 oC, and then decreased with the 

emergence of by-product methane. 
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Figure 5-16.  Temperature dependent propylene hydrogenation under ALTADENA 
condition on supported Ir catalysts. A) Reaction with n-H2. B) Reaction with p-
H2. C) Propylene to propane conversion. D) Enhancement factor and pairwise 
selectivity. Gas flow rate: 400 mL/min (N2/H2/propylene = 280/100/20 
mL/min). Red square: CAT020, 0.5IrTi350. Blue triangle: CAT045b, 
0.5IrAl450. Green dot: CAT043b, 1.0IrAl450. Pink star: CAT022, 1.0IrAl350. 
Cyan diamond: CAT021, 1.0IrTi350.  

5.3.3 Pt & Ir Catalyst: the Comparison 

Results indicated that Ir catalysts showed higher conversion than Pt catalysts, 

but in terms of pairwise selectivity, Ir catalysts had much smaller pairwise selectivity.  
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5.4 Conclusion 

A series of supported platinum and iridium catalysts were prepared and their 

catalytic and PHIP kinetics were compared.  

The amount of catalyst seemed to affect the conversion and pairwise selectivity 

in an opposite way. PHIP optimization is possible with optimum conditions of 

temperature, hydrogen partial pressure and catalyst amount, etc. 

Generally, Pt showed better pairwise selectivity than Ir catalysts. And TiO2 is a 

better support than Al2O3 for both Pt and Ir catalysts, in agreement with literature 

reports. Work towards preparing more catalysts with a larger variety of particle sizes 

and supports, such as SiO2, ZrO2, is in progress.  
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Table 5-1.  Platinum nanoparticles supported on oxides as catalysts. Courtesy of Dr. 
Wei Cheng. 

Catalog Catalyst Metal Support Loading Calcination  

No. Name     (w/w%) T (℃) 

CAT025a 0.5PtTi350 Pt TiO2 0.5 350 

CAT009 0.5PtTi450 Pt TiO2 0.5 450 

CAT015 0.75PtTi450 Pt TiO2 0.75 450 

CAT026b 0.75PtTi450 Pt TiO2 0.75 450 

CAT017 1.0PtTi350 Pt TiO2 1 350 

CAT019 1.0PtTi350 Pt TiO2 1 350 

CAT023a 1.0PtTi350 Pt TiO2 1 350 

CAT011 1.0PtTi450 Pt TiO2 1 450 

CAT030b 2.5PtTi450 Pt TiO2 2.5 450 

CAT005 0.5PtAl350 Pt n-Al2O3 0.5 350 

 
 
Table 5-2.  Iridium nanoparticles supported on oxides as catalysts. Courtesy of Dr. Wei 

Cheng.  

Catalog Catalyst Metal Support Loading Calcination  PHIP 

No. Name     (w/w%) T (℃) Active 

CAT020 0.5IrTi350 Ir TiO2 0.5 350 YES 

CAT021 1.0IrTi350 Ir TiO2 1 350 YES 

CAT045b 0.5IrAl450 Ir n-Al2O3 0.5 450 YES 

CAT022a 1.0IrAl350 Ir n-Al2O3 1 350 YES 

CAT043b 1.0IrAl450 Ir n-Al2O3 1 450 YES 

CAT044b 2.0IrAl450 Ir n-Al2O3 2 450 NO 

CAT044c 2.0IrAl650 Ir n-Al2O3 2 650 NO 
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CHAPTER 6 
EXTENDING THE LIFETIME OF PARAHYDROGEN INDUCED POLARIZATION 

THROUGH POLARIZATION TRANSFER 

6.1 Background 

6.1.1 Longitudinal (Spin Lattice) Relaxation Time Constant T1 

The lifetime of hyperpolarization defines the time window for potential 

applications. It is mainly limited by the spin lattice relaxation time constant (T1) and is on 

the order of a few tens of seconds for protons in favorable cases.119 This relaxation is 

caused largely by transient magnetic field fluctuations produced by inter and 

intramolecular spin interactions with spectral density close to the Larmor frequency. The 

relaxation constant depends on the molecular structure and details of the motion 

(rotational motion of the same molecule and translational motion of the other molecules 

due to collisions), as well as the applied magnetic field. A variety of relaxation 

mechanisms, such as dipole-dipole interaction, spin-rotation interaction and chemical 

shift anisotropy (CSA) allow nuclear spins to exchange energies with their surroundings, 

leading to the thermal equilibration of spin populations.120,121 Hyperpolarization transfer 

to spins with longer T1 is of particular interest for extending the lifetime. 

