
Chemistry of alkali halide and ice surfaces: Characterization
of reactions relevant to atmospheric chemistry

Item Type text; Dissertation-Reproduction (electronic)

Authors Zangmeister, Chistopher Douglas

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:03:44

Link to Item http://hdl.handle.net/10150/284312

http://hdl.handle.net/10150/284312


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI films 

the text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may be from any type of 

computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleedthrough, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and continuing 

from left to right in equal sections with small overiaps. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6' x 9' black and white 

photographic prints are available for any photographs or illustrations appearing 

in this copy for an additional charge. Contact UMI directly to order. 

ProQuest Information and teaming 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 

800-521-0600 





CHEMISTRY OF ALKALI HALIDE AND ICE SURFACES: CHARACTERIZATION 

OF REACTIONS RELEVANT TO ATMOSPHERIC CHEMISTRY 

by 

Christopher Douglas Zangmeister 

Copyright © Christopher Douglas Zangmeister 2001 

A Dissertation submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In partial fulfillnient of the requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2 0 0  1  



UMI Number; 3026554 

Copyright 2001 by 

Zangmeister, Christopher Douglas 

All rights reserved. 

UMI 
UMI Microfomi 3026554 

Copyright 2001 by Bell & Howell Information and teaming Company. 

All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code. 

Bell & Howell Infonnation and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



2 

THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As aenbers of the Final Examination Committee, we certify that we have 

read the dissertation prepared by CHRISTOPHER DOUGLAS ZANGMEISTER 

entitled CHEMISTRY OF ALKALI HALIDE AND ICE SURFACES: CHARACTERIZATION 

OF REACTIONS RELEVANT TO ATMOSPHERIC CHEMISTRY 

and recommend that it be accepted as fulfilling Che dissercacion 

requirement for Che Degree of Doctor of Philosophy 

Neal RyArmstr 

Vicki 

Mark Smith 

^_Sk. 

Zhiping Zheng 

131 / ol 
Dace 

3/ r&JC ot 
Dace 

Dace 

Final approval and accepcance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissefcation Direc or 
Jeanne E. Pemberto 

1-18-0/ 
Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfiUment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library to 
be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the copyright holder. 

SIGNED: 



4 

ACKNOWLEDGMENTS 

This dissertation is the culmination of a lot of hard woric by many people who 
deserve gratitude that I cannot express in a single page. However, I will try. 

I would like to thank my family. Each of my parents, Robert and Joyce 
Zangmeister, allowed me to tinker, experiment, and ask as a child which ultimately led to 
this work. For that, I am extremely gratefiil. I would also like to thank my sister, Kim, 
my grandfather, Robert Zangmeister, and my grandmother, Virginia Zangmeister, who 
passed away in my first year of graduate school. 

I would like to thank Dr. Eugene Berg, who lit the fire of chemistry. I would also 
like to thank Dr. Thomas Clark, Dr. Carol Lasko, and Dr. Mervin Hanson for keeping the 
fire lit, and Dr. Adam Hawkridge for putting the fire out, literally. In addition to Adam. I 
would like to give thanks to all of my lab mates who have helped me during my stay here. 
Specifically, I would like to thank Domenic Tiani, Chris Orendorff, Dr. Andrew Back, Dr. 
Mark Schoenfisch, and James Chamberlain for their finendship, and helpfiil discussions. 
Paul Lee and Dr. Ken Nebesny have also been greatly helpful. Kim Menezes' eflFort and 
stability have been instrumental in me making it this far. Thank you Kim. 

I would also like to thank my wife. Dr. Rebecca Zangmeister, for more than I can 
put into words. Without her love, strength, guidance, fiiendship, and determination, I 
would not have made it to write the words in this dissertation. To that end, I would also 
like to thank Bausch and Lomb, the makers of the Spectronic 20, and Kool-Aid. Without 
them, who knows what would have happened. I would also like to thank her parents, 
Mary and David Peterson, for their constant strength and support. 

Additional motivation and support were provided by Paul Hewson, Dave Evans 
(an official card carrying genius), Adam Clayton, Larry Mullen Jr., and several others who 
know that there is much, much more to life than photons, electrons, atoms, and molecules. 
Two additional people, Alton Brown and Shirley O. Corriher, even though I do not know 
them, have shown me what true chemistry is. Thank you. 

And finally, I would like to thank my research director, Jeanne E. Pemberton, for 
several years of financial support, guidance, and inspiration. None of the work described 
in this dissertation would have been accomplished had it not been for her. Thank you. 



TABLE OF CONTENTS 

5 

LIST OF FIGURES 13 

LIST OF TABLES 27 

ABSTRACT 29 

CHAPTER 1: INTRODUCTION TO ATMOSPHERIC PROCESSES AND 
CHEMISTRY 31 

Background 32 
Climate 32 
Layering of the Atmosphere 34 
Troposphere and Stratosphere Transport 36 
Composition of the Atmosphere 38 
Aerosol Classification and Deposition 40 

Chemistry of the Troposphere 43 
Reactive Species 43 
Tropospheric Chemistry of Nitrogen Compounds 45 
Tropospheric Chemistry of Sulfur Compounds 49 

Tropospheric Chemistry of Halogen Compounds 53 
Halogen sources 53 

Sea Salt Particulates and Surface Bound HiO 59 

Gas Phase Tropospheric Halogen Chemistry 60 

Sea Salt Coupling and Tropospheric Arctic O3 63 

Chemistry of the Stratosphere 66 
Stratospheric O3 Formation 67 
Chlorine Chemistry and O3 68 
Polar Stratospheric Clouds 72 
Polar Stratospheric Clouds and O3 Chemistry 74 

Research Objectives of this Work 79 



6 

TABLE OF CONTENTS-Continued 

CHAPTER 2: EXPERIMENTAL 81 

Materials 81 

Crystal Growth and Synthesis 82 
NaBr/NaCl Crystals 82 
a-NaHS04 and P-NaHS04 Preparation 83 
ClONOi Synthesis 84 

Alkali Halide Experimental 87 
NaCl Recrystallization 87 
Characterization of NaCl Powders 87 
NaCl Sample Preparation for Raman Spectroscopy 89 
Exposure of NaCl to Mineral Acids 90 

Raman Spectroscopy Instrumentation 95 

Scanning Electron Microscopy 98 

X-ray Diffraction 98 

X-ray Photoelectron Spectroscopy 99 

Differential Scanning Calorimetry 99 

Atomic Force Microscopy 99 
Roughness Determination 102 

Computer Simulations 104 

Ultrahigh Vacuum Experimental Section 106 
Description of Surface Characterization UHV Chamber ... 106 

Characterization of Ag (111) Substrate 108 

Dosing of Species in UHV Ill 



7 

TABLE OF CONTENTS-Continued 

Optical Bench Assembly 116 
Focusing Procedure 122 

Thermal Desorption 124 

CHAPTER 3: RAMAN SPECTROSCOPY, ATOMIC FORCE MICROSCOPY, 
AND COMPUTATIONAL SIMULATIONS OF THE REACTION 
OF NaCl WITH HNO^: NaNOj GROWTH AND EFFECT OF H,0 
EXPOSURE 127 

Introduction 127 

Methodology 136 
AFM 136 
Raman Spectroscopy 137 

AFM Imaging of NaCl + HNOj 138 
Atomic Force Microscopy of NaCl (100) 138 
AFM Imaging of NaCl (100) Exposure to HNO3 (90%) ... 138 
AFM Imaging of NaCl (100) Exposed to Dry HNO3 144 
Exposure ofNaN03-Capped NaCl (100) to H,0 Vapor ... 147 
In-Situ AFM Imaging Exposure NaCl (100) to Dry 
HNO3 Vapor 153 

Raman Spectroscopy ofNaNOj 167 

Exposure of Powdered NaCl to Dry HNO3 Vapor in a 
FlowCeU 172 

Computer Simulation of the Orientation of NO3" adsorption 
on NaCl (100) 184 

Exposure ofNaNOj-Capped NaCl to H,0 Vapor 194 

Exposure of HjO Pre-treated NaCl Powder to HNO3 204 

Atmospheric Inq)lications 209 



8 

TABLE OF CONTENTS-Continued 

CHAPTER 4: RAMAN SPECTROSCOPY AND ATOMIC FORCE 
MICROSCOPY OF THE REACTION OF SULFURIC ACID 
WITH SODIUM CHLORIDE 210 

Introduction 210 

Methodology 213 

Raman Spectroscopy of Bulk Sulfate Salts 213 

Raman Spectroscopy of NaCl + H2SO4 219 

Raman Spectroscopy ofp-aNaHSO^ phase Transition 219 

X-Ray Diffraction Study of NaCl + H2SO4 223 

Aerosol Exposure of Powdered NaCl and NaCl (100) 
to H2SO, 226 

Raman Spectroscopy of NaCl + HiSOj Hydrates 229 

Atomic Force Microscopy of NaCl + H2SO4 237 
Low H2SO4 Exposure 237 
Phase Contrast Imaging of NaCl+ H2SO4 250 
High H2SO4 Exposure 252 

Gravimetric Determination of HCl Release in 
NaCl + H2S04 259 

Atmospheric Relevance and Conclusions 261 

CHAPTER 5: H,0 AND HEAT MEDIATED PHASE TRANSITION 
BETWEEN THE TWO ANHYDROUS MODIFICATIONS 
OF NaHS04 267 

Introduction 267 

Raman Spectroscopy of Sulfate Salts 269 



9 

TABLE OF CONTENTS-Continued 

Effect of Heating P-NaHS04 in Air 276 

P-NaHS04 Powder Exposure to HjO 280 

Relationship between NaHS04 • HjO, P-NaHSO^, 
anda-NaHS04 282 

Proposed Mechanism of 3- to a-NaHS04 Phase 
Transition 284 

Conclusions 289 

CHAPTER 6: RAMAN SPECTROSCOPIC INVESTIGATION OF THE 
REACTION OF NaCl WITH SULFUR TRIOXIDE: EFFECT OF 
SURFACE ADSORBED WATER 290 

Introduction 290 

Methodology 293 
Materials 293 

Raman Spectroscopy of NaCl exposure to S03(g) 293 
Raman Spectroscopy ofBulk NaCl and SO3 293 
HiO adsorption isotherm on NaCl 295 
Raman Spectroscopy of NaCl Exposed to SOjCg) 
as a Function of HiO Coverage 295 

Exposure of Deliquesced NaCl to SOjCg) in a Flow Cell 299 

Exposure of Dry NaCl Powder to H2SO4+ SO3 (Oleum) 311 

Atmospheric Implications and Conclusions 314 

CHAPTER?: RAMAN SPECTROSCOPY INVESTIGATION OF THE 
REACTION OF NaHS04/NaCl POWDERS WITH VOLATILE 
BASES 315 

Introduction 315 



10 

TABLE OF CONTENTS-Continued 

Methodology 316 
Preparation of NaNH4S0^ 316 

Preparation of NaHS04/NaCl Powders 316 

Raman Spectroscopy of Bulk Sulfate Salts 317 

Raman Spectroscopy of NaHS04/NaCl Exposed 
to NHjCg) 320 

Raman Spectroscopy of NaHS04/NaCl Exposed 
to Pyridine(g) 329 

Conclusions and Atmospheric Implications 332 

CHAPTER 8: STUDY OF SURFACE SEGREGATION OF MIXED NaBr/NaCl 
CRYSTALS GROWN FROM AQUEOUS SOLUTION 334 

Introduction 334 

Methodology 338 

Determination of the Bulk Br:CI of NaBr-Doped 
NaCl Crystals 339 

XPS Study of NaBr-Doped NaCl Crystals 343 

XPS Imaging of NaBr-Doped NaCl Crystals 352 

Backscattered SEM Imaging and ED AX Analyisis 
of NaBr-Doped NaCl Crystals 354 

Atomic Force Microscopy Imaging of NaBr-Doped 
NaCl 358 

Proposed Mechanism of NaBr-Domain Formation 361 

Atmosphericlmplications and Conclusions 362 



11 

TABLE OF CONTENTS-Continued 

CHAPTER 9: THE REDUCTION OF NITRIC ACID ON Ag IN 
ULTRAHIGH VACUUM: A RAMAN 
SPECTROSCOPIC INVESTIGATION 364 

Introduction 364 

Methodology 368 
Surface analysis ultrahigh vacuum chamber 368 
Materials 368 
Procedures 368 

Raman Spectroscopy of Dry HNO3 on Ag (111) 369 
Raman Spectroscopy of HNO3 on Ag (111) and 
Bulk HNOjiHjO Ices 369 
Raman Study of HNO3 Desorption From Ag (111) 372 

Raman Spectroscopy of Hydrated HNO3 on Polycrystalline 
Ag 387 

Formation ofHydratedHNOj Films 387 
Raman Spectroscopy of Hydrated HNO3 Films 390 

Conclusions 397 

CHAPTER 10; RAMAN SPECTROSCOPIC CHARACTERIZATION OF 
HNO3/H2O AND ClONOj/H.O ICE THIN FILMS 398 

Introduction 398 

Methodology 403 
Surface analysis ultrahigh vacuum chamber 403 
Materials 403 
Synthesis of ClONOi 404 
Ice film formation 404 
Data collection 405 

Raman Spectroscopy oflce Thin Films 405 
Raman Spectroscopy of Amorphous and Crystalline 



12 

TABLE OF CONTENTS-Continued 

H,0 Films 405 
Raman Spectroscopy of HNO3 Adsorbed on Crystalline 
H2O Ice Films 410 

HNO3 Adsorbed on Crystalline HiO Ice as a Function 
ofTemperature 419 

Low Frequency Region 419 
High Frequency Region 429 

Raman Spectroscopy of ClONOj/HjO Ice 436 
Raman Spectroscopy ofClONOj on Ag (111) 436 
ClONOi Adsorption on Crystallkie H^O Ice 437 
Atmospheric Implications and Conclusions 444 

CHAPTER 11: CONCLUSIONS AND FUTURE DIRECTIONS 446 

Overview of Problem 446 

Summary of Research 447 

Future Studies 452 

REFERENCES 456 



13 

LIST OF FIGURES 

Figure 1.1 Temperature profile of atmosphere as a function of height 35 

Figure 1.2 N Cycle in atmosphere. Adapted from reference 1.1 46 

Figure 1.3 H^SOj and DMSO formation in the natural troposphere. 
Adapted from reference 1.1 52 

Figure 1.4 Stratospheric CI reservoir species and role of O3 in 
interconversion. Adapted from reference 1.1 70 

Figure 1.5 Total cycle of stratospheric O3 destruction. Adapted from 
reference 1.1 77 

Figure 2.1 ClONO, synthesis reactor. Synthesis and ClONO, trap 
are denoted a) and b), respectively. Valves are denoted 
by Roman numerals 85 

Figure 2.2 SEM images of recrystallized NaCl powder, a) Large image, 
b) Zoomed in area 88 

Figure 2.3 Flowcell schematic, a) air tank, b) drying tube, c) HNO3 
reservoir, d) tube coupler, e) Raman cell, f) glass frit, 
g) H2O reservoir 92 

Figure 2.4 H2SO4 aerosol generator, a) hot plate, b) sand bath, 
c) round-bottom flask, d) glass-frit, e) NaCl powder, 
f) glass-frit, g) ground glass stopper 94 

Figure 2.5 H2SO4 aerosol generator, a) hot plate, b) sand bath, c) H2SO4, 
d) lid, e) NaCl (100) surface 96 

Figure 2.6 Optical bench triple monochromator schematic 97 

Figure 2.7 Flow cell AFM schematic 101 

Figure 2.8 Surface characterization ultrahigh vacuum chamber 107 

Figure 2.9 Ultrahigh vacuum dosing assembly 109 



14 

LIST OF FIGURES-continued 

Figure 2.10 Contact AFM images of Ag (111) surface after Ar"^ 
sputtering. Inset images illustrate various regions on surface 110 

Figure 2.11 Schematic of complete dosing assembly 112 

Figure 2.12 Schematic of capillary dosing assembly. Valves are 
denoted by V 114 

Figure 2.13 Calibration plot of capillary array dosing 115 

Figure 2.14: Schematic of tube dosing assembly. Valves are 
denoted by V 117 

Figure 2.15 Calibration plot of tube dosing 118 

Figure 2.16 Schematic of surface characterization chamber coupled 
to optical bench 120 

Figure 2.17 Schematic of Raman collection scheme using surface 
characterization chamber 121 

Figure 2.18 Schematic of single monochromator. Image at first mirror 
is shown in inset 123 

Figure 2.19 Binned image at optimal focusing 125 

Figure 2.20 Temperature profile of surface as a function of time 
used in thermal desorption studies 126 

Figure 3.1 HiO adsorption isotherm on NaCl. Adapted from 
reference 3.32 131 

Figure 3.2 Crystallographic projection of first two layers of 
NaCl (100). Unit cell spacing is 0.564 nm 139 

Figure 3.3 5 ^m x 5 ^m contact AFM image of fireshly cleaved 
NaCl (100) 140 



LIST OF FIGURES-continued 

15 

Figure 3.4 a) 5 nm x 5 nm contact AFM image of NaCl exposed 
to HNO3 (77 wt.%) for 30 s. b) Cross-section of 
structures produced after HNO3 exposure 141 

Figure 3.5 5 (im x 5 contact AFM images collected of NaN03 
capping layer on NaCl (100) in sealed AFM cell. Images 
collected at a) 8 min., b) 16 min., c) 42 min. after formation. 
White boxes highlight surface reference points. Black box 
highlights newly formed surface features 145 

Figure 3.6 5 ^m x 5 ^m contact AFM images of NaNOj capping layer 
on NaCl (100) exposed to 1x10 ' moles H^O/cm^ of 
headspace for 5 min 148 

Figure 3.7 Projections of NaNOj crystal structure, a) Projection along 
a-b plane, b) Projection along a-c plane. • Na, ^ N, 
and 9 0 152 

Figure 3.8 5 ^m x 5 jam contact AFM images of exposure of NaCl (100) 
to 4 X 10'̂  moles dry HNO3 cm"^ in sealed AFM cell. 
a) Freshly cleaved NaCl (100). Line shows location of 
cross-section, b) Cross-section of image across 
(110) plane 154 

Figure 3.9 5 jjm x 5 (im contact AFM imagesof exposure of NaCl (100) 
to 4 X 10"^ moles dry HNO3 per cm^ of headspace in 
sealed AFM cell. Line shows location of cross-section. 
a) 4 min after exposure, b) Cross-section of image 
across (110) plane. Arrows and boxes highlight newly 
formed features 155 

Figure 3.10 5 ^m x 5 jam contact AFM imagesof exposure of NaCl (100) 
to 4 X 10"^ moles dry HNO3 per cm^ of headspace in sealed 
AFM cell. Line shows location of cross-section, a) 12 min 
after exposure, b) Cross-section of image across (110) plane. 
Arrows and boxes highlight newly formed features 157 



16 

LIST OF FIGURES-continued 

Figure 3.11: 5 x 5 |am contact AFM imagesof exposure of NaCl (100) 
to 4 X 10'^ moles dry HNOj per cm^ of headspace in sealed 
AFM ceU. Line shows location of cross-section, a) 22 min 
after exposure, b) Cross-section of image across (110) plane. 
Arrows and boxes highlight newly formed features 158 

Figure 3.12: 5 ^m x 5 j^m contact AFM images of exposure ofNaCl (100) 
to 1 X 10"^ moles dry HNO3 per cm^ of headspace in sealed 
AFM cell. Line shows location of cross-section, a) 32 min 
after exposure, b) Cross-section of image across (110) plane 160 

Figure 3.13 Rms roughness of NaNOj growth on NaCl (100 exposed to 
1x10"^ moles dry HNO3 per cm^ of headspace in sealed 
AFM cell, a) Maximum roughness at coalescence of NaNOj 
structures on NaCl (100) terraces, b) Completion of 
capping-layer. c) HiO exposure 161 

Figure 3.14 5 ^m x 5 |im contact AFM images after exposure of 
NaNOj-capping layer to 1 x 10'^ moles HiO per cm^ of 
headspace in sealed AFM cell, a) 4 min and, b) 8 min after 
exposure 163 

Figure 3.15 a) 1 mm x 1 mm contact AFM image of "string-like" structures 
on NaCl (100). b) Cross section of image 164 

Figure 3.16 5 |.im x 5 nm contact AFM image of formation of NaNOj 
tower structure on NaCl (100) after exposure to 1x10'^ moles 
HiO per cm^ of headspace. Image was collected 4 min after 
image shown in Figure 3.14 166 

Figure 3.17 a) Atom-ion distance in NaNOj Bravais cell, b) NaN03 crystal 
lattice along y-axis. • N, ° Na 168 

Figure 3.18 Raman active vibrational modes, a) Va(N03), b) V5(N03), 
c)8,(NO0 170 

Figure 3.19 Raman spectra of a) crystalline NaNOj, b) saturated aqueous 
NaNOj solution 171 



17 

LIST OF FIGURES-continued 

Figure 3.20 Raman spectra of NaCl powder exposed to HNO3. 
a) I X 10'^ moles HNO3 cm"-, b) 3.4 x 10'^ moles 
HNO3 cm'S c) 1.0 X 10'® moles HNO3 cm'% d) and 
after 2.5 x 10"^ moles HNO3 cm'^ 173 

Figure 3.21 Normalized peak intensity versus HNO3 exposure (bottom) 

and time (top). Squares represent the V5(N03) intensity. 
The solid line is fit to a Langmuir isotherm 175 

Figure 3.22 First order plot of ln{(l-I[(Vs(N03)],} as a function of time 177 

Figure 3.23 Normalized peak intensity of the 5,p(N03) versus HNO3 
exposure (bottom) and time (top) 182 

Figure 3.24 Intensity ratio of Vs(N03) to 8jp(N03) as a function of capping 
layer fi^actional surface coverage 183 

Figure 3.25 a) Horizontal orientation of NO3" at CI' vacancy, b) Vertical 
orientation of NO3' at CI" vacancy 187 

Figure 3.26 Energy-minimized orientations of NO3" for a) one CI" surface 
vacancy, b) three surface vacancies c) five surface vacancies 189 

Figure 3.27 Orientation of N03' in horizontal orientation on NaCl (100) 
surface 191 

Figure 3.28 Orientation of NO3" in vertical orientation on NaCl (100) 
surface 193 

Figure 3.29 a) Crystal structure of bulk NaN03, b) energy-minimized top 
view of NaCl surface plot upon contact with bulk NaNOj, 
c) side view of b) 195 

Figure 3.30 a) Raman spectrum of NaN03-capped NaCl. Spectra resulting 
from b) exposure to 8 x 10'^ moles H^O cm"', c) exposure to 
3x10"^ moles H,0 cm"^ d) exposure of same powder to 
2% RH air for 12 h 197 



LIST OF FIGURES-continued 

18 

Figure 3.31 a) NaCl powder prior to HiO exposure, b) exposure of NaCl 
powder to 2 x 10"^ moles HiO cm"% c) to 3 x 10"* moles HjO 
cm'^, d) Bulk spectrum of saturated solution of NaNOj and 
NaCl, e) Overlaidpeaksofb), c), andd) 199 

Figure 3.32 Normalized C, intensity versus H^O exposure 202 

Figure 3.33 Exposure of powdered NaCl tol x lO"* moles HiO cm'" and 
subsequently to a) 4.2 x 10"^ moles HNOj cm % b) 4.2 x 10'^ 
moles HNO, cm'\ c) 1 xlO"^ moles HNO3 cm•^ d) Raman 
spectrum of 1:1 HNOjiHiO solution 205 

Figure 4.1 Raman spectra of bulk a) Na2S04; b) NaHS04 • HjO; c) anhydrous 
a-NaHSO^; d) anhydrous b-NaHS04 215 

Figure 4.2 Solution Raman spectra of a) 96 wt% H2SO4; b) saturated 
aqueous NaHS04 • HjO; c) saturated aqueous Na2S04 217 

Figure 4.3 Raman spectra of 96 wt% HiSOjiNaCl at 0.5:1 after reaction 
time of a) 5 min; b) 6 h; c) 24 h 220 

Figure 4.4 Effect of exposure of 1:1 p-NaHS04,:NaCl to 100% RH. 
a) Initial Raman spectrum of p-NaHS04,. Raman spectra 
after different exposure times: b) 10 min, c) 20 min, d) 30 min, 
e) 40 min 222 

Figure 4.5 XRD pattern of NaCl powder exposure to H2SO4. Pattern 
acquired 60 h after exposure.* and* denote NaCl and 

a-NaHS04 lines, respectively 224 

Figure 4.6 Raman spectrum acquired after NaCl powder exposed to 
H2SO4 aerosol for 48 h. a) Prior to exposure, 
b) after H2SO4 exposure 227 

Figure 4.7 Raman spectrum acquired after NaCl (100) exposed to 
H2SO4 aerosol for 48 h. a) Prior to exposure, b) after 
H2SO4 exposure 228 



LIST OF FIGURES—continued 

19 

Figure 4.8 H,0:H2S04 as a function of RH (neglecting the Kelvin effect.) 
Arrows indicate RH values modeled in this study 231 

Figure 4.9 Raman spectra of reaction of NaCl with a) 2 Hi0:HiS04; 
b) 4 H20:H2S04; c) 8 HpiHoSO^; d) 20 HjOiH^SO'^ 232 

Figure 4.10 Raman spectra 24 h after of reaction of NaCl with 
a) 2 H,0:H,S04; b) 4 H,0:H2S04; c) 8 H,0:H,S04; 
d) 20 H20;H,S04 235 

Figure 4.11 Contact AFM images acquired after 30 sec of H2SO4 exposure. 
a) Prior to exposure; b) directly after exposure. Circled area 
highlights known reference feature. Line represents 
cross-section of image displayed in Figure 4.16a 238 

Figure 4.12 Contact AFM images acquired after 30 sec of H2SO4 exposure. 
a) Image collected 4 min after 4.1 lb; b) Imaged collected 
4 min after 4.12a 240 

Figure 4.13 Bearing analysis of feature height along a single NaCl (100) 
terrace. Two height distributions are observed. Boxed area 
in image represents the NaCl terrace used in bearing analysis. 
Arrows hi^ght 0.87 nmNaHS04 domains 241 

Figure 4.14 Contact AFM images acquired after 30 sec of H2SO4 exposure. 
Images acquired a) 16 min after exposure; b) 20 min after 
exposure. Line represents cross-section of image shown in 
Figure 4.16b 244 

Figure 4.15 Contact AFM images acquired after 30 sec of H2SO4 exposure. 
Images acquired a) 24 min after exposure; b) 42 min after 
exposure. Arrows highlight domains next to NaCl step edges. 
Lines represent cross-sections shown in Figure 4.16 c) and d) 245 



20 

LIST OF FIGURES-continued 

Figiire 4.16 Image cross-sections of surfece reconstruction of NaCl (100) 
after 30 s H2SO4 aerosol. Left portion of cross-section 
represents bottom of scan in Figures 4.11-4.15. a) Directly 
after exposure, b) 16 min, c) 20 min, and d) 42 min after 
exposure. Anows highlight areas of -0.87 nm domains 
on surface. Dashed lines are stationary reference features in 
b), c), and d) 247 

Figure 4.17 Potential AFM tip shape convolution of NaHS04 surface 
structures. Path of AFM tip over surface structure at points a), 
b), and c) highlight the diflFerence in the actual structure shape 
versus the apparent shape, shown by dashed line 249 

Figure 4.18 Phase contrast AFM image after HjSO^ aerosol exposure to 
NaCl (100). a) Phase contrast image; b) cross-section view 251 

Figure 4.19 Contact AFM images after exposure ofNaCl (100) to HiSOj 
aerosol, a) 5 ^im x 5 image 2 min after exposure; 

b) 1 |im X 1 nm area highlighted in a) 253 

Figure 4.20 Contact AFM images after exposure of NaCl (100) to H2SO4 
aerosol, a) 5 ^im x 5 nm image 12 min after exposure; 
b) 1 nm X 1 |im area highlighted in a) 255 

Figure 4.21 Contact AFM images of a) mobile P-NaHSO^ surface 
structures with aspect ratio of 1.7 ± 0.2; b) immobile 
a-NaHS04 surface structures with aspect ratio of 1.1 ± 0.1 256 

Figure 4.22 Contact AFM images after exposure of NaCl (100) to H2SO4 
aerosol, a) 5 nm x 5 nm image 20 min after exposure; 

b) 1 nm X 1 nm area highlighted in a) 257 

Figure 4.23 Percent HCl as a ftinction of HiOrHjSOj 262 

Figure 4.24 HCl release per HiO as a fimction of H20;H2S04 264 



LIST OF FIGURES—continued 

21 

Figure 5.1 Crystaliographic projection onto b-c plane of a-NaHS04. ° Na\ 
O S, o O, A denotes a HSO/dimer, and B highlights 
the HSO/ monomer 270 

Figure 5.2 Crystaliographic projection onto b-c plane of P-NaHS04. 
0 Na\ O S, O o 272 

Figure 5.3 a) Raman spectrum of a) Synthetic scheme employed by 
Sonneveld et al., b) Synthetic scheme employed in this 
work to form p-NaHS04, c) Heating of sample giving 
spectrum in b) to 434 K 273 

Figure 5.4 DSC traces of a) a-NaHS04, b) NaHS04 • HjO, c) second 
heating cycle of the same sample 277 

Figure 5.5 DSC traces of a) P-NaHS04, b) second heating cycle of 
same sample 279 

Figure 5.6 Effect of HjO exposure of powdered P-NaHSOj. a) Sample 
prior to exposure, b) Exposure of powder to 24 Torr H^O for I 
6 min, c) 24 min, and d) 36 min 281 

Figure 5.7 Raman spectra of a) bulk p-NaHS04, b) same sample 
exposed to < 2.5 Torr HjO for 240 h 283 

Figure 5.8 Proposed relationship between P-NaHS04, a-NaHS04, and 
NaHS04 • HiO system 285 

Figure 5.9 Proposed transition of p-NaHS04 to a-NaHS04. A, Band 
C, D are corresponding HSO4' units in p- and a-NaHS04 286 

Figure 6.1 Raman spectra of bulk a) powdered NaCl; b) solid SO3 294 

Figure 6.2 H,0 adsorption isotherm on NaCl. Adapted from references 
6.10 and 6.1 296 

Figure 6.3 Raman spectra of NaCl exposed to S03(g) at a) 2-4% RH; 
b) 33% RH; c) 55% RH; d) 75% RH; e) 100% RH 298 



22 

LIST OF FIGURES-continued 

Figure 6.4 Raman spectra of deliquesced NaCl exposed to SOjCg). 
Acquired after a) 30 min; b) 3L min; c) 46 min; d) 54 min; 
and e) 64 min of SO3 exposure 302 

Figure 6.5 Raman spectra of deliquesced NaCl exposed to SOjCg). 
Acquired after a) 78 min; b) 92 min; c) 100 min; d) 112 min; 
and e) 128 min of SO3 exposure 303 

Figure 6.6 Plot of peak intensity as a function of SO3 exposure time 305 

Figure 6.7 Raman spectrum obtained after heating NaHS04 • HjO to 
240 °C. Spectrum is consistent with the formation of NajSlOy 307 

Figure 6.8 Raman spectrum obtained after exposure of NaCl to 20% SO3 + 
H2SO4 solution 310 

Figure 6.9 Raman spectrum of 1:1.7 SOjcHiSO^ (mol/mol) oleum solution. 
Adapted with permission from reference 6.19 313 

Figure 7.1 Raman spectrum of a) Na2S04 V, b) Na2S04 HI, 
c) NaNH4S04, d) e) NaNH4S04 heated 
to I70°C 318 

Figure 7.2 Raman spectrum of a-NaHSOj exposed to excess NHjCg) 321 

Figure 7.3 Raman spectrum of a) 1:3 a-NaHS04/NaCl, b) 1:3 a-NaHS04/NaCl 
exposed to excess NH3(g), c) 1:1 a-NaHS04/NaCI exposed to excess 
NH3(g) 323 

Figure 7.4 Raman spectnmi of a) 1:1 NaHS04/NaCl, b) 1:1 NaHS04/NaCl 
exposed to NH3(g) in 1:0.5 NaHS04/NH3(g), 
c) 1:1 NaHS04/NaCl exposed to NH3(g) in 1:1 NaHS04/NH3(g) 326 

Figure 7.5 Raman spectrum of a) 1:1 NaHS04/NaCI exposed to NH3(g) 
in 1:2 NaHS04/NH3(g), b) 1:1 NaHSOj/NaCl exposed to 
NHjCg) in 1:2.5 NaHS04/NH3(g), c) 1:1 NaHS04/NaCl exposed 
to NH3(g) in 1:3 NaHS04/NH3(g) 327 



LIST OF FIGURES-continued 

23 

Figure 7.6 Raman spectrum of a) bulk pyridine, b) 1:1 a-NaHSOj/NaCl 
exposed to pyridine(g) for 4 h 330 

Figure 8.1 Vacuum-UV ICP calibration plots for CI" and Br", o and A 
denote data points for 1:1206 and 1:500 NaBr:NaCl crystals, 
respectively 341 

Figure 8.2 XPS survey spectrum of a NaBr/NaCl crystal grown from 
solution with a bulk Br:Cl ratio of 1:417 344 

Figure 8.3 High resolution XPS spectra of the CI 2p, Na 2s, and Br 3d 
of NaBr/NaCI crystals grown from solution with bulk Br:Cl 
ratios of a) 1:5000, b) 1:1205, and c) 1:417 345 

Figure 8.4 Surface Br:Cl as a function of bulk Br:CI in NaBr-NaCl crystals 
grown from solution 348 

Figure 8.5 XPS images of NaBr-NaCl crystal with a bulk Br:Cl of 1:1206 
grown from solution, a) CI 2p (197.6 eV), and 
b) Br 3d (67.9 eV). Boxed area highlights areas of low 
CI 2p intensity and high Br 3d intensity 353 

Figure 8.6 a) Backscattered SEM image and b) EDAX spectrum of 
area in image acquired on a NaBr-NaCl crystal with a 
bulk Br.Cl ratio of 1:1206 355 

Figure 8.7 a) Backscattered SEM image and b) EDAX spectrum of area 
in image acquired on a NaBr-NaCl crystal with a bulk 
Br:Cl ratio of 1:1206 357 

Figure 8.8 Contact AFM images of a NaBr-NaCl crystal with a bulk 
Br;Cl ratio of 1:599. a) NaCl region of low surface roughness 
with no discemable domain-like structures, b) Region with a high 
concentration of surface domains 359 



24 

LIST OF FIGURES-continued 

Figure 8.9 a) Domain edge length and b) height histogram obtained from 
contact AFM images of a NaBr-NaCl crystal with a bulk Br ;Cl 
ratio of 1:599 360 

Figure 9.1 Raman spectrum of -12 ML HNOj film on Ag at 100 K. Inset 
shows blow up of region containing weak peak fi'om fi-ee NOj' 370 

Figure 9.2 Raman spectrum of a) Doubly distilled molecular HNO3 at 
77 K, b) 1:1 H,0;HN03 at 77 K, c) 2:1 H^OtHNOj at 77 K, 
d) 3:1 H,0:HN03 at 77 K 373 

Figure 9.3 Raman spectra fi-om -12 ML HNO3 film on Ag as a function of 
temperature, a) 100 K, b) 165 K, c) 172 K, d) 177 K, f) 181 K. 

V5(N-0) fi-om NOj" indicated by •; Vj(N-0) fi-om NO," 
indicated by* 376 

Figure 9.4 Raman spectra fi-om -12 ML HNO3 film on Ag as a ftmction of 
temperature, a) 100 K, b) 167 K, c) 173 K, d) 176 K, f) 182 K. 

Vs(N-0) fi-om NO, indicated by • 377 

Figure 9.5 Raman spectra from -2 ML HNO3 on -50 ML crystalline H^O ice 
film as a ftmction of temperature, a) 152 K, b) 166 K, c) 169 K. 

V5(N-0) from NOj" indicated by * 382 

Figure 9.6 Temperature-dependence of normalized intensity of v^CN-O) 
from HNO3 at 1255 cm ' (°) and v(N-0) of NONO at 
484 cm ' (•) 384 

Figure 9.7 Thermal desorption mass spectrum of 12 ML HNO3 desorption 
data. H2O (m/z 18) and HNO3 (m/z 63) denoted by black and 
grey lines, respectively 386 

Figure 9.8 Raman spectra from -8 ML HNO3 film on polycrystalline Ag 
as a ftmction of temperature, a) 100 K, b) 114 K, c) 124 K, 
d) 142 K 391 



25 

LIST OF FIGURES-continued 

Figure 9.9 Raman spectra from -8 ML HNO3 film on polycrystalline 
Ag as a fimction of temperature, a) 157 K, b) 168 K, 
c)176K,d)183 K 393 

Figure 9.10 Raman spectra from -8 ML HNO3 film on polycrystalline Ag 
as a function of temperature, a) 190 K, b) 202 K, c) 222 K, 
d) 247 K 395 

Figure 10.1 Raman spectra of 50 ML of HjO on Ag (II1) as a function 
of surface temperature. Spectra acquired at a) 114 K, 
b) 136 K, c), 144 K, d) 154 K, and e) 157 K 407 

Figure 10.2 Raman peak position of 50 ML of HjO on Ag (111) as a 
function of surface temperature 409 

Figure 10.3 Crystal structure of crystalline (Ih) HiO. Where o represent H, 
and o denote O. Solid molecules are in the surface plane, 
and hollow reside above the surface plane 411 

Figure 10.4 Raman spectra of a) bulk HNO3 at 100 K, and 2 ML HNO3 
adsorbed on 50 ML of crystalline HiO acquired at 
b) 138K,c) 146K ". 412 

Figure 10.5 Proposed orientation of molecular HNO3 on crystalline (IJ H^O. 
Where 0 represent H, and o denote O. Solid molecules are 
in the surface plane, and hollow reside above the surface plane 417 

Figure 10.6 Raman spectra of 2 ML HNO3 adsorbed on 50 ML of 
crystalline H1O acquired at a) 151 K, b) 166 K, c) 168 K, 
d) 184 K, e)'l86 K 420 

Figure 10.7 Raman spectra the V5(N-0) peak of 2 ML HNO3 adsorbed on 
50 ML of crystalline H2O acquired at a) 172 K, b) 178 K, 
and c)181 K. Dashed lines highlight peaks at 1046 and 1052 cm ' 423 

Figure 10.8 Plot of VjCN-O) of 1046 and 1052 cm"' peak intensity ratio 
and normalized V5(N-0) intensity of 2 ML HNO3 adsorbed 
on 50 ML of crystalline HiO as a function of surface 
temperature 424 



LIST OF FIGURES—continued 

26 

Figure 10.9 Plot of normalized VjCNOj) and Vs(N-0) peak intensities of 
2 ML HNO3 adsorbed on 50 ML of crystalline H^O as 
a function of surface temperature 427 

Figure 10.10 Thermal desorption mass spectrum of 2 ML HNO3 on 50 ML 
crystalline H^O. HiO (m/z 18) and HNO3 (m/z 63) denoted 
by black and grey lines, respectively 428 

Figure 10.11 Raman spectra a) 50 ML of crystalline H^O at 100 K, and 
2 ML HNO3 adsorbed on 50 ML of crystalline H^O acquired 
at b) 100 K, and c) 147 K '. 430 

Figure 10.12 Raman spectra of 2 ML HNO3 adsorbed on 50 ML of 
crystalline HiO acquired at a) 153 K, b) 162 K, c) 170 K, 
d) 185 K, e)"l88 K 432 

Figure 10.13 Plot of normalized Raman intensity of C, and 3424 cm"' modes 
as a function of surface temperature. Normalized v(O-H) 
intensity as a function of surface temperature, shown on 

right axis 435 

Figure 10.14 Full range Raman spectrum of bulk ClONO, film on Ag (111) 
at 100 K. Peaks marked with are assigned as NiO 438 

Figure 10.15 Raman spectra of a) bulk ClONO, at 100 K and 1 ML ClONO, 
adsorbed on 50 ML of crystalline H,0 acquired at b) 114 K, 
c) 120 K, d) 126 K, e) 133, f)140 K, g) 146 K. • denote bands 
duetoN, 0 439 

Figure 10.16 Plot of normalized Raman intensity of464 cm*' ClONO, mode 
as a function of surfece temperature 443 



27 

LIST OF TABLES 

Table 1.1: Composition of the atmosphere 39 

Table 1.2: Aerosol sources and flux 42 

Table 1.3: Composition of sea salt 55 

Table 3.1: Roughness analysis calculations on NaCl (100) 
as a function of exposure 150 

Table 3.2: NaNOj vibrational modes 169 

Table 3.3: Cerius" energy-minimized structure ofNOj" in-plane 
with NaCl (100) surface 190 

Table 3.4: Cerius^ energy minimized structure of NOj" out of plane 
with NaCl (100) surface 192 

Table 3.5: v(OH) peak frequencies and integrated intensities for 
NaCl exposed to H^O and for H^O solutions of NaCl 
andNaNOj ! 201 

Table 3.6: Raman peak positions of 1:1 HN03:H20 solution and 
HNO3 vapor exposed NaCl surface 207 

Table 4.1. Raman peak positions of sulfate salts 216 

Table 4.2: Raman peak positions of aqueous sulfate salts 218 

Table 4.3 X-ray diffraction data of NaCl + H2SO4 225 

Table 4.4. Unit cell Dimensions of anhydrous NaHS04 phases 244 

Table 4.5. Gravimetric results for HCl evolution as function of 

H20;H3S04 263 

Table 5.1. Raman peak positions of anhydrous NaHSO^ modifications 275 



28 

LIST OF TABLES-continued 

Table 6.1. Raman peak posrtions of SO3 and sulfate Salts 300 

Table 6.2. Raman peak positions of Na^SoOy 306 

Table 7.1. Raman peak positions of sulfate salts 319 

Table 7.2. Raman peak positions of bisulfate salts 324 

Table 7.3. Raman peak positions of pyridine 331 

Table 8.1: Bulk NaBriNaCl obtained from three samples using VUV-ICP 
and ion chromatography 342 

Table 8.2; Relative NaBr/NaCl solid and XPS ratios 347 

Table 9.1: Raman spectral frequencies for HNO3 371 

Table 9.2: Raman spectral frequencies for asymmetric nitric 
oxide dimer (NONO) 374 

Table 10.1: Fundamental vibrational frequencies of HNO3. FWHM of 
band in parenthesis (cm ') 413 

Table 10.2; Fundamental vibrational frequencies of ClONO, 441 



ABSTRACT 

29 

Atmospherically-relevant surface reactions were studied. These reactions were 

investigated to provide insight into the products formed on sea salt atmospheric particle 

surfaces, the quantitative distribution of species on the surface of model sea salt particles, 

and the molecular environment of the interfacial region of HNOj/HjO ices. 

The reactions of model sea salt particles (NaCl) exposed to mineral acids (HNO3 

and H2SO4) were studied using Raman spectroscopy and atomic force microscopy (AFM). 

The reaction of powdered NaCl with HNOj was studied using Raman spectroscopy. 

NaNOj growth was monitored as a ftmction of HNO3 exposure in a flow cell. Mode-

specific changes in the NOj" vibrational mode intensities with HNO3 exposure suggest a 

rearrangement of the NaNOj film with coverage. In the absence of HjO, intensities of 

NaNOj bands increase with HNO3 e.xposure until a capping layer of NaNOj forms. The 

capping layer prevents subsequent HNO3 from reacting with the underlying. 

The reaction of NaCl with H2SO4 is investigated using Raman spectroscopy and 

atomic force microscopy (AFM). Raman spectra are consistent with the formation of 

NaHSO^ with no evidence for Na2S04. The spectra indicate that the phase of NaHS04 

varies with the amount of H2O in the H^SO^. The reaction produces anhydrous P-

NaHS04 which undergoes a phase change to anhydrous a-NaHS04. AFM measurements 

on NaCl (100) show the formation of two distinct types of NaHS04 structures consistent 

in shape with a-NaHS04 and p-NaHS04. 
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Model sea salt particles were grown from solution to determine the surface Br/Cl 

of crystals grown from solution. These studies show surface Br concentration is 35 times 

that of the bulk concentration. This data is useful in the understanding of enhanced 

volatile Br compounds in the Arctic troposphere. 

Thin films of model polar stratospheric cloud (PSC) surfaces were studied in 

ultrahigh vacuum. Low temperature data show the preferential orientation of HNOj on 

crystalline HjO ice. Thermodynamically-stable HNO3 • 3H2O is tbrmed at ~ 170 K, and 

subsequently desorbs from the surface. These studies show the chemical specificity of 

Raman spectroscopy in this chemical system. 

Studies of CIONOT adsorption onto crystalline HjO ice suggest that CIONOT is 

weakly adsorbed. 
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Chapter I 

Introduction to Atmospheric Processes and Ciiemistry 

The majority of the terrestrial atmosphere is composed of inert gas-phase species 

that have atmospheric lifetimes of months to years." '^ However, species that are found 

in low concentrations are responsible for much of the chemistry that affects the long term 

stability of the atmosphere. For example, the ozone (O3) concentration is ~ seven orders 

of magnitude lower than the concentration of nitrogen; however, ozone dictates the tlux of 

UV light to the earth's surface." Understanding the formation of trace level atmospheric 

species, and the physical and chemical parameters that control their formation is 

paramount to answering the fundamental question of how the atmosphere regulates the 

cycles that govern global climate. 

Until recently, gas phase reaction chemistry was believed to regulate many of the 

atmospheric species in the atmosphere." ' However, the recent observations and 

predictions of stratospheric O3 losses have shown that these reductions are not solely 

regulated by gas phase reactions. Molina et al. discovered that reactions that occur on 
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surfaces of ice particles are important in the regulation of ozone concentrations in the 

upper atmosphere.' From this point to the present, the role of atmospheric particles 

and reactions that occur on their surfaces have been heavily investigated. The origin of 

atmospheric particles and their chemistry is varied due to the large number of parameters 

that govern the terrestrial atmosphere. These surfaces, and reactions that occur on them, 

are the focus of this work. 

The goal of this chapter is to introduce the reader to the fundamental driving force 

that led to these investigations. Approximately two-thirds of this dissertation is focused 

on specific atmospherically-relevant chemical systems. These studies, and their 

fundamental relevance, span a large array of chemical s>'stems and environments. Thus, 

each chapter in this work has an individual introductory section to highlight recent work 

and specific chemical details. 

The remaining portion of this work (Chapters 5 and 9 specifically) is focused on 

background studies that were motivated to elucidate specific experimental and physical 

parameters which govern these individual chemical systems. More detailed background 

on these chemical systems is given in their respective introductions. 

Background 

Climate 

Climate is difiFerentiated firom weather by the time scale over which the two are 
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defined. Weather is defined as the local atmospheric observation over a small temporal 

window. Climate is defined as atmospheric patterns that regulate the weather over long 

temporal scales. 

The global climate is regulated by the solar flux, the composition of the 

atmosphere, and clouds." '^ Solar energy impinges upon the earth's atmosphere. 

Approximately 70 % of this radiation is absorbed by the atmosphere and earth's surface."' 

' ̂  The atmosphere is responsible tor the long term stability of the temperature by 

absorbing energy fi-om the sun and the siuface, and transferring it back into space and into 

the oceans. 

Most of the solar energy is absorbed near the equatorial regions." The global 

solar radiation flux is balanced across the planet, but at any point in time, the discrepancy 

between solar flux at the equatorial regions and that at the poles results in large 

temperature gradients that drive atmospheric and oceanic cycles to balance the climate. 

This process is facilitated by the transference of energy from the equatorial regions to the 

poles by both the atmosphere and the oceans. 

In the oceans, sea salt gradients drive currents from the surface of the planet to the 

deep interior of the seas carrying heat as they travel."'^ Additionally, the evaporation 

and redistribution of water is a means to transfer energy from the warmer areas of the 

planet to cooler regions." Water vapor contained within the atmosphere from clouds 

reflects energ)' back into space and cools the planet. Energy transfer is also facilitated by 

precipitation from the hotter and humid areas to dry and cool areas. Overall, these 
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processes act as a long-term buffer for short term climatic events.'^ 

Through the coupling of the solar flux, the atmosphere and the oceanic cycles, a 

prediction of the global climate can be attempted. However, small perturbations to the 

complex equilibria that regulate the climate can result in large changes in such important 

factors as temperature and/or trace gas concentrations. 

Layering of the Atmosphere 

The earth's atmosphere can be separated into four distinct layers that are 

differentiated by pressure and temperature. A layer is defined as an abrupt change in the 

atmospheric composition and temperature. The vertical distribution of temperature for the 

"standard atmosphere" is shown in Figure 1.1. This profile is representative of typical 

conditions in the middle latitudes." 

The lowest layer of the atmosphere is termed the troposphere and contains nearly 

80 % of the total atmospheric mass and virtually all of the water vapor, clouds, and 

precipitation in the earth's atmosphere. The troposphere extends fi-om the surface to 

nearly 15 km." '^ Over this range, it cools by nearly 1 °C per 100 m as a result of the 

decreased interaction of gases with the warm surface.'' The solar heating of the earth's 

surface profoundly affects the temperature within the troposphere." '" At a height of a 

few km in the troposphere, the temperature will change by ~ 1 ° C between day and night. 

However, the surface temperature may change by more than 20° C over this same time 

interval. Vertical mixing of molecules within the troposphere is high. For example, in an 
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updraft, a molecule can be transported from the surface to a height of 10 km in several 

minutes.""'^ 

At ~ 15 km, the water vapor concentration abruptly decreases and trace gas 

concentrations, such as O3, increase by nearly an order of magnitude. This change 

delineates the onset of a new layer. This layer is termed the stratosphere. Very little 

vertical mixing occurs in the stratosphere." As a result, molecules and particulates can 

persist for long durations within a given height profile. O3 absorbs nearly all UV light 

from 100 nm to 290 nm. Thus, these wavelengths do not penetrate into the 

troposphere.'' The absorption of solar LTV radiation by O3 causes the temperature in the 

stratosphere to be much higher than expected, based on extrapolating the troposphere 

temperature profile. 

Over 99 % of the atmosphere's mass resides within the troposphere and 

stratosphere.""'^ For this reason, the majority of the processes that affect climate occur 

within these two layers. However, two additional layers exist above the stratosphere. The 

ozone concentration decreases sharply above ~ 40 km; as a result, the temperature 

decreases. This layer is termed the mesosphere and extends to ~ 80 km. An additional 

layer, termed the thermosphere, extends to several hundred km. Depending on solar flux, 

the temperature can reach 2000° C at this height.'^ 

Troposphere and Stratosphere Transport 

Transport between the troposphere and the stratosphere is an important process in 
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the chemistry of the atmosphere. The transport of anthropogenic species, such as 

chlorofluorocarbons, from the troposphere into the stratosphere has depleted ozone levels 

in polar regions.'^" Conversely, reactive intermediates are transported from the 

stratosphere to the troposphere where they are eliminated. Complete vertical transport of 

chemical species in the troposphere can occur on the timescale of several hours. Such 

transport in the stratosphere may take several months to a year."" 

The majority of transport from the troposphere to the stratosphere occurs in the 

tropics. In these regions, large scale evaporation of ground-based moisture causes a 

steady ascent of air into the lower levels of the tropical stratosphere. The majority of the 

air driven into the stratosphere by this process is quicky removed back into the 

troposphere, through a process known as folding. The folding of air from the stratosphere 

into the troposphere mixes the two air masses." 

Transport of water from the troposphere to the stratosphere is inhibited by the 

temperature gradient between the two layers. As vapor phase water rises into the upper 

troposphere it cools, nucleates, and freezes." The newly formed ice crystals either fall 

back into the troposphere, or reside at the interface between the troposphere and 

stratosphere. Thus, the water partial pressures in the stratosphere are much lower than in 

the troposphere." 

It has been found that vertical transport of species added to the stratosphere from 

the troposphere is very slow." Measurements of CO, and water vapor have shown that 

the mean transport time from the top of the troposphere to the a mid-stratosphere is 4 to 6 
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months.'^ ''' Overall, it may take several years for a molecule to travel from the 

troposphere and traverse the complete vertical profile of the stratosphere. 

Composition of the Atmosphere 

The atmosphere is primarily composed of nitrogen, oxygen, and argon." Tlie 

concentrations of these gases are stable. Several trace gases with variable concentration 

are found in both the troposphere and stratosphere. The exchange of atmospheric gases 

with vegetation, the oceans, and biological organisms continually cycle these compounds 

over time."'-

Gases are created by reactions in the atmosphere, biological uptake, volcanic 

eruptions, radioactive decay, and human industrial formation." '^ The removal processes 

include the uptake of gases by the oceans and earth, gas phase chemical reactions, 

formation of atmospheric particulates, and biological activity. The equilibria established 

between the formation and removal mechanisms determine the lifetime of each gas in the 

atmosphere. Lifetimes vary from less than a second, for species such as radicals, to 

hundreds of years for compounds such as chlorofluorocarbons." 

The most important atmospheric gases are shown in Table 1.1." The process that 

regulates the concentration of each of the gases is dependent upon what factors are 

governed by the formation and removal of the gas. For example, the concentration of 

HjO vapor is regulated by the vapor pressure of water and the temperature. Methane, 

nitrous oxide (NiO), and carbon monoxide (CO) concentrations are regulated by 
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Gas Concentration (ppm) 

At 9340 

Ne 18 

Kr 1.1 

Xe 0.09 

N. 780,840 

0: 209,460 

CH, 1.7 

CO, 355 

CO 0.12 

H: 0.58 

N^O 0.311 

SO, lO'-lO"' 

NHj lO-'-lO"^ 

NO 10-^-10"^ 

NO, 

r-
1 0

 1
 

0
 

O3 48 

HP Variable 

He 5.2 
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biological activity as well as gas phase atmospheric reactions. The processes involved in 

the regulation of carbon dioxide (CO,) have not been resolved. It is known that there is 

extensive cycling between the atmosphere, the oceans, and the uptake by biological 

organisms. 

Two pathways are responsible for the formation of new gases in the atmosphere. 

Solar emission is sufficient to photolyze many gases in the atmosphere, and are important 

in the initiation of radicals species." As a result, many traces gas concentrations follow a 

diurnal cycle that is closely coupled to the solar flux." ' • Additionally, chemical reactions 

between gases occur to form new gases or particles. Although the atmosphere is 

composed primarily of relatively inert species, many of these gases are reactive with trace 

gas oxidizing intermediates such as O3, or the hydroxyl radical (-OH)." These reactions 

can occur between gases, which are termed homogeneous reactions, or between two 

unlike phases, a heterogeneous reaction. 

Aerosol Classification and Deposition 

Suspended particulate matter, called aerosols, also reside in the atmosphere. 

Particulates are formed by dust, sea spray, volcanoes, chemical reactions, and human 

activity.'^ Aerosols are classified based on the pathway of formation. Primary aerosols 

are directly added to the atmosphere, whereas secondary aerosols are formed through 

chemical reactions. Inventories of aerosols have been estimated based on the varying 

processes in which they are added to the atmosphere.'^ One such estimation is shown in 
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Table 1.2." 

Once airborne, aerosols are involved in heterogeneous chemical reactions, cloud 

formation, and affect the photon flux through light scattering. The lifetimes of aerosols 

are much shorter than gases. Typical lifetimes vary from days, for micron-sized aerosols, 

to weeks for nanometer-sized aerosols." '^ 

Aerosols are classified by size, as well as by chemical composition. The aerosol 

chemical composition is highly correlated with size. Fine-mode aerosols are sized below 

2.5 ^im. Typically, fine-mode aerosols are formed from of the condensation of organics, 

such as those produced by biomass burning, and fuel combustion. Fine-mode aerosols are 

composed of elemental carbon, metals (Pb, Ni, V, Cu, Cd), organic compounds, and 

inorganic ions. Concentrations of more than ten thousand particles per cm^ of fine-mode 

aerosols are found in non-urban areas." Over time, these particles coagulate into larger 

particles with a varied chemical composition. 

Course-mode aerosols are those greater than 2.5 nm, and are formed from 

mechanical processes; these include aerosols such as dust particles, sea salt aerosols, 

pollen and mold spores, crustal elements (Si, Al, Ti, Fe), plant and animal debris, and 

automotive brake dust. The concentration of course-mode particles is ~ one per cm\"'^ 

Once airborne, the composition and phase of an aerosol can change through 

heterogeneous reactions, and uptake of H^O. H^O uptake on the surface of aerosols is 

responsible for the formation of fogs and clouds in the troposphere. Thus, the surface 

properties of aerosols, and the water adsorption isotherm on aerosol surfaces are 
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Table 1.2: Aerosol sources and flux 

Source Estimated Flux (Tg. yr ') 

Natural 

Primary 

Soil Dust 1500 

Sea Salt 1300 

Volcanic Dust 30 

Biological Debris 50 

Secondary 

Biogenic SOj-" 130 

Volcanic SO, 20 

Organic Matter 60 

Nitrates via NO, 30 

Total Natural 3100 

Anthropogenic 

Primary 

Industrial dust 100 

Soot 10 

Secondary 

SO^-' from SO, 190 

Biomass burning 90 

Nitrates via NO, 50 

Organic Matter 10 

Total Anthropogenic 450 

Total Flux 3600 
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properties that can aSect the local meteorological conditions in a region. 

