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 Gas-phase reduced sulfur compounds (dimethylsulfide, dimethyldisulfide) and 

amines (trimethylamine, diethylamine, butylamine, ammonia) are both present in relatively 

high concentrations over agricultural land and are both thought to be important to new 

particle formation and particle growth.  Despite this, there is a lack of knowledge on how 

amines oxidize in the atmosphere, there are discrepancies in results from studies focused 

on determining the oxidation products of reduced sulfur compounds, and there have been 

no investigations into how these co-emitted compounds interact to form aerosol. This thesis 

will begin to fill these information gaps.  First, the major difficulties involved in running 

experiments on reduced sulfurs and amines is discussed.  The methodology by which these 

compounds can be successfully oxidized in a 37.5 cubic meter Teflon environmental 

chamber is laid out.  Next, results are presented from oxidation (𝑂𝐻, 𝑂(ଷ𝑃), and 𝑁𝑂ଷ) of 

reduced sulfur compounds under extreme dry conditions.  The importance of 𝑁𝑂௫ was also 
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probed.  This marks the very first investigation of these compounds under dry conditions.  

The subsequent study is focused on these same oxidation experiment under humid 

conditions.  These studies provide insight into the importance of water vapor to the mass 

concentration and composition of secondary aerosol.  Results from both of these studies 

are used to update existing oxidation mechanisms as well as aerosol yields for 

dimethylsulfide and dimethyldisulfide.  To date, this represents the most atmospherically 

relevant reduced sulfur oxidation study.  Next, the physical and chemical properties of 

secondary aerosol formed through the oxidation of amines under both dry and humid 

conditions are discussed.  Finally, results are discussed from interaction experiments 

involving the oxidation of an amine in the presence of a reduced sulfur compound.  This 

study is the first of its kind and provides a more realistic look at how these compounds 

react in the atmosphere to form secondary aerosol.  Chemical and physical aerosol 

properties measured during multiple precursor experiments are compared to results from 

individual precursor experiments to determine if the two compounds are interacting.  

Furthermore, when it is determined that an interaction occurred, the nature of this 

interaction is investigated and a mechanism by which aerosol forms is developed. 
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Chapter 1: Background on and Motivation to Conduct Research Focused on 

Oxidation of Amines and Reduced Sulfur Compounds 

 

1.1 Motivation and Background 

 Air pollution, by definition, is detrimental to the health and welfare of humans, 

animals, and the environment.  The adverse effects of air pollution events have been 

recognized for over a century.    One such event happened in Los Angeles during World 

War II on July 26, 1943 (SCAQMD 1997, McNally 2010).  The air pollution event was 

initially mistaken by some to be chemical warfare; this was quickly corrected and blamed 

on the industrial boom occurring in southern California as well as in the increase in 

population, and therefore vehicles and energy use.  Similar events have occurred around 

the world, perhaps most famously in London during the winter of 1952.  The Great Smog 

of London peaked for five days, from December 5-9, and is estimated to have resulted in 

12,000 excess deaths (Bell et al., 2001). 

 Major air pollution events like these resulted in a push for regulations on industries 

and a fight against smog.  In 1947, Los Angeles County created the Air Pollution Control 

District, which set out to crack down on smog by requiring permits for all major industries 

(Cone 1999).  Twenty years later, in 1970, the US Environmental Protection Agency finally 

responded to the increasing air quality issues by passing legislation known as the Clean Air 

Act (US EPA 1971).  The Clean Air Act originally defined and set limits on seven criteria 

pollutants (lead, nitrogen dioxide, carbon monoxide, ozone, sulfur dioxide, and particulate 

matter) that were known to cause adverse human and environmental health issues.  The 
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Clean Air Act was amended in 1977 and again in 1990 in order to mitigate acid rain and 

stop the depletion of stratospheric ozone (US Senate 1977, US EPA 1990). 

 Despite the implementation of regulations, there are still areas in the US are 

struggling with air quality.  More importantly, the world as a whole is struggling with air 

pollution issues.  The World Health Organization (WHO) estimated that 6.5 million deaths 

were caused by air pollution in 2012, making it the largest single environmental health risk 

(WHO 2016).  Additionally, global climate change remains a paramount issue.  A recent 

report released by the Intergovernmental Panel on Climate Change suggests that, if changes 

are not made, global warming is likely to reach 1.5 degrees Celsius in approximately 10 to 

30 years (IPCC 2018).  The detrimental effects of a global temperature change of 1.5 

degrees are likely to include changes in extreme weather patterns (drought and heavy 

precipitation), decrease in biodiversity, species extinction, and food and water scarcity.  

Clearly, further research in atmospheric air pollution is necessary. 

 Particulate matter (PM) is an important component of air pollution that can impact 

human health as well as the climate.  When microscopic PM is suspended in a gas it is 

known as an aerosol.  Atmospheric aerosols fall in to two broad categories: primary and 

secondary.  Primary aerosols are emitted directly as particles.  Secondary aerosols are 

emitted as a gas and, after oxidizing in the atmosphere, can condense on to existing 

particles or, in the absence of sufficient surface area to condense on to, can create new 

particles, which is known as particle nucleation (Seinfeld et al., 2003).  Both primary and 

secondary aerosols are known to impact climate change as well as visibility (IPCC 2013, 

Horvath 1993).  Secondary Aerosols, which make up a bulk of total submicron aerosol, 
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can travel deep into the human lung, causing respiratory and cardiovascular health issues 

(Hallquist 2009, Pope et al., 2006). 

Two potentially important sources of secondary aerosol that are currently not well 

understood and severely understudied are amines and reduced sulfurs. Both amines and 

reduced sulfur compounds have been detected in the ambient atmosphere around 

agricultural land and marine environments (Trabue et al., 2008, van Pinxteren et al., 2019, 

Schade et al., 1995, Ge et al. 2011, Fitzgerald et al. 1991).  Reduced sulfur compounds, 

like dimethylsulfide, dimethyldisulfide, and methanethiol, have been measured in the part 

per billion (ppb) levels around agricultural land, with sources thought to be animal waste 

products, and ppt levels over the ocean, with phytoplankton decomposition thought to be 

the primary source (Trabue et al., 2008, Berresheim et al., 1990., Liss et al., 1997).  

Dimethylsulfide and dimethyldisulfide have also been measured in ppb levels during a 

biomass burning study in Australia (Meinardi et al., 2003).  In 2010, a pesticide which 

contains up to 98.8% dimethyldisulfide was designated as an alternative to methyl bromide, 

a compound responsible for ozone depletion (US EPA 2010).  The EPA allows a maximum 

application of 455 pounds per acre of this pesticide.  The EPA did not include a study of 

the secondary aerosol formation potential when conducting a risk assessment on this 

pesticide. 

Environmental chamber as well as flow tube studies have been conducted in the 

past to determine the hydroxyl radical oxidation products of reduced sulfur compound, 

with a primary focus on dimethylsulfide.  Both flow tube and chamber studies have 

concluded that major oxidation products of dimethylsulfide include dimethylsulfoxide, 
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dimethylsulfone, methanesulfinic acid, methanesulfonic acid, and sulfuric acid; 

dimethyldisulfide is thought to form sulfur dioxide, methanesulfonic acid, and sulfuric acid 

(Arsene et al., 2001, Barnes et al, 1994, 1988, Yin et al. 1990 (II), Patroescu et al., 1999, 

Chen et al., 2012, Hatakeyama et al., 1982).  Methane sulfonic acid is considered to be 

important to particle growth (Berresheim et al., 2002).  Sulfuric acid is thought to be 

important to new particle formation (Doyle 1961, Shaw 1989, Kulmala et al., 2000, 

McMurry et al., 2005).  Sulfur dioxide is a criteria pollutant that is harmful to plants and 

can cause respiratory issues in humans (US EPA 1971, 1977, 1990).  These products have 

all been measured in ambient conditions over the ocean during field studies (Davis et al., 

1998, Jefferson et al., 1998, Fitzgerald et al, 1991).   

It is important to note that, while many of the major oxidation products are 

consistent between studies, the yields of these products, and the presence of other products, 

varies.  This variability is not well understood but is likely due to the conditions under 

which the reduced sulfur was studied.   Important conditions to consider may include 

concentrations of 𝑁𝑂௫, the precursor, and the oxidant, as well as the level of humidity and 

the temperature. 

An oxidation mechanism for dimethylsulfide and dimethyldisulfide was developed 

by Yin et al. (1990 (I)) and later summarized and updated by Barnes et al. (2006).  

Dimethylsulfide and dimethyldisulfide are thought to primarily oxidize in the atmosphere 

through an initial reaction with hydroxyl radical, but nitrate radical as well as 𝑂(ଷ𝑃) are 

other possible atmospheric oxidants (Yin et al. 1990 (I)).  Both nitrate radical and 𝑂(ଷ𝑃) 

are expected to react with the reduced sulfurs to form sulfuric and methanesulfonic acid, 
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however there have been no adequate laboratory studies focused on these oxidants.  

Additionally, dimethyldisulfide can photodecompose in the atmosphere and go on to form 

oxidation products (Sheraton et al., 1981). 

Relatively few studies to date have focused on amines because their atmospheric 

relevance is not well established.  Field studies have measured gas-phase amines, like 

trimethylamine, butylamine, and diethylamine, in the ppb levels around agricultural land; 

sources of these amines are thought to be hay, silage, and animal rumination and exhalation 

(Ge et al., 2011, Rabaud et al., 2002, Schade et al., 1995).  Amine particulate has also been 

detected around agricultural areas (Silva et al., 2008).  Amines are also detected in marine 

environments where they are thought to be produced through metabolism of organisms (Ge 

et al., 2011). Additionally, amines are used to capture carbon dioxide emissions in coal-

fired power plants and are therefore present around power plants as well (Azzi et al., 2014).  

The presence of elevated levels of amines in the atmosphere has been correlated with 

particle nucleation events (Barsanti et al., 2009). 

Laboratory studies on oxidation of select amines (butylamine, trimethylamine, 

diethylamine) have been conducted in the past and have resulted in aerosol yields between 

5 and 50% when reacted with hydroxyl radical (Tang et al., 2013).  Nitrate radical oxidation 

has resulted in aerosol yields up to and over 100% for some amines (Price et al., 2014, 

Tang et al., 2013, Malloy et al., 2009).  The study completed by Tang et al. (2013) suggests 

that humidity plays a minor role in amine aerosol formation.  Aerosol products measured 

in laboratory studies of amines include amine salts as well as secondary organic aerosol 

(Price et al., 2014, Malloy et al., 2009, Angelino et al., 2001, Murphy et al., 2007).  
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Oxidation mechanisms for amines have been purposed in previous studies and will be 

summarized in Chapter 5 of this thesis.  Carcinogenic nitrosamines are thought to be 

oxidation products of amines as well (Lee et al., 2013). 

Studies investigating the interaction between amines and sulfur compounds are 

limited to salt formation from acid-base reactions between ammonia or an amine and 

sulfuric or methanesulfonic acid.  Several flow tube studies have been conducted and all 

indicate that amines/ammonia and sulfuric or methanesulfonic acid can directly react to 

nucleate particles (Chen et al., 2015, 2017, Bork et al., 2014).  Furthermore, Dawson et al. 

(2014) found that more basic amines can displace less basic amines in aminium-

methanesulfonate salts.   

Both amines and reduced sulfur compounds are thought to be important to particle 

formation and growth.  Additionally, they are both precursors to gas-phase products that 

are detrimental to human health.  Previous studies focused on oxidation of reduced sulfur 

compounds have general agreement on the particulate products, but disagreement in yields.  

Flow tube experiments were conducted at ppm level oxidant and precursor concentrations 

and often times ppm level 𝑁𝑂௫ concentrations.  There have been two known chamber 

studies focused on oxidation of reduced sulfurs, both of which were done in outdoor 

chambers, under humid conditions, with precursor concentrations greater than 200 ppb 

(often 500 ppb or more), and mostly in the presence of high 𝑁𝑂௫ concentrations (Yin et 

al., 1990, Tang et al., 2013).  In order to obtain a more complete understanding of the 

mechanism by which reduced sulfurs oxidize to form aerosol, a more controlled chamber 

study utilizing more atmospherically relevant conditions is necessary.   
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The few laboratory studies on amines that exist have shown high variability in 

aerosol yields, dependent on the amine precursor.  Additionally, there is a lack of 

substantial information on the effects of humidity on amine oxidation products and yields.  

Further investigation of amine oxidation is necessary to validate and elaborate on previous 

studies.  Finally, despite the individual importance of both amines and reduced sulfur 

compounds to human health, particle formation, and particle growth, and the knowledge 

that these compounds are often co-emitted in the same environments, particularly around 

agricultural areas, no laboratory studies have investigated how these compounds oxidize 

together in the atmosphere.  This thesis will begin to fill these information gaps and provide 

further insight into the oxidation of amines and reduced sulfurs individually as well as 

together. 

Chapter 2 of this theses is focused on the development of a methodology by which 

these chamber experiments involving amines and reduced sulfurs, or any acidic and basic 

compounds, must be run.  This chapter summarizes the major issues involved in running 

amines and reduced sulfur compounds in the same chamber, both individually and together.  

The solutions to these issues are also discussed, including a novel approach to 

environmental chamber cleaning.  Information provided will be useful in future studies of 

this nature. 

Chapters 3 and 4 focus on secondary aerosol formation from oxidation of reduced 

sulfurs (dimethylsulfide, dimethyldisulfide) under dry and humid conditions, respectively.  

Hydroxyl radical, nitrate radical, and 𝑂(ଷ𝑃) oxidation are all covered.  A study of both dry 

and humid conditions allows for a more complete understanding of the importance of water 
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vapor to aerosol yields and the chemistry involved in reduced sulfur oxidation.  Results are 

compared to the accepted mechanism as well as previous studies.   New oxidation 

mechanisms for each reduced sulfur in dry and humid conditions and in the presence and 

absence of 𝑁𝑂௫  has been developed based on the information gained through this study.  

The results of this study are, to date, the most atmospherically relevant that have been 

recorded. 

Chapter 5 briefly covers secondary aerosol formation from oxidation of amines 

(trimethylamine, butylamine, diethylamine) and ammonia under dry and humid conditions.  

Chapter 5 primarily focuses on the interactions between these amines/ammonia and the 

reduced sulfur compounds (dimethylsulfide and dimethyldisulfide).  This study represents 

the first time these co-emitted compounds have been oxidized together.  The mass 

concentration, physical properties, and gas- and particle-phase chemical composition of 

aerosol that formed during the multiple precursor experiments is compared to that of the 

individual precursor experiments to determine if and how the two compounds are 

interaction.  When sufficient data is available, yield for both the amine only and the 

interaction experiments are presented.  Furthermore, oxidation mechanisms for amine as 

well as amine-reduced sulfur interactions are proposed. 
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Chapter 2: Experimental Methodology to Successfully Run Amine and Reduced 

Sulfur Oxidation Experiments in an Environmental Chamber 

This chapter will cover the methods used to run experiments and process data for 

this thesis research.  Additionally, this chapter will discuss issues involved in running 

amine and reduced sulfur experiments and how to overcome these issues. 

 

2.1 Environmental Chambers and Experimental Background 

 Environmental chambers are an ideal method of studying aerosol formation under 

controlled, atmospherically relevant conditions.  Chambers have been used to study gas-

phase chemistry as well as secondary aerosol formation for several decades (Atkinson et 

al., 1980, Odum et al., 1996, Carter et al., 2005). Knowledge gained from chamber studies, 

in particular aerosol yields (the ratio of organic aerosol formed to the amount of precursor 

consumed), is often used in atmospheric models.  

 In order to investigate the secondary aerosol forming potential and oxidation 

products of amines and reduced sulfur compounds, a 37.5 cubic meter Teflon 

environmental chamber equipped with black lights will be utilized as described in Price et 

al., 2014 and Tang et al., 2013.   Prior to experiments, the environmental chamber was 

filled with clean air, either dry or humid, using an Aadco 737 air purification system to 

ensure the fill air 𝑁𝑂௫, hydrocarbon, and particle concentrations are below detection limits.  

The chamber is coupled to a suite of real-time gas- and particle-phase instrumentation.  A 

list of all instruments used, both gas- and particle-phase, along with a brief description and 
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a source describing how the instrument works or was used can be found on Table 2-1 and 

Table 2-2. 

Two types of experiments were run during this study: 1) traditional, single-

precursor experiments where 100 ppb of an amine or a reduced sulfur compound was 

injected into the chamber along with an oxidant; 2) multiple precursor interaction 

experiments, where 100 ppb of an amine and 100 ppb of a reduced sulfur were injected 

along with an oxidant.  Physical and chemical characteristics of the aerosol formed during 

the single precursor experiments was compared to that formed during interacting 

experiments to determine 1) if an interaction between reduced sulfur oxidation products 

and amine products was occurring, and 2) the nature of the interaction.  A list of chemicals 

used can be seen on Table 2-3. A full list of the experiments run for this thesis can be seen 

on Table 2-4 along with the initial conditions for each experiment.  

 

2.2 Methodology Development: Amine and Reduced Sulfur Oxidation Chamber 

Experiments 

 Running oxidation experiments on reduced sulfur compounds in the same chamber 

as amines proved to be very difficult.  There were two major issues that occurred while 

running reduced sulfur compounds, which form acidic products, along with amines, which 

are slightly basic.  The issues that will be discussed here essentially resulted in the necessity 

to run nearly all experiments listed on Table 2-4, two to five times prior to obtaining a 

repeatable, contaminant-free results.  While the bulk of Chapters 3-5 focus on data from 

approximately 40 chamber experiments, completion of this thesis research required a total 
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of more than 200 chamber or pillow bag experiments.  Because of the frustration and 

wasted time that these issues caused, this section will cover the major issues as well as the 

solutions to these issues in great detail. 

  The first issue would occur during a reduced sulfur oxidation experiment after 

running any number of amine oxidation experiments.  The reduced sulfur would be injected 

into the chamber along with an oxidant.  Gas-phase instrumentation would measure the 

precursor at or near the expected value with trace background levels of other compounds.  

However, as oxidation commenced and particle formation occurred, the HR-ToF-AMS 

would measure substantial concentrations of fragments belonging to amine aerosol, as can 

be seen on Figure 2-1.  The amine aerosol fragments, which did not include any oxidized 

fragments, at times added up to over 50% of the total organic mass measured by the AMS.   

 A first attempt to fix this issue was to simply continue running reduced sulfur 

oxidation experiments until the amine no longer played a role in aerosol formation.  While 

this was successful, it took at least five experiments that formed high mass concentrations 

of aerosol to minimize the amine fragments on the AMS to an acceptable level.  Running 

six experiments to obtain a single set of good data is not logical nor does it get to the root 

of the issue.  In order to determine if the amine contamination was coming from the 

chamber walls or the AMS sample line, the sample line was cleaned using methanol in the 

middle of an amine-contaminated reduced sulfur oxidation experiment.  Cleaning the 

sample line resulted in a drop in the organic-to-sulfate mass ratio from 2:1 to 1:1; this can 

be seen on Figure 2-2.  Based on reduced sulfur oxidation experiments run in a brand new, 

clean chamber, an organic-to-sulfate mass ratio of approximately 1:1 is the expected 



17 
 

outcome.  This indicates that the amine contamination was occurring in the sample lines.  

Likely, during amine oxidation experiments, the amines, which are notoriously sticky and 

difficult to sample, were getting stuck to the copper particulate sample lines.  During 

reduced sulfur oxidation experiments, these amines would off-gas and react with the acidic 

aerosol.  This process was especially prominent in the AMS sample line because of the low 

sample flow rate.  Gas-wall partitioning has been identified in the past, even in Teflon 

sampling lines (Pagonis et al., 2017).  However, off-gassing at such levels that result in a 

major impact on the bulk composition of the aerosol, as was seen here, have not been 

recorded.   

To solve this issue, all particulate lines were converted from copper to stainless 

steel.  A single sample line was connected to the AMS, APM, and VTDMA in order to 

increase the flow to the AMS inlet, thereby reducing vapor and particle losses to the sample 

line walls.  Furthermore, after each set of amine or reduced sulfur oxidation experiment the 

stainless steel lines were flushed with water and methanol and dried with clean, compressed 

air over night.  For interaction experiments, sample lines were cleaned prior to switching 

to a new amine precursor.  A typical set of experiments would commence in the following 

order: Individual reduced sulfur oxidation experiments, clean lines, individual amine 

oxidation experiments, clean lines, interaction experiments, clean lines.  The six-inch AMS 

inlet along with the AMS orifice, which still pulled a very low flow, was cleaned between 

each experiment.   

Beyond contaminating lines, gas-phase amines can also degraded analyzers.  It was 

determined that gas-phase amines were to blame for dirty photodetectors in 𝑁𝑂௫ analyzers, 
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resulting in incorrect concentration readings.  To avoid this, frequent calibration checks are 

necessary.  If the calibration check does not match the expected value, instrument cleaning 

may be necessary. 

The second major issue would occur during an amine oxidation experiment after 

running a set of reduced sulfur oxidation experiments.  In these cases, after injecting an 

amine it would take several hours for the compound to show up on gas-phase 

instrumentation.  In some cases, the amine would not show up at all.  After running reduced 

sulfur oxidation experiments, the chamber walls, gas-phase Teflon sample line, and Teflon 

filters upstream of the gas-phase instrumentation are coated with acidic particulate.  

Apparently an extreme case of vapor wall loss is occurring; the basic amines are either 

being completely consumed by the acidic particulate on the walls, or they are interacting 

with the walls until an equilibrium is reached, at which time they will begin to show up on 

the gas phase samplers.  This wall interaction was especially strong after multiple DMDS 

experiments, as one molecule of DMDS can potentially form 2 molecules of acidic aerosol 

with one or two available amine bonding sites. 

The first attempt to solve this problem was by treating the chamber walls with 

ammonia.  Several ppm of ammonia was injected into the chamber with the goal of 

neutralizing all of the acidic particulate on the walls.  Not only did this fail to work, but the 

following three-weeks of experiments were contaminated due to ammonia off gassing from 

the walls and interacting with the acidic particulate, rendering the data largely useless.  The 

ammonia off gassing was likely due to amine replacement reactions with the ammonium-

acid salts, as described by (Dawson et al., 2014).  After injecting excess ammonia, the walls 
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became coated with ammonium salts.  Upon injecting an amine, all of which are more basic 

than ammonia in this study, the amine replaces the ammonium in the salt, resulting in 

depletion of the gas-phase amine and the presence of gas-phase ammonia.     It is possible 

that, by using a stronger base to neutralize the walls, this method of treating the chamber 

walls may work.  However, this option was not explored any further.  Instead, a novel 

chamber-cleaning procedure was implemented. 

