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Atmospheric particles negatively affect human health, limit visibility and impact climate.  Their 

deleterious effects are known, but the mechanism of how particles form and grow in the 

atmosphere is not fully understood.  Sulfuric acid (H2SO4) is a large contributor to particle 

formation, but nucleation of H2SO4-H2O cannot explain atmospheric observations.  Ammonia 

(NH3) can form particles with sulfuric acid, yet the ternary nucleation of H2SO4-NH3-H2O still 

does not match measurements, indicating the participation of other precursors.  Amines have 

been shown to enhance particle formation and, despite their lower concentrations in air, can 

displace NH3 in clusters.  As the use of sulfur-based fossil fuels is phased out, and consequently 

H2SO4 concentrations are reduced, methanesulfonic acid (MSA) is expected to become a more 

important source of particles.  MSA does not form particles efficiently with water alone, but does 

so with amines and water.  The reaction of MSA and ammonia/amines is dependent on relative 

humidity, basicity and amine structure.  In this dissertation, the effect of four organic compounds 

on the reaction of methanesulfonic acid, amines and water is investigated.  Experiments are 

conducted in a small volume aerosol flow reactor at ambient temperature and atmospheric 

pressure (294 K, 1 atm).  Early experiments show that the aerosol flow reactor is sensitive to 
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order of addition of reactants.  Laboratory results are interpreted along with results of theoretical 

calculations of initial clusters completed by the Gerber group.  Results show that particle 

formation is influenced by proton transfer, hydrogen bonding capacity and basicity.  Molecular 

structure can also impact particle formation and growth by influencing how initial clusters grow 

to detectable particles.  Particle formation from organics and amines with and without water is 

inefficient in this system.  Results show that, in the atmosphere, water likely overwhelms the 

effect of organics.  Theoretical calculations give insight on how experimentally unobservable 

initial clusters of these systems correlates with detectable particles.  The results of this work 

could aid atmospheric models in more accurately predicting the impact of particles on a regional 

and global level. 
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CHAPTER 1 INTRODUCTION 
 
 

1.1 NEW PARTICLE FORMATION AND GROWTH 
 
 
Atmospheric particles have wide reaching effects; they impact human health,1-8 visibility,9, 10 and 

the climate.11-13  If inhaled deep into the lungs, particles can cause pulmonary issues6 and are 

correlated with higher morbidity and premature mortality.1, 3, 5, 7  There is also evidence that 

particles can indirectly impact health.  A study in Tehran, Iran showed that inhibited visibility of 

the sun, due to particles, was associated with vitamin D deficiency in adolescents.2  Loss of 

visibility occurs when particles are large enough (>100 nm) to scatter light/solar radiation, an 

example of their direct effect on climate.9, 10  Particles can also indirectly affect climate by acting 

as cloud condensation nuclei and altering cloud properties.14, 15  Atmospheric particles play a 

critical role in the balance of global radiation, but are one of the least understood radiative 

forcing agents.13  There is a large uncertainty in the contribution of atmospheric particles to 

radiative forcing, which is propagated in the overall uncertainty in the total climate budget.13  

The current understanding of how particles form and grow in the atmosphere must be improved 

for more accurate predictions of particle impacts.16-19 

 

Sulfuric acid (H2SO4) has long been recognized as a large contributor to atmospheric particles.20-

28  H2SO4 is formed by the oxidation of sulfur dioxide (SO2), which has both biogenic (e.g., 

released by volcanic eruptions)29 and anthropogenic sources (e.g., a byproduct of fossil fuel 

combustion).30  However, nucleation involving H2SO4 and water alone cannot fully explain 

atmospheric observations of particle formation.11, 22, 31-35  
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Ammonia (NH3) and amines are ubiquitous in the atmosphere.36-40  Sources of ammonia/amines 

range from animal husbandry to vegetation, with estimated annual emissions of 50,000 Gg N for 

NH3 and ~100 Gg N each for mono-, di- and trimethylamine.37  The inclusion of ammonia with 

sulfuric acid and water enhances particle formation,41-45 but laboratory studies show that ternary 

nucleation rate of NH3-H2SO4-H2O is too slow to match atmospheric measurements.41, 42, 44, 45  

Modelling studies that include NH3, H2SO4 and H2O nucleation also do not accurately reproduce 

observed data.45-47  Although ambient amine concentrations are lower than those of NH3,37, 48-51 

amines can displace ammonia in ammonium sulfate/bisulfate clusters.52-55  Amines form particles 

with sulfuric acid,44, 56-65 and have been shown to more efficiently enhance particle formation 

compared to NH3.44, 59, 60, 62-65  Theoretical studies of H2SO4-NH3/amine66-69 and H2SO4-

NH3/amine-H2O70-75 clusters not only support experimental results but also provide insight on the 

initial steps of particle formation and growth.   

 

The discrepancy between atmospheric models and observations of particle formation suggests 

that additional precursors must be involved in the process.16, 17, 76-78  Organics are found in 

particles measured from around the world and are likely candidates to contribute to particle 

formation.79  It has been proposed that organics participate in the initial stages of nucleation with 

H2SO4,76-78, 80 but some field studies have found organics to form particles on their own.81-85  

Organics76-78, 82, 86-91 and organic salts63, 92, 93 (formed by organic acids and amines) may also play 

a role in stabilizing initial clusters and growing them to detectable particles.  

 

Methanesulfonic acid (CH3SO3H, MSA) is another potential source of atmospheric particles in 

certain locations.  In Alaska, a correlation between particle number concentration and the 
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methanesulfonate anion was observed over a three year period.94  In the Arctic, particle growth 

was associated with MSA and trimethylamine ((CH3)3N, TMA) during the summer.95  MSA is 

typically associated with particles in/near marine areas96-104 but has been measured in particles as 

much as ~100 miles inland.105-109  Formed in the oxidation of organosulfur compounds,110-113 

with diverse sources including the ocean,114-116 animal husbandry117 and human breath,118 MSA 

concentrations can be 105 – 107 molecules cm–3 (~10 – 100% relative to sulfuric acid 

concentrations).119-124  MSA may currently be a minor contributor to particle formation, but its 

relative importance will likely increase as the use of sulfur-based fossil fuels is reduced.125   

 

MSA and water do not form a significant amount of particles alone.126-129  However, MSA and 

water with ammonia/amines have been shown to efficiently form particles; this reaction is 

sensitive to relative humidity (RH), amine basicity and amine structure.130-133  Relative to 

sulfuric acid, MSA is less studied, experimental and theoretical studies of particle formation 

including MSA are limited.125-137  To the best of our knowledge, the effect of organics on the 

system of MSA, amines and water had not been studied prior to the work presented here.   

 

Table 1.1 shows properties of the four organic compounds that are investigated in this work: 1-

octanol (C8H17OH, octanol), malonic acid (CH2(COOH)2, MaA), succinic acid (HOOC-CH2-

CH2-COOH, SuA) and oxalic acid ((COOH)2, OxA).  The series spans a range of vapor 

pressures, functional groups and chain lengths.  Octanol has been measured from emissions from 

agricultural crops and other plant species.138, 139  Additionally, octanol is considered a 

representative partially oxidized compound, which has been proposed to coat aqueous 

particles.140  Dicarboxylic acids have been measured in urban, rural and Arctic particles,141-152 as 
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well as in biomass burning plumes.153  OxA was determined to be the most abundant 

dicarboxylic acid measured, followed by MaA and/or SuA.142-153  Samples of vehicle exhaust 

emissions suggest that dicarboxylic acids are products of incomplete combustion of 

hydrocarbons.142, 144  Studies that measured dicarboxylic acids in particles in remote areas or 

found diurnal/seasonal variation in their concentration support the pathway for their production 

by photochemical oxidation of volatile organic compounds.142, 143, 146-148, 150   

 

Table 1.1 Properties of the organics investigated in this dissertation.  

Organic Vapor Pressure 
at 298 K (Pa) Categorization154-157 Structure 

1-octanol (octanol) 11.0158 IVOCa 
 

 
 

malonic acid (MaA) 1.7 × 10–4 159 SVOCb 
 

 
 

succinic acid (SuA) 7.7 × 10–5 159 SVOC 

 

 
 

oxalic acid (OxA) 1.4 × 10–2 159 IVOC 

 

 
 

a “IVOC” indicates an intermediate volatility organic compound. 
b “SVOC” indicates a semi-volatile organic compound. 
 
 
Theoretical studies propose that ammonium/alkylaminium dicarboxylates, including OxA-NH3 

with and without water,160-162 OxA-dimethylamine-H2O,163 and SuA-dimethylamine,164 are 

involved in nucleation of atmospheric particles.  Yet, others suggest that particle formation from 

dicarboxylic acids will occur with sulfuric acid and water165 or ammonia.166   
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Dicarboxylic acids have multiple opportunities for hydrogen bonding, which are important for 

cluster stabilization, particle formation and growth in the MSA-ammonia/amine-H2O system.130-

133  Furthermore, OxA, MaA and SuA have been measured in particles along with MSA and 

ammonia/amines.149, 167, 168  OxA, MaA and SuA are polar in nature and differ in vapor pressure 

and carbon chain length; these dicarboxylic acids are good candidates to investigate participation 

of gas phase organics in particle formation and growth.   

 

1.2  RESEARCH GOALS 
 
 
The main goal of this research is to elucidate the mechanism of particle formation and growth 

from the gas phase reaction of organics, MSA, amines and water.  Previous studies have shown 

that the reaction of MSA and amines efficiently forms new particles and that the amine structure 

and relative humidity affect particle formation.  However, to the best of our knowledge, 

laboratory studies of the effect of organics on the MSA-amine and MSA-amine-H2O system had 

not been explored until this project.  Organics with different functional groups, varying vapor 

pressures and hydrogen bonding capacity are chosen to help identify the properties that affect 

how particles form and grow in air.  The results of this work will lead to an improved 

understanding of the fundamental chemistry of nucleation and growth of new particles in air.  

Ultimately, these results can be incorporated into atmospheric models to better predict particle 

impacts on a regional and global scale.  A series of experiments are performed on a custom-built 

small volume aerosol flow tube reactor that can achieve reaction times within the system ranging 

from 0.8 to 12 s.  Experimental results are interpreted in light of results of initial clusters, 

calculated by the Gerber group in Chapter 3 – 5, of the organic-MSA-amine and organic-MSA-

amine-H2O systems. 
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1.3  EXPERIMENTAL METHODS 
 
 
1.3.1 Small Volume Aerosol Flow Reactor 
 
 
Experiments were performed in a small volume (~6.6 L) aerosol flow reactor (Figure 1.1, Figure 

1.2), which was modeled after another flow tube in this lab.169  The reactor was custom built and 

designed to monitor the formation and growth of particles as a function of reaction time.  It is 

made of borosilicate glass to protect from corrosion due to long-term exposure to acids and has 

three fixed ring inlets, three spoke inlets, and a movable sample line.  The three ring inlets (ring 

#1, ring #2, and ring #3), roughly two cm apart, are perforated hollow tubes housed in the 

upstream end cap.  The upstream end cap also guides three concentric tubes (92 cm long) that 

terminate in four perforated hollow tubes, these spoke inlets (spoke #1, spoke #2, spoke #3) are 

two cm apart and are movable as a unit.  Perforations on the inlets were designed to insure 

sufficient mixing of reactants at the spokes (Figure 1.3).  A ¼˝ stainless steel sample line, 142 

cm in length, is held at the other end of the flow tube by the downstream end cap.  Attached to 

the sample line are ¼˝ stainless steel bellows (172.7 cm) that terminate in one of three detectors 

used in these studies.  The portion of the total gas/particle flow that is not sampled is vented 

through an exhaust from the downstream end cap.   

 

All experiments were performed at atmospheric pressure, 1 atm, and ambient lab temperature, 

294 K with a total flow of 17 standard liters per minute (Lpm) in the aerosol flow reactor.  The 

total flows from each of the inlets was consistent between experiments, unless noted otherwise 

(Table 2.1, Expts. 1, 2) with 10 Lpm through ring #1, 2 Lpm each through ring #2 and ring #3, 
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and 1 Lpm each through spokes #1 – #3.  All air flows were controlled by mass flow controllers 

(Alicat) and verified with bubble meters (Gilibrator 2, Sensidyne). 

 

 

Figure 1.1 Schematic of small volume aerosol flow reactor.  

 

 

Figure 1.2 Photo of small volume aerosol flow reactor. 
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Figure 1.3 Detail of ring and spoke inlets. 

 
To characterize the residence times in the flow tube, a small volume of colorless NO was added 

to the system through spoke #1, which was quickly oxidized by O2 to NO2, a brown gas (Figure 

1.4).  Residence times were determined by measuring the time to reach maximum absorbance of 

NO2, monitored at λ = 420.43 nm with UV-visible spectroscopy (Ocean Optics, model 

HR4000CG-UV-NIR) at different spoke inlet positions.  This procedure closely follows that 

described in Ezell et al.169   
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Figure 1.4 NO, introduced through spoke #3, oxidized to NO2 upon exposure to O2 in the 
flow reactor. 

 
Reaction times can be adjusted by altering the distance between the sample line and the inlets.  

The defined t = 0 is at the inlet from which MSA (when present) is introduced because, as results 

will show, the reaction between MSA and the amine is most efficient at forming particles.  

Within the flow tube reaction times range from 0.8 s up to 14.2 s, which does not include the 

total 3.1 s residence time in the sample line to the detectors.  Reaction times within the system 

assume that reactions have been completed by the time particles reach the sample inlet and that 

wall loss of gas phase species in the sample inlet is fast.  If the time in the sample line were to be 

included, the data would be displaced by 3.1 s; this would not affect the results or conclusions 

presented since only peak particle number concentrations and geometric mean diameters are 

considered.  Note that the time dependence of detectable particle formation is very sensitive to 

the nature and concentrations of the reactants as discussed by Chen et al.130  For example, 

reaching a plateau at longer reaction times is typically indicative of depletion of the limiting 

reagent.   

 



 10 

In Chapter 2 and part of Chapter 3, measurements were made in order of decreasing reaction 

time from 14.2 s to 0.8 s for the “base case” with MSA and TMA only (Section 1.3.4) and in 

order of increasing reaction time from 0.8 to 14.2 s in the presence of octanol, MaA or SuA.  In 

part of Chapter 3 and all of Chapters 4 and 5, to minimize a potential sampling time bias, 

measurements were done in the following order of reaction times: 12.4 s, 7.6 s, 3.8 s, 1.3 s, 0.8 s, 

2.5 s, 5.1 s, and 10.1 s for both the base case (MSA-amine or MSA-amine-H2O) and in the 

presence of the variable reactant (MaA, SuA or OxA).   

 

The aerosol flow reactor was cleaned frequently with 18.2 MΩ cm water (Thermo Scientific, 

Model 7146) and isopropyl alcohol then dried overnight with dry air from a purge air generator 

(Parker-Balston, Model 75-62).  The flow reactor was then conditioned with MSA, unless the 

effect of MSA was being investigated, for at least two days to passivate the tubing, inlets, and 

walls of the system.130   The water and air used throughout all experiments was 18.2 MΩ cm 

water and dry purge air. 

 

1.3.2 Gas Phase Reactants 
 

1.3.2.1 Methanesulfonic Acid 
 
Gas phase MSA was produced by flowing dry air over the pure liquid (Fluka, 99.0%) that was 

kept in a trap at room temperature.  Two methods were used to quantify MSA.  For both 

methods, gas phase MSA was collected for 10 minutes onto a 0.45 µm Durapore filter (Millex-

HV) placed prior to the entrance of the reactor.  With the first method, the filter was extracted 

with 10 mL of water and then analyzed by ultra-high pressure liquid chromatography tandem 

mass spectrometry (Waters).  For the second method, the filter was extracted with 10 mL of 
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water (J.T. Baker, LC-MS grade), diluted by half with methanol (J.T. Baker, LC-MS grade) and 

then analyzed by electrospray ionization mass spectrometry in negative mode (Waters, Xevo 

TQ-S).  Reported MSA concentrations were calculated from the concentration out of the trap and 

the total flow of air in the aerosol reactor, these values represent upper limits because of potential 

losses in the inlets and tubing.   

 

1.3.2.2 Amines 
 
Two sources of gas phase TMA were used.  In Chapter 2 and part of Chapter 3, a custom mixture 

of TMA in a gas cylinder (Airgas, 1 ppm in N2) was used as provided from the manufacturer.  It 

was discovered later that, as the tank was emptied, an ammonia impurity become more and more 

prominent and contributed to inconsistent particle number concentration measurements.  The 

ammonia contamination was likely below the limits of detection of a less sensitive instrument 

that was used for quantification of the amine at that time.  As a result, use of amine tanks was 

discontinued in favor of permeation tubes.  In part of Chapter 3 and all of Chapter 5, gas phase 

TMA was generated by flowing dry air over pure TMA in a permeation tube (VICI Metronics, 

993 ng/min) that was held in a water bath at room temperature.  In Chapter 4, air was flowed 

over pure MA in permeation tubes (VICI Metronics, 72 ng/min or 1003 ng/min) that were kept 

in a water bath at ambient temperature to generate gas-phase MA.  All amines were quantified by 

a technique developed in this lab.170  TMA/MA was collected onto a weak cation exchange resin, 

which was placed prior to its point of entry into the flow reactor, extracted with 10 mL of oxalic 

acid (Fluka, 0.1 M) and then analyzed by ion chromatography (IC; Metrohm, model 850 or 

Dionex, ICS-1100).  Purity of the amines generated by the permeation tubes was confirmed by 
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IC, neither the TMA nor the MA permeation tube had NH3 or other amine contamination (Table 

1.2). 

 

Table 1.2 Summary of amine sources. 

Amine Source Note 

trimethylamine (TMA) gas cylinder NH3 contamination 

TMA permeation tube no contamination 

methylamine (MA) permeation tube no contamination 

 

1.3.2.3 Organics 
 
To generate gas phase octanol (Sigma-Aldrich, anhydrous 99%), air flowed over the liquid that 

was held in a trap and kept at room temperature.  The gas phase dicarboxylic acids were each 

produced by flowing dry air over the respective pure solids, which were heated in a water bath to 

340 K for MaA (Alfa Aesar, 99%), 343K for SuA (Sigma-Aldrich, ≥ 99%) and 303 K for OxA 

(Aldrich, 98%).  Presence of the gas phase dicarboxylic acid was confirmed by atmospheric 

pressure chemical ionization tandem mass spectrometry (Waters, Xevo TQ-S).  Due to losses in 

the sampling line, quantitative measurements of the organics were not possible, so the 

concentrations of 1-octanol, MaA and OxA were calculated based on their respective vapor 

pressure.158, 159  As a result, the reported concentrations represent an upper limit.   