Aerosols are removed from the atmosphere through two means. Through the 

process of dry deposition, particles are removed by falling back to the earth's surface. It is 

estimated that 10-20 % of the mass of aerosols is deposited by this process.'^ A second 

route of deposition is the uptake of the aerosol by water. These particles are subsequently 

removed by precipitation, termed wet deposition. The route of deposition is highly 

dependent upon the regional variability of humidity, and aerosol composition, size, and 

concentration. 

Chemistry of the Troposphere 

The troposphere contains gas phase HiO, N,, On, and trace gases such as organic 

compounds, nitrogen oxides, sulfiir oxides, and aerosols. The chemistry that occurs 

between these species is rich due to the large number of variables that can initiate chemical 

reactions under tropospheric conditions. Wavelengths lower than 290 nm are absorbed by 

O3 in the stratosphere." Thus, photochemical reactions are limited to several key 

compounds in the troposphere that initiate key reactive intermediates. The concentration 

of these compounds is usually parts per million (ppm) or parts per billion (ppb), yet this is 

sufficient to initiate the complex chemistry that is described below." 

Reactive Species 

•OH and O3 participate in or initiate the majority of tropospheric chemistry. OH 
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does not react with any of the major constituents of the troposphere (eg. N,, 0,, CO,). 

However, OH can participate in reactions with most trace gases and has an average 

lifetime of only several seconds." This reactivity and its high concentration make OH the 

most important specie in the troposphere. OH reacts with species such as nitrogen oxides 

and is continually regenerated through photolytic catalytic cycles.""'"' Thus, 

concentrations of ~ 10' molecules per cm^ can be sustained during daylight hours."^ 

O3 is an important tropospheric gas that regulates the chemistry of many gas 

species." However, O3 chemistry and its concentration are coupled to the formation of 

•OH as well as several other trace ga.ses as shown in the reaction sequence below:' 

where M is defined as a third-body molecule that participates in the molecular collision. 

During the collision, M gives up or takes on kinetic energy. However, its chemical state is 

not altered in the process. The coupling of OH and O3 continues through: 

CO(g)+OH(g)-CO,(g)+H(g) ( 1 . 1 )  

•H(g) + 0,(g) + M(g) - •HO.ig) + M(g) (1.2) 

•HO,(g) + NO(g) - NO,(g) + •OH(g) (1.3) 

NO,(g) + hv -N0(g) + 0(g) (1.4) 
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0(g) + 0,(g) + M(g) - 03(g) + M(g) (1.5) 

The majority of tropospheric O3 is formed through reactions (1.1)-(1.5). The net 

reaction is shown in reaction (1.6). 

CO(g) + 20,(g) + hv CO,(g) + 03(g) (1.6) 

From reactions (1.4) and (1.6), the photon tlux is an important component in the 

formation of tropospheric O3. Thus, O3 concentrations peak at midday to late afternoon, 

at the solar maximum. Typical concentrations of tropospheric O3 are ~ 3 ppb.""' 

Tropospheric Chemistry of Nitrogen Compounds 

Several stable nitrogen oxide species are formed in the troposphere and are 

classified based on their formation mechanism. Nitrogen compounds cycle fi-om stable N, 

to short lived radical species. Chemical transformation of nitrogen species occurs in the 

atmosphere and through various biogenic cycles as shown in Figure 1.2." Events such as 

lightning can transform stable N, to more reactive nitrogen oxides. Reduced nitrogen 

species, such as NHj, are oxidized by OH to form more reactive nitrogen oxides. The 

transfer of nitrogen oxides from the troposphere to the stratosphere is an important 

process in the regulation of stratospheric O3 concentrations (see below). 
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Figure 1.2 N cycle in atmosphere. Adapted from reference 1.1. 



The two most common nitrogen oxides in the troposphere are NO and NO,. The 

sum ofNO and NO, are given the designation ofNO^.""'^ Three times more NO^ species 

are added to the troposphere through man-made sources, such as fbssil-fiiel combustion, 

than by natural process."^"* These emissions are concentrated in industrial areas that 

can alter the local atmospheric chemistry by increasing the pool of reactive compounds 

such as O3 as shown in reactions (1.1)-(1.5)." ' 

Reactive nitrogen oxide species, denoted NO^, are defined as the sum of all of the 

reaction products ofNO,.""'^ These species include nitric acid (HNO3), nitrous acid 

(HONO), the nitrate radical (NO3), dinitrogen pentoxide G^iOj), peroxonitric acid 

(HNO4), and several nitrogen oxide organic compounds, as shown in Figure 1.2. 

The conversion of NO^ to NO^ is dependent upon the local concentration of 

species such as OH and O3.' These concentrations are highest in urban areas where 

NO^ species are removed to form HNO3, the most stable NO^ oxidation product.""^' 

After formation, HNO3 can readily take up H^O and undergo wet deposition.'' 

In addition to both NO^ and NO^, several other species exist that are important in 

tropospheric nitrogen chemistry. The nitrate radical (NO3) is a strong oxidizing 

intermediate that is involved in nitration reactions of tropospheric organic 

compounds.' ~ NO3 is closely coupled to NO, and O3 through the following 

reaction:"' 

NO,(g) +03(g) ^N03(g) + 0,(g) (1.7) 



NO, and NO3 are quickly converted to N2O5 by;"'^' 
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NO,(g) + NOjCg) + M(g) ^ NoOsCg) + M(g) (1.8) 

N2O5 is more stable than NO3, and serves as a reservoir for the creation of NO3. 

During the daytime, NO3 radicals are photolyzed by:" '^-

NOjCg) + hv (?i< 700 nm) - NO(g) + OjCg) (1.9) 

NOjCg) + hv (>.<580 nm) -N02(g) + 0(g) (1.10) 

As a result of reactions (1.9)-(1.10), the concentration of NO3 peaks during the 

night at a concentration of ~ 40 parts per trillion (ppt).'" An additional route of NO3 

destruction is the hydrolysis of NjOj by:" '" 

NA(g) + HAg) 2HN03(g) (1.11) 

Reaction (l.ll) is important as it effectively terminates the formation ofN03. 

HNO3 is additionally formed through the reaction between NO, and 

NO,(g) + OH-(g) + M(g) - HN03(g) + M(g) (1.12) 
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This reaction is important for its removal of OH from the radical pool. 

Additionally, both of these reactants are formed in reaction (1.3), and thus act to terminate 

the formation of tropospheric O3. Studies in remote areas have shown that HNO3 

comprises ~ 20 % of the total NOy, and reaches concentrations of 1-2 ppb.'^"*"'^* 

Tropospheric Chemistry of Sulfur Compounds 

Through combustion of fossil fuels and primarily through plankton in the oceans, it 

is estimated that ~ 100 x 10'- g of sulfur are added to the atmosphere per year."' 

Approximately 75 % of this addition is anthropogenic in origin and concentrated in urban 

areas." '" The principal sulfur species in the troposphere are H^S, CH3SCH3, CSj, OCS. 

and SOn." '^' Like nitrogen, sulfur is cycled in the environment from the oceans and the 

earth, and into the atmosphere through biological activity and volcanoes.'^ ' " '^' ' The 

lifetimes of each of the sulfur species is dependent upon the reactivity of each with -OH, 

O3, and organic radicals. 

Carbonyl sulfide (OCS) is the most abundant sulfiir-containing gas in the 

troposphere due to its low reactivity." Typical concentrations of 500 ppt are measured 

across the troposphere."'^' The predominant sources of OCS are oxidation of CS, and 

the burning of biomass. OCS is the only sulfur compound that is able to migrate into the 

stratosphere, where it may react." ' 

SO, is the predominant anthropogenic suiflir pollutant." '^ The SO, concentration 

ranges from 20 ppt in remote regions to over 1-2 ppb in urban areas. The global 
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emissions of SO, have increased steadily since the industrial revolution, and are closely 

correlated with the tropospheric concentration of SO, is oxidized by OH as 

shown in reaction (1.13):" ' 

SO,(g) + -OHCg) + M(g) - HOSO,-(g) + M(g) (1.13) 

Based on reaction (1.13), the tropospheric lifetime of SO, is ~ one weeic. HOSO,-

reacts with gas phase 0, to form SOj through:'' 

HOSO,-(g) + 0,(g) - S03(g) + HO, (g) (1.14) 

In the troposphere, HjSOj is rapidly formed from SO3 by reaction with gas phase 

H,0:" 

S03(g) + H,0(g) + M(g) - H,SO,(g) + M(g) (1.15) 

Dimethyl sulfide (DMS) is the primary biological source of tropospheric sulfiir. 

'" DMS is formed as a decomposition product of phytoplankton in the oceans where it is 

subsequently released. The ubiquity of phytoplankton makes the DMS atmospheric 

concentration nearly uniform throughout the troposphere with an average concentration of 

~ ICQ ppt." The average lifetime of DMS in the troposphere is several days and is 
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removed by OH addition or hydrogen abstraction as shown in Figure 1.3.'"'^ '" 

The oxidation of DMS by OH proceeds via a branched reaction mechanism. The addition 

channel has a strong negative temperature dependence, while the abstraction channel 

exhibits a slight positive temperature dependence. The result is an overall reaction with a 

negative temperature dependence, and a branching ratio that is temperature dependent.'"'^' 

'" In the remote marine troposphere, this temperature dependence suggests that 5-70 % 

of the DMS oxidized by OH reacts via OH addition. The products formed through DMS 

oxidation are dependent upon the reaction chaimel." ' " Dimethyl sulfoxide (DMSO) 

and DMSOT are formed through OH addition, while methyl sulfonic acid (MSA), SO,, 

and H2SO4 are formed via hydrogen abstraction.'^^"'" 

In addition to anthropogenic sources, H^SO^ is formed by the oxidation of DMS. 

Eisele et al. observed a close correlation between SO,, derived from DMS, and OH 

concentrations in the remote tropics. HjSO^ concentrations exceed those of SO, and 

peak  a t  ~  1  x  10® mo lecu l e s  pe r  cm^  in  t he se  a r ea s  du r ing  day l igh t  hou r s .Thus ,  i t  i s  

hypothesized that H,S04 is formed from SO, via reactions (1.13)-(1.15). 

Gas-phase HiSO^ plays a critical role in the formation and growth of new 

tropospheric particles. When formed, gas phase H^SO^ has a lifetime on the order of an 

hour or less, being lost by condensation, wet deposition, or dry deposition." '^"' In areas 

away from the earth's surface, condensation of HjSO^ is thought to occur predominantly 

on the surfeces of preexisting aerosol particles. However, gas phase H^SO^ may initiate 

the formation of new particles if the concentration of aerosol surfaces are small. The 



52 

DMS 

Addition, 

OH 
i 

CH3SCH, 

O, 

DMSO 

o I 
CH3SCH3!  

•OH 

6 
II 

CH3SCH3 
I 

OH 

DMSO, 

O 

CH3kH3 
'!! ' 
O 

o 
CH3SOH 

+ 

•CH, 

Abstraction by -OH 

CHjSCa-

0: 

CH3SCH,0,. 

NO 

CHJSCH^O* 

CHjS- + HCHO 

0, 

CHjSO,*—- S0J + *CH, 

O3, NO,, 

HO, 

CH3SO3 

H0„ HA, 

HCHO 

•OH 

HOSO,« 

O, 

MSA 

O ii 

CH3SOH 
!l 

6 

SO3 + *^3 

ao 

Figiire 1.3 H^SO^ and DMSO formation in the natural 
troposphere. Adapted fi'om reference 1.1. 

H,SO, 



53 

formation of these particles is important in the initiation of nuclei for cloud growth. The 

local concentration of H^SO^ determines the number and sizes of droplets that form new 

clouds.The formation of clouds from these particles influences the local climate 

through the scattering of solar radiation away from the surface, and cooling the earth's 

surface."-'" 

Tropospheric Chemistry of Halogen Compounds 

Halogen sources 

Halogen compounds in the troposphere are extremely reactive. Their addition to 

the troposphere couples organic, NO,, -OH, and O3 chemistry. The importance of halogen 

chemistry in the troposphere is dependent upon the concentration of gas phase halogen 

species. The primary source of natural halogen compounds is marine aerosol from sea 

salt.'" These particulates are produced by the evaporation of sea spray, bursting bubbles 

along the top of the ocean, wind-induced shearing of the sea surface, or rain drops 

impacting the ocean surface. The wide variations in these variables have shown that the 

size and number distribution of particulates are greatly dependent upon the local 

meteorological conditions. In the marine environment, typical concentrations of these 

particles are 100-300 particles per cm^." As shown in Table 1.2, it has been estimated 

that 1300 X 10'- g of sea salt particulates are added to the troposphere each year."'^"' 

This number is more that 30 % of the total atmospheric aerosol addition each year. 
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Particulates formed through this process are composed of the corresponding salts 

found in sea water. The majority (> 85 % by mass) of sea salt-derived particles are 

composed of Na and CI, as shown in Table 1.3." Two additional halogens, Br and I, are 

also found at a lesser concentration in sea salt. In spite of its lower concentration in sea 

salt, Br has a longer atmospheric lifetime than CI. Thus, it is an important contributor in 

tropospheric chemistry (see below). 

Erickson et al. have performed a comprehensive study on the chemistry of the 

marine boundary region.'^^ Specifically, this study focused on the formation of reactive 

chlorine compounds derived fi'om sea salt aerosols. This study determined that up to 80 

% of the chlorine in sea salt particulates is volatilized in the Northern Hemisphere.'^® 

Several laboratory studies have focused on reactions of sea salt and gas phase 

species that may release volatile chlorine compounds in the terrestrial troposphere. One of 

these reactions, using NaCl as a model for sea salt, is shown below:' " ' 

NaCl(s) + HNOjCg) NaNG^Cs) + HCl(g) (1.16) 

Previous spectroscopic investigations of reaction (1.16) have shown that the products 

formed in this reaction and the reaction rate are complicated by several variables. 

1.64.1.66.1.67 projjj a stoichiometric point of view, this reaction appears to be a 

straightforward replacement of chloride by nitrate in a solid state chemical reaction. This 

reaction is essentially self limiting, in the absence of HiO vapor, after the formation of a 1-
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Table 1.3: Composition of sea salt" 

Species Percent by mass 

CI 55.04 

Na 30.61 

so^=- 7.68 

Mg 3.69 

Ca 1.16 

K 1.1 

Br 0.19 

C (non-carbonate) (3.5-8.7) X 10-^ 

A1 4.6 X lO"* - 5.5 X 10-' 

Ba 1.4x10"' 

I 1.4x10-* 

Si 1.4 X 10"* - 9.4 X 10"' 

N0{ 3 X lO-" - 2 X 10-^ 

Fe 5 X 10"^ - 5 X 10-^ 

Zn 1.4 X 10-^-4 X 10"^ 

Pb 1 . 2 x 1 0 ' .  1 . 4 x 1 0 '  

NH,^ 1.4 X 10-^- 1.4x10' 

Mn 2.5 X 10"^-2.5 X 10' 

V 9 X 10'^ 

® From reference l.l 
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2 monolayer film of NaNO, on the NaCl surface.'^* ' 

The rate of NaNOj formation in reaction (1.16) is higlily variable. Investigations 

have shown that the reaction rate varies by up to two orders of magnitude.'^*' 

164.1 66.1 67 PQ J. example, several investigations have used mass spectrometry to detect HCl 

release during NaCl surfaces exposed to hnOJ.'^* ' " " These studies have 

shown that the probability of reaction of HNOj with NaCl per surface collision, y, is ~ 1 x 

10'^. However, values of I x lO"' have been reported on thin film NaCl powders.'" The 

reaction probability, y, has been determined to be 1.3 ± 0.6 x 10 " at dry and defect-fi-ee 

NaCl (100) surfaces using XPS.'" 

The role of surface defects and surface-adsorbed H^O may drastically affect the 

adsorption of HNO3 onto these surfaces, and control the release of HCl. Mass 

spectroscopic studies of the exposure of NaCl to DNO3 have shown a rapid, initial uptake 

of the gas onto the surface.' It was hypothesized that there exist two adsorption sites on 

the NaCl surface. The initial HNO3 uptake is due to the adsorption on high energy sites 

followed by slower adsorption on the remainder of the surface. 

To date, there has been little work on the mechanism of reaction (1.16). This 

mechanism is a focus of Chapter 3 of this dissertation. Specifically, this reaction is studied 

using Raman spectroscopy and AFM on single crystal NaCl (100) and NaCl powders. In 

addition, the reaction probability of the exposure of HNO3 to NaCl powders is studied 

using Raman spectroscopy. Spectroscopic results were coupled with computational 

simulations as a function of NaN03 surface coverage. These data were used to gain 
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insight into the chemical structure of the NaNOj-capped NaCl surface as a function of 

NaNOj surface coverage. The role of HjO in this system was studied by acquiring Raman 

spectra after HjO exposure of NaNOj-capped NaCl powders. 

Several other reactions of NaCl with nitrogen oxides are shown below: 

NaCl(s) + 2N0,(g) NaNOjCs) + ClNO(g) (1.17) 

This reaction, like (1.16), forms a NaNOj capping-layer in the absence of surface bound 

Two additional NaCl reactions with nitrogen oxides have been less studied:'" 

NaCl(s) + N.05(g) NaN03(s) + ClN02(g) (1.18) 

Erickson has estimated that this reaction adds 0.06 x 10'" g of CINO, to the troposphere 

per year. 

NaCl(s) + ClONOn(g) NaN03(s) + Cl2(g) (1.19) 

This reaction forms CU, a photolytic compound in the troposphere (see below). Recent 

studies have coupled observations with computational simulations to predict the amount 

of haiide reacted in sea salt aerosols as a function of time and position."^ These studies 

have shown that in certain areas, a large percentage of nitrogen oxides in the atmosphere 



58 

react with sea salt aerosols. For example, in remote areas, virtually all of the HNO3 

present reacts with NaCl, as shown in reaction (1.16).'^® It has been estimated that 7.6 x 

10'- g of HCl are added to troposphere through reactions (1.16) and (1.20).'" This value 

is sufficient for a global HCl flux of 1-300 mg HCl m" yr ' across the troposphere.'^® 

In addition to the reaction of NaCI with nitrogen oxides, the reaction with H^SO^ 

has been previously studied. As shown in reactions (1.13)-(1.15), H^SO^ is formed 

through the oxidation of S02(g). It has been hypothesized that the reaction of NaCl with 

H2SO4 forms Na2S04 and 2HC1, as shown below:' 

NaCl(s) + H2S04(1) -= Na2S0,(s) + 2HCl(g) (1.20) 

Ten Brink studied this reaction using mass spectrometry.'^ However, ten Brink assumed 

that reaction (1.20) occurred during H2SO4 exposure to NaCl. A secondary reaction 

pathway that may occur is shown below: 

NaCl(s) + H2S04(1) HCl(g) + NaHS04(s) (1.21) 

Mass spectrometric techniques are insensitive to the final solid-state products formed in 

such a reaction. Thus, the products formed in the reaction between NaCl and H^SO^ are 

not known explicitly. Chapter 4 of this dissertation focuses on the reaction of NaCl with 

H2SO4 using Raman spectroscopy, atomic force microscopy (AFM), and gravimetric 
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analysis to determine the products formed in this reaction, its mechanism, and how much 

HCl is released. Raman spectroscopy is a technique that allows direct interrogation of the 

products formed and their crystallographic phases. Mechanistic insight into the pathways 

by which these phases form on the NaCl surface are ascertained using AFM. 

A second study of SO3 and sea salt chemistry is described in Chapter 6 of this 

dissertation. This work was undertaken to elucidate the affect of H2SO4 formation and 

reaction on the NaCI surface as a function of HjO surface coverage. HjO is an important 

component in the sea salt reaction chemistry. 

Sea Salt Particulates and Surface-Bound H-,0 

Depending on the relative humidity, sea salt aerosols can be composed of solid 

particles or brine solutions.'' The phase (solid or liquid) of these aerosols is dependent 

upon the HjO adsorption isotherm of the complex sea salt matrix. Assuming that the 

surface of sea salt particles is composed of NaCI, the phase of the sea salt aerosol is based 

of the effluorescence and deliquescence behavior of NaCI. Efflourescence is defined as 

the relative humidity (RH) at which point sufficient HiO desorbs from the aerosol for 

precipitation of the salts in solution to form a solid particulate. Deliquescence is defined 

as the RH at which HiO adsorbs onto a solid particle surface to form a solution on the 

solid surface. If a soluble particle resides in an environment in which the RH is above the 

deliquescence point for a sufficient time, the particle will take up enough H^O to 

completely dissolve the particle to form a solution. 
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The deliquescence RH for NaCl is 75.3 %, and the effluorescence point is ~ 62 % 

RH." Therefore, these particulates will contain HiO at nearly all RH in the troposphere 

and will have outer solution layers at RH > 62 percent. The important role of HiO in 

reactions (1.16), (1.20). and (1.21) will be discussed in Chapters 3,4, and 5 of this 

dissertation, respectively. 

The series of sea salt reactions shown above, the global oceanic cycles, and the 

local meteorology are all closely coupled to the regulation of trace gases in the 

atmosphere. This coupling makes it difficult to predict gas concentrations over a temporal 

and spatial scale with great precision. 

In addition to sea salt particulates, other halogen compounds are formed in the 

troposphere from the chemical degradation of halogenated organic species produced from 

biological and anthropogenic activity. Natural sources of halogenated organic compounds 

found in the troposphere are methyl halides (CHjCl, CHjBr, CHjI), as well as 

polyhalogenated gases (CHBrj, CHjBr^). These species are formed from biomass burning, 

as well as through the chemical degradation of human refrigerants such as 

chlorofluorocarbons. 

Gas Phase Tropospheric Halogen Chemistry 

Once added to the troposphere, organic halogens are broken down to atomic 

halogens by photolysis, or by attack from -OH, as shown below:" '" 



CHjCKg) + OHCg) - CHXKg) + HjOCg) (1.22) 

•CH.CKg) + 0.(g) + M(g) CH,C10v(g) + M(g) (1.23) 

CHX10, (g) + NO(g) - NO,(g) + HCHO(g) + Cl(g) (1.24) 

The formation of atomic halogen species is coupled to gas phase organic 

compounds that are important in the regulation of tropospheric O3 through the following 

chemistry:""' 

C^H^Cg) + Cl(g) - HCl(g) + QHsCg) (1.25) 

•C,H5(g) + 0,(g) + M(g) - C,H50,(g) + M(g) (1.26) 

C^HjO^Cg) + NO(g) - NOoCg) + C,H50(g) (1.27) 

CMsOig) + 0,(g) - CHjCHOCg) + HOjCg) (1.28) 

Formation of-HO, allows for reactions (l.3)-(1.5) in the presence of NO to form 

tropospheric O3. Gas phase HCl is attacked by OH to lead to atomic chlorine by:'" 



62 

HCl(g)+0H(g)-Cl(g)  +  H,0(g)  (1.29) 

Reactions (1.22)-(l.29) are an autocatalyic cycle that couples halogenated organic 

compounds  wi th  the  regula t ion  o f  t ropospher ic  O3 and  NO,  spec ies . ' '  

Analogous reactions also occur with tropospheric bromine. However, atomic 

bromine and HBr are not as water-soluble as chlorine compounds." Therefore, in spite of 

lower concentrations than chlorine compounds, bromine species play an active role in 

tropospheric chemistry. It is has been shown that both atomic chlorine and bromine can 

directly destroy tropospheric O3 by:"^'^ 

Subsequent reactions (see below) can regenerate the atomic halogens.'^' Thus, 

depending on the relative concentration of O3 and organic compounds, halogens may 

contribute to either ozone formation or destruction. 

A number of field studies have shown the presence of halogens in marine areas.' 

Indirect studies have inferred halogen atom concentrations in the marine boundary 

layer from the concentration of organic compounds that react with halogen atoms as well 

as -OH. Peak concentrations in the range of 10''-10® CI atoms per cm^ are derived from 

Cl(g) +03(g)-C10(g) + 0,(g) (1.30) 

Br + 03(g) BrO(g) + 02(g) (1.31) 
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several such studies; the atomic chlorine concentration averaged over the entire 

troposphere is much smaller.'^' Tetrachloroethane has been used as a probe for global 

tropospheric CI, since it reacts rapidly with CI as opposed to OH.'The global 

concentration of this compound is consistent with globally-averaged tropospheric CI 

concentrations of 10^ CI atoms per cm\' Using these studies, peak CI concentrations of 

10"* CI atoms per cm^ are predicted to occur in the marine boundary layer.Thus, some 

unknown reactions must generate significant quantities of CI and perhaps chlorine-

containing precursors. 

As shown in reactions (1.25) and (1.29), HCl evolved from sea salt particulates 

participates in the regulation of tropospheric NO^, O3, and gas phase organics. In addition 

to this source of atmospheric chlorine, Cli, CINO,, and CINO are photolyzed (at < 400 

nm) in the troposphere to form free atomic chlorine."'^ Thus, each of the products 

derived from sea salt reactions may participate in tropospheric chlorine reaction chemistry. 

Sea Salt Coupling and Tropospheric Arctic 

Ground-based measurements have shown that surface O3 is rapidly depleted at the 

sunrise in the polar Arctic.This region is under darkness for approximately one-half 

of the year. The sunrise occurs in April of every year, and over the course of several days, 

the surface O3 concentration is rapidly reduced to nearly zero. The removal of O3 is 

extensive both horizontally and vertically to a height of nearly 2 km. Analysis of particles 
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has shown an anticorrelation between gas phase O3 and bromide collected on filters.'^®""" 

This relationship suggests that O3 destruction is due in part to the formation and reaction 

of gas phase bromine atoms. Various reaction mechanisms for the activation of bromine 

compounds have been hypothesized. However, gas phase measurements of bromine 

compounds are insuflBcient to account for the rapid O3 destruction observed. Several 

studies have proposed that the mechanism involves sea salt particles (containing 0.19 % 

Br by mass) that deposit on the surface of the pack ice over the long polar night-time, with 

a chain reaction initiated by photolytic reactions at the polar sunrise.'^^"° 

Such photolysis would rapidly form Br atoms that react with O3 as shown in 

reaction (1.31) to produce OBr. HOBr is formed from OBr through reaction with 

.H0,:'7M.79 

BrO(g) + •HO.Cg) - HOBr(g) + 0.(g) (1.32) 

The adsorption of HOBr on sea salt deposited on the surface of the pack ice is 

responsible for the rapid destruction of polar O3 through the following series of 

reactions:'^®"'®" 

HOBr(aq) + Br"(aq) + H'^(aq) - Br2(g) + HiOCaq) (1-33) 

HOBr(aq) + Cl(aq)BrCl(g) + H,0(aq) (1.34) 



BrCl(aq) + Br"(aq) - BfjCIXaq) 
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(1.35) 

BrjClXaq) - Br2(g) + Cr(g) (1.36) 

Br, generated in reactions (1.33) and (1.36) is subsequently evolved into the 

troposphere where it is rapidly photolyzed in the Arctic daylight to form Br atoms. 

Atomic bromine is able to quickly destroy O3 through reaction (1.31) to form OBr, where 

it is recycled in reaction (1.27). 

It is proposed that the source of Arctic Br arises from sea salt accumulated on the 

pack ice during the dark wintertime months. The Br:Cl molar ratio in sea water is 

1:660.'^^ A similar ratio is expected in corresponding sea salt aerosols. The relative 

abundance of CI suggests that the surface of sea salt particles will be composed primarily 

of NaCl. However, surface segregation of minor species has been observed in many 

systems and may play a role in this chemistry. Thus, the surface concentration of Br on a 

sea salt particle may predict the release of gas phase bromine more accurately than the 

bulk salt concentration. 

Ghosal et al. have studied the surface of a NaBr-doped NaCl crystal with a bulk 

molar ratio of 1:14 (~ 50 times higher than found in sea water) grown from a melt.'" 

Using x-ray photoelectron spectroscopy (XPS), the bulk Br:Cl was observed immediately 

after cleaving the crystal. The ratio increased to 1:1 after exposure of the surface to H^O 

vapor for several hours. These observations suggest that NaBr segregation may be 
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enhanced at the surface of sea salt particles.'" However, the large bulk NaBr;NaCl used 

in the study of Ghosal and growth of the crystal from a melt only marginally mimics the 

process of sea salt particle formation in the atmosphere. To better determine the 

accessibility of bromine in sea salt matrices to atmospheric gases. Chapter 8 of this 

dissertation focuses on the segregation ofNaBr in NaCl crystals grown from aqueous 

solutions at Br:Cl that mimic those found in bulk sea water. 

Chemistry of the Stratosphere 

The chemistry of the stratosphere is dominated by regulation of The 

maximum O3 concentration is ~ 4 x 10'" molecules per cm^ at 25 - 30 km above the 

surface. At STP, the amount of O3 in the stratosphere is sufficient to form a layer of O3 

that is ~ 3 mm thick uniformly around the earth. This layer is responsible for the 

absorption of the majority of the UV radiation from reaching the earth's surface. Recent 

investigations have observed a decline in O3 concentrations in the polar regions. Molina, 

Rowland, and Crutzen have shown that this reduction is linked to chlorofluorocarbons 

emitted from man-made sources over the past several decades." ' ̂  ' ^ 

The remaining portion of this chapter is dedicated to the processes that regulate 

stratospheric O3 chemistry. Much of this chemistry is dictated by surface reactions that 

occur on the surface of small ice crystals in the stratosphere. This chemistry will be 

discussed in the following sections. 
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Stratospheric O3 Formation 

Molecular oxygen is dissociated in the mid-stratosphere by sub-242 nm light to 

atomic 0 where it rapidly reacts in the presence of 0, and a third molecule (M), as shown 

below:'-'-'-^^ 

0(g) + 0,(g) + M(g) ^ 03(g) + M(g) (1.37) 

Reaction (1.37) is the only reaction in the stratosphere that produces O3. The majority of 

stratospheric O3 is formed in the tropical regions and is transported throughout the 

stratosphere. 

O3 strongly absorbs between 240 - 320 nm to decompose back to O, and O:'^^ 

03(g)+ hv^ 0(g)+ 0,(g) (1.38) 

In addition to (1.38), O3 can react with atomic 0 to form two molecules of O,, as shown 

below; 

03(g) + 0(g)-0,(g) + 0,(g) (1.39) 

Reactions (1.37) - (1.39) were proposed by Chapman in 1930 as the mechanism of O3 
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formation and decomposition in the stratosphere."^ This mechanism requires that the rate 

of reaction (1.37) be faster than reactions (1.38) and (1.39). Until the early 1970's, 

reactions (1.38) and (1.39) were believed to regulate O3 concentrations. Crutzen and 

Johnson determined that the rate constant of reaction (1.39) was much lower than 

determined by Chapman.' They proposed that the O3 concentration was controlled 

by a second series of reactions that involves a catalytic cycle:' 

X(g) +03(g) ^XO(g) +03(g) (1.40) 

X0(g) + 0(g)^X(g) + 0,(g) (1.41) 

where X is H, OH, NO, CI, or Br. The net reacion of reactions (1.40) and (1.41) is the 

destruction of O3 through a catalytic cycle in which X is regenerated.' Therefore, a 

small concentration of X can regeneratively destroy O3 until X is removed from the 

stratosphere. 

Chlorine Chemistry and O3 

As shown above, chlorine-containing compounds are implicated in O3 destruction. 

Chlorine compounds are added to the stratosphere naturally through volcanoes and 

tropospheric transport."-'^'Over 90 % of chlorine in the stratosphere is in the 

form of HCl and ClONOj." These compounds are termed chlorine reservoir species. 
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Each of these compounds can be transformed into atomic CL, as depicted in Figure 1.4. 

CIONOT is photolytic between 308 and 364 nm, as shown below:" '^-

C10N0,(g) + hv ^ ClO(g) + NO,(g) (1.42) 

This reaction forms two products that may destroy O3, CIO and NO,. CIO is reactive in 

the presence of atomic 0 to form atomic CI. The formation of free atomic CI in the 

stratosphere can readily decompose O3 through the following cycle:"'"-

Cl(g) + 03(g) ^ ClO(g) + 03(g) (1.43) 

ClO(g) + 0(g) ^ Cl(g) + 0.(g) (1.44) 

The net reaction of (1.43) and (1.44) is the decomposition of O3, and the regeneration of 

the CI catalyst: 

03(g) + 0(g)-0,(g) + 0,(g) (1.45) 

Reactions (1.43) and (1.44) are proposed to be the principal source of the majority of O3 

destruction in the stratosphere." ' 

Molina and Rowland showed an additional source of stratospheric chlorine has 
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Stratospheric CI reservoir species and role of O3 in 
interconversion. Adapted from reference 1.1. 
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been added through the release of man-made chlorofluorocarbons (CFCs) that have 

shifted the equilibrium of stratospheric O3 concentrations.'^'^' Recent observations 

have shown that O3 concentrations have been declining over the polar regions where O3 is 

hindered from being regenerated by atmospheric vortices.'" 

CFCs are inert compounds that are not taken up by HjO, and thus, have 

atmospheric lifetimes that allow their migration from the troposphere to the stratosphere. 

Several studies have shown that over time all of the CFCs produced will eventually reside 

in the stratosphere.""''""'"^ Photodissociation of CFCs in the stratosphere is facile at 

wavelengths between 185 and 210 nm, a spectral region in which there is no O3 

absorption, as shown below:'" 

CFCl3(g) + hv - CFCl,(g) + Cl(g) (1.46) 

Reaction (1.46) is a source of free atomic CI. It has been estimated that a single CI atom 

can destroy 10^ O3 molecules through reactions (1.43) and (1.44) before removal from the 

stratosphere." Thus, a slight perturbation in the flux of stratospheric chlorine can 

drastically reduce the O3 concentration. 

Analogous destruction cycles liave been tbund for NO^ compounds. In the case 

of O3 destruction by NO, NO^ compounds are retained in the stratosphere by two 

reservoir species, N2O5 and HNO3." '" These two compounds are closely coupled 

through the following reaction:'^^ 



N205(g) + H,0(g)^2HN03(g) 
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(1.47) 

In addition to gas phase O3 destruction, stratospheric HNO3 chemistry is important in the 

formation of surfaces on which N0„ CI, and O3 concentrations are all coupled. This 

chemistry is the focus of the next section. 

Polar Stratospheric Clouds 

Molina showed that gas phase reactions of O3 destruction were not sufiBcient to 

account for the observed O3 decline.'^ '^ '" It was proposed that reactions that regulate 

O3 occur on polar stratospheric cloud (PSC) particle surfaces. In the polar stratosphere, 

the low solar flux can reduce the temperature to 183 K." This temperature is sufficient to 

condense the small amount of H^O vapor and other condensable species to form 

suspended ice crystals. The stratosphere contains three compounds that have a sufficient 

concentration to nucleate and form ices. These compounds are HiO, HNO3, and H2SO4. 

In the lower stratosphere, H2SO4 aerosols (~ 75 % H2SO4 by mass) nucleate to 

form ~ 200 nm particles with an average number density of 1 -10 particles per cm\""® 

The average temperature of the stratosphere in this region is 220 K, and is insufficient to 

freeze H2SO4. As the temperature drops to ~ 195 K, these particles absorb more HjO 

until they are composed of ~ 40 % H2SO4 by mass.""' Once H2SO4 has nucleated, these 

particles can uptake HiO and/or HNO3 to form larger and more complex aerosols. 

Studies have shown that H2SO4 serves as the primary nucleation site for the formation of 
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PSCs once the temperature falls below 195 This temperature is very close to the 

freezing points of these particles (see below). At this point, sufficient HjO and HNO3 is 

absorbed by HjSO^ to form a particle that is primarily HjO and/or HNO3. The amount of 

HjO and/or HNO3 absorbed by these particles is dependent upon the partial pressure of 

each compound and the temperature. 

At 190 - 195 K, these particles freeze to form PSCs. PSCs have been classified 

based on their composition, termed Type I and II." Type I PSCs have been further sub

divided into Type la and lb. Type la PSCs are composed of nitric acid trihydrate, HNO3 • 

3 HiO (NAT), and freeze below 195 K.'" Type lb PSCs are composed of ternary 

solutions of H2SO4/HNO3/H2O, and have a similar freezing point to Type la PSCs. Type 

n PSCs are composed of crystalline HjO ice."'^ H^O nucleates and freezes at 188 -190 

K in the stratosphere. Thus, at the temperature of Type II PSC formation, HiO uptake 

and freezing of Type I PSCs is facile and may be favored over Type II formation. 

There has been significant work on the formation of PSCs. It is proposed that 

H2SO4 absorbs H2O and HNO3 to form a ternary H2SO4/HNO3/H2O solution.""^ As the 

temperature of the stratosphere decreases, the amount of H2O and HNOj taken up 

accelerates. Thus, the resulting solution is highly diluted in H2SO4 to form an aerosol that 

is primarily composed of a binary HjO and HNO3 solution. This mechanism is proposed 

to form the thermodynamically stable NAT. The freezing behavior of Type la and lb 

clouds is dependent upon the relative amount of H2SO4, HNO3, and H2O in solution. 

Koop et al. has shown that frozen PSCs can melt after the absorption of additional 
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HNO3."' Thus, the exact nature and phase (solid or liquid) is highly dependent upon the 

local atmospheric conditions of the PSC. 

Polar Stratospheric Clouds and O3 Chemistry 

Several studies have shown that the rates of gas phase reactions are insufficient to 

regulate stratospheric Thus, it has been proposed that heterogeneous reaction 

chemistry on PSC surfaces may play a significant role in O3 destruction. Based on the 

previous studies, reactions (1.43) and (1.44) are hypothesized to be the principal cycle of 

O3 regulation."'"" PSCs promote the formation of active chlorine species from chlorine 

reservoirs. Chlorine is activated by HCl adsorption on PSC surfaces. The solubility of 

HCl in H2SO4 PSCs is low." As the stratospheric temperature drops below 200 K, the 

uptake of HjO in PSCs increases and promotes the adsorption of HC1."°° After HCl 

adsorption, photolytic CI, is formed by reaction with ClONO,, as shown 

0^.1.1.1.7,1,91.1.92.1.100 

HCl(s) + C10N02(s) CU(g) + HN03(s) (1.48) 

where (s) denotes an adsorbed species on the PSC surface, 

fecile formation of active chlorine in the polar stratosphere, 

the PSC surface. 

Reaction (1.48) is the most 

CU is rapidly released from 
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HNOj remains condensed in reaction (1.48) on the PSC surface, and is an 

important removal process for nitrogen oxides in the stratosphere." HNO3 removal 

facilitates O3 destruction by inhibiting the formation of ClONO, from CIO according to 

reaction (1.49): 

ClO(g) + NO,(g) + M(g) C10N0,(g) + M(g) (1.49) 

Type I PSCs, a sink for NO, compounds, are removed from the stratosphere after 

sufficient HNO3 adsorption increases the mass of the ice crystal to promote fallout into the 

troposphere."""' 

The overall reactions for O3 destruction on PSCs surfaces are shown below; 

Cl2(g) + hv^2Cl(g) (1.50) 

2[Cl(g) + 03(g) - ClO(g) + 0,(g)] (1.51) 

Thus, the net reactions:""^ 

HCl(s) + NO,(g) + 203(g) ClO(g) + HN03(s) + 20,(g) (1.52) 



ClONOj can also be hydrolyzed on the PSC surface to form hypochlorous acid. 
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ClONO^Cs) + H,0(s) ^ HOCI(s) + HNOjCs) (1.53) 

This reaction forms a soluble, reactive intermediate, HOCl. HOCl may react with 

adsorbed HCl on the PSC surface to yield;""' 

Thus, reactions (1.48) and (1.54) form reactive chlorine species. However, the formation 

of volatile C^g) in reaction (1.48) is proposed to result in the majority of active chlorine 

released in the stratosphere." 

The complex, coupled NO, and CI cycles of stratospheric O3 destruction are 

shown in Figure 1.5. These cycles require specific atmospheric conditions for the 

destruction of O3. The two fundamental requirements for O3 destruction in the 

stratosphere are temperatures below 200 K to facilitate the formation of solid surfaces and 

sunlight to promote photolysis of chlorine. These conditions are typically found in the 

polar regions. HCl and CIONOT adsorb on PSC surfaces during the dark, cold winter 

months in these regions. O3 destruction is initiated during the polar springtime at the 

onset of the solar flux. 

HOCl(s) + HCl(s) Cl,(g) + H,0(s) (1.54) 
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Figure 1.5 Total cycle of stratospheric O, destruction. Adapted 
from reference 1.1. 
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Reactions such as (1.54) that occur on PSCs are dictated by the interaction of the 

surface with an adsorbate. The structure of these interfaces is important in understanding 

the fundamental mechanisms of these reactions. Several studies have been undertaken to 

better understand these surfaces.""^"'' For example, the interaction of crystalline HjO 

ice with HNO3 and HCl has recently been studied by Livingston and George using laser-

induced thermal desorption (LITD)."'"""" These studies have shown that small amounts 

of surface adsorbates can perturb or stabilize ice films when compared to pure crystalline 

HjO ice layers. A dramatic efiFect on the desorption behavior of H^O has been observed 

that is highly dependent upon the nature of the surface adsorbate.For example, 

the HiO desorption rate is two times larger when HCl is adsorbed onto crystalline H^O ice 

versus pure crystalline HjO ice. It has been proposed that HCl adsorption on crystalline 

HiO ice disrupts the ice lattice, and enhances diffusion within the ice film."'®""" On the 

other hand, at sub-monolayer surface coverages, HNO3 stabilizes crystalline H^O/DiO ice 

layers by decreasing the HDO diffusion constant in ice by 30 - 70 times relative to its 

value in crystalline HjO ice. HiO desorption from HNOj-adsorbed ices is 10 times smaller 

than for adsorbed HCl."'"""" Additionally, HNO3 follows a separate desorption profile 

than HjO on these films. These observations suggest that there is significant interaction of 

HNO3 with HiO in the film, and competition between desorption and difiusion into the 

underlying ice film."'"'"" These data show that surfece interactions on HjO ice films 

alter bulk thermodynamic properties, and that small amounts of surface adsorbed species 

may facilitate or hinder the formation of PSCs. 
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Chapter 10 of this dissertation was undertaken to elucidate the interaction of 

HNO3 and ClONOi with crystalline H^O ice. As described above, previous work has 

shown that HNO3 significantly stabilizes the crystalline HiO surface. However, these 

studies suffer from the inability to ascertain the molecular environment of the ice prior to 

film desorption. 

To date there have been far fewer investigations of ClONOj and crystalline H^O 

1.106,1107,1.109 ^ g means to this end, Raman spectroscopy was used for the direct 

determination of the interaction of HNO3 and ClONO, with crystalline H1O ice as a 

function of surface temperature. 

Research Objectives of this Work 

The goals of this work are focused on the study and elucidation of surface 

properties specific to interfacial atmospheric chemistry. As noted, the role of surface 

chemistry in specific atmospheric processes is an important factor in the formation and 

regulation of trace atmospheric compounds. This work is centered around the reaction 

and surface chemistry of alkali halides and PSCs. 

Specific goals of the research include: 

1.1 Investigation of the growth and orientation of NaNOj on NaCl in the reaction 

between NaCl and HNOj using Raman spectroscopy and atomic force microscopy 
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(AFM). 

1.2 Determination of the products formed in the reaction between NaCl and H^SO^. 

In addition, elucidation of what factors govern the formation of the various 

reaction products. 

1.3 Investigation of the products formed in the reaction between NaCl and SO3, an 

atmospheric H;S04 precursor, as a fimction of H,0 surface coverage. 

1.4 Quantitative and qualitative determination of Br segregation in NaCl/NaBr crystals 

grown from solution. 

1.5 Determination of relevant factors in PSC surface chemistry; specifically, using 

vibrational spectroscopy for the characterization of HNO3/H2O ice thin films in 

UHV. 

1.6 Modeling the interaction of CI reservoir compounds with PSC interfaces. This 

initial study models the interaction of ClONOj on ice thin films. 

Several other studies were undertaken in this work and are not described in the 

above research goals. However, these findings are described in detail in this dissertation. 
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Chapter 2 

Experimental 

This chapter provides a detailed description of the instrumentation, materials, 

chemicals, and methodologies used in the acquisition of data in this dissertation. For 

clarity and organization, the experimental section of this chapter is divided into a) alkali 

halide studies, and b) ice studies performed in ultrahigh vacuum. 

Materials 

NaCl (> 99.999%) was obtained from Aldrich and Spectrum chemical companies. 

These samples were recrystallized prior to analysis (see below). NaCl (100) was obtained 

from International Crystal Laboratories (Optical quality NaCl (100), Garfield, NJ) This 

crystal consisted of a I cm x I cm x 5 cm NaCl (100) block, single crystal that was freshly 

cleaved in ambient prior to each experiment. NaBr (> 99.9%) was obtained from Aldrich 

chemical company. 

HNO3 (90 wt%) and H2SO4 (96 wt%) were obtained from Aldrich and were stored 



in a desiccator. Dry HNOjCg) was prepared from a 1:1 HN03:H2S04 solution. In some 

cases dry HNO3 was prepared by distillation of a 1:1 HN03:H2S04 solution (see below) 

under house vacuum. SOjCs) was purchased from Aldrich chemical company. Chlorine 

monofluoride (CIF) was obtained from Advanced Research Chemicals (Caloosa, OK). 

NHjCg) was purchased from Air Products. Ag (II1) (99.999%, 1.25 cm diameter) was 

obtained from Goodfellow. HjO (18.2 MQ) was obtained from Millipore. 

Crystal Growth and Synthesis 

NaBr/NaCl Crystals 

Crystals of varying of NaBr .NaCl ratios were grown from aqueous solution over 

the course of several days at ~ 55 °C. Each crystal was grown in a covered 20 mL 

scintillation vial using 5.00 mg ofNaCl and 6.50 x lO"' to 1.96 x 10 " g NaBr in 18.2 

water. Geochemists over the past twenty years have studied the distribution coefficient 

(D) of NaBr and NaCl between the solid phase and solution."®"* '• This previous work 

showed tb.at NaBr/NaCI crystals, grown by precipitation from aqueous solution, have a 

Br/Cl mass ratio ofO.14/1 compared to that of the solution phase.^ The D for this 

system is valid only under conditions of NaBr:NaCl crystal growth at, or near equilibrium. 

Such conditions were supported in this study by not supersaturating the solution, ensuring 

that dust did not reach the solutions, and not stirring or moving the solutions during 

crystal growth. 

Using D for this system, NaBr-doped NaCl salts with a range of NaBr:NaCl molar 
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ratios can be precipitated from solution. This protocol produced large (0.25 -1 cm"), 

well-defined, optically transparent crystals with a bulk Br:Cl ratio ranging from 1:9803 to 

1:337. This ratio spans the Br:Cl ratio of sea water (1:660).^^ Each crystal was evident 

after - 36 h, and was allowed to continue to grow for an additional 36 h after which time, 

the crystal was removed from solution and quickly dried and stored in a desiccator at 

ambient conditions. 

a-NaHS04 and p-NaHS04 Preparation 

P-NaHSO, 

Sonneveld and Visser produced P-NaHS04 by heating H^SO^ and Na2S04 in a 1:1 

molar ratio at 120 °C for 24 h. These reaction conditions were initially used in this study 

and resulted in a small, ~ 30% yield of P-NaHS04, and a significant amount of unreacted 

Na2S04. Thus a new synthesis of, P-NaHS04 was developed by mixing NaCl and HjSOj 

in a I: I ratio at room temperature, as shown below: 

NaCl(s) + H,S04(1) ^ p-NaHS04(s) + HCl(g) (2.1) 

This route produces pure p-NaHS04 as evidenced by Raman spectroscopy. 

a-NaHS04 was prepared by the dehydration ofNaHS04 • HiO at 120-140 °C for 

24 h. 
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ClONO, Synthesis 

ClONO, was synthesized using the procedure developed by Schack.^' ClONOn is 

explosive on contact with HjO and organic materials. It is an EXTREMELY 

DANGEROUS compound, and great care should be used at ALL times during its 

synthesis and handling. This synthesis route uses anhydrous HNO3 and CIF to produce 

ClONO, through the following reaction; 

HNO3 + CIF - CIONO, + HF (2.2) 

Anhydrous HNO3 was prepared by double distillation of a 1:1 HNOjtHjSO^ solution. 

HNO3 prepared in this manner was stored in a desiccator prior to use. 

A stainless steel preparation chamber was built for this synthesis, shown in Figure 

2.1. This chamber consists of 1 in. (i.d.) 306 stainless steel fittings (Duniway Stockroom 

Corp, Hayward, CA) separated by 0.25 in stainless steel Nupro valves (Swagelok Inc.) 

For clarity, these valves are denoted as /, II, ///, and /Fin Figure 2.1. ClONO, was 

prepared in the stainless steel synthesis reactor portion of the chamber, denoted as a in 

Figure 2.1. After preparation, ClONO, was dynamically transferred into a sealed-end glass 

ampule (1.33 in UHV fitting, Kurt Lesker), denoted by 6 in Figure 2.1. Thus, exposure of 

HF to glass was eliminated. The pressure of the chamber was monitored by a 

thermocouple gauge (DST -531, Duniway Stockroom Corp) in a 1.33 in 4-way cross. 

Small amounts (~ 30 x 10"^ Torr) of CIF were introduced into this 4-way cross. As noted 
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by the positions of the valves in this chamber, this area could to be completely isolated 

from the synthesis reactor. Thus, the amount ofClF introduced could be carefully 

controlled. 

In this preparation, HNO3 (0.5 mL) was placed into the bottom of the stainless 

steel synthesis reactor, denoted as a in Figure 2.1. The synthesis reactor was cooled to -

193° C using LN,, and was pumped down to ~ 5 x lO"' Torr by opening valves 11, III, and 

IV. The reactor was warmed to -78° C (dry ice/acetone). Valves II, III and IV were 

closed and a small amount of CIF (30 x 10'^ Torr) was introduced into the 4-way cross 

vessel by opening valve I. Valve II was opened. This introduced HNO3 to CIF, and 

C10N02(s) was formed, as noted by the reduction in pressure to ~ 5 x 10"" Torr. Valve II 

was closed and CIF (30 x 10'^ Torr) was subsequently re-introduced to the 4-way cross 

section. Valve II was then re-opened to introduce CIF to HNO3. This process was 

repeated until the pressure did not drop to the base pressure (- 5 x 10'^ Torr). As this 

point, it was assumed that the reaction was complete. 

CIONO2 was transferred to the glass ampule by cooling the trap to -95° C (dry 

ice/toluene) and opening Valves ///and IV. This rapidly transferred and condensed 

ClONOi in the bottom of the ampule. The ampule was freeze/pumped/thawed several 

times to remove potential impurities (HF, CIF) from the product. The ampule could to be 

detached from the chamber at -95° C, as denoted in Figure 2.1, by closing Valves III and 

IV. Using this procedure, the ampule was coupled to the UHV dosing assembly. 
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Alkali Halide Experimental Section 

NaCl Recrvstallization 

Powdered NaCl was recrystalilzed from a saturated solution in 18.2 Mfl H^O at 

100 °C. At this point, the solution was placed in an ice bath and 0 °C ethanol (200 proof 

absolute, Aaper alcohol and chemical company, Louisville, KY) was quickly added to the 

solution. NaCl readily precipitated after ethanol addition. The solution was covered with 

a watch glass and kept at 0 °C for ~ 18 h. The solution was vacuum filtered and washed 

with 0 °C ethanol. The collected solid was dried at ~ 120 °C to remove any residual 

solvent. This lower temperature heating is important to eliminate carbon contamination of 

the NaCl powder. Direct heating of the powder at temperatures higher than 120° C 

produces significant organic impurities that are hypothesized to be surface adsorbed 

material from the combustion of residual ethanol. After heating the powder at ~ 120° C 

for several hours, the powder was heated and stored at 550° C to remove surface-bound 

H,0. 

Characterization of NaCl Powders 

Scanning electron microscopy (SEM) of the recrystallized NaCl used in this study 

shows well-defined cubes with 7-10 ^m sides with angled comers, shown in Figure 2.2. 

The surface crystallinity of NaCl is known to be influenced by the conditions under which 

precipitation is initiated. The (100) crystal face is the lowest energy surface and is 

preferred upon recrystallization. Other low index feces are possible under conditions of 



Figure 2.2 SEM images of recrystallized NaCI powder, a) Large image, b) zoomed in 
area. 
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fast precipitation and/or upon addition of organic solvents to the recrystallization solution. 

Based on the SEM of the NaCl used here, the cube faces consist of (100) planes with 

comers cut at 45° resulting in (111) faces. The micrographs indicate that ~75 % of these 

surfaces are NaCl (100) with the remaining -25 % NaCl (111). 

NaCl surface area was determined with a Brunauer-Emmett-Teller (BET) isotherm 

analysis. This analysis was performed by Dr. Jani Ingram at the Idaho National 

Engineering and Environmental Laboratory (INEEL) using a Micrometrics Gemini 2360 

BET surface area analyzer and N, as the adsorbing gas. Two separate samples were 

submitted for analysis and the surface area was determined as 805 ± 2 cm'/g. Therefore, 

each sample for Raman spectroscopy consisted of 150 cm" of surface area, or 2.4 x 10 ® 

moles of exposed surface NaCl. 

NaCl Sample Preparation for Raman Spectroscopy 

Static Exposure Experiments 

NaCl was removed from the muflfle ftimace and placed in a desiccator to cool. 

Approximately 0.2-0.4 g of NaCl was placed into a 0.6 cm (o.d.) tube that was sealed at 

one end. The second end of the tube was sealed using a standard NMR cap. To 

minimized exposure with the ambient, this end was subsequently wrapped in Parafilm 

(American National Can) prior to analysis. 
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Flow Cell Exposure Experiments 

NaCl was removed from a muffle furnace and placed in a desiccator to cool prior 

to placement into a Raman sample tube. Approximately 0.2 g of NaCl powder was placed 

in a 6 mm o.d. medium fritted glass tube while the powder was ~ 200 °C. This procedure 

was used to try to minimize H^O adsorption onto the NaCl surface during exposure to 

ambient. The tube assembly was quickly placed into the flow cell and ~ 1 cm^ s' of dry air 

was passed through the powder, see below. This continuous positive pressure was used 

as a means to eliminate the exposure of the sample to ambient conditions. The preparation 

of the NaCI sample and placement into the flow cell required ~ 2 min. 

Exposure of NaCl to Mineral Acids 

Static Exposure Experiments 

NaCl was exposed to HNOj or H^SO^ in a ~ 20 mL mortar. A mortar was used as 

it allowed the sample to be stirred during exposure of solid NaCl to the liquid mineral 

acid. In addition, the mortar was constructed of a chemically inert compound and 

prevented contamination in this chemically harsh environment. After exposure, the mortar 

was placed into a desiccator until the reaction was complete (as determined by cessation 

of HCl evolution). 

Flow Cell Exposure Experiments 

NaCI powder was exposed to HNOj and H2SO4 using several techniques. The 
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exposure of NaCl to HNO3 in the flow cell is described above. A flow cell was 

constructed to acquire Raman spectra of NaCl exposed to HNO3, shown in Figure 2.3. 

This assembly consisted of a 110 L tank of dry air (denoted by a in Figure 2.3) connected 

to a drying tube filled with anliydrous CaSO^ (denoted by 6 in Figure 2.3). A Tygon tube 

was used to connect the dry air to a ~ 75 mL developing jar (denoted by c in Figure 2.3) 

with two ~ 1.5 mm drilled holes in its lid. A ~ 1.5 mm Teflon tube was placed in each of 

the holes and each hole was sealed with Epoxi-Patch on the top and bottom of the lid to 

form a gas-tight flow cell. One end of the flow cell tubing was coupled to the dry air inlet 

and the other tube was connected to a plastic tube coupler (denoted by c/ in Figure 2.3) 

that was cut to fit a 0.6 mm fiitted glass Pyrex flow tube (denoted by e in Figure 2.3). 

