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Atmospheric nanoparticle formation and growth processes are major sources of uncertainty in our

understanding of global climate. However, nanoparticle composition is notoriously difficult to mea-

sure below 30 nm due to their incredibly low mass, and so a full understanding of the compounds

that contribute to nanoparticle growth still remains elusive. In addition, nanoparticle physical and

chemical properties are continuously changing at different sizes. To date, nanoparticles have been

known to form from either the condensation of extremely low volatility organic compounds or the

reactions of acids and bases in the atmosphere. For the latter, sulfuric acid has been observed to be

the predictor of new particle formation events and, recently, amines and ammonia have been shown

to stabilize sulfuric acid-containing clusters and contribute to nanoparticle formation and growth.

However, size-resolved composition of nanoparticles resulting from these acid-base pairs, as well

as the extent to which other atmospherically relevant acids and bases contribute to new particle

formation, are both still unknown. This dissertation uses both modeling and experimental methods

to understand different acid-base systems’ nanoparticle formation and growth processes.

In Chapter 2, we generated particles made from sulfuric acid with either dimethylamine and am-

monia under dry and humid conditions to measure their size-resolved composition using Thermal

Desorption Chemical Ionization Mass Spectrometry. Sulfuric acid-ammonia experiments were con-

ducted with 100x higher concentrations of ammonia compared to sulfuric acid to mimic atmospheric

conditions, while sulfuric acid-dimethylamine experiments were conducted with concentrations on
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the same order of magnitude. In all cases, the particles that were formed deviated from stoichio-

metric neutrality. In both humid and dry cases, sulfuric acid and ammonia formed particles that

contained more acid than base, despite the starting concentration differences. In humid conditions,

sulfuric acid and dimethylamine formed particles that also had a higher concentration of sulfuric

acid compared to dimethylamine for particles smaller than 12 nm. However, under dry conditions,

these particles seemed to have more dimethylamine than sulfuric acid. Thermodynamic models

using different pKa values to describe the acid and base behavior in these systems are discussed.

Next, in Chapter 3, we probed the composition of particles formed from nitric acid and dimethy-

lamine using the same methods. In this case, under all conditions, nitric acid and dimethylamine

formed particles in a 1:1 acid:base ratio at all sizes measured (9–30 nm). Here we also applied

quantum chemical methods to calculate cluster stabilities for clusters containing up to 4 acid and 4

base molecules to discern if the initial growth pathways were reflected in composition measurements.

Results show that cluster simulations predicted the behavior of nitric acid and dimethylamine par-

ticles, because both nitric acid and dimethylamine are too volatile to remain in the particle phase

without salt formation.

In order to better understand the very first steps of new particle formation, we used the same

computational theory to model and calculate the stabilities of acid-base heterodimers (1 acid and

1 base clusters) formed from 3 different acid and 9 different base molecules in Chapter 4. We

compared these values to aqueous-phase acidity, gas-phase acidity, base vapor pressure, dipole

moment, and polarizability to find out which was the strongest predictor of heterodimer stability,

the first step in forming a cluster. Then, we compared heterodimer stability of just the sulfuric

acid salts with calculated new particle formation rates. From this, we developed a model that

parametrizes heterodimer stability to predict new particle formation rates, which were found to be

in good agreement with experimental values for the sulfuric acid-ammonia system.
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Chapter 1

Introduction

1.1 List of Research Articles

This thesis consists of an introduction and three research articles. These papers are outlined below

and are referenced throughout the introduction by their roman numeral (e.g., Paper II).

I. Chen, H.; Chee, S.; Lawler, M.J.; Barsanti, K.C.; Wong, B.M.; Smith, J.N. “Size-resolved

chemical composition of nanoparticles from reactions of sulfuric acid with ammonia and

dimethylamine.” Aerosol Science and Technology. 2018. 52(10), 1120-1133. DOI:

https://doi.org/10.1080/02786826.2018.1490005

II. Chee, S.; Myllys, N.; Barsanti, K.B.; Wong, B.; Smith, J.N. “An Experimental and Modeling

Study of Nanoparticle Formation and Growth from Dimethylamine and Nitric Acid.” J. Phys.

Chem. A. 2019. 123, 26, 5640-5648. DOI: https://doi.org/10.1021/acs.jpca.9b03326

III. Chee, S.; Barsanti, K.; Smith, J. N.; Myllys, N. “A Predictive Model for Salt Nanoparticle

Formation Using Heterodimer Stability Calculations.” Atmos. Chem. Phys. In review. 2021.

DOI: https://doi.org/10.5194/acp-2021-84
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Other papers related to the project but were not incorporated into the thesis are outlined below

and are also referenced throughout the text by their roman numerals.

IV. Myllys, N.; Chee, S.; Olenius, T.; Lawler, M.J.; Smith, J.N. “Molecular-Level Understanding

of Synergistic Effects in Sulfuric Acid-Amine-Ammonia Mixed Clusters.” J. Phys. Chem. A.

2019. 123, 12, 2420-2425. DOI: https://doi.org/10.1021/acs.jpca.9b00909

V. Myllys, N.; Ponkkonen, T.; Chee, S.; Smith, J.N. “Enhancing Potential of Trimethylamine

Oxide on Atmospheric Particles.” Atmosphere. 2020. 11(1), 35. DOI:

https://doi.org/10.3390/atmos11010035

VI. Smith, J.N.; Draper, D.C.; Chee, S.; Dam, M.; Glicker, H.; Myers, D.; Thomas, A.; Lawler,

M.J.; Myllys, N. “Atmospheric clusters to nanoparticles: Recent progress and challenges in

closing the gap in chemical composition.” Journal of Aerosol Science. 2020. 153. DOI:

https://doi.org/10.1016/j.jaerosci.2020.105733

1.2 Background

1.2.1 Impact of Atmospheric Nanoparticles for Health and Climate

Atmospheric aerosols, suspensions of gases and particles in air, have effects on human health and

global climate that are not yet fully understood. Aerosol particles can be broken down into the

following size ranges: the nucleation or Aitken mode (∼1-100 nm), the accumulation mode (∼100 –

2000 nm), and the coarse mode (∼2 – 10 microns) (Finlayson-Pitts and Pitts, 2000; Whitby, 1978).

These size ranges are broken down largely as a distinction between each size range’s formation

pathways, which are depicted in Figure 1.1. Nucleation or Aitken mode particles are made primarily

from the formation of a nucleus from low volatility vapors in the atmosphere, while accumulation

mode particles (as the name suggests) is the mode that forms from the coagulation of the smaller

mode’s particles. In contrast to these two modes, the coarse size range of particles are typically
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produced from more mechanical methods, like dust, volcanic eruptions, and combustion emissions.

In this dissertation, we will be focusing on understanding the formation and growth processes of

nucleation or Aitken mode particles, with diameters smaller than 100 nm, and will refer to these as

“atmospheric nanoparticles.”

Figure 1.1: Formation and removal pathways of atmospheric aerosol sorted by size, repro-
duced from Whitby (1978).

In general, nanoparticles are too small to scatter significant amounts of light; however, they are

crucial precursors to larger accumulation mode particles which are more effective light scatterers.

In addition, they have the potential to form cloud condensation nuclei (CCN), which govern the

formation of clouds by providing the nucleus for water condensation (Merikanto et al., 2009; Pierce

and Adams, 2009; Westervelt et al., 2013). In 2014, the IPCC reported the indirect forcing effect

from aerosols was the single largest uncertainty in global radiation models (IPCC, 2014). Nanopar-

ticle formation, growth, and in-particle chemical processes still remain mysterious and exacerbate

this uncertainty in climate models (Pierce and Adams, 2009), which in turn emphasizes the need

for a mechanistic understanding of how nanoparticles form and grow.
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In addition, nanoparticles have been shown to affect human health in an emerging field coined as

nanotoxicology by Oberdörster et al. (2005). In contrast to larger particles which are deposited on

the walls of the respiratory system prior to the deepest part of the lungs, nanoparticles can travel all

the way to the alveoli where oxygen exchange occurs (Allen et al., 2017; Oberdörster et al., 2004).

Because nanoparticles are so small, they are able to more easily translocate into the bloodstream

through endocytosis, phagocytosis, and other cell transport processes, where they can then cause

adverse health effects. Studies have also shown that nanoparticles are able to translocate to the

brain and increase the likelihood of contracting neurological illnesses (Allen et al., 2017; Jew et al.,

2019; Oberdörster et al., 2004). In addition, nanoparticles are the precursor to fine particles, which

have been correlated with adverse health effects like asthma and heart disease (Arden Pope III and

Dockery, 2012; Dockery et al., 1993; Turner et al., 2008). Understanding how nanoparticles are

formed and what components lead to negative health effects is crucial in reducing their impact on

human health, and on top of nanoparticle climate effects, is what motivates this thesis.

1.2.2 Known mechanisms of nanoparticle formation and growth

In general, particles are formed through either primary or secondary processes, where primary parti-

cles are emitted directly into the atmosphere from a mechanical process (e.g., dust, sea spray, pollen,

etc.), and secondary particles are formed through gas-to-particle conversion processes to nucleate

new particles (Finlayson-Pitts and Pitts, 2000; Whitby, 1978). Nanoparticles are typically formed

through secondary processes in new particle formation (NPF) events, which has been observed in

both remote and polluted environments (Baccarini et al., 2020; Lee et al., 2019; Weber et al., 1996).

While nanoparticles have also been observed to come from primary processes, like sea spray and

combustion, studies have shown that NPF, as we will discuss below, is still the dominant contributor

to CCN populations globally (Kulmala et al., 2004, 2017).

NPF is the secondary process by which gas molecules collide and form clusters of molecules held

together by intermolecular bonds (Kirkby et al., 2011; Pichelstorfer et al., 2018; Weber et al., 1996;

Zhang et al., 2012; Whitby, 1978). These clusters must quickly grow to larger sizes to avoid removal
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Figure 1.2: Residence times of particles according to size, as well as their main loss pathways,
reproduced from Smith et al. (2004).

by coagulation with other particles (Cai and Jiang, 2017; Kuang et al., 2010), as shown by Figure

1.2, which illustrates the residence time of particles in the atmosphere. Nanoparticles between

the sizes of 1—10 nm have residence times on the order of minutes. However, despite their need

for fast uptake, the growth pathways for these clusters are restricted due to the Kelvin effect,

which is the phenomenon in which the condensation of molecules onto a curved surface requires

a supersaturation of the condensing species (Finlayson-Pitts and Pitts, 2000). For small particles,

condensational growth is only possible through either an irreversible condensation of a very low

volatility species or the reaction of a volatile molecule at the surface of the particle to form a

nonvolatile product (reactive uptake).

1.2.3 Acid-base reactions in the atmosphere

Historically, sulfuric acid concentrations have been one of the most reliable predictors of NPF

events, and therefore, nanoparticle production, in the atmosphere (Almeida et al., 2013a; Kirkby

et al., 2011; Sipilä et al., 2010; Weber et al., 1995). This makes sense in urban environments where

there are many sources of sulfur dioxide (SO2), which can be chemically converted to sulfuric acid

in ambient air by the mechanism shown in Scheme 1:
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OH + SO2 + M −−→ HOSO2 + M (R1)

HOSO2 + O2 −−→ HO2 + SO3 (R2)

SO3 + H2O −−→ H2SO4 (R3)

However, with the exception of SO2 plumes downwind of major sources such as coal-fired power

plants and volcanoes, sulfuric acid concentrations alone cannot account for all nanoparticle formation

and growth. This is especially true when considering growth to sizes where species more volatile

than sulfuric acid can contribute. Measurements of ambient atmospheric clusters and sub-20 nm

nanoparticles have shown that ammonia, amines, and oxidized organics are important participants

in NPF in most locales (Ehn et al., 2014; Junninen et al., 2010; Smith et al., 2008b, 2010b; Wang

et al., 2006).

Figure 1.3: Relative contributions of compounds to nanoparticle growth as a function of size.
Reproduced from Ehn et al. (2014).
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Indeed, these NPF precursors are illustrated in Figure 1.3 from Ehn et al. (2014), which depicts the

known contributors and mechanisms to atmospheric particle growth as a function of size. From the

smallest size (∼1 nm), the main species that contribute to growth are sulfuric acid, amines/ammonia,

and extremely low volatility organic compounds (ELVOCs), and as particles become bigger, more

low volatility and semi-volatile organic compounds (LVOC and SVOC, respectively) are able to

partition into the particle as the Kelvin effect becomes less important. In the case of sulfuric acid

and ELVOCs, they both have low enough volatilities to overcome the Kelvin effect, and thus their

collision with a particle will result in irreversible condensation. However, amines and ammonia,

both semivolatile compounds, can only stay in the particle by undergoing an acid-base reaction to

form their protonated counterparts, which are essentially nonvolatile ions (Barsanti et al., 2009; Lavi

et al., 2015; Smith et al., 2010b). This has been further discussed in Paper I. Acid-base reactions

enable relatively volatile species to contribute to nanoparticle growth and further reduce the vapor

pressure of the participating acid by forming the anion. We discuss the acids and bases relevant to

this thesis and their sources below.

Sulfuric acid, as previously discussed, is formed through the photochemical processing of SO2 in

the atmosphere (Dada et al., 2020; Finlayson-Pitts and Pitts, 2000). SO2 is formed from the

combustion of sulfur-containing fossil fuels and volcanic activity (Finlayson-Pitts and Pitts, 2000;

Whitby, 1978), and so concentrations of sulfuric acid are most abundant in urban areas where fuel

burning is commonplace and directly downwind of volcanoes. Sulfuric acid is a strong acid with a

first acid dissociation constant (pKa) of −3 for its first proton transfer (Slater, 2014). Concentrations

of sulfuric acid can range from approximately 103–108 molec cm-3 depending on the relevant sources

and sinks in the area (Dada et al., 2020).

In contrast, nitric acid is relatively abundant in the atmosphere with concentrations on the order

of parts-per-billion (ppb), or approximately 1010 molec cm-3 (Afpel et al., 1979; Finlayson-Pitts

and Pitts, 2000; Huang et al., 2002). Nitric acid is primarily formed from the reaction of nitrogen

dioxide (NO2) with OH radical, but can also result from the interfacial hydrolysis of N2O5 on a

particle surface, or the abstraction of a hydrogen by nitrate radical (NO3) from an organic compound

(Finlayson-Pitts and Pitts, 2000; Huang et al., 2002). Nitric acid is also a strong acid, with a pKa of
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−1.3 (Slater, 2014). Nitrate (NO –
3 ) has been measured in sub-50 nm particles, despite ammonium

nitrate being too volatile to remain in particles of that size (Lawler et al., 2014; Smith et al., 2004,

2008b) (see Paper II).

Both of these acids have been found to be stabilized in the particle-phase because of reactions with

atmospheric bases, namely, ammonia and amines (Angelino et al., 2001; Bzdek et al., 2010; Glasoe

et al., 2015; Kurt et al., 2008; Smith et al., 2010b). Ammonia is the most abundant base in the

atmosphere and is derived from numerous sources, most notably from agricultural uses like animal

husbandry or fertilizers (Behera et al., 2013; Finlayson-Pitts and Pitts, 2000; Nair and Yu, 2020).

Ammonia concentrations can range from a few ppt in remote areas to tens of ppb near emission

sources (Nair and Yu, 2020). However, ammonia is a relatively weak base with a conjugate acid

pKa value of 9.25 (Slater, 2014).

In contrast, methyl-, dimethyl-, and trimethyl-amine conjugate pKa values are 10.66, 10.73, and

11.09, respectively (Slater, 2014), almost two orders of magnitude more basic than ammonia. These

relatively stronger basicities have been used to explain why amines are present in atmospheric

nanoparticles, despite their smaller overall ambient concentrations. The methyl-substituted amines

(methyl, dimethyl, and trimethylamines) come from similar sources to ammonia, like animal hus-

bandry and farming, and are typically found in concentrations ranging from ppq to tens of ppt

depending on distance from their emissions source (Ge et al., 2011; Qiu and Zhang, 2013). Despite

ammonia being present in the atmosphere at, on average, 3 orders of magnitude larger concentra-

tions than amines, amines are consistently detected in atmospheric nanoparticles (Qiu and Zhang,

2013; Smith et al., 2010b). The interaction between amines or ammonia with atmospheric acids

in enhancing nanoparticle formation and growth is not well understood and has been studied in

Papers IV and V.
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1.2.4 Lab studies of salt particle behavior

Laboratory studies have recently set out to understand salt formation’s effects on nucleation and

size-dependent particle composition. For nucleation, numerous studies have catalogued the enhanc-

ing effect of bases on sulfuric acid nucleation rates. In flow tube experiments (Ball et al., 1999) and

those performed at the Cosmics Leaving OUtdoor Droplets (CLOUD) chamber (Duplissy et al.,

2016), sulfuric acid was reacted with ammonia and showed up to orders of magnitude enhancement

in nucleation rates compared to homogeneous nucleation with sulfuric acid alone. Studies of sulfuric

acid and dimethylamine (with 10 pptv contaminant ammonia) at CLOUD showed larger enhance-

ment at lower concentrations (Almeida et al., 2013a). Glasoe et al. (2015) studied the effect of

relative humidity and the stabilization of different seven different bases on the enhancement of NPF

rates in flow tube experiments and found that the order of enhancement is NH3 < MA < TMA

< DMA, and that other amines studied (TEA, amides, urea, and acetamide) were less effective at

increasing NPF rates, and suggest the reason is that the less effective bases were less basic and

hampered salt formation. They also found that mixing ammonia and amines yield increased NPF

rates, and reasons for that base synergy has been studied on a molecular level in Paper IV.

Fewer laboratory studies focused on NPF of systems not involving sulfuric acid and ammonia or

amines. Chen and Finlayson-Pitts (2017) observed the reactions of methanesulfonic acid with

ammonia or amines as a function of temperature (21—28°C) and found that for the lower end of

those temperatures, NPF rates are greatly increased and become atmospherically relevant. Wang

et al. (2020) recently studied the nucleation and growth of particles made from nitric acid and

ammonia at wintertime temperatures (-15°C). In that study, they demonstrated that at this colder

temperature, atmospherically relevant concentrations of nitric acid and ammonia can nucleate and

grow particles sufficiently fast to escape the so-called “valley of death,” a size range for which loss

rates to of nanoparticles to surfaces due to diffusion often out-competes growth rates.

While its importance is undeniable, measuring the size-dependent composition of nanoparticles is

extremely difficult. Figure 1.4 shows the measurement methods available for studying nanoparticle

composition. While the figure focuses on measurement methods that may be able to measure ambi-
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Figure 1.4: Illustration of the measurement size ranges of state-of-the-art instruments. In-
struments that are starred (**) measure physical properties of their size range, while other
instruments can probe the composition of nanoparticles to some degree. Solid lines indicate
size ranges that the instrument has measured in the field, while dotted lines indicate size
ranges the instrument has measured in the lab. Figure reproduced from Paper VI.

ent concentrations of nanoparticles, it highlights the gap in compositional measurement techniques

for particles between 3–10 nm. In essence, once particles are nucleated and grow past 3 nm, particle

compositional changes remain a mystery. We present key papers below that look at the composition

and behaviors of nanoparticles from either the perspective of clusters (sub 3-nm particles) or larger

particles (>10 nm particles).

In a study of cluster composition, Schobesberger et al. (2015a) produced clusters with ammonia and

sulfuric acid and found that the acid:base ratios of clusters ranged from ∼0.7—1, and are not fully

neutralized despite up to 500x more ammonia than sulfuric acid. Bzdek et al. (2017) measured the

stability of clusters formed from sulfuric acid and ammonia in an FT-ICR-MS and found that the

rate-limiting step in the acid-base reaction to be the addition of sulfuric acid, while the addition of

ammonia was collision-limited.

Because amines were shown to also enhance NPF rates, several studies have focused on understand-

ing how they might also interact with a growing particle. Bzdek et al. (2010) conducted a study
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of the displacement reaction of dimethylamine on ammonium sulfate clusters. Dimethylamine is

more basic than ammonia (Slater, 2014), which makes the proton transfer reaction between sulfuric

acid and dimethylamine more favorable than between sulfuric acid and ammonia. In this study,

the authors showed that for a cluster of up to 8 ammonium bisulfate molecules, displacement was

complete. However, in larger ammonium bisulfate clusters, only the ammonia molecules on the

surface of the particle were displaced by dimethylamine. In each of these experiments, ammonium

sulfate clusters were charged and trapped in a vacuum while they were exposed to dimethylamine

gas, so water was not a factor in uptake.

On the other end of the size spectrum, the studies conducted by Chan and Chan (2012) measured

the displacement of ammonia by triethylamine onto large droplets (15–35 µm in diameter) for

various ammonium salts (sulfate, bisulfate, nitrate, chloride, and oxalate). At higher RH (50–75%),

triethylamine displaced all ammonia, but when RH was low and the salt systems formed crystalline

solids, displacement only occurred for a small fraction of ammonia molecules. More experiments

have shown that reactive uptake and displacement of bases is nuanced, dependent on particle size,

particle phase-state, and base structure (Chan and Chan, 2013; Qiu and Zhang, 2013; Sauerwein

et al., 2017; Shen et al., 2020).

Lawler et al. (2016) showed that nanoparticles (10–50 nm) formed in a reaction chamber with 2

orders of magnitude more dimethylamine than sulfuric acid, particles still remained mostly com-

posed of sulfuric acid, with an astounding acid:base ratio of 10:1. In addition, the experiment was

conducted in the presence of contaminant ammonia (approx. half the concentration of dimethy-

lamine). These acid:base ratios and compositional measurements were confirmed by measurements

of size-resolved nanoparticle hygroscopicity using a Hygroscopicity Tandem Differential Mobility

Analyzer (HTDMA). In the context of the above studies that show that the more basic amines dis-

place ammonia, we would expect that ammonia would be a small to nonexistent fraction of particle

signal; however, Lawler et al. showed that particulate ammonia signal was on the same order of

magnitude as particulate dimethylamine. These seeming contradictions beg the questions: Why do

nanoparticles contain more acid under conditions that favor neutralization? What physicochemical

factors govern the competitive uptake of bases?
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1.2.5 Measurement and Modeling Gap

Because it is extremely difficult to probe the molecular dynamics that govern these reactions through

laboratory studies alone, thermodynamic and quantum chemical modelling are crucial to providing

context to our experimental observations. This is especially the case for nanoparticles smaller than

10 nm, which contain environments that are drastically different from larger particles or bulk systems

(e.g., increased ionic strength, increased dielectric constant, and changes in molecular behavior due

to varying amounts of water).

To date, quantum chemical calculations have been used to explain the very first steps of acid-base

particle nucleation, from precursors to a cluster containing ten molecules (5 acid 5 base), which is

equivalent to approximately a 1.5 nm particle. Modelled systems reflect measured cluster data and

NPF rates moderately well in many cases (Almeida et al., 2013a; Myllys et al., 2016a; Olenius and

Riipinen, 2017; Schobesberger et al., 2015a). Thermodynamic data obtained by quantum chemical

calculations can be used as an input in cluster dynamics simulations, which allow step-by-step

cluster growth modeling, as done in Papers II, IV, and V. For those systems studied, cluster

dynamics simulations have helped to explain cluster growth behaviors, which has been discussed in

Paper IV. However, calculations larger than 1.5 nm take exponentially more computational time

and quickly become infeasible (Elm et al., 2020). In many cases for nanoparticle measurements, like

in Lawler et al. (2016) as well as in Paper I, without a molecular-level picture, we are unable to

fully explain the measured behavior, and are restricted to discussion of its implications.

1.3 Nanoparticle Production and Measurement Methods

Used

Each thesis chapter will discuss the specific methods used for the experimental results and con-

clusions. This section will discuss overarching experimental ideas and challenges associated with

nanoparticle production and analysis in the lab.
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The production of particles in the nanoparticle size range (1–50 nm) in a controllable and tunable

way is crucial to setting up size-resolved composition experiments. In this thesis, the production

of nanoparticles in the lab has been generally confined to three methods: nucleation, atomization,

and electrospray aerosol generation (EAG). All experimental studies discussed in this thesis use

either atomization or nucleation for nanoparticle composition analysis. Although EAG is an in-

credibly useful tool that can produce nanoparticles for laboratory studies, its operation is often

not stable enough for the timescales needed for our nanoparticle composition measurements for

sizes sub-10 nm (>2 hr depending on particle mass concentrations). In addition, EAG-produced

nanoparticle composition has been shown to be affected by the highly charged surface. MacMillan

et al. (2012) showed that nanoparticles tended to have higher concentrations of more surface-active

molecules that were more able to hold charge compared to the bulk solution because of nanoparti-

cles’ increased surface area-to-volume ratio. Additionally, EAG-produced clusters were shown to be

directly affected by the polarity of the electrospray, where the clusters contained more electronega-

tive molecules if the polarity was negative, with the opposite being true for clusters generated with

a positive electrospray (Bzdek et al., 2011). Because of these reasons, we instead explored the com-

position of particles nucleated from gas phase acids and bases and showed how their composition

changes as they grow, and used atomized particles as a benchmark for understanding the sensitivity

of our measurements to different molecules.