 

1.3.2.4 Water 
 
Humid conditions were obtained by flowing dry air through a bubbler filled with 18.2 MΩ cm 

water, which was held in a water bath at ambient temperature to offset the decrease in 
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temperature due to evaporative cooling.  Relative humidity (RH) was measured by an RH probe 

(Vaisala, Type HMP 234) positioned in the downstream end cap.  Note that for experiments done 

under dry conditions, the RH probe in the reactor measured < 3% RH. 

 

1.3.3 Detectors 
 
 
Time dependencies of particle size distributions and number concentrations were measured with 

a scanning mobility particle sizer (SMPS; TSI, classifier model 3080, nano differential mobility 

analyzer (nano DMA) model 3085, and condensation particle counter (CPC) model 3776) 

attached to the sample line.  During experiments the SMPS took three scans at each reaction 

time.  Reported SMPS values were averaged over the three scans and errors (2𝜎) were calculated 

from the triplicate measurements.  For some experiments, number concentrations were measured 

directly with the n-butanol based CPC in place of the SMPS.  CPC data represent measurements 

taken over a 60 s or 120 s sample time with a 1 s average interval.  In Chapters 3 – 5, number 

concentrations including the smallest of detectable particles were obtained using a diethylene 

glycol based particle size magnifier (PSM; AirModus, Model A10); the cutoff diameter is 

roughly 1.4 nanometers for ammonium sulfate particles.  Measurements with the PSM were 

taken over a 60 s sample time.   

 

TSI specifies a 2.5 nm cutoff, but studies have shown that CPC detection efficiency is dependent 

on particle composition.171-175  It is expected that the MSA-amine particles formed in this system 

are similar in composition to the ammonium sulfate particles used for PSM calibration and there 

is no data that suggest the MSA-amine or organic-MSA-amine particles with and without water 

behave differently in the PSM.  However, as demonstrated in Chapter 2, in the presence of water 
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the organic-MSA-amine particles may be different than the sucrose particles used for CPC 

calibration, which has implications for detection efficiency in the CPC.  In most cases, particles 

were larger than 2.5 nm and the CPC and PSM produced similar data. 

 

1.3.4 Measurement Scheme 
 
 
The effect of a single gas phase component (organic, MSA, amine, H2O) was investigated by 

comparing particle number concentrations and size distributions when the selected species was 

added to a “base case” that had two (typically MSA + amine) or three components (typically 

MSA + amine + H2O).  Note that the selected components were present during particle 

formation, not added after particles had been formed from the base case reactants.  This 

juxtaposition of number concentrations and particle sizes measured with and without the variable 

reactant isolates the effect of the reactant and obviates the challenge of attaining identical 

conditions in the aerosol flow reactor from day to day, which is experimentally challenging.  
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CHAPTER 2 THE EFFECT OF 1-OCTANOL ON THE REACTION OF MSA 
AND TMA WITH AND WITHOUT WATER 

 
 

2.1  RESEARCH GOALS 
 
 
Previous work done in this lab showed that MSA and TMA form a significant number of 

particles and that particle formation is enhanced with increased RH.130, 133  The goal of this work 

is to investigate the effect, if any, of octanol on particle formation and growth on the reaction of 

MSA, TMA and water.  With six total inlets, order of addition of the acid, base and organic can 

be manipulated to determine if reactant sequence affects particle formation and growth in the 

aerosol reactor.  The first studies done with the newly built aerosol reactor also focused on 

determining the sensitivity of the system to the order of addition of reactants.  Results of this 

study are summarized in Table 2.1 presented at the end of Section 2.2. 

 

2.2  INITIAL RESULTS AND DISCUSSION 
 
 
It is important to note that the TMA used in this set of experiments came from a gas cylinder that 

was later determined to be contaminated with NH3.  Previous work has shown large 

enhancement of particle formation with sulfuric acid and mixtures of ammonia and amines 

compared to sulfuric acid and the amine alone.60, 64  A comparison of particle formation from 

MSA and TMA from the contaminated gas cylinder versus TMA from the permeation tube 

confirms that, at the same concentration of acid and “amine,” the TMA/NH3 mixture is more 

efficient than the comparable rate of particle formation from MSA and TMA alone (similar to 

results from the analogous sulfuric acid reactions).  The biggest effect the contamination has on 
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the data presented here is on the particle number concentrations from MSA and “TMA,” which 

are likely elevated due to the presence of NH3.  

 

Figure 2.1 shows the size distributions of the base case with MSA and TMA alone compared to 

those in the presence of octanol.  With all three reactants added through the spokes (Figure 2.1b), 

number concentrations decreased in the presence of octanol compared to the base case and 

particles did not grow.   

 

   
 
Figure 2.1 Average size distributions from triplicate measurements with the SMPS 
comparing the base case reaction of (a) MSA (~14 ppb) + TMA (1.0 ppb) (b) with octanol 
(5.9 ppm) where all reactants were added through the spokes as shown; errors excluded for 
clarity.  Reaction times indicated in the figure corresponds to the time reactants interacted 
in the reactor, with t = 0 corresponding to the time MSA is introduced at spoke #1.  See 
Table 2.1, Expt. 1. 

 
To determine the expected time it takes for TMA to react with MSA, the hard sphere collision 

rate was calculated from Equation 2.1 where kB is the Boltzmann constant, T is the temperature, 

and the radii of MSA and TMA were estimated from the largest distance between atoms in the 

respective molecule. 
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   𝒌 = 	𝝅(𝒓𝑴𝑺𝑨 + 𝒓𝑻𝑴𝑨)𝟐
𝟖𝒌𝑩𝑻
𝝅𝝁

                 Equation 2.1 

This approach is based off work done by Dawson et al.133 who successfully reproduced 

experimentally observed particles from MSA and TMA with a diffusion-controlled kinetics 

model.  The lifetime of TMA with respect to reaction with MSA (τ = 0.01 s) is smaller than the 

time between spokes (0.25 s), so it is expected that MSA and TMA reacted prior to meeting 

octanol.  However, results did not change when the spoke inlets for TMA and octanol were 

switched.  Such results indicate that order of addition was inconsequential when all three 

reactants came through the spokes, perhaps due to the effective mixing at the spokes facilitated 

by the radially directed inlet perforations (Figure 1.3).   

 

The order of addition to the flow reactor was changed to allow MSA and TMA to enter through 

the ring inlets and react upstream, roughly 4 s before meeting octanol, which was introduced 

through spoke #1.  This configuration was intended to probe the effect of octanol on particle 

growth.  In Figure 2.2, a small decrease (< 20% reduction) in the size distributions is observed in 

the octanol, MSA, TMA system, but this is not considered significant.  The presence of octanol 

does not significantly affect particle number concentration or particle size compared to the base 

case of MSA and TMA alone.  When octanol was introduced after MSA and TMA reacted, 

particles only grew to ~6 – 7 nm.   
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Figure 2.2 Average size distributions from triplicate measurements with the SMPS 
comparing the base case reaction of (a) MSA (8.4 ppb) + TMA (1.5 ppb) (b) with octanol 
(29 ppb) where all reactants were added through the inlets in the reactor as shown; errors 
excluded for clarity.  Reaction times indicated in the figure corresponds to the time 
reactants interacted in the reactor, with t = 0 corresponding to the time MSA is introduced 
at ring #2.  See Table 2.1, Expt. 6.  

 
Particles were expected to grow via condensation of octanol, which is affected by opposing 

forces: (1) the Kelvin effect, an increase of vapor pressure due to particle curvature, and (2) 

Raoult’s law, a decrease of vapor pressure due to the solute effect.  To explain this stunted 

growth, a Köhler curve (Figure 2.3), derived from the balance between the Kelvin effect and 

Raoult’s law, was calculated for the growth of a 6 nm MSA-TMA particle in octanol (Figure 

2.2).  It must be noted that the Kelvin effect and Raoult’s law depend on bulk liquid properties, 

therefore the Köhler curve is used here as an approximation for the growth (or lack thereof) of an 

MSA-TMA particle in the presence of octanol in the aerosol reactor.11  
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Figure 2.3 Köhler curve calculated for growth of a 6 nm MSA-TMA particle in octanol 
with critical supersaturation, S, relative to the vapor pressure of 1-octanol. 

 
The effective saturation in the aerosol flow reactor under these conditions was determined to be 

roughly –0.5, which may explain why in Figure 2.2 the mean diameter is only 6 – 7 nm. 

According to the Köhler curve in Figure 2.3, critical supersaturation (~0.2) is achieved at ~16 

nm.  MSA-TMA particle growth was likely restricted to 6 – 7 nm in the presence of octanol 

because, within the reactor, supersaturation was not high enough to support further condensation 

of octanol onto particles. 

 
The order of addition was repeated under humid conditions and results are shown in Figure 2.4.  

Octanol had no effect on particle formation and did not promote particle growth compared to the 

base case of MSA + TMA + H2O.  It has been shown that compared to the MSA-TMA base case, 

particle formation is enhanced and particle size is increased in the presence of water.130, 133  In 

these studies water provided additional hydrogen bonding sites that aided in the growth of 

clusters to detectable sizes.130, 133  In Chen et al.130 particle formation from MSA, TMA and 

water was very sensitive to the order of addition to the flow reactor.  When water was present 

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

Su
pe

rs
at

ur
at

io
n,

 S

2520151050
Diameter (nm)

Predicted for 
MSA-TMA particle 
in liquid octanol 

Critical S

reactor
conditions

agrees with
observations



 20 

with MSA and TMA, particle formation was more efficient and particle sizes were larger than 

the dry base case scenario.130  However, water had no effect on particle formation and a small 

effect on particle growth when it was added ~12 s after MSA and TMA had time to react.130  

Octanol was expected to act similarly to water and provide hydrogen bonding opportunities for 

growth of MSA-TMA-H2O clusters.  In Figure 2.4 the amount of water vapor (2.1 × 1017 

molecules cm–3) is orders of magnitude larger than that of octanol (2.5 × 1012 molecules cm–3), 

perhaps drowning out any effect of the octanol.  This configuration shows that once MSA-TMA-

H2O clusters are formed there is no effect with octanol.   

 

  

Figure 2.4 Average size distributions from triplicate measurements with the SMPS 
comparing the reaction of (a) MSA (2.8 ppb) + TMA (2.1 ppb) (b) with H2O (35% RH) and 
(c) with octanol (100 ppb) where all reactants were added through the inlets in the reactor 
as shown; errors excluded for clarity.  Reaction times indicated in the figure corresponds to 
the time reactants interacted in the reactor, with t = 0 corresponding to the time MSA is 
introduced at ring #2.  See Table 2.1, Expt. 14.  

 
With the last configuration tested, water was introduced through ring #1, octanol through ring 

#2, MSA through spoke #1, and TMA through spoke #2; it was presumed that all reactants met 

at the same time, similar to the configuration in Figure 2.1.  Figure 2.5 shows suppression of 
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particle formation in the presence of octanol.  This configuration (Figure 2.5) was only measured 

once, but these results combined with Table 2.1 Expts. 1, 2 (done without water) may suggest 

that octanol slightly suppresses particle formation if octanol, MSA and TMA (and water) are 

introduced at the same time.   

 

  

Figure 2.5 Average size distributions from triplicate measurements with the SMPS 
comparing the base case reaction of (a) MSA (2 ppb) + TMA (0.6 ppb) + H2O (45% RH) 
(b) with octanol (100 ppb) where all reactants were added through the inlets in the reactor 
as shown; errors excluded for clarity.  Reaction times indicated in the figure corresponds to 
the time reactants interacted in the reactor, with t = 0 corresponding to the time MSA is 
introduced at spoke #1.  See Table 2.1, Expt. 17. 

 
The set of experiments conducted in this series is incomplete, but results from Table 2.1 show 

that under both dry and humid conditions, octanol does not have a significant effect on number 

concentration or particle size when added after MSA and TMA have reacted.  However, if 

octanol, MSA and TMA (and water) are introduced at the same time, results suggest that octanol 

does not grow particles and suppresses particle formation.  These initial results warranted a 

closer look to determine if observations were truly due to the presence of octanol or were due to 

a systematic error. 
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Table 2.1 Conditions and results for MSA + TMA and MSA + TMA + H2O experiments 
done with and without octanol. 

Expt. Ring #1 Ring #2a,b Ring #3a Spoke  
#1a,b 

Spoke  
#2 a,b 

Spoke  
#3 a,b Result 

1a dry air - - ~14 ppb 
MSA 

1.0 ppb 
TMA dry air base case 

1b dry air - - ~14 ppb 
MSA 

1.0 ppb 
TMA 

5.9 ppm 
octanol < c 

2a dry air - - ~7 ppb 
MSA dry air 1.0 ppb 

TMA base case 

2b dry air - - ~7 ppb 
MSA 

2.9 ppm 
octanol 

1.0 ppb 
TMA < 

3a dry air 7.2 ppb 
MSA 

2.7 ppb 
TMA dry air dry air dry air base case 

3b dry air 7.2 ppb 
MSA 

2.7 ppb 
TMA 

59 ppb 
octanol dry air dry air 0 d 

4a dry air 6.9 ppb 
MSA 

3 ppb 
TMA dry air dry air dry air base case 

4b dry air 6.9 ppb 
MSA 

3 ppb 
TMA 

29 ppb 
octanol dry air dry air 

<  
(21% 

decrease) 

5a dry air 23.1 ppb 
MSA 

2.3 ppb 
TMA dry air dry air dry air base case 

5b dry air 23.1 ppb 
MSA 

2.3 ppb 
TMA 

29 ppb 
octanol dry air dry air 0  

6a dry air 8.4 ppb 
MSA 

1.5 ppb 
TMA dry air dry air dry air base case 

6b dry air 8.4 ppb 
MSA 

1.5 ppb 
TMA 

29 ppb 
octanol dry air dry air 0 

7a dry air 7.8 ppb 
MSA 

5.1 ppb 
TMA dry air dry air dry air base case 

7b dry air 7.8 ppb 
MSA 

5.1 ppb 
TMA 

29 ppb 
octanol dry air dry air 0  

8a dry air 2 ppb 
MSA 

10.2 ppb 
TMA dry air dry air dry air base case 

8b dry air 2 ppb 
MSA 

10.2 ppb 
TMA 

5.9 ppm 
octanol dry air dry air X e 

9a dry air 2.8 ppb 
MSA 

10.2 ppb 
TMA dry air dry air dry air base case 

9b dry air 2.8 ppb 
MSA 

10.2 ppb 
TMA 

100 ppb 
octanol dry air dry air X 

10a dry air 1.9 ppb 
MSA 

31.8 ppb 
TMA dry air dry air dry air base case 



 23 

10b dry air 1.9 ppb 
MSA 

31.8 ppb 
TMA 

100 ppb 
octanol dry air dry air 

> f  
(20% 

increase) 

11a g 40% 
RH 

5 ppb 
MSA 

3.5 ppb 
TMA dry air dry air dry air base case 

11b 40% 
RH 

5 ppb 
MSA 

3.5 ppb 
TMA 

5.9 ppm 
octanol dry air dry air 0 

12a 45% 
RH 

3.1 ppb 
MSA 

1.6 ppb 
TMA dry air dry air dry air base case 

12b 45% 
RH 

3.1 ppb 
MSA 

1.6 ppb 
TMA 

100 ppb 
octanol dry air dry air 

<  
(27% 

decrease) 

13a 40% 
RH 

1.7 ppb 
MSA 

31.8 ppb 
TMA dry air dry air dry air base case 

13b 40% 
RH 

1.7 ppb 
MSA 

31.8 ppb 
TMA 

100 ppb 
octanol dry air dry air 0 

14a 35% 
RH 

2.8 ppb 
MSA 

2.1 ppb 
TMA dry air dry air dry air base case 

14b 35% 
RH 

2.8 ppb 
MSA 

2.1 ppb 
TMA 

100 ppb 
octanol dry air dry air 0 

15a 35% 
RH 

5.8 ppb 
MSA 

5.1 ppb 
TMA dry air dry air dry air base case 

15b 35% 
RH 

5.8 ppb 
MSA 

5.1 ppb 
TMA 

29 ppb 
octanol dry air dry air 0 

16a dry air dry air dry air 2.3 ppb 
MSA 

1.8 ppb 
TMA dry air base case 

16b dry air 100 ppb 
octanol dry air 2.3 ppb 

MSA 
1.8 ppb 
TMA dry air 0 

17a 45% 
RH dry air dry air dry air 0.6 ppb 

TMA dry air base case 

17b 45% 
RH 

100 ppb 
octanol dry air 2 ppb MSA 0.6 ppb 

TMA dry air <  
a Concentrations of MSA and TMA are measured prior to their entrance to the reactor.  These 
concentrations account for dilution in the reactor and, due to potential losses in the entrance 
lines, represent the maximum concentration of each species during reaction.  Values are in bold-
face font when in excess. 
b Octanol concentration is calculated from its vapor pressure at 298 K158 taking into account 
dilution in the flow reactor.  As discussed in the text, this is the maximum concentration of 
octanol during reaction. 
c “<” means at least a 20% decrease in particle number concentration was observed compared to 
the base case.  
d “0” means the change in particle number concentration was < 20% increase or decrease 
compared to the base case.  
e “X” means there was large variability and consequently large error in particle number 
concentration compared to the base case.  
f “>” means at least a 20% increase in particle number concentration was observed compared to 
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the base case. 
g Blue highlight indicates experiment was done with water. 
 

2.3 DATA VERIFICATION 
 
 
To determine whether the suppression of particle formation from octanol + MSA + TMA (+ 

H2O) was a result of a reduced CPC counting efficiency, both gas phase octanol and water vapor 

were added to the sheath air of the nano DMA as shown in Figure 2.6.  In this set of experiments 

only MSA and TMA were added through ring #2 and #3, respectively, to the reactor.  To achieve 

humid conditions in the reactor, water vapor was added through ring #1, otherwise only dry air 

was added through all other inlets to maintain a total flow of 17 Lpm.  The formed MSA-TMA 

particles were charged in the classifier and simultaneously size selected and introduced to 

octanol and/or water vapor in the nano DMA then counted by the CPC 3776, an n-butanol based 

CPC.   

 

Figure 2.6 Schematic of addition of octanol and water vapor to the DMA. 