6.1.2 T1 Measurement: the Inversion-Recovery Method 

 The relaxation time constant T1 can be determined experimentally with either the 

saturation-recovery or inversion-recovery techniques. 

 
 
Figure 6-1.  The inversion-recovery pulse sequence. 
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The basic pulse sequence of the inversion-recovery method (Figure 6-1) consists 

of the following steps. 1) A recovery delay (d1) ensures the signal relaxed to thermal 

equilibrium. 2) A 180º pulse (p1) inverts the magnetization, from the positive-z axis to 

the negative-z axis. 3) During the d2 delay, relaxation along the z-axis takes place and 

magnetization returns towards the original equilibrium z-magnetization. Here, d2 is 

varied so that time-dependent magnetization can be sampled. (4) A final 90º pulse (pw) 

creates transverse magnetization and acquisition is performed as usual. 

The time dependence of the magnetization parallel (longitudinal) to the applied 

field can be written as: 

 (6-1) 

This has the general solution: 

(6-2) 

In the case of inversion recovery:  

(6-3) 

Thus the magnetization over time can be expressed as follows: 

(6-4) 

6.1.3 Hyperpolarization Transfer towards Spins with Extended Lifetime 

The hyperpolarization from PHIP is not limited to the two protons originating from 

p-H2. It has been demonstrated that hyperpolarization can be transferred to other spins 

(both hetero- and homo-nucleus) originally present on the substrate (i.e., involved in a 

J-coupling network),122-127 leading to sharing of hyperpolarization among coupled spins. 

In the ALTADENA case, all homonuclear spins are essentially chemically equivalent in 

the Earth’s field, as the differences in resonance frequencies are much smaller than the 

spectrum linewidth.128 
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The sharing and redistribution of hyperpolarization have been proposed to occur 

through either coherent pathways among scalar coupled spins over chemical bonds,129-

131 or incoherent processes such as through-space cross-relaxation, as exemplified by 

the nuclear Overhauser effect (NOE).1 The final polarization distribution can be 

controlled, to some extent, by appropriate choice of parameters such as the magnetic 

field for sample preparation, mixing time, field variation profile and radio frequency pulse 

flip angles.128,130,131 

Hyperpolarization transfer towards coupled homonuclei has been demonstrated 

experimentally within 2 bonds with significant enhancement,128 and more than three 

weekly coupled bonds but with fairly detectable enhancement.131 

6.1.4 Rationale 

The direct dipole-dipole (DD) interaction is the main relaxation mechanism for 

protons in liquids, as constant molecular tumbling creates fluctuating magnetic fields. 

While this mechanism operates most effectively between directly bonded nuclei, its 

strength depends on the number of nearby nuclei, nuclear properties (γ) of both 

resonating and moving nuclei, the distance between them and the rate of motions. In 

this chapter, the carbon carbon double bond of α, β-unsaturated aldehydes was para-

hydrogenated. The carbonyl proton normally has a longer relaxation time constant, due 

to weaker DD interactions. This is because the DD interaction decreases with 

increasing distance between dipoles. The feasibility of hyperpolarization transfer 

towards the carbonyl proton (Ha in Scheme 6-1) was considered. 
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Scheme 6-1.  Para-hydrogenation of α, β-unsaturated aldehyde. R1, R2, R3 are 

substituting groups; H1 H2 come from p-H2 and Ha is the polarization transfer 
target. 