1.3.1 Nucleation Flow Reactor

A nucleation flow reactor, as the name suggests, involves the introduction of the gaseous precursors

into a reaction vessel to induce the nucleation of particles, and is used in the studies described in

Papers I and II. A common example of nucleation nanoparticle generation is the formation of

ammonium sulfate particles through the introduction of sulfuric acid vapor and ammonia vapor

into a flow tube (Glasoe et al., 2015). Sulfuric acid and ammonia will react to form clusters and

then grow into particles through reactive uptake, which can then be sampled from the exit port of

the flowtube. In order to make these particles repeatably, the precursor gases must be introduced
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at variable and controllable concentrations. We accomplished this by either using a saturator or

permeation tube.

The operating principle of a saturator is to hold a compound (either liquid or solid) at a stable

temperature so that its vapor pressure will remain constant. The air volume above the compound

is assumed to reach equilibrium with the compound’s saturation vapor pressure quickly (hence,

saturator). We flowed typically between 0.1–1 liters per minute (LPM) of nitrogen (N2) over the

liquid within our saturators to our downstream reaction chamber. The saturator we used was

temperature-controlled via the use of a water jacket with temperature varying from 0°C to 30°C.

The saturators used were always cleaned and dried thoroughly prior to the experiment to avoid

contamination.

Permeation tubes are typically comprised of a semi-volatile compound that is fully enclosed by a

PTFE tube, sealed at both ends, with a small amount of dead volume inside. Because PTFE is

inherently porous, the volatile compound slowly permeates through the confines of the permeation

tube and produces a stable source of vapor. For our experiments, a permeation tube was placed

inside of a glass vial that was continuously held at 30°C, wherein a constant flow of 0.1 LPM N2

carried the permeated gases to the downstream reaction vessel. The emission rate was determined

by weighing the permeation tube directly before use, and then measuring how much mass was lost

after each month. Equation 1 demonstrates how mass can be translated to concentration in our

flow:

Because permeation tubes rely on molecules diffusing through a porous PTFE wall, the concentra-

tions produced by permeation tubes are generally much lower than those produced by a saturator,

which directly samples the headspace above a compound. In general, saturators are great for use

with low volatility compounds like sulfuric acid, whereas permeation tubes are good in combination

with higher volatility compounds, like ammonia or dimethylamine.
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Downstream of either the saturator(s) or permeation tube(s) lies the reaction chamber, which pro-

vides a volume for the gases to react and form particles. The reaction chamber can be designed

to provide more or less turbulence, which would affect the mixing and reaction times within the

chamber. The result of a longer reaction time, given enough precursor concentration, would be

larger, older particles. However, due to turbulence and a lack of plug flow, particles will almost

always be produced in a polydisperse distribution of sizes, rather than a narrow distribution. Often

in these experiments, we think of the particle size akin to the relative “age” of the particle – in other

words, the larger the particle, the older. This is useful because we can then take snapshots of the

growth process of these particles with size-resolved measurements, where we can see the composition

of 10 nm particles, then the composition of 12 nm particles, and so on, where differences between

the 10 nm particle and the 12 nm particle can be attributed to the 2 nm growth. Indeed, if the

reaction vessel is able to be controlled for relative humidity, temperature, and light, these snapshots

of composition can be very informative as to how a particle is affected by the interaction between

its precursors and the environment it grew in.

1.3.2 Spray Atomizer

Spray atomization produces particles mechanically by a high-velocity gas jet that passes over the

tip of capillary containing a sample solution. The gas jet shears the liquid at the tip of the capillary

creating droplets. The jet also reduces the pressure at the tip, causing additional sample to be

drawn through the capillary to sustain droplet production. This produces particles usually ranging

in size from tens of nanometers to microns, depending on the geometry of the atomizer, the pressure

applied, and the amount of drying applied to the droplets. For the atomizer used in our studies

(TSI Constant Output Atomizer Model 3076), particles are produced between 15–3000 nm in size.

The larger droplets can be dried to nanoparticle sizes by drying the aerosol flow through the use

of a desiccant, NafionTM dryer, dry dilution flow, or some other water vapor removal method. For

small particles, droplets that are initially sprayed by the atomizer must have low enough solute

concentrations to have a dry sub-15 nm diameter. However, the smaller the concentration of the

solute, the more likely contamination of the bulk solution will have an effect on particle composition.
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Because of this, atomization is a method ill-suited to produce particles smaller than 15 nm in

diameter. Regardless, atomization is an easy, consistent, and relatively inexpensive way to produce

particles of a known composition and has been used to observe partitioning (Stangl et al., 2017),

hygroscopicity (Braban et al., 2001), calibrate aerosol analysis equipment (Eiguren-Fernandez et al.,

2014; Liu and Deshler, 2010; Voisin et al., 2003), particle phase measurements (Brooks et al., 2002),

as well as provide seed particles for particle growth studies (Murphy et al., 2007), and was used in

both Papers I and II to calibrate the sensitivity of the mass spectrometer.

1.3.3 Measurement Methods

Thermal Desorption Chemical Ionization Mass Spectrometer (TDCIMS)

The Thermal Desorption Chemical Ionization Mass Spectrometer (TDCIMS) was developed by

Smith and colleagues at the National Center for Aerosol Research (NCAR) in Boulder, Colorado

(Voisin et al., 2003). The TDCIMS is unique in that it is one of a few instruments in the world that

can measure ambient nanoparticle composition below 50 nm in size. Since 2003, the TDCIMS has

measured nanoparticle composition in both urban and remote field studies, as well as in the lab to

measure particles down to 5 nm in size (Lawler et al., 2014, 2016; Perraud et al., 2020; Smith et al.,

2004, 2008b) (also used in Papers I and II).

The principle of operation of the TDCIMS is as follows: charged nanoparticles are optionally size-

segregated using a nanometer differential mobility analyzer (nDMA) and then electrostatically de-

posited onto a platinum wire, which after collecting sufficient particle mass, then moves to an

ionization region that is located in front of the inlet orifice of the mass spectrometer. The ionization

region is equipped with a 210Po radioactive source and held under clean nitrogen flow that contains

trace amounts of O2 and H2O, which are ionized to produce the reagent ions O –
2 and H3O

+. These

reagent ions inevitably cluster with trace amounts of water molecules, which in the case of H3O
+

makes them more selective for ions with higher proton affinity. The wire is resistively heated by

applying an alternating current, the latter of which can be stepped or ramped to approximately
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650°C. This causes the deposited particles to desorb into the gas phase, where constituents are

then chemically ionized and measured by a mass spectrometer. The chemical ionization schemes

for species R are shown in Scheme 2 for both positive and negative ion modes, where n = 0–2.

Positive Ion Mode:

(H2O)nH3O
+ + M −−→ MH+ + (H2O)(n+1) R4

Negative Ion Mode:

(H2O)nO −
2 + MH −−→ M− + HO2 + (H2O)n R5

(H2O)nO −
2 + M −−→ M− + O2 + (H2O)n R6

(H2O)nO −
2 + M −−→ M(O −

2 )(H2O)n R7

In positive ion mode, compounds with sufficient proton affinity are ionized by H3O
+ donating an

H+ (R4). In negative ion mode, ionization can occur through three separate pathways, where O –
2

can either react and remove a proton from the target molecule (R5), donate its electron to an

electronegative molecule (R6), or cluster with the molecule (R7). In these acid-base experiments,

the base will be measured in the positive ion mode and have an m/z of M+1 as it accepts a proton

from H3O
+, and in general, the acid will be measured in the negative ion mode as M–1 as it gives

up its proton to O –
2 .

The design of the TDCIMS is complex, but each component is designed to overcome the aforemen-

tioned challenges of measuring nanoparticle composition: namely, nanoparticle charging and the

collection of sufficient sample mass to differentiate from background contamination. In order to

charge enough particles, a unipolar charger (UPC) is used in place of a bipolar charger (BPC) to

increase the charging efficiency of particles smaller than 20 nm by exposing particles to ions of a

single polarity (Chen and Pui, 1999). In the case of the TDCIMS, positive ions are removed from

a cylindrical cell by applying an electric field across a region irradiated by three 210Po radioactive

sealed sources). A second electric field is applied downstream of the sources to expose nanoparticles

to generated negative ions, which increases nanoparticle charging efficiency by up to an order of

magnitude (Smith et al., 2004). This increase in charging efficiency helps alleviate the challenge of

collecting sufficient sample mass by increasing the number of particles collected. After the nanopar-
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ticles are charged, size-selection can occur using a nDMA, which separates particles according to

their surface area-to-charge ratio. In both the charging and size-selection process, diffusional losses

can be large. In addition, ions detected from particles are differentiated from background ions by

turning off the collection voltage and repeating the collection and analysis cycle. This results in a

background spectrum that is subtracted from the spectrum obtained from sampled particles. This

subtraction effectively minimizes the effect of gas-phase contamination and gas desorption from inlet

surfaces, and ensures that the resulting subtracted spectrum contains only signal from particulate

matter (Lawler et al., 2016).

Due to the unavoidable impacts of diffusional losses, the main challenge for all TDCIMS measure-

ments is the collection of sufficient sample mass for analysis, which is a function of the chemical

complexity of the particles, ionization efficiency, thermal degradation, and other complications in

the sampling process. Despite the progress in the design of the inlet with the addition of the UPC

and in the increases in mass spectrometer sensitivity, overcoming the exponential decrease in sample

mass as we push for the measurement of smaller and smaller diameters of nanoparticles is extremely

difficult. It is for these reasons that the TDCIMS measurements in Papers I and II are limited

to particles larger than 8 nm in diameter.

Other Measurements

In order to characterize the reaction conditions and particle physical properties, particle size distri-

butions (scanning mobility particle sizer, SMPS), temperature, relative humidity, gas-phase concen-

trations (transverse ionization chemical ionization mass spectrometry, TI-CIMS), and offline particle

chemical analysis measurements (sequential spot sampler coupled with ion chromatography) were

performed. Temperature and relative humidity measurements were performed using a homemade

probe that was inserted into the exhaust outlet’s aerosol flow.

Particle size distributions using SMPS are ubiquitous in the atmospheric chemistry field (Finlayson-

Pitts and Pitts, 2000; Kulkarni et al., 2011). For these studies, the nDMAs were operated using

clean “zero air” as sheath flow instead of recirculated air. Recirculating the sheath air causes it to
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be contaminated by any semivolatile gases from the upstream reaction vessel and causes the nDMA

and any components associated with the sheath and excess flows, such as the filters and blower,

to become contaminated. Many of these parts are almost impossible to clean. Most importantly,

these contaminated parts can desorb vapors into the sheath air, thus exposing sampled particles to

contaminated gas and impacting particle composition.

Figure 1.5: Schematic of the TI-CIMS inlet used in Paper II.

The Transverse-Ionization Chemical Ionization Mass Spectrometer (TI-CIMS) is an inlet whose

design was inspired by the cluster-CIMS inlet by Zhao and Eisele and is discussed in depth in (Li

et al., 2019). The inlet design used in this dissertation is shown in Figure 1.5. The design is unique

in that it minimizes wall surface area between the inlet, the reaction zone between the reagent ion

and analytes of interest, and the critical orifice of the mass spectrometer. This in turn minimizes

wall losses of semi-volatile compounds inside of the inlet of the instrument, which lends itself to

more accurate gas-phase measurements of low- and semi-volatile compounds like amines. The inlet

in our studies uses the same ionization chemistry as the TDCIMS, with H3O
+ and O –

2 as reagent

ions. The TI-CIMS inlet was used in experiments in Chapter 3 to characterize the concentrations

of dimethylamine under different relative humidity conditions. In addition, for experiments with

oxalic acid and dimethylamine, we used it to confirm oxalic acid, introduced via saturator, was

reaching the flow tube reactor.

The Sequential Spot Sampler (S3, Aerosol Devices, Inc.) was used to collect 20–30 nm particles

into a small spot that was then extracted and analyzed on an ion chromatograph (IC, Metrohm) to
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confirm that 20–30 nm particles made from either nucleation or atomization are stoichiometrically

neutral (Eiguren-Fernandez et al., 2014). The S3 was used in these experiments instead of filter

collection because of its ability to grow nanoparticles as small as 8 nm in diameter into water

droplets, which could then be focused and impacted into a 1 mm diameter “spot” onto a chemically

inert well plate. This well plate could be extracted with less than 100 µL of water, which is not

feasible for filter sample extraction. This smaller extraction volume was crucial for making sufficient

sample concentrations for analysis with IC. Once neutral acid:base ratios were confirmed for these

particles, atomized particles larger than 20 nm were used to calibrate TDCIMS ion sensitivity.

1.3.4 Challenges Working with Salt Systems

Pervasiveness of Semivolatile Compounds

It is important to note that all of the chemical systems that were explored in these studies contained

at least one semi-volatile compound. We emphasize here the necessity of thorough cleaning of the

entire experimental apparatus, including the TDCIMS inlet, when changing chemical systems. For

example, if the reaction chamber was not cleaned after being used for reactions between nitric acid

and dimethylamine, particles could be produced by only flowing nitric acid vapor through it, since

dimethylamine is incredibly sticky and very slowly desorbs off surfaces. Or, if the TDCIMS inlet was

not cleaned, dimethylamine desorbing off the walls could repartition into sampled particles during

collection (especially if they were ammonium salt particles) and appear in the mass spectrum. One

example of this occurred after measuring particles generated from reactions of trimethylamine-N-

oxide (TMAO) and sulfuric acid. Following this, we sampled dimethylaminium sulfate nanoparticles

generated from an atomizer. We found trimethylamine peaks in the mass spectrum of these particles,

as shown in Figure 1.6. This remained true even after cleaning all equipment and tubing upstream

of the TDCIMS. This was most likely because TMAO, a very low volatility compound, deposited

on the walls of the inlet, decomposed in the presence of water and oxygen to break the N – O

zwitterionic bond and slowly formed trimethylamine, which began to desorb and partition into the

particles. This behavior persisted for over two weeks with heated, clean air passing through the
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inlet before we decided to remove the entire inlet and clean it thoroughly with ultrapure water.

This emphasizes the need for other experiments dealing with semivolatile compounds to perform

cleaning of not only the reaction apparatus, but also the inlets to any instruments used to determine

chemical compostion.

Figure 1.6: Mass spectrum of particulate signal from size-selected dimethylaminium sulfate
particles. Signals in red are contaminants from previous experiments that partitioned from
within the TDCIMS inlet. All upstream tubing and surfaces had been cleaned, including
UPCs and nDMAs.

Nanoparticle Generation of the Size of Interest

As stated previously, nanoparticles must grow quickly enough to overcome the so-called “valley of

death,” where small clusters are competitively scavenged by either the walls of the reaction chamber

or by coagulation with other particles compared to nanoparticle growth. This makes the study of

particles smaller than 10 nm in diameter very difficult, because the lifetime of these particles is

extremely short. In experiments conducted by Perraud et al. (2020), the reaction time between

methanesulfonic acid and dimethylamine was varied from 0.6 s to 9 s, which showed a very small

shift in the mode diameter (6 nm and 7 nm, respectively). In Chapter 2 we produced particles from

sulfuric acid and ammonia and were unable to broaden the size distribution to include particles

above 12 nm despite lengthening the reaction time in a similar fashion. In these experiments, the

systems’ mode diameters seem almost insensitive to changes in reaction time. On the other hand,

during our experiments with nitric acid and dimethylamine in Chapter 3, when attempting to reduce

the reaction time from 60 s to less than 40 s (with a mode diameter of 14 nm), the measured size
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distributions were unstable from scan to scan. It seems that in the methanesulfonic acid and sulfuric

acid experiments, there was a “maximum” stable diameter for the system conditions (precursor

concentrations, relative humidity, temperature, etc.) with respect to reaction time, whereas for the

nitric acid experiments, there was a “minimum” stable diameter. This observation is supported

by Arquero et al. (2017a), where they observed the changes in geometric mean diameter between

reactions of oxalic acid, methanesulfonic acid, and methylamine at varying relative humidities,

where the smallest reaction time measured was at 0.8 s. For each of the studies, very few of the

size distributions had a geometric mean diameter of less than 5 nm, despite the fact that the mean

diameter would increase given a few more seconds of reaction time. It would be interesting to

see studies that probed the dependence of particle mode diameter on precursor gas concentrations,

precursor identities, and other reaction conditions to produce tunable acid-base particle diameter

systems – given, of course, extremely thorough cleanings of the entire reaction apparatus between

experiments.

Unfavorable Nanoparticle Systems

Certainly, the most difficult aspect of this project was attempting to make nanoparticles that were

simply not thermodynamically stable. Two systems that did not make sufficiently stable nanopar-

ticles for measurement were acetic acid with dimethylamine, and oxalic acid with dimethylamine.

In both cases, they produced particles after the reaction chamber, but after size-selection with a

nDMA, wherein the vapors were diluted by the zero-air sheath flow, particles evaporated before

reaching the TDCIMS wire. In the case of acetic acid and dimethylamine, the TDCIMS showed no

difference between the background and collection scans, which implies that particles were evaporat-

ing on the wire during collection. We hypothesize particles were able to form prior to size selection

because of the high concentration of acetic acid in the flow tube, but once inside the TDCIMS inlet,

sampled particles are bathed in a pure nitrogen sheath gas used to reduce gas phase contamination.

Under this condition, the particles evaporated. In the case of oxalic acid and dimethylamine, size

distributions actually became smaller after size selection (e.g., after size selecting for 15 nm parti-

cles, the resulting size distribution was centered on 13 nm), which implied a similar evaporation was
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Table 1.1: Experiments conducted, their conditions, particle formation results, and their
chapter, if applicable.

Acid Base RH conditions Nanoparticle formation Chapter Discussed
H2SO4 NH3 0, 60 Yes 2
H2SO4 DMA 0, 60 Yes 2
HNO3 DMA <5, 55 Yes 3

CH3COOH DMA 0 Yes, but not stable enough for analysis N/A
HOOCCOOH DMA 0 Yes, but not stable enough for analysis N/A

H2SO4 TMAO 0 Yes See Paper V

occurring in the nDMA and TDCIMS inlet. As a sanity check, ammonium sulfate particles were

atomized and size selected with the same equipment and the size selection showed a 15 nm selec-

tion and a 15 nm-centered size distribution. The two systems mentioned here did not form stable

nanoparticles, and thus could not be studied for their composition. As these compounds have been

observed in ambient ultrafine particles (Smith et al., 2010b, 2008a), an additional stabilizing process

must be occurring such as hydrogen bonding with trace amounts of particulate-phase water. The

species and mechanisms responsible for this stabilization is an important subject for future studies.

1.3.5 Systems Measured

The systems that were experimentally measured in this thesis are as shown in Table 1.1, a summary

of their particle formation result, and their corresponding chapter (if any).

1.4 Dissertation Goals and Chapter Descriptions

This dissertation has multiple goals all relating to understanding how acid-base reactions contribute

to new particle formation and growth in the atmosphere. The questions being asked in this disser-

tation are detailed below, with their corresponding chapters shown:

Goals:

1. For 2-component acid-base systems, how does nanoparticle acid:base ratio change as a function

of size, if at all? Does relative humidity affect composition? [Chapters 2 and 3]
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2. What physical properties of the participating acid and base molecules affect nanoparticle

composition? [Chapters 2 and 3]

3. Similarly, what properties affect new particle formation? [Chapter 4]

4. How accurately can modeling approaches approximate new particle formation or nanoparticle

composition? [Chapter 4]

In Chapter 2, we produced particles in a flow tube made from reaction of sulfuric acid with either

dimethylamine or ammonia and measured their size-resolved composition using TDCIMS (see Pa-

per I). In each system, relative humidity in the reaction chamber was either held at dry conditions

or 60% RH. Sulfuric acid concentrations were 100x less than ammonia during the reaction, and on

the same order of magnitude of concentration as dimethylamine, so particles produced would be

expected to be fully neutralized. However, size-resolved composition measurements revealed that

acid:base ratio never reached stoichiometric neutrality (1 acid, 2 base) for any of the systems for

particles below 12 nm in diameter. Thermodynamic modeling was used to describe the effect of

nanoparticle size on acid and base behavior in these systems, wherein aqueous pKa values were

adjusted to fit the acid:base ratios measured. The results of this chapter emphasize the impor-

tance of size-resolved measurements to reflect compositional changes as nanoparticles grow, and

how nanoparticle behavior below 12 nm may be different than larger particles or bulk systems.

Chapter 3 used the same experimental design wherein we reacted nitric acid with dimethylamine un-

der dry and humid conditions and measured the resulting size-resolved composition of the nanopar-

ticles produced (see Paper II). However, the size-resolved acid:base ratio stayed stoichiometrically

neutral (1 acid, 1 base) for all sizes measured (9–30 nm). Quantum mechanical calculations com-

bined with a cluster dynamics model were used to calculate the stability of nitric acid-dimethylamine

clusters containing up to 4 acid and 4 base molecules. These calculations showed that the only sta-

ble clusters were those that were neutralized, with evaporation rates for non-neutralized clusters

being over ten orders of magnitude greater than neutralized clusters. The same modelling method

was applied to the results of Chapter 2, and show that clusters that contained more sulfuric acid

than base could be stabilized by the plethora of H-bonding opportunities on sulfuric acid. How-
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ever, the acid:base ratio seen in Chapter 2 still was not fully explained with this method. These

results show that in some cases, modelling can reflect nanoparticle composition when the acid-base

reaction is crucial to retaining molecules in the particle (i.e., both nitric acid and dimethylamine

are semi-volatile compounds), but still cannot fully explain the behavior of sulfuric acid and base

systems.

Chapter 4 is a purely computational study, where we applied the computational methods used in

Chapter 3 to different acid-base systems in order to understand the key factors in new particle

formation and predict nucleation rates (see Paper III). First, we compared the gas-phase acidities,

volatilities, dipole moment, and polarizability of 3 acid and 9 base molecules to their corresponding

heterodimer stability (defined here as the Gibbs free formation energy of a cluster of 1 acid and 1

base molecule) to find which physical properties were predictors of heterodimer formation. Gas-

phase acidity was the most accurate predictor, followed by aqueous-phase acidity, while volatility,

dipole moment, and polarizability did not correlate at all to heterodimer stability. We then com-

pared heterodimer stability of just the sulfuric acid salts to modelled new particle formation rates

(J1.5), which had been previously shown to match well with experimental NPF rates. From these

comparisons, we were able to parametrize heterodimer stability to predict NPF rates within a few

orders of magnitude, which were then verified for sulfuric acid-ammonia with experimental values

from CLOUD chamber studies.
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Chapter 2

Size Resolved Chemical Composition of

Nanoparticles from Reactions of Sulfuric

Acid with Ammonia and Dimethylamine

2.1 Abstract

Nanoparticle formation and growth driven by acid-base chemistry was investigated by introducing

gas-phase sulfuric acid (H2SO4) with ammonia (NH3) or dimethylamine (DMA) into a flow tube

reactor. A thermal desorption chemical Ionization mass spectrometer was used to measure the size-

resolved chemical composition of H2SO4-DMA and H2SO4-NH3 nanoparticles formed under dry

conditions and at 60% relative humidity. In contrast with predictions for bulk aqueous systems,

nanoparticles showed a strong size-dependent composition gradient and did not always reach a fully

This is an Accepted Manuscript of an article published by Taylor & Francis in Aerosol Science and
Technology on June 8. 2018, available online: http://www.tandfonline.com/10.1080/02786826.2018.1490005.
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neutralized state in excess of gas-phase base. Smaller particles were more acidic, with an acid:base

ratio of 0.7 ± 0.1 and 1.3 ± 0.3 for 8.6 and 9.5 nm H2SO4-DMA particles formed under dry and humid

conditions, respectively, and 3.1 ± 0.6 and 3.4 ± 0.3 for 7.5nm H2SO4-NH3 particles formed under

dry and humid conditions, respectively. The acidity of particles generally decreased as particles grew.

H2SO4-DMA particles became fully neutralized as they grew to 14 nm, but H2SO4-NH3 particles at

12 nm were still acidic and were never observed to reach bulk sample thermodynamic equilibrium

for the experimental conditions in this study. Thermodynamic modeling demonstrated that the

observed trends can be reproduced by modifying acid dissociation constants to minimize acid-base

chemistry, which may be caused by steric or mixing effects, and by considering volatilization of the

neutral base.