Traditionally, after each experiment an environmental chamber is cleaned by 

flushing with clean, dry air until all particles and unwanted gas-phase compounds are no 

longer present.  Occasionally, hydroxyl radical, ozone, or nitrate radical is injected into the 

chamber without any precursor in order to react any background contamination away for a 

deeper clean.  In this case, neither of these methods of chamber-cleaning were sufficient.  

Instead, it was necessary to manually spray-clean the chamber walls with water.  A step-

by-step procedure of preparing and performing a chamber wall water scrub is as follows: 

1. In preparation for the very first chamber water scrub it is necessary to cut 

several slits in the chamber.  These slits will allow arm access inside the 

chamber for spraying the walls.  The slits should be approximately 1.5 feet 

in length at a comfortable height off the ground when the chamber is 

approximately 30% filled with air.  The number and spacing of the slits will 

be determined by the size of the chamber.  They must be spaced properly in 

order to ensure the ability for the water sprayer to reach the entire chamber 

wall.  Three slits evenly spaced out was sufficient for the 20 foot long, 37.5 

cubic meter chamber used here  To cut these slits, first vertically place a 2 
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foot length of green Teflon tape in the desired slit locations.  Use a clean 

razor to slice the 1.5 foot slit.  Finally, place a second piece of tape over the 

slit.  This piece of tape should have a tab folded on the top to allow easy 

opening and closing of the slit.  The second piece of tape will need to be 

replace occasionally as it wears out. 

2. All tubing connected to instrument from the sample manifold lines should 

be disconnected to avoid any water from getting into an instrument.  All 

open lines connected to the sample manifold should be capped to avoid any 

dripping of water in the lab.  The only lines that do not have to be 

disconnected from the manifold and capped are the fill-air line and the line 

connected to the dump-pump. 

3. Lift both ends of the chamber off the ground and place them on a platform.  

Lift the sample manifold and place several bricks underneath to hold it off 

the ground.  The lines connected to the sample manifold should allow for 

lifting the base of the chamber approximately 1 foot off the ground.  The 

purpose of this step is to prevent water from pooling around the chamber 

seams where leaks are most likely to be present. 

4. After the base of the chamber is off the ground, locate a good location to 

cut a hole for a drain.  The drain should be located at the lowest possible 

elevation where all the water sprayed in to the chamber can be funneled to.   

Here, the drain was located on the ground, half a foot out and one foot below 

the lifted sample manifold.  To cut the hole, first place a piece of green 
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Teflon tape, several inches in length, where the drain is to be located.  Slice 

a slit large enough to fit a Teflon washer and a nut that can fit on a ½ inch 

Swagelok union.  Push the washer and nut through the slit.  Attach a second 

washer to the Swagelok union and press the union through the slit with the 

second washer on the outside of the chamber.  Maneuver the washer and 

nut onto union and hand-tighten the nut while avoiding any damage to the 

chamber walls.  For the time being, cap the drain. 

5. After the drain union is attached, a method to funnel the water from the 

drain to a waste bucket will need to be developed.  This will largely depend 

on the chamber design.  Here, the chamber enclosure is located on a 

mezzanine level and is therefore elevated off the ground floor.  A hole was 

drilled into the mezzanine floor.  The drain union was placed through the 

hole and a 5 foot plastic line was connected from the drain union to a 5 

gallon bucket located on the ground floor. 

6. If there is a possibility that water may make contact with any 

instrumentation during the cleaning process, cover instrumentation with 

plastic. 

7. Fill a clean pump sprayer that has not been used for any other applications 

with purified laboratory water.  Ensure the chamber is filled to 

approximately 30% with air.  If desired, fill air can be left on very low to 

avoid all air from leaking out of the chamber while cleaning. 
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8. Open the first chamber slit and begin spraying the chamber walls.  The walls 

should be sprayed until they drip with water.  After the first section of 

chamber is cleaned, close the slit with tape and continue on to the remaining 

slits until the entire chamber has been sprayed with water.  In the case of 

the 37.5 cubic meter chamber here, this task consumed up to ten liters of 

water. 

9. After chamber has been scrubbed and all slits have been closed, vigorously 

shake the chamber walls in order to pool as much of the water on the floor 

as possible. 

10. Funnel all water to the chamber drain.  It is important to remove as much of 

the water as possible because if water is allowed to dry in the chamber, the 

acidic particulate will also remain in the chamber, providing a sink for the 

amine precursor. 

11. After all water has been funneled through the drain and into a waste bucket, 

dispose of the waste, disconnect the drain line from the drain union, and cap 

the drain union.  Remove the bricks and platforms and place the base of the 

chamber as well as the sample manifold back on the floor.  Protective plastic 

can be removed from the instruments. 

12. Turn the fill-air on to a flow rate that matches the dump-pump and allow 

the chamber to flush overnight in order to completely dry the chamber. 
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13. The following day, verify that the chamber has been completely dried. At 

this time, any instruments can be reconnected to the sample manifold and 

cleaning is complete. 

It is also important to be sure to flush any Teflon sample line that is connected to a gas-

phase instrument with water.  Furthermore, frequently changing Teflon filters upstream of 

the gas-phase instrumentation is also important.  Prior to the development of this cleaning 

procedure, repeatability in mass formation was a major issue. This issue was resolved by 

implementation of this procedure (Figure 2-3).  Additionally, reduced sulfur mass spectra 

no longer show at m/z 30 and 58, which are indicative of the presence of amines (Figure 2-

4). 

This procedure should ideally be completed prior to any experiment involving an 

amine after any experiment involving a reduced sulfur was run.  However, this is not 

always feasible due to time constraints.  To avoid performing this procedure every other 

day, it is very important to plan experiments properly.  For example, for this study, all 

reduced sulfur experiments were conducted in a brand-new chamber.  After completing all 

the necessary reduced sulfur experiments, the chamber was scrubbed with water.  The 

following experiment was an individual precursor amine oxidation experiment, followed 

by the interaction experiments involving the same amine.  After a set of amine experiments 

were completed for one amine, the chamber was scrubbed with water again and the next 

amine was tested.  It is important to note that in some cases, even after a chamber scrub, 

the amine would take up to an hour to show up on any instrumentation.  In these cases, 

patience is very important.  Often times the amine would eventually show up at or slightly 
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below the expected injection concentration.  However, injecting 200 ppb of the amine the 

night before an experiment while flushing the chamber with clean air appeared to minimize 

the time between amine injection and amine measurement the following day. 

 

2.3 Methodology Development: HR-ToF-AMS Data Work-up 

 Many oxidation product fragments of reduced sulfur compounds as well as amines 

are not part of the traditional AMS fragment library and need to be added manually.  It is 

paramount that high resolution peaks are thoroughly scanned and fit properly by the user.  

Because the AMS fragment library does not contain many of the amine and reduced sulfur 

fragments, there are several fragment table updates that need to be made when oxidation 

products of amines or reduced sulfurs are expected to be sampled through the AMS. 

Both amines and reduced sulfurs form products with aerosol fragments with a mass-

to-charge ratio of 46.  The fragment table assumes that all mass at m/z 46 can be attributed 

to nitrate aerosol.  The m/z 46 is also used to calculate nitrate mass fragments at m/z 30 and 

m/z 14.  Therefore, if care is not taken to update the fragmentation table, amine and reduced 

sulfur oxidation products can result in artificially high nitrate mass signals.  In the case of 

the experiments presented in this study, no nitrate aerosol formed.  Thus, updates to the 

fragmentation table were simple: assigning all of m/z 46 to organic rather than nitrate and 

setting the organic fraction of m/z 30 to total minus the air fragment.  However, in many 

cases when oxidation products from reduced sulfurs and amines are sampled, nitrate 

aerosol will also be present.  In this case it will be necessary to update the fragmentation 

table more carefully.  For reduced sulfur compounds, it is the 𝐶𝐻ଶ𝑆 fragment that interferes 
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with the nitrate signal.  If nitrate is also present at m/z 46, a unique fragment that has a 

constant ratio when compared to 𝐶𝐻ଶ𝑆 will have to be found.  As 𝐶𝐻ଶ𝑆 is a fragment of 

methanesulfonic acid, it is likely that this fragment will scale nicely with more unique 

methanesulfonic acid fragments at m/z 79 (𝐶𝐻ଷ𝑆𝑂ଶ) and m/z 96 (𝐶𝐻ସ𝑆𝑂ଷ).  Using mass-

to charge of 96, assuming the entire fragment consists of this single peak, the following 

fragmentation table updates can be made to  

𝑓𝑟𝑎𝑔_𝑂𝑟𝑔𝑎𝑛𝑖𝑐[46] = 𝑓𝑟𝑎𝑔ை[ଽ] × 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓
𝐶𝐻ଶ𝑆

𝐶𝐻ସ𝑆𝑂ଷ
 

𝑓𝑟𝑎𝑔_𝑁𝑖𝑡𝑟𝑎𝑡𝑒[46] = 46 − 𝑓𝑟𝑎𝑔_𝑂𝑟𝑔𝑎𝑛𝑖𝑐[46] 

 

This calculation will only work if the ratio of 𝐶𝐻ଶ𝑆 to 𝐶𝐻ସ𝑆𝑂ଷ is constant.   

A similar procedure can be utilized and changes can be made if an amine fragment 

is present at m/z 46.  In some cases, especially for the amine oxidation products, fragment 

interference will also occur at m/z 30.  If this is the case, it is often necessary to first update 

the organic calculation at m/z 30 based on a constant ratio, similar to the calculation above, 

and then set the nitrate fragmentation calculation to the following: 

𝑓𝑟𝑎𝑔_𝑁𝑖𝑡𝑟𝑎𝑡𝑒[30] = 30 − 𝑓𝑟𝑎𝑔_𝐴𝑖𝑟[30] − 𝑓𝑟𝑎𝑔_𝑂𝑟𝑔𝑎𝑛𝑖𝑐[30] 

Finally, reduced sulfur oxidation products will occasionally result in fragments of 𝐻𝑆, 𝐻ଶ𝑆, 

and 𝐻ଷ𝑆 (m/z 33, 34, and 35).  These fragments will result in mass that will falsely be 

applied to chloride aerosol.  Similar updates as those described previously will need to be 

made in order to correct the fragmentation table.  

 



26 
 

2.4 Summary of Major Lessons Learned 

 Injection line should be heated Teflon and/or quartz.  Whenever possible, injection 

line should be no more than two feet in length. 

 Gas-phase amines and ammonia will stick to metal lines.  For gas-phase 

instrumentation, sample lines should be heated Teflon and kept as short as possible.  

Sample lines for particle-phase instrumentation should be flushed regularly with 

water and methanol to prevent amine off gassing. 

 Sampling lines for particle-phase instruments should be stainless steel.  Instruments 

pulling a low flow-rate should have an external pump pulling flow through the 

sample line to prevent particle wall loss in the lines.  Particulate lines should also 

be kept as short as possible. 

 Sampling amines through an 𝑁𝑂௫ analyzer will result in eventual failure of the 

analyzer.  Regular maintenance and cleaning of the analyzer is necessary in order 

to avoid instrument drift or failure. 

 For best, most repeatable results, the environmental chamber should be spray 

cleaned with water, “treated” with whichever amine is to be tested next, and flushed 

for 24 hours after each high aerosol forming (>100 𝜇𝑔/𝑚ଷ) reduced sulfur or 

amine-reduced sulfur oxidation experiment.  At a minimum, the chamber should be 

“treated” with an amine and flushed overnight after high aerosol forming 

experiments. 

 Even after cleaning the chamber and lines, amines may take more than one hour to 

be detected by analyzers.  If an amine takes more than an hour and a half to be 
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detected, a second injection is recommended.  Additionally, the chamber and 

sample lines should be spray-cleaned/flushed at the earliest convenience. 

 Because of the difficulty in detection of amines, the presence of two analyzers that 

can detect amines is recommended.  

 Running a reduced sulfur oxidation experiment (especially DMDS) can provide 

insight into the level of amine contamination in the chamber or sample lines.  The 

presence of mass-to-charge of 58 indicates amine contamination.  If present, the 

chamber should be spray-cleaned with water and the sample lines should be flushed 

with water and methanol. 

 Great attention must be paid to data processing of HR-ToF-AMS data.  Amines and 

reduced sulfurs form oxidation products with fragments that are not in the AMS 

fragment library and must be added manually. 
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2.6 Tables 
 

Instrument Description Manufacturer/Model Source 

Scanning Mobility 
Particle Sizer 

(SMPS) 

Measures particle 
diameter distribution, 
number and volume 

concentration. 

Home built using a TSI® 
Model 308100  Differential 

Mobility Analyzer (DMA) 
and a TSI® model 3760A 
Condensation Particle 

Counter (CPC). 

Cocker et 
al., 2001a, 
Collins et 
al., 2002 

Aerosol Particle 
Mass Analyzer – 

SMPS (APM) 

Selects particle mass and 
measured particle 

diameter in order to 
calculate particle density. 

Kanomax Aerosol Particle 
Mass Analyzer attached to a 

home built SMPS. 

Malloy et 
al., 2009 
McMurry 

et al., 2002 

Volatility  Tandem 
DMA (VTDMA) 

Measures particle 
volatility at 100 degrees 

Celsius. 

Home built using a TSI® 
Model 308100 DMA, a TSI® 

model 3760A CPC, and a 
Dekati® Thermodenuder 

model TD3. 

Tritscher 
et al., 2011 

Hygroscopicity 
Tandem DMA 

(HTDMA) 

Measures the ability of a 
particle to uptake water at 

~85% RH. 

Home built using a TSI® 
Model 308100 DMA and a 

TSI® model 3760A CPC. 

Cocker et 
al., 2001a, 
Cocker et 
al., 2001b 

High Resolution - 
Time of Flight - 
Aerosol Mass 

Spectrometer (HR-
ToF-AMS) 

Measures mass to charge 
ratio of non-refractory 
particle fragments to 

allow for determination of 
bulk aerosol composition. 

Aerodyne Research Inc. 

Jimenez et 
al., 2003 
Jayne et 
al., 2000 

Decarlo et 
al., 2006 

Ambient Ion 
Monitor (AIM) 

Measures gaseous and 
particulate anions and 

cations.  Adapted 
specifically for amine 

measurements. 

URG® Model 9000D  
Markovic 

et al., 2012 

 

  Table 2-1: Particle-phase instrumentation used during this study. 
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Instrument Description Manufacturer/Model Source 

Selected Ion Flow 
Tube Mass 

Spectrometer 
(SIFT-MS) 

Measures mass spectra of 
gas-phase compounds.  
Obtains concentration 

time series of calibrated 
gasses. 

Syft™ Technologies model 
v200 

Prince et 
al., 2010 

Price et al., 
2014 

𝑵𝑶𝒙 Analyzer Measures 𝑁𝑂 and 𝑁𝑂ଶ 
concentrations. 

Thermo Environmental 
Instruments Inc. model 42C 

 

Nitrogenous Gas 
Analyzer 

Measures all gas-phase 
nitrogen compounds. 

𝑁𝑂௫  Analyzer with  Thermal 
Oxidizer (CDNOVA model 

CDN-101) attached to inlet. 
 

𝑪𝑶𝟐 and 𝑯𝟐𝑶 
Analyzer Measures humidity. LI-COR® model LI-840.  

Sulfur Gas 
Chromatograph 

(GC) 

Measures gas-phase 
reduced sulfur precursors 

and some oxidation 
products. 

Medor GC from 
Chromatotec. 

ASTM, 
2018 

Ambient Ion 
Monitor (AIM) 

Measures gaseous and 
particulate anions and 

cations.  Adapted 
specifically for amine 

measurements. 

URG® Model 9000D  
Markovic 

et al., 2012 

 

  Table 2-2: Gas-phase instrumentation used during this study. 
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Compound Formula Structure 
Hydrogen peroxide as 
a source of hydroxyl 

radical 
𝐻ଶ𝑂ଶ OH

OH 

Dinitrogen pentoxide 
as a source of nitrate 

radical 
𝑁ଶ𝑂ହ N

+

O

O
–N

+

O
–

O

O  
Nitrogen Dioxide as a 

source of 𝑶(𝟑𝑷) 𝑁𝑂ଶ 
N

OO
–

 
Dimethylsulfide 

(DMS) 𝐶ଶ𝐻𝑆 S
CH3 CH3 

Dimethyldisulfide 
(DMDS) 𝐶ଶ𝐻𝑆ଶ 

S
CH3 S

CH3

 

Dimethylsulfoxide 
(DMSO) 𝐶ଶ𝐻𝑆𝑂 S

CH3 CH3

O

 

Dimethylsulfone 
(DMSO2) 𝐶ଶ𝐻𝑆𝑂ଶ S

CH3 CH3

O

O  

Methanesulfonic Acid 
(MSA) 𝐶𝐻ସ𝑆𝑂ଷ SCH3

O

O
O

H

 

Ammonia 𝑁𝐻ଷ N
H

H
H

 

Trimethylamine 
(TMA) 𝐶ଷ𝐻ଽ𝑁 N

CH3CH3

CH3

 
Diethylamine  

(DEA) 𝐶ସ𝐻ଵଵ𝑁 NCH3

H

CH3

 
Butylamine  

(BA) 𝐶ସ𝐻ଵଵ𝑁 NH2 CH3
 

 

  Table 2-3: List of compounds injected into the chamber or through an instrument. 
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Experiment 
[Amine]*  

ppb 
[Sulfur 

Compound] ppb 

[𝑯𝟐𝑶𝟐], [𝑵𝟐𝑶𝟓], 
or [𝑵𝑶𝟐] 

ppb 
DMS+OH (dry) 022619 - 100 1000 

DMS+𝑶(𝟑𝑷)+𝑵𝑶𝒙 (dry) 022719 - 100 100 
DMS+𝑵𝑶𝟑+𝑵𝑶𝟐 (dry) 061518 - 100 300 

DMDS+OH (dry) 030119 - 100 1000 
DMDS+ 𝑶(𝟑𝑷)+𝑵𝑶𝒙 (dry) 022819 - 100 100 

DMDS+𝑵𝑶𝟑+𝑵𝑶𝟐 (dry) 061818 - 100 300 
DMSO+OH (dry) 041219 - 200 1000 

DMS+OH (40%RH) 110918 - 100 1000 
DMS+𝑶(𝟑𝑷)+𝑵𝑶𝒙 (40%RH) 030519 - 100 100 
DMS+𝑵𝑶𝟑+𝑵𝑶𝟐 (40%RH) 062018 - 100 300 

DMDS+OH (2%RH) 102918 - 100 1000 
DMDS+OH (35%RH) 030419 - 100 1000 

DMDS+ 𝑶(𝟑𝑷)+𝑵𝑶𝒙 (35%RH) 030619 - 100 100 
DMDS+𝑵𝑶𝟑+𝑵𝑶𝟐 (55%RH) 061918 - 100 300 

DMSO+OH (20%RH) 041419 - 100 1000 
TMA+OH (dry) 060118 125 - 1000 
TMA+OH (dry) 032019 100 - 1000 

TMA+OH (35%RH) 032119 100 - 1000 
TMA+DMS+OH (27%RH) 032219 100 100 - 
TMA+DMDS+UV On (dry) 032319 100 100 1000 

TMA+DMDS+OH (dry) 032519 100 100 1000 
TMA+DMDS+OH (30%RH) 032419 100 100 1000 

TMA+MSA (dry) 091818 100 100 - 
DEA+OH (dry) 052318 200 - 1000 
DEA+OH (dry) 031419 100 - 1000 

DEA+OH (30%RH) 031519 100 - 1000 
DEA+DMS+OH (30%RH) 031619 100 100 1000 

DEA+DMDS+OH (dry) 031719 100 100 1000 
DEA+DMDS (30%RH) 031819 100 100 1000 

BA+OH (dry) 052918 400 - 1000 
BA+OH (30%RH) 040219 100 - 1000 

BA+DMS+OH (30%RH) 040319 100 100 1000 
BA+DMDS+OH (dry) 040519 100 100 1000 

BA+DMDS+OH (30%RH) 040419 100 100 1000 
𝑵𝑯𝟑+DMS+OH (45%RH) 031319 200 100 1000 

𝑵𝑯𝟑+DMDS+OH (dry) 031219 200 100 1000 
𝑵𝑯𝟑+DMDS+OH (35%RH) 031119 200 100 1000 

Table 2-4: Complete list of experiments used in Chapters 3-5 of this thesis along 
with initial conditions.  

*these are maximum concentrations calculated based on the volume injected.  The 
exact concentration is unknown due to losses to chamber wall as well as sample lines. 
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2.7 Figures 

 

  

0.001

0.01

0.1

1

M
a

ss
 C

o
n

ce
n

tr
a

tio
n

 (
µ

g
/m

3
)

16014012010080604020
m/z

 Sulfate
 Organic

Figure 2-1: An example of amine contamination in a 
DMDS-only oxidation experiment.  Peaks at m/z 30 
and 58 are fit to fragments 𝐶𝐻ସ𝑁 and 𝐶ଷ𝐻଼𝑁 and are 
indicative of the presence of amines. 
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Figure 2-2: Evidence of amine contamination in a 
DMDS-only oxidation experiment.  The black line 
indicates the time at which the sample line was 
disconnected and cleaned.  The drop in organic 
signal is due to flushing amines off the sample line. 
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Figure 2-3:  Mass concentration of eight identical TMA-OH 
oxidation experiments.  Six were performed prior to the improved 
experimental methodology, two were completed after 
implementation of the new methodology.  Note the successful 
repeatable after implementing the new cleaning procedures. 



37 
 

 

 

 

 

  

0.001

0.01

0.1

1
M

as
s 

C
on

ce
n

tr
at

io
n 

(µ
g/

m
3
)

20018016014012010080604020

m/z

 Sulfate and Inorganic Sulfur
 Organic

Figure 2-4: An example of the bulk aerosol composition from a 
DMDS-only oxidation experiment run after the new methodology was 
implemented.  Note that peaks at m/z 30 and 58 no longer present, 
indicating amine contamination has been minimized. 