 25 

In Figure 2.7 the MSA-TMA particle number concentration was not steady even after 70 minutes 

of conditioning in the flow reactor.  With added octanol in the DMA, particle number decreased 

and continued to do so once water vapor (< 50% RH) was added to the DMA and after water 

vapor (40% RH) was added through ring #1 of the reactor.  The geometric mean diameter was 

unaffected by the addition of octanol and water to the nano DMA, but particle growth is 

observed in the presence of water with MSA and TMA in the reactor.  

 

 

 

Figure 2.7 Average particle number concentrations and geometric mean diameters (GMD) 
from triplicate measurements with the SMPS of MSA (5.1 ppb), TMA (3.6 ppb), and H2O 
(40% RH) where all reactants were added through the inlets in the reactor as shown and 
with added octanol and water in the nano DMA; errors are (2𝜎).  

 



 26 

As seen in previous studies130, 133 and in Figure 2.8 the SMPS measured larger MSA-TMA-H2O 

particles and enhanced particle formation with water, compared to the base case (MSA and TMA 

only).  Particle formation enhancement with water is not seen in Figure 2.7 indicating that the 

larger sized particles may be from coagulation of clusters/particles.  At these time scales 

coagulation is expected if particle concentration exceeds 107 particles cm–3,9 which is 1 – 2 

orders of magnitude higher than the particle concentrations measured in these experiments.  This 

observed particle growth and absence of particle enhancement with added water in ring #1 of the 

reactor was reproducible.  It is possible that coagulation occurred in the humidified DMA.    

 

 

   

Figure 2.8 Average size distributions from triplicate measurements with the SMPS 
comparing the reaction of (a) MSA (3.1 ppb) + TMA (1.6 ppb) (b) with H2O (45% RH) 
where all reactants were added through the inlets in the reactor as shown; errors excluded 
for clarity.  

 
The sample line of the aerosol reactor was directly connected to the CPC to further investigate 

the effect of octanol and/or water on the CPC’s ability to count octanol-MSA-TMA or octanol-

MSA-TMA-H2O particles.  Figure 2.9 shows the MSA + TMA particle number concentration 
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steadily decreased over 60 minutes of conditioning and proceeded to go down in the presence of 

octanol for an additional 60 minutes.  Once water was added through ring #1, the CPC did not 

detect any particles.  Particle number concentration rebounded as soon as water was removed 

from the system.  In Figure 2.10a, with MSA and TMA only, a burst of octanol was quickly 

added to and removed from the reactor within the 120 s sample time, but the number 

concentration did not change.   

 

It is unclear if octanol alone influences the CPC’s ability to count particles since particle 

concentrations with MSA and TMA were not steady in Figure 2.7 or in Figure 2.9.  Octanol does 

not have a drastic effect on number concentrations in Figure 2.9 or Figure 2.10a when added to 

or removed from the system.  However, it can take hours to purge octanol from the system so it 

is likely that octanol was not completely removed from the reactor in the time frame of the 

measurements, even if it was not actively added through spoke #1.  In Figure 2.10b, after the 

burst of octanol, a burst of water was similarly added and removed from the reactor, which 

immediately reduced measured number concentrations.  The CPC is sensitive to the effect of 

water in these measurements.  With all four components (octanol, MSA, TMA and H2O) in the 

reactor number concentrations drop and rebound within seconds of adding and removing water.  

 

 

 

  



 28 

 

 

Figure 2.9 Particle number concentrations measured with the CPC with MSA (5.7 ppb), 
TMA (3.6 ppb), octanol (590 ppb) and water in the reactor where all reactants were added 
through the inlets as shown; errors (2𝜎) are from a two minute sample time with the CPC.  
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Figure 2.10 Particle number concentrations measured directly with the CPC with MSA 
(5.7 ppb), TMA (3.6 ppb) and (a) a burst of octanol (590 ppb) and then (b) a burst of H2O 
(11% RH) in the reactor, where all reactants were added through the inlets as shown.   

 
SMPS measurements show that octanol does not have an effect if it is added after MSA-TMA-

H2O particles form, the same configuration in the experiments for Figure 2.9 and Figure 2.10b. 

However, CPC measurements (Figure 2.9 and Figure 2.10b) suggest that the presence of water 

and octanol, which are always in excess of MSA and TMA, prevents efficient counting in the 

CPC.  Note that the CPC water removal pump was not on during these measurements, which 

could pose issues for the butanol reservoir if experiments are done at large RHs.176  However, the 

butanol reservoir was not contaminated with water at the RHs in any of the experiments done 

here.   

 

Briefly, the portion of the CPC that is important for particle counting is composed of (1) a 

saturator, where n-butanol (the working fluid) is heated to create a supersaturated sheath air; (2) 
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a condenser, where the sampled particles meet the supersaturated butanol and grow by 

condensation of butanol; and (3) an optical detector that counts particles that have grown to 

droplet sizes.  The Kelvin equation (Equation 2.2) relates the saturation ratio to the minimum 

particle diameter needed to support condensational growth of the supersaturated vapors, where p 

is the actual partial vapor pressure, ps is the saturation vapor pressure, 𝛾 is the surface tension of 

the condensing fluid, M is the molecular weight of the condensing fluid, 𝜌 is the density of the 

condensing fluid, R is the universal gas constant, T is the absolute temperature, and d is the 

Kelvin diameter.   

𝒔𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏	𝒓𝒂𝒕𝒊𝒐 = 	 𝒑
𝒑𝒔
= 	𝒆𝒙𝒑 𝟒𝜸𝑴

𝝆𝑹𝑻𝒅
    Equation 2.2 

The saturation ratio is sensitive to the temperature difference (∆T) between the saturator (Ts = 

312 K) and the condenser (Tc = 283 K).176-178  A decrease in ∆T could be caused by (1) a 

decrease in Ts, lowering the amount of butanol vapor available for condensing, or (2) an increase 

in Tc, reducing the extent of supersaturation in the condenser; these effects would reduce the 

saturation ratio.177, 178  A decrease in saturation ratio would shift the CPC cutoff diameter, D50, to 

larger sizes.177, 178  D50 is the size at which counting efficiency is 50%.  Perhaps a brief increase 

in the CPC condenser temperature occurs in the presence of octanol with added H2O that causes 

a shift in the saturation ratio and, consequently, an increase in the D50.  If the D50 increases, then 

particles at sizes typically activated in the condenser could not grow by condensation and would 

go undetected. 

 

The counting efficiency of the CPC used in these experiments has been shown to be composition 

dependent (Table 2.2).  The manufacturer used a nonpolar substance to determine the stated 2.5 

nm cutoff diameter.  However, other studies have shown larger D50 for the CPC 3776 for 
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different substances.172, 175  The D50 is a function of the particle activation efficiency in the CPC 

condenser, which determines whether or not a particle will grow by condensation of the working 

fluid.179  The differences in D50 indicate that particle activation in the CPC is dependent on 

chemical properties of the particle and the condensing working fluid.172, 174, 175  With all four 

components in the flow reactor, it is likely that the particle composition is different than sucrose, 

which TSI used to calibrate the CPC.176  If this were the case the octanol-MSA-TMA-H2O 

particles would not activate in the condenser tube and would not grow large enough to be 

counted by the CPC optical detector.   

 

Table 2.2 Counting efficiencies of the n-butanol based CPC 3776 (TSI) from the literature. 

Substance D50 (nm) 

sucrose 2.5176 

NaCl 4.1172 

silver 
3.3172 

3.2175 

 
 

2.4 EXPERIMENTAL IMPLICATIONS 
 
 
Due to the challenging measurements with the CPC and octanol, MSA, TMA and H2O, a less 

volatile organic with a different functional group was chosen for the next study presented in 

Chapter 3.  These initial experiments described in this chapter are unfinished, but the results 

indicate that the flow reactor is affected by the order of addition of the reactants.  The 

experimental practice of measuring the base case in order of descending reaction time (14.2 s 

down to 0.8 s) then turning on the octanol and measuring in order of increasing reaction time 
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(0.8 s up to 14.2 s) was intended to detect the immediate effect of the octanol at the shortest 

reaction time.  This practice did not allow for a clear and consistent comparison of the effect of 

octanol at longer reaction times.  Therefore, in part of Chapter 3 and all of Chapters 4 and 5, 

measurements were done at alternating reaction times (i.e. in the following order: 12.4 s, 7.6 s, 

3.8 s, 0.8 s, 1.3 s, 5.1 s, 10.1 s) to avoid sampling bias with time.  These initial experiments 

showed discrepancies in results obtained with the SMPS versus the CPC, results in Chapter 3 

through Chapter 5 were done with at least two of the three detectors (SMPS, CPC, and PSM) to 

confirm the conclusions presented. 

 

2.5 FUTURE DIRECTIONS 
 
 
If this project were to be further explored, it is recommended that experiments be repeated.  Most 

importantly, experiments should be repeated using pure TMA from a permeation tube to 

compare results reported here.  Control experiments with octanol and water only in the reactor 

should be done with the CPC to test the validity of a temperature change in the condenser.  The 

reactant order of addition to the flow reactor should be further tested with the CPC to determine 

if the CPC responds similarly when MSA, TMA and octanol are all added through the spokes.   
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CHAPTER 3 THE EFFECT OF MALONIC ACID ON THE REACTION OF 
MSA AND TMA WITH AND WITHOUT WATER 

 
 

3.1 RESEARCH GOALS 
 
 
Building off the work done in Chapter 2, an organic compound with a lower vapor pressure and 

more opportunities to hydrogen bond was selected for further experiments.  Malonic acid (MaA) 

is a C4 dicarboxylic acid and is considered an SVOC at room temperature.  Experiments on the 

effect of MaA on the reaction of MSA, TMA and water were carried out in the aerosol reactor.  

Reactant sequence effects were inconclusive from the octanol studies, so the effect of order of 

addition to the reactor were again investigated.  Very preliminary experiments including another 

SVOC, succinic acid (SuA), were conducted as a comparison to MaA.  Structures including 

clusters of MaA, SuA, MSA and TMA (from a collaboration with Professer R. Benny Gerber) 

were calculated and are presented in this chapter. 

 

3.2 INITIAL RESULTS AND DISCUSSION 
 
 
A majority of the experiments done here used TMA from the contaminated gas cylinder 

(italicized entries in Tables 3.1, 3.2, 3.3, and 3.5) and the remaining experiments generated gas 

phase TMA from a permeation tube (non-italicized entries in Table 3.2 and Table 3.4).  As 

previously mentioned in Chapter 2, Section 2.2, particle formation was greatly enhanced from 

sulfuric acid and a mixture of ammonia and amines compared to that from sulfuric acid and pure 

amine.60, 64  The biggest impact of the gas cylinder contamination is the increased rate of particle 

formation from MSA and TMA/NH3.  Table 3.1 shows control experiments with MaA and TMA 

in the absence and presence of water.  Results confirm that, even with the NH3 contamination, 
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MaA and TMA does not form particles without water and in the presence of water less than 50 

particles cm–3 form.   

 

Table 3.1 Control experiments, where no MSA was added, and results for the malonic acid 
(MaA), TMA (from the contaminated gas cylinder) and water system.  

Expt. Ring #1 Ring #3a Spoke #1b General Results 
1 dry air 5 ppb TMA c 59 ppb MaA no particles 
2 dry air 24 ppb TMA 59 ppb MaA no particles 
3d 32% RH 5 ppb TMA 59 ppb MaA < 50 particles cm–3 
4 32% RH 24 ppb TMA 59 ppb MaA < 50 particles cm–3 

Note: Only dry air was added through ring #2, spoke #2 and spoke #3.  
a Concentrations of TMA are measured prior to their entrance to the reactor.  These 
concentrations account for dilution in the reactor and, due to potential losses in the entrance 
lines, represent the maximum concentration of each species during reaction. 
b MaA concentration is calculated from its vapor pressure at 340 K159 taking into account 
dilution in the flow reactor.  As discussed in the text, this is the maximum concentration of 
malonic acid during reaction. 
c Italicized entries indicate that the TMA source was the contaminated gas cylinder. 
d Blue highlight indicates experiment was done with water. 
 
 
In Figure 3.1, particle number concentrations from MSA, H2O and the contaminated TMA/NH3 

gas cylinder are compared to those from MSA, H2O and TMA from the permeation tube.  The 

number concentration with the contaminated gas cylinder peaks at ~2 × 105 cm–3.  At the same 

concentration of TMA and roughly double the concentration of MSA, the number concentration 

with the permeation tube reaches ~2.5 × 104 particles cm–3.  There is nearly an order of 

magnitude difference due to the ammonia contamination in the TMA gas cylinder.  Glasoe et 

al.60 observed an enhancement of 20 – 100 times more particles with added NH3 (200 ppt) to 

methylamine or dimethylamine, sulfuric acid and water.  Under conditions with excess MSA and 

water, the MSA hydrate is expected to aid in particle formation and growth of MSA-TMA-H2O 

particles.130, 133  Therefore, it is even more jarring that the peak number concentration from 11 
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ppb MSA, 5 ppb TMA and water (20% RH) is lower than that from 6 ppb MSA, 5 ppb 

TMA/NH3 and water (23% RH).  It is important to note that comparisons across experiments are 

uncertain due to the variability of the reactor between days, but this elevated number 

concentration from experiments done with the contaminated TMA gas cylinder is reproducible.   

  

Figure 3.1 Particle number concentrations measured with the PSM with MSA (11 ppb), 
TMA (5 ppb, permeation tube) and water (20% RH) shown in black and MSA (6 ppb), 
TMA (5 ppb, contaminated gas cylinder) and water (23% RH) shown in gray; where all 
reactants were added through the inlets as shown; errors (2𝜎) are from one minute sample 
time.  Reaction times indicated in the figure corresponds to the time reactants interacted in 
the reactor, with t = 0 corresponding to the time MSA is introduced at ring #2.  Lines are 
intended to guide the eye.  See Table 3.2, Expt. 16a and 21a. 

 
In Table 3.2, Experiments 5 – 15 are too inconsistent to conclude the true effect of adding MaA 

after MSA and TMA particles have formed under dry conditions.  On the other hand, number 

concentrations with MaA, are less than twice that of MSA, TMA and H2O alone (Figure 3.2).  

These results qualitatively agree with those done with octanol (Chapter 2, Section 2.2), 

suggesting that MSA-TMA-H2O particles will not hydrogen bond to an added IVOC alcohol or 

SVOC dicarboxylic acid and subsequently grow in size.  An attempt to test a less volatile 

dicarboxylic acid was made, however, SuA could not be detected when introduced through the 

spoke inlets, likely due to its lower volatility.    
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Figure 3.2 Particle number concentrations measured with the PSM with MSA (6 ppb), 
TMA (5 ppb, contaminated gas cylinder), malonic acid (59 ppb) and water (23% RH) in the 
reactor where all reactants were added through the inlets as shown; errors (2𝜎) are from 
one minute sample time.  Note that number concentrations for MaA + MSA + TMA 23% 
RH may be underestimated due to higher coincidence in particle counting from the CPC 
above 3 × 105 cm-3.  Reaction times indicated in the figure corresponds to the time 
reactants interacted in the reactor, with t = 0 corresponding to the time MSA is introduced 
at ring #2.  Lines are intended to guide the eye.  See Table 3.2, Expt. 21. 
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Table 3.2 Conditions and results for experiments done with MSA added through ring #2, 
TMA (from either the contaminated gas cylinder or the permeation tube, indicated in the 
footnotes) added through ring #3 and with and without malonic acid (MaA) added through 
spoke #1. 

Expt. Ring #1 Ring #2a Ring #3a Spoke #1b General 
Results 

Conditioning 
Time (mins) 

5a  dry air 10 ppb MSA 2 ppb TMA c dry air base case  
5b dry air 10 ppb MSA 2 ppb TMA 59 ppb MaA 0 d 60 
6a dry air 5 ppb MSA 5 ppb TMA dry air base case  
6b dry air 5 ppb MSA 5 ppb TMA 59 ppb MaA – e 80 
7a dry air 5 ppb MSA 5 ppb TMA dry air base case  
7b dry air 5 ppb MSA 5 ppb TMA 59 ppb MaA + f 60 
8a dry air 5 ppb MSA 5 ppb TMA dry air base case  
8b dry air 5 ppb MSA 5 ppb TMA 59 ppb MaA – 60 
9a dry air 5 ppb MSA 5 ppb TMA dry air base case  
9b dry air 5 ppb MSA 5 ppb TMA 59 ppb MaA – 60 
10a dry air 4 ppb MSA 5 ppb TMA dry air base case  
10b dry air 4 ppb MSA 5 ppb TMA 59 ppb MaA – 30 
11a dry air 4 ppb MSA 4 ppb TMA dry air base case  
11b dry air 4 ppb MSA 4 ppb TMA 59 ppb MaA 0 20 
12a dry air 7 ppb MSA 5 ppb TMA dry air base case  
12b dry air 7 ppb MSA 5 ppb TMA 59 ppb MaA 0 0 
13a dry air 12 ppb MSA 5 ppb TMA dry air base case  
13b dry air 12 ppb MSA 5 ppb TMA 59 ppb MaA 0 0 
14a  dry air 10 ppb MSA 7 ppb TMAg dry air base case  
14b dry air 10 ppb MSA 7 ppb TMA 59 ppb MaA 0 0 
15a dry air 1 ppb MSA 13 ppb TMA dry air base case  
15b dry air 1 ppb MSA 13 ppb TMA 59 ppb MaA – 0 
16a h 20% RH 11 ppb MSA 5 ppb TMA dry air base case  
16b 20% RH 11 ppb MSA 5 ppb TMA 59 ppb MaA 0 20  
17a 20% RH 13 ppb MSA 5 ppb TMA dry air base case  
17b 20% RH 13 ppb MSA 5 ppb TMA 59 ppb MaA 0 10  
18a 19% RH 0.8 ppb MSA 24 ppb TMA dry air base case  
18b 19% RH 0.8 ppb MSA 24 ppb TMA 59 ppb MaA 0 50  
19a 20% RH 6 ppb MSA 10 ppb TMA dry air base case  
19b 20% RH 6 ppb MSA 10 ppb TMA 59 ppb MaA 0 0  
20a 16% RH 5 ppb MSA 4 ppb TMA dry air base case  
20b 16% RH 5 ppb MSA 4 ppb TMA 59 ppb MaA 0 40  
21a 23% RH 6 ppb MSA 5 ppb TMA dry air base case  
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21b 23% RH 6 ppb MSA 5 ppb TMA 59 ppb MaA 0 40  
22a 17% RH 5 ppb MSA 4 ppb TMA dry air base case  
22b 17% RH 5 ppb MSA 4 ppb TMA 59 ppb MaA 0 35  

Note: Only dry air was added through spoke #2 and spoke #3.  
a Concentrations of MSA and MA are measured prior to their entrance to the reactor.  These 
concentrations account for dilution in the reactor and, due to potential losses in the entrance 
lines, represent the maximum concentration of each species during reaction.  Values are in bold-
face font when in excess. 
b MaA concentration is calculated from its vapor pressure at 340 K159 taking into account 
dilution in the flow reactor.  As discussed in the text, this is the maximum concentration of 
malonic acid during reaction. 
c Italicized entries indicate that the TMA source was the contaminated gas cylinder. 
d “0” indicates the observed number concentration due to the added MaA was between 0.5 to 2 
times the base case number concentration.  
e “–” represents ≥ 0.5 times less particles were observed due to the added MaA. 
f “+” represents ≥ 2 times more particles were observed due to the added MaA. 
g Non-italicized entries indicate that the TMA source was the permeation tube. 
h Blue highlight indicates experiment was done with water vapor. 
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Experiments were performed with MaA and TMA introduced through ring #2 and #3, 

respectively, and MSA in spoke #1.  This configuration was intended to elucidate how MSA 

would react when meeting MaA and TMA at the same time.  Results in Table 3.3 show that, with 

this configuration, there is no effect on particle formation.  This configuration also further 

confirms that particles did not form from MaA and TMA/NH3 before meeting MSA downstream. 