The flow tube used was ~ 6 cm long (0.6 cm o.d.) and was placed in the tube coupler and 

sealed around the circumference of the coupler with Parafilm. This assembly made a gas-

tight cell through which headspace was passed over NaCl powder placed in the flow tube. 

A Tygon tube was placed onto the end of the glass fiit (denoted by/in Figure 2.2) and 

attached to a second drying tube that was attached to a Tygon tube that was placed into a 

~ 200 mL recrystallization flask (denoted by g in Figure 2.3) fiUed with HjO. This flask 

served as a trap for HCI generated in this study. 

Reactant headspace gas (HNO3 or H^O) was pumped through at -5x10"^ moles s" 

'. (At this flow rate, the system may not be at equilibrium.) The rate of gas flow was 

determined after each experiment by measuring the time required to evacuate a known 

volume filled with HiO. 



NaCl powder 

Figure 2.3 Flow cell schematic, a) Air tank, b) drying tube containing CaSO^, c) HNO^ 
reservoir, d) tube coupler, e) Raman cell, 0 glass frit, g) H O reservoir. 

•£) to 



The glass cell was positioned in front of the collection optics of the spectrometer 

allowing the same sample volume to be interrogated throughout the experiment. Spectra 

were acquired as a function of time. Gas flow stopped during spectral acquisition to 

minimize exposure of the headspace gas to the powder during spectral acquisition (0.5-2 

min/spectrum). The gas flow rate (1.1 - 1.3 mL s"') was much lower than the headspace 

volume flow (~ 75 mL). It was assumed that the residence time of the gas (60 s) in the 

HNO3 reservoir was sufficient to saturate the flow gas. At these flow rates, 6x10'® moles 

HNO3 s ' (3.6 x 10'^ molecules cm"') and 1 x 10'^ moles HiO s ' (6.0 x 10'* molecules cm" 

^) were delivered to the powder. These flow rates are normalized to the surface area of the 

NaCl and reported throughout in units of moles cm 

NaCl Exposure to H2SO4 Aerosol 

NaCl was exposed to H2SO4 aerosol in an evacuated assembly, shown in Figure 

2.4. This assembly consists of a hot plate (denoted by a in Figure 2.4), and a 200 mL 

beaker filled with sand (denoted by 6 in Figure 2.4). A round-bottom flask (denoted by c 

in Figure 2.4) was placed into the sand bath. This flask was coupled to a custom made 

glass piece with a medium fritted glass at the bottom of the piece (denoted by d in Figure 

2.4). NaCl (~ 0.4 g, denoted by e in Figure 2.4) was placed onto the fritted glass surface. 

A second fritted glass in the neck (denoted by/in Figure 2.4) of this glass piece was 

coupled to the house vacuum. The top of the glass piece was sealed with a ground glass 

stopper (denoted by g in Figtire 2.4). The hot plate was heated to 120° C to form an 
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To vacuum 

Figure 2.4 H,SO^ aerosol generator, a) Hot plate, b) sand bath, c) round-
bottom flask, d) glass-frit, e) NaCl powder, f) glass-frit, g) 
ground-glass stopper. 



H2SO4 aerosol that passed through the bottom glass frit. 
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Exposure ofNaCl (100) to HN03(g) for AFM Imaging 

Two methods for exposure NaCl (100) to HNO3 were used in this study. Initially, 

NaCl (100) was exposed to HNO3 in a sealed ~ 40 mL developing jar for a period of time. 

In later experiments, the reaction was observed in real-time in a gas tight AFM cell on the 

microscope. NaCI (100) was exposed to both HNO3 (90 wt%) and dried HNO3 (1:1 

H,S04:HN03). The average RH of the ambient air during these experiments was ~ 14 ± 

3%, or ~ 3.3 torr H^O. 

Exposure of NaCl (100) to H2SO4 Aerosol for AFM Imaging 

H2SO4 aerosol was created by heating 96 wt% HiSO^ to 110-120 °C in a ~ 1 mL 

vial, as shown in Figure 2.5. NaCl (100) was exposed to this aerosol for a prescribed 

length of time in ambient by removing the top of the vial. 

Raman Spectroscopv Instrumentation 

A Spex 1877 Triplemate spectrometer was used to collect scattered radiation in 

this study, shown in Figure 2.6. Raman spectra were acquired using 125 mW of 514.5 nm 

radiation from an Ar^ laser (Spectra Physics Model 164 or Coherent Innova Model 90-5), 

or a 532 nm radiation from a Coherent Verdi 2 NdrYVO^ laser. A bandpass filter (Barr 

Associates Inc.. Westford, MA) was used to eliminate plasma lines from the Ar* laser 



H,SO^ aerosol generator, a) Hot plate, b) sand bath, c)l mL vial 
. d) H,SO^, e) lid, f) NaCl (100) surface. 
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beam. 

A schematic of this Raman system is shown in Figure 2. 6. A Minolta CI.2 camera 

lens was used to collect scattered radiation at 90° with respect to the incident radiation. 

The spectrometer was used with a 600gr/mm grating in the filter stage and a 1200 gr/mm 

grating in the spectrograph. The entrance slit of the spectrograph was set at 0.5 mm, the 

filter stage slit was set at 7.0 mm, and the spectrograph stage was 75 |am. A Princeton 

Instruments RTE-1100-PB thinned, back-illuminated CCD camera of 1100 x 330 pixel 

format and cooled to -90 °C was used for detection. 

Spectra were calibrated using Ar' plasma lines. Curve fitting of Raman spectra 

was performed using Grams 386 (Galactic Industries Inc.) Peak firequencies and widths 

were not constrained and were fit with a variable Gaussian-Lorentzian peak shape. 

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) images were acquired without any metal or 

carbon coating of the sample surface on a Hitachi S-2460N SEM with an accelerating 

voltage of 20 kV. 

X-rav Dif&action 

X-ray diffiraction (XRD) was performed on a Siemens (Model D500) powder x-ray 

difiractometer in the Geosciences Department at the University of Arizona. The K„ line 

(1.5418 A) firom a Cu source was used for excitation. The diffiaction pattern was 
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collected at 2° min ' from 20° to 50° (20). This width corresponds to lattice d-spacings 

of ~ 4.00 - 1.85 A for this excitation source. Measures were taken to reduce the exposure 

of the sample to ambient prior to analysis. However, the powders were exposed to 

ambient during data acquisition. The relative humidity of the x-ray diffraction lab 

averages ~ 50%. This humidity, coupled with the time required for sample preparation 

and data collection (~ 40 min), hampers the collection of diffraction patterns of 

hygroscopic anhydrous salts. Thus, the pure anhydrous metastable phases of NaHS04 

were not observed in this study. 

X-rav Photoelectron Soectroscoov 

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra 

XPS. A monochromatic Al (Ka) source was used for excitation. The excitation area was 

300 nm X 700 nm. A pass energy of 80 eV was used for full spectrum scans, and was 

reduced to 20 eV for scans of smaller regions. 

Differential Scanning Calorimetrv 

DSC data was obtained using a Perkin-Elmer DSC 7 calorimeter with a heating 

rate of 10 K/min. 

Atomic Force Microscopy 

A stainless steel razor blade and rubber mallet were used to cleave I cm x 1 cm x ~ 
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0.15 cm thick NaCi (100) crystals from the larger crystal. The freshly cleaved side was 

used in all experiments. The quality of the cleaved surfaces produced was highly 

dependent upon the force applied to the rubber mallet during the cleave. High quality, 

optically-transparent, 1 cm x I cm NaCl (100) surfaces were obtained by applying a 

moderate force to the mallet during the cleave. 

The crystal was placed on a ~ 1 cm AFM stub and secured using double-sided 

graphite tape. The NaCl surtace was at times too smooth to make good contact between 

the tape at the AFM stub. Thus, the surface was glued (Devcon, cyanacryiate ester glue, 

fast dry) to the graphite tape to secure the surface to the stub. 

The NaCl (100) surface was placed in the microscope with the (100) plane 

oriented by eye with respect to the image collection plane. The AFM scan angle was 

never altered or rotated with respect to this laboratory axis. With this arrangement the 

NaCl crystallographic lattice is known and can be used as a reference during data 

collection. 

An AFM flow cell was used to control the headspace above the surface. A 

schematic of the system used is shown in Figure 2.7. Thus, controlled aliquots of 

HN03(g) could to be introduced to the NaCl (100) surface. To seal oflF the surface, a 

silicone o-ring was used and prevented large scale (> 10 fim) image collection for long 

periods of time. Thus, only images < 5 nm were collected in these experiments. Two 

lines in the flow cell enabled the controlled introduction of vapors above the NaCl surface. 

In most cases, the amount of headspace introduced was suflBcient to saturate the 
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environment above the sample surface. 

The surfaces were imaged in ambient using contact and tapping mode AFM at 

room temperature. Typical scan rates were 1-4 Hz per image. Oxide-hardened SijN^ 

AFM tips (DNP-S, Digital Instruments, Santa Barbara, CA) were used throughout these 

studies. Each of these cantilevers consists of four AFM tips with variable spring constants 

from 0.06 to 0.58 N/m. All four tips were used in the imaging ofNaCl (100) surfaces. 

The quality of the images obtained in these studies was dependent upon the tip 

shape more than the cantilever spring constant. AFM tip quality was highly variable and 

small tip aberrations were readily observed on the nearly atomically flat NaCl (100) 

surface. The quality of the tip shape was easily determined by imaging freshly cleaved 

NaCl (100). Evidence of step edge shadowing and blurring was indicative of a poor AFM 

tip and another tip was used in subsequent images. In all possible cases, a single AFM tip 

was used for multiple experiments to ensure reproducibility. 

Roughness Determination 

AFM is a technique that can measure height variations on the order of several 

Angstroms. To detect the growth of thin layers of product (e.g. 1-2 monolayers) on a 

surface, it is advantageous for the NaCl (100) surfaces used in these studies to be smooth 

on the atomic level. Two types of surface roughness are observed in imaging NaCl (100) 

surfaces. Large scale roughness features on the order of 10-100 nm are formed if NaCl 

(100) is not cleaved properly. Surfaces with large scale surface roughness could not be 
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used in this study and were discarded. In addition to these features, surface steps that are 

unit multiples of the monoatomic height of NaCl (0.564 nm) were observed on all 

freashly-cleaved NaCl (100) substrates. These features may be due to the nature of 

cleaving protocol used in the these experiments, or inherent defects in the crystal during its 

formation. In these experiments, NaCl surfaces that were nearly atomically flat with a 

low number of atomic steps were sought to reduce the number density of high surface free 

energy sites. However, atomic steps were advantageous in this study, as they were used 

as a reference point to correct for drift in the piezoelectric over the course of an 

experiment. 

To evaluate the roughness of the NaCl (100) surfaces used in this study, the root-

mean-square (rms) roughness was determined for each image collected. Rms roughness is 

defined by referencing an AFM image to a mean (i.e. average) surface level that is defined 

such that 

N 

(2.3) 
i=l 

where and N is the number of points collected across an image, and z, is the height of the 

ith point with respect to the mean surface height. The rms roughness is defined as the 

square root of the mean surface level, expressed as 



RMsJlfz? 
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(2.4) 

A surface with a low rms value has a low variation about the mean surface level 

on the scale of the measurement. AFM is a good method of determining rms roughness 

versus other techniques, as it has the ability to detect height changes on the atomic 

level."" 

The rms roughness was calculated using software from Digital Instruments (Digital 

Instruments, Santa Barbara, CA). Each image was flattened prior to determination of the 

rms roughness. A total of 512 points were measured across 512 lines per image. The 

total rms roughness was the product of the number of points and the number of lines in 

each image, for a total of262,144 points per calculation. 

Computer Simulations 

Computer simulations were performed on a Silicon Graphics Indigo 2 Unix 

workstation using Cerius' version 1.5 (Molecular Simulations Incorporated, San Diego, 

CA). Cerius" is an application in which chemical structures can to be constructed as 

molecules, amorphous solids, and crystalline materials using known molecular parameters 

such as bond distances or crystal structures. The type of structure constructed dictates 

what type of modeling and/or simulation can be performed. 
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A 5 X 5 X 3 NaCl lattice was constructed as an amorphous, ionic solid. By building 

the lattice in this fashion, the charges of each atom can be set, and individual atoms in the 

lattice can be removed. Such properties are not allowed in the construction of crystalline 

materials in Cerius". The ion spacing was set at 0.564 nm, the unit cell spacing of 

crystalline NaCl. Thus, the resulting lattice was the (100) face of crystalline NaCl, and 

had the properties of the ionic solid. After construction of the lattice, the bottom layer 

was fixed to simulate a bulk NaCl crystal underlying the surface. In addition to the 

construction of the NaCl lattice, NOj" was constructed by assigning the charge distribution 

of each oxygen at -1/3 in the ion. Such charge distribution has been determined 

experimentally in previous studies. The N-0 bond distance was fixed at 1.306 A, the 

equilibrium distance in bulk NaNOj. 

After structures were constructed in the visualizing component of Cerius% they 

were imported into the modeling software of the program. The Dreiding 2. II force field 

was used to simulate the interaction of a NOj" ion on the NaCl (100) surface after the 

removal of a surface CI". Dreiding 2.11 is a universal force field in which the total energy 

of the system is determined and minimized in an iterative fashion. This force field allows 

inorganic atoms and ions to be used, and individual atoms can be assigned charges. The 

energy of the system is the summation of several terms, including valence and non-bonded 

terms. The Coulombic interactions in this system are the primary energetic term and are 

included in the Dreiding 2.11 force field. 

Specific parameters used in this study include a 1-3 valence exclusion in NOj". 
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This exclusion maintains the -1/3 charge distribution per oxygen atom on NOj". In 

addition, the O-N-0 angle was fixed at 120°. Previous studies on this system have 

suggested that NOj" is not significantly perturbed fi-om the bulk angle. The Coulombic 

spline-on distance was 0.8 nm, and the cut-ofif distance was set at 0.85 nm. This cut-oflF 

set the end of the Coulombic interaction potential; however, any ion within the 0.8 nm 

envelope was taken into account and was energy minimized. 

Ultrahigh Vacuum Experimental Section 

Description of Surface Characterization Ultrahigh Vacuum Chamber 

As shown in Figure 2.8, experiments were performed in a custom built ultrahigh 

vacuum chamber (designed and constructed by Dr. Pawel Mrozek) consisting of a sample 

preparation chamber and an analysis chamber, separated by a manually operated 6" gate 

valve. This arrangement provides a stable pressure in the analysis chamber. A 300 L s ' 

turbomolecular pump, an ion pump, and two titanium sublimation pumps maintain a base 

pressure of 5 x 10"'° torr; working pressures were seldom above 8 x lO '" torr. The ion 

and titanium sublimation pumps are liquid nitrogen-cooled to remove condensable gases 

(primarily H,0). Samples were mounted onto a 1.25 m, liquid nitrogen-cooled, stainless 

steel cryostat arm that can be translated between the two chambers at temperature. The 

base operating temperature of the arm is < 100 K through continuous flow of LN,. 

Raman spectra may be collected in vacuum by moving the translation arm into a 

glass cell at the end of the analysis chamber, as shown in Figure 2.8. Work fimction. 
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LEED, Auger spectroscopy, and thermal desorption mass spectrometry (TPD-MS) data 

can also to be obtained in the analysis chamber. 

Substrates used in these studies are mounted on a 306 stainless steel stub that is 

placed on a Cu cold finger at the end of the translation arm. The sample temperature was 

measured with a type K thermocouple at the bottom of the cold finger within close 

proximity of the stub, as shown in Figure 2.9. 

Exposure of the surface to volatile gases is accomplished through the use of a 

diflferentially-pumped, vertically-translatable dosing line coupled to a glass frit (50 nm 

pore size) capillary doser contained in the sample preparation chamber, as shown in Figure 

2.9. A stainless steel shroud extends beyond the frit to form a small dosing chamber when 

it abuts the sample surface. The dosing line is pumped by a corrosion-resistant 190 L s ' 

turbomolecular pump that additionally pumps the sample entry lock. 

Characterization of Ag H11) Substrate 

Ag (111) was used in nearly all experiments. Prior to introduction into the 

vacuum chamber, this surface was mechanically polished with 1-5 nm AI2O3. Prior to 

each experiment the surface was Ar" sputtered (~ 6 |iA cm"*) at 298 K for ~ 30 min. A 50 

Hm X 50 nm contact AFM image obtained after several hours of Ar* sputtering is shown in 

Figure 2.10. This image indicates that the surface consists of - 30 x 30 ^m Ag (111) 

terraces with a rms roughness of 17 nm. These terraces are bisected by 150-200 nm deep 

trenches that run randomly across the surfece to form discontinuous, random arrays of Ag 
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(111) terraces. It is proposed that these surface trenches are tbrmed as a result of 

mechanical polishing. Two environments were observed on these terraces, shown in the 

insets of Figure 2.10. Large areas of oriented domains, shown in the right inset of Figure 

2.10, are indicative of Ag (111) regions. In addition, equally spaced, pitted arrays are 

observed after Ar" sputtering, as shown in the left inset image in Figure 2.10. From these 

images, this surface is composed of portions of single crystal surface domains after Ar* 

sputtering. 

The rms roughness of Figure 2.10 is 80 nm. The surface roughness that exists on 

these surfaces is probably sufficient to support some level of surface enhancement of the 

Raman scattering. 

Dosine of Species in Ultrahigh Vacuum 

A schematic of the entire dosing assembly is shown in Figure 2.11. This assembly 

consists of two semi-independent dosing lines. One dosing line was coupled to a SiO;, 

capillary anay. This anay was used to dose HNO3. A second doser consisted of a thin 

stainless steel tube, and was used for HjO dosing. The dosing of HjO through the 

capillary resulted in sufficient H^O retention in the SiOi array to produce deprotonated 

HNO3. 

Two dosing ampules were independently controlled in the dosing line. Thus, the 

amount of the compound dosed to the surface could to be carefully controlled by pumping 

between the sample preparation and fast entry chambers. The pressure in the sample 
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preparation chamber (and at the sample surface during dosing) was referenced to two 

independent pressure monitors. A thermocouple gauge was used to monitor pressure in 

the doing line. In addition, an ion gauge located in the fast entry lock was used as well. 

Both of these monitors are shown in Figure 2.11. 

Two dosing protocols were used in these studies was dependent upon the dosing 

system. As stated above, HNO3 was dosed through the capillary doser. To prevent 

potential harm to the turbo pump in the sample entry lock, HNO3 vapor was not 

continuously pumped during dosing (i.e. the gate valve between the dosing line and the 

fast entry chamber remained closed during dosing). Thus, a second controllable, 

reproducible route of HNO3 dosing was required. This route is shown in Figure 2.12. 

HNO3 was contained in a glass ampule that was separated from the sample preparation 

chamber by a series of stainless steel valves. The volume between two valves in the 

dosing line, denoted as VI and V2 in Figure 2.12, was used as a buffer volume for HNO3 

vapor. In this dosing procedure, HNO3 vapor was introduced into the buffer volume by 

opening VI. Valve V2 (with Valve V6 closed and V3 and V5 open) was opened to 

expose the remainder of the dosing line. This produced a HNO3 partial pressure of- 120 

X 10'^ Torr in the dosing line that was highly reproducible. Exposure of this HNO3 

pressure to a surfece in the dosing shroud was achieved by opening Valve V6. A plot of 

the pressure in the sample preparation chamber as measured by the ion gauge as a function 

of HNO3 partial pressure in the dosing line is shown in Figure 2.13. From this plot, the 

amount of HNO3 dosed onto the surface in Langmuirs can be determined at any HNO3 
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dosing line pressure. 

It should be noted that the entire dosing system was passivated prior to each 

experiment by filling the dosing line from the ampule to valve V6 with ~ 150 x lO"' Torr 

of HNO3 vapor for 5-10 min and then subsequently removing HNO3 from the dosing lines 

through the fast entry lock by opening valves V2, V3, and V5 (but keeping VI and V6 

closed) and then opening the gate valve between the dosing line and the fast entry 

chamber. 

HiO was dosed through the tube doser. Unlike HNO3, HiO could be continuously 

differentially pumped by the turbo pump in the fast entry lock during exposure of the 

surface. A schematic of H^O dosing is shown in Figure 2.14. HiO was pumped by the 

turbo pump in the fast entry lock by opening the gate valve, denoted by GVl in Figure 

2.14, between the dosing line and the entry lock. Continuous pumping of HiO 

required the use of the ion gauge in the fast entry lock to monitor the dosing line pressure. 

The desired H^O partial pressure was monitored with Valve V2 closed. This prevented 

unwanted HiO exposure to the sample surface. Valves V2 and V3 were opened after the 

desired HjO partial pressure was achieved. A plot of the pressure ta the sample 

preparation chamber as a fiinction of the fast entry lock pressure is shown in Figure 2.15. 

This enables the exposure of 11,0 vapor to the sample surfece to be controlled. 

Optical Bench Assembly 

The entire suriace characterization chamber is translatable on two tracks. This 
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allows the chamber to be positioned in front a single monochromator on an optical bench. 

A schematic of the relationship of the ultrahigh vacuum chamber to the to the optical train 

and the optical bench in shown in Figure 2.16. 

The entire optical train used in these experiments is shown in Figure 2.17. A 

Coherent (Coherent Laser Inc.) 350c Ar" laser was used as an excitation source. An 

excitation power of 20 mW measured at the edge of the UHV Raman cell was used for all 

experiments in UHV. Two bandpass filters (Kaiser Optical Systems, Inc.) were used to 

eliminate fluorescence laser lines. The use of a single bandpass filter was insufficient to 

eliminate these lines in the high frequency (> 3000 cm ') at the low light levels used in 

these experiments. The incident light was polarized parallel to the plane of incidence. 

This polarization was achieved with a Fresnel Rhomb (CVI Laser Corp). 

An angle of incidence of 60° with respect to surface normal were used. Scattered 

photons were collected using a 6.35 cm diameter convex, collection lens (Melles Griot 

Inc.). A holographic SuperNotch Plus filter (HSPF-514.5.25, Kaiser Optical Systems, 

Inc.) was used to remove Rayleigh scattering. A 5.08 cm dia CI.2 lens (Melles Griot Inc.) 

was used to focus light onto the front entrance slit of a Spex 270M single 

monochromator. The front entrance slit was set to 100 |im for data collection, and 20 nm 

for the collection of plasma lines. A Tektronix TK-512T, 512x512 thinned, back-

illuminated CCD (Princeton Instruments) held at -95 °C using liquid nitrogen was used for 

detection. 

Data was collected using WinSpec (Princeton Instruments), or WinSpec32 
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(Princeton Instruments Inc.). Spectra were calibrated and manipulated in Grams, or 

Granis32 (Galactic Industries Inc.) 

Focusing Procedure 

The acquisition of quality Raman spectra from samples in the UHV chamber is 

complicated by the inability to vary the height of the sample with respect to the 

spectrometer. Thus, optimal parameters for light collection are determined by the 

translation of the chamber and the excitation beam with respect to the spectrometer. The 

inability to control the height of the sample surface requires that the position of the 

excitation beam and the sample surface be translated an equal distance. In spite of this 

limitation, quality Raman spectra can be obtained by determining the proper surface-to-

collection lens distance. This distance varies from sample to sample, and is greatly 

affected by the thickness of the sample. Therefore, in the case where multiple samples are 

required, it is advantageous that the samples are close (< I mm) in sample thickness. 

Qualitatively, the shape of the collected and focused scattered light on the first 

mirror in the single monochromator can be used to assess the amount of light entering the 

spectrometer, and the quality of data that will be obtained. A sample of the proper shape 

is shown in the inset of Figure 2.18. The beam shape, when near optimal focus, 

approximates an oblong <t>. After obtaining this shape, slight translation of the excitation 

beam and/or the chamber may be required for optimal data collection. Once obtained, 

these parameters are stable for several days using the same san^le even upon multiple 
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translations of the UHV sample arm in and out of the Raman cell. 

The low excitation power (20 mW) used in these experiments, coupled with the 

low signal intensity of single crystal Ag (111) substrates may require substantial 

integration times (10-30 min) for spectra of adequate signal-to-noise to be obtained. The 

binning of the image on the CCD must be redetermined every time a sample is moved into 

the Raman cell. To minimize the time to obtain optimal focusing parameters, the CCD 

may be binned for 0.05-0.1 s without the SuperNotch filter in place. The CCD is 

extremely sensitive to high light levels. Thus, extreme care must be taken to set this 

integration time to a very short value to prevent potential damage to the CCD when the 

SuperNotch filter is not in place. This procedure allows the chip to binned nearly 

instantaneously versus several minutes with the SuperNotch filter in place. Under optimal 

focusing conditions, a strip of ~ 30 pixels may be binned, as shown in Figure 2.19. This 

image size is comparable to that obtained using a conventional surface geometry in 

ambient. 

Thermal Desorption 

Desorption of films fi:om Ag (111) was accomplished by turning off LN, flow 

through the sample arm. This results in a linear heating rate of ~ 0.67 K per min from 100 

to 250 K, as shown in Figure 2.20, and spans the desorption window of the surface-bound 

species in these studies. 



Figure 2.19 Binned image at optimal focusing. 
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Figure 2.20 Temperature profile of surface as a function of time used in 
thermal desorption studies. 
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Chapter 3 

Raman Spectroscopy, Atomic Force Microscopy, and Computational 

Simulations of the Reaction of NaCl with HNO3; NaN03 Growth and Effect 

of H2O Exposure 

Introduction 

The evaporation of sea-salt aerosols is estimated to release -10'" kg of NaCl to 

the troposphere per year.^' Many studies have shown a significant chloride deficit of 

these particles (30-80%) when compared to bulk sea water.'" ' This deficit has been 

attributed to reactions with inorganic nitrogen and sulfur oxide species.' ®"'The reaction 

of particulate NaCl with these compounds is an important link between a natural process, 

the evaporation of sea salt aerosols, and an anthropogenic process, the formation of 

inorganic nitrogen and sulfiir oxide species derived fi-om the burning of fossil fuels. 

Ultimately, these reactions generate the corresponding sodium salt and volatile 

chlorine compounds.' " Volatile atmospheric chlorine, such as reservoir HCl and 

ClONO,, have been implicated in such processes as the destruction of stratospheric ozone 
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and the initiation of free radical reactions of gas phase organics.^ 

One reaction that has been studied extensively is the reaction of NaCl with HNO3: 

NaCI(s) + HNOjCg) - NaN03(s) + HCl(g) (3.1) 

Previous spectroscopic investigations of the reaction of NaCl with HNO3 have shown that 

the products formed in this reaction and the reaction kinetics are complicated by several 

variables."""^ From a stoichiometric point of view, reaction 3.1 appears to be a 

straightforward replacement of chloride by nitrate in a solid state chemical reaction. This 

reaction is essentially self limiting in the absence of H1O vapor after the formation of a 1-2 

monolayer film of NaNOj on the NaCl surface.^ 

Diffuse reflectance FTIR (DRIFTS) studies have shown that the thin film of 

NaNOj formed in this reaction is not consistent with a bulk crystalline solid.^^ Bands due 

to nitrate at 1333 and 1460 cm ' increase during the reaction of HNO3 with NaCl. Initially 

two strong, narrow v,(N03) bands are observed in the spectrum. As the reaction 

proceeds, the area in between these bands fills in to form a single large, broad band at 

1380 cm ' similar to that observed in bulk NaN03. The observation of band splitting in 

this system has been hypothesized to be a result of nitrate ions in different chemical 

environments on the NaCl surface. The splitting of bands has been hypothesized to occur 

from the degeneracy of the polarization dependent v,(N03) mode of NaNOj.^^ 
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The rate ofNaNOj formation in reaction 3.1 is highly variable. Investigations have 

shown that the reaction rate varies by up to two orders of magnitude.^ For 

example, several investigations have used mass spectrometry to detect HCl release during 

exposure of NaCl surfaces to " These studies have shown that the 

probability of reaction of HNO3 with NaCl per surface collision, y, is ~ 1 x lO ". However, 

values of 1 x 10"* have been reported on thin film NaCl surfaces."" The reaction 

probability, y, has been determined to be 1.3 ± 0.6 x 10 " at dry and defect-fi"ee NaCl (100) 

surfaces using XPS.^ 

In the absence of H^O, the reaction of NaCl with HNO3 can be described as a first 

order reaction that follows a single-site Langmuir model.^This model suggests that the 

rate-controlling step in the reaction may be the formation of surface sites that are 

continuously regenerated. Such a model may be explained by the regeneration of surface 

defects as the reaction proceeds. 

Surface defects and surfece-adsorbed H^O may drastically aflfect the adsorption of 

HNO3 onto these surfaces, and control the release of HCl. Mass spectroscopic studies of 

the exposure of NaCl to DNO3 have shown a rapid, initial uptake of the gas onto the 

surface.^" It was hypothesized that there exist two adsorption sites on the NaCl surface. 

The initial HNO3 uptake is due to adsorption on high energy sites followed by slower 

adsorption on the remainder of the surface. The origin of these surface sites has been the 

focus of several studies. One such hypothesis of the nature of these sites is small numbers 

of OH" surface sites. Small amounts of OH" have been observed on NaCl surfaces.^ 
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Theoretical studies have predicted the dissociation of H^O to form OH' at F-centers on the 

NaCl surface.^ An F-center is an atomic scale detect that results from a CI vacancy 

with a "free" electron residing in the hole stabilized by electrostatics. The initial uptake of 

HNO3 at these defect sites is thermodynamically favorable when compared to non-

defective surface sites.^ HiO adsorption on NaCl surfaces preferentially occurs on step 

edges.^ " where the local electronic structure of the surface is perturbed.^ The initial 

uptake of HNO3 at these sites decreases as the thin aqueous layer approaches saturation, 

and explains the observed decrease in the HNO3 uptake after saturation. 

Several previous studies have focused on the adsorption of H1O on NaCI.^ 

The uptake of HjO on NaCl. and all soluble salts, is highly dependent upon the HjO 

partial pressure. HjO adsorbs on NaCl (100) nearly linearly from 5 tol8 torr H^O (75.3 % 

relative humidity (RH)), as shown in Figure 3.1. At this point, surface-bound HiO begins 

to solvate the NaCl (100) surface to form a brine solution. ̂ Barraclough and Hall 

studied H1O adsorption on NaCl powders.^ This study showed that after adsorption of 

more than 2 monolayers of H^O (~ 8 torr HjO) on NaCl, the surface behaves as if it were 

a liquid layer. This humidity (75.3%) is termed the deliquescence point of NaCl. At and 

above this RH, H^O adsorption on NaCl is facile and the surface undergoes rapid 

dissolution. AFM studies conducted by Salmeron have shown that HjO adsorbs on the 

NaCl (100) surface preferentially at step edges.^ *® At 45 % RH, well below the NaCl 

deliquescence point, step edge mobility was observed after several minutes at this 

humidity, and complete surface reconstruction was observed over a 4 hour time period. 
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Figure 3.1 H.O adsorption isotherm on NaCl. Adapted from reference 
3.32. 
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These data show that HjO is heterogeneously distributed across the NaCl (100) surface, 

and is preferentially adsorbed at step edges. This study illustrates that sub-monolayer 

surface coverages of HiO adsorption at step edges may lead to solvation of soluble 

surfaces at values of RH below the NaCl deliquescence point to facilitate surface 

reconstruction. Conductivity measurements have shown that the measured conductance 

on the NaCl surface is small at RH < 30% and rapidly increases up to 40% RH.^ At this 

RH, it was hypothesized that a monolayer of H,0 covers the surface and facilitates the 

mobility of surface ions. 

To date, there have been no studies on H,0 uptake as a fiinction of H^O partial 

pressure on NaNOj surfaces. The deliquescence point ofNaNOj is 17.8 torr H^O (74.3 % 

RH). The proximity of the deliquescence points between NaCl and NaNOj suggests that 

the HjO adsorption isotherms should be very similar between the two salts. 

It has been hypothesized that significant amounts (ML regime) of HjO remain 

strongly adsorbed on the surface of NaCI powders after pumping in vacuum. This thin 

layer may be responsible for the rapid uptake of HNO3 on the NaCl surface. To illustrate 

this point, a NaCl surface was exposed to DNO3 after 16 h in vacuimi.^" After exposure, 

DCl and HCl desorption fi"om the surface was observed. It was proposed that HCl was 

formed from the difiiision of DNO3 into a thin, strongly adsorbed HiO film at step edges 

and interstitial pockets in the powder. After this, the reaction of DNO3 with Na"^ and CI" 

on the powder released DCl and HCl. In these thin layers, HCl and DCl desorption 

becomes fecile after the pH of the solution approaches ~ 1The formation of this 
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strongly acidic solution results in a constant degassing of both HCI and DCl and the 

continuous uptake of DNO3 into the surface solution. Thus, a thin HiO layer may be 

responsible for the initial rapid uptake of HNO3 into these layers until the pH of the 

solution reaches ~ 1.7. Below this pH, the continuous degassing from solution results in 

controlling the rate of reaction 3.1. 

Transmission electron microscopy (TEM), XPS, and FTIR studies have shown 

that exposure of NaN03-capped NaCl to H^O vapor alters the capping layer.'^ ^ 

XPS data acquired after exposure of the surface to 0.05 to 5 torr HiO vapor showed a 

decrease in the N Is and O Is signal intensities, and a concomitant increase in the CI 2p 

signal intensity.""'^ TEM images acquired prior to H^O exposure showed no change in 

the surface morphology after the formation of the capping layer. After subsequent H^O 

vapor exposure (15 torr HiO), structures on top of the surface were observed. Energy-

dispersive x-ray fluorescence (ED AX) showed the presence of only Na, N, and 0 in the 

newly formed structures. ED AX spectra acquired from an area adjacent to the structures 

yielded signals from Na and Cl.^ Thus, it was hypothesized that HjO vapor rearranges 

the surface to form segregated NaNOj crystallites that reside on top of the NaCl surfece. 

NaNOj rearrangement due to HjO adsorption has been observed on single crystal 

NaCl (100) and NaCl microcrystals in ambient and vacuum.^ The adsorption of HiO 

on to the surfece may facilitate the reorganization through dissolution and precipitation to 

form NaNOj crystallites. Such a scheme is hypothesized to be thermodynamically 

favorable due to the change from a two dimensional amorphous layer to a three 
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dimensional crystalline solid.^ 

Previous work has shown that step edge density and surface defects may dictate 

the formation of NaNOj on the NaCl surface.^ '•* However, the growth ixihavior of 

NaNOj on NaCl is unknown. In addition, the morphology and structure of the NaNOj-

capping layer has yet to be determined. The passivating nature of the capping layer 

suggests that NaNOj forms a dense, well-packed thin layer on the NaCl surface. TEM 

imaging of the capping layer showed no morphological change of the surface after capping 

layer formation. Thus, the layer is smooth on the order of the height resolving power of 

TEM. The inability to distinguish this height change coupled to the necessity of vacuum 

required in these experiments make TEM disadvantageous in the study of this chemical 

system. 

This study is directed toward the elucidation of the growth of NaNOj and 

morphology of this chemical system under ambient conditions. This reaction was studied 

using AFM and Raman spectroscopy. The AFM portion of the study has five goals: 1) to 

determine the effect of vapor phase H^O on the reaction of HNOj (90%) and dry HNO3 

with NaCl (100), 2) the formation and imaging of the NaNOj-capping layer on NaCl (100) 

(this information is important in the understanding of how a 0.5-1 nm amorphous ionic 

solid can inhibit a thermodynamically-favored reaction fi-om occurring), 3) determination 

of the height, size, and distribution ofNaNOj crystalline structures on NaCl (100) after 

HiO vapor exposure, 4) to determine the mechanism of NaNOj formation on NaCl (100) 

as a fimction of NaNOs surface coverage, and 5) to elucidate the mechanism of NaNOj 
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crystallization on NaCl (100) after H^O vapor exposure. 

Each of these objectives was accomplished using AFM on well-defined NaCI (100) 

under ambient conditions. Previous work has shown that NaCl (100) surfaces are ideal as 

APM substrates in the study of surface structural changes.^ -® NaCl (100) is the lowest 

energy face of NaCl, and is less defective on an atomic scale than other NaCl faces. Thus, 

it is assumed to be the preferential crystal face of atmospheric aerosols. AFM was 

selected for this study as it allows for the direct observation of surface structural changes 

without significantly perturbing the chemical system. In addition, AFM is extremely 

sensitive to height and morphological changes that are expected in the formation of the 

NaNOj-capping layer on NaCl (100) on a time scale that is commensurate with the 

reaction of interest. 

In addition to AFM imaging, Raman spectroscopy was used to elucidate 

vibrational information and monitor the growth of NaNOj on NaCl powders. The reaction 

probability of the exposure NaCl powders to HNOj has been elucidated. Spectroscopic 

results were coupled with computational simulations as a function of NaNOj surface 

coverage. These data were used to gain insight into the chemical structure of the NaNOj-

capped NaCl surface as a function of NaNOj surface coverage. The role of H^O in this 

system was studied by acquiring Raman spectra after HiO exposure of NaNOj-capped 

NaCl powders. 

The structure of the thin HjO film in this system has yet to be studied. The Raman 

spectrum of HiO has been used in prior studies to elucidate the structure of aqueous 
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environments.^ The Raman v(O-H) region of HjO is extremely sensitive to the 

presence of ions that affect the structure of the solution, and will be used to deduce the 

environment in this thin aqueous layer/""' Finally, pre-hydrated NaCl surfaces were 

exposed to HNO3 vapor. The Raman spectra acquired in this study simulate the NaCl 

surface in the terrestrial atmosphere. 

Methodology 

AFM 

NaCl (100) was fleshly cleaved and mounted on an AFM sample stub prior to 

analysis. A Digital Instruments Nanoscope III (Santa Barbara, CA) was used in contact 

mode for each image collected. Oxide-hardened SijN^ AFM tips (DNP-S, Digital 

Instruments, Santa Barbara, CA) were used throughout these studies. 

The AFM cell was determined to hold 67 (iL by measuring the inner diameter of 

the silicone o-ring (0.64 cm), and the height of the o-ring during slight compression in the 

AFM cell (0.21 cm). At this volume, the headspace above the NaCl (100) surface is 

nearly always saturated in the dosing gas. Thus, the reaction can be assumed to be at 

steady-state and limited by the adsorption of HNO3 and its reaction on the NaCI (100) 

surface. 

The total NaCl surface area tliat is accessible for imaging on an AFM sample in the 

absence of the gas o-ring was determined by measuring the full manual translation of the 
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cantilever in the X and Y direction. The area that is accessible for AFM imaging is 0.014 

cm", only 4.5 % of the total area of the AFM gas ceil (0.32 cm*). The o-ring required for 

a gas tight cell greatly restricts the translation of the AFM tip over a large area. The total 

area that is accessible with the gas tight o-ring in place is estimated as 10% of the area 

without the o-ring, or 1.44 x 10"^ cm". Therefore, the accessible surface available for 

imaging in the gas tight AFM cell is representative of < 1 % of the total surface area 

exposed to the headspace vapor. The NaCl (100) surface area exposed in the gas-tight 

cell corresponds to 1 x 10''* atom pairs of NaCl, or 1.7 x lO"'" moles ofNaCl. 

Typically, 5 nm x 5 ^m AFM images were collected in this study. The total area 

imaged using this image size (2.5 x 10'^ cm') is less than 8 x 10"' % of the total surface 

area exposed to the headspace vapor. Several areas (n = 2 to 5) were imaged in each 

study to ensure as representative a sampling as possible. 

Raman Spectroscopy 

Raman spectra were collected on a triple monochromator system on recrystallized, 

dry NaCl powders in a home-built tlowcell described in Chapter 2. Each spectrum was 

baseline subtracted (Grams 386, Galactic Industries) and offset to a minimum value at 

1040 cm"') prior to the determination of the Vs(N03) intensity. The v(O-H) region was 

curve fit after each spectrum was background subtracted. Four peaks were used in each 

fit. 
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AFM Imagine of NaCl + HNO, 

Atomic Force Microscopy of NaCl (100) 

Freshly cleaved NaCl (100) consists of nearly atomically flat terraces offset by 

monoatomic steps of NaCl. The height of these steps is related to the unit cell dimensions 

of NaCl (0.564 nm). The unit cell dimensions of NaCl (100) are shown in Figure 3.2. 

A contact AFM image of a freshly cleaved NaCl (100) surface is shown in Figure 

3.3. Several monoatomic NaCl steps that run randomly across the surface are observed in 

this image. The rms roughness for freshly cleaved NaCl (100) surfaces was calculated 

from five independent surfaces and measured at various areas across the surface using 5 

|am X 5 |am images. The rms roughness on these surfaces was determined as 0.196 ± 

0.141 nm, or less than the unit cell dimensions of NaCl. 

AFM Imaging of NaCl (100) Exposure to HNO3 (90%) 

HNO3 (90%) headspace contains HjO that may affect the formation of NaNOj on 

the NaCl (100) surface through the formation of a thin surface-bound H^O layer. Vapor 

pressure measurements of concentrated HNO3 solutions have shown that there is ~ 0.255 

torr HjO above a 90% HNO3 solution.^"*® This amount of HjO simulates a ~ 0.06% RH at 

STP. At this RH, NaCl is covered by < 0.05 ML of 

Exposure of freshly cleaved NaCI (100) to the headspace over a 90% HNO3 

solution in a sealed drying jar for 30 s produced the 5 ^m x 5 ^im AFM image shown in 
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Figure 3.2 Crystallographic projection of first two layers of NaCl (100). Unit cell 
spacing is 0.564 nm. O and represent Na and CI, respectively. 
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Figure 3.3 5 nm X 5 nm contact AFM image of freshly cleaved NaCl (100). 
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Figvire 3.4 a) 5 |am x 5 ^m contact AFM image of NaCl exposed to EINOj (90 wt.%) 
for 30 s. b) Cross-section of structures produced after HNO, exposure. 
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Figure 3.4a. Tliis exposure forms an array of structures with a regular height of- 60 nm. 

These structures interconnect to form an angular array, maze-like pattern of surface 

structures presumed to be NaNOj. The highest feature in Figure 3.4a is 124 nm, a height 

that is much greater than a comparable image of freshly cleaved NaCl (100). This surface 

has a rms roughness of 15.26 ± 3.35 nm. 

A vertical cross-section across Figure 3.4a is shown in Figure 3.4b. The mean 

surface level of the cross-section is shown as the horizontal line across the middle of 

Figure 3.4b. This cross-section shows the height uniformity of the structures formed after 

HNOj (90%) exposure. In addition, each structure has a nearly flat surfacc with vertical 

walls, forming terraces that are 171 ± 35 nm across. 

The well-defined nature of the structures tbrmed after exposure of NaCl (100) to 

HNOj (90%) suggests that they are crystalline solids.^''"^' In this experiment, the small 

amount of H^O vapor from the relatively large volume of HNOj headspace is readily 

available to facilitate NaNOj crystallization prior to the formation of a NaNOj-capping 

layer on the NaCl surface. At this HjO partial pressure (~ 0.255 torr HjO), NaNOj 

crystalline structures may initially form through the dissolution of the NaCI surface. 

Subsequent diffusion of HNOj into the thin brine layer forms a surfece-bound solution. 

Solid ^^>03 structures are proposed to form through precipitation from solution resulting in 

the structures shown in Figure 3.4a. 

The height of the surface structures formed from HNO3 exposure may be limited 

by the formation of crystalline domains from this mechanism. In this scheme, NaNOj 
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structures serve as preferential nucleation sites for NaNOj precipitation. The addition of 

NaNOj to an existing NaNOj structure can occur through the growth in height by 

crystallization on top of a structure, or through the crystallization on the side of a 

structure to thicken the structural wall. Surface growth would further increase the area of 

contact between two crystals with lattice constants that differ by -10%, an energetically 

unfavorable arrangement. Therefore, vertical growth is most likely favored due to this 

lattice mismatch. 

The effect of exposing the surface to various HNO3 exposure times was studied. 

Hypothetically, HjO in the HNO3 headspace may facilitate the dissolution of NaCI and 

thus, allow the formation of NaNOj to continue until the NaCl is completely reacted. 

However, no change was observed in images collected after longer exposure times (> 30 

s), or several HNO3 (90%) exposures. This observation may be due to the inability of the 

AFM tip to probe deeply into the high-aspect ratio structures formed after the first 

exposure. 

The HjO partial pressure in the headspace of HNO3 (90%) is ~ 70 times lower 

than the deliquescence points of both NaCl and NaN03.^It might be expected that 

this lower HiO partial pressure would allow the formation of a NaNOj-cappng layer on 

the NaCl (100) surface. Despite this expectation, XPS studies of the effect of H^O vapor 

on NaN03-capped NaCl (100) indicate reorganization at a H^O partial pressure of 0.05 

torr, a pressure five times lower than the HjO partial pressure above 90% HNO3, and ~ 

360 times lower than the NaNOj and NaCl deliquescence points.^ Thus, even extremely 
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low HjO partial pressures can rearrange NaNOj on the NaCl surface. In other words, the 

low HjO partial pressure above 90% HNO3 used in this study is sufficient to inhibit the 

formation of the NaNOj-capping layer, and facilitate the formation of the crystalline 

NaNOj surface structures. 

APM Imaging ofNaCI (100) Exposed to Dry HNO3 

The formation of a 1-2 monolayer NaNOj-capping layer has been observed in 

previous XPS and TEM experiments in vacuum by exposing NaCI to dry HNO3 

vapor.^ No experimental data have been collected on the morphology of the NaNOj-

capping layer on NaCl, or the morphological effect of H^O vapor exposure to the capped 

surface. To study this, NaNOj-capped NaCl (100) surfaces were prepared and imaged 

using contact mode AFM. In this series of experiments, HNOj vapor was added to freshly 

cleaved NaCl (100) in a gas-tight AFM cell. Using this arrangement, the headspace above 

the surface can be controlled and the surface is not exposed to the ambient during the 

imaging process. 

Images acquired over the same area of a NaNOj-capped NaCl (100) surface are 

shown in four 5 nm x 5 ^m images in Figure 3.5. These images were collected at the 

same site over a 42 min window. The surface was produced by exposing freshly cleaved 

NaCl (100) to 4 X 10"® moles HNOj/cm^ of headspace vapor, or 16 times more HNO3 

vapor than exposed NaCl in the cell. In contrast to the case of exposure of NaCl (100) to 

HNO3 (90%), there are no detectable long-range ordered structures typical of crystalline 
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Figure 3.5 5 ^m x 5 fim contact AFM images collected of NaNO^ capping layer on NaCl 
(100) in sealed AFM cell. Images collected at a) 8 min, b) 16 min, c) 42 min 
after formation. White boxes highlight surface reference features. Black box 
highlights newly formed surface features over this time period, d) Side \iew 
of capping layer of image collected 8 min after formation. 
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solids. The surface is homogeneously covered with an overlayer that is presumed to be 

the NaNOj-capping layer on the NaCl (100) surface. In addition to the capping layer, 

striated surface features (~ 500 nm long x 75 nm wide) appear to be oriented along the 

NaCl (100) plane. This observation suggests that the NaNOj capping layer may have a 

preferential orientation with respect to the underlying surface over the sub-micron distance 

scale. The NaNOj-capped NaCl (100) surface is smooth over this scale in the vertical 

direction, with a rms roughness of 1.26 ± 0.39 nm, or ~ six times rougher than the NaCl 

(100) surface. 

The morphology of the NaNOj-capping layer is relatively stable over the course of 

42 min. Two reference features, denoted in the white box, are identified in Figures 3.5a 

andb). Aside view of Figure 3.5a is shown in 3.5d. Five new surface features are 

observed in Figure 3.5b (black box.) Each of these features is a ~ 700 nm diameter 

hollow-core structure (measure from outer edge of ring), and has a ring-like structure 

surrounding the core. The height of the ring-like features is 4.8 ± 1.5 nm above the 

capping layer surface. 

Once formed, these five new features are relatively stable on the NaCl surface, as 

shown by the black boxed region in Figure 3.5c, acquired 42 min after HNO3 exposure. 

This series of images drifted over the course of their collection, as evidenced by the 

translation of the black boxed region between Figures 3.5b and c. The height of these 

images does not change from that measured in Figure 3.5b. Qualitatively, the shape of 

these structures only slightly change over this course of time. The observation of newly 
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formed features in tliis system suggests that the capping-layer reconstructs after formation. 

This reconstruction continues over the 42 min time scale of this series of images. 

These surface defect features may arise from adsorption of H^O vapor on the 

capping-layer surfece to dissolve a small portion of the layer, thereby exposing the 

underlying NaCl (100). Thus, the ring features around each of the surface features may be 

crystalline NaNOj that formed after the initial capping-layer is in place. The depth of the 

features, 17.1 ± 3.1 nm, is larger than what would be expected for a 1-2 monolayer (2 x ~ 

0.75 nm = 1.5 nm) NaNOj capping layer. 

Exposure of NaN03-Capped NaCl (100) to H^O Vapor 

Previous studies using TEM have demonstrated the formation of NaNOj 

crystallites after exposure of NaNOj-capped NaCl to H^O vapor.^ '•* To study the effect of 

H2O exposure on the NaNOj capping layer, a 1 mL aliquot of H^O vapor (1 x 10'^ moles 

HiO/cm^ headspace) was added to the cell resulting in the 5 ^m x 5 |im contact AFM 

image shown in Figure 3.6. This volume exceeds the cell volume by a factor of- 15; 

therefore, the entire cell volume remains saturated with HjO vapor throughout the course 

of these experiments. Over this time, some H^O may condense on the walls of the AFM 

cell. Upon HjO addition, the NaNOj capping layer rearranges to form well-defined 

NaNOj "towers" with an average height of ~ 150 nm. These towers are ~ 15 times higher 

than any of the surface features prior to HiO exposure (note the z-axis scale difference 

between Figures 3.5 and 3.6) The regions between the NaNOj towers appear to be NaCl 



Figure 3.6 5 ^m x 5 contact AFM images of NaNOj capping layer on NaCl 

(100) exposed to 1 x lO ' moles H^O/cm' of headspace for 5 min. 
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(100) based on a maximum feature height of ~ I nm. 

Quantitative determination of the relative proportions of the crystals and 

unreacted NaCl surface areas from these images was undertaken by conservatively 

assuming that any area above 2 nm was NaNOj. The results of this analysis are shown in 

Table 3.1. Prior to HjO exposure, only ~ 1% of the surface is above 2 nm in height. After 

exposure to 1 x 10'^ moles H^O/cm^ of headspace, ~ 23% of the surface is composed of 

NaNOj crystals. This value is in excellent agreement with previous XPS results which 

indicate ~ 20% of the surface is NaNOj crystals after H^O exposure.^ '•* 

The number of NaNO, crystallites on the NaCl (100) surface after H^O vapor 

exposure was investigated. The number of crystallites was highly variable between images 

and may be due to the amount of HiO adsorbed on the NaCl and capping-layer surface 

during H^O exposure. XPS studies have shown that the ratio of the N Is and CI 2p 

signals is dependent upon the H^O partial pressure to which the surface was exposed.^ 

From this observation, the surface area and height of the NaNOj crystallites are dependent 

on the amount of H^O adsorbed on the surface. The number density of these crystallites 

expected can be estimated from the capping layer thickness. Assuming a NaNOj-capping 

layer thickness of- 1.5 nm, using the bulk NaNOj density (2.261 g/cm\ and 1 nm" x 100 

nm NaNOj crystallite, it is predicted that 2.5 crystallites will be formed per 5 ^im x 5 nm 

area.^" This value may be the lower limit of the crystallite density. The upper limit can 

be ascertained by assuming a 1:1 ratio of Na to NOj on the surface, and using the NaCl 

density (2.165 g/cm^).^^' Using these values the number of NaNOj crystallites increases 



Table 3.1: Roughness analysis calculations on NaCl (100) as a fiinction of exposure 

Exposure Amounts 

Surface 
Characteristics 

S^im X 5^m image 

(4x lO'mol HNO,> 
cm* 

(4 xlO ' mol HNO, 
+ 

I X10'mol H,0) 
cm-

(9x 10'mol HNO3 + 
1 X 10 'mol H,0) 

cm-

(1 X lO-'mol HNOj + 
4 X 10"' mol H-.O) 

cm-

(1 X 10-" mol HNO3 + 
1 X lO-* mol 

cnr 

Total Surface Area 
(Hiir) 

25.0 26.3 25.5 26.9 27.3 

Surface Area Above 2 
nm (urn-) 

0.3 6.0 6.6 9.0 12.3 

% Surface Area 
Above 2 nm 

1.2 22.7 26.0 33.3 45.2 

Maximum Roughness 
Feature Height (nm) 

32 136 119 203 244 

o 
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to 3.6 over the same area. 

Several variables may be responsible for the variation in the number of NaNOj 

domains observed after H^O exposure. From Table 3.1 and previous XPS measurements, 

the HjO partial pressure dictates the amount of the surface that is NaNO^, and may dictate 

the height of the NaNOj crystallites on the surface. The height of these crystallites may be 

function of the amount of HjO available for NaNOj dissolution and recrystallization. 

A second potential source of the variation in the number of NaNOj structures may be a 

result of residual HNOj in the headspace and adsorbed to the cell walls and the capping-

layer surface. In such a scenario, HNO3 will react with the freshly exposed NaCl surface to 

form NaNOj towered structures. Thus, the number and volume of these towers may not 

be in mass balance with the amount of NaN03 contained in the 1-2 ML capping-layer. 

The flow of an inert gas through the AFM cell nught be used to continuously flush HNO3 

from the AFM cell in future studies. Unfortunately, the AFM tip is not strongly secured 

(single Au-coated Cu spring clip) in the current AFM cell. Therefore, it is highly sensitive 

to slight external perturbations (e.g. gas flow), and thus, attempts to flush residual HNO3 

by this approach were not pursued. 

The crystal structure of NaNOj is rhombohedral in nature. Two projections of the 

crystal structure of NaNOj are shown in Figure 3.7. NaNO, is a member of the D3/ point 

group with unit parameters of ao' = 0.5071 nm,Co'= 1.6818nm,anda = 47.17°.^" Thus, 

two 90°, orthogonal planes are contained within this structure, along the ao-Co, and bo-Cj, 

planes. The top-down projection of NaNOj shows the rhombohedral projection of the 



b 

Figure 3,7 Projections of NaNO, crystal structure, a) Projection along a-b planne. b) Projection along a-c plane. 
A Na, N, and O. 

to 
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crystal structure. A side projection of the crystal is shown in Figure 3.7b. This projection 

shows the two 90° angles in the crystal structure. Using these projections as guidance, 

the orientation of crystalline NaNOj on NaCl (100) is proposed to be with the ao-c,, plane 

ofNaNOj on the NaCl (100) surface, as shown in Figure 3.7b. This is consistent with the 

shape of the crystallites shown in Figure 3.6. 

Many of the nm sized structures appear to be oriented with respect to the NaCl 

(100) surface plane. In crystalline NaNO^, Na' lies 0.42 nm above and below NOj" planes 

and are separated by 0.5071 nm. Using that NaNOj lies in the ayCo P'^ne on NaCl (100), 

at these distances, the first NaN03 layer on NaCl (100) is perturbed from its preferred 

equilibrium distance. The deviation (10 %) between the unit cell parameters of NaNOj 

(0.5071 nm ag-Co in the plane) and NaCl (0.564 nm) results in a lattice incommensuration, 

and suggests that any preferential orientation of NaNOj on NaCl (100) as a result of 

lattice parameters occurs over a large (nm - |im) scale. 

In-Situ AFM Imaging Exposure NaCl (100) to Dry HNOj Vapor 

A second set of contact AFM experiments was performed to monitor the growth 

of NaN03 under conditions of lower HNO3 exposure (~ 100 times lower exposure than the 

previous experiments.) Figure 3.8a shows a 5 nm x 5 ^m image of a freshly cleaved NaCl 

(100) surface. Prior to HNO3 exposure, the surface has numerous one and two unit cell 

steps running ~ 45° to the NaCl (100) plane. A cross-section of the image is shown in 

Figure 3.8b. The step edges in Figure 3.8b appear to be tilted. This is a manifestation of 
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0 nm 
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(010) 

•(100) 

4nm 

0 nm 

0 2.5 5 î m 
Figure 3.8 5 ^m x 5 |am contact AFM images of exposure of NaCl (100) to 4 x 10" 

moles dry HNOj cm ' in sealed AFM cell, a) Freshly cleaved NaCl (100). 
Line shows location of cross-section, b) Cross-section of image across 
(110) plane. 
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Figure 3.9 5 x 5 |im contact AFM imagesof exposure of NaCl (100) to 4 x 10'^ 
moles dry HNOj per cm^ of headspace in sealed AFM cell. Line shows 
location of cross-section, a) 4 min after exposure, b) Cross-section of 
image across (110) plane. Arrows and boxes highlight newly formed 
features. 
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the flattening procedure required to ascertain the correct image z-axis. 