30 

58 



38 
 

Chapter 3: Oxidation of Reduced Sulfur Compound Under Extreme Dry Conditions 

This chapter will discuss results and implications from chamber experiments 

focused on the oxidation of reduced sulfur compounds, dimethylsulfide (DMS) and 

dimethyldisulfide (DMDS), under extreme dry conditions. 

 

3.1 Dimethylsulfide OH Oxidation 

After 600 minutes of hydroxyl radical oxidation, DMS forms a steadily increasing 

aerosol mass concentration of 7.5 𝜇𝑔
𝑚ଷൗ , as can be seen on Figure 3-1. The steady increase 

of aerosol formation can be explained by incomplete consumption of the DMS precursor 

due to a relatively slow initial reaction rate of 0.44 𝑥10ିଵଵ  𝑐𝑚ଷ

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ∙ 𝑠ൗ  (Atkinson 

et al., 1992).    The decay of DMS during a typical hydroxyl radical oxidation experiment 

as measured by the SIFT-MS, which can be seen on Figure 3-2, is in good agreement with 

the decay measured by the sulfur GC, which can be seen on Figure 3-3.   Under typical 

experimental temperatures, 297 K, it is estimated that the addition/abstraction branching 

ratio is ¼ (Hynes et al., 1986, Williams et al., 2001, Albu et al., 2006).   Major oxidation 

products should include DMSO, DMSO2, MSIA, via the addition pathway, and MSA, 𝑆𝑂ଶ, 

and sulfuric acid via the abstraction pathway (Yin et al., 1990 (I), Barnes et al., 1988, 2006). 

 In agreement with the mechanism and previous studies, 𝑆𝑂ଶ was formed and 

measured by the sulfur GC (Figure 3-4). The 𝑆𝑂ଶ concentration continues to increase 

throughout the experiment, consistent with the continuous and incomplete consumption of 

DMS and subsequent reactions that lead to 𝑆𝑂ଶ formation. Evidence of low concentrations 
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of DMSO, DMSO2, and MSIA was measured by the SIFT-MS and can be seen on Figure 

3-5.  DMSO has an initial increase followed by a leveling in concentration as it oxidizes to 

form DMSO2 and MSIA.   

Sulfuric acid and MSA are expected to make up a majority, if not all, of the sulfur-

containing aerosol formed. In ambient, DMSO and DMSO2 has been measured in the 

aerosol phase (Watts et al., 1987), but are generally not considered to be a major contributor 

to particulate formation or growth.   Aerosol mass spectra of DMS+OH products (Figure 

3-6A) contains both organic and sulfate peaks.  Based on high resolution data collected 

using the HR-ToF-AMS, approximately 30% of the aerosol fragments are sulfur-

containing organics, another 30% is sulfur-containing inorganic, and the remainder is an 

assortment of reduced and oxidized organic fragments (Figure 3-7).  Fragments included 

in these fragment families can be seen in Table 3-1.    

The breakdown of all sulfur-containing organic fragments can be seen in  

figure 3-8A.  Here, 83% of the sulfur-containing organic fragments are made up of reduced 

fragments, while only 17% are oxidized fragments.  By contrast, atomization of MSA into 

the AMS resulted in 69% of sulfur-containing organic aerosol fragments that are oxidized, 

and only 31% that are reduced (figure 3-9).  𝐶𝐻ସ𝑆𝑂ଷ, at m/z 96, and 𝐶𝐻ଷ𝑆𝑂ଶ, at m/z 79, 

are considered to be unique indicators of the presence of MSA (Zorn et al., 2008).  The 

absence of these peaks suggests that MSA, an expected gas- and particle-phase product of 

DMS oxidation, is not forming under these experimental conditions. This lack of MSA 

formation is in contrast to the accepted mechanism, but in agreement with 𝑁𝑂௫-free DMS 

oxidation studies (Yin et al., 1990 (II), Barnes et al., 1988). 
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While particulate MSA is clearly not forming, it is evident that some unexpected 

sulfur-containing organic particulate compound is forming.  Interesting and unique peaks 

including 𝐶ଶ𝐻𝑆 (m/z 62), 𝐶𝐻ଷ𝑆𝑂 (m/z 63), and 𝐶ଶ𝐻𝑆𝑂 (m/z 78) suggest that particulate 

containing a sulfur attached to two carbons and an oxygen is forming.  While there are 

known DMS products with such a structure, such as DMSO and DMSO2, these are not 

expected in the particle-phase.  To verify this assumption, a DMSO+OH oxidation 

experiment was performed under dry conditions.  This experiment resulted in less than 

1
𝜇𝑔

𝑚ଷൗ  of aerosol and no evidence of 𝐶ଶ𝐻𝑆 or 𝐶ଶ𝐻𝑆𝑂 fragments.  Furthermore, 

DMSO2 was atomized into the AMS, but no particulate was measured. An alternative 

mechanism for OH oxidation of DMS that leads to these sulfur-containing organic 

fragment via build-up of sulfur-containing radicals is purposed in Figure 3-16. 

A breakdown of major sulfur-containing inorganic fragments can be seen on Figure 

3-10A.  It is likely that some of the less oxidized sulfur-containing inorganics (𝑆𝑂 and 𝑆𝑂ଶ) 

are, in fact, fragments of organics.  The more oxidized sulfur-containing inorganics (𝐻ଶ𝑆𝑂ସ 

and 𝑆𝑂ଷ) indicate the presence of sulfuric acid particulate and are not abundantly present 

in MSA particulate (Figure 3-11).  A particle density of approximately 1.64 𝑔 𝑐𝑚ଷൗ  (Table 

3-2) is high compared to the density of traditional SOA at 1.2-1.5 𝑔 𝑐𝑚ଷൗ   (Nakao et al., 

2013).  This indicates the formation of sulfuric acid, which has a density of 1.83 𝑔
𝑐𝑚ଷൗ  

(CRC Handbook, 2014), along with some other aerosol products. Sulfuric acid is known 

to be highly volatile at high temperatures (Orsini et al., 1999). Particle volatility, measured 
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at 100 oC (Figure 3-12) increases as the particles grow, suggesting sulfuric acid is present 

and becoming a larger fraction of total particulate over time.   

 

3.2 Dimethylsulfide 𝑶(𝟑𝑷) Oxidation in the presence of 𝑵𝑶𝒙 

 𝑂(ଷ𝑃) is expected to react with DMS by first adding an oxygen to the sulfur and 

then degrading into radicals ∙ 𝐶𝐻ଷ  and ∙ 𝑆𝑂𝐶𝐻ଷ.  This reaction is not expected to form 

DMSO, DMSO2, or MSIA.  Beyond this one difference, DMS is expected to form many 

of the same radicals during 𝑂(ଷ𝑃) oxidation as it does during OH oxidation (Figure 3-16). 

The presence of 𝑁𝑂௫ should speed up subsequent reactions. Additionally, Patroescu et al. 

(1999) suggest that the presence of 𝑁𝑂௫, particularly 𝑁𝑂ଶ, is necessary for MSA formation.   

With a high initial 𝑁𝑂ଶ concentration of 100 ppb, the concentration of 𝑂(ଷ𝑃) 

increases an order of magnitude higher than what is expected in the atmosphere, at 

approximately 4 × 10ସ 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑐𝑚ଷ.  The accepted initial reaction rate of DMS with 

𝑂(ଷ𝑃), at 5 𝑥10ିଵଵ  𝑐𝑚ଷ

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ∙ 𝑠ൗ  (Atkinson et al., 1989), was high enough to 

completely consume DMS, as can be seen in Figure 3-3. Given the oxidant concentrations 

and initial reaction rates, the decay rate of DMS with 𝑂(ଷ𝑃) and hydroxyl radical are 

expected to be similar.  However,  𝑂(ଷ𝑃) oxidation resulted in a substantially swifter decay 

of DMS.  Yin et al. (1990 (I)) argue that the reason for the increased decay rate of DMS in 

the presence of 𝑁𝑂௫ is due to an increased formation rate of 𝐶𝐻ଷ𝑆𝑂ଷ radical, which can 

react with DMS to form methanesulfonic acid.   However, as will be discussed shortly, this 

experiment results in no evidence of methanesulfonic acid formation, indicating that 
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𝐶𝐻ଷ𝑆𝑂ଷ radical is not playing a major role in the decay rate of DMS.  There are two 

alternate possible explanations for this increase in reaction rate: 1) even in the absence of 

an 𝐻ଶ𝑂ଶ injection to boost hydroxyl radical concentration, there was enough hydroxyl 

radical present to speed up the overall decay rate; 2) the accepted initial reaction rate of 

DMS with 𝑂(ଷ𝑃) is low.  Regardless of the reason, it is clear that even at 

𝑁𝑂ଶ concentrations of 100 ppb, which is relatively low compared to other chamber and 

flow tube studies,  𝑂(ଷ𝑃) can play a major role in oxidation of DMS.  

Aerosol mass concentration (Figure 3-1) steadily increases until minute 300, when 

the DMS precursor is almost completely consumed.  After minute 300, aerosol mass 

concentration continues to slowly grow to over of 100 𝜇𝑔
𝑚ଷൗ .  Concentration of 𝑆𝑂ଶ 

follows a similar trend, peaking at just after 300 minutes followed by a slow decay.  This 

suggests that 𝑆𝑂ଶ is slowly oxidizing further to sulfuric acid, resulting in a slow increase 

in aerosol mass after minute 300.   Aerosol mass formed during 𝑂(ଷ𝑃) oxidation of DMS 

is over 10 times greater than that formed during OH oxidation, while consuming only 2 

times more of the precursor.  There are two likely explanations for this large increase in 

mass concentration during 𝑂(ଷ𝑃) oxidation: 1) after the initial reaction, the presence of 

𝑁𝑂௫ speeds up subsequent reactions allowing DMS+ 𝑂(ଷ𝑃) to quickly form aerosol while 

DMS+OH needs additional time; and 2) approximately ¼ of the DMS goes down the 

addition pathway to form gas phase products during OH oxidation, this does not occur 

during 𝑂(ଷ𝑃)  oxidation. 

As expected, no evidence of DMSO, DMSO2, or MSIA was measured in the gas 

phase.  Similar to DMS+OH oxidation, despite high 𝑁𝑂௫ concentrations, no evidence of 
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gas-phase MSA was detected.  Aerosol mass spectra (Figure 3-5) reveals that many of the 

same major organic and sulfate peaks that were present in the DMS+OH oxidation 

experiment are also present, suggesting a similar bulk composition.  Two minor peaks stick 

out as unique: m/z 141 and m/z 170. The m/z 141 may be 𝐶𝐻ଷ𝑆𝑁𝑂ହ, a fragment of 

methanesulfonyl peroxynitrate, which can form in the presence of  𝑁𝑂௫.  No known 

previous studies have recorded this in the particle phase. The  m/z 170 peak is currently 

unknown. 

The aerosol formed through 𝑂(ଷ𝑃) oxidation of DMS is approximately 45% sulfur-

containing inorganic and 25% sulfur-containing organic, with the remainder being reduced 

or oxidized organic fragments.  The majority of the sulfur-containing organic fraction of 

aerosol resembles that of DMS+OH.  Major peaks (Figure 3-6B) include 𝐶𝐻𝑆 (m/z 

45), 𝐶𝐻ଶ𝑆 (m/z 46), 𝐶𝐻ଷ𝑆 (m/z 47), 𝐶ଶ𝐻ହ𝑆 (m/z 61), 𝐶ଶ𝐻𝑆 (m/z 62), 𝐶𝐻ଷ𝑆𝑂 (m/z 63), and 

𝐶ଶ𝐻𝑆𝑂 (m/z 78).  Minor peaks are likely due to higher aerosol concentration, more 

complete oxidation of the precursor, and minor products due to the presence of 𝑁𝑂௫.  The 

steps leading to the formation of these unexplained sulfur-containing organic fragments is 

likely identical to that of OH oxidation.  Still, there is no evidence of MSA in the particle 

phase.  This is in contrast with previous studies on DMS oxidation in the presence of 𝑁𝑂௫ 

(Yin et al., 1990 (II), Patroescu et al., 1999, Chen et al., 2012).  This results suggests that 

high 𝑁𝑂௫ alone is not responsible for MSA formation.  

The breakdown of sulfur-containing inorganic fragments present during the 𝑂(ଷ𝑃) 

oxidation experiment are almost identical to those present during OH oxidation.  Again, 

the highly oxidized inorganic sulfur containing fragments are indicators of the formation 
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of sulfuric acid.  The aerosol density ranges from 1.80 to 1.55 𝑔
𝑐𝑚ଷൗ  (Table 3-2), 

consistent with the higher density of sulfuric acid.  Volatility of the particulate levels out 

to be higher than that of DMS+OH particulate.  This is likely due to a higher fraction of 

sulfur-containing inorganic fragments (Figure 3-7), indicating the presence of more 

sulfuric acid particulate, which is highly volatile at 100 oC.  The higher fraction of sulfur-

containing inorganic can be the explained by the complete consumption of the precursor 

and the multiple pathways leading to the formation of 𝑆𝑂ଷ.  The 𝑂(ଷ𝑃) oxidation 

mechanism of DMS in the presence of 𝑁𝑂௫ can be seen on Figure 3-16.  

 

3.3 Dimethylsulfide 𝑵𝑶𝟑 Oxidation in the presence of 𝑵𝑶𝒙 

 Nitrate radical is expected to react with DMS via hydrogen abstraction, following 

the same pathways as hydroxyl radical hydrogen abstraction.  This reaction is expected to 

form the same sulfur containing organic radicals that form under OH and 𝑂(ଷ𝑃) oxidation.  

Similar to 𝑂(ଷ𝑃) oxidation, the presence of 𝑁𝑂௫ should speed up secondary reactions. 

 High initial concentration of nitrate radical resulted in nearly immediate 

consumption of the DMS precursor (Figure 3-2).  This reaction resulted in approximately 

20 𝜇𝑔
𝑚ଷൗ  of aerosol (Figure 3-1); this is five times lower than the mass concentration 

formed during 𝑂(ଷ𝑃) oxidation, which also saw complete consumption of the DMS 

precursor.  This can be partially explained by the difficulty to form sulfuric acid in the dark 

and in the absence of 𝑂(ଷ𝑃) or OH as an oxidant for 𝑆𝑂ଶ.  In this case, the primary pathway 

for 𝑆𝑂ଷ formation will be the degradation of 𝐶𝐻ଷ𝑆𝑂ଷ into ∙ 𝐶𝐻ଷ and 𝑆𝑂ଷ.    Additionally, 
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there are reversible reactions involving 𝑁𝑂௫ and UV radiation (Figure 3-16).  For example, 

Yin et al. (1990) suggest that ∙ 𝑆𝐶𝐻ଷ can react with 𝑁𝑂 to form 𝐶𝐻ଷ𝑆𝑁𝑂.  In the absence 

of UV, as is the case during nitrate radical oxidation, this reaction acts as a gas-phase sink.  

In the presence of UV, as is the case during 𝑂(ଷ𝑃) oxidation, 𝐶𝐻ଷ𝑆𝑁𝑂 can 

photodecompose back into, ∙ 𝑆𝐶𝐻ଷ and 𝑁𝑂, allowing the sulfur-containing organic radical 

to continue to oxidize and eventually form more particulate.  Gas-phase mass spectra show 

formation of peaks consistent with 𝐶𝐻ଷ𝑆𝑁𝑂ଶ formation.  Unfortunately, gas-phase 

instrumentation that could potentially measure elevated 𝑆𝑂ଶ was not available for this 

experiment. 

 The average mass spectra of the particulate products formed through nitrate radical 

oxidation of DMS can be seen on Figure 3-6C.  The same major organic and sulfate peaks 

that were previously seen in OH and 𝑂(ଷ𝑃) are also present here, suggesting a similar 

formation mechanism.  However, the overall sulfur-containing organic to sulfur-containing 

inorganic ratio is higher during nitrate radical oxidation, at approximately 1:1, compared 

to that during OH and 𝑂(ଷ𝑃), at 0.8:1 and 0.85:1, respectively.  OH and 𝑂(ଷ𝑃) react with 

DMS to form higher fractions of inorganic sulfur-containing fragments, which are 

indicative of the presence of sulfuric acid.  This is consistent with lack of available oxidant 

to react with 𝑆𝑂ଶ and form sulfuric acid during nitrate radical experiments. 

 Major sulfur-containing organic fragments that formed during this experiment 

(Figure 3-8c) are identical to the other two oxidants tested.  While it is apparent that a 

smaller fraction of sulfuric acid formed during nitrate radical oxidation, the high sulfur-
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containing inorganic mass-to-charge ratio peaks along with the high volatility of the 

aerosol again indicate the presence of sulfuric acid. 

 

 

3.4 Dimethylsulfide Summary of Major Findings 

Based on the nearly identical aerosol compositions that formed during these three 

reactions, it is clear that, under the experimental conditions tested here, the DMS-OH 

addition pathway is not important to aerosol formation.  Furthermore, these results indicate 

that, under dry conditions and in the absence of any other organic compound, DMS will 

not oxidize to form gas- or particle-phase MSA.  This is in contrast with what has been 

suggested in the currently accepted DMS and DMDS mechanisms as well as several 

laboratory studies (Yin et al., 1990 (II), Patroescu et al., 1999, Chen et al., 2012).  However,   

many previous lab studies have been run at high 𝑁𝑂௫ and under humid conditions.  Yin et 

al. (1991) and Barnes et al. (1988) recorded results similar to these, with MSA yields close 

to zero for DMS experiments run under 𝑁𝑂௫-free conditions. Patroescu et al. (1999) 

presented data indicating that gas-phase MSA concentration increases with increasing 

𝑁𝑂௫. Here, however, it has been established that high 𝑁𝑂௫ alone is not responsible for 

MSA formation and that there may be something missing from this mechanism. 

As mentioned previously, MSA is the only major sulfur-containing organic 

compound that is expected to form through DMS oxidation.  However, under the extreme 

dry conditions tested here, sulfur-containing aerosol that is clearly not MSA is being 
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formed through DMS oxidation.  The formation mechanism of this aerosol may include 

radical chemistry.  A possible mechanism for this formation can be seen on Figure 3-16.  

This study has established that, while 𝑂(ଷ𝑃) may not be an important oxidant of 

DMS in the atmosphere, it is important to consider in the laboratory.  Historically, 𝑂(ଷ𝑃) 

oxidation of DMS has been ignored.  The results from this study indicate that even at initial 

𝑁𝑂௫ concentrations of 100 ppb, which is considerably lower than previous DMS chamber 

studies run at 180 ppb (Chen et al., 2012) and more than 300 ppb (Yin et al., 1990 (II)), 

𝑂(ଷ𝑃) dominates DMS oxidation.  This implies that, to date, there have been no true 

𝐷𝑀𝑆 + 𝑂𝐻 + 𝑁𝑂௫ chamber studies where 𝑂(ଷ𝑃) does not play a major role in oxidation.    

While it appears that 𝑂(ଷ𝑃) oxidation yields the same aerosol products that OH oxidation 

does, the presence of high concentrations of 𝑁𝑂௫, and thus, 𝑂(ଷ𝑃), results in a bypass of 

several important gas-phase products of DMS+OH oxidation (DMSO, DMSO2, and 

MSIA).  Therefore, the presence of high 𝑁𝑂௫ concentrations may artificially increase 

DMS+OH aerosol yield, MSA yield, and sulfuric acid yield.   

 

3.5 Dimethyldisulfide OH oxidation 

 The initial reaction rate for DMDS and OH is 50 times faster than that of DMS, at 

21 𝑥10ିଵ  𝑐𝑚ଷ

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ∙ 𝑠ൗ  (Atkinson et al., 1989).  This faster initial reaction rate 

allows for complete consumption of the DMDS precursor around minute 200 (Figure 3-2).  

However, despite complete consumption, the mass concentration, as seen in Figure 3-1, 
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continues to increase past minute 300, indicating the importance of slower secondary 

reactions to overall aerosol formation. 

 DMDS is expected to react with OH radical by addition, swiftly followed by 

decomposition into ∙ 𝑆𝐶𝐻ଷ radical and methanesulfenic acid (𝐶𝐻ଷ𝑆𝑂𝐻) (Yin et al., 1990 

(I)).  Further reactions with methanesulfenic acid have been purposed to form ∙ 𝑆𝑂𝐶𝐻ଷ 

radicals, potentially through losing a hydrogen to the  𝐶𝐻ଷ𝑆𝑂ଷ radical to form MSA.  Under 

UV radiation, DMDS is also known to photodecompose into two ∙ 𝑆𝐶𝐻ଷ  radicals.  DMDS 

forms two times more of the same sulfur-containing organic radicals that DMS oxidation 

produces; therefore, the DMDS+OH oxidation products are expected to be of identical 

composition, but in higher concentrations.  Similar to DMS+OH, previous studies suggest 

that particulate products include sulfuric acid and MSA.  𝑆𝑂ଶ is expected to form more 

abundantly, given the higher concentration or sulfur-containing organic radicals, while gas 

phase DMS products like DMSO, DMSO2, and MSIA are not expected to form. 

 Measurements made by the SIFT-MS verify the lack of DMSO, DMSO2, and 

MSIA formation during OH oxidation of DMDS.  𝑆𝑂ଶ data was not gathered for this 

experiment.  Aerosol formed through this reaction is composed of a higher fraction of 

sulfur-containing inorganic fragments, at 45% of the total mass, as compared to DMS 

oxidation (Figure 3-7).  Average mass spectra of the DMDS+OH aerosol products can be 

seen in Figure 3-13A.  While DMDS+OH is still forming aerosol with the same sulfate 

fragments and lower mass-to-charge ratio organic fragments (𝐶𝐻𝑆 (m/z 45), 𝐶𝐻ଶ𝑆 (m/z 

46), and 𝐶𝐻ଷ𝑆 (m/z 47)) that were measured during DMS oxidation (Figure 3-6), 

DMDS+OH is forming several unique, prominent peaks.  These peaks include m/z 78, 93, 
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110, 125, 141, and 157.  Mass-to-charge of 141 was previously mentioned as 𝐶𝐻ଷ𝑆𝑁𝑂ହ, a 

potential fragment of methanesulfonyl peroxynitrate, that formed during 𝐷𝑀𝑆 + 𝑂(ଷ𝑃) +

𝑁𝑂௫ oxidation. However, in this case there is not enough  𝑁𝑂௫ present to make formation 

of this compound feasible; instead, m/z 141 can be attributed to 𝐶ଶ𝐻ହ𝑆ଶ𝑂ଷ. Mass-to-charge 

of 78 was also detected during DMS experiments, however, in this case the high-resolution 

data shows a shift in mass that aligns with a 𝐶𝐻ଶ𝑆ଶ fragment.  The remaining peaks of 

interest all contain sulfur-sulfur bonds and these fragment compositions can be seen on 

Table 3-1. 