6.2 Experimental Methods  

6.2.1 NMR Spectrometer and Materials 

For this chapter, all experiments were carried out in UF Chemistry NMR Facility 

with an Agilent Inova 500 MHz spectrometer equipped with a 5 mm liquids probe. 

Chemicals were purchased from Sigma-Aldrich and used as obtained. Deuterated 

solvents were purchased from Cambridge Isotope Laboratories (CIL). 5 mm thin wall 

precision quick pressure valve NMR sample tube (catalog no.: 528-QPV-8) were 

purchased from Wilmad-LabGlass. 

6.2.2 PHIP Procedure: the ALTADENA Protocol 

 ALTADENA experiments were carried out in a valved NMR tube. Wilkinson’s 

catalyst (3.7 mg, 5 mM) was dissolved in 0.6 mL of the solvent [C6D6/CD3OD (1/1)] and 

the solution was transferred to the NMR tube and sealed. This solution was degassed 

three times by the freeze-pump-thaw procedure (freezing with dry ice/acetone at -78 oC, 

and pumping to 10-2 mtorr) before and after introducing 0.05 mL (1.77 M) of the 

substrate acrolein. A 1H NMR spectrum was acquired. Then the sample was charged 

with around 3 bar of 50% enriched p-H2 and the sample was kept frozen in the dry 

ice/acetone cooling system while being transported to the NMR lab. There, the NMR 
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tube was thawed in the air during around 1 min and another 1H NMR spectrum was 

acquired again. After that, the tube was ejected out of the magnet, shaken by hands 

rigorously for 10-30 seconds nearby the ultra-shielded magnet (magnetic field: 1-2.5 mT) 

and inserted back into the magnet over the period of 6 s. A third 1H NMR spectrum was 

acquired. A last spectrum was acquired after a few minutes for relaxed signal. All 

spectra were acquired with a single scan using a 90o pulse for maximum signal 

detection. 

6.3 Results and Discussion 

6.3.1 Acetalization: Equilibration of Propanal and Acetal in Methanol 

Due to its active chemical nature, propanal is in equilibrium with its 

dimethoxyacetal form once getting in contact with deuterated methanol in the solvent 

mixture (Scheme 6-2). 

The ratio between the two species can be derived by comparing the peak integral 

of the CH3 group in each molecule (Figure 6-2). In the case of a mixed solvent of 

C6D6/CD3OD (1:1), 75% of propanal was converted to its acetal form. 

 

 

 

 

 

 
Scheme 6-2.  Equilibration of propanal and acetal. Solvent: C6D6/CD3OD (1:1), J is the 

scalar coupling constant; ratio determined by comparing the integral value of 
corresponding CH3 group in 1H NMR spectrum (Figure 6-2). 
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Figure 6-2.  Propanal and acetal in equilibrium. 1H NMR (C6D6/CD3OD (1:1), 500 MHz, 
ppm) propanal: δ 9.49 (t, 1H, CH), J=1 Hz; 2.13 (m, 2H, CH2), J=7.5, 1 Hz; 
0.89 (t, 3H, CH3), J=7.5 Hz; acetal: 4.43 (t, 1H, CH), J=5.5 Hz; 1.64 (m, 2H, 
CH2), J=7.5, 5.5 Hz; 0.94 (t, 3H, CH3), J=7.5 Hz. Data acquired together with 
Daniel Schulman. 

6.3.2 Solvent and Chemical Environment Dependent T1 Measurements 

Using the inversion-recovery technique, T1 values of propanal were measured in 

different solvents with and without metal catalysts. The removal of trace paramagnetic 

oxygen by standard freeze-pump-thaw procedure, along with its DD interaction, 

significantly increased the T1 values of all protons. T1 also varied in different chemical 

environments (Figure 6-3). 
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Figure 6-3.  Comparison of T1 values of propanal and acetal. Solvent: C6D6/CD3OD 
(1:1); CH has a longer T1 than CH2 and CH3 in all cases. Data acquired 
together with Daniel Schulman. 