Figure 3.9a was acquired 2 min after a 10 ^iL aliquot (4 x 10"^ moles HNOj/cm^ 

headspace, or an HNOjiNaCl ratio of 1.6) of dry HNO3 was injected into the gas-tight 

cell. The surface roughens with HNO3 exposure, and the growth of what is presumed to 

be NaNOj occurs preferentially along step edges, making them taller when compared to 

NaCl (100), shown in Figure 3.9b. Newly formed features, highlighted with boxes in 

Figure 3.9a and with the arrows in Figure 3.9b, are observed on the terrace sites. These 

structures are 0.51 ± 0.06 nm in height, and 124.5 ± 43.9 nm in diameter. This height is 

similar to the unit cell spacing of a single layer of NaNOj (0.5071 nm), and is indicative of 

~ one layer of NaNOj on the surface. 

The surface continues to react and roughen after 12 min exposure to this single 

aliquot of 4 x 10'^ moles HNOj/cm^ headspace, or HNOj/surface NaCl of 4 (Figure 

3.10a). It is important to note that at this stage of the reaction, the NaCl (100) surface 

morphology is generally maintained as the reaction proceeds; surface deliquescence due to 

adsorbed or dosed H^O has not yet occurred. The cross-section of this image (Figure 

3.10b) shows the continued formation of new NaNOj structures on terrace sites. These 

structures are 1.07 ± 0.16 nm in height, and 178 ± 61 nm in diameter. At this point, these 

structures are ~ 2 layers of NaNOj thick, and have grown outward to cover more of the 

surface. 

The NaNOj structures begin to coalesce to from connected arrays after 22 min of 

HNO3 exposure, shown in Figure 3.11a. At this point in the reaction, the structures are 
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Onm 

Figure 3.10 

5 ^m 
5 |im X 5 nm contact AFM imagesof exposure of NaCl (100) to 4 x 10 ' 
moles dry HNOj per cm' ofheadspace in sealed AFM cell. Line shows 
location of cross-section, a) 12 min after exposure, b) Cross-section of 
image across (110) plane. Arrows and boxes highlight newly formed 
features. 
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Figure 3.11 

b 

5 În 
5 |im X 5 contact AFM imagesof exposure of NaCl (100) to 4 x 10"' 
moles dry HNOj per cm' of headspace in sealed AFM cell. Line shows 
location of cross-section, a) 22 min after exposure, b) Cross-section of 
image across (110) plane. Arrows and boxes highlight newly formed 
features. 
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1.15 ± 0.28 nm in heiglit, and have increased in diameter to 278 ± 100 nm. At tliis 

coverage, the height of the NaNOj surfece structures is within error of the NaNOj capping 

layer height, and is siniilar to the capping layer height estimates of previous XPS 

studies.'® " This thickness is consistent with a two ML capping layer structure residing 

atop the NaCl (100) surface. The majority of these structures are on terrace sites and 

grow parallel to the NaCl step edges. The cross-section (Figure 3.1 lb) of this image 

shows that the underlying surface morpholog>' is maintained, but is considerably 

roughened when compared to NaCl (100). 

To achieve nearly complete coverage by NaNOj (Figure 3.12), a total of 40 [iL of 

HNOj vapor (1x10"* moles HNOj/cm^ headspace, or HNOj/surface NaCl of 16) were 

injected. At this point, the surface appears to have a nearly complete capping layer across 

~ 75% of the surface. The NaCl step edges are still evident underneath the capping layer. 

Cross-sectional views of the surface (Figures 3.8-3.12) at various points in 

completion of the capping layer show a distinct change in the surface roughness. These 

views are qualitative assessments of the surface roughness in two-dimensions. To quantity 

the surface roughness over a three-dimensional scale as function of capping layer 

completion, the rms roughness of the surface was calculated over the series of images 

shown in Figures 3.8-3.12. The rms roughness of the surface was calculated as a fimction 

of time after exposure of the surface to 1 x 10"® moles HNOj/cm^ headspace over the 

series ofimages shown in Figures 3.8-3.12. These results are shown in Figure 3.13. Prior 

to HNO3 exposure, the rms roughness of the NaCl (100) surface was 0.31 nm. This value 
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5 nm 

0 nm 

Figure 3.12 

b 

5 
5 |am X 5 ^m contact AFM images of exposure of NaCl (ICQ) to 1 x 10^ 
moles dry HNOj per cm^ of headspace in sealed AFM cell. Line shows 
location of cross-section, a) 32 min after exposure, b) Cross-section of 
image across (110) plane. 
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Figure 3,13 rms roughness ofNaNOj growth on NaCl (100) exposed to 1 x 10"^ 

moles dry HNO3 per cm' of headspace in sealed AFM cell, a) Maximum 
roughness at coalescence of NaNOj structures on NaCl (100) terraces, b) 
Completion of capping-layer. c) H2O exposure. 
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increased nearly linearly up to 0.575 nm after 22 min of HNO3 exposure. Interestingly, at 

about this time, the NaNOj structures coalesce to form larger connected arrays (shown in 

Figure 3.11). After this point, the NaNOj structures continue to till in the surface. This 

process reduces the rms roughness of the surface nearly linearly to 0.268 nm after the 

capping layer is nearly complete. 

Exposure of this same surface to I mL (1 x 10'^ moles H^O/cm^ headspace) of 

HiO-saturated vapor results in the images shown in Figure 3.14. This H^O exposure is 

sufficient to deliquesce the underlying NaCl surface. The NaCl (100) surfacc morphology 

evident in Figures 3.8-3.12 is replaced by a collection of unusual "strings" presumed to be 

NaNOj unevenly distributed over the NaCl surface. Interestingly, these strings do not 

follow the previously observed step edges of the NaCl (100) surface (Figure 3.8). At this 

point, the rms roughness of the surface is ~ 0.37 nm, a slightly higher value than after 

completion of the capping layer. 

A magnified 1 |im x 1 ^m area of Figure 3.14 is shown in Figure 3.15a. The 

NaNOj-containing strings are clearly evident in tlus presentation and are observed 

independent of the scan direction. Small (< 0.2 nm) roughness features evident in Figure 

3.15a that run parallel to the scan direction are attributed to tip-induced damage. A cross-

sectional analysis of this image shown in Figure 3.15b reveals these strings to be of 

remarkably consistent height (1.25 ± 0.15 nm) and thickness (77 ± 14 nm). This thickness 

may be convoluted by the shape of the AFM tip. 

The number of strings and their positions across the NaCl surface change with 
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Figure 3.14 5 nm x 5 contact AFM images after exposure of NaNOj-capping 

layer to 1x10"' moles H2O per cm^ of headspace in sealed AFM cell, a) 4 
min and b) 8 min after exposure. 
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Figure 3.15 a) 1 |im x 1 ^m contact AFM image of "string-like" structures on NaCl 
(100) b) Cross section of image. 
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time. The image in Figure 3.14b was acquired 4 min after the image in Figure 3.14a at the 

exact same spot on the surfece. Despite the obvious mobility of these strings, their 

average height and thickness are maintained. Notable in both images are strings which are 

very close together yet which do not lead to NaNO^ crystallization. 

NaN03 cr>'stallization at this spot on the surface is evident in the image acquired ~ 

8 min after this single HjO exposure. Figure 3. J6 shows one such crystal of- 30 nm in 

height that has apparently formed from the upper area in Figure 3.14b in which the strings 

have formed a completely closed pseudo-rectangular arrangement. This shape may be 

preferential due to the crystal structure of NaNOj, and suggests that these strings may be 

quasi-solid materials. This structure may facilitate NaNOj precipitation of strings with this 

shape. Thus, the towers with this shape are tavored. Significantly, no strings are evident 

on the surface in the immediate area sunounding the crystal; however, sub-nanometer 

string "tracks" are observed on the NaCl at positions where the strings previously existed. 

The origin of the strings observed after surface deliquescence is rationalized as 

follows. Exposure of the NaNOj-capped surfece to H^O results in displacement of the 

metastable NaNOj layer with concomitant deliquescence of the underlying NaCl surface, 

the energetically most favorable process. (The energetics of this system are probably 

dictated by the lack of a commensurate lattice between NaNOj and NaCl.) The formation 

of strings containing NaNOj that are mobile is attributed to the presence of a H^O adlayer 

on the NaCl surface, insufficient surface HiO to dissolve all of the NaNOj, and the lack of 

a strong interaction between NaN03 and the NaCl surface. The transient nature of these 
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Figure 3.16 5 |im X 5 contact AFM image of formation of NaNOj tower structure 

on NaCl (100) after exposure to 1 x 10 ' moles HjO per cm^ of headspace. 
Image was collected 4 min after image shown in Figure 3.14.. 
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strings suggests a kinetic Imrier associated with the crystallization of NaNOj. If NaNOj 

crystallization occurs as a precipitation reaction from saturated aqueous solution, then this 

kinetic barrier could be the dissolution of these strings in the underlying H^O adlayer. 

Raman Spectroscopy of NaNO, 

NaNOj belongs to the Dj/ space group with a rhombohedral or pseudohexagonal 

crystal structure.^ " There are 10 atoms in the Bravais unit cell containing two different 

Na' and NO3", shown in Figure 3.17. Figure 3.17a can be compared to Figure 3.17b for a 

general perspective of the positions of the ions in the NaNOj crystal structure. Figure 

3.17b is viewed along the y-axis and shows the pseudohexaogonal structure of NaNOj. 

Normal coordinate analysis of alkali-metal nitrates performed by Nakagawa et al. indicates 

18 vibrational modes in crystalline NaNOj.^ " However, due to the degeneracy of many of 

these modes, only three Raman-active modes are observed in the frequency region of 

interest in this study. 

The spectral region used in this study, -500 to 1700 cm ', contains the SCNOj) and 

v(N03) modes. NaNOj lattice vibrations below 500 cm"' were not considered in this 

investigation. Discounting the lattice modes significantly simplifies the Raman spectrum 

of NaNOj, as shown in Table 3.2. The Raman spectrum of NaNOj can be treated as that 

of the free NO3" ion. 

The free NO3" ion is a member of the point group with three Raman-active 

vibrational modes in bulkNaNOs.^ " These three modes are shown in Figure 3.18. 
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a 

Atom-ion Pair in Cell' Distance (nm) 

1-5 0.324 

5-6 0.324 

2-5 0.403 

3-5 0.241 

4-5 0.381 

1-9 3.42 

2-7 3.41 

4-8 3.16 

Figure 3.17 a) Atom-ion distances in NaNO, Bravais cell, b) NaNOj crystal lattice 
along y-axis. • N, O Na 
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Table 3.2: NaNO, vibrational modes" 

Mode^" Observed (cm ') Activity'' 

VaCNOj) 1385 IR,R 

VsCNOj) 1068 R 

5op(N03) 833 IR 

S^(N03) 725 R 

® From reference 3.53 
'' IR = infrared active; R = Raman active 
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Figure 3.18 Raman active vibrational modes. a)v,(N03), b) v^CNOj), c) 6,p(N03) 
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Figure 3.19 Raman spectra of a) crystalline NaNOj, b) saturated aqueous NaNO, 
solution. 
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Raman spectra of bulk solid NaNOj and a NaNOj-saturated aqueous solution of NaNOj 

are shown in Figure 3.19. In the bulk, crystalline NaNOj solid (Figure 3.19a), three 

Raman modes are observed: the 5|p(N03 ) at 725 cm ', the v^CNOj) at 1068 cm ', and the 

VjCNOj) at 1385 cm '. Three Raman active modes are also observed in the NaNOj-

saturated solution. Figure 3.19b.'' In this spectrum, the SjpCNOj) is broadened and shifted 

to 721 cm '. In addition to this shift, the VjCNOj) appears at 1052 cm ' and the v^CNOj) at 

1409 cm"'. 

Exposure of Powdered NaCl to Dry HNO^ Vapor in a Flow Cell 

Previous studies have demonstrated the formation of a NaNOj capping layer upon 

exposure of NaCl to dry Given the extreme sensitivity of the 

vibrational spectroscopy of oxyanions such as NO," to chemical environment, a 

manifestation of the amorphous nature of this NaNOj was expected in the Raman spectral 

response. Figure 3.20 shows Raman spectra of the formation of this NaNOj capping layer 

at various stages during exposure of powdered NaCl to a flowing stream of 8 x 10"' moles 

HNOj cm" s '. As shown in Figure 3.20a, NaNOj is initially detected after exposure to 1.7 

X 10'^ moles HNOj cm '. All three Raman-active bands are clearly observed in Figure 

3.20b, and contrary to expectations, the peak frequencies for this amorphous NaNOj are 

identical to those from crystalline NaNOj. As shown by the series of spectra in Figures 
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Figure 3.20 Raman spectra of NaCl powder exposed to HNO3. a) 1x10 ' moles 

HNO3 cm % b) 3.4 X 10 ' moles HNO3 cm ', c) 1.0 x 10"^ moles HNO, cm'^ 

d) 2.5 x lO'^moles HNO3 cm'. 
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3.20a-d, the NaNOj signal intensity continues to increase with HNO3 exposure up to 1.7 x 

10"^ moles cm'^ however, subsequent exposure produces no further increase in NaNOj 

intensities indicating completion of the NaNOj-capping layer. 

To test the hypothesis that the capping layer exists as a thin film and does not 

represent total consumption of the NaCl, the cappcd surface was exposed to HjO to reveal 

fresh NaCl, and subsequently, to additional dry HNO3. After this treatment, the intensities 

of the NaNOj bands increase further, indicative of the exposure of additional NaCl for 

reaction by this procedure. 

The kinetics of capping layer formation can be extracted from the vibrational mode 

intensities as a function of HNO3 exposure. A plot of the intensity of the normalized 

VS(N03) intensity as a function of HNO3 exposure is shown in Figure 3.21. After -240 s 

(1.0 X 10"^ moles cm"") of HNO3 exposure, the V5(N03) intensity levels off. The solid line 

in Figure 3.21 is a fit of the v,(N03) intensity to a Langmuir isotherm (K s k^/kj = 0.016 ± 

0.003). 

Previous work has shown this reaction to be pseudo-first order in HN03.^"'-^ 

^" Thus this reaction can be expressed by the following relationship: 

I[v,(N03)],t = I[v,(N03)]„ - IK(N03)]. exp{-k • [HNO3] • t} (3.2) 

where I[Vs(N03)],t and I[v5(N03)]„ are the signal intensity (I) of the V5(N03) mode at time 
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Figure 3.21 Normalized peak intensity versus HNOj exposure (bottom) and time 

(top). Squares represent the v,(N03) intensity. The solid line is fit to a 
Langmuir isotherm. 
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t and at time infinity («), respectively. In equation (3.2), k is defined as the rate constant 

of NaNOj formation and [HNO3] is the HNO3 flux, 7.2 x 10'^ moles HNO3 s '. 

Simplifying equation (3.2) yields 

In 
^I[v',(N03)L-I[V,(N03)].^ 

I[v,(N03)L 
= -[k.[HN03].t] (3.3) 

I[v5(N03)]„ is the maximum signal intensity that will be observed. In this system, the 

maximum I[v5(N03)] is reached at the completion of the NaNOj-capping layer. Thus, 

I[VS(N03)], can be used as a normalization factor to greatly simplify equation (3.3) to 

yield 

ln{(l- 1[v,(N03)],} = - k • [HNO3] • t (3.4) 

Therefore, a plot of ln{(l- I[v,(N03)]t)]} as a fimction of time yields the rate constant of 

NaNOj formation fi-om the slope. This treatment assumes that I[Vs(N03)] is invariant as a 

function of NaNOj surfece coverage. This plot is shown in Figure 3.22. The rate 

constant determined fi-om the slope is of this plot is (1.18 ± 0,12) x 10"' s"'. 

Reactions of a gas with a solid are often described in terms of a reaction 

probability, 7, or the number of reactions per sur&ce collision.^ Previous 
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Figxire 3.22 First order plot of ln{( 1 -IKv.CNOj)],} as a function of time. 
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determinations of the reaction probability for this reaction have shown that 7 varies by two 

orders of magnitude depending on the surface preparation of the NaCl. On NaCl (100), 7 

values of 4.0 x 10"* have been reported. In contrast, values ranging from (1.3 - 5.5) x 10 ' 

have been observed on dry powders.^ 

The determination of 7 requires knowledge of the collision rate, C, which can be 

determined from the following relationship: 

C = A,„rfP^y(RT/(27tM))'^= (3.5) 

where is the surface area of the powder (805 ± 2 cmVg), Pga, is the vapor pressure of 

HNO3 at STP (62.8 torr), and M is the molecular weight of HNO3. With C in hand, 7 can 

be calculated from the rate constant (k) and C: 

d\NO. 1 
. = (3.6) 
' dt C 

On the basis of the Raman spectral data, 7 was determined to be (1.18 ± 0.2) x 10 ". This 

result is the first spectroscopic elucidation of 7 and is close to previously published values 

for powdered NaCl determined on the basis of HCl product formation.^"^^ It can 

be argued that the direct detection of the solid phase product is preferable to gas phase 
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HCl monitoring for the determination of y as it is not hampered by strongly adsorbed HCl 

that could potentially reduce the measured value of y. 

The large body of published data shows a large variation in y, and may be due both 

to surface preparation and experimental sampling techniques. Some of the possible 

variables in this study are surface porosity, differences in surface morphology, exposed 

crystal faces, surface adsorbed H,0, number of surface defect sites, and sample history. 

Attempts were made to minimize the possibility of sample heterogeneity in this study that 

could occur through excessive grinding, packing, exposure to the ambient, etc. 

Variations in y are expected due to the large number of variables that can affect the 

kinetics of this system. From the large variation in y between single crystal and powdered 

samples, the kinetics of the NaCl + HNO3 reaction may depend on the number of active 

surface sites that lead to reaction. In order to understand the factors that govern the 

production of surface NaNOj, HNO3 + NaCl reaction can be separated into two steps 

shown below:^ 

ki 
HNO3 (g) HNO3 (ads,act) (3.7) 

k-i 

HNO,(ads, act) + NaCl(s) NaNO. (s) + HCl (g) (3.8) 
k.: 

In this model, the reaction is separated into the adsorption/desorption of HNO3 on 
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a NaCl active site (k„ k,) and the reaction of this adsorbed HNO3 at this site NaCl (k,, k 

2). The sticking coefficient of HNO3 on NaCI, reaction (3.7), has yet to be determined. 

Factors that govern this parameter may be the number of active surface sites and the H^O 

coverage. The flowing stream used in this study quickly removes evolved HCl; thus the 

back reaction between HCl and NaNOj can be neglected. The effective rate constant, k^ff, 

can therefore be described by the following relationship: 

Previous studies on this reaction give insight into the steps that govern this 

reaction and aid in the determination of the rate-limiting step in this process. Fenter et ai. 

observed the rapid uptake of HNO3 and a delay in HCl release.^ When HNO3 flow was 

stopped, 90-95% of the HNO3 was desorbed, thus showing the importance of reaction 

(3.7).^ These observations suggest that HNO3 adsorption is facile and HCl formation is 

limited by reaction (3.8). Using these observations and assuming that k,»k,, equation 

(3.9) can be simplified to: 

Therefore, k^fr is governed by the product of the HNO3 adsorption equilibrium (k^,,) and 

(3.9) 

k, 
k ^ = —i-k- = k k-
eff eq 2 

(3.10) 
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the reaction (3.8) rate constant, k,. 

Assuming that there is weak or no dependence of the sticking coefficient (k^^) on 

surface preparation, the kinetics of (3.10) are greatly dependent upon the siu-face 

conditions and are most likely a result of the number of sites that promote HNO3 reaction 

on the surface. Prior to HNO3 exposure, a surface is composed of a number of active 

sites. These sites need to be continually regenerated for the reaction to continue. The 

AFM data indicate that the highest density of these sites occurs at steps which may have a 

higher surface energy for adsorption and/or have adsorbed H^O prior to HNO3 exposure. 

After HNO3 exposure, the formation of surface NaNOj results in the dislocation of CI" 

from the surface and the temporary removal of the active site. Reconstruction of the 

surface from CI" dislocation results in regeneration of an active site by surface Na*, CI", 

and NOj" movement to ofiset the charge loss of surfece CI" and subsequent replacement by 

sterically larger NO3". This process continually regenerates active sites through the 

reaction sequence until completion of the capping-layer. 

Perhaps surprisingly, the intensity of the 6|p(N03) at 725 cm ' is highly variable as a 

function of HNO3 exposure, as shown in Figure 3.23. This mode interrogates a motion of 

NOj" that is sensitive to the O-N-0 angle. Thus, a variation in the chemical environment 

of NO3" as a fimction of HNO3 exposure, and hence NaNOj coverage, may be responsible 

for such an observation. To further demonstrate the change of this mode intensit>' as a 

function of HNO3 exposure, the ratio of the V5(N03) at 1068 cm ' to the 8^(N03) at 725 

cm"' is plotted as a function of capping layer coverage, shown in Figure 3.24. These two 
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Figure 3.23 Normalized peak intensity of the 6,p(N03) versus HNOj exposure 
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Figure 3.24 Intensity ratio of v,(N03) to 6,p(N03) as a ftinction of capping layer 
fractional surface coverage. 
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vibrational modes interrogate different motions of the NOj" ion, as shown in Figure 3.18. 

The VjCNOj) represents a symmetric breathing motion of all atoms in the plane of the ion 

in which the angles between the N-0 bonds remain constant. In contrast, the 5|p(N03) 

represents bending of the ion through alteration of the N-0 bond angles even though all 

N-0 bonds remain within the plane of the ion. This plot shows the variation of this ratio 

by a factor of~2 as a fimction of coverage, increasing with HNO3 exposure from 8:1 at an 

equivalent capping layer coverage of 0.4 ML to 15:1 upon completion of the capping 

layer. In bulk NaNOj, this ratio is ~ 11:1; thus, the observed values span a range from less 

than to greater than that of crystalline NaNOj. These spectral changes indicate different 

NOj" environments that change systematically with coverage of the amorphous layer. In 

order to rationalize these observations, the nature of the vibrational motions of each mode 

must be considered in the context of the mechanism of the capping layer formation. To 

understand how these different motions might be impacted by the chemical environment of 

the NaNOj capping layer as it forms, the mechanism whereby this layer forms must be 

known and is modeled in the following section. 

Computer Simulation of the Orientation of NO," Adsorption on NaCl (100) 

The growth of this capping-layer has been imaged as a function of static HNO3 

exposure in AFM studies. During the initial stages of growth, the images show growth of 

NaNOj on step edges followed by growth on terrace sites. Assuming that step edge 

growth is complete prior to the coverage at which Raman spectra can first be observed. 

I 
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then analysis of the change in this intensity ratio must only involve NaNOj growth on the 

terraces. 

Cerius* is an application in which chemical structures can be constructed as 

molecules, amorphous solids, and crystalline materials using known molecular parameters 

such as bond distances or crystal structures. The type of structure constructed dictates 

what type of modeling and/or simulation can be performed. 

In this study, a 5 x 5 x 3 NaCl lattice was constructed as an amorphous, ionic 

solid. By building the lattice in this fashion, the charges of each atom can be set, and 

individual atoms in the lattice can be removed. Such properties are not allowed in the 

construction of crystalline materials in Cerius^. The ion spacing was set at 0.564 nm, the 

unit cell spacing of crystalline NaCl. Thus, the resulting lattice was the (100) face of 

crystalline NaCl, and had the properties of the ionic solid. After construction of the 

lattice, the bottom layer was fixed to simulate an underlying bulk NaCl crystal. In addition 

to the construction of the NaCl lattice, N03" was constructed by assigning the charge 

distribution of each oxygen at -1/3 per atom in the ion. Such charge distribution has been 

determined experimentally in previous studies. The N-0 bond distance fbced at 0.1306 

nm, the equilibrium distance in bulk NaNOj. 

After structures were constructed in the visualizing component of Cerius", they 

were imported into modeling software of the program. The Dreiding 2.11 force field was 

used to simulate the interaction of a NO3" ion on the NaCl (100) surface after the removal 

of a surfece CI". £)reiding 2.11 is a universal force field in which the total energy of the 
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system is determined and minimized in an iterative fashion.^^** This force field allows 

inorganic atoms and ions to be used,^^^ and individual atoms can be assigned charges. The 

energy of the system is the summation of several terms, including valence and non-bonded 

terms. The Coulombic interactions in this system are the primary energetic term and are 

included in the Dreiding 2.11 force field. 

Specific parameters used in this study include a 1-3 valence exclusion in NO,". 

This excludes the interaction between NO," O atoms in this simulation. Using this 

exclusion maintained the -1/3 charge distribution per O atom on NOj". In addition, the O-

N-0 angle was fixed at 120°. The Coulombic spline on distance was 0.8 nm, and the cut

off distance was set at 0.85 nm. This cut-off set the end of the Coulombic interaction 

potential between NOj" and the NaCl surface at 0.85 nm. 

On terraces, the growth of the NaNO, layer starts through production of HCl at 

isolated sites on the NaCl surface leaving Cl-deficient surface defects. The two possible 

surface orientations of NOj" in the CI' vacancy are shown in Figure 3.25. 

The modeling results of the initial stages of this reaction indicate that the NOj" 

species interact at these defects in an orientation in which the ion plane is parallel to the 

surface as shown in Figure 3.26a. In this orientation, the various components of the 

polarizability tensor for the v^CNOj) and SjpCNOj) modes are expected to be perturbed 

fi-om their values in crystalline NaNO, due to the proximity to the NaCl surface. These 

perturbations are manifest as an intensity ratio for these modes lower than that observed in 

the bulk crystalline solid. 

s I 



b 
a) Horizontal orientation of NO,' at CI" vacancy, b) Vertical orientation of NO," atCl vacancy. 
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As the surface reaction proceeds and more of the surface CI is removed as HCl, 

these simulations indicate that surface MO3' species undergo a systematic change in 

orientation with respect to the surface plane with surface coverage, first to a tilted 

orientation as shown in Figure 3.26b and finally to a perfectly vertical orientation as 

shown in Figure 3.26c. 

The precise orientation of NO3" was determined with respect to the NaCl (100) 

plane for both horizontal and vertical NOj". The results for the horizontal orientation are 

tabulated in Table 3.3. In the case where NO3" is parallel to the plane of the surfacc, 

simulating low NOj" surface coverages, using a N-0 bond for reference, the in-plane axis 

(D3) ofNOj" is rotated 43.6 ± 4.0° with respect to the NaCl (100) plane, shown in Figure 

3.27. This measurement is the result of three independent energy minimizations at this 

surface coverage. In this orientation, NO3" minimizes the distance between two of the 

NOj' oxygen atoms and surfece Na^. The NOj" is 0.154 ± 0.027 nm above the first layer 

of the NaCl (100) surfece plane. 

The orientation of a single vertical NO3' in a CI" vacancy was similarly energy-

minimized, and the results are shown in Table 3.4. In this orientation, two surface O 

atoms reside above the NaCl surface, and the in-plane axis ofNOj" is rotated 18.8 ± 0.1 

with respect to the NaCl (100) plane. This orientation maximizes the interaction of NO3' 

with two Na* atoms in the first layer of NaCl, as shown in Figure 3.28. 

Reorientation fi-om the horizontal to vertical NO3" produces a commensurate 

change in intensity ratio of the two NO3' modes, since the electronic environment dictating 



b 
Figure 3.26 Energy-minimized orientations of NO, for a) one CI' surface vacancy, b) three surface vacancies c) five 

surface vacancies. 
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Table 3.3; Cerius" energy-minimized structure ofNOj' in-plane with NaCl (100) surface 

NO3' with respect 
to NaCl (100) plane 

n 
0 distance to 
surfece Na" 

(nm) 

N distance to Na* 
in second layer 

(nm) 

NO3' plane distance 
to first NaCl layer 

(nm) 

43.6 ±4.0 0.219 ±0.014 0.440 ±0.027 0.154 ±0.027 
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Figure 3.27: Orientation of NOj in horizontal orientation on NaCl (100) surface. 
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Table 3.4: Cerius^ energy minimized structure of NOj" out-of-plane with NaCl (100) 
surface 

NOj" with respect to NaCl 
(100) plane 

n 
0 distance to surface Na" 

(nm) 
N distance to Na" in 

second layer 
(nm) 

18.8 ±0.1 0.301 ±0.012 0.264 ± 0.003 

i 
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Figure 3.28 Orientation of NOj"in vertical orientation on NaCl (100) surface. 
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the polarizability tensor components is systematically altered. In the vertical NO3" 

orientation, one O atom of the ion is imbedded into the CI vacancy on the surfece such 

that the center of the NOj" plane is positioned adjacent to the Na ions in the upper atomic 

layer of the NaCl surface. The interactions produced by this arrangement apparently 

decrease the intensity of the SjpCNOj) more than the VjCNOj) based on the increase of the 

ratio of the latter to the former. 

Further evidence in support of this vertical N03' arrangement in the final capping 

layer comes from consideration of the crystal structure of bulk NaNOj. As shown by the 

picture in Figure 3.29a, the structural motif of this salt is one in which the Na"^ and NOj" 

exist in a linear arrangement in the X-Z plane. Thus, one concludes that the NaNOj in the 

capping layer probably has a structure like that shown schematically in Figure 3.29b,c. The 

amorphous nature of the capping layer is rationalized by the fact that the Na" - NOj" 

distance in bulk NaNOj is 0.324 nm but the Na*^ - CI" distance in NaCl is only 0.275 nm, 

~11% smaller. Thus, the NaNOj accommodated by the NaCl (100) surface cannot 

achieve its equilibrium crystalline spacing within the constraints of the NaCl (100) surface, 

and therefore, forms an amorphous surface layer. 

Exposure of NaNO,-Capped NaCl to H-,0 Vapor 

After completion of the capping-layer, HjO exposure is known to rearrange the 

surface. The effect of H2O vapor on NaNOj-capped NaCl was studied with Raman 
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Figure 3.29 a) Crystal structure of bulk NaNOj, b) energy-minimized top view of 
NaCl surface plot upon contact with bulk NaNOj, c) side view of b). 
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spectroscopy. Upon exposure of the NaNOj-capped surface to HiO vapor at 1 x 10'^ 

moles HjO s ', a second V5(N03) band appears at 1052 cm '; this band is assigned as the 

VS(N03) mode of hydrated NO3". This band first becomes visible upon exposure of the 

powder to 8 x 10'^ moles HiO cm"^ and increases in intensity with H1O exposure as shown 

in Figure 3.30b. After exposure to 3 x 10"^ moles cm'^ of HjO vapor, the spectrum in 

Figure 3.30c is observed which is consistent with an aqueous solution of saturated 

NaNOj. 

Previous work has shown that the position of the v^CNOj) of NaNOj is 

concentration dependent.^" In a saturated solution (~ 6 M NaNOj), this mode appears at 

1052 cm"' and shifts to lower frequencies with decreasing concentration (e.g. 1049 cm ' at 

~ 0.5 M NaNOj).^" The invariant position of the v.CNOj) mode with HiO exposure is 

consistent with a thin HjO film that is saturated in NaNO, up to complete dissolution of 

the capping layer after exposure of the surface to 3.6 x 10"^ moles HjO cmUsing the 

Kameda et al. hydration numbers of 5 and 6 for NOj' and Na\ respectively, and assuming 

a two ML thick Nasos capping layer and a 0.4 nm HjO radius, it is estimated that the H^O 

is ~ 4 nm thick at this point.^ 

Removal of HiO was achieved by flowing dry air (RH < 2%) through the powder. 

The resulting Raman spectrum is shown in Figure 3.30d. Surface-bound H^O is removed, 

although not completely, after continual exposure to ~ 2 x 10^ equivalent cell volumes of 

dry air (Figure 3.30d), with a concomitant decrease in the mode at 1052 cm '. The 1052 
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Figure 3.30 a) Raman spectrum of NaNOj -capped NaCl. Spectra resulting from b) 

exposure to 8 x 10 ' moles H.O cm'% c) exposure to 3 x 10^ moles RO 

cm ', d) exposure of same powder to 2% RH air for 12 h. 
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cm"' mode is still observed after 12 hrs of dry airflow through the powder. Complete 

removal of surfece bound HiO from NaCl requires temperature above 350° C.^ 

After dehydration, the V5(N03) to Sjp(N03) intensity ratio decreases to 12:1 ratio. 

This observation is consistent with previous XPS' '^"®and TEM work that has shown 

that after surface hydration, the NaNOj capping layer rearranges to form NaN03 crystals 

on the surface. 

The involvement of surface-adsorbed HiO in the transformation of the amorphous 

NaNOj capping layer to crystalline NaNOj was further investigated by monitoring the 

v(O-H) region as a function of HjO exposure. Spectral results are shown in Figure 3.31. 

No detectable H^O was observed prior to HiO exposure as shown in Figure 3.3 la. 

Exposure of the NaN03-capped NaCl to 2 x 10^ nroles HiO cm"^ produces the spectrum 

shown in Figure 3.31 b, with v(O-H) bands from HiO clearly evident. The intensity in this 

region continues to increase with additional HjO exposure indicating an increased 

thickness of the surfece adsorbed HiO layer, Figure 3.3 Ic. At this exposure, the powder 

does not appear to be caked, with no visible solvation layer from HjO-induced powder 

coalescence as observed in other studies.^ These data are compared to a saturated NaCl 

+ NaN03 solution in Figure 3.3Id. The peaks in Figure 3.31b-d are overlaid for 

comparison in Figure 3.3 le. 

The complex shape of the v(O-H) envelope has given rise to multiple 

interpretations and has been studied with Raman spectroscopy for over 30 years.^ 
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Figure 3.31 a) NaCl powder prior to H,0 exposure, b) exposure of NaCl powder to 2 

X 10"^ moles HjO cm ', c) to 3 x 10"* moles HjO cm'\ d) bulk spectrum 
of saturated solution of NaNOj and NaCl, e) overlaid peaks of b), c), and 
d). 
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This region is composed of the V5(0H) from ~ 3440- 3600 cm ' ; there may also be weak 

contribution from the Vj(OH) that is observed at frequencies greater than 3630 cm ' in 

pure HjO. The positions of peaks and their shapes provide insight into H-bonding and 

degree of order in the HiO film. This envelope can be fit with four components;^ 

these components have been attributed to an ice-like component (C,) at 3230 cm ' in pure 

H^O, an ice-like liquid phase (Cy at 3420 cm ', a liquid-like amorphous phase, (Cj), at 

3540 cm"', and a fourth component (C4) at 3620 cm"' assigned to monomer 

The addition of certain ions disrupts the H-bonding network; thus, the peak 

intensities of the amorphous and monomer bands (C3 and Q, respectively) increase 

relative to their intensities in pure H^O. Additionally, the ratio of the integrated intensities 

of C|iC, is highly dependent upon H-bonding. For example, the ratio in pure H^O is ~ I. 

The presence of ions breaks the H-bonding network of bulk HiO, and the C,:C2 ratio is 

reduced to ~ 0.5.^ "" 

The peak frequency and integrated peak area data from Figure 3.31 and from 

single component saturated solutions of NaCl and NaNOj are shown in Table 3.5. The 

integrated peak area, shown as percentage of total v(O-H) peak, are shown in parentheses 

below the peak position. As the surface-adsorbed HiO layer increases in thickness, all 

four components shift to lower frequency. The CitC, ratio increases with thickness, while 

the C4 component is unchanged and 7% lower in intensity than observed for a saturated 

solution of NaCl + NaNOj. These changes are all consistent with an increase in the H-

bonding character of the thin HiO film as its thickness increases and approaches the 
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Table 3.5: v(OH) peak frequencies and integrated intensities for NaCl exposed to H^O and 
for HiO Solutions of NaCl and NaNO,. 

v(OH) Frequencies (cm ') 
(% of Total Integrated Area) 

c, C: C3 C4 
NaNOj-capped NaCl 3269 3440 3538 3621 

(2x10"^ moles HjO cm'^) (12) (67) (18) (3) 

NaNOj-capped NaCl 3263 3431 3513 3613 
(3x10"* moles HjO cm'^) (16) (49) (26) (3) 

Saturated NaCl + NaNOj 3255 3419 3493 3580 
(25) (49) (16) (10) 

Saturated NaCl 3244 3394 3476 3588 
(19) (41) (31) (9) 

Saturated NaNOj 3256 3404 3496 3586 
(21) (46) (23) (11) 
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Figure 3.32 Normalized C, intensity versus H2O exposure. 
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spectral behavior of a saturated NaCi solution. 

The peak intensity of the C, component as a function of HjO exposure is shown in 

Figure 3.32. The Cn component has the largest peak area, and is nearly invariant in 

relative peak area. The change in the slope of C, component at an exposure of ~ 3 x 10"^ 

moles HjO cm"' corresponds to the same exposure at which all of the NaNOj is dissolved 

in the surface adsorbed water layer (Figures 3.30c and 3.3Id). 

From Figure 3.32, the uptake coefficient (x), defined as the number of moles of 

HiO adsorbed per mole of H,0 exposed to the NaNOj-capped NaCl, can be determined 

fi-om the following relationship: 

Moles H2O adsorbed _ ,,, 
X -  ( 3 1 1 )  

Moles HjO exposed 

The number of moles of HjO adsorbed is determined by assuming a 2 ML NaNOj-capping 

layer on the NaCl powder sur&ce and using the previously reported hydration numbers for 

both Na"^ and NOj". Using these numbers, 10 ML of H^O (2.4 x 10"' moles HjO) are 

required for complete capping-layer dissolution. Dissolution is observed after exposure of 

the powder to 3.6 x 10"^ moles HjO cm"^ (5.4 x 10"^ moles H^O), see Figure 3.30c. Thus, 

X at these conditions is determined to be 4.4 x 10"^. 

As more HiO is added to the surfece, dissolution of NaCl occurs. The growth of 



204 

HjO may be reduced by the feet that 8 HiO molecules are required to solvate a single CI " 

as opposed to 5 for NOj'/' reducing the rate at which the H^O is added to the surface. 

Exposure of H-,0-Pretreated NaCl Powder to HNQ^ 

Under most real atmospheric conditions, NaCl is formed through the flash 

evaporation of a small aqueous aerosol droplet of seawater as it encounters regions of 

lower HiO partial pressure. This may occur slightly inland away from the coastal region 

as the humidity decreases. Temperatures above 350° C are required to remove surface 

bound HjO; these conditions are not accessible to atmospheric NaCl.^^' Therefore, under 

any conditions encountered in the terrestrial atmosphere, formation of particulate NaCl 

from an aqueous solution leads to surface-bound HiO at humidities well below the NaCl 

deliquescence point (DP) (RH < 74%), and complete three-dimensional H^O coverage at 

any humidity greater than the DP. 

Tn order to study the processes that occur in the terrestrial troposphere, H^O must 

be added to the surfece. Given the ubiquity of surface-bound HjO on NaCl in the 

terrestrial environment, we have studied reaction 3.1 at a pre-hydrated NaCl surfece. 

Such conditions were prepared by exposing NaCl to 1 x 10"^ moles HjO cm"^ to produce a 

hydrated surfece. Using the calculated HjO uptake coefficient (4.4 x 10'^ HjO adsorbed 

per HjO exposed) and the surfece area of the NaCl powder (2.4 x 10"^ moles NaCI), this 

results in 6.6 x 10"^ moles of HjO, or ~ 30 ML of HiO on the NaCl surfece. 
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Figure 3.33 Exposure of powdered NaCl to 1 x 10"* moles HiO cm " and subsequemly 

to a) 4.2 X 10"^ moles HNO, cm^ b) 4.2 x 10 '  moles HNOj cm^ c) 1 xlO '  

moles HNOJ cm'^ d) Raman spectrum of 1:1 HNOj.HjO solution. 
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This surface was then exposed to a flowing stream of dry HNO3 vapor and the 

Raman spectrum was monitored as a function of time. Exposure of pre-hydrated NaCl to 

4.2 X 10'^ moles HNO3 cm"" produces the spectrum of predominately solid state NaNOj as 

shown in Figure 3.33a. However, several bands are observed that are not due to NaN03 

but are due to molecular HNOy the of5(ONO) at 620-670 cm ', the Vs(NOH) at 930 cm" 

', and the VjCNO,) at 1310 cm'. A Raman spectrum of a 1:1 HNOjrHiO solution is shown 

in Figure 3.33d for comparison, and tabulated in Table 3.6. 

HNO3 is a strong acid that is readily ionized in the presence of H,0. Irish et al. 

showed that in the absence of other electrolytes in solution, HNO3 is 17% ionized with 1.5 

HiO molecules per HNO3 and 63% ionized with 5 HiO molecules per HN03.^" In the 

presence of other electrolyte ions which compete with the proton for hydration, the 

deprotonation process is inhibited. 

Deprotonation of HNO3 results in a change in symmetry from for HNOj to 

for NOj"; thus, the Raman spectrum of N03' is dominated by the v^lNOj) at 1044 cm" 

13 55.3.57 Raman spectrum of molecular HNO3 has a Vj(N03): Vs(NOH) intensity 

ratio of ~ 10:1. The presence of a band at 1049 cm' in Figure 3.33a can be attributed to 

NO3" arising from hydrated NaNOj, deprotonated HNO3, or both. An additional intense 

band assigned as Vs(NOH) suggests that the signal can be attributed to molecular HNO3. 

The deprotonation of HNO3 is dependent upon the number of HjO molecules 

available for hydration. These spectral data suggest that the majority of the HNO3 is not 
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Table 3.6: Raman peak frequencies of 1:1 HN03:H20 solution and NaCl exposed to 
HNOj vapor. 

Vibrational 
Assignment^"'^'^"'® 

HNOjiHiOCI:!) 1 rain post HNOj vapor 
exposure 

8(H0-N0,) 638 639 

5(N02) 686 680 

v^CHO-NOj) 953 953 

V,(N03) 1044 1049 

Vs(NO:) 1304 1304 

VaCNO,) 1670 1670 
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deprotonated under these conditions; the inhibition of deprotonation may be due to the 

addition of Na*^ and CI" to solution. In this case, the amount of HiO on the surface is 

limited by the initial HjO exposure. The HjO that is on the surface is assumed to be 

saturated in NaCl prior to HNO3 exposure. HCl evolution may be favored under such 

conditions. Work by Clegg et al. has shown that at pH < 3, the degassing of HCl is 

thermodynamically favored in high ionic strength solutions.^^®-^^® In the absence of other 

ions, and assuming 17% HNO3 deprotonation as determined by Irish for these conditions, 

the pH of the aqueous layer in these studies is calculated as 0.5, well below that required 

for HCl evolution.^^'-^" 

Raman modes associated with solid NaNOj increase in intensity with additional 

HNOj exposure, as shown in Figure 3.33b. The concentration of Na' and NO," in this 

layer can be estimated by the observation of solid phase NaNOj Raman peaks. Previous 

studies have shown that NaNOj precipitates in concentrations above 6.9 M in a saturated 

NaNOj + NaCl solution.^^® Thus, a similar NaNOj concentration may exist in the thin 

aqueous layer. 

Molecular HNO3 is still evident after exposure of the film to 4.2 x 10^ moles 

HNOjCm'^ (1 order of magnitude greater exposure than in Figure 3.33a), as shown in the 

inset of Figure 3.33b. Surface hydration inhibits the formation of a capping-layer, as 

shown by the response to increased HNO3 exposure in Figure 3.33c (1 x 10"' moles HNO3 

cm'^). Surfece HjO may mediate the reaction through mass transport of Na"^ and CI" from 

the underlying crystal, and may prevent the formation of the capping layer. 
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The presence of molecular HNO3 in the film at this point may give insight into the 

kinetics of this reaction in solution. This observation suggests that HNO, difiusion into 

the aqueous layer is not the rate limiting step in this reaction. This step is proposed to be 

either HNO3 deprotonation, the fbmiation of NaNOj, and/or HCI evolution. 

Atmospheric Implications 

Collectively, these observations demonstrate the important role of HjO in the 

reaction between NaCl and HNO3. Using the observations in this and previous studies, it 

can be assumed that the amount of HjO present in the terrestrial atmosphere is sufficient 

to hinder the formation of a NaNOj-capping layer on an atmospheric alkali halide particle. 

A HjO partial pressure of 0.05 torr is sufficient to reorganize NaNOj-capped NaCl and 

expose fresh NaCl that was previously unaccessible to gas phase HNO3. This HiO partial 

pressure is present under all conditions in the Earth's atmosphere. Thus, in the terrestrial 

atmosphere, the underlying alkali halide will be continuously exposed to gas phase HNO3 

adsorption and reaction. This observation may explain the large chloride deficits observed 

in sea salt particles collected in the lower atmosphere. 
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Chapter 4 

Raman Spectroscopy and Atomic Force Microscopy 

of the Reaction of Sulfuric Acid with Sodium Chloride 

Introduction 

Atmospheric alkali halides derived from sea spray and volcanos are correlated with 

the formation of reactive volatile chlorine compounds."" Previous field and laix)ratory 

studies have shown that NaCl reacts with trace mineral acids to release volatile chlorine 

compounds."* One such mineral acid is H2SO4 formed from the oxidation of natural 

and anthropogenic sulfiir oxide compounds."*^-^^ It has been hypothesized that the reaction 

of NaCl with H2SO4 forms Na2S04 and 2HC1, as shown below/"'-^'''""^ 

2NaCl(s) + H^SO^Cl) ^ 2HCl(g) + Na2S04(s) (4.1) 

Ten Brink studied the reaction ofNaCl with H2SO4 using mass spectrometry."* '- It was 

found in this study that the S04-VNa ratio of NaCl particles exposed to H2SO4 aerosol was 

dependent upon the NaCl particle size. Small (0.2 nm) particles had SO^''fNa ratio of 0.9, 

whereas the ratio decreased to < 0.03 with 1.1 ^m NaCl particles. This finding suggests 
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that the adsorption of H3SO4 on NaCl is dependent upon the surface-to-volume ratio of 

the particle, and may be due to the increased uptake of HjSO^ on smaller particles. 

However, ten Brink assumed reaction 4.1 occurred during exposure of NaCl to H^SO^. 

Mass spectrometric techniques are insensitive to the final solid state products formed in 

such a reaction. A secondary reaction pathway that may occur is shown below; 

NaCl(s) + HjSO^Cl) - HCl(g) + NaHSO,(s) (4.2) 

In this reaction, half of the chlorine is liberated compared to reaction 4.1. Thus, a SO^'" 

/Na ratio of 0.9 can be interpreted as the near complete reaction of the NaCl particulate to 

NaHSO^. Such a finding is important in the calculation and prediction of atmospheric 

chlorine deposition, sources, and sinks. 

Woods et al. studied particulates collected fi^om the El Chichon volcanic eruption 

in the spring of 1982.^ They found in this study that the eruption plume was ~ 7 % NaCl 

by mass. NaCl particulates collected in-situ during and after the El Chichon eruption 

showed the reduction of chlorine in NaCl particulates and an increase in the HCl 

concentration after the eruption. In separate studies, Hofinann et al. observed that a 

fraction of the plume was composed of liquid H2SO4 droplets.^ '•* This observation was 

subsequently supported by the measurement of sulfur in El Chichon magma prior to and 

after the eruption.""^""' After the eruption, this magma lost ~ 55 % of its original sulfiir 

concentration that was hypothesized to be released as HjSO^ and other sulfur oxides. 
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H2SO4 is extremely hygroscopic and its vapor pressure is 10^ times lower than that 

of HjO. Therefore, unlike other mineral acids, H2SO4 is found as a hydrated liquid in the 

atmosphere/ '•* Based on these observations, it was hypothesized that NaCl reacts with 

H2SO4 through condensation on the particulate surface to release HCl and form Na2S04, 

a s  s h o w n  i n  r e a c t i o n s  ( 4 . 1 )  a n d  ( 4 . 2 ) . ' ' ^  

Analysis of NaCl particles from the El Chichon eruption by energy-dispersive x-ray 

(EDX) spectroscopy showed the presence of a sulfur signal attributed to Na2S04.^ 

Although EDX spectroscopy is sensitive to the element of interest, it is insensitive to 

either the oxidation or protonation states of species from which the signals arise. 

Therefore, the chemical nature of the species from which these S signals arose can not be 

determined. 

The study reported in this Chapter focuses on the reaction of NaCl with H2SO4 

using Raman spectroscopy, atomic force microscopy (AFM), and gravimetric analysis to 

determine the products formed in this reaction, its mechanism, and how much HCl is 

released. Raman spectroscopy is a technique that allows direct interrogation of the 

products formed and their crystallographic phases. Mechanistic insight into the pathways 

by which these phases form on the NaCl surface can be ascertained from atomic force 

microscopy. HiO is ubiquitous in the terrestrial atmosphere and greatly affects the 

reaction probabilities of NaCl with NO^ species, but its effect on SO, chemistry is 

unknown.^ Given the hygroscopic nature of H2SO4, atmospheric H2SO4 will be 

hydrated even at low relative humidities (RJI).^ This study models this effect by 
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Methodology 

Gravimetric Determination of HCl Release 

Gravimetric experiments were performed using a Mettler Toledo AG204 Delta 

Range balance with 0.1 mg sensitivity. To assure that NaCl was not the limiting reagent in 

these reactions, a 2:1 NaChHiSOj was used. Aqueous solutions of O.l, 2,4, and 8 

H20:H,S04 were prepared. Added to each vial was 1.07 ± 0.01 g of NaCl. Gravimetric 

measurements were made in capped 20 mL scintillation vials into which a 2 mm hole was 

drilled to allow HCl to escape. No significant mass loss (< 1%) was recorded 24 h after 

exposure. This time is comparable to atmospheric lifetimes of NaCl aerosols in the 

troposphere," and was used to determine the amount of HCl evolved from the reaction. 

The mass of each vial was determined initially, and then at a second time 24 h after 

addition of the H2SO4. Control samples of H^O and NaCl were prepared to account for 

mass loss fi-om HjO evaporation. Ten replicate samples were acquired for each set of 

exposures. 

Raman Spectroscopy of Bulk Sulfate Salts 

Diflferences in molecular symmetry between HSO4" and 804-' result in distinct 

Raman spectra for different crystalline solids of the sodium salts.'"®^ As shown by the 
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spectra in Figure 4.1 and the tabulated peak frequencies in Table 4.1, Na2S04 has major 

bands at 467,633,994, and 1132 cm"' while NaHSO^ HiO has bands at 439,606, 878, 

and 1042 cm"'.^"'"*^ a-NaHS04 has clusters of major bands around 430 and 600 cm"' 

with additional prominent bands at 869, 1007,1066, and 1250 cm '.^^ P-NaHS04 has 

clusters of bands at - 430 and 580 cm"' and additional major bands at 904 and 1031 cm" 

1 4,23 

The most intense peak in the spectra of all forms is the V5(S04). For Na2S04, this 

mode is a sharp singlet at 994 cm '. In the spectrum of a-NaHS04, this mode is a doublet 

with peaks at 1007 and 1066 cm ' due to the presence of two discrete HS04' environments 

in the unit cell.^P-NaHS04 has a crystal structure in which all HS04' are equivalent 

and exist in dimerized pairs.^ -" Thus, the Vs(S04) of P-NaHS04 occurs as a single peak at 

1031 cm '. NaHS04 spectra have an additional band in the vicinity of 870-910 cm ' due to 

the v^CS-O-H). 

Raman spectra of aqueous SO4"" and HSOj" solutions are shown in Figure 4.2, 

and are tabulated in Table 4.2. These spectra have bands which are significantly broader 

than those in the spectra of the crystalline solids. The most intense mode in each spectrum 

is the V5(S04)-\ which appears at 914 cm"' in 96 wt% H2SO4, shown in Figure 4.2a. The 

spectrum of a saturated aqueous solution of NaHS04 • H^O shown in Figure 4.2b has two 

intense modes at 981 and 1055 cm"' which are assigned to the Vs(S04) of SO4and HSO4" 

, respectivelyThe solution of saturated Na2S04 is dominated by the V5(S04) at 981 
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Figure 4.1 Raman spectra of bulk a) Na2S04, b) NaHSO^ • HP, c) 

anhydrous a-NaHSO^, d) anhydrous p -NaHSO^. 
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Table 4.1. Raman Peak Positions of Sulfate Salts. 

Peak Frequency (cm ') 

a-NaHSO^ p-NaHSO^ NaHS04H,0 Na2S04 Assignment'^'' 

416 421 417 5(S-0) 

427 

447 439 439 467 5(S-0) 

469 

568 575 578 5S(S03) 

587 591 

605 606 633 8a(S03) 

630 617 

869 904 858 v,(S-0-H) 

878 

1007 1031 1042 994 VslSOj) 

1066 

1250 N/0^ 1243 1097 VaCSOj) 

1101 

1132 

° Assignments for a-NaHSOa, |3-NaHS04, NaHS04 -HjO from references 4.21, 4.22,and 4.23; 

assignment for Na^SOj from reference 4.18. 
'' 6 = bend; v = stretch; s = symmetric; a = asymmetric. 

' Not observed in these experiments. 



217 

914 

564 
1046 

421 1154 

981 . 1055 

H-H 
1206 b 

981 

451 618 

500 1000 1500 
Wavenumber (cm') 

Figiu-e4.2 Solution Raman spectra of a) 96 wt% RSO^, b) saturated 

aqueous NaHSO^ • H^O, c) saturated aqueous Na;S04. 
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Table 4.2: Raman peak frequencies of aqueous sulfate salts 

Peak Frequency (cm ') 

96% wt Saturated Saturated Assignment'^'' 
H,S04 NaHSOjfloO Na^SO^ 

421 432 451 8(S-0) 

564 594 618 

894 V3(S-0-Ei) 

914 v,[S-(OH),] 

981 981 VsCSO^) 

1046 1055 v,(HSO,) 

1114 Va(SO,) 

1154 8a[S-(0H),] 

1206 v,(HSO,) 

' Assignments for 96 \vt% H2SO4, Saturated NaHSOj-HiO, Saturated Na,SOj from references 
4.21,4.22,4.23and 4.25; assignment for Na2S0j from reference 4.18. 
'• 8 = bend; v = stretch; s = symmetric; a = asymmetric. 
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cm"', shown in Figure 4.2c. 

Raman Spectroscopy ofNaCl + H-,SQ, 

Raman spectra were acquired with time after exposure of powdered NaCl to 96 

wt% HjSO^ at a H^SO^iNaCl ratio of 0.5:1 at 25% RH. The spectra, shown in Figures 

4.3a-c, represent spectra of the reaction products 5 min, 6 h, and 24 h after reaction, 

respectively. These spectra reflect a slow, systematic change in NaCl surface product over 

this period. None of these spectra is consistent with the presence of NaoSO^, the 

previously assumed^"*'^ product of this reaction. Instead, the observation of a Vs(S04) 

mode at frequencies greater than 1000 cm"' suggests a NaHSO^ product. The observation 

of a distinct Vs(S-O-H), initially at 904 cm ' but shifting to 869 cm ' with time, is ftirther 

consistent with NaHS04. 

The spectrum in Figure 4.3a for the reaction product formed immediately after 

exposure of NaCl to H2SO4 does not match that of either a-NaHSOj or NaHSO^HiO as 

shown in Figures 4.3b and c, respectively. In contrast, the spectrum in Figure 4.3a can be 

attributed to P-NaHSOj, a relatively unstable form of NaHSOj."* 

Raman Spectroscopy of B - a NaHSQ, Phase Transition 

Previous researchers have reported considerable difiBculty in isolating pure p* 

NaHS04 in the presence of gas-phase moisture.^Within 10 min of H2SO4 exposure, the 

Vs(S-O-H) at 904 cm"' decreases in intensity at the expense of a new V5(S-0-H) at 869 cm ' 
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Figure 4.3 Raman spectra of 96 wt% HiSO^NaCl at 0.5:1 after reaction 
time of a) 5 min; b) 6 h, c) 24 h. 
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(Figure 4.3b) due to a-NaHS04. Growth of two new v/SO^) modes at 1007 and 1066 

cm"' at the expense of that at 1031 cm ' is also consistent with the transformation from P-

NaHSO^ to a-NaHS04 

This transformation takes -15-18 h at the relative humidities (7-25%) used in this 

study. Given that the atmospheric lifetime of NaCl particles is on the order of 6-24 h 

depending on size'", these changes may manifest themselves on atmospheric particles 

prior to deposition. 

To further study the effect of H^O on the phase transition of anhydrous p-NaHS04 

to a-NaHS04, several samples of NaCl were exposed to 96 wt % H2SO4 (0.5:1 

H2S04:NaCl) in a dry bag and stored in a desiccator for several days. Spectra of these 

samples indicate the initial formation of pure p-NaHS04 in this dry environment. Even 

after 4 days, the P-NaHS04 formed in this reaction is stable if it is kept dry as indicated by 

the spectrum in Figure 4.3a. 