 These odd particulate fragments containing a sulfur-sulfur have not been mentioned 

in previous DMDS+OH chamber oxidation experiments.  To verify the formation of these 

compounds, multiple identical experiments were conducted.  The peaks formed throughout 

all DMDS+OH experiments run under dry conditions.  Interestingly, during longer 

oxidation experiments these sulfur-containing organic fragments would grow in early and 

then begin to decay away due to particle wall loss, or possible further reactions.  This 

growth and decay of the sulfur-containing organic fragments is evident in Figure 3-14.  

After minute 300, the growth of sulfur-containing organics stops while the sulfur-

containing inorganic continues to form.  This, along with the continuous increase in 

volatility over time (Figure 3-12), is indicative of the continuous growth of sulfuric acid. 

 While the organic disulfide compounds that are forming during DMDS oxidation 

have not been measured previously, there is an explanation for their formation.  As 

mentioned previously, one of the major differences between DMS and DMDS oxidation is 

that DMDS will quickly form methanesulfenic acid, while DMS will form little, if any.  
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Yin et al. (1990 (I)) suggested that methanesulfenic acid primarily undergoes hydrogen 

abstraction as a reaction pathway, a proposal based on results from liquid-phase chemistry 

(Gilbert et al., 1975, Block et al., 1978).  However, sulfenic acids are also known to 

condense on themselves to form thiosulfinates (Gupta et al., 2014).  A particulate forming 

mechanism involving condensation of methanesulfenic acid can be seen on Figure 3-16. 

This reaction can explain some of the major sulfur-containing organic fragment 

differences that can be seen when comparing DMS oxidation with DMDS+OH oxidation 

(Figure 3-15).  While DMS oxidation results in aerosol that contains two carbon for one 

sulfur, presumably due to radical chemistry mentioned previously, this is minimal in 

DMDS oxidation.  Instead, DMDS+OH oxidation results in aerosol with a large fraction 

𝐶𝐻௫𝑆 fragments, which would be consistent with the presence of sulfur-sulfur bonds.  

Additionaly, 15% of the total sulfur-containing organic mass is consists of “Other” 

fragments; “Other” is made up of the high m/z compounds with two sulfurs that would 

result from methanesulfenic acid condensation.  It is important to note that the 𝐶ଶ𝐻ହ𝑆 (m/z 

61) and 𝐶ଶ𝐻𝑆 (m/z 62) fragments that formed during DMS oxidation are still present in 

this DMDS oxidation experiment.  However, because of formation of thiosulfinates via 

methanesulfenic acid, they account for a smaller fraction of the total sulfur-containing 

organic aerosol. 
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3.6 Dimethyldisulfide photodecomposition followed by 𝑶(𝟑𝑷) oxidation in the presence 

of 𝑵𝑶𝒙 

Prior to reacting DMDS with 𝑂(ଷ𝑃), UV lights were turned on to allow for 

photodecomposition of the precursor into two 𝐶𝐻ଷ𝑆 ∙ radicals to determine the importance 

of decomposition to aerosol formation.  Photodecomposition of DMDS is well documented 

and considered to be an important initial step to oxidation (Sheraton et al., 1981, Yin et al. 

1990 (I)).  Here, it was established that photodecomposition of DMDS is an important 

consumer of DMDS, with 40% consumption after 200 minutes (Figure 3-3).  It is also 

important to 𝑆𝑂ଶ formation, as is evident by the steady increase in signal seen in Figure 3-

4.  Despite the presence and oxidation of radicals, no particulate formed during 

photodecomposition of DMDS.  This is in contrast with all other experiments that formed 

the same radicals.   

The only major difference here is the lack of an oxidant, which is traditionally 

necessary to form sulfuric acid.  This implies that these sulfur-containing organic radicals 

are not an important source of secondary aerosol nucleation.  Instead, sulfuric acid needs 

to be present at sufficient concentrations in order to nucleate particles, after which the 

radicals are able to play a role in particle growth.  It is important to note that the reaction 

rates to oxidize 𝑆𝑂ଶ to sulfuric acid with 𝑂(ଷ𝑃) or OH are very slow.  Some sulfuric acid 

can form through degradation of the 𝐶𝐻ଷ𝑆𝑂ଷ radical, but apparently, during this 

experiment the concentration of sulfuric acid that formed through this pathway was not 

great enough to result in particle nucleation and sufficient growth to be measured by the 

SMPS.  Crigee intermediates are thought to contribute to oxidation of 𝑆𝑂ଶ (Kurten et al., 
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2011), however it is unlikely these are forming during reduced sulfur experiments.  Kurten 

et al. (2011) performed a computational study on the reaction of peroxyradicals with 𝑆𝑂ଶ 

and determined this reaction is too slow to form 𝑆𝑂ଷ under atmospherically relevant 

conditions. 

Further evidence of the importance of an oxidant to traditional sulfuric acid 

formation, and thus particulate formation, comes after minute 200 in this experiment when 

𝑁𝑂ଶ is added to the chamber.  As soon as this addition is made, the remainder of the DMDS 

precursor is consumed (Figure 3-3), and particulate is immediately formed. The 𝑆𝑂ଶ signal 

also immediately increases to approximately two times higher than what formed during 

complete consumption of DMS, which makes sense considering DMDS will form two 

times more sulfur-containing radicals. 𝑆𝑂ଶ signal goes on to steadily decay while it reacts 

to form more sulfuric acid, which explains the steady increase in mass concentration.  The 

initial reaction between DMDS and 𝑂(ଷ𝑃) will form 𝐶𝐻ଷ𝑆 ∙ radical and 𝐶𝐻ଷ𝑆𝑂 ∙ radical.  

These two radicals will also be present during the DMDS UV-decomposition experiment.  

The only major differences are: 1) now an oxidant is present to react with 𝑆𝑂ଶ and push 

sulfuric acid growth; 2) 𝑁𝑂௫ is present to push more formation of 𝐶𝐻ଷ𝑆𝑂ଷ radical, which 

may further increase sulfuric acid concentrations and lead to particle nucleation.  

The particulate that formed during 𝑂(ଷ𝑃) oxidation of DMDS is approximately 

55% sulfur-containing inorganic fragments and 25% “Other” fragments consisting of 𝐻ଶ𝑂 

and 𝑂𝐻 fragments (Figure 3-7).  All of these fragments, along with the consistently high 

volatility (Figure 3-12) and high density of 1.6 𝑔/𝑐𝑚ଷ, are indicators of sulfuric acid 

formation.  This elevated fraction of sulfuric acid, as compared to hydroxyl radical 
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oxidation of DMDS (Figure 3-7), is likely due to the absence of abundant 𝐶𝐻ଷ𝑆𝑂𝐻 

formation.  Because 𝑂(ଷ𝑃) oxidation of DMDS does not form any methanesulfenic acid, 

thiosulfinate particulate will not form.  Instead, DMDS will oxidize to form a higher 

concentration of sulfur-containing organic radicals, which can go on to form higher 

concentrations of 𝑆𝑂ଶ and sulfuric acid.  Additionally, this experiment was allowed to 

continue for 300 minutes after DMDS was consumed.  As previously established by Figure 

3-14, due to the slow reaction rate of sulfuric acid formation, the sulfate signal will become 

a larger fraction of total aerosol as more time passes. 

While the fraction of sulfur-containing organic is small, at approximately 7% of 

total mass, the mass of these fragments is still important, at over 10  𝜇𝑔
𝑚ଷൗ .  The mass 

spectra (Figure 3-13B) shows organic peaks that are very similar to 𝑂(ଷ𝑃) oxidation of 

DMS, including the high mass-to-charge ratios associated with the formation of 

methanesulfonyl peroxynitrate, at 141 and 157, as well as the unknown fragment peak at 

171.  A breakdown of all the major sulfur-containing organic fragments (Figure 3-15) 

reveals a bulk composition very similar to all the DMS oxidation experiments.  Similar to 

DMDS+OH oxidation, the concentration, and thus over all fraction, of 𝐶ଶ𝐻ହ𝑆 (m/z 

61), 𝐶ଶ𝐻𝑆 (m/z 62), and 𝐶ଶ𝐻𝑆𝑂 (m/z 78) fragments are lower that of DMS oxidation.  

The presence of these fragments, albeit at lower concentrations, is consistent with the 

formation of identical sulfur-containing radicals throughout all DMS and DMDS 

experiments. Hydroxyl radical oxidation of DMDS uniquely forms methanesulfenic acid, 

which condenses with itself and goes on to form sulfur-containing particulate with a 

different bulk composition than what is seen here.   
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3.7 Dimethyldisulfide 𝑵𝑶𝟑 Oxidation in the presence of 𝑵𝑶𝒙 

 Few studies have focused on nitrate radical oxidation of DMDS.  Compared to 

DMS, DMDS is less prevalent in the atmosphere and is therefore considered to be less 

atmospherically relevant.  Older studies that have looked at DMDS nitrate radical oxidation 

suggest nitrate addition to a sulfur followed by decomposition into 𝐶𝐻ଷ𝑆𝑂 ∙ and 𝐶𝐻ଷ𝑆 ∙ 

radicals (Yin et al., 1990 (I), Jensen et al., 1992).  More recently, Jee et al. (2006) performed 

a theoretical study on the initial nitrate oxidation step with DMDS and found that hydrogen 

abstraction is actually the more probably oxidation pathway.  The hydrogen abstraction 

mechanism has not been purposed nor has it been studied. 

 Given the high initial concentration of nitrate radical, DMDS was quickly and 

completely consumed (Figure 3-2).  However, despite complete consumption of the 

precursor, less than 2  𝜇𝑔
𝑚ଷൗ  of aerosol formed after 500 minutes of oxidation.  The 

aerosol formation occurs within the first 200 minutes and levels.  This is 10 times lower 

than that formed during DMS-nitrate radical oxidation, which steadily formed aerosol over 

the course of 400 minutes before beginning to level off. Under the nitrate addition followed 

by decomposition pathway, it is expected that the same radicals as those present in the 

DMS+𝑁𝑂ଷ  and DMDS+𝑂(ଷ𝑃) oxidation experiments would also quickly form here.   If 

this were the case, DMDS should form approximately two times more sulfuric acid than 

DMS.  The minimal sulfuric acid particulate indicate nitrate addition is not the first step in 

DMDS oxidation and that the current accepted mechanism is incorrect.  Unfortunately, 
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knowledge of gas-phase products of nitrate-radical oxidation of DMDS are not sufficient 

to present a new mechanism with confidence.  

 

3.8 Dimethyldisulfide Summary of Major Findings 

Major finding in DMDS oxidation are largely the same as DMS oxidation.  Similar 

to DMS oxidation under dry conditions, DMDS will not oxidize to form gas- or particle-

phase MSA, even in the presence of high 𝑁𝑂௫. This suggests that a major step is missing 

from the MSA formation mechanism.  DMDS oxidation results in unique particulate 

organic products that are not currently included in any mechanism.  However, as is evident 

by the photodecomposition of DMDS, sulfuric acid is necessary in order to allow these 

organic compounds to nucleate.  Both 𝑂(ଷ𝑃) and OH oxidation of DMDS resulted in high 

mass concentrations of aerosol, while nitrate radical did not.  The reason for this lack of 

aerosol is unclear and requires further investigation.  As is the case for DMS oxidation, at 

high 𝑁𝑂௫, DMDS oxidation is initiated by 𝑂(ଷ𝑃) rather than OH.  Again, while this may 

not be atmospherically relevant, it is relevant in the laboratory.  While 𝑂(ଷ𝑃) oxidation of 

DMDS will form the same sulfur-containing organic radicals, it will not form 

methanesulfenic acid, an intermediate species that is important to aerosol formation under 

extreme dry conditions.   

 

3.9 Implications 

The extreme dry conditions tested here are not considered atmospherically relevant.  

Some of the particulate compounds formed have never been measured in the lab or in the 
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field, indicating they are not likely to form under typical atmospheric conditions.  This 

provides important insight into how chamber experiments are currently run.  Often times 

chamber experiments are initially run under extreme dry conditions in order to keep the 

chemistry as simple as possible.  These results suggest that running chambers under these 

atmospherically irrelevant conditions may result in the formation of compounds that are 

irrelevant to the atmosphere.  Furthermore, while most previous chamber experiments have 

been run under humid conditions and thus cannot provide an adequate comparison to the 

experiments presented here, flow tube experiments have been run under dry conditions in 

the past.  The dry flow tube experiments do not record the same compound that were 

measured here.  Additionally, methanesulfonic acid was formed during dry flow tube 

experiments, especially in the presence of 𝑁𝑂௫; no methanesulfonic acid was measured 

during dry oxidation of reduced sulfur compounds in these chamber experiments.  The 

differences in products between these two methods imply that the chemistry involved in 

oxidation in a chamber is different than the chemistry in a flow tube.  This is likely due to 

the unreasonably high oxidant, precursor, and radical concentrations that are present in a 

flow tube.   

By oxidizing reduced sulfurs in the absence of water vapor, this study has also 

provided useful insight into the mechanism by which these reduced sulfurs form aerosol.  

By rerunning these same experiments under humid conditions (Chapter 4 of this thesis), 

the importance of water vapor to the aerosol mass concentration and composition can be 

established.  
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3.11 Tables 
 

Compound Fragment 
Family 

Possible Fragments Present 

Reduced Organic All fragments with the formula 𝐶௫𝐻௬, with 𝑥 ≥ 1 and 𝑦 ≥ 0 

Oxidized Organic All fragments with the formula 𝐶௫𝐻௬𝑂௭, with 𝑥, 𝑧 ≥ 1 and 𝑦 ≥ 0 

S-Containing Organic 
𝐶𝐻𝑆, 𝐶𝐻ଶ𝑆, 𝐶𝐻ଷ𝑆, 𝐶ଶ𝐻ଷ𝑆, 𝐶𝑆𝑂, 𝐶𝐻𝑆𝑂, 𝐶𝐻ଶ𝑆𝑂, 𝐶𝐻ଷ𝑆𝑂, 𝐶𝑆ଶ, 
𝐶𝐻ଶ𝑆𝑂ଶ, 𝐶𝐻ଷ𝑆𝑂ଶ, 𝐶ଶ𝐻𝑆𝑂ଶ, 𝐶ଶ𝐻ଶ𝑆𝑂ଶ, 𝐶𝐻ସ𝑆𝑂ଷ,𝐶ଶ𝐻ହ𝑆, 𝐶ଶ𝐻𝑆 

𝐶ଶ𝐻ହ𝑆, 𝐶ଶ𝐻𝑆𝑂, 𝐶ଶ𝐻ହ𝑆ଶ𝑂ଶ, 𝐶ଶ𝐻ହ𝑆ଶ𝑂ଷ, 𝐶ଶ𝐻ହ𝑆ଶ𝑂ସ 

S-Containing Inorganic 𝑆, 𝐻𝑆, 𝐻ଶ𝑆, 𝐻ଷ𝑆, 𝐻𝑆𝑂, 𝑆𝑂ଶ, 𝐻𝑆𝑂ଶ, 𝑆𝑂ଷ, 𝐻𝑆𝑂ଷ, 𝐻ଶ𝑆𝑂ଷ, 𝐻𝑆𝑂ସ, 𝐻ଶ𝑆𝑂ସ 

Other 𝑂𝐻, 𝐻ଶ𝑂 

 

  

Table 3-1: Shown here is a list defining the typical composition of aerosol fragments in each compound 
family.  This should not be taken as a complete list.  Missing from this list are compound fragments that 
contain both nitrogen and sulfur (which made up less than 0.1% of total mass when they were present).   
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Experiment 
Elapsed 

Time 
(min) 

Precursor 
Consumed 
∆𝑯𝑪 (ppb) 

Mass 
Formed 

∆𝑴𝒐 
(𝝁𝒈/𝒎𝟑) 

Density 
(𝒈/𝒄𝒎𝟑) 

Volume 
Fraction 

Remaining 

Aerosol 
Yield 

∆𝑴𝒐
∆𝑯𝑪ൗ   

(%) 
DMS+OH 
022619 560 50 7.5+ 1.64 0.70-0.40 6.1* 

DMS+𝑶(𝟑𝑷)+𝑵𝑶𝒙 
022719 

380 100 100+ 1.80-1.55 0.30 40.8* 

DMS+𝑵𝑶𝟑+𝑵𝑶𝟐 
061518 440 93 19 1.97 0.33 8.3 

DMDS+OH 
030119 320 100 50+ 1.57 0.80-0.50 13.5* 

DMDS+ 𝑶(𝟑𝑷)+𝑵𝑶𝒙 
022819 

440 100 170+ 1.60 0.30 45.8* 

DMDS+𝑵𝑶𝟑+𝑵𝑶𝟐 
061818 540 94 <2 x x <0.6 

       

 

  

Table 3-2: Aerosol properties measured during reduced sulfur oxidation experiments.  In some cases, 
properties changed over the course of the experiment, this is indicated by a range of values (start-end).  
Mass concentration was calculated by applying the density measurement to the volume concentration as 
measured by the SMPS.  In most cases, aerosol continues to form throughout the experiment at does not 
level out (indicated by “+”).  Because of this, a true aerosol yield could not be calculated.  Most of the 
aerosol yields recorded here are low estimations based on the available data (indicated by the “*”). 
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3.12 Figures 
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Figure 3-1: Mass concentration time series for all particle-forming reduced sulfur oxidation 
experiments under dry chamber conditions.  Mass concentration was calculated by applying the particle 
density, as measured by the APM-SMPS, to the volume concentration measured by the SMPS. 
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Figure 3-2: Decay of the reduced sulfur precursors from various oxidants under dry and humid 
conditions as measured by the SIFT-MS.  Several experiments included in this plot are duplicates of 
experiments that are discussed in this thesis but do not have gas-phase SIFT-MS data.  The decay rates 
of these duplicate experiments can be applied to the identical experiment discussed in this thesis. 
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Figure 3-3: Precursor decays of several reduced sulfur oxidation experiments as measured 
by the Sulfur GC.  Concentrations were measured as 10-15 minute averages. 
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Figure 3-4: Growth of sulfur dioxide for select reduced sulfur oxidation experiments.  The first 200 
minutes of the DMDS oxidation experiment contains the growth of sulfur dioxide from DMDS 
photodegradation.  The subsequent growth and decay is due to the addition of 𝑂(ଷ𝑃) and 𝑁𝑂ଶ. 
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Figure 3-5: Evidence of the growth of several known DMS-OH oxidation products including dimethylsulfoxide 
(DMSO), dimethylsulfone (DMSO2), and methanesulfinic acid (MSIA).  These compounds were measured by the 
SIFT-MS during a DMS-OH duplicate experiment (081417). 𝐻ଷ𝑂ା reacts with the analyte via hydrogen addition, 
𝑂ଶ

ା reacts via electron transfer, and 𝑁𝑂ା reacts via electron transfer or 𝑁𝑂ା association. 
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Figure 3-6: Average aerosol mass spectra (as measured by the HR-ToF-AMS) from the following 
reduced sulfur oxidation experiments: a) 𝐷𝑀𝑆 + 𝑂𝐻 022619, b)  𝐷𝑀𝑆 + 𝑂(ଷ𝑃) + 𝑁𝑂௫ 022719, and 
c) 𝐷𝑀𝑆 + 𝑁𝑂ଷ 061518. 
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Figure 3-7:  Bulk composition of the aerosol (as measured by the HR-ToF-AMS) formed during each 
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Figure 3-8: Composition of the 
sulfur-containing organic fragments 
(both reduced and oxidized) for the 
following reduced sulfur oxidation 
experiments:  

a) 𝐷𝑀𝑆 + 𝑂𝐻 022619  

b) 𝐷𝑀𝑆 + 𝑂(ଷ𝑃) + 𝑁𝑂௫ 022719  

c) 𝐷𝑀𝑆 + 𝑁𝑂ଷ 061518 

This figure (and others like it) was 
made using high resolution data 
gathered by the AMS during 
oxidation experiment.  The fraction 
of each fragment was averaged over 
the last 100 minutes of each 
experiment.  These fractions were 
constant during this time period. 
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Figure 3-10: Composition of the 
sulfur-containing inorganic 
fragments for the following reduced 
sulfur oxidation experiments:  

a) 𝐷𝑀𝑆 + 𝑂𝐻 022619  

b) 𝐷𝑀𝑆 + 𝑂(ଷ𝑃) + 𝑁𝑂௫ 022719  

c) 𝐷𝑀𝑆 + 𝑁𝑂ଷ 061518 
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for select reduced sulfur oxidation experiments. 
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Chapter 4: Oxidation of Reduced Sulfur Compounds Under Humid Conditions 

This chapter will cover results from chamber experiments involving oxidation of 

dimethylsulfide (DMS) and dimethyldisulfide (DMDS) in the presence of humidity as well 

as the atmospheric implications of these results.  The experiments discussed in this chapter 

were conducted at the most atmospherically relevant conditions of any reduced sulfur 

oxidation study to date. 

 

4.1 OH Oxidation of DMS and DMDS in the Presence of Humidity 

Under humid conditions, both DMS and DMDS oxidize to form similar mass 

concentrations as they do under dry conditions (Figure 4-1).  Precursor decay of DMDS 

with OH under humid conditions is identical to that under dry conditions (Figure 4-2, 

Figure 3-2) and the maximum 𝑆𝑂ଶ signal that is reached matches the dry DMDS +𝑂(ଷ𝑃) 

oxidation experiment (Figure 3-3).  This indicates that: 1) the presence of humidity does 

not impact the OH reaction rate, as expected; and 2) given similar oxidation mechanisms, 

neither humidity nor initial oxidant play a major role in maximum 𝑆𝑂ଶ formation.  Under 

similar experimental temperatures and precursor concentrations, branching ratio between 

decomposition to form 𝑆𝑂ଶ and further oxidation of 𝐶𝐻ଷ𝑆𝑂 and 𝐶𝐻ଷ𝑆𝑂ଶ radicals appears 

to be consistent.  Concentrations of 100 ppb of 𝑁𝑂ଶ are not substantial enough to force this 

branching ratio in the direction of further oxidation.  This is in agreement with (Yin et al., 

1990(I)) who pointed out that 𝑁𝑂ଶ concentrations greater than 100 ppb are necessary to 

make this an important oxidation step for 𝐶𝐻ଷ𝑆𝑂௫ and shift the branching ratio away from 

𝑆𝑂ଶ formation.  The effects of temperature on maximum 𝑆𝑂ଶ formation are currently 
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unknown, but likely to play a role. The 𝑆𝑂ଶ concentration data is not available for the 

humid DMDS+OH oxidation experiment, but based on other DMDS oxidation results, it 

is expected that the trends will be similar to those measured during the dry experiment.  

