Nitrate Photochemistry and Interrelated Chemical
Phenomena in Ice

Thesis by

Christopher Boxe

In Partial Fulfillment of the Requirements
for the degree of
Doctor of Philosophy

California Institute of Technology
Pasadena, California
2005



1

© 2005
Christopher Boxe

All Rights Reserved



i1
Acknowledgements

First and foremost, I would like to thank my ‘all-encompassing’ advisor,
Professor Michael Hoffmann. Throughout my multitude of plights and blunders, he
always encouraged me; I even recall his invariant response, “Never give up! You have to
fight for what you want in life!” I would also like to express gratitude to the Senior
Research Fellow in Environmental Science and Engineering, Dr. Agustin Colussi. I
appreciate him for relaying to me his intense passion for attaining novel findings in
atmospheric and physical chemistry with the greatest degree of analyticity as possible.
Most importantly, they have both supported me unconditionally during my matriculation
at Caltech.

I am grateful for Dr. James King’s mentorship while attending my undergraduate
institution, Morehouse College. He had an enormous influence on my decision to attend
Caltech. Dr. King also introduced me to Professor Yuk L. Yung, Dr. Bill Hutchinson, and
Jean Grinols, who have all grown to become my dearest friends.

I would also like to thank my parents, Keith and Melrose Boxe, and my older
brother, Marlon Boxe for advising me not to come to California since I generally do the
opposite of what I am told. Irrespective of their initial perspectives, they helped me
greatly.

Moreover, I truly appreciate Dr. Miriam Feldblum, Professor Roderick Kiewiet,
and Brandi Jones’s friendship and guidance. Coming to know them has been a blessing.
Through them I vicariously realized that-although I am solely responsible for my future,

the world contains a vital communal dimension.



v

I would like to thank Dr. Yael Dubowski for aiding me in the initial phase of my
thesis work. Additionally, I am grateful for the assistance received from my project
collaborators at Georgia Tech (Professor Dave Tan, Joe Mastromarino, Anne Case, Dr.
Scott Sandholm, and Professor Doug Davis, Emeritus), Cal Berkeley (Professor Ron
Cohen, Dr. Jen Murphy, Dr. Paul Wooldridge, Tim Betram, Anne Perring, and Idalia
Perez), and UCSD (Professor Mark Thiemens and Justin McCabe). Their facilitation was
essential for completing my thesis.

I am also thankful for having the best friends anyone could request or desire:
Andre da Breau, Terrell Neal, Agedi Boto, Gary Rosene, Aristo Asimakopoulos, Dr.
Patricio Vela, Michelle Plug, Al-teriq Wright, Dr. Fok Leung, Elisabeth Nadin, Deidre
Nolan, Dr. Tonja Bosak, Professor Benjamin Weiss, Marlon Skinner, Jerome White,
Marcelo Guzman, Anna Leger, Marion Eissenmann, and Trudi Hoogenboom.

Furthermore, I am grateful for meeting the following professors and colleagues:
Monty Adams, Bill Balcerski, Chad Vecitis, Dr. Su Young Ryu, Jina Choi, Gloria
Brewster, Tess Legaspi, Linda King, Natalie Gilmore, Rosa Carrasco, Heidi Dillon,
David Levy, Professor Mike Brown, Professor Paul Wennberg, Professor Andrew
Ingersoll, Professor Janet Hering, Dr. Mimi Gerstell, Dr. Mark Allen, Professor Peter
Goldreich, Emeritus, and Professor Bruce Murray, Emeritus.

Lastly, I am more than thankful to have met my fiancée, Laura Peters. She has
always been there, especially during my times of need. I consider myself lucky to have

found someone as special as her.



Abstract

The detailed photochemistry of nitrate ions trapped within polycrystalline ice has
been investigated. Using a variety of experimental techniques, the photolysis of NOs
within ice is shown to produce NO, HONO, NO, and NO, as stable and metastable
products. The gaseous products are released to the overlying gas phase. Implications of
these results for chemical transformations in polar regions are discussed.

The isotopic composition of nitrate in polar ice cores exhibits mass-independent
fractionation (A'’O ~ 25 %o). However, in this study it is shown that nitrate photolysis is a
mass-dependent process and that nitrate can be a conservative tracer for past atmospheric
conditions.

Photolysis of NOj;™ produces nitrite ions within ice and the rate of photolysis increases
with increasing temperature. A linear Arrhenius temperature dependence for the

measured quantum yield, ¢, was found both above and below the normal melting

point of water ice. These results indicate that nitrate photochemistry occurs primarily in
the quasi-liquid layer (QLL), which is a disordered layer of ice that has chemical
properties closer to water than solid crystalline ice.

The photochemical production of gas-phase NO and NO; from ice-phase nitrate was
determined in real-time using laser-induced fluorescence, two-photon laser-induced
fluorescence, and chemiluminescence. These results showed that NO and NO,, which
was produced at lower temperatures is released in much larger quantities at —7 + 2 °C
from subsurface regions of the QLL or at the ice/vapor interface. These results highlight

the importance of the QLL and sub-eutectic sub-surface solutions at grain boundaries in
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polycrystalline ice. In addition, it was shown that the total amount of NO, that is
photodesorbed scales nonlinearly with [NOj ], or the heating rate. Evidence for extensive
chemical and photochemical losses of NO; before release into the gas-phase is presented.
In the case of NO, photo-induced desportion occured at ~ —20 °C, which suggests a
preferential retention of NO, over NO in the nanoporous water channels of the QLL
domains.

The impact of the specific nature of the chemical solutes in water on the nominal pH
of the QLL was explored using the temperature dependence of '’F-NMR chemical shifts
of 3-fluorobenzoic acid. The ""F-NMR measurements during the freezing of NaCl,
NaNO; and KNOj solutions indicated that the QLL domains within the polycrystalline
ice were shifted to higher pH values, while the freezing of NH4OH or Na,SO4 solutions
produced QLL domains that showed a drop in pH (i.e., protons were released from the
ice-phase to the QLL). These results help explain the release of HONO which is formed
by protonation of NO, within the QLL domains and are relevant to the observed release

of nitrous acid to the atmospheric boundary layer in the Arctic and Antarctic.
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