
ABSTRACT 

PETTERS, SARAH SUDA. On the Physicochemical Processes Controlling Organic Aerosol 

Hygroscopicity. (Under the direction of Dr. Nicholas Meskhidze). 

Aerosol particles in the atmosphere can influence air quality and climate through their 

interaction with water. Aerosols are an important factor in cloud formation because they 

serve as cloud condensation nuclei (CCN). Organic compounds contribute a large fraction of 

the atmospheric aerosol mass but their ability to serve as CCN is less certain relative to 

inorganic compounds. Limitations of the measurement techniques and theoretical gaps in 

understanding have prevented agreement between predicted and measured CCN. One way to 

quantify a compound’s CCN activity is by the hygroscopicity parameter, . This dissertation 

presents research towards constraining the variability of organic aerosol  at the process level 

using three approaches: developing a measurement technique; measuring the dependence of 

 on molecular functional groups; and measuring the effect of surface active molecules on  

for mixtures. Chapter 2 presents a Hygroscopicity Tandem Differential Mobility Analyzer 

(HTDMA) instrument to measure aerosol water uptake at high relative humidity (RH). 

Measurements up to 99% RH were achieved by improving the precision of aerosol sizing, 

actively controlling temperature, and calibrating RH between measurements. Osmotic 

coefficients were obtained within ±20% for organic aerosols sized between 30 and 200 

nanometers. These results may improve water uptake models by providing accurate data at 

high RH. Chapter 3 presents a study of the sensitivity of  to changes in molecular functional 

group composition for pure compounds. Molecules were synthesized via gas and liquid-

phase reactions varying the type and location of functional groups, purified by High 

Performance Liquid Chromatography (HPLC), and routed for CCN measurement. The 

hydroxyl (-OH) and carbon chain length (-CH2-) changed  most, where hydroxyl groups 



increase  and longer carbon chains decrease . This suggests that hydroxyl groups and 

molecular size dominate the hydrophobic-to-hydrophilic conversion of organic matter in the 

atmosphere. The results of this study contribute to models seeking to estimate  from 

chemical composition. Chapter 4 presents a study of the effect of strongly surface active 

molecules on . Three strong surfactants and eleven two-component surfactant + non-

surfactant systems were tested. Results support the theory that large increases in  due to 

surface tension reduction are compensated by surface partitioning of surfactant molecules, 

which prevents them from taking up water. A constraint on the surface layer thickness of 

surfactant molecules improved the performance of an existing theoretical framework to 

predict CCN activity. Results also suggest that solution non-idealities can reduce  up to 

40% relative to ideal mixing for some mixtures. This study constrains the effect of organic 

surfactants on CCN activity. The studies presented in this dissertation contribute to the 

understanding of organic CCN activity at the molecular level and may be generalized to 

facilitate the prediction of the atmospheric CCN spectrum based on existing models of 

chemical composition or reaction mechanisms.   
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 1 INTRODUCTION 

An aerosol is an airborne population of suspended particles which may be solid, viscous, 

or liquid. Aerosols can negatively impact human health (Dockery et al., 1993; Laden et al., 

2006); reduce visibility (Malm et al., 1994); absorb or reflect sunlight (Ångstrom 1929; 

McCormick and Ludwig, 1967; Ramanathan and Carmichael, 2008); or serve as 

condensation sites for vapor (Köhler, 1936; Andreae and Rosenfeld, 2008). Examples include 

mineral dust, urban particulate pollution, sea spray aerosols, and smoke from biomass 

burning. Organic material makes up 20–90% of atmospheric aerosols (Kanakidou et al., 

2005; Zhang et al., 2007). Organic aerosols can be emitted directly (primary organic aerosol, 

POA) or they can form in situ from condensing organic vapor (secondary organic aerosol, 

SOA) (Jacobson, 2005; Seinfeld and Pandis, 2006). Aerosols between 10 and 1000 

nanometers may remain in the atmosphere from days to weeks (Seinfeld and Pandis, 2006) 

and are not uniformly distributed spatially. 

1.1 Aerosol effect on climate through clouds 

Aerosols can affect climate through their influence on clouds. Condensed water in the 

form of clouds reflects a large fraction of the sun’s radiation back to space, cooling the 

earth’s surface and thus affecting climate. Cloud cover, depth, and liquid water content are 

controlled by meteorological variables such as large-scale circulation and the availability of 

water vapor. However, cloud reflectivity (i.e., cloud albedo) is dependent on cloud depth and 

cloud droplet number, the latter of which is proportional to the number of aerosol particles 

serving as cloud condensation nuclei (CCN) (Twomey, 1974; Platnick and Twomey, 1994 

and references therein). This contribution of aerosols to cloud albedo is known as the first 
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indirect effect or the Twomey effect of aerosols on climate. The proportionality between the 

number of aerosols and the number of cloud droplets is due to the inability of water vapor to 

condense homogeneously below supersaturations of ~400% (Seinfeld and Pandis, 2006). 

Aerosols contribute to the planetary albedo as a function of the CCN burden at the time and 

place of cloud formation, which can adjust rapidly with aerosol sources and processes. Cloud 

lifetime can also be influenced by the relative abundance of CCN. Experimental (Gunn and 

Phillips, 1956) and observational (Twomey and Squires, 1959) evidence suggests that clouds 

forming in the presence of more CCN are more stable against the initiation of rain and thus 

have longer lifetimes. Albrecht (1989) suggested that increasing CCN concentration over the 

ocean reduces the frequency of drizzle, increasing the fractional cloudiness and cooling the 

ocean surface. The increase in cloud lifetime by increased CCN concentration is known as 

the second indirect effect of aerosols on climate. Aerosol influences on cloud albedo and 

lifetime remain a large uncertainty in climate (Lohmann and Feichter, 2005; McFiggans et 

al., 2006; Rosenfeld et al., 2008; Boucher et al., 2013). Cloud adjustments due to aerosols 

remain the single largest uncertainty in global radiative forcing (-1.33 to -0.06 W m-2) (IPCC, 

2013). Uncertainty in the hygroscopic properties of organic aerosols leads to a 0.4 W m-2 

range in global radiative forcing (-1.1 to -1.5 W m-2) (Liu and Wang, 2010). The uncertain 

climate forcing of aerosols and especially organic aerosols has been one of the main 

motivations for the study of CCN in the past decades. 

1.2 Measures of CCN activity 

The ability of a particle to nucleate a cloud droplet, e.g., its CCN activity, is defined at a 

specific supersaturated relative humidity (RH). The saturation ratio of water is equivalent to 
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RH/100, and must exceed unity in order for water to condense. Aerosol CCN activity is 

measured by exposing the particles to a water vapor supersaturation and counting the number 

of droplets that form. The full CCN spectrum as a function of supersaturation is necessary to 

estimate the number of cloud droplets that would form in the atmosphere in an updraft at an 

arbitrary supersaturation. 

1.3 Controls of CCN activity 

1.3.1 Köhler theory 

Köhler theory describes aerosol activation as CCN (Köhler 1926, 1930, 1936). Aerosols 

undergo hygroscopic growth by absorbing water at sub-saturated RH. When RH exceeds a 

critical supersaturation, the wet aerosol droplets (diameters 100–1000 nm) are no longer in 

equilibrium with the water vapor. Water then condenses until the vapor is depleted, resulting 

cloud droplets an order of magnitude larger than the original wet aerosol (diameters 15–30 

m). Aerosols undergoing this non-equilibrium transition are by definition “CCN active” at 

that supersaturation. Several modern Köhler theory frameworks extrapolate droplet size from 

hygroscopic aerosol growth to CCN activation (Raymond and Pandis, 2003; Rissler et al., 

2006; Wex et al., 2007; M. Petters and Kreidenweis, 2007, 2008, 2013). We adopt the 

framework of M. Petters and Kreidenweis (2007), which describes aerosol CCN activity via 

a hygroscopicity parameter, kappa (). Kappa is a semi-empirical parameter that scales the 

volumes of solute and water in a droplet, defined by (M. Petters and Kreidenweis, 2007): 

 
1

𝑎𝑤
= 1 + 𝜅

𝑉𝑠𝑜𝑙𝑢𝑡𝑒

𝑉𝑤𝑎𝑡𝑒𝑟
 (1.1) 
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where aw is the activity of water in solution and V is volume. Activity of water is a measure 

of the tendency of water to evaporate from a solution and for ideal solutions is equivalent to 

the concentration of water. The point of CCN activation is defined as the point of maximum 

equilibrium water vapor immediately adjacent to the growing droplet (above which non-

equilibrium water condensation occurs). Water vapor saturation in the  framework is 

defined by (M. Petters and Kreidenweis, 2007): 

 𝑆 =
𝐷3 − 𝐷𝑑

3

𝐷3−𝐷𝑑
3(1 − 𝜅)

exp (
4𝜎𝑠 𝑎⁄ 𝑀𝑤

𝑅𝑇𝜌𝑤𝐷
) (1.2) 

where S is the saturation ratio, D is the droplet diameter, Dd is the aerosol dry diameter, s/a is 

the surface tension at the solution/air interface, Mw is the molar mass of water, R is the 

universal gas constant, T is the temperature, and w is the density of water. Equations (1.1) 

and (1.2) show that the point of activation is controlled by the aerosol dry diameter, the 

surface tension, and the chemical properties represented by the hygroscopicity parameter . 

Figure 1.1 shows the Köhler curve (Eq. 1.2) with varying , Dd, and s/a. The sensitivity of 

this curve to various physical or chemical differences in aerosol composition is the topic of 

this dissertation.  

1.3.2 Atmospheric kappa values 

Typical  values for atmospheric aerosol types are between ~0 (effectively CCN 

inactive) and ~1.3 (highly CCN active). Inorganic salts such as ammonium sulfate ( = 0.63), 

ammonium nitrate ( = 0.67), and sodium chloride ( = 1.28) have the higest  values (Clegg 

et al., 1998; Wexler and Clegg, 2002; M. Petters and Kreidenweis, 2007). The average 

marine aerosol  is 0.72 (Pringle et al., 2010) due to the large contribution from sea salt 
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(sodium chloride). Continental aerosol  values are lower and can be significantly enhanced 

by sulfate and nitrate. Freshly emitted continental aerosols are generally CCN inactive and 

become more active with oxidation. Mineral dust is CCN inactive ( ~ 0.001) but may 

become CCN active after chemical aging ( ~ 0.5) under some circumstances (Sullivan et al., 

2009). Fresh soot is also CCN inactive (Koehler et al., 2009); Lambe et al. (2015) report  ~ 

8×10-4 for fresh soot and show that CCN activity increases as high as  = 0.09 with strong 

photochemical oxidation. Fresh POA consisting of oily hydrocarbon-like particles associated 

with e.g. diesel exhaust is CCN inactive and has an upper limit of  ~0.01 after oxidation 

(Broekhuizen et al., 2004; M. Petters et al., 2006). Newly formed and aged SOA has higher 

CCN activity between  = 0.05 and  = 0.3 (e.g., Chang et al., 2010; King et al., 2009; Levin 

et al., 2012; Suda et al., 2012 and references therein).  

1.3.3 Kappa for internal mixtures 

Atmospheric aerosols are often internally mixed. The CCN activity of mixed compounds 

can be described by the weighted average of the contribution from each component (the 

Zdanovskii, Stokes, and Robinson (ZSR) approximation) and is expressed in the  

framework by (M. Petters and Kreidenweis, 2007): 

 𝜅 = ∑ 𝜖𝑖𝜅𝑖

𝑖

 (1.3) 

where i is the  of component i and i is the volume fraction of component i in the mixed 

particle. Based on the mixing rule the CCN activity of ambient aerosols is a linear average of 

the components in the mixture. Thus an inactive particle can become CCN active if it is 

coated by or mixes with condensing SOA or sulfate compounds. 
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1.4 CCN closure 

CCN closure studies try to reconstruct CCN measurements based on the size distribution 

and water uptake (e.g., Snider et al., 2003; Kammermann et al., 2010) or the chemical 

composition of known compounds identified using mass spectroscopy (e.g., Mei et al., 2013). 

A number of uncertainties prevent agreement between measured and predicted CCN number. 

The CCN activation spectrum is sensitive to the aerosol size distribution, instrument 

supersaturation and counting calibrations, chemical composition, internal or external mixing, 

and the CCN activity of the aerosol components (Snider et al., 2003; Jurányi et al., 2010; 

Kammermann et al., 2010; Mei et al., 2013). Aerosol size distribution has been shown to be 

the main driver of discrepancies between predicted and measured CCN number (Jurányi et 

al., 2010). Nevertheless as size distribution measurements improve, uncertainties arising 

from unknown composition and the CCN activity of the organic fraction are high (Chang et 

al., 2010; Mei et al., 2013). 

1.4.1 CCN activity of the organic fraction 

One difficulty is that ambient aerosols are mixtures of known and unknown compounds, 

internally mixed or mixed populations of particles from different sources (externally mixed) 

(Kammermann et al., 2010). Organic matter is typically present as some fraction (20–90%) 

of the atmospheric aerosol burden (Kanakidou et al., 2005; Zhang et al., 2007). Goldstein and 

Galbally (2007) estimate that over 105 organic compounds reside in the atmosphere, most of 

which have not been characterized and many of which exist in aerosols. Mei et al. (2013) 

reconstruct measured CCN concentration from ambient aerosol based on mass spectra 

derived organic fraction and the size distribution and show that in organic-dominated regions 
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the predicted CCN concentration at low supersaturation can vary by up to 200% for a 

reasonable range of organic CCN properties ( = 0.03–0.18). Liu and Wang (2010) showed 

in a simulation that the modelled CCN burden varies by 40–80% if the value of  for SOA 

varies by ±50% ( = 0.07–0.21). 

1.4.2 Predicting kappa from hygroscopic growth 

Using  from hygroscopic growth measurements at sub-saturated RH or from a water 

activity model, it is straightforward to extrapolate hygroscopic growth to the point of CCN 

activation at the maximum of the vapor saturation curve given by Eq. (1.2). Hygroscopic 

growth is an equilibrium process that can be predicted based on particle size and chemical 

characteristics (Seinfeld and Pandis, 2006; Raymond and Pandis, 2003). This process is 

relatively well understood and can be predicted accurately for common inorganic ions and 

some organic compounds (Clegg et al., 1998; Wexler and Clegg, 2002; Clegg, 2007; Rose et 

al., 2008). Rearranging the terms in Eq. (1.1), the growth of a wet aerosol is described by: 

 𝑔𝑓3 = 𝐷3 𝐷𝑑
3⁄ = 1 + 𝜅

𝑎𝑤

1 − 𝑎𝑤
 (1.4) 

where gf is the diameter growth factor. Diameter growth factor is used because particle 

diameter is reported by many analytical techniques. Equation (1.4) can also be expressed in 

terms of a volume or mass growth factor if the particles are spherical and of known density. 

Measurements of hygroscopic growth at controlled RH can be used to find . Measurements 

of equilibrium droplet growth for pure compounds (e.g., Tang and Munkelwitz, 1994; Cruz 

and Pandis, 2000) can improve the accuracy of models of water activity (e.g., the Extended 

Aerosol Inorganics Model (E-AIM) (Clegg et al., 1998) or the Aerosol Inorganic-Organic 
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Mixtures Functional Groups Activity Coefficients (AIOMFAC) model (Zuend et al., 2008)). 

Water activity models of aqueous solutions predict the relationship between the mole fraction 

water and the activity of water by calculating vapor-liquid, liquid-solid, and dissociation 

equilibria for solutes of known properties. Modeled water activity can be incorporated into 

the  framework if the molar mass and density of the solute are known: 

 𝜅 =
𝑥𝑤

𝑎𝑤
 
(1 − 𝑎𝑤)

(1 − 𝑥𝑤)
 
𝜈𝑠𝜌𝑠𝑀𝑤

𝑀𝑠𝜌𝑤
  (1.5) 

where xw is the mole fraction of water in solution, s is the number of dissociable ions of 

solute, s is the density of solute, and Ms is the molar mass of solute.  

According to Köhler theory the value of  from hygroscopic growth factor 

measurements (Eq. 1.4) and  derived from CCN measurements (Eq. 1.2) are equivalent, 

however some disagreement is often observed. Closure studies comparing these two ’s have 

produced reasonable agreement (within 10–30%) for pure compounds (e.g., Chan et al., 

2008), laboratory-generated SOA (e.g., Duplissy et al., 2008), ambient or laboratory-

generated biomass burning aerosol (Vestin et al., 2007; Carrico et al., 2008), or 

anthropogenically influenced aerosol (Mochida et al., 2010) (see M. Petters and Kreidenweis, 

2007 and 2013 and references therein). Discrepancies between  from hygroscopic growth 

and  from CCN activation have also been observed (e.g., Prenni et al., 2007; Irwin et al., 

2010; Wex et al., 2009; M. Petters et al., 2009a). The observed deviations have been 

attributed to various effects including the differential solubility within the aerosol 

(Kreidenweis et al., 2006; M. Petters and Kreidenweis 2008; M. Petters et al., 2009a), 

polymer mixing effects as described by Flory-Huggins solution theory (Prenni et al., 2007), 
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excess free energy of mixing (M. Petters et al., 2009a), surface tension reduction by organic 

molecules (Wex et al., 2009), and systematic instrumental difficulties (Sjogren et al., 2007). 

The physical phenomenon causing discrepancies in hygroscopic behavior is often ambiguous 

and many authors present more than one reasonable explanation (e.g., Prenni et al., 2007; 

Good et al. 2010). Solubility and excess free energy are dependent on solute concentration 

and thus vary as a droplet grows larger and more dilute. Calculations of droplet growth are 

insensitive to the choice of surface tension below ~99.5% RH but become more sensitive to 

surface tension closer to the point of CCN activation (Eq. 1.2, Fig. 1.1) (Wex et al., 2008; 

Ruehl et al., 2010). The dependence of CCN activity on molecular size, solubility, and 

surface tension reducing ability are discussed in section 1.5.1, below.  