Gas-phase DMSO, DMSO2, and MSIA were measured during dry and humid OH oxidation 

of DMS but nowhere else. 

While mass concentration and gas-phase products of DMS and DMDS oxidation 

were similar under dry and humid conditions (Table 3-1, Table 4-1), mass spectra of the 

particle-phase indicate some major differences (Figure 4-3).   Sulfate fragments are still 

elevated, however, for DMS oxidation several prominent sulfur-containing organic 

fragments (m/z 78 and m/z 62) that formed during dry oxidation experiments presumably 

via radical-chemistry, are no longer forming.  In fact, less than 1% of the aerosol fragments 

are sulfur-containing organics, suggesting that the presence of water inhibits this radical 

chemistry, and instead follows a more traditional oxidation pathway as can be seen in the 

purposed mechanism (Figure 4-11). Exactly how the water is playing a role in this 

chemistry is unknown.  It is possible that a higher concentration of water vapor speeds up 

the overall oxidation mechanism, thereby reducing the buildup of radicals that, under dry 

conditions, form the unknown particulate discussed in Chapter 3. A high fraction of sulfate 

fragments, about one-third of total aerosol mass, indicate the formation of sulfuric acid. 

Similarly, humidity is no longer allowing the formation of m/z 78, 93 and the higher 

mass-to-charge ratio fragments that occurred during dry DMDS oxidation via 

methanesulfenic acid condensation.  Under dry conditions, 25% of the aerosol mass was 

made up of sulfur-containing organic fragments (Figure 4-4).  At a relative humidity of 
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35%, nearly half the aerosol mass is sulfur-containing inorganics and another third is 

“other” fragments, which consist of OH and 𝐻ଶ𝑂, common fragments of sulfuric acid.  

Only 4% of the aerosol mass consists of sulfur-containing organic fragments.  Even at 2% 

relative humidity, only 8% of the mass is sulfur-containing organics.  However, in contrast 

with DMS oxidation under humid conditions, DMDS oxidation presents several new 

fragments at m/z 79 (𝐶𝐻ଷ𝑆𝑂ଶ) and m/z 96 (𝐶𝐻ସ𝑆𝑂ଷ).  These fragments are considered to 

be unique to MSA formation (Zorn et al., 2008).  Previous mechanisms suggest that MSA 

can form via reaction of 𝐶𝐻ଷ𝑆𝑂ଷ and methanesulfenic acid.  However, no methanesulfonic 

acid formed under dry conditions.  This may be due to the consumption of methanesulfenic 

acid via condensation onto itself (Figure 3-16) as well as reactions with hydroxyl radical.  

The formation of methanesulfonic acid, and absence of the sulfur-containing organic 

fragments, indicate that water as well as methanesulfenic acid play an important role in the 

formation of methanesulfonic acid, possibly by way of heterogeneous processes.  

Methanesulfonic acid was atomized through the HR-ToF-AMS in order to obtain a 

fragmentation pattern (Figure 3-9, 3-11).  Using this data, ratios of a unique 

methanesulfonic acid peak (m/z 79 or 96) to total sulfur-containing organic were calculated 

as follows:  

௦௨௨ି௧ 

ுయௌைమ
= 3.59 ± 0.22,    

௦௨௨ି௧ 

ுరௌைయ
= 9.58 ± 0.99   

These fragmentation ratios can be applied to experiments that are believed to form 

methanesulfonic acid in order to determine the amount of total sulfur-containing organic 

fragments that can be explained by methanesulfonic acid.  Furthermore, the total mass 

fraction of methansulfonic acid can be estimated with the knowledge that sulfur-containing 
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organic fragments make up approximately 12 ± 2%  of the total non-water mass.  This 

total mass can then be distributed between the various compound families (reduced 

organic, oxidized organic, sulfur-containing organic, sulfur-containing inorganic, and 

other) using the bulk fragmentation of methanesulfonic acid into these families (Table 4-

2).  Because the fragmentation pattern of methanesulfonic acid depends on the instrument 

heater temperature (Zorn et al., 2008) there may be some discrepancies when applying the 

ratios recorded here, which were collected using a heater temperature 570 degrees Celsius, 

to other experiments, which were typically run with a heater temperature between 530 and 

610 degrees Celsius.  Nonetheless, applying these ratios will give a rough estimate of the 

percentage of total non-water mass concentration that can be explained by methanesulfonic 

acid formation at the end of each experiment.   

Applying these ratios to the humid DMDS+OH oxidation products (Figure 4-5), it 

can be determined that 80-100% of the mass of sulfur-containing organic fragments.  This 

means that 13-19% of the total mass can be explained by methanesulfonic acid formation.  

The range of values is based on calculations using both ratios above; an example 

calculation can be seen on (Equation 4-1). Table 4-2 shows the fraction of each compound 

family that can be explained by methanesulfonic acid formation.  A majority of the 

remaining sulfur-containing inorganic aerosol as well as the “other” compound family, 

which consists primarily of 𝑂𝐻 and 𝐻ଶ𝑂 fragments, can likely be explained by sulfuric 

acid formation, leaving only about 10% of organic mass that is unexplained.   
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4.2 𝑶(𝟑𝑷)  Oxidation of DMS and DMDS in the Presence of 𝑵𝑶𝒙 and Humidity 

 The addition of humidity to 𝑂(ଷ𝑃) oxidation results in mass concentrations 2.5 and 

40 times higher than for DMS and DMDS, respectively (Figure 4-6).  If it is assumed that 

the mass formed through 𝑂(ଷ𝑃) oxidation of DMDS levels off at 2000
ఓ

య
, which is not 

the case as is evident by the continuous growth in aerosol mass, a DMDS aerosol yield is 

calculated to be 540%.  If DMDS were to completely oxidize to the expected particulate 

products (sulfuric acid and methanesulfonic acid), and nothing else, a yield of just over 

200% is expected.  Here, we are seeing a much higher yield and, based on the formation 

and availability of 𝑆𝑂ଶ (Figure 4-7), complete oxidation was not attained.  There are two 

possible reasons for this massive aerosol formation and it is likely that both are playing a 

role: 1) greater mass is formed due to condensation of water onto existing acidic particles, 

which have been measured to be very hydrophilic, with a growth factor greater than 1.4; 

and 2) the organic radicals that form when 𝐶𝐻ଷ𝑆𝑂௫ radicals decompose are further 

oxidizing and playing a role in particle formation via condensation or possible reacting in 

the acidic compounds.  The yield for DMS at the end of the experiment was around 100%.  

The maximum yield expected, if all DMS went on to form particulate sulfuric acid, is just 

over 150%.  Again, based on the continuous mass formation of aerosol and the availability 

of 𝑆𝑂ଶ, this reaction is not close to complete oxidation.  Despite this, we are still seeing 

100% yield, indicating that the same possible reasons mentioned for the massive DMDS 

aerosol yield are also true for DMS. 

As mentioned previously, both oxidation experiments continue to form mass 

slowly; this also occurs during the identical dry experiments.  The continuous growth is 
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likely due to the slow reaction that must occur to oxidize 𝑆𝑂ଶ to 𝐻ଶ𝑆𝑂ସ.  Similar results in 

the presence or absence of water indicate that water is not the limiting reactant here.  

Hydroxyl radical, which was injected at minute 270 of the 𝐷𝑀𝑆 + 𝑂(ଷ𝑃) oxidation 

experiment, was found to have no impact on the decay rate of DMS, which matches well 

with the identical dry experiment, and did not substantially contribute to the rate of aerosol 

mass formation.  However, it did result in a leveling of the 𝑆𝑂ଶ concentration (Figure 4-7).  

This suggests that the initial 𝑆𝑂ଶ oxidation step is not the rate limiting reaction to form 

sulfuric acid.  Again, DMDS oxidized to form a 𝑆𝑂ଶ signal similar to that measured during 

the 𝑁𝑂௫-free oxidation experiment, further indicating that 100 ppb of 𝑁𝑂௫ will not 

substantially impact the branching ratio of 𝐶𝐻ଷ𝑆𝑂 or 𝐶𝐻ଷ𝑆𝑂ଶ radicals. 

 The presence of humidity allows both DMS and DMDS to more abundantly form 

particulate methanesulfonic acid, as the magnitude fragments of m/z 79 and m/z 96 imply 

(Figure 4-8).  This is the first evidence of DMS oxidizing to form methanesulfonic acid.  

DMDS oxidized to form methanesulfonic acid during OH oxidation under humid 

conditions, however, here the peaks associated with methanesulfonic acid are more 

prominent.  This agrees with previous studies that have pointed out the importance of 𝑁𝑂௫ 

to methanesulfonic acid formation (Patroescu et al., 1999).  However, based on the lack of 

formation during identical dry experiments, it can be concluded that both humidity and 

𝑁𝑂௫ are paramount in the formation of methanesulfonic acid.  Furthermore, the primary 

pathway to methanesulfonic acid, in the presence of humidity and 𝑁𝑂௫ and absence of 

other compound with an available hydrogen, may be a multiple step reaction including 

𝐶𝐻ଷ𝑆𝑂ଷ radical, water, and 𝑁𝑂௫ (Figure 4-11).  A 𝑁𝑂௫ sensitivity study must be performed 
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to determine the importance of this reaction at more atmospherically relevant conditions; 

it is likely that this reaction may be more important during laboratory experiments, which 

are typically run at 𝑁𝑂௫ concentrations much higher than those seen in the atmosphere.  

This may result in an artificially high methanesulfonic acid yield and, therefore, artificially 

low sulfuric acid yield. 

 DMDS mass spectra also shows elevated peaks at m/z 141 and m/z 157.  These 

peaks fragments were also present during  𝑂(ଷ𝑃) oxidation in the presence of 𝑁𝑂௫ under 

dry conditions and are thought to be evidence of methanesulfonyl peroxynitrate (MSPN) 

formation (Figure 4-11).  As is the case for the dry 𝐷𝑀𝐷𝑆 + 𝑂(ଷ𝑃) oxidation experiment, 

an unknown peak forms at m/z 170.  Two new unknown fragments at m/z 103 and m/z 118 

also appear.  These unknown fragments are likely due to reactions involving radicals and 

𝑁𝑂௫, however, they cannot be adequately explained by any known product of reduced 

sulfur oxidation.  These same higher mass-to-charge peaks are also present, but less 

prominent, in the humid 𝐷𝑀𝑆 + 𝑂(ଷ𝑃) oxidation experiment. 

 Particulate 𝐷𝑀𝑆 + 𝑂(ଷ𝑃) oxidation products for humid conditions have a bulk 

composition of 43% by mass sulfur-containing inorganic fragments and 3% sulfur-

containing organics (Table 4-2).  Particulate mass formed during the similar DMDS 

experiment consist of 38% sulfur-containing inorganic fragments and 8% sulfur-containing 

organic fragments.  The fragmentation pattern for these two experiments can be seen on 

Figure 4-8.  Both experiments present identical sulfur-containing organic fragments with 

variable contributions to the total (Figure 4-9).  Again, using the ratio of m/z 79 and m/z 96 
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to total sulfur-containing organic, an estimate of methanesulfonic acid’s contribution to 

total aerosol formation can be estimated for both of these experiments (Table 4-2). 

 In both the DMDS and DMS humid 𝑂(ଷ𝑃) oxidation experiments, methanesulfonic 

acid formation can explain most, if not all, of the sulfur-containing organic mass.  

Methanesulfonic acid formation cannot explain a combined 10% of the mass belonging to 

reduced and oxidized organic fragment families, and a combined 65% of the mass 

belonging to the sulfur-containing inorganic and “other” fragment families.  The 

unexplained 65% is likely due to sulfuric acid formation, leaving only 10% of total mass 

that is unexplained.  An increase in density from 1.2 to 1.8 


య
 over the course of the 

experiment provides further evidence of initial methanesulfonic acid formation, with a 

density of 1.48 


య
 , followed by the growth of sulfuric acid, which has a density of 1.84 



య
.  The lower than expected density is due to water condensing on to the particulate. 

 In contrast with the DMS experiment, methanesulfonic acid formation can explain 

all of the organic mass formed during the DMDS experiment and all but 25% of the total 

mass that can be attributed to sulfur-containing inorganic and other fragments, which can 

be explained by sulfuric acid formation.  An increase in density from 1.20 to 1.55 


య
 

indicates an initial growth of methanesulfonic acid followed by a less substantial growth 

of sulfuric acid compared to DMS oxidation, in agreement the aforementioned results 

based on aerosol composition.  It is important to recall that an estimated yield, based on 

the incorrect assumption that mass concentration would level at 2000
ఓ

య
, was calculated 

to be at 540%.  Based on AMS data, the aerosol formed consists of 75% methanesulfonic 
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acid and 25% sulfuric acid.  If we assume that all DMDS oxidizes to particulate 

methanesulfonic acid and sulfuric acid, which is an incorrect assumption based on the 

presence of 𝑆𝑂ଶ, a calculated yield should come out to be around 200%; a mass 

concentration of about 750
ఓ

య
.  To calculate the impact of water on the particle growth, a 

growth factor of 1.4 can be applied; this growth factor is based on a humid DMDS+OH 

oxidation experiment, because of the higher concentration of acidic particulate in the humid 

𝑂(ଷ𝑃) oxidation of DMDS in the presence of 𝑁𝑂௫ it is expected that 1.4 is a low estimate 

of the hygroscopic growth factor.  Nonetheless, applying this growth factor yields a total 

mass of 2050
ఓ

య
, proving that condensation of water makes it feasible to obtain this 540% 

aerosol yield.  This condensed water will not show up as a fragment on the HR-ToF-AMS.   

 

4.3 𝑵𝑶𝟑 Oxidation of DMS and DMDS in the Presence of 𝑵𝑶𝟐 and Humidity 

 During nitrate radical oxidation of reduced sulfur compound in the presence of 

humidity, nitrate radical preferably reacted with water, forming nitric acid, over the 

reduced sulfur compound.  Nitrate radical was consumed prior to complete oxidation of 

the reduced sulfur precursor.  Only 20% of DMDS was consumed and 60% of DMS was 

consumed (Figure 4-10).  Despite the lack of complete precursor oxidation, DMS formed 

a mass concentration 6 times higher compared to the dry experiment, which had complete 

consumption of DMS.  Similarly, DMDS formed a mass concentration 30 times greater 

than the dry duplicate that allowed complete consumption of the precursor.  This again 

points towards the importance of water vapor as well as 𝑁𝑂ଶ to particle formation. 
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 Mass spectra for these humid nitrate radical experiments are similar to those taken 

during 𝑂(ଷ𝑃) oxidation.  However, these mass spectra no longer show the prominent 

higher mass-to-charge ratio peaks that were present in the 𝑂(ଷ𝑃) oxidation experiments.  

Additionally, a major methanesulfonic acid indicator, m/z 96, now has a higher magnitude 

than that of m/z 98, a sulfuric acid indicator.  In fact, according to the aforementioned ratio 

calculations, methanesulfonic acid can explain nearly 100% of the aerosol that formed 

during nitrate radical formation of DMDS as well as DMS.  It is important to note that m/z 

98 is not a major fragment of methanesulfonic acid.  The mere presence of this fragment 

suggests that sulfuric acid does form, though in small quantities, during these experiments. 

 Because 𝑁ଶ𝑂ହ swiftly decomposes to nitrate radical and 𝑁𝑂ଶ, initial concentrations 

of 𝑁𝑂ଶ are three time greater than those injected during 𝑂(ଷ𝑃) oxidation experiments.  

This higher 𝑁𝑂ଶ concentration resulted in very little, if any, sulfuric acid formation.  The 

lack of sulfuric acid formation at these high 𝑁𝑂ଶ conditions have one of two implications: 

1) while 𝑁𝑂௫ does not appear to have a major impact on the branching ratios of 𝐶𝐻ଷ𝑆𝑂ଶ 

and 𝐶𝐻ଷ𝑆𝑂 radicals, in the presence of humidity, 𝑁𝑂௫ does have a major impact on the 

branching ratio of 𝐶𝐻ଷ𝑆𝑂ଷ radical thereby playing an important role in the ratio of 

methanesulfonic acid to sulfuric acid; or 2) 𝐶𝐻ଷ𝑆𝑂ଷ radical is not an important player in 

sulfuric acid formation, therefore, in the absence of an oxidant to react with 𝑆𝑂ଶ, no sulfuric 

acid will form.  This quandary further emphasizes the importance of a 𝑁𝑂௫ sensitivity 

chamber study; not only could a study of this nature help to uncover the importance of 

𝐶𝐻ଷ𝑆𝑂ଷ decomposition to sulfuric acid formation, it would also provide a more 
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atmospherically relevant idea of the typical methanesulfonic acid to sulfuric acid formation 

ratios that occur during oxidation of reduced sulfur species. 

 

4.4 Aerosol Yields 

 Table 4-1 shows aerosol yields, as well as other physical properties, for all three 

sets of humid experiments discussed here.  Precursor concentrations were 100 ppb in all 

cases.  Aerosol yields were calculated based on the amount of precursor consumed and 

mass formed, as measured by the SMPS-APM-SMPS, at the end of each experiment.  The 

impact of condensation of water onto the particulate on the total mass concentration cannot 

be reasonably estimated based on the data gathered, therefore, product yields have not been 

calculated.  Instead, aerosol mass fractions have been calculated based on the 

fragmentation of methanesulfonic acid in the HR-ToF-AMS.  Calculations of these mass 

fractions were discussed previously and an example can be seen in Chapter 3 (Equation 3-

1).  Because these mass fractions are based on data gathered from the HR-ToF-AMS, they 

do not include water condensation.  Therefore, these calculated mass fractions should not 

be applied to the total mass formed that was measured by the SMPS-APM-SMPS, which 

does include growth due to condensation of water, to calculate product yields.  These non-

water mass fractions that have been discussed throughout this chapter are also compiled in 

Table 4-2.  As noted previously, continuous growth of aerosol, likely due to sulfuric acid 

formations, forms through the duration of most experiments.  The continuous growth 

implies that 1) the calculated aerosol yields recorded here are low and 2) the calculated 

mass fraction of methanesulfonic acid is high. 
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4.5 Summary of Major Findings 

By atomizing methanesulfonic acid through the HR-ToF-AMS and applying the 

unique fragmentation patterns to reduced sulfur oxidation experiment, the aerosol mass 

fraction of methanesulfonic acid that formed during each reduced sulfur oxidation 

experiment was estimated.  Based on the estimated calculations of methanesulfonic acid 

mass fraction coupled with results from dry oxidation of these compounds, it has been 

determined that both 𝑁𝑂௫ and humidity play an important role in methanesulfonic acid 

formation.  In the presence of humidity, hydroxyl radical oxidation of DMS results in no 

methanesulfonic formation, very little organic growth, evidence of sulfuric acid particle 

formation, and a similar mass concentration as compared to the dry conditions.  DMDS-

hydroxyl radical oxidation under humid conditions resulted in a small fraction, at 16% of 

total non-water aerosol mass, of methanesulfonic acid growth, very little other organic 

growth, evidence of sulfuric acid particle formation, and a similar mass concentration as 

compared to dry conditions.  Oxidation by 𝑂(ଷ𝑃) of DMS and DMDS in the presence of 

𝑁𝑂௫ resulted in substantially higher mass concentrations under humid conditions as 

compared to dry.   

Methanesulfonic acid formation can explain approximately 24% and 90% of the 

aerosol mass formed in the DMS and DMDS oxidation experiment, respectively.  Humid 

nitrate radical oxidation of these compounds resulted in higher mass concentrations of 

aerosol compared to dry conditions, which can be nearly 100% explained by the formation 

of methanesulfonic acid.  In all experiments apart from the nitrate radical oxidation 
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experiments, mass concentration continues to increase due to slow reactions to form 

sulfuric acid.  Because of the continuous sulfuric acid formation, it is not possible to 

adequately calculate true aerosol yields of these experiments.  This implies that product 

yields calculated from previous chamber experiments, typically run for shorter time periods 

than what was done here, also do not adequate reflect end product yields. 

The importance of 𝑁𝑂௫ is in agreement with previous flow tube DMS oxidation 

experiments that were run with 𝑁𝑂௫ concentrations ranging from 0 to 2000 ppb and found 

gas phase concentrations of methanesulfonic acid increased with increasing 𝑁𝑂ଶ  from 4 

to 17% of the total sulfur (Patroescu et al., 1999).  Methanesulfonic acid was also measured 

during two previous chamber studies focused on DMS and/or DMDS oxidation.  Yin et al. 

(1990 (II)) ran a series of outdoor environmental chamber experiments on both DMS and 

DMDS under various 𝑁𝑂௫ conditions and found that methanesulfonic acid yields were 

generally highest, at about 7%, under higher 𝑁𝑂௫ concentrations.  In the absence of 𝑁𝑂௫, 

methanesulfonic acid yields dropped below 0.5%.   

More recently, Chen et al. (2012) performed humid DMS oxidation experiments 

with 200 ppb of 𝑁𝑂௫ present and calculated a methanesulfonic acid yield of 45%.  While 

the importance of 𝑁𝑂௫ to methanesulfonic acid formation is well documented, the 

importance of humidity is less so.  Chen et al. (2012) ran experiments at multiple levels of 

relative humidity, ranging from 10% to 80%, and found that methanesulfonic acid 

formation increased with humidity.  It is noted that a possible reason for this increase is 

aqueous processing of methanesulfinic acid (MSIA) on the aerosol surface.  Results 

presented here from 𝑁𝑂௫-free hydroxyl radical oxidation of DMDS support a similar 
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particle-forming mechanism involving methanesulfenic acid (MSEA), however, both of 

these pathways are minor compared to the more important methanesulfonic acid pathway 

including 𝑁𝑂௫, MSPN, and water vapor.  This pathways is not prominently, if at all, 

featured in previous mechanisms (Barnes et al., 2008, Yin et al., 1990 (I), Barnes et al., 

1988, Jensen et al., 1992) and has been added here (Figure 4-11). 