 

 
 
Figure 6-4.  T1 of propanal in different solvents. T1 and chemical shift values of propanal 

in different solvents are different. Spectra were acquired with an Agilent Inova 
500 MHz spectrometer. Green: C6D6/CD3COCD3 (1:1); δ 9.56 (t, 1H, CH), 
J=1.5 Hz; 2.17 (m, 2H, CH2), J=7.5, 1.5 Hz; 0.9 (t, 3H, CH3), J=7.5 Hz. Purple: 
CD3COCD3; δ 9.74 (t, 1H, CH), J=1.5 Hz;  2.45 (m, 2H, CH2), J=7.5, 1.5 Hz; 
1.03 (t, 3H, CH3), J=7.5 Hz. Red: C6D6/CD3OD (1:1); δ 9.49 (t, 1H, CH), J=1.5 
Hz; 2.13 (m, 2H, CH2), J=7.5, 1.5 Hz; 0.89 (t, 3H, CH3), J=7.5 Hz. Data 
acquired together with Daniel Schulman. 
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The T1 and chemical shift values were solvent dependent as well (Figure 6-4). In 

a deuterated benzene/acetone mixture, the T1 values of all protons, especially the 

aldehyde CH, were longer than the corresponding values in acetone only or 

benzene/methanol solvents. Further efforts are needed to understand this difference. 

6.3.3 Hyperpolarization Transfer towards Spins with Extended Lifetime 

 
 

Figure 6-5.  Hyperpolarized aldehyde through spontaneous polarization transfer from 
para-hydrogen in the hydrogenation of acrolein with Wilkinson’s catalyst. A) 
Spectrum acquired after the signal relaxed back to thermal equilibrium. B) 
Spectrum acquired after shaking the tube for 10 s outside of the magnet 
followed by insertion into the magnet within 6 s for detection. C) Spectrum 
acquired before shaking the tube. Propanal aldehyde (δ 9.47 ppm, CH) is 
hyperpolarized through spontaneous polarization transfer from protons 
originating from para-hydrogen (δ 2.10 ppm, CH2; δ 0.89 ppm, CH3). Spectra 
acquired with an Agilent Inova 500 MHz spectrometer equipped with a 5 mm 
liquids probe together with Daniel Schulman. 
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Polarization transfer as well as PHIP enhancement was demonstrated with the 

homogeneous hydrogenation of acrolein to propanal under the ALTADENA protocol 

(Scheme 6-3). Interestingly, significant signal enhancement of up to 100 times was 

observed for the aldehyde-H (Figure 6-5), which is coupled with para-hydrogenation 

sites with only a small coupling constant, 1.0 Hz.  

As the carbonyl proton of the product propanal has a significantly longer T1 than 

the methyl and methylene groups where p-H2 was added (Figure 6-3). Its 

hyperpolarization also persisted longer than those of methylene and methyl groups as 

the carbonyl CH group remained hyperpolarized after the polarization of the CH2 and 

CH3 groups had decayed (Figure 6-5). Thus the polarization transfer towards the CH 

group extended the lifetime of para-hydrogen induced hyperpolarization. 

 

 
Scheme 6-3.  Para-hydrogenation of acrolein with Wilkinson’s catalyst. 

6.3.4 Magnetic Field Profile for ALTADENA Experiments 

 To understand the details about the polarization transfer, the magnetic field 

profile was measured with a Lakeshore Gauss meter. The change of the magnetic field 

over the distance from the top of the magnet (Figure 6-6) and over time during the 

insertion process (Figure 6-7) were plotted. A linear increase was assumed for the 

dropping speed of the NMR sample tube. 
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Figure 6-6.  Magnetic field variation profile over the distance. Zero distance point: the 

top of the magnet; magnetic fields measured with a Lakeshore Gaussmeter 
421 together with Daniel Schulman. 