1.4.3 Instrumental challenges at high RH 

Measurements near activation are important in order explain why CCN activity does not 

always agree with predictions from hygroscopic growth, but instrumental challenges abound 

in this difficult RH range. The sensitivity d(RH)/d(temperature) increases nonlinearly near 

100% RH, and measurements above 90% RH may be subject to instability or inaccuracy if 

proper temperature control and calibration are not implemented (Duplissy et al., 2009; 

Massling et al., 2011). Several instruments are capable of measuring water uptake at high 

RH. The influence of particle diameter on water uptake properties becomes large for fine 

aerosol (diameter < 100 nanometers), which is in the size range of most SOA. Thus 

measurements in this size range are of the most interest in the study of organic aerosol water 

uptake.  
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The Leipzig Aerosol Cloud Interaction Simulator (LACIS; Wex et al., 2005) is a laminar 

flow tube several meters long capable of bridging the sub- to supersaturated droplet 

activation gap and uses an optical particle counter to detect droplets larger than 300 

nanometers. Another instrument is the electrodynamic balance (EDB, e.g. Tang and 

Munkelwitz, 1994), which suspends a stationary liquid drop electromagnetically and 

measures size changes optically. The EDB can be used for particles of dry diameter larger 

than several microns. The Hygroscopicity Tandem Differential Mobility Analyzer technique 

(HTDMA; Rader and McMurry, 1986) allows high RH measurements of finer aerosols. 

Several high-RH HTDMA instruments have been constructed (Weingartner et al., 2002; 

Hennig et al., 2005) but the quoted precision by Hennig et al. (2005) allows uncertainty in  

measurements of up to ±121% (based on RH and diameter resolution for 100 nanometer 

particles). The advantage of the HTDMA technique is that it can measure fine changes in 

droplet growth and detect small particles with greater accuracy than the optical particle 

counter (e.g. Wex et al., 2005) because it couples electric mobility sizing with a sensitive 

condensation particle counter (particles > 10 nanometers), instead of simultaneously sizing 

and counting the particles using an optical particle counter (particles > 300 nanometers). In 

Chapter 2 of this dissertation an HTDMA instrument is developed in order to accurately 

observe fine aerosol hygroscopic growth to very high RH (up to 99%). 

1.5 Controls of organic kappa 

Organic  is controlled by molecular properties such as molar volume, solubility in 

water, and the ability of the molecules to reduce the surface tension of the solution droplet.  
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1.5.1 Size, solubility, and surface tension 

Classical Köhler theory relates CCN activity to the ratio of the molar volume of solute 

(i.e., molecule size) to that of water (Seinfeld and Pandis, 2006; M. Petters et al., 2009b): 

 𝜅 = 𝜈Φ
𝛼𝑤

𝛼𝑠
 (1.6) 

where  is the molal osmotic coefficient, w is the molar volume of water, and s is the 

molar volume of the solute. When molar volumes exceed ~600 cm3 mol-1 an adjustment to 

the Köhler equation is made by incorporating Flory-Huggins polymer theory (M. Petters et 

al., 2006; 2009b). This adjustment predicts  within a factor of two for a range of 

compounds, explaining some fraction of the variability in  (M. Petters et al., 2009b).  

Solubility also plays a role in CCN activity. Water solubility is the maximum quantity of 

solute that can be dissolved by a unit quantity of water before starting to precipitate out of 

solution. Insoluble components of the aerosol do not participate in water uptake and thus are 

“invisible” to the CCN activation process (Shulman et al., 1996; M. Petters and Kreidenweis, 

2008). Compounds that precipitate in highly concentrated aerosol particles may begin to 

dissolve under more dilute conditions near CCN activation (Shulman et al., 1996; M. Petters 

and Kreidenweis, 2008) or at higher temperatures (Christensen and M. Petters, 2012). The 

equations in M. Petters and Kreidenweis (2008) treat sparingly soluble compounds by 

calculating dissolved solute concentration along the hygroscopic growth curve. Fully soluble 

molecules express  based on Eq. (1.6). 

Surface tension is one of the factors controlling CCN activation (Eq. 1.2). Extracted 

organic matter from samples of atmospheric aerosols or fog has been shown to reduce the 
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surface tension of water (Seidl and Hänel, 1983; Capel et al., 1990; Decesari et al., 2000; 

Facchini et al., 2000). Surface tension is defined as the energy required to add to the droplet 

surface area (Laaksonen et al., 1999). From Eq. (1.2), reducing the surface tension of water 

lowers the energetic barrier to water condensation. However, surfactant molecules lower 

surface tension by migrating to the droplet surface, becoming effectively insoluble and 

cancelling any benefit of lower tension (Sorjamaa et al., 2004). In fact, lowering the surface 

tension in Eq. (1.2) greatly over-predicts CCN activity (Li et al., 1998; Prisle et al., 2008, 

2010; Kristensen et al., 2014). In Ch. 4 a manuscript is presented showing new measurements 

of the effects of surfactants on CCN activity, including comparisons to models incorporating 

both surface tension reduction and the migration of the molecules to the droplet surface. 

1.5.2 Atmospheric measurements 

Strong empirical correlations based on composition measurements by mass spectrometry 

suggest that organic  is a linear function of the ratio of oxygen to carbon (O:C) in the 

molecular structure (Jimenez et al., 2009; Chang et al., 2010), probably because oxidation 

adds functional groups to the molecules making them more polar, increasing their affinity for 

water. A more detailed discussion of organic aerosol formation is included below. Mei et al. 

(2013) suggest that a better predictor of organic  may be the mass spectral signal at the 

mass-to-charge ratio m/z = 44. The m/z 44 peak, as measured by the Aerosol Mass 

Spectrometer (Aerodyne), is correlated with the degree of oxidation of organic matter 

(Lambe et al., 2011) and the presence of organic acids (Takegawa et al., 2007; Reddy et al., 

2015 and references therein). Mass spectrometry provides information on the composition of 

organic matter but is not exact. Laboratory studies of pure compounds whose composition is 
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known show that the rigorous relationship between O:C and  breaks down (Rickards et al., 

2014). Several authors have linked CCN activity to reaction mechanisms shifting the product 

distribution towards different functional groups (Engelhart et al., 2008; Poulain et al., 2010; 

Suda et al., 2012). The product distribution of a single monoterpene precursor may yield 

hundreds of compounds (Heaton et al., 2009), making generalizations difficult. Chapter 3 of 

this dissertation is a manuscript exploring the relationship between molecular functional 

groups and  for compounds of known composition. In order to understand the link between 

organic aerosols and the molecular functional groups, the following section is a brief review 

of secondary organic aerosol formation from gas-phase precursors. 

1.6 Formation of secondary organic aerosols 

This review of secondary organic aerosol (SOA) formation is included to provide 

additional background information and motivation for the main research questions addressed 

by this work. An alkane is a hydrocarbon molecule with no functional groups (CH3-CH2-

CH2-…-CH3) and an alkene is a hydrocarbon molecule with at least one double carbon-

carbon bond (CH2=CH-CH2-CH2-…-CH2-CH3). Atmospheric oxidation reactions and 

chemical pathways to final reaction products are often presented in terms of an initial 

oxidation of an alkane-like or an alkene-like molecule and subsequent rearrangements of 

functional groups. 

Secondary organic aerosols form in situ as a consequence of photochemical oxidation of 

organic gases. Photochemical oxidation lowers the volatility of the molecules by adding 

functional groups to relatively unfunctionalized molecules, thus promoting intermolecular 

attraction, and leading to their eventual condensation (Kroll and Seinfeld, 2008). The 
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emission of gas-phase organic precursors to SOA formation is dominated globally by 

biogenic emissions (roughly 10:1; Guenther et al., 1995), about half of which are of isoprene 

and a large fraction of which are monoterpenes (Guenther et al., 2012). Typical 

anthropogenic organic precursors are alkanes and aromatic compounds, mostly emitted with 

vehicular use of fossil fuels or solvents. The major tropospheric oxidants are hydroxyl 

radicals (•OH), ozone (O3), and nitrate radicals (NO3•). Scheme 1.1 outlines the first steps in 

the oxidation of a generic alkane. The OH• or NO3• radical removes an H-atom from the 

carbon chain leaving behind an unbound radical electron (“•”) (Atkinson, 2000; Jacobson, 

2005). The resulting alkyl, alkyl peroxy, and alkoxy radicals are the starting point for the 

formation of less volatile compounds (Kroll and Seinfeld, 2008). Scheme 1.2 outlines the 

first steps in the oxidation of a generic alkene, which typically occurs at the double bond and 

is less likely to follow the pathway in Scheme 1.1. The first-generation alkyl radicals can 

form alkyl peroxy and alkoxy radicals, similar to Scheme 1.1 except with either an adducted 

-OH or ONO2 group. The ozonolysis of alkenes proceeds differently because ozone does not 

remove an H-atom; the reaction follows the Criegee Mechanism (Criegee, 1975; Kroll and 

Seinfeld, 2008) (Scheme 1.2). Organic radicals may cycle until a stable functional group 

quenches the reaction. Possible products include organic nitrates (R-ONO2), hydroperoxides 

(R-OOH), alcohols (R-OH), or carboxylic acids (R-CH(=O)OH), among others (Ziemann 

and Atkinson, 2012), where R represents a carbon chain. 

Many gas-phase oxidation pathways lower the volatility of organic compounds. Other 

pathways involve multiphase chemistry. Semi-volatile organic material may evaporate from 

existing aerosol and subsequently undergo oxidation and re-condensation (Robinson et al., 
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2007). Organic compounds may partition into cloud water or wet aerosols and undergo 

aqueous oxidation, forming products that remain in the particle phase after droplet 

evaporation (Lim et al., 2010; Ervens et al., 2011). Organic compounds may react with each 

other after condensing, forming dimers or oligomers (Tobias and Ziemann, 2001; Kalberer et 

al., 2004). Atmospheric oxidation moves organic carbon toward more highly functionalized, 

fragmented, or oligomerized molecules (e.g., Kroll et al., 2011). 

The oxidation of common biogenic compounds has been studied at length. Proposed 

reaction pathways give insight to the final product composition and the potential of the 

compounds to interact with water. The gas-phase ozonolysis of -pinene, a common 

monoterpene emitted by needleleaf evergreen trees, results in condensed products containing 

several isomers of the original C10 carbon backbone with the addition of either two 

carboxylic acid groups, two aldehyde groups, or one of each (Ma et al., 2008). The •OH 

initiated oxidation of isoprene, which has two carbon-carbon double bonds, can lead to the 

formation of several isomers of the original C5 structure with the addition of four OH groups 

(two per double bond in the original molecule) (Claeys et al., 2004).  

Anthropogenic influence could change the composition and hygroscopic properties of 

SOA. For example, the ratio of isoprene to monoterpene emissions varies greatly between 

broadleaf and needleleaf trees (Guenther et al., 2012), thus change in land use or vegetation 

type could change the type and quantity of biogenic SOA precursor gases. Increases in 

sulfate and nitrate concentrations could shift the SOA composition towards organonitrates 

and organosulfates (e.g., Kroll and Seinfeld, 2008; Surratt et al., 2008). Furthermore, 

increases in sulfate or nitrate would increase the overall hygroscopicity of aerosols, bringing 
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concomitant increases in the amount of liquid water bound in the aerosol phase (e.g., Nguyen 

et al., 2014; Hodas et al., 2014), thus increasing the potentiol for SOA formation through 

aqueous-phase oxidation (Hodas et al., 2014).  

1.7 CCN activity of secondary organic aerosol 

Various studies have investigated the CCN activity of SOA formed from the oxidation of 

isoprene (C5 terpene) (King et al., 2010; Kuwata et al., 2013), monoterpenes (C10 terpenes) 

(VanRecken et al., 2005; Prenni et al., 2007; Duplissy et al., 2008; Engelhart et al., 2008; 

King et al., 2009; M. Petters et al., 2009a; Wex et al., 2009; Poulain et al., 2010; Christensen 

and M. Petters, 2012; Kuwata et al., 2013) and sesquiterpenes (C15 terpenes) (Huff Hartz et 

al., 2005; Varutbangkul et al., 2006; Asa-Awuku et al., 2009). Results have shown that the 

CCN activity of isoprene and monoterpene SOA is comparable ( ~ 0.1) and greater than the 

CCN activity of sesquiterpene SOA.  

The research presented in Chapter 3 of this dissertation is an extension of the following 

studies that seek to link oxidation mechanisms of organic gases to the CCN activity of the 

resulting SOA.  

The CCN activity of laboratory-generated SOA is reasonably consistent with ambient 

observations of organic CCN activity but can be attributed to specific factors depending on 

experiment design. For example, very high precursor concentrations can lead to reduced 

CCN activity of the SOA (Duplissy et al., 2008; King et al., 2009). Ozonolysis generates 

•OH radicals as part of the reaction (Atkinson and Arey, 2003), which are usually removed 

by an •OH scavenger gas; Engelhart et al. (2008) show that the CCN activity of SOA from 

the reaction of -pinene with O3 is lower without the •OH scavenger, possibly due to 
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additional reactions by •OH increasing the number of aldehyde functional groups (more 

pinonaldehyde) relative to carboxylic acid functional groups (less pinonic acid) (Jang and 

Kamens, 1999; Nozière et al., 1999) . In a similar study, Poulain et al. (2010) show that the 

presence of water vapor in the ozonolysis of -pinene increases the CCN activity of the 

resulting SOA, possibly due to reactions with water that result in more carboxylic acids and 

shift products away from pinonaldehyde and toward pinonic acid (Ma et al., 2008). Suda et 

al. (2012) showed that the presence of water vapor during the ozonolysis of 1-decene (a C10 

alkene) shifts the CCN activity higher, corresponding to an increase in hydroxyl (-OH) and 

hydroperoxide (-OOH) functional groups. Varutbangkul et al. (2006) linked lower 

hygroscopic growth to organic precursors with higher molecular weight precursors. This is 

consistent with the inverse relationship between s and  in Eq. (1.7), if the high molecular 

weight precursors can be assumed to produce high molecular weight SOA.  

1.8 Objectives 

The objectives of this dissertation are to summarize and contribute to the understanding 

of organic aerosol hygroscopicity. The dissertation comprises an introduction summarizing 

general knowledge (Ch. 1), three projects contributing new information (Ch. 2–4), and a 

summary chapter (Ch. 5). The specific objectives addressed in Ch. 2–4 are summarized in the 

next three paragraphs.  

The first objective was to build an instrument capable of measuring the hygroscopic 

growth of aerosols at RH > 98% (Ch. 2, The HTDMA Technique). The task entailed setting 

up, linking, and insulating the instrument components; controlling temperature and RH 

accurately and with stability; controlling and balancing the DMA flows and checking the 
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accuracy of the particle sizing; and troubleshooting problems encountered with various 

components of the system. Timeseries and growth factors were collected using a laptop 

interfaced with the instruments using LabView software. Data were downloaded and  

analyzed offline using a combination of handwritten notes and functions written in 

MATLAB for this project. Figures and schematics were prepared for publication using 

MATLAB and Adobe Illustrator. The manuscript was prepared in MS Word in 2012 and 

published in Aerosol Science and Technology in 2013.  

The second objective was to quantify CCN activity as a function of organic molecular 

functional groups (Ch. 3, Influence of Functional Groups on CCN Activity). The scanning 

flow CCN measurement technique was assembled, improved upon using new components, 

and packed and shipped to California where the remainder of the measurements took place 

(Paul Ziemann’s group provided the samples and chromatographic separation). In California 

the CCN setup was re-assembled and re-calibrated and optimal settings were chosen after 

analysis of the first day tests. Analysis software was written on site and included a new 

fitting algorithm to straighten distortions in the data stream from scanning flow. Further 

analysis was performed in subsequent months. The figures, chemical mechanisms, and 

manuscript were prepared using MATLAB, Adobe Illustrator, and MS Word in 2012 and 

2013, and the manuscript was published in Environmental Science and Technology in 2014.  

The third objective was to test the effect of strongly surface-active molecules on CCN 

activity. The reduction of surface tension by atmospherically relevant compounds was 

reviewed and over 50 measurement traces from the literature were digitized to provide 

context for this study. The sample throughput, diameter resolution, and composition 
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resolution of two-component CCN measurements were increased in 2013. Measurements 

were performed in in 2013, 2014, and 2015 in-between other projects. Surfactant partitioning 

theory and a model of non-spherical particle drag in the DMA were written into MATLAB 

for this project and included new interative algorithms where explicit solutions were not 

available. The figures and manuscript were prepared as before and the manuscript is under 

review for publication in the Journal of Geophysical Research – Atmospheres.  
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1.9 Figures 

 

 

 

Figure 1.1. Köhler curves (Eq. 1.2) for 50 nm dry aerosols. Kappa values (0.1, 0.6, and 1.3) 

are denoted on the curves. The narrow black line (Dd+15%) shows the κ = 0.1 curve with a 

15% higher dry diameter (Dd). The thick grey line (σ 0-15%) shows the κ = 0.1 curve with a 

15% lower surface tension (σ ).  
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1.10 Schemes 

 

 

Scheme 1.1. The first steps in the oxidation of a generic alkane by a hydroxyl radical (•OH) 

or nitrate radical (NO3•). Oxidation begins with the removal of an H-atom. In subsequent 

steps the organic radical reacts with other gas-phase species. Eventually a stable functional 

group quenches the reaction.  

 

 

Scheme 1.2. The first steps in the oxidation of a generic alkene by a hydroxyl radical (•OH), 

nitrate radical (NO3•), or ozone (O3). Oxidation begins as the oxidant adducts itself into the 

carbon-carbon double bond.  
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2 THE HTDMA TECHNIQUE 

Preface 

Aerosol water uptake at very high RH is one limiting uncertainty in the prediction of 

CCN activity. Water uptake can be estimated from chemical properties. However, aerosols 

may behave differently at high RH, where the solution is more dilute, than at low RH. 

Limitations in studies probing non-ideal behavior at high RH include the difficulty of 

controlling instrument RH and the precision with which the technique determines particle 

diameter. One method of measuring aerosol water uptake is the Hygroscopicity Tandem 

Differential Mobility Analyzer (HTDMA) technique. This technique uses two differential 

mobility analyzers (DMAs) in tandem to size the particles before and after humidification. 