2.2 Introduction

Particle nucleation from gaseous precursors represents a significant source of aerosols in the at-

mosphere (Finlayson-Pitts and Pitts, 2000; Kulmala et al., 2004; Zhang et al., 2012; Seinfeld and

Pandis, 2006). Newly formed particles can continue growing in the atmosphere to ∼100 nm, at

which size they may act as cloud condensation nuclei and thereby impact cloud properties and

lifetimes with implications for the global radiative energy balance (Kerminen et al., 2005; Spracklen

et al., 2008; Kuang et al., 2009; Merikanto et al., 2009). Nucleation and subsequent growth are

collectively known as new particle formation (NPF). The species involved in NPF, and the under-

lying mechanisms, have been the subjects of many studies over the past two decades. Sulfuric acid

(H2SO4) is well-recognized to be critical in many NPF events (Weber et al., 1996, 1997; Sipilä et al.,

2010; Kulmala et al., 2006; McMurry et al., 2000; Weber et al., 2001). Amines and ammonia (NH3)

can bond strongly with H2SO4, and greatly enhance NPF (Ball et al., 1999; Korhonen et al., 1999;

Yu, 2006; Kurtén et al., 2008; Benson et al., 2009; Berndt et al., 2010; Erupe et al., 2011; Kirkby

et al., 2011; Zollner et al., 2012; Almeida et al., 2013a; Glasoe et al., 2015). Recent studies suggest

that organic acids such as methanesulfonic acid (Kreidenweis et al., 1989; Wyslouzil et al., 1991;

Dawson et al., 2012; Chen and Finlayson-Pitts, 2017), and highly oxidized, low-volatility organic
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compounds (Donahue et al., 2013; Schobesberger et al., 2013; Bianchi et al., 2014; Ehn et al., 2014;

Riccobono et al., 2014; Bianchi et al., 2016; Tröstl et al., 2016) also play an important role in NPF.

While both amines and NH3 can enhance NPF in the presence of H2SO4, laboratory studies and

theoretical calculations have shown that amines are more effective compared to NH3 due to their

higher basicity (Kurtén et al., 2008; Barsanti et al., 2009; Berndt et al., 2010; Erupe et al., 2011;

Yu et al., 2012b; Zollner et al., 2012; Almeida et al., 2013a; Glasoe et al., 2015). Field studies have

also reported the presence of aminium salts in ambient particles (Facchini et al., 2008; Pratt et al.,

2009; Sorooshian et al., 2009; Smith et al., 2010a), and the strong correlation between NPF and the

presence of amines (Freshour et al., 2014; Jen et al., 2014a; Hemmilä et al., 2018). Displacement

of NH3 with amines in H2SO4-NH3 clusters and particles has been observed in laboratory studies

(Bzdek et al., 2010; Qiu et al., 2011; Liu et al., 2012), with a close-to-collision-limited rate for small

clusters (Bzdek et al., 2010). Given that the concentration of NH3 in the atmosphere is at least one

order of magnitude higher than that of amines (Ge et al., 2011), both amines and NH3 are expected

to be important in NPF, depending on the proximity of their emission sources. Water vapor has

also been reported to be critical during the initial steps of NPF (Berndt et al., 2010; Erupe et al.,

2011; Loukonen et al., 2010; Zollner et al., 2012; Henschel et al., 2014; Yu et al., 2017).

After clusters form in the H2SO4-base system, they can continue to grow by the formation of

particle-phase ionic (and thus non-volatile) dissociated acids and bases, condensation of H2SO4 due

to its very low saturation vapor pressure, and coagulation with existing clusters and/or particles

(Kurtén et al., 2008; Chen et al., 2012; Keskinen et al., 2013; Lawler et al., 2016; Lehtipalo et al.,

2016). Although many studies have focused on NPF in the H2SO4-base system, only a few studies

focused on chemical composition of those newly formed clusters and particles due to the challenges

associated with the determination of chemical composition of clusters and nanometer-size particles.

Measurements of molecular clusters that have fewer than 20 molecules in the H2SO4-base system

(corresponding to a particle diameter of about 2 nm) made at the Cosmics Leaving OUtdoor Droplets

(CLOUD) chamber at CERN show a formation process involving stepwise addition of H2SO4 and

base, typically in a 1:1 ratio (Kirkby et al., 2011; Almeida et al., 2013a; Bianchi et al., 2014; Kürten

et al., 2014; Schobesberger et al., 2015a). Strong acid-base interactions in these molecular clusters
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drive cluster growth during the early stages of NPF. However, in a recent study at the CLOUD7

campaign, hygroscopicity measurements of H2SO4-base particles formed in excess of dimethylamine

(DMA) or NH3 show that particles as small as 10 nm are much more hygroscopic than particles at 15

nm, suggesting that the smaller particles are more acidic in the acid-base system (Kim et al., 2016).

The acidity of newly formed particles decreases as they grow (Kim et al., 2016). This is further

confirmed by direct measurements of the chemical composition of those nanoparticles formed in the

same experiments using Thermal Desorption Chemical Ionization Mass Spectrometry (TDCIMS)

(Lawler et al., 2016). The formation of highly acidic particles in excess of base is not consistent with

the theory for bulk aqueous systems, which predicts that bulk sample thermodynamic equilibrium

between H2SO4 and base should be reached (Lehtipalo et al., 2016). These findings demonstrate

that uncertainties remain in understanding particle growth in the H2SO4-base system.

In this study, we present chemical composition measurements of newly formed particles in the di-

ameter range of 8-21 nm in the H2SO4-base system. We specifically focus on size-resolved acid:base

ratios of newly formed H2SO4-base nanoparticles. The effect of relative humidity (RH) on nanopar-

ticle composition is also explored. Thermodynamic modeling studies were performed to provide

possible explanations for the experimental observations. The work provides valuable insights into

the growth of particles after nucleation from gaseous precursors.

2.3 Experimental

2.3.1 Experimental Setup

Figure 2.1: Schematic of the flow tube reactor.
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Particles were formed by mixing gaseous H2SO4 and DMA or NH3 in purified air using a flow tube

reactor fabricated from borosilicate glass as shown in Figure 2.1. The flow tube measured 7.5 cm

in diameter and 105 cm in length, with a total volume of 4.8 L. Three inlets were located at the

upstream end for separately introducing reactants: gas-phase H2SO4, DMA or NH3, and dry or

humidified air. The inlets were perforated to enable rapid mixing of reactant gases in the upstream

region. Particles were collected at the downstream end of the flow tube for analysis. The residence

time of gases in the flow tube was ∼1 min.

Gas flows were controlled and monitored with mass flow controllers. Gas-phase H2SO4 was generated

by passing a 1 sLpm flow of gaseous N2, generated from the headspace of a liquid N2 dewar, through

a 30 cm long glass saturator filled with 5 ml of 96% liquid H2SO4 (Fisher Scientific). The saturator

was water jacketed to control H2SO4 temperature at 30 °C. Concentrations of H2SO4 in the flow

tube were calculated by assuming gas-phase H2SO4 reached its saturation vapor pressure before

exiting the saturator. This assumption is supported by several experimental and theoretical studies

(Brus et al., 2010; Herrmann et al., 2010; Panta et al., 2012; Zollner et al., 2012; Neitola et al., 2015).

Our apparatus is identical to that described in Zollner et al. (2012), who measured the [H2SO4] as it

exited a 30 °C saturator as a function of carrier gas flow rate. They found that concentration varied

linearly with flow rate over the range of 0.5 – 1.5 sLpm, and concluded that saturation conditions

apply over this flow range. Neitola et al. (2015) employed a lower carrier gas flow (0.5 sLpm) and

directly measured [H2SO4] over a broader range of temperatures (0–40 °C), also concluding that the

carrier gas is saturated with sulfuric acid under these conditions. Gas-phase NH3 and DMA were

generated with two permeation tube systems. Each consisted of a mass flow controller that passed

100 cm3 min-1 of N2 through a glass tube holding a permeation tube (VICI AG International)

containing liquid NH3 (Aldrich, 99.99%) or DMA (Aldrich, 99%). The permeation tubes were both

kept at 30 °C to ensure constant permeation rates. The NH3 and DMA flows were directed into an

active dilution system that mixed the sample with purified air to achieve the desired concentration

(?). Concentrations of DMA and NH3 were determined from the dilution factor and permeation

rates, the latter of which were gravimetrically calibrated over 3-6 months. Purified air (2.9 sLpm)

was generated from compressed dry air with a zero air generator (Aadco, model 737-12). Water
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vapor was introduced into the flow tube by passing the dry purified air through a flask containing

60 °C nanopure water (> 18 MΩ) followed by a saturator. The saturator was water jacketed and

maintained at a constant temperature to control RH in the flow tube. A dew point monitor (General

Eastern, model M3) was placed downstream of the flow tube to measure RH.

For the DMA + H2SO4 experiments, initial concentrations of H2SO4 and DMA were estimated to

be 2.5×1010 and 8.9×1010 cm-3, respectively, under both dry and humid conditions. For the NH3 +

H2SO4 experiments, initial concentrations of H2SO4 and NH3 were estimated to be 1.3×1010 and

2.5×1012 cm-3, respectively, under both dry and humid conditions. The initial gas phase acid:base

ratio was below bulk sample thermodynamic equilibrium values of 1:2 (i.e., excess base was always

present) in both DMA + H2SO4 and NH3 + H2SO4 experiments. The total flow rate through the

flow tube was 4 sLpm, resulting in an average residence time of 82 sec. It should be noted that

additional wall losses occur within the flow tube for both H2SO4 (most likely, irreversible) and base

compounds (possibly irreversible due to reactive uptake by adsorbed H2SO4). Based on a prior

study that employed a flow tube with a similar diameter but twice the length and twice the flow

rate so therefore with similar residence time (Brus et al., 2010), we estimate total wall loss of H2SO4

to be 50 — 66% of the initial concentration over the entire length of the flow tube.

The size distribution of particles emerging from the flow tube was measured continually with a scan-

ning mobility particle sizer (SMPS) consisting of a nano-differential mobility analyzer (nano-DMA;

model 3085, TSI, Inc.) and a butanol-based ultrafine condensation particle counter (CPC; model

3025, TSI, Inc.). The minimum detectable diameter of the CPC, as reported by the manufacturer

for 50% detection efficiency, is ∼2.5 nm.

2.3.2 Nanoparticle Composition Measurements

A Thermal Desorption Chemical Ionization Mass Spectrometer (TDCIMS) was used to measure the

size resolved chemical composition of newly formed particles. The instrument has been previously

described in detail (Voisin et al., 2003; Smith et al., 2004; Lawler et al., 2014). Briefly, aerosol par-
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ticles were sampled continually from the flow tube reactor at 1.5 L min-1. Particles in the sampled

flow were charged by a unipolar charger (UPC) (Chen and Pui, 1999; McMurry et al., 2009). The

charged particles were then size-selected by a nano-DMA and collected by electrostatic deposition

onto a Pt filament. The collection potential of the filament was set to 4000 VDC. The collection

time ranged from 30–120 min, depending on particle concentration and collection efficiency. After

collection, the Pt filament was translated into the ionization region of the mass spectrometer, where

the filament was resistively heated under atmospheric pressure from room temperature to ∼550

°C to desorb and/or decompose particle-phase species. The volatilized molecules were ionized by

chemical ionization and detected using a high-resolution time-of-flight mass spectrometer (HTOF;

Tofwerk AG). The heating of the Pt filament was programmed to be at constant ambient tem-

perature for the first 10 s, ramp up to ∼550 °C for the next 40 s, maintain at ∼550 °C for 15 s,

and then return to ambient temperature for 5 s. The timespan of the heating cycle was 70 s for

each collected sample. The filament and the ionization region were continually purged with N2 to

minimize contamination. Instrument background was assessed after each collection by performing

the same procedure but without applying a collection potential to the Pt filament. The TDCIMS

can operate in either positive or negative ion mode, and only one polarity can be monitored for each

collection. Base-related species were detected in positive ion mode, and H2SO4-related species in

negative ion mode. Chemical ionization reagent ions were generated directly in the ion source using

a 210Po source. Trace amounts of H2O and O2 in the N2 flow formed (H2O)nH+ and (H2O)nO2
-,

which served as reagent ions in positive and negative ion modes (with n = 1 - 3), respectively. All

ion signals reported were corrected for the background and normalized to reagent ion abundance.

The TDCIMS data are presented as sums of background-corrected, detected ions integrated over

the whole desorption period for each collected sample. The TDCIMS was periodically calibrated

using laboratory generated, 20 nm diameter dimethylaminium sulfate (DMAS) and ammonium sul-

fate (AS) particles. The DMAS and AS particles were generated by atomizing dilute DMAS and

AS solutions, respectively, using a constant output atomizer (model 3076; TSI, Inc.). The DMAS

solution was made by stoichiometrically mixing DMA (Aldrich, 40 wt. % in water) and H2SO4

(Fisher Scientific, 96.2%) in nanopure water. The AS solution was made by dissolving ammonium

sulfate (Alfa Aesar, 99%) powder in nanopure water. Acid:base ratios for particles generated dur-
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ing the flow tube experiments were determined by comparing the measured ion ratios with those

of atomized DMAS and AS particles. For the atomized particles, we assign TDCIMS-measured

acid:base ratio to the ratio corresponding to fully neutralized salts (0.5). We have confirmed that

20 nm diameter AS particles were close to fully neutralized with an acid:base ratio of ∼0.60 ± 0.05

by performing ion chromatography on particle samples that were atomized and then collected on

aluminum foil disks using a sequential spot sampler (model SSS110, Aerosol Devices, Inc.).

2.3.3 Model Description

A series of calculations were performed to provide a mechanistic explanation for the TDCIMS-

based observations. Neutral and ionized fractions of acid and base at thermodynamic equilibrium

were estimated by numerically solving a system of non-linear equations including: mass balance,

electroneutrality, and acid dissociation (Ka). Activity coefficients of both the ionic and neutral

species were neglected. While consideration of activity coefficients would change the absolute pH

values and ratios presented, it would not change the conclusions regarding the likely mechanisms

responsible for the observed acid:base ratios. Further, realistic consideration of activity coefficients

requires knowledge of the dielectric constant of the solvent, which is arguably unknown in these

particles. A bulk aqueous solution was assumed for the base case calculations, thus pKa values for

H2SO4, NH3, and DMA in water were used (Barsanti et al. (2009) and references therein). For the

H2SO4-NH3 base case, a comparison of our results with those obtained using the online Extended

Aerosol Inorganics model (Clegg et al.; Wexler and Clegg, 2002), the latter of which includes activity

coefficient corrections, demonstrates <1% difference in calculated moles of the major ions (SO4
2-,

NH +
4 ). The activity coefficients of the neutral species were close to unity in the aqueous solution,

while the activity coefficients of the ionic species were <1. Sensitivity cases were also explored for

both H2SO4-NH3 and H2SO4-DMA, in which the pKa values and acid:base ratios were varied to

represent deviations in acid dissociation equilibria from a bulk aqueous solution.
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2.4 Results and Discussion

2.4.1 Size Distributions of H2SO4-DMA and H2SO4-NH3 Nanopar-

ticles

Figure 2.2: Size distributions of particles measured by SMPS from the reactions of (a) 2.5 ∗
1010 cm-3 H2SO4 with 8.9 ∗ 1010 cm-3 DMA, and (b) 2.5 ∗ 1010 cm-3 H2SO4 with 1.3 ∗ 1012
cm-3 NH3 under dry conditions and at 60% RH.

Figure 2.2 shows size distributions of H2SO4-DMA (Fig. 2.2a) and H2SO4-NH3 (Fig. 2.2b) particles

generated in the flow tube. The reactions of H2SO4 with DMA or NH3 effectively formed particles

under both dry conditions and at 60% RH. Particles were formed in the diameter range of 4-40 nm

with a geometric mean mobility diameter of 13.5 nm in the H2SO4-DMA system, and in the diameter

range of 3-18 nm with a geometric mean mobility diameter of 8.5 nm in the H2SO4-NH3 system.

Compared to the dry conditions, the presence of water vapor enhances particle number concentration

by a factor of 1.3 and 2.1 for the H2SO4-DMA and H2SO4-NH3 systems, respectively, suggesting

that water plays an important role in particle nucleation. Although H2SO4-base particles are highly

hygroscopic, the diameters of particles generated under humid conditions do not show significant
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increases compared with those formed under dry conditions. The similarity in the measured particle

size distributions under dry and humid conditions most likely represents the competition of gas-

phase precursors between nucleation and nanoparticle growth. Higher levels of H2SO4 and base

participating in nucleation under humid conditions resulted in fewer precursors available in the flow

tube for nanoparticle growth.

The enhancing effect of water on nucleation has previously been observed in laboratory experiments

in the H2SO4-base systems (Berndt et al., 2010; Erupe et al., 2011; Zollner et al., 2012; Yu et al.,

2017). Theoretical calculations showed that some clusters in the H2SO4-NH3 and H2SO4-DMA

systems are stabilized by water, and could be more important in cluster growth pathways (Loukonen

et al., 2010; Henschel et al., 2014). However, an inhibiting effect of water vapor on NPF has been

postulated to explain field observations (Sihto et al., 2006; Laaksonen et al., 2008), presumably

caused by other indirect effects. For example, combining field measurements and aerosol dynamics

model simulations, Hamed et al. (2011) attributed the inhibiting effect of water on NPF to the fact

that solar radiation, which drives photochemistry and leads to H2SO4 formation, usually peaks at

noon when RH is low.

The formation and growth of particles in the flow tube were very stable (see Appendix A, Figure

A.1). This enabled us to continually collect particles to explore their size-resolved chemical compo-

sition over a long period of time. The results of these size-resolved composition measurements are

presented next.

2.4.2 Ions Detected by TDCIMS and Their Desorption Profiles

Particles collected onto the Pt filament started to desorb as the temperature of the filament was

ramped from ambient temperature to∼550°C. Figure 2.3 shows desorption profiles of ions in negative

and positive ion modes during typical heating cycles for particle samples collected from the H2SO4-

DMA (Fig. 2.3a) and H2SO4-NH3 (Fig. 2.3b) systems. For both systems, ions including SO3
-,

HSO4
-, and SO5

- appeared in the negative ion mode as the temperature of the Pt filament increased.
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Figure 2.3: Typical desorption profiles of ions formed by heating H2SO4-DMA (a, c) and
H2SO4-NH3 (b, d) particles collected on the Pt filament. The top panels show ions collected
in the negative ion mode. The lower panels show ions collected in the positive ion mode.
The dashed lines show the evolution of the filament temperature.

Ion intensities increased with time due to the increasing temperature of the Pt filament, and then

decreased due to the sample depletion. All of the detected negative ions show multiple peaks

throughout the thermal evolution of the collected samples. The HSO4
- ions first appeared at lower

temperature, and this early peak is likely attributable to sulfuric acid. Detected HSO4
- ions later

in the desorption arise from a combination of H2SO4 re-volatilization from the ion source walls and

further decomposition of salts on the wire, the latter of which is described in detail by Kiyoura and

Urano (1970). Overall, HSO4
- was a minor component of the late desorption products. The SO3

- ion

dominated the later generated ions as the Pt filament was ramped to a higher temperature, followed

by SO5
- formed from the reaction of SO3 with the reagent ion O –

2 . Later generated ions of SO3
- and

SO5
- showed similar desorption patterns, and they are attributed to the thermal decomposition of

sulfate salts. Desorption profiles of atomized DMAS and AS particles in the calibration experiments

are shown in Figure A.2 for comparison. Ions including SO3
-, SO5

-, and HSO4
- were observed in

the negative ion mode in the calibration TDCIMS spectra. Their desorption profiles are similar to

particles generated in the flow tube.
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Dimethylammonium (C2H6NH
+

2 or DMAH+) and ammonium (NH +
4 ) ions were detected as the

main ions in the positive ion mode in the H2SO4-DMA (Fig. 2.2a) and H2SO4-NH3 (Fig. 2.2b)

systems, respectively. An elevated level of NH +
4 was observed even before heating the Pt filament,

suggesting that NH +
4 started to desorb from particle samples immediately after the Pt filament

was moved into the ionization region, whose surfaces were kept at 60°C to reduce partitioning of

semivolatile compounds. While NH +
4 was observed before heating the Pt filament for particles

formed in the H2SO4-NH3 system, atomized AS particles used for calibration showed a similar

trend (Figure A.2a). Since both experiment and calibration analyses were conducted under identical

operating conditions, we omitted NH +
4 ions produced prior to the heating of the Pt filament in our

calculation of total ion signal.

Trace amounts of DMAH+ were observed as a contaminant in H2SO4-NH3 particles, and did not

disappear even after the TDCIMS inlet system was thoroughly cleaned. Atomized AS particles

(Figure A.2b) showed no significant DMAH+, indicating that the contaminant was not from the

TDCIMS inlet system, but from gas-phase DMA residue adsorbed on walls of the flow tube from

earlier H2SO4-DMA experiments. The DMAH+ signal was ∼10% of the NH +
4 signal, and did not

show a clear dependence on particle size. Given that the TDCIMS has higher sensitivity to DMAH+

than to NH +
4 (Figure A.2c), the lower intensity of the DMAH+ signal indicates that the presence

of this ion does not significantly impact the interpretation of our measurements.

2.4.3 Acid:base Ratio H2SO4-NH3 and H2SO4-DMA Nanoparticles

Figure 2.4 shows size-resolved acid:base ratio of H2SO4-DMA particles formed under dry conditions

and at 60% RH in excess of DMA. The acid:base ratio of H2SO4-DMA particles at 8.6 nm formed

under dry conditions is 0.7 ± 0.1; all ratios presented here are averages and the uncertainties are

represented by the standard deviation obtained from repeated experiments. The ratio decreases as

size increases, reaching a minimum of ∼0.2 at 10.6 nm, and then increases again with increasing

particle size until the neutralized state is reached (acid:base ratio = 0.5). An acid:base ratio of 0.2

suggests that excess DMAH+ was present in the 10.6 nm H2SO4-DMA particles. The acid:base
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Figure 2.4: Size resolved acid:base ratio of newly formed particles in the H2SO4-DMA system
under dry conditions and at 60% RH. The concentrations of H2SO4 and DMA introduced
into the flow tube reactor were 2.5 ∗ 1010 cm-3 and 8.9 ∗ 1010 cm-3, respectively, for both
the dry conditions and at 60% RH. The error bars represent standard deviations of at least
three repeated measurements. The horizontal black line represents the acid:base ratio of
fully neutralized H2SO4-DMA particles.

ratio for 20 nm particles was 0.5 ± 0.1, indicating that particles became fully neutralized once they

grew to 20 nm under dry conditions. Particles formed at 60% RH show a different trend compared

to those formed under dry conditions. Smaller particles at 9.5 nm were acidic, showing an acid:base

ratio of 1.3 ± 0.3. The ratio rapidly decreases with size, and reaches ∼0.5 at 12 nm. Particles larger

than 12 nm were fully neutralized by DMA.

To further explore the size-dependent acid:base ratio of H2SO4-DMA particles, the ratios of different

negative ions integrated over the desorption period were compared as shown in Figure 2.5. Total

ions of SO3
- and SO5

- are linearly correlated, showing a SO3
-:SO5

- ratio of ∼0.44 regardless of

particle size. The good linear correlation of SO3
- and SO5

- suggests their common sources, i.e. the

thermal decomposition of sulfate salts as discussed earlier. The HSO4
-:SO3

- ratio, however, shows

a strong dependence on size. The ratio decreases with size in the size range of 8.6-14 nm, and

increases with size in the size range of 14-21 nm. While HSO4
- was mainly from particle-phase

H2SO4 and/or bisulfate salts, the higher HSO4
-:SO3

- ratio indicates that the smallest particles

contain more H2SO4 and/or bisulfate salts, which decrease and then increase as particles grow. The

trend is qualitatively similar to the size-dependent acid:base ratio shown in Figure 2.4 and provides

a possible explanation for the observed variability.

38



Figure 2.5: Ratios of SO –
5 :SO –

3 and HSO –
4 :SO –

3 as a function of particle size for newly
formed particles in the H2SO4-DMA system under dry conditions. The concentrations of
H2SO4 and DMA introduced into the flow reactor were 2.5 ∗ 1010 cm-3 and 8.9 ∗ 1010
cm-3, respectively. The error bars represent standard deviations of at least three repeated
measurements. The horizontal black line represents a SO –

5 :SO –
3 ratio of 0.44.

The size-resolved acid:base ratio of H2SO4-NH3 particles generated under dry conditions and at

60% RH are shown in Figure 2.6. For both the dry conditions and 60% RH, 7 nm diameter H2SO4-

NH3 particles were highly acidic, showing an acid:base ratio that ranged from 3.1 ± 0.6 to 3.4 ±

0.3. The ratio gradually decreased as particles grew from 7 nm to 12 nm, reaching ∼2 and ∼1

for 12 nm particles generated under dry conditions and at 60% RH, respectively. Unlike H2SO4-

DMA particles shown in Figure 4, H2SO4-NH3 particles did not reach bulk sample thermodynamic

equilibrium even for particles at the largest size collected in the experiment. Particles generated in

the H2SO4-NH3 system were much smaller than those generated in the H2SO4-DMA system (Fig.

