The Role of Acidity, Viscosity, and Morphology on Atmospheric Aerosol Physicochemical Properties
and Impacts

by

Ziying Lei

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Environmental Health Science)
in the University of Michigan
2021

Doctoral Committee:

Associate Professor Andrew P. Ault, Co-Chair
Associate Professor Joseph T. Dvonch, Co-Chair
Associate Professor Richard L. Neitzel
Associate Professor Kerri A. Pratt

Professor Jason D. Surratt



Ziying Lei

Iziving(@umich.edu

ORCID iD: 0000-0003-3071-0698

© Ziying Lei 2021


mailto:lziying@umich.edu

Dedication

This dissertation is dedicated to my beloved parents, in gratitude for their unconditional love and endless

support. Along with all hard working and respected professors and collaborators.
PR SR 2 F bR Z K ACRE, I — AT URATTTC AL K 52 S5 B B

LI P A S48 ) 3 A [ AT

1



Acknowledgements

First and foremost, I would like to express my sincere gratitude to my Ph.D. advisor, Dr.
Andrew Ault, for all your mentorship and encouragement in the past years. Your motivation,
immense knowledge, and passion for science has always inspired me and helped me to grow as an
independent research scientist. Your advice on both research as well as on my career have been
invaluable. Without your mentorship and hard work my graduate school success would not have
been possible, and for that I will forever be grateful.

I would also like to thank my dissertation committee, Dr. Joseph Dvonch, Dr. Kerri Pratt,
Dr. Jason Surratt, and Dr. Richard Neitzl for your advice and support as I progressed through this
program. Specifically, I would like to thank Dr. Jason Surratt, who is collaborator on my research
projects since I came to Michigan. You have provided extensive guidance and feedback on much
of my work, and it has been a great pleasure working with you. To Dr. Mark Banaszak Holl, thank
you for inviting me to Australia and allowing me to use the fascinating instrument in your lab,
which was a wonderful research experience during my Ph.D. life.

I would like to thank my Michigan family, the supportive group of Ault and Pratt lab
members, for your care and help throughout graduate school. I am very lucky and truly grateful to
have you all in my life, you are not just great colleagues but even better friends. When I moved to
Michigan alone I never imagined having such a colorful and joyful life with you all. To my life-
long friend Dr. Nicole Olson, who has been an amazing friend since I joined the lab, I loved doing
research, participating in field studies, attending conferences, and planning fun activities with you.

We have created so many memories in the past several years that are very precious to me. To

i1



Madeline Cooke, for always being such a sweet friend to me, I will surely miss cooking dinner
and baking bread with you! To Jia Shi, for making the best fried chicken, bringing me pastries
from New York, and all your support with my car maintenance. To Yao, for hosting BBQ parties
and allowing me to hang out with Coco whenever I'm stressed. To Jamy, for hosting a
Friendsgiving party and being a supportive friend. To Dr Daun Jeong, for always making me laugh
and giving me advice to be a stronger woman! To Yilin Han, for bringing me cookies and bubble
tea when I was working late in the lab at night, going on a fun trip with me to Pictured Rock, and
taking many great photos. To Dr. Becky Craig, Rachel Kirpes, Kim Daley, and Alison Fankhauser,
thank you for all your support and help as mentors during my Ph.D. program, I have learned a lot
from you! To Dr. Isabel Colon-Bernal, Taeyong Ahn, Jinhee Kim, thank you for teaching me how
to use microspectroscopy and helping me deeply understand the instrument. Ted and Jinhee, thanks
for showing me around in Melbourne where I had a great time during my visit. To Dr. Yuzhi Chen,
I have greatly enjoyed every summer when we worked together in the lab, grabbed coffee across
the street, and hung out at conferences. To Dr. Yue Zhang, thank you for being a great friend and
supporting me in many ways, I am so excited to continue doing research with you! To Ryan Ward,
our friendship started at the first conference I went to, thanks for sharing all the fun moments in
your life with me.

To a few very special and important people in my life, Amy, I can never appreciate enough
for your kindness and all the joys we shared. Although we are not sisters by birth, I have always
felt that we are sisters by heart. Thank you for always being there for me, I will always remember
the jokes, adventures, laughs, and tears we experienced. Danni Li, my best friend in China, I
cherished the time we spent together when I flew back to China and thank you for everything, I

was so happy that I could attend your wedding virtually and give you my best wishes. To my

v



master advisor Dr. Andrew May. I feel incredibly lucky to have you as my first mentor in the U.S.,
you inspired me and showed me the ropes to overcome all the challenges I faced. You have taught
and encouraged me so much that I could never thank you enough. To Monica and Tom Cooke, for
spending Christmas with me and all the gifts, making me cookies, your kindness and love makes
me feel at home. To Karen Irion, for all your care packages from New Orleans and all your love.
To Luke Gerkman, a special guy who brought me so much happiness and laughter. Thank you for
all your love and care, for inspiring me to be a better person with a kind heart, for enjoying the fun
of life and many adventures together. I feel so lucky and grateful for having you in my life and
cannot wait to start our new life journey!

Lastly but most importantly, I want to thank my family for all their unconditional love,
support, and encouragement throughout my entire life. Thank you to my grandparents for always
believing in me and being proud of me. To my cousins, for all the fun we had when we reunited
during holidays, I feel less lonely being far away from home because of you. To mom, you have
made me become a strong, confident, and independent woman. Seeing you on the video call every
week and sharing my life with you became an important routine for me since I moved across the
Pacific Ocean. I cannot describe in words what and how much you mean to me, you have given
me everything I could ever ask for. I want you to know that a long distance will never make our
hearts grow apart and I love you, always and forever! To dad, thank you for always spoiling me
and helping me chase my dreams. Without your encouragement and generosity, I could not
accomplish this much and have a successful career in science. I always remember that you taught
me to never give up and hang in there a little longer because I am closer to success than I may
think. I appreciate you more than words can ever say and you are the greatest man I have ever

known. I am truly blessed to have the most amazing parents and my life is fulfilled with your love



and happiness. | want to give the sincerest thank you from the bottom of my heart to my dear

parents!

vi



Table of Contents

DEAICALION «.ceeeeeeriineicinricssnneissnricisnicssnessssnessssnessssesssssesssssssssssesssssessssssssssssssssssssssssssssssssssssssssssssns ii
ACKNOWIEAZEMENLS ...uuveieruricrranicssanicssanesssanssssanssssssssssssssasssssasssssssssssssessssssssssssssssssssssssssnsssssnsssses iii
LSt Of FIGUIES.ccciiueiiiiiiiiiniiinniicinicninnisintcssnscssssicssssscssssesssssesssssssssssssssssessssssssssssssssssssssssssssssssns X
LISt Of TADIES cccuuueeeniiniiiiiiiiiiiiiictintnnetiensnecsneessisssessssessssssssesssasssssssssssssessssssssssssassssssssase xiii
LiSt Of EQUATIONS «.uueieueiiiiniiiisiiiiiiiiciinicsnicnsnicsssicssssscssssesssssssssssssssssessssssssssssssssssssssssssssssssssses Xiv
LiSt Of APPENICES...ciueiiruiiireiiruiiiiiiseiisniisniisiissseisntsssesssessssesssessssessssssssnsssassssssssassssssssassssssssases XV
ADSIFACTc.cuuiiiiiiiiiiininiteicistniesssticssstecsssnessssnesssssesssssessssssssssesssssesssssesssssesssssesssssesssssessssssssssssssssses Xvi
Chapter 1. INtroducCtion.....c.ciceceeicssnecssnccssanssssanssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssasssssases 1
1.1 Characteristics of AtmoSpheric ACTOSOL ..........coiiriiriiiiiiriiiiiceeece e 1
1.2 Aerosol Physicochemical Properties .........ccueruieriieriieiiieiieciieieecie et 2
1.2.1 ACTOSOL ACIAILY ..eevvieniieeiiieiieeie ettt ettt et ete et e e e eteesaaeesbeessseensaessseesseessseenseesaseans 2
1.2.2 Aer0SOL MOTPROIOZY ..ottt ens 5
1.2.3 Aerosol Viscosity and Phase State .........cccccoevieiiieiiiniiiieeieeieeeeee e 5

1.3 Physicochemical Characterization of Individual Aerosol Particles .........cc.ceceveeviirienenncens 6
1.3.1 Raman MiCIOSPECLIOSCOPY -..eeeuveereerureatiesuieenteesiteeteeanseeseesnseesseesssesnseesnsesseessseenseesseens 6
1.3.2 Atomic Force Microscopy Photothermal Infrared Spectroscopy (AFM-PTIR)............. 7
1.3.3 Optical Photothermal Infrared Spectroscopy (O-PTIR).......cccoceevvieiieeiieniienieeieeies 8

1.4 Research Objectives and Scope of DiSSertation ..........coceeveevuereereeiienienenieneeeeieseeeenens 9
Chapter 2. Aerosol Acidity Sensing via Polymer Degradation...........eeeeecsensseenseecssnccsnnnes 11
2.2 METROAS ...ttt et et ettt et h e et e b e ateeeeas 13
2.2.1 PCL Thin Film Preparation ..........c.ccceeciieriieiiienieeieesie ettt 13
2.2.2 Aerosol Generation and IMPaCtion...........ccueevuieriieriieniiieieeeie et 14
2.2.3 Microscopic and Spectroscopic Characterization .............ccveeecveeerveeerveessveesieeesineeenns 15

2.3 Results and DISCUSSION .....c..ivuiiriiiiiriieriteteeiterit ettt ettt ettt st be e sbe e 16
2.4 CONCIUSIONS ...ttt ettt et bt e et e s bt et esbe e s abeesaaeebeesaeeeaeees 24
2.5 ACKNOWICAZEIMENLES ....ccuvviiiiiieeiiie ettt et e et e et eebe e esaeeesaeeessaeesnnaeesnsaeenns 25

vil



Chapter 3. Morphology and Viscosity Changes after Reactive Uptake of Isoprene
Epoxydiols in Submicrometer Phase Separated Particles with Secondary Organic Aerosol

Formed from Different Volatile Organic Compounds...........cceveereecsucnsecssaeesensssessancsneesanees 26
T 113 40T L 1o 1o ) PSSR 26
3.2 MEROAS ..ttt ettt ettt ettt e b e at e et e st ens 28

3.2.1 Aerosol Particle Generation and Collection............ccoeevvierieeiieniienieeiieceeee e 28
3.2.2 Microscopy and SpectroSCOPY ANALYSIS......cccuierveriieriienieeriieeieenieeereeieeseneeseessneennees 30
3.3 Results and DISCUSSION .....cciuuiitiiiiiiiiieiie ettt ettt sttt et e e st e e bt e sateebeesaeeens 31
3.4 CONCIUSIONS ....eneiieiiieeiie ettt et ettt st et te st e bt e s abe e bt e ssbeenseessbeesbeassseenseesasaenseessseenseensseans 39
3.5 ACKNOWICAZEIMENLS .....eeeuiieiiieiiieciie ettt ettt et eteeeaeebeesebeestaesabeesseessseensaenssaans 40

Chapter 4. Initial pH Governs Secondary Organic Aerosol Viscosity and Morphology after

Uptake of Isoprene Epoxydiols (IEPOX)......cccivveicisnicssnisssnncsssancssanssssssssssssssssssssssssssasssssassses 41
4.1 INEEOAUCTION L.ttt ettt ettt e et eeat e et e e s abeenbeeeseeenbeesaseenbeesneeeneeas 41
4.2 MEERNOMS ...ttt et b ettt ettt et ae et et he e 43

4.2.1 Chamber EXPEITIMENES ......cccueeiiiieiiiieeiiiieeiiee et e eiteesteeesteeessaeeesaaeeensseessneesnnneesneeenns 43
4.2.2 Microscopy Imaging and SPECtrOSCOPY ...cc.eevververiieriirierienieiienieeieete st 45
4.2.3 Characterization of Organosulfate FOrmation...........cccceeveeverienienieienicnenieneeeee, 46
4.3 Results and DISCUSSION ....cc.uieuieriieiiriertiete ettt ettt ettt ettt stee st et saeesteeseesaeenbeeneeseeenee 46
4.4 CONCIUSIONS ...ttt ettt ettt et e et e e s abeeabeesabeenbeesseeenbeesabeenbeeenseenseas 55
4.5 ACKNOWIEAGEMENLS .......ooiiiiiiiiiiieiiee ettt ettt e e teesebeebeesaneenseas 55

Chapter 5. Direct Measurement of Glass Transition Temperature for Individual

Submicron AtMOSPREriC ACTOSOL....cccuuiieiveriiiceiiisserinssnnissssnessssnesssnessssncssssscsssssssssssssssssssssssssns 56
5.1 INETOAUCTION ..ttt ettt ettt et e s bt e et e sab e e bt e seeeenbeesaeeans 56
S22 MEROM ..ottt et et e st e e bt e nteebeenareens 58

5.2.1 Aerosol Generation and IMPaCtioN..........ccveiuierieiiieniieeie ettt 58
5.2.2 Ambient Particles Sampling.........ccveevciiiiiiiiiiiiiecciee et 58
5.2.3 Differential Scanning Calorimetry Bulk Measurement............c..ccccevveniininnicneencnnne 59
5.2.4 Single Particle Nano Thermal Analysis Characterization............cccceceveeverieneenennene 59
5.2.5 Single Particle Chemical Characterization............c..eeeveeerieeeiieeerieeeieeeeeeeaeeeevee e 59
5.2.6 Glass Transition Temperature Prediction...........cocccoeriiniiniriiniinenienecieeeeseeeeeae 60

5.3 Results and DISCUSSION ....c.eertiriiriieiieieeiienteee ettt ettt ettt st sbe et e e b 60
5.4 CONCIUSION.....eeiiiiiiieite ettt ettt ettt et e ate et e esabe e bt e sabeenbeesateenbeessseenbeenaeeans 66
5.5 ACKNOWIEA@MENLES ....cueviiiiiiiiiieiiee ettt ettt ettt et e e ebeesaeeens 66
Chapter 6. Conclusion and Future Directions ........ccccccceeveicssunicssnrccssnrcssnrcsssnrcsssssssssssssasssses 67

viil



6.1 CONCIUSION. ... ettt e e e e e e e e e e e e e e e e e e et aaaaeeeeeeeaaeaaaaaeeeeeeaenenaaaaaaaaaeees 67

6.2 FULUTE DITECTIONS ..ceeieeiiiiieiieeeeeeeeeeeeeeeeeeeeee e 69
APPEINAICES ccuveriiirrranricssssarressssssecsssssssessssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 72
RETEIEIICES cuuueeeeereereenneecsecerereeeeseessecsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssnns 100

X



List of Figures

Figure 1.1 Radiative forcing estimates and UNCEItainties ..........ceeeeveerieriieeniierieerie e 2
Figure 1.2 Sources and receptors of aerosol and cloud droplet acidity .........ccceevveeiierieeieenennne. 3
Figure 1.3 Novel pH measurements of aerosol particles ...........ccoecieveiriiiinieniienieeceeeeeeeeee 4
Figure 1.4 Raman microspectroscopy analysis of an aerosol particle...........cccceevveeieenienieenenne. 7
Figure 1.5 Schematic of AFM-IR Operation ...........cccoccevuiriiniiniiiiinieiceicnieeeeteseee e 8
Figure 1.6 a) Schematic of optical photothermal infrared spectroSCoOpY ........cccvevveeveerireeireneenne. 9
Figure 2.1 a) Schematic depicting the use of PCL thin film degradation.............ccccoceevenennee 17
Figure 2.2 4 X 4 um AFM height images of PCL films............ccccooeviviiiiiieniiiieieceeeeee e, 19
Figure 2.3 a) Raman spectra of nondegraded PCL film background.............c.ccocevviniininnnnnnn. 21
Figure 2.4 pH 0 aerosol particles with da 180-320 nm were impacted on PCL samples............ 22
Figure 2.5 Left side: AFM height and 3D images of pH 0 acidic particles ..........cccoceeveennennen. 23
Figure 2.6 Left side: AFM height and 3D images of pH 0 acidic particles..........ccccecvverreenerennen. 23
Figure 3.1. Experimental design showing toluene, isoprene, o-pinene .........c..cccceeeveveenveenennnene 32
Figure 3.2. AFM phase images and spreading ratios of 150 nm SOA .........cccevevierienienienenne. 33
Figure 3.3. Morphology and the spreading ratio of size-selected a-pinene SOA.............cc.c....... 35
Figure 3.4. Morphology and the spreading ratio of size-selected isoprene SOA .........c.cccoeneeee. 36
Figure 3.5. Raman spectra of representative a-pinene SOA core and shell .........c.ccoceeeeiennee 37
Figure 4.1. Particle volume concentration (],tm3/cm3) after [IEPOX uptake........cccceoeeveneencnnee 47
Figure 4.2. a) AFM phase image of representative pH 1 w/o NH4" seed particles...................... 48
Figure 4.3 Particle volume concentration, average height trace of 10 individual particles......... 49



Figure 4.4 Raman spectra of pH 1 seed particles with NHa" after IEPOX.........cccoovevrvierenrnenee. 51

Figure 4.5 Representative PTIR spectra of individual particles after [EPOX ..........cccccoerienene. 52
Figure 4.6 . Organosulfates concentrations by conversion of inorganic sulfate.............c.c.......... 54
Figure 5.1 a). Schematic graph of AFM heating probe. ..........cccceveviiniininiiiniencieneeeeee 61
Figure 5.2. a). AFM height images of submicron sucrose, ouabain, raffinose..............ccccccueeene 62
Figure 5.3 a). AFM height images of PEG/AS phase-separated particles...........ccceecvvevueennennen. 63
Figure 5.4 a). AFM height images of PEG/AS particles with line scan ............cccceeveveeviieennnene 64
Figure 5.5 a). AFM 3D image of ambient particles ............coocueevieniieiieniieiecieeeeee e 65
Figure A.1 Raman spectra of sulfuric acid particles with pH 0 under different RHn. ................ 73
Figure A.2 SEM images of PCL a) after ammonium sulfate pH 6 particles .............ccccceeeunnnnee. 74
Figure A.3 a). 14 um X 14 um AFM height image of non-degraded PCL .............ccceevevrennnn. 75
Figure A.4 Raman spectra of non-degraded PCL film background ..........c.cccoceeverieniininiennnne. 77
Figure A.5 Raman spectra and optical image of 400 nm thick............ccccoveeviiiiiiiiiiiiiiencieeeeeee 78
Figure A.6 AFM-IR spectra of 400 nm thick initial non-degraded PCL...........cccccceviininiennnnne. 79
Figure A.7 Sulfuric acid (pH = 0) aerosol particles were generated............ccceevveeerieeeiveeninneenns 81
Figure B.1 Size distribution plots of a) toluene SOA; b) isoprene SOA .......ccccocevievvenereenenn. 82
Figure B.2 Experimental design showing instrumental setup and SOA formation...................... 83
Figure B.3 AFM phase images of 150 nm SOA-coated sulfate particles.........cccceveriereriennnnne. 84
Figure B.4 Morphology and spreading ratio of size-selected f-caryophyllene................cc........ 85
Figure B.5 Morphology and spreading ratio of size-selected toluene ...........c.ceccevveevvencnienenne. 86
Figure B.6 Raman spectra of representative individual S-caryophyllene..........ccccceevvevciveennnnnns 87
Figure B.7 Raman spectra of representative individual isoprene SOA-coated............ccceeuennenne. 88
Figure B.8 Raman spectra of representative individual toluene SOA-coated. .........c.ceeueeuennenne. &9

x1



Figure B.9 SEM images and EDX SPECLTa ........cccueeeiiiiiiiieeiiieeiee ettt esitee e saee e s 90

Figure C.1 Size distributions of seed aerosol particles with varying pH..........c.cccceeviiiriennnnnen. 91
Figure C.2 Initial sulfate concentration of ammonium bisulfate. ...........cccceeevveeviienniiencieecies 92
Figure C.3 Relative fraction for HSO4 (red) and SO4> .........coveveveveeereeeeeeeeeeeee e 93
Figure C.4 2MT (pink) and 2MTOS (green) CONCEeNtrationsS.........ceevveerveeerveeerveeesveeeseneessveeens 94
Figure C.5 SEM (FEI Helios 650) images of four types .......ccccccveevieiiieniieniienieeiee e 95
Figure D.1 Heating voltage of calibration standards were collected. ..........cccceevvveeviieriieencnnen, 97
Figure D.2 Temperature ramp of individual particles made from sucrose...........c.ccceceevueruennenne. 98
Figure D.3 PTIR spectra of individual phase separated particle...........cccoveeeieeeiiieenieeccieeeeeene 99

Xii



Table 4.1 Solutions used for

List of Tables

seed aerosol, labels used in text, measured solution pH with

uncertainty prior t0 @CTOSOIIZALION .........ecuiieriiirieeiierie et eette et et e eteeseeeeaeeteeesreessaessseeseessseenseas

Table C. 1 Experimentally determined Raman modes and tentative assignments for pH1

ammonium bisulfate particle

xiil



List of Equations

Eq. 3.1 Glass transition temperature model........c..cccooviiiiiiiriiniiiiiieeeeeee e 27
Eq. 5.1 Glass transisiton temperature Predition...........oeeeeeeeeeieereerieereeeieesieeeveeseeesveeveeseneeneees 60
Eq. 5.2 Calculate glass transition temperature from melting temperature ............cccceeeevueevenneene 60
Eq. A.1 Root mean SQUATE TOUZNNESS.......c.eieiiiiiiiiieiiie ettt e e e e e iae e e e e sree e 76

X1v



List of Appendices

Appendix A. Aerosol Acidity Sensing via Polymer Degradation Supplemental Information .....73
Appendix B. Morphology and Viscosity Change after Reactive Uptake Isoprene Epoxydiols in
Submicrometer Phase Separated Particles with Secondary Organic Aerosol Formed from
Different Volatile Organic Compounds Supplemental Information ...........cccccceevviiinciiiniiennnen, 82
Appendix C. Initial pH Governs Secondary Organic Aerosol Viscosity and Morphology after
Uptake of Isoprene Epoxydiols (IEPOX) Supplemental Information ...........ccccceevveeciviencieeennennns 91
Appendix D. Direct Measurement of Glass Transition Temperature for Individual Submicron

Atmospheric Aerosol Supplemental INformation ...........ccceeevieeiiiieriiieniieece e 97

XV



Abstract

Atmospheric aerosol plays a critical role in Earth’s climate by scattering or absorbing solar
radiation, acting as cloud condensation and ice nuclei, and impacting air quality and public health.
The physicochemical properties of aerosols dictate their climate and health impacts yet are
challenging to measure accurately and quantitatively due to the complex nature of atmospheric
aerosol. Specifically, the chemical composition, size, morphology, acidity, and viscosity have
great interparticle variation. Methods enabling detailed quantitative investigation of individual
aerosol properties are needed to understand the chemical transformation and climate effects of
atmospheric aerosol. In this dissertation, atmospherically-relevant aerosol particles were examined
using various state-of-the-art microspectroscopic techniques to measure the acidity, morphology,
and viscosity of individual submicron particles, allowing better prediction of the climate and health
impacts.