Most HTDMA systems are assembled by individual research groups and can operate at RH 

up to ~90%. In this study an instrument was built to measure aerosol water uptake up to 99% 

RH using frequent calibration, active temperature control, and high aerosol diameter 

resolution. Results include continuous water uptake curves for glucose and maleic acid. The 

glucose curve has proven useful in other studies including Chapter 4 of this dissertation. The 

HTDMA technique is versatile and can also quantify changes to particle diameter due to 

phase changes such as melting, dissolution, crystallization, or evaporation. The instrumental 

difficulties overcome by this work contribute to future research on the thermodynamic 

behavior of organic aerosols.  

Author contributions: MDP and SRS assembled, calibrated, and characterized the 

instrument. SRS and MDP wrote the manuscript. The authors thank Patrick Chuang and 

Sonia Kreidenweis for the high-flow DMA columns and Tim Wright for help with 
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instrument construction. This research was funded by the Department of Energy, Office of 

Biological and Environmental Sciences via Grant DESC0006633. 

Corrections: There is a typo in equation (2.7), which should have cubed the growth 

factor in the denominator.  
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Abstract 

Aerosol water content plays an important role in aqueous phase reactions, in controlling 

visibility, and in cloud formation processes. One way to quantify aerosol water content is to 

measure hygroscopic growth using the hygroscopicity tandem differential mobility analyzer 

(HTDMA) technique. However, the HTDMA technique becomes less reliable at relative 

humidity (RH) > 90% due to the difficulty of controlling temperature and RH inside the 

second DMA. For this study we have designed and implemented a new HTDMA system with 

improved temperature and RH control. Temperature stability in the second DMA was 

achieved to ±0.02°C tolerance by implementing active control using thermoelectric heat 

exchangers and PID control loops. The DMA size resolution was increased by operating 

high-flow DMA columns at a sheath:sample flow ratio of 15:0.5. This improved size 

resolution allowed for improving the accuracy of the RH sensors by interspersing ammonium 

sulfate reference scans at high frequency. We present growth factor data for pure compounds 

at RH up to 99% and compare the data to theoretical values and to available bulk water 
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activity data. With this HTDMA instrument and method, the osmotic coefficients of 

spherical, non-volatile aerosols of known composition between 30 and 200 nm in diameter 

can be determined within ±20%. We expect that data from this instrument will lead to an 

improvement of aerosol water content models by contributing to the understanding of aerosol 

water uptake at high RH. 

2.1 Introduction 

Ambient aerosols take up water in humid air and serve as condensation nuclei for haze 

and cloud droplets. Uncertainty in aerosol water uptake contributes to the uncertainty in 

estimates of aerosol water content and hinders studies that extrapolate measured hygroscopic 

growth factors to predict a particles’ ability to serve as a cloud condensation nucleus (Prenni 

et al., 2007). Aerosol water content is determined by the ambient relative humidity (RH) and 

the associated chemical composition dependent hygroscopicity of the aerosol. Particle 

hygroscopicity is a measure that scales the volume of water associated with a unit volume of 

dry particle (Petters and Kreidenweis, 2007) and depends on the molar volume and the 

activity coefficients of the dissolved compounds (Christensen and Petters, 2012). Activity 

coefficients cannot be obtained by modeling alone because non-ideal interactions between 

compounds remain largely unexplained on the molecular level. One of the main difficulties is 

the lack of experimental data to constrain activity coefficient models (Amundson et al., 2007; 

Topping et al., 2005) for likely constituents of atmospheric aerosols (Raatikainen and 

Laaksonen, 2005). Of particular interest are activity coefficients for compounds frequently 

identified in organic aerosols at relative humidities (RH) approaching 100%. For example, 

Petters et al. (2009) show that for some secondary organic aerosol water uptake is highly 
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non-ideal at RH ~90% and becomes more ideal when approaching RH 100%. Understanding 

this transition is important for linking aerosol water uptake and cloud condensation nuclei 

activity in a unified aerosol modeling framework. 

The hygroscopicity tandem differential mobility analyzer (HTDMA) technique (Rader 

and McMurry, 1986) is used to measure the diameter growth factor of aerosol particles at a 

controlled RH. Two differential mobility analyzers (DMAs) characterize the aerosol size 

before and after its passage through a humidification setup. The resulting humidified size is 

compared to the dry size and a single growth factor, gf, is computed to describe the aerosol’s 

water uptake: 

 𝑔𝑓 =
𝐷

𝐷𝑑
, (2.1) 

where 𝐷 is the humidified droplet mobility diameter and 𝐷𝑑 is the particle dry mobility 

diameter. Controlling RH accurately inside the second DMA is challenging. Small variations 

in dew point temperature (𝑇𝑑𝑒𝑤) and temperature (𝑇) result in large excursions in RH. For 

example, at RH = 99% the dew point depression (𝑇 − 𝑇𝑑𝑒𝑤) is ~0.6 K, thereby necessitating 

highly accurate temperature and moisture control to keep random RH fluctuations within 

acceptable tolerance. One approach to address this problem is to submerge the second DMA 

in a temperate-controlled water bath to minimize temperature gradients inside the column 

(Weingartner et al., 2002; Hennig et al., 2005). The setup described by Hennig et al. (2005) 

allows growth factor measurements up to 98% RH, but the quoted precision in RH (±1.2% 

in absolute units at RH = 97.7%) and diameter growth factor (± 0.46 in absolute units at gf = 

2.79) results in ±121% relative uncertainty in the retrieved hygroscopicity parameter for 100 
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nm dry aerosol, where uncertainty is defined as the maximum difference between the 

hygroscopicity at the given RH and 𝑔𝑓 values and that at the edges of the ranges provided in 

their Table 2. Controlling and accurately measuring 𝑇𝑑𝑒𝑤 is also extremely challenging. The 

most accurate direct measurement for humidity is the chilled-mirror dew point hygrometer 

(Barrett and Herndon, 1951), which can achieve accuracy of 𝑇𝑑𝑒𝑤 ~ ± 0.1 K and precision of 

0.01 K. Control of 𝑇𝑑𝑒𝑤 at or near water saturation is contingent on temperature control 

because patchy cold spots in the system can cause condensation.  

The width of the DMA transfer function is dictated by the sheath:sample flow ratio 

(Knutson and Whitby, 1975; Flagan, 1999). Fundamentally, the width of the transfer function 

will govern the resolution with which two diameters can be separated. If the diameter bins 

are spaced such that the transfer functions do not overlap, then the flow ratio determines the 

diameter bin resolution. Better resolution may be achievable by working with overlapping 

bins but eventually will be limited by the selected flow ratios. For example, at a typical flow 

ratio of 10:1, the bin resolution for sizing 300 nm particles is ±22 nm. If the dry particle 

diameter is 100 nm, the uncertainty in the growth factor due to bin resolution alone is 2.8 < 

𝑔𝑓< 3.2. This range severely limits the accuracy with which measured growth factors, 

together with the controlled RH, can be used in the calculation of water activity (Kreidenweis 

et al., 2005). 

Some of these problems were highlighted by recent HTDMA intercomparisons 

(Duplissy et al. 2009; Good et al., 2010; Massling et al., 2011). These studies collectively 

show that HTDMA RH set points and the reported growth factors can be highly uncertain. 

For example, Massling et al. (2011) report that measurements of ammonium sulfate exhibit 
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deviations equivalent to 4.5% RH from the set point of 90% RH. Problems associated with 

the HTDMA technique have spurred the community to find alternative methods of measuring 

aerosol hygroscopic growth. Two of these methods are the Leipzig Aerosol Cloud Interaction 

Simulator (LACIS; Wex et al., 2005) and the inverted streamwise-gradient cloud 

condensation nuclei counter (Ruehl et al., 2010). Both methods feature exceptional RH 

control but their scope is limited by the optical detectors used to determine the wet particle 

size distribution. The optical detectors measure particles of diameter > ~300 nm and are 

subject to limitations in accuracy resolution, i.e., uncertainties in refractive index and in the 

conversion from optical to physical diameter. 

Here we introduce a new HTDMA instrument designed to circumvent some of the above 

problems associated with RH control and growth factor resolution such that the precision in 

measured hygroscopicity and activity coefficients is improved to ±20%. We demonstrate this 

precision by presenting data for glucose and maleic acid for which the activity coefficients 

near water saturation are known with high accuracy. 

2.2 Instrument design 

2.2.1 Chemicals Used 

The following chemicals were used: Ammonium sulfate, 99.9% pure (Sigma-Aldrich); 

D-(+)- Glucose, 99.5% pure (Fisher); Maleic acid, reagent grade (Fisher). 

2.2.2 Aerosol Generation 

Figure 2.1 summarizes the setup of the HTDMA instrument. Aerosol is generated by 

atomizing an organic or ammonium sulfate solution and then drying the resulting aerosol. 

Two separate atomizers (TSI 3076) contain solutions of an organic compound or ammonium 
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sulfate in deionized water (~18.2 MΩ cm) at 0.11±0.03% mass concentration, mixed 0 – 4 

days prior to use. Air from a zero-air generator (Teledyne 701) is directed to one of the two 

atomizers by a three-way solenoid valve, allowing automated control over the aerosol source. 

Aerosol from the active atomizer is routed through two silica diffusion dryers with liquid 

traps (TSI 3062) and a dilution setup. The dilution setup releases excess flow from the 

atomizers and removes a fraction of the aerosol by routing it though a HEPA filter and a flow 

restrictor in parallel. The aerosol then passes through a delay volume submerged in a 

temperature-controlled cold bath (Thermo Scientific, Pheonix II) kept at -20°C, which 

ensures that the dew point of the sample flow remained below 0°C (the aerosol has ~30 s 

transit time inside 0.635 cm inner diameter silicon tubing, during which it approaches 

ambient temperature). The dry aerosol stream is passed to through a 210Po neutralizer to 

return it to an equilibrium charge distribution for size-selection by electric mobility.  

2.2.3 DMA-I 

After the second drying, the aerosol stream is at low RH (< 15%) and passes into a high-

flow differential mobility particle sizer (DMA-I) (Stolzenburg et al., 1998) at sheath:sample 

flow ratio of ~15:0.5 LPM. The DMA column has radial dimensions r1 = 5 cm, r2 = 5.8 cm, 

and length L = 60 cm. The sheath flow is circulated by a diaphragm pump (Gast, DOA-P707-

AA) with two critical orifi (O’Keefe Controls, CO) and is filtered (Whatman glass microfiber 

HEPA-CAPTM). DMA-I is neither insulated nor temperature controlled, and its temperature 

is slightly warmer than the room due to heat released by the pumps and other electronic 

equipment located inside the instrument rack. 
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2.2.4 Humidification 

The aerosol sample stream and the DMA-II sheath flow are each humidified by passage 

through a Nafion tube (PermaPure, MH-series, 0.279 cm outer diameter, 30.5 cm long) 

attached to a programmable temperature control bath (PolyScience, ±0.01°𝐶 accuracy). The 

semi-permeable Nafion membrane allows water at the specified temperature to evaporate 

into the air flow. The set temperature of the Nafion corresponds to the dew point needed to 

create the desired RH, given the temperature of DMA-II and with an empirically determined 

offset to account for imperfect efficiency of humidification. The residence time between the 

humidifier and DMA-II is ~6 s, which is enough time to equilibrate to this new RH such that 

the measured size reflects the growth factor at the measured RH (Snider and Petters, 2008), 

provided that there are no kinetic limitations to water uptake which may bias HTDMA results 

(Sjogren et al., 2007). The humidity in the Nafion flow area approaches 100% RH, as a 

function the flow rate and Nafion age. Thus, the sample can deliquesce here and remain in a 

metastable state despite the RH falling later in the stream. Although the sheath flow is much 

faster than the sample flow, the difference in humidification efficiency is small (𝛥𝑇𝑑𝑒𝑤 < 

~0.5°C) because the sheath flow is recirculating through the Nafion and the sample flow 

enters dry. We expect the sheath and sample flows to reach the same RH and the particle wet 

diameter to adjust within a short distance after entering DMA-II (Snider and Petters, 2008; 

Snider et al., 2006). Particle sizing uncertainties introduced by an RH mismatch (e.g., Biskos 

et al., 2006) would be most pronounced at high RH, and we have accounted for this by 

frequent calibration with ammonium sulfate. 
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2.2.5 DMA-II 

The second DMA is of the same make and model as DMA-I, but is thermally insulated 

using several layers of 1” Neoprene and is actively temperature controlled. The DMA 

column is encased by aluminum sleeves that have thermoelectric heat exchangers (TE 

Technology CP-200) mounted on the outside. Two thermistors (Tetech MP-3193) are 

mounted to the aluminum sleeve near the heat exchanger. A third thermistor (TE Technology 

MP-3193) is mounted at the inlet of the DMA column. The thermistors have precision 

±0.01°𝐶 and are calibrated at 20°𝐶 against the temperature of the controlled water bath that 

is used to control the Nafion temperature. The thermistor temperature at the top of the DMA 

column is used as the set point for controlling the thermoelectric heat exchangers and thus for 

controlling the temperature at the middle and bottom of the column. Control is handled via 

external PID controllers (TE Technology TC-36-25-RS232) that receive a new set point 

every two seconds. The standard deviation of the three temperatures is less than ±0.02°C 

inside an air conditioned room, and absolute temperature varies ~0.4°𝐶 over a 1 – 2 hr time 

window.  

Sheath and sample flow temperature and RH are preconditioned prior to entering DMA-

II. Preconditioning is handled by routing the flows through a four-pass loop heat exchanger 

(TE Technologies LC-061) whose temperature is controlled independently from the column. 

The flows are then routed through the aluminum sleeve and in close contact with the column 

exterior, beneath the layer of insulation, to thermally equilibrate them with the DMA. A 

thermistor measures the temperature where the flows enter proximity with the column, and 

temperature of the preconditioning heat-exchanger is set such that the sheath flow entry 
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temperature and that of the column-bottom aluminum heat exchanger mounting match as 

closely as possible. A second four-pass loop heat exchanger (TE Technologies LC-061) is 

mounted at the exit of DMA-II and its temperature is set 20°𝐶 warmer than that of DMA-II 

column. This warms the sheath flow to prevent condensation in the line.  

All humidified lines are insulated with 1” neoprene.  Inline capacitive sensors (HC2 

Rotronics, Hygroclip) measure the temperature and RH of the sample just prior to entry into 

DMA-II and the sheath flow after the exit of the second four-pass loop heat exchanger. Two 

RH sensors ensure redundancy of the measurement to better diagnose errors due to 

inadvertent flow saturation downstream of DMA-II. The sheath flow is circulated by a 

diaphragm pump (Gast, DOA-P707-AA) outfitted with a critical orifice (O’Keefe Controls 

Co., metal orifice #55) and an upstream filter. Particle concentration is counted by a 

condensation particle counter (CPC; TSI 3772) whose flow rate is reduced to 0.5 Lpm using 

a needle valve and verified using a bubble cell flow meter. The resulting sheath:sample flow 

ratio is ~15:0.5.  

2.3 Experimental Methods and Data Reduction 

2.3.1 Scanning Strategy 

The humidified size distribution is measured for 100 nm dry particles. DMA-II and the 

CPC select and count particles starting at 80 nm and ending at 450 nm. Size scans were 

performed in differential mobility particle sizer (DMPS) mode. This mode was chosen over 

the scanning mobility particle sizer mode (SMPS) because the DMA transfer function is 

narrower for DMPS and requires a simpler data inversion technique, although in the future 

the instrument will feature SMPS mode scanning to increase data collection speed. Diameter 
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bins were set such that the upper edge of the DMA-II transfer function of bin 𝑖 coincided 

with the lower edge of the transfer function of bin 𝑖 + 1. For each bin concentration data 

were collected for ~4 s after waiting one flush time for the DMA-II column to equilibrate to 

the newly set voltage. To speed up the measurement, the scan ranges are adjusted to measure 

the size distribution only near the expected growth factor. An expected range in 

hygroscopicity of the measured aerosol and the instantaneous RH measured are used to 

create a dynamic growth factor window, shortening the full scan duration of the humidified 

size distribution from about 15 min to about 8 min. The humidified size distribution was 

inverted using the TDMAfit algorithm (Stolzenburg and McMurry, 1988; Zhou et al., 2002). 

This algorithm fits a Gaussian growth factor probability density function to match the 

observed mobility distribution that is expected from transfer through DMA-I and DMA-II. 

For each scan, the peak of the diameter probability density function obtained from the 

inversion is recorded as the measured 𝐷. 

2.3.2 Derivation of Column RH 

The DMA-II RH is derived from three column exterior temperatures and from the dew 

point temperature inferred from two RH sensors in line with the sheath flow via the Clausius-

Clapeyron relationship. The column exterior temperatures are obtained from thermistors at 

the top, middle, and bottom of the column associated with the temperature controlling heat 

exchangers. The sheath flow is heated after passage through the column to prevent 

condensation and the dew point temperature is measured at RH much lower than column RH. 

The sensor-derived column RH associated with each growth factor is the average over that 

diameter duration, and is denoted as 𝑅𝐻(𝑇, 𝑇𝑑𝑒𝑤). 
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2.3.3 Calibration of RH 

At RH > 90%, uncertainty in the column RH grows large due to accuracy limitations of 

the Rotronic RH sensors. We circumvent this problem by calibrating the instrument RH by 

alternating between organic scans and calibration scans with ammonium sulfate. The 

calibration scans are performed roughly every 20 minutes. The Extended Aerosol Inorganic 

Model (E-AIM) (Clegg et al., 1998; Wexler and Clegg, 2002) is used to model the expected 

growth factor versus RH for a particular dry diameter, 𝑔𝑓(𝑅𝐻, 𝐷𝑑). This relationship is 

inverted to determine the RH from the observation and is denoted as 𝑅𝐻(𝑔𝑓, 𝐷𝑑). 

Ammonium sulfate has been used as a calibration standard before, for CCN studies (Snider et 

al., 2006; Rose et al., 2008; Christensen and Petters, 2012) and also to define RH for optical 

tweezer experiments (Hanford et al., 2008). The uncertainty in the ammonium sulfate 

osmotic coefficient data underlying the E-AIM model is ±0.01 (Clegg, 2007) and is neglibile 

relative to uncertainties from the resolution of the growth factor measurement. 