Exposure of this 1:1 P-NaHS04:NaCl sample to an environment of 100% RH 

produces the sequence of spectra showTi in Figures 4.4b-e. Figure 4.4b was acquired -10 

min after exposure to the 100% RH environment and indicates growth of the a-NaHS04 

phase. Further exposure to 100% RH results in the spectrum shown in Figure 4.4c. At 

this point, nearly all of the P-NaHS04 has been converted to a-NaHS04. As this powder 

is continually exposed to 100% EIH, the Vs(S04) mode ofNaHS04 H20 at 1042 cm"' 

appears as shown in Figure 4.4d. Figure 4.4e was acquired -30 min after Figure 4.4b; at 

this point, the conversion of a-NaHS04 to NaHS04 H20 is complete. Very little spectral 
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Figure 4.4 Effect of exposure of 1:1 P-NaHSO„NaCI to 100% RH. a) 

Initial Raman spectrum of p-NaHSOj, Raman spectra after 
different exposure times: b) 10 min, c) 20 min, d) 25 min, e) 30 
min. 
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evidence for the presence of solution phase species exists in Figures 4.4b-e. The 

deliquescence points (DP) of each compound are defined as the HjO partial pressure at 

which surface dissolution occurs and may affect the HjO uptake by each of the NaHS04 

salts in this study. The absence of solution phase species may be due to the fast uptake of 

HiO by a-NaHSOj to form NaHS04 H20 and/or a a-NaHSO^ DP greater than the 52% 

deliquescence point (DP) of NaHS04 H20. 

Collectively, these results clearly indicate that the presence of H^O catalyzes the 

transtbrmation of anhydrous p-NaHS04 to anhydrous a-NaHS04. H^O-mediated phase 

transitions have been observed for other HS04' salts;^ however, this is the first such 

observation for NaHS04. Carefiil inspection of the crystal structures of these three phases 

indicates that those of a-NaHS04 and NaHS04 H20 are similar" with each having two 

discrete HSO4' environments per unit cell.'' It is proposed that the phase transition 

firom P-NaHS04 to a-NaHS04 is initiated by hydration of Na" in the P phase. Exposure to 

higher RH results in the incorporation of HiO into the crystal structure to form 

NaHS04 H20. This phase transition is explored in more detail in the next chapter. 

X-Rav Dififraction Studv of NaCl + H^SO, 

X-ray diffraction (XRD) studies were undertaken to further confirm the products 

and their crystalline phases formed in the NaCl + H2SO4 reaction. A diffraction pattern 

acquired 60 h after exposure of NaCl to H2SO4 is shown in Figure 4.5. and tabulated in 



20 

Figure 4.5 XRD pattern of NaCI powder exposure to H^SO^. Pattern acquired 60 h after 
exposure.* and • denote NaCI and a-NaHSO^ lines, respectively. 



Table 4.3 X-ray diflraction data of NaCl + H^SO^ 

20 
n 

Lattice Constants for 
Reaction Products for 
NaCl + H2SO4 (nni) 

Lattice Constants for a-
NaHSO^ Standard 

(nm) (hkl) 

Lattice Constants for 
NaCI Standard" (nm) 

(hkl) 

Assignment 

25.10 0.3522 0.3545(111) a-NaHSO., 

26.30 0.3405 0.3392(100) a-NaHS04 

a-NaHSO, 

27.44 0.3240 0.3260(111) NaCl 

29.84 0.2993 0.2982(112) a-NaHSO, 

30.18 0.2965 0.2950 (211) a-NaHSO, 

31.83 0.2809 0.2821 (100) NaCl 

32.34 0.2776 0.2782 (220) a-NaHSO, 

39.05 0.2305 0.2308 (212) a-NaHSO, 

45.40 0.1990 1.994 (220) a-NaHSO, 

" Assignments for u-NaHSO^, NaCl from references 4.30, 4.31. 
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Table 4.3. The low index planes (100, 111, 220) ofNaCl are readily observed in this 

pattem.^^" Several peaks that are consistent in lattice spacing with a-NaHS04 are also 

observed.''^' This pattern confirms the formation of anhydrous a-NaHS04 in this reaction. 

Raman spectra acquired prior to XRD analysis were consistent with P-NaHSO^. 

The ambient RH in the XRD lab (~ 50%) was such that the transition to a-NaHS04 was 

facile (e.g. Figure 4.3). It is hypothesized that the hygroscopic nature of P-NaHS04 

prevented its observation in this study. 

Aerosol Exposure of Powdered NaCl and NaCl (100) to H^SO, 

Freshly cleaved NaCl (100) and powdered NaCl were exposed to H2SO4 (96 wt%) 

aerosol by heating the H2SO4 to 120° C in vacuum. The approach used pulls the aerosol 

through a glass frit and over the NaCl sample. Raman spectra were acquired after H2SO4 

exposure. Raman spectra for the progression of this reaction are shown in Figure 4.6. A 

clean background spectrum is observed prior to H2SO4 exposure. Figure 4.6a. E.xposure 

of the powder to H2SO4 for 48 h produces the spectrum shown in Figure 4.6b. Bands 

assigned to both P- and a-NaHS04 are observed, although a-NaHS04 dominates this 

spectrum. The V3(S-0-H) at 869 cm"' and a less intense peak at 904 cm ' are assigned to 

a-, and p-NaHS04, respectively. In addition, two peaks at 1006 and 1066 cm ' are 

observed and are assigned to the V5(S04) of a-NaHS04. A weak Vs(S04) band at 1033 cm" 

' assigned to p-NaHS04 is also observed in this spectrum. 

The exposure of a single crystal of NaCl (100) to H2SO4 is shown in Figure 4.7. 
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Figure 4.6 Raman spectrum acquired after NaCl powder exposed to H^SOj 
aerosol for 48 h. a) Prior to exposure, b) after H.SOj exposure. 
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Figure 4.7 Raman spectrum acquired after NaCI (100) exposed to HjSOj 
aerosol for 48 h. a) Prior to exposure, b) after RSOj exposure. 
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Prior to exposure, there are no discemable peaks in the spectrum, as shown in Figure 4.7a. 

After exposure of the surface to H^SOj aerosol for 48 h, shown in Figure 4.7b, a Raman 

spectrum consistent with a-NaHS04 is observed. This spectrum required an integration 

time of 6 h (12 integrations of 30 min each co-added). The formation of a-NaHS04 on 

NaCl (100) may be a result of small amounts of H^O vapor in the H,S04 headspace, or of 

the long integration time required in this study. This spectrum was obtained while the 

surface was exposed to ambient RH, and thus, the phase transition probably takes place 

during data collection. However, this spectrum illustrates the formation of anhydrous 

NaHSOj in a thin film environment and suggests that the same phase transition observed 

on NaCl powders occurs on single crystal NaCl. 

The observation of anhydrous NaHS04 phases on both NaCl powder and single 

crystals suggests that the underlying surface morphology is not responsible for the 

formation of anhydrous NaHS04. The observation of both p and a phases after exposure 

of NaCl powder suggests that the H2SO4 droplets and possibly vapor produce reaction 

products similar to those produced upon bulk H2SO4 exposure. Thus, these products are 

assumed to be those formed in the terrestrial atmosphere. 

Raman Spectroscopy of NaCl + H-,SO. Hvdrates 

H2SO4 that is 96 wt% has a H^O :H2S04 of 1 ;9. This composition is a poor model 

for H2SO4 in the terrestrial atmosphere where the water content is much higher. The 

hydration of H2SO4 in the atmosphere depends on RH; several stable hydrates of H2SO4 
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are known to form/^* Figure 4.8 siiows a plot of the Hi0:H2S04 ratio in these hydrates at 

298 K as a function of RH^ ^ (neglecting the Kelvin efifect.) The hydration of H1SO4 

increases linearly between a RH of 0 and 70%. Above this point, the hydration number 

increases exponentially to nearly 30 at - 80% RH. 

To model environments of 10, 22, 55, and 85% RH, solutions of2:l, 4:1, 8:1, 

20:1 H;0;H2S04 mixtures, respectively, were prepared. These compositions were chosen 

because they have been shown to be thermodynamically stable H^SO^ hydrates,^^- and 

they model a range of humidities in the terrestrial atmosphere. In fact, the hydrate formed 

in the 4:1 mixture has been observed in the atmosphere.'*^'' 

RH data from coastal sites within the United States were obtained from the 

National Weather Service (NWS) and National Oceanic and Atmospheric Administration 

(NOAA)."'^' The 24 h average RH obtained from seventy-seven coastal sites located in 

the United States and its territories is 73 ± 11 %. Assuming that the evaporation of sea 

salt aerosols occurs in proximity to the coast, one would predict that H2SO4 exists as an 

aqueous aerosol with a composition of 20:1. Thus, these compositions, particularly those 

of the hydrates with larger amounts of HjO, are atmospherically relevant in the marine 

boundary layer. 

Spectra of the products formed by the exposure of powdered NaCl to H2SO4 

solutions such that the final mixtures possessed compositions ofNaCt:H20:H2S04 1:2 -

20:0.5 are shown in Figure 4.9. Each spectrum was acquired ~15 min after exposure to 

the H2SO4 solution. The reaction of NaCl with a 2:1 H20:H2S04 solution, results in the 
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Figure 4.8 H,0;H,S04 as a function of RH (neglecting the Kelvin effect.) 
Arrows indicate RH values modeled in this study. 
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Figure 4.9 Raman spectra of reaction of NaCl with a) 2 HiOiH^SO^, b) 4 
H:0:H,S0„ c) 8 H^OrH^SO,, d) 20 H:0:H:S0,. 
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formation of P-NaHS04 as shown by the spectrum in Figure 4.9a. 

The Raman spectrum in Figure 4.9b shows the product of exposing NaCl to 4:1 

HjOiHjSOj to be a-NaHSO^ based on the frequencies of the Vs(S04) doublet at 1006 and 

1066 cm"'. In addition, the weak V3(S04) at 1042 cm"' is consistent with the formation of 

a small amount of NaHSO^ HjO. This product is a solid that is visibly wet. Spectroscopic 

evidence for the presence of surface HiO is the shoulder at ~ 980 cm ', which is attributed 

to aqueous HSOj" species as shown by the spectrum of saturated NaHS04 H20 solution in 

Figure 4.2b. 

E.xposure of NaCl to 8:1 H20:H2S04 yields the spectrum shown in Figure 4.9c. 

The bands at 1006,1042, and 1066 cm"' are consistent with the presence of both a-

NaHS04 and NaHS04 H20. The partial dissolution of solid NaHS04 is more evident in 

the 8:1 sample as shown by the more pronounced presence of the solution HSO4" 981 cm"' 

mode. 

To simulate 85% RH, a 20:1 H20;H2S04 was prepared. There are ~ 10 HjO 

moles per NaCl in this sample. Thus, this sample contains sufficient H2O to entirely 

dissolve the solid. The Raman spectrum shown in Figure 4.9d is of the resulting solution 

product. This spectrum is similar to the spectrum of saturated aqueous NaHS04 shown in 

Figure 4.2b. However, the intensity of the 984 cm"' mode of solution SO4" is less intense 

relative to the 1053 cm"' of solution SO4" reflecting a lower solution pH than in saturated 

aqueous NaHS04. This lower pH is the result of HCl production in this reaction. 

Assuming total conversion of NaCl to NaHS04, the HCl concentration in this solution is ~ 
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1.4 M, although Brimblecombe et al.''^^ have shown that HCl degassing is 

thermodynamically favored at pH < 3. Therefore, the initial HCl generated from this 

reaction is degassed until the equilibrium value of ~ pH 3 in reached, a pH at which SOj"' 

protonation to HSO/ is favored. 

Spectra of these same samples were acquired 24 h after HjSOj exposure to 

determine if the phase of the initial products varied over time. These spectra are shown in 

Figure 4.10. No detectable spectroscopic change was observed after this time in the 2:1 

sample, shown in Figure 4.10a. Thus, the amount of H^O in this sample is insufficient to 

induce the P- to a- NaHSO^ phase transition. The intensity of the 1042 cm ' peak 

associated with NaHS04-H20 is reduced after 24 h in the 4:1 sample (Figure 4.10b) due to 

dessication of NaHSOj in this environment to form a-NaHSO^. A more dramatic change 

is observed in the 8:1 sample 24 h after exposure, as shown in Figure 4.10c. This 

spectrum indicates a dramatic reduction in the amount of NaHS04 H20 at the expense of 

an increase in a-NaHS04 modes. No detectable change is observed in the 20:1 sample 

(Figure 4. lOd). 

The presence of HiO in the H2SO4 does not change the product of the NaCl 

reaction from NaHS04; however, the phase of anhydrous NaHS04 formed depends on the 

amount of HiO available for hydration of the sample. It is possible to form NaHS04 H20 

with large amounts of H2O. However, the NaHS04-H20 is not stable on the NaCl surface 

and loses H^O to become the anhydrous a-NaHS04 phase over the course of 24 h. The 

loss of NaHS04-H20 with the concomitant growth of a-NaHS04 may be due to hydration 
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Figure 4.10 Raman spectra 24 h after of reaction of NaCl with a) 2 
H:0:H:S0„ b) 4 H,0;H,S0„ c) 8 H,0;H:S0„ d) 20 H,0:H,S0,. 
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of NaCl at the expense of HS04'. The crystallographic rearrangement required for such a 

transformation must be kinetically slow, and thus, require up to -24 h to achieve 

equilibrium. It is unlikely that HiO evaporation results in the observed changes, as the 

samples were kept tightly sealed between and during sample acquisitions. 

The apparent desiccating effect of NaCl in this system suggests a greater affinity 

for HiO by NaCl than by a-NaHS04. Given that the DP of NaCl and NaHSO^ HiO are 

74.5% and 52%, respectively'", this observation may seem somewhat surprising. 

However, in this system, it is the relative affinity of NaCl and a-NaHSO^ that is relevant, 

and since the DP of a-NaHSO^ can not be determined due to its conversion to 

NaHSO^ HiO, this relative affinity cannot be known. Based on the observation that NaCl 

takes HiO from NaHSO^-HjO on its surface, one must conclude that either the presence of 

the NaCl surface raises the DP of NaHS04H20 above that of NaCl or that the DP of a-

NaHS04 is higher than that of either NaCl or NaHS04 H20. The atmospheric relevance 

of these observations is that the presence of unexpected products in such reactions may 

significantly alter the expected uptake of HjO by solid particles. 

Unlike the reaction of NaCl with HNO3 and N02^a thin passivating surface 

layer of the reaction product is not observed in this reaction. The species present in this 

study (NaCl and NaHS04) are optically transparent at the excitation wavelength used; 

therefore, the sampling depth is large and extends much beyond the surface into the bulk. 

Indeed, the sampling depth may exceed the mean powder size (~7 nm) depending on 
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scattering. The signal arising from the surface of the sample is much less than the Raman 

scattering from the bulk. Thus, spectral contributions from processes such as surface 

deliquescence are not observed in this study. 

Atomic Force Microscopy of NaCl + H^SO. 

Low HjSO^ Exposure 

Further insight into the initial stages of this reaction comes from AFM on NaCl 

(100) surfaces exposed to H2SO4 aerosols. The average diameters of airborne HjSOj 

aerosol droplets and NaCl particles have been estimated to be ~1 and 5 [im, 

respectively.'" Thus, to create an atmospherically-relevant model of the interaction of 

H2SO4 aerosols with the surfaces of NaCl particles, H3SO4 droplets that are smaller than 

the NaCl surface are desired. Such an aerosol population was achieved by heating 96 

wt?^ H2SO4 in a closed vial at 120 °C at 12 % RH. Based on the data in Figure 4.8, these 

H2SO4 aerosols are assumed to be composed of ~ 3:1 H20:H2S04. 

Contact AFM images were acquired immediately after exposure of NaCl (100) to 

the H2SO4 aerosol. A series of 1 ^m x 1 ^m contact AFM images after exposure of NaCl 

(100) to 30 s of H2SO4 aerosol is shown in Figures 4.11 - 4.15. These images were 

acquired over a 42 min time frame. Prior to H2SO4 exposure, 0.564 nm NaCl monoatomic 

step edges are observed in Figure 4.1 la. After H2SO4 exposure, several new features are 

observed, shown in Figure 4. lib. These structures are ~ 0.2 nm tall with respect to the 

underlying NaCl (100) surface and are immobUe over the course of this experiment. In 
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Figure 4.11 Contact AFM images acquired after 30 sec of H^SOj exposure. 
a) Prior to exposure, b) directly after exposure. Circled area 
highlights known reference feature. Line represents cross-
section of image displayed in Figure 4.16a. 
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addition to these newly formed stationary structures, the surface appears to be 

homogeneously covered with a thin overlayer. Based on the spectroscopic data for this 

reaction, this thin layer is proposed to be composed of NaHSO^ on the NaCl (100) 

surface. This layer is not composed of regular shaped surface features. Thus, it may not 

be a crystalline layer, as observed in exposure of NaCl to HNO3. This overlayer is not 

stable on the surface, and a significant change is observed between Figure 4.1 lb and 4.12a 

(acquired 4 min after 4.1 lb). To ensure that the area observed in this study is consistent 

over the course of the experiment, a reference structure, shown in the circle of the upper 

right section of Figure 4.11 b, was used as a guide throughout the remaining images. The 

reconstruction continues 12 min after H2S04 exposure (Figure 4.12b). In this image, the 

initial NaCl (100) surface morphology is maintained; however, the thin layer has moved to 

form larger NaHSO^ domains on top of the NaCl (100) surface. These domains are ~ 0.9 

nm in height above the NaCl (100) surface. To illustrate this observation, a histogram of 

the heights of these structures along a single NaCl terrace is shown in Figure 4.13. 

Determination of the heights across a single NaCl terrace reduces the height contribution 

arising from the underlying NaCl (100) surface. These data show two distributions. One 

population centered at ~ 0.564 nm is consistent with the crystal spacing of NaCl (100). 

This distribution may be individual NaCl vacancies resulting from the removal of HCl from 

the surface. In addition to this distribution, a second population centered at ~ 0.87 nm is 

observed. This height is similar to that along the a-axis (0.8759 nm) of crystalline p* 

NaHSO^, displayed in the crystallographic data in Table The crystallinit>' of 
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Figure 4.12 Contact AFM images acquired after 30 sec of HiSO^ exposure. 
a) Image collected 4 min after 4.1 lb, b) image collected 4 min 
after 4.12a. 
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Figure 4.13 Bearing analysis of feature height along a single NaCl (100) 
terrace. Two height distributions are observed. Boxed area in 
image represents the NaCl terrace used in bearing analysis. 
Arrows highlight 0.87 nm NaHS04 domains. 
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Table 4.4. Unit cell dimensions of anhydrous NaHSO^ phases. 

Unit Cell Parameters" 

Phase a (nm) b(nm) c (nm) 

a-NaHS04 0.7005 0.7125 0.6172 

P-NaHSO^ 0.8759 0.7500 0.5147 

" References 4.19,4.20. 
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these structures is supported by the near orthogonal angles in these structures, shown in 

Figure 4.13. Two additional images of the same regions are shown after 16 and 20 min in 

Figures 4.14 a and b, respectively. The height of these surface structures suggests that 

they consist of a single unit cell of P-NaHSO^ on the surface. The overall dimensions of 

the structures may be a result of the smallest fundamental unit of P-NaHSOj that is stable 

on the NaCl (ICQ) surface. 

Over this time, reconstruction of the surface continues, and the NaHS04 structure 

mobility appears to be confined to terraces on the surface. The distribution of these 

structures is greatest along the NaCl (010) surface plane. This distribution may higiilight 

an energetically favorable orientation of P-NaHS04 on the NaCl (100) surface, and/or the 

mobility of P-NaHS04 on NaCl (100) is sterically confined to single monatomic steps. 

The confinement of P-NaHSOj to NaCl (100) terraces is readily apparent in Figure 

4.15a, acquired 24 min after H,S04 exposure. At this point the majority of the structures 

have coalesced to form a one unit cell thick layer that covers ~ 15 % of the surface 

localized on NaCl (100) terraces. An image acquired 42 min after H2SO4, shown in Figure 

4.15b, shows the coalescence of the p-NaHS04 layer to form an array of non-mobile 

structures with a regular height and shape. 

The reconstruction of the surface is apparent from Figures 4.11-4.14. The 

reconstruction is also readily seen in cross-sections of these images. Several image cross-

sections of the images in Figures 4.11-4.15 are shown in Figure 4.16. These cross-

sections show the change in the surfece structure during reconstruction. Every attempt 
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Figure 4.14 Contact AFM images acquired after 30 sec of H,S04 exposure. 
Images acquired a) 16 min after exposure, b) 20 min after 
exposure. Line represents cross-section of image shown in 
Figure 4.16b. 
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Figure 4.15 Contact AFM images acquired after 30 sec of RSO4 exposure. 
Images acquired a) 24 min after exposure, b) 42 min after 
exposure. Arrows highlight domains next to NaCI step edges. 
Lines represent cross-sections shown in Figure 4.16 c) and d). 
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was made to ensure that these cross-sections were obtained across the same surface plane. 

Obtaining cross-sections of AFM images across the same plane is very diflBcult without at 

least two reference points for guidance. To aid in this, several surface structures were 

used as reference features, as noted in Figure 4.16. Small deviations between the heights 

of the small (see below) reference features in these cross-sections are a result of the plane 

in which they were obtained, and are not physical variations in the structure heights. 

Directly after HjSO^ exposure, the smooth surface overlayer is apparent, as shown 

in Figure 4.16a. Distinct ~ 0.875 nm domains are observed in Figure 4.16b, acquired 16 

min after H2SO4 exposure. The surface reconstruction continues 20 min after exposure, 

shown in Figure 4.16c. Over the 4 min period of time between Figures 4.16b and c, 

several new domains are observed. Thus, the reconstruction to form new, distinct 

domains occurs on a short (min) time scale. The coalescence of these domains to form 

stable surface structures is observed 42 min after H2SO4 exposure, shown in Figure 4.14d. 

Many of the structures formed after H2SO4 exposure are immobile, and therefore, 

are not metastable structures. In contrast to the metastable structures just described, the 

size and shape of these structures is invariant with time. The metastable structures are 

mobile on the surface over the period of time as represented by the images in Figures 4.11 

- 4.15, until new stable surface structures are observed that have the same (see below) 

physical dimensions as the immobile surface structures initially observed. Thus, based on 

the Raman spectral data and the relative stability of these immobile surface structures, it is 

proposed that these surface structures are a-NaHS04 particles on the NaCl (100) surface. 
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Figure 4.16 Image cross-sections of surface reconstruction of NaCl (100) 
after 30 s HjSO^ aerosol. Left portion of cross-section represents 
bottom of scan in Figures 4.11 -4.15. a) Directly after exposure, 
b) 16 min, c) 20 min, and d) 42 min after exposure. Arrows 
highlight areas of - 0.87 nm domains on surface. Dashed lines 
are stationary reference features in b), c), and d). 
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The dimensions ofthese immobile a-NaHS04 structures in Figures 4.11-4.14 are 

1.92 ± 0.3 nm in height and 34.0 ± 5.6 nm in diameter. Using these values, and using a 

cylindrical structure shape for estimation, the average volume of these structures is ~ 4.0 x 

10' or ~ 1200 unit cells of a-NaHS04. Assuming that the siuface is initially 

homogeneously covered in a one unit cell overlayer, a I jam" images contains ~ 8.6 x 10' 

of NaHS04. Therefore, < 0.05 % of the initial surface NaHS04 is found as a-NaHS04 

in crystalline structures. 

Approximately -15 % of the surface is covered by a-NaHS04 (~0.9 nm domains) 

in Figure 4.15a. Thus, the initial NaHS04 coverage may be substantially lower than one 

unit cell. Upon closer examination of Figure 4.15b, large domains of some form of what is 

presumed to be NaHS04 are observed along NaCI step edges and may be a sink for 

NaHS04 in this system. These small domains may consist of p-NaHS04. 

In reality, the diameter of these immobile structures may be dictated by the shape 

of the AFM tip, as highlighted in Figure 4.17. The small variation in the size distribution 

of these structures suggests that the size of these structures may be convoluted with the 

size of the AFM tip. Thus, it is possible that these structures may be much smaller than 

the measured size. 

After the formation of the surface structures shown in Figure 4.15b, subsequent 

images were unchanged and suggests that these formations are thermodynamically stable 

a-NaHS04 at this low H2SO4 exposure. 



Figure 4.17 Potential AFM tip shape convolution of NaHSO^ surface 
structures. Path of AFM tip over surface structure at points a), 
b), and c) highlight the difference in the actual structure shape 
versus the apparent shape, shown by dashed line. 
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Phase Contrast Imaging of NaCl + H2SO4 

Based on spectroscopic evidence, the surface structures observed after NaCl (100) 

exposure to H2SO4 are assumed to be NaHS04. The chemical composition of these 

structures can not be explicitly elucidated from AFM studies. However, variations in the 

physical properties of surface structures can be determined using phase contrast AFM. 

This technique monitors differences in the attenuation and modulation of the AFM tip as a 

function of position of the surface. Structures with different physical properties (ie. 

density, surface modulus) affect the tip-sample interaction, and thus, the phase of the tip 

oscillation is shifted. 

A phase contrast AFM image acquired after NaCl (100) is exposed to H2SO4 is 

shown in Figure 4.18a. In this image, the tip is shifted by ~ 5 ° from the NaCl (100) 

surface value when it encounters a surface structure. The magnitude of the shift in the tip 

oscillation is a function of the fundamental resonance, the force applied to the tip (tip set 

point), and the material. The magnitude of the phase shift is measured relative to the 

fundamental resonance frequency, which may vary over the course of an experiment. 

Thus, this techniques is used only qualitatively in this investigation. 

To further highlight the differences in tip-sample interaction, a cross-section of the 

image in 4.18a is shown in Figure 4.18b. The phase shift of these surface structures can 

be compared to the phase shift that occurs upon the encounter of the tip with NaCl step 

edges that run in (010) plane, as shown in Figure 4.18a. The phase shift as the tip 
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Figure 4.18 Phase contrast AFM image after H:S04 aerosol exposure to 
NaCI (100). a) Phase contrast image, b) cross-section view. 
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encounters a surface step is < 0.25°. Thus, the 5° phase shift due to the encounter of the 

tip with a surface structure is due to a difference in the physical properties between NaCl 

and the surface structures. This observation suggests that these surface structures have 

different physical properties than NaCl (100), and are composed of a different material 

than NaCl. Based on the previous spectroscopic data coupled with these observations, it 

is proposed that these surface structures are composed of NaHS04. 

High H2SO4 Exposure 

Longer exposures of NaCl (100) to H2SO4 aerosol were also investigated. These 

exposures were undertaken to determine if the size and behavior of the structures formed 

by H2SO4 exposure were a function of exposure time. A series of images acquired after 2 

min (or 4 times longer than the previous study) of H2SO4 exposure are shown in Figures 

4.19 - 4.22. Scanning was initiated ~ 4 min after exposure of the NaCl surface to these 

H2SO4 aerosols. It should also be noted that the surface was exposed to 12 % RH during 

the entire exposure and AFM analysis sequence. Vertical stripes that run down the length 

of the images in Figure 4.19a are monatomic steps on the NaCl surface. After HjSOj 

aerosol exposure (Figure 4.19b), stationary, pyramidal-shaped structures that are 

separated by -100 nm form at step edges and on terrace sites. Assuming that these 

structures are NaHS04, their size and aspect ratio provide insight into which phase they 

represent. The dimensions of these structures are 55.7 ± 8.0 nm x 58.9 ± 12.7 nm (x-y 

aspect ratio of 1.1 ± 0.1) with an average height of ~20 nm. This ratio compares 
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Figure 4.19 Contact AFM images after exposure of NaCI (100) to H,SOj 

aerosol, a) 5 x 5 image 2 min after exposure, b) I |im x I 
area highlighted in a). 
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favorably to the 1.15 b/c aspect ratio of a-NaHS04 as shown by the crystallographic data 

in Table 4.4/ Thus, based on this aspect ratio and the previous Raman spectral data of 

this reaction, these structures are proposed to be a-NaHSO^. 

In addition to these a-NaHSO^ particles, a large population of smaller structures (6 

- 8 times as many as the a-NaHSO^ particles) is also observed on the surface. In Figure 

4.19b, these structures have dimensions of 12.9 ± 1.9 nm x 22.4 ±3.2 nm(x-y aspect ratio 

of 1.7 ± 0.2) with an average height of 2.5 nm. This aspect ratio compares favorably to 

the 1.70 a/c aspect ratio of P-NaHS04 as shown in Table 4.4.^''' Based on this aspect 

ratio and the previous Raman spectral data, these smaller structures are proposed to be P-

NaHSOi. Images containing each of these structures is shown in Figure 4.20. The 

variation in the aspect ratio of each of these structures is evident in these images. 

Continuous scanning of the same surface region results in the images shown in 

Figure 4.21 (~4 min after Figure 4.19). In Figure 4.21b, many of the smaller p-NaHS04 

structures are observed to be mobile across the surface. These p-NaHSOj structures 

disappear from the surface by the next scan (Figure 4.22b taken ~ 4 rain later) and the 

nearby a-NaHS04 structures are larger in Figure 4.22b than in Figure 4.21b. 

The p-NaHS04 structures are mobile and move at 45° with respect to the NaCl 

(100) plane, or along the NaCI (110) plane in Figure 4.21. Motion of p-NaHS04 along 

the NaCl (110) direction must represent the lowest energy plane of motion. This 

movement can be rationalized by realizing that the b/c plane of P-NaHS04 has Na* in the 



Figure 4.20 Contact AFM images of a) mobile P-NaHS04 surface structures 

with aspect ratio of 1.7 + 0.2, b) immobile a-NaHSOjsurface 
structures with aspect ratio of 1.1 t 0.1. 
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Figure 4.21 Contact AFM images after exposure of NaCl (100) to H2S04 

aerosol, a) 5 x 5 (im image 12 min after exposure, b) 1 |am x 
I area highlighted in a). 
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Figure 4.22 Contact AFM images after exposure of NaCl (100) to H,S04 

aerosol, a) 5 x 5 image 20 min after exposure, b) 1 |Lim x 

1 |im area highlighted in a). 
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plane'"'^"' coincident with the NaCl surface that allows movement along a single row of 

Na* without encountering CI" as would occur for movement along the NaCl (100) plane. 

The movement of P-NaHS04 ceases over the 16 min that span the data in Figures 

4.19 - 4.22. The encounter of p-NaHS04 with a-NaHS04 results in coalescence of the 

two structures. As a result, the a-NaHS04 structures increase in size while still retaining 

their 1.1 ± 0.1 aspect ratio. 

In some cases, movement of the P-NaHS04 structures results in encounters with a 

step edge before an existing particle of a-NaHS04. In -95% of such cases, the P-

NaHS04 structures at the step edge coalesce and transform into a single a-NaHS04 

structure based on their aspect ratios. This transformation is probably the result of the 

presence of HjO, which collects preferentially at the step edges,^^® that mediates this 

transformation as noted above. The remaining 5% of these encounters result in crossing 

of the step edge by the P-NaHS04 and continued movement along the NaCl (110) plane. 

P-NaHS04 surface translation is hypothesized to be promoted either by dissolution 

and re-precipitation of NaHS04, or cation-anion place exchange along the (110) plane. 

HiO has been observed to facih'tate the rearrangement of soluble surfaces in previous 

work,^^®-^^' and may be responsible for surface translation in this study. Since H^O 

initiates the phase transition from P- to a-NaHS04, any NaHS04 that were to re-

precipitate would be of a-NaHS04. Thus, dissolution and re-precipitation is not a feasible 

mechanism for translation of P-NaHS04, leaving ion place exchange as the most likely 
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translation mode. HiO may aid this place exchange by dissolution of the NaCl surface 

during the process. 

From the low and high HiSO^ exposure studies, it is proposed that anhydrous P-

NaHS04 is initially formed on the NaCl (100) surface. Transient structures are observed 

at both low and high exposures. This movement is proposed to be a result of the solid-

state phase transition of P-NaHS04 to a-NaHS04 on NaCl (100). Stable surface 

structures are observed at each exposure. In the case of high H2SO4 exposure, the 

structures have a volume that is ~ 10 times larger than in the low exposure study. 

However, the average footprint of the stable structures is similar in both exposures (34 nm 

edge length versus 55 nm edge length for low and high exposures, respectively). Thus, 

the footprint of the final NaHS04 surface structures formed must be dictated by the lattice 

commensuration (or lack thereof) between a-NaHSOj and NaCl (100). 

The transformation of anhydrous P-NaHS04 to a-NaHS04 is mediated by H^O, 

and the rate at which the transition takes place on the NaCl surface is greatly influenced by 

the RH. This observation explains the diflference in time for the phase transition as 

monitored by Raman spectroscopy in a closed environment as compared to that monitored 

in the ambient AFM experiments. By careftilly controlling the amount of H1O in these 

experiments, the phase transition can be totally eliminated for up to several days. 

Gravimetric Determination of HCl Release in NaCl + H^SO, 

The hygroscopic nature of H2SO4 assures that the acid is always hydrated in the 
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earth's atmosphere. The presence of water may have two effects in the reaction of NaCl 

with H1SO4. First, HjO might increase the kinetics of the reaction as has been observed in 

the reaction of NaCl with nitrogen oxide species.^" In addition, HiO may also sequester 

the HCl produced in this reaction by dissolution. Thus, the amount of HCl that is released 

into the atmosphere may be considerably less than that produced in the reaction. Previous 

studies on the release of atmospherically relevant gas-phase acids in solution have been 

undertaken.'*^® '* However, these studies were confined to reactions that occur in 

droplets or solution. The work reported here is the first such study of the release of 

surface-confined HCl from a H^O-limited environment. 

To determine the mass of HCl released as a function of the HiO content of the 

HiSO^, a series of gravimetric experiments were performed in which the total system mass 

was monitored before reaction and after reaction and equilibration of the products with 

the surrounding atmosphere in an open vessel. Once reaction and equilibration had 

occurred, no further mass changes were noted for periods up to 24 h. The significance of 

these experiments is that they represent the first studies done under tropospherically-

relevent pressures. Previous studies of HCl release''^ have been performed in vacuum 

environments which facilitate removal of the HCl formed in the reaction. These previous 

experiments performed under vacuum'"* might be expected to provide results different 

from those that occur at tropospheric pressures. 

Four aqueous solutions of H2SO4 were prepared with H20;H2S04 ofO.l, 2, ,4 and 

8. These solutions were added to powdered NaCl in a 2:1 NaCl:H2S04 solution ratio. 
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The reactions in 0.1 and 2 H20:H,S04 solutions produce solid products, whereas those in 

4 and 8 H^OrHiSO^ solutions result in products containing both solid and liquid phases. 

The % HCI released from the solid product as a function of H20:H2S04 is shown in Figure 

4.23 and tabulated in Table 4.5. These results indicate that the solid products release 

-30% more HCI than the mixture of solid and liquid phase products. 

The effect of the presence of HiO on the release of HCI from the solid products is 

pronounced. As shown in Figure 4.24, ~ 0.68 HCI per HiO are released for 0.1 

HjO.HjSO^. This value drops to 0.12 HCI per HjO at 2 H20:HiS04 and further decreases 

to 0.025 for 4 and 8 HjOiHiSO^. Thus, as the amount of H^O in the H2SO4 increases, the 

amount of HCI released decreases as there is more H^O available for dissolution of the 

HCI produced. Atmospherically, dissolution of HCI may significantly decrease the amount 

of HCI released at humidities greater than ~30%. In light of the work by Brimblecombe 

and Clegg on bulk aqueous solutions,"'^"'' these results are not too surprising. However, 

the significance of these observations lies in the fact that the behavior observed in thin 

HiO films on NaCl is essentially identical to that observed in bulk aqueous solutions. 

Atmospheric Relevance and Conclusions 

The reaction of NaCl with H2SO4 has been investigated as a function of H,0 

content using Raman spectroscopy, AFM, and gravimetric analysis. The product formed 

is NaHS04, not Na2S04 as previously proposed, and is independent of HjO content. The 

initial product formed is anhydrous P-NaHS04 which undergoes an HiO-mediated phase 
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Figure 4.23 Percent HCI released as a function of H,0:H:S04. 
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Table 4.5. Gravimetric results for HCl evolution as function of HjOiHiSO^. 

HjO.HjSO^ % RII % HCl Lost 
Solution Simulated" of Total HCl Produced'' 

0.1:1 <1 77.4 ±4.5 

2:1 10 72.6 ± 9.4 

4:1 22 40.2 ± 11.1 

8:1 55 46.8 ± 9.9 

" References 4.1, 4.33, 4.34. 

'' Based on mass loss over 24 h. 
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Figure 4.24 HCI release per H,0 as a function of H;0:H;S0j. 
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transition to the anhydrous a-NaHS04 phase. The kinetics of this transition are extremely 

sensitive to RH. 

The P- to a-NaHS04 phase transition is also observed using AFM on NaCl (100). 

Exposure ofNaCl (100) to H3SO4 produces NaHS04 structures with aspect ratios 

consistent with P-NaHSOj. These species are mobile on the NaCl (100) surface, moving 

exclusively along the (110) plane. Encounter of these P-NaHS04 structures with an 

existing a-NaHS04 structure or a step edge leads to their transformation to a-NaHS04. 

Gravimetric analysis of the reaction of NaCl with H,S04 indicates that the amount 

of HCl released is dependent on the amount of H,0 available for dissolution of the 

product. The fraction of HCl released is reduced at high RH by up to -40%. The El 

Chichon volcanic eruption generated -3x10^ molecules of 60 - 80 wt% H2SO4 per cm'^ 

and 5.2 x 10' molecules of particulate NaCl per cm'^ in the stratosphere.'* •" 

Furthermore, recent work has shown that H2SO4 aerosols exist in the liquid state at 

stratospheric temperatures."'Considering the number density of the each of the 

reactants, the release of HCl from the reaction of NaCI with H2SO4 aerosols is likely at 

these high altitudes. 

The loss of Cr from sea salt particles has been measured at many sites across the 

earth's surface.^ For example, Poi et al. observed at a site in Portugal, CI" depletions 

greater than 85%, with a depletion rate of 10% CI" per h."* '*^ In such an atmosphere, SO2 

levels, a H2SO4 precursor,'*^® are 4.3 times greater than NO, and 5.7 times higher than 

HN03.^ ' Thus, the extent of the NaCl reaction with H2SO4 may also be high in such an 
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environment. The formation of only one mole of HCl per mole of HjSO^ reduces the 

impact of this reaction on the generation of chlorine reservoir species. 
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Chapter 5 

HiO and Heat Mediated Phase Transition Between the Two Anhydrous 
Modifications of NaHS04 

Introduction 

The phase transition between the two anhydrous modifications of NaHS04, P- and 

a-, on the surface of NaCl was discussed in the previous chapter. This work was the first 

such observation of the phase transition between these two phases of anhydrous NaHS04. 

Thus, it was unknown if tiiis phase transition occurred in the bulk material, or if it was 

limited to the NaCl surface. Previous studies of anhydrous NaHSO^ have shown that p-

NaHS04 is difiBcult to isolate as the pure phase.^ Thus, it has been speculated that P-

NaHSO^ may be metastable. Direct experimental evidence for the relationship between 

these two phases and the factors required to initiate a phase transition between them has 

yet to be determined. This study focuses on elucidating the factors necessary for initiation 

of the phase transition between pure P- and a-NaHSO^, and understanding the relationship 

between the three known stable NaHS04 compounds, P-, a-, and NaHS04 • 11,0. 



268 

NaHSOj is a member of a family of compounds with the general formula MHBX4 

(M = Na, K, Rb, Cs, NiHj, NH4; BX4 = BeF^, SO4, and Se04). Interest in this chemical 

family has been driven by their unusual physical properties, such as the superionic proton 

conduction of CsHS04/"''^These compounds have an array of two-dimensional 

hydrogen-bonds that allow several crystallographic phases to exist, each having diflferent 

physical properties. Metastable phases exist for nearly all of these compounds; these 

phases can undergo transitions to more thermodynamically stable phases via one of several 

routes. These transitions are mediated and/or catalyzed by H^O exposure, temperature, 

and pressure. Exposure of anhydrous bulk CSHSO4 to H^O removes bulk metastability, 

resulting in irreversible phase transitions between four known crystal structures (denoted 

I-, II-, III-, and IV-CsHS04).' ^"' ''^ For example, exposure of II-CSHSO4 to H,0 vapor 

causes an irreversible, exothermic phase transition to phase III-CSHSO4. Whereas, the 

same exposure of IV-CSHSO4 produces an irreversible, endothermic transition to III-

CsHSOj. Thus, the phase transition chemistry between this family of anhydrous 

compounds may be extremely complicated.^"' 

The causes of the unusual phase transitions in these anhydrous compounds are 

debated in the literature.^^-^^ Effects such as sample preparation and history are unknown 

and may be variables in these transitions.^ ' To add further insight into this area, we have 

studied the effect of HjO and temperature on the most hygroscopic compound in this 

family, anhydrous NaHS04. NaHS04 is an important compound in industrial processes. 

Phase transitions between anhydrous NaHS04 modifications might aid in the construction 
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of phase diagrams that may be helpfiil in areas such as food and paper processing where 

NaHSO^ is used in large amounts.^ * 

Raman spectroscopy has been used here to observe the effect of HjO and 

temperature in mediating phase transitions between these two anhydrous forms. Raman 

spectroscopy is advantageous as it gives insight into the crystallographic rearrangement 

and symmetry change that occur during a phase transition. The thermodynamic 

relationship between the two phases is obtained by differential scanning calorimetry 

(DSC). These results are the first on this phase transition and the first Raman 

spectroscopy of distinct bulk a and P phases of NaHSO^. These results may add to the 

growing amount of information on this unusual class of inorganic solids and elucidate the 

effect of two possible activators (HiO and temperature) in the initiation of solid-state 

phase transitions. 

Raman Spectroscopy of Sulfate Salts 

a-NaHS04 is triclinic, space group P 1, with a = 0.7005, b = 0.7125, c = 0.6712 

nm 5 2,515 in Figure 5.1, a-NaHS04 is comprised of two distinct HSO4" 

environments. Type A HSO/ are doubly hydrogen-bonded dimers that run across the 

plane of symmetry. Type B HSO/ are singly hydrogen-bonded to Type A dimers. This 

combination results in a structure consisting of layered infinite HSO4' chains that run in the 
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(110) direction in which each Na"^ is coordinated by six HSO^'. 

In 1978, Sonneveld discovered a second, difficult to isolate modification, termed 

the P phase."^ P-NaHSO^ is monoclinic, space group P 2/n, with a = 0.8759, b = 0.7500, 

c = 0.5147 A, shown in Figure 5.2. The P phase consists of doubly hydrogen-bonded 

dimers in which each Na* is coordinated by eight HS04'. In this crystal structure, the 

chemical environment of each dimer is equivalent. 

Sonneveld and Visser produced P-NaHS04 by heating H2SO4 and Na^SOj in a 1:1 

molar ratio at 120 °C for 24 h. These reaction conditions were initially used in this study 

but only resulted in a small (~ 30 %) yield of P-NaHS04, and a significant amount of 

unreacted Na2S04, as shown by the Raman spectrum in Figure 5.3a. In this spectrum, the 

most intense peak is the V5(S03) ofNa2S04 at 994 cm"'. In addition to Na2S04, low 

intensity Vs(S-O-H) and V5(S03) peaks of P-NaHS04 are also observed at 903 and 1032 

cm ', respectively. A small peak attributed to the v^SOj) of a-NaHS04 is observed in this 

spectrum at 1066 cm '. The presence of Na^SOj in the crystal produced significant 

spectroscopic interference and may have affected the phase transition. Thus, the synthetic 

scheme of Sonneveld and Visser was not employed for the remainder of this study. 

A second route was used to produce P-NaHS04. This synthetic scheme (equation 

5.1) is new and produces pure P-NaHS04: 

NaCKs) + H,S04(I) P-NaHS04(s) + HCl(g) (5.1) 



Figure 5.2 Crystallographic ejection onto b-c plane of p-

NaHSO,.ONa;0 S, O O. 
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Figure 5.3 Raman spectra of products produced by the a) 
synthetic scheme employed by Sonneveld et al., b) 
synthetic scheme employed in this work to form P-
NaHSO^, c) heating of sample giving spectnmi in b) 
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In this scheme, stoichiometric amounts of NaCl and H2SO4 are mixed and stirred for 24 h 

under vacuum. Raman spectra of the resulting product are consistent with spectra for P-

NaHSO^ obtained using the synthesis route employed by Sonneveld and Visser as shown 

in Figure 5.3b. 

The Raman spectrum of p-NaHS04 closely resembles spectra of other members in 

this family of compounds^ ''-^^'^ and aids in mode assignments for NaHSO^. This 

spectrum is dominated by a single Vs(S-O) at 1033 cm '. The v^CS-O-H) mode P-NaHS04 

is observed at 904 cm '. Several less intense bending modes are also observed and are 

tabulated in Table 5.1. 

The exclusive formation of P-NaHS04 in reaction (5.1) may highlight a specific 

reaction pathway in this solid state reaction to form the metastable form of anhydrous 

NaHS04. This pathway may be a result of similarities in the crystal structures between 

NaCl and P-NaHS04. As in NaCl, the Na' in P-NaHS04 are confined to a single lattice 

plane (Figure 5.2), where a layer of HSO4' reside in a plane offset fi^om the Na' plane. 

Such an analogous crystal structure between the two compounds may facilitate the 

formation of p-NaHSO^ during an anion place exchange reaction. In comparison, the Na" 

in a-NaHS04 are offset fi^om one another in the unit cell. Thus, such a place exchange 

reaction would require substantial lattice rearrangement. 

Interestingly, Sonneveld and Visser qualitatively compare P- and a-NaHS04 

crystals based on the relative positions of Na" in each structure. Each Na^ is coordinated 

by sbc HSO4" in a-NaHS04, and is comparable to an offset NaCl-like structure. In 



Table 5.1. Raman peak positions of anhydrous NaHSOj modifications 

Raman Frequencies (cm ') 

a-NaHSO, 3-NaHSO, Assignment'^'' 

416 421 5(S03) 

427 

447 439 5(S03) 

469 

568 575 5S(S03) 

587 591 

605 5a(S03) 

630 617 

875 904 v,(S-0-H) 

1006 1033 v,(S03) 

1066 

1250 n/o"^ Va(S03) 

8 = bend; v - stretch; s = symmetric; a = asymmetric 
References 5.1,5.13, 5.16, 5.17 
not observed in these experiments 
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contrast, each Na' is coordinated by eight HS04' in p-NaHSO^. This structure mimics that 

found in CsCI. This suggests that the similarity between the P-NaHSO^ and NaCl crystal 

structures is a stronger influence on the formation of p-NaHSOj in this reaction than ion 

coordination. 

Effect of Heating B-NaHSO, in Air 

Heating p-NaHSO^ to 434 K in air results in the Raman spectrum shown in Figure 

5.3c. This treatment splits V5(S03) into two modes at 1006 and 1066 cm '. The VjCS-O-

H) mode shifts from 904 to 875 cm ' upon heating. The spectrum shown in Figitfe 5.3c 

can be reproduced by dehydration of NaHSO^ • H,0 at 413 K, and is characteristic of the 

Raman spectrum of a-NaHSO^.^ Heating of P-NaHSO^ produces a phase transition to 

a-NaHSO^. The Vs(S03) mode splitting is a result of the two HS04' environments in a-

NaHS04, and is similar to the splitting observed in KHSOj.^ The lower frequency 

bending modes of a-NaHSOj are also doubled from their respective p-NaHS04 

counterparts, shown in Table 5.1. 

The enthalpy change associated with the heat-mediated P-NaHS04 to a-NaHS04 

transition have been explored using differential scanning calorimetry (DSC) to elucidate 

the phase transition and dehydration enthalpies (AH). In this technique, the heat flow (Q) 

is measured as a function of temperature relative to a blank that is heated at the same time. 

From this data, the AH associated with each transition can be determined by integrating 
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under each AQ response. These results are shown in Figure 5.4 and 5.5. The DSC 

response ofa-NaHS04 is shown in Figure 5.4a. A single endothermic event at 453 K is 

observed by heating and is assigned as the AH of melting of a-NaHS04. A DSC trace of 

NaHSOj • HjO is shown in Figure 5.4b. Dehydration of NaHSOj • HiO is an endothermic 

process and occurs at 345 K with a AH of 14.5 kJ/mol. The melting of a-NaHSOj is 

observed as an endothermic transition at 453 K. The DSC response of a second heating 

cycle of NaHS04 • HjO is shown in Figure 5.4b, and is consistent with the DSC trace of a-

NaHS04. A single endothermic event at 453 K is observed and is assigned to the AH of 

melting of a-NaHS04. Reheating the same sample illustrates that dehydration of NaHS04 

• HiO forms a-NaHSOj, as shown in Figure 5.4c. 

The DSC trace of p-NaHSOj (Figure 5.5a) contrasts sharply with that of a-

NaHS04. A small endothermic peak is observed at ~ 425 K. This may be the result of the 

rapid melting of p-NaHS04. In addition to this response, a sharp, exothermic transition of 

-3.5 kJ mol ' is observed at 434 K, and is assigned as the P-NaHS04 to a-NaHS04 

transition enthalpy. Thus, P-NaHS04 may melt (exothermic) to form a-NaHS04 

(endothermic). The summation ofthese events is-3.5 kJ mol '. The endothermic 

transition at ~ 325 K was variable in intensity and is assigned as an instrumental artifact. 

A second heating cycle, shown in Figure 5.5b, after the transition of P-NaHS04 to a-

NaHS04 is identical to that of a-NaHS04. 

Previous studies of heat-mediated phase transitions in this family of compounds 

have also reported phase transition enthalpies.^ For example, endo- and exothermic 
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transitions between anhydrous CSHSO4 phases occur in a similar temperature regime (375-

415 K). Typical transition enthalpies of -5.5 to 1.1 kJ mol ' have been observed between 

these phases. Thus, the -3.5 kJ mol ' P-NaHSOj to a-NaHS04 phase transition enthalpy is 

similar to those measured in other systems. 

B-NaHSO. Powder Exposure to H^O 

The phase transition from P- to a-NaHSO^ on the NaCl surface (Chapter 4) was 

observed using Raman spectroscopy. These studies showed that P-NaHS04 on the NaCl 

surface exposed to HiO vapor resulted in the transition to a-NaHS04, and finally to 

NaHS04 • H,0. This study focuses on the exposure of bulk p-NaHS04 to HjO vapor. 

The effect of powdered p-NaHS04 exposure to HiO was studied as a function of 

time and is shown in the series of spectra in Figure 5.6. The Raman spectrum of bulk 

powdered P-NaHS04 is shown in Figure 5.6a. The exposure of this sample to 24 Torr 

(100% RH) HiO for 16 min results in the spectrum shown in Figure 5.6b. At this 

exposure, the P-NaHS04 intensities decrease at the expense of several new modes. Two 

V5(S03) modes at 1006 cm"' and 1066 cm"', and a new V5(S-0-H) mode at 875 cm"' are 

observed, and are consistent with a-NaHS04. Exposure of the same sample to a total of 

24 min H,0 vapor produces the spectrum shown in Figiure 5.6c. This exposure resuhs in 

the continued increase of a-NaHS04 modes and a further decrease of the p-NaHS04 

modes. The P-NaHS04 modes are absent after 36 min of HjO exposure. Figure 5.6d. 
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Figure 5.6 Efifect of HjO exposure of powdered P-NaHS04. a) 
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The effect of exposing powdered P-NaHSO^ to lower HjO partial pressures was 

also studied. Raman spectra of powders exposed to < 2.5 Torr (< 10% RH) HjO vapor 

indicate that only a partial transition to a-NaHSO^ occurs after 240 hours, shown in 

Figure 5.7. Thus, the rate of this phase transition may be related to the H^O partial 

pressure. 

Relationship between NaHSO. • H^O. B-NaHSO,. and a-NaHSO, 

Several dehydration experiments at high and low temperature, and HiO exposure 

were conducted on NaHS04 • HiO, P-NaHSO^, and a-NaHSO^ to determine the 

reversibility of the P-NaHSO^ to a-NaHSO^ transition. No experimental conditions that 

allow direct P-NaHSOj formation from NaHSOj • HiO or a-NaHSO^ were found. 

Formation of a-NaHS04 is possible from the dehydration of NaHS04 • H^O, and by 

applying heating or H^O exposure to P-NaHS04. Raman spectra acquired after heating P-

NaHS04 in air above the melting point indicates that a-NaHSOj is the sole product after 

cooling and solidification of the melt. A similar result is observed after melting a-NaHSO^ 

powders based on Raman spectra collected. From these experiments it is concluded that 

P-NaHS04 to a-NaHS04 transition is irreversible under these conditions. 

Irreversibility of a chemical system violates the principle of microscopic 

reversibility. Hence, physical conditions must exist in which the reverse reaction, p-

NaHS04 to a-NaHS04, is possible. For example, the presence of H^O vapor in this 
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Raman spectra of a) bulk P-NaHS04, b) same sample exposed 
to < 2.5 Torr H,0 for 240 h. 
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system may initiate the reverse transition from a-NaHSO^ to P-NaHS04. However, a-

NaHS04 readily uptakes H^O to form NaHSO^ • H^O. This effectively retards the 

formation of a-NaHS04 from P-NaHSOj. 

Collectively, these data collected alJow the construction of an energy relationship 

between P-NaHS04, a-NaHS04, and NaHS04 • HiO as shown in Figure 5.8. H^O is a 

catalyst in this system and reduces the phase transition activation barrier into a regime that 

is accessible at room temperature. a-NaHS04 is the thermodynamically stable anhydrous 

modification and is the intermediate phase between p-NaHS04 and NaHS04 • HiO. 

However, a-NaHSOj can be spontaneously hydrated to form NaHS04 • H^O. 

Proposed Mechanism of P- to a-NaHSO. Phase Transition 

From the Raman and DSC data, heating P-NaHS04 to 434 °C produces a rapid 

phase change to the more stable a-NaHS04. Insight into the mechanism of this phase 

transition may be obtained by considering the crystal structures and thermodynamic data 

obtained in this study. Projections of P-NaHS04 and a-NaHS04 are shown in Figure 5.9. 

Portions of each of these unit cells are highlighted to aid in the proposed mechanism for 

the P-NaHS04 to a-NaHS04 phase transition. This mechanism is based on the crystal 

structures of the two modifications and the phase transition enthalpy. 

The crystallographic projection of each modification is shown down the a a.xis in 

Figures 5.9. This projection highlights the similarities between the two modifications. 

Each crystal structure is labeled (A, B and C, D) to illustrate comparable HSO4" dimers in 
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each modification. A and B are chemically identical in p-NaHSO^. However in a-

NaHS04, C an D are in chemically different environments. The HSO^' labeled C is a 

monomer with a single hydrogen-bond, whereas the D HS04' is a dimer that forms the 

chain-like structure of a-NaHS04. 

It is proposed that the chemical environment of A and B in P-NaHS04 is changed 

as a result of heat and/or HjO to C and D HS04' in a-NaHS04. This process is proposed 

to occur through the breaking of the A and B hydrogen-bonds in P-NaHS04 at 434 fC, 

either thermally or by hydration of the Na', to allow interior movement and formation of 

two new hydrogen-bonds. This results in the infinite chain-like structure ofa-NaHSOj, 

denoted by the D HSO ," in a-NaHS04. The formation of monomers in a-NaHS04 is 

proposed to occur through the rotation of B in p-NaHS04 to form a single H-bond with a 

corresponding to the A monomer HSO4". Na' movement is significant between the two 

modifications, and it is hypothesized that the initiation of HS04' movement by hydrogen-

bond breaking in P-NaHS04 leads to Na' translation into position to form a-NaHS04. 

This completes the transition to a-NaHS04. 

HiO vapor may initiate the transition through Na' hydration on the P-NaHSOj 

surface. Hydration of Na* would have the effect of shielding the positive charge and 

decreasing the activation energy required for hydrogen-bond breaking and rearrangement. 

Surface bound H,© may also hydrate the second layer of the P-NaHSOj lattice once the 

hydrogen-bonding in the upper-most layer is disrupted. Through this process, H2O may 

catalyze the phase transition fi-om P- to a-NaHS04 without a significant uptake of bulk 
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HjO. As shown in Figure 5.7, the kinetics of the p- to a-NaHSOj transition one is highly 

dependent upon the HiO partial pressure. This may be a result of decreased H,0 surface 

coverage at this low H^O partial pressure. 