The acidity of aerosol is a critical property that affects the chemistry and composition of
the atmosphere. However, there are challenges with quantifying aerosol acidity in individual
particles due to the extremely small volumes of fine aerosol particles that have limited pH
measurements. A novel single-particle acidity measurement was explored using the degradation
of a pH-sensitive polymer. Submicron particles of known pH values (0 or 6) were deposited on a
polymer thin film to erode the film. Particles were then rinsed off and the degradation of the
polymer was characterized using atomic force microscopy (AFM) and Raman microspectroscopy.
Acidic particles (pH=0) caused the polymer to degrade while near neutral particles (pH =6) did
not. As particle size decreased, polymer degradation increased, indicating an increase in aerosol
acidity at smaller particle diameters.

To further understand the impacts of aerosol acidity on the formation and evolution of
secondary organic aerosol (SOA), inorganic sulfate particles with varying acidities (pH 1, 2, 3,
and 5) reacted with gaseous isoprene-derived epoxydiols (IEPOX) for a range of times (30, 60,
and 120 minutes). The morphology and chemical composition were systematically characterized

at a single-particle level using AFM with photothermal infrared spectroscopy (AFM-PTIR) and

xvi



Raman microspectroscopy. Core-shell morphology of SOA particles was observed under acidic
conditions after the IEPOX uptake and increasing aerosol acidity led to an increase in SOA
viscosity and higher yield of organosulfates. These physicochemical properties have the potential
to significantly alter the climate properties of the SOA particles.

To examine the effects of physicochemical properties in more complex atmospheric
particles, the morphology and viscosity of submicron SOA from four different volatile organic
compounds precursors (a-pinene, fS-caryophyllene, isoprene, and toluene) were characterized
before and after exposure to IEPOX. Dramatic morphological modifications were observed after
the reactive uptake of IEPOX. SOA derived from a-pinene and S-caryophyllene were less viscous
after IEPOX reactive uptake, while the viscosities did not change for isoprene and toluene-derived
SOA. Additionally, a new glass transition temperature measurement was developed to reveal the
viscosity of individual particles. The glass transition temperatures of atmospheric particles were
measured for the first time under ambient atmospheric conditions using AFM-PTIR with thermal
analysis.

The methods developed in this dissertation and their application to the study of atmospheric
aerosol yield a wide range of possibilities to connect the physicochemical properties of aerosol
particles with their chemical transformation processes and climate effects. Such characterization
of individual submicron SOA particles provides new insights into the multiphase atmospheric

processes and the ice nucleation/cloud formation of complex particles in the atmosphere.
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Chapter 1. Introduction

1.1 Characteristics of Atmospheric Aerosol

Atmospheric aerosol, also known as particulate matter (PM), is any solid or liquid particles
suspended in the air that has a wide range of sizes from 1 nm to 100 um in diameter."> Atmospheric
aerosols with submicron size in dimeter have strong impact on climate by scattering or absorbing
solar radiation and can also act as cloud condensation nuclei (CCN) or ice nucleating particles
(INP).2* According to estimates of the global radiative forcing (Figure 1.1), there are large
uncertainties in predicting the climate effects of atmospheric aerosols due to their complex nature.’
In addition to climate impacts, exposure to atmospheric aerosol particles is linked to adverse health
effects, which lead to over four million global deaths annually, primarily from high concentrations
of atmospheric aerosols. ®® The World Health Organization identified atmospheric aerosols as
targets for mitigation efforts to reduce global health risks.® Specifically, atmospheric aerosols can
cause oxidative stress, as well as respiratory and cardiovascular diseases due to the complex
chemical and physical properties of aerosol.'®!* Despite significant research advances in
characterizing atmospheric aerosols, detailed knowledge of many key atmospheric processes
remains incomplete. Improving the understanding of the chemical and physical properties of
individual atmospheric aerosols is important to reduce the uncertainties of climate and health

effects.

Atmospheric aerosols are formed from a variety of natural and anthropogenic sources, such
as biomass burning, volcanic dust, desert dust, or fossil fuel combustion.!#!® Primary aerosols are
directly emitted into the atmosphere, whereas secondary aerosols are formed through oxidation,
condensation, and multiphase chemical processes of gaseous precursors.'*!® One of the most
common types of secondary aerosol, secondary organic aerosol (SOA), is primarily formed after
oxidation of volatile organic compounds (VOCs), resulting in low volatility products that either

condense or undergo reactive uptake to existing inorganic particles (e.g., ammonium sulfate).'”!8



In addition to secondary aerosol formation, particles can undergo modifications during multiphase

processing which leads to changes in their physicochemical properties.'*!
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Figure 1.1 Radiative forcing estimates and uncertainties for greenhouse gases and aerosols.
Reproduced from Stocker et al.??

1.2 Aerosol Physicochemical Properties

1.2.1 Aerosol Acidity

Aerosol acidity (pH) is a critical property that determines the amount of SOA formation,
as many of the key reactions are pH-dependent.”>?* For example, acid-catalyzed ring opening
reactions of epoxides that are taken up into particles have lifetimes that are seconds in acidic
particles, but days long in neutral particles.?® The ability to definitively state whether aerosols have
a pH < 2 (highly acidic) would be transformative for the field of atmospheric chemistry, as the
lifetime of key secondary precursor species range over multiple orders of magnitude. The
importance of acidity has been identified primarily from studies in laboratory environmental

24.27-29 \where the acidic inorganic particles enhanced the amount of SOA formation. Prior

chambers,
results show that more acidic “seed” particles lead to greater SOA formation in comparison to

neutral seed particles.*® However, there remains uncertainty regarding the role of acidity as other



aerosol components have also been connected to SOA formation. This key uncertainty limits the
prediction of atmospheric particle burden and climate impacts. In addition, studies have shown
that aerosol pH can impact health through the dissolution of metals in atmospheric fine particles,’!
leading to formation of reactive oxygen species which lead to negative health effects. Further study
of aerosol acidity is needed to understand its impact on climate and health through secondary

aerosol formation (Figure 1.2).
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Figure 1.2 Sources and receptors of aerosol and cloud droplet acidity. Major primary sources and
occurrence in the atmosphere are identified in bold red text: sea salt, dust, and biomass burning
(sources); and aerosols, fog droplets, cloud droplets, and precipitation (occurrence).Key aerosol
processes are indicated by arrows and grey text: nucleation/growth, light scattering, cloud
condensation nuclei (CCN) and ice nuclei (IN) activation, and gas—particle partitioning. Sinks
(wet, dry, and occult deposition) are indicated by blue lines and text. The effects that aerosols have
in the atmosphere, and on terrestrial and marine ecosystems and human health, are highlighted in
pale yellow boxes. Approximate pH ranges of aqueous aerosols and droplets, seawater, and
terrestrial surface waters are also given. Reproduced from Pye et al.*

Despite the importance of atmospheric aerosol acidity for climate and health, scientific
understanding is limited by the lack of accurate methods for directly measuring aerosol acidity.

Recently, a method for the direct pH measurement of individual laboratory-generated aerosols was



developed utilizing an acid-conjugate base approach with Raman microspectroscopy (Figure
1.3).>%3* However, this method has been limited to particles with diameters > 2.5 um and simple
systems with only a few components, due to the use of optical microscopy methods that are
diffraction-limited (e.g. Raman microspectroscopy at 532 nm).***! This is a major limitation of
prior studies as most pH-sensitive PM formation occurs in fine particles (<2.5 pm), which have
complex chemical compositions that often contain thousands of species in a single particle.*?
Another direct, near real-time aerosol pH measurement has been developed using a colorimetric
approach involving a pH indicator and cell phone camera.®* This method has been applied to
measure submicron ambient particles (<0.4 pm), but is a bulk measurement technique. In addition,
it requires samples to have a particulate mass of 65 pg for fine particles (<2.5 um) with sufficient
aerosol liquid water content for changes in the pH indicator color. Therefore, a new method was
explored to determine acidity of submicron individual aerosol particles using pH sensitive polymer
with atomic force microscopy (Chapter 2). Improved analytical techniques are still needed to
measure individual submicron aerosol particles, particularly given the range and constantly

evolving chemical composition of submicron atmospheric particles.
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Figure 1.3 Novel pH measurements of aerosol particles including acid conjugate base method

using Raman Microspectroscopy; colorimetric method, and polymer degradation method using

atomic force microscopy. Reproduced from Ault et al. >




1.2.2 Aerosol Morphology

The morphology of aerosol particles has been intensively studied in recent years as it plays
a critical role in heterogeneous chemistry that occurs in the atmosphere.'*2!3%-4! It is important to
characterize aerosol morphology in order to incorporate it into regional- and global-scale
atmospheric chemistry models that are designed to predict the amount of aerosol mass, which have
direct implications for determining the effects of aerosol on air quality, climate, and human health.
Aerosol particles can have a range of possible morphologies, including spherical shape (e.g.,
SOA), crystals (e.g., salt), or chain agglomerates (e.g., soot).**** In the atmosphere, particles
containing both organic and inorganic components can undergo phase transitions including
deliquescence, efflorescence, and liquid-liquid phase separation (LLPS) based on the ambient
relative humidity (RH).>**>**® Atmospheric phase separated particles usually present core-shell
morphology, which occurs when organic components (i.e., shell) coat onto inorganic species (e.g.,
core).** Other morphologies such as homogenous, partially engulfed, and triphasic morphology
have been observed during heterogenous reactions from laboratory studies,’*! demonstrating that
aerosol morphology can impact multiphase chemistry leading to SOA formation. Different
morphologies of aerosols can also influence the gas/particle partitioning of semi-volatile organic

21,53

compounds,'®>? heterogenous chemistry reaction rate,?'>* and water uptake.>*

1.2.3 Aerosol Viscosity and Phase State

The viscosity of aerosol particles and their phase state are fundamental properties that
affect aerosol lifetime and particle growth.>->7 Differing viscosities within particles can lead to a
variety of phase states, such as liquid, semi-solid, and solid.’® In the past decades, atmospheric

aerosol particles were considered highly viscous semi-solid or even amorphous solid particles,

until recent studies showed evidence of liquid atmospheric particles with low viscosity.>*¢!

Atmospheric aerosol particles can have a wide range of viscosities (1), spanning over many orders

of magnitude from liquid (i.e., liquid water, 10~ Pa s) to solid (i.e., glass marbles, >10'2 Pa s).5%:6>-

67 Understanding the viscosity of atmospheric aerosol is critical to predicting their atmospheric

impacts. For instance, the rates of particle growth and evaporation are dependent on their

68,69

viscosity,’>” where liquid particles with low viscosity are more responsive to changes in gas phase

39,70

composition and water uptake, which have direct implications for air quality, visibility, and

climate.



1.3 Physicochemical Characterization of Individual Aerosol Particles

Physicochemical properties of individual aerosol particles can be characterized by single-

71

particle microscopic and spectroscopic techniques.” Microscopy usually provides physical

properties of aerosol particles (i.e., morphology, phase state, size), while spectroscopy can provide
detailed chemical information based on the different functional groups present in the particle.”>’
The non-destructive nature of microspectroscopic technique under ambient pressure and
temperature allows the same sample to be analyzed by multiple techniques.**’® Microscopic and
spectroscopic analysis are offline techniques, which require collecting particles onto substrates
using a size-resolved aerosol impactor. The single-particle microscopy and spectroscopy

techniques used in this dissertation are introduced below.

1.3.1 Raman Microspectroscopy

Raman microspectroscopy has been frequently used to characterize morphology, size and
chemical composition of aerosol particles using an optical microscope combined with vibrational

34,72,74,79-81 Raman

spectra that identify different functional groups in individual particles.
microspectroscopy probes molecular vibrations to provide information on covalently bonded
inorganic and organic species. Previous studies show that Raman spectroscopy can differentiate
species in slightly different bonding environments (i.e., NaNO3 vs. NO3")® and determine the pH
of individual particles based on the relative abundances of acids and their conjugate bases.>*’* The
sensitivity and high spatial resolution have allowed for characterizing complex aerosol particles
with core-shell morphology and differentiating the chemical compositions in the particle core and
shell.!” Chemical mapping can also be performed to study the distribution of specific molecular
species within an individual aerosol particle (Figure 1.4).8*%* Furthermore, Raman analysis is
performed under ambient pressure and temperature that can prevent particle distortion. In addition,
a relative humidity (RH) cell can be added to Raman microspectroscoy to study hygroscopic
growth of aerosol particles.>* In order to provide more quantitative analysis, a computer-controlled
method (CC-Raman) was developed that can analyze hundreds of particles per sample.®> Due to
the diffraction limit of visible light,Raman microspectroscopy is typically limited to particles
larger than 1um. Thus, surface enhanced Raman spectroscopy (SERS) and tip enhanced Raman

spectroscopy (TERS) were developed to allow for analysis of submicron particles.®**%” However,

the uneven enhancements add difficulty to perform quantitative measurements, and some mineral



dust or biologic particles are likely to fluoresce,®® which often overwhelms the Raman signal.
Thus, other vibrational spectroscopy techniques will be used to complement Raman

microspectroscopy, such as infrared spectroscopy.
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Figure 1.4 Raman microspectroscopy analysis of an aerosol particle with highlighted region
showing the location, chemical distribution, and detailed chemical composition characterization.
a). Optical image of aerosol particle, (highlighted in red) against SERS substrates, and mapped
area (blue box). b) Map of the aerosol particle (outlined in yellow dashes) showing the location of
three different enhanced chemical species at 1022 cm™! (green), 1370 cm™! (red), and 1480 cm™
(blue). ¢) Raman spectra accompanying the mapped intensities. Reproduced from Craig et al.**

1.3.2 Atomic Force Microscopy Photothermal Infrared Spectroscopy (AFM-PTIR)

Atomic force microscopy with photothermal infrared spectroscopy (AFM-PTIR) is a
powerful tool for single particle analysis, which can not only provide the morphology of individual
particles down to 30 nm but also the chemical composition within the particle.”*> AFM-PTIR is
based on detecting the photothermal expansion of an individual particle by a tunable IR laser with
AFM probe (Figure 1.5).” This technique has been widely applied to study atmospheric aerosol
particles,”” polymer degradation,”® particle hygroscopicity,”** and particle phase state.'®-?!%
AFM-PTIR can collect spatial distribution of the measured functional groups within a particle
through its high resolution spectral images and maps under ambient conditions.”” Additionally,
different AFM probes can be used to characterize physical properties of individual particles,’>*!:%2

98,99

including surface tension®®”? and nano thermal analysis.”*!%192 The nano thermal analysis was

applied to atmospheric aerosol particles for the first time in this work to reveal particle viscosity



(Chapter 5). AFM-PTIR has shown the potential to advance current understanding of atmospheric

particles and their impacts on climate and public health.
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Figure 1.5 Schematic of AFM-IR operation. Local thermal expansion from the IR laser is detected
by the cantilever, allowing IR spectra with ~50 nm resolution to be collected. IR spectra were

collected from individual (NH4)2SO4 particles using AFM-IR (this study) and micro-FTIR.
Reproduced from Bondy et al.”?

1.3.3 Optical Photothermal Infrared Spectroscopy (O-PTIR)

Recently a new breakthrough technique, optical photothermal infrared spectroscopy (O-
PTIR), has been developed.”® This non-contact analytical method uses changes in the scattering
intensity of a continuous wave visible laser to detect the photothermal expansion when a tunable
IR laser was applied to excite vibrational modes (Figure 1.6).”%1%-19° The modulated photothermal
expansion causes the change in the intensity of the elastically (Rayleigh) scattered light, which can
be processed to generate an IR spectrum. Meanwhile, inelastically (Stokes) scattered photons are
also generated and collected simultaneously to obtain a Raman spectrum at the same location on
the sample as the PTIR spectrum. Because the spatial resolution is determined by the visible laser,
this technique overcomes the key limitation of traditional IR microscopy and improves spatial
resolution to ~ 500 nm.'% Similar to the techniques mentioned above, O-PTIR also can provide
detailed characterization of chemical composition for individual submicron particles and specific

105,107,108 \which allow us to further understand

vibrational modes within individual particles,
particle physicochemical properties. O-PTIR + Raman has been applied to study atmospheric

aerosol particles to identify inorganic and organic modes in individual sub- and supermicrometer



particles.”® This powerful technique will provide insights into complex liquid particles, especially

at single particle levels.
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Figure 1.6 a) Schematic of optical photothermal infrared spectroscopy (O-PTIR) and
Ramanspectroscopy.Infrared and visible light are focused on the sample through a Cassegrain
objective, inducing a photothermal expansion of the particle. Light scattered from the sample
(Apscat) 1s proportional to the photothermal expansion of the particle (A4) and absorbance of IR
light (Absir). Simultaneous IR and Raman spectra are obtained from a single point. b) Molecular
vibrations are shown corresponding to antisymmetric (red) and symmetric (green) stretching
modes of sulfate. ¢) IR and Raman spectra obtained from a sulfate-containing particle. Adapted
from Olson et al.”

1.4 Research Objectives and Scope of Dissertation

In this dissertation, novel acidity and viscosity measurements of individual submicron
aerosol particles have been developed, and detailed physicochemical properties of atmospherically
relevant aerosol particles have been studied using single-particle microscopy and spectroscopy
methods to improve our understanding of atmospheric aerosol formation. Chapter 2 explores a
novel single-particle acidity measurement using the degradation of a pH-sensitive polymer.
Chapter 3 investigates the morphology and viscosity changes of submicron SOA formed from
different VOCs precursors after reactive uptake of isoprene epoxydiols (IEPOX). Chapter 4
investigates morphology, phase state, and chemical composition of individual inorganic sulfate
particles with different initial acidities after [IEPOX reactive uptake, which highlights that aerosol
acidity is critical for multiphase chemical reactions and SOA formation. Chapter 5 describes the
application of thermal analysis to measure glass transition temperature of atmospheric particles for
the first time. Finally, Chapter 6 discusses the conclusion of all the studies included in this
dissertation and future directions for on-going projects. The results herein presented provide

insights into physicochemical properties of atmospheric aerosol and their climate-relevant



properties. The novel methods allow us to provide detailed characterization of individual
submicron atmospheric aerosols that can lead to improved prediction of SOA on climate and health

impacts.

10



Chapter 2. Aerosol Acidity Sensing via Polymer Degradation

Adapted with permission from Ziying Lei, Samuel E. Bliesner, Claire N. Mattson, Madeline E.
Cooke, Nicole E. Olson, Kaseba Chibwe, Julie N. L. Albert, and Andrew P. Ault: Aerosol Acidity
Sensing via Polymer Degradation, Anal. Chem. 2020, 92, 9, 6502—-6511, 2020.
https://doi.org/10.1021/acs.analchem.9b05766

2.1 Introduction

Air pollution episodes with high concentrations of particulate matter (PM) are increasing
across many urban areas globally, each with complex emissions and atmospheric chemistry
leading to secondary aerosol formation.!®-!'% Air pollution leads to an estimated 10% of global

1

deaths annually,!'! primarily from particles that have lifetimes of days-to-weeks in the

7312113 particularly submicron particles.!'* Atmospheric particles have complex

atmosphere,
chemical and physical properties, leading to the formation of reactive oxygen species, oxidative
stress, and ultimately respiratory and cardiovascular disease.!'>!'7 An important factor in the
amount of PM formation during pollution events is aerosol acidity, which plays a critical role in
determining the different reaction pathways that can dominate secondary aerosol formation, '8!
During severe air pollution events in Beijing, China, the formation pathways for sulfate and nitrate
are pH dependent, as is the multiphase chemistry leading to secondary organic aerosol (SOA)
formation in regions where different volatile organic compounds (VOCs) oxidize to form high
concentrations of PM.!'?° Atmospheric chamber experiments have observed that particles that have
lower pH lead to greater SOA formation in comparison to particles at neutral pH.'?"'?? As an
example, acid-catalyzed ring opening reactions of epoxides that are taken up into particles have
lifetimes of less than a minute in acidic particles, but can last for days in particles at neutral

pH.24121-126 yH_dependent processes also impact particle water uptake,'?”!?8 liquid-liquid phase

129,130

separation, and gas-particle partitioning.'' However, there remains considerable uncertainty

regarding the actual pH of atmospheric aerosol and its variation as a function of aerosol size,
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composition, and time.''%!3! This key uncertainty limits predictions of atmospheric particle

concentrations, composition, and, ultimately, health and climate impacts.

Despite the implications of atmospheric particle acidity for health and climate, scientific
understanding is still limited due to the lack of methods available to measure individual
atmospheric particle pH, with most methods relying on indirect and proxy approaches or
thermodynamic modeling assuming equilibrium conditions.'3>!3* The challenge of measuring pH
is due to the fact that the activity of the H ion (ay+ = yy+ X [H]) is not conserved as water
content changes (the activity coefficient (y) typically decreases below 1 when water content
decreases). Thus, if particle samples are collected on and extracted from a filter, analyzed under
vacuum, or dried during or after collection, the pH of a single particle will no longer be
representative of the particle’s pH in the atmosphere. Indirect pH measurement methods have used
multiple approaches, such as taking the ion balance of common cations and anions and assuming
the difference is the H* ion,!*!134136 but indirect and proxy methods have considerable issues and
limitations, as explored in detail by Hennigan et al.!*> Other methods for estimating aerosol acidity
have used thermodynamic models and phase partitioning approaches that take bulk concentrations
of aerosol species combined with gas concentrations (when available) to predict water content and
then pH.!*”!* However, low water content, high ionic strengths (> 10 M), incorporation of
inorganic ions (e.g., sulfate) into organic species (e.g., organosulfates),'*’ and formation of viscous
organic phases leading to kinetic limitations can make thermodynamic equilibrium calculations
challenging. Additionally, the expense and challenge of making simultaneous measurement of
NH3 (¢ and NHa (ag), as well as the limitations of assuming thermodynamic equilibrium, inhibits
the broad application of phase-partitioning for evaluation and prediction of atmospheric aerosol
acidity.!?”1411% Given that acidity measurement methods for individual ambient particles are

lacking, new analytical methods are needed to determine pH.