It is important to note that while the trends of the Yin et al. study and the Chen et 

al. study are similar to the ones seen here, the quantitative results are much different.  

Highly variable quantitative results are also common in previous flow tube studies focused 

on oxidation of these compounds.  The reason for the inconsistencies when comparing flow 

tube results to chamber results is likely due to the extreme high concentrations of radicals 

as well as precursors in the flow tube experiments is resulting in chemistry that may not be 

relevant to the atmosphere.  Inconsistencies when comparing between chamber 

experiments is likely due to the sensitivity of these compounds to experimental conditions, 

like 𝑁𝑂௫ concentrations, type of oxidant, temperature, and humidity.  For this reason, it is 

difficult to compare previous results to the results seen in this study.  The results presented 

here are, to date, the most atmospherically relevant available 

 

4.6 Atmospheric Implications  

Sulfuric acid is known to be important to new particle formation (Doyle, 1961, 

Shaw, 1989, Kulmala et al., 2000, McMurry et al., 2005).  Methanesulfonic acid is known 

to be more important to particle growth (Berresheim et al., 2002).  New particle formation 

and growth in the atmosphere can cause direct climate effects, through absorbing or 



92 
 

scattering solar radiation (Charlson et al., 1992; Erlick et al., 2001), as well as indirect 

climate effects, through effecting cloud albedo (de Leeuw et al., 2011). The climate impacts 

of aerosol depend on the size, number, and composition of the particles (Bond et al., 2006).  

Particles up to 1 micrometer are most likely to be involved in the direct climate effect 

(Seinfeld and Pandis, 2006).  Hydrophilic particles are more likely to act as cloud 

condensation nuclei (Petters et al., 2007).  Based on the size and highly hydrophilic nature 

of the particles formed in this study, reduced sulfur oxidation products are important to 

both climate effects.   A recent study by Hodshire et al. (2019) investigated the role of 

methanesulfonic acid in climate forcing.  This study estimated the mass fraction of sulfuric 

acid and sulfate from DMS oxidation is 4-6 times higher than the mass fraction of 

methanesulfonic acid from DMS oxidation.  With this assumption in place, it was 

determined that sulfate and sulfuric acid have a direct cooling effect that 5 to 10 times 

higher than methanesulfonic acid, at around −120ௗmWௗm−2, and an indirect cooling effect 

that is similar to that of methanesulfonic acid, at around −40ௗmWௗm−2.  This implies that a 

unit mass of methanesulfonic acid is approximately 5 times more important than sulfuric 

acid to the indirect cooling effect and of similar importance to the direct cooling effect.  

Therefore, if the statement that DMS forms a larger mass of sulfuric acid than 

methanesulfonic acid no longer holds, methanesulfonic acid may actually be more 

important than sulfuric acid to climate and cloud effects. 

While the assumption that DMS oxidation results in 4-6 times higher mass 

concentration of sulfuric acid and sulfate than methanesulfonic acid appears to be 

acceptable for day-time oxidation of the precursor (Table 4-1, Table 4-2), night-time 
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chemistry results in close to 100% of the aerosol mass explained by methanesulfonic acid 

formation.  Similarly, DMDS oxidizes to form a non-water aerosol mass concentration that 

is between 16% and 91% methanesulfonic acid for day time chemistry, and close to 100% 

for night-time chemistry.  This higher methanesulfonic acid to sulfuric acid mass ratio may 

result in a more substantial over all cooling effect. 
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4.8 Tables 
 

Experiment 
Elapsed 

Time 
(min) 

Precursor 
Consumed 
∆𝑯𝑪 (ppb) 

Mass 
Formed 

∆𝑴𝒐 
(𝝁𝒈/𝒎𝟑) 

Density 
(𝒈/𝒄𝒎𝟑) 

Volume 
Fraction 

Remaining 

Aerosol 
Yield 

∆𝑴𝒐
∆𝑯𝑪ൗ   

(%) 
DMS+OH 

(40%RH) 110918 420 30 9.2+ 1.60 0.6 12.5* 

DMS+𝑶(𝟑𝑷)+𝑵𝑶𝒙 
 (40%RH) 030519 

410 100 247+ 1.20-1.80 0.6 100.9* 

DMS+𝑵𝑶𝟑+𝑵𝑶𝟐 
(40%RH) 062018 420 75 120 1.20-1.50 0.6-0.3 65.4 

DMDS+OH 
(2%RH) 102918 550 100 90+ 1.46 0.6-0.3 24.2* 

DMDS+OH 
(35%RH) 030419 520 100 95+ 1.50 0.3 25.6* 

DMDS+ 𝑶(𝟑𝑷)+𝑵𝑶𝒙 
(35%RH) 030619 

385 100 1990+ 1.20-1.55 0.6 536.2* 

DMDS+𝑵𝑶𝟑+𝑵𝑶𝟐 
(55%RH) 061918 400 20 60 1.1 0.3-0.4 80.8 

 

  

Table 4-1: Measured and calculated physical properties of the aerosol formed during each reduced sulfur oxidation 
experiment. In some cases, volatility and/or density substantially changed during an experiment, as indicated by a 
range of values.  In most cases, aerosol mass continued to steadily increase for the duration of the experiment 
(indicated by “+”).  For this reason, true aerosol yields could not be calculated.  Instead a lower estimate of the 
aerosol yield is provided (indicated by “*”) based on the data gathered during this study.  Conversions of precursor 
concentration from ppb to 𝜇𝑔/𝑚ଷ were calculated at 300K. 

a: This values is an estimate based off of a duplicate experiment. 
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Experiment 

Reduced 
Organic 

Fragments 
(Fraction 

explained by 
MSA) 

Oxidized 
Organic 

Fragments 
(Fraction 

explained by 
MSA)  

Sulfur-
Containing 

Organic 
Fragments 
(Fraction 

explained by 
MSA) 

Sulfur-
Containing 
Inorganic 

Fragments 
(Fraction 

explained by 
MSA) 

“Other” 
Fragments 
(Fraction 

explained by 
MSA) 

DMS+OH 
(40%RH) 110918 0.33 0.32 0.01 0.33 0 

DMS+𝑶(𝟑𝑷)+𝑵𝑶𝒙 
 (40%RH) 030519 

0.11 
(0.06) 

0.07 
(0.03) 

0.03 
(0.03) 

0.43 
(0.08) 

0.36 
(0.05) 

DMS+𝑵𝑶𝟑+𝑵𝑶𝟐 
(40%RH) 062018 

0.27 
(0.27) 

0.11 
(0.11) 

0.15 
(0.14) 

0.33 
(0.33) 

0.14 
(0.14) 

DMDS+OH 
(2%RH) 102918 

0.12 
(NA) 

0.09 
(NA) 

0.04 
(NA) 

0.49 
(NA) 

0.26 
(NA) 

DMDS+OH 
(35%RH) 030419 

0.08 
(0.04) 

0.08 
(0.02) 

0.02 
(0.02) 

0.47 
(0.05) 

0.35 
(0.03) 

DMDS+ 𝑶(𝟑𝑷)+𝑵𝑶𝒙 
(35%RH) 030619 

0.12 
(0.12) 

0.07 
(0.07) 

0.08 
(0.08) 

0.38 
(0.29) 

0.34 
(0.18) 

DMDS+𝑵𝑶𝟑+𝑵𝑶𝟐 
(55%RH) 061918 

0.24 
(0.23) 

0.13 
(0.10) 

0.11 
(0.11) 

0.32 
(0.30) 

0.20 
(0.19) 

Methanesulfonic 
Acid (Atomized)  0.25 0.11 0.12 0.32 0.21 

 

  

Table 4-2: Mass fraction of aerosol formed belonging to each compound family, as measured by the HR-ToF-AMS.  
A description of each compound family can be found on Table 3-1. In parenthesis is the estimated mass fraction that 
can be explained by the formation of methanesulfonic acid, as described in Equation 4-1.  These mass fractions are 
calculated using averages   A sum of all values in the parenthesis will provide an estimate of total mass fraction that 
can be explained by methanesulfonic acid.  These mass fractions are calculated using an average value from the final 
100 minutes of each experiment.  The fractions remained relatively constant for the duration the averages were 
calculated.  These are rounded estimates and may add up to more (or less) than 1.00. 

In some cases, the methanesulfonic acid was estimated to make up more than 100% of any given compound family.  
If this occurred, it was assumed that methanesulfonic acid could explain 100% of the compound family. 
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4.10 Equations 
 

Equation 4-1: Example calculation estimating the total mass fraction of aerosol that can 
be explained by the formation of methanesulfonic acid. 

Note: these calculations are only valid if 𝐶𝐻ସ𝑆𝑂ଷand 𝐶𝐻ଷ𝑆𝑂ଶ fragments are assumed to be 
unique to the formation of methanesulfonic acid. 

Methanesulfonic acid constants: 

 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 − 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠

𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝐻ଷ𝑆𝑂ଶ 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡
=

𝐶𝑆

79
= 3.59 

 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 − 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠

𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝐻ସ𝑆𝑂ଷ 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡
=

𝐶𝑆

96
= 9.58 

 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 − 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
=

𝐶𝑆

𝑀
= 0.12 

 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
=

𝐶𝐻

𝑀
= 0.25 

 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
=

𝐶𝐻𝑂

𝑀
= 0.11 

 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 − 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
=

𝑆

𝑀
= 0.32 

 𝑚𝑎𝑠𝑠 𝑜𝑓 "other" 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
=

𝑂𝐻

𝑀
= 0.20 

Variable inputs determined by each individual experiment (example is based on 
DMDS+OH (35%RH) 030419): 

79

𝐶𝑆
= 0.22,

96

𝐶𝑆
= 0.12,

𝐶𝑆

𝑀
= 0.02 

Calculating the fraction of sulfur-containing organic fragments that can be explained by 
methanesulfonic acid formation (base on 𝐶𝐻ଷ𝑆𝑂ଶ): 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 (𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑆𝑀𝑃𝑆 − 𝐴𝑃𝑀) 𝑜𝑓 𝐶𝐻ଷ𝑆𝑂ଶ 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡

=  
79

𝐶𝑆
(𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒) ×

𝐶𝑆

𝑀
(𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒) × 𝑀௦௦ = 𝑀ଽ 

All of 𝑀ଽ is assumed to be from methanesulfonic acid, therefore the constant 
methanesulfonic acid ratios can be applied. 
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𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 − 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠 𝑒𝑥𝑝𝑙𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑀𝑆𝐴

= 𝑀ଽ ×
𝐶𝑆

79
(𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) = 𝑀ௌ_ெௌ 

𝑀𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 − 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠 𝑒𝑥𝑝𝑙𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑀𝑆𝐴

=   
𝑀ௌಾೄಲ

𝑀ௌೌ

  𝑤ℎ𝑒𝑟𝑒 𝑀ௌೌ
= 𝑀௦௦ ×

𝐶𝑆

𝑀
(𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒) 

𝑀ௌಾೄಲ

𝑀ௌೌ

=

79
𝐶𝑆

(𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒) ×
𝐶𝑆
𝑀

(𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒) × 𝑀௦௦ ×
𝐶𝑆
79

(𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡)

𝑀௦௦ ×
𝐶𝑆
𝑀

(𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒)
 

𝐶𝑆

79
(𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) ×

79

𝐶𝑆
(𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒) = 3.59 × 0.22 = 0.79 

 

Calculating the fraction of total non-water aerosol mass that can be explained by 
methanesulfonic acid formation (based on 𝐶𝐻ଷ𝑆𝑂ଶ): 

It is now known that 79% of sulfur-containing organic fragments can be explained by 
MSA.  Furthermore, it has been established that sulfur-containing organic fragments makes 

up 2% of the total aerosol, as defined by the 
ௌ

ெ
(𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒). 

𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑓𝑟𝑜𝑚 𝑠𝑢𝑙𝑓𝑢𝑟 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠 𝑒𝑥𝑝𝑙𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑀𝑆𝐴

=
𝑀ௌಾೄಲ

𝑀்௧
=

𝑀ௌಾೄಲ

𝑀ௌೌ

×
𝐶𝑆

𝑀
(𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒) = 0.79 ∗ 0.02 = 0.0158 

This means 1.58% of the total mass can be explained by the sulfur-containing fragments 
of methanesulfonic acid.  It is also been previously determined that sulfur-containing 
organic fragments make up approximately 12% of the total methanesulfonic acid aerosol 

mass as defined by 
ௌ

ெ
(𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡). 

𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑒𝑥𝑝𝑙𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑀𝑆𝐴 =
𝑀ௌಾೄಲ

𝑀்௧
×

𝑀ெௌ

𝑀ௌಾೄಲ

=
𝑀ௌಾೄಲ

𝑀்௧
×

1

𝐶𝑆
𝑀ൗ (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡)

= 0.0158 ×
1

0.12
= 0.132 

Based on the 𝐶𝐻ଷ𝑆𝑂ଶ particle fragment, 13.2% of the total aerosol can be explained by 
methanesulfonic acid formation.  By applying the same procedure using ratios involving 
the 𝐶𝐻ସ𝑆𝑂ଷ fragment, an estimated 19.2% of total aerosol can be explained by 
methanesulfonic acid formation.   
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This comes out to an average of 16.2% ± 20% 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (±3% 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑐𝑎𝑠𝑒). 

Calculating fractions of each compound family that can be explained by methanesulfonic 
acid: 

𝐶𝑆

𝑀
,
𝐶𝐻

𝑀
,
𝐶𝐻𝑂

𝑀
,

𝑆

𝑀
, 𝑜𝑟

𝑂𝐻

𝑀
(𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) × 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑒𝑥𝑝𝑙𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑀𝑆𝐴 
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4.10 Figures 
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Figure 4-1: Wall loss-corrected aerosol mass concentration time 
series for reduced sulfur-hydroxyl radical oxidation experiments. 
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Figure 4-2: Precursor decay and sulfur dioxide formation 
during hydroxyl radical oxidation of DMDS (35%RH, 030519) 
as measured by the sulfur GC. 
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Figure 4-3: Average aerosol mass spectra from humid reduced 
sulfur-hydroxyl radical oxidation experiments: 𝐷𝑀𝑆 + 𝑂𝐻 +

40%𝑅𝐻 110918 (Top), 𝐷𝑀𝐷𝑆 + 𝑂𝐻 + 35%𝑅𝐻 030419. 
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Figure 4-4: Mass fraction of particle fragments belonging to each 
compound family (Table 3-1), as measured by the AMS.  Based on 
averages calculated during the last 100 minutes of each experiment.  
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Figure 4-5: Fraction of each compound fragment that makes up the total sulfur-containing 
organic (top) and sulfur-containing inorganic (bottom) compound families measured during the 
𝐷𝑀𝐷𝑆 + 𝑂𝐻 + 35%𝑅𝐻 030419 oxidation experiment. 
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Figure 4-6: Wall loss corrected mass concentration time series for humid 𝑂(ଷ𝑃) 
oxidation experiments. 
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Figure 4-7: Precursor decay and sulfur dioxide formation during humid 𝑂(ଷ𝑃) 
oxidation experiments. 
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Figure 4-8: Average aerosol mass spectra, as measured by the 
AMS, for (top) 𝐷𝑀𝑆 + 𝑂(ଷ𝑃) + 𝑁𝑂௫ + 40%𝑅𝐻 (030519) 
and (bottom) 𝐷𝑀𝐷𝑆 + 𝑂(ଷ𝑃) + 𝑁𝑂௫ + 40%𝑅𝐻 (030619) 



109 
 

 

  

CHS
23%

CH2S
10%

CH3S
6%

CH2SO
4%

CH3SO
11%

CH2SO2
9%

CH3SO2
25%

CH4SO3
12%

CHS
17%

CH2S
7%

CH3S
3%

CH2SO
2%

CH3SO
9%

CH2SO2
12%

CH3SO2
33%

CH4SO3
16%

Figure 4-9: Fraction of each compound fragment that makes up the total sulfur-
containing organic during the following oxidation experiments: 

 Top: 𝐷𝑀𝑆 + 𝑂(ଷ𝑃) + 𝑁𝑂௫ + 40%𝑅𝐻 (030519) 

Bottom: 𝐷𝑀𝐷𝑆 + 𝑂(ଷ𝑃) + 𝑁𝑂௫ + 40%𝑅𝐻 (030619) 

Calculated by averaging the final 100 minutes of AMS data for each experiment. 
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Figure 4-10: Mass concentration time series and normalized 
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reduced sulfur compounds. 
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Chapter 5: Oxidation of Amines in the Presence and Absence of Reduced Sulfur 

Compounds 

This chapter will discuss results from chamber experiments investigating the 

oxidation of amines (trimethylamine, butylamine, diethylamine) and ammonia under dry 

and humid conditions.  Additionally, results from interaction experiments, involving 

oxidation of an amine and a reduced sulfur compound together, will be presented.  

Atmospheric implications of these results will be discussed. 

 

5.1 Hydroxyl Radical Oxidation of Trimethylamine 

 Trimethylamine reacts with hydroxyl radical under dry and humid conditions to 

form approximately 80 and 95 
ఓ

య
 of aerosol, respectively (Figure 5-1).  Aerosol yields 

were calculated to be similar at 37 and 41% (Table 5-1).  The slightly higher mass 

concentration under humid conditions is likely due to condensation of water, as is evident 

by a lower density of 1.45


య
  as compared to 1.55



య
 (Table 5-1).  If it is assumed that 

the 15 
ఓ

య
 concentration increase between dry and humid conditions, which makes up 16% 

of the total wet aerosol mass, is due to water condensation, a theoretical density of 1.48 



య
 is calculated.  This theoretical density value matches well with the measured value 

under humid conditions. 

 Gas-phase products of this reaction as measured by the SIFT-MS include oxidized 

compounds at 𝑚/𝑧 74, 88, and 102 during the 𝐻ଷ𝑂ା ion scan and 𝑚/𝑧 103, 117, and 131 

during the 𝑁𝑂ା ion scan (Figure 5-2).  This indicates the formation of gas phase products 
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with a molecular weight of 73, 87, and 101 



, consistent with TMA oxidation products 

dimethylformamide, N-formyl-N-methylformamide, and N,N-diformylformamide and in 

agreement with previous research conducted by Price et al., 2014 as well as other studies 

(Lee et al., 2013, Pitts et al., 1978). 

 Particle-phase products, as measured by the HR-ToF-AMS, contain identical 

prominent peaks under dry and humid conditions, providing further evidence that water is 

simply condensing onto the particulate and not involved in any chemistry.  The product 

fragments include the formation of high mass-to-charge ratio peaks such as  𝑚/𝑧 88, 104, 

133, 145, 161, and 191 (Figure 5-3 A).  These fragments have been discussed in depth by 

Price et al., 2014 and are considered to be evidence of oligomer formation stemming from 

a 𝑅𝑂ଶ
∙  radical formed through further oxidation of dimethylformamide.  Other prominent 

peaks include 𝑚/𝑧 76 and 122, fragments of 𝐶ଷ𝐻ଽ𝑁𝑂 which is proposed by Price et al., 

2014 to form through a reaction involving hydrogen rearrangement after TMA is oxidized 

by hydroxyl radical and oxygen.  Simplified mechanisms of these particle forming 

pathways can be seen on Figure 5-14.  The final notable peak is 𝑚/𝑧 58, which is 

considered to be an amine aerosol indicator (Silva et al., 2008, McLafferty et al., 1993).  

Here, this peak fit to an oxidized nitrogen-containing organic fragment: 𝐶ଶ𝐻ସ𝑁𝑂.  Bulk 

composition of the particulate formed during oxidation of TMA under dry and humid 

conditions, as seen on Figure 5-4 A and B, shows similar trends.  Nearly 50% of the total 

non-water aerosol mass are made up of oxidized organics fragments, with an additional 

15% made up of oxidized nitrogen-containing organic fragments.  Reduced nitrogen-

containing organic fragments contribute to approximately 20% of the total mass.  
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5.2 Dry Hydroxyl Radical Oxidation of Trimethylamine and Dimethyldisulfide 

 Under dry conditions, the TMA-DMDS interaction experiment forms a steadily 

increasing mass concentration of 186 
ఓ

య
  after 400 minutes (Figure 5-1).  This is 1.4 times 

greater than the addition of the mass concentration formed during the two dry individual 

precursor experiments.  As explained in previous chapters, the steady increase of aerosol 

concentration is a result of slow oxidation of sulfur dioxide to sulfuric acid.  Gas-phase 

nitrogen containing products no longer include N-formyl-N-methylformamide and N,N-

diformylformamide, compounds that were previously measured in TMA individual 

precursor experiments.  A small increase in dimethylformamide, the first stable oxidation 

product of TMA, is detected. 

 HR-ToF-AMS data presents none of the high mass-to-charge ratio particle 

fragments that were formed during TMA oxidation (Figure 5-3 C).  There are two 

important nitrogen-containing peaks to recognize: 𝑚/𝑧 58, the amine aerosol indicator, 

and 𝑚/𝑧 73, particulate dimethylformamide.  Previously, during the TMA single precursor 

experiment, 𝑚/𝑧 58 was fit to an oxidized nitrogen-containing organic fragment; here it is 

fit to 𝐶ଷ𝐻଼𝑁, a reduced fragment.  The particulate dimethylformamide fragment at 𝑚/𝑧 73 

is the highest nitrogen-containing organic fragment and the only major oxidized nitrogen-

containing fragment.  In fact, less than 1% of the total aerosol mass consists of oxidized 

nitrogen-containing organic fragments while 45% of the mass consists of reduced nitrogen-

containing organic fragments (Figure 5-4 E).  This is in contrast with single precursor TMA 

oxidation experiments where oxidized nitrogen-containing organics made up 
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approximately 15% of the total aerosol mass while only 20% was made up of reduced 

nitrogen-containing organic fragments.  This lack of highly oxidized gas- and particle-

phase products suggests that DMDS products are inhibiting the oxidation and growth of 

amine oxidation products and oligomers. 

 Sulfur-containing particle fragments include peaks at 𝑚/𝑧 96 and 79.  As discussed 

in previous chapters, these peaks are indicative of methanesulfonic acid formation and can 

be used to estimate the fraction of mass that can be explained by methanesulfonic acid 

formation.  This information is presented in Figure 5-4 E as well as Table 5-2.  Nearly 30% 

of the total aerosol mass can be explained by the formation of methanesulfonic acid.  55% 

of the 𝑆𝑂௫ aerosol fragments can be explained by methanesulfonic acid, indicating that 

sulfuric acid is still an important aerosol product.   