Based on these Raman and DSC studies, it is proposed that the P- to a-NaHS04 

phase transition is irreversible. However, the small transition enthalpy (-3.5 kJ mol"') 

between p- and a-NaHS04 suggests that this irreversibility is dictated by thermodynamic 

consideration others than AH, such as AS for the transformation. The relationship 

between the phase transition enthalpy (AH) and the change in entropy (AS) is given in the 

following expression: 

AG = AH - TAS (5.2) 

The P" to a-NaHSOj phase transition is spontaneous. Thus, the change in the Gibbs free 

energy (AG) in this phase transition is negative. From the DSC data, the AH is determined 

to be -3.5 kJ mol"'. For reference, this value is ~ 1.4 times greater than kT at 298 K. 

Using this small contribution from AH, it is proposed that AS from p- to a-NaHS04 is 

sufficiently positive that AG is shitted to a more thermodynamically favored value (more 

negative). 

One such example of a large contribution of AS in a phase transition is in the 

thermodynamically favored conversion of diamond to graphite, two crystalline alio tropes 

of carbon. Diamond, like p-NaHSOj, is a metastable phase in this system. AH in this 
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transition is -1.895 kJ mol'.^ However, the relatively large contribution of AS (3.363 x 

10'^ kJ mol ' K ') reduces the AG in this transition to -2.9 kJ mol ', a value larger that 

kT.^ Such an entropy contribution may occur in the transition from P- to a-NaHS04. 

The small, negative AG in this transition highlights the specific requirements to induce a 

phase transition. For example, extreme high pressures for the conversion of diamond to 

graphite noted above, or HiO and/or heat in the P- to a-NaHS04 system. 

Using the crystal structures of each phase as a guide, the change in entropy from 

p- to a-NaHSO^ is proposed to be positive. The long-range chain-like structure of a-

NaHSOj may be more thermodynamically stable than P-NaHS04. However, the addition 

of a singly hydrogen-bonded HSOj" into a-NaHS04 is proposed to increase the entropy in 

this structure relative to the to doubly hydrogen-bonded dimers in P-NaHS04 

Conclusions 

Phase transitions of the anhydrous modifications of NaHS04 are mediated by 

temperature and HiO exposure. This observation is identical to that for similar 

compounds in this family and is possibly governed by the presence of hydrogen-bonds in 

their structure. These results indicate that this phase transition may dictated by entropic 

changes. 

Future studies of this system may elucidate the kinetics of this phase transition as a 

fiinction of H^O partial pressure and heat. 
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Chapter 6 

Raman Spectroscopic Investigation of the Reaction of NaCl with Sulfur 

Trioxide: Effect of Surface-Adsorbed Water 

Introduction 

The reaction between gaseous sulfur trioxide (SO3) and water vapor produces 

sulfuric acid vapor, a crucial reaction step in the formation of H^SO^ in the Earth's 

atmosphere.® * Background sulfate aerosols in the atmosphere can be perturbed by the 

release of sulfur species, predominately SO,, which is oxidized first to SO3 and then 

hydrolyzed to H2SO4 in the gas phase by the mechanism proposed by Stockwell and 

Calvert:®-

SO,(g) + OH(g) + M - HSOjCg) + M (6.1) 

M is defined as a third-body molecule that participates in this collision. During the 



291 

collision, M gives or receives kinetic energy. S03(g) is formed from HSOjCg) as shown 

below: 

HS03(g) + 0,(g) - S03(g) + HO,(g) (6.2) 

S03(g) + H,0(g)-'H,S0,(g) (6.3) 

Processes such as volcanic eruptions, biogenic activity, and fossil fuel combustion all 

contribute to the emission of sulfiir gases into the atmosphere.®^ In addition, local 

enhancements in sulfur gases (primarily SO,) result from the operation of high speed 

aircraft.® 

Molina has recently shown that reaction (6.1) is the rate limiting step in HjSO^ 

formation from SO, oxidation at all levels of the atmosphere.®' The lifetime of SO3 in the 

stratosphere approaches lO"* s, although it has been predicted that this lifetime is lowered 

by two orders of magnitude through increased release of particulates from volcanic 

eruptions.®^ This prediction suggests that heterogeneous surface reactions derived from 

volcanic sources may play an important role in the formation of H2SO4 through SO3 

difiRision into surface bound HjO layers. Moreover, it has been estimated that volcanic 

plumes can be 10% alkali halide by mass and also contain large quantities of gas-phase 

sulfiir species.®^ '^ The large amounts of each of these species produced in this 

environment suggest that reactions of sulfiir species on alkali halide surfeces may influence 
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both the formation and subsequent reaction of H2SO4, since as shown in Chapter 4, once 

formed, H^SO^ readily reacts in the presence of alkali halide surfaces 

Anderson has predicted through extended atom superposition and electron 

delocalization molecular orbital theory (ASED-MO) computations that the surface 

reaction ofNaCl with SO3 in the presence of HjO undergoes the following two step 

sequence:®' 

SO3(g) + H,0(g)-H,S0,(g) (6.4) 

H.SO.Cg) + 2NaCl(s) - 2HCI(g) + Na,S04 (6.5) 

Contrary to these predictions, as described in Chapter 4, the reaction of NaCl with bulk 

H2SO4 does not follow reactions (6.4) and (6.5), but forms NaHSOj and a single mole of 

HCl per mole of ' 

This chapter describes the exposure of hydrated NaCl exposed to S03(g). This 

study is analogous to the computational study described above. H^O adsorption on NaCl 

has been previously studied as a function of relative humidity;® '" ®" therefore, the amount 

of surface-adsorbed H^O can be controlled at sub-monolayer surface coverages. Thus, the 

formation of surface bound H2SO4, as shown in reaction 6.4, on the NaCl surface can be 

carefully controlled by the relative humidity. After exposure to S03(g), the products 

formed are elucidated u.sing Raman spectroscopy. 
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Methodology 

Materials 

NaCl (Aldrich > 99.5%) was recrystallized from 75:25 HjOiethanol solution and filtered. 

The collected solid was dried and stored at 550° C to remove surface-bound HjO. SO3 

was obtained from Aldrich ( 99%, stabilized). SO, is dangerous and should be handled 

with great care. 

HiO surface coverage was controlled through 2 h exposure of NaCI powder to the 

headspace over H1O saturated in soluble aqueous salts to achieve the desired H^O partial 

pressure. Saturated solutions of CaCI, • 6H2O, MgCNOj), • 6H2O, and NaCI were used for 

33, 55, and 75 % RH, respectively.^ '" The surface coverage was inferred from the 

independent HjO adsorption isotherm studies by Barraclough and Ewing.^ " ̂ After H,0 

adsorption to a predetermined coverage, the powders were exposed to S03(g) in a sealed 

jar for 18 h. Raman spectra were acquired directly after packing the powders in sealed 6 

mm glass tubes. 

Raman Spectroscopy of NaCI Exposed to SO,(g) 

Raman Spectroscopy of Bulk NaCI and SO3 

For reference, the Raman spectrum of recrystallized, dry powdered NaCI is shown 

in Figure 6.1a. This spectrum, as expected, contains no Raman active modes. This 
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Figure 6.1 Raman spectra of bulk a) powdered NaCl, b) solid SO,. 
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absence allows the monitoring of NaCl surface reactions without spectroscopic 

interference. 

SO3 is a glassy polymeric solid at room temperature. It readily sublimes and has a 

vapor pressure of 76 torr at STP, four times greater than that of HjO. Three stable SO3 

crystal structures (denoted a, |3, and y) have been identified. a-SOj is the 

thermodynamically stable phase at room temperature. This structure consists of SO3 

chains that are cross-linked into infinite layered sheets.^ In spite of these various 

structures, the reaction chemistry between each of the three SO3 modifications is identical. 

A spectrum of bulk SO3 is shown in Figure 6.1 b. This spectrum is dominated by the 5(0-

S-0) and the V5(S03) of SO3 at 409 and 1074 cm"', respectively.® Tabulated peak 

assignments for S03 are shown in Table 6.1. 

HiO adsorption isotherm on NaCl 

The equilibrium HjO surface coverage is a fiuiction of the HiO partial pressure or 

RH, as shown in Figure 6.2. These data, adapted fi-om references 6.11 and 6.12, highlight 

the rapid onset of H^O adsorption at ~ 22 % RH. After this onset, H^O adsorption on 

NaCl is nearly linear up to the NaCl deliquescence point (DP) at 74.5% RH. Using these 

data, the HjO surface coverage can be controlled by exposure of NaCl to environments 

with known values of RH. 

Raman Spectroscopy of NaCl Exposed to SOjfg) as a Function of HjO Coverage 
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Figure 6.2 H.O adsorption isotherm on NaCl. Adapted from References 
6.11 and 6.12. 
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The H,0 surface coverage was controlled by exposing NaCI powder to a known 

RH for a 2 h. After this time, the powder was removed from this RH and exposed to the 

headspace over 803(5) in a sealed environment for 18 h. This period of time was chosen 

to ensure that the products formed from this exposure could to be detected using Raman 

spectroscopy. Several Raman spectra acquired as a function of H^O surface coverage are 

shown in Figure 6.3. A spectrum acquired under dry conditions (2-4% RH) is shown in 

Figure 6.3a. This spectrum is consistent with SO, adsorbed on the NaCl surface. A 

Raman spectrum obtained after exposure of NaCI to 33% RH, or ~ 1.2 ML of H^O 

coverage, is shown in Figure 6.3b. The V5(S04) of SO3 at 1074 cm ' dominates this 

spectrum. However, a second lower intensity peak is observed at 1107 cm '. This band is 

consistent with the Vs(S04) of SiOy"' species. A potential pathway of 8207-' formation 

from exposure of NaCI to SO3 will be described. 

Increasing the HjO surface coverage to ~ 2.5 ML (55% RH) results in the Raman 

spectrum shown in Figure 6.3c. This RH is sufficient to remove all traces of SO3 in this 

spectrum. This spectrum is identical to that of the thermodynamically-stable, anhydrous 

a-NaHS04. Bands for the Vs(S04) at 1006 and 1066 cm ' and the v/S-O-H) at 870 cm ' 

confirm this conclusion. Significantly, this spectrum does not support the formation of 

Na2S04 in this reaction as predicted by Anderson's computations.®^ 

The Raman spectrum acquired at the NaCI DP (74.5% RH) is shown in Figure 

6.4d. The V5(S04) of a-NaHSO^ are observed at 1006 and 1066 cm '. In addition, a 

second v/SOj) mode at 1042 cm"' is consistent with NaHS04 • HjO. The relative amount 
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Figure 6.3 Raman spectra of NaCl exposed to SOjCg) at a) 2-4% RH, b) 
33% RH, c) 55% RH, d) 75% RH, e) 100% RH. 
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of NaHSO^ • HiO formed increases at 100% RH, shown in Figure 6.3d. In addition to the 

V5(S04) mode of NaHS04 • HiO, the Vs(S-O-H) is observed at 858 cm '. Mode 

assignments of each NaHS04 specie formed are shown in Table 6.1. The observation of 

both a-NaHS04 and NaHS04 • H^O at higher H^O partial pressures suggests that the rate 

of H2O uptake by NaHS04 effectively competes with SO3 for surface-bound H^O in this 

system, thereby decreasing the amount of NaHS04 formed. 

It is assumed that NaHS04 is formed through the hydrolysis of SO3 on the NaCl 

surface as shown in reaction 6.4. Through this process, NaHSOj is formed through 

reaction with surface-bound H2SO4 as discussed in Chapter 4. By comparison of Figures 

6.3b and c, the amount of surface-bound H^O greatly affects the onset of NaHS04 

formation on the NaCl surface. NaHSOj is initially formed at ~ 2.5 ML of H^O. This 

suggests that H1SO4 formation in this environment is dictated by the amoimt of surface-

bound HjO on NaCl. At low RH (< 55%), this amount is insufficient to tbrm surface-

bound H,S04, and thus NaHS04. 

Exposure of Deliquesced NaCl to SO^( g) in a Flow Cell 

As discussed in Chapters 4 and 5, the phase of NaHS04 (P-, a-, or monohydtrate) 

formed depends upon the amount of HjO in the system. To further elucidate the role of 

HiO in the reaction between NaCl and SO3, NaCl powder was completely deliquesced by 

exposure to 74.5% RH. In the case of static SOjCg) exposure under these conditions, as 
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Table 6.1. Raman peak frequencies of SO3 and sulfate salts 

Peak Frequency (cm ') 

SO3" p-NaHSO^ a-NaHS04 NaHSO^ikO Assignment'''^ 

409 421 416 417 8(S-0) 

427 

439 447 439 8(S-0) 

469 

544 575 568 578 6,(S03) 

564 591 587 

651 605 606 5a(S03) 

617 630 

904 869 858 v,(S-0-H) 

1074 1031 1007 878 v,(SO,) 

1066 1042 

1199 N/0"^ 1250 1243 Va(S04) 

1257 

' Assignments for SO,, a-NaHSO,, P-NaHSOi, NaHSOj -HiO from references 6.14,6.15. 
'' 6 = bend; v = stretch; s = symmetric; a = asymmetric. 

'' Not observed in these experiments. 



shown in Figure 6.3d, both a-NaHSO^ and NaHSO^ • H^O are formed at this RH. Thus, 

this RH may have sufficient surface-bound HjO to initiate the solid-state phase transition 

of P- to a-NaHS04 and HiO uptake to the monohydrate. 

Deliquesced NaCl was also exposed to S03(g) in a flow cell at ambient 

temperature and pressure. The partial pressure of SO3 is assumed to be 76 torr during this 

exposure based on the SO3 partial pressure at STP. The number of moles of SO3 exposed 

during this sequence is unknown. Raman spectra of the products of this exposure as a 

function of time are shown in Figures 6.4 and 6.5. The spectrum shown in Figure 6.4a 

was acquired after 30 min of SO3 exposure. This spectrum has peaks at 904 and 1033 cm" 

consistent with the V5(S-0-H) and V5(S04) of P-NaHSOj, respectively. In addition, a 

small unassigned peak at 1107 cm"' is observed in this spectnmi. The intensities of the p-

NaHS04 modes increase as a function of SO3 exposure time, as shown by the spectra 

acquired at 38,46, and 54 min in Figures 6.4b, c, and d, respectively. A new weak peak 

at 930 cm ' grows in with exposure time in these spectra. 

A Raman spectrum obtained after 78 min of SO3 exposure is shown in Figure 6.5a. 

Both the 1107 and 930 cm ' bands have increased in intensity relative to the spectrum 

acquired after 64 min of exposure, and a new peak at 1053 cm ' is observed. Considering 

the series of spectra in Figures 6.5b-e, one observes that the intensity of the 1107 cm"' 

mode continues to increase as a function of SO3 exposure. Also, the intensity of the 933 

cm"' mode is greater than the P-NaHS04 v/S-O-H) mode in these spectra. The 933 and 

1107 cm ' modes dominate Figure 6.5b, acquired after 92 min of SO3 exposure. Raman 
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Figure 6.4 Raman spectra of deliquesced NaCl exposed to SO](g), acquired 
after a) 30 min, b) 38 min, c) 46 min, d) 54 min, and e) 64 min 
of flowing SOj exposure. 
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Raman spectra of deliquesced NaCl exposed to SO](g), acquired 
after a) 78 min, b) 92 min, c) 100 min, d) 112 min, and e) 128 
min of flowing SO, exposure. • and • denote NaHS04 and 
NajSjO^ peaks, respectively. 
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spectra acquired after 100 and 112 min (shown in Figures 6.5c and d, respectively) of SO3 

exposure highlight the continued growth of the 1107 cm ' mode. Obviously, the products 

formed with flowing S03(g) exposure are dramatically different than those observed on 

deliquesced NaCI after 18 h in a static environment. This variation is described in detail 

below. 

Initially, P-NaHS04 is observed in this reaction and is consistent with the product 

formed from NaCl and H2SO4 under low H,0 conditions. However, several new modes 

dominate the spectrum after the initial observation of p-NaHSO^. These modes are 

proposed to be the result of a secondary reaction product, NaiSjOy (Na"Oj-S-O-S-Oj' 

Na*).®® A Raman spectrum of Na^SiO, formed by heating NaHS04 • HjO to 240 °C 

for ~ 12 h is shown in Figure 6.6 and tabulated in Table 6.2. This spectrum is dominated 

by the V5(S04) at 1107 cm"'.® The low intensity peaks in Figures 6.6 at 870, 1006, 

and 1066 cm ' are assigned as a-NaHS04, an impurity remaining in the solid.® 

Comparison of the peak positions in Figures 6.5e and 6.6 indicates that the 

reaction product formed from the exposure of deliquesced NaCl to SO3 is primarily 

NaiSjOy. However, peaks at 933 and 1053 cm ' can not be assigned to NajSjOy. The 

variability in the intensity of these peaks as a function of time suggests that they may be an 

intermediate in this reaction or a product of secondary reaction pathway. A plot of the 

intensities of several modes as a function of SO3 exposure, as shown in Figure 6.7. This 

plot highlights the intensity of the p-NaHS04 at 904 and 1033 cm ', and NaiS^OT Vs(S04) 

modes at 520, 749, and 1107 cm"'.®In addition, the unassigned modes at 930 and 
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Figure 6.6 Raman spectrum obtained after heating NaHS04 • HjO to 240 
°C. Spectrum is consistent with the formation of NajS^Oj. 



Table 6.2. Raman peak positions of Na2S207. 

Peak Frequency (cm ') 

Na,S,0/ Assignment'''^ 

520 8(0-S-0) 

609 8(0-S-0) 

747 v(S-O-S) 

802 

1107 v.(SO,) 

1266 v.(SO,) 

1289 

1300 

" Assignments for Na;S;07 reference 6.19. 
'' 5 = bend; v = stretch; s = symmetric; a = asymmetric. 
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1053 cm"' are plotted as a function of SO3 exposure. From this plot, P-NaHSO^ is initially 

formed in this reaction. This is consistent with SO3 difiusion into the surface HiO layer to 

form a surface-bound HjSO^ layer. The intensity of this mode is reduced after ~ 60 min. 

Interestingly, the 930 and 1107 cm ' peak intensities follow separate growth profiles. The 

intensity of the 930 and 1053 cm"' modes increase up to ~ 90 min, and then begin to 

slowly decrease with SO3 exposure. In contrast, the intensity of the 520, 749, and 1107 

cm"' modes continue to increase over the entire range of SO3 exposures studied. 

By comparison of the peak intensity profiles, a mechanism of P-NaHSO^ and 

NaiSiO; formation from exposure of deliquesced NaCl to SO3 is proposed. Initially the 

NaCl is covered with a thin layer of HiO. Thus, based on the initial observation of P-

NaHSOj in this study, it is proposed that SO3 diffusion into the surface-bound H^O layer 

rapidly forms surface-bound HiSOj, and reacts to form P-NaHS04 in a similar manner to 

that described in Chapter 4. 

NaCl-(H30)(ads) + SOjCs) - NaCl(s) + H^SO^Cads) (6.7) 

NaCl(s) + HjSO.Cads) ^ p-NaHSO^Cs) + HCl(g) (6.8) 

The observation of several other higher-order sulfur oxides in this system may be a result 

of the fiirther reaction ofNaHS04. One such reaction may involve CISO3H, a non

aqueous solvent used in the sulfonation of organic compounds. CISO3H is formed by the 



reaction of HCl, a product in reaction (6.8), with S03(g).® 

309 

S03(g) + HCI(g)- ClS03H(g) (6.9) 

Such a reaction may occur as HCl is produced in this system. One previous study has 

shown that CISO3H is reactive in the presence of KHSO4, an analog of NaHS04, to form 

KHSiOy.®"* Thus, the following reaction is proposed to occur in this system. 

Peaks at 933 and 1053 cm"' are proposed to be the V5(S-0-H) and Vs(S04) of NaHSjO,, 

respectively. For example, the V5(S-0-H) in P-, a-, and NaHS04 • H^O are observed at 

904, 870, and 858 cm"', respectively. This mode is observed at 955 cm"' in H,S207(1), as 

shown in Figure 6.8.®" The 22 cm"' shift of the Vs(S-O-H) between NaHSiOy and HiSjOy 

is consistent with the difference in reduced mass between the two compounds. A Raman 

spectrum of a solid XHS^O, compound has yet to be obtained. Thus, these assignments 

must be considered tentative. 

NaoSiO; is be formed by continuous exposure of NaHS04 to SO3. 

P-NaHS04(s) + ClS03H(g) - NaHS,07(s) (6.10) 

NaHS04(s) + SOjCg) NajS^O^ + H,S04 (6.11) 
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Figure 6.8 Raman spectrum of 0.5898:1 SOj:H,SO^ oleum solution 

containing HSjO,'. Adapted with permission from reference 
6.19. 
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SO3 may lower the activation barrier for NaHS04 dehydration to NaiS^Oy through loss of 

H2SO4. Once formed, H2SO4 is quickly removed through reaction (6.8) to form additional 

NaHSO^. 

is typically formed by heating NaHS04(s) to ~ 240°C in the absence of 

HjO.® However, the formation of Na^SjOy by exposure of NaCl to SOjCg) in the 

presence of O, at temperatures in excess of400°C was observed in a similar study by 

Fielder et al.® It is possible that under these high temperature conditions, NaHS04 is 

initially formed and subsequently decomposed to NaiSjO;. 

In combination, reactions (6.8)-(6.11) form a series of cyclic reactions that, in the 

presence of continuous SO3 exposure, result in the formation of NaHS^Oy and Na^SjO,. 

Exposure of Dry NaCl Powder to H^SO , + SO, (Oleum) 

To better elucidate the mechanism of Na2S207 formation, exposure of dry NaCl to 

of a solution that contains HjSiOy is desired. It has been shown that H2S2O7 exists in 

mixtures of H2SO4 and SO3 (oleum solutions) as shown below:® *' 

H2SO4 + SO3- H.SjO^ (6.12) 

Exposure of such a mixture to NaCl may yield insight into the formation of Na^SiOy on 

the NaCl surface at high SO3 exposures. A 20% 803/80% H2SO4 (mol/mol) solution was 

used in this study. 
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Walrafen previously determined the concentrations of various species in 

SO3/H2SO4 mixtures using Raman spectroscopy.® A 20% solution was shown to 

consist of 11.96 M HjSO^ and 3.99 M HiSjOy. 

The product resulting from exposure of dry NaCl powder to this solution is shown 

in Figure 6.9. The v/SO^) at 1107 cm ' indicates that NaoS^Oy is formed. Three 

additional modes at 891,910, and 1015 cm ' are observed in this spectrum can not be 

assigned to Na^SjOy or NaHS04, nor can they be assigned to previously reported sulfur 

oxide salts (e.g. X = 3-6, 8).® ~ Several species are present in 20% 803/80% 

H2SO4 solutions that may contribute to the added complexity in Figure 6.9. Equilibrium 

transformations in SO3/H2SO4 mixtures further complicate the reactions that may occur. 

For example, two such equilibria are shown below and indicate the complexity of sulfur 

oxide species that are present in oleum;® "' 

2H2S A - H2S30,o + H2SO4 H3SO4* + HS30,o- (6.13) 

The exposure of NaCl to 20% 803/80% H2SO4 results in near complete formation of 

NaiSjOy. Based solely the concentrations of H2SO4 and H282O7 in solution, a ~ 3:1 ratio 

of NaHS04:Na2S07 is expected. This observation suggests that a specific reaction 

pathway is occurring. Such a pathway may be based on the following equilibrium:® 

H2S207 + H,S04 '*H3S04" + HS,07- (6.14) 
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Figure 6.9 Raman spectrum obtained after exposure of NaCl to 20% 
803/80% H,S04 solution. 
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The Kjq for this reaction has been determined to be 7 x lO ".® '• This equilibrium in concert 

with reaction 6.11 may form NaiSiOT in a stepwise manner. Further investigation of this 

reaction with various oleum solutions may be necessary to completely elucidate the 

chemistry in this system. 

Atmospheric Implications and Conclusions 

Raman spectroscopy has been used to characterize the reaction of NaCI with 

SOjCg) as a function of H^O surface coverage. This fundamental study suggests that HjO 

coverages greater than 2 ML are required to form surface-bound NaHS04. 

At high S03(g) exposures on deliquesced NaCl, Na^SiO; is formed that may be the 

step-wise addition of SO3 to NaHSO^. Exposure of powdered NaCl to solutions of 20% 

SO3 in HiSO^ results in the formation of Na2S207. 

Based on reactions 6.1-6.3, studies have predicted that the atmospheric lifetime of 

SO3 may be reduced by a factor of 100 to the increased particulate density in a volcanic 

plume. Thus, considering the number densities of alkali halides in these plumes, H2SO4 

may form and react on these surfaces. NaHSOj may compete for surface bound HiO in 

this system. This, in efiFect, reduces the HCl produced in this system by preventing H2SO4. 

These data indicate that the reaction products formed in this chemical system are 

highly dependent upon the amount of SO3 available for reaction. For example, at high SO3 

levels, a H2SO7 solution may form on the NaCl surface to produce Na2S207. 
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Chapter 7 

Raman Spectroscopic Investigation of the Reaction of NaHS04/NaCl 

Powders with Volatile Bases 

Introduction 

It is estimated that 4.5 x 10'^ g of NHj are added to the atmosphere each year.^ 

Approximately two-thirds of this amount is anthropogenic in origin. Studies have shown 

that the atmospheric NH3 concentiation is ~ 0.1-10 ppb, and is highly variable temporally 

and spatially.^ " Residence times ofNHj have been estimated as ~ 10 days before 

deposition by HiO uptake or particle adsorption.^ ' •' - Chemical analysis of solid particles 

has shown that 25-50% of the particulate mass in the atmosphere is composed of S04*', 

NO3', Na^, and CI" species.^^ Thus, it is possible that solid NH4"-containing 

compounds are formed through the adsorption of NH3(g) on reactive surfaces. One such 

mechanism for NHj removal may be adsorption onto sea salt particles or reacted sea salt 

particles. 
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As discussed in Chapters 1,3, and 4, sea salt particles are primarily composed of 

alkali halide salts. NH3(g) is not reactive towards these compounds. However, the 

majority of these particles are highly depleted in halide (CI and Br) prior to deposition. As 

described in previous chapters, this depletion exchanges halide for NOj" and/or HS04'.^' 

NH3(g) is a volatile, strong base (pK^ = 4.75)^ "' that may deprotonate XHSO^ compounds 

on sea salt surfaces. Thus, the adsorption of NH3(g) onto such a surface may provide a 

reactive pathway (NH4" formation) for atmospheric NH3 deposition. 

To date, no studies of exposing NaHS04, or mixed NaHS04/NaCl particles to 

NH3(g) have been undertaken. Here, Raman spectroscopy was used to monitor the 

exposure of NaHS04/NaCl, such as those formed in the reaction between NaCl and 

H2SO4, to NH3(g). Lastly, in an effort to bracket the surface acidity of these particles, 

pyridine, a weak volatile base,^^ was exposed to NaHS04/NaCl particles. 

Methodology 

Preparation of NaNH4S04 

NaNH4S04 crystals were grown by slow evaporation from a 1:1 Na2S04: 

(NH4)2S04 solution at room temperature.^^ 

Preparation of NaHS04/NaCl Powders 

NaHS04/NaCl was prepared at various NaHS04/NaCl ratios by mixing HiSOj and 
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NaCl in stoichiometric amounts in a dry, evacuated flask. After ~ 12 h, the powder was 

removed from the flask and exposed to NHjCg) in a 60 mL sepratory funnel. 

Raman Spectroscopy of Bulk Sulfate Salts 

The exposure of NaHS04/NaCl powders to NHsCg) may form various XjSO^ (X = 

Na, NH4) salts. As a means of determining the products formed during this exposure. 

Raman spectra were acquired of potential reaction products. To further complicate the 

identification of these products, five stable anhydrous Na^SO^ phases are known.'^-^' 

Raman spectra of two Na2S04 phases are shown in Figures 7.1 a and b, and are tabulated 

in Table 7.1. The Raman spectrum of the thermodynamically stable Na2S04 modification, 

termed phase V, is shown in Figure 7.1a. This spectrum is dominated by the V5(S04) at 

995 cm"'.^® Additional modes are observed at 1103,1133, and 1154 cm '. A second 

Na2S04 modification, termed phase III, is prepared by heating NaiS04 V to 190 °C. The 

V5(S04) in phase III shifts to 998 cm"'.^ ' Several other modes are observed at 1078, 1132, 

and 1201 cm ' in this modification. 

A Raman spectrum of NaNH4S04, an intermediate X2SO4 compound between 

Na2S04 and (>^4)2804, is shown in Figure 7. Ic. The VjCSOj) of NaNH4S04 is observed at 

986 cm '. The V5(S04) of (NH4)2S04, shown in Figure 7.Id, is at 977 cm '.^^ These 

spectra indicate that the Vs(S04) shifts to lower fi-equency as the proportion of NH4* in the 
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Figure 7.1 Raman spectnun of a) NaiSOj phase V, b) Na;S04 
phase ni, c) NaNH^SO^, d) (NH4),S04, e) Nal^^SO^ 
heated to 170 °C to produce a 1:1 Na,S04:(NH4)2S04 
mixture. 
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Table 7.1. Raman peak frequencies of sulfate salts. 

Peak Frequency (cm ') 

Na^SO^ V Na^SOi in NaNH^SO^ (NH4),S0, Assignment®-'' 

453 462 454 455 8(0-S-0) 

469 470 

623 618 622 617 5,(S03) 

634 640 627 

650 

995 998 986 977 VsCSO^) 

1103 1078 1065 1068 Va(SO,) 

1133 1132 1108 1103 

1154 1200 1133 

* Assignments for Na;S04 III, Na;S04 V, and (NH4)2S04 from references 7.6, 7.7, and 7.5, 

respectively. 
" 5 = bend; v = stretch; s = symmetric; a = asymmetric. 

' Not observed in these experiments. 
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salt increases. From Table 7.1, the frequencies of each of the modes in these compounds 

are nearly overlapped. Thus, the systematic progression of the V5(S04) frequencies in 

these salts is used for identification of these compounds. 

Decomposition ofNaNH4S04 is achieved by heating the sample to 170 °C. A 

Raman spectrum of this decomposition (Figure 7.1 d) highlights formation of a 1:1 

Na2S04;(NH4)2S04 product. The intensity of the (NH4),S04 V5(S04) mode is greater due 

to a higher Raman cross-section relative to the V5(S04) of Na^SO^. This was verified by 

the acquisition of a 1; 1 physical mixture of Na^SOj and (NH4)2S04. 

Raman Spectroscopv ofNaHSO./NaCl Exposed to NH,(g) 

The exposure of bulk a-NaHS04 to NHj was studied prior to the added 

complication of NaCl in the matrix. A Raman spectrum of the product of this exposure in 

shown in Figure 7.2. The frequencies and relative intensities of the V5(S04) modes in this 

spectrum are consistent with the formation of a 1:1 mixture of NajSOj V and (NH4)2S04. 

The overall reaction is shown below; 

2NaHS04(s) + 2NH3(g) Na2S04 V(s) + (NH4)2S04(s) (7.1) 

This can be compared to the Raman spectrum obtained from exposure of 
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Figure 7.2 Raman spectrum of product of a-NaHSO^ exposed to 
excess NH3(g). 
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NaHS04/NaCi powders to NH3(g). Several NaHS04/NaCl samples were prepared with 

1 ;4 to 1 ;1 ratios. A Raman spectrum of a 1 ;3 NaHS04/NaCl powder is shown in Figure 

7.3a, and tabulated in Table 7.2. This spectrum is consistent with a-NaHS04/NaCl 

powder. Exposure of this sample to excess NH3(g) produces the Raman spectrum shown 

in Figure 7.3b. The V5(S04) modes at 977 and 998 cm"' are consistent with the formation 

of metastable Na^SOj phase III and (NH4)2S04 in this reaction. Additional modes at 1078, 

1132, and 1201 cm ' further support the formation ofNa2S04 III in this reaction. The 

Raman spectrum of a 1:1 NaHS04/NaCl powder exposed to NH3(g) is shown in Figure 

7.3c. As in the 1:3 sample, Na2S04 III and (NH4)2S04 are formed in this reaction. 

Comparison of the V5(S04) intensities with the 1:1 Na2S04:(NH4)2S04 mixture, 

shown in Figure 7.1e, indicates that exposure ofNaHS04/NaCl to NH3 results in a change 

in the stoichiometry of Na2S04 and (NH4)2S04 formed in this reaction. This is fiirther 

supported by the 1:1 mixture ofNa2S04 and (NH4)2S04 formed by exposure ofa-NaHS04 

to NH3, shown in Figure 7.2. The relative amount of Na2S04 III and (NH4)2S04 formed in 

this reaction may be obtained from the peak intensities of the V5(S04) mode of each 

compound. The ratio of the Vj(S04) mode intensities in a 1:1 physical mixture of 

(NH4)2S04 and Na2S04 III is 1.38:1. This ratio is reduced to (0.71 ± 0.07):1 in 

NaHS04/NaCl samples exposed to NHjCg). This ratio is independent of the 

NaHS04:NaCl range examined in these experiments. The relative amount of Na2S04 

phase in and (NH4)2S04 in NaHS04/NaCl is determined as the quotient of these two 
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Figure 7.3 Raman spectra of a) 1:3 a-NaHSOyNaCl, b) 1:3 a-

NaHSOyNaCl exposed to excess NH3(g), c) 1:1 a-
NaHS04/NaCl exposed to excess NH3(g). 



Table 7.2. Raman peak frequencies of bisulfate salts. 

Peak Frequency (cm ') 

a-NaHSO, NaHS04H,0 Assignment'^'' 

416 417 5(0-S-0) 

427 

447 439 5(0-S-0) 

469 

568 578 5,(803) 

587 

605 606 8.(S03) 

630 

869 858 v,(S-0-H) 

878 

1006 1042 v,(SO,) 

1066 

1250 1243 Va(S04) 

Assignments for a-NaHS04, and NaHS04 -HjO from references 7.8. 
5 = bend; v = stretch; s = symmetric; a = asymmetric. 

Not observed in these experiments. 
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numbers (1.38/0.71), or 1.94 ±0.17. Thus, the spectroscopy indicates that the ({^4)2804 

and NaiSOj phase III product stoichiometry is 1 to 2 in this reaction. The complete 

reaction stoichiometry in this system is: 

NaCI(s) + 3NaHS0,(s) + 3NH3(g) - 2Na2SO,(s) + (NH4)2S04(s) + NH4CI(s) (7.2) 

The AH of this reaction is -87 kJ mol"'." Compared to the AH of reaction 7.1 (+29 kJ 

mol)^ S the addition of NaCl into the sample matrix greatly reduces the AH, a result of the 

formation of NH4CI. Additional evidence for NH4CI formation in this reaction is shown by 

the 8(N-H) at 1400 cm ' in Figures 7.3 b and c. 

The mechanism of (NH4)2S04 and Na2S04 phase III formation in this reaction may 

be ascertained by the exposing a 1:1 NaHS04/NaCl to controlled aliquots of NH3(g). 

Spectra from such experiments are shown in Figures 7.4 and 7.5. Unlike the results 

discussed above, this 1:1 sample contains a portion of NaHSOj • HjO, as shown by the 

V5(S04) mode at 1042 cm"' in Figure 7.4a. Exposure of this sample to NH3(g) sufficient to 

react with one-half of the available NaHSO^ is shown in Figure 7.4b. After NH3 exposure, 

the intensity of the NaHS04 modes are dramatically reduced. In addition, several new 

modes are formed. The V5(S04) mode at 998 cm"' is evidence of Na2S04 IH formation. 

The V5(S04) mode is broadened on the low frequency side by a band for (NH4)2S04 at 977 

cm', and possibly NaNH4S04 at 986 cm"'. Exposure of this sample to NH3(g) sufficient 

to react with all NaHS04 is shown in Figure 7.4c. After this exposure, the NaHS04 
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Figure 7.4 Raman spectra of a) 1:1 NaHSO/NaCl, b) I/: I 
NaHSOj/NaCl exposed to NH.(g) in 1:0.5 
NaHSOyNHjCg), c) 1:1 NaHS04/NaCI exposed to 
NH,(g) in 1:1 NaHSO^/NH^g). 
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Figure 7.5 Raman spectra of a) 1:1 NaHS04/NaCl exposed to 
NH3(g) in 1:2 NaHSO^/NHjCg), b) 1:1 NaHSO,/NaCI 
exposed to NHjCg) in 1:2.5 NaHS04/NH3(g), c) I: I 
NaHSOj/NaCl exposed to NH3(g) in 1:3 
NaHS0,/NH3(g). 
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modes are nearly absent. The V5(S04) mode of Na2S04 phase III at 998 cm"' dominates 

this spectrum. A broad V5(S04) peak, corresponding to (NH4)2S04 and/or NaNH4S04, is 

evident on the low frequency side of this mode. 

Doubling the NHj exposure (2:1 NH3:NaHS04) produces the spectrum shown in 

Figure 7.5a. After this exposure, V5(S04) modes corresponding to Na2S04 III, 

NaNH4S04, and (^4)2804 at 998,986, and 977 cm ', respectively, are explicitly 

observed. Each of these modes becomes more evident after increasing the amount ofNHj 

added to the sample (2.5:1 NH3:NaHS04), shown in Figure 7.5b. The NaNH4S04 V5(S04) 

at 984 cm ' is absent after exposure of this sample to 3:1 NH3:NaHS04, as shown in 

Figure 7.5c. 

From the Vs(S04) peak intensities in this series of spectra, the amount of 

(>^4)1804 formed is reduced when compared to those shown in the previous 1:1 and 1:3 

NaHS04/NaCI powders (shown in Figures 7.3 b and c, respectively). The final peak 

intensity ratio in Figure 7.5c corresponds to a stoichiometry of 1:6 (NH4)2S04:Na2804 III. 

This variation is rationalized by the presence of NaHS04 • HjO in this sample. Thus, 

compared to the complete anhydrous NaHS04/NaCl powders, the presence of HiO may 

result in the formation of NH4OH. This may inhibit (>^4)2804 formation and increase the 

amount of Na2S04 in in this sample. Future investigations will be required to determine 

more precisely the stoichiometry of this reaction in the presence of HjO. 

Cosgrove et al. studied the chemistry of 4Na2S04 phase V;NH4C1:2H202 using 
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thermogravimetric techniques and x-ray difi&action/They found that this compound 

decomposes to Na2S04 III:(NH4)2S04:NaCl, and is finally reduced to Na^SO^ V and 

NHjCl. It was proposed that metastable NaiSO^ III is formed only in the presence of 

NaCl due to an epitaxial relationship between the (110) face of NaCl and Na2S04 III (100) 

crystal faces."" No such commensuration exists between Na2S04 V and NaCl. The 

observation of Na2S04 III in this study supports such a proposal. The presence of 

(NH4)2S04 in both studies may also dictate the formation of Na2S04 III on NaCl. As 

shown in Figure 7.3, Na2S04 phase V and (NH4)2S04 are formed in the absence of NaCl 

by exposure of NaHS04 to NH3(g). This observation supports the requirement of NaCl 

for Na2S04 phase III formation. 

Raman Spectroscopy of NaHSO,/NaCl Exposed to Pvridine(g) 

A second study was undertaken in an attempt to determine the pK^ required for 

deprotonation of NaHS04 with concomitant Na2S04/CNH4)2S04 formation. Pyridine, a 

volatile base, was chosen for this study. This compound is a much weaker base (pK^ = 

when compared to NH3, pK^ = 4.75.^'' 

A Raman spectrum of pyridine is shown in Figure 7.6a. This spectrum is 

dominated by two intense modes at 992 and 1032 cm"'. These are assigned as the ring 

breathing and deformation modes of pyridine, respectively.^" These modes are assigned 

in Table 7.3. Exposure of a 1:1 a-NaHS04/NaCl powder to pyridine for 4 h results in the 
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Figure 7.6 Raman spectra of a) bulk pyridine, b) 1:1 a-
NaHSOyNaCl exposed to pyridine(g) for 4 h. 



Table 7.3. Raman peak frequencies of pvxidine. 

Peak Frequency (cm ') 

Pyridine Assignment®-'' 

605 v(C.C) 

655 v(C-C) 

992 v(C-C),b 

1032 v(C-CU 

1218 8(C-H) 

Assignments for pyridine references 7.10. 
5 = bend; v = str«ch; r.b = ring breathing; r.d. = ring deformation. 
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spectrum shown in Figure 7.6b. This exposure mimics that shown between a-

NaHS04/NaCl and NHj (shown in Figure 7.3c). The Vs(S04) and VjCS-O-H) of a-

NaHSOj are evident at 870 and 1066 cm"', respectively. In addition, the modes at 1012 

and 1032 cm ' are consistent with the ring breathing and detbrmation modes of pyridine 

existing in a hydrogen-bonded environment.'" This spectrum suggests that pyridine is not 

a sufficiently strong base to deprotonate NaHS04/NaCl. In addition, in light of the 

previous work mentioned above, the lattice incommensuration between the pyridinium 

product and NaCl may prevent this surface reaction. Thus, the pK^ required for 

NaHSOj/NaCl deprotonation is between 4.75 and 8.77, a four order of magnitude range. 

Further studies of NaHS04/NaCl exposure to volatile bases may further reduce this range. 

Conclusions and Atmospheric Implications 

These data illustrate the reaction between NaHS04/NaCl and NHj, an atmospheric 

base. The stoichiometry of the products formed may be highly dependent upon the 

amount of HiO available in this system. Further studies are required to elucidate this 

effect. 

As shown in previous studies, NH4" is a large component of solid phase particles in 

the atmosphere.'^ The majority of these particles are composed of NH4NO3 and 

(NH4)2S04 as a result of reactions with HNO3 and H2SO4, respectively." ' " However, this 

study highlights a potential secondary route of NH4* formation that involves uptake and 



surface reaction of NH3. This reaction route may be difficult to determine in sea salt 

particles collected in the atmosphere. However, the formation of Na2S04 (III) exclusively 

in this reaction may be used as a chemical probe of this pathway of NH4" formation on 

atmospheric particles. Future studies in this laboratory should determine the role of NaCl 

and other alkali halides with different lattice spacings in Na2S04 phase III formation. 
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Chapter 8 

Surface Segregation of Mixed NaBr/NaCl Crystals Grown From Aqueous 
Solution 

Introduction 

The depletion of ozone in the springtime Arctic troposphere has been positively 

correlated with gas phase bromine levels. Measurements from the 1997 Polar Sunrise 

Experiment show a dramatic decrease in ozone from ~ 30 to 0 ppb over the course of 

several days during the polar sunrise with concurrent increases in HOBr, Br,, and BrO^ 

levels.^' Current speculation about the source of the gas phase atomic bromine has led to 

the proposal that it originates as Br" in sea salt aerosols that accumulate on the snow pack 

during the Arctic winter/ Arctic O3 destruction is initiated by Br" in the reaction 

shown below: 

Br"(aq) + OjCaq) OBr'(ac|) + OjCaq) (8.1) 

In reaction (8.1), O3 is destroyed by diffusion into a brine solution that may be surface-

adsorbed on a sea salt particle. Studies have shown that this reaction occurs in the 
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absence of light and may regulate Arctic O3 in the dark wintertime.^^ OBr" can be released 

into the gas-phase as HOBr(g) to initiate a series of cyclic reactions that uhimately destroy 

gas phase O3. This cycle in initiated by:'*--^"' 

Previous studies have shown that halogen release is dependent upon the pH of aqueous 

sea salt solutions.®^ "^ Thus, the adsorption of volatile acidic gases (HNO3, NO,, H2SO4) 

decreases the solution pH and reaction (8.2) becomes more favored. Once formed in 

solution, HOBr (pKa = 8.6) is reactive in the presence of halogen anions to form volatile, 

reactive products. One such reaction product is shown below;' '* '"' 

OBr(aq) + H"(aq) HOBr(aq) (8.2) 

HOBr(aq) + Br(aq) — Br2(aq) + OH"(aq) (8.3) 

Br2(aq) is readily released from solution and photolyzed;' .8.1.8.4.8.6 

Br2(aq) - Br2(g) (8.4) 

Br2(g) + hv ^ 2Br(g) (8.5) 

Several studies have shown the formation of atomic Br, an increase in BrO(g), and the 
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rapid reduction of O3 concentrations over the same time scale.^ It is proposed that 

Arctic O3 is destroyed by:* ® 

Br(g) + 03(g) BrO(g) + O^Cg) (8.6) 

The lifetime of BrO is short in the presence of atmospheric oxidants. HOBr is readily 

formed from OBr through the following reaction:*"* 

BrO(g) + HO,(g) - HOBr(g) + 0,(g) (8.7) 

The uptake of HOBr into the H^O layer on a sea salt particle completes the cycle of O3 

destruction.*'*''*^ 

HOBr(g) - HOBr(aq) (8.8) 

HOBr may then react with Br" (reaction 8.3), to continue the O3 destruction cycle. The 

net reaction of O3 destruction is shown below: 

2Br-(aq) + 303(g) + H*(aq) + 20H2(g) + hv - 2H0Br(aq) + OH^aq) + 50,(g) (8.9) 

In the absence of sufficient hv, Arctic O3 destruction is regulated in this sequence by 
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reaction (8.1).^' The formation of sufficient HOBr to continue the gas phase destruction 

of O3 is dictated by the photolysis of Br,. Thus, further Arctic O3 destruction is initiated at 

the beginning of the polar springtime. 

Results from other studies suggest that Br release from sea salt particles may be 

important in the formation of additional Br'-containing reactive intermediates. For 

example, Finlayson-Pitts et al. studied BrNO formation in the reaction of NaBr with 

NOi." ' Rapid photolysis of BrNO to form reactive atomic Br was observed. 

The Br:Cl molar ratio in sea water is 1:660.^^ A similar ratio is expected in 

corresponding sea salt aerosols. The relative abundance of CI suggests that the surface of 

sea salt particles will be composed primarily of NaCl. However, surface segregation of 

minor species has been observed in many systems and may play a role in this chemistry. 

Thus, the surface concentration of Br on a sea salt particle may predict the release of gas 

phase bromine more accurately than the bulk salt concentration. 

Ghosal et al. have studied the surface of a NaBr-doped NaCl crystal with a bulk 

molar ratio of 1:14 (~ 50 times higher than found in sea water) grown from a melt.®^ 

Using x-ray photoelectron spectroscopy (XPS), the bulk Br;Cl was observed immediately 

after cleaving the crystal. The ratio increased to 1:1 after exposure of the surface to HjO 

vapor for several hours. These observations suggest that NaBr segregation may be 

enhanced at the surface of sea salt particles.'' However, the large bulk NaBr:NaCl used 

in the study of Ghosal and growth of the crystal from a melt only marginally mimics the 

process of sea salt particle formation in the atmosphere. 
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This study focuses on the surface segregation of NaBr in NaBr:NaCl crystals 

grown slowly from aqueous solutions for a range of NaBr.NaCl molar ratios extending 

from 1:980 to 1:337; a range that brackets the bulk Br:Cl ratio in sea water. This study 

utilizes XPS for Br;Cl quantification, scanning electron microscopy (SEM) to determine if 

NaBr domains segregate, x-ray fluorescence (EDX) for spatial mapping of the surface, 

and atomic force microscopy (AFM) to elucidate the size of NaBr domains. This is the 

first such study that attempts to quantify the surface segregation of NaBr in crystals with 

atmospherically relevant Br;Cl ratios, thereby mimicking the process of sea water 

evaporation in the terrestrial atmosphere. 

Methodology 

Crystals of varying of NaBr:NaCl ratios were grown from solution over the course 

of several days at ~ 55 °C. Each crystal was grown in a covered 20 mL scintillation vial 

using 5.00 mg ofNaCl and 6.50 x 10"^ to 1.96 x 10"- g NaBr. Over the past twenty years, 

geochemists have studied the distribution coefficient (D) of NaBr and NaCl between the 

solid phase and solution.* '"'® '• This work has shown that NaBr:NaCl crystals, grown by 

precipitation from aqueous solution, have a Br:Cl mass ratio of 1:7.1 compared to that of 

the solution phase." '"'"- The D for this system is valid only under conditions of 

NaBr;NaCl crystal growth at or near equilibrium. Such conditions were attempted in this 

study by not supersaturating the solution, ensuring that dust did not reach the solutions, 

and not stirring or moving the solutions during crystal growth. 
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Using D for this system, NaBr-doped NaCl salts with a range of NaBr.NaCl molar 

ratios precipitate from solution. This protocol produces large (0.25 -1 cm"), well-defined, 

optically transparent crystals with a bulk Br:Cl ratio of 1:9803 to 1:337. This ratio spans 

the Br:Cl ratio of sea water (1:660).®^ Each crystal was evident after ~ 36 h, and was 

allowed to continue to grow for an additional 36 h. After this time, the crystal was 

removed from solution and quickly dried and stored in a desiccator under ambient 

conditions. 

Quanitification of the bulk Br:Cl was performed using vacuum-ultraviolet 

inductively coupled emission spectroscopy (VUV-ICP) using a home-buik spectrometer at 

the University of Arizona (Denton research group, Department of Chemistry) using 

148.845 nm and 134.724 nm emission lines for Br and CI, respectively. A separate 

analysis was performed using ion chromatography at Desert Analytics (Tucson, AZ). 

XPS analysis was performed on each sample within 72 h of removing the crystal 

from solution. Oftentimes, analysis was performed < 12 h after crystal formation. SEM 

and AFM imaging was performed within 96 h of crystal formation. The crystals were 

stored in a desiccator while transporting the samples for SEM imaging. AFM imaging 

was performed in ambient. Specific experimental conditions for each of the 

characterization techniques used in this study are described in Chapter 2. 

Determination of the Bulk Br:Cl of NaBr-Doped NaCl Cr\'stals 

The large concentration differential between Br and CI in these crystals made the 
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direct determination of tlie bulk Br;Cl difficult. The analytical technique used must have a 

large dynamic range to determine this large variation. Several techniques were considered 

for analysis. Two techniques were used to independently determine the bulk Br:Cl in 

three separate NaBr;NaCl crystals. Vacuum-ultraviolet inductively coupled emission 

spectroscopy (VUV-ICP) using a home built spectrometer at the University of Arizona 

was performed on aqueous solutions formed from these crystals. In addition to VUV-

ICP, ion chromatography was used (Desert Analytics, Tucson, AZ). 

VUV-ICP was performed by preparing Br and CI standards using NaBr and NaCl, 

respectively. Calibration curves obtained for CI" and Br" are shown in Figure 8.1. This 

data shows the linear range required for bulk Br:Cl determination. Two NaBr:NaCl 

crystals were dissolved in H^O and analyzed. The Br concentration of the standards was 

nearly at the detection limit. Thus, crystals v«th a bulk Br:Cl below 1:1206 were not 

analyzed using this technique. The data obtained for a 1:1206 and 1:500 are shown in 

Figure 8.1, and are tabulated in Table 8.1. This data shows that VUV-ICP is adequate for 

this determination. In addition, the measured Br:Cl was within 1% of the calculated Br:Cl 

using the distribution coefficient. 

Ion chromatography (IC) was used for the bulk Br:Cl determination in a single 

NaBr.-NaClcrystal with a 1:1076. This data is tabulated in Table 8.1. As with the VUV-

ICP determination, the bulk Br:Cl is within 1% of the calculated Br:CI using the 

distribution coefficient. 

From the VUV-ICP and IC analysis, the bulk Br:Cl values of the three crystals 
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Figure 8.1 Vacuum-UV ICP calibration plots for CI" and Br. o and A 

denote data points for 1:1206 and 1:500 NaBr:NaCl crystals, 
respectively. 
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Table 8.1: Bulk NaBr;NaCl obtained from three samples using VUV-ICP and ion 
chroniatography 

BulkNaBr:NaCl 
using 

BulkNaBr:NaCl 
from VUV-ICP 

BulkNaBr:NaCl 
fromIC 

1:1206 1:1200 n/a 

1:1076 n/a 1:1064 

1:500 1:498 n/a 

pNaBr.Naci _ NaBrrNaCl distibution coefficient 

VUV-ICP = Vacuum ultraviolet ICP 
IC = Ion chromotography 
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analyzed were within 1% of the calculated Br:Cl using the distribution coefficient (D). 

Therefore, it is assumed that the remaining crystals are also within 1% of the calculated 

Br:Cl. 

XPS Study of NaBr-Doped NaCl Crystals 

X-ray photoelectron spectra were collected on each of the NaBr-doped NaCl 

crystals. A representative survey (1100-0 eV) spectrum is shown in Figure 8.2. This 

spectrum shows peaks arising fi-om Na, O, C, CI, and Br. The 0 Is peak at 586 eV is 

proposed to be a result of adsorbed HiO on the crystal surface. A peak at 284 eV (C Is) 

is assigned to surface-adsorbed carbon that may be a result of surface exposure to the 

ambient prior to analysis, and/or pump oil condensation while in the XPS sample entry 

chamber. In addition to these peaks, high intensity signals from Na Is at 1072 eV, CI 2p 

at ~ 198 eV, Br 3d at 68 eV, and the Na 2s at ~ 63 eV are observed. 

Smaller high resolution regions of the CI 2p, Br 3d, and Na 2s were also acquired. 

The CI 2p and Br 3d were used for the quantitative determination of the surface Br:Cl. 

Three representative high resolution XPS spectra are shown in Figure 8.3. This series of 

spectra covers a Br;Cl ratio range of 1:4902 to 1:417, a range that brackets the sea water 

Br:Cl ratio of 1:660. Using the Na 2s for reference, the Br 3d signal intensity increases 

with increasing NaBr doping as expected. A concomitant, but less obvious, decrease is 

observed in the intensity of the CI 2p as a function of NaBr doping. 

The intensities of the Br 3d and the CI 2p peaks were used to quantify the Br:CI 
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Figure 8.2 XPS survey spectrum of a NaBr/NaCl crystal grown from 
solution with a bulk Br:Cl ratio of 1:417. 
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Figure 8.3 High resolution XPS spectra of the CI 2p, Na 2s, and Br 3d 
region of NaBr/NaCl crystals grown from solution with bulk 
BrtCl ratios of a) 1:5000, b) 1:1205, and c) 1:417. 
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ratio as a function of NaBr doping. The surface Br:Cl was determined for each crystal 

grown from solution; these values are tabulated in Table 8.2. These data show the 

enrichment of surface Br over a wide BrtCl range. The average Br enrichment was 

determined over the eight samples as 43 ± 15. The data shown in Table 8.2 is plotted and 

shown in Figure 8.4, and clearly illustrates that Br is enriched in the upper layers of the 

crystal surface. 

A previous XPS study observed the surface enrichment of NaBr after H^O vapor 

exposure of a NaBr-doped NaCl crystal grown from a melt.^ In addition to this surface 

enrichment, discrete NaBr domains were observed using scanning electron microscopy 

(SEM).'' The use of a single sample in this previous work prevented the elucidation of 

thermodynamic data for this chemical system. Such data can be obtained in the study 

reported in this chapter due to the multiple Br;Cl samples investigated. 

The enthalpy of segregation, is one such thermodynamic quantity that can 

be elucidated using the data acquired in this study. is defined as the enthalpy change 

associated with segregation of a bulk component to the surface. for NaBr in NaCl 

can be calculated using the following expression:* 

Br 
fx^ 1 

Br 
r - A H „  1  

Seg "AS®''' 
— x®, 

exp 
RT 

exp 
R 

L ci J L CI J L J 

(8.10) 



Table 8.2: Relative NaBr/NaCl solid and XPS ratios 
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Br/Cl SoUd Br/Cl XPS Br/Cl Surface Enrichment 

1:9804 1:168 58 

1:4854 1:171 28 

1:2544 1:46 56 

1:2141 1:31 69 

1:1206 1:39 31 

1:730 1:25 29 

1:500 1:13 38 

1:417 1:11 38 

Average: 43 ± 15 
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where Xq/Xci is defined as Br:Cl at the surface and bulk, given by the S and B 

superscripts, respectively. Equation (8.10) indicates that the bulk to surface Br;Cl are 

related by the AH^^g, and the excess entropy term, AS". Previous studies have simplified 

equation (8.10) by assuming that the entropy of the system is not significantly perturbed as 

a result of surface segregation." '^-^ '•* Such an assumption is also reasonable in this system, 

as it consists of a regular, crystalline network, and both NaBr and NaCl have similar 

crystal structures. Thus, equation (8.10) can be simplified to:" 

Br 
' x ®  1 

Br 
exp 

" - A H „  1 
Seg 

X ^ ,  x5, 
exp 

RT L C I .  .  C I ,  L J 

(8.11) 

From Figure 8.4, the Br enrichment is approximately linear over the range of samples 

studied in this investigation. This data is fit with a linear function, as shown in Figure 8.4. 