2.2), and may not have grown enough to reach bulk sample thermodynamic equilibrium for the

experimental conditions that were employed in this study.

For both H2SO4-DMA and H2SO4-NH3 systems, the TDCIMS results indicate that smallest particles

generated either under dry conditions or at 60% RH were acidic and did not reach a fully neutralized

state even in excess of base. The base fraction in particles increased with size, but incorporation of

base into particles shows different trends among individual experiments under different conditions.

It is important to consider the potential role that particulate water may play in these experiments.

At 60% RH, H2SO4-NH3 nanoparticles always contain liquid water since their measured acid:base
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Figure 2.6: Size resolved acid:base ratio of newly formed particles formed in the H2SO4-
NH3 system under dry condtions and at 60% RH. The concentrations of H2SO4 and NH3
introduced into the flow tube reactor were 2.5 ∗ 1010 cm-3 and 1.3 ∗ 1012 cm-3, respectively,
for both the dry condtions and 60% RH. The error bars represent standard deviations of at
least three repeated measurements. The horizontal black line represents the acid:base ratio
of fully neutralized H2SO4-NH3 particles.

ratio is greater than that of ammonium bisulfate, the latter of which has a deliquescence RH of

40% (Tang and Munkelwitz 1977). As H2SO4-NH3 particles become more acidic, they increase

in hygroscopicity and the deliquescence point eventually disappears completely. It is therefore

possible that some H2SO4-NH3 particles may contain residual water even under “dry” conditions.

In contrast, experiments with H2SO4-DMA particles show no clear deliquescence point over all

observed acid:base ratios. Micron-sized particles with acid:base of 1:2 show a 50 - 75% increase in

mass when exposed to 60% RH, and particles may contain some residual water at sub-3% RH (Chan

and Chan, 2013; Rovelli et al., 2017). Unlike the H2SO4-NH3 system, an aminium bisulfate particle

is slightly less hygroscopic than its sulfate counterpart (Sauerwein et al., 2015). In summary, under

“dry” conditions particles from both systems may contain some residual water that may depend on

acid:base ratio, whereas at 60% RH they likely contain significant water over all observed acid:base

ratios.

During particle collection, particle-phase bases may be preferentially lost from the Pt filament com-

pared to particle-phase H2SO4. This would lead to artificially high acid:base ratios. To investigate

this possible artifact, a control experiment was carried out in which the collection time of particles

was varied for the same size of H2SO4-DMA particles. This method was used previously to de-
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termine particulate compounds that were of intermediate volatility for nanoparticles generated by

α-pinene ozonolysis (Winkler et al., 2012). The TDCIMS signals for both negative and positive ions

showed a linear correlation with collection time (Fig. A.3), suggesting that losses of particle-phase

H2SO4 and base from the Pt filament are minimal. Previous studies on ammonium or dimethy-

laminium sulfate aerosols also showed that the TDCIMS does not exhibit a strong tendency to lose

bases prior to analysis (Lawler et al., 2016).

Another potential artifact that would affect observed acid:base ratios is that particles collected

on the Pt filament were contaminated by H2SO4 that desorbed from the walls of the TDCIMS

inlet system. However, the H2SO4 signal did not significantly change even after the TDCIMS inlet

system was thoroughly cleaned. TDCIMS data for the calibration aerosol particles did not show

any indication of H2SO4 contamination. We therefore conclude that contamination of H2SO4 was

not an issue in the TDCIMS analysis.

The experimental evidence presented above supports the observation that the growth of nanoparti-

cles above 3 nm differs from that of H2SO4-base clusters, which were proposed to grow through a

stepwise addition of H2SO4 and base molecules (Kirkby et al., 2011; Almeida et al., 2013a; Bianchi

et al., 2014; Schobesberger et al., 2013; Kürten et al., 2014; Schobesberger et al., 2015b). The

size-dependent acid:base ratio of particles is consistent with previous observations in the CLOUD7

experiments (Kim et al., 2016; Lawler et al., 2016). The heterogeneous oxidation of SO2 (the H2SO4

precursor introduced into the CLOUD chamber) was offered as a possible explanation for the high

H2SO4 in small particles in previous CLOUD7 experiments (Lawler et al., 2016). In this study

however, gas-phase H2SO4 was directly introduced into the flow tube, ruling out such a source of

aerosol mass.

If oxidative kinetics is not the reason for the unexpected acid:base ratios, other factors must explain

the deviations of the newly formed nanoparticles from bulk solution chemistry. One possibility is

a kinetic limitation for the uptake of ammonia or amine. There is some evidence for the presence

of an activation barrier to ammonia incorporation in charged clusters of ammonium and sulfate

(Bzdek et al., 2013). While such a barrier for nanoparticles may explain their high acidity, it
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does not explain the size dependence of the acid:base ratio. In addition, thermodynamic modeling

presented below suggests that a mere reduction in particulate base cannot explain the size-dependent

behavior of the HSO4
-:SO3

- ratio. Finally, the effect of an activation barrier to uptake would be

most apparent when concentrations of base and sulfuric acid were of similar magnitude, whereas

for our experiments with ammonia and sulfuric acid the ammonia concentrations exceeded sulfuric

acid levels by two orders of magnitude.

Aerosol phase state is known to play a major role in the equilibrium particle composition reached in

systems of amines, ammonia, and sulfuric acid, due to the much more facile exchange for liquid par-

ticles compared with solid particles. In a study of micron-sized dimethylaminium sulfate particles,

the experimental study by Chan and Chan (2013) found that these particles were in a liquid phase,

even at sub-3% RH. Cheng et al. (2015) highlighted the challenge of predicting the phase of aerosol

nanoparticles, and concluded that below some threshold size (dependent on material, temperature,

and water content) nanoparticles will be liquid. Specifically, their measurements of particle hygro-

scopicity suggested that ammonium sulfate nanoparticles are “molten” in the diameter range of 4–10

nm, depending on assumptions regarding the amount of residual particulate water. Lawler et al.

(2016) applied the assumption that nanoparticles formed in the ammonia-dimethylamine-sulfuric

acid system were liquid and presented arguments for why a liquid phase may result in the mea-

surement of more acidic nanoparticles. In the following section we similarly assume the present

particles are “aqueous,” a term that we interpret as meaning a liquid state with varied amounts of

residual water. With this assumption, we explore the possible roles of deviations of acid dissociation

constants from bulk behavior using theoretical modeling.

2.4.4 Thermodynamic Modeling of H2SO4-NH3 and H2SO4-DMA

Nanoparticles

The use of aqueous acid dissociation constants to describe thermodynamic equilibrium in the exper-

imental systems may be insufficient, leading to the deviation between the observed size-dependent

acid:base ratio and predictions based on bulk aqueous theory. It is known that individual pKa
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values vary with ionic strength and solvent dielectric constant (Reijenga et al., 2013; Farrokhpour

and Manassir, 2014; Hartono et al., 2014). Both ionic strength and solvent dielectric constant likely

are size-dependent, as they depend on the amount of condensed-phase water and other components

present in particles. Changes in electrostatic interactions, polarization, charge delocalization, and

mixing state in nanoparticles may also lead to deviations in effective pKa values from bulk aqueous

values.

Table 2.1: Thermodynamic modeling of H2SO4-NH3 and H2SO4-DMA particles.

Model settings Model results
Acid:Basea Base pKa1 , H2SO4 pKa2 , H2SO4 pKa, base pH [HSO4

- ]+[SO4
2-]/[BH+]b [SO4

2-]/[HSO4
-] [BH+]/CB

c

Base Case 1:2 NH3 -3 2 9.25 4 0.5 99 1
DMA -3 2 10.73 4.58 0.5 335 1

Sensitivity Case I 1:2 NH3 0.5 5.5 5.75 5.36 0.7 0.73 0.71
DMA 0.5 5.5 7.23 6.23 0.55 5.4 0.91

Sensitivity Case II 2:1 NH3 0.5 5.5 5.75 0.78 1.3 < 1 < 1
DMA 0.5 5.5 7.23 0.79 1.3 < 1 < 1

aRatio of acid:base in particle phase
bBH+ represents the protonated form of the corresponding base B
cCB represents total bulk concentration of the base in particles

Descriptions of the thermodynamic modeling cases and the results are shown in Table 2.1. In

the Base Case and Sensitivity Case I, the acid:base ratio was assumed to be 0.5 to allow a fully

neutralized solution and gas/particle partitioning was neglected. Relative to the Base Case, the pKa

values were modified by 3.5 units in Sensitivity Case I, such that the H2SO4 becomes less acidic

(pKa value increases by 3.5) and the bases become less basic (pKa value decreases by 3.5). Changing

the pKa values accounts for the possibility of strongly inhibited proton transfer in nanoparticles due

to steric or mixing effects. Compared to the Base Case, modifying the pKa values of the acid and

the bases by 3.5 units results in an increase in the ratio of acidic to basic ions (([HSO4
-] + [SO4

2-])

: [BH+]), and a decrease in the ratio of SO4
2-:HSO4

- (Sensitivity Case I, Table 1). The deviation

in the ratio of ([HSO4
-] + [SO4

2-] to [BH+] is greater in H2SO4-NH3 particles than H2SO4-DMA

particles. These modeling results reflect the observed trends in the laboratory measurements.

The ratio of protonated form of base to the total base ([BH+]:CB) in Sensitivity Case I (Table

1) were less than 1, indicating the presence of neutral bases in the condensed phase. However,

the relatively high Kelvin-corrected vapor pressures of NH3 and DMA preclude their presence as

neutral compounds in nanoparticles. Thus, in Sensitivity Case II, the relative concentration of

acid:base was assumed to be 2:1 to reflect the decreased availability of base that partitions from
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the particle phase to the gas phase. In Sensitivity Case II, the ratio of ([HSO4
-] + [SO4

2-]) : [B+]

further increases, and the ratio of SO4
2-:HSO4

- decreases, moving towards better agreement with

laboratory measurements.

In summary, the model best represents the laboratory measurements when: (1) the acid and the

bases are assumed to be less efficient at acid-base chemistry (represented by a change in pKa values

of 3.5 units); and (2) the fraction of the base in its neutral form is allowed to partition back to

the gas phase and is no longer available to participate in acid-base chemistry. These could be the

reasons for the strong size-dependent composition gradient of H2SO4-base nanoparticles observed

in the experiments.

2.5 Conclusions

In summary, we measured size-resolved chemical composition of newly formed particles in H2SO4-

NH3 and H2SO4-DMA systems using Thermal Desorption Chemical Ionization Mass Spectrometry.

A strong size-dependent acid:base ratio in these particles was found, consistent with previous obser-

vations in the CLOUD7 experiments (Kim et al., 2016; Lawler et al., 2016). Smaller particles were

generally more acidic and did not reach bulk sample thermodynamic equilibrium even in excess of

gas-phase base. The acidity of particles decreased as particles grew to larger size, but the incorpo-

ration of base into particles varied with base species, relative humidity and particle size. Particles

reached a fully neutralized state as they grew to 12 nm in the case of DMA. In contrast, 12 nm

particles from generated from H2SO4-NH3 were still highly acidic. Model results suggest that acid-

base chemistry may be less efficient in nanoparticles than in bulk aqueous solutions. Modifying pKa

values of H2SO4 and base by 3.5 units resulted in more acidic particles, leading to results consistent

with observations. Due to the less efficient acid-base chemistry, a larger fraction of particle-phase

base species are present relatively volatile neutral molecules, allowing them to partition into the gas

phase and resulting in acidic particles.
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Our results suggest that small newly formed particles whose growth are driven by acid-base chem-

istry are acidic, which in turn affects physicochemical properties of particles like hygroscopicity and

mixing states. These acidic particles can enhance acid-catalyzed uptake of organics (Jang et al.,

2002), oligomerization of organics within particles (Holmes and Petrucci, 2006), and other gas up-

take pathways that contribute to particle growth. The size-dependent acidity together with the

Kelvin effect and the potential phase transition of nanoparticles complicates the growth process of

particles. While bulk phase solution thermodynamics provides insights into the underlying causes

of the observed size-dependence of acid:base ratios of H2SO4-DMA and H2SO4-NH3 particles, it

does not allow us to determine the underlying causes of the interesting local minimum in the size-

dependent acid:base ratio of particles generated by the DMA-H2SO4 system under dry conditions.

This will be the subject of future experimental and modeling work.
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Chapter 3

An Experimental and Modeling Study of

Nanoparticle Formation and Growth

from Dimethylamine and Nitric Acid

3.1 Abstract

The size-resolved composition of nanoparticles formed and grown through acid-base reactive uptake

has been studied in the laboratory by reacting gas-phase nitric acid (HNO3) and dimethylamine

(DMA) in a flow tube under dry (< 5% RH) and humid (∼55% RH) conditions. Size-resolved

nanoparticle composition was measured by a Thermal Desorption Chemical Ionization Mass Spec-

trometer (TDCIMS) over the diameter range of 9–30 nm. Nanoparticle geometric mean diameter

Reproduced with permission from Chee, S., Myllys, N., Barsanti, K. C., Wong, B. M., and Smith, J.
N.: An Experimental and Modeling Study of Nanoparticle Formation and Growth from Dimethylamine and
Nitric Acid, J. Phys. Chem. A, 123, 5640–5648, https://doi.org/10.1021/acs.jpca.9b03326, 2019. Copyright
2019 by the American Chemical Society.
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grew in the presence of water compared to dry conditions. Acid:base ratios of HNO3-DMA par-

ticles at all measured sizes did not strongly deviate from neutral (1:1) in either RH condition,

which contrasts with prior laboratory studies of nanoparticles made from sulfuric acid (H2SO4) and

base. Theoretical methods were used to investigate the underlying chemical processes that explain

observed differences in the composition of HNO3-DMA and H2SO4-DMA particles. Calculations

of HNO3-DMA cluster stability indicated that a 1:1 acid:base ratio has >107 smaller evaporation

rates than any other acid:base ratio in this system, and measured nanoparticle composition confirm

this to be the most stable pathway for growth up to 30 nm particles. This study demonstrates

that nanoparticle formation and growth via acid-base reactive uptake of HNO3 and DMA follows

thermodynamic theory, likely because of both components’ volatility.

3.2 Introduction

New particle formation (NPF) events are a large contributor to the global population of cloud

condensation nuclei (CCN) (Kuang et al., 2009; Zhang et al., 2012), which can affect climate and

precipitation by influencing cloud formation. However, the growth processes for nanoparticles (<

100 nm in diameter) formed from these NPF events are not well understood (Zhang et al., 2012). At

these sizes, the Kelvin effect reduces the number of gases that can contribute to nanoparticle growth

by condensation (Finlayson-Pitts and Pitts, 2000). Sulfuric acid is the most studied contributor to

nanoparticle growth (Chan and Mozurkewich, 2001; Schobesberger et al., 2015a; Elm, 2017a; Zollner

et al., 2012; Bzdek et al., 2012; Sipilä et al., 2010; Weber et al., 1995; Kuang et al., 2008; Kirkby

et al., 2011; Almeida et al., 2013a; Weber et al., 1996) because of its extremely low volatility and

high acidity; however, it has been observed that concentrations of sulfuric acid alone cannot explain

all nanoparticle formation and growth alone (Weber et al., 1995; Kirkby et al., 2011; Weber et al.,

1996). Measurements of nanoparticle composition at several field studies supports this observation,

where organic species, nitrate, and aminium ions have been detected in coexistence with sulfate in

nanoparticles (Smith et al., 2008a, 2010a; Lawler et al., 2014).
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Acid-base chemistry as a mechanism of reactive uptake into particles, while conceptually simple,18

is still poorly understood when applied to the formation and growth of clusters and nanoparticles.

Clusters of sulfuric acid and ammonia/amines have been measured, and have been observed to

grow stepwise with sulfuric acid adding first, followed by the addition of base (Kirkby et al., 2011;

Bzdek et al., 2017; Schobesberger et al., 2013). This neutralization process implies either a 1:1 or

1:2 acid:base ratio for particles growing via acid-base reactive uptake. Recently, however, several

studies have reported that particles composed of sulfuric acid and base have been observed to be

more acidic in particle diameters smaller than 15 nm (Kim et al., 2016; Lawler et al., 2016), and in

the specific case of H2SO4–DMA particles, even become more basic under dry conditions at some

sizes (Chen et al., 2018). This disparity between the composition of clusters and nanoparticles in

such acid-base systems warrants additional investigation. These prior studies examined trends in

nanoparticle composition from reactions of bases with sulfuric acid, a low volatility, diprotic acid.

This study supplements these observations with experiments and modeling of reactions of these

bases with a monoprotic acid with volatility five orders of magnitude higher than sulfuric acid.

Nitric acid (HNO3) is ubiquitous throughout the atmosphere and is typically present in low ppbv

concentrations (Afpel et al., 1979; Huang et al., 2002; Cass et al., 2000). Nitrate (NO –
3 ) has been

observed to be present in atmospheric particles smaller than 50 nm in diameter (Smith et al., 2008a;

Lawler et al., 2014) as well as in micron-sized particles (Pakkanen, 1996; Noble and Prather, 1996).

Typically, nitrate present in particles larger than 100 nm in diameter has been attributed to salt

formation of primarily ammonium nitrate, and in marine areas, sodium nitrate (Finlayson-Pitts

and Pitts, 2000). However, experimental studies have shown that ammonium nitrate salts are too

volatile to be present in particles smaller than ∼50 nm in diameter (Smith et al., 2004). It has been

suggested that for these ambient particles in which the Kelvin effect is strong the detected nitrates

are associated with strong bases like amines (Smith et al., 2004).

Amines have been observed both in laboratory studies and in ambient air to contribute to nanoparti-

cle growth (Tröstl et al., 2016; Cheng et al., 2018; Chan and Chan, 2013; Chen and Finlayson-Pitts,

2017; Olenius and Riipinen, 2017; Bzdek et al., 2010). Dimethylamine (DMA) has been measured

in particles down to the critical cluster size and is found to stabilize cluster formation with sulfuric
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acid (H2SO4) molecules via salt formation (Bzdek et al., 2017; Berndt et al., 2013; Bzdek et al.,

2010). However, only a few studies have investigated how nitric acid and amines may form salts to

contribute to particle growth in the atmosphere (Cheng et al., 2018; Murphy et al., 2007; Sareen

et al., 2017).

This study focuses on the composition and growth of dimethylaminium nitrate (HNO3-DMA)

nanoparticles from gas-phase reactions of dimethylamine and nitric acid. The observations and

theoretical understanding obtained from this study provide insights into the potential role of these

compounds in the growth of atmospheric nanoparticles. Additionally, since it has been shown previ-

ously that the composition of aerosol particles can be affected by ambient relative humidity (Sareen

et al., 2017), particles were formed under both dry (∼5% RH) and humid (∼55% RH) conditions

and the corresponding impact on nanoparticle composition was explored. Finally, we supplemented

our experimental observations with studies of the initial steps of nitric acid and dimethylamine

particle formation with and without the presence of water vapor using theoretical methods.

3.3 Experimental and Theoretical Methods

3.3.1 Particle Generation

Figure 3.1: Particle generation flow tube setup.

The flow tube setup is similar to that used by Chen et al. (2018) except for changes to the nitric

acid inlet. Briefly, HNO3–DMA particles were formed and grown in a 4.8 L flow tube reactor (7.5

cm diameter, 105 cm length) in a temperature-controlled room (Figure 3.1). Gas-phase nitric acid
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was introduced to the reactor by flowing N2 through a 30 cm long saturator containing aqueous

nitric acid (Macron Fine Chemicals, aqueous 70%, ACS certified) and then serially diluted. The

concentration of HNO3 vapor was estimated by assuming that it achieves its saturation vapor

pressure prior to exiting the saturator. The inlet for this study was altered from the Chen et

al. study by the addition of a movable, 1/8” OD stainless steel tube inserted into the inlet end

of the flow tube (Figure 3.1). The stainless-steel tube was capped and the gaseous nitric acid-

containing N2 entered the flow tube through slits cut out of the cap to promote mixing. Gas-phase

dimethylamine (DMA) was introduced into the flow tube by flowing nitrogen over a permeation tube

(VICI AG International) holding liquid DMA (Sigma Aldrich, 99%). The permeation rate of DMA

was determined gravimetrically by measurement of mass loss over time, measured once each month

for six months. DMA was introduced through a separate inlet at the entrance to the flow tube at

100 cm3 min-1, while 100 cm3 min-1 of nitric acid was introduced through the moveable injector

∼30 cm downstream. Dry or humidified N2 was used as the carrier gas added at a third inlet. The

mixing ratios for nitric acid and dimethylamine after introduction to the flow tube were ∼63 ppm

and ∼10 ppb, respectively. Humidification was carried out by passing N2 through a heated flask

containing nanopure water (> 18 MΩ), followed by a temperature-controlled saturator. Relative

humidity was monitored by a home-built temperature and humidity sensor located downstream of

the flow tube. The residence time of both gases downstream of the nitric acid inlet was ∼40 seconds

prior to sampling. Particle measurements were only taken after gases had been introduced to the

system for 24 h to ensure equilibration of vapors. No significant increase in wall loss of DMA was

detected between the dry and humid conditions.

The particle size distribution was measured with a scanning mobility particle sizer (SMPS), which

consisted of a nano-differential mobility analyzer (nano-DMA; model 3085, TSI, Inc.) and a butanol-

based mixing condensation particle counter (mCPC; model 1720, Brechtel Mfg). The 50% detection

efficiency diameter limit for the CPC used was 7.0 nm, as described by the manufacturer. The sheath

and excess flows of the nano-DMA were run with mass-flow controlled (Alicat Scientific) purified

zero air (model 737-13, Aadco Instruments) and a flow-controlled vacuum pump, respectively. Since

these flows are not recirculated, particles made from the humid system will dry, and their measured
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size distribution will be more representative of the particles sampled for chemical composition

analysis.

3.3.2 Nanoparticle Composition Measurements

Particles were sampled directly from the flow tube to a Thermal Desorption Chemical Ionization

Mass Spectrometer (TDCIMS), which has already been described in detail (Lawler et al., 2016;

Smith et al., 2004; Voisin et al., 2003). Briefly, 2 LPM of aerosol were sampled continuously from the

flow tube and into the TDCIMS inlet. Particles were charged by unipolar charger (UPC) (Chen and

Pui, 1999; McMurry et al., 2009) and size-selected by nano-DMA, in which the sheath flow was run

with zero air to minimize contamination of the TDCIMS inlet by DMA and HNO3. Monodisperse

particles were collected by electrostatic deposition on a Pt filament held at 3500 V. The collection

time ranged from 2-360 min, depending on particle size, concentration, and collection efficiency.

Once sufficient particle mass was collected onto the filament, it traveled up to the ionization region,

which was held at 40 °C and flushed continuously with N2 to prevent contamination from sample

air. The filament was resistively heated from 40 to ∼600 °C in front of the sampling orifice to the

mass spectrometer to thermally desorb particle components. These components were chemically

ionized by negative and positive ion mode reagent ions (H2O)nO2
- and (H2O)nH3O+, respectively

(n = 1—3), which are generated via 210Po radioactive source that ionizes trace oxygen and water

present in a nitrogen flow. The analyte ions are then detected by a quadrupole mass spectrometer

(Extrel Corp.). The thermal desorption process consisted of the following: the wire maintained

ambient temperature for 60 s, ramped to ∼600 °C over 180 s, maintained ∼600 °C for 90 s, and then

returned to ambient temperature for 60 s. The total desorption cycle was 6.5 min for each collection.

Backgrounds for each sample collection were determined by operating the collection/analysis cycle

identically except that a high voltage was not applied to the filament during the collection period

so that particles were not collected on the filament.

Ion signal was quantified by integrating the difference between collection and background desorption

profiles. To improve signal-to-noise ratio, ion data associated with the desorbed products of DMA
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and HNO3 were integrated during the region of highest desorption during analysis, 60–180 s after the

start of the analysis cycle (Figure B.2). Additionally, to establish signal-to-collected-mass linearity

and to ensure that no loss of particulate components occurred during sample collection, 12 nm

diameter particle composition was measured after 5, 7.5, 10, 20, and 30 min of collection time

(Supplementary Information, Figure B.3). Calculations of the acid:base ratio were performed by

integrating the ion intensity of the detected acid ions and then dividing that by the integrated ion

intensity of the detected base ions.