Figure 2.2 shows the tradeoff between the uncertainty in the sensor-derived and 

calibrated RH, denoted as Δ𝑅𝐻(𝑇, 𝑇𝑑) and Δ𝑅𝐻(𝑔𝑓, 𝐷𝑑), as a function of instrument RH. 

𝑅𝐻(𝑇, 𝑇𝑑𝑒𝑤) is precise to ~±1% in absolute units, as determined from the manufacturer 

specifications. The precision in 𝑅𝐻(𝑔𝑓, 𝐷𝑑) is determined by the E-AIM modeled slope of 

the ammonium sulfate growth factor with respect to RH and by the uncertainty in the 

measured ammonium sulfate growth factor estimated from the DMA transfer function. 

Specifically, Δ𝑅𝐻(𝑔𝑓, 𝐷𝑑) is derived from the uncertainty in growth factor, Δ𝑔𝑓, combined 

with the slope of the aforementioned line. Figure 2.2 shows that Δ𝑅𝐻(𝑔𝑓, 𝐷𝑑) are larger at 

low RH than at high RH, which is due to the relative lack of sensitivity of 𝑔𝑓 on RH at low 
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RH. Above RH ~90%, 𝑅𝐻(𝑔𝑓, 𝐷𝑑) becomes rapidly more precise than 𝑅𝐻(𝑇, 𝑇𝑑𝑒𝑤). We 

therefore use 𝑅𝐻(𝑔𝑓, 𝐷𝑑) at RH ≥ 90% and 𝑅𝐻(𝑇, 𝑇𝑑𝑒𝑤) at RH < 90% to calibrate the 

humidity in our instrument. 

Values of 𝑅𝐻(𝑔𝑓, 𝐷𝑑) are only defined at the time coinciding with the peak of the 

ammonium sulfate scan. We use the following procedure, illustrated in Figure 2.3, to obtain a 

calibrated RH value for each organic growth factor peak, denoted as 𝑅𝐻𝑎. A calibration 

curve is constructed by fitting a line to the relationship between 𝑅𝐻(𝑇, 𝑇𝑑𝑒𝑤) and 

𝑅𝐻(𝑔𝑓, 𝐷𝑑) from the four nearest ammonium sulfate scans (panel D). The fitted relationship 

is used with the instantaneous values of 𝑇 and 𝑇𝑑𝑒𝑤 to compute 𝑅𝐻𝑎. 

2.3.4 System Stability 

Figure 2.3 also illustrates the instrument temperature and RH stability. The three DMA-

II column temperatures are nearly indistinguishable and the spread is < ±0.02°C. The dew 

point temperature, controlled by the water bath temperature, is maintained at a constant offset 

relative to the column temperature. This results in a constant dew point depression and thus 

constant relative humidity. An overnight experiment at low RH resulted in 𝑅𝐻(𝑇, 𝑇𝑑𝑒𝑤) =

41 ± 0.7% (average ±standard deviation, 67 values ranging from 39.1 to 42.8%) and 

negligible change in maleic acid dry growth factors (𝑔𝑓 = 0.99 ± 0.02; average ±standard 

deviation, 32 values ranging from 0.9 to 1.07). 

2.3.5 Shape Factor and DMA Agreement 

Ammonium sulfate restructures upon humidification below its deliquescence RH 

(Biskos et al., 2006; Mikhailov et al., 2009). Irregularities in the dry particles can cause a 

discrepancy between the mobility equivalent and volume equivalent particle diameters. 
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Because growth factors are referenced against the dry volume equivalent diameter, particle 

irregularities may bias the growth factor data. For example, a highly non-spherical particle 

with dry mobility equivalent diameter of 100 nm would have a much smaller volume 

equivalent diameter (e.g., 80 nm). If this particle were to grow hygroscopically by a factor 

1.25 it would be measured as 100 nm wet particle and the detected 𝑔𝑓 would be 1. To 

account for restructuring, a factor is introduced that increases measured growth factors by a 

multiplicative scaling factor 𝑓 (Kreidenweis et al., 2005): 

 

𝑔𝑓 = 𝑓
𝐷

𝐷𝑑,𝑚𝑒
 

𝑓 =
𝜒𝐶𝑐(𝐷𝑑,𝑚𝑒)

𝐶𝑐(𝐷𝑉𝐸)
, 

(2.2) 

where 𝐶𝑐 is the Cunningham slip correction, 𝜒 is the dynamic shape factor, 𝐷𝑉𝐸  is the volume 

equivalent diameter and 𝐷𝑑,𝑚𝑒 is the dry mobility equivalent diameter. This factor subsumes 

any sizing offset between DMAs (Gysel et al., 2009), a dynamic shape factor that converts 

between mobility and volume equivalent diameter (Kaspar, 1982), and void spaces that may 

be present in the particle (Weis and Ewing, 1999; Ciobanu et al., 2010). The factor 𝑓 can be 

found empirically by finding the value for which the measured gf of ammonium sulfate 

agrees best with E-AIM at RH < 80%, where the error in RH is small relative to errors in 

particle sizing. For our setup, 𝑓 = 0.99. This value was consistent between experiments, 

indicating slightly irregular particles, slightly offset DMAs, or both. Previous studies have 

reported 𝜒 ranging between 1.02 and 1.07 for ammonium sulfate particles ranging between 6 

and 500 nm (Biskos et al., 2006; Zelenyuk et al., 2006). For a system with no DMA offset 
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and assuming particles have no void spaces, these 𝜒 values correspond to an equivalent 𝑓 

ranging between 1.01 and 1.035 (Carrico et al., 2008). The sizing offset between two DMAs 

depends on flow calibration and stability, voltage calibration, and precision of DMA 

machining. We checked the sizing and agreement between DMA-I and DMA-II using 

polystyrene nanospheres (102 ±3 nm, Thermo Scientific lot #36489) and the DMAs agreed 

within the uncertainty of this standard. We therefore conclude that our scaling factor of 0.99 

is consistent with expected instrument precision and previously reported dynamic shape 

factors.  

2.3.6 Thermodynamic Variables 

The growth factor and RH data are further reduced to obtain the hygroscopicity 

parameter, osmotic coefficient, and activity coefficient as outlined in Petters et al. (2009) and 

references therein. The measured growth factor, 𝑔𝑓𝑚𝑒𝑎𝑠, is calculated from Equation 2.1. The 

activity of water, 𝑎𝑤, is calculated using 𝐷𝑑, 𝑔𝑓𝑚𝑒𝑎𝑠, and the adjusted 𝑅𝐻𝑎 (or 𝑅𝐻(𝑔𝑓, 𝐷𝑑) 

for ammonium sulfate) following Köhler theory (Kreidenweis et al., 2005): 

 𝑎𝑤 =
𝑅𝐻𝑎

100
(𝑒𝑥𝑝 (

𝐴

𝑔𝑓𝑚𝑒𝑎𝑠𝐷𝑑
))

−1

, (2.3) 

where 𝐴 =
4𝜎𝑠 𝑎⁄ 𝑀𝑤

𝜌𝑤𝑅𝑇
, 𝜎𝑠 𝑎⁄  is the surface tension of the solution-air interface, 𝑀𝑤 is the molar 

mass of water, 𝜌𝑤 is the density of water, and 𝑅 is the universal gas constant. We calculated 

𝐴 at a reference state of 𝑇 =  298.15 K and 𝜎𝑠 𝑎⁄  =  0.072 J m-2, i.e. that of pure water at 

298.15 K (Christensen and Petters, 2012). The hygroscopicity parameter, 𝜅, was calculated 

from 𝑎𝑤 and 𝑔𝑓𝑚𝑒𝑎𝑠 (Petters and Kreidenweis, 2007): 
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 𝜅 =
(𝑔𝑓𝑚𝑒𝑎𝑠

3 − 1)(1 − 𝑎𝑤)

𝑎𝑤
. (2.4) 

The ideal 𝜅, 𝜅𝑖𝑑𝑒𝑎𝑙, was calculated using known constants: 

 𝜅𝑖𝑑𝑒𝑎𝑙 = 𝜈𝑠

𝑀𝑤𝜌𝑠

𝑀𝑠𝜌𝑤
, (2.5) 

where 𝜈𝑠 is the number of dissociable ions per dry solute unit, 𝜌𝑠 is the solute density, and 𝑀𝑠 

is the solute molar mass. The osmotic coefficient, Φ, was calculated using 𝜅 and 𝜅𝑖𝑑𝑒𝑎𝑙 

(Kreidenweis et al., 2005): 

 ϕ =
𝜅

𝜅𝑖𝑑𝑒𝑎𝑙
. (2.6) 

The activity coefficient, 𝛾, was calculated from 𝑔𝑓𝑚𝑒𝑎𝑠, 𝜅𝑖𝑑𝑒𝑎𝑙, and 𝑎𝑤 (Petters et al., 2009):  

 γ = 𝑎𝑤

𝑔𝑓𝑚𝑒𝑎𝑠
3 − 1 + 𝜅𝑖𝑑𝑒𝑎𝑙

𝑔𝑓𝑚𝑒𝑎𝑠 − 1
. (2.7) 

The mole fraction of water is related to the activity coefficient and the activity of water by 

 xw =
𝑎𝑤

𝛾
. (2.8) 

2.3.7 Precision 

Figure 2.4 shows the histograms of particle number concentration versus size for glucose 

and for ammonium sulfate. The bin width is determined by the sheath:sample flow ratio and 

the theoretical transfer function from theory. Because the diameter bins were spaced such 

they do not overlap, growth factor distributions should spread across two bins. This is 

expected because the DMA-II bin resolution is similar to that of DMA-I – although the dry 

distribution shifts by some factor 𝑔𝑓 it should straddle at most two DMA-II diameter bins. 

Our data show some broadening beyond this expectation (which also occurred for dry scans), 
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suggesting that the ideal transfer function is a lower estimate for our setup. Deviations from 

the ideal transfer function can occur due to maldistribution of aerosol in the inlet, turbulence, 

imperfections in the electrode geometry, and factors that may distort the flow or electric 

fields (Flagan, 1999). We believe that we operate our DMA at the upper limit of 

sheath:sample flow ratio, thus explaining the deviation from ideal DMA theory. 

The growth factor peak cannot be resolved more precisely than the diameter bin width, 

and this precision limit propagates to uncertainty in 𝑅𝐻𝑎 at RH > 90%. Further, uncertainty 

in 𝑅𝐻𝑎 and in the measured organic growth factor limits the precision of the thermodynamic 

variables that can be determined with the setup presented here. Figure 2.5 contours the 

maximum percent error in Φ as a function of 𝑅𝐻𝑎 and the organic 𝜅 value. The percent error 

was derived from the maximum deviation in 𝜅 derived from the extremes in 𝑔𝑓 and RH from 

the width of the transfer function at the organic diameter and at the diameter of the 

calibration ammonium sulfate aerosol. From this analysis we expect that better than ±20% 

precision for organic compounds of 𝜅 > ~0.03 for RH > 90% is theoretically achievable.  

2.4 Results 

2.4.1 Glucose 

Figure 2.6 shows hygroscopic growth factors measured for glucose up to an RH of 

98.9% along with the 𝜅, Φ, and 𝛾 values for this data. The ammonium sulfate calibration data 

are included as solid symbols, with a line indicating the values modeled by E-AIM.  At RH > 

90%, the ammonium sulfate data are forced to the E-AIM line as part of the calibration. The 

agreement between measured and modeled ammonium sulfate at RH < 90% shows that the 

data are not biased. 
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2.4.2 Margules Model 

The Margules equation (Equation 2.9; Prausnitz et al., 1999; Petters et al., 2009) was fit 

to 𝛾 and 𝑥𝑤 using a trust-region-reflective algorithm (Coleman and Li, 1996) to determine 

the parameters 𝛼𝑖 and 𝛽𝑖: 

 lnγ = ∑ 𝛼𝑖(1 − 𝑥𝑤)𝛽𝑖

𝑖=1

. (2.9) 

The Margules parameters were derived because they can be directly ingested by models 

such as E-AIM (e.g., Clegg et al., 1992; Clegg et al., 2003). The Margules fit parameters for 

glucose were 𝛼 = -0.3264, 𝛽 = 1.2676. This model is included in Figure 2.6 in all panels as a 

dark solid line. Comparison to bulk measurements by Miyajima et al. (1983) obtained with 

the isopiestic method (Figure 2.6, black dotted line), together with the observation that our 

data approach Φ = 1 at high RH indicates that the data are unbiased. The ±20% scatter at 

high RH is consistent with the expected instrument precision (see Figure 2.5). 

2.4.2 Maleic Acid 

Figure 2.7 shows hygroscopic growth factors for maleic acid up to an RH of 98.0%. The 

grey shaded area indicates the range reported for the same compound by Clegg and Seinfeld 

(2006). We point out that Φ > 1 is expected for maleic acid at infinite dilution due to 

dissociation of the acid (e.g., Figure 6 in Clegg and Seinfeld, 2006). This effect, however, is 

smaller than the ±20% precision achievable with our method and thus is unresolved here. 

The Margules model is plotted in all panels as a black line, and the Margules fit parameters 

were 𝛼 = 1.2883, 𝛽 = 2.7818. 
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2.5 Discussion and Conclusions 

We have demonstrated an HTDMA technique capable of measuring hygroscopic growth 

factors of metastable solutions. This technique results in unbiased water activity coefficients, 

precise within ±20%. Our choice of compounds was limited to nearly spherical particles that 

are non-volatile, do not alter surface tension, and do not exhibit kinetic limitations to 

hygroscopic growth. These assumptions may not always hold. For example, Mikhailov et al. 

(2009) found that oxalic acid, although it has a low vapor pressure, may evaporate during 

processing. The passage between humidification and size distribution measurement is short, 

making kinetic limitations to water uptake a concern. However, shorter residence times also 

minimize potential biases due to volatility between the DMAs. The presence of surfactants 

may bias the inferred water activity via Equation 2.3. In this case a more sophisticated theory 

that accounts for the radial surfactant partitioning within the droplet (Li et al., 1998; 

Sorjamaa et al., 2004; Petters and Kreidenweis, 2012) may be needed to accurately infer 

water activity from growth factor data. We also assumed that the same scaling factor (i.e., 

dynamic shape factor) applies to the organic compounds and the ammonium sulfate. An 

offset in the two scaling factors could bias our data, although this offset may be noticeable if 

Φ does not approach 1 at infinite dilution. The calculation of Φ and 𝛾 relies on known molar 

mass, density, and number of dissociable ions. Without this knowledge of particle 

composition, ideal behavior is unknown and only growth factor and 𝜅 can be determined. 

The presented HTDMA method has the advantage over optical methods (Wex et al., 

2005; Ruehl et al., 2010) of being able to examine the growth factor of particles in the 30 to 

200 nm size range. Unlike optical methods, the HTDMA method does not require input of 
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the refractive index and can measure growth factors for strongly absorbing aerosol such as 

black carbon.  

This instrument is subject to limitations in particle size and scan time stemming from the 

geometry of the DMA columns and from the tradeoff between instrument precision and 

speed. The upper limit of voltage applied to DMA-II is 10 kV and sets the highest humidified 

particle diameter near 1 µm. The upper dry diameter limit depends on the hygroscopicity of 

the reference material for RH calibration and the highest desired RH. For the ammonium 

sulfate system, gf=4 corresponds to RH = 99.7%. Therefore 200 nm dry particles can be used 

to characterize an aerosol that is less hygroscopic than ammonium sulfate. The instrument 

features conflicting design criteria for temporal vs. RH resolution. Precision is determined by 

the spacing of the diameter bins and thus the sheath:sample flow ratio. In principle, the 

minimum sampling time per bin is determined until a threshold count is received by the CPC. 

For a faster DMPS scan, some size resolution must be sacrificed.  
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2.7 Figures 

 

 

 

 

 

Figure 2.1. Schematic of the instrument setup. 
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Figure 2.2. Top panel: Ammonium sulfate growth factor as a function of RH, modeled by E-

AIM. Vertical grey lines near the bottom left and the top right show 2 × Δgf, the uncertainty 

in growth factor from the DMA-II diameter resolution. Horizontal black lines show 2 ×

Δ ( , ) , the uncertainty in RH from the ammonium sulfate calibration. Dotted (red) 

lines show uncertainty in the RH sensor (±1%). Middle panel: Growth factor uncertainty as a 

function of RH, taking into account the DMA transfer function diameter dependence and 

ammonium sulfate hygroscopic growth RH dependence. Bottom panel: Uncertainty in 

( , )  compared to uncertainty in ( , ) . 
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Figure 2.3. Panel A: Timeseries of humidified growth factor peaks averaged over diameter 

bins for ammonium sulfate (grey (blue online)) and glucose (black). Panel B: Timeseries of 

three exterior DMA-II column temperatures (black) and two inline sheath flow dew point 

temperatures (grey (red online)). Panel C: Timeseries of ( , ) (black), ( , )  

(grey circles (blue online)),  (black circles). The black square corresponds to peak “a” in 

Panel A and is calibrated by ammonium sulfate scans 1 through 4. Panel D: Comparison of 

( , )  and ( , ) . Numbers correspond to the numbered peaks in Panel A. Each 

 is calibrated by a best-fit line through four closest ammonium sulfate scans (black 

square). 

  

96

97

98

(C) RH [%]

23

24
(B) Temperature [˚C]

0

5

10
(A) NCN [×100 cm-3]

RH(gf, Dd) RHa

RH(T, Tdew)

T

Tdew

0 10 20 30 40 50 60
time [min]

96 97

96

97

98

RH(T, Tdew) [%]

1

2

3
4

a

98

R
H

(g
f, 

D
d)

 [
%

]

(D) RH calibration
a. glucose

1. (NH4)2SO4

2
3

4



 

63 

 

Figure 2.4. Example histograms of particle number concentration versus size for glucose 

(left) and ammonium sulfate (right), with the diameter bin edges from the DMA-II transfer 

function denoted below. The dry diameter for these growth factors was 100 nm. 