 
 

 
 
Figure 6-7.  Magnetic field variation profile over the time. Zero time point: sample tube 

was placed on the top for insertion after vigorous shaking. Data acquired 
together with Daniel Schulman. 
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6.3.5 Hyperpolarization Transfer Mechanisms 

6.3.5.1 Nuclear Overhauser Effect (NOE) and 1D NOESY 

The NOE effect depends on the dipolar mechanism acting as the dominant 

relaxation pathway. The major factors are molecular tumbling frequencies and 

internuclear distances. The intensity of the NOE is proportional to r-6 where r is the 

distance between the two spins. The selective 1D NOESY spectrum (Figure 6-8) of the 

propanal sample indicated no observable NOE effect between the aldehyde-H peak and 

neighboring protons in this high field (11.7 Tesla, 1H NMR 500 MHz). 

 
 
Figure 6-8.  1D NOESY of propanal & acetal mixture. Sample: propanal with Wilkinson’s 

catalyst in C6D6/CD3OD mixed solvent, degassed. A) 1D NOESY. B) Normal 
spectrum. The spectrum was acquired with an Agilent Inova 500 MHz 
spectrometer and selective pulses on propanal aldehyde proton (δ 9.44 ppm) 
did not show observable NOE effect. Data acquired together with Daniel 
Schulman. 
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6.3.5.2 Magnetization Transfer through J-Coupling 

Magnetization can be shared among scalar coupled spins at low fields through 

isotropic mixing. This is similar to the principle of SABRE, where hyperpolarization is 

achieved without hydrogenation but through coupling to the same metal center. 

Although it is hard to visualize experimentally, density matrix simulation would provide 

an alternative approach. 

6.4 Conclusion 

Hyperpolarization transfer towards the propanal aldehyde proton (weakly coupled 

with neighboring methylene CH2, J=1.0 Hz) was observed with over 100 times 

enhancement. This hyperpolarization persisted for an extended period of time, partially 

due to its extremely long spin lattice relaxation time constant T1. In the presence of 

deuterated methanol, the resulting propanal was in equilibrium with acetal. The fact that 

acetal CH peak was also observed to be hyperpolarized to a lesser extent in some 

cases may suggest that the time scale of propanal-acetal conversion is longer than the 

lifetime of hyperpolarization. 

Further investigation with various substrates (Figure 6-9) and solvents may be 

conducted to search for higher transfer extents and longer lifetimes. As nuclear 

Overhauser effect is inversely proportional to the magnetic field, it is also possible that 

cross-relaxation occurs in low magnetic fields where the sample is shaken. Theoretical 

approaches using numerical density matrix simulations may be employed to investigate 

the polarization transfer mechanisms.  

These ‘nuclear spin states with extended lifetime’ have many potential 

applications, including studies of slow molecular motion and molecular transport, the 
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storage and transport of hyperpolarized nuclear spin order, and as a probe for local 

molecular geometry and dynamics.119 

 

 

 
Figure 6-9.  Other α, β-unsaturated aldehydes. 
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CHAPTER 7 
EXTENDING THE LIFETIME OF PARAHYDROGEN INDUCED POLARIZATION 

THROUGH SINGLET STATE 

7.1 Background 

The coupling of two spin-1/2 particles leads to a composite system with total spin 

0, which is known as a singlet state, and total spin 1, consisting of three triplet states.132 

Zeeman interaction splits the triplet into three energy levels, where spin lattice 

relaxation (T1) takes place. T1 typically defines the time frame of hyperpolarization. On 

the other hand, singlet-triplet interconversion is normally dipole forbidden and slow, and 

to a much extent sensitive to the surroundings. Its time constant, denoted as Ts, defines 

the lifetime of singlet order in a much bigger time scale than T1. This opens the 

possibility of generating long-lived nuclear spin order by storing it in the singlet state. An 

eight fold lifetime extension was reported for the singlet state of 15N-labeled nitrous 

oxide in solution, which exhibited a 25 min decay time constant.133  

Nuclear singlet state represents a promising way to extend the hyperpolarization 

lifetime, and has been applied to the studies of chemical exchange in slow dynamic 

processes,134 protein folding/unfolding,135 and measuring slow molecular diffusion 

coefficients.136-139 It is also applicable to storing and transporting of hyperpolarized 

nuclear spin orders generated by parahydrogen induced polarization (PHIP).128,140-148 In 

the reaction of acetylene with p-H2 over Pt/TiO2 catalyst, it was demonstrated that 

polarization from PHIP could be stored in ethylene as a singlet state for minutes and 

then released by a further reaction with electrophilic arenesulfenyl chloride to break the 

symmetry and exhibit the hyperpolarization.149  
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7.2 Experimental Methods 