The TDCIMS relative sensitivity to ions associated with dimethylamine and nitric acid was cali-

brated by measuring the composition of atomized particles. A solution of 2 mM 1:1 HNO3-DMA

was made from concentrated nitric acid (Macron Fine Chemicals, aqueous 70%, ACS certified),

dimethylamine (Acros Organics, 40 wt% in water) and water (> 18 MΩ). This bulk solution was

aerosolized using an atomizer (model 3076, TSI, Inc.) and the resulting droplets were dried with

a NafionTM dryer (Perma Pure, Inc.) to form dried particles. Particles were size-selected at 30

nm diameter to overlap with the particles produced via the flow tube and analyzed identically to

the flow tube reactor experiments. The resulting acid:base ratio from the atomized particles were

assumed to reflect a 1:1 ratio of DMA:HNO3 based on offline measurements of atomized particle

composition.23 These measurements were used to calibrate the acid:base ratio from the flow tube

experiments.

3.3.3 Computational Methods

We explored the potential energy surface of the clusters generated from HNO3 + DMA using the

ABCluster program (Zhang and Dolg, 2015, 2016). First, we created 1000 cluster structures and used

the PM7 semiempirical method (Stewart, 2007) for initial optimization and vibrational frequency

calculations. Based on the obtained Gibbs free energies and dipole moments, we separated potential

lowest energy conformers, which were then optimized at the ωB97X-D/6-31+G* level of theory (Chai

and Head-Gordon, 2008). For 5—10 lowest energy conformers, the ωB97X-D/6-31++G** level of

theory was used for the final optimization and vibrational frequency calculation (Myllys et al.,
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2016b). We calculated electronic energy corrections on top of the ωB97X-D/6-31++G** structures

using linear-scaling coupled cluster level at the DLPNO–CCSD(T)/aug-cc-pVTZ level of theory with

tight PNO criteria (Riplinger et al., 2016; Myllys et al., 2016a). Gibbs free energies were calculated

at the DLPNO–CCSD(T)/aug-cc-pVTZ//ωB97X-D/6-31++G** level, and the global minimum

energy structure for each cluster was identified. All geometries were optimized and vibrational

frequencies were calculated using Gaussian16 RevA.03 (Frisch et al., 2016), and electronic energy

corrections were performed in Orca version 4.0.1.2 (Neese, 2012).

To study cluster formation kinetics and the dynamics of cluster populations, the calculated Gibbs

free energies are used as input in the Atmospheric Cluster Dynamic Code (ACDC) (Mcgrath et al.,

2012). Briefly, ACDC calculates the rate coefficients for all collision and evaporation processes

within a given set of clusters and vapor molecules, and then solves the birth–death equations that

describe the dynamics of the cluster population. All the Gibbs free binding energies (in kcal/mol and

at 298.15 K) for the minimum energy clusters as well as the structures in xyz format are available

in the Appendix B. The ACDC code is available from the authors upon request.

3.4 Results and Discussion

3.4.1 Size distributions of nanoparticles generated in dry or humid

conditions

The number-size distribution of the DMA-HNO3 particles generated from the flow tube under dry

(∼5% RH) and humid (∼55% RH) conditions are shown in Figure 3.2. In each case, flow rates,

reaction time, and gas precursor concentrations remained the same; the only difference was in the

humidification of N2. Dimethylamine and nitric acid reacted to form particles readily under dry

conditions, and particle sizes ranged from 7–30 nm with a volume mean diameter of 16.4 nm. Under

humid conditions, water vapor enhanced particle growth, with particle sizes ranging from 7 to 40

nm and the volume mean diameter increasing to 23.6 nm. The total number concentration from
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Figure 3.2: Size distribution of particles generated in dry (5% RH) and humid (55% RH)
conditions.

the dry to humid case decreased by ∼10%, which has been shown in previous studies to be within

error when deriving total number concentration from SMPS data (Lightstone et al., 2000). This

suggests water does not enhance number concentration for these particles, despite participating in

nanoparticle growth.

While the hygroscopicity of aminium nitrate salts is not well characterized in the literature, am-

monium nitrate salts have been studied (Lightstone et al., 2000; Qiu and Zhang, 2012) and are

observed to have a deliquescence point at 61.5% RH. Aminium sulfate and ammonium sulfate salts

have been studied extensively and are found to exhibit different water uptake behaviors (Qiu and

Zhang, 2012; Braban et al., 2001; Smith et al., 2008a). While ammonium sulfate deliquesces at

∼79% RH, aminium sulfate salts experience monotonic water uptake (Qiu and Zhang, 2012). This

behavior has been attributed to the possibility that aminium sulfate salts have an amorphous struc-

ture in contrast to crystalline ammonium sulfate. In the current study, RH was held at 55% and

HNO3-DMA nanoparticles experienced growth. If aminium nitrate salts follow the trend of aminium

sulfate with respect to their ammonium salt counterparts, it is likely that DMA-HNO3 particles are

amorphous and can uptake water at any RH. However, since SMPS scans were taken continuously

with dry air, the size distribution is more reflective of the particle dry diameter, in which any water

that contributed to growth has been evaporated. The observed growth must be then attributed to

enhanced reactive uptake of HNO3 and DMA into the particle in the presence of water.
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Particle formation was stable at constant gas precursor concentrations and, therefore, measured size

distributions did not change over time (Figure B.4). This allowed for long collection times of the

smallest particle sizes for size-resolved studies of nanoparticle composition by TDCIMS.

3.4.2 Desorption thermograms of HNO3-DMA particles under dry

and humid conditions

Figure 3.3: Representative desorption profiles of (a) NO3
- ion (m/z 62), HNO3(NO3) ion

(m/z 125), and (b) (CH3)2NH
+

2 ion (m/z 46). Wire current is a proxy for the temperature
of the wire.

Figure 3.3 shows representative TDCIMS desorption thermograms of relevant ions detected in this

study. Profiles such as these provide qualitative information such as relative volatility and fragmen-

tation pathways; particle adhesion to the metal surface of the collection filament has been shown

to generally increase evaporation temperatures of constituents and this process likely also possesses

some chemical specificity (Smith et al., 2008a; Chattopadhyay and Ziemann, 2007). Wire desorp-

tion temperatures were estimated by applying a power law correlation between the temperature

and applied current and are uncertain to ±50 °C. Dimethylaminium ((CH3)2NH2
+, m/z 46) and

nitrate monomer (NO3
−, m/z 62) and dimer (HN2O6

-, m/z 125) ions are detected as soon as the

wire enters the heated ion source (40 °C, t=0 s). At t=60 s, the wire temperature ramp begins,

and desorption is immediately observed for all relevant ions. Nitrate trimer (m/z 188) and water

clusters of nitrate and dimethylaminium were not detected or contributed less than 0.1% to their

respective total acid and base signal and were not incorporated into acid:base ratio calculations.
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Desorption profiles of nitrate and aminium ions in both the dry and humid systems were almost

identical, with the only difference being that water cluster peaks of relevant ions appeared during

the analysis of humid system particles but contributed to less than 0.5% of the total acid and base

signal. The lack of water present in particles formed under humid conditions is most likely caused

by the previously mentioned drying effects of the upstream size-selecting nano-DMA as well as the

N2 sheath gas that flows over the collection filament during sampling.

Atomized particles of dimethylamine and nitric acid have been studied for their thermal stability and

have been shown to be more stable than ammonium nitrate (Salo et al., 2011), with approximately

50% volume fraction remaining at ∼57 °C and complete loss of volume occurring at 77 °C. The

thermograms of TDCIMS-detected ions align well with these observations, with desorption occurring

as the wire enters the 40 °C ion source (t=0 s), and with increased desorption occurring immediately

after the TDCIMS wire begins to heat. While the dependence of TDCIMS wire temperature to

applied current is not easily characterized due to the complex conditions within the inlet, we estimate

the endpoint wire temperature to be approximately 600 °C based on laboratory experiments of

the evaporation of different salt samples. Using this information, we estimate the full desorption

of particulate nitrate to occur by the time the wire reaches ∼150 °C (t = 145 s, Figure 3.3a),

and of particulate dimethylaminium to occur by ∼250 °C (t = 175 s, Figure 3.3b). While these

temperatures are higher than those reported by Salo et al, they are consistent with the adsorptive

properties of the collection filament discussed above.

3.4.3 Size-resolved composition measurements

In the following discussion we use the term “neutral” to mean a fully neutralized acid:base ratio

(i.e., 1:1 for the system studied here). Our use of this term applies to the relative concentration of

particulate acid and base compounds only, and should not be extended to particle or bulk solution

pH. Figure 3.4 shows the TDCIMS-measured, size-resolved acid:base ratio of particles formed from

nitric acid and dimethylamine in both dry (∼5% RH) and humid (∼55% RH) conditions. The

acid:base ratio was calculated by dividing the sum of the ion signals associated with nitrate by the
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Figure 3.4: Size-resolved acid/base ratios of HNO3-DMA particles. Red triangles represent
particles formed in dry conditions, while blue squares represent particles formed in humid
conditions. The black line is to guide the eye to a neutral 1:1 acid/base ratio.

sum of ion signals of associated with aminium. This ratio was normalized to the acid:base ratio

measured from 30 nm atomized HNO3-DMA salt particles to account for relative sensitivity of the

TDCIMS to nitrate and aminium ions. For the humid system, the shifting of the size distribution

to larger sizes (see Figure 3.2) meant that insufficient sample mass could be collected for particles

smaller than 12 nm in diameter. In both the dry and humid case, the acid:base ratio does not

deviate strongly from a neutral 1:1 ratio of HNO3:DMA.

While these results confirm the notion that nitric acid and dimethylamine are too volatile to exist in

the particle phase without neutralization, Chen et al. found in nanoparticles formed from sulfuric

acid and ammonia/dimethylamine under both humid and dry conditions that particles smaller than

15 nm in diameter did not have a neutral acid:base ratio (Chen et al., 2018). In comparison, for

the HNO3-DMA particles produced in the absence of water, normalized acid:base ratios ranged

from 0.81-1.14 over the size range of 9—30 nm. In the presence of water, acid:base ratios had a

larger spread and ranged from 0.80—1.32. In both cases, the particle acid:base ratio did not have

distinct trends toward more acidic or more basic particles at any size range. The fact that the

measurements of acid:base ratio of HNO3-DMA particles in this study exhibit trends so close to

neutrality suggests fundamental chemical differences between salts of nitrate and those of sulfate.

Some of these differences may include sulfuric acid’s greater number of hydrogen bonding sites,

higher acidity, and lower volatility than those of nitric acid.
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To more closely examine the particle growth process, clusters of nitric acid and dimethylamine were

modeled to derive the most stable conformations. Results and their interpretation are presented in

the next section. While the modeled clusters (max diameter ∼1.5 nm) do not reflect the size regime

of the nanoparticle measurements (9–30 nm), they do provide insights into initial growth pathways

of these particles that lead to the formation of the nanoparticles that were measured by TDCIMS.

Acid-base chemistry is the only possible way for particles to form and grow in this chemical system,

and cluster calculations allows us to directly examine molecule-by-molecule addition to clusters.

3.4.4 Cluster modelling

Figure 3.5: Clusters of (a) 1NA1D, (b) 2NA1D, (c) 1NA2D, and (d) 2NA2D. Color coding:
carbon atoms are brown, oxygen atoms are red, nitrogen atoms are blue, and hydrogen atoms
are gray. Dotted lines indicate hydrogen bonding between molecules.
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In this section in which we present modeling results of cluster chemistry, we refer to nitric acid

as NA, dimethylamine as D, and water as W. For example, a cluster of 2 nitric acid molecules, 1

dimethylamine molecule, and 1 water molecule will be referred to as 2NA1D1W. For many acid-base

systems, the formation of a heterodimer, a cluster with one acid and one base molecule, has been

demonstrated to be a crucial step in particle formation (Elm et al., 2017; Almeida et al., 2013a;

Kürten et al., 2014; Petäjä et al., 2011). The Gibbs free energy of the reaction that produces

the DMA-HNO3 heterodimer from DMA + HNO3 is -5.7 kcal/mol at 298.15 K, meaning that

the intermolecular interaction between nitric acid and dimethylamine is very weak (compare, e.g.,

the Gibbs free energies of formation of heterodimers of sulfuric acid-dimethylamine (H2SO4-DMA)

and sulfuric acid-ammonia (H2SO4-NH3), which are -13.5 and -6.8 kcal/mol, respectively). As the

calculated structure shown in Figure 3.5a shows, the reason for the weak interaction between nitric

acid and dimethylamine is the absence of proton transfer in the heterodimer. Once the heterodimer

is formed, additional cluster growth can occur via the addition of a second dimethylamine or nitric

acid molecule, leading to the formation of 1NA2D or 2NA1D clusters. As Figures 3.5b and 3.5c show,

in both clusters there is proton transfer from nitric acid to dimethylamine. The neutral molecule

stabilizes the ion pair by forming hydrogen bonds with the anion and cation. The addition of nitric

acid to the heterodimer is more thermodynamically favorable (-4.7 kcal/mol) than the addition of

dimethylamine (-1.0 kcal/mol). This can be explained by referring to the cluster structures, which

show that the 2NA1D and 1NA2D clusters both form 3 hydrogen bonding interactions. However,

while the addition of a second dimethylamine molecule provides another hydrogen bond between

a nitrogen atom and a hydrogen atom, the addition of a nitric acid molecule results in a stronger

hydrogen bond between an oxygen atom and hydrogen atom.

The addition reaction of dimethylamine to the 2NA1D cluster, a neutralization step, is highly

favorable with a Gibbs free energy for this reaction of -17.1 kcal/mol. This is because both nitric

acid molecules have given their protons to the two dimethylamine molecules and a symmetric cluster

is formed (Figure 3.5d). In each modeled cluster formation step, the addition of nitric acid to the

neutral cluster (xNAxD) is thermodynamically more favorable than the addition of dimethylamine.

A similar trend is also observed for other acid-base pairs, for instance, sulfuric acid cluster formation
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with dimethylamine or ammonia (Bzdek et al., 2017). The neutralization steps are highly favorable

since the number of proton transfer reactions are maximized, and thus the formed neutral clusters

are most stable. It should be noted that even if the neutralization steps are thermodynamically

highly favorable, there is likely to exist a kinetic barrier due to hydrogen-bond breaking and cluster

rearrangement as shown in the study by DePalma et al. (2012).

Figure 3.6: Overall evaporation rates for clusters of 1-4 nitric acid and 1-4 dimethylamine
molecules at 298.15 K. Cells are colored from purple (lowest evaporation rates) to yellow
(highest evaporation rates).

We have calculated the evaporation rates for each cluster from the Gibbs free formation energies (see

Appendix B for details) for both clusters formed with and without water. Figure 3.6 shows the total

evaporation rates of the cluster sizes studied, starting from 1NA1D and ending at 4NA4D, without

the presence of water. As mentioned previously, the heterodimer 1NA1D is very weakly bound,

which results in an evaporation rate as large as 7 ∗ 105 s-1. This volatility of the heterodimer cluster

highlights the necessity for the high concentrations of gas-phase nitric acid and dimethylamine

for nucleation to occur. The smallest stable cluster against evaporation is 2NA2D for which the

evaporation rate is ∼7 orders of magnitude lower than that of heterodimer. This dramatic decrease

can be attributed for proton transfer reactions and cluster symmetry as discussed above. All large

neutral clusters are relatively stable against evaporation, meaning that their total evaporation rate,

defined as one or more molecules evaporating from the cluster, is smaller than 1 evaporation event

per second. The clusters with non-equal numbers of acid and base molecules are unstable, since

the additional acid or base molecules are likely to evaporate very fast because proton transfer has
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not occurred. The clusters with compositions of (x+1)NAxD have a ∼3 order of magnitude lower

evaporation rate than the clusters with a xNA(x+1)D composition, which support the hypothesis

that clusters grow by addition of nitric acid first, and then by neutralization by dimethylamine.

Due to the significant difference in evaporation rates between neutral and acidic or basic clusters,

we can assume that neutral clusters are the most stable ones independently of the particle size. This

means that even though our computational and experimental methods leave a gap between 1–8 nm

particle diameters, it is a reasonable assumption that particles are neutral also in that size regime.

In addition, we have studied HNO3-DMA clusters containing 1–4 water molecules. In general, water

binds very weakly to these clusters and does not improve cluster stability significantly (Figure

B.4). The interaction between nitric acid and water is very weak (-0.3 kcal/mol) and between

dimethylamine and water it is even less favorable (0.7 kcal/mol). The Gibbs free formation energy

of the 1NA1D1W cluster is -5.9 kcal/mol, meaning that the Gibbs free energy is lowered by 0.2

kcal/mol compared to the 1NA1D cluster. Although the presence of only one water molecule is

able to promote the proton transfer from nitric acid to dimethylamine, the cluster is still very

weakly bound and thus likely to evaporate. The Gibbs free energy of the addition of second water

molecule to the 1NA1D1W cluster is -1.0 kcal/mol and the additions of the third and fourth water

molecules are -0.3 and -0.2 kcal/mol, respectively. Since the water molecule addition reactions are

thermodynamically only slightly favorable, the evaporation rates of the 1NA1D(1-4)W clusters are

on the order of 1010 s-1; i.e., they have five orders of magnitude higher evaporation rates compared

to the dry 1NA1D cluster due to the evaporation of water. Also, in the case of other clusters, water

molecules are not capable of interacting with the cluster strongly enough, and indeed, all of the

evaporation rates are very high, 108-1012 s-1 (Figure B.4). This implies that the role of hydration in

the initial steps of HNO3-DMA particle formation is negligible, and the main clustering pathway goes

via dry nitric acid-dimethylamine cluster formation (as explained above) leading to the acid:base

ratio of 1:1 regardless of the level of relative humidity. This result is in excellent agreement with the

experimental findings of this study. In addition, it has been previously shown for the H2SO4-DMA

system that water has only a minor effect in particle formation, reportedly due to a small number of

available hydrogen bonds (Yang et al., 2018). Since nitric acid has a lower number of possibilities to
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form hydrogen bonds than sulfuric acid, it is not surprising that water cannot enhance the formation

of HNO3-DMA particles. In the Appendix B, we have demonstrated that the increased RH does not

increase the particle formation rate at any laboratory or atmospherically relevant conditions. This

is also apparent in the integrated number concentration for both the dry and humid systems, where

no significant enhancement of particle number concentration was observed with increased RH. The

instability of water molecules in DMA-HNO3 particles suggests that our observations of enhanced

particle growth in the presence of water was not necessarily because of water uptake, but rather

water molecules facilitating the proton transfer reaction between nitric acid and dimethylamine to

enhance reactive uptake. However, it is possible that at sizes larger than a 4NA4D cluster, water

may be able to form enough hydrogen bonds to enhance particle growth.

3.4.5 Comparison to sulfuric acid-dimethylamine system

Figure 3.7: Overall evaporation rates for clusters of 1-4 sulfuric acid and 1-4 dimethylamine
molecules at 298.15 K. Cells are colored from purple (lowest evaporation rates) to yellow
(highest evaporation rates).

Given that these cluster calculations have provided a reasonable theoretical justification for the

observed 1:1 acid:base ratios in DMA-HNO3 nanoparticles, we also calculated the evaporation rates

for clusters formed from sulfuric acid and dimethylamine under dry conditions. For this comparison,

we refer to sulfuric acid as SA for cluster identification. The minimum energy structures and Gibbs

free energies for clusters containing 0-4 H2SO4 molecules and 0–4 DMA molecules are taken from
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our previous study (Myllys et al., 2019b). Figure 3.7 shows the calculated evaporation rates for

H2SO4-DMA clusters. Unlike for HNO3-DMA clusters, in which only stable clusters occur with an

acid:base ratio of 1:1, H2SO4-DMA clusters are stable in both the diagonal axis as well as below

the diagonal, i.e., acidic clusters are also stable against evaporation.

Figure 3.8: Molecular structures of 1SA1D (left) and 2SA1D (right). Color coding: sulfur
atoms are yellow, oxygen atoms are red, nitrogen atoms are blue, and hydrogen atoms are
gray. Dotted lines indicate hydrogen bonding interactions.

The calculated evaporation rate for the 1SA1D heterodimer is over five orders of magnitude lower

than that of the 1NA1D heterodimer. The reason for this can be found from the cluster structures

shown in Figure 3.8: in the 1SA1D cluster, sulfuric acid has donated a proton to dimethylamine and

there are two intermolecular interactions between the ion pair, while as previously discussed, there

is no proton transfer in the 1NA1D cluster and molecules are interacting via one hydrogen bond.

As measurements for H2SO4-DMA particles have shown, the small sulfuric acid-dimethylamine

particles can contain either the same amount of acid and base molecules or more acid than base

molecules (Lawler et al., 2016; Chen et al., 2018; Kürten et al., 2014). That is likely to be dependent

on the conditions in which measurements are performed as well as the technique used to measure

composition. These findings help shed light on the experimental results of Chen et al. (2018)

and Lawler et al. (2016), especially in regards to the observation that the smallest H2SO4-DMA

nanoparticles tend to be more acidic despite the presence of excess gas-phase base. In the context

of this study, the different behaviors of HNO3-DMA and H2SO4-DMA particles can be explained by

the strength of intermolecular interactions in the clusters and thus cluster stability. Intermolecular

interactions between neutral nitric acid and nitrate or dimethylaminium ions are weak and thus

more acidic HNO3-DMA clusters are evaporating with a rate higher than 106 s-1. However, in the
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2SA1D cluster structure, sulfuric acid binds very strongly (Gibbs free energy is -33.8 kcal/mol) to

its deprotonated bisulfate counterpart. Thus, additional sulfuric acid molecules in the H2SO4-DMA

cluster, in which proton transfer has occurred, are not likely to evaporate. This allows clusters of

H2SO4-DMA to grow with a larger than 1:1 acid:base ratio.

3.5 Conclusions

In this study we performed size-resolved measurements of particles formed from dimethylamine and

nitric acid under dry and humid conditions. Number-size distributions of these particles indicate

that particles are hygroscopic and grow larger with higher relative humidity, but the presence of

water vapor does not appear to affect total number concentration. Within experimental uncertainty,

the acid:base ratio for nanoparticles formed under both dry and humid conditions remain at unity

throughout growth from 9 nm to 30 nm in diameter. Modeled cluster evaporation rates show that

clusters are only stable when a 1:1 HNO3:DMA ratio occurs, with and without added water vapor.

This behavior is in agreement with a theoretical picture of proton exchange between a Brønsted

Lowry acid (HNO3) and base (NH3), forming a salt with a 1:1 acid:base ratio. Cluster calculations

and experimental results confirm what chemical theory might suggest: volatile precursors such as

nitric acid and dimethylamine can only contribute to nanoparticle growth though the formation of

non-volatile salts. In contrast, calculations performed on clusters formed from precursors containing

one non-volatile component, sulfuric acid, show that nanoparticles formed from this system will

likely deviate from neutrality due to the increased likelihood of stable structures involving both the

deprotonated as well as neutral sulfuric acid molecule. While the current study provides insights

into reactive uptake of acids and bases into nanoparticles, it is clear each chemical system exhibits

unique properties that require in depth experimental and theoretical studies. Future research should

focus on elucidating trends between acid and base structures (e.g., number of hydrogen bond donors

or acceptors, symmetry and shape) and nanoparticle composition below 15 nm in diameter.
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Chapter 4

A Predictive Model for Salt

Nanoparticle Formation Using

Heterodimer Stability Calculations

4.1 Abstract

Acid–base clusters and stable salt formation are critical drivers of new particle formation events in

the atmosphere. In this study, we explore the relationship between J1.5, the theoretically predicted

formation rate of clusters larger than 4 acid and 4 base molecules, and acid–base heterodimer sta-

bility, a property that is relatively easy to calculate using computational methods. Heterodimer

stability as a function of gas-phase acidity, aqueous-phase acidity, heterodimer proton transference,

vapor pressure, dipole moment, and polarizability were explored for the salts comprised of sulfu-

ric acid, methanesulfonic acid, and nitric acid with nine bases. The best predictor of heterodimer

stability was found to be gas-phase acidity. The relationship between heterodimer stability and

J1.5 was analyzed for sulfuric acid salts over a range of monomer concentrations from 105 to 109

molec cm−3 and temperatures from 248 to 348 K. Heterodimer concentration was calculated from
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heterodimer stability and yielded an expression for predicting J1.5 for any salt, given approximately

equal acid and base monomer concentrations and knowledge of monomer concentration and tem-

perature. This parameterization was tested for the sulfuric acid–ammonia system by comparing the

predicted values to experimental data and was found to be accurate within 2 orders of magnitude.

We show that one can create a simple parameterization that incorporates the dependence on tem-

perature and monomer concentration on J1.5 by defining a new term that we call the normalized

heterodimer concentration, Φ. A plot of J1.5 vs. Φ collapses to a single monotonic curve for all

weak salts of sulfuric acid, and can be used to accurately estimate J1.5 in atmospheric models.