Concentrations at diameters beyond the bins shown were zero. 
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Figure 2.5. Contours of uncertainty in  obtained using the uncertainty in calibrated RH and 

the uncertainty in measured organic growth factor. Uncertainty is taken to be half the range 

between maximum and minimum , expressed as a percent and denoted on the contour lines. 
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Figure 2.6. Hygroscopic growth factor data for glucose (dark open circles), ammonium 

sulfate calibration (light solid circles), and glucose from Miyajima et al. (1983) (black dashed 

line). The dark solid line shows the Margules equation fit to the data (Equation 2.9;  = -

0.3264,  = 1.2676), and the light solid line shows the E-AIM model. The ammonium sulfate 

data are forced to the E-AIM line below 90% RH. The first panel shows hygroscopic growth 

factor (Equation 2.1), the second shows the hygroscopicity parameter  (Equation 2.4), the 

third shows the osmotic coefficient  (Equation 2.6), and the fourth shows the activity 

coefficient  (Equation 2.7).  

 

 

Figure 2.7. Hygroscopic growth factor data for maleic acid (black open circles), similar to 

Figure 2.6. The shaded area shows the extent of the data from Clegg and Seinfeld (2006). 
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3 INFLUENCE OF FUNCTIONAL GROUPS ON CCN ACTIVITY 

Preface 

Organic aerosols continuously age in the atmosphere, becoming more oxygenated, more 

highly functionalized, and more hygroscopic. Aerosols that are large enough to affect climate 

and small enough not to settle gravitationally are mainly removed by serving as CCN. 

Predicting the CCN activity of atmospheric organic aerosols is challenging because they are 

composed of a myriad of different compounds which are subject to chemical evolution in the 

atmosphere. Models of chemical evolution in the atmosphere, mechanistic studies of aerosol 

oxidation pathways using environmental chambers, and field studies measuring gas or 

aerosol composition via mass spectrometry provide insight to the composition of organic 

precursors and aerosols. In this work the relationship between molecular functional groups 

and aerosol CCN activity is probed using compounds varying only the functional group 

identity and location and the carbon chain length. These compounds were synthesized by gas 

or liquid phase reactions, purified by high precision liquid chromatography, and verified 

using thermal desorption particle beam mass spectrometry. The major finding is that 

hygroscopicity of organic aerosols is primarily controlled by the hydroxyl (-OH) and 

methylene (-CH2-) functional groups, which promote and demote solubility, respectively. 

The implication of this is that the strong correlation between the atomic O:C ratio and 

hygroscopicity may be driven by daytime oxidation by hydroxyl radicals. The nitrate (-

ONO2) functional group does not promote hygroscopicity, despite the relatively large 

increase in the O:C ratio with the addition of nitrate. One implication is that nighttime 

oxidation by nitrate radicals may not increase hygroscopicity, and the progression toward 
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higher hygroscopicity and eventual removal of organic compounds pauses during the dark 

hours. Furthermore this work links hygroscopicity directly to molecular properties. Models 

of chemistry in the atmosphere often treat organic aerosol in categories by functionality, and 

a few simulate reaction pathways explicitly in terms of the exchange of functional groups. 

Thus the link between molecular functional groups and hygroscopicity is highly useful for 

combining existing frameworks with aerosol CCN activity.  

Author contributions: This work was a collaboration between North Carolina State 

University, University of California Riverside, and Colorado State University. Markus D. 

Petters, Paul J. Ziemann, and Sonia M. Kreidenweis designed the research. Geoffrey K. Yeh, 

Christen Strollo, Aiko Matsunaga, and Paul J. Ziemann conducted the environmental 

chamber, liquid chromatography, and mass spectrometry experiments. Ryan C. Sullivan 

measured some of the CCN spectra. The authors thank April Ranney for her help with 

synthesizing some of the compounds and Mary Gilles for discussion of the results. All 

authors contributed to conducting the measurements and interpreting the data. SRS and MDP 

wrote the manuscript. This research was funded by the Department of Energy, Office of 

Biological and Environmental Sciences via Grant DESC0006633.  

Corrections: The reference to Yamamoto et al. (2007) on page 75 is wrong. It was 

Lambe et al. (2011) who pointed out that there seems to be a maximum  ~0.30 after which 

increasing O:C does not increase .   
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Abstract 

Organic aerosols in the atmosphere are composed of a wide variety of species, reflecting 

the multitude of sources and growth processes of these particles. Especially challenging is 

predicting how these particles act as cloud condensation nuclei (CCN). Previous studies have 

characterized the CCN efficiency for organic compounds in terms of a hygroscopicity 
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parameter, kappa. Here we extend these studies by systematically testing the influence of 

number and location of molecular functional groups on the hygroscopicity of organic 

aerosols. Organic compounds synthesized via gas-phase and liquid-phase reactions were 

characterized by high performance liquid chromatography coupled with scanning flow CCN 

analysis and thermal desorption particle beam mass spectrometry. These experiments 

quantified changes in kappa with the addition of one or more functional groups to otherwise 

similar molecules. The increase in kappa per group was ranked hydroxyl >> carboxyl > 

hydroperoxide > nitrate >> methylene, where nitrate and methylene produced negative 

effects; hydroperoxide and nitrate groups produced the smallest absolute effects. Our results 

contribute to a mechanistic understanding of chemical aging and will help guide input and 

parameterization choices in models relying on simplified treatments such as the atomic 

oxygen-to-carbon ratio to predict the evolution of organic aerosol hygroscopicity. 

3.1 Introduction 

Organic aerosols (OA) are an important contributor to submicron aerosol mass. The 

presence of OA in the atmosphere negatively impacts human wellbeing (Dockery et al., 

1993; Gaschen et al., 2010), reduces visibility (Groblicki et al., 1981; Malm et al., 1994), and 

alters the global radiative balance (Twomey, 1974). Atmospheric OA lifetime and the 

magnitude of the effect of OA on climate are closely tied to the particles’ ability to serve as 

cloud condensation nuclei (CCN) (Heintzenberg, 1989; Raes et al., 2000; Kanakidou et al., 

2005). Freshly emitted OA generally consists of weakly oxidized and thus hydrophobic 

hydrocarbon chains (Broekhuizen et al., 2004; Zhang et al., 2007; Aiken et al., 2008). In the 

atmosphere these compounds age and evolve by functionalization, fragmentation and 
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oligomerization to form hydrophilic compounds on timescales from hours to days (Kroll and 

Seinfeld, 2008; Ziemann and Atkinson, 2012). Current modeling approaches parameterize 

this conversion using empirical correlations between the atomic oxygen-to-carbon (O:C) 

ratio and observed hygroscopic growth factors (Jimenez et al., 2009) or CCN activity (Chang 

et al., 2010; Lambe et al., 2011) expressed in terms of the hygroscopicity parameter, . This 

approach is attractive because it simplifies the complex links between hygroscopicity, 

solubility in water, surface tension and molecular functional group composition (Petters and 

Kreidenweis, 2007, 2008, 2013). However, a recent study by Rickards et al. (2013) and a 

compiled body of experimental data summarized in the supporting information (Figure 3.S1) 

show that the CCN activity for single component organic aerosols cannot be explained by the 

current O:C approach. This discrepancy highlights the need for a more mechanistic 

understanding of the role OA oxidation plays in converting aerosol from CCN inactive to 

CCN active. 

Here we present findings from a new approach to probe the influence of OA oxidation 

state on CCN activity. Our approach combines molecular synthesis of model compounds, 

similar to those present in the atmosphere but not commercially available, with high 

performance liquid chromatography coupled to scanning flow CCN analysis (Suda et al., 

2012). By designing synthetic model compounds we were able to extend studies (Frosch et 

al., 2010) that vary only the type and location of a single functional group thus allowing 

quantification of changes in  with the addition of one or more functional groups to 

otherwise similar molecules. Experimental results reported in this paper demonstrate that the 

effect of adding hydroxyl groups to the carbon chain far exceeds that of carboxylic acid, 
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hydroperoxide-ether, and nitrate groups. This finding suggests that whether the oxidation 

mechanism is initiated by OH, O3, or NO3 plays an important role in determining the 

hydrophobic-to-hydrophilic conversion timescale. This finding may further explain a 

multitude of observations demonstrating that organic compounds begin the conversion from 

hydrophobic to hydrophilic at surprisingly low O:C ratios ranging from 0.03 to ~0.2 

(Jimenez et al., 2009; Chang et al., 2010; Massoli et al., 2010; Cappa et al., 2011; Lambe et 

al., 2011; Harmon et al., 2013). 

3.2 Materials and Methods 

Five functional groups were targeted in this study: hydroxyl (-OH), hydroperoxide-ether 

(-C(OOH)-O-), carboxylic acid (-C(=O)OH), nitrate (-ONO2) and methylene (-CH2-). These 

five functional groups were varied using hydroperoxides and hydroxynitrates as basic 

molecular building blocks. We first discuss the synthesis of these compounds followed by a 

description of the CCN analysis. Hydroperoxides with varying numbers of hydroperoxide-

ether and carboxylic acid groups were synthesized in the liquid phase using ozonolysis; 

hydroxynitrates with varying numbers of hydroxyl and nitrate groups and a second set of 

hydroperoxides with varying numbers of methylene groups were synthesized in 

environmental chambers as secondary organic aerosol (SOA) via gas phase reactions. The 

structures of these and similar compounds are generally well established from the reaction 

mechanisms, and have also been characterized in our previous studies using various 

combinations of HPLC (for separation and/or purification), thermal desorption particle beam 

mass spectrometry, electrospray ionization mass spectrometry, and NMR (Bailey, 1958; 

Tobias and Ziemann, 2000; Matsunaga and Ziemann, 2009; Matsunaga and Ziemann, 2010a; 
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Kames et al., 1993; Gong et al., 2005; Ziemann, 2005). Procedures that were used to assign 

molecular structures to measured  are provided in the supporting information.  

The first set of hydroperoxides was generated from the reaction of 1-alkenes (Tobias and 

Ziemann, 2000), alkenoic acids and dienes with O3 in the liquid phase. Liquid-phase 

synthesis was used because the products of interest are formed in high yields (Bailey, 1958; 

Tobias and Ziemann, 2000) and large amounts could easily be generated. Scheme 3.1 

summarizes the three synthetic reaction mechanisms and the resulting model compounds. A 

full list of experiments is included in the supporting information (Table 3.S1). Ozone was 

bubbled through a liquid solution of 5:500:4500 by volume alkene/alcohol/acetonitrile, with 

the moles of ozone added being approximately the same as the moles of alkene present. The 

ozone adds to the C=C double bond of the alkene to form a primary ozonide (Scheme 3.1-2) 

that rapidly decomposes by cleavage of the C–C bond and one of the O–O bonds to form a 

pair of functional groups: an aldehyde (–C(=O)H) and excited carbonyl oxide (–C(OO)H), 

which is also referred to as an excited Criegee intermediate (ECI) (Scheme 3.1-3). For Cn  

1-alkenes four monofunctional products are formed consisting of Cn-1 and C1 aldehydes and 

ECIs. For Cn 1,n-dienes three Cn-2 bifunctional products are formed: one with two aldehyde 

groups, one with two ECI groups, and one with an aldehyde and ECI group, all located at 

opposite ends of the molecule, in addition to C1 aldehydes and ECIs. In all cases the ECI 

groups undergo almost complete stabilization due to collisions with solvent molecules to 

form stabilized Criegee intermediates (SCIs) (Scheme 3.1-4) (Bailey, 1958), which then react 

with the large excess of alcohol to form -alkoxyhydroperoxides (Scheme 3.1, 1-5). Volatile 
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products such as aldehydes and reaction products of the C1 SCI evaporated from the solution 

when it was atomized for aerosol formation as described below. 

A second set of hydroperoxides was generated in an environmental chamber by 

ozonolysis of 1-alkenes in the gas phase (Scheme 3.1) (Tobias and Ziemann, 2001). These 

experiments were performed in a 1.7 m3 FEP Teflon film environmental chamber 

(Matsunaga and Ziemann, 2010b) that was operated at 25 °C and atmospheric pressure. 

Reactants were added in proportions 0.3:10:700 ppmv 1-alkene/(methanol or 

propanol)/cyclohexane and reacted with 0.7 ppmv O3. The O3/alkene ratio was sufficiently 

high to break all double bonds. Sampling was performed ~10 min after the addition of O3 and 

measurements were completed after ~1 hr. Cyclohexane scavenged OH radicals, which were 

not formed in liquid-phase reactions described above, and air molecules stabilized a 

significant fraction of the ECIs. A trace amount of -caryophyllene was added with reactants 

to produce seed aerosol by rapid ozonolysis and homogeneous nucleation of the reaction 

products (Prenni et al., 2009; Suda et al., 2012). This shifted the particle size distribution in 

order to facilitate generation of a sufficient number of particles for analysis (Prenni et al., 

2009; Suda et al., 2012). The expected average contribution of seed mass to total mass was 

less than 1% (Suda et al., 2012). As with the liquid-phase ozonolysis, SCI reacted solely with 

the excess alcohol to form -alkoxyhydroperoxides (Scheme 3.1, 1-5 A), which subsequently 

condensed to form SOA. The SOA formed by this method is comprised almost entirely of  

Cn-1 -alkoxyhydroperoxides, with a small fraction of Cn-1 carboxylic acid formed by the 

isomerization of the Cn-1 ECI (Tobias and Ziemann, 2000; Suda et al., 2012). 
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Hydroxynitrates were synthesized in the gas phase from the OH radical-initiated reaction 

of 2-methyl-1-alkenes in the presence of NOx (Matsunaga and Ziemann, 2009; Matsunaga 

and Ziemann, 2010a). Scheme 3.S1 in the Supporting Information shows the reaction 

mechanism. One ppmv of C10–C15 2-methyl-1-alkene precursor with 10 ppmv of both 

CH3ONO and NO were introduced into a 7 m3 PTFE Teflon environmental chamber (Gong 

et al., 2005) at room temperature and pressure and irradiated with a bank of UV blacklights 

(max ∼ 360 nm) for 6 minutes. Hydroxyl radicals were produced from photoloysis of 

CH3ONO in the presence of excess NO, which suppresses O3 and NO3 radical formation 

(Atkinson et al., 1981). SOA formed from OH oxidation products was then collected on 

Teflon filters, extracted in ethyl acetate, and the ethyl acetate was then evaporated under 

vacuum. The major products are -hydroxynitrates, dihydroxynitrates, trihydroxynitrates, 

and multifunctional hydroxycarbonyls (Matsunaga and Ziemann, 2009; Matsunaga and 

Ziemann, 2010a). Products are identified by HPLC retention time (discussed further in the 

supporting information). A fraction of the mixture was set aside for immediate CCN analysis, 

as described below. The other fraction was further reacted with N2O5 in a vacuum rack to 

convert hydroxyl groups to nitrate groups via the reaction C–OH + N2O5  C–ONO2 + 

HNO3 (Kames et al., 1993). The sample was extracted again, dried in a stream of N2, and 

reconstituted with 1 mL ethyl acetate per mg sample.  

Finally, complex SOA mixtures containing nitrate moieties were generated in the gas 

phase by reacting selected C7 to C14 linear, cyclic, and branched alkenes with NO3 radicals 

formed from the thermal dissociation of N2O5. In these reactions NO3 radicals add to the 

C=C double bond to form -nitrooxyperoxy radicals that subsequently undergo self-reactions 
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and reactions with NO3 and NO2 to form a complex mixture of multifunctional nitrates that 

contain hydroxyl and carbonyl groups in addition to the nitrate groups (Gong et al., 2005). 

These experiments were conducted in a 1.7 m3 environmental chamber (Matsunaga and 

Ziemann, 2010b); materials used and synthesis of chemicals required to perform all of the 

reactions described above were identical to those reported in previous work (Tobias and 

Ziemann, 2001; Gong et al., 2005; Matsunaga and Ziemann, 2009; Matsunaga and Ziemann, 

2010a).  

Two types of CCN analysis were performed. Liquid samples from the first set of 

hydroperoxide synthesis and filter extracts from chamber experiments were separated by 

high performance liquid chromatography (HPLC) and characterized with scanning flow CCN 

analysis (Suda et al., 2012). SOA formed in the environmental chamber from the reactions of 

O3 and NO3 radicals with alkenes was sampled directly from the chamber for analysis using 

size-resolved CCN analysis (Petters et al., 2009a).  

The HPLC-CCN setup was similar to that used previously (Suda et al., 2012). The 

HPLC employed reversed-phase gradient elution of acetonitrile and water with a Zorbax 5 

m Eclipse XDB-C18 column and a guard column. Atomized eluate passed through a 

charcoal denunder and silica gel dryer to remove solvents before being charge neutralized by 

a 210Po neutralizer (Russell et al., 1996) (Aerosol Dynamics Inc. Model 100). The aerosol 

was then size selected by a DMA (TSI 3071) and split between a CPC (TSI 3771) and a CCN 

counter (DMT) operated in scanning-flow mode (Moore and Nenes, 2009). A constant Dd 

was selected for each supersaturation scan such that CCN activation was observed. Flow 

through the CCN counter was pulled by an external pump through a proportional valve. The 
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flow scan cycle was reduced to 30 s (6 s hold, 24 s upscan) such that more than one 

activation curve was acquired during the 1–3 minute elution of each chromatographic peak.  

Figure 3.1 shows an example HPLC chromatogram excerpt. Each peak corresponds to 

2–3 CCN activation spectra, which are plotted below the chromatogram. Samples from liquid 

synthesis or SOA extracts were divided to allow for multiple HPLC injections and the 

reported  values represent the average of 3–4 injections. Data pairs of sc and Dd derived 

from individual scans and averaged  values are tabulated in the supporting information 

(Tables S1–S2). The assignment of peaks to compounds is described further in the supporting 

information.  