During individual precursor DMDS experiments, humidity and 𝑁𝑂ଶ were 

necessary in order to form methanesulfonic acid. This is the first occasion in this study 

where methanesulfonic acid formed under extreme dry conditions.  Previous studies have 

shown that TMA or other amines can react with methanesulfonic acid and/or sulfuric acid 

to nucleate particles (Chen et al., 2015, 2017, Bork et al., 2014); these results were verified 

by injecting gas-phase TMA and methanesulfonic acid into the chamber.  However, the 

formation of methanesulfonic acid under dry conditions suggests that TMA is not only 

important to methanesulfonic acid nucleation, it is also important to the formation of 

methanesulfonic acid. 

Methanesulfonic acid is likely formed under dry conditions through a hydrogen-

abstraction reaction between 𝐶𝐻ଷ𝑆𝑂ଷ
∙  and the TMA precursor.  This reaction would also 



116 
 

yield a 𝑅∙ radical that can go on to form TMA oxidation products like dimethylformamide. 

The formation of methanesulfonic acid along with sulfuric acid can explain the lack of high 

mass-to-charge ratio oxidized nitrogen-containing organic fragments.  Because TMA is 

basic, it can directly react with sulfuric acid and methanesulfonic acid to form a salt.  This 

means TMA has essentially four competing initial reactions, only two of which would 

result in oxidation of TMA.  This salt reaction explains the high fraction of reduced 

nitrogen-containing organic fragments.  Some of TMA is allowed to oxidize and form 

dimethylformamide.  As dimethylformamide is slightly basic, it will also react with acids 

to form salts.  Glasoe et al., 2015 pointed out that amides are much less effective at reacting 

with sulfuric acid to form a salt, as compared to the more basic amines.  However, given 

the excess acid in the reaction system, these amides are still able to play a role in particle 

formation here. This is consistent with the presence of gas- and particle-phase 

dimethylformamide in low concentrations as well as the lack of gas-phase N-formyl-N-

methylformamide and N,N-diformylformamide.  Because the high mass-to-charge ratio 

amine oligomer fragments require further oxidation of dimethylformamide, they are unable 

to form in the presence of acids.   

The high mass-to-charge ratio non-oligomer peaks, 𝑚/𝑧 76 and 122, do not require 

further oxidation of dimethylformamide in order to form.  However, the TMA reaction 

mechanism suggests that there is a competition between hydrogen-rearrangement of 𝑅𝑂ଶ
∙  

to form these products, and 𝑅𝑂ଶ
∙ -𝑅𝑂ଶ

∙  reactions to further oxidize TMA and form 𝑅𝑂∙ 

radicals.  Because of the higher concentration of 𝑅𝑂ଶ
∙  radicals during the interaction 

experiment, the hydrogen-rearrangement pathways is suppressed. A mechanism for these 
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TMA-DMDS oxidation reactions can be seen on Figure 5-14.  This mechanism notes 

multiple competing initial TMA reactions.  While the reaction rates for most of these 

reactions are unknown, the combined initial reaction is expected to increase.  This increase 

in initial reaction rate is captured by a comparison between the decay of TMA during a 

single precursor experiment to that of an interaction experiment (Figure 5-5).  The 

interaction experiment results in a substantially faster decay of TMA than the individual 

precursor experiment, indicating that TMA is reacting with more than just hydroxyl radical. 

 To provide further evidence of the importance of TMA to methanesulfonic acid 

formation, an oxidant-free TMA-DMDS experiment was conducted with black lights on.  

This would allow DMDS to photodegrade and oxidize while the TMA precursor stayed in-

tact.  During this experiment, gas-phase TMA was consumed through a direct reaction with 

methanesulfonic or sulfuric acid, as indicated by the high fraction of reduced nitrogen-

containing organic fragments (Figure 5-4 D).  The formation of methanesulfonic acid, 

along with the presence of a prominent HR-ToF-AMS peak at 𝑚/𝑧 73 and the formation 

of a small fraction of oxidized nitrogen-containing organics in the absence of an oxidant 

provide additional evidence that 𝐶𝐻ଷ𝑆𝑂ଷ
∙  radical is reacting with TMA to form 

methanesulfonic acid and allow for TMA to oxidize to dimethylformamide.   

 Interestingly, in contrast with the dry DMDS individual precursor photodegredation 

experiment, this oxidant-free interaction experiment results in evidence of sulfuric acid 

formation.  This suggests that the 𝐶𝐻ଷ𝑆𝑂ଷ
∙  radical is in fact an important source of 𝑆𝑂ଷ, 

and therefore 𝐻ଶ𝑆𝑂ସ.  In the absence of an amine, the concentration of sulfuric acid was 

not sufficient to grow particles to a size that is measurable by the SMPS.  However, in the 
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presence of an amine and methanesulfonic acid, the particulate that forms is able to 

substantially grow to be measured by the SMPS.  

 

5.3 Humid Hydroxyl Radical Oxidation of Trimethylamine and Dimethyldisulfide 

 In the presence of humidity, TMA and DMDS oxidized to form a steadily 

increasing mass concentration approaching 800 
ఓ

య
  after 375 minutes (Figure 5-1).  This 

is 4.25 times higher than what formed during the dry reduced sulfur experiment and 5 times 

higher than the addition of the mass formed during the two single precursor humid 

experiments after allowing a similar amount of time for oxidation.  Given all the DMDS 

and TMA is consumed, the aerosol yield is calculated to be 130%.  Because the mass 

concentration has not leveled and 𝑆𝑂ଶ is still available, this would be a low aerosol yield 

estimation.  The substantially higher mass concentration that formed during the humid 

interaction compared to the dry can likely be partially explained by condensation of water 

onto acidic particulate.  However, given an increase in density, from 1.5 to nearly 1.8 


య
, 

over the course of the experiment, water condensation is not the primary reason for this 

growth.  Instead, it is likely that the presence of water vapor is speeding up and enhancing 

the formation of sulfuric acid, which has a density of 1.84 


య
. 

 The aerosol composition provides further evidence of the increased prominence of 

sulfuric acid during the humid interaction experiment.  The mass spectra shows the same 

lack of high mass-to-charge amine oligomer peaks that was seen in the dry interaction 

experiment as well as the presence of methanesulfonic acid and sulfuric acid peaks.  The 
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fraction of total mass that can be explained by methanesulfonic acid is similar between the 

dry and humid experiment, as is the oxidized and reduce nitrogen-containing organic 

fractions (Figure 5-4 F).  However, the fraction of sulfur containing inorganic fragment 

mass is higher under humid conditions and the fraction of this mass that can be explained 

by methanesulfonic acid is lower.  Under dry conditions with hydroxyl radical present, 

55% of the total sulfur-containing inorganic fragments can be explained by 

methanesulfonic acid formation.  The remaining 45% can be assumed to be fragments of 

sulfuric acid.  Similarly, under dry conditions with black lights on and in the absence of an 

oxidant, 50% of the total sulfur-containing inorganic fragments can be explained by 

methanesulfonic acid.  In contrast, when humidity is present, this drops to 36%, indicating 

a higher fraction of sulfuric acid formation.  

 

5.4 Humid Hydroxyl Radical Oxidation of Trimethylamine and Dimethylsulfide 

 TMA and DMS reacted with hydroxyl radical under humid conditions to form a 

mass concentration approximately 1.35 times higher than the addition of the two individual 

precursors, at 140 
ఓ

య
 after 400 minutes.    This is nearly 6 times lower than the aerosol 

concentration formed during the similar DMDS interaction experiment.  However, as noted 

in the previous chapters, DMS has a much slower initial reaction rate as compared to 

DMDS.  Only one-third of the DMS precursor has decayed after 400 minutes.  The SIFT-

MS detects peaks consistent with the growth of dimethylformamide, N-formyl-N-

methylformamide, and N,N-diformylformamide as well as dimethylsulfoxide, 
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dimethylsulfone, and methanesulfinic acid suggesting that these two compounds can at 

least partially oxidize in the presence of one another with minimal interaction. 

 While DMDS blocked TMA oligomer formation through acid-base reactions with 

sulfuric or methanesulfonic acid and the TMA oligomer precursors, DMS allows the 

formation of these amine oligomers (Figure 5-3 B).  This is due to the slow initial reaction 

rate of DMS.  DMS is not able to oxidize to an acid quick enough to consume TMA and 

first generation TMA oxidation products. In the absence of high acid concentrations, the 

branching ratio between acid-base reactions and reactions to form oligomers shifts towards 

the amine oligomer formation. Although the high mass-to-charge ratio peaks indicative of 

amine oligomer formation are still present in the DMS-TMA interaction experiment, the 

peaks at 𝑚/𝑧 76 and 122 have diminished.  This suggests that the additional radical species 

supplied by DMS oxidation is sufficient to prevent the hydrogen rearrangement discussed 

previously. 

 The presence of 𝑚/𝑧 79 and 96 indicates methanesulfonic acid is able to form 

through reactions with TMA as described previously.  A look at the high resolution data 

for 𝑚/𝑧 58 (Figure 5-6) can be a useful indicator of a direct reaction between TMA and an 

acid.  As discussed previously, during the individual precursor oxidation of TMA 𝑚/𝑧 58 

was fit to 𝐶ଶ𝐻ସ𝑁𝑂 and during the DMDS-TMA interaction experiment this peak was fit to 

𝐶ଷ𝐻଼𝑁.  Here, we see both of these peaks present at 𝑚/𝑧 58, indicating that sulfuric or 

methanesulfonic acid is still directly reacting with the amine precursor, but the amine is 

also still able to oxidize and form products.   
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 The DMS-TMA interaction experiment results in aerosol that has smaller fraction 

of oxidized and larger fraction of reduced nitrogen-containing organic fragments as 

compared to the amine single precursor experiments (Figure 5-4 C).  These fractions, as 

well as the methanesulfonic acid fraction, are much lower than those formed during the 

TMA-DMDS interaction experiment.  This further implicates that the same amine-acid 

reaction described during the TMA-DMDS discussion is occurring here at a much slower 

rate.  

 

5.5 Hydroxyl Radical Oxidation of Butylamine 

Like trimethylamine, butylamine oxidized to form similar mass concentrations and 

compositions under both dry and humid conditions. Oxidation of butylamine results in a 

substantially lower mass concentration, at 14 
ఓ

య
 under humid conditions (Figure 5-7), as 

compared to trimethylamine.  This low aerosol concentration is in agreement with a 

previous chamber study which recorded an aerosol yield of 7% (Tang et al., 2013).  Also 

dissimilar to TMA oxidation, BA does not form the high mass-to-charge ratio particle 

fragments that are indicative to amine oligomer formation (Figure 5-9 A).  Approximately 

40% of the aerosol mass composition is made up of oxidized organic fragments, 5% of 

which also contain nitrogen (Figure 5-10 A).  The remaining 60% of the aerosol mass is 

made up of reduced organic fragments, 17% of which also contain nitrogen.  

SIFT-MS data shows mass-to-charge peaks consistent with the formation of 

𝐶ସ𝐻ଽ𝑁𝑂 (butyramide, 𝐻ଷ𝑂ା: m/z 88, 𝑁𝑂ା: m/z 117), 𝐶ସ𝐻𝑁𝑂ଶ (acetoacetamide, 

𝐻ଷ𝑂ା: m/z 102, 𝑁𝑂ା: m/z 131).  Addition peaks at m/z 86 (𝐻ଷ𝑂ା) and 84 (𝑁𝑂ା) as well 
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as 100 (𝐻ଷ𝑂ା) and 99 (𝑁𝑂ା) may be evidence of  𝐶ସ𝐻𝑁𝑂 (2-butenamide), and 𝐶ସ𝐻ହ𝑁𝑂ଶ 

(Figure 5-8).  The mechanism by which these compounds form is currently unknown, but 

would require the formation of a C-C or C-N double bond.  It is also possible that the 

presence of these peaks is due to fragmentation in the SIFT-MS.  The SIFT uses a soft 

ionization source, however, fragmentation is still possible.  Further investigation into the 

formation of these compounds, including the addition of 2-butenamide to the SIFT 

chemical library, is necessary prior to adding to the purposed mechanism, which can be 

seen on Figure 5-15.   

This mechanism is based off of a nitrate radical BA oxidation mechanism proposed 

by Malloy et al. (2008) and a hydroxyl radical oxidation mechanism for aliphatic amines 

proposed by Schade et al. (1995). Several peaks with mass-to-charge values less than that 

of the precursor are also present and likely formed through a degradation reaction.  

Additionally, evidence of gas phase products with molecular weights of 127 and 141 are 

also present.  These must be highly oxidized compounds that have possibly added a carbon 

to the precursor.  There is currently not enough information to adequately propose a 

chemical formula for these compounds or a mechanism by which these compounds form. 

 

5.6 Dry and Humid Hydroxyl Radical Oxidation of Butylamine and Dimethyldisulfide 

 Under dry conditions, BA and DMDS reacted to form 200 
ఓ

య
 of aerosol after 390 

minutes of oxidation.  After 450 minutes of oxidation under humid conditions, 680 
ఓ

య
 of 

aerosol formed; this is a mass concentration that is 6.2 times greater than the addition of 
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the mass formed during the two individual precursor experiments.  The density of aerosol 

formed under dry conditions, 1.10 


య
, is lower than that formed under humid conditions, 

1.31 


య
 (Table 5-1).  Intuitively, it would be expected that when water vapor is present, 

the density would drop due to condensation of water on the particulate.  Here, water is not 

only condensing onto the particulate, it is also involved in the formation of sulfuric acid.  

The increase in sulfuric acid, with a high density of 1.84 


య
, combined with water 

condensation result in a subtle increase in aerosol density under humid condition. 

 The bulk composition of the aerosol formed under dry and humid conditions 

contains the same major peaks.  Most notably, and not as prominent in the BA oxidation 

experiment, are peaks at m/z 30 and 72 (Figure 5-9 B).  These peaks are fit to 𝐶𝐻ସ𝑁 and 

𝐶ସ𝐻ଵଵ𝑁.  Similar to the TMA-DMDS interaction experiments, we are seeing the full BA 

fragment as a peak on the AMS.  This, along with the presence of methanesulfonic acid 

peaks at m/z 79 and 96 as well as peaks consistent with sulfuric acid formation, indicate 

that a direct reaction between BA and an acid is occurring.  Furthermore, the formation 

methanesulfonic acid during this interaction experiment under dry and humid conditions 

indicate that, just as in the TMA-DMDS interaction, BA can donate a hydrogen to the 

𝐶𝐻ଷ𝑆𝑂ଷ
∙  radical.  This would imply that at least a small fraction of BA would further 

oxidize to form products.  Less than 1% of the aerosol mass is made up of oxidized nitrogen 

containing organic fragments.  Gas-phase mass spectra are not available for these 

experiments, however, based on what was measured in the TMA-DMDS experiments, it is 

likely that gas-phase BA oxidation products like 𝐶ସ𝐻𝑁𝑂 are forming in much lower 
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concentrations due to the initial reaction competition, which can be seen on Figure 5-15.  

Some of these gas-phase oxidation products are likely able to react with an acid to form a 

salt, as was evident in the TMA interaction experiments. 

 Figures 5-10 C and D display the contribution of each compound family to the 

overall non-water aerosol mass composition and the fraction of each family that can be 

explained by methanesulfonic acid formation for the dry and humid BA-DMDS interaction 

experiments, respectively.  The DMDS interaction experiments result in a mass 

composition that contains less than 5% oxidized organic fragment, more than half of which 

can be explained by methanesulfonic acid fragments.  This is in stark contrast with the BA 

individual precursor experiment which consisted of 40% oxidized organic fragments.  This 

further indicates the importance of a direct reaction between the amine and an acid.   

A higher fraction of total methanesulfonic acid formed under dry conditions, at 

30% of the total aerosol mass, as compared to humid conditions, at approximately 15% of 

the total aerosol mass.  This drop in methanesulfonic acid’s contribution to total mass under 

humid conditions coincides with an overall increase in the fraction of sulfur-containing 

inorganic fragments that cannot be explained by methanesulfonic acid formation.  The 

unexplained fraction sulfur-containing inorganic fragments along with a higher aerosol 

density provide sufficient evidence to conclude that the formation of sulfuric acid is more 

prominent under humid conditions as compared to dry conditions.  A similar, though not 

as prominent, trend occurred during the TMA-DMDS interaction experiments. 

Under dry conditions, 96% of the sulfur-containing inorganic fragments can be 

explained by methanesulfonic acid formation, meaning very little sulfuric acid is forming.  
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The importance of the 𝐶𝐻ଷ𝑆𝑂ଷ
∙  radical as a precursor to sulfuric acid formation was 

established during the TMA-DMDS dry photodegredation experiment.  Here, with a 

minimal evidence of sulfuric acid formation, it can be said that 𝐶𝐻ଷ𝑆𝑂ଷ
∙  radical is 

responsible for the bulk of the initial particulate sulfuric acid formation.  Furthermore, 

different amines will react with the 𝐶𝐻ଷ𝑆𝑂ଷ
∙  radical with varying strengths which will 

determine the branching ratio between methanesulfonic acid formation and initial sulfuric 

acid formation.  Butylamine reacts with the 𝐶𝐻ଷ𝑆𝑂ଷ
∙  radical more strongly to form 

methanesulfonic acid than trimethylamine does, as indicated by only 55% of the sulfur-

containing inorganic fragments being explained by methanesulfonic acid during the dry 

TMA experiment.  Eventually, as 𝑆𝑂ଶ slowly oxidizes, particulate sulfuric acid will 

continue to grow, as is evident by the continuous growth of aerosol in all reduced sulfur 

experiments. 

Under humid conditions, the fraction of sulfur-containing inorganic fragments that 

can be explained by methanesulfonic acid formation drops to 33% for the BA-DMDS 

interaction and 36% for the TMA-DMDS interaction, indicating a higher fraction of 

sulfuric acid is forming.  Logically, when water vapor is more readily available, as is the 

case under humid conditions, 𝑆𝑂ଷ should be able to react with 𝐻ଶ𝑂 to form higher 

concentrations of sulfuric acid in agreement with the trends that are seen here.   

 

5.7 Humid Hydroxyl Radical Oxidation of Butylamine and Dimethylsulfide 

 Just as in the TMA-DMS interaction experiment, BA and DMS oxidized together 

to form salts as well as BA oxidation products.  This interaction resulted in the formation 
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of 135 
ఓ

య
 of secondary aerosol, a value only 25% greater than the sum of the two individual 

precursor experiments.  Approximately 10% of the dry aerosol mass can be explained by 

the formation of methanesulfonic acid (Figure 5-10 B).  Oxidized nitrogen-containing 

organic fragments make up a low, but measurable fraction of the total mass, at 1%.  An 

elevated fraction of oxidized organic fragments as compared to the DMDS interaction 

experiments further indicates the importance of BA oxidation, not just BA-acid salt 

formation, to overall aerosol formation.  The slower reaction rate of DMS allows time for 

BA, which has an initial reaction rate nearly 10 times faster than that of DMS, to form 

oxidation products.  This is not possible during DMDS interaction experiments because 

the initial DMDS reaction rate is 50 times faster than that of DMS. 

 

5.8 Hydroxyl Radical Oxidation of Diethylamine 

 Oxidation of DEA under dry and humid conditions resulted in minimal aerosol 

formation, less than 6 
ఓ

య
 after 400 minutes.  Approximately 80% of the gas-phase precursor 

was consumed during the experiments.  Gas-phase oxidation products (Figure 5-11) 

include compounds with a molecular weight 101 (diacetamide, 𝐶ସ𝐻𝑁𝑂ଶ), 87 (𝐶ସ𝐻ଽ𝑁𝑂), 

and 71 (𝐶ଷ𝐻ହ𝑁𝑂), as is evident by 𝐻ା peaks at m/z 102, 88, and 72, respectively and 𝑁𝑂ା 

peaks at 131, 117, and 71, respectively.  Peaks at m/z 131 and 117 are a result of 𝑁𝑂ା 

addition, while m/z 71 is a result of a charge transfer.  A cluster of 𝐻ା peaks around m/z 

45 along with a cluster of 𝑁𝑂ା peaks around 43 and 44 provide evidence of acetaldehyde, 

ethylamine, and/or ethanimine formation.  Ethylamine was also measured in the gas-phase 
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by the AIM.  Many of these products are in agreement with previous studies (Nielsen et 

al., 2012, Lee et al., 2013).  Given the low aerosol concentrations, no unique peaks that 

may provide insight into particle formation were identified.  Nonetheless, a possible gas-

phase DEA oxidation mechanism, partially based off of the mechanism purposed by 

Nielsen et al. (2012) can be seen on Figure 5-16 

 

5.9 Hydroxyl Radical Oxidation of Diethylamine: Interaction Experiments 

 The interaction between DEA and the reduced sulfur compounds follow the same 

trends as those recorded previously in this chapter for TMA and BA.  Oxidation of DEA 

in the presence of DMS results in approximately 20 
ఓ

య
  of aerosol after 500 minutes (Figure 

5-12), a concentration two-times greater than the sum of the concentration formed through 

oxidation of the individual precursors.  The DMDS interaction experiment resulted in 650 

ఓ

య
  of aerosol under dry conditions and nearly 2400 

ఓ

య
   under humid conditions; this is 

approximately 7 and 24 times higher than the sum of concentrations formed during 

individual precursor experiments. All mass concentrations continue to increase the 

duration of the experiment due to slow oxidation of 𝑆𝑂ଶ and formation of sulfuric acid. 

 All DEA interaction experiments form aerosol with a high fraction of reduced 

nitrogen-containing organic fragments (Table 5-2), including full diethylamine and 

ethylamine fragments.  Less than 1% of the aerosol fragments consist of oxidized nitrogen-

containing organics.  Again, a direct reaction between the amine and the acidic compounds 

formed through oxidation of reduced sulfurs is one particle-forming pathway.  The DEA-
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DMS interaction experiment has a higher fraction of oxidized organic fragments; as in 

previous DMS interaction experiments, this can be explained by the slow initial reaction 

rate of DMS.  The percentage of inorganic sulfur containing organic fragments that can be 

explained by methanesulfonic acid formation for DEA-DMDS dry and humid conditions 

was similarly low at 14% and 18%, respectively.  These low percentages indicate a higher 

fraction of sulfuric acid formation. 