 

Table 3.3 Conditions and results for experiments done with MSA added through spoke #1, 
TMA (from the contaminated gas cylinder) added through ring #3 and with and without 
malonic acid (MaA) added through ring #2.  

Expt. Ring #1 Ring #2a Ring #3b Spoke #1b General 
Results 

Conditioning 
Time (mins) 

23a  dry air dry air 4 ppb TMA c 9 ppb MSA base case  
23b dry air 117 ppb MaA 4 ppb TMA 9 ppb MSA 0 d 35 
24a dry air dry air 4 ppb TMA 8 ppb MSA base case  
24b dry air 117 ppb MaA 4 ppb TMA 8 ppb MSA 0 0 
25a e 20% RH dry air 2 ppb TMA 7 ppb MSA base case  
25b 20% RH 117 ppb MaA 2 ppb TMA 7 ppb MSA 0 0 
26a 20% RH dry air 3 ppb TMA 9 ppb MSA base case  
26b 20% RH 117 ppb MaA 3 ppb TMA 9 ppb MSA 0 0 
27a 20% RH dry air 3 ppb TMA 9 ppb MSA base case  
27b 20% RH 117 ppb MaA 3 ppb TMA 9 ppb MSA 0 0 

Note: Only dry air was added through spoke #2 and spoke #3. 
a Malonic acid concentration is calculated from its vapor pressure at 340 K159 taking into account 
dilution in the flow reactor.  As discussed in the text, this is the maximum concentration of 
malonic acid during reaction. 
b Concentrations of MSA and TMA are measured prior to their entrance to the reactor.  These 
concentrations account for dilution in the reactor and, due to potential losses in the entrance 
lines, represent the maximum concentration of each species during reaction.  Values are in bold-
face font when in excess. 
c Italicized entries indicate that the TMA source was the contaminated gas cylinder. 
d “0” indicates the observed number concentration due to the added MaA was between 0.5 to 2 
times the base case number concentration. 
e Blue highlight indicates experiment was done with water vapor. 
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Table 3.4 shows results from experiments done with TMA generated from the permeation tube.  

Without water, results are inconclusive and show no effect of MaA with equal concentrations of 

MSA and TMA in the reactor.  However, in conditions with excess MSA and excess TMA there 

is at least twice the amount of particles formed in the presence of MaA compared to the base 

case of MSA and TMA alone, suggesting a concentration dependence.   

 

In a recent theoretical study, the requirements of an organic compound that favor cluster 

formation with sulfuric acid were investigated.80  Calculated Gibbs free energies supported that 

organic compounds most efficiently stabilized sulfuric acid to form clusters if there were no 

internal hydrogen bonds present and if at least two carboxylic acid groups (with, ideally, ≥ three 

molecules between two –COOH groups) interacted directly with H2SO4.80  Structures and 

energies calculated by Dr. Mychel Varner from the Gerber group are shown in Figure 3.3.  Two 

isomers of MaA were found, one of which has an internal hydrogen bond and one free OH group 

available for addition of MSA or TMA (Figure 3.3); though MaA has two –COOH groups, there 

is only one carbon between them.  Thus, MaA only partially meets the requirements proposed by 

Elm et al.,80 which may help explain the inconsistent experimental results.   

 

The most stable structures found by Elm et al.80 show sulfuric acid with three hydrogen bonds to 

the organic; for a dicarboxylic acid, each of the –COOH groups has at least one hydrogen bond 

to H2SO4.  The formation of a third hydrogen bond between sulfuric acid and MaA was found to 

strain the backbone of MaA and slightly destabilize the cluster compared to that with only two 

hydrogen bonds (∆G3-H-bonds = –5.4 kcal mol–1 vs ∆G2-H-bonds = –6.0 kcal mol–1).80  There are only 

two hydrogen bonds between MaA and MSA in the MaA-MSA cluster (Figure 3.3).  The 
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internal hydrogen bond on MaA prevents the possibility of a third hydrogen bond with MSA, 

which may serve to stabilize the MaA-MSA cluster as having only two hydrogen bonds does 

with MaA-H2SO4.80  However, it is also possible that the other isomer of MaA (without the 

internal hydrogen bond) forms three hydrogen bonds with MSA, potentially straining MaA and 

weakening the MaA-MSA cluster.   

 

Growth of these small clusters to detectable particles is expected to occur via hydrogen 

bonding.130, 133  In the MaA-MSA cluster (Figure 3.3), MSA forms two hydrogen bonds with 

MaA and there is one free oxygen each on MSA and MaA that can participate in hydrogen 

bonding.  The internal hydrogen bond on the MaA isomer reduces its hydrogen bonding 

capacity, thereby hindering additional growth of the MaA-MSA cluster.  Under conditions of 

excess MSA, perhaps the hydrogen bonding sites available on the MaA-MSA cluster aids in 

particle formation and growth of MaA-MSA-TMA particles.  As a tertiary amine, TMA has one 

available site for hydrogen bonding.  Once TMA connects with MaA, TMA cannot form 

additional hydrogen bonds to grow the MaA-TMA cluster; growth must occur through MaA.  A 

comparison of binding energies shows that the formation of the MaA-TMA cluster (–20 kcal 

mol–1) is slightly more favorable than the MaA-MSA cluster (–17 kcal mol–1).  Perhaps, with 

excess TMA, the slightly stronger interaction between MaA and TMA promotes MaA-MSA-

TMA particle formation and growth. 

 

Between the two conformational isomers of MaA, there are multiple ways to form an MaA-MSA 

cluster.  It is unclear if one isomer will lead to a more stable cluster than the other.  The presence 

of an internal hydrogen bond on MaA can have opposing effects on cluster formation with MSA: 
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(1) to reduce the opportunities for hydrogen bonding with other species, which may impede 

cluster growth and (2) to prevent the formation of a third hydrogen bond with MSA, which 

potentially stabilizes the cluster.  Considering the MaA isomer without the internal hydrogen 

bond, there are more possibilities for intermolecular hydrogen bonds, supporting growth, but 

three hydrogen bonds could form between MaA and MSA, likely destabilizing the cluster.  The 

erratic experimental results may be a result of these conflicting effects. 

 

 

Figure 3.3 Structures and binding energies of MaA, MaA-MSA, and MaA-TMA calculated 
at the RIMP2/aug-cc-pV(D+d)Z level of theory by Dr. Mychel Varner from the Gerber 
group.   
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Table 3.4 Conditions and results for experiments done with MSA added through spoke #1, 
TMA (from the permeation tube) added through spoke #2 and with and without malonic 
acid (MaA) added through ring #2.   

Expt. Ring #1 Ring #2a Spoke #1b Spoke #2 b General 
Results 

Conditioning 
Time (mins) 

28a dry air dry air 9 ppb MSA 2 ppb TMAc base case  
28b dry air 20 ppb MaA 9 ppb MSA 2 ppb TMA –  d 0 
29a dry air dry air 12 ppb MSA 2 ppb TMA base case  
29b dry air 20 ppb MaA 12 ppb MSA 2 ppb TMA + e 0 
30a dry air dry air 13 ppb MSA 3 ppb TMA base case  
30b dry air 20 ppb MaA 13 ppb MSA 3 ppb TMA + 0 
31a dry air dry air 3 ppb MSA 10 ppb TMA base case  
31b dry air 20 ppb MaA 3 ppb MSA 10 ppb TMA + 0 
32a dry air dry air 5 ppb MSA 5 ppb TMA base case  
32b dry air 20 ppb MaA 5 ppb MSA 5 ppb TMA 0 f 0 
33a dry air dry air 4 ppb MSA 4 ppb TMA base case  
33b dry air 20 ppb MaA 4 ppb MSA 4 ppb TMA 0 0 
34a dry air dry air 3 ppb MSA 10 ppb TMA base case  
34b dry air 99 ppb MaA 3 ppb MSA 10 ppb TMA + 20 
35ag 18% RH dry air 11 ppb MSA 3 ppb TMA base case  
35b 18% RH 20 ppb MaA 11 ppb MSA 3 ppb TMA 0 0 
36a 17% RH dry air 9 ppb MSA 3 ppb TMA base case  
36b 17% RH 20 ppb MaA 9 ppb MSA 3 ppb TMA 0 0 
37a 20% RH dry air 3 ppb MSA 11 ppb TMA base case  
37b 20% RH 20 ppb MaA 3 ppb MSA 11 ppb TMA + 0 
38a 20% RH dry air 0.6 ppb MSA 11 ppb TMA base case  
38b 20% RH 20 ppb MaA 0.6 ppb MSA 11 ppb TMA + 20 
39a 17% RH dry air 4 ppb MSA 4 ppb TMA base case  
39b 17% RH 20 ppb MaA 4 ppb MSA 4 ppb TMA 0 0 
40a 17% RH dry air 3 ppb MSA 3 ppb TMA base case  
40b 17% RH 20 ppb MaA 3 ppb MSA 3 ppb TMA 0 0 

Note: Only dry air was added through ring #3 and spoke #3. 
a MaA concentration is calculated from its vapor pressure at 340 K159 taking into account dilution 
in the flow reactor.  As discussed in the text, this is the maximum concentration of malonic acid 
during reaction. 
b Concentrations of MSA and TMA are measured prior to their entrance to the reactor.  These 
concentrations account for dilution in the reactor and, due to potential losses in the entrance 
lines, represent the maximum concentration of each species during reaction.  Values are in bold-
face font when in excess. 
c Non-italicized entries indicate that the TMA source was the permeation tube. 
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d “–” represents ≥ 0.5 times less particles were observed due to the added MaA.  
e “+” represents ≥ 2 times more particles were observed due to the added MaA. 
f  “0” indicates the observed number concentration due to the added MaA was between 0.5 to 2 
times the base case number concentration. 
g Blue highlight indicates experiment was done with water vapor. 
 

Figure 3.4 shows no significant difference (< 2 times more particles) in number concentrations 

from MSA, TMA and water with and without MaA when MSA and TMA are at the same 

concentration.  The same is true when MSA is in excess.  Under conditions with excess TMA 

(Figure 3.5; Table 3.4, Expts. 37 and 38) an increase in particle number concentration, with great 

error, was observed in the presence of MaA compared to the base case with MSA, TMA and 

H2O, perhaps indicating that TMA and/or the TMA-H2O complex aided in growth of particles to 

detectable sizes.  However, in previous studies of MSA, TMA and H2O the MSA-H2O complex 

was considered to be more important in particle formation and growth compared to the TMA-

H2O complex.130, 133   

 

  

Figure 3.4 Particle number concentrations measured with the PSM with MSA (4 ppb), 
TMA (4 ppb, permeation tube), malonic acid (20 ppb) and water (17% RH) in the reactor 
where all reactants were added through the inlets as shown; errors (2𝜎) are from one 
minute sample time.  Reaction times indicated in the figure corresponds to the time 
reactants interacted in the reactor, with t = 0 corresponding to the time MSA is introduced 
at spoke #1.  Lines are intended to guide the eye. See Table 3.4, Expt. 39. 
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Figure 3.5 Particle number concentrations measured with the PSM with MSA (3 ppb), 
TMA (11 ppb, permeation tube), malonic acid (20 ppb) and water (20% RH) in the reactor 
where all reactants were added through the inlets as shown; errors (2𝜎) are from one 
minute sample time.  Note that number concentrations for MaA + MSA + TMA 20% RH 
may be underestimated due to higher coincidence in particle counting from the CPC above 
3 × 105 cm-3.  Reaction times indicated in the figure corresponds to the time reactants 
interacted in the reactor, with t = 0 corresponding to the time MSA is introduced at spoke 
#1.  Lines are intended to guide the eye.  See Table 3.4, Expt. 37. 

 
Very preliminary results of experiments done with SuA are shown in Table 3.5.  In the presence 

of SuA, particle formation is enhanced (≥ 2 times more particles) under dry (Figure 3.6) and 

humid conditions.  These early results suggest that the lower volatility of SuA may contribute to 

the more consistent enhancement observed compared to experiments done with MaA, but other 

properties, including molecular geometry, may also be important.   
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Figure 3.6 Particle number concentrations measured with the PSM with MSA (5.2 ppb), 
TMA (25 ppb, contaminated gas cylinder), succinic acid (0.2 ppm) in the reactor where all 
reactants were added through the inlets as shown; errors (2𝜎) are from one minute sample 
time. Note that number concentrations for SuA + MSA + TMA may be underestimated due 
to higher coincidence in particle counting from the CPC above 3 × 105 cm-3. Reaction times 
indicated in the figure corresponds to the time reactants interacted in the reactor, with t = 0 
corresponding to the time MSA is introduced at spoke #1.  Lines are intended to guide the 
eye. See Table 3.5, Expt. 2. 

 
Dr. Mychel Varner from the Gerber group calculated structures and energies of SuA, SuA-MSA 

and SuA-TMA shown in Figure 3.7.  Unlike MaA, none of the four most stable conformational 

isomers of SuA have an internal hydrogen bond.  In the SuA-MSA cluster, MSA forms two 

hydrogen bonds with one carboxylic group of SuA leaving two free oxygens on MSA, one free 

oxygen on SuA, and a free OH group on the other carboxylic group of SuA available for 

additional hydrogen bonding.  Elm et al.80 showed that dicarboxylic acids with a 𝛾-carbonyl 

group (e.g. succinic acid) would best stabilize sulfuric acid and most likely lead to cluster 

formation.  If, alternatively, MSA formed a hydrogen bond with each carboxylic group on SuA, 

similar to the SuA-H2SO4 cluster proposed by Elm et al.,80 then there would still be hydrogen 

bonding opportunities available and the SuA-MSA cluster could continue to grow.  In the SuA-

TMA cluster, TMA hydrogen bonds to SuA and, though TMA has no hydrogen bonding sites 

left, there are two oxygens and one OH group on SuA available for growth.  Experimental results 
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together with initial clusters calculated by the Gerber group and results from Elm et al.80 support 

that particle formation and growth with SuA should be more favorable than that with MaA.  

 

 
 
Figure 3.7 Structures and binding energies of SuA, SuA-MSA, and SuA-TMA calculated 
at the RIMP2/aug-cc-pV(D+d)Z level of theory by Dr. Mychel Varner from the Gerber 
group.   
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Table 3.5 Conditions and results for experiments done with MSA added through spoke #1, 
TMA (from the contaminated gas cylinder) added through spoke #2 and with and without 
succinic acid (SuA) added through ring #2. 

Expt. 
# Ring #1 Ring #2a Spoke #1b Spoke #2b General 

Results 
Conditioning 
Time (mins) 

1a  dry air dry air 6.2 ppb MSA 25 ppb TMA c base case  
1b dry air 0.2 ppm SuA 6.2 ppb MSA 25 ppb TMA + d 24 
2a dry air dry air 5.2 ppb MSA 25 ppb TMA base case  
2b dry air 0.2 ppm SuA 5.2 ppb MSA 25 ppb TMA + 60 

3a e 20% RH dry air 5.6 ppb MSA 18 ppb TMA base case   
3b 20% RH 0.2 ppm SuA 5.6 ppb MSA 18 ppb TMA + 60 
4a 20% RH dry air 4.6 ppb MSA 18 ppb TMA base case   
4b 20% RH 0.2 ppm SuA 4.6 ppb MSA 18 ppb TMA + 120 

Note: Only dry air was added through ring #3 and spoke #3. 
a Succinic acid concentration is calculated from its vapor pressure at 343 K159 taking into account 
dilution in the flow reactor.  As discussed in the text, this is the maximum concentration of 
malonic acid during reaction. 
b Concentrations of MSA and TMA are measured prior to their entrance to the reactor.  These 
concentrations account for dilution in the reactor and, due to potential losses in the entrance 
lines, represent the maximum concentration of each species during reaction.  Values are in bold-
face font when in excess. 
c Italicized entries indicate that the TMA source was the contaminated gas cylinder. 
d “+” represents ≥ 2 times more particles were observed due to the added SuA. 
e Blue highlight indicates experiment was done with water vapor. 
 
 

3.3 EXPERIMENTAL IMPLICATIONS 
 
 
Interpretation of these results must be made with extreme caution because of the great variability 

present during experiments.  In addition to the different sources/purities of TMA, experiments 

were conducted with varying conditioning times of the reactor in the presence of the organic 

(MaA or SuA).  Results are inconsistent from experiments where the system was conditioned 

with MaA, MSA and TMA (and water, if under humid conditions).  In Chapters 4 and 5, 

measurements in the presence of the organic or another variable reactant are done immediately 

after the base case measurement is completed.  It was determined that SuA could only be added 
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through the ring inlets.  Succinic acid was likely lost along the spoke inlets, due to its low vapor 

pressure.  Thus, in Chapters 4 and 5, the organic is always added through a ring inlet. 

 

3.4 FUTURE DIRECTIONS 
 
 
These experiments will need to be repeated with a non-contaminated source of TMA.  Control 

experiments with MaA and TMA from a permeation tube and MaA and MSA should be done.  