From equation (8.11), the AH,^ can be obtained from the slope by plotting the surface 

Br:Cl as a ftmction of the bulk Br:Cl. The line of best fit from this data was determined 

as: 

Br 

CI 

= 34.9 ±3J 

rB 
'Br 

CI 

+ 33i8± 45.03 (8.12) 
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Using this equation, the average surface Br enrichment over this Br.Cl range is 34.9 ± 3.5. 

The AHsjg of NaBr segregation is determined from this slope as -8.8 ± 0.5 kJ mol"'. 

This value is a factor of 2-4 times lower than determined in metallic' 

and cation-doped crystalline (e.g. Y-doped garnet)^ systems. The AH,jg obtained in this 

system may be lower as a result of the similar crystal structures between NaBr and NaCl 

(each face centered cubic). This similarity aids in the potential stability of a mixed 

Na^BrCI crystal, and thus, reduces the in this system. 

Previous theoretical studies have been performed on various surface segregated 

systems to elucidate the physical properties that drive surface enrichment processes." '®"^ 

The vast majority of these studies have been centered around surface segregation in 

metallic and alloy systems. In the NaBr/NaCl system, insight into the origin of AHj^g may 

be gained by first assuming that a cubic NaBr domain may be formed in the NaCI lattice 

during precipitation. In this case, a NaBr domain is surrounded on each of its six sides by 

NaCl. Segregation of NaBr to the surface will reduce the interfacial contact between 

NaBr and NaCI to a single side of the domain, or by ~ 83% assuming a cubic crystal. 

In addition to interfacial contact, the incorporation of a NaBr domain in the NaCl 

lattice may cause lattice strain in the bulk material.* The variation in lattice 

spacing between NaBr and NaCI (2.94 A and 2.81 A, respectively), a ~ 14 % unit cell mis

match, may be suflBcient to enrich the surface in NaBr. The incommensuration between 

NaBr and NaCI can be relieved, or reduced by segregation of the minor component, NaBr, 

to the surfece. Thermodynamically, the magnitude of is relatively small when 
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compared to lattice energy of each compound. is only- l%ofthe lattice energy 

of NaBr and NaCl (752 and 787 kJ mol"', respectively). 

Previous accounts have used differences in atomic size between a minor 

component and the bulk solid matrix to account for observed surface 

segregation.* Using this approach, the lattice strain caused by NaBr in the solid 

NaCl matrix drives surface segregation of the minor component in the matrix (NaBr) to 

the surface.*"^ '* Macroscopic material properties are used in this method to 

predict the relief in the lattice strain as a result of surface segregation. McLean first 

introduced this concept for use in metal alloy systems with a large difference in the atomic 

distances between the atoms (eg. Cu-Ni, Bi-Cu, Sb-Cu).'More recently, this theory has 

also been applied to other chemical systems."'-® 

The lattice strain term, W, is defined as the strain in a lattice caused by having a 

minor component in the bulk. The strain is relieved by surface segregation of the minor 

component, and may account for the total or a portion of the AHj^g in this system. The 

lattice strain is calculated by: 

24£KG£_£;;; (8.13) 
3K + 4G 

where the K is the bulk modulus ofNaBr (2.11 x 10'° Pa)* "', G is defined as the shear 

modulus ofNaCl (1.261 x 10'° Pa)"', r is the ionic radius of Br (1.96 x 10"'° m)*^', and e 
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is defined as (r-ro)/r, where ro is the ionic radius of Na (1.81 x lO '" Using Equation 

(8.13), W is determined as 4.67 kJ mol"', and accounts for ~ 47% of the in this 

system. From equation (8.13), small relative variations in the difference in lattice spacing 

between the two ions, e, greatly affect W. Thus, an increase of the value of r (the ionic 

radius of Br) in this equation from 1.96 x 10'"^ m to 2.03 x 10"'° m (a 3.5 % increase) 

results in a W of 8.8 kJ mol ', and accounts for the total observed in this system. 

The lattice strain, in addition to interfacial contact, and other factors such as 

surface roughness and crystal face of NaBr and NaCl may affect AH^jg in this system.^" 

However, based on results using equation (8.13), the relief of the lattice strain is a large 

contributor to AH5cg. 

XPS Imaging of NaBr-Doped NaCl Crystals 

XPS imaging was employed to ascertain the elemental composition of the crystal 

surface as a function of position. Two specific photoelectron energies were employed for 

this analysis: the CI 2p (197.6 eV) and the Br 3d (67.9 eV). 

From previous work, it was known that a NaBr-doped NaCl crystal grown from a 

melt produced - 1-2.5 jam NaBr domains after exposure of the surface to H^O vapor.^ ' 

This domain size is at the lateral resolution limit of the imaging XPS instrument used in 

this study. An XPS image at each of respective energies is shown in Figure 8.5. These 

images show regions of low CI 2p intensity (shown in the box in Figure 8.5a) at positions 

that correspond to areas of high Br 3d signal intensity, as shown in boxed region in Figure 



Figure 8.5 XPS images of NaBr-NaCl crystal with a bulk Br:Cl of 1:1206 
grown from solution, a) CI 2p (197.6 eV), and b) Br 3d (67.9 
eV). Boxed area highlights areas of low CI 2p intensity and high 
Br 3d intensity. 
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8.5b. These regions are proposed to be NaBr domains on the NaCl surface and 

correspond to several percent of the total image area in Figure 8.5. Unfortunately, this 

technique has insufficient resolution to quantitatively ascertain the amount of surface area 

covered and the size of the NaBr domains. 

Backscattered SEM Imaging and ED AX Analvisis of NaBr-Doped NaCl Crystals 

Backscattered SEM imaging was used to determine the surface morphology and 

elemental composition of the surface over a wide spatial region. These crystals are highly 

insulating and easily charge upon electron bombardment. Some surface charging was 

evident during the collection of these images. In order to gain elemental information, 

these surfaces were not coated with Au-Pd prior analysis. Backscattered SEM was used 

to aid in the elemental contrast of the images collected. This electron collection mode is 

highly dependent upon the atomic number of the element.^ ~ Using this scheme, the 

backscattering cross-section of the higher z elements is larger than that of the lower z 

elements. Thus, regions of high Br (z = 35) content will have a higher contrast than areas 

rich in CI (z= 17). 

A backscattered SEM image of NaBr-doped NaCl with a bulk Br;Cl of 1:1206 

magnified 6x10^ times is shown in Figure 8.6a. This figure is representative of the 

majority of the crystal surface. The lightened area in the upper right section of this image 

is an example of surface charging. An x-ray fluorescence (EDAX) spectrum of an area in 

this image is shown in Figure 8.6b. This spectrum is representative of the KLL emission 
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Figure 8.6 a) Backscattered SEM image and b) EDAX spectrum of area in 
image acquired on a NaBr-NaCl crystal with a bulk Br;Cl ratio 
of 1:1206. 
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lines ofNa and CI at 1.05 and 2.62 eV, respectively. Thus, this region consists of NaCl. 

A second backscattered SEM image of the same sample at another region on the 

surface magnified 6x10^ times is shown in Figure 8.7a. Several approximately cubic high 

contrast regions are contained in this image that appear to reside on a low contrast 

background. Based on the physical properties that govern backscattered SEM imaging, 

these higher contrast regions are proposed to be NaBr domains on the NaCl surface. Only 

- 3-5% of the crystal surface is composed of these high contrast regions. 

An EDAX spectrum centered in one of these high contrast regions in shown in 

Figure 8.7b. As in Figure 8.6b, peaks from Na and CI are observed. In addition to these 

peaks, a peak at 1.60 eV is assigned as the LMM emission line from Br. From these 

observations, these domains are concluded to be NaBr. 

The observation of the CI KLL emission line in this spectrum is proposed to be a 

result of the relatively large escape depth of the x-ray photons in EDAX (~ I |am).^ ~ 

Further evidence of this large escape depth may be ascertained from the attenuation of the 

CI peak intensity relative to the Na signal in Figure 8.7b when compared to the pure NaCl 

EDAX spectrum, as shown in Figure 8.6b. It is proposed that this attenuation is a result 

of the photons passing through the NaBr domain prior to detection. This suggests that 

these NaBr domains are < 1 |im in height. In addition, x-ray photons arising from CI may 

be excited in regions outside of a NaBr domain as a result of electron scattering within the 

immediate surface region.^ -

The scattering associated with this technique makes the size determination of these 
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Figure 8.7 a) Backscattered SEM image and b) EDAX spectrum of area in 
image acquired on a NaBr-NaCl crystal with a bulk Br;Cl ratio 
of 1:1206. 
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domains difficult. From Figure 8.7a, the domains appear to sit on top of the NaCl lattice 

with a portion of the sides of each of the domains exposed. Backscattered SEM is not a 

sensitive technique for the determination of subtle height variations, as in this system. 

Thus, the heights of these NaBr domains could not be quantitatively determined using 

SEM. 

Atomic Force Microscopy Imagine of NaBr-Doped NaCl 

Contact mode AFM was used to determine the size and height distribution of 

NaBr domains on the NaCl surface. Two AFM images of as 1:599 bulk Br;Cl crystal are 

shown in Figure 8.8. The majority (~ 95%) of the surface appears as shown in Figure 

8.8a. Several surface steps are observed in this image without any discemable domain-like 

surface structures. Considering the size of this image (25 |am x 25 ^m) and the growth 

mechanism of the crystal, the crystal surface is relatively smooth. The low roughness of 

this image suggests, as proposed, that these crystals were grown at or near equilibrium. 

A second contact AFM image is shown in Figure 8.8b. A collection of highly 

ordered, clustered domains are observed in this image. These are proposed to be NaBr 

domains on top of the NaCl surface. The size and height distributions of these domains 

are shown in the histograms in Figure 8.9. A total of 91 separate domauis were measured 

over several AFM images. The edge length of the domains, shown in Figure 8.8a, 

averaged 635 ± 30 nm, and ranged from 20 - 1500 nm. The domain height average was 

measured as 53.2 ± 28 nm, and ranged from 13.2 -130.6 nm. 



a 

b 
Figure 8.8 Contact AFM images of a NaBr-NaCl crystal with a bulk Br:Cl 

ratio of 1:599. a) NaCl region of low surface roughness with no 
discemable domain-like structures, b) Region with a high 
concentration of surface domains. 
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Figure 8.9 a) Domain edge lengtii and b) height histogram obtained from 
contact AFM images of a NaBr-NaCl crystal with a bulk Br:Cl 
ratio of 1:599. 
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As observed using both SEM (see Figure 8.7a) and AFM, NaBr domains 

preferentially form areas containing many (> 10) discrete domains in close proximity. It is 

proposed that these domains form as a result of lattice defects in the bulk NaBr/NaCl 

crystal that propagate during formation. These defects result in discrete regions in which 

domains are energetically favored relative to defect-free portions of the surface. 

Incommensuration between the NaBr/NaCl lattices (- 14 %) may result in the formation 

of arrays of smaller (nm) sized domains over a single, large (|am) NaBr crystal. 

Proposed Mechanism of NaBr-Domain Formation 

A NaBr-doped NaCl crystal with a bulk ratio of 1:599 was observed to have a 

surface with ~ 3-5% of its area comprised of NaBr domains. This value is considerably 

smaller than the 50% of the surface area comprised of NaBr (surface NaBr:NaCl of 1:1) 

found by Ghosal et al. in their study of mixed crystals grown from a 1:14 NaBrrNaCl melt 

and exposed to relative humidities below the deliquescence point of the crystal."^ A 1:1 

value of surface NaBr:NaCl only requires surface segregation of all Br found in 

approximately the first 7 layers of this solid. Reorganization within such a depth could 

conceivably be facilitated by dissolution in adsorbed HiO even at relative humidities below 

the deliquescence point. Indeed, AFM studies by Dai et al. observed significant surface 

reorganization of NaCl (100) when exposed to relative humidities below the deliquescence 

point.«^ 

In contrast, a much larger volume of solid would be required for significant sur&ce 
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segregation ofNaBr for these crystals grown from solutions of low Br concentration. For 

example, a NaBr-NaCl crystal with a bulk ratio of 1:720 would require all Br in the top 

360 layers (~ 150 nm of the solid) to segregate to achieve a 1:1 NaBr;NaCl surface ratio. 

This height is considerably larger than the average height of the domains observed in this 

study. 

For NaBr concentrations used in this study, and for crystals with the Br.Cl ratio of 

sea water, reorganization of the solid facilitated by dissolution in adsorbed H^O after 

precipitation does not explain surface segregation of NaBr from such depths. The surface 

enrichment of NaBr observed in this study suggests that mixed NaBr-NaCl crystals 

precipitate heterogeneously. In this process, NaBr surface segregation is most likely 

facilitated by its -2.5 times greater solubility in HiO, resulting in NaBr domains on the 

surface. 

The formation of NaBr surface domains formed heterogeneously is consistent with 

the results. The determined in this system highlights the thermodynamic 

driving force of a surface-segregated system versus a homogeneous Na^BrCl crystal. 

Atmospheric Implications and Conclusions 

Small sea salt droplets are formed as a result of the shearing of the ocean's upper 

layer from wind and wave action. Over the course, of time these droplets evaporate to 

form a particle that is composed of the salts found in sea water. This present study 

determined that a minor component in sea salt, NaBr, surfece segregates during HjO 
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evaporation. Using the observations and data generated in this study, the number of NaBr 

domains on the surface of a typical sea salt particle can be calculated. Surface-enriched 

domains result in depletion of NaBr in the bulk crystal. A domain that is 635 nm x 635 nm 

X 53 nm (2.14 x 10 " i^m^ volume), as suggested by AFM, depletes a crystal volume of 

NaBr equal to ~ 20 nm^ at the NaBr-NaCl concentration of sea water. Typical coarse-

mode sea salt particles average ~ 5 ^m per side,' ""' or 125 nm\ and are 0.16 percent Br by 

mass.®-^ Assuming that all sea salt Br is in the form of NaBr, the total volume of NaBr 

per sea salt particle is 0.12 |im\ or 0.1 % of the total particle volume. Complete surface 

segregation of all Br in a 5 nm sea salt particle will result in - 6 discrete NaBr domains of 

the size observed in this study. 

Segregation of NaBr to the surface of the sea salt particle makes more NaBr 

accessible to gas phase reaction. As a result, the amount of Br released into the 

atmosphere may be facilitated by surface segregation during evaporation and precipitation 

of the particle. 

The segregation of NaBr in NaBrtNaCl crystals grown from solution was studied 

using XPS, SEM, EDAX, and AFM. The results indicate that NaBr surface segregates 

into average sized domains of635 x 635 x 53 nm. At the sea water NaBrrNaCl ratio, 

NaBr has a surface concentration that is ~ 35 times greater than expected, although only 

3-5% of the particle surface is composed of NaBr. This surface enrichment exposes more 

NaBr to the ambient, and may aid in Br release into the terrestrial atmosphere. 
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Chapter 9 

The Reduction of Nitric Acid on Ag in Ultrahigh Vacuum: A Raman 

Spectroscopy Investigation 

Introduction 

HNO3 is an important constituent in polar stratospheric chemistry. As described in 

Chapter 1, reactions that occur on HNO3 ice surfaces are involved in the formation of 

reactive intermediates in the stratosphere that destroy ozone (Oj).' * The adsorption of 

gases onto HNO3 ices and the concomitant release of gas phase species formed on the 

these surfaces have been extensively studied.'^ '^ The vast majority of these studies are 

confined to the observation of compounds that desorb from the ice surface. Studies that 

interrogate the HNOs-atmosphere interface are much more diflBcuit due to the sensitivity 

and control of the interfacial region required for such measurements.' 

As a means this end, this study utilizes a new spectroscopic technique in the study 
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of stratospherically relevant HNO3 ices; Raman spectroscopy. In tliis study, tliin films 

(one to several monolayer regime) of HNO3 ice are adsorbed on Ag surfaces in ultrahigh 

vacuum and characterized using Raman spectroscopy. This arrangement allows the 

surface of the ice to be interrogated without significant contribution from the bulk. 

Prior to the study of HNOj/HjO ices, such as those found in the polar 

stratosphere, the direct adsorption of HNO3 on Ag is studied and described in this chapter. 

This eliminates the potential chemical interference and complication of adsorbed HiO. In 

addition, it is important to determine what role, if any, the Ag surface may play in this 

system, such as the potential decomposition of HNO3 on Ag. 

After the study of the HN03/Ag system, HiO will be added to mimic nitric acid 

trihydrate (NAT) ice surfaces that reside in the stratosphere." '^ ' This study is described 

in detail in the next chapter. Chapter 10. 

HNO3 is the most oxidized compound (N = + 5 oxidation state) in the family of 

nitrogen oxides. Thus, it is strongly acidic and can easily oxidize reactive surfaces, such as 

Ag. Indeed, previous studies have suggested that HNO3 is reductively decomposed on Ag 

surfaces to simple nitrogen oxides (NO, NO,) at low temperatures in ultrahigh vacuirni."" 

The pathway to NO and NO, formation fi-om HNO3 is not understood and is complicated 

by the number of stable nitrogen oxides that are formed fi-om NO and NO, when surface 

adsorbed at low temperatures, such as in this system."" 

To date, there have been many fundamental studies of surface interactions with this 

family of corapounds."""^""' More than 25 stable nitrogen oxide compounds and ions 
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have been observed on surfaces using various surface sensitive techniques.^" Some of 

these species are unstable in the gas phase or in bulk environments. The sheer number of 

these species, and the low activation barriers that exist for transformation between them, 

greatly complicates the chemistry in these systems."-"^ 

The nature of the surface (element, crystal face, surface roughness) is an important 

additional variable dictating which of these compounds is observed. For example, 

different products have been observed from NO, adsorbed on Ag. Brown et al.'"'' and 

Outka et al.' have observed the dimerization of NO, on Ag (111) and (110), 

respectively, at 95 K. In contrast, Bartolucci and Otto*"^ observed the formation of NO," 

on coldly-deposited polycrystalline Ag substrates. Several other studies have shown that 

at ambient conditions (i.e. HjO and Oj rich conditions), NOj" is formed from exposure of 

high surface area Ag powders to ' " These studies highlight the variety of 

potential products that can be formed in these relatively simple systems. 

A previous investigation of HNO3 reduction on Ag (110) used thermal 

programmed desorption-mass spectrometry (TPD-MS)."° HNO3 mulitlayers were 

observed to desorb from Ag (110) at ~150 K when heating at 7 K s"' from 80 K. The 

remaining strongly adsorbed HNO3 monolayer was reduced to NO and NO, at ^450 K at 

this heating rate. LEED data acquired after this HNO3 reduction/desorption sequence 

indicate a well-ordered Ag (110) surface. On this basis, the authors proposed that Ag is 

not oxidized as a result of this HNO3 reduction reaction. Interestingly, this conclusion 

contradicts the thermodynamically-predicted reduction of HNO3 on Ag based on standard 
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NO; + 4H' + 3e- - NO + 2H,0 E" = 0.957 V (9.1) 

3Ag ^ 3Ag' + 3e- E" = -0.800 V (9.2) 

Net: HNOj + 3Ag + 3H' NO + 3Ag- + 2H,0 E" = + 0.157 V (9.3) 

The pathway to NO and NO, from HNO3 reduction cannot be explicitly 

determined from TPD-MS experiments, since they suffer from the inability to detect 

surface intermediate states that may form prior to desorption. As a result, mechanistic 

pathways can only be interred from thermal desorption data. 

The focus of this chapter is HNO3 adsorption and reduction at both polycrystalline 

and single crystal Ag as a function of surface temperature using Raman spectroscopy. 

Raman spectroscopy is inherently sensitive to the molecular species present, as well as to 

changes in chemical environment associated with chemical decomposition or a change in 

symmetry. This specificity allows the pathway of HNO3 reduction on Ag to be elucidated. 

In addition, the use of a slow heating rate (-0.67 K min ') ensures that equilibrium is 

maintained during the experiment, thereby allowing the thermodynamically-stable surface 

products to form prior to desorption. 
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Methodology 

Surface analysis ultrahigh vacuum chamber 

HNO3 films were prepared and characterized in a custom-built ultrahigh vacuum 

(UHV) chamber. This arrangement is described in detail in Chapter 2. Raman spectra 

were acquired using ~20 mW of 514.5 nm light measured at the sample (Coherent Innova 

350C Ar' laser). Scattered photons were collected at 30° with respect to the surface 

normal. Typical integration times varied fi-om 1-16 min per acquisition. 

Materials 

A 1.25 cm diameter Ag (111) disk was obtained from Goodfellow. Prior to each 

experiment the surface was Ar* sputtered (~6 ^A cm"-) at 298 K for -30 min prior to the 

formation of HNO3 films. Ag (99.999 %, Alfa Aesar) films were evaporated at ~ 0.5 nm 

min"' onto a mechanically polished Cu sample at 298 K in vacuum. 

HNO3 (Aldrich, 90 wt%, doubly distilled from 1:1 (v/v) HNO3.H2SO4) headspace 

above a 1:1 (v/v) HN03:H2S04 solution was used in the formation of all HNO3 fihns. The 

sample was contained in a sealed pyrex ampule and degassed by several freeze/pump/thaw 

cycles prior to fihn formation. 

Procedures 

HNO3 films were prepared at 100 K on the Ag substrate. Exposures (in 

Langmuirs) were determined by monitoring the pressure change in the sample preparation 
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chamber relative to the pressure in the difFerentiaily-pumped sample dosing line and 

assuming a sticking coeflBcient of unity at 100 K. 

Raman spectra were collected during the desorption sequence with 2 min 

integrations corresponding to an ~ 1.3 K window per spectrum. 

Raman Spectroscopy of Dry HNO^ on Ae (111) 

Raman Spectroscopy of HNOj on Ag (111) and Bulk HNOj.HiO Ices 

The Raman spectrum of an -12 monolayer (ML) HNO3 film on Ag at 100 K is 

shown in Figure 9.1. This spectrum is dominated by the v^OIO,) of molecular HNO3 at 

1255 cm '. Several other intense modes associated with HNO3 are observed including the 

5(H0-N02) at 600 cm ', the v^CHO-NO^) at 924 cm ', the 5(H0N) at 1343 cm ', the 

VjCNOj) at 1673 cm"', and the v(NO-H) at 2940 cm"'. The vibrations are tabulated in 

Table 9.1.""'^ In addition, a weak band at 1043 cm ', shown in the inset of Figure 9.1, is 

attributed to the v^l^Oj) of NO3" arising fi-om a very small amount of deprotonated HNO3 

in the film. With the exception of this trace fi^ee N03', no nitrogen oxide species other 

than molecular HNO3 are observed at 100 K. 

Previous studies have shown that the headspace over a HNO3/H2SO4 solution 

consists of a vapor composition of HNO^iH,© of 85:15 (mol/mol).'"° Assuming a 

sticking coeflBcient of unity for both HiO and HNO3 at 100 K, at these HjO levels and at 

this temperature, HNO3 exists primarily as molecular HNO3. 

HNO3 films grown at 100 K and thermally annealed to 150 K (just prior to the 
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Figure 9.1 Raman spectrum of ~ 12 ML HNO, film on Ag at 100 K. Inset shows blow up of region 

containing weak peak from free NO,'. 
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Table 9.1: Raman spectral frequencies for HNO3 

Vibrational 
Assignments'^'' 

HNO3 (1) 
(298 K) 

HNO3 (s) 
(77 K) 

I2MLHNO3 on 
Ag(lll) 
(100 K) 

5(H0-N0,) 600 620 623 

635 636 

8(N0,) 674 700 702 

8OP(NO,) 764 774 773 

vXHO-NO,) 924 951 952 

VSCNOJ-) 1055 

VS(NO.) 1299 1246 1255 

5(H0N) 1335 1343 

1362 1356 

v,(NO,-) 1400 1416 1418 

2 x 5 ,P(NO,) 1535 1548 1548 

VA(NO,) 1673 1660 1673 

v(NO-H) 3050-3520 2965-3200 2940-3100 

" Assignment for liquid HNO3 from reference 9.2C. 
Assignment for crystalline HNO3 from references 9.21.9.22. 
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desorption onset temperature) at -0.67 K min ' are unchanged after re-cooling the fihn to 

100 K. This observation, along with the narrow peak widths at 100 K, suggest that these 

HNO3 films are crystalline at 100 K. 

For comparison, spectra of bulk HNO3 samples were acquired at 77 K, shown in 

Figure 9.2. A spectrum of doubly distilled HNO3 is shown in Figure 9.2a. This spectrum 

in nearly identical to that of a 12 ML HNO3 ice on Ag (111), as shown in Figure 9.1, and 

tabulated in Table 9.2. The addition of sufficient HjO to form nitric acid monohydrate 

(NAM, H20;HN03) (Figure 9.2b) ice results in the increased peak width of each mode in 

the spectrum. This may be indicative of heterogeneity in the ice, and multiple hydrogen-

bonding environments. A new peak at 1044 cm ' is assigned as the Vs(N03) ofNOj" of 

deprotonated HNO3. Doubling the HiO content in the ice completely dissociates HNO3, 

as shown in Figure 9.2c. This H^O addition shifts the V5(N03) to 1048 cm '; as this shift is 

proposed to be a result of decreased hydrogen-bonding strength. Two additional modes 

are observed in this spectrum as well. These modes are assigned as the 8jp(0-N-0) and 

VJ(N03) of NOj", and are observed at 721 and 1435 cm ', respectively. A Raman 

spectrum of bulk 3:1 HiO.'HNOj is shown in Figure 9.2d. The peak positions observed 

are identical to those observed in the 2:1 ice (Figure 9.2c). 

Raman Study of HNO3 Desorption From Ag (111) 

To study the reductive behavior of HNO3 on Ag as a ftinction of temperature, 

HNO3 films were warmed at ~0.67 K min"' fittm 100 K to room temperature. Raman 
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Figure 9.2 Raman spectra of a) Doubly distilled molecular HNO3 

at 77 K, b) 1:1 H.OiHNO, at 77 K, c) 2:1 H,0;HN03 
at 77 K, d) 3:1 HjOrHNO, at 77 K. 



Table 9.2: Raman peak positions of nitric acid hydrates at 77 K 

Peak Frequency (cm"') 

1:1 

H,0:HN03 
(77 K) 

2:1 
H,0;HN03 

(77 K) 

3:1 

H,0:HN03 
(77 K) 

Assignment®-'' 

637 8(H0-N02) 

689 8(N0,) 

735 721 721 8|p(0-N-0) 

958 v.CHO-NO,) 

1042 1048 1048 V,(N03) 

1303 5(H0N) 

1450 1438 1438 Vs(N03) 

Assignments for HNO3 hydrates from references 9.21,9.22. 
5 = bend; v = stretch; s = symmetric; a = asymmetric. 
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spectra were collected as a function of temperature during the warming process. A series 

of Raman spectra acquired in two different frequency regions during the wanning of an 

-12 ML HNO3 film from 100 K to 182 K are shown in Figures 9.3 and 9.4. The spectra 

in Figure 9.4 are increased in sensitivity by a factor often relative to those in Figure 9.3. 

The spectrum of HNO3, centered at 950 cm"', is shown at 100 K in Figure 9.3a. The 

V5(N02) at 1255 cm ' and the Vj(NO,) at 1673 cm ' dominate the spectrum at this 

temperature. Once the HNO3 film is warmed to 165 K, two new low frequency modes at 

373 and 484 cm ' are observed, as shown in Figures 9.3b, indicating HNO3 

decomposition. A concomitant decrease is observed in the intensity of HNO3 modes. 

Raman spectra acquired at 172 K (Figures 9.3c) show that the intensities of the HNO3 

modes continue to be attenuated at the expense of these new modes. The two new modes 

dominate the spectrum acquired at 177 K (Figure 9.3d), and by 181 K (Figure 9.3e), the 

reduction of HNO3 is nearly complete. The film is fiilly desorbed at 188 K, as shown in 

Figure 9.3f. 

A comparable series of spectra centered at 2050 cm ' are shown in Figure 9.4. 

The Raman spectrum of molecular HNO3 centered at this frequency is shown in Figure 

9.4a. This region is dominated by the v^CNOt) of molecular HNO3 at 1673 cm"'. Three 

additional modes at 1690, 1778, and 1868 cm ' are observed by warming the film to 167 

K, Figure 9.4b. This is a temperature comparable to that at which the two low frequency 

modes appear shown in Figure 9.3b. The VJ(N02) of molecular HNO3 is attenuated at the 

expense of the three new modes at 173 and 176 K, shown in Figures 9.4c and d. At 182 
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Figure 9.3 Raman spectra from ~ 12 ML HNOj film on Ag as a 

fimction of temperature, a) 100 K, b) 165 K, c) 172 K, 
d) 177 K, e) 181 K, f) 188 K. v.(N03) from NO; 

indicated by •; v.(N03) from NO,' indicated by •. 
Scaling factors for spectra are noted. 
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Figure 9.4 Raman spectra from -12 ML HNO3 film on Ag as a 

function of temperature, a) 100 K, b) 167 K, c) 173 K, 
d) 176 K, e) 182 K, f) 189 K. v.CNO,) from NO, 
indicated by •. Scaling factors for spectra are noted. 
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K (Figure 9.4e), the Vj(N02) of molecular HNO3 is no longer observed. The entire film is 

desorbed by 189 K, as shown in Figure 9.4f 

The observation of five new modes with the concomitant attenuation of the HNO3 

modes indicates that HNOj decomposes at the Ag surface to form new nitrogen oxide 

species. The new modes (373, 484, 1690, 1778, and 1868 cm ') can be assigned to a 

single nitrogen oxide compound, asymmetric NONO.' " Previous studies have shown 

that at the excitation fi-equency used in this study, NONO mode intensity may be enhanced 

fi-om resonance Raman effects which explains the large intensities of these modes."^^ An 

extensive series of studies on the chemistry of nitric oxide, NO, has shown that in the 

presence of Lewis acids (BF3, BCI3, BBr3, SnCl4, SnF4, HCl, and Clj), NO readily forms a 

covalent NO-NO bond as the asymmetric NONO.'^ "^ The band assignments for NONO 

are given in Table 9.3. NONO is only formed in the presence of a Lewis acid, and is 

thermodynamically unstable relative to symmetric ONNO."^'' -^ Striling et al. have used 

density functional theory to predict the relative stability of different nitrogen oxides."^ 

These calculations indicate that NONO is 41.8 kJ mol"' less stable than the symmetric 

nitric oxide dimer, ONNO. The formation of the less stable NONO as the sole 

decomposition product fi-om HNO3 suggests that HNO3 is reduced through a specific 

reaction pathway that does not branch to form secondary reaction products. 

Complete HNO3 reduction to NONO is rationalized through the following series of 

surface redox reactions to yield NO: 
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Table 9.3: Raman spectral frequencies for asymmetric nitric oxide dimer (NONO) 

Vibrational Assignments" Frequency (cm"') 

5(N0N) 116 

8(0N0) 184 

2x8(0N0) 373 

v(NO) 484 

3 X 8(0N0) 560 

2xv(NO)-2x5(ONO) 595 

v(NO) + 8(0N0) 669 

2xv(N0)-8(0N0) 778 

v(NO) + 2x8(ONO) 853 

2xv(N0) 965 

v(0=N-) 1690 

v(-0=N) 1778 

8(0N0) + v(0=N-) 1868 

' Assignment for NONO from references 9.11 and 9.25. 
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(9.4) 

NO3' + 2H'^ + Ag NOt + HiO + Ag' (9.5) 

NO, + Ag - NO," + Ag (9.6) 

NO,- + 2H' + Ag ^ NO + H,0 + Ag' (9.7) 

Net reaction: HNO3 + 3Ag + 3H* - NO + 3Ag' + 214,0 (9.8) 

The series of reductions from HNO3 to NO is thermodynamicaily spontaneous with an E" 

of+ 0.157 V, or AG° = - 45.6 kJ mol'.'"' 

From reaction (9.8), the decomposition of HNO3 requires the oxidation of Ag. 

Thus, a counter ion is required to balance surface Ag*. It is proposed that this charge is 

balanced by OH' derived from H,0 formed in this reaction sequence. 

NONO is then formed through the Lewis-acid catalyzed dimerization of NO:' 

LewisAcid 

2N0 -> NONO 
catalyst 

(9.9) 
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Ag" may serve as the Lewis acid that catalyzes NONO formation, since it is formed in 

reactions (9.2)-(9.4), whereas H' is consumed to form H,0 in reactions (9.5) and (9.7). 

The scheme shown in reactions (9.4) - (9.7) indicates the presence of three other 

nitrogen oxide intermediates, NOj ^NO,, and NO,", that should have distinct Raman 

spectral signatures. Indeed, a weak band at 1048 cm ' attributable to NOj" is observed in 

the Raman spectrum at 176-177 K (Figure 9.3d). However, the most intense V3(N-0) 

modes of NO, and NO," overlap the NONO overtone bands at 650-850 cm',' and 

therefore, are not observed in this study."' Nonetheless, a weak band at 1304 cm ' in 

Figure 9.3d is assigned to the V3(N02) mode ofNO,'."' A weak band at 1612 cm"' at 176 

K. is assigned as the Vs(N02) mode ofNO,. The observation of bands from NOj", NOj, 

NOj", and NONO clearly supports the proposal that HNOj is reduced in a stepwise 

manner through three single electron transfer steps on the Ag surface to form NO. 

Further verification of the mechanism depicted in reactions (9.4)-(9.7) and (9.9) 

for NONO formation can be obtained by inhibiting HNOj-Ag contact through the 

formation of a spacer layer of dense crystalline HiO ice through which HNO^ must diSlise 

to reach the Ag surface. This HiO film effectively limits NONO formation by blocking 

HNO3 contact with the Ag surface. Spectra for a layered assembly consisting of 2 ML 

HNO3 adsorbed onto 50 ML H^O ice are shown in Figure 9.5 at 152 K, 166 K, and 169 

K. This chemical system will be discussed in more detail in the following chapter. 

However, these spectra indicate the deprotonation of HNO3 upon its thermally-induced 

difiRision into the HiO ice film.' Moreover, they demonstrate the complete absence of 
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Figure 9.5 Raman spectra from ~2 ML HNOj on -50 ML 
crystalline HjO ice film as a function of temperature, 
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indicated by •. 
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NONO over the same temperature regime in which HNO3 decomposition is facile on bare 

Ag. The absence of any peaks due to NONO in these spectra suggests that NONO is only 

formed through reduction at the Ag surface and not spontaneously through warming of 

the film, or deprotonation of HNO3. 

Previous studies of NO, adsorption on single crystal and powdered Ag surfaces 

have indicated the formation of different nitrogen oxide products.' Such product 

variation may be due to defect density and/or crystal structure of the Ag surface. Thus, 

the nature of the Ag surface used here may affect the formation of NONO from HNO3. 

The roughness of the surfaces used in this study (rms roughness of 80 nm over a 150 x 

150 ^m region) is in addition to any atomic detects (adatoms, vacancies) that may exist. 

Thus, the reduction of HNO3 on these surfaces may be facilitated by the relatively large 

number of high energy defect sites as compared to the atomically smooth, single crystal 

surfaces used in other studies."" 

The intensity of bands assigned to HNO3 and NONO can be used as a ftinction of 

temperature to follow the decomposition of HNO3, the formation of NONO, and thermal 

desorption of the film. These data are plotted in Figure 9.6 for the Vs(N03) and v(N-0) 

from HNO3 NONO, respectively. The onset of NONO formation occurs at -145 K 

suggesting that tliis process is thermally-activated. 

In understanding which of the steps in the scheme shown in reactions (9.4) - (9.7) 

above might be rate-determining, it is usefiil to consider results from studies on similar 

systems. Recent work has shown that the crystallization rate of thin films of amorphous 
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3:1 HNOjrHiO ices increases five orders of magnitude between 161 and 171 

Studies on HNOj adsorbed on HiO ice surfeces by Livingston and George have also 

shown that the difiusion coefficient of HNO3 in the HjO ice increases three orders of 

magnitude between 150 and 173 A similar increase in the difiusion coefficient of 

HOD in HiO ices was observed by George et al. between 155 and 165 K.' *" 

Collectively, these observations suggest that the rate-limiting step in the formation of 

NONO from HNO3 may be the deprotonation of HNO3 to form NO3". The relatively low 

intensities of NOj" and NO," modes in the spectra in Figure 9.3 suggest that their lifetimes 

are short, and the formation of NONO is rapid after HNO3 deprotonation is initiated. 

The profiles shown in Figure 9.6 indicate that the decomposition of HNO3 and the 

formation of NONO follow a similar temperature dependence. The intensities of 

molecular HNO3 modes are dramatically reduced beyond 168 K where deprotonation of 

HNO3 is complete. In addition to a rate increase associated with increased temperature, 

the formation of NONO produces two moles of HiO which fiirther increases HNO, 

deprotonation, and hence, NONO production. 

Thermal desorption mass spectrometry (TPD-MS) data of this film are shown in 

Figure 9.7. Both m/z 18 (HjO) and m/z 63 (HNO3) are shown on this plot. The HjO 

desorbs in three distinct states (164, 169, and 180 K). The 164 K desorption peak in the 

m/z 18 data is uncoupled to HNO3 desorption. This temperature is similar to that shown 

for the increase in Raman spectral intensities for NONO, and suggests that this HjO 

desorption event may be coupled to HNO3 decomposition and HjO formation. HiO 
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Figure 9.7 Thermal desorption mass spectrum of 12 ML HNO, 
desorption data. H,0 (m/z 18) and HNO, (m/z 63) 
denoted by black and grey lines, respectively. 
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desorption at 169 K is coupled with the HNO3 desorption. As shown in reaction (9.8), 

HNO3 decomposition is H" limited. Thus, a portion of the film desorbs as HNO3. The 

remainder of the film (H^O and HNO3) desorbs at 180 K. This temperature is identical to 

that observed in the spectroscopic desorption profile of this film (Figure 9.6). 

Raman Spectroscopy of Hvdrated HNO, on Polvcrvstalline Ag 

Further support for the scheme in reactions (9.4) - (9.7) may be obtained through 

the use of hydrated HNO3 films. In such an arrangement, HNO3 is deprotonated prior to 

the initiation of sample warming and eliminates the proposed rate limiting step of HNO3 

decomposition. As a result, HNO3 decomposition may occur at a lower temperature than 

observed using molecular HNO3. 

Formation of Hydrated HNO3 Films 

In order to better understand the possible importance of the effect of crystal face 

and morphology on the reduction of HNO3 to NONO, smooth polycrystalline Ag films 

were grown by slow evaporation (0.5 nm min"') on polycrystalline Cu substrates at room 

temperature and used as substrates in a series of HNO3 decomposition experiments. This 

surface was not sputtered prior to HNO3 exposure. Thus, it is assumed that this surface 

has fewer atomic scale defects than the multiply-sputtered Ag (111) surface previously 

described. 



388 

It should be noted that these experiments were performed prior to those reported 

on single crystal Ag (described above). The HNO3 used in these experiments consisted of 

the same dry HNO3 (doubly disti l led,  mixed with H2SO4) as that exposed to Ag (111).  

However, these experiments were performed using conditions where HNO3 was able to 

contact Cu gaskets in the dosing line prior to exposure to the Ag surface. Molecular 

HNO3 was never observed using these dosing conditions. In all cases Raman spectra 

obtained from these films were consistent with fully deprotonated HNO3 ice. Several 

variations in the dosing line were used in an attempt to prepare molecular HNO3 fibns 

(e.g. eliminating the potentially hygroscopic SiO, dosing capillary). Exposure conditions 

were varied (e.g. LNi-cooled titanium sublimation pumps, baking out dosing lines) in an 

attempt to eliminate HiO that may participate in deprotonation of HNO3. 

After several unsuccessful attempts at dosing molecular HNO3 on Ag, it was 

proposed that the Cu gaskets in the dosing line may be responsible for the formation of 

vapor phase HjO during dosing. Once generated in these reactions, the presence of HjO 

results in the formation of mixed HNO3/H2O films in which HNO3 is deprotonated. 

Several pieces of evidence lead to this proposition. Cu(N03)2 is formed on Cu 

gaskets in the HNO3 dosing ampule, and a brown gas, proposed to be NO,, is also present 

in the vial. These two observations suggest that the following reaction occurs in the 

HNO3 dosing line assembly that ultimately forms HiO;' 

2Cu(s) + 8HN03(g) 2Cu(N03),(s) + 4H,0(g) + 4N0,(g) (9.10) 
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This reaction forms Cu(N03)2, NOj, and H,0. As stated aix)ve, CuCNO^), and a brown 

gas (potentially NO2) were observed in the HNO3 dosing ampule. Thus, it is assumed that 

H,0 is formed as well. Copper is also oxidized in the presence of NO^Cg), a product of 

reaction (9.10): 

The formation of NO(g) in this reaction may produce additional HjO through the reaction 

with HNO3: 

Overall, the net reaction is shown below; 

3Cu(s) + 12HN03(g) 3Cu(N03)j(s) + 6H,0(g) + 6N02(g) (9.13) 

Reaction (9.13) indicates that 2 moles of H^O are formed per mole of Cu. A total of 

eleven, 1.33 inch Cu gaskets were present in the dosing line, one of which was in 

continuous contact with HNO3 vapor. During the dosing procedure, HNO3 was exposed 

to nearly all of the Cu gaskets. Thus, ample HjO could be produced prior to HNO3 dosing 

and during the dosing procedure. After the above reaction sequence was recognized as 

Cu(s) + 4N02(g) Cu(N03),(s) + 2N0(g) (9.11) 

4HN03(g) +2N0(g) 2H,0(g) + 6N02(g) (9.12) 
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problematic, the Cu gaskets were replaced with Au-coated Cu gaskets. In the presence of 

these Au-coated gaskets, subsequent HNO3 exposure resulted in the observation of 

molecular HNO3 (see work on Ag (111) above). 

While not ideal for control of the composition of the HNO3 ice film generated 

under these conditions, decomposition of these deprotonated HNO3 films are usefial for 

direct comparison with data obtained using molecular HNO3, as they may provide 

significant insight into the decomposition pathway of HNO3 on Ag. 

Raman Spectroscopy of Hydrated HNO3 Films 

The HN03:H20 of the films produced in these experiments is not known. Based 

on spectra in Figure 9.2, a bulk 1:2 HNOj/HiO ice at 77 K is fully deprotonated. Thus, it 

can be assumed that the ratio in these films is ^ 1:2 in these films 

A Raman spectrum acquired fi-om an 8 ML HNO3 film on an evaporated 

polycrystalline Ag surface at 100 K is shown in Figure 9.8a. This spectrum is dominated 

by the Vs(N03) ofNOj" at 1046 cm '. Two additional peaks at 815 and 1300 cm ' are also 

present in the spectrum. From Figure 9.2, in bulk HNO3 ices the 5ip(0-N-0) of N03' is 

typically observed at 720 cm"' at 77 K. The intensity of this mode is ~ 5% of the V5(N03) 

intensity and is ~ 15% of the V5(N03) intensit>'. Therefore, the band at 815 cm"' can not 

be the 8jp(0-N-0) of NO3'. The N03" v^CNOj) peak is observed at -1435 cm"' in 

deprotonated bulk HNO3 ices, ~ 125 cm"' fi-om the 1300 cm"' band in the spectrum shown 
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Figure 9.8 Raman spectra from-8 ML HNOj film on 

polycrystalline Ag as a function of temperature, a) 
100 K, b) 114 K, c) 124 K, d) 142 K. Scaling factors 
for spectra are noted. 
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in Figure 9.8a. These peaks can not be assigned to NO3". 

The assignment of these modes comes from considering the reaction sequence in 

reactions (9.10)-(9.13). The oxidation of Cu forms NO, in addition to H,0. Previous 

studies have shown that Ag is oxidized by NO, to form Ag* and NO," at temperatures 

below 77 K.' The V3(N02) and 8^(0-N-0) of NO," were observed at 815 and 1305 cm" 

respectively, in this previous study, values close to those observed in Figure 9.8a.'^ 

Thus, these modes are assigned as NO,". The observation of NO," in the film turther 

supports the reaction in (9.10) to form H,0 and NO, in the presence of Cu. Thus, these 

Raman data suggest that the dosed films are primarily composed of NO3" and a small 

amount of NO," in H1O ice. 

Heating these films at ~ 0.67 K min"' produces the series of spectra shown in 

Figures 9.8,9.9, and 9.10. No change in the spectrum is observed in the spectrum at 114 

K, shown in Figure 9.8b. Several new bands are observed at 124 K (Figure 9.8c). Low 

intensity peaks are observed at 373 and 486 cm"'. These positions are consistent with 

NONO.'^ In addition to these new peaks, the intensity of the NO," v,(NO,) and 5jp(0-N-

0) peaks at 815 and 1305 cm"' grow in relative intensity compared to the NO3" v/NOj) 

band."^ Collectively, these observations support the proposed mechanism of HNO3 

decomposition to NONO through NO," as an intermediate. At 142 K, the NONO v(N-0) 

mode at 486 cm"' intensity increases relative to other spectral modes, shown in Figure 

9.8d. Warming of the film to 157 K (Figtire 9.9a) produces an increase in the 373 cm"' 
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NONO band as well as the v(N-0) mode at 486 cm '. The NONO modes dominate the 

spectrum at 168 K (Figure 9.9b). Two additional spectra acquired at 176 K and 183 K 

(Figures 9.9c, and d, respectively) are consistent with the spectrum of pure NONO. 

At 190 K (Figure 9.10a), the NOj" V3(N03) intensity decreases compared to the 

previous spectrum at 183 K (Figure 9.9d). NONO desorption from the surface is 

complete by 202 K, as shown in Figure 9.10b. This is a temperature similar to that 

observed for NONO desorption from Ag (111). Modes from NO," and NOj' are evident 

at this temperature (bands at 815 and 1046 cm ', respectively) and suggests that not all 

HNOj is decomposed on this surface. The dosing of deprotonated HNO3 may facilitate 

NOi" and NOj" oxidation of the Ag surface to form AgNOj and AgNOj in addition to the 

decomposition of HNO3 to NONO. Studies showing that Ag is oxidized by NO, to 

AgNOj and AgNOj at < 100 K have been reported."^"' Thus, the surface may be 

oxidized during initial exposure to deprotonated HNO3 and these Ag" salts may exist on 

the surface during warming of the surface. 

AgNOi and AgNOj modes were not observed after the NONO desorption formed 

from molecular HNO3. This observation may be rationalized by the fact that oxidation of 

the surface by N03' to AgNO, and AgN03 are possible only when HNO3 is fiilly 

deprotonated. Such oxidation is not possible when dosing molecular HNO3 until it is 

deprotonated (~ 160 K). However, at this temperature the decomposition of HNO3 to 

NONO is facile such that neither AgNO, or AgN03 can form, see Figures 9.3b and 9.6. 

Thus, based on the spectroscopic results, it is proposed that HNO3 decomposition is 
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favored over surface oxidation to form AgNOj and AgNOj. 

Small amounts of AgNO, and AgNOj are observed at 222 K. and 247 K. (shown in 

Figures 9.10c and d, respectively). From these observations, it is proposed that the 

oxidized surface does not further decompose to NONO in fiilly deprotonated HNO3 films, 

and is a stable surface AgNOj layer. 

Using the two sets of desorption data presented above, it is possible to compare 

the desorption of behavior of molecular HNO3 versus N03' on Ag. This comparison 

assumes that the variation between the Ag surfaces does not affect the onset of the HNO3 

decomposition. 

In the case of NOj" on evaporated Ag, NONO is initially observed at 124 K, a 

temperature that is 41 K lower than observed by dosing molecular HNO3 on sputtered Ag 

(111) (NONO onset temperature of 165 K). Figures 9.9a and 9.3 can be used for direct 

comparison between these two systems. These two spectra were acquired within 3 K of 

one another. In the deprotonated HNO3 case (Figure 9.9a), the spectrum is dominated by 

NONO modes at 168 K. At nearly the same temperature, significant molecular HNO3 is 

observed, as shown in Figure 9.3. These spectra, and the significant reduction in the onset 

of NONO formation suggest that the deprotonation of HNO3 is the rate-limiting step in 

the decomposition of HNO3, as proposed above. 

From these data, the role of the Ag surface in HNO3 decomposition can be 

qualitatively compared. The Ag (111) surface was Ar* sputtered ~ 20 times over the 

course of these experiments, for a total of ~ 40 h of sputtering. Thus, this surfece may be 
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composed of a larger number density of high energy surface sites that may facilitate the 

decomposition of HNOj. As result of Ar" sputtering treatment, the Ag (111) surface is 

assumed to be more reactive than the slowly evaporated Ag surface. However, the onset 

of HNO3 decomposition is significantly lower on the polycrystalline surface. Thus, the 

deprotonation of HNO3 is proposed to have a greater affect on decomposition than the 

atomic nature of the Ag surface in this system. 

Conclusions 

Raman spectroscopy has been used to study the thermally-activated reduction of 

HNOjOnAg. NONO is formed as the sole product of HNO3 reduction. This reaction 

chemistry is observed on Ag surfaces regardless of surface roughness or crystal face. It is 

proposed that HNO3 is reduced in a stepwise manner to form NO and 3Ag*. The NO so 

formed dimerizes to the asymmetric NONO through a catalytic process involving a Lewis 

acid. NONO is the sole reaction product fi-om HNO3 reduction, and is stable on the 

surface up to the onset of desorption at -170 K. In the case of molecular HNO3, no 

Raman signals are observed above 190 K indicating complete desorption of all species. 
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Chapter 10 

Raman Spectroscopy of HNO3/H2O and CIONO2/H2O Ice Thin Films 

Introduction 

Polar stratospheric clouds (PSCs) appear during the winter over the Earth's polar 

regions. These clouds are composed of crystalline ice particles with radii in excess of 1 

nm and with number densities of ~ 10 cm \'°' Depending on their composition, these 

clouds are classified into two types. Clouds composed of HNO3 hydrates are termed Type 

I, and those composed of HjO ice are termed Type II PSCs.'°" It is proposed that Type I 

PSCs are primarily composed of the thermodynamically stable HNO3 hydrate, nitric acid 

trihydrate (NAT). 

The type of PSC formed depends on the temperature and partial pressure of HNO3 

and Once the temperature falls below the frost point of each of these 

compounds, nucleation and ice formation rapidly occur to form particles of HNO3 and 



399 

HjO ices.'"^ The freezing points of both HNO3 and HjO are within the average winter 

temperature (175-200 K) of the stratosphere.Thus, the exact composition of PSCs 

and phase (solid or liquid) may be variable as the local conditions change. 

This composition of PSCs is further complicated by the various constituents that 

may play a role in their formation. For example, suifiiric acid tetrahydrate (SAT, H2SO4 • 

4H2O) has a frost point of 210-220 K.'°^ The frost point is defined as the temperature at 

which nucleated particles freeze under stratospheric conditons. Studies have shown that 

SAT particles may act as nucleation sites for the adsorption of HNO3 and HiO to form 

Type I and II PSCs.'"^ After adsorption, a reduction of the local temperature will freeze 

these particles. The exact composition of these particles may depend upon the frost point 

of each compound, the temperature, and the partial pressure of NAT, HNOj/HjO 

solutions, and HiO. The frost point ofNAT is 195-197 K,'"- '"® whereas HNOj/HiO 

solutions and H^O freeze at 191-193 K and 188-190 K, respectively.'" • Thus, as the 

temperature of the stratosphere cools in the winter, clouds may have a mixed composition 

depending on the conditions under which each particle is formed, and conditions it 

encounters after formation. 

For example, it has been proposed that Type I PSCs may serve as nucleation sites 

for HjO to form dilute HNOj/HjO ices; in extreme cases, HNO3 may be diluted to the 

point that the ice is classified as a Type 11PSC.'" " '"^ Conversely, Type I PSCs may be 

formed by nucleation onto Type II surfaces. In this process, HNOj adsorbs on the surface 

o f  H , 0  i c e  c l o u d s  t o  f o r m  n u c l e i  t h a t  a r e  c o a t e d  w i t h  a  t h i n  l a y e r  o f  N A T . T h u s ,  
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over time, these particulates may be composed of structured layers containing various 

ratios of solid HNO3 and 

As described in Chapter 1, these ices serve as excellent surfaces for the formation 

of reactive intermediates in the destruction of stratospheric ozone (03).'° - In this process, 

relatively labile chlorine reservoir species (ClONO, and HCl) adsorb on the surface of 

these ices to form more reactive - " 

CI, is readily photolyzed in the stratosphere to atomic CI, a highly reactive intermediate in 

the presence of 03.'° - This chemistry is described in detail in Chapter 1 of this 

dissertation. CIONO, is an extremely reactive compound in the presence of organic 

compounds and HjO. Thus, on the surface of PSCs, ClONO, is readily hydrolyzed to 

form a more reactive CI specie, HOCl:""" '"" 

The mechanism of this hydrolysis been proposed in the literature. However, at this point, 

it is not well-understood and is a focus of this chapter. 

Reactions such as 10.2 that occur on PSCs are dictated by the interaction of the 

surfece with an adsorbate. Thus, the molecular structures of these interlaces are important 

HCI(s) + ClONO^Cs) ^ CljCg) + HN03(s) (10.1) 

C10N0,(s) + HjOCs) HOCl(s) + HN03(s) (10.2) 
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in understanding the fundamental mechanisms of these reactions. Several studies have 

been undertaken to better understand these surfaces.""""""^ For example, the interaction 

of crystalline H^O ice with HNO3 and HCl has recently been studied by Livingston and 

George using laser-induced thermal desorption (LITD).'° These studies have shown 

that small amounts of surface adsorbates can perturb or stabilize ice films when compared 

to pure crystalline HiO ice layers. A dramatic effect on the desorption behavior of H^O 

has been observed that is highly dependent upon the nature of the surface 

adsorbate.'" For example, the HjO desorption rate is two times larger when HCl is 

adsorbed onto crystalline HiO ice versus pure crystalline H,0 ice. It has been proposed 

that HCl adsorption on crystalline HiO ice disrupts the ice lattice and enhances diffusion 

within the ice film.""'"" In contrast, at sub-monolayer surface coverages, HNO3 

stabilizes crystalline HjO/D^O ice layers by decreasing the HDO diffusion constant in ice 

by 30 - 70 times from the crystalline HiO ice value. HiO desorption from HNOj-adsorbed 

ices is ten times smaller than for HCl-adsorbed ices.'° Additionally, HNO3 follows a 

separate desorption profile than H;0 on these films. These observations suggest that there 

is significant interaction of HNO3 with HjO in the film, and competition between 

desorption and difiRision into the underlying ice film.'" These data show that surface 

interactions on HjO ice films alter bulk thermodynamic properties, and that slight amounts 

of surface-adsorbed species may facilitate or hinder the formation of PSCs. 

The study reported in this chapter was undertaken to elucidate the interaction of 

HNO3 and ClONOi with crystalline H^O ice. As described above, previous work has 
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shown that HNO3 significantly stabilizes the crystalline HjO surface. However, these 

studies sufifer from the inability to ascertain the molecular environment of the ice prior to 

film desorption. To date, there have been few investigations of ClONO, on crystalline 

HjO ice.""" '" As a means to this end, this study focuses on the direct 

determination of the interaction of HNO3 and CIONO, with crystalline H^O ice as a 

function of surface temperature. 

Initially, this chapter details the preparation of thin crystalline H3O ice films in 

ultrahigh vacuum (UHV). These films were subsequently exposed to HNO3 or CIONO, at 

~ 100 K. The interaction of the adsorbed compound with crystalline HiO ice is then 

studied utilizing Raman spectroscopy in UHV. Tliis technique was chosen for its inherent 

molecular specificity and ability to discern specific interactions of HNO3 and CIONO, with 

a surface. Additionally, Raman spectroscopy can access a wider spectral window than 

other vibrational spectroscopies. 

Several other experiments were undertaken to elucidate the nature of HNO3 

adsorbed on crystalline HiO ice. The interaction of HNO3 with crystalline HjO ice was 

investigated as a fimction of temperature at temperatures below that of the stratosphere. 

These studies may give insight into the interaction of HNO3 with crystalline HjO ice and 

deprotonation of HNO3 as a fimction of temperature and composition using Raman 

spectroscopy. In addition, these studies illustrate the dramatic effect that temperature 

plays in low-temperatiu-e ice chemistry, and may provide new insights into the formation 

of HNO3 hydrates firom heterogenous nucleation on Type 11 PSCs. 
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Lastly, the interaction of ClONOj with crystalline H^O studied with Raman 

spectroscopy is described. This study was undertaken in an attempt to observe and 

elucidate the mechanism of ClONO^ hydrolysis at low temperature (100 K.). 