4.2 Introduction

Atmospheric aerosol particles represent the largest uncertainty in our understanding of global cli-

mate through their participation in cloud formation and the absorption and scattering of radia-

tion (Kerminen et al., 2005; Kuang et al., 2009; Lohmann and Feichter, 2004; Merikanto et al.,

2009; Spracklen et al., 2008). In particular, particle formation by nucleation is still not well un-

derstood and is difficult to represent in models (Kerminen et al., 2018). One of the dominant

nucleation pathways is through salt formation, where the formation of a cluster is stabilized by

the interactions between acid and base molecules, which enhances particle formation (Ball et al.,

1999; Kirkby et al., 2011; Kürten et al., 2016; Nadykto and Yu, 2007; Nadykto et al., 2015; Wang

et al., 2018). This nucleation pathway is particularly dominant in urban environments, where an-

thropogenic sources for acidic and basic gases are abundant (Ge et al., 2011; Kirkby et al., 2011;

Qiu and Zhang, 2013; Weber et al., 1996; Wang et al., 2020). Although sulfuric acid (H2SO4, sa) is

most commonly associated with atmospheric nucleation (Ball et al., 1999; Bzdek et al., 2012; Kirkby

et al., 2011; Angelino et al., 2001; Weber et al., 1995), nitric acid (HNO3, na) and methanesulfonic

acid (CH3SO3H, msa) have been also observed to be participants and may also play important roles

in the initial stages of cluster growth (Afpel et al., 1979; Barsanti et al., 2009; Mäkelä et al., 2001;

Smith et al., 2004, 2008a; Weber et al., 1995), the latter of which we shall refer to henceforth as

new particle formation (NPF).
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Ammonia is the most abundant base in the atmosphere and its reaction with sulfuric acid has been

well studied (Bzdek et al., 2010; Glasoe et al., 2015; Weber et al., 1996). Alkylamines have also

garnered attention due to their high basicity and demonstrated ability to enhance NPF more than

ammonia, despite their lower atmospheric abundance (Kurtén et al., 2008; Smith et al., 2010b;

Temelso et al., 2018; Waller et al., 2019; Kreinbihl et al., 2020).

Recently, computational efforts have focused on accurately representing the formation and growth of

acid–base clusters (Smith et al., 2021). Myllys et al. (2016b) investigated the accuracy of the domain

local pair natural orbital coupled cluster (DLPNO–CCSD(T)) method, and found that it allows for

the modeling of up to 10 molecules in a cluster, which had been previously not feasible with other

highly accurate methods. The DLPNO–CCSD(T)/aug-cc-pVTZ//ωB97X-D/6-31++G** level of

theory has become increasingly popular for modeling atmospheric processes such as cluster for-

mation of sulfuric acid with ammonia, methylamine, dimethylamine, trimethylamine, guanidine,

monoethanolamine, trimethylamine N-oxide, and a variety of diamines (Myllys et al., 2016b; Ma

et al., 2019; Xie et al., 2017; Myllys et al., 2020, 2018b; Elm et al., 2016, 2017).

This large variety in systems studied has yielded insights into the factors that determine cluster

formation and growth. Generally, the enhancing efficiency of the base on heterodimer stability and

NPF is known to correlate with base strength, which has been attributed to a more favorable proton

transfer and the formation of essentially nonvolatile ionic salts and has been shown to be generally

true for the most abundant bases in the atmosphere: ammonia, methylamine, dimethylamine, and

trimethylamine (Almeida et al., 2013a; Elm, 2017a; Myllys et al., 2019b; Barsanti et al., 2009;

Shen et al., 2020; Han et al., 2020). For many studies that observe both cluster and nanoparticle

formation and growth, pKa has been often used as the metric for basicity. However, since pKa is,

by definition, an aqueous measure of acidity, applying it to cluster and nanoparticle-sized systems

does not take into account the drastically different environment. Indeed, in the study by Xie et al.

(2017), monoethanolamine (pKa = 9.5) enhanced NPF more than methylamine (pKa = 10.6),

despite methylamine being the stronger base according to their pKa values (Haynes, 2014). In

that study, the lack of a base strength trend was attributed to the additional hydrogen bonding

sites provided by the -OH group on monoethanolamine. In addition, we have recently studied
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the modelled formation rates of sulfuric acid and trimethylamine-N-oxide (tmao), guanidine, or

dimethylamine, where tmao, despite its lower basicity (pKa = 4.7) to both guanidine (pKa =

13.6) and dimethylamine (pKa = 10.7), had similar formation rates to guanidine, which were much

higher than those of dimethylamine (Myllys et al., 2020; Haynes, 2014). In these studies, pKa was

insufficient to predict NPF enhancement.

In this study, we aim to use these computational methods to identify what molecular properties

predict heterodimer stability, or more specifically the Gibbs free energy of formation of the het-

erodimer (∆Gheterodimer), and in turn, formulate a model to predict NPF rate. We specifically

investigate the use of pKa in comparison to gas-phase acidity measures to predict proton transfer

in the heterodimer as well as heterodimer stability. In addition, we examine if base vapor pressure

has any correlation to heterodimer stability, as sulfuric acid is often cited to participate in NPF

because of its low volatility and condensation onto clusters (Weber et al., 1996; Ball et al., 1999;

Sipilä et al., 2010). Finally, we also calculate the dipole moment and polarizability of the studied

base molecules to see if, in the absence of ions, they have any predictive capability of heterodimer

stability. These observations extend to salts of sa, msa, and na with nine bases: ammonia (amm),

methylamine (ma), dimethylamine (dma), trimethylamine (tma), trimethylamine N-oxide (tmao),

guanidine (gua), monoethanolamine (mea), putrescine (put) and piperazine (pz) (Table 4.1).

In addition to these molecular properties, we further explore the relationship between heterodimer

stability and NPF rate for sa salts. The goal of this work is to develop computationally efficient

approaches for calculating NPF rate that can be applied to models that estimate the impacts of

NPF on climate and air quality. We represent NPF rate as J1.5, the rate at which a cluster larger

than 4 acid and 4 base molecules is formed. A cluster of this size can range in diameter from

1 to 1.5 nm, depending on the constituent acid and base. We analyze the relationship between

heterodimer stability and the theoretically predicted J1.5 for sulfuric acid salts over a range of

monomer concentrations from 105 to 109 molec cm−3 and temperatures from 248 to 348 K. The

concentration of heterodimers was calculated from heterodimer stability, temperature, and monomer

concentrations for the case where acid and base monomer concentrations are approximately equal.

This results in a parametrization for J1.5 as a function of heterodimer concentration that can be
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applied to any acid–base system. These results were compared to J1.7 rates measured at the CLOUD

(Cosmics Leaving OUtdoor Droplets) chamber for sa–amm salts. We note that the relationship

between J1.5 and heterodimer concentration is not unique, but depends on both temperature and

monomer concentration. However if the dependent variable is redefined as a term that we call the

“normalized heterodimer concentration,” or Φ, then a simple monotonic relationship develops that

can be used to predict J1.5 for all weak salts of sulfuric acid, a system that is of great interest in

the atmosphere. We believe that this approach is generalizable to any acid–base system, allowing

accurate predictions of NPF rates over a wide range of monomer concentration, temperature, and

ambient pressure.

Table 4.1: Acid and base compounds in this study. Abbreviations are as follows: ammonia
(amm), methylamine (ma), dimethylamine (dma), trimethylamine (tma), trimethylamine N-
oxide (tmao), guanidine (gua), monoethanolamine (mea), piperazine (pz), putrescine (put),
sulfuric acid (sa), methanesulfonic acid (msa), and nitric acid (na).

4.3 Computational methods

Two-component acid–base particle formation was studied by making systematic changes in temper-

ature and concentration to understand the effects of simulation conditions and acid/base molecular

properties on J1.5. Correlations of J1.5 with different molecular properties provided insight into
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the critical factors of cluster formation. Properties listed in Table 4.2 were examined as possible

variables that may have a role in stabilizing clusters and enhancing particle formation.

Table 4.2: Experimental and calculated properties examined in this study.

Property Source
Gas phase acidity (GA) calculated this work
Difference between GA of an acid HA and a conjugate acid of a base BH+ (∆GA) calculated this work
Aqueous phase acidity (pKa) from Haynes (2014)
Difference between pKa of HA and BH+ (∆pKa) from Haynes (2014)
Vapor pressure from literaturea
Electrochemical properties: dipole moment and polarizability calculated this work
Solvation free energy difference between a base B and its protonated form BH+ (∆∆SOL) calculated this work
Heterodimer stability (∆Gheterodimer, free energy of a complex having one acid and one base) calculated this work
Remaining H-bond donors on base molecule in heterodimer inferred
Proton transfer in heterodimer inferred

aStull (1947); Aston et al. (1937, 1939); Swift and Hochanadel (1945); Matthews et al.
(1950); EPISUITE v 4.11

4.3.1 Cluster thermodynamics

In order to simulate cluster formation and growth, one must calculate accurate structures and ther-

mochemical properties of neutral sa–base clusters up to the cluster size of four sa and four base

molecules (4sa4base). Thermochemistry of clusters containing amm, dma, gua and tmao were taken

from our previous studies (Myllys et al., 2018a, 2019a, 2020). Thermochemistry of clusters with

mea, put and pz were taken from a database (Elm, 2019), collected from original publications of

Xie et al. (2017), Elm et al. (2017) and Ma et al. (2019). Available structures with ma and tma

were taken from Olenius et al. (2017) and, to be consistent with the level of theory used, struc-

tures were optimized and frequencies calculated at the ωB97X-D/6-31++G** level and electronic

energies corrected at the DLPNO–CCSD(T)/aug-cc-pVTZ level with TightPNO, TightSCF, and

GRID4 keywords. In addition, for the missing structures, we performed a configurational sam-

pling as explained in Kubečka et al. (2019). For the lowest free energy clusters, Gibbs free binding

energies were calculated at the DLPNO–CCSD(T)/aug-cc-pVTZ//ωB97X-D/6-31++G** level of

theory (Riplinger and Neese, 2013; Riplinger et al., 2013; Myllys et al., 2016b,a).
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In addition of a full data set for sa–base clusters, we studied heterodimers of na and msa with

above-mentioned nine bases. The same quantum chemical methods were used as in sa–base calcu-

lations. In order to detect whether proton transfer was occurring in the heterodimer, the Molden

program (Schaftenaar and Noordik, 2000) was used to visualize the global minimum structure. Gas-

phase basicity and proton affinity values were computed using the same level of theory. Gaussian 16

RevA.03 (Frisch et al., 2016) was used to optimize geometries and calculate vibrational frequencies

and Orca version 4.2.1 (Neese, 2012) was used for single point energy corrections.

4.3.2 Particle formation simulations

Theoretical methods allow us to perform particle formation simulations at any conditions. This

means that very low or high temperatures and vapor concentrations can be used to estimate J1.5.

While some values in this range might not be directly “atmospherically relevant,” these calculations

can lead to a deeper understanding of the non-linear behavior of nucleation as a function of vapor

concentrations and/or temperature. It is also possible to study cluster formation of different com-

pounds under identical conditions because there are no instrumental limitations or measurement

biases.

The calculated thermodynamic data sets for sa–base clusters were used as input in Atmospheric

Cluster Dynamics Code (ACDC), which detailed theory is explained in McGrath et al. (2012).

Briefly, the ACDC model simulated particle formation by solving the cluster distribution consid-

ering collision, evaporation and removal processes. The model calculated the rate constants for

each process among the population of clusters and vapor molecules and solved the discrete general

dynamic equations for each cluster type. We have performed J1.5 simulations at temperatures of

248–348 K using sa and base vapor concentrations of [acid]=[base]=105–109 cm−3. Simulated J1.5

values are given in Appendix C. Simulations were performed for neutral clustering pathways at dry

conditions due to computational (quantum chemical) restrictions.
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4.4 Results and discussion

4.4.1 Heterodimer stability results

In the cluster formation process, the changes in enthalpy (∆H) and entropy (∆S) are always

negative because hydrogen bond formation is an exothermic process in which the degrees of freedom

are decreasing when isolated molecules become one entity. Gibbs free energy is calculated from ∆H

and ∆S as a function of temperature by

∆G = ∆H − T∆S (4.1)

where ∆G decreases as temperature decreases. Lower ∆Gheterodimer values correspond to more sta-

ble heterodimers. However, while a negative ∆Gheterodimer value indicates a spontaneous reaction

in solution at standard conditions, heterodimer formation in the gas phase under atmospheric con-

ditions also depends on the acid and base vapor concentrations. Table C.3 presents enthalpies,

entropies and Gibbs free energies of sa–base heterodimer formation at 298 K and corresponding

tables for msa and na are given in Appendix C. From these data, heterodimer stability can be

calculated at other temperatures readily for all 27 salts studied here. Our calculated ∆Gheterodimer

value for sa–amm indicates a less stable heterodimer than the sa–amines heterodimers, which is

consistent with numerous other studies (Kurtén et al., 2008; Nadykto et al., 2011; Leverentz et al.,

2013; Kupiainen et al., 2012). Ma and mea are the weakest heterodimer stabilizers among the

amines; dma, tma and pz are stronger and form approximately equally stable heterodimers. Of

these nine bases, the most stable heterodimers are formed with tmao, gua, and put.

The molecular structures of sa–base heterodimers are presented in Fig. 4.1 and for msa and na

heterodimers in Appendix C. Amm is the only base which is unable to accept a proton from sa

in the heterodimer structure; the heterodimer is held together via one hydrogen bond between

amm and sa. All other base compounds accept a proton from sa and form an ion pair with the

deprotonated sa, bisulfate. Protonated tma and tmao form only one hydrogen bond with bisulfate,
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Table 4.3: Calculated enthalpy (∆Hheterodimer in kcal/mol), entropy (∆Sheterodimer in
cal/(mol·K)) and Gibbs free energy (∆Gheterodimer in kcal/mol) for sa–base heterodimer for-
mation at 298 K.

BASE ∆Hheterodimer ∆Sheterodimer ∆Gheterodimer
amm −15.1 −29.2 −6.4
ma −18.2 −33.6 −8.2
dma −22.2 −30.3 −13.2
tma −23.6 −35.2 −13.1
tmao −32.2 −34.9 −21.8
gua −29.4 −30.4 −20.3
mea −21.8 −38.2 −10.4
put −28.9 −44.8 −15.6
pz −22.8 −33.3 −12.9

whereas the other bases form two hydrogen bonds. In the sa–put heterodimer, put also forms an

intramolecular hydrogen bond via its protonated and non-protonated amino groups.

Figure 4.1: Heterodimers of sa with amm, ma, dma, tma, tmao, gua, mea, put and pz,
respectively.
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4.4.2 Molecular properties that affect heterodimer stability (∆Gheterodimer)

Evaluation of gas-phase versus aqueous-phase acidity

Figure 4.2 shows that gas phase and aqueous phase basicity values do not trend the same amongst

the nine bases. For NR3 compounds, where R is either H or CH3, the gas-phase monomer basicities

directly follow the number of substitutions as amm < ma < dma < tma. This means that when

removing a proton from isolated gas-phase BH+ compound, the Gibbs free reaction energy has

the largest value in the case of tma. That is because the methyl groups stabilize cation formation

by distributing the charge. In the aqueous-phase (pKa), however, the basicities have an different

order: amm < tma < ma < dma. This means that dma has the largest proportion of protonated

base cations in water solution. Dma has two methyl groups that facilitate protonation, and H-

bond formation with water molecules provides additional stabilization. In the case of tma, the

hydration is very limited due to the steric hindrance of three methyl groups, and thus, tma has

lower aqueous-phase basicity than dma and ma. Because the basicity order of amines in the gas-

phase directly follows the substitution order, the anomalous inversion of basicities in aqueous-phase

can be attributed to the stabilization effect of surrounding solvent molecules (Seybold and Shields,

2015).

Figure 4.2: Calculated GA vs literature pKa values from Haynes (2014).

In the gas phase, the strongest bases are, in decreasing order, put, tmao and gua, whereas in the

aqueous phase the order is gua, put and dma. Gua is a very strong base both in gas and aqueous
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phase because its cationic form has six π-electrons that are delocalized over the Y-shaped plane.

This D3h-symmetric structure of guanidinium makes it extraordinarily stable. Tmao is very strong

base in the gas phase because of its zwitterionic bond, where oxygen has a negative charge that

strongly attracts H+. In the aqueous phase, polar solvent molecules are capable of stabilizing the

zwitterionic bond in tmao, thus tmao is the weakest base in the water solution. The reason why put

is the strongest base in the gas phase is related to the change of its configuration between neutral

and cationic forms. The neutral form of put is linear, but the cation is cyclic as the protonated and

deprotonated amino groups are hydrogen bonded to each other as shown in Fig. 4.3. The Gibbs free

energy difference between cyclic global minimum configuration and lowest acyclic local minimum

configuration is 14.6 kcal/mol, which is the additional stabilization caused by the H-bond in gas

phase. The gas basicity of put calculated based on the acyclic form would be 215.2 kcal/mol, which

is very close to that of dma — and interestingly the pKa values of dma and put are very close to

each other. This could indicate that protonated put is in aqueous phase mainly in its acyclic form

and is stabilized by H-bonds with water molecules in the same manner as dma.

Figure 4.3: Cyclic and acyclic configurations of protonated put. The lowest energy acyclic
structure is 14.6 kcal/mol higher in free energy than the cyclic, global minimum structure.

As put and pz are diamines, they can accept two protons and form baseH2+
2 cations. The PA and

GA values for the second protonation reaction are significantly smaller than for the first protonation

reaction: for put 130.6 and 125.2 kcal/mol and for pz 121.0 and 113.3 kcal/mol, respectively. While

the PA and GA values can be measured for the first protonation reaction for each base, there was

no experimental data found for the second protonation reaction. Experimental PA and GA values

from Hunter and Lias (1998) are given in Appendix C and good agreement with our calculated

values is shown. PA, GA and pKa values are listed for sa, msa and na in Appendix C.
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Because heterodimer stability has been shown to be a good proxy for J1.5, we have plotted the

correlation between ∆Gheterodimer and ∆GA and ∆pKa to probe the hypothesis that acid and base

strength predict the formation of the heterodimer (Figure 4.4). Here ∆GA is defined to be the

difference between the GA of the acid and the GA of the protonated base. And similarly the ∆pKa

value is defined as the difference between the pKa of the acid and the pKa of the protonated base.

All pKa values were taken from literature as bulk aqueous phase dissociation constants, whereas

GA values were calculated for this study. By definition, the larger the ∆GA, the less favorable the

acid–base reaction is in the gas phase. Similarly, the more positive the ∆pKa, the less favorable

the acid–base reaction is in the bulk aqueous phase.

Figure 4.4: Calculated ∆GA and ∆pKa plotted against ∆Gheterodimer. Each data point
represents an acid–base pair between either sa, na, or msa with either amm, ma, dma, tma,
tmao, gua, mea, put, or pz. Blue text represent ∆GA values, while red text represent ∆pKa
values. Text markers are centered over the data point.

Over the observed ∆GA, as ∆GA increases, the less stable the heterodimer. The story is similar

for ∆pKa: as ∆pKa increases, the heterodimer becomes less stable. However, for ∆pKa, tmao

salts seem to deviate drastically from the trend. Indeed, this is most likely because tmao is more

able to be stabilized by water molecules in the bulk aqueous phase and its proton exchange in the

gas phase is not well represented by pKa. Otherwise, the trend of ∆pKa matches up well with
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that of ∆GA. These results demonstrate that acid and base strength have a clear relationship with

∆Gheterodimer, and that ∆GA can be used in parameterizations of ∆Gheterodimer. ∆GA is even less

computationally intensive than ∆Gheterodimer because it only models the removal of a proton from

the original molecule in comparison to modeling the interactions of two molecules. In addition, GA

values can be calculated for an array of acids and bases to get ∆GA for a larger combination of

acids and bases rather than modelling ∆Gheterodimer for each acid–base pair. For example, in this

study, 3 acids and 9 bases were studied: to calculate ∆GA for all combinations, only 12 reactions

need to be simulated; in contrast, ∆Gheterodimer would need to be calculated for each of the 27 salts.

Because the GA values calculated here agree well with those experimentally determined in Hunter

and Lias (1998), this modeling approach may be a simpler, more consistent method to predict GA

values for yet-unstudied bases, including those that are atmospherically relevant.

Figure 4.5 illustrates how ∆GA is a better predictor of proton transfer in the gas phase than ∆pKa.

In general, acid–base pairs with ∆GA of 103 kcal/mol or below undergo proton transfer, and thus

∆GA provides a threshold for cluster formation. This is consistent with the stronger trends between

heterodimer stability and GA than heterodimer stability and pKa, the latter of which was affected

by the solubilities of the acids and bases, which is not relevant to cluster formation and growth in

the gas phase.

Figure 4.5: ∆GA and ∆pKa values separated based on whether the heterodimer structure
exhibits proton transfer. The grey dashed line on the ∆GA graph at 103 kcal/mol shows
the cutoff point for proton transfer.
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Interestingly, the na–pz salt is an anomaly in the cutoff for ∆GA in predicting proton transfer,

with ∆GA value of 98.9 kcal/mol, yet there is no proton transfer in the global minimum structures

of heterodimer. However, there exists a local minimum structure in which proton transfer occurs

that is only 1.8 kcal/mol higher in free energy than the global minimum. Figure 4.6 shows that in

the proton transferred form of the na–pz pair, the second H-bond formation, which is needed to

stabilize the anion–cation pair, is unfavorable because of the induced ring strain. Generally, na is

less likely to form two H-bonds with a base than sa or msa as the angle of O-N-O is 120◦ whereas

the O-S-O angle in sa and msa are 109◦, and therefore the ring strain would be high in na salts

(with an exception for gua as shown in Appendix C). Overall, heterodimer proton transfer only

occurs in clusters with a ∆GA smaller than 103 kcal/mol (na–put) with the exception of na–pz.

In general, this strengthens the idea that ∆GA is a better estimate of gas-phase reactivity than

∆pKa and emphasizes the importance of using thermodynamic constants that accurately represent

the systems being studied.

Figure 4.6: Deprotonated (left) and protonated (right) conformers of pz for the na–pz salt
showing the ring strain necessary to form another intermolecular hydrogen bond.

∆GA and ∆pKa values can and should be used in lab settings to gauge the likelihood of nucleation.

For example, numerous studies, including those in our own lab, show that oxalic acid does not

form particles with any of the methylated amines (ma, dma, tma) in a two-component system at

298 K (Arquero et al., 2017b). The most negative ∆pKa value for these oxalic acid salts is −9.45,

which is more positive than any of the systems studied here. Considering that na–amm does not

form particles at room temperature even at high concentrations, its ∆pKa value of −10.7, or its

∆GA value of 122.65 kcal/mol, could be used as a benchmark for predicting particle formation

at room temperature. This cutoff is dependent on both temperature and the concentrations of
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precursor acid and base and should be viewed as a qualitative means for predicting NPF at room

temperature. A more accurate means of estimating NPF rates that accounts for both temperature

and precursor concentration is presented in Section 4.4.3.

Factors that do not affect heterodimer stability

Figure 4.7 shows the relationship between base vapor pressure and heterodimer stability (∆Gheterodimer),

which is plotted to explore the hypothesis that the volatility of the base, which is typically much

higher than that of the accompanying acid, is a limiting factor that drives NPF. The lack of correla-

tion suggests that acid–base reactive uptake, leading to salt formation, is the dominant mechanism

and that volatility of the constituent acid and base plays a relatively minor role in heterodimer

stability. It is important to emphasize that this lack of correlation between vapor pressure and

heterodimer stability is only observable because the bases have different structural properties. Oth-

erwise, if only amm, ma, dma, and tma were studied, then trends for vapor pressure and heterodimer

stability would follow the trend of the more volatile base making a less stable heterodimer, which is

untrue. Since the most well-studied bases in the atmosphere are amm, ma, dma, and tma, due to

their relative abundance and contribution to NPF, it may be tempting to make conclusions on base

behavior in NPF based solely on those four bases. However, these correlations — or lack thereof

— highlight the importance of a wider breadth of study for us to better understand how bases

behave in the atmosphere. This disappearance of a trend as more bases are included applies to the

dipole moment and polarizability of the base as well (see Appendix C). However, it is worth noting

that while base vapor pressure does not affect heterodimer stability, it may have a larger role in

determining particle composition as particles grow to a size that represents bulk systems (Lawler

et al., 2016; Chen and Finlayson-Pitts, 2017; Myllys et al., 2020; Chee et al., 2019).
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Figure 4.7: Base vapor pressure plotted against ∆Gheterodimer for sa, msa, and na salts.