Other orders of addition can be tested to determine if adding MaA or SuA, MSA and TMA in the 

rings and adding water through the spokes will affect particle growth.  Since early results 

including SuA were done with excess TMA, it would be ideal to conduct additional experiments 

with excess MSA and equal concentrations of MSA and TMA. 
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CHAPTER 4 THE EFFECT OF OXALIC ACID ON THE REACTION OF 
MSA AND MA WITH AND WITHOUT WATER 

 

Adapted from: K. D. Arquero, R. B. Gerber, and B. J. Finlayson-Pitts, “The Effect of Oxalic 
Acid on New Particle Formation from Methanesulfonic Acid, Methylamine, and Water” 
Environmental Science and Technology 2017, 51, 2124 – 2130. Copyright 2017 by American 
Chemical Society.  
 

4.1 RESEARCH GOALS 
 
 
MSA and MA have been shown to more efficiently form particles with and without water vapor 

compared to dimethylamine, TMA, and ammonia.131, 132  Here, the effect of OxA on the reaction 

of MSA and MA with and without water vapor was explored with the small volume aerosol flow 

reactor.  OxA is the smallest dicarboxylic acid, is polar, has opportunities for hydrogen bonding 

and its vapor pressure (VP at 298 K = 1.4 × 10–2 Pa)159 categorizes it as an IVOC.154-157  The 

combination of these properties makes OxA an ideal candidate for studies of particle formation 

and growth.  The results of this study, summarized in Tables 4.1 through 4.4, are presented in 

this chapter.  

 
 

4.2 RESULTS AND DISCUSSION 
 
 
In Figure 4.1, the data labelled 26% RH OxA + MA show the particle number concentration of 

water, OxA (17 ppb; 4 × 1011 cm–3) and MA (890 ppt; 2 × 1010 cm–3) compared to the base case, 

which contained only OxA and MA.  At 890 ppt MA the number of particles formed is only a 

few per cm3 without water vapor.  With water vapor corresponding to 26% RH (1.6 × 1017 cm–3), 

the particle number concentration increases by about an order of magnitude, but is still only tens 
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of particles cm–3.  At MA concentrations greater than ~9 ppb with a consistent 17 ppb of OxA 

(Figure 4.2), the particle concentrations increase slightly to larger values with added water vapor 

but the error bars are large, potentially due to the need for more conditioning with each increase 

in MA.   

 

Figure 4.1 Number concentrations from the reaction of OxA (17 ppb) + MA (890 ppt) with 
and without water vapor (26% RH) measured with the CPC; errors (2𝜎) are from one 
minute sample time. Reaction times indicated in the figure corresponds to the time 
reactants interacted in the reactor, with t = 0 corresponding to the time at spoke #1.  Lines 
intended to guide the eye. See Table 4.3, Expt. 31.  

 

 

Figure 4.2 Number concentrations from the reaction of OxA (17 ppb) as a function of MA 
(0 – 32 ppb) with and without water vapor (23% RH) measured at 12.4 s reaction time with 
the CPC; errors (2𝜎) are from one minute sample time. Reaction times indicated in the 
figure corresponds to the time reactants interacted in the reactor, with t = 0 corresponding 
to the time at spoke #1. Lines intended to guide the eye. See Table 4.4, Expt. 40. 
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While proton transfer is expected between an acid and a base to form an ion pair, water is often 

required, even for strong acids.  Tao et al.73, 136 have shown that proton transfer to form an ion 

pair from one molecule of NH3 with one molecule of H2SO4 occurs only if at least one water 

molecule is present, and for MSA, two water molecules are needed.  Similar results were found 

with MSA and pyridine where proton transfer was observed only when one or two water 

molecules were present.180  Theoretical calculations performed by Xu et al.164 have shown that 

proton transfer from SuA to dimethylamine ((CH3)2NH) occurs with more than three water 

molecules present and that interactions between the acid and amine are strengthened by further 

hydration.   

 

Theoretical calculations and structures done by Xu et al.181 show a qualitative correlation 

between proton transfer in small clusters and experimental results presented here.  There is no 

proton transfer in the OxA-MA cluster, but a proton transfer occurs in the OxA-MA-H2O cluster 

and experimentally, particle formation is enhanced in the presence of water.  This suggests that 

proton transfer may be important in stabilizing small clusters for particle formation and growth.  

A proton transfer is also observed for the OxA-MA dimer.181  This supports the experimental 

observation of only a few particles formed from OxA-MA with MA concentrations < 9 ppb.  To 

support particle formation from the OxA-MA dimer, a significant number of OxA-MA 

monomers would need to accumulate.  However, OxA and MA are weakly bound by a single 

hydrogen bond (De = 15.97 kcal mol–1)181 and might dissociate before a sufficient amount of 

monomers builds up.  It may be that the critical number of OxA-MA monomers needed were 

formed at MA concentrations > 9 ppb, where, under dry conditions, particle formation was 

significant (Figure 4.2).   
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Theoretical calculations predict that OxA-dimethylamine,163 OxA-ammonia,161 and OxA-

ammonia-H2O160, 162 clusters will be involved in particle formation.  New particle formation from 

OxA and sulfuric acid with water165 or ammonia166 has also been predicted.  However, if OxA 

and MA are representative of dicarboxylic acids and amines in air, then these reactions do not 

seem likely to contribute significantly to particle formation on their own at ambient RH with low 

concentrations of MA (< 9 ppb).   

 

It has been shown that the reaction of MSA with MA forms particles efficiently and that the 

presence of water vapor greatly enhances both the number concentration (Figure 4.3) and 

diameters.132  However, there are numerous organics in air, including dicarboxylic acids, which 

may contribute to stabilizing and growing small acid-amine clusters that lead to new particles 

more efficiently than the acid-amine combination alone.63, 76-78, 82, 86-91  To probe this, 

experiments were done in which particles were formed from MSA-MA and then the effect of 

OxA was tested in the presence and absence of water vapor (Table 4.1).  
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Figure 4.3 Number concentrations from the reaction of MSA (4 ppb) + MA (116 ppt) with 
and without water vapor (24% RH) measured with the CPC; errors (2𝜎) are from one 
minute sample time. Note that number concentrations for 24% RH MSA+MA may be 
underestimated due to higher coincidence in particle counting from the CPC above 3 × 105 
cm–3.  Reaction times indicated in the figure corresponds to the time reactants interacted in 
the reactor, with t = 0 corresponding to the time MSA is introduced at spoke #1.  Lines 
intended to guide the eye. See Table 4.1, Expt. 15. 

 
Figure 4.4 shows a modest enhancement of new particle formation (< 1 order of magnitude) 

when only 17 ppb OxA is introduced to MSA and MA without water vapor.  On the other hand, 

there is no significant change with OxA, MSA and MA in the presence of water vapor (Figure 

4.5).  Furthermore, Figure 4.6 shows size distributions from MSA + MA and OxA + MSA + MA 

without water (Figure 4.6 (a) and (b)) and with water (Figure 4.6 (c) and (d)) where there is no 

additional particle growth in the presence of OxA compared to the MSA + MA (+ H2O) base 

case.  In both dry and humid cases, OxA does not affect growth of particles beyond detectable 

sizes and particles are larger than 2.5 nm, consistent with the PSM and CPC yielding comparable 

results (Chapter 1, Section 1.3.3).  Note that the concentrations of water vapor used in these 

experiments (20	−	40% RH) are much larger than the concentrations of OxA that can be added 

to the system, so a quantitative per-molecule comparison cannot be made between the roles of 

H2O and OxA.  OxA concentrations are limited by volatility, and reliably delivering water at ppb 

levels in this system is not feasible.  
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Figure 4.4 Number concentrations from the reaction of MSA (5 ppb) + MA (159 ppt) with 
and without OxA (17 ppb) measured with the PSM; errors (2𝜎) are from one minute sample 
time. Note that number concentrations for OxA+MSA+MA may be slightly underestimated 
due to higher coincidence in particle counting from the CPC above 3 × 105 cm–3. Reaction 
times indicated in the figure corresponds to the time reactants interacted in the reactor, 
with t = 0 corresponding to the time MSA is introduced at spoke #1.  Lines intended to 
guide the eye. See Table 4.1, Expt. 8. 

 

 

Figure 4.5 Number concentrations from the reaction of MSA (380 ppb) + MA (780 ppt) 
with and without OxA (17 ppb) in the presence of water vapor (23% RH) measured with 
the PSM; errors (2𝜎) are from one minute sample time. Note that number concentrations 
for OxA+MSA+MA 23% RH vapor may be slightly underestimated due to higher 
coincidence in particle counting from the CPC above 3 × 105 cm–3. Reaction times 
indicated in the figure corresponds to the time reactants interacted in the reactor, with t = 0 
corresponding to the time MSA is introduced at spoke #1.  Lines intended to guide the eye. 
See Table 4.1, Expt. 3. 
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Figure 4.6 Typical size distributions from the reaction of (a) MSA (5 ppb) with MA (159 
ppt) only and (b) in the presence of OxA (17 ppb) and from the reaction of (c) MSA (5 
ppb) with MA (250 ppt) in the presence of water vapor (30% RH) and (d) in the presence 
of OxA (17 ppb) measured with the SMPS.  Size distributions are averages of triplicate 
measurements, errors are ommitted for clarity. Reaction times indicated in the figure 
corresponds to the time reactants interacted in the reactor, with t = 0 corresponding to the 
time MSA is introduced at spoke #1.  See Table 4.1, Expts. 8 and 1, respectively. 
 

The data show that the MSA-amine reaction is the most important combination in this multi-

component system, with both water vapor and OxA acting to increase particle formation from 

this acid-amine combination.  Further confirmation of the critical role of MSA in particle 

formation is seen in Figure 4.7 and Figure 4.8 which MSA + OxA + MA is compared to the 

OxA-MA base case in the absence and presence of water vapor.  In both cases, there is little 

particle formation from OxA + MA alone (MA concentrations were £ 9 ppb to minimize particle 

formation from OxA-MA).  These experiments were performed on a freshly cleaned flow reactor 
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prior to exposure to MSA to examine the effect of the sulfur-based acid on particle formation.  

Some uptake of MSA on the unconditioned reactor walls may occur in competition with particle 

formation; note, however, that the configuration of the spokes through which MSA and MA are 

added (Figure 1.3) is such that they are rapidly mixed across the cross-sectional area of the flow 

reactor.   

 

Figure 4.7 Number concentrations from the reaction of OxA (17 ppb) + MA (890 ppt) with 
and without MSA (9 ppb) measured with the CPC measured with the CPC; errors (2𝜎) are 
from one minute sample time.  Reaction times indicated in the figure corresponds to the 
time reactants interacted in the reactor, with t = 0 corresponding to the time MSA is 
introduced at spoke #1.  Lines intended to guide the eye. See Table 4.2, Expt. 19. 

 
 

Figure 4.8 Number concentrations from the reaction of OxA (17 ppb) + MA (890 ppt) with 
and without MSA (620 ppt) in the presence of water (26% RH) measured with the CPC; 
errors (2𝜎) are from one minute sample time.  Note that in number concentrations for 
MSA+(OxA+MA) 26% RH may be underestimated due to higher coincidence in particle 
counting from the CPC above 3 ´ 105 cm–3.  Reaction times indicated in the figure 
corresponds to the time reactants interacted in the reactor, with t = 0 corresponding to the 
time MSA is introduced at spoke #1.  Lines intended to guide the eye. See Table 4.2, Expt. 
17. 
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Multiple factors determine whether clusters will grow to detectable sizes in this system.  As 

discussed in conjunction with the previous studies of particle formation from the reactions of 

MSA with amines, 130, 132, 133 the presence of hydrogen bonding sites in the small clusters may 

play a role through providing a mechanism for attracting and holding additional acid, base and 

water molecules.  The fact that MSA (pKa –1.9)182 is so much more efficient than OxA (pKa1 1.2, 

pKa2 3.6)183, 184 at forming particles with MA suggests that the strength of the acid-base 

interaction, i.e. the extent of proton transfer, may also be important.  For example, Barsanti et al. 

92 showed that the magnitude of the difference in pKa, ∆pKa, between an acid and base, 

influenced organic salt formation from an amine and acetic acid or pinic acid in an aqueous 

system.  The ∆pKa between MA (pKa 10.6)185 and OxA is 9.4 whereas the ∆pKa between MA 

and MSA is 12.5.  Calculations by Xu et al.181 support a greater interaction between MSA and 

MA where a proton transfer is observed (De = 18.15 kcal mol–1) compared to OxA and MA 

where there is no proton transfer (De = 15.97 kcal mol–1).  Proton transfer to form an ion pair is 

also consistent with enhanced formation of particles in the MSA-amine system in the presence of 

water as experimentally observed in earlier studies.130, 132, 133   

 

The extent of proton transfer to MA (measured by partial charge, 𝛿) increases from 𝛿 = 0.83 in 

MSA-MA to 𝛿 = 0.87 in OxA-MSA-MA.181  The fact that only 17 ppb OxA increases particle 

formation in the dry MSA-MA case (Figure 4.4) suggests that OxA plays a role similar to that of 

water, providing sites for additional attachment of MSA and amines to grow the cluster and 

enhancing proton transfer between MSA and MA as well.   
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The addition of water to the OxA-MSA-MA system greatly enhances particle formation (Figure 

4.9), attributable to either or both of the following mechanisms: (1) increasing opportunities for 

hydrogen bonding or (2) promoting proton transfer.  It is possible that both effects contribute to 

the increase in particle formation due to H2O.  Therefore, if water already promotes proton 

transfer between MSA and MA, then adding the much smaller amount of OxA (17 ppb) to the 

system at 23% RH (Figure 4.5) would not be expected to have significant impact.  Such results 

highlight the complexity of particle formation in the atmosphere.   

 

 
 

Figure 4.9 Number concentrations from the reaction of OxA (17 ppb) + MSA (0.9 ppb) + 
MA (47 ppt) with and without water (23% RH) measured with the CPC; errors (2𝜎) are 
from one minute sample time. Reaction times indicated in the figure corresponds to the 
time reactants interacted in the reactor, with t = 0 corresponding to the time MSA is 
introduced at spoke #1.  Lines intended to guide the eye. See Table 4.3, Expt. 27. 
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Table 4.1 Conditions and results for MSA + MA and MSA + MA + H2O experiments done 
with and without oxalic acid (OxA). 

Expt. Ring #1 Ring #2a Spoke #1b Spoke #2 b 
Degree of 

Enhancement due 
to Addition of OxA 

humid conditions 
1a 30% RH dry air 5 ppb MSA 250 ppt MA Base case 
1b 30% RH 17 ppb OxA 5 ppb MSA 250 ppt MA No changec 
2a 34% RH dry air 4 ppb MSA 64 ppt MA Base case 
2b 34% RH 17 ppb OxA 4 ppb MSA 64 ppt MA No change 
3a 23% RH dry air 380 ppt MSA 780 ppt MA Base case 
3b 23% RH 17 ppb OxA 380 ppt MSA 780 ppt MA No change 
4a 22% RH dry air 480 ppt MSA 890 ppt MA Base case 

4b 22% RH 17 ppb OxA 480 ppt MSA 890 ppt MA +d 

(2 – 3 times more) 
5a 18% RH dry air 610 ppt MSA 890 ppt MA Base case 
5b 18% RH 17 ppb OxA 610 ppt MSA 890 ppt MA No change 
6a 
6b 

24% RH 
24% RH 

dry air 
17 ppb OxA 

3 ppb MSA 
3 ppb MSA 

2 ppb MA 
2 ppb MA 

Base case 
No change 

7a 24% RH dry air 3 ppb MSA 47 ppt MA Base case 
7b 24% RH 17 ppb OxA 3 ppb MSA 47 ppt MA No change 

dry conditions 
8a dry air dry air 5 ppb MSA 159 ppt MA Base case 
8b dry air 17 ppb OxA 5 ppb MSA 159 ppt MA + 
9a dry air dry air 7 ppb MSA 190 ppt MA Base case 
9b dry air 17 ppb OxA 7 ppb MSA 190 ppt MA + 
10a dry air dry air 3 ppb MSA 890 ppt MA Base case 
10b dry air 17 ppb OxA 3 ppb MSA 890 ppt MA + 
11a dry air dry air 8 ppb MSA 890 ppt MA Base case 
11b dry air 17 ppb OxA 8 ppb MSA 890 ppt MA + 
12a dry air dry air 5 ppb MSA 890 ppt MA Base case 
12b dry air 17 ppb OxA 5 ppb MSA 890 ppt MA + 
13a dry air dry air 3 ppb MSA 2 ppb MA Base case 
13b dry air 17 ppb OxA 3 ppb MSA 2 ppb MA + 
14a dry air dry air 4 ppb MSA 2 ppb MA Base case 
14b dry air 17 ppb OxA 4 ppb MSA 2 ppb MA + 
15a dry air dry air 4 ppb MSA 116 ppt MA Base case 
15b dry air 17 ppb OxA 4 ppb MSA 116 ppt MA + 
16a dry air dry air 900 ppt MSA 47 ppt MA Base case 
16b dry air 17 ppb OxA 900 ppt MSA 47 ppt MA + 

Note: Only dry air was added through ring #3 and spoke #3 
a Oxalic acid concentration is calculated from its vapor pressure at 303 K159 taking into account 
dilution in the flow reactor.  As discussed in the text, this is the maximum concentration of 
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oxalic acid during reaction. 
b Concentrations of MSA and MA are measured prior to their entrance to the reactor.  These 
concentrations account for dilution in the reactor and, due to potential losses in the entrance 
lines, represent the maximum concentration of each species during reaction.  Values are in bold-
face font when in excess. 
c “No change” indicates < 2 times more particles were observed due to the added OxA.  
d Enhancement of + represents ≥ 2 times more but < 1 order of magnitude more particles due to 
the added OxA. 
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Table 4.2 Conditions and results for experiments of OxA + MA and OxA + MA + H2O 
with and without methanesulfonic acid (MSA). 

Expt. Ring #1 Ring #2a Spoke #1b Spoke #2 b 

Degree of 
Enhancement due 

to Addition of 
MSA 

humid conditions 
17a 26% RH 17 ppb OxA dry air 890 ppt MA Base case 
17b 26% RH 17 ppb OxA 620 ppt MSA 890 ppt MA + + +c 
18a 23% RH 17 ppb OxA dry air 466 ppt MA Base case 
18b 23% RH 17 ppb OxA 500 ppt MSA 466 ppt MA + + + 

dry conditions 
19a dry air 17 ppb OxA dry air 890 ppt MA Base case 
19b dry air 17 ppb OxA 9 ppb MSA 890 ppt MA + + + 
20a dry air 17 ppb OxA dry air 9 ppb MA Base case 
20b dry air 17 ppb OxA 9 ppb MSA 9 ppb MA + + + 

Note: Only dry air was added through ring #3 and spoke #3 
a Oxalic acid concentration is calculated from its vapor pressure at 303 K159 taking into account 
dilution in the flow reactor. This is the maximum concentration of oxalic acid during reaction.  
b Concentrations of MSA and MA are measured prior to their entrance to the reactor.  These 
concentrations account for dilution in the reactor and, due to potential losses in the entrance 
lines, represent the maximum concentration of each species during reaction.  Values are in bold-
face font when in excess. 
c Enhancement of + + + represents ³ 1 order of magnitude more particles due to the added MSA. 
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Table 4.3 Conditions and results for OxA + MSA + MA, MSA + MA, OxA + MA and OxA 
+ MSA experiments done with and without water vapor. 