Recently, a method for the direct pH measurement of individual laboratory-generated
aerosols was developed utilizing an acid-conjugate base approach with Raman
microspectroscopy.®* This acid-conjugate base method relates the concentrations from the
vibrational modes of an acid and its conjugate base to a calibration curve, which are combined
with activity coefficient (y) calculations and used to determine the activity of the H' ion and, thus,
pH of individual particles. However, this method has been limited to particles with diameters >

2.5 um and simple systems with only a few components, due to the use of optical microscopy

12



methods that are diffraction-limited (e.g. Raman microspectroscopy with a 532 nm laser).”!43
This is limiting as most pH-sensitive PM formation occurs in fine particles (< 2.5 um), which have
complex chemical compositions, often containing thousands of species in a single particle.!*
Another direct, near real-time aerosol pH measurement has been developed using a colorimetric
approach involving a pH indicator and cell phone camera. This method has been applied to
measure submicron ambient particles (< 0.4 um), but is a bulk measurement approach. In addition,
it requires samples to have a particulate mass of 65 pg for fine particles (< 2.5 um) with sufficient
aerosol liquid water content for changes in the pH indicator color and a lack of chromophores in
the aerosol (e.g. soot) that interfere.'*” Therefore, novel techniques are still needed to measure
submicron individual particles, particularly given the range and constantly evolving chemical

composition of submicron atmospheric particles, which have important impacts on climate and

health, 48150

Poly(e-caprolactone) (PCL) is a hydrolytically degradable, aliphatic polyester that has
exhibited utility for applications requiring a degradable material.!*!"’>* PCL degrades with

differing kinetics between pH 1 and pH 3,'%

within the expected pH range of 0-3 for most
atmospheric aerosols.!!*!%® Herein, we describe how the acid-initiated degradation of PCL films
can be harnessed to measure the effective acidity of individual aerosol particles. By irreversibly
degrading the polymer, this method provides information related to the pH of individual submicron
particles, without requiring challenging coupled gas and particle composition measurements. PCL
degradation by highly acidic (pH = 0) acrosol particles was investigated and compared to (lack of)
degradation by mildly acidic (pH = 6) aerosol particles using a combination of atomic force
microscopy (AFM) to monitor film thickness and Raman microspectroscopy to monitor chemical
changes to the polymer. The degradation due to exposure to pH = 0 particles as a function of time
and particle size was quantified using model systems containing components of atmospheric

aerosols. This novel method provides an approach for studying the pH of individual submicron

particles and proof-of-concept for future sensor development.

2.2 Methods

2.2.1 PCL Thin Film Preparation
PCL brush-coated substrates were prepared by coating ultraviolet ozone (UVO) cleaned

silicon substrates with a thick (~10° nm) PCL film (hydroxyl-terminated, Mx = 45 kDa; Sigma-

13



Aldrich). After coating with the thick films, substrates were placed on a hotplate at 140 °C
overnight to allow the hydroxyl-terminated PCL polymer to graft to the native oxide layer of the
silicon substrate. Thereafter, films were isothermally recrystallized at 25 °C for 30 minutes. Then,
the PCL thick films were rinsed off of the substrate with toluene, leaving behind a residual PCL
brush film (~10° nm). Applying PCL brushes to silicon substrates inhibits dewetting of films cast

onto these substrates.'>”1>°

All thin films in this study were cast via flow-coating from a solution of PCL in toluene
onto substrates prepared as described above. Following casting, the PCL films were melted at 100
°C for 10 minutes and then isothermally recrystallized at 25 °C for 30 minutes. Film thicknesses
of approximately 21-25 nm, 50 nm, and 400 nm were measured via spectral reflectance (Filmetrics

F20-UV).

2.2.2 Aerosol Generation and Impaction

For aerosol generation, standard solutions were prepared using sulfuric acid (H2SO4)
(Sigma-Aldrich), ammonium sulfate (NH4)2SO4 (Alfa Aesar), and 18.2 MQ Milli-Q water. All
chemicals were > 98.0% purity and used without further purification. A solution of 30 mM
(NH4)2S0O4 with pH = 6 was used as a control in comparison to a 1 M H2SO4 solution with pH =0
that is mostly HSO4™ (aq); the pH value of 0 was chosen based on prevalent pH values for
atmospheric particles.!33137:143:160 A]] solution pH values were measured by a pH probe (AP110,
Accumet Portable). Aerosols were generated from each solution using a Collison nebulizer (i.e.,
atomizer) operated with HEPA filtered air, and inertially impacted on PCL thin films using a mini-
multi orifice uniform deposit impactor (mini-MOUDI) (MOUDI model 135, MSP Corporation).
The mini-MOUDI consists of 8 stages with different aerodynamic diameter (da) 50% size cuts, and
the particles were impacted on stages 6, 7 and 8 with aerodynamic cut points leading to size ranges
of < 180 nm, 180-320 nm, and 320-560 nm, respectively. Submicron particles were the focus of
this study, as particles < 1 pm corresponds to the size regime where key pH-dependent sulfate,
nitrate, and SOA formation reactions occur.!'%!'* Aerosol particles were generated under humid
conditions, ~90% relative humidity (RH), to ensure they were aqueous and capable of degrading
the PCL thin films. Aerosol particle pH was confirmed using the colorimetric pH method detailed

73

by Craig et al.'*® Particle impaction leads to spreading, which is substrate dependent.”® Prior work

has shown on silicon wafers that spreading ratios of ~2.5:1 to 6:1 are common for atmospheric and
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lab-generated particles.!®!>%1%! The role of phase in spreading and 3-dimensional morphology have
also been shown.!>1%? In this study, the focus is on aqueous particles and spreading ratios on the

polymer are similar to those of aqueous particles on bare silicon.

Following impaction of aqueous aerosol particles onto the PCL films, samples were
promptly placed in a sealed humidity-controlled chamber at 50% RH to maintain the liquid state
of aerosol particles. Since the particles are generated as aqueous droplets, to maintain the particles
in an aqueous/liquid state they must be kept above the efflorescence RH (40%) to avoid undergoing
a phase transition to an amorphous solid or crystal at 23 °C, the temperature of the laboratory.'%*-
166 To confirm that the particles were stable in their aqueous state and not undergoing reactions,
beyond those with the polymer, two peaks were monitored with Raman microspectroscopy
(instrumental details below): 1) the sulfate and bisulfate symmetric stretches (for pH = 6 and pH
= 0, respectively) and 2) the v(O-H) stretching region, which is associated with water in the
particles.'®’ For the sulfate/bisulfate stretch, the continued observation of vs(SO4*) at 980 cm™ and
vs(HSO4") at 1040 cm™' throughout storage combined with a lack of a peak associated with
organosulfates v(ROSO3") at ~1065 cm™! confirms the stability of the particle composition.'*® For
the water vibration, the v(O-H) mode in the Raman spectra (3350-3600 cm™) of the sulfuric acid
particles was monitored at different RHs to confirm that the particles remain liquid during storage
(Figure A.1), as shown for previous single aerosol particle Raman studies.'®” Following
degradation, samples with aqueous particles still on the polymer-coated silicon substrate were
rinsed with Milli-Q water to remove the soluble particles on the surface leaving only polymer and

silicon behind. All PCL samples were dried before further characterization.

2.2.3 Microscopic and Spectroscopic Characterization

The size and depth of the depressions left in the polymer film from PCL degradation were
characterized by atomic force microscopy (AFM). AFM imaging was carried out using a PicoPlus
5500 AFM (Agilent) (NanoScience; resonance frequency 300 kHz, force constant 40 N/m). AFM
images for PCL samples were collected in tapping mode across regions ranging from 4 um by 4
pum to 25 pm by 25 um. A nanolR2 system (Anasys Instruments, Santa Barbara, CA) was used to
chemically characterize the PCL with photothermal infrared spectroscopy (PTIR). AFM height
and deflection images and IR spectra of PCL before and after degradation were collected in contact

mode (IR power 16.54%, filter in) at a scan rate of 0.75 Hz using a gold-coated contact mode

15



silicon nitride probe (Anasys Instruments, 13 + 4 kHz resonant frequency, 0.07-0.4 N/m spring
constant). IR spectra were collected over a frequency range of 900-3600 cm™ using a tunable IR

source (2.5-12 um, 1 kHz) with a resolution of 4 cm™!/point.

Raman microspectroscopy was used to characterize PCL chemical composition before and
after its degradation at the same location. Raman spectra were collected using a LabRAM HR
Evolution Raman microspectrometer (Horiba, Ltd.) consisting of confocal optical microscopy
(100 x 0.9 N.A. Olympus objective), a Nd:YAG laser source (50 mW, 532 nm), and CCD detector.
All spectra from 500 to 4000 cm™! were acquired for 60 s with three accumulations at a spectral

resolution of 1.8 c¢m™

using a 600 groove/mm grating. Initial calibration for the instrument
involved nine different frequencies, including the laser line (0 cm™ Raman shift), the Si wafer at
520 cm!, a calibration standard with a 1004 cm™ peak, and a diamond band at 1332 cm™. The
instrument was checked in the laboratory for variation from the initial calibration using the laser
line and the Si wafer peak at 520 cm™. Variation in frequencies were < 1% due to thermal drift or
other minor effects. The peak at 520 cm™ was checked daily for shifts beyond a pixel on the
detector (1.8 cm™ for the 600 groove/mm grating used in this study), which if observed would
have required further calibration; however this did not occur over the time period of the study as

calibrations of this instrument have been stable for multiple years.’”*341

2.3 Results and Discussion

As illustrated schematically in Figure la, for this study, a PCL film is fabricated, has
aerosol impacted on it, is allowed to react and degrade, and is imaged with an AFM after the
particles and most degradation byproducts are washed off. The pronounced holes in the polymer
film in Figure 2.1b (right image) demonstrate the ability of the acidic particles to degrade the
polymer. The degradation mechanism for the acid-catalyzed degradation of the PCL film is shown
in Figure 2.1c. The H ion from the acid solution protonates the carbonyl group leading to an
addition-elimination reaction and breaking of the polymer carbon-carbon backbone. The
hydrolysis reaction that occurs leads to the formation of 6-hydroxyhexanoic acid and other

degradation byproducts (oligomers).!>*153

The initial morphology of a non-degraded PCL thin film (21 + 3 nm) is shown in Figure

2.2a, as well as a height trace from the image in Figure 2.2d. Aerosol particles were generated
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from pH = 6 and pH = 0 solutions and the particles with da 320-560 nm were impacted onto the
PCL thin films. After 15 days, the particles on the PCL were rinsed off and the AFM images were
collected that are shown in Figure 2.2b and 2.2c, respectively. Scanning electron microscopy

(SEM) images corroborated the morphology observed by the AFM and further information is
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Figure 2.1 a) Schematic depicting the use of PCL thin film degradation for determining aerosol
acidity; b) AFM 3D height image of PCL degradation process, the size (length x width x height)
of AFM images from left to right are: 7 um x 7 pm x 51 nm, 10 pm % 10 pm % 0.2 ym, 10 pm X
10 um x 41 nm; c¢) and acid-catalyzed degradation mechanism of PCL, based on Woodruff et al,
2010.% Note that “n” refers to the number of repeat units in the starting PCL material and that / +
m < n.

provided in the supporting information (Figure A.2)

Based on visual inspection of the height trace, there is consistent variation in the height of
the PCL material due to its semi-crystalline structure prior to aerosol impaction. The surface
roughness of the initial PCL was characterized and a 2 nm root mean squared (RMS) roughness
for the surface was calculated using Gwyddion and Nanoscope software (details in the Supporting
Information); the spreading ratios of particles on these surfaces are similar to those reported for
particles impacted on silicon wafers,!>!3%16! syggesting that this low level of surface roughness

does not affect particle deposition or surface wetting. Near neutral particles impacted on the films
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did not appear to degrade the polymer and did not lead to particle-sized holes in the PCL thin films
(Figures 2.2b and 2.2¢). For the near-neutral particle sample, qualitative comparison of the height
traces of the initial film and post-rinse film show similar profiles (Figures 2.2d and 2.2¢). This
result shows that particles with near neutral pH did not cause PCL degradation. In contrast, the
acidic aerosol particles degraded the PCL, generating holes corresponding to individual particles
(Figures 2.2c and 2.2f). The larger AFM height images of non-degraded PCL, the PCL after
exposed to near-neutral particles, and a degraded PCL from numerous particles are shown in the
Supporting Information to show the representativeness of the example regions in Figure 2.2
(Figure A.3). It should be noted that the size of the hole (~2-3 um) is larger than the da of the
suspended particles (320-560 nm) due to the aqueous aerosol particles spreading on the PCL film
upon impaction and the extent of spreading agrees with prior studies.'®’*>!7® Comparing the height
trace of the initial PCL and the height trace of the degraded PCL indicates that the acidic aerosol
particles degraded the full depth of the PCL thin film and reached the silicon substrate after 15
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days. The height trace shows the edge of the hole is taller than the average height of the surface of
the film. We believe this is due to accumulation of insoluble degradation byproducts of the PCL
material at the edge of the hole, whereas soluble degradation products are removed when the
particles are was washed off with water. The results from AFM illustrate the potential for aerosol

particle acidity measurement through physical changes to the substrate.

To expand beyond physical characterization, the changes to the PCL films were chemically
characterized using Raman microspectroscopy prior to, during, and after the degradation process.
Due to the limits of detection for the Raman microspectrometer, a thicker PCL film (50 nm) was
used. Again, pH = 0 acidic aerosol particles were deposited for 15 days, but with a greater loading
of particles, which coalesced into larger droplets, as seen in in Figure 2.3b. Since the Raman

focused on chemical changes, not physical, the coalescence was not an issue and coalesced
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Figure 2.2 4 x 4 pm AFM height images of PCL films: a) non-degraded; b) following exposure to

ammonium sulfate pH 6 particles for 15 days; c) following exposure to sulfuric acid pH 0 particles
for 15 days. The dark brown color represents the silicon substrate, and the golden color represents
the PCL. d), e), and f) height traces corresponding to the white dash lines on the AFM height
images. Black dash lines represent approximate PCL film thickness and 0 on the y-axis represents
average PCL height. The bright spots on the AFM images are tip artifacts.

19



particles are only shown in Figure 2.3. The PCL film was analyzed at three different periods: non-
degraded PCL, before rinsing off the acidic particles that had merged into droplets, and after

rinsing off the merged particles.

The Raman spectrum of the non-degraded PCL shows modes in the v(C-H) stretching
region at 2871 cm™ and 2916 cm™!, which correspond to asymmetric elongation of methylene-
oxygen vibrations v(CH2-O) and symmetric elongation of methylene groups v(CHz-). The carbonyl
group v(C=0) mode was observed at 1723 cm™', corresponding to the aliphatic ester v(COz-) of
the PCL.'®!" A peak at 1441 cm was also observed that corresponds to the asymmetric
elongation of the carbon-hydrogen &(C-H) of the methylene (CHz) . After the pH 0 acidic aerosol
particles were impacted and sat on the PCL for 15 days, the Raman spectra were collected before
and after rinsing off the particles. When compared with the non-degraded PCL, three main
differences were observed between the spectra collected after 15 days, but before particles were
washed off. First, the carbonyl group v(C=0) mode at 1723 cm™! decreased, suggesting that, as
expected, the carbonyl group of the PCL is a participant in the acid-driven reaction and is favorable
for nucleophilic attack when exposed to acid during the PCL degradation process. Secondly, a
weak peak was observed at 3460 cm™ from either the hydroxyl of the carboxylic acid v(O-H) that
forms during the hydrolysis reaction or water from the sulfate-containing particles that were
impacted. Lastly, strong peaks were observed from 2870 cm™ to 3038 cm™!, which corresponds to
C-H stretches of the methylene groups. A shoulder corresponding to the symmetric vibration of
the carboxylate vs(COO") functional group at 1416 cm™ was also observed, which suggests the
formation of carboxylic acid functional groups as the ester degrades (e.g. 6-hexanoic acid, as
shown in mechanism in Figure 2.1c). These results are consistent with the degradation of
polyesters, which have very similar structures to PCL. Raman spectra were also collected after
rinsing off the acidic particles and PCL degradation products. A comparison of the degraded,
rinsed PCL, and non-degraded PCL Raman spectra supports that the carbonyl group fully reacted
with the acid, observed by the characteristic peaks of asymmetric elongation of methylene-oxygen
v(CH2-0) and symmetric elongation of methylene group 3(CH2-) at 2871 cm™ and 2916 ¢cm’!
respectively 8%!7! A strong sulfate peak v(SO4*) at 978 cm! was also observed before wash off of
the sulfuric acid particles, which confirmed the chemical composition of particle, and the peak is

no longer present after washing off the substrate with water, which illustrates that the particles
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were rinsed off (Figure A.4). To obtain more detailed Raman and IR spectra for mode assignments,

spectra were collected of non-degraded PCL using 400 nm thick PCL (Figure A.5 and A.6).

To investigate the PCL degradation rate, acidic aerosol particles with pH = 0 were
generated and impacted on 22 + 3 nm thick PCL films. Particles were rinsed off at different time
intervals ranging from 0 days to 15 days. In Figure 2.4a, the yellow, spherical shapes are acidic
particles with d. 180-320 nm and heights of ~50 nm. The AFM images of non-degraded PCL were
collected (Figure 2.4b) as comparison at 0 days. After degradation for 3 days, the acidic aerosol
particles were rinsed off from PCL and shallow spherical holes (light brown) were observed
(Figure 2.4c), denoting degradation of the polymer film by the acidic aerosol particles. An average
of 42 individual particles were examined and used to calculate the PCL degradation thickness (the

numbers of particles for each sample are listed in the Figure 2.4 caption and Table A.1). Some
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Figure 2.3 a) Raman spectra of nondegraded PCL film background (black), PCL film with pH 0
acidic particles for 15 days (red), and PCL film after all particles were rinsed off (blue); b) a
microscopic image after particle impaction and merging into larger droplets; ¢) microscopic image
after particles were washed off; and d) microscopic image of nondegraded PCL. The green dots in
the microscopic images correspond to the locations where spectra were collected. Spectra of the
vs(SO4%7) at 978 cm ™! are shown in the Appendices due to strong interference from the silicon
wafer phonon mode in the same spectral window.

irregularly shaped and larger holes were observed after 3 days, likely due to some of the aqueous

acidic particles merging for this specific sample. Although the PCL started reacting with H" within
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3 days, the degradation reaction was only occurring near the PCL surface, and the structure of the
initial PCL was still visible underneath the holes (Figure 2.4c). For the films that degraded for 7
days, distinct, clear holes that go through most of the film were observed after the acidic particles
were washed off and the characteristic morphology of the initial PCL film became less apparent
(Figure 2.4d). After 15 days, the PCL was completely degraded away down to the silicon substrate
underneath the area of the acidic aerosol particles (Figure 2.4¢). It should be noted that there may
be some degradation horizontally, in addition to vertically, leading to holes slightly larger than the
projected area of the impacted particle. The thickness of degraded PCL material was measured by
subtracting the thickness of the holes from the initial PCL thickness measured by spectral
reflectance to show the extent of PCL degradation (Figure 2.4f). The trend of increasing
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Figure 2.4 pH 0 aerosol particles with da 180—320 nm were impacted on PCL samples, and the
particles were rinsed off after different periods of time. a) Shows particles impacted on the
polymer. AFM images were collected after b) 0 days (nondegraded PCL); ¢) 3 days (46 particles);
d) 7 days (41 particles); and e) 15 days (40 particles). f) Plot of PCL degradation thickness changes
over time. The error bars represent standard deviation of PCL degradation for each time period,
and it is measured by 20 height traces across the AFM height image.
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degradation with time is attributed to greater reaction of H" with PCL to break the polymer chain

and removal of degradation products when rinsed.

Recent results have suggested the aerosol acidity may increase at smaller particle sizes, but
this is not well understood.'* To further understand the PCL degradation as a function of particle
size, PCL films had acidic particles of varying diameters impacted on them. The acidity of aerosols
with different sizes was confirmed using a distinct colorimetric pH method.!*> For pH = 0 particles
with da of < 180 nm, 180-320 nm, and 320-560 nm bulk pH values of 0.00 = 0.09, 0.00 £ 0.08,

and 0.18 + 0.04 respectively were observed colorimetrically (Figure A.7). It should be noted that
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Figure 2.5 Left side: AFM height and 3D images of pH 0 acidic particles with different sizes
impacted on PCL and rinsed off after 10 days (the numbers of individual particles were specified).
a) da 320-560 nm (27 particles); b) da 180-320 nm (34 particles); ¢) da < 180 nm (29 particles). d)
Plot of PCL degradation thickness as a function of acidic particle sizes. The error bars represent
the standard deviation of the degradation, which is measured by 20 height traces per image across
the hole in the AFM height image. An average 30 individual particles were examined.

the minimum pH value on the pH indicator paper is 0, and thus the particles < 320 nm are likely
to be more acidic than large particles from pH = 0 due to lower water content in the small particles.
Due to the range of the pH indicator paper, the aerosol particles with da < 180 nm, 180-320 nm,
and 320-560 nm came from the same pH = 0 solution were collected simultaneously on PCL,

respectively. Both AFM height and 3D height images show the spherical morphology for the PCL
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degradation caused by the individual acidic particles (Figure 2.5). An average of 30 particles were
examined and used to calculate PCL degradation thickness and the detailed number of particles

for each sample were listed in the caption and Table A.1.