4.4.3 Heterodimer stability versus J1.5

The stabilities of a heterodimer and other small clusters are known to affect the ability of a cluster

to grow to a large aerosol particle (Almeida et al., 2013b; Elm, 2017b; Olenius et al., 2013) We

now correlate ∆Gheterodimer with calculated J1.5 for all nine bases with sa at varying conditions to

observe the change in new particle formation rate over the temperature range of 248–348 K (Figure

4.8a), and acid and base monomer concentrations from 10 5–10 9 molec cm–3 (Figure 4.8b). For

reference, a J of 0.1 cm−3s−1 is also indicated, which can be viewed as a lower limit for observed

atmospheric J1.5 (Kerminen et al., 2018). We emphasize that these some of the concentrations and

temperatures might not be very common in the atmosphere. However, through these systematic

changes in temperature and concentrations, we are able to gain insight into the predictors of cluster

formation and growth.

Previously, theoretically calculated J1.5 for reactions of sa with dma or amm have been shown

to be a good approximation for experimentally determined NPF rates observed at the CLOUD

chamber (Myllys et al., 2019c). As Figure 4.8a shows, J1.5 follow a lognormal relationship with

∆Gheterodimer. This makes sense in that, for the most stable heterodimers like salts of tmao and

gua, J1.5 approaches the kinetic limit and simply cannot form any faster. However, as heterodimer

80



Figure 4.8: Heterodimer stability (∆Gheterodimer) plotted against NPF rate (Jtheory) in varied
conditions. a) Vapor concentrations are constant: [acid]=[base]=10 6 molec cm–3 at varying
temperature: T=248, 273, 298, 323, and 348 K. b) Temperature is constant: T=298 K at
varying vapor concentrations: [acid]=[base]=10 5, 10 6, 10 7, 10 8, and 10 9 molec cm–3. Text
markers are centered over the data point.

stability decreases, the evaporation of a heterodimer occurs faster than its collision with vapor

molecules or other clusters, which results in a reduction in J1.5. In contrast, when temperature is

held constant and base concentration is varied (Figure 4.8b), the lognormal relationship remains the

same across all cases and only the maximum J1.5 is shifted until the kinetic limit is reached. The

changing relationship between ∆Gheterodimer and J1.5 with varying temperature can be attributed

to the change in the thermodynamics of the reaction, while the shift in NPF rate with respect to

∆Gheterodimer with varying concentration can be attributed to the relatively higher number of colli-

sions in a shorter period of time. This behavior matches the relationship of J with temperature and

concentration found in classical nucleation theory (Arstila et al., 1999; Trinkaus, 1983; Vehkamäki

et al., 2002):

J = Z ∗ p(1, 2) ∗ exp

[
−(W −W (1/2))

RT

]
, (4.2)

where J is the nucleation rate, Z is a kinetic pre-factor, W is the work of formation of the critical

nucleus, and p(1, 2) and W (1, 2) are number concentration and cluster formation energy, respec-
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tively. Concentration is directly proportional to J , whereas temperature contributes from within

the exponential expression, which matches the behavior seen in Figure 4.8.

Figure 4.9: Individual data points and trendlines from Figure 4.8a colored according to the
number of remaining hydrogen bond donors (HBD) on the heterodimer. The left is data
from the 298 K case, and the right is data from the 348 K case, at [acid]=[base]=10 6 molec
cm–3.

Interestingly, as temperature increases, this lognormal relationship transitions to linear, with a

larger spread of data points around the trendline. Practically, this implies that ∆Gheterodimer predicts

theoretical J1.5 well at cold temperatures, but additional factors become more prominent at warmer

temperatures. To understand what processes are important for J1.5, we scaled the color on each

of the bases to the number of hydrogen bond donors (HBD) remaining on the heterodimer after

the proton was transferred at two temperatures (Figure 4.9). The number of remaining HBD was

determined by counting the number of polar hydrogens on the base molecule minus the hydrogen

donated by sa (if the proton transfer reaction occurred). Although other intermolecular H-bonds

exist, those were not subtracted because as the cluster grows, those bonds are broken as the base

shifts to accommodate an additional molecule. Sa salts with ma, tmao, put, and gua salts all

demonstrate this behavior, where the intermolecular bonds present in the heterodimer for ma, put,

and gua are rearranged with each added molecule to the cluster (see Appendix C).

With respect to the lognormal relationship between J1.5 and ∆Gheterodimer, tma and tmao, and to

a lesser extent, dma, are below the trendline, and they have 0–1 remaining HBD. In contrast, amm,
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ma, mea, pz, and put have 2–4 remaining HBD and are closest to the trendline. Gua is the only

molecule that has 5 remaining HBD, and consistently has a higher NPF rate than the trendline

suggests. This behavior can be attributed to cluster growth being slightly dependent on how well

the next molecules can “stick” onto the existing cluster, where if there are more remaining HBD on

a cluster, it is easier and faster for the cluster to grow. It is interesting that ma has higher NPF

rates than the trendline compared to mea, put, and pz despite having either the same or one fewer

HBD, but this may be attributed to the bulkiness of the alkyl groups attached to those amines,

which may block the remaining HBD from participating in stabilizing the growing cluster.

These findings are notable in that ∆Gheterodimer trends consistently with J1.5 and deviations from

these trendlines can be attributed to structural differences in the base, where a base with more HBD

available on the heterodimer would have higher predicted NPF rates than the trendline, with the

inverse also being true. However, ∆Gheterodimer varies strongly with temperature and concentration

as described above, and as such is not conducive to predicting J1.5, which we attempt to remedy in

the following two sections.

A generalized parameterization to predict J1.5

In order to combine simulated particle formation rates at different conditions for all acid–base

systems, we calculated the heterodimer concentration, which is a function of ∆Gheterodimer, temper-

ature, and the concentration of the gaseous acid and base monomers. The stability of a heterodimer

defines its theoretical maximum concentration at given conditions assuming the system is at equi-

librium. Assuming mass balance for the heterodimer formation reaction leads to the following

concentration under equilibrium conditions:

[heterodimer] =
[acid][base]

Cref
exp

(
−∆Gheterodimer

RT

)
. (4.3)

The equilibrium concentration of the heterodimer [heterodimer] is dependent both on the Gibbs

free formation energy ∆Gheterodimer (calculated at reference concentration Cref = Pref
RT , where Pref

is defined as 1 atm and Cref is in units of molec cm–3), and on the monomer concentrations [acid]
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and [base]. Here we use heterodimer concentration to estimate J1.5 under any (atmospherically

relevant) temperature or concentration. However, as different acid–base systems form particles via

different pathways depending on acid-to-base ratios, the NPF mechanism may change when either

the acid or base is in excess. Thus the derivations here are directly applicable at situations when

acid and base concentrations are close to equal.

Figure 4.10: Heterodimer concentration plotted against J1.5 for sa–amm across 25 com-
putational conditions (filled diamonds) from 248–348 K and monomer concentrations from
10 5–10 9 cm–3, where a) shows the full set of conditions calculated for sa–amm, and b) shows
a magnification of how CLOUD data compares to the computational dataset. Colored lines
correlate to temperature trendlines that were drawn through all data points calculated at the
same temperature. Dashed lines represent data points calculated at the same monomer con-
centrations. We calculated heterodimer concentrations for CLOUD data whose acid and base
concentrations were within 50% of each other according to Equation 4.3. All CLOUD data
points were collected at temperatures of either 248 or 273 K (colored circles corresponding
to color scale) and with monomer concentrations between approx. 10 8–10 9 cm–3.

Figure 4.10a shows the temperature and concentration effects on heterodimer concentration for sa–

amm salts. As one would expect from Equation 4.3, as concentration increases, heterodimer con-

centration increases by two orders of magnitude (as reflected in the [heterodimer] term). However,

because temperature affects both the calculation of ∆Gheterodimer and heterodimer concentration,

this relationship is not as simple. In general, as temperature decreases, heterodimer concentration

increases. As heterodimer concentration increases and temperature decreases, J1.5 also increases,

though we begin to see J1.5 begin to saturate at 248 K and 10 9 cm–3. Through the use of het-
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erodimer concentration, we have been able to combine the two factors, temperature and monomer

concentration, into one term, where we can now use it to compare (or predict) J1.5.

To test the robustness of our calculations, heterodimer concentrations of CLOUD experiments were

calculated using Equation 4.3 and this study’s calculated ∆Gheterodimer values to compare our J1.5

calculations to CLOUD’s measured J1.7 (Kirkby et al., 2011). Because heterodimer concentration

can only be calculated for experiments run at approximately equal acid and base concentrations, all

experiments that had more than a 50% difference between monomer concentrations were excluded.

Twenty-one measured J1.7 values met this criterion and are shown as filled circles in Figure 4.10.

When using the closest temperature trendlines (i.e., CLOUD data measured at 273 K was compared

to 278 K model trend) to predict the CLOUD data, the difference between the predicted and

measured J were within 2 orders of magnitude. On the other hand, if concentration trendlines were

used to predict J (i.e, CLOUD vapor concentrations were near 108 molec cm–3 so the modelled

108 molec cm–3 trendline was used), differences of up to 4 orders of magnitude occurred. Trendline

equations for sa–amm are shown in the Appendix C, as well as difference plots to show the accuracy

of the trendlines as discussed.

Figure 4.11: Heterodimer concentration plotted against J1.5, wherein a) all data are repre-
sented with black dots, and b) data points are colored according to temperature and sized
to reflect monomer concentrations (10 5–10 9 cm–3). Data were fitted to an exponential
function, which can be found in Equation 4.4.
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All data calculated for this study are plotted in Figure 4.11, which spans 100 K and 5 orders of

magnitude in monomer concentrations. Indeed, concentration and temperature effects are minimized

compared to the direct comparison between J1.5 and ∆Gheterodimer (Figure 4.8). Because more J1.5

were calculated for amm and gua, data points were left as black points to avoid complicating the

data. Data were fitted to give the following equation:

J1.5 = 10.688− 67.36 exp

(
[heterodimer] + 6.226

7.0145

)
, (4.4)

which can be used as a generalized equation to predict J1.5 for acid–base particle formation at any

(atmospheric relevant) conditions, given a calculated ∆Gheterodimer and temperature and concentra-

tion. Because ∆Gheterodimer requires significantly less computational power to calculate than J1.5,

this trendline provides a method to quickly approximate J1.5.

Since the heterodimer concentration is still affected by changes in temperature and concentration,

Equation 4.4 is only able to approximate J1.5 to within 10 orders of magnitude. This is because of

the large range of temperatures and concentrations calculated in this study, where, in general, for

concentrations less than 10 7 cm–3 and temperatures greater than 298 K, predicted J1.5 are below

the trendline. Similarly, for concentrations more than 10 7 cm–3 and temperatures greater than

298 K, predicted J1.5 are above the trendline, which can be seen in Figure 4.11b.

Though the 10 orders of magnitude uncertainty is large, Pierce and Adams (2009) have shown

that 6 orders of magnitude uncertainty in new particle formation events in the atmosphere only

contributed to a difference of 17% in modeled concentrations of cloud condensation nuclei (CCN) in

the troposphere. Considering the simplicity of this calculation, this approach may improve estimates

of global CCN in models that are limited by the computational expense of calculating J1.5.
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4.4.4 System-specific parameterization for weak bases using nor-

malized heterodimer concentration (Φ)

Here we attempt to reduce this uncertainty for nine salts of sa and further simplify the expression

used to calculate J1.5. We accomplish this by incorporating heterodimer concentration and monomer

concentrations into a new independent variable, the normalized heterodimer concentration, Φ:

Φ =
[heterodimer](
[acid][base]

Cref

)1/2
, (4.5)

Figure 4.12: A) Amm and b) gua sa salts’ J1.5 plotted against Φ, where triangles are colored
according the temperature of that point’s calculation. CLOUD data are shown as black
dots, and their Φ values were calculated according to Equation 4.5. All trendlines used an
exponential fit.

When applied to ammonia, a simple monotonic relationship between Φ and J1.5 becomes immedi-

ately apparent (Figure 4.12a). Here we observe that temperature affects the value of Φ minimally,

and that the effects of temperature and concentration are incorporated in the dependent variable

resulting in relatively minor data spread. Again, CLOUD Φ values were calculated for comparison,

and CLOUD data are all predicted within 2 orders of magnitude of the best exponential fit to the

data (fit equation available in the Appendix C). The dispersion in J1.5 remains constant over all

conditions explored.
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As a contrast to the sa–amm system, we also examined the behavior of the sa–gua salt, a strong-

acid and strong-base combination. Figure 4.12b shows that a monotonic relationship does not

apply for such systems. In fact, at each concentration, J1.5 quickly reaches the kinetic limit and

remains constant with temperature once monomer concentrations are above 10 7 cm–3. Gua is likely

insensitive to changes in temperature because gua is a strong base and forms more stable growing

clusters than those of ammonia. In addition, at higher concentrations than 10 7 cm–3, collisions are

occurring so quickly that if the cluster evaporates a monomer, another monomer is able to readily

take its place. In this way, gua salt J1.5 are largely dictated by monomer concentration rather than

temperature.

Figure 4.13: All sa salts plotted with a) base names as markers and b) markers colored
according to their ∆GA values. CLOUD observations are shown as filled circles.

When Φ is compared to J1.5 for all bases (Figure 4.13a), we can immediately see that, in general,

each base follows a unique trendline. Additionally, more bases follow the more monotonic behavior

of sa–amm than sa–gua and increase in the data dispersion follows increasing basicity. This is

apparent when each of the base datapoints are colored according to their ∆GA values (Figure

4.13b). In general, the larger ∆GA values correspond to more linear, less dispersed relationships

between J1.5 and Φ, and as ∆GA decreases, J1.5 begin to saturate and dispersion increases. This

change in behavior seems occur most dramatically as ∆GA decreases below 90 kcal/mol for the

conditions shown here; however, it is likely for larger concentrations or lower temperatures, even
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the weakest of bases will saturate. The fact that ∆GA is directly linked to J1.5 saturation highlights

how acid and base strength are crucial to understanding cluster formation and growth into particles.

Here, Φ can be used to predict J1.5 relatively accurately for specific bases, as demonstrated by

the CLOUD J1.7 observations. However, for bases with ∆GA below approximately 90 kcal/mol,

prediction becomes more uncertain as the kinetic limit becomes easier to reach. This ∆GA cutoff

of 90 kcal/mol means that the most abundant bases in the atmosphere, amm, ma, dma, and tma,

are not expected to saturate in this model under atmospheric conditions and thus their J1.5 can

be approximated relatively accurately using the results of this study. While this can only be used

for experiments with acid and base monomer concentrations within 50% of each other over the

concentrations and temperatures studied, this is a powerful predictive tool using only the term, Φ,

which only requires the calculation of one computational parameter, ∆Gheterodimer.

Because each base has its own correlation between Φ and J1.5, the trendlines here cannot be gener-

alized to bases that are not described. For those bases not described here, Equation 4.4 should be

used to approximate J1.5 to within 10 orders of magnitude.

4.5 Conclusions

Here we have shown that heterodimer stability is largely predicted by the gas-phase acidity of

the constituent acid and base across 27 acid–base pairs. In addition, we found that trends between

heterodimer stability and physical properties such as volatility, dipole moment, and polarizability did

not hold for the wide variety of bases studied here, despite a trend existing for the smaller set of amm,

ma, dma, and tma. We emphasize here the importance of studying a variety of bases with different

structures and physical properties in order to make sure our understanding of salt NPF remains

unbiased. We have also shown the relationship between J1.5 and heterodimer stability and how it was

affected by temperature and concentration. We show that deviations from the lognormal relationship

were attributed to the remaining HBD available on the base molecule on the heterodimer. Then

in order to devise a simple model to predict J1.5, we calculated heterodimer concentration from
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our heterodimer stability values. The effects of temperature and concentration on heterodimer

concentration were much less than that of those on ∆Gheterodimer but still were present, as shown by

the 25 different calculations of sa–amm J1.5. When compared to CLOUD experimental J1.7 data,

the sa–amm trendlines were able to predict J1.5 within two orders of magnitude when the closest

temperature trendline was used. We found that heterodimer concentration can be parameterized

into a expression that can predict J1.5. Because of this, the more difficult to calculate parameter of

J1.5 could be replaced by the more easily acquired parameter of heterodimer stability. In addition,

we have calculated a new parameter, the normalized heterodimer concentration, Φ, which minimized

the effects of temperature and concentration even more than that of heterodimer concentration. We

found that Φ reduces the complexity of calculating J1.5 by producing a single, monotonic trendline

for sa–amm, instead of 10 as it was for our calculations using heterodimer concentration as the

independent variable. The ability of Φ to accurately predict J1.5 applies to sa salts of weaker bases,

as stronger bases quickly saturated to reach the kinetic limit. This behavior was exhibited more

strongly for salts that had a ∆GA value smaller than 90 kcal/mol.

In addition, we have presented a facile way of predicting J1.5 to within 10 orders of magnitude for

salts of sa using a generalized parameterization (Equation 4.4). We also present a method to more

accurately predict J1.5 using the new parameter Φ for the nine sa salts studied here. It is important

to note that, due to computational restrictions, all particle formation simulations are performed

for two-component neutral clusters with an absence of relative humidity. Thus theoretical results

might vary compared to measured particle formation under atmospheric or laboratory conditions.

Water enhancement of NPF is known to be greater with more available hydrogen bonding sites

as shown in Yang et al. (2018), which may enhance the deviation from the lognormal relationship

that was attributed to remaining HBD on the heterodimer. The enhancing effect of ions on the

NPF rate can be several orders of magnitude for systems where small neutral clusters are unstable

(e.g., ammonium salts in this study), but is negligible with more stable clusters, like a strong acid

and base pair (Myllys et al., 2019b). In addition, when more than two components are present

at the same time in the atmosphere or even as a contaminant in laboratory, NPF can be largely

enhanced due to synergistic effects (Myllys et al., 2019b; Jen et al., 2014b; Yu et al., 2012a; Temelso
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et al., 2018; Glasoe et al., 2015). It is infeasible to explicitly study of all possible combinations of

multi-component acid and base mixtures, but perhaps in the future the synergy between different

compounds and the role of water vapor could be estimated using some simple parameters such as

GA values and number of hydrogen bonding sites.
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Chapter 5

Conclusions and Future Perspectives

5.1 Conclusions

We have measured acid:base ratio as a function of diameter for particles generated from the reaction

of an acid and base, focusing on a variety of chemical systems that include both volatile and

nonvolatile reactants. In our first study, we measured the composition of nanoparticles made from

sulfuric acid and ammonia or dimethylamine under dry and humid conditions. For the H2SO4-NH3

system, nanoparticles were acidic, with acid:base ratios that increased with decreased particle size.

Particles larger than 12 nm were fully neutralized with acid:base ratios ∼1, but 7 nm particles

had ratios of ∼3.5. There were no differences observed in this ratio between dry and humid (60%

RH) conditions. In contrast, nanoparticles generated from the H2SO4-DMA system showed a very

different dependence of acid:base ratio with size under dry and humid conditions. Under both

dry and humid conditions, 14-20 nm particles were slightly acidic with acid:base ratios of ∼0.5,

corresponding to dimethylammonium bisulfate. Under dry conditions, particles actually become

more basic at sizes below 14 nm with an acid:base ratio that reached a minimum of ∼0.25 at 11

nm, and then increased to ∼0.6 at 9 nm. Under humid conditions, sub-12 nm particles were more

acidic than larger particles, reaching a maximum ratio of ∼1.3 for 9 nm particles. We conclude
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that nanoparticle physical and chemical properties can affect the relative acidity or basicity of these

compounds, which affects their proton transfer efficiency. When we model this behavior based on

the measured acid:base ratios, we can qualitatively account for the increase in acidity with decreased

particle size by shifting pKa values by +3.5 and -3.5 units for the reacting acid and base, respectively.

We therefore hypothesize that nanoparticles possess a unique environment wherein the acid and the

base are less efficient at acid-base chemistry and the fraction of the more volatile base in its neutral

form efficiently partitions back to the gas phase and is no longer available to participate in proton

transfer.

In contrast to the above system involving a non-volatile acid with a volatile base, we found in

our second study that a volatile acid reacting with a volatile base results in particles that are

fully neutralized. Acid:base ratios are constant with particle diameter because proton transfer is

the governing mechanism by which the acid and base are incorporated into a nanoparticle. We

measured the composition of nanoparticles formed from nitric acid and dimethylamine under dry

and humid (55% RH) conditions and found that particles remained at a neutral acid:base ratio of

∼1 over our measurement range of 9-30 nm in diameter. Here, instead of thermodynamic modelling,

we used quantum chemical methods to calculate the binding energies of clusters up to 4 acid and

4 base molecules and used a cluster dynamics model to identify the most stable clusters. We

found that the most stable cluster compositions of acid and base can be reasonably extrapolated to

nanoparticle composition for the volatile/volatile pairing of acid and base, but not necessarily for

nonvolatile/volatile pairing such as those discussed in the previous paragraph. The model also sheds

light on why particles formed from the H2SO4-NH3 system had a higher acid:base ratio compared to

the H2SO4-DMA system, as sulfuric acid is able to stabilize itself in clusters with ammonia because

of the plethora of available H-bonding sites.

Throughout the course of this thesis research, we have explored diverse chemical systems and have

observed varying degrees of new particle formation that result from acid-base chemistry. In the final

study of this thesis, we employed computational techniques and determined that the stability of the

acid-base pair, which we refer to as the heterodimer, is the best predictor of nanoparticle formation

rate. Using a dataset consisting of over 27 total acid-base pairings made up of salts of sulfuric, nitric,

93



and methanesulfonic acid with nine bases, we explored the factors that affect heterodimer stability

and found that the strongest predictor is the difference in gas-phase acidity between acid and base.

Aqueous phase acidity also predicted heterodimer stability, with the outlier of salts of a zwitterion

amine, TMAO, which has radically different behavior in the gas vs aqueous phase. Interestingly,

vapor pressure, dipole moment, and polarizability did not trend with heterodimer stability, which

introduces a more nuanced idea that vapor pressure may play a role in nanoparticle composition

and growth, but not necessarily cluster formation, and therefore, nucleation. In addition to these

molecular insights, we studied the ability of heterodimer stability to predict nucleation rates for

sulfuric acid salts. This resulted in a model that predicts NPF rates for any system in which

sulfuric acid reacts with a weak base such as ammonia or an amine. This model covers a range

of monomer concentrations from 105 to 109 molec cm-3 and temperatures from 248 to 348 K, and

agrees with laboratory measurements to within two orders of magnitude. This accuracy is sufficient

as to allow incorporation of this parametrization in global models.

5.2 Future Work

Future work in understanding salt nanoparticle composition should focus on characterizing the

extent to which other physical properties are changing the behavior of the acid-base pairs (e.g.,

ionic strength, H-bond participators, number of protons available for proton transfer, etc.). Indeed,

this would be aided by development of instrumentation that can probe smaller sizes, as well as

development of models and computing that can probe larger sizes. Ultimately, our understanding

of nanoparticle behavior depends on real-world measurements of nanoparticle composition as well

as first-principles models to isolate what physical properties determine that composition.

Modelling is crucial because of two reasons: 1) the physical limitations of instruments are such that

we cannot directly measure every physical property of the environment within a nanoparticle, and

2) the possible combinations of acids and bases in the atmosphere are such that it is impractical

to rely solely on experimental data (even if we could measure the aforementioned environments),
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whereas modelling would be much faster and more efficient. The advent of machine learning also

can speed up the model development process given sufficient data for training.

However, this is not to understate the importance of having instrumentation that can provide a

benchmark for how real-world nanoparticles behave. Indirect approaches to measuring nanoparticle

composition, like hygroscopicity tandem differential mobility analyzers or their volatility counter-

parts (HTDMAs/VTDMAs) are able to probe the chemical environments of particles small enough

to be modelled. Developments in tools to concentrate nanoparticles for analysis can help overcome

the sample mass challenge for the TDCIMS as well.

The development of both instrumentation and modelling techniques could open up ways to answer

outstanding questions left from these studies, which include: Why were the acid:base ratios of

H2SO4-NH3 nanoparticles so acidic, with almost four acid molecules per ammonia, despite the

presence of 100x more base? Why do H2SO4-DMA particles, under dry conditions, form more basic

nanoparticles between the sizes of 9–14 nm? Current cluster modelling and measurements do not

capture the acid:base ratios measured in nanoparticles in this work, and certainly, a fundamental

understanding of salt nanoparticle behavior is still a gap in our knowledge base.

Future work can also iterate upon our model of nucleation rates of salt systems to improve prediction

accuracy and to broaden the number of different systems that it can be applied to. This can

provide more accurate predictions of new particle formation in global models, as well as help guide

laboratory experiments to focus on particle-producing systems, rather than systems that do not

form particles. In addition, this model is restricted to specific environmental conditions that are

rarely atmospherically relevant (i.e., approximately equal acid and base concentrations, 0% RH).

