MODULATION OF MAGNETIC PROPERTIES IN MAGNETIC RESONANCE

IMAGING CONTRAST AGENTS AND MOLECULAR MAGNETIC MATERIALS

Thesis by

Joseph Anthony Duimstra

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California
2006

(Defended April 12, 2006)



© 2006
Joseph Anthony Duimstra

All Rights Reserved

1



iii
Acknowledgements

When | first embarked on my journey through graduate school, I had no idea that
it would lead me to both coasts and the Great Lakes. Throughout this adventure into the
unknown the one constant has been the love and support of my family, Larry, Terrie and
Max. Their encouragement and compassion have been essential to my success and |
would not have come this far without them. For this | am truly grateful.

The last year and a half has been immensely brightened by my constant
companion, Emma Kate Payne. Her mirth and glee always bring a smile to my face and
keep me from taking myself too seriously. 1’ve enjoyed myself thoroughly during the
many things we have done together and look forward to many more.

The members of the Meade group have been a joy to work with and | will be quite
lucky if I find a comparable group of coworkers in the future. Particular thanks goes to
the B-lab and the B-office—Jody Major, Kylie Barker, Lauren Urbanczyk and Jiyoun
Lee—for making my stay at Northwestern as pleasant as possible. | extend special
gratitude to the founding members of the Meade group, Frank Femia and Matt Allen,
who experienced both Caltech and Northwestern with me.

This work would not have been possible without the assistance of my triumvirate
of research advisors, Tom Meade, Scott Fraser and Harry Gray. | thank each and every
one of them for allowing me to pursue my intellectual curiosity through what has to be
considered an unorthodox graduate tenure.

Finally, I would like to convey my appreciation for all of my friends and relatives
outside of the graduate program. As time has passed, | have truly realized just how

valuable you all are.



v
Abstract

This dissertation focuses on fundamental research in two areas of magnetism, the
technologically advanced field of magnetic resonance imaging (MRI) and the nascent
discipline of molecular magnetic materials. Contrast agents for MRI based on the
gadolinium(III) ion were designed and studied to gain insight into the parameters that
may be modulated to control contrast agent efficacy. Two parameters in particular, the
inner-sphere coordination environment and the electronic relaxation of the
gadolinium(IIl) ion, were examined. Investigations into the electronic relaxation of the
gadolinium(III) ion led to insights that were applied to the synthesis and evaluation of a
low dimensional magnetic material based on ruthenium(IIl) and nickel(II) ions.

Manipulation of the gadolinium(III) coordination sphere provided the basis for an
MRI contrast agent designed to be sensitive to the oncologically relevant enzyme [3-
glucuronidase. This agent functions by restricting water access to the inner-sphere
coordination sites of the gadolintum(III) ion. The design, synthesis, magnetic properties
and biochemistry of the agent are described in detail. The agent displays good enzyme
kinetics and complicated coordination equilibria with water and carbonate ion.

A second approach to modulating contrast agent efficacy consisted of varying the
electronic relaxation time of the gadolinium(IIl) ion. Towards this goal, ligand
frameworks were designed and synthesized to influence the relaxation time of the
gadolinium(III) ion via remote redox activity. Structural characterization and in vitro
assays of these ligand-metal constructs indicated more robust ligands were required for
complex stability. Initial steps toward a ligand that fulfills these requirements proved

successful.



The structural data from the electronic relaxation studies led to the synthesis of a
one-dimensional coordination polymer comprised of chelated ruthenium(III) and
nickel(I) ions bridged by cyanide ligands. The compound was studied by X-ray
crystallography and its magnetic properties indicated that the ions were ferromagnetically

coupled.
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