Smaller particle size corresponded to greater PCL degradation (Figure 2.5). For the pH 0
acidic solution, particles with da of < 180 nm, 180-320 nm, and 320-560 nm had median PCL
degradation thickness of 23 + 1 nm, 16 + 1 nm, and 6.9 £+ 0.6 nm, respectively. The increasing
PCL degradation thickness for the smaller particles (< 180 nm) indicates smaller particles were
likely more acidic than the larger particles (320-560 nm). With lower water content at smaller
sizes, the molar concentration of chemical species and ionic strength increase, particularly [H']
increases, resulting in increased acidity for the smaller particles. This result is consistent with Craig
et al. who identified increased acidity with smaller particle sizes for similar solutions,** but could
not probe particles as small as probed in Figure 2.5. Overall, the result from this study and previous
studies demonstrate that the acidity of particle varies by particle size, a result implying non-

thermodynamic equilibrium conditions.

2.4 Conclusions

This study presents a novel method for measuring the acidity of submicron aerosol particles
through polymer thin film degradation. Acidic aerosol particles with aerodynamic size cuts of <
180 nm, 180-320 nm, and 320-560 nm were generated and collected on PCL thin films, enabling
the observation of different PCL degradation thickness based on particle size. Comparing this
method with other established spectroscopic and colorimetric measurements of aerosol pH
demonstrates its potential for determining whether individual particles are acidic without some of
the limitations of Raman microspectroscopy and bulk colorimetric methods (ensemble average).
The results presented herein focused on a difference in pH (ApH) that represents the highest and
lowest pH values typical of the atmosphere (pH = 0 to pH = 6) as a proof of concept, but as a
result, our findings are more qualitative and more work is needed with respect to connecting to
discrete pH values and determining the precision with which ApH can be determined. Due to the
complex nature of aerosol particles with respect to chemical composition and atmospheric
conditions, there are many factors that influence aerosol acidity that need to be considered in future
work, such as inorganic-organic mixtures. The effect of RH and water content need to be tested

and explored to improve current understanding of how and why pH decreases with particle size,
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particularly given the interplay between pH and viscosity with respect to multiphase
chemistry.'#*!7 To establish a complete pH measurement system based on polymer degradation
rate and thickness, different polymers and detection methods will need to be investigated to
determine figures of merit including range, sensitivity, and precision. We estimate that ApH will
be roughly 1 pH unit for this system, but further testing and the use of more acid-sensitive polymers
or co-polymers will be needed to experimentally determine sensitivity. Future aerosol acidity
studies can utilize this single particle size-resolved pH measurement to study acidity of ambient
aerosols, especially SOA formation and inorganic aerosol (e.g. sulfate and nitrate in Beijing haze
conditions) that are strongly dependent on acidity. Acidity is a fundamental chemical property of
aqueous aerosols and the polymer-based sensing approach developed in this study has the potential
to advance our understanding of pH-dependent multiphase chemical processes, which in turn can
improve the atmospheric models focused on relating aerosol particle properties to health and

impacts.
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Chapter 3. Morphology and Viscosity Changes after Reactive Uptake of Isoprene
Epoxydiols in Submicrometer Phase Separated Particles with Secondary Organic Aerosol

Formed from Different Volatile Organic Compounds

Ziying Lei, Nicole E. Olson, Yue Zhang, Yuzhi Chen, Andrew T. Lambe, Jing Zhang, Natalie J.
White, Joanna M. Atkin, Mark M. Banaszak Holl, Zhenfa Zhang, Avram Gold, Jason D. Surratt,
Andrew P. Ault: Morphology and Viscosity Changes after Reactive Uptake of Isoprene
Epoxydiols in Submicrometer Phase Separated Particles with Secondary Organic Aerosol Formed

from Different Volatile Organic, ACS Earth & Space. 2021 (Under Review)
3.1 Introduction

Secondary organic aerosol (SOA) constitutes a significant fraction of the global aerosol
budget,” particularly for fine particulate matter (PM2s, aerosol particles with aerodynamic
diameters < 2.5 um), which is the most important size range with respect to aerosol impacts on
human health and climate.”® SOA is primarily formed from oxidation of volatile organic
compounds (VOCs), resulting in lower-vapor pressure products that either nucleate, condense or
undergo reactive uptake to existing particles (e.g., ammonium-sulfate particles).!”® Since SOA is
formed from a variety of biogenical and anthropogenic VOC precursors (a-pinene, f-
caryophyllene, isoprene, and toluene), this leads to SOA being composed of a wide range of

chemical species with different physicochemical properties (e.g., viscosity and morphology).

Viscous SOA can increase diffusion time scales from microseconds to weeks (i.e., longer
than atmospheric particle lifetimes),” which decreases the rate of SOA formation. For example,
the reactive uptake of isoprene epoxydiols (IEPOX), a key oxidation product of isoprene,?’-174173
can decrease diffusion by over an order of magnitude for viscous SOA formed on atmospherically-
relevant timescales (< 2 days).?!>% Koop et al. established a framework for understanding the
viscosity of bulk organic material, which ranges from the dynamic viscosity () of liquid ( < 10?

Pa s) to semi-solid (102 <# < 10'%2 Pas) or glassy/amorphous solid (7 > 10'? Pa s).58:60:63.64.96.176.177

Renbaum-Wolff et al. probed viscosity as a function of relative humidity (RH) using a “bead-
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7

mobility” technique and a “poke-flow” technique for SOA derived from a-pinene,'’® isoprene,®

and toluene,*® which confirmed in ~100 micron particles that SOA has a wide range of viscosities.

179-181

Organosulfates, which are a key component of atmospheric SOA, have been shown to

increase particle viscosity after incorporation of inorganic sulfate ions into organic species.'®
Modeling used to study SOA viscosities has continued to improve, leading to better predictions of
viscosity for multicomponent mixtures and surrogate SOA mixtures derived from the oxidation of
different VOC precursors.®>!82183 Shiraiwa et al. have related molecular weight to glass transition
temperature (Tg) and viscosity according to the number of different C, H, and O atoms and C-H

and C-O bonds in a molecular formula or the molecular weight (M), oxygen-to-carbon ratio (O:C),

and coefficients (A-E) (Equation 1):!%

T, =A+BM+ CM? + D(0:C) + EM(0:C) Eq.3.1

Despite significant progress in understanding OA viscosity,?!-36-57:64.185-187

understanding the
impacts on viscosity within individual submicron particles from different VOC precursors on

reactive uptake is still limited.

Morphology is also critical to understand SOA formation, especially as aqueous and
organic components can separate into distinct phases due to the low miscibility of many SOA
species within high ionic strength aqueous particles.’*+4%3 Example morphologies include
homogeneous, core-shell, and partially engulfed, which all undergo reactive uptake differently,
particularly when the organic phase is viscous.*®*%41188 For example, laboratory studies have
shown a ~50% decrease in reactive uptake of IEPOX to particles with a coating of viscous SOA
from a-pinene ozonolysis (7 =9.3 x 107 Pa 5)"**!%7 around acidic sulfate particles (pH = 1.5) versus

aqueous (non-coated) acidic sulfate particles only.

Most characterization of the impacts of morphology and viscosity on reactive uptake has
focused on loss of gas-phase semi-volatile organic compounds,*® but it is also critical to understand
how viscosity and morphology evolve within particles as they undergo reactive uptake. Recently,
Olson et al. showed that the aqueous, sulfate-rich core of accumulation mode particles coated with
o-pinene and toluene SOA was largely converted to viscous organosulfates after uptake of IEPOX
in a flow tube.!® Atmospheric chambers enable studies over longer timescales (1 minute vs. hours)

and there have been few chamber studies probing the impact of coating viscosity and morphology
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on individual particles at atmospherically-relevant sizes (~100 nm).'*® Additionally, few studies
have analyzed uptake to mixed organic-inorganic particles, particularly submicron particles with
complex morphologies, such as core-shell types. As atmospheric chemistry models continue to
improve parameterizations for accurate predictions of SOA formation rates and

concentrations, ! ”-190191

a detailed understanding of SOA formation at the single particle level is
needed to provide improved modeling capabilities.

SOA from a-pinene oxidation has been the most studied coating for core-shell (inorganic-
organic) particles with respect to reactive uptake,'>-?!4%4263 but it is important to understand how
SOA coatings formed from oxidation of other VOC precursors impact morphology and viscosity.
Herein, we probed the viscosity and morphology of size-selected, submicron, acidic particles
coated with SOA formed from oxidation of four different VOC precursors (a-pinene, p-
caryophyllene, isoprene, and toluene), which were subsequently injected into an atmospheric
chamber and exposed to IEPOX over the course of two hours. Individual particles were
characterized using atomic force microscopy (AFM), AFM with photothermal infrared
spectroscopy (AFM-PTIR), Raman microspectroscopy, and scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDX). Significant modification of viscosity and
morphology was observed after the reactive uptake of IEPOX, which was highly dependent on the
physicochemical properties of the SOA formed from the different VOC precursors examined in
this study. The viscosities of a-pinene and S-caryophyllene SOA decreased significantly after
IEPOX uptake, while the viscosities of isoprene and toluene SOA did not appreciably change.
Phase separation occurred frequently for larger particles, and complex morphology was present
for all four types of SOA particles. Overall, the changes in physicochemical properties and
chemical composition of different SOA particle types after IEPOX reactive uptake increase our
understanding of the impacts of multiphase chemical reactions on physicochemical properties and

can lead to improved predictions of SOA formation.

3.2 Methods

3.2.1 Aerosol Particle Generation and Collection

Aqueous seed particles, prior to coating with SOA, were generated from a solution of 0.06
M ammonium sulfate (Sigma Aldrich, > 99% purity) and 0.06 M sulfuric acid (Sigma Aldrich, >
98% purity) using a constant output atomizer (TSI Inc., Model 3076). This solution has a bulk pH
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of 1.5,3% which was chosen based on a common pH value for submicron atmospheric particles.*>!%2

Aerosol-laden air passed through one diffusion drier to remove excess water, but not to a low
enough RH (i.e., RH > 40%) that they would effloresce and form solid particles. Particles with an
electronic mobility diameter of 100 nm were size selected by a differential mobility analyzer
(DMA, TSI Inc., Model 3080) with flow rates resulting in a semi-monodisperse size distribution.?!
They were then coated with SOA formed from OH-initiated oxidation of either toluene or isoprene,
or by ozonolysis of either a-pinene or f-caryophyllene using a Potential Aerosol Mass (PAM)
reactor (Aerodyne Research, Inc.).!%?!1%* Aerosol size distributions from a scanning electrical
mobility spectrometer (SEMS, BMI Inc., Model 2100) were measured to ensure acidified
ammonium sulfate seed particles were evenly coated with SOA and that no nucleation mode SOA
particles were observed before particles were injected into the University of North Carolina at
Chapel Hill (UNC) 10-m?® indoor chamber facility.**!** The PAM outflow and chamber were both
equilibrated to 50% RH to represent the daytime RH in the southeastern United States.!>* After
SOA-coated inorganic sulfate particles were injected, the chamber was left static for at least 30
minutes to ensure that the aerosol particles were stable and that the chamber was uniformly mixed.
Then, trans--IEPOX, which was synthesized at UNC following a published procedure,!> was
dissolved in ethyl acetate and gaseous IEPOX was generated by using a high-purity nitrogen flow
of 2 L min™! for 10 min and then 4 L min! for 50 min through a heated manifold (60 °C). This
approach to introducing gaseous IEPOX into the indoor chamber has been used in previous UNC
chamber studies.!*?!303819  Aerosol size distributions and number concentrations were
continuously measured from the chamber to monitor particle growth using a SEMS. Before
sampling for microscopy analysis, an additional DMA was used to select 150 nm particles formed
from a-pinene, f-caryophyllene, isoprene, and toluene SOA, respectively, prior to [EPOX uptake.
Additionally, 150, 200, and 250 nm SOA particles were size selected after IEPOX uptake for each
VOC precursor. These sizes were chosen based on the size distributions of these four types of SOA
in the chamber (Figure B.1). SOA particles were inertially impacted on silicon wafers (16013, Ted
Pella Inc.) and quartz (26016, Ted Pella Inc.) substrates using a microanalysis particle sampler
(MPS-3, California Measurements Inc.) at 50% RH, specifically the smallest stage with an
aerodynamic diameter (da) <400 nm size cut. A schematic figure showing aerosolization, coating,

and UNC chamber experimental setup, along with relevant instrumentation is shown in Figure B.2.
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3.2.2 Microscopy and Spectroscopy Analysis

Individual inorganic-SOA mixed particles were analyzed to determine their size,
morphology, and chemical composition using AFM, AFM-PTIR, Raman microspectroscopy, and
SEM-EDX both before and after [EPOX uptake. Both AFM and Raman were conducted at room
temperature (25°C), ambient pressure, and 50% RH, while SEM images and spectra were collected

under vacuum (107 — 10 Torr).

A PicoPlus 5500 AFM (Agilent, Santa Clara, CA) was used to characterize the morphology
of individual inorganic-SOA mixed particles. Imaging was performed in tapping mode using
Aspire CT300R probes (NanoScience; resonance frequency 300 kHz, force constant 40 N/m), to
obtain height, amplitude, and phase images. The samples were scanned in 10 um x 10 pm areas
with line scans of 0.75 Hz and 512 x 512 pixels resolution. Raw data collected by AFM was
processed by SPIP 6.2.6 software (Image Metrology, Hersholm, Denmark) to measure height,
projected area diameter, and volume, which is used to calculate volume equivalent diameter for
individual particles. The spreading ratios of individual particles were calculated by using
individual particle radius divided by particle height, as described in detail previously.'%® T-tests
were performed by comparing the spreading ratio of each SOA type before and after IEPOX

uptake, and the spreading ratios were considered to be statistically different for p values < 0.05.

A nanolR2 system (Anasys Instruments, Santa Barbara, CA) was used to characterize the
chemical composition of individual submicron SOA particles via photothermal infrared (PTIR)
spectroscopy. AFM height, deflection images, and PTIR spectra of particles with SOA formed
from toluene, a-pinene, isoprene, and f-caryophyllene after IEPOX uptake were collected in
contact mode (IR power 16.54%) at a scan rate of 0.75 Hz using a gold-coated contact mode silicon
nitride probe (Anasys Instruments, 13 £+ 4 kHz resonant frequency, 0.07-0.4 N/m spring constant).
The IR spectra were collected over a frequency range of 900-3600 cm™' using a tunable IR source
(2.5-12 um, 1 kHz repetition rate, optical parametric oscillator, OPO) with a resolution of 4 cm’
!/point. A nanoIR3 system (Bruker, Santa Barbara, CA) with a tunable IR source (880-1950 cm’!
frequency range, 100 kHz repetition rate, quantum cascade laser, QCL) was used to collect PTIR
spectral maps of SOA particles. Tapping-IR mode was used and the amplitude of cantilever

oscillation was mapped using 128 co-averages, 400 pixels resolution. The IR ratio map was
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generated in Analysis Studio (Anasys Instruments software V3.15) to show differences in the

spatial distribution of chemical components based on different vibrational modes.

Raman microspectroscopy was conducted using a Horiba LabRAM HR Evolution Raman
Spectrometer (Horiba Scientific) equipped with a 50 mW 532 nm Nd:YAG laser source and CCD
detector coupled to a confocal optical microscope (Olympus, 100x objective NA:1.25). A
diffraction grating with 600 groove/mm was used to obtain a spectral resolution of 1.7 cm™!. Raman
spectra were collected in the range 500-4000 cm™! for 3 accumulations x 15 seconds acquisitions

for each particle.

SEM analysis was conducted on a FEI Helios 650 Nanolab Dualbeam electron microscope
that operated at an accelerating voltage of 10.0 kV and a current of 0.40 nA. An Everhart-Thornley
secondary electron detector was used for imaging. EDX spectra were acquired for 20 seconds
using an EDAX Silicon Drift Detector and GENESIS EDX software version 5.10 (EDAX Inc.,

Mahwah, NJ), as in prior work."”

3.3 Results and Discussion

Phase separated particles (organic coating around an aqueous/inorganic core) with SOA
coatings from different VOC precursors (a-pinene, f-caryophyllene, isoprene, and toluene) were
investigated before and after reactive uptake of IEPOX to understand the changes of individual
particle morphology and viscosity (Figure 3.1). Models have predicted the viscosity of SOA
formed from the different VOC precursors and suggest the following viscosities of a-pinene SOA
(9.3 x 107 Pa s),!7%18 B_caryophyllene SOA at (3.7 x 10% Pa s),°”-!°7 isoprene SOA (3 x 10' - 2 x
10° Pa s5),% and toluene SOA (7.8 x 10* Pa s) at 50% RH.®%!3* Importantly, the viscosities of a-
pinene and fS-caryophyllene ozonolysis SOA are orders of magnitude higher than isoprene and
toluene SOA from OH oxidation 65-¢7-178:184186.197 A fter the phase-separated SOA particles were
exposed to IEPOX, particle-phase chemical reactions of IEPOX in the aqueous sulfate core formed
viscous species, which can change the phase state of the core from liquid to semi-solid or solid.?>-
Different types of SOA coatings on acidic inorganic sulfate particles can change the amount of
IEPOX uptake.?! Specifically, high-viscosity SOA coatings can limit the ability of gaseous
species, such as IEPOX, to diffuse into the aqueous acidic core of the particle, which will

kinetically-limit heterogeneous/multiphase processes and reaction rates, as well as overall particle
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morphology and viscosity.!>> The average height profile can be used as a proxy for aerosol
viscosity, with taller particles representing more viscous SOA coatings.'®> The results show that
o-pinene and p-caryophyllene SOA have a clear decrease in height, and thus viscosity. After
IEPOX reactive uptake compared to minimal changes in height for toluene and isoprene SOA-

coated particles of the same size.
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Figure 3.1. Experimental design showing toluene, isoprene, a-pinene, and f-caryophyllene SOA

formation on acidic sulfate aerosol particles, and an average height profile of 10 particles changes
before (solid lines) and after IEPOX uptake (dash lines). Images of four VOC precursor sources
are from Flaticon.com.

Modifications to aerosol morphology and viscosity were quantitatively characterized
before and after IEPOX uptake using spreading ratios calculated for size-selected 150 nm particles
with a-pinene, f-caryophyllene, isoprene, and toluene SOA coatings. For a-pinene SOA, particles

exhibited core-shell (inorganic-organic) morphology after coating with a-pinene ozonolysis
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products shown in the AFM phase images (Figure 3.2a), similar to previous observations.?!"!%® A

thicker coating was observed for 150 nm a-pinene SOA after [EPOX uptake as shown by the larger
dark outer portion in the AFM phase image. The morphology of the core indicates that after [EPOX
reactive uptake, the aqueous core has been converted to a semi-solid or solid phase. Changes in
SOA particle viscosity were quantified by calculating the average spreading ratios of ~100
individual particles. Large spreading ratios represent liquid-like particles of lower viscosity,
whereas a smaller spreading ratio suggests solid-like particles of higher viscosity.!>® Before
IEPOX uptake, both a-pinene and f-caryophyllene SOA are more viscous than isoprene and
toluene SOA with lower spreading ratios, consistent with previous studies.®>**”!7® The spreading
ratio of a-pinene SOA-coated sulfate particles increased significantly after IEPOX uptake from
34+£0.1to7.3+0.4 at 50% RH. This surprising viscosity decrease is attributed to the formation
of lower molecular weight (MW) organic species from IEPOX that have lower average MWs than

a-pinene SOA, 76199201 some of which formed in or diffused into the shell.

a) a-pinene b) B-caryophyllene
. . - 20.0d ‘
shell inclusion 14.0 & £ 55
29l S e
WA g . 2.0 P L & :
10 COT€ 00nm 500nm '_;'? 200nm - .500nm
ke * o1 - '
g ° 5 .
g° g
g g4
w 2]
0 0 1 I 1
Before IEPOX  Afler EPOX | 5 Before [EPOX  After IEPOX
i o
c) isoprene | § d) toluene
| D) e
(4]
| R
— 200nm 500nm
.910 o 10
g° 58
o 6 o
£ I > 6
© =
g ! g 4
5 2 o
@ &
0 0

Before IEPOX After EPOX " 'Before IEPOX After IEPOX'

Figure 3.2. AFM phase images and spreading ratios of 150 nm SOA before and after [IEPOX
uptake (numbers of individual particles were calculated). a) a-pinene SOA (101 and 55); b) S-
caryophyllene SOA (132 and 49 individual particles); c¢) isoprene SOA (99 and 61); d) toluene
SOA (131 and 248); Single asterisks denote spreading ratios that are statistically different than
SOA particles before IEPOX uptake (p < 0.05) and error bars represent 26 from gaussian fit.
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As indicated by AFM phase images (Figure 3.2b), 150 nm f-caryophyllene SOA-coated
sulfate particles had partially engulfed morphology before IEPOX uptake After IEPOX uptake,
the 150 nm p-caryophyllene SOA-coated sulfate particles retained their partially engulfed
morphologies, and the spreading ratio significantly increased from 2.9 £ 0.3 to 5.4 £ 0.2. -
caryophyllene has higher MW oxidation products**22** compared to IEPOX SOA, as with a-
pinene SOA, and similarly increased spreading ratios and a lower viscosity were observed after
IEPOX reactive uptake. Future work will focus on using specific species and functional groups to

further characterize these changes, as opposed to MW .2%°

Isoprene SOA-coated sulfate particles (150 nm) exhibited core-shell morphologies with a
thick shell both before and after IEPOX reactive uptake (Figure 3.2c). Spreading ratios for 150 nm
isoprene SOA-coated sulfate particles are similar before and after [IEPOX uptake (4.9 + 0.4 and
4.9 + 0.1) as the overall MW and oxidation of the SOA from IEPOX multiphase chemistry is not

1’26,206

substantially changing the chemical composition of the shel resulting in similar viscosities

for the same size particles.

For toluene SOA particles, a homogeneous morphology was most prevalent (Figure
3.2d)."” The spreading ratios of toluene SOA-coated particles are similar before and after IEPOX
uptake (4.1 £ 0.2 and 4.5 £+ 0.3) at ~50% RH, likely due to the lower MW of toluene SOA being
closer to isoprene SOA than SOA from a-pinene or S-caryophyllene.’®!84207 Larger area AFM
phase images for the four types of SOA before and after IEPOX uptake with numerous particles
are shown in the Supporting Information (Figure B.3) to demonstrate that the individual particles

shown in detail in Figure 3.2 are representative.