It is possible that further modelling can capture how these systems change in NPF behavior with

less restrictive environmental conditions, which can then broaden the applicability of the current

parametrization. Indeed, it will be interesting to learn if models can reflect the measured NPF rates

in the presence of water, or even the NPF of multi-component acid-base systems.
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Figure A.1: Time evolution of size distributions of particles measured by SMPS from the
reaction of 2.5 ∗ 1010 cm-3 H2SO4 with 8.9 ∗ 1010 cm-3 DMA under dry conditions.
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Figure A.2: Typical desorption profiles of ions formed by heating atomized particles of (a)
(C2H8N)2SO4, (b) (NH4)2SO4 and (c) mixture of (C2H8N)2SO4 and (NH4)2SO4 in a 1:1
molar ratio collected on the Pt filament. The top panels show ions collected in the negative
ion mode. The lower panels show ions collected in the positive ion mode. The magenta lines
show the evolution of the filament temperature. The signal of C2H8N

+ is much higher than
NH +

4 in the lower panel of (c), suggesting that TDCIMS is more sensitive to C2H8N
+ ions.
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Figure A.3: Total (a) SO –
5 and (b) DMAH+ signals as a function of collection time for

H2SO4-DMA particles. The error bars represent standard deviations of at least three re-
peated measurements.
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Figure B.1: Measured DMA abundance under 5% and 55% RH conditions using a transverse
ionization chemical ionization inlet coupled with mass spectrometry (TI-CIMS) (Li et al.,
2019). The reagent ion used for these experiments was H3O

+, and measured DMA abun-
dances were within the linear range (that is, reagent ion was not saturated). No significant
difference in DMA concentration was observed in the presence of water, which suggests that
the different RH experiments did not operate under different vapor concentrations of DMA.
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Figure B.2: Box-and-whisker plots of the difference in integration end times, where 5 minutes
is across the entire desorption period. a) shows the effect on variability and average signal for
nitrate ion, while b) shows the affect on variability and average signal on dimethylaminium
ion.

Figure B.3: Linearity tests of signal vs collection time for particles generated with dimethy-
lamine and nitric acid in dry conditions, where a) shows the linearity of m/z 46 with collection
time, and b) shows the linearity of total nitrate signal (m/z 62 and m/z 125).

B.1 Computational Methods

The Gibbs free binding energies for the global minimum energy clusters are calculated

The evaporation rates of the clusters are obtained from the Gibbs free binding energies ∆G of the

evaporating cluster and its products as
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Figure B.4: Particle size distribution produced from dimethylamine and nitric acid in humid
conditions over a period of 10 hours.

The collision coefficients for neutral-neutral collisions are computed from kinetic gas theory as

where mi and Vi are the mass and volume of cluster i, respectively. The volumes are calculated

using bulk liquid densities assuming spherical clusters and ideal mixing.

B.2 Hydrated Nitric Acid-Dimethylamine Clusters

We have calculated the evaporation rates for all studied acid-base clusters with 1–4 water molecules.

Figure S5 shows that all evaporation rates are very high, which is related to the rapid evaporation

of water monomers as discussed in the main text.

In order to prove that water has no contribution in the initial steps of new-particle formation,

we have simulated the nanoparticle formation rates in dry and wet conditions using ACDC. We

tested several different nitric acid and dimethylamine concentrations in order to detect even a

small difference between RH=0% and RH=55% in particle formation rates. However, since water

is so weakly-bound in nitric acid-dimethylamine clusters, particle formation is occurring via dry
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Figure B.5: Evaporation rates for nitric acid-dimethylamine clusters containing a) one water
molecule, b) two water molecules, c) three water molecules and d) four water molecules.

pathway even at low concentrations and thus the presence of water does not increase the particle

formation rate. Figure S5 shows that very low nitric acid and dimethylamine concentrations are

required and that the effect of hydration is not negligible. When dimethylamine concentration is

set as low as 0.001 pptV and nitric acid concentration is less than 106 cm-3, the particle formation

rate is increased at RH=55%. However, the particle formation rate is so small that it has no

relevance in the atmosphere or even in laboratory measurements. Thus, we can conclude that due

to the small number of available hydrogen bonds acceptors and donors in nitric acid-dimethylamine

clusters and weak intermolecular interaction of water with nitric acid and dimethylamine, water

is not contributing in the initial steps of particle formation. Therefore, we can assume that the
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small increase in experimentally measured size-distribution is related to the uptake of water in large

particles.

Figure B.6: Nanoparticle formation rate as a function of nitric acid concentration at dimethy-
lamine concentration of 0.001 pptv at 298.15 K at RH=0% and RH=55%.
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Table B.1: Calculated cluster Gibbs free binding energies in kcal/mol at 298.15 K.

Cluster Gibbs energy Cluster Gibbs energy Cluster Gibbs energy
1NA1D -5.7242 2NA1D4W -12.275 4NA3D1W -52.871
1NA2D -6.7352 2NA2D1W -26.098 4NA3D2W -53.328
2NA1D -10.444 2NA2D2W -27.468 4NA3D3W -52.762
2NA2D -27.578 2NA2D3W -27.175 4NA3D4W -52.77
2NA3D -28.86 2NA2D4W -26.43 4NA4D1W -67.816
3NA2D -32.142 2NA3D1W -29.077 4NA4D2W -69.373
3NA3D -47.425 2NA3D2W -29.783 4NA4D3W -69.135
3NA4D -47.16 2NA3D3W -28.589 4NA4D4W -67.983
4NA3D -52.065 2NA3D4W -28.803 2W 3.16207
4NA4D -69.522 3NA2D1W -31.279 3W 4.86461
1NA1D1W -5.9349 3NA2D2W -31.68 4W 4.74604
1NA1D2W -6.9573 3NA2D3W -31.965 1NA1W -0.3441
1NA1D3W -7.2534 3NA2D4W -32.585 1NA2W 0.42641
1NA1D4W -7.432 3NA3D1W -46.214 1NA3W 1.58792
1NA2D1W -8.244 3NA3D2W -45.677 1NA4W 2.77977
1NA2D2W -7.8701 3NA3D3W -45.948 1D1W 0.71937
1NA2D3W -9.0972 3NA3D4W -45.404 1D2W 2.89612
1NA2D4W -8.949 3NA4D1W -47.643 1D3W 3.87937
2NA1D1W -12.27 3NA4D2W -46.208 1D4W 7.28173
2NA1D2W -12.493 3NA4D3W -47.287
2NA1D3W -11.403 3NA4D4W -46.893
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C.1 Monomer structures and properties

Molecular structures of each studied base compound are presented in Figure C.1. Ammonia, methy-

lamine, dimethylamine and trimethylamine form a homologous series, where the substitution of H

by CH3 increases from zero for amm to three for tma. Thus, in a similar manner, the capability to

form hydrogen bonding decreases from four for amm to one for tma. Trimethylamine oxide is an

oxidation product of tma, in which an oxygen atom is attached to the nitrogen atom. Structurally

tmao resembles tma with three methyl groups, an ability to form only one hydrogen bond and hav-

ing a C3v symmetry. However, their structures have a substantial differences due to the zwitterionic

bond between N+ and O– , which cause an immense dipole moment of 5.2 D for tmao, whereas the

dipole moment of tma is substantially lower at 0.7 D.

Guanidine has three functional groups: one imino group and two amino groups. When the imino

group accepts a proton, there are three identical amino groups and these amino groups are not as

basic as amines, since the imino group carbon already carries a positive charge, meaning that gua

is very unlikely to accept more than one proton and it is not a triamine. Guanidine can form six

hydrogen bonds and has a moderately high dipole moment of 3.0 D. Monoethanolamine, putrescine
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Figure C.1: Molecular structures of ammonia, methylamine, dimethylamine, trimethylamine,
trimethylamine oxide, guanidine, monoethanolamine, putrescine and piperazine, respec-
tively. Color coding: blue is nitrogen, brown is carbon, red is oxygen and white is hydrogen.

and piperazine have two functional groups: mea has one amino and one hydroxyl group, and put

and pz have two amino groups. The alkanolamine, mea, has an increased ability to form H-bonds

compared to monoamines due to the OH group. The primary amino group can form three H-bonds

and the hydroxyl group increases the total number of hydrogen binding sites to five. The diamines,

put and pz, have an ability to accept two protons. Putrescine has two primary amino groups, both

of which can form three H-bonds, making the total number of H-bonds six. Piperazine is has two

secondary amino groups in a six-membered ring structure in which both have two hydrogen binding

sites and the total number of H-bonds is four. Both put and pz belong to point group of Ci, and

therefore, their dipole moment is 0 D. Table C.1 lists the dipole moments, polarizabilities, and point

groups for monomeric structures. In addition, vapor pressures for the nine bases are listed in Table

C.2 along with their corresponding sources.
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Table C.1: Dipole moment, polarizability and point group for neutral and ionic structures.

BASE Dipole Dipole Polarizability Polarizability Point group Point group
D (neutral) D (cation) Å3 (neutral) Å3 (cation) neutral cation

amm 1.8 0.0 1.6 1.1 C3v Td
ma 1.5 2.3 3.3 2.7 Cs C3v
dma 1.1 1.6 5.2 4.3 Cs C2
tma 0.7 0.9 7.1 5.9 C3v C3v
tmao 5.2 2.1 7.7 6.6 C3v Cs
gua 3 0.0 5.7 4.7 C1 D3h
mea 3.4 3.6 5.7 5.0 C1 C1
put 0 3.7 9.8 8.9 Ci C1
pz 0 4.0 9.3 8.3 Ci Cs
ACID neutral anion neutral anion neutral anion
sa 3.3 2.7 4.9 5.6 C2 Cs
msa 3.7 4.2 6.1 7.1 Cs D3h
na 2.6 0.0 3.4 4.1 C1 C3v

Table C.2: Literature vapor pressure values used in this study.

Base Vapor Pressure (atm) Reference
amm 9.8142303 Stull (1947)
ma 3.486597 Aston et al. (1937)
dma 2.044955 Aston et al. (1939)
tma 2.188 Swift and Hochanadel (1945)
tmao 7.41E-10 EPISUITE v. 4.11
gua 0.0028947 EPISUITE v. 4.11
mea 0.0003533 Matthews et al. (1950)
put 0.0031 EPISUITE v. 4.11
pz 0.00094 EPISUITE v. 4.11
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We have performed the Gibbs free energy calculations by letting the monomer structures relax

toward correct symmetry and making the frequency calculation for the optimized structure for which

the quantum chemistry program has detected the point group shown in Table C.1. Approximately

the same results can be reached by using initially C1 symmetry for a system and making an ad hoc

correction to the Gibbs free energy as suggested by Besel et al. (2020). An ad hoc correction to the

free energy can be calculated as

Csymm = RT lnσR, (C.1)

where R is the gas constant, T is temperature and σR is the rotational symmetry number (which is

less than or equal to the total symmetry number σtot).
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Methanesulfonic acid and nitric acid complexes

Figure C.2 presents the molecular structures of msa–base and na–base heterodimers and their ther-

mochemical parameters are listed in Table C.3.

Table C.3: Calculated enthalpy (∆Hheterodimer in kcal/mol), entropy (∆Sheterodimer in
cal/(mol·K)) and Gibbs free energy (∆Gheterodimer in kcal/mol) for msa–base and na–base
heterodimer formation at 298 K.

heterodimer ∆Hheterodimer ∆Sheterodimer ∆Gheterodimer
1msa1amm −13.49 −30.84 −4.30
1msa1ma −15.92 −28.72 −7.35
1msa1dma −19.29 −35.39 −8.74
1msa1tma −20.59 −35.40 −10.04
1msa1tmao −29.73 −36.88 −18.74
1msa1gua −26.55 −34.25 −16.34
1msa1mea −21.05 −43.02 −8.22
1msa1put −27.52 −46.82 −13.56
1msa1pz −20.37 −36.86 −9.38
1na1amm −12.12 −28.29 −3.69
1na1ma −14.46 −33.49 −4.47
1na1dma −15.74 −33.51 −5.75
1na1tma −15.91 −33.99 −5.78
1na1tmao −23.68 −35.13 −13.21
1na1gua −20.49 −32.69 −10.74
1na1mea −14.05 −32.35 −4.41
1na1put −19.63 −41.40 −7.29
1na1pz −16.44 −34.03 −6.29
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Acidity measures

As a measure for acidity in the gas phase, we have calculated the proton affinities (PA) and gas

acidities (GA) for each studied compound. The gas-phase reaction can be written as

BH+ → B + H+. (R1)

PA and GA are defined as the enthalpy and Gibbs free energy needed to extract a proton from

the isolated gas-phase compound, respectively. That means the larger the PA and GA values are,

the stronger the base is in the gas phase. For the bulk basicity, experimental pKa values are

used (Haynes, 2014). A pKa value is a measure for the proton transfer ability when solvated by

water, so it takes the solvation effect into account (Seybold and Shields, 2015). The larger the pKa

value is, the stronger the base is in the aqueous phase. The aqueous-phase reaction can be written

as

BH+(aq)→ B(aq) + H+(aq). (R2)

The Gibbs free energy for the proton transfer reaction in the aqueous phase can be calculated from

the experimentally determined pKa value as

∆Gaq = pKaRT ln 10. (C.2)

Table C.4 shows different measures for acidities. As an alternative to Figure 4, the relationship

between PA and ∆Gheterodimer has been shown in Figure C.3. In addition, the relationship between

GA and ∆Hheterodimer is shown in Figure C.3.
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Table C.4: Calculated proton affinity (PA) and gas acidity (GA), measured pKa value from
Haynes (2014) and aqueous-phase proton transfer free energy (∆Gaq) and experimental PA
and GA values from Hunter and Lias (1998). Values are given in kcal/mol at 298 K (when
applicable).

Compound PA (calc) GA (calc) pKa ∆Gaq PA (exp) GA (exp)
amm 203.7 195.5 9.3 12.6 204.02 195.75
ma 215.1 206.8 10.6 14.5 214.87 206.62
dma 222.6 214.6 10.7 14.6 222.16 214.27
tma 227.3 219.8 9.8 13.4 226.79 219.43
tmao 236.1 229.6 4.7 6.4 234.99 227.89
gua 236.0 227.6 13.6 18.6 235.73 226.91
mea 220.2 212.9 9.5 13.0 222.35 214.34
put 239.4 229.8 10.8 14.7 240.34 228.08
pz 226.9 219.3 9.7 13.2 225.55 218.62
sa 312.80 304.50 −3.0 −4.1 313.58 306.17
na 324.50 318.15 −1.4 −1.9 324.50 317.81
msa 319.98 313.92 −1.9 −2.6 320.98 315.01

Base dipole moment and polarizability

In addition to base vapor pressure exhibiting no correlation with ∆Gheterodimer, dipole moment and

polarizability also show no relationship with heterodimer stability, as shown in Figure C.4. Only

sa salts are shown for clarity, as both neutral and cation forms of base polarizability and dipole

moment are shown. Like vapor pressure, the only difference between the sa and na and msa salts

would be a shift in ∆Gheterodimer for the same base polarizability or dipole moment values.
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Boundary conditions in particle formation simulations

In NPF simulations, clusters are allowed to grow out of the 4acid4base simulation system as stable

particles. The formed particle outside of a simulation box is expected to be stable in NPF simulations

if it has larger or equal number of acid and base molecules than in following particles:

sa–amm: 5sa4amm

sa–ma: 5sa4ma

sa–dma: 5sa4dma

sa–tma: 5sa4tma

sa-tmao: 5sa3tmao and 4sa5tmao

sa–gua: 5sa4gua and 4sa5gua

sa–mea: 5sa3mea

sa–put: 5sa3put

sa–pz: 5sa3pz.
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Simulated particle formation rates

Logarithm of the J1.5 values for sulfuric acid–base systems with varying temperature and monomer

concentrations are given in Table C.5.

Table C.5: Simulated logJ1.5 values in cm–3s–1 for sa–base systems at varying temperature
and monomer concentrations.

[A]=[B] (cm–3) 105 106 107 108 109 106 106 106 106

T (K) 298 298 298 298 298 248 273 323 348
amm −40.0 −31.0 −22.0 −13.3 −5.0 −11.0 −20.9 −39.7 −47.1
ma −25.1 −16.3 −8.0 −0.2 4.2 −5.1 −9.6 −24.6 −32.7
dma −18.0 −9.1 −0.5 4.6 7.5 −0.4 −3.5 −18.1 −27.3
tma −23.3 −15.3 −7.2 0.8 7.3 −0.9 −6.6 −23.8 −31.2
tmao −9.7 −2.4 2.6 5.6 7.9 0.4 0.0 −6.2 −11.5
gua −8.3 −0.5 3.6 5.8 7.9 −0.1 −0.2 −1.1 −4.7
mea −21.0 −15.1 −6.5 0.5 5.6 −2.8 −6.8 −25.5 −34.6
put −12.4 −4.5 2.6 5.8 7.9 0.5 0.0 −12.6 −20.4
pz −16.1 −7.6 −0.2 4.6 7.4 −0.1 −2.9 −14.7 −23.1

The logarithm of the J1.5 for sulfuric acid and ammonia or guanidine systems under all different

conditions are given in Table C.6.
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Table C.6: Simulated logJ1.5 values in cm–3s–1 for sa–amm and sa–gua systems under all
studied conditions.

amm logJ1.5 T (K) [A]=[B] (cm–3) gua logJ1.5 T (K) [A]=[B] (cm–3)
−19.8 248 105 −7.6 248 105

−11.0 248 106 −0.1 248 106

−3.1 248 107 3.7 248 107

2.4 248 108 5.8 248 108

5.9 248 109 7.9 248 109

−29.9 273 105 −7.8 273 105

−20.9 273 106 −0.2 273 106

−12.3 273 107 3.7 273 107

−4.2 273 108 5.8 273 108

3.2 273 109 7.9 273 109

−40.0 298 105 −8.3 298 105

−31.0 298 106 −0.5 298 106

−22.0 298 107 3.6 298 107

−13.3 298 108 5.8 298 108

−5.0 298 109 7.9 298 109

−48.7 323 105 −9.1 323 105

−39.7 323 106 −1.1 323 106

−30.7 323 107 3.4 323 107

−21.7 323 108 5.7 323 108

−12.9 323 109 7.8 323 109

−56.1 348 105 −13.3 348 105

−47.1 348 106 −4.7 348 106

−38.1 348 107 2.4 348 107

−29.1 348 108 5.5 348 108

−20.1 348 109 7.7 348 109
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Hydrogen bonding in clusters

Hydrogen bonding rearrangement is shown in Figure C.5 to demonstrate why H-bonds in the het-

erodimer were counted as the number of polar hydrogens on the molecule, as they are able to break

and re-form new H-bonds to take part in subsequent cluster growth. For example, although pu-

trescine (blue box) participates in H-bonding with itself to stabilize the heterodimer (1put1sa), the

second amine group breaks those bonds to participate in H-bonds with the second sulfuric acid

molecule in the 1put2sa cluster.

Predictive expressions of J1.5 for ammonia

The fit lines in Figures 10 and 12a all follow the form:

J1.5 = A+B ∗ exp

(
− log x− Constant

C

)
, (C.3)

where x is defined as either log[heterodimer] or Φ, and A, B, C, and Constant are fit coefficients, of

which all values are defined in Table C.7.

Table C.7: Equation coefficients used for the trend lines plotted on Figures 10 and 12a,
following equation C.3.

Condition Equation Coefficients
x T (K) [A] = [B] (cm–3) A B C Constant

log[heterodimer] 248 105–109 18.614 -38.569 7.0896 -2.554
273 105–109 119.81 -149.72 31.973 -3.729
298 105–109 300.62 -340.65 73.629 -4.704
323 105–109 1528.6 -1577.3 348.09 -5.525
348 105–109 14125 -14181 3148.9 -6.226

248–348 105 91.754 -148.03 12.911 -6.226
248–348 106 91.707 -138.98 12.075 -4.226
248–348 107 67.519 -105.82 9.0243 -2.226
248–348 108 30.158 -59.575 4.7254 -0.226
248–348 109 15.175 -35.76 2.5685 1.774

Φ 248–348 105–109 92.237 -148.48 12.947 -1.726
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The 21 sa–amm CLOUD J1.7 data points that were compared to our predicted results are shown in

Table C.8, along with their respective experimental parameters and calculated ∆Gheterodimer values.

Heterodimer concentration and Φ were calculated from this data for subsequent comparison to our

model results.

Table C.8: CLOUD data of the sa–amm system taken from Kirkby et al. (2011), with
experimental conditions outlined, as well as J values used. Concentrations are in units of
molec cm-3, and rates are in units of cm-3 s-1. ∆Gheterodimer values were calculated using
Table C.3 and the temperature of the respective CLOUD experiment, and are in units of
kcal/mol.

T (K) [sa] [amm] Ionization rate RH(%) J1.7 logJ1.7 ∆Gheterodimer

278.6 7.26E+08 7.64E+08 73.98 37.02 41.57 1.61878 -6.97364
278.6 7.48E+08 8.05E+08 3.24 37.01 3.36 0.526339 -6.96488
278.6 7.65E+08 8.69E+08 0 37 0.28 -0.55284 -6.96488
278.6 8.27E+08 1.29E+09 0 36.94 0.5 -0.30103 -6.97656
278.5 8.69E+08 9.84E+08 0 37.02 1.15 0.060698 -6.97364
278.5 3.86E+08 4.93E+08 3.63 37.37 0.06 -1.22185 -6.97656
278.3 4.42E+08 4.21E+08 2.4 38.37 0.65 -0.18709 -6.9678
278.3 8.55E+08 9.38E+08 2.01 37.56 3.52 0.546543 -6.96488
278.3 4.08E+08 3.34E+08 2.53 38.12 0.75 -0.12494 -7.84964
278.2 4.22E+08 4.59E+08 2.4 38.63 0.7 -0.1549 -6.97656
278.2 4.42E+08 4.98E+08 2.33 38.4 0.95 -0.02228 -7.84964
278.2 7.01E+08 5.95E+08 2.01 38.08 9.39 0.972666 -6.9678
278.2 4.28E+08 5.88E+08 2.27 37.97 1.05 0.021189 -6.97364
278.2 3.52E+08 5.91E+08 2.46 38.36 2.07 0.31597 -7.84964
278.2 4.45E+08 8.34E+08 2.53 38.07 1.03 0.012837 -7.84964
248.3 7.39E+07 6.57E+07 2.25 14.5 0.07 -1.1549 -6.97656
248.3 7.89E+07 6.57E+07 0 14.68 0.09 -1.04576 -7.84964
248.3 9.40E+07 1.22E+08 0 37.18 0.27 -0.56864 -6.96488
248.3 9.19E+07 1.22E+08 2.25 37.12 0.88 -0.05552 -6.97656
248.3 8.44E+07 6.59E+07 2.25 37.12 0.62 -0.20761 -6.97656
248.3 1.83E+08 1.22E+08 2.25 36.96 18.79 1.273927 -7.84964

Figure C.6 shows the accuracy of using either the temperature or concentration expressions to

predict the experimentally measured CLOUD values. The expression used to predict CLOUD data

was determined based on the conditions of the experiment (i.e., if the experiment was run at 278 K,

the 273 K equation was used, or if the experiment was run at starting monomer concentrations

approx. 108 molec cm–3, the corresponding concentration equation was used). The use of monomer

concentration expressions to predict J sees a larger spread in the predicted CLOUD J1.7 rates:
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within 4 orders of magnitude compared to the temperature expressions predicting within 2 orders

of magnitude. This stands to reason since the concentration equations are separated by an order of

magnitude, which has more effect on J than steps of 25 K in temperature.
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Figure C.2: Heterodimers of methanesulfonic acid (top) and nitric acid (bottom) with am-
monia, methylamine, dimethylamine, trimethylamine, trimethylamine oxide, guanidine, mo-
noethanolamine, putrescine and piperazine.

139



Figure C.3: ∆PA plotted against ∆Gheterodimer (left) and ∆GA plotted against ∆Hheterodimer

(right).

Figure C.4: ∆Gheterodimer for sa–base salts plotted against base a) polarizability and b) dipole
moment. Lack of correlation is seen in both plots, as also observed for base vapor pressure.
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Figure C.5: Molecular structures showing the H-bond rearrangement in 1base1acid,
1base2acid and 2base2acid clusters. Note that putrescine is doubly protonated in 1put2sa.

Figure C.6: Differences between predicted and experimentally measured CLOUD J1.7 values
using either the temperature or concentration trend lines in Figure 10. Difference was defined
to be Jpredicted − Jexperimental, with the box showing 75th percentiles, whiskers showing 95th
percentiles, and open circles showing outlier data points.
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