Methodolgy 

Surface analysis ultrahigh vacuum chamber 

Ice films were prepared and characterized in a custom-built ultrahigh vacuum 

(UHV) chamber. This chamber is described in detail in Chapter 2. Exposure of the 

surface to HjO and HNOj was accomplished with a differentially-pumped, vertically-

translatable dosing line coupled to a glass frit (50 ^m pore size) capillary doser in the 

sample preparation chamber. A stainless steel cone encased the frit to form a small dosing 

chamber to completely cover the sample surface. 

Materials 

HNOj headspace (doubly distilled from 1:1 (v/v) HN03:H2S04) above a 1:1 (v/v) 

HN03:H2S04 solution was used in the formation of all HNOj ice films. H^O ice films 

were formed using 18.2 HjO (Millipore). Each sample was contained in a sealed 

pyrex ampule and degassed by several freeze/pump/thaw cycles prior to film formation. A 

~ 1.25 cm diameter Ag (111) (99.999%, Good fellow) surface was used for all 

experiments described in these studies. Prior to each experiment, the siuface was Ar' 
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Synthesis ofClONO, 

CIONOi is an extremely reactive compound. This compound is explosive in the 

presence of HjO and organic compounds. EXTREME care must be used during its 

synthesis and handling. ClONO, was synthesized at ~ 180 K at a pressure of 1 x 10'- Ten

by the following reaction; 

ClF(s) + HNOjCs) ^ ClONO^Cs) + HF(s) (10.3) 

Specific reaction conditions for CIONOt synthesis are described in Chapter 2 of this 

dissertation. 

Ice film formation 

HiO and HNOj ice films were prepared at 100 K on the Ag (111) substrate. The 

sticking coefficient of HjO at these temperatures on Ag has been found to be unity. 

Surface coverages were determined by monitoring the pressure change in the sample 

preparation chamber as a fiinction of pressure in the differentially-pumped sample dosing 

line. This is described in Chapter 2. 

Amorphous low-density ice is typically formed on the surface at 100 K. and 

annealed at ~ 0.67 K min"' up to 157 K to ^cilitate a phase transition to crystalline ice 
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(I^ 1017,1018 progress of the phase transition was monitored using Raman 

spectroscopy.""^""' After the phase transition was complete, the sample was re-cooled 

to 100 K prior to exposure of the surface to HNO3. 

Data collection 

Raman spectra were acquired by moving the cryostat arm containing the sample 

into a glass cell at the end of the analysis chamber. This sampling arrangement allowed 

the acquisition of Raman spectra while maintaining ultrahigh vacuum at the surface. 

Raman spectra were acquired using ~ 20 mW of 514.5 nm light at the sample (Coherent, 

Innova 350C). Typical integration times varied from 1-16 min per acquisition. Spectra 

were calibrated using Ar' emission lines. 

Raman Spectroscopy of Ice Thin Films 

Crystalline HjO ice films are desired to mimic the interaction of HNO3 with ice 

surfaces found in the polar stratosphere. Specific conditions are required to produce these 

crystalline HjO ice films at low temperature in vacuum without desorption of the film. 

The formation of these crystalline H^O ice films is described below. 

Raman Spectroscopy of Amorphous and Crystalline H^O Films 

Ag (111) is well-suited for the study of interactions in thin film HjO ices.""® As 



406 

opposed to other substrates, there is no detectable interaction between Ag and surface-

bound HiO.'" Thus, intermolecular HjO interactions dominate. These interactions are 

stronger than the H^O-Ag surface interactions, and result in zero-order desorption kinetics 

of HjO from Ag surfaces.""® 

HjO ice was formed by condensing HiO vapor on Ag (111) at - 100 K. Under 

these dosing conditions, ice films consist of amorphous, low density H^O ice.'" As 

shown in Figure 10.1a, this ice is characterized by a broad, v(OH) peak at 3111 cm ', 

termed for the remainder of this discussions as the C, mode, and a ~ 350 cm ' wide 

envelope assigned to various bonding environments within the ice film.'" 

Computational simulations and vibrational spectroscopy studies have attempted to 

assign the complicated v(O-H) H,0 envelope.""^ Most studies have fit this envelope with 

four vibrational modes that correspond to HjO in different hydrogen-bonding 

environments in ice.""^ '" "^ The strength of the hydrogen-bond increases inversely with 

the frequency of the v(O-H) mode.""^"'°Therefore, the C, mode represents the 

strongest H-bond in HiO ice. This mode is much more intense in H^O ice than in bulk 

HjO at 298 K, and has been termed the "ice-like" mode in previous studies.""^ '"" The 

three other modes decrease in the strength of the hydrogen-bond as the frequency 

increases. Sum-frequency generation (SFG) studies have shown a fifth v(O-H) band at 

3600-3700 cm ' that has been assigned as free, non-hydrogen-bonded H^O that resides at 

the interface in various chemical environments. 

Crystalline HiO ice films were prepared by annealing the thin H,0 film at 0.67 K 
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Figure 10.1 Raman spectra of 50 ML of HjO on Ag (111) as a flmction of surface 
temperature. Spectra acquired at a) 114 K,  b)  136 K, c), 144 K, d) 154 K. 
ande) 157 K. 
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min ' to - 157 FC Using these conditions, the transition from amorphous to crystalline 

HjO ice is abrupt, as shown in the series of spectra for temperatures between 114 and 157 

K in Figure 10.1. Upon annealing, the C, peak systematically shifts to higher frequency by 

0.5 cm ' K ' over a 35 K temperature range as shown in Figures 10.1 b-e. The shift of C, 

has been previously observed, and has been proposed to be due to a reduction in H-bond 

strength associated with thermal expansion of the ice lattice during warming.""^'" 

This shift and the resulting spectroscopic change in the remainder of the v(OH) envelope 

has been used in previous studies to identity the phase transition from amorphous to 

crystalline HiO ice over a similar temperature range as shown in Figure 10.1.'" 

Aside from the change in the C, position, the remainder of the v(OH) envelope decreases 

in width to - 300 cm"'. An abrupt shift occurs in the C, frequency from 3120 cm ' to 3104 

cm ' between 154 and 157 K. from. In addition, the intensity of the broad v(OH) envelope 

is increased relative to the intensity of the C, band. In this temperature range, the film 

undergoes an abrupt transition from amorphous, low-density H^O ice to crystalline ice 

(I^ 10 '7-1019 transition occurs over a 2-3 min period of time. 

A plot of the C, peak frequency during the warming of amorphous HiO ice is 

shown as a function of temperature in Figure 10.2. The plot illustrates the increase of the 

frequency of the C, mode as the amorphous film is warmed. Between 155 and 157 K, this 

mode dramatically decreased in frequency by ~ 15 cm"' to 3103 cm"', indicative of 

crystalline HiO ice. As a result of thermal contraction, the C, mode shifts down to 3090 

cm"' upon cooling to 100 K (see below). 
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Figure 10.2 Raman peak frequency of v(O-H) for 50 ML of H,0 on Ag (111) as a 
function of surface temperature. Data for two separate films are shown, 
denoted by open and closed circles. 
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The structure of crystalline HiO ice (1^) is composed of six HjO molecules situated 

in a hexagonal structure.'"'* Each H^O is hydrogen-bonded to three HjO molecules that 

reside in a plane slightly offset in a boat-like hexagonal structure, as shown in Figure 10.3. 

This structure is characterized by a three-dimensional array of ~ 0.45 nm open pores that 

run parallel and perpendicular to the ice surface.'"*^ 

Raman Spectroscopy of HNO, Adsorbed on Crystalline H^O Ice Films 

A bulk Raman spectrum of molecular HNO3 is shown in Figure 10.4 for reference. 

This spectrum was acquired from a sample of HNO3 that was flash frozen in liquid 

nitrogen (77 K). Thus, this spectrum consists of crystalline HNO3 in an isotropic 

distribution with respect to the polarization of the excitation source. Two intense modes 

at 951 and 1246 cm ' are assigned as the v,(H0-N02) and VjCNO,) of molecular HNO3, 

respectively.'""' The peak frequencies of this spectrum are given in Table 10.1. 

FINO3 was dosed onto crystalline H^O ice at 95-100 K. As described in Chapter 9, 

the Raman spectrum (peak frequency and width) of HNO3 on Ag is unchanged after 

wanning to a temperature slightly below the HNO3 desorption temperature (~ 160 K). 

This observation suggests that HNO3 dosed at 100 K is crystalline on the Ag surface. In 

this system, HNO3 is dosed on to a surface with which it can readily hydrogen-bond. 

Thus, the Raman spectrum may be perturbed from the bulk Raman HNO3 spectrum shown 

in Figure 10.4a. 

A Raman spectrum of ~ 2 ML of HNO3 adsorbed on 50 ML of crystalline HiO ice 
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Figure 10.3 Crystal structure of crystalline (10 H.O. ° represent H, and o and • 
denote O. Solid symbols represent 0 atoms in the surface plane, and 
open symbols represent O atoms that reside above the surface plane. 
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Figure 10.4 Raman spectra of a) bulk HNO, at 100 K, and 2 ML HNOj adsorbed on 
50 ML of crystalline HjO at b) 138 K and c) 146 K. 
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Table 10.1; Fundamental vibrational frequencies ofHNOj. 

Vibrational 
Assignment' 

HNO3 (s) 
(77 K) 

2 ML HNO3 on Ih 
(138 K) 

2 ML HNO3 on Ih 
(145 K) 

8(H0.N0,) 620 623 

635 625 636 

5(N0,) 700 685 702 

5o.p.(NO,) 774 813 773 

814 

v/HO-NO,) 951 (15.1)" 951(33.6) 952 (15.5) 

V,(N03) 1246 (16.4) 1260 (51.9) 1249(17.1) 

5(H0N) 1335 1321 1343 

1362 1356 

v^CNO,-) 1416 1386 1418 

2x5,p.(NO:) 1548 1545 1548 

v.CNO^) 1660 n/a 1660 

" From reference 10.29 
'' FWHM of band parentheses in cm'. 
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acquired at 138 K is shown in Figure 10.4b and tabulated in Table 10.1. Spectra acquired 

at temperatures below 138 K are identical to this spectrum. Using bulk HNO3 for 

reference of 12 ML HNO3 adsorbed on Ag (100) (see Figure 9.3a for reference), one 

notes that the peak frequencies for HNO3 on HjO at 138 K are substantially altered. For 

example, the 5(N02) shifts 15 cm"' to lower frequency and the V3(N02) shifts to higher 

frequency by 14 cm ' when adsorbed on H^O. These peak shifts are proposed to result 

from hydrogen-bonding between HNO3 and the crystalline HjO surface. 

These observations suggest that HNO3 is hydrogen-bonding with crystalline HiO 

through the 0 atoms of molecular HNO3. The magnitude of the 8(N02) and V5(N02) peak 

shifts observed in this system are similar to those observed in other hydrogen-bonding 

chemical systems. For example, the VjCNOj) in saturated aqueous NaNOj is shifted 16 cm" 

' to lower frequency relative to its value in the solid state (see Figure 3.18).'"^° 

In addition to changes in peak position, the ftill-width half at maximum (FWHM) 

of the HNO3 peaks adsorbed to H,0 are greater than those of crystalline HNO3. FWHM 

values of the Vs(H0-N02) and Vs(N02) for each spectrum are shown in Table 10.1. This 

observation suggests that there are a multitude of hydrogen-bonding environments 

between HNO3 and H^O in this film, and may be similar to the increased peak width of 

modes as a result of hydrogen-bonding observed of ions in aqueous solutions (see Figures 

3.18 and 4.2 for reference). The increased peak width suggests that the H^O film may be 

composed of polycrystalline HiO domains, as opposed to a single crystal. Unlike other 

substrates (e.g. Ru (100)), there is no precedent for single crystal HiO film growth on Ag 
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surfaces.'"^' 

Changes in the relative intensities of HNO3 modes may give insight into the 

orientation of HNO3 on the ice surface. Compared to the spectrum of isotropic HNO3 ice, 

shown in Figure 10.4a, there are significant changes in the relative intensities in Figure 

10.4b. These changes are proposed to be a result of the preferential orientation of HNO3 

on the crystalline H1O surface. The interaction of the HNO3 modes with the oriented 

electric fields at the surface will greatly affect the intensity of a Raman-active mode if 

there is a preferential orientation of the mode with respect to the field. In this system in 

which mild surface enhancement is operative due to the slightly roughened surface fi'om 

sputtering, vibrational modes that are perpendicular to the surface plane will be enhanced 

relative to modes that are parallel to the surface.'"^'"'"^"' The orientation of HNO3 in this 

system assumes that the H^O surface lies in the parallel to the Ag (111) surface plane. 

Figure 10.4b shows several modes that are enhanced relative to their counterparts 

in bulk crystalline HNO3 at 77 K. The intensities of the two HNO3 out-of-plane modes, 

SgpCNOi) and 6(H0N) at 813 and 1321 cm"', are greater for HNO3 on the H,0 ice surface 

relative to bulk HNO3 at 77 K. In addition, the intensities of the two in-plane modes 

involving the -OH group, the SCHO-NOj) at 625 cm ' and the VsCHO-NO,) at 951 cm ', 

are enhanced relative to the in-plane modes of the NOj group, the SCNOj) at 685 cm"' and 

the v^CNOj) at 1260 cm"'. The enhancement of the out-of-plane vibrational modes 

relative to the in-plane modes suggests that HNO3 is oriented largely parallel to the 

crystalline HjO surface. However, the enhancement of the modes involving the -OH 
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group relative to those of the NO, group suggests a slight tilt out of the plane of the -OH 

group. The proposed orientation for HNO3 on crystalline H^O ice is shown in Figure 

10.5. 

As discussed in the previous chapter, the Raman spectrum obtained by dosing 

HNO3 onto a Ag (111) surface at 100 K is identical to bulk HNO3 at 77 K. No change is 

observed in the spectrum upon warming the film to 160 K. From these observations, it is 

proposed that HNO3 is crystalline at 100 K. This is a dramatically different result from the 

spectrum obtained by dosing HNO3 onto crystalline HjO at 100 K. The spectrum 

obtained in this case is consistent with the formation of hydrogen-bonds between HNO3 

and the H^O surface. Such an arrangement is not possible on the bare Ag (111) surface. 

A Raman spectrum of the same fihn at 145 K is shown in Figure 10.4b and is 

tabulated in Table 10.1. The warming of the film by 7 K produces a significant 

spectroscopic change. The peak positions and relative intensity ratios in this spectrum are 

very similar to bulk crystalline HNO3 at 77 K. In addition, the FWHM of the bands are 

within 1 cm ' of those obtained of the bulk crystalline HNO3 sample. Two 8(H0N) 

Raman modes are observed in molecular HNO3. These modes are at 1335 and 1362 cm ' 

in bulk molecular HNO3 at 77 K, and 1343 and 1356 cm"' in the 2 ML film at 145 K. The 

small shifts of these peaks may be indicative of weak hydrogen-bonding between HNO3 

and the HjO ice surface. Aside from these two modes, the remaining Raman-active 

modes are within 3 cm ' of the bulk HNO3 ice. 

The spectra in Figures 10.4b and c suggest that over this 7 K temperature window. 
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0.450 nm 

Figure 10.5 Proposed orientation of HNO^ on crystalline H,0 ice. represent H, 
and O and • denote O. Solid symbols represent 0 atoms in the surface 
plane, and open symbols represent O atoms that reside above the surface 
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HNOj is thermally activated to adopt a structure that is similar to bulk, isotropic 

crystalline HNO3 on the siuface of crystalline H^O. This suggests that upon warming the 

film to 145 K, HNO3 may coalesce on the surface to form randomly-oriented, three-

dimensional regions of crystalline HNO3. Such a reorientation may be affected by the 

change in the HjO ice surface over this temperature range." Mass spectroscopic 

studies have shown that the diffusion constant of 0,0 in HjO exponentially increases 

between 150-170 " Thus, the dramatic change in the Raman spectrum observed 

between 138-145 K. may be a result of the H1O surface melting and coalescence of HNO3 

on the HiO surface. 

Further evidence for a change in HNO3 orientation during warming can be 

ascertained fi^om comparison of the signal to noise (S/N) ratios of the spectra at 138 and 

145 K. The S/N of the 138 K spectrum is 2.5 times lower than that of the 145 K 

spectrum, an observation consistent with a generally parallel orientation at 138 K and a 

more isotropic orientation at 145 K. 

The HNO3/H2O assembly described above is discussed over a broad temperature 

range in the following sections. Initially, the low frequency region (covering N-0 modes) 

is described. Data acquired in the higher frequency region (v(O-H) modes) are 

subsequently discussed. 
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HNOt Adsorbed on Crystalline H,0 Ice as a Function of Temperature 

Low Frequency Region 

Additional spectra of the 2 ML HNO3 film on crystalline HjO as a fiinction of 

temperature are shown in Figure 10.6. The Raman spectrum acquired at 151 K, 6 K 

higher than shown in Figure 10.4c, is shown in Figure 10.6a. When compared to the large 

spectral changes observed in the 7 K. window between 138-145 K (Figures 10.4b and c), 

only slight spectral changes are observed between the spectra at 145 and 151 K. These 

data suggest that once the fihn establishes a molecular environment similar to that in bulk 

crystalline HNO3, it is stable on the HiO surface. 

Two low intensity peaks are observed at 1044 and 1052 cm ', shown in the inset of 

Figure 10.6a. These are assigned as the v^CNOj) from a small amount of deprotonated 

HNO3 in the film.'""' '"^" Previous studies have shown that the frequency of NOj" v^CNOj) 

i s  e x t r e m e l y  s e n s i t i v e  t o  s l i g h t  p e r t u r b a t i o n s  i n  c h e m i c a l  e n v i r o n m e n t . ' " F o r  

example, Irish et al. have shown that this mode may be used as a probe for the NOj" 

concentration in aqueous solutions. Considering this sensitivity, these two peaks may be a 

result of two NO3" environments in the film at this temperature. The proposed chemical 

environment associated with each of these peaks is discussed below. 

The intensity of the V5(N03), attributed to deprotonated HNO3 in the film is much 

greater at 166 K, shown in Figure 10.6b. It is proposed that HNO3 is difiusing into the 

HjO film at this temperature. The diffiision of HNO3 into crystalline HiO ice over this 

temperature regime has been extensively studied.'" The diffusion constant of HNO3 
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Figure 10.6 Raman spectra of 2 ML HNO, adsorbed on 50 ML of crystalline HjO 

acquired at a) 151 K, b) 166 K, c) 168 K, d) 184 K, e) 186 K. 
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in crystalline HiO at 150 K is 2.5 x 10"'^ cm- s '.'" This value dramatically increases 

to 3.0 X 10'" and 8.0 x 10"'^ cm- s"' at 155 and 165 K, respectively.""''""^ This 

represents a three order of magnitude increase in the diffusion constant in this 15 K 

temperature window. Recent computational simulations have predicted that the crystalline 

HiO ice surface has more "liquid-like" character than the bulk film at 160-185 

Thus, at low temperatures such as encountered in this study, HNO3 diffusion into the bulk 

may be facilitated by this layer. 

Once intercalated into the film, interaction between HNO3 and H^O is much 

greater, and deprotonation may be lacile. Further evidence for the interaction between 

HNO3 and HjO comes fi'om the low intensity peaks at 967 and 1301 cm ', assigned as the 

VjCHO-NOj) and V5(N02), respectively.The peak fi-equencies of these modes are 

similar to those observed in 1:1 HN03:H20 bulk ice at 77 K (see Figure 9.2b). Thus, at 

this temperature, HNO3 diffuses in the HjO film and adopts a chemical environment 

similar to that found in crystalline nitric acid hydrates, nitric acid monohydrate (NAM), or 

NAT.'""*""'"''- The crystal structure of NAM shows that HNO3 is coordinated by a single 

HiO molecule.This HNO3-H2O bilayer structure results in infinite layered sheets of 

alternating HNO3 and HiO.'" "'* 

The V5(N03) at 1052 cm"' dominates the spectrum at 168 K. (Figure 10.10c). At 

this temperature, the molecular HNO3 modes have disappeared fi-om the spectrum. Weak 

modes at 959 and 1302 cm"' are visible. These peaks are proposed to be due to NAM or 

NAT (see Figure 9.2). A weak shoulder at ~ 1044cm"' on the 1052 cm"' V5(N03) peak is 
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consistent with this assignment. 

At 184 K (Figure 10.6d), the VjCNOj) is observed at 1050 cm '. In addition to this 

mode, the 5ip(N-0) and v^CNOj) ofNOj', and are observed at 717 and 1439 cm"', 

respectively. The spectrum obtained at 186 K is similar to that at 184 K. At this 

temperature, the film is beginning to desorb from the surface. Spectra obtained at 

temperatures higher than 188 K (Figure 10.6e) are consistent with the complete 

desorption of the film. The desorption behavior of this fihn will be discussed below. 

Upon closer examination of Figure 10.6, the shape of the is variable as a 

function of temperature. Three spectra in this region over a 9 K temperature range are 

shown in Figure 10.7. Figure 10.7a was acquired at a film temperature of 172 K. It is 

evident that the V5(N03) is composed of two peaks at 1046 and 1052 cm'. The relative 

intensities of these peaks change as a function of temperature, as evidenced in Figures 

10.7b and c. At 178 K, shown in Figure 10.7b, the relative intensity of the V5(N03) at 

1046 cm ' is higher than the 1052 cm"' mode intensity. This trend continues at 181 K 

(Figure 10.7c). 

To better illustrate the change in the relative intensities of these two mode, the 

V5(N03) was fit with two peaks. These intensities are plotted as a function of temperature 

in Figure 10.8. At lower temperatures, the intensity of the 1052 cm' mode dominates but 

is greatly reduced at higher temperatures. This trend follows the normalized intensity of 

the V5(N03). The deprotonation of HNO3 is complete at 178-180 K as shown by the 
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Figure 10.7 Raman spectra the v^CNOj) peak of 2 ML HNO3 adsorbed on 50 ML of 

crystalline H;0 acquired at a) 172 K, b) 178 K, and c)181 K. Dashed lines 

highlight peaks at 1046 and 1052 cm"'. 
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Figure 10.8 Plot of v.CNO,) of 1046 and 1052 cm ' peak intensity ratio and normalized 

v,(N03) intensity of 2 ML HNOj adsorbed on 50 ML of crystalline HjO as 

a function of surface temperature. 
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maximum in the normalized VjCNOj) intensity. HNO3 desorbs at higher temperatures, as 

denoted by the decrease in the normalized v^CNOj) intensity in Figure 10.8. 

The variation in the relative intensities of these modes is related to the relative 

amounts of different chemical environments of NOj". These vary as a function of the 

amount of H^O mixed with the HNO3 film. 

As discussed in Chapter 9, the VjCNOj) in bulk HNO3 ices shifts as a function of 

HjO content. The V5(N03) is observed at 1044 cm"' in NAM, and increases to 1048 cm ' 

in NAT at 77 K. Therefore, the lower frequency Vs(N03) in Figure 10.7 is attributed to 

NOj" that resides in an environment similar to the crystalline environment of NAM and 

NAT.'° " The v^CNOj) at 1052 cm ' is identical to that observed in bulk aqueous saturated 

NaN03."'^° Unlike NAM and NAT, this solution is not crystalline, and may represent 

NOj" in a disordered aqueous environment such as melted HiO on the ice surface. 

Using these assignments as a guide, the environment of NOj" may be ascertained as 

a function of temperature. Initially, NO3" is in a disordered environment similar to an 

aqueous solution in the ice film, as evidenced by the intensity of the 1052 cm ' mode. This 

mode decreases rapidly above 172 K, and suggests that NOj" resides in an environment 

that more closely resembles bulk, crystalline NAM or NAT at these temperatures. The 

relative intensity of the 1052 cm"' mode increases at the onset of film desorption, ~ 180 K, 

and suggests that the film closely mimics the random orientation found in an amorphous 

solid at these conditions, or the film melts prior to desorption. 
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The deprotonation and desorption of HNO3 can be followed spectroscopically by 

plotting the intensity of vibrational modes corresponding to molecular HNO3 and NO3' as 

a function of temperature, as shown in Figure 10.9. The peak intensity of the VjCNO,) and 

v^CNOj) at ~ 1250 and 1048 cm", respectively, were used as probes of the relative 

amounts of each specie on the surface as a function of temperature.'" This plot shows a 

decrease in the intensity of the VjCNOj) and a concomitant increase in the V5(N03) at 160 

K. These changes are attributed to the onset of HNO3 deprotonation. As stated above, 

previous studies have shown a dramatic increase in the diffusion constant of HNO3 in 

crystalline H,0 ice at these temperatures. Therefore, the deprotonation onset is dictated 

by diffusion of HNO3 into the crystalline HiO ice layer. At ~ 175 K, the intensity of the 

VS(N03) is at a maximum, and the VjCNO,) is no longer observed. At temperatures above 

180 K, the intensity of the Vs(N03) is rapidly reduced indicating the onset of film 

desorption. The fibn is completely desorbed at 189 K indicated by the complete loss of 

intensity of all modes. 

Thermal desorption mass spectrometric data of this film is shown in Figure 10.10. 

These data were acquired with the sample in the Raman cell. As a result, the S/N of these 

data is low. This data shows an initial HjO (m/z 18) desorption at 164 K. This 

temperature is similar to that observed for the spectroscopically determined onset of 

HNO3 deprotonation (Figure 10.9), and suggests that the rapid increase in the diffusion 

constant of H^O initiates HNO3 diffusion and deprotonation in this temperature range. A 

second H,© desorption peak is observed at 180 K, and the film is completely desorbed at 
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Figure 10.9 Plot of normalized v,(NOJ and v,(N03) peak intensities of 2 ML HNOj 

adsorbed on 50 ML of crystalline HjO as a function of surface 

temperature. 
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Figure 10.10 Thermal desorption mass spectra of 2 ML HNOj on 50 

ML crystalline H,p. HjO (m/z 18) and HN03(m/z 63) 

denoted by black and gray lines, respectively. 
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~ 195 K. The ion current of these data has substantial tailing as a result of the inefficient 

pumping in the Raman cell. A single HNO3 desorption peak is observed at ~ 180 K, and 

suggests that HNO3 and H^O desorption are coupled. These desorption temperatures are 

similar to those observed in the HNOj/Ag system described in Chapter 9. 

High Frequency Region 

Raman spectra were also acquired in the high frequency region containing the v(0-

H) to further elucidate the effect of HNO3 adsorption on crystalline HjO ice as a llinction 

of surface temperature. A Raman spectrum of 50 ML of crystalline HiO ice at 100 K is 

shown in Figure 10.11 a. This spectrum is dominated by the H,0 ice C, mode at 3090 cm" 

'. The Raman spectrum obtained at 100 K after the adsorption of 2 ML of HNO3 is 

shown in Figure 10.1 lb. The v(O-H) associated with molecular HNO3 is shown by the 

slight increase in intensity at ~ 2950 cm '. These modes extend under the broad v(O-H) 

envelope associated with crystalline H1O. The position of the C, mode is unchanged as a 

result of HNO3 adsorption. 

Raman spectra were collected as this film was warmed at 0.67 K min"'. A 

spectrum obtained at 146 K is shown in Figure 10.11 c. This temperature was chosen 

because a significant spectral change was observed in the low frequency region between 

138 and 145 K (Figure 10.5). The intensity of molecular HNO3 v(O-H) is increased at 

this temperature compared to 100 K. These spectra support the reorganization of 
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Figure 10.11 Raman spectra a) 50 ML of crystalline HnO at 100 K, and 2 ML HNO, 

adsorbed on 50 ML of crystalline H;0 at b) 100 K, and c) 147 K. 
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molecular HNO3 on crystalline HjO between 138 and 145 K. 

A series of Raman spectra acquired as the film is warmed are shown in Figure 

10.12. Each of these spectra are within 3 K of the low frequency region spectra shown in 

F i g u r e  1 0 . 6 .  T h e  s l i g h t  i n c r e a s e  i n  f r e q u e n c y  o f  t h e  C ,  m o d e  f r o m  3 1 0 0  c m " '  a t  1 4 5  K t o  

3102 cm"' at 153 K (Figure 10.12a) is indicative of thermal expansion of HiO upon 

warming.'""^ The remaining spectrum is unchanged from that acquired at 145 K. 

The Raman spectrum acquired at 162 K is shown in Figure 10.12b. The intensity 

of the HNO3 v(O-H) is decreased in this spectrum compared to that at 153 K. This may 

be a result of HNO3 deprotonation In addition, this increase in temperature extends the 

HiO v(O-H) envelope ~ 25 cm"' to higher frequency, indicative of reduced hydrogen-

bonding in this film.'" This is the temperature at which the onset of HNO3 

deprotonation was observed in the low frequency region (shown in Figure 10.6b). 

The Raman spectrum acquired at 170 K. is shown in Figure 10.12c. The intensity 

of the C, mode is reduced at this temperature. A new mode is observed at 3423 cm"'. 

HNO3 is ~ 50% deprotonated at 170 K based on the plot in Figure 10.7. Thus, this new 

mode must be a result of the change in the HiO structure associated with HNO3 

deprotonation. The frequency of this mode suggests that it is associated with a weakly 

hydrogen-bonded environment, and it is assigned to hydronium ions (H30^) that are 

solvated by weakly hydrogen-bonded to HjO. X-ray diffraction studies of NAT have 

shown that each is solvated by two Three separate hydrogen-bonding 

environments are contained in this structure.Two relatively short hydrogen-bonds 
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Figure 10.12 Raman spectra of 2 ML HNO, adsorbed on 50 ML of crystalline H;0 

acquired at a) 153 K, b) 162 K, c) 170 K, d), e)185 K, f) 188 K. 
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(0.2482 and 0.2576 nm) form the H7O3'unit. In this structure, H7O3" units are H-bonded 

(0.2800 nm) to form an infinite spiral structure.'"''^ Previous Fourier-transform infrared 

(FTIR) spectroscopic investigations of NAT have observed an intense v(O-H) mode at 

3424 cm ', an identical frequency observed in this study.This mode has been 

assigned to the weak, coupled hydrogen-bonding networlc in this ice. as described 

above.'"'*"''"''""'' For spectral comparison, two separate studies have shown a weak v(0-

H) band in nitric acid dihydrate (NAD) at 3477 and 3490 cm"'.'"'* '"''' No mode is 

observed in this region in NAM.'" ''^ These spectroscopic data suggest that HNO3 forms 

NAT after deprotonation. 

Detailed FTIR studies on NAT have shown that two stable NAT crystal structures 

(denoted a and P) exist at low temperature.Koehler et al. found that a-NAT is 

formed through condensation onto a substrate at 173 K in vacuum.An irreversible 

phase change from a- to P-NAT is observed between 188-198 K.'""* The FTIR spectrum 

o f  a - N A T  h a s  a  c h a r a c t e r i s t i c ,  s h a r p  m o d e  a t  3 4 3 0  c m ' . ' " " *  T h i s  m o d e  s h i f t s  t o  3 3 7 5  c m '  

in P-NAT, and is indicative of a stronger hydrogen-bonding environment in this phase.'" '' 

It is proposed that warming a-NAT removes defects (e.g. randomized hydrogen-bonds) in 

the crystal. At this point, the structure of each of these phases are not known. However, 

based on the temperature of this phase transition, it is assumed that the NAT exists as P-

NAT in the terrestrial stratosphere.'"" In this study, the observation of the mode at 3424 

cm ' suggests that a-NAT is formed after HNO3 difilision and deprotonation. The 

experimental conditions used in this study (UHV) prevent warming of the film to the 
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temperature required to initiate the a- to p-NAT phase transition prior to complete 

desorption of the film (see Figure 10.9). 

The intensity of the mode at 3424 cm'" increases at 185 K, shown in Figure 

10.12d. A concomitant decrease is observed in the Cj intensity at this temperature. This 

decrease suggests that the film has decreasing strength hydrogen-bond strength, and an 

increasing proportion of H^O in the film involved in the solvation of HjO', in 

NAT.'"'"°"" '°"'^ This trend continues at 188 K, shown in Figure I0.12e. As evidenced by 

the decreased S/N in this spectrum and in the reduction of the v^tNOj) mode intensity 

(Figure 10.9), the film is desorbing in this temperature regime. Using spectra acquired at 

170 and 185 K for reference, the 3424 cm ' mode intensity increases relative to the 

intensity of the v(O-H) envelope. This suggests that NAT formation continues in the fihn 

as the film desorbs.'" '"" 

The normalized intensities of the 3100 and 3424 cm ' modes are plotted as a 

function of temperature in Figure 10.13. The total amount of H,0 in the film at any 

temperature can be ascertained fi-om the normalized v(O-H) integrated intensity shown as 

the open circles in Figure 10.13. The intensity of the C, mode decreases nearly linearly 

with temperature at starting ~ 150 K. This behavior indicates disruption on the H^O 

lattice as the fihn is warmed and HNO3 difiiises into the ice and deprotonates.""^""" The 

intensity of the 3424 cm' mode tracks this deprotonation process between 160 and 173 K. 

Desorption begins at -165-170 K as reflected in the decrease in the 3424 cm ' mode 

between 173-192K. 
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Using the total integrated intensity as a guide, the HjO desorption onset is at ~ 165 

K. Interestingly, this is the onset of HNO3 deprotonation. These observations suggest 

processes in this film. HNO3 is diflusing into the film to form NAT at temperatures > 160 

K. In addition, H^O desorption fi-om the film begins in this same temperature range. 

Previous studies have shown that HNO3 adsorption on crystalline H^O decreases 

the rate of HiO desorption by a factor of30-70 when compared to the desorption of bare 

crystalline HjO.'" This may be a result of the formation of a long range, hydrogen-

bonded network ofNAT in the surface region.This network effectively blocks the 

desorption of HNO3 prior to the complete melting of the film at higher temperature (~ 190 

K). 

Raman Spectroscopv of ClONO^/H^O Ice 

In addition to the HNO3/H3O ice system, ClONO, adsorbed on H,0 was studied 

using Raman spectroscopy as a fimction of surface temperature. As discussed in Chapter 

1, ClONOi is a chlorine reservoir specie in the stratosphere. This compound is hydrolyzed 

on the surface of PSCs to form volatile, reactive intermediate compounds. The 

mechanism of ClONO, hydrolysis is unknown, and is the focus of this study. These 

studies are described below. 

Raman Spectroscopy of ClONO, on Ag (111) 

As stated above, ClONO, is an extremely reactive compound. Thus, prior to 
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adsorption onto HjO ice, it was necessary to determine if ClONOj spontaneously 

decomposes on Ag (II1) at 100 K. Initially, a CIONO, film was produced on Ag (111) to 

obtain its bulk Raman spectrum. To achieve this, a thick (visible to the naked eye) film 

was condensed on Ag (111) at 100 K, and is shown in Figure 10.14. Each of the modes in 

this spectrum are identified as ClONO, with the exception of two modes at 537 and 2230 

cm-'.'"-'®"'-'' xi^ese modes are assigned as the 6(NN0) and v^CN-N) of N^O, respectively, 

that arise as a by-product of ClONO, synthesis.'"''® Each of the ClONOj modes is 

assigned and tabulated in Table 10.2.'°"'^ '°''^ This spectrum indicates that ClONO, films 

can be formed in UHV, and are not decomposed in the presence of the Ag surface. 

ClONOi Adsorption on Crystalline H^O Ice 

ClONO, has several intense Raman active modes. Frequency shifts of these 

modes may be indicative of hydrogen-bonding between ClONOi and H^O, and potentially, 

ClONOi bond weakening prior to hydrolysis. Two vibrational modes, the 8(C10-N) and 

v(Cl-O) at 270 and 790 cm', respectively, may be excellent indicators of this interaction. 

Each of these modes wiU be used as a probe of the chemical environment of 0-Cl after 

adsorption on crystalline HiO. 

A series of Raman spectra of ~ 1 ML of ClONOj on crystalline HjO collected as a 

function of temperature are shown Figure 10.15. For comparison, the Raman spectrum of 

bulk CIONOt is shown in Figure 10.15a. The spectrum obtained of- 1 ML ofClONO, 

on crystalline HiO at 114 K is shown in Figure 10.15b. This spectrum is dominated by the 
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Figure 10.14 Full Raman spectrum of bulk ClONO, film on Ag (111) at 100 K. Peaks 

marked with • are assigned as N.O. 
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Figure 10.15 Raman spectra of a) bulk ClONO, at 100 K and 1 ML ClONO, adsorbed 

on 50 ML of crystalline H,0 acquired at b) 114 K, c) 120 K, d) 126 K, e) 

133, f)140 K, g) 146 K.* denote bands due to N^O. 
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SipCO-NO,) at 457 cm"The frequencies of each of these modes are shown in 

Table 10.2. With the exception of the SopCO-NO,) at 721 cm', each mode is shifted 

slightly to lower frequency compared to bulk ClONOj, indicating hydrogen-bonding 

between ClONO, and HjO. 

This film was wanned at 0.67 K min ', and spectra were collected at 120, 126, and 

133 K as shown in Figures 10.15c, d, and e, respectively. With the exception of the 

reduction of the 535 cm' NiO mode indicating desorption at 133 K, the peak frequencies 

and shapes for ClONO, are identical to those obtained at 114 K. NjO is completely 

desorbed from the film by 140 K (Figure 10.14e). The ClONO, band intensities and 

frequencies remain unchanged. The spectrum obtained in Figure 10.15g was acquired at 

146 K. This spectrum shows a dramatic decrease in ClONO, mode intensity between 140-

146 K. Spectra acquired at temperatures > 146 K were indicative of complete ClONO, 

desorption. The frequencies of the modes at 146 K are identical to those at lower 

temperatures. Raman spectra collected in the high frequency region are indicative of the 

retention of HjO after ClONOj desorption at these temperatures. Thus, ClONO, on the 

HjO surface does not alter the desorption behavior of H,0, similar to what has been 

observed in the case of HCl adsorption onto crystalline H,0.'° 

These data indicate that the ClONO, is not hydrolyzed on crystalline H,0 ice prior 

to desorption at these pressures. The low ClONO, desorption temperature was not 

expected in this study. This desorption temperature is below that (150-160 K) required 

for significant diffusion of surfece adsorbed species into the HjO lattice.""'' '® This 
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Table 10.2: Fundamental vibrational frequencies of CIONO,. 

Vibrational 
Assignment" 

Bulk C10N0,/Ag 
(111) 

(100 K) 

C10N0,/H,0 
(100 K) 

Predicted 
Gas phase 
ClONO," 

T(CIONO) n/o= n/o 120 

5(C10-N) nJa^ 270 270 

8^(0-N0,) 464 457 434 

v(O-N) 590 586 560 

8op(0-NO,) 712'= 712"= 711 

v(Cl-O) 790 784 780 

809 805 809 

v,(NO,) 1282 1279 1292 

Va(NO,) 1687 1686 1735 

" From reference 10.40,10.41 
From reference 10.41 

not observed in this study due to proximity to Rayleigh line 
not observed in this study due to spectral region acquired in this study 

® very weak intensity 
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observation is indicative of weak H-bonding between ClONO, and the HiO surface. 

Previous studies have shown that ClONO, is spontaneously hydrolyzed on crystalline HiO 

ice at ~ 180 As discussed above, this temperature regime is above the onset 

ofHiO desorption (see Figure 10.13) using UHV conditions. 

A separate study was undertaken to ascertain the desorption behavior of ClONO, 

from Ag (111). A plot of the normalized 8jp(0-N02) intensity as function of temperature 

in this system is shown in Figure 10.16. As in the case of ClONO, on HjO ice, this plot 

shows the complete desorption of ClONO, from the Ag (111) surface by 150 K. The 

slight increase in this intensity at ~ 140 K may be a result of increased contact of ClONOi 

with the Ag (111). 

Zondlo et al. have studied ClONO, deposits on H^O ice at various temperatures. 

These experiments closely mimicked stratospheric conditions.For example, the H^O 

partial pressure in these studies was 1.06 x 10"* Torr.'°^ This pressure is slightly above the 

HiO ice frost point at 185 K. (1.03 x 10"* Torr). Thus, the H^O layer formed is stable at 

this temperature and pressure. This ice surface was exposed to ClONO, at 100 K at this 

pressure. ClONOj hydrolysis was observed after raising the ice temperature to 185 K, a 

temperature that is typical in the stratospheric winter.'"^ These observations suggest that 

this reaction is thermally activated. Unfortunately, this temperature can not be achieved 

prior to desorption of ClONO, in UHV. Future studies on this system in this laboratory 

will require the use of high vacuum (10"' Torr regime) to prevent the low temperature 

ClONO, desorption observed in UHV. 
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Figxire 10.16 Plot of normalized Raman intensity of464 cm"' ClONO, mode as 

function of surface temperature. 
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Atmospheric Implications and Conclusions 

These data indicate that molecular HNO3 in the HNO3/H2O interface is highly 

perturbed at low temperature (~ 100 K) when compared to bulk molecular HNO3. 

Spectral data indicate that HNO3 may form three-dimensional crytalline clusters at higher 

surface temperatures (138-145 K). The onset of HNO3 deprotonation Is facilitated by the 

marked change in the diffusion constant of HNO3 in crystalline HjO ice between 155-165 

K. Once deprotonated, HNO3 forms the metastable a-NAT phase. 

Studies have observed stable Type II (crystalline HiO ice) PSCs at 8 K above the 

ice frost point of It has been proposed that these particles are stabilized by a 

coating of NAT on the Type II PSC surface through the formation of an extended 

hydrogen-bonded network. Recent field studies have observed NOj" on Type II 

PSC ice particles.'"^ In addition to stabilizing these particles, these observations suggest 

that HNO3 adsorption on Type IT PSCs may initiate the formation of NAT under certain 

s t r a t o s p h e r i c  c o n d i t i o n s . «  

Large areas of the stratosphere contain Type 11 PSCs that are formed during rapid 

cooling of the atmosphere, such as an air parcel rising over a topographic feature.'"^ 

Shortly after nucleation of these particles, the uptake of gas-phase HNO3 onto the H^O ice 

surface quickly coats the surface.'"^ Gas kinetic theory calculations predict, at typical 

HNO3 stratospheric conditions, that ~ 3 nm min ' of HNO3 are adsorbed onto these Type 

II particles.'"^ Thus, these particles may serve as nucleation sites in the formation of NAT 
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in Type II PSCs, or sufficient HNO3 adsorption may result in the formation of a Type I 

from a Type IIPSC particle.'"^ 

The data collected in this study indicate that NAT is preferentially formed at ~ 20 

K below that encountered in the stratospheric winter. Although not directly observed in 

this study, it is assumed that this can occur on Type II PSCs at stratospheric temperatures. 

The initial HNO^rH^O in the films used in this study was ~ 1:13. Interestingly, NAM was 

initially observed in this study, and NAT, the thermodynamically stable HNO3 hydrate, 

was subsequently formed. This suggests that NAT is formed in HNOj/H^O ices regardless 

of the amount of excess HjO present. 

The study of ClONO, on crystalline H^O ice indicates that ClONO, hydrolysis 

does not occur prior to desorption under UHV conditions. Future studies of ClONO, on 

crystalline HjO ice at increased pressure may give insight into the mechanism of ClONOi 

hydrolysis on PSC surfaces. 
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Chapter 11 

Conclusions and Future Directions 

Overview of Problem 

Understanding the formation of trace-level atmospheric species and the physical, 

and chemical parameters that control their formation is paramount to answer the 

fundamental question of how the atmosphere regulates the cycles that govern global 

climate. Recent observations and predictions of stratospheric ozone (O3) losses have 

shown that these reductions are not solely regulated by gas phase reactions. Molina et al. 

discovered that reactions that occur on surfaces of ice particles are important in the 

regulation of O3 concentrations in the upper atmosphere. 

The role of atmospheric particles and reactions that occur on their surfaces have 

been extensively studied by solid and aqueous atmospheric particle studies, computer 

modeling, and laboratory investigations. As discussed in the introduction of this 

dissertation, the number of potential reactive routes that a particle may encounter and the 

complex coupling of atmospheric cycles oftentimes leads to speculation as to the origin 
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and composition of atmospheric particulates. Computational modeling of this chemistry 

provided given critical insight into the spatial and temporal fluctuations of many 

atmospheric species. However, a significant disconnect exists between conclusions drawn 

from field observations (particle collection and analysis) and computational modeling. The 

wide anay of gas phase species coupled with the complexity of atmospheric particulates 

further complicates this chemistry. Thus, laboratory studies are extremely useful in the 

study of atmospheric surface reaction chemistry. As a means to this end, atmospheric 

surfaces, and reactions that occur on them, are the focus of this dissertation. 

This research is centered around the reaction and surface chemistry of alkali 

halides and polar stratospheric clouds (PSCs.) Specifically, reactions of mineral acids 

(HNO3, H2SO4), and precursors of mineral acids (SO3) with NaCl are a focus of this work. 

In addition to these systems, model PSC surfaces (HNO3/H2O ices) were investigated to 

understand the interaction of HNO3 with crystalline HjO films. Several analytical 

techniques, new to the area of atmospheric research, were utilized in these investigations. 

Summarv of Research 

A common theme that is present in the research described in this dissertation is the 

important role of HjO in this chemistry. H^O is ubiquitous in the earth's atmosphere, and 

is present in vapor and condensed phases. Thus, its role in these systems is highly relevant 

to these findings. For this reason, its effect on these systems will be specifically discussed 
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in the following section. 

In the absence of surface-bound or vapor phase HjO, the exposure of NaCl to 

HNO3 forms a 1-2 ML capping-layer ofNaNOj. This layer effectively self-limits this 

reaction. Raman spectroscopy of the capping-layer indicates that it is composed of 

amorphous NaNOj. The use of Raman spectroscopy with AFM in this study allows the 

real-time direct observation ofNaNOj growth on the NaCl surface as a function of HNO3 

exposure. Computational modeling and Raman spectroscopy of this reaction shows a 

systematic change in the orientation of surface NO3" as a fiuiction of surface coverage. 

The coupling of these experimental techniques produces a detailed molecular picture of 

this surface reaction as a function of surface coverage. 

AFM images of the capping-layer indicate a thin, smooth, uniform layer on the 

NaCl surface. These are the first such images collected of this layer, and suggest that it is 

initially formed on defect-rich areas (e.g. step edges). Images collected after HjO 

exposure show dissolution and rearrangement of this surface to form transient NaNOj 

surface strings. NaNOj precipitation fi-om the surface-bound aqueous layer results in 

tower-like structures. Raman data indicate that these structures are composed of 

crystalline NaNOj. 

The study of this reaction is important in the understanding of flmdamental 

heterogeneous atmospheric reactions, and illustrates the important role of the NaCl 

surface and H1O in this chemistry. For example, the rate of this reaction may be a function 

of the number of surface defects present. In addition, these studies shows that the 
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formation of the NaNOj-capping layer on NaCl requires a rigorously dry environment. 

For this reason, this layer can not be formed in the terrestrial atmosphere. 

A similar effect of HiO is observed in the reaction between NaCl and H2SO4. 

Raman data indicate that this reaction forms anhydrous P-NaHS04, and not the previously 

assumed reaction product, Na2S04. This is the first spectroscopic evidence for NaHS04 

formation in this reaction. The formation ofNaHS04 reduces the amount of HCI added to 

the atmosphere fi^om this reaction by 100 % from the assumed reactions products: Na2S04 

and 2HC1. 

In the presence of H,0 vapor, Raman spectroscopy indicates that P-NaHS04 

rapidly undergoes a solid state phase transition to a-NaHS04 on the NaCl surface. This 

transition was also observed using AFM. The presence of HjO dictates the phase of 

NaHS04 produced in this reaction (P-NaHS04, a-NaHS04, or NaHS04 • H,0). A similar 

HiO-induced phase transition is observed in bulk p-NaHS04. These phase changes occur 

at HjO partial pressures that are observed in the terrestrial atmosphere, and may occur on 

sea salt-derived particles prior to dry deposition. Collectively, this study illustrates the 

utility of Raman spectroscopy and AFM in the study of model heterogeneous chemical 

systems. 

Raman spectra obtained after exposure of hydrated NaCl powders to SOjCg), a 

H2SO4 precursor, indicates that 1-2 ML of surface-adsorbed HjO are required to initiate 

the formation of NaHS04. Thus, the reaction chemistry in the atmosphere may be dictated 

by the amount of surfece-bound H^O on these surfeces. As discussed in Chapter 7, H,0 
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niay also dictate the Na2S04/(NH4)2S04 ratio of NaHS04/NaCl exposed to NHjCg). 

HiO may aflFect the surface segregation of NaBr in sea salt particulates. An x-ray 

photoelectron spectroscopy investigation of NaBr/NaCl crystals grown from aqueous 

solution indicates that the surface Br/Cl is 35 times greater than the bulk Br/Cl. Using 

back-scattered scanning electron microscopy (SEM), NaBr is found to be contained in 

discrete domains on the NaCl surface. This suggests that Br is more accessible to gas 

phase compounds, and subsequent release through surface reactions. These data give 

insight into the enhancement of gas-phase Br concentrations in the Arctic troposphere. 

Two chemical systems involving HiO ice are discussed below. These studies 

illustrate the role of HiO on the initiation of HNOj decomposition on Ag, and the 

deporotonation of HNO3 in model PSCs. The adsorption and reduction of HNO3 on Ag 

(111) was studied using Raman spectroscopy. Molecular HNO3 is observed in this 

environment at 100 K. HNO3 is decomposed to NONO on the Ag surtace at 160-190 K. 

It is proposed that the onset of HNO3 decomposition is dictated by rapid increase in the 

HjO difilision constant at 155-160 K. It is proposed that the interaction of HNO3 with 

surface-bound HiO at this temperature results in a small amount of NO3", and results in 

facile HNO3 decomposition on the Ag surface. 

The increased interaction of HNO3 adsorbed on crystalline H^O ice is observed at a 

similar temperature. At lower temperatures (< 155 K), molecular HNO3 is observed, and 

is indicative of a weak interaction between HNO3 and crystalline HjO in this temperature 

regime. HNO3 is rapidly deprotonated at 155-175 K. As discussed above, it is proposed 



451 

that this is a result of the diflftision of HNO3 into crystalline HiO ice at this temperature. 

After deprotonation, this ice is composed of the thermodynamically-stable HNO3 hydrate, 

nitric acid trihydrate. These data suggest that HNO3 deprotonation is facile in the 

temperature regime of the terrestrial stratosphere (180-220 K). 

These investigations used several new analytical techniques in this chemistry. 

The vast majority of atmospherically-relevant surface studies use mass spectrometry to 

detect the evolution of volatile reaction species. This technique is used to determine 

stoichiometric, mechanistic, and kinetic data in these systems. However, as shown in the 

reaction between NaCl and HjSO^ and the decomposition of HNO3 on Ag, mass 

spectrometry can not ascertain the species formed on these surfaces. For this reason, new 

techniques in this area are required to determine condensed phase reaction products in 

these systems. 

As discussed above, the majority of this chemistry is affected by the presence of 

HiO. Thus, the large absorbance of HjO in the infrared region greatly restricts the utility 

of FOR investigations in these systems. To circumvent these potential obstacles, several 

new techniques were developed and used here. The majority of these techniques are not 

novel in the study of siuface chemistry. However, to date, these studies are the first such 

investigations in which these techniques are applied to the field of atmospheric chemistry. 

As discussed above, the combination of these techniques allows direct determination of 

the surface-bound reaction products and the morphology of the surface as a fimction of 

coverage. Specifically, a flow-cell AFM was used under ambient conditions to study the 
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NaCl exposure to HNOjCg). This is the first study of real-time surface reactions using this 

technique. In addition, a flow-cell Raman system was built to elucidate kinetic rate 

information in this reaction. 

A home-built UHV system was used to acquire Raman spectroscopic data for 

species adsorbed on Ag (111). These studies indicate that crystalline H^O films, such as 

those found in the atmosphere, are easily prepared in vacuo by thermal annealing. The 

studies of HNO3 with Ag and HiO have shown that the coupling of UHV and Raman 

spectroscopy provides data that are not obtainable utilizing other analytical techniques. 

Future Studies 

Alkali Halide and Particulate Studies 

1. Confocal microscopy and Raman near-field scanning optical microscopy (R-

NSOM) may be useful in future investigations of alkali halide surface reactions. 

Specifically, apertureless R-NSOM may be employed to determine the chemical 

composition of the surface as a function of position. This technique may be 

extremely powerful in these studies, as the alkali halides are not vibrationally 

active. Thus, NaCl is a zero-background substrate. Additionally, this technique 

may be used to elucidate the chemical identity of the transient surface string 

structures observed in this system after H^O exposure. 

2. Recent studies have shown that nitrogen oxides may undergo surface reactions 
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with soil particulates composed of aluminum, silicon, and iron oxides.'""" 

Typically these reactions involve transformations between NO^ and NOy species. 

Each nitrogen oxide has a characteristic Raman signal. These compounds have 

been highly studied in the literature. This allows the direct determination of 

products formed in these surface reactions highly amenable to controlled Raman 

studies in this research lab. 

3. Two studies of surface segregation in alkali halides are of interest. 

a. Sea salt particulates are formed by the precipitation of sea water. The 

composition of the surface of these particles may be a function of their rate 

of crystallization. This rate is dictated by the loss of HjO, and is coupled to 

the local relative humidity (RH) in the atmosphere. Thus, it can be 

envisioned that the surface Br/Na is dictated by the local RH as a particle 

leaves the marine boundary layer traversing regions of high RH to areas of 

low RH. A study of the surface Br/Cl as a flmction of precipitation rate 

will aid in the understanding of the surface Br/Cl in the terrestrial 

atmosphere. Specifically, the crystallization rate may be controlled by an 

ultra-sonic aerosol generator to form NaBr/NaCl particulates of various 

sizes (1-25 ^m) fi'om saturated NaBr/NaCl solutions. The surface Br/Cl 

may be determined by x-ray photoelectron spectroscopy. 

b. Sea water contains many salts in addition to NaBr and NaCl. The sur&ce 
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segregation of these salts in a NaCl matrix may give insight into the 

composition of sea salt particles in the natural environment. This is an 

extension of the previous work ofNaBr segregation in NaCl crystals. 

Initially, divalent ions may be of interest; specifically, mixed crystals of 

MgCl • 6H2O in NaCl would be of interest. Preliminary investigations in 

this laboratory have shown that MgCl • 6H2O releases HiO when exposed 

to mineral acids (HNO3, H^SO^). As discussed above, H,0 affects much of 

this chemistry, and may alter the surface chemistry of sea salt aerosols. 

Ice Studies 

1. HNO3/H3O ices were studied in Chapter 10 of this dissertation. This work 

observed the deprotonation of HNO3 as a function of surface temperature. 

However, the surface temperature could not be set to one temperature and held for 

a specified period of time. Thus, the rate of HNO3 deprotonation in crystalline 

HiO ice could not be quantitatively evaluated. Future investigations on this system 

will have the ability to control the temperature of the surface to ± 1 K. This ability 

will allow the rate and the enthalpy of HNO3 deprotonation to be deduced 

spectroscopically by the formation of 2 ML HNO3 films adsorbed on 50 ML of 

crystalline HjO ice in UHV. This study may be followed by the adsorption of HCl 

onto HNO3 dosed on crystalline H^O ice. The adsorption of HCl onto these 

surfaces mimics stratospheric reactions that form reactive chlorine intermediates in 
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the stratosphere. As discussed in Chapter 10, HCl destabilizes these ices, and its 

effect on the rate HNO3 deprotonation is of interest. 

2. Future investigations of HCl and ClONOj adsorption onto these ices should 

investigate the mechanism on these important surface reactions. Preliminary 

experiments of ClONO, adsorption on HNOj/HiO ice showed the desorption of 

CIONO2 prior to hydrolysis. Thus, increasing the pressure of the vacuum system 

may inhibit this desorption, and facilitate the study of each of these chemical 

systems. 

3. As described in the Chapters 1 and 8 of this dissertation, it is proposed that the 

adsorption of sea salt aerosols onto the Arctic pack ice may initiate halogen-

releasing reactions that destroy tropospheric O3. Spectroscopic and mechanistic 

information of the species present in these ices are not known at this time, and 

might be elucidated utilizing Raman spectroscopy of NaBr films on H,0 ice 

surfaces grown in vacuum. These controlled laboratory experiments will give in-

depth mechanistic and thermodynamic data in this chemical system. The solvation 

and dissolution of surface-adsorbed NaBr might be achieved by control the surface 

temperature of the ice. 
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