After IEPOX reactive uptake, the detailed morphology and viscosity for SOA-coated
sulfate particles with different sizes were investigated. For a-pinene SOA-coated sulfate particles
(Figure 3.3), a core-shell morphology was observed after IEPOX uptake (Figure 3.3b and 3.3c).
Inclusions were observed for 150 nm particles and these inclusions could be viscous organosulfates
or organosulfate oligomers that salt out when sufficient amounts form.!*3%%17> However, the
inclusions were too small for chemical analysis by the AFM-PTIR available at the time. As the
particle size increased from 150 to 250 nm, the spreading ratio significantly decreased from 7.3 £+
0.4 to 4.7 = 0.2 (Figure 3.3a and 3.3d) at ~50% RH, indicating a more viscous particle likely due

to an increase in the amount of sulfate available in the core for IEPOX to react with and form
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viscous species, such as organosulfates and their oligomers.!®3173-208-210 Thjg result is consistent
with a previous study suggesting the viscosity of large (~1 pm) a-pinene SOA-coated sulfate
particles increased after uptake of gaseous IEPOX.!° p-caryophyllene SOA-coated particles
exhibited the same size-dependent spreading ratio behavior as a-pinene SOA-coated sulfate

particles, with larger particles spreading less (Figure B.4).
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Figure 3.3. Morphology and the spreading ratio of size-selected a-pinene SOA after IEPOX
uptake. a) Representative 3D AFM images; b) AFM amplitude images; ¢c) AFM phase images; d)
Bar charts show the average spreading ratio of individual particles for a-pinene SOA with 150 nm
(55 particles), 200 nm (155 particles), and 250 nm (43 particles) diameters; single asterisks denote
spreading ratios of larger particles that are statistically different than 150 nm particles (p < 0.05)
and error bars represent 26 from gaussian fit.

35



For size-selected isoprene SOA, morphology was more complex than traditional core-shell
morphology and this complex morphology was observed for both larger sizes of particles (200 nm
and 250 nm) (Figure 3.4b and 3.4c). This suggests that the products of IEPOX reactions were
distributed heterogeneously within the particles,'®?! leading to irregular shapes. The average
spreading ratio for all sizes of isoprene SOA particles ranges from 3.7 + 0.2 to 4.9 + 0.1 (Figure
3.4a and 3.4d) at ~50% RH. As isoprene SOA size increased from 150 nm to 250 nm, the spreading
ratio decreased from 4.9 £ 0.1 to 4.1 + 0.1 at ~50% RH, suggesting higher viscosity with increasing
particle size. While increased viscosity was observed for a-pinene, f-caryophyllene, and isoprene
SOA particles with increasing size, toluene SOA particles did not follow this trend, potentially due
to toluene SOA having homogeneous morphology versus the morphologies (core-shell, partially
engulfed, and complex) for the other SOA (Figure B.5).
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Figure 3.4. Morphology and the spreading ratio of size-selected isoprene SOA after IEPOX
uptake. a) Representative 3D AFM images; b) AFM amplitude images; c) AFM phase images; d)
Bar charts show the average spreading ratio individual particles for isoprene SOA with 150 nm
(61 particles), 200 nm (87 particles), and 250 nm (128 particles) diameters; single asterisks denote
spreading ratios of larger particles that are statistically different than 150 nm particles (p < 0.05)
and error bars represent 26 from gaussian fit.

36



The chemical composition of individual submicron SOA particles is key to further
understand the modification of SOA morphology and viscosity before and after [EPOX uptake and
was analyzed using Raman microspectroscopy, AFM-PTIR, and SEM-. Raman spectra were taken
of the particle core and shell of a-pinene SOA-coated particles before and after IEPOX uptake
(Figure 3.5). Before IEPOX uptake, Raman spectra showed peaks representing vs(SO4>) at 973,
vs(HSO4) at 1049 cm!, v¢(R-OS03") 1074 cm’!, and the broad v(N-H) region around 3160 cm’!
indicating sulfate, bisulfate, a-pinene organosulfates, and ammonium located primarily in the
particle core.3>2!1216 A carbonyl group v(C=0) mode was observed at 1708 cm™,?!” corresponding
to a-pinene oxidation compounds, such as pinic acid or pinonic acid.?!822° A peak at 1448 cm’! is
assigned to the methyl/methylene group bend §(CH3/CHz), whereas peaks at 2882 cm™ and 2931
cm’! are assigned to symmetric stretches of vs(C-H) of methyl groups and asymmetric stretches
vas(C-H) in methylene groups, respectively.?!! The different chemical composition of the particle

core and shell confirm the phase separations observed by microscopy, with acidic ammonium

sulfate and some organosulfates in the particle core and organic material (a-pinene oxidation
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Figure 3.5. Raman spectra of representative a-pinene SOA core and shell before IEPOX uptake
(top); Representative a-pinene SOA core and shell after [IEPOX uptake (bottom). The color dots
in the optical images represent the different locations of Raman spectra were collected.
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products) in the shell. An inclusion was observed for a-pinene SOA and the Raman spectrum
suggests a-pinene organosulfates can be produced during the formation of the shell which could
explain the inclusions were observed in AFM images (Figure 3.3b and 3.3¢). After [IEPOX uptake,
IEPOX-derived organosulfate formation is observed by vs(R-OSO3") at 1060 cm™!, which has been
characterized previously,'”!®® and peaks between 2800 to 3000 cm™ indicative of the C-H
stretching region. The shape of the C-H stretching region also shifts, from modes at 2931 and 2972
before IEPOX to modes at 2880 and 2842 being most prominent afterwards, indicative of changes
to the organic material in the shell (more symmetric methyl and methylene stretches). Raman
spectra for toluene, isoprene, and f-caryophyllene SOA-coated sulfate particles before and after
IEPOX show similar results as for a-pinene SOA, and are discussed in the Supporting Information
(Figure B.6, B.7, B.8). EDX spectra were consistent with Raman spectra after [IEPOX reactive
uptake and showed sulfate and oxygen present in the particle cores (indicative of inorganic sulfate

and/or organosulfate species), with carbon and oxygen primarily present in the shell (Figure B.9).

IR spectra were collected for 250 nm toluene and f-caryophyllene SOA-coated sulfate
particles after IEPOX uptake using AFM-PTIR (Figure 3.6a). A strong peak at 1104 cm™ was
observed, which corresponds to the highly IR-active anti-symmetric stretch of inorganic sulfate
ions, vas(SO4%), in the particle core.”” The peaks at 1420 cm™! for a S-caryophyllene SOA-coated
particle and 1436 cm™ for a toluene SOA-coated particle are assigned to ammonium §(NH4+").”> A
less intense N-H stretch of ammonium at 3136 cm™ was also observed.”® The peaks detected at
1072 cm™! and 1068 cm™! suggest the formation of organosulfates, vs(R-OS03°).!%%?2! A symmetric
methyl stretch vs(CH3) was observed at 2880 cm™! for the S-caryophyllene SOA-coated particle,
and an organic peak at 3060 cm™' is assigned to unsaturated C-H moieties (i.e., less sp> hybridized)
within the organic species of the C-H stretching region.?!! Peaks > 3150 cm™ correspond to O-H
stretching.'®”2!” As shown in Figure 3.6b, IR spectra of 250 nm isoprene SOA particle core and
shell after IEPOX uptake display two strong modes, 1100 cm™ and 1424 cm™ suggestive of
vas(SO4%) and §(NH4"), respectively,’ in the particle core. A weak mode, v(C=0) at 1690 cm'!
was observed in both core and shell. The complex core of isoprene SOA (Figure 3.6c) suggests
that some IEPOX diffused into the particle and reacted with inorganic sulfate. To directly visualize
relative differences in the spatial distribution of sulfate and organic species between the core and
shell of isoprene SOA-coated sulfate particles, a ratio map (Figure 3.6d) was generated using 1100

cm/1690 cm’!. The areas enriched in sulfate (1100 cm™) appear red (this may include some
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organosulfates due to the peak widths and the proximity of the 1100 and 1074 cm™! peak), while
those with enhanced carbonyl concentrations (1690 cm™) appear green. The ratio map confirms
that most sulfate is in the particle core and isoprene-derived organic materials are in the shell,
which is consistent with Raman and EDX spectra.
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Figure 3.6. a) AFM-PTIR spectra of B-caryophyllene SOA-coated and toluene SOA-coated
particles after [IEPOX uptake with AFM amplitude images; b) IR spectra of isoprene SOA core
and shell; ¢) AFM amplitude image of isoprene SOA; d) IR ratio map of 1100 cm-1/1690 cm-1
for isoprene SOA.
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3.4 Conclusions

To understand the atmospheric impact of IEPOX uptake onto SOA-coated acidic sulfate
particles, SOA coatings from different VOC precursors need to be understood. The viscosity and
morphology of size-selected SOA formed from four different VOC precursors (a-pinene, f-
caryophyllene, isoprene, and toluene) before and after IEPOX uptake have been investigated in
this study. The results demonstrate that changes in viscosity and morphology of initial inorganic
core-SOA shell particles after IEPOX reactive uptake are strongly dependent on VOC precursor.
o-Pinene and p-caryophyllene SOA-coated sulfate particles became less viscous after IEPOX

uptake, while the viscosity of isoprene and toluene SOA-coated sulfate particles did not change

39



appreciably after [IEPOX uptake. The changes in particle viscosity can affect IEPOX diffusion and
mixing time scales, which may alter SOA lifetime and the production of further SOA in these
mixed organic-inorganic particles (i.e., self-limiting further atmospheric aging*®®). Additionally,
different SOA particle sizes after IEPOX uptake (150, 200, and 250 nm from initially 150 nm
particles) have been investigated, with phase separation and more particles with complex
morphology being observed at larger particle sizes.!*?*? After IEPOX uptake, the larger particles
were more viscous for a-pinene, f-caryophyllene, and isoprene SOA-coated sulfate particles,
indicating particle size could play an important role in morphology, affecting subsequent
heterogeneous reactions. The VOC- and size-dependent morphology and viscosity changes are

important to consider since inorganic-SOA mixed particles play an important role in overall

79,148-150 ) 223

aerosol mixing state, as well as cloud condensation nuclei (CCN and ice nucleating

particle (INP) activity,'7”#>42%5 which are important in cloud formation.?¢2?8
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Chapter 4. Initial pH Governs Secondary Organic Aerosol Viscosity and Morphology after
Uptake of Isoprene Epoxydiols (IEPOX)
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Nicole E. Olson, Zhenfa Zhang, Avram Gold, Jason D. Surratt, Andrew P. Ault. Environmental
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4.1 Introduction

Atmospheric aerosols significantly affect air quality, human health, and climate;
particularly submicron particles, which have long atmospheric lifetimes, determine cloud
nucleating properties, and penetrate deeply into the lungs after inhalation.??” Secondary organic
aerosol (SOA) is ubiquitous, accounting for a large mass fraction of submicron aerosol

146.230-232 and more than 50% of the total organic acrosol mass globally.!”*** Recent studies

particles
have shown that SOA is possibly linked to adverse human health outcomes upon inhalation
exposure, including early biological changes within lung cells that are associated with
inflammation and oxidative stress.!%234237

SOA is largely formed by the oxidation of volatile organic compounds (VOCs) followed
by nucleation, condensation, or multiphase chemical reactions of the resulting lower volatility
oxidation products, which all lead to increased SOA mass.?*?!? Isoprene has the highest emissions
of any non-methane VOC with global emission rates of ~600 Tg/y,>*3** and undergoes oxidation
to form lower volatility gaseous species, such as isoprene epoxydiols (IEPOX).?*%24! When the
oxidation of isoprene to IEPOX occurs, the increasing molecular functionality and decreasing
vapor pressure (3 x 10 atm)'”’ facilitate reactive uptake to existing aerosol particles,!7-2%-26:173.196
particularly under low pH conditions when the epoxide can be opened via acid-catalyzed reaction
pathways.?**** Previous studies have shown that high IEPOX reactive uptake to inorganic sulfate
particles leads to the formation of substantial amounts of aerosol mass (i.e., particulate matter <
2.5 um, PMa3s), especially in the Southeastern United States.?**?*” Due to the large mass loadings

of IEPOX-derived SOA, which can contribute up to 40% of the submicron organic aerosol mass
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in isoprene-rich environments,>**?*® the physicochemical properties (i.e., phase state and
morphology) of these aerosol particle types can affect further SOA formation and the evolution of
existing SOA 213896

The phase state (liquid, semi-solid, or solid) of atmospheric particles plays a critical role
in determining their ability for further chemical reactions in the aerosol phase.?!**?* In the past
decade, studies have shown that SOA particles can exist in an amorphous semi-solid or solid state
under different ambient conditions (e.g. relative humidity (RH) and temperature),*~® and the

viscosity of SOA particles can have a wide range of viscosities from 3 x 10! Pa s (similar to honey)

to 3.7 x 10® Pa s (similar to tar pitch).3-6667:178:250 Muyltiphase chemistry of IEPOX leads to the

168,174,175,208 17,27,30,251,252 20,28,253

formation of organosulfates, polyols, and oligomers in the

condensed phase, whose high molecular weights result in more viscous aerosol (i.e., 10° Pa s).?
Increases in viscosity decrease molecular diffusion and lead to longer mixing timescales for
molecules within particles, which have been shown to decrease subsequent gaseous IEPOX uptake
and SOA formation.'>*!>>7 Due to decreased miscibility of organic components in high ionic
strength aqueous phases, the viscous organic components of a particle salt out to form an outer
layer (i.e. shell) at the edge of the inorganic components (i.e. core), commonly referred to as core-

shell morphology.’”#¢2> For the resulting core-shell morphology, if the shell is highly viscous, it

178,255 25,38,256,257

can kinetically inhibit further uptake of gaseous species, reactivity, and ultimately
SOA growth and evolution in the atmosphere.'” Thus, understanding the phase state, viscosity,
and morphology of SOA particles is central to predicting heterogeneous uptake of IEPOX leading
to SOA formation.

Aerosol pH also has substantial impacts on SOA formation by modifying the reaction rates
of organic species within the condensed phase.?*®?*® Many atmospheric multiphase chemical
processes are pH-dependent, including the reactive uptake of IEPOX to form SOA and many
subsequent reactions in the condensed phase.?*?%!%¢ Atmospheric chamber experiments have
observed that greater SOA formation occurs under acidic conditions (pH 1.5) compared to neutral
conditions (pH 5).3*?*> As an example, the acid-catalyzed ring-opening reaction of IEPOX leads
to lifetimes of less than one minute after uptake to particles with pH < 1, but IEPOX can have
lifetimes of days or longer in particles at pH 5 under typical atmospheric conditions.?*!° However,

there remains considerable uncertainty regarding how aerosol pH impacts the resulting

morphology and viscosity after IEPOX uptake.

42



Further experimental data is needed in order to improve our current understanding of how
exactly acid-catalyzed multiphase chemical reactions of gaseous IEPOX with particles of varying
acidity subsequently affect particle morphology and viscosity. In this study, we investigated
changes in particle phase state and morphology after gaseous IEPOX uptake onto particles with
varying initial acidities (i.e., pH = 1, 3, and 5) and amounts of ammonium sulfate and sulfuric acid.
We also characterized the time-resolved modification of particle morphology and chemical
composition after different reaction times (i.e., 30, 60, and 120 minutes after gaseous IEPOX
injection). Individual particles were characterized by using multiple microspectroscopy methods
(atomic force microscopy coupled with photothermal infrared (AFM-PTIR), scanning electron
microscopy (SEM), and Raman microspectroscopy) in order to provide detailed information on
individual particle morphology, phase state, and chemical composition during and after IEPOX
reactive uptake. These single particle data were compared with changes in aerosol size
distributions and organosulfate concentrations of the total aerosol generated during our chamber
studies. Establishing the physicochemical properties of SOA formed under varying initial pH
conditions is crucial for resolving the impacts of atmospheric aerosol on human health and climate

(e.g., cloud droplet or ice crystal nucleation).*?2+260

4.2 Methods

4.2.1 Chamber Experiments

Aerosol particles were generated from solutions with different pH values where the
concentration of the inorganic sulfate ions (sulfate ([SO4>]) + bisulfate ((HSO4)) was kept at 0.12
M for each solution. Solutions that were prepared using ammonium sulfate (Sigma Aldrich, > 99%
purity), sulfuric acid (Sigma Aldrich, > 98% purity), and 18.2 MQ Milli-Q water (Table 1),
without further purification. The pH, chemical composition, and submicron size of the seed aerosol
were chosen to represent conditions under which SOA formation reactions occur in the

atmosphere.2%-261:262
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Table 4.1 Solutions used for seed aerosol, labels used in text, measured solution pH with
uncertainty prior to aerosolization, and concentrations of sulfuric acid and ammonium sulfate.
N/A = not applicable

Seed Acidic Aerosol Label Measured [H,SO,] [(NH),(SO)I
Solution pH
pH = 1 without ammonium  pH 1 wooNH,  1.05£0.01  0.12M N/A
pH =1 with ammonium pH 1 w/NH4+ 1.32 +£0.01 0.06 M 0.06 M
pH=3 pH3 299+0.01 0.0025M 0.1175M
pH=5 pHS5 5.19+0.01 N/A 0.12M

The pH of the bulk solutions was measured by a pH probe (PHS-3C, Yantai Stark
Instrument Co.). Aerosols were generated from a constant output atomizer (TSI Inc., Model 3076)
and then passed through diffusion driers to reach 50% RH, which is above the efflorescence RH
of ammonium sulfate and sulfuric acid to maintain the aerosol in an aqueous form. The number
size distribution of the different seed aerosols (mode diameters: 83-103 nm) and SOA aerosols
after reacted with IEPOX for 120 min (101-133 nm) are shown in Figure C.1. Acidic seed particles
were injected into the 10-m® indoor chamber at the University of North Carolina at Chapel Hill
(UNC) chamber facility that was pre-humidified to 50% RH,***® and the concentration was
allowed to stabilize for 30 min. Synthesized trans-g-IEPOX,'** which is the predominant IEPOX
isomer in the atmosphere,**! was dissolved in ethyl acetate and gaseous IEPOX was injected into
the chamber by using a high-purity nitrogen flow of 2 L min™! for 10 min, and then 4 L min™' for
50 min through a heated manifold (60 °C).!-?130-38.1% The seed particles with different initial pH
values reacted with gaseous IEPOX to form IEPOX-derived SOA. A scanning electrical mobility
spectrometer (SEMS, BMI Inc., Model 2100) was used to monitor the particle growth by
measuring aerosol size distributions, number concentrations (#/cm?), and volume concentrations
(um?/cm?) in the chamber. After the seed particles were exposed to the injected IEPOX for 30, 60,
and 120 minutes, aerosol particles were inertially impacted onto substrates for microscopy using
an eight-stage mini-multi orifice uniform deposit impactor (mini-MOUDI, Model 135, TSI Corp.).
Particles were analyzed from stage 7, which has a 50% aerodynamic cut-point of 320 nm (dso)
leading to particles with diameters of 180-320 nm on the substrates. Microscopy substrates

included silicon wafers (16014, Ted Pella, Inc.), carbon-type-b Formvar-coated copper

44



transmission electron microscopy (TEM) grids (1GC50, Ted Pella, Inc.), and quartz pieces (26016,
Ted Pella, Inc.).

4.2.2 Microscopy Imaging and Spectroscopy

The morphology and phase of individual submicron particles were analyzed using an
AFM-PTIR (nanolR2, Anasys Instruments, Santa Barbara, CA). Particles on silicon substrates
were imaged in 5 x 5 um? and 10 x 10 um? regions with 0.7 Hz scan rates that operated at a 0.07-
0.4 N/m spring constant and 13 + 4 kHz resonant frequency. Tapping IR mode was conducted with
a gold-coated microfabricated silicon probe (AU.1000.SWTSG, Platypus Technologies). Raw data
were processed using SPIP 6.2.6 software (Image Metrology, Hersholm, Denmark) to measure
single particle height, radius, and volume. The spreading ratios of individual particles were
calculated by using particle radius divided by particle height (SR = r/h), as described in previous
publications.!®’> Spreading ratio uncertainties are reported as 2c of a Gaussian fit to the
histogram of spreading ratios. T-tests were used to compare the spreading ratio of seed particles
with mixed seed-SOA particles at discrete time points during the experiment (i.e., 30, 60, and 90
minutes) and were considered to be statistically different for p values < 0.05. SEM images were
also obtained for particles impacted onto TEM grids using a FEI Helios 650 Nanolab-Dualbeam
electron microscope equipped with a high angle annular dark field (HAADF) detector operated at
an accelerating voltage of 10.0 kV, a current of 0.80 nA, and pressures ranging from 107 to 10

Pa 263

AFM-PTIR (nanolR2 system, Anasys Instruments, Santa Barbara, CA) was used to
characterize the chemical composition of individual particles. IR spectra were collected using an
optical parametric oscillator (OPO) source with a tuning range of 800 to 3600 cm™! and an average
spectral resolution of 2 cm™'. For each sample, the IR spectra were collected at a scan rate of 100
cm’!/s for 5 minute acquisitions, and averaged after 3 accumulations.”

Raman microspectroscopy was used to characterize the chemical composition of phase-
separated particles, as in prior studies.®® Spectra for both the particle core and shell were collected
using a LabRAM HR Evolution Raman microspectrometer (Horiba, Ltd.) equipped with a 50 mW
532 nm Nd:YAG laser source, a confocal optical microscope (Olympus, 100 x 0.9 N.A. objective),
and a CCD detector. Each Raman spectrum was collected in the range of 500 to 4000 cm™ with

three accumulations at 60 s acquisition times. A diffraction grating with 1800 groove/mm was
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used to yield a spectral resolution of 0.7 cm™. Both PTIR and Raman spectra were collected at

room temperature, RH, and ambient pressure.