 

5.10 Hydroxyl Radical Oxidation of Ammonia: Interaction Experiments 

 Due to the slow initial reaction rate of ammonia with hydroxyl radical, no aerosol 

formed during the individual precursor oxidation experiment.  Under humid conditions, the 

ammonia-DMS experiment formed 30 
ఓ

య
 after 320 minutes of oxidation and the ammonia-

DMDS experiment resulted in nearly 2100 
ఓ

య
 of particulate after 280 minutes (Table 5-1).  

Under dry conditions, hydroxyl radical oxidation of ammonia and DMDS formed 315 
ఓ

య
  

of aerosol after 350 minutes. Gas-phase ammonia data was unable to be measured for these 

experiments, however, injections of approximately 200 ppb were made in all cases.  A high 

fraction of ammonium fragments (Table 5-2) along with evidence of methanesulfonic acid 

formation suggest ammonia is able to donate a hydrogen to form methanesulfonic acid as 

well as directly react with the acid products of DMS and DMDS in the same manner as the 

amines.  64% of the inorganic sulfur-containing fragments can be explained by 

methanesulfonic acid formation, implying that in the presence of ammonia, the branching 

ratio of 𝐶𝐻ଷ𝑆𝑂ଷ
∙  shifts towards methanesulfonic acid as opposed to sulfuric acid formation. 
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5.11 Conclusions and Implications 

The work presented here represents, to date, the only aerosol aging study focused 

on the oxidation of amines in the presence of reduced sulfur compounds.  Previous work 

has established that amines and methanesulfonic or sulfuric acid can directly react and are 

atmospherically important to new particle formation and particle growth (Smith et al., 

2010, Zhau et al., 2011, Zhang et al., 2012). This work has provided further evidence that 

amines can directly react with sulfuric and methanesulfonic acid to nucleate particles.  

Additionally, these particles can grow well above 40 nm and are highly hydrophilic, 

making them important to cloud condensation nuclei (Hodshire et al., 2019, Petters et al., 

2007).  In some cases, the interaction between amines and reduced sulfur compound results 

in aerosol yields of 500%, making them a potentially important source of particulate 

pollution, and therefore human health (Pope et al. 2006), in areas where both amines and 

reduced sulfurs are present, like agricultural land, coastlines, and marine environments 

(Trabue et al., 2008, van Pinxteren et al., 2019, Schade et al., 1995, Ge et al. 2011, 

Fitzgerald et al. 1991).   

The results of this work suggest that amines and ammonia are not only involved in 

acid-base reactions with methanesulfonic acid to form particulate, they are also important 

to the formation of methanesulfonic acid via hydrogen donation to the 𝐶𝐻ଷ𝑆𝑂ଷ
∙  radical.  

Each amine reacts with the 𝐶𝐻ଷ𝑆𝑂ଷ
∙  radical with a different strength, which determines the 

branching ratio between sulfuric and methanesulfonic acid formation.   The effect each 

individual amine has on this branching ratio can be qualitatively determined by estimating 
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the percentage of total inorganic sulfur-containing fragments that can be explained by 

methanesulfonic acid formation for each amine-DMDS interaction experiment.  This 

information can be found on Table 5-2.   

Butylamine under dry conditions, with 96% of the total inorganic sulfur-containing 

fragments explained by methanesulfonic acid, is very willing to donate a hydrogen to 

the 𝐶𝐻ଷ𝑆𝑂ଷ
∙  radical and form methanesulfonic acid.  On the other hand, only 14% of the 

sulfur-containing inorganic fragments can be explained by methanesulfonic acid for the 

DEA-DMDS dry oxidation experiment, indicating that diethylamine is less willing to give 

up a hydrogen to form methanesulfonic acid.  After investigating the basicity, initial 

reaction rate, and structure of each of these amines, there is no obvious explanation for why 

one amine would be more willing to give up a hydrogen than another.  Instead, it is likely 

a combination of these, and possibly other, chemical and physical properties.  Future 

studies could focus on the importance of amine structure to the formation of 

methanesulfonic acid by running interaction experiment with, for example, ethylamine, 

diethylamine, and trimethylamine.   

As discussed in the previous chapter, it is important to obtain a more complete 

understanding of the branching between sulfuric and methanesulfonic acid because, on a 

unit-mass basis, methanesulfonic acid is more important than sulfuric acid to the indirect 

cooling effect and of similar importance to the direct cooling effect (Hodshire et al., 2019).  

In chapter 4, it was determined that the presence of humidity and 𝑁𝑂௫ play a role in the 

fraction of total aerosol that is made up of sulfuric versus methanesulfonic acid.  Here, it 

has been determined that the presence of amines can also play a role in the branching ratio 
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between sulfuric and methanesulfonic acid, further complicating the issue.  However, it is 

important to note that in the presence of humidity in all cases, the total inorganic sulfur-

containing fragments explained by methanesulfonic acid drops to between 18% and 36%, 

indicating that under atmospherically relevant conditions, this branching ratio shifts 

consistently in favor of sulfuric acid. 

It is likely that the reduced sulfur radical reaction with amine precursor is not a 

unique case in the atmosphere.  Other compound families are sure to interact with each 

other as well.  The mass concentrations that formed during interaction experiments were 

substantially higher than the sum of the individual precursor experiments, suggesting that 

the current method of estimating mass concentrations one compound at a time is 

inadequate.  Further research into other potentially important co-emitted compounds is 

necessary in order to obtain a more realistic yield estimation. 
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5.13 Tables 

Experiment 
Elapsed 

Time 
(min) 

Amine 
Consumed 

∆𝑯𝑪 𝟏 
ppb 

Reduced 
Sulfur 

Consumed 
∆𝑯𝑪𝟐 
(ppb) 

Mass 
Formed 

∆𝑴𝒐 
(𝝁𝒈/𝒎𝟑) 

Density 
(𝒈/𝒄𝒎𝟑) 

Volume 
Fraction 

Remaining 

Aerosol 
Yield 
∆𝑴𝒐 

∑ ∆𝑯𝑪
 

(%) 
TMA+OH (dry) 

032019 300 95 - 82 1.55 0.84 37.1 
TMA+OH (35%RH) 

032119 390 100 - 95 1.45 0.90 40.8 
TMA+DMS+OH 

(27%RH) 032219 430 NA NA 143+ 1.47 0.70-0.84 NA 
TMA+DMDS+UV On 

(dry) 032319 480 NA NA 50+ 1.48 0.50-0.70 NA 

TMA+DMDS+OH 
(dry) 032519 430 100 100 186+ 1.55-

1.40 0.20-0.75 30.8* 

TMA+DMDS+OH 
(30%RH) 032419 375 100 100 790+ 1.58-

1.80 0.45-0.62 130.8* 

DEA+OH (dry) 
031419 380 NA - <2 - - NA 

DEA+OH (30%RH) 
031519 450 NA - <2 - - NA 

DEA+DMS+OH 
(30%RH) 031619 505 NA NA 20+ 1.40-

1.30 0.30-0.50 NA 

DEA+DMDS+OH 
(dry) 031719 455 100 100 647+ 1.30 0.90-0.95 98.1* 

DEA+DMDS (30%RH) 
031819 360 100 100 2388+ 1.60-

1.35 0.80-0.87 362.2* 

BA+OH (30%RH) 
040219 440 NA - 14 1.34 - NA 

BA+DMS+OH 
(30%RH) 040319 475 NA NA 135+ 1.20 - NA 

BA+DMDS+OH (dry) 
040519 390 100 100 200+ 1.10 - 30.3* 

BA+DMDS+OH 
(30%RH) 040419 455 100 100 682+ 1.31 - 88.3* 
𝑵𝑯𝟑+DMS+OH 

(45%RH) 031319 320 NA NA 30+ 1.74 0.40-0.50 NA 
𝑵𝑯𝟑+DMDS+OH 

(dry) 031219 350 NA NA 315+ 1.6 0.24-0.70 NA 

𝑵𝑯𝟑+DMDS+OH 
(35%RH) 031119 280 NA NA 2090+ 1.95-

1.80 0.55-0.65 NA 

 

Table 5-1:  Physical properties and yield calculations for all amine and amine-reduced sulfur interaction oxidation 
experiments.  In some cases, physical properties of the aerosol changed during the course of the experiment, as indicated by a 
range of values. 
 
NA: Data not currently available.  
a: Data currently not available, upper estimate based on TMA+OH Dry 030219 experiment. 
b: Data currently unavailable, upper estimate of precursor decay based on data from TMA+DMDS interaction experiments. 
+: Aerosol mass concentration has not leveled off. 
*: Low estimate of yield due to the continuous growth of aerosol. 
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Experiment 

Reduced 
Organic 

Fragments 
(Fraction 
explained 
by MSA) 

Oxidized 
Organic 

Fragments 
(Fraction 
explained 
by MSA)  

Sulfur-
Containing 

Organic 
Fragments 
(Fraction 
explained 
by MSA) 

Sulfur-
Containing 
Inorganic 

Fragments 
(Fraction 
explained 
by MSA) 

“Other” 
Fragments 
(Fraction 
explained 
by MSA) 

Reduced 
Nitrogen-

Containing 
organics or 
ammonium 
fragments* 

Oxidized 
Nitrogen-

Containing 
organics 

 

TMA+OH (dry) 
032019 0.11 0.48 0.00 0.00 0.08 0.18 0.15 

TMA+OH (35%RH) 
032119 0.08 0.46 0.00 0.00 0.11 0.21 0.14 

TMA+DMS+OH 
(27%RH) 032219 

0.09 
(0.01) 

0.43 
(0.005) 

0.01 
(0.005) 

0.02 
(0.015) 

0.11 
(0.01) 

0.23 0.11 

TMA+DMDS+UV On 
(dry) 032319 

0.21 
(0.04) 

0.22 
(0.02) 

0.03 
(0.02) 

0.09 
(0.06) 

0.07 
(0.03) 

0.37 0.02 

TMA+DMDS+OH 
(dry) 032519 

0.25 
(0.07) 

0.06 
(0.03) 

0.04 
(0.03) 

0.16 
(0.09) 

0.05 
(0.05) 

0.44 0.00 

TMA+DMDS+OH 
(30%RH) 032419 

0.19 
(0.06) 

0.03 
(0.03) 

0.03 
(0.03) 

0.22 
(0.08) 

0.09 
(0.05) 

0.45 0.00 

DEA+OH (dry) 
031419 - - - - - - - 

DEA+OH (30%RH) 
031519 - - - - - - - 

DEA+DMS+OH 
(30%RH) 031619 

0.25 
(0.02) 

0.10 
(0.01) 

0.01 
(0.01) 

0.09 
(0.02) 

0.20 
(0.01) 

0.36 0.00 

DEA+DMDS+OH 
(dry) 031719 

0.21 
(0.02) 

0.03 
(0.01) 

0.01 
(0.01) 

0.16 
(0.02) 

0.07 
(0.01) 

0.52 0.00 

DEA+DMDS (30%RH) 
031819 

0.17 
(0.02) 

0.04 
(0.01) 

0.01 
(0.01) 

0.15 
(0.03) 

0.07 
(0.02) 

0.57 0.00 

BA+OH (30%RH) 
040219 0.41 0.37 0.00 0.00 0.00 0.17 0.05 

BA+DMS+OH 
(30%RH) 040319 

0.25 
(0.02) 

0.08 
(0.01) 

0.01 
(0.01) 

0.08 
(0.03) 

0.05 
(0.02) 0.51 0.01 

BA+DMDS+OH (dry) 
040519 

0.26 
(0.08) 

0.04 
(0.03) 

0.04 
(0.04) 

0.10 
(0.10) 

0.04 
(0.04) 

0.52 0.00 

BA+DMDS+OH 
(30%RH) 040419 

0.20 
(0.04) 

0.03 
(0.02) 

0.02 
(0.02) 

0.16 
(0.05) 

0.07 
(0.03) 

0.52 0.00 

𝑵𝑯𝟑+DMS+OH 
(45%RH) 031319 - - - - - - - 

𝑵𝑯𝟑+DMDS+OH 
(dry) 031219 

0.12 
(0.12) 

0.05 
(0.05) 

0.07 
(0.07) 

0.27 
(0.18) 

0.09 
(0.09) 

0.40* 0.00 

𝑵𝑯𝟑+DMDS+OH 
(35%RH) 031119 

0.06 
(0.06) 

0.03 
(0.03) 

0.03 
(0.03) 

0.38 
(0.09) 

0.15 
(0.06) 0.35* 0.00 

 

Table 5-2: Average mass fraction of aerosol belonging to each compound family, based on final 
100 minutes of each experiment, along with estimated fraction explained by the formation of 
methanesulfonic acid. All fractions are rounded estimates and may add up to greater than or less 
than 1. Methanesulfonic acid mass fraction estimations are based on calculations presented in 
Chapter 4 of this thesis.  Because of the high background concentration of OH and H2O, the mass 
fraction of “other” fragments should be taken with a grain of salt. Sum of values in parenthesis 
will give total fraction of aerosol explained by methanesulfonic acid for each experiment. 
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5.14 Figures 
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Figure 5-1: Wall-loss corrected mass concentration time series for all 
trimethylamine individual precursor and interaction oxidation experiments. 
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Figure 5-2: Gas-phase mass spectra showing oxidation products that formed 
during hydroxyl radical oxidation of trimethylamine (060118).  Two reagent 
ions were used to measure products: 𝐻ଷ𝑂ା(top) and 𝑁𝑂ା (bottom).  The growth 
of a compound is indicated by the stacking of colors at any given m/z. Black 
indicates background.  Several important products are pointed out. 
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Figure 5-3: AMS average mass spectra for A) TMA+OH, B) TMA+DMS+OH, and C) TMA+DMDS+OH 
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Figure 5-5: Comparison between decay rate of trimethylamine in the 
presence and absence of dimethyldisulfide, as measured by the SIFT-MS. 
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Figure 5-6: A high resolution look at amine aerosol indication m/z 58 for the 
DMS+TMA+OH experiment, as measured by the HR-ToF-AMS.  Two nitrogen-
containing peaks are present, one oxidized and one reduced.  
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Figure 4-11: Gas-phase mass spectra showing oxidation products that 
formed during hydroxyl radical oxidation of diethylamine (052318).  Two 
reagent ions were used to measure products: 𝐻ଷ𝑂ା(top) and 𝑁𝑂ା (bottom).  
The growth of a compound is indicated by the stacking of colors at any given 
m/z. Black indicates background.  Several important products are pointed out. 
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Chapter 6: Summary of Major Findings and Suggested Future Work 

This chapter will briefly discuss the major outcomes of the research covered in 

this thesis.  Additionally, recommendations on future work will be made. 

 

6.1 Summary of Major Findings 

 Perhaps the most useful information that was provided in this thesis is the 

methodology to run amines and reduced sulfur compounds (or any compounds that form 

acids or bases) in a chamber setting.  Similar methodology could be applied to flow 

tubes.  Additionally, the procedure provided in this thesis may become important as 

chamber studies continue to study lower vapor pressure volatile organic compounds, as 

these compound are more likely to be involved in gas-wall partitioning and could off-gas 

during subsequent experiments.  The information provided in Chapter 2 of this thesis will 

allow future generations of researcher to by-pass several years of struggle to obtain 

repeatable, contamination-free experimental results and instead focus on the project at 

hand. 

 Beyond outlining the methodology to properly run these chamber experiments, 

this thesis also provided information that lead to a deeper understanding of oxidation of 

reduced sulfur compound and amines, both individually and together, under the most 

atmospherically relevant conditions to date.  By running reduced sulfur oxidation 

experiments under extreme dry as well as humid conditions, it has been determined that 

water vapor plays a major role in the composition of the aerosol that forms.  Under dry 

conditions, sulfur-containing organic particulate of an unknown structure and previously 
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unrecorded composition forms along with sulfuric acid.  When water vapor is present, 

even as low as 2% relative humidity, the unknown particulate does not form in 

abundance.  Instead the aerosol consists primarily of sulfate fragments, likely because of 

sulfuric acid formation.  It has also been determined that the presence of 𝑁𝑂௫ as well as 

water vapor is necessary in order to form a substantial concentration of methanesulfonic 

acid.  Previously, the reduced sulfur oxidation mechanism did not include water vapor as 

an important component of methanesulfonic acid formation.  Updated oxidation 

mechanisms have been developed and are included here. A process to estimate the 

fraction of dry aerosol that is made up methanesulfonic acid was also developed.  Low 

estimates of aerosol yields have been calculated for all reduced sulfur oxidation 

experiments.  These represent the most atmospherically relevant yield calculations to 

date. 

 By running amines under both dry and humid conditions, it was determined that 

water vapor does not play a major role in the composition or mass formation of 

secondary aerosol from amine oxidation.  Amine-reduced sulfur interaction experiments 

gave insight into how these compound may be reacting together in the atmosphere where 

they are often co-emitted, especially around agricultural areas.  Amines and amine 

oxidation products can directly react with reduced sulfur oxidation products, like 

methanesulfonic acid and sulfuric acid, to form aerosol.  Additionally, amines can react 

with sulfur-containing organic radical species, resulting in the formation of amine 

radicals and methanesulfonic acid.  Mechanisms have been developed for these 

interactions.  The fraction of methanesulfonic acid that forms during an interaction 
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experiment depends on the amine present.  Aerosol yield ranging from 30% to 360% 

were calculated for some of these interaction experiments.  Aerosol yields are 

consistently around 3 times higher under humid conditions as compared to dry 

conditions, indicating humidity plays a major role in particle growth. 

 As noted in previous chapters, the results of these studies have important health 

and climate implications, in particular around agricultural areas where both of these 

compound families have been measured in the mid to upper ppb levels.  Additionally, 

these studies highlight the importance of running oxidation experiments under 

atmospherically relevant conditions.  Often times chamber experiments are run under dry 

conditions in order to simplify things.  As is evident here, running dry experiments may 

result in the formation of atmospherically irrelevant chemistry.  Furthermore, while flow 

tubes offer a quick and relatively inexpensive way to study the oxidation of an aerosol 

precursor, the extreme high concentrations that are used again likely result in 

atmospherically irrelevant chemistry, as is evident by the lack of consistency between 

various flow tube and chamber studies.  Finally, this thesis research suggests that running 

traditional single-precursor experiments does not give a full picture of what is happening 

in the atmosphere and may result in models over- or under-estimating secondary aerosol 

formation. 

 

 

 



156 
 

6.2 Future work 

 The research presented here is ongoing.  Results measured during a recent 

intensive chamber study by collaborators at the USDA and Claremont Colleges study are 

expected to arrive in the coming months.  This will include gas-phase concentration data 

for sulfur dioxide, methanesulfonic acid, and sulfuric acid as well as particle-phase 

sulfuric acid and methanesulfonic acid.  These new data sets will be applied to the 

research presented in this thesis to more accurately calculate aerosol yields and specific 

product yields.  This will create a more robust and useful set of results. 

 Beyond this ongoing research, the results presented in this thesis have brought up 

several new research ideas listed below: 

 A comprehensive field and chamber study focused on secondary aerosol 

formation from agricultural emissions.  The research presented in this thesis has 

provided information of how two common agricultural pollutants react in the 

atmosphere, however, it is unknown if evidence of these interactions is also seen 

in the ambient.  By deploying the SIFT-MS and the HR-ToF-AMS, or similar 

instruments, it would be possible to obtain sufficient evidence to determine if the 

interactions studied in this thesis are occurring around agricultural land.  If it is 

determined that the interactions are not occurring, a deeper investigation into what 

is causing secondary aerosol formation around agricultural land is necessary.  

This could include gathering agricultural samples (hay, waste, pesticides, etc.) and 

allowing them to off-gas and oxidize in a chamber setting in an attempt to 

replicate secondary aerosol formation observed in the ambient and pin-point 
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important secondary aerosol precursors.  In separate chamber studies, the major 

gas-phase compound measured during the off-gassing chamber study could be 

directly injected to try to replicate the aerosol formed during off-gassing study to 

determine if these gasses in high concentration are the primary source of 

secondary aerosol or there are compounds at lower concentration that are 

substantially contributing to the mass formed.  In general, a deeper understanding 

of agricultural air quality is necessary, given approximately 10% of land 

worldwide is agricultural land.  Pinpointing the sources of secondary aerosol, or 

hazardous gasses, may allow for future research in how to mitigate or treat the 

sources of these precursors to prevent adverse environment and human health 

effects.  

 A temperature and 𝑁𝑂௫ sensitivity focused on oxidation of reduced sulfur 

compounds in an environmental chamber.  Previous flow tube studies have 

indicated that temperature plays a major role in the branching ratio between 

DMS-OH addition (leading to the formation of DMSO) and DMS-OH abstraction 

(leading to the formation of MSA and sulfuric acid).  To obtain a more complete 

and atmospherically relevant understanding of the effect of temperature on the 

aerosol forming potential of both DMS and DMDS, these compounds should be 

oxidized in a chamber setting at various temperatures.  Additionally, previous 

studies, as well as this one, have pointed out the importance of 𝑁𝑂௫ to 

methanesulfonic acid formation.  This study represents the most atmospherically 

relevant 𝑁𝑂௫ concentrations investigated in a chamber, at 100 ppb.  Several 
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experiments were attempted at 10 and 20 ppb, however the 𝑁𝑂௫ depleted too 

quickly to obtain useful results.  To investigate the effects of atmospherically 

relevant and available 𝑁𝑂௫ concentrations, a continuous injection method could 

be developed in order to supply the chamber with a constant 𝑁𝑂௫ and relevant 

concentration.  This would provide further insight in to the true importance of 

reduced sulfur compounds as precursors to methanesulfonic and sulfuric acid. 

 A more general multiple precursor oxidation study.  The results of this study 

suggest that traditional single-precursor yield calculations may adequately capture 

true potential of any given compound to form aerosol in the atmosphere.  More 

multiple precursor experiments, either involving commonly co-emitted 

compounds or commonly studied compounds, should be conducted in order to 

determine if the traditional single-precursor experiments are sufficient in 

estimating aerosol yields.  If there is a major difference between single-precursor 

yield and multiple precursor yields, it may be necessary to switch to more 

complicated chamber experiments, perhaps utilizing the surrogate atmosphere 

developed previously, to obtain relevant yields. 

 An in depth comparison between oxidation flow reaction (OFR) experiments and 

chamber oxidation experiments.  Because OFRs are becoming a more common 

way to study oxidation of an aerosol precursor, it is necessary to ensure the results 

from OFRs match well with those from chamber experiments.  

And with that, I will bring this thesis to a close.  Have a nice day and don’t panic! 

 




