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Appendixx I 

A.ll Introduction into Parahydrogen Induced Polarization 
(PHIP)) NMR 

Thee Parahydrogen Induced Polarization (PHIP) NMR measurements, originally formulated by Bower 

andd Weitekamp as the PASADENA effect,1'2 are based on the existence of molecular hydrogen that 

cann occur in two isomeric spin forms, namely with its two proton spins aligned either parallel (ortho-

hydrogen)) or antiparallel (parahydrogen). In the state of thermal equilibrium at room temperature 

dihydrogenn contains 25% of parahydrogen (nuclear singlet state) and 75% of orthohydrogen (nuclear 

triplett state). The PHIP phenomenon can be observed during hydrogenation by using either enriched 

ortho-- or parahydrogen. 

Thee mixture can be enriched in parahydrogen by making use of the fact that, in the presence of a para-

magneticc adsorber (active charcoal), a thermal equilibrium is established between ortho- and parahy-

drogen.33 At low temperatures, therefore, parahydrogen is favored energetically. In this way a constant 

floww of a mixture of 51% parahydrogen and 49% orthohydrogen at 77 K (liquid nitrogen) or 95% 

parahydrogenn enrichment at 35 K can be achieved. The pairwise addition of enriched parahydrogen 

too an organic substrate or a metal complex leads to enhanced absortion and emission signals in product 

NMRR spectra under the condition that the spin correlation is maintained between the two transferred 

protons.44 The polarization signals originate from a selective population of the product's nuclear spin 

levelss that contain some singlet character. For a simple AX-spin system as is shown in Figure 1-1, the 

spinn functions af}  and Pa are overpopulated relative to a usual Boltzmann distribution. As a conse-

quence,, polarization signals are enhanced by some orders of magnitude and arise in absorption and 

emission.. The enhancement of the sensitivity of the NMR detection method can reach values typically 
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aroundd a factor of a few thousand. The method is extremely sensitive for the detection of short-lived 

intermediatess and reaction products in small concentrations. 

Causee of Polarization: 
Symmetryy breakdown during hydrogenation 

Parahydrogenn |cc0 - (3a ) populated 

Hydrogenation n 
breakdownn of symmetry 

|ap)) and I Pa ƒ are populated 

Schematicc representation of the energy levels 
andd resulting spectrafor an AX spin system 

"normal"" NMR spectrum 

Figuree 1-1. The cause of polarization during hydrogenation reactions. 

PHIP-spectrum m 

A.22 PHIP NMR measurements in common solvents 

Thee hydrogenation with parahydrogen in common organic solvents is carried out in situ Figure 1-2. 

Forr this purpose, a glass capillary connected to the parahydrogen source can be lowered into the NMR 

probee actuated by an electromagnet, i.e., by a solenoid, which is electrically controlled by the com-

puterr of the NMR spectrometer. In this fashion, parahydrogen can be bubbled through the reaction 

mixturee for a defined period of time followed by the detection pulse of the NMR experiment. In most 

cases,, a hydrogenation time of 5-10 s has turned out to be sufficient. About 2 s after the hydrogen addi-

tionn has stopped, the NMR detection was started. This procedure can be repeated to afford a subse-
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quentt accumulation of several scans, which yields a good signal-to-noise ratio of the PHIP resonances 

andd allows us to suppress signals of components, which are uninvolved in the hydrogenation. 

Teflonn tube connected 
too hydrogen source 

Approx.. 10 cm 

Magnett top (shim coits) 

Figuree 1-2. The apparatus used to carry out the hydrogenation inside of the NMR magnet. The device is installed on top 
off  the magnet. 

Fivee millimeter NMR tubes were charged with 100 [i\ substrate, 2 mg of catalyst 1 and 1200 \i\ deu-

teratedd solvent and placed into a 200 MHz spectrometer. Fifty percent-enriched p-H2 was prepared 

viaa catalytic equilibration over charcoal at 77 K and injected repeatedly in synchronization with the 

pulsedd NMR experiment via an electromechanically lowered glass capillary mechanism. Higher 

levelss of p-U2 enrichment, namely >97% have also been achieved using a closed cycle cooler cryostat. 

A.33 PHIP NMR measurements in scC02 

Measuringg NMR spectra under high pressures conditions have been performed in a number of ways, 

off  which the metal toroid probes and single-crystal sapphire cells have proven to be very usefull when 

scCOoo is employed as solvent. The PHIP NMR study in scC02 as described in chapter 6 was per-

formedd in a Toroid Cavity Autoclave (TCA) which was designed and optimized at the university of 

Bonn. . 

Thee key feature of the toroid cavity autoclave is a cylidrical pressure vessel (i.e., autoclave) also 

servess as a toroid cavity detector (NMR resonator) for NMR spectroscopy and imaging. The auto-

clavee is equipped with non-return valves through which gaseous or liquid components (e.g., para-

hydrogen)) can be injected even if high pressure is already applied to the reactor (e.g., supercrtical 

carbonn dioxide). In addition, coaxial resistive heating arrangements have been used which, although 
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electricallyy operated, do not disturb the main magnetic field BQ and allows efficient temperature con-

troll  during the experiments. The TCA has been optimized in which the gas is efficiently mixed with 

thee liquid or supercrtical fluid.7 

Furtherr details of the TCA design used in the PHIP study have been published. 6'7 
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