Size resolved CCN activation spectra were measured with a setup similar to that of 

Petters et al. (2009a). The aerosol was size selected with a differential mobility analyzer 

(DMA; TSI 3071) and the flow was split between a condensation particle counter (CPC; TSI 

3010) and a continuous-flow CCN counter (Roberts and Nenes, 2005) (Droplet 

Measurements Technologies) held at a fixed water vapor supersaturation (sc). Spectra were 

inverted to correct for multiple charges (Petters et al., 2009a) to find the diameter where 50% 

activation occurred. Although this method was slightly more accurate than the scanning flow 

method, it was slower, thus precluding its use in the HPLC-CCN analysis described above. A 

complete list of measurements performed in this manner is provided in the supporting 

information (Tables S3–S4).  

Calibration of the CCN instrument supersaturation for all experiments was achieved with 

ammonium sulfate aerosol using the relationship between water activity and dilution from the 

Extended Aerosol Inorganics Model (Clegg et al., 1998) (E-AIM). Calibration procedures of 
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the diameter dependent and scanning flow CCN techniques are further described by 

Christensen and Petters (2012) and Suda et al. (2012), respectively. Supersaturation inferred 

from diameter scans typically fluctuates ±10% (Christensen and Petters, 2012). Flow scans 

from 0.2 to 1.2 L min-1 corresponded to supersaturation 0.17 to 1.16%. The uncertainty in 

supersaturation assignment during flow scans was evaluated from the calibration and is 

±20%.  

Paired Dd and sc were used to calculate the apparent hygroscopicity parameter, , at a 

standard state of T = 298 K and  = 72 mJ m-2 (Petters and Kreidenweis, 2007; Christensen 

and Petters, 2012). Temperature (T) and surface tension () are assumed to be constant and 

the resulting “apparent ” is used because it facilitates comparison between the relative 

ability of different compounds to promote CCN activity. The relative uncertainty in  

estimated from the supersaturation fluctuations is ±20 and ±40% for the size-resolved and 

flow-scan method, respectively. The minimum  that can be resolved is determined by the 

maximum s (~ 1%) and Dd (~ 400 nm), corresponding to activation properties that are worse 

than insoluble but wettable particles described by  = 0.  

3.3 Results and Discussion  

Figure 3.2 shows the changes in CCN efficiency for molecules as a function of type and 

location of functional groups, arranged by decreasing dlog10()/dni where n is the number of 

functional groups of type i. Tabulated values for  and the slopes dlog10()/dn and 

dlog10()/d(O:C) are provided in the supporting information (Table 3.S5). A change of more 

than two orders of magnitude in  was observed for the addition of two hydroxyl groups to 
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C10 through C15 hydroxynitrates (panel A). We note that C10 through C12 -hydroxynitrates 

were too volatile for measurement although the corresponding di- and trihydroxynitrates 

were captured. The effectiveness of hydroxyl groups in facilitating hydration is also well 

known from water adsorption on metals (Yamamoto et al., 2007) or metal oxides (Ketteler et 

al., 2007; Yamamoto et al., 2010; Newberg et al., 2011; Kendelewicz et al., 2013). Results 

for C14 hydroperoxides with and without a terminal carboxyl group (panel B) show that the 

carboxyl group tends to increase a molecule’s  and that this trend systematically varies with 

the location of the hydroperoxide group. For hydroperoxides formed from 1-alkenes and 

alkenoic acids (panel B), compounds with the hydroperoxide group closer to the center of the 

molecule (indicated by the numbers 1–5 corresponding to structures in the supporting 

information, Table 3.S1) have slightly higher  than compounds with the hydroperoxide 

group closer to the end of the molecule. This observation is consistent with the theory that 

polar functional groups increase a molecule’s affinity for water more effectively when they 

are located nearer the molecule center (Schwarzenbach et al., 1993). The difference between 

these isomers is relatively small and close to the uncertainty limit that our method can 

resolve reliably. Such small differences are unlikely to result in significant differences in the 

CCN activity of a complex OA mixture in the atmosphere. Adding a second hydroperoxide 

group also increased  (panel C), although to a lesser extent than that of carboxyl groups.  

Increasing the number of nitrate groups (panel D) led to a slight decrease in , which is 

expected due to the low solubility of organic nitrates (Boschan et al., 1955) and consistent 

with the environmental chamber experiments in which additional nitrates were generated 
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(Table 3.S4). With the exception of the cycloctene reaction, SOA formed in this manner 

proved to be CCN inactive for particles having Dd < 400 nm at sc = 0.78%.  

Hydroperoxides formed with a range of carbon numbers from chamber reactions (panel 

E) exhibited a decrease in  by one order of magnitude upon addition of 8 methylene (-CH2-) 

groups. For reactions in which methanol is used as the SCI scavenger, the hydroperoxide 

group is closer to the end of the carbon chain than when propanol is used. When comparing 

molecules with identical carbon chain lengths, those with hydroperoxide groups closer to 

center of the molecule show systematically larger  values. This effect agrees with and is 

similar in magnitude to the results for hydroperoxides with a terminal carboxyl group (panel 

B).  

Figure 3.3 shows  for molecules as a function of their O:C ratios. These ratios were 

calculated from the molecule structures. For molecules with different numbers of hydroxyl or 

methylene groups, there is a strong trend of increasing  with increasing O:C, consistent with 

previous observations (Jimenez et al., 2009; Chang et al., 2010). We point out that there is 

likely an upper limit of  ~0.3 beyond which OA  cannot increase (Yamamoto et al., 2007), 

suggesting that empirical O:C vs.  relationships need to be capped. Furthermore, the other 

systems (corresponding to panels B–D in Figure 3.2) show no or only a slight increase in  

with O:C. Most of these compounds have  < ~0.02 and we consider those as effectively 

CCN inactive. Many of the empirical O:C vs.  relationships in the literature are built from 

aerosol mass spectrometer data. Those measurements typically do not include nitrate groups 

in the estimates of O:C ratios because of analytical difficulties (Farmer et al., 2010), and thus 
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underestimate the O:C ratio of the organic fraction of aerosol. To compare our data to aerosol 

mass spectrometer data, we simulated this artifact by recalculating the O:C ratio for nitrate-

containing compounds assuming only one O per ONO2 group (similar to loss of NO2 in an 

aerosol mass spectrometer). The scatter between O:C and  is reduced when our data are 

recast in this manner (Figure 3.S2), although significant spread remains. Furthermore, the 

transition from low  to high  begins at O:C < 0.2.  

At the process level,  is intrinsically determined by the size of the organic molecule, i.e. 

its molecular volume (Petters et al., 2009b), but this “intrinsic ” (also known as ideal or the 

Raoult term in an ideal Köhler curve (Seinfeld and Pandis, 2006; Suda and Petters, 2013)) 

can be suppressed if the compound is not sufficiently soluble in water (Petters and 

Kreidenweis, 2008, 2009c). Sufficiently soluble compounds are those that activate in 

accordance with intrinsic  with small deviations due to solution non-ideality (Petters et al., 

2009c) and surface tension depression (Petters and Kreidenweis, 2013). Insoluble and 

sparingly soluble compounds must undergo a solubility-controlled phase transition prior to 

CCN activation. For sparingly soluble compounds the resulting  is strongly dependent on 

the actual solubility (Petters and Kreidenweis, 2008; Sullivan et al., 2009; Christensen and 

Petters, 2012), typically falling into the  = 0.01 to 0.001 range (Petters et al., 2009c). Given 

these controls on , the conversion from low to high  due to the addition of functional 

groups corresponds to the conversion of a molecule from insoluble to sufficiently soluble in 

water (Kuwata et al., 2013; Harmon et al., 2013). Compounds close to that transition will 

require only 1–2 additional functional groups to dramatically age from a solubility-limited  
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to an intrinsic  determined by molecular volume, which typically exceeds 0.1 for molecules 

that have fewer than 15 carbon atoms. Figure 3.2 shows that measured ’s approach the 

intrinsic  estimated from molecular volume (Endnote 1), which is consistent with such a 

transition. Note that for sparingly soluble compounds the dry particle diameter also 

influences the apparent  due to its effect on deliquescence (Petters and Kreidenweis, 2008). 

In this study the particle diameter was dictated by experimental constraints and not varied 

systematically. Some of the observed trends could be masked or magnified if different sizes 

were used. Despite this limitation, the results clearly demonstrate that the degree of 

functionalization required to bring a molecule close to this solubility transition range depends 

on the carbon chain length and type of functional group.  

Evidence from prior OA aging studies (Jimenez et al., 2009; Chang et al., 2010; Massoli 

et al., 2010; Cappa et al., 2011; Lambe et al., 2011; Harmon et al., 2013) clearly 

demonstrates that the low to high  transition starts at mass spectrometer derived O:C ratios 

< 0.2 and is complete at O:C ~0.5. However, pure adipic acid (HOOC-(CH2)4-COOH, O:C = 

0.66) and larger dicarboxylic acids are not sufficiently soluble and thus cannot express their 

intrinsic  (Hori et al., 2003; Bilde and Svenningsson, 2004; Christensen and Petters, 2012; 

Kuwata et al., 2013). For example, the observed apparent  for adipic acid is 0.001 <  < 

0.01 (Christensen and Petters, 2012). Counterexamples such as adipic acid highlight the need 

for a mechanistic explanation for the empirically derived close association between O:C and 

 The relative tightness of the observed empirical O:C vs.  relation from field studies 

superimposed in Figure 3.3 is surprising since the O:C statistic is independent of carbon 
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chain length and moieties associated with the carbon backbone: a hypothetical C20 

dihydroperoxide ether (C16(C-O-C-OOH)2), a C10 trihydroxide (C10Hx(OH)3), and a C10 

nitrate (C10HxONO2) have identical O:C = 0.3 but differ widely in molecular volume and 

water solubility. Can our results explain the discrepancy between the process understanding 

and the empirical observations?  

The main result of this study is that hydroxyl functional groups and the length of the 

hydrophobic aliphatic chains are the dominant drivers of the solubility transition. The 

addition of hydroxyl groups thus helps remove solubility limitations and significantly 

increases the apparent  value. Oxygen atoms associated with carboxylic acids, 

hydroperoxides, and nitrates do not contribute strongly to changes in  due to the known 

ineffectiveness of nitrate (Boschan et al., 1955) and carboxyl groups (Endnote 2) to promote 

particle solubility. We point out that the compounds used to test the influence of the hydroxyl 

group on  (Figure 3.2A) are multifunctional. Thus the result may have been modulated by 

nitrate-hydroxyl group interactions and/or the combined effects of the hydroxyl and nitrate 

groups on promoting solubility. Preliminary results modeling the solubility transition using 

the semi-empirical UNIFAC approach (Fredenslund et al., 1975) suggest that the most 

important group interaction terms are those of functional group i with water; interactions of 

groups i and j appear minor. However, fully untangling group additivity and group-group 

interaction effects on CCN activity will require concerted efforts between thermodynamic 

modeling and experiments validating model predictions. Interpretation of these findings is 

further complicated by the presence of inorganic compounds in atmospheric particles. For 

insoluble organics internally mixed with soluble inorganics, the resultant  is likely well 
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described by the volume-weighted average  of the components (Petters and Kreidenweis, 

2007). Compounds close to the solubility transition that are classified as sparingly soluble 

may undergo co-dissolution supported by the water associated with the inorganic compound 

in solution, and thus may express higher organic  in mixed particles as compared to pure 

compound measurements (Shulman et al., 1996; Petters and Kreidenweis, 2008).  

These results may explain the apparent discrepancies in studies that simulate the 

hydrophobic-to-hydrophilic transition during heterogeneous chemical aging of primary 

organic aerosols. Petters et al. (2006) did not observe an increase in  for linoleic acid 

(C18H32O2) after adding functional groups to the carbon backbone via reaction of NO3 

radicals with the C=C double bond. The final product consisted of nitrate/carbonyl/hydroxyl 

at ratio of ~2:1:1 and increased the O:C ratio from 0.11 to > 0.4. Later heterogeneous aging 

studies via OH radical oxidation (George et al., 2009; Harmon et al., 2013) showed much 

more rapid conversion of squalane (C30H62), bis(2-ethylhexyl) sebacate 

((CH2)8(COOC8H17)2) and stearic acid (C18H36O2) starting at O:C ratios as low as 0.03. 

Heterogeneous oxidation with OH radicals starts with H-atom abstraction from the carbon 

chain leading to the addition of primarily hydroxyl and carbonyl groups with minor 

contributions of hydroperoxy groups (Smith et al., 2009). The stark difference between the 

linoleic acid and squalane aging models can likely be explained by the known ineffectiveness 

of nitrate and carboxyl groups to promote particle solubility. Conversely, the hydroxyl 

groups generated by OH radical-initiated aging, combined with the fact that OH radical-

initiated aging leads to a statistical distribution of oxidation products within the particle 
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containing a small fraction of more highly functionalized molecules (Smith et al., 2009), can 

explain the effectiveness of OH radical attack in increasing .  

Heald et al. (2010) found that OA composition from a variety of environments occupies 

a narrow range following a slope of ~ -1 when graphing elemental composition in the H:C 

vs. O:C state space (Van Krevelen diagram). This suggests that functionalization proceeds in 

a manner consistent with increases in either hydroxyl/carbonyl pairs or in carboxylic acid 

groups. Combining the aging results that show rapid hydrophobic-to-hydrophilic conversion 

at low O:C ratio with the fact that organic acids are terminal moieties and relatively poor in 

promoting solubility (Endnote 2), we suggest that hydroxylation may be an important 

pathway by which aerosols become more hygroscopic. Some observations support the 

dominance of hydroxyl groups over carboxyl groups in ambient OA. For example, the ratio 

of hydroxyl to carboxyl groups in SOA formed from monoterpene oxidation in a forest is 

~2.7:1 (Russell et al., 2011). Tight empirical correlations between O:C and  in field 

(Jimenez et al., 2009; Chang et al., 2010) and laboratory studies (Massoli et al., 2010; Lambe 

et al., 2011) combined with the dominant compositional trajectory in different environments 

following a -1 slope in Van Krevelen space may reflect a ubiquitous and relatively 

unchanging mechanism of evolving aerosol composition and hygroscopicity. Our 

interpretation of the empirical O:C vs.  observation is that it provides a constraint on 

predominant chemical aging mechanisms in the atmosphere more than a reliable predictor of 

CCN activity.  

The significance of the OH group in OA transformations emphasizes the importance of 

chemical mechanisms that lead to the addition of hydroxyl groups. In the gas phase hydroxyl 
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groups are added by the addition of OH radicals to the C=C double bond and isomerization 

of the alkoxy radical (Ziemann and Atkinson, 2012). In the condensed phase the self-

reactions of RO2 radicals (Ziemann and Atkinson, 2012) or hydrolysis of organic nitrates (Hu 

et al., 2011; Liu et al., 2012) contributes to the addition of OH groups. Based on these 

findings we make the following testable predictions:  

(1) Ambient OA  will correlate with the hydroxyl group fraction at conditions where 

solubility limits the ability of OA to express its intrinsic .  

(2) OA formation and heterogeneous chemistry that proceeds in unique settings, such as 

nighttime oxidation by NO3 radicals or laboratory aging experiments that do not follow the 

Van Krevelen slope of -1 (e.g. heterogeneous oxidation of squalane) (Heald et al., 2010; 

Kroll et al., 2009), will result in divergent relationships between O:C and .  

(3) Heterogeneous chemistry that leads to condensed phase transformation of functional 

groups, such as hydrolysis of organic nitrates to alcohols (Hu et al., 2011; Liu et al., 2012), 

will result in accelerated aging of OA in the atmosphere.  

Future studies are needed to test these hypotheses. 
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3.4 Schemes 

 

 

 

 

 

 

Scheme 3.1. Mechanism for synthesis of hydroperoxides. Experiments A through C were 

performed as separate mixtures. 

 

 

 

 

 

  

+ O3 O O
O

OH
O

O
O

OH
O

O O
O

O O
O

O O
O

O
O

O
O

O
O

stabilization

O

HO
O

OH
O

HO
O

OH
O

O O

HO
O

O

O
OHB

C

A

A

O
R

O
O

R

gas phase

isomerization

decay

B

C

+ R-OH

1. alkene reactant 2. primary ozonide 3. decay products

4. stabilized Criegee intermediate5. C14 functionalized molecule



 

87 

3.5 Figures 
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Figure 3.1. Chromatographic peaks from the C14 hydroxynitrate experiment. The top panel 

shows an abridged timeseries of total particles eluting from the HPLC setup counted by the 

CPC (black lines) and CCN active particles (red lines). The bottom row shows the resulting 

activation spectra for each flow scan with fitted sigmoidal activation curves (Sullivan et al., 

2009; Suda et al., 2012). Proposed compound structure is based on thermal desorption particle 

beam mass spectrometry.  
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Figure 3.2. Results of experiments varying hydroxyl (panel A), carboxyl (B), hydroperoxide-

ether (C), nitrate (D), and methylene groups (E). Scales are consistent across all panels and 

the targeted molecular structures are summarized above the axes. Panels A and D show C10–

C15 hydroxynitrates and C14 nitrates from environmental chamber reactions, panels B and C 

show C14 hydroperoxides from liquid synthesis, and panel E shows C9–C17 hydroperoxides 

from environmental chamber reactions with either methanol (black circles) or propanol (pink 

squares) as the Criegee scavenger. Dotted grey lines show estimated intrinsic κ. All 

molecular synthesis procedures, product structures, and best-fit slopes are included in the 

Supporting Information. Numbers in panels B–D correspond to Tables S1–S2.  
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Figure 3.3. Kappa plotted against O:C ratio. Colors indicate the functional group targeted. 

Gold: hydroxyl (-OH), Fig. 3.2A; blue: carboxylic acid (-C(=O)OH), Fig. 3.2B; green: 

hydroperoxide-ether (-C(OOH)-O-), Fig. 3.2C; purple: nitrate (-ONO2), Fig. 3.2D; black and 

pink: methylene (-CH2-) groups, Fig. 3.2E. Open symbols correspond to hydroperoxides 

(circle = liquid synthesis, square = chamber reaction). Filled symbols correspond to 

hydroxynitrates. The shaded region traces out the data reported by Jimenez et al. (2009). 