 10 mg of 1.0 wt% Pt/TiO2 (CAT023a, Table 3-1) was placed in the bottom of a 10 

mm NMR probe heated to 115 oC. The catalyst was activated under H2 flow and used in 

the reaction (Scheme 7-1). Normal ethylene was used to establish steady-state reaction 

conditions before a brief burst of ethylene-13C was introduced to the system and 

detected with a single scan of 45o pulse. 

  
 

Scheme 7-1.  Hydrogenation of ethylene-13C over Pt/TiO2. 

7.3 Results and Discussion 

PASADENA pattern signal was observed as shown in Figure 7-1. Red line 

represents the spectrum obtained using 50% p-H2 and the blue one from n-H2 

experiments. Clearly, anti-phase pattern was observed with significant enhancement.  

7.4 Conclusion 

The significance of this research lies on the fact that the coupling between 13C 

and 1H can be removed under proper radio frequency pulse sequence, thus making the 

parahydrogenation product ethane symmetric and the spin order locked in singlet state. 

This hyperpolarization can be retrieved in a later time upon turning off decoupling pulse 

and thus symmetry break. Studies towards this end is in progress.  
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Figure 7-1.  Ethylene-13C parahydrogenation under PASADENA condition. Catalyst: 10 

mg of 1.0 Pt/TiO2 (CAT023a). Reaction Temperature: 115 oC. Gas flow rate: 
H2/Ethylene-13C = 400/20 mL/min. NMR parameters: 45 degree pulse (8 us, -
6 db), 8 scans, d1 = 2 s, receiver gain = 8 k, line broadening = 15 Hz. A) 
Overlap of spectra obtained with p-H2 and n-H2. B) Spectrum obtained with p-
H2. C) Spectrum with n-H2. 

 

 
 
Figure 7-2.  Chemical shifts and J-coupling constants in ethane-13C. δ H1: 0.780; H2: 

0.782 ppm. JH1-C13 = 125 Hz, JH2-C13 = -4.67 Hz, JH1-H2 = 8 Hz. 
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Figure 7-3.  Comparison of experimental spectra and density matrix simulation results. 

Line broadening: 15 Hz. A) Spectra obtained with p-H2. B) Spectra obtained 
with n-H2. Blue: spectra obtained under PASADENA condition. Red: spectra 
obtained with density matrix simulation using SpinDynamica/Mathematica 
package (see Appendix A). 
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CHAPTER 8 
CONCLUSIONS 

Para-Hydrogen Induced Polarization (PHIP) has been serving as a crucial tool in 

the exploration of catalytic reaction mechanisms and intermediates. Its application 

towards generating hyperpolarized molecular probes for in-vivo imaging further boosts 

this research area. Thus, high-efficient production of metal-free molecular probes with 

long-lived hyperpolarized nuclear spins is a primary focus. 

The easy separation of hyperpolarized product from transition metals makes 

heterogeneous PHIP an area of particular interest for biomedical applications. 

Dissociative chemisorption followed by rapid diffusion and tumbling are normally 

expected for hydrogen molecules on surfaces, which leads to a loss of the high spin 

order of singlet p-H2. Thus, systematic studies with a great variety of particle size, shape, 

morphology, and support are very meaningful in search of optimal conditions for 

pairwise selectivity on surfaces.  

In Chapter 2, we first assembled a gas handling system and continuous flow 

reactor. Para-hydrogen was enriched to 50% by passing normal-hydrogen through a 

converter filled with activated charcoal and immersed in liquid nitrogen. Gas-phase 

heterogeneous catalysis was well controlled under steady-state conditions with mass 

flow controllers and LabVIEW program. A variety of catalysts (Pt and Ir) with different 

particle sizes and supports (Al2O3 and TiO2) were prepared and characterized by Dr. 