Expt. Ring #1 Ring #2a Spoke #1b Spoke #2 b 

Degree of 
Enhancement 

due to Addition 
of H2O 

21a dry air 17 ppb OxA 600 ppt MSA 780 ppt MA Base case 
21bc 40% RH 17 ppb OxA 600 ppt MSA 780 ppt MA + + +d 
22a dry air 17 ppb OxA 6 ppb MSA 445 ppt MA Base case 
22b 20% RH 17 ppb OxA 6 ppb MSA 445 ppt MA + + + 
23a dry air 17 ppb OxA 10 ppb MSA 222 ppt MA Base case 
23b 22% RH 17 ppb OxA 10 ppb MSA 222 ppt MA + + + 
24a dry air 17 ppb OxA 9 ppb MSA 890 ppt MA Base case 
24b 23% RH 17 ppb OxA 9 ppb MSA 890 ppt MA + + + 
25a dry air 17 ppb OxA 3 ppb MSA 2 ppb MA Base case 
25b 24% RH 17 ppb OxA 3 ppb MSA 2 ppb MA + + + 
26a dry air 17 ppb OxA 4 ppb MSA 2 ppb MA Base case 
26b 24% RH 17 ppb OxA 4 ppb MSA 2 ppb MA + + + 
27a dry air 17 ppb OxA 900 ppt MSA 47 ppt MA Base case 
27b 24% RH 17 ppb OxA 900 ppt MSA 47 ppt MA + + + 
28 varying RH 17 ppb OxA dry air dry air +e 
29 varying RH 17 ppb OxA dry air 318 ppt MA + 
30 varying RH 17 ppb OxA 5 ppb MSA dry air + 
31a dry air 17 ppb OxA dry air 890 ppt MA Base case 
31b 26% RH 17 ppb OxA dry air 890 ppt MA + 
32a dry air 17 ppb OxA dry air 2 ppb MA Base case 
32b 21% RH 17 ppb OxA dry air 2 ppb MA + + + 
33a dry air 9 ppb OxA dry air 2 ppb MA Base case 
33b 24% RH 9 ppb OxA dry air 2 ppb MA + + + 
34a dry air 17 ppb OxA dry air 45 ppb MA Base case 
34b 22% RH 17 ppb OxA dry air 45 ppb MA + 
35a dry air 9 ppb OxA dry air 45 ppb MA Base case 
35b 23% RH 9 ppb OxA dry air 45 ppb MA + + + 
36a dry air 9 ppb OxA dry air 9 ppb MA Base case 
36b 22% RH 9 ppb OxA dry air 9 ppb MA + + + 
37a dry air 17 ppb OxA dry air 446 ppt MA Base case 
37b 23% RH 17 ppb OxA dry air 446 ppt MA + 
38a dry air dry air 4 ppb MSA 116 ppt MA Base case 
38b 24% RH dry air 4 ppb MSA 116 ppt MA + + + 
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39a dry air dry air 3 ppb MSA 47 ppt MA Base case 
39b 24% RH dry air 3 ppb MSA 47 ppt MA + + + 

Note: Only dry air was added through ring #3 and spoke #3 
a Oxalic acid concentration is calculated from its vapor pressure at 303 K159 taking into account 
dilution in the flow reactor. This is the maximum concentration of oxalic acid during reaction. 
b Concentrations of MSA and MA are measured prior to their entrance to the reactor.  These 
concentrations account for dilution in the reactor and, due to potential losses in the entrance 
lines, represent the maximum concentration of each species during reaction.  Values are in bold-
face font when in excess. 
c Blue highlight indicates experiment was done with water vapor. 
d Enhancement of + + + represents ³ 1 order of magnitude more particles due to the added H2O. 
e Enhancement of + represents ≥ 2 times more but < 1 order of magnitude more particles due to 
the added H2O. 
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Table 4.4 Control experiments and results for the OxA, MSA, MA and H2O system. 

Expt. Ring #1 Ring #2a Spoke #1b Spoke #2b Result 

40c 23% RH 17 ppb OxA dry air variable MA significant particles with 
MA > 9 ppb 

41 dry air 17 ppb OxA dry air 890 ppt MA no particlesd 
42 26% RH 17 ppb OxA dry air 890 ppt MA <<100 particles 
43 dry air 17 ppb OxA dry air 890 ppt MA no particles 
44 25% RH 17 ppb OxA 3 ppb MSA dry air <<100 particles 

Note: Only dry air was added through ring #3 and spoke #3 

a Oxalic acid concentration is calculated from its vapor pressure at 303 K159 taking into account 
dilution in the flow reactor. This is the maximum concentration of oxalic acid during reaction. 
b Concentrations of MSA and MA are measured prior to their entrance to the reactor.  These 
concentrations account for dilution in the reactor and, due to potential losses in the entrance 
lines, represent the maximum concentration of each species during reaction.  
c Blue highlight indicates experiment was done with water. 
d No particles means < 10 particles cm-3 were measured. 
 

4.3 ATMOSPHERIC IMPLICATIONS 
 
 
Our studies show that OxA modestly enhances particle formation from the MSA-MA system but 

has no effect on MSA-MA-H2O (Figure 4.10) because water at atmospherically relevant 

concentrations overwhelms the contribution of much smaller concentrations of organics.  OxA 

and MA does not efficiently form particles even in the presence of water and are an unlikely 

source of atmospheric particles.  Note that theoretical studies do predict particle formation from 

OxA and dimethylamine163 or ammonia with160, 162 and without161 water.  OxA, however, is only 

one of many organics found in air; other species individually or in concert might have a greater 

enhancement effect on particle formation.  Understanding how acids, bases and water interact in 

the atmosphere on a molecular level is clearly important for the ability to accurately forecast 

particle formation at the regional and global scale.   
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Figure 4.10 Summary of the overall results from experiments. Note this schematic is 
intended to show the net results of the presence of single components, not the experimental 
protocols. 
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CHAPTER 5 THE EFFECT OF OXALIC ACID ON THE REACTION OF 
MSA AND TMA WITH AND WITHOUT WATER 

 
 
Adapted from: K. D. Arquero, J. Xu, R. B. Gerber, B. J. Finlayson-Pitts, “Particle Formation and 
Growth from Oxalic Acid, Methanesulfonic Acid, Trimethylamine, and Water: A Combined 
Experimental and Theoretical Study.” Submitted to the Journal of Physical Chemistry Chemical 
Physics. 
 

5.1 RESEARCH GOALS 
 
 
The primary goal of this work is to determine the effect of OxA on the reaction of MSA and 

TMA under dry and humid conditions.  Additionally, the impacts of amine structure and basicity 

on the OxA + amine, OxA + amine + H2O, OxA + MSA + amine and OxA + MSA + amine + 

H2O reactions are explored in comparison to the work done in Chapter 4 with MA.  Tables 5.2 –

5.5 summarize all the results of this study, which are presented in this chapter.  Results from 

laboratory experiments are presented along with theoretical calculations on structures of multi-

component clusters comprised of OxA, MSA, TMA and H2O.   

 

5.2 RESULTS AND DISCUSSION 
 
 
Previous studies of particle formation from reactions of MSA with amines have shown that 

basicity and hydrogen bonding capacity affect the growth of small clusters.130, 132, 133  

Furthermore, a qualitative correlation between particle formation and proton transfer in multi-

component small clusters composed of MSA, MA, OxA and H2O was proposed by Xu et al.181  

Hence, these three factors (basicity, proton transfer and hydrogen bonding capacity) will be 

considered in discussion of the correlation between the experimental data on particle formation 

and the theoretically predicted cluster properties.  Although the size of these clusters is much 
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smaller than the smallest detectable particles measured in the lab, they provide a basis for greater 

insight into how/why particles form and grow in these systems. 

 

5.2.1 Particle Formation from OxA and TMA in the absence and presence of H2O 
 
 
Figure 5.1 shows the number concentration of particles formed from OxA + TMA at 12.4 s 

reaction time in the absence (RH < 3%) and presence of water vapor (equivalent to 30% RH) as a 

function of TMA concentration.  In the absence of water, no particles formed in the reaction of 

17 ppb OxA with 0 – 9 ppb TMA.  However, in the presence of water, some particle formation 

occurs, but less than 30 particles cm–3 were detected at all concentrations of TMA.  This increase 

with H2O is qualitatively similar to previously reported results for the reaction of 17 ppb OxA 

with 9 ppb MA where ~60 particles cm–3 were formed under dry conditions but in the presence 

of water, ~1500 particles cm–3 formed at 23% RH (Figure 4.2).186  Thus, particle formation from 

the reaction of OxA with TMA is less efficient than the analogous system with MA, although 

neither forms a large number of particles and both are affected by the presence of water vapor.  

This comparison highlights the effect of amine structure on particle formation.   
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Figure 5.1 Number concentrations at 12.4 s reaction time comparing the base case reaction 
of OxA (17 ppb) with TMA (0 – 9 ppb) with and without water vapor (30% RH) measured 
with the CPC; errors (2𝜎) are from one minute of sample time with the CPC. Lines 
intended to guide the eye. See Table 5.5, Expts. 79, 83. 

 
The most stable structures of OxA-TMA and OxA-TMA-H2O are shown in Figure 5.2.  In OxA-

TMA, OxA transfers one proton to TMA, forming an ion pair [HOOCCOO]–[HN(CH3)3]+.  

TMA is a tertiary amine and once it accepts the proton from the acid it cannot participate in 

additional hydrogen bonding, only OxA can form hydrogen bonds with another reactant or 

cluster to grow.  This may be the reason why detectable particles do not form efficiently from 

OxA and TMA under dry conditions (although the presence of stable smaller clusters is 

possible).  Steric factors may also play a role.  Proton transfer also occurs in the OxA-TMA-H2O 

cluster and the partial charge on TMA is similar to that in the absence of water. i.e., δ = 0.82 in 

OxA-TMA compared to δ = 0.84 in OxA-TMA-H2O.  While there is essentially no increase in 

the extent of proton transfer with added water to OxA-TMA, the OxA-TMA-H2O cluster (Figure 

5.2b) can grow via hydrogen bonding to H2O.  Both systems can also grow if the internal 

hydrogen bond in OxA is broken.  This is consistent with the experimental observation that a 

small number of particles is formed (< 30 particles cm–3) in the presence of water. 
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The structures of OxA-MA with and without water reported by Xu et al.181 are also shown in 

Figure 5.2 to compare the effect of the nature of the amine on particle formation.  There is no 

proton transfer in the OxA-MA cluster, but with water the partial charge changes from δ = 0.13 

to δ = 0.80 indicating a proton transfer occurs in the OxA-MA-H2O cluster.181  The difference of 

whether or not a proton transfer occurs under dry conditions for MA versus TMA is mainly due 

to the difference in basicity, where ∆G°MA is 206.6 kcal mol–1 and ∆G°TMA is 219.4 kcal mol–1.187  

This manifests itself in a shorter length of the hydrogen bond between the ion pair in the OxA-

TMA system (1.421 Å) compared to that in the OxA-MA system (1.551 Å).  The binding energy 

of OxA-TMA (Table 5.1) is also larger than for OxA-MA, 19.20 kcal mol–1 compared to 15.97 

kcal mol–1.181  These calculations are consistent with TMA being a stronger base than MA, and 

support proton transfer for TMA but not for MA.   

 

In the presence of water, the acid transfers one proton to the base, and water is connected 

through the hydrogen bond in the most stable structures of OxA-MA-H2O and OxA-TMA-H2O.  

However, in the MA system, the three components form a cyclic structure (Figure 5.2d), which 

is more stable than the open structure of the TMA system (Figure 5.2b).  This stability of the MA 

cluster is also reflected in the dissociation energies. The binding energies between water and the 

ion pair are 11.33 kcal mol–1 for the MA system181 and 9.62 kcal mol–1 for the TMA system, i.e., 

the interaction between water and the ion pair in the OxA-MA-H2O cluster is somewhat stronger 

than that in OxA-TMA-H2O.  The structure of the OxA-TMA-H2O cluster (Figure 5.2b) shows 

that hydrogen bonding can occur through water (and OxA if the internal hydrogen bond is 

broken).  For OxA-MA-H2O (Figure 5.2d), there is an additional hydrogen bonding possibility at 
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the nitrogen.  This is consistent with the experimental observation that at similar concentrations, 

MA is more efficient than TMA at forming particles with OxA both in dry and humid conditions.  

 

In short, although proton transfer always takes place in the TMA system, it is likely that the 

ability to form hydrogen bonds determines whether the cluster can grow to detectable particle 

sizes and beyond.  In any event, it is worth noting that the gas phase reaction of OxA and 

MA/TMA is not likely to be a significant source of particles at the low concentrations found in 

air, even in the presence of water.  It should be noted that theoretical studies do predict 

participation of dry161 and hydrated160, 162 OxA-ammonia and OxA-dimethylamine163 clusters in 

atmospheric nucleation as well as particle formation from OxA and sulfuric acid with water165 or 

ammonia.166   

 

Figure 5.2 Key geometrical parameters (in angstroms) of the most stable structures of (a) 
OxA-TMA, (b) OxA-TMA-H2O, (c) OxA-MA181 and (d) OxA-MA-H2O181 clusters and 
partial charges 𝛅 (in atomic units) of each component calculated at the level of B3LYP-
D3/aug-cc-pVDZ by Dr. Jing Xu from the Gerber group. 
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5.2.2 The effect of MSA on particle formation from OxA, TMA and H2O 
 
 
Compared to OxA + TMA alone, particle formation is enhanced by orders of magnitude due to 

the presence of MSA (Table 5.2) under both humid and dry conditions.  For example, Figure 5.3 

compares number concentrations in the absence and presence of MSA with the OxA + TMA + 

H2O (30% RH) base case.  This enhancement is not surprising given that MSA (pKa –1.9)182 is a 

stronger acid than OxA (pKa1 1.2, pKa2 3.6).183, 184  These results align with previous work that 

showed the greater the ∆pKa between an organic acid and an amine in the presence of water, the 

greater the extent of formation of the organic salt.92  For MSA and TMA (pKa 9.76),185 the ∆pKa 

is 11.7 whereas for OxA and TMA the ∆pKa is 8.6.   

 

Figure 5.3 Number concentrations comparing the base case reaction of OxA (17 ppb) with 
TMA (4 ppb) at 30% RH with and without MSA (2.3 ppb) measured with the CPC; errors 
(2𝜎) are from one minute of sample time with the CPC.  Reaction times indicated in the 
figure corresponds to the time reactants interacted in the reactor, with t = 0 corresponding 
to the time MSA is introduced at spoke #1.  Lines intended to guide the eye.  See Table 5.2, 
Expt. 1. 

 
The structures of OxA-MSA-TMA and OxA-MSA-TMA-H2O clusters are shown in Figure 

5.4a,b.  In both clusters, MSA transfers one proton to TMA, and OxA (and water, when present) 

connects to MSA through a hydrogen bond. The partial charges on MSA and OxA in the cluster 

without (Figure 5.4a) and with (Figure 5.4b) water are –0.79/–0.76 for MSA and –0.07/–0.08 for 
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OxA, respectively.  In the OxA-MSA-TMA cluster, the transferred proton comes from MSA, not 

from OxA.  Dissociation energies in Table 5.1 also show that MSA is more tightly bound (De = 

24.44 kcal mol–1 without H2O and 24.73 kcal mol–1 with H2O) than OxA (De = 21.09 kcal mol–1 

without H2O and 16.76 kcal mol–1 with H2O).  In addition, the dissociation energies for the 

binary system OxA-TMA (De = 19.20 kcal mol–1) and MSA-TMA (De = 22.56 kcal mol–1) 

support that MSA is a stronger acid than OxA.  The added MSA increases the overall hydrogen 

bonding capacity to grow the clusters compared to the OxA-TMA (Figure 5.2a vs Figure 5.4a).  

In the case of the corresponding clusters with water, the water binds to the MSA (Figure 5.4b) 

rather than to the OxA (Figure 5.2b) which opens up an additional hydrogen bonding site on the 

OxA.  These results show that in the competition between atmospheric acids, both acid strength, 

which affects extent of proton transfer to the base, and ability to form hydrogen bonds, influence 

particle formation from an acid and an amine in the absence and in the presence of water.   
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Figure 5.4 Key geometrical parameters (in angstroms) of most stable structures of (a) 
OxA-MSA-TMA, (b) OxA-MSA-TMA-H2O, (c) MSA-TMA, (d) MSA-TMA-H2O, (e) 
OxA-MSA-MA181 and (f) OxA-MSA-MA-H2O181 clusters and partial charges 𝛅 (in atomic 
units) of each component calculated at the level of B3LYP-D3/aug-cc-pVDZ by Dr. Jing 
Xu of the Gerber group. 
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5.2.3 The effect of OxA on particle formation and growth with MSA and TMA with and 
without H2O 

 
 
Table 5.3 (Expts. 25 – 39) and Figure 5.5 – Figure 5.7 show that, without water vapor, the 

presence of OxA leads to larger particles compared to the MSA + TMA base case, but has a 

small effect on number concentration (≤ 2 times more particles).  In some experiments the 

concentration of OxA was doubled to 34 ppb (Table 5.3, Expts. 38, 39), the maximum 

experimentally accessible concentration; however, this doubling did not result in additional 

significant growth in particle size.  Neither was there enhancement of particle formation with the 

increased OxA concentration compared to the MSA + TMA base case or to experiments done 

with only 17 ppb OxA. 