  

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
O:C (−)

10-4

10-2

10-1

A
pp

ar
en

t κ
 (

-)
10-3



 

91 

3.6 References 

Aiken, A. C.; DeCarlo, P. F.; Kroll, J. H.; Worsnop, D. R.; Huffman, J. A.; Docherty, K. S.; 

Ulbrich, I. M.; Mohr, C.; Kimmel, J. R.; Sueper, D.; Sun, Y.; Zhang, Q.; Trimborn, A.; 

Northway, M.; Ziemann, P. J.; Canagaratna, M. R.; Onasch, T. B.; Alfarra, M. R.; 

Prévôt, A. S. H.; Dommen, J.; Duplissy, J.; Metzger, A.; Baltensperger, U.; Jimenez, J. 

L. O/C and OM/OC ratios of primary, secondary, and ambient organic aerosols with 

high-resolution time-of-flight aerosol mass spectrometry. Environ. Sci. Technol. 2008, 

42(12), 4478-4485; DOI 10.1021/es703009q. 

Atkinson, R.; Carter, W. P. L.; Winer, A. M.; Pitts, J. N. An experimental protocol for the 

determination of OH radical rate constants with organics using methyl nitrite photolysis 

as an OH radical source. Air Pollut. Control Assoc. 1981, 31, 1090-1092. 

Bailey, P. S. The reactions of ozone with organic compounds. Chem. Rev. 1958, 58(5), 925-

1010; DOI 10.1021/cr50023a005. 

Bilde, M.; Svenningsson, B. CCN activation of slightly soluble organics: the importance of 

small amounts of inorganic salt and particle phase. Tellus B 2004, 56(2), 128-134; DOI 

10.1111/j.1600-0889.2004.00090.x. 

Boschan, R.; Merrow, R. T.; van Dolah, R. W. The chemistry of nitrate esters. Chem. Rev. 

1955, 55(3), 485-510; DOI 10.1021/cr50003a001. 

Broekhuizen, K. E.; Thornberry, T.; Kumar, P. P.; Abbatt, J. P. D. Formation of cloud 

condensation nuclei by oxidative processing: Unsaturated fatty acids. J. Geophys. Res. 

2004, 109, D24206; DOI 10.1029/2004JD005298. 

Cappa, C. D.; Che, D. L.; Kessler, S. H.; Kroll, J. H.; Wilson, K. R. Variations in organic 

aerosol optical and hygroscopic properties upon heterogeneous OH oxidation. J. 

Geophys. Res. 2011, 116, D15204; DOI 10.1029/2011JD015918. 

Chang, R. Y. -W.; Slowik, J. G.; Shantz, N. C.; Vlasenko, A.; Liggio, J.; Sjostedt, S. J.; 

Leaitch, W. R.; Abbatt, J. P. D. The hygroscopicity parameter () of ambient organic 

aerosol at a field site subject to biogenic and anthropogenic influences: relationship to 

degree of aerosol oxidation. Atmos. Chem. Phys. 2010, 10(11), 5047-5064; DOI 

10.5194/acp-10-5047-2010. 

Christensen, S. I.; Petters, M. D. The role of temperature in cloud droplet activation. J. Phys. 

Chem. A 2012, 116(39), 9706-9717; DOI 10.1021/jp3064454. 

Clegg, S. L.; Brimblecombe, P.; Wexler, A. S. Thermodynamic model of the system H+–

NH4
+–Na+–SO4

2-–NO3
-–Cl-–H2O at 298.15 K. J. Phys. Chem. A 1998, 102(12), 2155-

2171; DOI 10.1021/jp973043j. 



 

92 

Dockery, D. W.; Pope, C. A.; Xu, X.; Spengler, J. D.; Ware, J. H.; Fay, M. E.; Ferris, B. G.; 

Speizer, F. E. An association between air pollution and mortality in six U.S. cities. N. 

Engl. J. Med. 1993, 329(24), 1753-1759; DOI 10.1056/NEJM199312093292401. 

Farmer, D. K.; Matsunaga, A.; Docherty, K. S.; Surratt, J. D.; Seinfeld, J. H.; Ziemann, P. J.; 

Jimenez, J. L. Response of an aerosol mass spectrometer to organonitrates and 

organosulfates and implications for atmospheric chemistry. Proc. Natl. Acad. Sci. U. S. 

A. 2010, 107(15), 6670-6675; DOI 10.1073/pnas.0912340107. 

Fredenslund, A.; Jones, R. L.; Prausnitz, J. M. Group-contribution estimation of activity 

coefficients in nonideal liquid mixtures. AIChE J. 1975, 21(6), 1086-1099; DOI 

10.1002/aic.690210607. 

Frosch, M.; Zardini, A. A.; Platt, S. M.; Müller, L.; Reinnig, M. -C.; Hoffmann, T.; Bilde, M. 

Thermodynamic properties and cloud droplet activation of a series of oxo-acids. Atmos. 

Chem. Phys. 2010, 10(13), 5873-5890; DOI 10.5194/acp-10-5873-2010. 

Gaschen, A.; Lang, D.; Kalberer, M.; Savi, M.; Geiser, T.; Gazdhar, A.; Lehr, C.; Bur, M.; 

Dommen, J.; Baltensperger, U.; Geiser, M. Cellular responses after exposure of lung cell 

cultures to secondary organic aerosol particles. Environ. Sci. Technol. 2010, 44(4), 1424-

1430; DOI 10.1021/es902261m. 

George, I. J.; Chang, R. Y. -W.; Danov, V.; Vlasenko, A.; Abbatt, J. P. D. Modification of 

cloud condensation nucleus activity of organic aerosols by hydroxyl radical 

heterogeneous oxidation. Atmos. Environ. 2009, 43(32), 5038-5045; DOI 

10.1016/j.atmosenv.2009.06.043. 

Gong, H.; Matsunaga, A.; Ziemann, P. J. Products and mechanism of secondary organic 

aerosol formation from reactions of linear alkenes with NO3 radicals. J. Phys. Chem. A 

2005, 109(19), 4312-4324; DOI 10.1021/jp058024l. 

Groblicki, P. J.; Wolff, G. T.; Countess, R. J. Visibility-reducing species in the Denver 

"brown cloud” I. Relationships between extinction and chemical composition. Atmos. 

Environ. 1981, 15(12), 2473-2484; DOI 10.1016/0004-6981(81)90063-9. 

Harmon, C. W.; Ruehl, C. R.; Cappa, C. D.; Wilson, K. R. A statistical description of the 

evolution of cloud condensation nuclei activity during the heterogeneous oxidation of 

squalane and bis(2-ethylhexyl) sebacate aerosol by hydroxyl radicals. Phys. Chem. 

Chem. Phys. 2013, 15(24), 9679-9693; DOI 10.1039/C3CP50347J. 

Heald, C. L.; Kroll, J. H.; Jimenez, J. L.; Docherty, K. S.; DeCarlo, P. F.; Aiken, A. C.; 

Chen, Q.; Martin, S. T.; Farmer, D. K.; Artaxo, P. A simplified description of the 

evolution of organic aerosol composition in the atmosphere. Geophys. Res. Lett. 2010, 

37(8), L08803; DOI 10.1029/2010GL042737. 



 

93 

Heintzenberg, J. Fine particles in the global troposphere A review. Tellus B 1989, 41(2), 149-

160; DOI 10.1111/j.1600-0889.1989.tb00132.x. 

Hori, M.; Ohta, S.; Murao, N.; Yamagata, S. Activation capability of water soluble organic 

substances as CCN. J. Aerosol Sci. 2003, 34(4), 419-448; DOI 10.1016/S0021-

8502(02)00190-8. 

Hu, K. S.; Darer, A. I.; Elrod, M. J. Thermodynamics and kinetics of the hydrolysis of 

atmospherically relevant organonitrates and organosulfates. Atmos. Chem. Phys. 2011, 

11(16), 8307-8320; DOI 10.5194/acp-11-8307-2011. 

Jimenez, J. L.; Canagaratna, M. R.; Donahue, N. M.; Prévôt, A. S. H.; Zhang, Q.; Kroll, J. 

H.; DeCarlo, P. F.; Allan, J. D.; Coe, H.; Ng, N. L.; Aiken, A. C.; Docherty, K. S.; 

Ulbrich, I. M.; Grieshop, A. P.; Robinson, A. L.; Duplissy, J.; Smith, J. D.; Wilson, K. 

R.; Lanz, V. A.; Hueglin, C.; Sun, Y. L.; Tian, J.; Laaksonen, A.; Raatikainen, T.; 

Rautiainen, J.; Vaattovaara, P.; Ehn, M.; Kulmala, M.; Tomlinson, J. M.; Collins, D. R.; 

Cubison, M. J.; Dunlea, E. J.; Huffman, J. A.; Onasch, T. B.; Alfarra, M. R.; Williams, 

P. I.; Bower, K.; Kondo, Y.; Schneider, J.; Drewnick, F.; Borrmann, S.; Weimer, S.; 

Demerjian, K.; Salcedo, D.; Cottrell, L.; Griffin, R.; Takami, A.; Miyoshi, T.; 

Hatakeyama, S.; Shimono, A.; Sun, J. Y.; Zhang, Y. M.; Dzepina, K.; Kimmel, J. R.; 

Sueper, D.; Jayne, J. T.; Herndon, S. C.; Trimborn, A. M.; Williams, L. R.; Wood, E. C.; 

Middlebrook, A. M.; Kolb, C. E.; Baltensperger, U.; Worsnop, D. R. Evolution of 

organic aerosols in the atmosphere. Science 2009, 326(5959), 1525-1529; DOI 

10.1126/science.1180353. 

Kames, J.; Schurath, U.; Flocke, F.; Volz-Thomas, A. Preparation of organic nitrates from 

alcohols and N2O5 for species identification in atmospheric samples. J. Atmos. Chem. 

1993, 16(4), 349-359; DOI 10.1007/BF01032630. 

Kanakidou, M.; Seinfeld, J. H.; Pandis, S. N.; Barnes, I.; Dentener, F. J.; Facchini, M. C.; 

Van Dingenen, R.; Ervens, B.; Nenes, A.; Nielsen, C. J.; Swietlicki, E.; Putaud, J.; 

Balkanski, Y.; Fuzzi, S.; Horth, J.; Moortgat, G. K.; Winterhalter, R.; Myhre, C. E. L.; 

Tsigaridis, K.; Vignati, E.; Stephanou, E. G.; Wilson, J. Organic aerosol and global 

climate modelling: a review. Atmos. Chem. Phys. 2005, 5(4), 1053-1123; DOI 

10.5194/acp-5-1053-2005. 

Kendelewicz, T.; Kaya, S.; Newberg, J. T.; Bluhm, H.; Mulakaluri, N.; Moritz, W.; 

Scheffler, M.; Nilsson, A.; Pentcheva, R.; Brown, G. E. X-ray photoemission and 

density functional theory study of the interaction of water vapor with the Fe3O4(001) 

surface at near-ambient conditions. J. Phys. Chem. C 2013, 117(6), 2719-2733; DOI 

10.1021/jp3078024. 

Ketteler, G.; Yamamoto, S.; Bluhm, H.; Andersson, K.; Starr, D. E.; Ogletree, D. F.; 

Ogasawara, H.; Nilsson, A.; Salmeron, M. The nature of water nucleation sites on 



 

94 

TiO2(110) surfaces revealed by ambient pressure X-ray photoelectron spectroscopy. J. 

Phys. Chem. C 2007, 111(23), 8278-8282; DOI 10.1021/jp068606i. 

Kroll, J. H.; Seinfeld, J. H. Chemistry of secondary organic aerosol: Formation and evolution 

of low-volatility organics in the atmosphere. Atmos. Environ. 2008, 42(16), 3593-3624; 

DOI 10.1016/j.atmosenv.2008.01.003. 

Kroll, J. H.; Smith, J. D.; Che, D. L.; Kessler, S. H.; Worsnop, D. R.; Wilson, K. R. 

Measurement of fragmentation and functionalization pathways in the heterogeneous 

oxidation of oxidized organic aerosol. Phys. Chem. Chem. Phys. 2009, 11(36), 8005-

8014; DOI 10.1039/B905289E. 

Kuwata, M.; Shao, W.; Lebouteiller, R.; Martin, S. T. Classifying organic materials by 

oxygen-to-carbon elemental ratio to predict the activation regime of Cloud Condensation 

Nuclei (CCN). Atmos. Chem. Phys. 2013, 13(10), 5309-5324; DOI 10.5194/acp-13-

5309-2013. 

Lambe, A. T.; Onasch, T. B.; Massoli, P.; Croasdale, D. R.; Wright, J. P.; Ahern, A. T.; 

Williams, L. R.; Worsnop, D. R.; Brune, W. H.; Davidovits, P. Laboratory studies of the 

chemical composition and cloud condensation nuclei (CCN) activity of secondary 

organic aerosol (SOA) and oxidized primary organic aerosol (OPOA). Atmos. Chem. 

Phys. 2011, 11(17), 8913-8928; DOI 10.5194/acp-11-8913-2011. 

Liu, S.; Shilling, J. E.; Song, C.; Hiranuma, N.; Zaveri, R. A.; Russell, L. M. Hydrolysis of 

organonitrate functional groups in aerosol particles. Aerosol Sci. Tech. 2012, 46(12), 

1359-1369; DOI 10.1080/02786826.2012.716175. 

Malm, W. C.; Sisler, J. F.; Huffman, D.; Eldred, R. A.; Cahill, T. A. Spatial and seasonal 

trends in particle concentration and optical extinction in the United States. J. Geophys. 

Res. 1994, 99, 1347-1370; DOI 10.1029/93JD02916. 

Massoli, P.; Lambe, A. T.; Ahern, A. T.; Williams, L. R.; Ehn, M.; Mikkilä, J.; Canagaratna, 

M. R.; Brune, W. H.; Onasch, T. B.; Jayne, J. T.; Petäjä, T.; Kulmala, M.; Laaksonen, 

A.; Kolb, C. E.; Davidovits, P.; Worsnop, D. R. Relationship between aerosol oxidation 

level and hygroscopic properties of laboratory generated secondary organic aerosol 

(SOA) particles. Geophys. Res. Lett. 2010, 37(24), L24801; DOI 

10.1029/2010GL045258. 

Matsunaga, A.; Ziemann, P. J. Yields of -hydroxynitrates and dihydroxynitrates in aerosol 

formed from OH radical-initiated reactions of linear alkenes in the presence of NOx. J. 

Phys. Chem. A 2009, 113(3), 599-606; DOI 10.1021/jp807764d. 

Matsunaga, A.; Ziemann, P. J. Yields of -hydroxynitrates, dihydroxynitrates, and 

trihydroxynitrates formed from OH radical-initiated reactions of 2-methyl-1-alkenes. 



 

95 

Proc. Natl. Acad. Sci. U. S. A. 2010a, 107(15), 6664-6669; DOI 

10.1073/pnas.0910585107. 

Matsunaga, A.; Ziemann, P. J. Gas-wall partitioning of organic compounds in a Teflon film 

chamber and potential effects on reaction product and aerosol yield measurements. 

Aerosol Sci. Tech. 2010b, 44(10), 881-892; DOI 10.1080/02786826.2010.501044. 

Moore, R. H.; Nenes, A. Scanning flow CCN analysis—a method for fast measurements of 

CCN spectra. Aerosol Sci. Tech. 2009, 43(12), 1192-1207; DOI 

10.1080/02786820903289780. 

Newberg, J. T.; Starr, D. E.; Yamamoto, S.; Kaya, S.; Kendelewicz, T.; Mysak, E. R.; 

Porsgaard, S.; Salmeron, M. B.; Brown, G. E.; Nilsson, A.; Bluhm, H. Autocatalytic 

surface hydroxylation of MgO(100) terrace sites observed under ambient conditions. J. 

Phys. Chem. C 2011, 115(26), 12864-12872; DOI 10.1021/jp200235v. 

Petters, M. D.; Prenni, A. J.; Kreidenweis, S. M.; DeMott, P. J.; Matsunaga, A.; Lim, Y. B.; 

Ziemann, P. J. Chemical aging and the hydrophobic-to-hydrophilic conversion of 

carbonaceous aerosol. Geophys. Res. Lett. 2006, 33(24), L24806; DOI 

10.1029/2006GL027249. 

Petters, M. D.; Kreidenweis, S. M. A single parameter representation of hygroscopic growth 

and cloud condensation nucleus activity. Atmos. Chem. Phys. 2007, 7(8), 1961-1971; 

DOI 10.5194/acp-8-6273-2008. 

Petters, M. D.; Kreidenweis, S. M. A single parameter representation of hygroscopic growth 

and cloud condensation nucleus activity – Part 2: Including solubility. Atmos. Chem. 

Phys. 2008, 8(20), 6273-6279; DOI 10.5194/acp-8-6273-2008. 

Petters, M. D.; Carrico, C. M.; Kreidenweis, S. M.; Prenni, A. J.; DeMott, P. J.; Collett, J. L., 

Jr.; Moosmüller, H. Cloud condensation nucleation activity of biomass burning aerosol. 

J. Geophys. Res. 2009a, 114, D22205; DOI 10.1029/2009JD012353. 

Petters, M. D.; Kreidenweis, S. M.; Prenni, A. J.; Sullivan, R. C.; Carrico, C. M.; Koehler, K. 

A.; Ziemann, P. J. Role of molecular size in cloud droplet activation. Geophys. Res. Lett. 

2009b, 36(22), L22801; DOI 10.1029/2009GL040131. 

Petters, M. D.; Wex, H.; Carrico, C. M.; Hallbauer, E.; Massling, A.; McMeeking, G. R.; 

Poulain, L.; Wu, Z.; Kreidenweis, S. M.; Stratmann, F. Towards closing the gap between 

hygroscopic growth and activation for secondary organic aerosol – Part 2: Theoretical 

approaches. Atmos. Chem. Phys. 2009c, 9(12), 3999-4009; DOI 10.5194/acp-9-3999-

2009. 



 

96 

Petters, M. D.; Kreidenweis, S. M. A single parameter representation of hygroscopic growth 

and cloud condensation nucleus activity – Part 3: Including surfactant partitioning. 

Atmos. Chem. Phys. 2013, 13(2), 1081-1091; DOI 10.5194/acp-13-1081-2013. 