4.2.3 Characterization of Organosulfate Formation

For each chamber experiment, particles were collected using a particle-into-liquid sampler
(PILS, BMI model 4001). PILS samples were collected every 6 minutes with an air sampling rate
~6.5 L min!, resulting in a liquid sample volume of ~ 1.2 mL, which was used for offline chemical
analysis by ion chromatography (IC).*® IC conditions have been previously summarized by Riva
et al.*®?%4 PILS samples were stored in the dark at 2 °C immediately after collection and were
analyzed within 24 hours, as validated in prior work.*® In this study, the sulfate concentration in
the initial atomizer solution was kept constant at 0.12 M (Table 1) and the total particulate
organosulfate concentrations with specific reaction time can be calculated by subtracting inorganic
sulfate concentrations from the initial sulfate concentration measured by IC (which is initially all
inorganic sulfate).?>*® The initial sulfate concentration of a seed aerosol only experiment was also

analyzed (Figure C.2) to compare with IEPOX-derived SOA experiments.

[SulfateOrganic]t = [SulfateTotal]o - [Sulfatelc]t

Additionally, a hydrophilic interaction liquid chromatography (HILIC)/ESI-HR-quadrupole time-
of-flight mass spectrometry (QTOFMS) was used to characterize 2-methyltetrols (2-MT) and its
OS derivative (2-methyltetrol sulfate, IEPOX-0S).3%-265

4.3 Results and Discussion

The relative fraction of the HSO4™ and SO4>" ions varies as a function of pH (Figure C.3),
highlighting that bisulfate dominates (> 90 %) at pH 1 and sulfate dominates at pH 3 (> 90%) and
pH 5 (> 99%) for the initial seed aerosol particles. After gaseous IEPOX was injected into the
chamber, the volume concentration (um?/cm?) of the aerosol increased, with the greatest volume
growth observed with pH 1 seed aerosol particles either with or without ammonium (NH4"). The
total aerosol particle volume reached its maximum value 30-60 minutes after the [IEPOX injection
finished (Figure 4.1). For less acidic seed particles, such as pH 3 and pH 5 particles, a slight
increase in total volume occurred through both experiments and the slight decrease later on during

the experiment is due to wall loss after IEPOX is no longer being injected. These results expand
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24,210

on prior studies, which only examined acidic versus non-acidic seed particles and show here

that high [H'] is needed for growth, with or without ammonium in the seed.
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Figure 4.1. Particle volume concentration (um3/cm3) after IEPOX uptake for different acidic
inorganic sulfate particles: pH 1 (NH4", HSO4 >> SO4, H", H20) (pink solid circle), pH 1 (HSO4
, H", H20) (red solid circle), pH 3 (NH4", H", SO4* >> HSO4, H20) (purple solid circle), and
pH 5 (NH4", H*, SO4%, H20) (blue solid circle). The volume concentration is calculated from
integrated size distributions and has not been corrected for particle wall loss.
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To determine how quickly core-shell morphology formed, AFM phase images were
collected after pH 1 seed particles (without NH4" counter ion) were exposed to gaseous IEPOX
(Figure 4.2a). Particles exhibited phase separation after exposure to IEPOX for 30-, 60-, and 120-
minutes reaction times. AFM phase images show that a coating (black color) formed quickly after
the initially homogenous seed aerosol particle is exposed to IEPOX for 30 minutes, and the circular
morphology indicates that the particles were liquid and had not effloresced prior to injection into
the chamber.1°6-266267 With increasing IEPOX : SO4?" ratios throughout the reaction time (as SO4*
is incorporated into organosulfates, Figure C.4),* a thicker coating formed, consistent with the
previous studies.?!?>*8After 60 minutes of IEPOX uptake, the particle core became smaller, and a
thicker coating was observed (Figure 4.2b). After 120 minutes of IEPOX uptake, the morphology
of the core had inclusions, which may suggest the continuous reactive uptake of gaseous IEPOX
continued to modify the core, even with a thicker coating, leading to less spherical, aqueous
morphology. To further understand the viscosity change during IEPOX uptake, particle spreading

ratios were calculated for individual particles.
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Particle spreading ratios have been used as an indirect measurement of particle

viscosity, !>

as more viscous particles spread less on the substrate leading to a smaller spreading
ratio. The spreading ratios of pH 1 seed particles (without NH4") and reacted pH 1 seed particles
exposed to IEPOX for 30, 60, and 120 min were calculated, and are shown in Figure 4.2c. The pH
1 seed particles (without NH4") before reaction with [IEPOX had an average spreading ratio of 2.8
+ 0.2. Following IEPOX uptake, the average spreading ratios significantly decreased to 1.8 + 0.1
after 30 min, 2.4 + 0.1 after 60 min, and 2.1 £ 0.1 after 120 min of reaction time. Reactive uptake
of IEPOX for 30 minutes led to increased particle viscosity, which has been shown by both
measurements by Olson et al.!” using an entrained-aerosol flow tube reactors with < 1 min
residence times and modeling results from Zhang et al.> The formation of organosulfates and other
oligomers has been shown to increase particle viscosity and phase separations.!**® After reacting
for 60 and 120 min, a thicker coating formed and a smaller core was observed, which suggests that

IEPOX was continuously reacting with seed particles, though the spreading ratios did not change

significantly. This suggests most viscosity increases are likely facilitated by organosulfate
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Figure 4.2. a) AFM phase image of representative pH 1 w/o NHa" seed particles, particles after
reaction with IEPOX for 30, 60, and 120 minutes; b) core volume fraction (blue) and shell volume
fraction (green), the error bars represent standard error; ¢) Averaged spreading ratios of 249, 68,
78, 74 particles, respectively, single asterisks denote spreading ratios that are statistically different
than seed particles before IEPOX uptake (p < 0.05), error bars represent 26 from gaussian fit.
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formation that occurs within 60 minutes, and that the particles were stable for at least the next
hour, possibly due to a potential self-limiting effect.”®> These results demonstrate rapid
modification of submicron particle phase states and viscosity during reactive uptake of gaseous

IEPOX to pH 1 seed particles (without NH4").
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Figure 4.3 Particle volume concentration, average height trace of 10 individual particles, and
AFM phase images for a). pH 1 seed particles with ammonium after IEPOX uptake; b). pH 1 seed
particles without ammonium after IEPOX; ¢) pH 3 ammonium sulfate particles after IEPOX
uptake; d) pH 5 ammonium sulfate particles after [EPOX uptake. Blue color represents the seed
particles, and the green color represents the IEPOX derived SOA particles.

Particle volume concentrations of seed particles and particles after IEPOX uptake for 60
min are shown in Figure 4.3 (top row). A significant increase in IEPOX-derived SOA formation
was observed for pH 1 seed particles with and without NH4", with volume concentrations
increasing 34.0 + 0.4% and 31.9 £ 0.1 %, respectively. Similarly, the less acidic seed particles led
to less volume growth (12.8 = 0.9 % for pH 3 ammonium sulfate and 17.3 £ 0.3 % for pH 5
ammonium sulfate). These results are consistent with previous studies that show IEPOX-derived
SOA formation is facilitated by acid-catalyzed particle-phase reactions.?>=° In addition, average
height traces of 10 individual particles are included in Figure 4.3 (middle row), which shows the

average aerosol growth after SOA formation. A taller particle with the same width indicates a more

viscous particle while a shorter particle is less viscous and has spread more.!” As seed particles
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became less acidic, the height and, by proxy, the viscosity of particles after IEPOX uptake was
lower. This is because IEPOX-derived organosulfates (and oligomers) that increase particle
viscosity are more likely to be formed under acidic conditions.!**!3¥2%% To connect greater SOA
formation and higher viscosity to core-shell morphology, phase imaging was used to characterize
particles after gaseous IEPOX uptake onto particles with different initial pH values. AFM phase
images in Figure 4.3 (bottom row) demonstrate that phase separation only occurs for the pH 1
particles (with or without NH4") after exposure to gaseous IEPOX. AFM phase images suggest
that the SOA particles generated under acidic conditions formed a thick SOA coating and the
circular core-shell morphology illustrates that those particles are phase separated. For less acidic
seed particles, the shell was thinner (pH 3) or even formed an ammonium sulfate crystal in the
core observed for near neutral (pH 5) seed particles. The crystallized morphology further indicates
that minimal organic material has formed (consistent with aerosol volume concentration data), as
organic material interferes with crystallization leading to round amorphous solids.?**?® SEM
images were also collected to confirm the phase transition, and the result is consistent with AFM
(Figure C.5). To understand the chemical composition in the individual core-shell IEPOX-derived
SOA particles, PTIR and Raman spectra were collected.

Chemical composition plays an important role in understanding phase-separated inorganic-
SOA mixed particles. Raman microspectroscopy and PTIR were used to identify functional group
composition for the core and shell of these particles. Detailed spectra of pH 1 seed particles with
NH4" after IEPOX uptake for 60 min were collected (Figure 4.4), and the specific vibrational
modes and full Raman spectra are listed in the Supporting Information (Table C.1). A strong
sulfate peak vs(SO4*) at 976 cm™! in the Raman spectra is clearly discernible and located in both
core and shell of particles and the bisulfate vs(HSOs4) peak at 1041 cm™ was also
observed.3045212271 Both the particle core and shell also showed signs of organosulfate formation
with peaks around 1060 cm™ in the Raman spectra and 1200 in the PTIR, indicative of
vs(RO—S03).!® Other organic peaks were observed for both core and shell; specifically, the
asymmetric carbon-hydrogen §(C-H) of the methylene at 1460 cm™ !'%®272 symmetric and
antisymmetric of methyl and methylene stretches were observed in the v(C-H) region between
2800 to 3000 cm™!, % and carbonyl v(C=0) at 1662 cm!. The hydroxyl v(O-H) peak was observed
at 3419 cm’! from either the IEPOX uptake reaction or water from the liquid particle.’*** The

Raman spectra of particle core and shell show that more organic compounds were formed in the
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particle shell with a small amount of organics in the particle core, indicating that the gaseous
IEPOX diffused through the entire inorganic particle to react and modify its physiochemical
properties. Additionally, a PTIR spectrum was collected to provide complementary chemical
composition information of an individual submicron particle. A strong asymmetric sulfate
vas(SO4%) peak at 1108 cm™! was observed,” and another sulfate mode at 1076 cm™ was observed.
The peak at 1206 cm™ is assigned to bisulfate v(HSO4") group and the peak at 1422 cm™! is assigned
to ammonium band & (NH4").”> The peak at 880, 914, and 1034 cm™! have been identified as
organosulfate group vs(RO-SOs3").
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Figure 4.4 Raman spectra of pH 1 seed particles with NH4" after IEPOX reactive uptake for 60
min, showing the differences between core (blue) and shell (green) composition (top), AFM 3D
image of individual submicron particles after impacted on the Si substrate (bottom left);
representative PTIR spectra of the whole particle for a different core-shell SOA-inorganic particle
formed from IEPOX uptake.

To further understand how the pH of seed particles affects gaseous IEPOX uptake, single-
particle chemical compositions were characterized using PTIR and Raman microspectroscopy.
Due to particle-to-particle variance, an average of 20 PTIR spectra and 15 Raman spectra were

collected for each sample, with representative spectra shown in Figure 4.5. Organosulfate

formations were observed in both the PTIR and Raman spectra after different acidic seed particles
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were exposed to gaseous IEPOX for 60 min. Organosulfates were identified by vibrational modes
at 914, 1034, and 1206 cm'.!®® Those different organosulfate vibration modes can be either
different organosulfates or different extents of their corresponding dimer, trimer, and oligomer
formations, which will be probed in a future study. The reacted pH 1 seed particles with NHs"
formed the most organosulfates, followed by the pH 1 seed particles without NH4" (Figure 4.5a
and 4.5b). When the pH of the seed particles increased to 3 and 5, the formation of organosulfates
decreased and more sulfate remained (Figure 4.5¢c and 4.5d). This result is consistent with previous
studies that showed SOA formation is significantly higher under acidic conditions.’*?*? Peaks in
the PTIR spectra at ~1100 cm™ and 1418 cm™ are assigned to asymmetric sulfate vas(SO4>") and

ammonium §(NH4"), respectively, with primarily vas(SO4%") present with few organosulfates at pH
3and 5.7

PT-IR Raman

a) pH1 w/ (NH,*)

250
200

1045

1034 914

1096
—1069

ggo 150
100

o
o
T T I
|
\\
2087>—3124
< fpﬁzgu
7

T T
3500 3000 1800 160014001200 1000 1100 1000

T T T 1
1600 1400 1200 1000 800

-1
Wavenumber (cm ) Bk
b) pH1 wfo (NH,*) Wavenumber (cm ')
250
1102 DO I
/1080 2004 23853 &
ISR
‘—M
T T T 1 0 i .
1600 1400 1200 1000 80O 3500 3000 18001600 1400 1200 1000
Wavenumber (cm )

1
o) pH3 Wavenumber (cm ')

1418 1086 250 ©
7
200 c
1100
Nl 1038 150

I I I 1 0

1600 1400 1200 1000 800
Wavenumber (cm )

d) pH5

T T T
3500 3000 18001600 140012001000 | 1100 1000
Wavenumber (cm )

418 1106 200

—1096
——1066

T 1 T 1 | T =T —
1600 1400 1200 1p00 800 3500 3000 1800 1600 1400 1200 1000 1100 1000
Wavenumber (cm ') Wavenumber (cm )

Figure 4.5 Representative PTIR spectra of individual particles after [EPOX reactive uptake

for 60 minutes: a). pH 1 (NH4", HSO4 >> SO4, H', H20), b). pH 1 (HSO4 >> SO4, H", H20) (red
solid circle), ¢). pH 3 (NH4", H", SO4* >> HSO4, H20), d). pH 5 (NH4", H*, SO4*, H20) (left
column). Raman spectra of four different types of SOA particles after IEPOX uptake for 60
minutes showing composition differences between core and shell (right column).
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Raman spectra were collected in the particle core and shell to obtain complementary
chemical information. All SOA particles formed from seed particles with different pHs showed
modes indicative of organosulfate formation with peaks around 1065 cm™.'® The distinctly
different Raman spectra for particle cores and shells demonstrate chemically that phase separation
occurred under acidic conditions (Figure 4.5a, 4.5b, and 4.5¢). The bisulfate v(HSO4") mode was
observed at 1041 cm™! for all acidic seed particles with pH 1 and pH 3 after IEPOX uptake, which
suggests the remaining aqueous component within particles remain acidic after exposure to
IEPOX .2*8593 Though much smaller than the symmetric stretch in Raman, the asymmetric sulfate
vas(SO4*) mode at 1096 cm™' was observed for the seed particles containing ammonium sulfate.*®
Last, for pH 1 and pH 3 seed particles with NH4*, the §(NH4") peak around 3124 cm™! was observed
only in the particle core?'*?!> and peaks in the v(C-H) region between 2800 and 3000 cm! indicate
organic materials were present in the particle shell. Both PTIR and Raman spectra provide
complementary information regarding morphology and chemical composition after IEPOX
multiphase chemical reactions.

As organosulfate formation is consistently observed in IEPOX-derived SOA particles,!”
it is important to quantify the amount of organosulfates produced for each different seed pH. Figure
4.6 shows that organosulfate formation was observed under all pH conditions, with a strong pH-
dependence leading to rapid conversion of inorganic sulfate to organosulfates under the most
acidic conditions (pH 1). Organosulfate formation is higher with NH4" at pH 1, as the NH4" may
help stabilize the particle pH, preventing pH from decreasing after generation. Since pH does not
decrease, less sulfate is protonated to bisulfate (below the pka), which is a weaker nucleophile,?”?
that may slow organosulfate formation. The Raman spectra in Figure 4.5 also show more sulfate
(V(SO4*) = 1096 cm™) in pH 1 seed particles with NH4" than pH 1 seed particles without NH4",
supporting this hypothesis. For less acidic aerosol conditions (pH 3 and 5), organosulfate
production was much slower due to lower [H] to facilitate the epoxide ring-opening reactions.
This and prior experimental studies are buttressed by computational chemistry modeling that
predicts IEPOX rapidly produces organosulfates in acidic aerosols.?’* The results from this study
show that the most amount of inorganic sulfate was converted to organosulfates within 60 min
under acidic conditions, and may indicate a self-limiting towards further IEPOX uptake at reaction
times longer than 60 min.?® For the less acidic inorganic seed particles, the maximum formation

of organosulfates was observed within 80-100 min before stabilization. To further understand the
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particle morphology and phase impacts on organosulfates formations, AFM phase images were
collected after 30-, 60-, and 120-min reactions. Core-shell morphology was observed for each
experiment across the different reaction times, with thicker shells at lower pH where greater
organosulfates are seen to form in the top of Figure 6. After the formation of a thicker shell (likely
more viscous) and more solid core, the amount of organosulfate formation decreased.!*2! It should
be noted that by 120 min, the SOA coating on the particles formed with the pH 1 seed particles

(with NH4") was so thick the core-shell morphology became difficult to resolve via phase imaging.
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Figure 4.6 . Organosulfates concentrations by conversion of inorganic sulfate during the

reactive uptake of IEPOX (top), the different color lines and shades represent sigmoid fit with
uncertainties under different acidic conditions, data was corrected for wall loss; AFM phase
images of seed particles with varying pH reacted with gaseous IEPOX for 30, 60, and 120 minutes.
Different colors corresponding to different seed particles.
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4.4 Conclusions

This study demonstrates that the initial acidity and composition of inorganic seed particles
impacts their ultimate physicochemical properties (i.e., morphology and phase state) after
exposure to gaseous IEPOX, which influences the continued formation, evolution, and reactivity
of IEPOX-derived SOA. Phase separation was more pronounced under more acidic conditions,
showing a clear core-shell morphology for individual submicron SOA particles. We further
demonstrate that after reactive uptake of IEPOX on seed particles, the phase state of SOA particles
shifts from a liquid phase to a semi-solid or solid phase, even at 50% RH. To further understand
how acidity impacts the mechanism of organosulfates formation, future studies are needed that
probe additional variables (e.g., RH and size). This study clearly demonstrates a significant
modification of morphology and phase evolution during IEPOX uptake onto seed particles with
varying aerosol acidities. As aerosols from a range of sources with different initial pH values can
form SOA leading to complex aerosol mixing states,’>3%14%150.275 the strong effect of acidity on
IEPOX-derived SOA physical and chemical properties may have substantial implications on SOA

in isoprene-rich regions.!3%-276-278
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Chapter 5. Direct Measurement of Glass Transition Temperature for Individual
Submicron Atmospheric Aerosol
Ziying Lei, Jing Zhang, Emily Muller, Anne McNeil, Mark M. Banaszak Holl, Andrew P. Ault.
Analytical Chemistry Letter, 2021 (Under Review)

5.1 Introduction

Atmospheric aerosol particles play a crucial role in climate, air quality, and public health.'*
Organic matter (OM) is one of the dominant components of atmospheric aerosol particles which
account for over 50% of total fine particulate matter (PM2.5) mass.?*! Many studies have found that
organic aerosol particles have effects on the atmosphere and climate through undergoing reactions

with atmospheric gases,!%?>4

interaction with water vapor and radiation, modification of their
cloud condensation nuclei activities, and optical properties.’?>*>> Because of the complex
formation mechanism of OM in atmospheric particles and incomplete understanding of their
physical and chemical properties, the extent of atmospheric particles’ climate effects is highly
uncertain. Additionally, submicrometer particles have great impacts on human health by depositing
deeply in the alveoli and contribute to 8% of global deaths annually from air pollution.® A detailed
characterization of particle size, chemical composition, and phase state (liquid, semi-solid, or

solid) is crucial for estimating their impacts on climate and health.!6?

Traditionally, atmospheric particles were assumed to be liquid, but recent studies and
evidence show that they can be semi-solid or glassy solid.®®*® Both ambient and laboratory-
generated aerosol particles have been observed to bounce off the smooth hard surface of an inertial
impactor implying a non-liquid state.’>”® Particles can have a wide range of viscosities (1) and
have over many orders of magnitude difference from liquid to solid substance, such as liquid water
(107 Pa s) and glass marbles (>10'? Pa s).%%%* Many studies have measured the bulk diffusivity in
organic particles to predict the viscosity based on the Stokes-Einstein equation.?’>-?*° The challenge
of this method is that the equation has been shown to work well for organic molecules diffusion in
materials with 1 < 10° Pa s, which may underestimate the diffusivity of organic molecules in a

highly viscous material by a few orders of magnitudes.”®! Some viscosity methods have been
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developed in recent years; for example, Renbaum-Wolff et al. introduced a poke-and-flow
technique that uses a needle to poke the particle on a substrate and monitor the time required for
the material to relax back to the equilibrium state, and then viscosity can be determined by
comparison with simulated flow times.?*? Furthermore, a bead-mobility technique uses melamine
beads incorporated in large particles (30-50 pm) formed from an organic aerosol particle and the
viscosity of the particle can be determined from the velocity of the beads.!”® Other techniques infer
viscosity by including resistance to an applied force, X-ray diffraction and differential scanning
calorimetry (DSC), particles coalescence in optical tweezers, and particle rebound.?®**% These
techniques provide important insights in estimating the viscosity of atmospheric aerosol particles.
However, most of these methods are limited to supermicron particles, and a novel method that can

measure the viscosity of individual submicron atmospheric aerosol is needed.

Glass transition temperature (Tg) has been frequently used to determine particle phase
state.’® T represents a non-equilibrium phase transition from a glassy solid state to a semi-solid
state when the temperature increases. Different models have been improved to estimate the T of
organic compounds, and a global chemistry-climate model can successfully predict Ty and the
phase state of atmospheric aerosol particles.*> The results indicate that particles are mostly liquid
or semi-solid in the planetary boundary layer. To improve model predictions, a novel analytical
measurement of Tg has been developed that transfers the liquid aerosol into a glassy state by low
temperature evaporation of solvent.?®* This method can prevent nucleation of crystalline phases in
the liquid aerosol droplets while avoiding chemical changes at room temperature, however, this is
a bulk measurement that requires 2 — 5 mg of sample materials. Despite the current understanding
of the viscosity and phase state of atmospheric and laboratory-generated aerosol being improved
significantly, a new analytical measurement is needed to further understand submicrometer
ambient particles at the single-particle level. This will have great implications in predicting the gas
uptake,'® chemical transformation of organic compounds,’’ new particle formation,'” and particles

lifetime. 8!