Wei Cheng in Prof. Hagelin-Weaver’s laboratory according to literature methods. 

As it takes three to five times relaxation time constant T1 to build up the thermal 

equilibrium when molecules transport from zero field to high magnetic field, partial 

polarization should be expected at high gas flow rate. The dependence of signal on flow 
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rate was investigated and equations for correcting the data were developed. Effective 

relaxation time constants and relaxation correction factors for both thermally polarized 

and hyperpolarized magnetizations were calculated for both propylene and propane. 

In Chapter 3, selectivity for propyne hydrogenation was studied using Pt/TiO2 as 

the catalyst. It was found that selectivity was affected by reaction conditions, such as 

reaction temperature, hydrogen partial pressure and gas flow rate. At high temperature, 

partial reduction product propylene desorbs more rapidly and had reduced contact time 

with catalysts for further reduction to propane. Other interesting observations included 

surface isomerization, polarization transfer and the kinetic isotope effect. 

In Chapter 4, Ir supported on TiO2 was prepared and detailed kinetic studies 

were carried out. Temperature dependent studies based on the Arrhenius equation 

gave the activation energies and results indicated that pairwise pathway was more 

energy-demanding and had a higher activation energy than random addition 

mechanism. It was also demonstrated that hyperpolarization could be enhanced with 

optimal p-H2 partial pressure and reaction orders with respect to hydrogen or propylene 

partial pressures were presented. 

More studies on propylene hydrogenation reactions over Pt or Ir catalysts 

supported on TiO2 or Al2O3 were conducted in Chapter 5. For Pt catalysts, TiO2 was a 

much better support than Al2O3, potentially due to the strong metal-support interaction. 

Generally speaking, Pt catalysts showed better pairwise selectivity than Ir counterparts. 

As the lifetime of hyperpolarization defines the time frame of potential 

applications, research towards extending the lifetime is of great importance. Polarization 

transfer to other nuclei, both homo- and hetero-, is one of the promising ways. In 
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Chapter 6, polarization transfer towards coupled spins with longer lifetime was 

investigated. Spin lattice relaxation time constant T1 was measured using the inversion 

recovery method and results indicated that protons had different T1 values depending 

on the location in the molecule and their surroundings. In the hydrogenation of acrolein 

to propanal, aldehyde proton was observed hyperpolarized and longer lived. Though 

normally not expected, as this proton did not originate from p-H2, its hyperpolarization 

might be gained through J-coupling with other spins.  

As singlet state has even longer lifetime beyond T1, its incorporation into PHIP 

could greatly enhance the capacity of potential applications, and progress towards this 

end was initiated in Chapter 7. Here we hydrogenated single C-13 labeled ethylene and 

converted it into ethane-13C. The presence of 13C, together with the discrepancy in the 

coupling between this 13C and the two protons originating from p-H2, broke the 

symmetry and released the hyperpolarization. But this coupling can be removed to 

ensure a singlet state, as 13C-1H decoupling is routinely used in conventional 13C NMR. 

Hyperpolarization could be thus stored in singlet state and released later upon 

introducing back this scalar coupling.  

The ultimate goal of this research is to generate long-lived and hyperpolarized 

nuclear spin states without metal contamination. This may be resolved through 

optimizing PHIP based on heterogeneous catalysis. Catalyst optimization towards 

clarifying the factors governing heterogeneous pairwise selectivity is still underway.  
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CHAPTER 9 
FUTURE STUDIES 

As particle size is affecting the catalytic performance, further efforts towards 

more defined particles with narrow size distribution will be investigated. On the other 

hand, catalytic activity is also significantly dependent on the morphologies.150 Particles 

with different structure, sizes and shapes, such as nanocubes, nanobars, nanorods and 

nanoprisms (and thus the ratio of exposed (111) and (110) surfaces),111,113,151-155 are 

possible to be prepared according to literature methods.156-159 It has been suggested 

that different active centers co-exist on supported Pt catalysts and pairwise mechanism 

tends to happen on the less dense (such as (100) or (110)) crystal faces where carbon 

deposition is more facile as compared to the close-packed Pt (111) surface.37  

Secondly, the electronic structure, or the center of the d-band with respect to the 

Fermi level, was suggested to play a significant role in the catalytic performance.158,159 It 

is possible to fine-tune this property by mixing two or more metals. 