 

Dissociation energies (Table 5.1) show that the amount of energy required to remove MSA from 

OxA-MSA-TMA (De = 24.44 kcal mol–1) is similar (within the calculation uncertainty) to that 

required to remove MSA from MSA-TMA (22.56 kcal mol–1).  Thus, the added OxA does not 

increase the stability of the MSA-TMA ion pair.  For both MSA-TMA (Figure 5.4c) and OxA-

MSA-TMA (Figure 5.4a) a proton transfer occurs from MSA to TMA.  According to the partial 

charges (Figure 5.4a), OxA (δ = –0.07) participates in the proton transfer to TMA, and plays a 

minor role compared to that of MSA (δ = –0.79).  However, a small increase in partial charge on 

TMA is observed with added OxA (from δ = 0.83 in Figure 5.4c to 0.86 in Figure 5.4a) that may 

contribute to the small increase in particle number concentrations compared to the MSA + TMA 

base case (Figure 5.5 – Figure 5.7), as was shown with the OxA, MSA and MA system.181  In 

OxA-MSA-TMA (Figure 5.4a), OxA connects with the ion pair through one hydrogen bond to 

the MSA, forming an open structure.  The OxA-MSA-TMA cluster can grow to bigger sizes 
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through hydrogen bonding with the OxA or MSA.  The ability to hydrogen bond through both 

OxA and MSA may yield larger sized clusters but such clusters are unwieldy and unlikely to 

pack efficiently, preventing a significant increase in particle number concentration, consistent 

with experimental observations.   

 

In previous work on the effects of OxA on particle formation from MSA and MA, the addition of 

OxA did not affect particle size and had a modest effect on particle number concentrations (< 1 

order of magnitude more particles) compared to the base case with MSA and MA without water 

vapor.186  To elucidate the effect of the two different amines on particle formation, the structure 

of OxA-MSA-TMA is shown in Figure 5.4a and that of OxA-MSA-MA in Figure 5.4e.  In the 

most stable structures of OxA-MSA-TMA and OxA-MSA-MA, the amine always accepts one 

proton from MSA, and the contribution of OxA (δ = –0.07) to the proton transfer is the same.  

However, OxA forms a cyclic structure with MSA and MA (Figure 5.4e), and the energy 

required to remove MSA from the MSA-MA cluster (18.15 kcal mol–1)181 is lower than that to 

remove MSA from the cyclic OxA-MSA-MA cluster (23.49 kcal mol–1).181  Thus, the presence 

of OxA in the MSA-MA system stabilizes the ionic cluster which correlates with the 

experimentally observed increase in particle number concentration.181, 186   

 

In the two systems of MSA-MA and MSA-TMA, the effect of adding OxA produces different 

experimental results.  For OxA-MSA-MA, the number of particles increases (within an order of 

magnitude), but particle sizes do not change.  In the case of OxA-MSA-TMA, the particles grow 

to larger sizes, with only a slight increase (≤ 2 times more particles) in number concentration.  
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Cluster geometry may explain this difference in formation and particle growth in the presence of 

OxA.   

 

The initial structures in Figure 5.4 suggest that the cluster’s geometry affects its ability to 

efficiently pack and subsequently impacts how clusters form particles and grow.  The OxA-

MSA-MA cluster (Figure 5.4e) is rigid and near-planar.  As these OxA-MSA-MA clusters stack, 

the formed units are likely to be compact and relatively ordered, which would support strong 

dipole-dipole interactions between stacked units.  The OxA-MSA-MA particles will be 

energetically stable, which is thermodynamically favorable for the formation of more particles.  

Considering the compact, rigid nature of the OxA-MSA-MA cluster, there is no reason to expect 

growth in particle size compared to the MSA-MA cluster.  Figure 5.4a suggests that adding OxA 

to MSA-TMA, forms a “floppy” OxA-MSA-TMA cluster, with both OxA and TMA able to 

rotate about their respective hydrogen bonds with MSA.  Such OxA-MSA-TMA units suggest 

significant probabilities of hydrogen bond formation with other such species, but these can be 

formed in different directions.  These particles are somewhat disordered, probably not compact, 

and larger compared to MSA-TMA.  The OxA-MSA-TMA particles are not expected to be very 

low in energy, since dipole-dipole interactions within each particle will be partly averaged out by 

the disorder and “floppiness.”  The increased probability of multidirectional hydrogen bonding 

on the OxA-MSA-TMA cluster is expected to result in significantly larger particles sizes, but not 

in an increased number of particles.  Calculations for much larger clusters of OxA-MSA-MA and 

OxA-MSA-TMA are needed to test the above interpretation, but these are computationally 

demanding.  
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Figure 5.5 Comparison of (a) number concentrations (b) geometric mean diameters and (c) 
size distributions at 7.6 s reaction time of the base case reaction of excess MSA (5.3 ppb) 
with TMA (2.7 ppb) to those in the presence of OxA (17 ppb) and water vapor (30% RH) 
measured with the SMPS; errors (2𝜎) in (a) and (b) are from triplicate measurements with 
the SMPS; errors omitted in (c) for clarity. Reaction times indicated in the figure 
corresponds to the time reactants interacted in the reactor, with t = 0 corresponding to the 
time MSA is introduced at spoke #1.  Lines in (a) and (b) are intended to guide the eye.  
See Table 5.3, Expt. 29 and Table 5.4, Expt. 60. 
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Figure 5.6 Comparison of (a) number concentrations and (b) geometric mean diameters of 
the base case reaction of MSA (2.1 ppb) with excess TMA (4 ppb) to those in the presence 
of OxA (17 ppb) and water vapor (30% RH) measured with the SMPS; errors (2𝜎) are from 
triplicate measurements with the SMPS.  Reaction times indicated in the figure corresponds 
to the time reactants interacted in the reactor, with t = 0 corresponding to the time MSA is 
introduced at spoke #1.  Lines intended to guide the eye.  See Table 5.3, Expt. 31 and Table 
5.4, Expt. 63.  

 
 

 
 
Figure 5.7 Comparison of (a) number concentrations and (b) geometric mean diameters of 
the base case reaction of approximately equal concentrations of MSA (3.6 ppb) and TMA 
(3.5 ppb) to those in the presence of OxA (17 ppb) and water vapor (30% RH) measured 
with the SMPS; errors (2𝜎) are from triplicate measurements with the SMPS.  Reaction 
times indicated in the figure corresponds to the time reactants interacted in the reactor, 
with t = 0 corresponding to the time MSA is introduced at spoke #1.  Lines intended to 
guide the eye.  See Table 5.3, Expt. 34 and Table 5.4, Expt. 68. 

 
As shown in Figure 5.8 – Figure 5.10 and Table 5.3 (Expts. 7 – 24) OxA has no effect on the 
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RH, shown in light blue in Figure 5.8 – Figure 5.10) regardless of which reagent is in excess or if 

they are present at approximately equal concentrations.  This is similar to the analogous MA 

system where OxA did not affect the MSA + MA + H2O base case in number concentration or 

size.186  The most stable structures of OxA-MSA-TMA-H2O (Figure 5.4b) and OxA-MSA-MA-

H2O (Figure 5.4f) both show hydrogen bond capacity through the water and OxA molecules that 

should lead to particle formation and/or growth.  Experimental limitations do not allow for equal 

amounts of OxA and water vapor to be introduced to the flow reactor.  Even at the lowest RH 

(15% RH, 9.1 × 1016 cm–3), there are five orders of magnitude more water molecules than OxA 

molecules (typical concentration 17 ppb, 4.2 × 1011 cm–3), which overwhelms any contribution 

OxA has to particle formation and growth.  Thus, the effect of OxA in the presence of water 

vapor, which is always present in the lower atmosphere in significant concentrations, is 

inconsequential in air.186  

 

Figure 5.8 Comparison of (a) number concentrations and (b) geometric mean diameters of 
the base case reaction of excess MSA (5 ppb) with TMA (2.7 ppb) to those in the presence 
of water vapor (30% RH) and OxA (17 ppb) measured with the SMPS; errors (2𝜎) are from 
triplicate measurements with the SMPS. Reaction times indicated in the figure corresponds 
to the time reactants interacted in the reactor, with t = 0 corresponding to the time MSA is 
introduced at spoke #1.  Lines intended to guide the eye. See Table 5.3, Expt. 9 and Table 
5.4, Expt. 40. 
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Figure 5.9 Comparison of (a) number concentrations and (b) geometric mean diameters of 
the base case reaction of MSA (2.1 ppb) with excess TMA (4 ppb) to those in the presence 
of water vapor (30% RH) and OxA (17 ppb) measured with the SMPS; errors (2𝜎) are from 
triplicate measurements with the SMPS.  Reaction times indicated in the figure corresponds 
to the time reactants interacted in the reactor, with t = 0 corresponding to the time MSA is 
introduced at spoke #1.  Lines intended to guide the eye.  See Table 5.3, Expt. 12 and Table 
5.4, Expt. 43. 

 

 
Figure 5.10 Comparison of (a) number concentrations and (b) geometric mean diameters of 
the base case reaction of approximately equal concentrations of MSA (3.2 ppb) with TMA 
(3.5 ppb) to those in the presence of water vapor (30% RH) and OxA (17 ppb) measured 
with the SMPS; errors (2𝜎) are from triplicate measurements with the SMPS.  Reaction 
times indicated in the figure corresponds to the time reactants interacted in the reactor, 
with t = 0 corresponding to the time MSA is introduced at spoke #1.  Lines intended to 
guide the eye.  See Table 5.3, Expt. 19 and Table 5.4, Expt. 49. 
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particles in the MSA-TMA-H2O system compared to the MSA + TMA base case.  However, 

water vapor alone does not grow OxA-MSA-TMA-H2O particles (Table 5.4, Expts. 56 – 75) as 

is evident in Figure 5.11, which shows number concentrations and particle sizes at different RHs.  

Increasing RH has a significant effect on particle number but with similar concentrations of 

MSA and TMA, particles did not grow larger.  

 

 

Figure 5.11 Comparison of (a) number concentrations, (b) geometric mean diameters, and 
(c) size distributions at 7.6 s reaction time of the base case reaction of approximately equal 
concentrations of MSA (3.8 ppb) with TMA (3.5 ppb) to those in the presence of OxA (17 
ppb) and water vapor (15% RH, 30% RH, 50% RH) and measured with the SMPS; errors 
(2𝜎) in (a) and (b) are from triplicate measurements with the SMPS; errors omitted in (c) 
for clarity.  Reaction times indicated in the figure corresponds to the time reactants 
interacted in the reactor, with t = 0 corresponding to the time MSA is introduced at spoke 
#1.  Lines in (a) and (b) are intended to guide the eye.  See Table 5.3, Expt. 36 and Table 
5.4, Expts. 56, 70 and 74. 
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The only observation of particle growth with the addition of H2O compared to the base case of 

OxA-MSA-TMA is shown in Figure 5.5b, c.  Under conditions with excess MSA (Table 5.4, 

Expts. 59, 60), OxA-MSA-TMA-H2O particles are larger compared to the base case without 

water, suggesting more efficient growth.  Previous work showed that MSA and H2O alone do not 

form particles efficiently126-129 but studies when amines were added suggested that the MSA 

hydrate may play an important role in particle formation and growth.133  This may also be the 

case in this study, in which the geometric mean diameter of OxA-MSA-TMA-H2O particles in 

the presence of excess MSA (Figure 5.5) is larger by ~ 7 nm than when TMA is in excess 

(Figure 5.6), and the peak number concentration is slightly larger.  A comparison of the OxA-

MSA-TMA-H2O data in Figure 5.8b to that in Figure 5.9b also suggests that excess MSA forms 

larger particles; thus, the geometric mean diameter of OxA-MSA-TMA-H2O particles plateaus at 

~30 nm in Figure 5.8b compared to ~20 nm in Figure 5.9b.  (A cautionary note is that these 

experiments were carried out on different days so that direct quantitative comparisons are less 

certain). 

 

The fact that particles are larger in excess MSA when all four components - MSA, TMA, OxA 

and H2O - are present suggests that there are MSA hydrates left over in the gas phase once the 

limiting reagent TMA has reacted, and that these hydrates readily add to the OxA-MSA-TMA-

H2O clusters, resulting in particle growth.  The increase in number concentration with increasing 

RH seen at approximately equal concentrations of MSA and TMA in the presence of OxA 

(Figure 5.11a,c) is likely due to a similar phenomenon; addition of the hydrates to the initial 

small, undetectable clusters to grow them into the detectable size range would manifest itself as 

an apparent increase in particle formation. 
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Table 5.1 Dissociation energies (De) calculated at the level of B3LYP-D3/aug-cc-pVDZ by 
Dr. Jing Xu from the Gerber group. 

Systems De (kcal mol–1) 

OxA-TMA à OxA + TMA 19.20 

MSA-TMA à MSA + TMA 22.56 

OxA-TMA-H2O à OxA-TMA + H2O 9.62 

MSA-TMA-H2O à MSA-TMA + H2O 14.23 

OxA-MSA-TMA-H2O à OxA-MSA-TMA + H2O 9.91 

OxA-MSA-TMA-H2O à OxA-TMA-H2O + MSA 24.73 

OxA-MSA-TMA-H2O à MSA-TMA-H2O + OxA  16.76 

OxA-MSA-TMA à MSA-TMA + OxA 21.09 

OxA-MSA-TMA à OxA-TMA + MSA 24.44 
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Table 5.2 Conditions and results for OxA + TMA and OxA + TMA + H2O experiments 
with and without MSA. 

Expt. Ring #1 Ring #2a Spoke #1b Spoke #2 b 

Degree of 
Particle 

Formation 
Enhancement 

due to Addition 
of MSA 

humid conditions 

1a 30% RH 17 ppb OxA dry air 4 ppb TMAc base case 

1b 30% RH 17 ppb OxA 2.3 ppb MSA 4 ppb TMA + + + 

2a 29% RH 17 ppb OxA dry air 1 ppb TMA base case 

2b 29% RH 17 ppb OxA 1.2 ppb MSA 1 ppb TMA + + + d 

3a 30% RH 17 ppb OxA dry air 0.2 ppb TMA base case 

3b 30% RH 17 ppb OxA 0.3 ppb MSA 0.2 ppb TMA + + + 

dry conditions 

4a dry air 17 ppb OxA dry air 2.7 ppb TMA base case 

4b dry air 17 ppb OxA 5 ppb MSA 2.7 ppb TMA + + + 

5a dry air 17 ppb OxA dry air 4 ppb TMA base case 

5b dry air 17 ppb OxA 2.2 ppb MSA 4 ppb TMA + + + 

6a dry air 17 ppb OxA dry air 3.5 ppb TMA base case 

6b dry air 17 ppb OxA 4 ppb MSA 3.5 ppb TMA + + + 
Note: Only dry air was added through ring #3 and spoke #3. 
a The oxalic acid concentration, calculated from its vapor pressure at 303 K,159 takes into account 
dilution in the flow reactor. This represents the maximum concentration achieved in the reaction.  
b MSA and TMA concentrations are measured prior to their entrance to the reactor. These values 
account for dilution in the reactor, and are in bold-face font when in excess. These represent the 
maximum concentrations achieved in the reaction. 
c 1 ppb = 2.48 × 1010 cm–3 at 1 atm and 294 K 
d An enhancement of + + + represents > 10 times more particles due to the added MSA. 
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Table 5.3 Conditions and results for MSA + TMA and MSA + TMA + H2O experiments 
with and without OxA. 

Expt. Ring #1 Ring #2a Spoke #1b Spoke #2 b 

Degree of 
Particle 

Formation 
Enhancement 

due to 
Addition of 

OxA 

Particle 
growth? 

humid conditions 

7a 20% RH dry air 5.3 ppb MSAc 2.6 ppb TMA base case base case 

7b 20% RH 17 ppb 
OxA 5.3 ppb MSA 2.6 ppb TMA no changed Xe 

8a 20% RH dry air 5.5 ppb MSA 2.6 ppb TMA base case base case 

8b 20% RH 17 ppb 
OxA 5.5 ppb MSA 2.6 ppb TMA no change X 

9a 30% RH dry air 5 ppb MSA 2.7 ppb TMA base case base case 

9b 30% RH 17 ppb 
OxA 5 ppb MSA 2.7 ppb TMA no change X 

10a 30% RH dry air 5 ppb MSA 2.7 ppb TMA base case base case 

10b 30% RH 17 ppb 
OxA 5 ppb MSA 2.7 ppb TMA no change X 

11a 30% RH dry air 2.1 ppb MSA 4 ppb TMA base case base case 

11b 30% RH 17 ppb 
OxA 2.1 ppb MSA 4 ppb TMA no change ✓f 

12a 30% RH dry air 2.1 ppb MSA 4 ppb TMA base case base case	

12b 30% RH 17 ppb 
OxA 2.1 ppb MSA 4 ppb TMA no change X 

13a 30% RH dry air 4.2 ppb MSA 6 ppb TMA base case base case 

13b 30% RH 17 ppb 
OxA 4.2 ppb MSA 6 ppb TMA no change X 

14a 30% RH dry air 1.3 ppb MSA 5 ppb TMA base case base case 

14b 30% RH 17 ppb 
OxA 1.3 ppb MSA 5 ppb TMA no change X 

15a 15% RH dry air 4.4 ppb MSA 3.2 ppb TMA base case base case 

15b 15% RH 17 ppb 
OxA 4.4 ppb MSA 3.2 ppb TMA no change X 
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16a 15% RH dry air 4 ppb MSA 3.5 ppb TMA base case base case 

16b 15% RH 17 ppb 
OxA 4 ppb MSA 3.5 ppb TMA no change X 

17a 29% RH dry air 3.9 ppb MSA 3.7 ppb TMA base case base case 

17b 29% RH 17 ppb 
OxA 3.9 ppb MSA 3.7 ppb TMA no change n/a g 

18a 30% RH dry air 3.1 ppb MSA 3.5 ppb TMA base case base case 

18b 30% RH 17 ppb 
OxA 3.1 ppb MSA 3.5 ppb TMA no change X 

19a 30% RH dry air 3.2 ppb MSA 3.5 ppb TMA base case base case 

19b 30% RH 17 ppb 
OxA 3.2 ppb MSA 3.5 ppb TMA no change X 

20a 30% RH dry air 3.6 ppb MSA 3.5 ppb TMA base case base case 

20b 30% RH 34 ppb 
OxA 3.6 ppb MSA 3.5 ppb TMA no change X 

21a 30% RH dry air 3.4 ppb MSA 3.3 ppb TMA base case base case 

21b 30% RH 34 ppb 
OxA 3.4 ppb MSA 3.3 ppb TMA no change X 

22a 30% RH dry air 3.1 ppb MSA 3.2 ppb TMA base case base case 

22b 30% RH 34 ppb 
OxA 3.1 ppb MSA 3.2 ppb TMA no change X 

23a 50% RH dry air 3.7 ppb MSA 3.5 ppb TMA base case base case 

23b 50% RH 17 ppb 
OxA 3.7 ppb MSA 3.5 ppb TMA no change X 

24a 50% RH dry air 2.7 ppb MSA 3.7 ppb TMA base case base case 

24b 50% RH 17 ppb 
OxA 2.7 ppb MSA 3.7 ppb TMA no change X 

dry conditions 

25a dry air dry air 3.8 ppb MSA 2.5 ppb TMA base case base case 

25b dry air 17 ppb 
OxA 3.8 ppb MSA 2.5 ppb TMA no change ✓ 

26a dry air dry air 4.7 ppb MSA 2.5 ppb TMA base case base case	

26b dry air 17 ppb 
OxA 4.7 ppb MSA 2.5 ppb TMA no change ✓ 

27a dry air dry air 5.5 ppb MSA  3.7 ppb TMA base case base case	

27b dry air 17 ppb 
OxA 5.5 ppb MSA 3.7 ppb TMA no change n/a 

28a dry air dry air 5 ppb MSA 2.7 ppb TMA base case base case 
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28b dry air 17 ppb 
OxA 5 ppb MSA 2.7 ppb TMA no change ✓ 