Atomic force microscopy coupled to photothermal infrared spectroscopy (AFM-PTIR) has
recently been used to characterize the morphology and chemical compositions of individual
particles down to 100 nm in diameter.”® The addition of a thermal probe with an end radius of 20
nm adds a new capability of spatially resolved thermal analysis to the AFM, which enables the

AFM to probe thermal properties at a sub — 100 nm size scale.'”! This study develops a novel Tg
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measurement for individual aerosol particles using AFM thermal analysis at the nanoscale. The
melting temperature (Tm) of laboratory-generated standard aerosol particles was directly measured
and the Ty was determined based on the Boyer-Beaman rule. The results were compared to
traditional DSC bulk measurements and the Tg model to evaluate the accuracy of this method.
Particle morphology, PTIR spectra, chemical mapping, and Tm were collected to provide a detailed
characterization of phase-separated particles and ambient particles for the first time. These results
highlight the capability of AFM thermal analysis to analyze individual submicron particles down
to 76 nm under ambient atmospheric conditions and show the power of combined AFM thermal
analysis with PTIR spectroscopy to further understand physicochemical properties of atmospheric

aerosol particles.

5.2 Method

5.2.1 Aerosol Generation and Impaction

Standard solutions were prepared using 18.2 MQ Milli-Q water and the following
chemicals: sucrose (Ci2H22011, Fisher Scientific), poly(e-caprolactone) (CH3(CsHi1002)nCH3,
Sigma-Aldrich), ouabain (C29H44012, Sigma-Aldrich), maltoheptaose (C30Hs2026, Sigma-Aldrich),
raffinose (CisH32016, Grainger). All chemicals were > 95.0% purity and used without further
purification. Aerosols were generated from 50 mL solutions using a Collison nebulizer operated
with HEPA filtered air then passed through the diffusion driers to remove excess water and form
solid particles. Particles were inertially impacted onto silicon substrate (Ted Pella Inc., product
number 16013) using a microanalysis particle sampler (MPS, California Measurements Inc.),
which consists of 3 stages with different aerodynamic diameter (da) 50% size cuts, and the particles
were impacted on stage 3 (aerodynamic cut points leading to size < 0.4 pm). Submicron particles
were the focus of this study as particles < 1 um correspond to the size regime where SOA formation

reactions occur. All samples were sealed before characterization.

5.2.2 Ambient Particles Sampling

Atmospheric particles were collected onto both silicon and gold substrates in Ann Arbor,
MI on February 3rd, 2021 from 11:19- 13:36 EST using an MPS on stage 2 and 3 (aecrodynamic
diameter of 0.4 — 2.8 um, and < 0.4 um, respectively).
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5.2.3 Differential Scanning Calorimetry Bulk Measurement

The glass transition temperature of bulk particles was measured using a modulated
differential scanning calorimetry (MDSC, model Q2000, TA Instruments). Aerosol particles were
atomized from 1M dilute standard solutions for sucrose, ammonium bisulfate, and raffinose. After
being through two diffusion driers the dried particles were collected in an aluminum MDSC
sample pan via MPS until enough mass was accumulated for a MDSC measurement (about 3-5
mg). Maltoheptaose and ouabain were directly measured from pure standards. The samples were

collected at room temperature and immediately sealed before analysis.

5.2.4 Single Particle Nano Thermal Analysis Characterization

AFM with thermal analysis (Bruker, Santa Barbara, CA) was used to analyze single-
component standards in contact mode. A special thermal probe that can be controllably heated was
used (VITA-HE-NANOTA-200, Bruker). After the AFM image was collected, the probe was
placed on the particle and the temperature of the probe increased. The deflection change of the
probe was monitored during the thermal ramp. The thermal probes were calibrated each time
before analyzing the sample using three polymeric calibration materials with sharp melting points,
which are polycaprolactone (PCL, Tm=55 °C), high-density polyethylene (HDPE, Tm=116 °C),
and polyethylene terephthalate (PET, Tm=235 °C) (Figure D.1). The calibration figure is available
in Supporting Information (SI) Figure S1. The thermal probe was cleaned for each sample by
raising voltage/temperature of the probe through the software control. The slower heating rate
1°C/s and the temperature range of 30-250°C was used for all the samples. At minimum, 30

particles per sample were analyzed to ensure representative and reproducible thermal analysis data.

5.2.5 Single Particle Chemical Characterization

This study used AFM with photothermal infrared spectroscopy (AFM-PTIR, nanolR3,
Bruker, Santa Barbara, CA) to characterize chemical composition of ambient particles. Particles
on silicon substrates were imaged in 5 x 5 pm? and 10 x 10 um? regions with 0.7 Hz scan rates
that operated at a 0.07-0.4 N/m spring constant and 13 + 4 kHz resonant frequency. Tapping IR
mode was conducted with a gold-coated microfabricated silicon probe (AU.1000.SWTSG,
Platypus Technologies). A tunable IR source (880-1950 cm™ frequency range, 100 kHz repetition
rate, quantum cascade laser, QCL) was used to collect PTIR spectral maps of SOA particles.
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Tapping-IR mode was used, and the amplitude of cantilever oscillation was mapped using 128 co-
averages, 400 pixels resolution. The IR ratio map was generated in Analysis Studio (Anasys
Instruments software V3.15) to show differences in the spatial distribution of chemical

components based on different vibrational modes.

5.2.6 Glass Transition Temperature Prediction

This study also included an improved parameterization for Tg prediction based on the
number of carbon, hydrogen, and oxygen for organic standards. The model is based on the recent
study by Shiraiwa et al.'®* using the equation shown below:

Ty, = (g + In(nc))be + In(ny) by + In(ne) In(ny) bey + In(ny) by Eq. 5.1

+ In(n¢) In(ng) beo
where ng = 12.13 (+ 2.66), b = 10.95 (£ 13.60), by =-41.82 (+ 14.78), and b, = 118.96 (+ 9.72),
which represent the contribution of each atom to Tg, boyy =21.61(£5.30) and by =-24.38 (£4.21),
which are coefficients that contribute from carbon-hydrogen and carbon-oxygen bonds,
respectively.

We also calculated Tg from direct Tm measurements by using the Boyer-Beaman rule that
relates Tg to Tm for the sample substance.

Ty =9 XTy Eq. 5.2

where the glass transition temperature Ty is proportional to the melting point temperature Tm and

the g = 0.7009 (+ 0.004).

5.3 Results and Discussion

A schematic graph in Figure 5.1a is used to illustrate the AFM thermal analysis process of
individual submicron sucrose particles. When the temperature increases, the thermal expansion of
the particle causes the deflection of the probe to continuously increase until the particle starts to
melt which leads to a decrease in probe deflection (Figure 5.1a). The 3D AFM images of individual
sucrose particles were collected before and after the AFM thermal analysis (Figure 5.1b). After the
measurement, the hole generated by the heating probe was observed and the value for Tm was
obtained (92 °C). Additionally, PTIR spectra of sucrose particles were collected to provide

chemical composition characterization (Figure 5.1c). IR vibrational modes observed include v(C-
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C) at 929 cm’!, v(C-0O) at 997 cm!, 1055 cm™ and 1111 ecm™, and o(CH2) at 1437 cm!.7378:28
AFM thermal analysis combined with PTIR spectroscopy technique provides a detailed physical

and chemical characterization of individual submicron particles.
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Figure 5.1 a). Schematic graph of AFM heating probe measuring individual sucrose particle
melting temperature process; b). AFM 3D height image of representative submicron sucrose
particle, the red circle represents the location where heating probe melted the particle; ¢). averaged
PTIR spectrum of submicron individual sucrose particles and the sucrose molecule was made in
chemdraw.

To further evaluate AFM thermal analysis, aerosol particles from single-component
solutions were generated and analyzed by multiple techniques for comparison. Particles with
volume equivalent diameter (Dve, diameter of a sphere with volume equivalent to the impacted
particle) ~ 76 — 611 nm were analyzed (Figure 5.2a), which are representative of the size range of

atmospheric particles.?®® The average melting temperatures of laboratory-generated particles
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(sucrose, ouabain, raffinose, and maltoheptaose) are shown in Figure 5.2b, which suggests that
sucrose particles have the lowest melting temperature while maltoheptaose particles have the
highest melting temperature, this result is consistent with previous studies.’®%?%” The similar
melting temperatures of ouabain and raffinose particles were observed (142 and 149 °C,
respectively), which can be correlated to both compounds having a similar molecular weight
(ouabain: 584 g/mol and raffinose: 594.5 g/mol). A previous study has related molecular weight to
glass transition temperature (Tg) and viscosity according to the number of different C, H, and O
atoms and C-H and C-O bonds in a molecular formula or the molecular weight (M).'3* Individual

temperature ramps for single particles are shown in Figure D.2.

To compare AFM thermal analysis results to more traditional Tg techniques, DSC was used

to collect melting temperature for those standards as well. The T of ouabain and raffinose particles
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Figure 5.2. a). AFM height images of submicron sucrose, ouabain, raffinose, and maltoheptaose
particles; b). Average Tm of 20 induvial particles from AFM thermal analysis measurement; c)
Tg of sucrose, ouabain, raffinose, and maltoheptaose measured by AFM thermal analysis, DSC,
and model calculation. The maltoheptaose from pure standard was directly measured.
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measured by AFM thermal analysis is consistent with DSC measurement. The higher Ty of sucrose
particles measured by DSC was observed, which may be due to the different morphologies
presented in different methods (crystal vs. sphere).?%® Additionally, the minimum mass of sample
for DSC measurement is 3 mg, the particles that were accumulated in the DSC pan could cause
the water molecule to be trapped before the sucrose recrystallized, which can modify the sample
composition and subsequently affect the Ty result.”® For maltoheptaose, the pure standard was
used directly for DSC measurement to ensure the sample has enough mass without further dilution,
which can lead to the slight difference in Tg results from AFM thermal analysis that measured
individual submicron particles generated from solution. The agreement of different measurements
and the Tg model provide robust evidence for the ability of AFM thermal analysis to study Tg of

individual submicron particles.

In the atmosphere, particles are frequently not homogeneous and have more complex
morphologies (i.e., core-shell). In order to examine capabilities for multi-component particles with
core-shell morphology, particles with an ammonium sulfate core and polyethylene glycol (PEG)
shell were analyzed. The AFM height image showed the individual particles with Dve 80 — 300 nm
(Figure 5.3a). To confirm the chemical compositions are different for the particle core and shell,
the PTIR spectra were collected in the middle and the edge of the particle to represent the particle
core and shell shown in Figure D.3. The peak at 1400 cm™ was only observed in the particle core,

a). AFM Heigh image of PEG/AS particles c). IR map at 930 cm' (PEG)
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Figure 5.3 a). AFM height images of PEG/AS phase-separated particles; b). Melting temperature
ramps of particle core and shell; ¢) IR spectral map at 930 cm™'; d) IR spectral map at 1400 cm’';
e) the ratio of 930/1400 cm™!
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which is assigned to §(NH4") from ammonium sulfate.”® The temperature ramps were collected
from the particle core and shell to show different melting points based on the two distinct
compositions (Figure 5.3b). The thermal probe couldn’t penetrate the organic shell in the middle
of the particle to reach the core and the Tm of PEG at 70°C was observed. At the edge of the particle,
the thermal probe melted the shell and reached the silicon substrate. The single wavenumber PTIR
mappings were collected for the mode at 930 cm™! from PEG and the mode at 1400 cm™ from
ammonium sulfate, which show different spatial distributions (Figure 5.3c-¢). The ratio map
(Figure 5.3e) most clearly highlights differences in spatial distribution, which illustrates that the

small ammonium sulfate core was coated by a thick PEG shell.

To provide more detailed AFM Nano TA analysis within an individual particle, a line scan
was performed and temperature ramps every 0.3 pum across a phase-separated particle were
collected (Figure 4a). The holes caused by the AFM heating probe after the line scan are shown
in Figure 4c¢. The Tm at each point in the line scan demonstrates that the thermal probe can measure

Tg of minimum PEG on the edge of the particle with 146 nm thickness (Figure 4c¢). These results
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Figure 5.4 a). AFM height images of PEG/AS particles with line scan, each markers represent
the location of Tm ramp were collected, the different colors represent the particle core (blue), shell
(green), and substrate (purple); b). Individual Tm ramps of line scan correspond to a); c) AFM 3D
image after thermal analysis; d) Tm as a function of particle distance.
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provide evidence that AFM thermal analysis can measure T within individual particles related to

particle morphology, which can be used to reveal aerosol viscosity and study the mixing state.

To further explore the AFM thermal analysis technique, ambient particles were collected
and analyzed for the first time. Core-shell morphology of ambient particles was observed (Figure
5.5a), both temperature ramps and PTIR spectra were collected to determine Tg of particles and
understand their chemical compositions (Figure 5.5b and c). Two distinct Tm for particle core and
shell were observed for ambient particles where the shell has a relatively lower Tm at 80 °C and
the Tm for particle core is 120 °C (Figure 5.5¢). This result illustrates that the organic shell is more
likely to be in the liquid or semi-solid phase and the core is more likely to be in a solid phase. The
modes at 1104 and 1412 cm™ in the particle core represent vs (SO4>) and 8(NH4"),” respectively,
indicative of ammonium sulfate. Other modes at 1336, and 1732 cm™! identified as §(C-H) and
v(C=0), respectively,”® which suggest that the particles also contained organics in the shell. The
combined Tg measurement and chemical information on the submicron particles show that the

detailed physicochemical characterization can be obtained from individual ambient particles and
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Figure 5.5 a). AFM 3D image of ambient particles; b). AFM deflection image, c). Averaged Tm

ramp for particle core (blue) and shell (green); d). Averaged AFM-PTIR spectra of particle core
(blue) and shell (green).
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that this method can be applied to study the phase state of atmospheric particles containing

complex mixtures of chemical species.

5.4 Conclusion

This study has demonstrated the new application of AFM thermal analysis on nanoscale
particles and was applied to study single-component model systems, phase-separated particles, and
ambient aerosol particles for the first time. The particle size, morphology, phase, chemical
composition, and melting temperature can all be obtained. The novel application of this analytical
method to atmospheric particles enabled the determination of Tg for the submicron individual
particles, as well as identified the chemical compositions of phase-separated components within a
particle size range that has not been studied previously. The high spatial scale analysis of Tm and
chemical mapping within particles demonstrate the ability of this analytical technique to determine
the intraparticle Tm difference caused by the distribution of chemical species, which impact the
aerosol physicochemical properties in the atmosphere. Future work will be focused on
understanding Tm of individual submicron particles changes as a function of RH and temperature.
Different types of SOA particles with varying O: C ratios can be probed to further understand the
particle viscosity and phase state, which will provide key insights regarding physicochemical

properties of atmospheric particles in a critical size range for climate and human health.
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Chapter 6. Conclusion and Future Directions

6.1 Conclusion

Atmospheric aerosol has significant impacts on climate and human health, therefore
understanding the chemical and physical properties of individual submicron particles is critical to
reducing uncertainties in climate change and improving air quality. Although recent progress has
been made, due to the complex nature of atmospheric aerosol, novel techniques and measurements
are needed to provide more detailed physicochemical characterization. This dissertation focuses
on the development and use of state-of-the-art instruments to characterize the physicochemical
properties (i.e., acidity, morphology, size, viscosity) of laboratory-generated and ambient particles.
The novel methods developed in this dissertation address some challenges of measuring the
physicochemical properties of atmospheric aerosols. The application of these methods to study
atmospheric aerosol provides insight into the complex chemical composition and reaction
mechanisms of multiphase processes in the atmosphere. The findings from this dissertation
improve the current understanding of aerosol impacts on climate and health, which further
motivates future studies.

Chapter 2 developed a novel acidity measurement method for individual submicron aerosol
particles using a pH-sensitive polymer, poly(e-caprolactone). Acidic aerosol particles with pH 0
were deposited on a polymer thin film (21-25 nm), which was then incubated in a sealed humidity
chamber at 50% RH for up to 15 days. Acidic aerosol particles were rinsed from the polymer film,
so that the degradation thickness could be characterized by AFM and Raman microspectroscopy.
The results suggest that the polymer degradation thickness is a function of time; the longer the
particles stayed on the polymer, the larger the polymer degradation. As particle size decreased,
polymer degradation thickness increased, indicating an increase in aerosol acidity at smaller
particle diameters. This method presents the potential of studying submicron individual aerosol

particles without constraints on complex chemical compositions and relative humidity.
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Chapter 3 studied the morphology and viscosity of size-selected submicron SOA particles
formed from oxidation of four different VOC precursors (a-pinene, f-caryophyllene, isoprene, and
toluene) before and after exposure to IEPOX for two hours. The physicochemical properties and
chemical composition of individual particles were characterized using AFM-PTIR, Raman
microspectroscopy, and SEM-EDX. The changes in viscosity and morphology were observed after
IEPOX reactive uptake, and the results demonstrate that the modification of SOA physicochemical
properties is highly dependent on their VOC precursors. Specifically, the viscosities of a-pinene
and p-caryophyllene SOA decreased significantly after IEPOX uptake, while the viscosities of
isoprene and toluene SOA did not appreciably change. Additionally, the phase separation and more
particles with complex structure were observed at larger particle size after IEPOX uptake,
suggesting that particle size could play an important role in morphology and heterogeneous
reactions. The findings from this study increase our understanding of the impacts of multiphase
chemical reactions and can improve predictions of SOA formation.

Chapter 4 investigated morphology, phase state, and chemical composition of individual
organic-inorganic particles with different initial acidities (pH = 1, 3, and 5) after [IEPOX uptake
using AFM-PTIR and Raman microspectroscopy. Enhanced IEPOX reactive uptake to the most
acidic seed particles (pH = 1) resulted in 23% more formation of organosulfates compared to less
acidic seed particles (pH 3 and 5). Distinct phase separations (i.e., core-shell morphologies)
primarily occurred for initial pH values < 3. Increased aerosol acidity (lower pH) also led to more
viscous organic components of SOA particles and more irregularly shaped morphologies as the
organic phase transitioned to semi-solid or solid. Conversion of inorganic sulfate to organosulfates
corresponded with the transition to the higher viscosity of the organic phase and more complex
structures. This study highlights that aerosol acidity controls key multiphase chemical reactions
and the subsequent modification of aerosol physicochemical properties, such as viscosity and
morphology, which can be used to improve predictions of SOA formation, as well as subsequent
climate and health impacts.

Chapter 5 applied a new microspectroscopic technique, AFM thermal analysis, to measure
the glass transition temperature of individual submicron atmospheric aerosol particles for the first
time. An AFM heating tip sits on the top of the particle and the melting temperature will be
detected when the particle melts. This method was validated by analyzing different standard

laboratory-generated aerosol particles and comparing the result to DSC measurement and model
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predictions. Ambient particles were collected in Ann Arbor that are complex mixtures of organic
and inorganic materials, and the melting temperature was measured for the core and shell of phase-
separated particles. This unique measurement provides new fundamental molecular insight into

the viscosity of atmospheric aerosol that has important implications for the climate and health.

6.2 Future Directions

The research described in this dissertation provides insight into detailed physicochemical
characterizations of atmospherically relevant aerosol particles using advanced microspectroscopic
methods. The novel methods developed in the research chapters address the challenge of
measuring the acidity and viscosity of individual submicron aerosol particles. However, further
work can be performed to improve those methods and apply them to understand more about the
physicochemical properties of ambient aerosol particles and optimize current model systems.

In Chapter 2, a novel pH measurement was developed to understand the acidity of
individual submicron aerosol particles using a thin degradable polymer. This study demonstrates
its potential for determining whether individual submicron particles are acidic without some of the
limitations of bulk pH measurements. However, different atmospherically relevant pH values
between 0 and 6 need to be investigated to better understand the acidity of atmospheric aerosol
particles for future sensor development. Additionally, due to the complex nature of aerosol
particles under atmospheric conditions, other factors (i.e., RH and temperature) that can influence
aerosol acidity need to be considered in future studies. The effect of RH and a systematic range of
particle size (100 — 800 nm) need to be examined to understand why the smaller particles are more
acidic. In this study, the thinnest polymer with 25 nm thickness was used that was completely
degraded by pH 0 acidic particles for up to 15 days. To establish a pH measurement system using
polymer degradation rate and thickness, a more sensitive and precise polymer will need to be tested
to measure ambient particles in regions with different VOC precursors.

In Chapter 3, the impacts of multiphase chemical reactions on physicochemical properties
of different types of SOA particles were studied using multiple microscopic and spectroscopic
techniques. Although different oxidized organic coatings were investigated, many different factors
can affect heterogeneous reactions, such as different acidity of ammonium bisulfate seed particles,
RH conditions, and types of seed particles (e.g., sodium sulfate). This study shows that the

significant decrease in viscosities of a-pinene and fS-caryophyllene SOA particle after IEPOX
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uptake is attributed to the formation of lower molecular weight, but future work needs to identify
specific species and functional groups to further characterize this change. The additional
mechanism study using online mass spectrometry will help to explain the chemical composition
change in those multiphase reactions. The SOA particles with 150, 200, 250, and 300 nm diameters
were examined, and the results suggest that the changes in morphology and viscosity of different
SOA particles are dependent on particle sizes, however, a wider range of particles size (i.e., 100 —
800 nm) needs to be studied in the future. A more quantitative analysis of particle viscosity is
needed for future studies to further assess the extent to which viscosity impacts multiphase
reactions and aerosol climate properties.

In Chapter 4, the impacts of inorganic seed particle acidity (pH 1, 3, and 5) on reactive
uptake of gaseous species and on aerosol physicochemical properties were studied. The
ammonium bisulfate seed particles and different pH values were chosen are based on the
abundance of ammonium bisulfate particles in the atmosphere and atmospherically-relevant pH
values; however, the other pH values (i.e., pH 0, 2, 4, and 6) and types of inorganic seed particles
(i.e., sodium sulfate) need to be considered in the future studies. Recently, a new technique, O-
PTIR, was applied to study atmospheric aerosol particles and it can collect both Raman and PTIR
spectra at the same location on individual particles, and PTIR mapping can be used to visualize
the spatial distribution of chemical species’®. This novel technique can be used for future studies
to provide more detailed chemical characterization for complex SOA particles. Though this study
demonstrates that acidic seed particles lead to a significant increase in organosulfate formation, to
further understand how acidity impacts the mechanism of organosulfate and SOA formation, future
studies are needed that probe other variables (e.g., RH and size).