What’s more, novel metal-embedded metal-organic frameworks (MOFs)160-164 

and atomically precise Au clusters165,166 are also showing promising hydrogenation 

activities. The use of MOFs in heterogeneous catalysis has numerous unique and 

outstanding advantages. In addition to extraordinarily high surface areas, their crystal 

structures, compositions and nanoporosity properties can be well controlled in a 

systematic way to enhance catalytic activities and selectivity. In the meantime, the 

atomic-level strategy of Au clusters with unique atom-packing structures and electronic 

properties is emerging as a new design of nanocatalysts to overcome the poly-

dispersity of conventional nanoparticle catalysts.166 PHIP-oriented mechanistic 

investigations using a systematic variety of atomically precise noble metal catalysts 
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supported on or embedded in MOFs may open up new opportunities of achieving high 

pairwise selectivity. 

 Quoting the ‘Sabatier principle’,58 for the optimum catalyst, the energy of 

interaction between metal surfaces and p-H2 molecules should be strong enough for 

activation but not too strong to permit the retention of singlet nuclear spin orders and 

thus pairwise selectivity. 
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APPENDIX A 
DENSITY MATRIX SIMULATION OF ETHYLENE-13C PARAHYDROGENATION 

 This simulation was carried out using SpinDynamica/Mathematica package 

version 2.8.2, developed by Prof. Malcolm Levitt. 

(http://www.spindynamica.soton.ac.uk/) 

 
Needs["NMR`SpinDynamics`"]; 
SetSpinSystem[{{"A", 1/2}, {"B", 1/2}, {"M", 1/2}}]; 
Az = opI["A", "z"]; Ax = opI["A", "x"]; Ay = opI["A", "y"]; 
 
Bz = opI["B", "z"]; Bx = opI["B", "x"]; By = opI["B", "y"]; 
 
Mz = opI["M", "z"]; Mx = opI["M", "x"]; My = opI["M", "y"]; 
 
A = opI["A"]; B = opI["B"]; M = opI["M"]; 
 
H0 = Ωa Az +Ωb Bz + Ωm Mz + Jab A.B + Jam Az.Mz + Jbm Bz.Mz;  
Ωa = 2 π (400 0.78); (* Chemical shift *) 
Ωb = 2 π (400 0.782); (* Chemical shift *) 
Ωm = 2 π (125); (* Chemical shift *) 
Jab = 2 π 8; (* H-H J coupling *) 
Jam = 2 π (-4.67); (* H-13C 2J coupling *) 
Jbm = 2 π (125); (* H-13C coupling *)  
 
ρpara = -opI["A"].opI["B"]; 
ρH2 = Az + Bz; 
 
spectrum = Re@FT@Signal1D[ 
     {0, 1, 1/1024}, 
     EvolutionBackground -> H0, 
     InitialDensityOperator -> ρpara, LineBroadening -> 2 π 15, 
     Preparation -> {{None, t},  
       RotationSuperoperator["A", {π/4, "x"}],  
       RotationSuperoperator["B", {π/4, "x"}]}, 
     EnsembleAverage -> {t, Range[0, 10 10^-2, 1 10^-2]}]; 
 
SimulationFolder =  
  "D:\\"; 
SetDirectory[SimulationFolder]; 
Export["C1_3spin_pH2.xlsx", spectrum, "XLSX"]; 
ListPlot[spectrum, Joined -> True, Frame -> True, PlotRange -> All]  

http://www.spindynamica.soton.ac.uk/
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