29a dry air dry air 5.3 ppb MSA 2.7 ppb TMA base case base case	

29b dry air 17 ppb 
OxA 5.3 ppb MSA 2.7 ppb TMA no change ✓ 

30a dry air dry air 4.6 ppb MSA 9 ppb TMA base case base case	

30b dry air 17 ppb 
OxA 4.6 ppb MSA 9 ppb TMA + h 

(3 times more) n/a 

31a dry air dry air 2.1 ppb MSA 4 ppb TMA base case base case 

31b dry air 17 ppb 
OxA 2.1 ppb MSA 4 ppb TMA no change ✓ 

32a dry air dry air 2.2 ppb MSA 4 ppb TMA base case base case	

32b dry air 17 ppb 
OxA 2.2 ppb MSA 4 ppb TMA no change ✓ 

33a dry air dry air 3.5 ppb MSA 3.6 ppb TMA base case base case	

33b dry air 17 ppb 
OxA 3.5 ppb MSA 3.6 ppb TMA no change ✓ 

34a dry air dry air 3.6 ppb MSA 3.5 ppb TMA base case base case	

34b dry air 17 ppb 
OxA 3.6 ppb MSA 3.5 ppb TMA no change ✓ 

35a dry air dry air 3.2 ppb MSA 3.5 ppb TMA base case base case	

35b dry air 17 ppb 
OxA 3.2 ppb MSA 3.5 ppb TMA no change ✓ 

36a dry air dry air 3.8 ppb MSA 3.5 ppb TMA base case base case	

36b dry air 17 ppb 
OxA 3.8 ppb MSA 3.5 ppb TMA no change ✓ 

37a dry air dry air 3.7 ppb MSA 3.7 ppb TMA base case base case	

37b dry air 17 ppb 
OxA 3.7 ppb MSA 3.7 ppb TMA no change ✓ 

38a dry air dry air 3.4 ppb MSA 3.5 ppb TMA base case base case	

38b dry air 34 ppb 
OxA 3.4 ppb MSA 3.5 ppb TMA no change ✓ 

39a dry air dry air 3.5 ppb MSA 3.2 ppb TMA base case base case	

39b dry air 34 ppb 
OxA 3.5 ppb MSA 3.2 ppb TMA no change ✓ 

Note: Only dry air was added through ring #3 and spoke #3. 
a The oxalic acid concentration, calculated from its vapor pressure at 303 K,159 takes into account 
dilution in the flow reactor. This represents the maximum concentration achieved in the reaction.  
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b MSA and TMA concentrations are measured prior to their entrance to the reactor. These values 
account for dilution in the reactor, and are in bold-face font when in excess. These represent the 
maximum concentrations achieved in the reaction. 
c 1 ppb = 2.48 × 1010 cm–3 at 1 atm and 294 K 
d The designation, “no change” indicates ≤ 2 times more particles were observed due to the 
added OxA. 
e An “X” means particle growth compared to the base case was not observed. 
f A “✓” means particle growth compared to the base case was observed. 
g “n/a” means the reaction was not measured with the SMPS.  
h An enhancement of + represents > 2 times more but ≤ 4 times more particles due to the added 
OxA. 
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Table 5.4 Conditions and results for MSA + TMA and OxA + MSA + TMA experiments 
with and without water vapor. 

Expt. Ring #1 Ring #2a Spoke #1b Spoke #2b 

Degree of 
Particle 

Formation 
Enhancement 

due to 
Addition of 

H2O 

Particle 
growth? 

40a dry air dry air 5 ppb MSAc 2.7 ppb TMA base case base case 

40bd 30% 
RH dry air 5 ppb MSA 2.7 ppb TMA + + e ✓ f 

41a dry air dry air 5 ppb MSA 2.7 ppb TMA base case base case 

41b 30% 
RH dry air 5 ppb MSA 2.7 ppb TMA + g ✓ 

42a dry air dry air 2.1 ppb MSA 4 ppb TMA base case base case 

42b 30% 
RH dry air 2.1 ppb MSA 4 ppb TMA + + + h ✓ 

43a dry air dry air 2.1 ppb MSA 4 ppb TMA base case base case 

43b 30% 
RH dry air 2.1 ppb MSA 4 ppb TMA + + 

(9 times more) ✓ 

44a dry air dry air 1.3 ppb MSA 5 ppb TMA base case base case 

44b 30% 
RH dry air 1.3 ppb MSA 5 ppb TMA + + + ✓ 

45a dry air dry air 4.4 ppb MSA 3.2 ppb TMA base case base case 

45b 15% 
RH dry air 4.4 ppb MSA 3.2 ppb TMA + ✓ 

46a dry air dry air 4 ppb MSA 3.5 ppb TMA base case base case 

46b 15% 
RH dry air 4 ppb MSA 3.5 ppb TMA + ✓ 

47a dry air dry air 3.9 ppb MSA 3.7 ppb TMA base case base case 

47b 29% 
RH dry air 3.9 ppb MSA 3.7 ppb TMA + + n/a i 

48a dry air dry air 3.1 ppb MSA 3.5 ppb TMA base case base case 

48b 30% 
RH dry air 3.1 ppb MSA 3.5 ppb TMA + + + ✓ 

49a dry air dry air 3.2 ppb MSA 3.5 ppb TMA base case base case 

49b 30% 
RH dry air 3.2 ppb MSA 3.5 ppb TMA + + ✓ 

50a dry air dry air 3.6 ppb MSA 3.5 ppb TMA base case base case 

50b 30% 
RH dry air 3.6 ppb MSA 3.5 ppb TMA + + + ✓ 

51a dry air dry air 3.4 ppb MSA 3.3 ppb TMA base case base case 
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51b 30% 
RH dry air 3.4 ppb MSA 3.3 ppb TMA + + ✓ 

52a dry air dry air 3.1 ppb MSA 3.2 ppb TMA base case base case 

52b 30% 
RH dry air 3.1 ppb MSA 3.2 ppb TMA + + ✓ 

53a dry air dry air 2.9 ppb MSA 3.2 ppb TMA base case base case 

53b 30% 
RH dry air 2.9 ppb MSA 3.2 ppb TMA + + ✓ 

54a dry air dry air 3.7 ppb MSA 3.5 ppb TMA base case base case 

54b 50% 
RH dry air 3.7 ppb MSA 3.5 ppb TMA + + + ✓ 

55a dry air dry air 2.7 ppb MSA 3.7 ppb TMA base case base case 

55b 50% 
RH dry air 2.7 ppb MSA 3.7 ppb TMA + + + ✓ 

56a dry air 17 ppb 
OxA 3.8 ppb MSA 3.5 ppb TMA base case base case 

56b 15% 
RH 

17 ppb 
OxA 3.8 ppb MSA 3.5 ppb TMA + X j 

57a dry air 17 ppb 
OxA 3.7 ppb MSA 3.7 ppb TMA base case base case 

57b 15% 
RH 

17 ppb 
OxA 3.7 ppb MSA 3.7 ppb TMA no change X 

58a dry air 17 ppb 
OxA 5.5 ppb MSA 3.7 ppb TMA base case base case 

58b 29% 
RH 

17 ppb 
OxA 5 ppb MSA 3.7 ppb TMA + + n/a 

59a dry air 17 ppb 
OxA 5 ppb MSA 2.7 ppb TMA base case base case 

59b 30% 
RH 

17 ppb 
OxA 5 ppb MSA 2.7 ppb TMA + + ✓ 

60a dry air 17 ppb 
OxA 5.3 ppb MSA 2.7 ppb TMA base case base case 

60b 30% 
RH 

17 ppb 
OxA 5.3 ppb MSA 2.7 ppb TMA + + ✓ 

61a dry air 17 ppb 
OxA 2.2 ppb MSA 4 ppb TMA base case base case 

61b 27% 
RH 

17 ppb 
OxA 2.2 ppb MSA 4 ppb TMA + + n/a 

62a dry air 17 ppb 
OxA 4.6 ppb MSA 9 ppb TMA base case base case 

62b 28% 
RH 

17 ppb 
OxA 4.6 ppb MSA 9 ppb TMA + + n/a 

63a dry air 17 ppb 
OxA 2.1 ppb MSA 4 ppb TMA base case base case 
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63b 30% 
RH 

17 ppb 
OxA 2.1 ppb MSA 4 ppb TMA + + X 

64a dry air 17 ppb 
OxA 2.2 ppb MSA 4 ppb TMA base case base case 

64b 30% 
RH 

17 ppb 
OxA 2.2 ppb MSA 4 ppb TMA + + X 

65a dry air 17 ppb 
OxA 2 ppb MSA 2 ppb TMA base case base case 

65b 30% 
RH 

17 ppb 
OxA 2 ppb MSA 2 ppb TMA + + n/a 

66a dry air 17 ppb 
OxA 3.5 ppb MSA 3.6 ppb TMA base case base case 

66b 30% 
RH 

17 ppb 
OxA 3.5 ppb MSA 3.6 ppb TMA + + X 

67a dry air 17 ppb 
OxA 4 ppb MSA 3.5 ppb TMA base case base case 

67b 30% 
RH 

17 ppb 
OxA 4 ppb MSA 3.5 ppb TMA + + X 

68a dry air 17 ppb 
OxA 3.6 ppb MSA 3.5 ppb TMA base case base case 

68b 30% 
RH 

17 ppb 
OxA 3.6 ppb MSA 3.5 ppb TMA + + X 

69a dry air 17 ppb 
OxA 3.2 ppb MSA 3.5 ppb TMA base case base case 

69b 30% 
RH 

17 ppb 
OxA 3.2 ppb MSA 3.5 ppb TMA + + X 

70a dry air 17 ppb 
OxA 3.8 ppb MSA 3.5 ppb TMA base case base case 

70b 30% 
RH 

17 ppb 
OxA 3.8 ppb MSA 3.5 ppb TMA + + X 

71a dry air 17 ppb 
OxA 3.7 ppb MSA 3.7 ppb TMA base case base case 

71b 30% 
RH 

17 ppb 
OxA 3.7 ppb MSA 3.7 ppb TMA + X 

72a dry air 34 ppb 
OxA 3.4 ppb MSA 3.5 ppb TMA base case base case 

72b 30% 
RH 

34 ppb 
OxA 3.4 ppb MSA 3.5 ppb TMA + + 

(6 times more) X 

73a dry air 34 ppb 
OxA 3.5 ppb MSA 3.2 ppb TMA base case base case 

73b 30% 
RH 

34 ppb 
OxA 3.5 ppb MSA 3.2 ppb TMA +  

(4 times more) X 

74a dry air 17 ppb 
OxA 3.8 ppb MSA 3.5 ppb TMA base case base case 

74b 50% 
RH 

17 ppb 
OxA 3.8 ppb MSA 3.5 ppb TMA + + + X 
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75a dry air 17 ppb 
OxA 3.7 ppb MSA 3.7 ppb TMA base case base case 

75b 50% 
RH 

17 ppb 
OxA 3.7 ppb MSA 3.7 ppb TMA + +  

(9 times more) X 

Note: Only dry air was added through ring #3 and spoke #3. 
a The oxalic acid concentration, calculated from its vapor pressure at 303 K,159 takes into account 
dilution in the flow reactor. This represents the maximum concentration achieved in the reaction.  
b MSA and TMA concentrations are measured prior to their entrance to the reactor. These values 
account for dilution in the reactor, and are in bold-face font when in excess. These represent the 
maximum concentrations achieved in the reaction. 
c 1 ppb = 2.48 × 1010 cm–3 at 1 atm and 294 K 
d Blue highlight indicates experiment was done in the presence of water vapor. 
e An enhancement of + + represents > 4 times more but ≤ 10 times more particles due to the 
added H2O. 
f A “✓” means particle growth compared to the base case was observed. 
g An enhancement of + represents > 2 times more but ≤ 4 times more particles due to the added 
H2O. 
h An enhancement of + + + represents > 10 times more particles due to the added H2O. 
i “n/a” means the reaction was not measured with the SMPS. 
j An “X” means particle growth compared to the base case was not observed. 
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Table 5.5 Control experiments and results for the OxA, MSA, TMA and water system. 

Exp. Ring #1 Ring #2a Spoke #1 Spoke #2b Results 

76c 50% RH dry air dry air dry air <1000 particles 

77 29% RH 17 ppb OxA dry air dry air <100 particles 

78 23% RH 17 ppb OxA dry air 9 ppb TMA <100 particles 

79 30% RH 17 ppb OxA dry air 0 – 9 ppb TMA <100 particles 

80 30% RH 17 ppb OxA dry air 0.2 ppb TMA <100 particles 

81 30% RH 17 ppb OxA dry air 4 ppb TMA <100 particles 

82 50% RH 17 ppb OxA dry air 4 ppb TMA <2000 particles 

83 dry air 17 ppb OxA dry air 0 – 9 ppb TMA no particles 

84 dry air 17 ppb OxA dry air 0.2 ppb TMA no particles 

85 dry air 17 ppb OxA dry air 4 ppb TMA no particles 

86 dry air 17 ppb OxA dry air 4 ppb TMA no particles 

87 dry air 17 ppb OxA dry air 9 ppb TMA no particles 

Note: Only dry air was added through ring #3 and spoke #3. 
a The oxalic acid concentration, calculated from its vapor pressure at 303 K,159 takes into account 
dilution in the flow reactor. This represents the maximum concentration achieved in the reaction.  
b TMA concentrations are measured prior to their entrance to the reactor. These values account 
for dilution in the reactor.  These represent the maximum concentrations achieved in the reaction. 
c Experiment done on a dirty/used aerosol reactor, particles likely formed from degassing of 
reactants.  No particles are formed with water vapor on a clean aerosol reactor. 
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5.3 ATMOSPHERIC IMPLICATIONS 
 
 
Particle formation and growth from OxA, MSA, TMA and water are summarized schematically 

in Figure 5.12.  Through comparing the results of OxA-MSA-amine-H2O where the amine is 

either MA or TMA, we explore the effect of two kinds of bases on particle formation and 

growth.  Basicity and hydrogen bonding capacity are used to explain how differences in amine 

structure affect particle formation and growth.  Our results show that MA is more efficient than 

TMA at forming particles with OxA, which can be attributed mainly to the primary amine’s 

greater capacity for hydrogen bonding, despite its lower basicity.  Theoretically predicted proton 

transfer did not always correlate with experimentally observed particle formation in these studies 

of particles from TMA.  For example, with the OxA-TMA cluster a proton transfer occurs but no 

particles were measured.  Though the effect of OxA is likely overshadowed by water in the 

atmosphere, without water vapor OxA-MSA-TMA particles are larger than the MSA-TMA 

particles.  For OxA-MSA-TMA, water enhanced particle number concentrations but larger OxA-

MSA-TMA-H2O particles were observed mainly in cases with excess MSA compared to the base 

case without H2O, suggesting that the MSA hydrate is important for both nucleation and particle 

growth.  Thus, the combination of laboratory experiments and theoretical calculations is a 

powerful approach to elucidate the processes of particle formation and growth.  
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Figure 5.12 Schematic summary of experimental results to represent conditions with (a) 
equal concentrations of MSA and TMA and (b) with excess MSA. Note that this schematic 
is intended to show the net results of the addition of one selected gas phase species to its 
base case without that species. 
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CONCLUSIONS 
 
 
Elucidating how particles form and grow in the atmosphere is important to fully understand the 

impact particles have on human health, the atmosphere and the climate.  These laboratory 

studies, in collaboration with theoretical calculations completed by the Gerber group, suggest 

that proton transfer, hydrogen bonding and basicity all play a role in particle formation.  

 

In the OxA-MA and OxA-MA-H2O system, proton transfer correlated with particle formation.  

Few particles are formed from OxA-MA, where no proton transfer is observed.  The presence of 

water promotes a proton transfer in the OxA-MA-H2O cluster and results show particle 

formation is enhanced compared to OxA-MA.  Particle formation from OxA and MA with and 

without water is more efficient compared to OxA and TMA with and without water.  In this case, 

proton transfer did not correspond with particle formation and basicity is shown to be less 

important than hydrogen bonding capacity.  MA is less basic than TMA but has more 

opportunities to hydrogen bond than TMA.  Although theoretical studies predict otherwise, in 

these experimental studies there is no significant particle formation from dicarboxylic acids and 

amines with and without water.  At atmospheric concentrations, the reaction of dicarboxylic 

acids, amines and water are an unlikely source of particles on their own.   

 

Of the four organics investigated in this work, OxA had the most significant effect on particle 

formation and growth under dry conditions.  With the MSA + MA system, OxA enhanced 

particle formation (< 1 order of magnitude more particles in the presence OxA) and did not grow 

particles to larger sizes.  With the MSA + TMA system, OxA only slightly enhanced particle 

formation (≤ 2 times more particles in the presence OxA) but grew particles to larger sizes.  
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Here, amine structure influenced OxA-MSA-amine cluster geometry and ultimately determined 

whether growth in particle number or growth to larger particle sizes was more favorable.   

 

There was no evidence of increased particle formation or particle growth in the presence of 

octanol, MaA or OxA under humid conditions compared to measurements of MSA, amine and 

H2O.  SuA was the exception and showed a slight enhancement (at least 2 times more particles) 

of new particle formation with water, which may be due to its low vapor pressure, its hydrogen 

bonding capacity or both.  Since water is always present in the atmosphere it may overwhelm the 

effect of some organics.  Results also suggest that water alone does not grow particles to larger 

sizes.   

 

Coupling experimental results with theoretical calculations is a powerful approach.  Theoretical 

calculations help expand interpretation of experimental results to give insight of the very initial 

stages of cluster formation.  The results of this work can be implemented in atmospheric models 

to better predict particle impacts on a regional and global level. 
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