In Chapter 5, AFM-PTIR with thermal analysis were applied for the first time on
atmospheric aerosol particles to directly measure the melting temperature of submicron individual
particles. This study shows that this novel method can improve the current understanding of
individual particle viscosity under atmospheric conditions. Further work is needed to
systematically study the viscosity as a function of RH and particle size at a single-particle level,
and the particles with complex chemical compositions and morphologies (e.g., core-shell SOA
particles) can be investigated. Furthermore, thermal mapping combined with chemical mapping of
individual particles can be collected in future studies to further understand the functional group

distribution that leads to the viscosity change. The characterization of ambient particles is needed
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to examine aerosol particles from different sources and different regions, which can provide insight
for atmospheric models.

This dissertation sought to address the current challenge of measuring aerosol physical
properties, as well as to improve our understanding of the physicochemical properties of
submicron individual SOA particles. Although work remains to fully characterize the
physicochemical properties of atmospheric aerosols, many advancements have been made
throughout this dissertation. The novel acidity and glass transition temperature measurements
provide insight into physicochemical properties of submicron aerosol particles at single-particle
level. The detailed physical and chemical characterization of SOA help to further understand the
key atmospheric reactions and physical processes. The future directions listed above will improve
the accuracy of the current model system to predict the aerosol formation and climate impacts on

a global scale.
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Appendix A. Aerosol Acidity Sensing via Polymer Degradation Supplemental Information’

A.1 Raman spectra of pH 0 acidic particles under different RH conditions

To ensure the pH 0 particles were aqueous while interacting with the polymer, Raman
microspectroscopy was used to investigate particle composition under different RH conditions
varying from 10% - 90%. pH 0 acidic particles were generated under wet condition with 90% RH
and impacted on silicon substrate. The sample was placed in a sealed chamber to maintain the high
relative humidity when the Raman spectra were collected. The intensity of the O-H stretching
region, v(O-H) at 3435 cm™!, correlated with increasing the RH.
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Figure A.1 Raman spectra of sulfuric acid particles with pH 0 under different RH. Each color
corresponds to a Raman spectrum of sulfuric acid particles under different RH condition.

! Appendix A details supplemental information corresponding to Chapter 2
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A.2 SEM images of PCL after rinsing off neutral particles and acidic particle

SEM analysis of PCL was performed by a FEI Helios 650 Nanolab-Dualbeam electron microscope
equipped with using an Everhart-Thornley secondary electron detector that operated at an
accelerating voltage of 10.0 kV and a current of 0.80 nA under vacuum conditions (10 to 107

Pa). SEM images of PCL were obtained orthogonal to the beam and at a 45-degree angle (tilted).

a) PCL after rinse off neutral particles  b) PCL after rinse off acidic particles

Orthogonal

Tilt 45°

Figure A.2 SEM images of PCL a) after ammonium sulfate pH 6 particles that had been impacted
on PCL were rinsed off after 15 days; b) after sulfuric acid pH 0 particles that had been impacted
on the PCL were rinsed off after 15 days. Top images are orthogonal to the beam, while the bottom
images are at 45 degree tilt.
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A.3 AFM height image showing the degradation of PCL thin film
After acidic particles were rinsed off after impaction on the PCL thin film for 15 days, distinct,

clear holes were observed, which demonstrate the degradation of PCL caused by acidic particles.
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Figure A.3 a). 14 pm x 14 pm AFM height image of non-degraded PCL; b) 9 um X 9 um AFM
height image of PCL film following exposure to ammonium bisulfate pH = 6 particles for 15 days;
c) 25 um x 25 um AFM height image of PCL film following impaction and rinse off (15 days) of
acidic pH = 0 particles. The bright spots are AFM tip artifacts
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A.4 Root mean squared (RMS) roughness equation

The root mean squared (RMS) roughness of the initial PCL was 2 nm. This was calculated from
10 um? AFM height images using Gwyddion according to the definition of RMS roughness:
Eq. A1

Where n is spaced points along the trace, and yi is the vertical distance from the mean line to the
i data point.?*° This was independently confirmed with the Nanoscope software.
The spreading ratios of particles on these surfaces are similar to those reported for particles

19,73,168

impacted on silicon wafers, suggesting that this low level of surface roughness does not

affect particle deposition or surface wetting.
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A.4 Raman spectra of PCL degradation process

Raman spectra were collected at three points during degradation process: non-degraded PCL film;
PCL film before wash particle off; and PCL film after wash particle off. A clear sulfate peak at
978 cm! was observed before sulfuric acid particle wash off, confirming the particle chemical
composition. The mode is at the same frequencies as a mode intrinsic to the silicon, making the
intensity in this region much greater that of other peaks in Figure 3 of the manuscript, though the

sulfate peak is clearly visible on top.

—— Before wash particle off
3 _| — After wash particle off IQ?_
14 x10 —— Non-degraded PCL (o))
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0 T | T T T | T | 1
1040 1000 960 : 920

Wavenumber (cm )

Figure A.4 Raman spectra of non-degraded PCL film background (black), PCL film with pH 0
acidic particles for 15 days (red), PCL film after all particles were rinsed off (blue).

77



A.5 Raman spectra of non-degraded PCL

To charactrize and confirm the chemical composition of the PCL film, Raman spectra of a non-
degraded PCL film were collected at different locations on the PCL film. The spectra are consistent
with the main peaks observed corresponding to modes in the C-H stretching region (symmetric
elongation of methylene groups §(CH:z-) at 2865 cm™ and 2914 cm™, respectively), the §(CHz)
mode at 1440 cm!, and the carbonyl group v(C=0) at 1723 cm!, and multiple modes in the C-H

stretching region (v(C-H)).”>80:171

0(C-H)
© Location 1
- & —— Location 2
—— Location 3
—— Location 4
—— Location 5
» Zme
] § u(C=0) O(CH,)/(CH5)
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Figure A.5 Raman spectra and optical image of 400 nm thick non-degraded PCL film; the colors
represent individual Raman spectra collected at different points spatially on a single PCL film.



A.6 AFM-IR spectra of non-degraded PCL

AFM image and PTIR spectra of a non-degraded PCL film were collected, and the result is
consistent with the Raman spectra. The main IR peaks are: the v(C-H) stretching region at 2852 —
2956 cm™!, v(C=0) mode at 1728 cm™!, and 8(C-H) of the methylene groups at 1364 cm™'.”3
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Figure A.6 AFM-IR spectra of 400 nm thick initial non-degraded PCL film; colors indicate the
location at which each spectrum was acquired. The four spectra from different locations on the
PCL film are consistent.
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A.7 Numbers of individual particles characterized in Figure 2.4 and Figure 2.5

Table A.1 Numbers of individual particles were examined

Number of individual particles were characterized

Figure 4 3 days 7 days 15 days
46 41 40

Figure 5 320-560 nm 180-320 nm <180 nm
27 34 29
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A.8 pH indicator paper measurement of acidic aerosol particles with varying sizes

The pH values of aerosol particles generated from the pH 0 sulfuric acid bulk solution were
confirmed using colorimetric pH measurements.'*” The particles were collected on stages 6, 7 and
8 with size ranges of 320-560 nm, 180-320 nm, and < 180 nm, respectively, of the mini-MOUDI
on pH indicator paper. The image of the pH indicator strip for each sample was taken immediately

and analyzed with a custom MATLAB script based on the pH color scale.'*’

Stage 6
(320-560 nm)
pH0.18 £ 0.4

Stage 7
(180-320 nm)
pH 0.00 + 0.8

Stage 8
(<180 nm)
pH 0.00 £ 0.9

1.09540.0001 100 Tests

Figure A.7 Sulfuric acid (pH = 0) aerosol particles were generated and impacted on pH indicator
paper by mini-MOUDI on stage 6, 7, and 8 with aerodynamic diameter size cuts of 320-560 nm,
180-320 nm and < 180 nm, respectively.
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Appendix B. Morphology and Viscosity Change after Reactive Uptake Isoprene Epoxydiols
in Submicrometer Phase Separated Particles with Secondary Organic Aerosol Formed

from Different Volatile Organic Compounds Supplemental Information?

B.1 Size Distribution of Four Types of SOA

The size distribution of four types of SOA were collected using a scanning electrical mobility
spectrometer (SEMS, BMI Inc., Model 2100) to ensure the inorganic sulfate particles were coated
uniformly, and to monitor the particle growth after IEPOX uptake. Based on the size distribution
of the four SOA types after IEPOX uptake, 150, 200, and 250 nm inorganic-SOA mixed particles

were investigated in this study.
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Figure B.1 Size distribution plots of a) toluene SOA; b) isoprene SOA; ¢) a-pinene SOA; d) f-
caryophyllene SOA. Blue lines represent the size distribution of SOA-coated inorganic sulfate
particles, and the pink lines represent the size distribution of SOA-coated inorganic sulfate particles

after IEPOX uptake.

2 Appendix B details supplemental information corresponding to Chapter 3
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B.2 Experimental Details

The inorganic seed particles were generated by atomizing (NH4)2HSO4 and passed through a
diffusion drier that lowers the relative humidity (RH), but above efflorescence RH (30%).%°!
Particles with an electrical mobility diameter of 100 nm were selected by differential mobility
analyzer (DMA) and entered the potential aerosol mass (PAM) reactor to coat inorganic seed
particles with SOA coatings generated from the oxidation of either toluene, isoprene, a-pinene, or
f-caryophyllene. The charcoal denuders and an O3 scrubber were used to remove excess VOCs
and O3 before entering the UNC indoor chamber facility. A scanning mobility particle sizer
(SMPS) was used to ensure particles were coated with SOA before entering the indoor chamber.
After injection of SOA-coated inorganic seed particles, the chamber was left static to ensure the
particles were uniformly mixed. Then gaseous trans-[1-IEPOX was injected into the chamber.
Particles with 150 nm diameter were collected before IEPOX uptake, and 150, 200 and 250 nm

particles were collected after IEPOX uptake using a microanalysis particle sampler (MPS).

Charcoal denuders | UNC 10-m? Indoor
=5 O, scrubber Chamber
DMA ——— >
size select | o
particles SMPS o

100 nm —_— ﬁg Seed particle with o o
Seed particle / organic coating

O

Jafiq uoisnyiq —|

0, and N, Aerodyne PAM

oxidation flow reactor mk o
IEPOX o
Atomizer
DMA
0.06 M (NH4),S0, + Microanalysis Wi size select | ¢
0.06 M H,S0, Particle Sampler particles

Figure B.2 Experimental design showing instrumental setup and SOA formation.
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B.3 AFM Phase Images of Four Types of SOA Particles Before and After IEPOX Uptake

The larger size of AFM phase images shows the morphology and phase of 150 nm a-pinene SOA-
, p-caryophyllene SOA-, isoprene SOA-, and toluene SOA-coated sulfate particles before and after

IEPOX reactive uptake.

a) a-pinene SOA

0um 2 4

Before IEPOX

c) Isoprene SOA
Opm 2 4 ]

Before IEPOX

After IEPOX

b) B-caryophyllene SOA
3 4

21.0deg 0

opm 1 2

-17.0 deg
-20.0

=250

After IEPOX

Before IEPOX
d) Toluene SOA

8pym 9 10 11 12 13

15.0
10.0
5.0
0.0

-10.0

-15.0
-22.0

After IEPOX

Before IEPOX

Figure B.3 AFM phase images of 150 nm SOA-coated sulfate particles before and after [IEPOX
uptake: a) a-pinene SOA; b) B-caryophyllene SOA; ¢) isoprene SOA; d) toluene SOA.
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B.4 Morphology and Spreading Ratio of #-caryophyllene SOA Particles

After IEPOX reactive uptake, the detailed morphology and viscosity changes for f-caryophyllene
SOA-coated sulfate particles with different sizes were investigated. A clear core-shell morphology
was observed for larger particles (200 nm and 250 nm) (Figure B.3). This result is consistent with
a previous study that showed phase separation of aerosol particles is strong size-dependent.?>* The
spreading ratio of all sizes of S-caryophyllene SOA-coated sulfate particles ranges from 4.6 + 0.3
to 5.4 £ 0.2. With an increase of f-caryophyllene SOA-coated sulfate particle size, the spreading

ratios decreased significantly, suggesting larger particles were more viscous.

150 nm 200 nm 250 nm

‘O‘

—

Spreading Ratio

Figure B.4 Morphology and spreading ratio of size-selected f-caryophyllene SOA-coated sulfate
particles after [IEPOX uptake. a) Representative 3D AFM images; b) AFM amplitude images; c)
AFM phase images; d) Bar charts show the average spreading ratio of individual particles for f-
caryophyllene SOA with 150 nm (49 particles), 200 nm (195 particles), and 250 nm (116 particles)
diameters; single asterisks denote spreading ratios of larger particles that are statistically different
than 150 nm particles (p < 0.05) and error bars represent 2¢ from gaussian fit.
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B.5 Morphology and Spreading Ratio of Toluene SOA Particles

For toluene SOA-coated sulfate particles, complex morphologies were observed after IEPOX
uptake and the core-shell morphologies were observed for larger particles (200 nm and 250 nm)
(Figure B.3). The irregular shape suggests the IEPOX diffused through the organic shell and
reacted with inorganic core. The average spreading ratio for toluene SOA-coated sulfate particles
with different sizes ranges from 4.0 = 0.3 to 5.2 + 1.4. Following the same trend as other SOA
particle types, the toluene SOA with 250 nm diameter is more viscous than smaller sizes (i.e., 150

nm).

150 nm 200 nm 250 nm

Ratio_\
o 00 O
1 1 |
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—_—

-

Spreading

Figure B.5 Morphology and spreading ratio of size-selected toluene SOA-coated sulfate particles
after IEPOX uptake. a) Representative 3D AFM images; b) AFM amplitude images; c) AFM phase
images; d) Bar charts show the average spreading ratio of individual particles for toluene SOA
with 150 nm (248 particles), 200 nm (136 particles), and 250 nm (262 particles) diameters; single
asterisks denote spreading ratios of larger particles that are statistically different than 150 nm
particles (p < 0.05) and error bars represent 26 from gaussian fit.
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B.6 Raman Spectra of f-caryophyllene SOA

For fS-caryophyllene SOA, the Raman spectra of particle core and shell were collected for both
before and after IEPOX uptake. The peak at 975 cm™ is be assigned to sulfate vs(SO4%") and it only
was observed in particle core. More organic peaks at 2889 cm!, 2936 cm™!, and 2976 cm™ were
observed after IEPOX uptake, which are corresponding to symmetric stretches of C-H in methyl

groups, asymmetric stretches of C-H in methylene group, and asymmetric stretches of C-H in

methyl groups, respectively.?!”
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Figure B.6 Raman spectra of representative individual f-caryophyllene SOA particle core and
shell before and after IEPOX uptake, spectra were offset vertically for clarity.
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B.7 Raman Spectra of Isoprene SOA

Raman spectra were collected for isoprene SOA before and after IEPOX uptake. The vs(SO4%) at
975 cm™! was observed before IEPOX, while after IEPOX uptake the peaks at 1012 cm™ and 1052
cm! are assigned to IEPOX-derived organosulfates and bisulfate,?!! respectively. A peak at 1446
cm! is assigned to the asymmetric methylene group 8(C-H). Peaks at 2845 cm™ and 2941 cm™ are
assigned to the symmetric and asymmetric stretches of C-H in methylene groups, respectively,

whereas peaks at 2879 cm™ and 2981 cm! are assigned to the symmetric and asymmetric stretches

of C-H in methyl groups, respectively.
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Figure B.7 Raman spectra of representative individual isoprene SOA-coated sulfate particles
before and after [IEPOX uptake.
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B.8 Raman Spectra of Toluene SOA

Raman spectra were collected for toluene SOA before and after IEPOX uptake to understand the
chemical composition modification. Raman spectra show the vs(SO4*") at 975 cm™! before and after
IEPOX uptake, and the strong band at 1039 cm™' suggests bisulfate.?*> A strong peak at 1064 cm’
! was observed, and can be assigned to IEPOX-derived organosulfates.'®® Before IEPOX uptake,
the peaks observed at 1175 cm™, 1343 cm!, 1457 cm™! are corresponding to C-H group and the
peaks at 1583 cm™! and 1602 cm™! are corresponding to carbon-carbon double bond (C=C).>* After
IEPOX uptake, the symmetric stretches of C-H in methyl group and asymmetric stretches in

methylene group were observed at 2888 cm™ and 2948 cm™!, respectively.?!!
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Figure B.8 Raman spectra of representative individual toluene SOA-coated sulfate particles before
and after [EPOX uptake.
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B.9 SEM-EDX Characterization

Scanning electron microscopy coupled to energy dispersive x-ray spectroscopy (SEM-EDX) was
used to analyze the elemental composition and morphology of the four SOA-coated sulfate particle
types. The spectra show particle cores contained sulfur and oxygen, indicative of sulfate and

organosulfate, while the particle shells mainly contained organic compounds, which is similar to

previous observations. '’
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Figure B.9 SEM images and EDX spectra of representative individual particles for the 4 different
SOA-coated sulfate particle types after IEPOX uptake: a) toluene SOA; b) isoprene SOA; ¢) a-
pinene SOA; and d) f-caryophyllene SOA. Blue color represents the spectrum was collected at
particle core and red color represents the spectrum was collected at particle shell.
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Appendix C. Initial pH Governs Secondary Organic Aerosol Viscosity and Morphology

after Uptake of Isoprene Epoxydiols (IEPOX) Supplemental Information3

C.1 Size Distribution of Seed Particles

Size distribution of seed particles were measured to understand particle growth after [IEPOX

uptake.
:
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Figure C.1 Size distributions of seed aerosol particles with varying pH values were measured
using a scanning electrical mobility spectrometer (SEMS, BMI Inc., Model 2100) with a size range
of 10 — 1000 nm: a) pH 1 with ammonium (NH4"); b) pH 1 without NH4"; ¢) pH 3 ammonium

sulfate; and d) pH 5 ammonium sulfate.

3 Appendix C details supplemental information corresponding to Chapter 4
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C.2 Initial Sulfate Concentration of a Seed Aerosol Only Experiment

A seed aerosol (i.e., ammonium bisulfate) only experiment was conducted, and the aerosol samples
were collected for IC measurements. Comparing to the [EPOX-derived SOA experiments in Figure
4.6, this plot demonstrates that the IEPOX was converting inorganic sulfate to organosulfates and

was not due to chamber wall loss.
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Figure C.2 Initial sulfate concentration of ammonium bisulfate seed only experiment, the data
has been corrected for wall loss.
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C.3 Relative Fraction of the HSO4 and SO4* Ions
The relative fraction of the HSO4™ and SO4> ions as a function of solution pH, which suggests

that HSO4" is dominant in the pH 1 solution while SO4*" is dominant in the pH 3 and 5 solutions.
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Figure C.3 Relative fraction for HSO4™ (red) and SO4> (blue) concentrations as a function of pH,
using the dissociation constant (K. = 0.01)*** and assuming equilibrium conditions.
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C.4 Chemical Composition Characterization

The SOA particles formed from pH 1 seed particles without ammonium were characterized by
hydrophilic interaction liquid chromatography (HILIC)/ESI-HR-quadrupole time-of-flight mass
spectrometry (QTOFMS). The concentration of 2-methyltetrols (2-MT) and its OS derivative (2-
methyltetrol sulfate, IEPOX-OS) were measured, which suggests SO4>" was incorporate into

organosulfates.
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Figure C.4 2MT (pink) and 2MTOS (green) concentrations of IEPOX-derived SOA particles
formed from pH 1 seed particles without ammonium. The lines represent sigmoid fit.
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C.5 SEM Images for Morphology Characterization

SEM images were collected to confirm the morphology of different acidic inorganic particles
exposed to IEPOX during the first hour. The images show that phase separation occurred under
acidic conditions (pH=1, with or without NH4"), while the increased pH limited the IEPOX

reactive uptake (e.g., pH=5 homogeneous particles).

a) pH1 w/ (NH,") b) pH1 w/o (NH,*)

Figure C.5 SEM (FEI Helios 650) images of four types of inorganic sulfate particles after [IEPOX
reactive uptake for an hour, a) pH 1 seed particles without NH4"; b) pH 1 seed particles with NH4";
¢) pH 3 ammonium bisulfate seed particles; d) pH5 ammonium sulfate seed particles.
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C.6 Raman and PTIR Vibration Modes Assignments

Raman and PTIR spectra were collected for pH 1 seed particles with ammonium after reactive
uptake of IEPOX during the first hour, the specific vibration modes were assigned for chemical
characterization for representative individual particles.

Table C. 1 Experimentally determined Raman modes and tentative assignments for pH1
ammonium bisulfate particle after IEPOX uptake for an hour.'

vs(SO04%) 978 -
vs(HSOx") 1045 -
vs(RO-S03") 1069 880
vs(RO-SO3") - 914
vs(RO-S03") - 1034
vs(S04?) - 1076
vas(SO4?) 1096 1108
vs(ROSO3°) - 1206
3(CO0") 1413 -
8(CH2 & CH3) 1461 )
6(CH2) 1616 -
vs(CHs) 2890 .
Vas (CH3) 2944 -
vs(NH4") 3124 1448
v(OH) 3431 -
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Appendix D. Direct Measurement of Glass Transition Temperature for Individual
Submicron Atmospheric Aerosol Supplemental Information*

D.1 AFM thermal analysis was calibrate using HDPE, PCL, and PET

49 —— HDPE
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24 — PET
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Temperature (°C)

Figure D.1 Heating voltage of calibration standards were collected and converted to corresponding
temperature.

4 Appendix D details supplemental information corresponding to Chapter 5

97



D.2 Single temperature ramps were collected for four standards including: sucrose, ouabain,

raffinose, and maltoheptaose.
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Figure D.2 Temperature ramp of individual particles made from sucrose, ouabain, raffinose, and
maltoheptaose, the black line represents the average of individual temperature ramp.
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D.3 PTIR spectra of phase-separated particles
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Figure D.3 PTIR spectra of individual phase separated particle core (blue) and shell (green)
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