Prenni, A. J.; Petters, M. D.; Faulhaber, A.; Carrico, C. M.; Ziemann, P. J.; Kreidenweis, S. 

M.; DeMott, P. J. Heterogeneous ice nucleation measurements of secondary organic 

aerosol generated from ozonolysis of alkenes. Geophys. Res. Lett. 2009, 36(6), L06808; 

DOI 10.1029/2008GL036957. 

Raes, F.; Dingenen, R. V.; Vignati, E.; Wilson, J.; Putaud, J.; Seinfeld, J. H.; Adams, P. 

Formation and cycling of aerosols in the global troposphere. Atmos. Environ. 2000, 

34(25), 4215-4240; DOI 10.1016/S1352-2310(00)00239-9. 

Rickards, A. M. J.; Miles, R. E. H.; Davies, J. F.; Marshall, F. H.; Reid, J. P. Measurements 

of the sensitivity of aerosol hygroscopicity and the  parameter to the O/C Ratio. J. 

Phys. Chem. A 2013, 117(51), 14120-14131; DOI 10.1021/jp407991n. 

Roberts, G. C.; Nenes, A. A continuous-flow streamwise thermal-gradient CCN chamber for 

atmospheric measurements. Aerosol Sci. Tech. 2005, 39(3), 206-221; DOI 

10.1080/027868290913988. 

Russell, L. M.; Bahadur, R.; Ziemann, P. J. Identifying organic aerosol sources by comparing 

functional group composition in chamber and atmospheric particles. Proc. Natl. Acad. 

Sci. U. S. A. 2011, 108(9), 3516-3521; DOI 10.1073/pnas.1006461108. 

Russell, L. M.; Zhang, S.; Flagan, R. C.; Seinfeld, J. H.; Stolzenburg, M. R.; Caldow, R. 

Radially classified aerosol detector for aircraft-based submicron aerosol measurements. 

J. Atmos. Oceanic Technol. 1996, 13(3), 598-609; DOI 10.1175/1520-

0426(1996)013<0598:RCADFA>2.0.CO;2. 

Schwarzenbach, R. P.; Gschwend, P. M.; Imboden, D. M. Environmental organic chemistry, 

1st ed.; John Wiley & Sons: New York, 1993. 

Seinfeld, J. H.; Pandis, S. N. Atmospheric chemistry and physics: from air pollution to 

climate change; John Wiley & Sons: Hoboken, NJ, 2006, pp 1203. 

Shulman, M. L.; Jacobson, M. C.; Carlson, R. J.; Synovec, R. E.; Young, T. E. Dissolution 

behavior and surface tension effects of organic compounds in nucleating cloud droplets. 

Geophys. Res. Lett. 1996, 23(3), 277-280; DOI 10.1029/95GL03810. 

Smith, J. D.; Kroll, J. H.; Cappa, C. D.; Che, D. L.; Liu, C. L.; Ahmed, M.; Leone, S. R.; 

Worsnop, D. R.; Wilson, K. R. The heterogeneous reaction of hydroxyl radicals with 

sub-micron squalane particles: a model system for understanding the oxidative aging of 

ambient aerosols. Atmos. Chem. Phys. 2009, 9(9), 3209-3222; DOI 10.5194/acp-9-3209-

2009. 



 

97 

Suda, S. R.; Petters, M. D.; Matsunaga, A.; Sullivan, R. C.; Ziemann, P. J.; Kreidenweis, S. 

M. Hygroscopicity frequency distributions of secondary organic aerosols. J. Geophys. 

Res. 2012, 117, D04207; DOI 10.1029/2011JD016823. 

Suda, S. R.; Petters, M. D. Accurate determination of aerosol activity coefficients at relative 

humidities up to 99% using the hygroscopicity tandem differential mobility analyzer 

technique. Aerosol Sci. Tech. 2013, 47(9), 991-1000; DOI 

10.1080/02786826.2013.807906. 

Sullivan, R. C.; Moore, M. J. K.; Petters, M. D.; Kreidenweis, S. M.; Roberts, G. C.; Prather, 

K. A. Effect of chemical mixing state on the hygroscopicity and cloud nucleation 

properties of calcium mineral dust particles. Atmos. Chem. Phys. 2009, 9(10), 3303-

3316; DOI 10.5194/acp-9-3303-2009. 

Tobias, H. J.; Ziemann, P. J. Thermal desorption mass spectrometric analysis of organic 

aerosol formed from reactions of 1-tetradecene and O3 in the presence of alcohols and 

carboxylic acids. Environ. Sci. Technol. 2000, 34(11), 2105-2115; DOI 

10.1021/es9907156. 

Tobias, H. J.; Ziemann, P. J. Kinetics of the gas-phase reactions of alcohols, aldehydes, 

carboxylic acids, and water with the C13 stabilized Criegee intermediate formed from 

ozonolysis of 1-tetradecene. J. Phys. Chem. A 2001, 105(25), 6129-6135; DOI 

10.1021/jp004631r. 

Twomey, S. A. Pollution and the planetary albedo. Atmos. Environ. 1974, 8(12), 1251-1256; 

DOI 10.1016/0004-6981(74)90004-3. 

Yamamoto, S.; Andersson, K.; Bluhm, H.; Ketteler, G.; Starr, D. E.; Schiros, T.; Ogasawara, 

H.; Pettersson, L. G. M.; Salmeron, M.; Nilsson, A. Hydroxyl-induced wetting of metals 

by water at near-ambient conditions. J. Phys. Chem. C 2007, 111(22), 7848-7850; DOI 

10.1021/jp0731654. 

Yamamoto, S.; Kendelewicz, T.; Newberg, J. T.; Ketteler, G.; Starr, D. E.; Mysak, E. R.; 

Andersson, K. J.; Ogasawara, H.; Bluhm, H.; Salmeron, M.; Brown, G. E.; Nilsson, A. 

Water adsorption on -Fe2O3(0001) at near ambient conditions. J. Phys. Chem. C 2010, 

114(5), 2256-2266; DOI 10.1021/jp909876t. 

Zhang, Q.; Jimenez, J. L.; Canagaratna, M. R.; Allan, J. D.; Coe, H.; Ulbrich, I.; Alfarra, M. 

R.; Takami, A.; Middlebrook, A. M.; Sun, Y. L.; Dzepina, K.; Dunlea, E. J.; Docherty, 

K. S.; DeCarlo, P. F.; Salcedo, D.; Onasch, T.; Jayne, J. T.; Miyoshi, T.; Shimono, A.; 

Hatakeyama, S.; Takegawa, N.; Kondo, Y.; Schneider, J.; Drewnick, F.; Borrmann, S.; 

Weimer, S.; Demerjian, K.; Williams, P.; Bower, K.; Bahreini, R.; Cottrell, L.; Griffin, 

R. J.; Rautiainen, J.; Sun, J. Y.; Zhang, Y. M.; Worsnop, D. R. Ubiquity and dominance 

of oxygenated species in organic aerosols in anthropogenically-influenced Northern 



 

98 

Hemisphere midlatitudes. Geophys. Res. Lett. 2007, 34(13), L13801; DOI 

10.1029/2007GL029979. 

Ziemann, P. J. Aerosol products, mechanisms, and kinetics of heterogeneous reactions of 

ozone with oleic acid in pure and mixed particles. Faraday Discuss. 2005, 130, 469-490; 

DOI 10.1039/B417502F. 

Ziemann, P. J.; Atkinson, R. Kinetics, products, and mechanisms of secondary organic 

aerosol formation. Chem. Soc. Rev. 2012, 41(19), 6582-6605; DOI 

10.1039/C2CS35122F. 

Endnote 1. Elemental composition and relevant functional groups were determined for each 

of the molecule structures in Tables S1–S3, molar volume was estimated using the 

method of Girolami (1994), and intrinsic  was computed using the ratio of molar 
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3.7 Supporting Information 

3.7.1 Relationship between O:C ratio and kappa for pure compounds 

Jimenez et al. (2009) report tight correlations between the atomic O:C ratio and  for a 

number of complex OA observed in field studies of hygroscopic growth. These observed 

strong relationships between a simple proxy for composition, such as the atomic O:C ratio, 

and  are not predicted by the behavior of pure compounds, as shown in Figure 3.S1. The 

pure compounds studies, however, suggest that  ~ 0 for O:C < 0.2, in accordance with field 

observations. 

3.7.2 O:C ratio as seen by the Aerosol Mass Spectrometer 

Many studies use Aerosol Mass Spectrometer (AMS) data to report the O:C ratio of 

organic aerosols. However, the AMS most likely under-observes the O:C from organic 

nitrates (Farmer et al., 2010) such that ONO2 moieties are interpreted as NO and the NO2 

fragment is misattributed as inorganic nitrate. In Figure 3.S2 we adjust the data from Figure 

3.3 to simulate this artifact and facilitate comparison to studies using AMS-derived O:C 

ratios. 

3.7.3 Molecule structure identification 

3.7.3.1 Hydroperoxide experiments (liquid phase) 

Hydroperoxides synthesized in liquid ozonolysis formed at near 100% yield (Bailey, 

1958; Tobias and Ziemann, 2000). After the reaction was completed, the synthesized mixture 

was passed through the HPLC coupled with the thermal desorption mass spectrometer. The 
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retention time was recorded and the presence of one or two ion mass fragments expected 

from the product was confirmed for each of the species shown in Figure 3.2 panels B and C. 

For the x,y ozonolysis reaction, x is carbon number of the alkene and y is the carbon 

number of the alcohol. The product carbon number is Cx-1+y for the reaction 1-alkenes or  

1-alkenoic acids with O3 in the presence of alcohol, and Cx-2+2y for the reaction of 1,n-dienes 

with O3 in the presence of alcohol. 

3.7.3.2 Hydroperoxide experiments (gas phase) 

Hydroperoxide aerosol formed in the gas-phase reaction consists of multiple products. 

For the x,y reaction, the main compound expected in the condensed phase is the Cx-1+y  

-alkoxy-hydroperoxide (the proposed structure shown in Figure 3.2E) with minor fractions 

of C2(x-1+y) secondary ozonide, and the C2(x-1+y) peroxyhemiacetal present (Tobias and 

Ziemann, 2001; Suda et al., 2012). The number of CH2 groups in the molecule is x+y-4.  

3.7.3.3 Hydroxynitrate experiments (gas phase) 

-hydroxynitrates, dihydroxynitrates, and trihydroxynitrates comprise the three main 

products from the reaction of 2-methyl-1-alkenes with OH in the presence of NOx 

(Matsunaga and Ziemann, 2010). The reaction mechanism is provided in Scheme 3.S1, and 

the generation of C14 di-, tri- and tetranitrates according to the method of Kames et al. (1993) 

is described in the main text. These products are clearly separable in the HPLC-UV 

chromatogram and mapping between peak retention time and molecular structure is obtained 

by HPLC coupled with thermal desorption mass spectrometry (cf. Figure 2 by Matsunaga 

and Ziemann, 2010). For the 2-methyl-1-tetradecene reaction the retention times for the  

-hydroxynitrates, dihydroxynitrates, and trihydroxynitrates are 50, 30, and 7 min, 
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respectively. Di- and trihydroxynitrate isomers did not separate in the HPLC. Retention times 

shift slightly for different precursor carbon numbers. Using the identical gradient elution 

method allowed compound identification via retention time alone. 

3.7.4 Figures 

 

 

 

 

Figure 3.S1. CCN derived κ  values for individual compounds listed in the supporting 

information of Petters et al. (2009a) graphed vs. their atomic O:C ratio. Grey shading within 

the symbol indicates the molar volume of the compound. Grey trapezoid indicates the range 

and slope of the relationship observed by Jimenez et al. (2009). Dashed line shows the 

extrapolated relationship of the study by Chang et al. (2010), strictly valid between 0.3 < O:C 

< 0.6. 
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Figure 3.S2. Kappa plotted against the O:C ratio from molecular formulas. This figure is an 

adjustment to Figure 3.3 with nitrate groups contributing only one oxygen to the organic O:C 

ratio, as expected for studies using the Aerosol Mass Spectrometer (Farmer et al., 2010). 

Colors indicate the functional group targeted. Gold: hydroxyl (-OH), Fig. 3.2A; blue: 

carboxylic acid (-C(=O)OH), Fig. 3.2B; green: hydroperoxide-ether (-C(OOH)-O-), Fig. 

3.2C; purple: nitrate (-ONO2), Fig. 3.2D; black and pink: methylene (-CH2-) groups, Fig. 

3.2E. Open symbols correspond to hydroperoxides (circle = liquid synthesis, square = 

chamber reaction). Filled symbols correspond to hydroxynitrates. The shaded region traces 

out the data reported by Jimenez et al. (2009).   
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3.7.5 Schemes 

 

 

 

 

 

 

Scheme 3.S1. Mechanism of hydroxynitrate generation in gas phase environmental chamber 

reactions from C10–C15 2-methyl-1-alkenes based Figure 1 by Matsunaga and Ziemann 

(2010). Note that Pathways 1 and 2 are symmetric, producing isomers. Differences occur at 

juncture 2, where the “+ O2” path is only available to Pathway 2, and at juncture 4, where the 

“reverse isomerization” is only available to Pathway 2. Separation by HPLC gives three 

peaks: trihydroxynitrate isomers (P9 + P10), dihydroxynitrate isomers (P7 + P8), and  

1-hydroxy-2-nitrooxy-2-methylalkane (-hydroxynitrate isomer P1) (Matsunaga and 

Ziemann, 2010). 
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3.7.6 Tables 

Table 3.S1. Averaged  values and standard deviation of  for C14 molecules synthesized by liquid ozonolysis of 1-alkenes, 

alkenoic acids and dienes in the presence of excess alcohol (Bailey, 1958; Tobias and Ziemann, 2000).  was obtained by 

HPLC-CCN analysis (Suda et al., 2012). Column 1 is an experiment identifier corresponding to Figure 3.2 panels B and C, 

column 2 contains the reactants, columns 6–7 are the number of hydroperoxide-ether (-C(OOH)-O-) and carboxyl  

(-C(=O)OH) groups per product molecule, and columns 8–10 are the data from repeated HPLC injections of the same 

sample. 

Molecule 

Number 

Alkene, 

Alcohol 
Product structure  [-] stdev [-] C(OOH)-O- C(=O)OH Dd [nm] sc [%]  [-] 

1 
1-dodecene, 

propanol 
 2.53×10-3 9.02×10-4 1 0 

142 0.52 1.60×10-3 

205 0.59 2.60×10-3 

278 0.37 3.40×10-3 

2 
1-tridecene, 

ethanol 
 4.91×10-3 5.87×10-3 1 0 

140 0.59 1.24×10-3 

177 0.53 6.77×10-3 

222 0.74 4.48×10-4 

264 0.87 < 1×10-5 

3 
6-heptenoic acid, 

1-octanol 
 2.75×10-2 1.27×10-2 1 1 

142 0.34 3.96×10-2 

205 0.23 2.84×10-2 

243 0.26 1.43×10-2 

4 
9-decenoic acid, 

1-pentanol  1.82×10-2 7.39×10-3 1 1 

120 0.62 1.87×10-2 

142 0.42 2.53×10-2 

243 0.29 1.06×10-2 
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Table 3.S1. Continued. 

Molecule 

Number 

Alkene, 

Alcohol 
Product structure  [-] stdev [-] C(OOH)-O- C(=O)OH Dd [nm] sc [%]  [-] 

5 
10-undecylenic acid, 

1-butanol  
1.21×10-2 5.37×10-3 2 0 

205 0.31 1.59×10-2 

209 0.29 1.75×10-2 

243 0.33 7.54×10-3 

278 0.27 7.43×10-3 

6 
1,9-decadiene, 

1-propanol  
9.97×10-3 2.62×10-3 2 0 

103 0.99 9.11×10-3 

123 0.76 9.67×10-3 

123 0.83 7.47×10-3 

223 0.30 1.36×10-2 

7 
1,7-octadiene, 

1-butanol  
1.08×10-2 4.20×10-3 2 0 

205 0.31 1.64×10-2 

209 0.35 1.14×10-2 

243 0.31 8.85×10-3 

278 0.29 6.58×10-3 
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Table 3.S2. Averaged  values and standard deviation of  for hydroxynitrates generated in gas phase reactions (Matsunaga 

and Ziemann, 2010).  was obtained by HPLC-CCN analysis (Suda et al., 2012). Column 1 is an experiment identifier 

corresponding to Figure 3.2 panels A and D. Structures in column 3 (Molecules 8–22) correspond to Scheme 3.S1 products 

P1 (-hydroxynitrates), P8 (dihydroxynitrates), and P10 (trihydroxynitrates). Generation of molecules 23–25 is described in 

the main text. Column 6 is the product carbon chain length, columns 7–8 are the number of hydroxyl (-OH) and nitrate  

(-ONO2) groups per product molecule and columns 9–11 are the data from repeated HPLC injections of the same sample.  

Molecule

Number 
Name Product structure [-] stdev [-] C OH ONO2 Dd [nm] sc [%] [-] 

8 
C10 

dihydroxy-nitrate 
 

9.88×10-2 6.37×10-2 10 2 1 

82 0.38 1.69×10-1 

103 0.37 9.25×10-2 

103 0.32 1.18×10-1 

177 0.39 1.59×10-2 

9 
C10 

trihydroxy-nitrate 
 

1.56×10-1 2.74×10-2 10 3 1 

57 0.75 1.30×10-1 

88 0.36 1.51×10-1 

88 0.37 1.48×10-1 

88 0.32 1.95×10-1 

10 
C11 

dihydroxy-nitrate 
 

2.36×10-2 8.78×10-3 11 2 1 

82 0.86 3.03×10-2 

103 0.84 1.52×10-2 

177 0.27 3.21×10-2 

177 0.37 1.69×10-2 

11 
C11 

trihydroxy-nitrate 
 

1.67×10-1 1.01×10-2 11 3 1 

57 0.66 1.70×10-1 

88 0.35 1.61×10-1 

88 0.36 1.57×10-1 

88 0.33 1.80×10-1 

12 
C12 

dihydroxy-nitrate 
 

1.75×10-2 8.67×10-3 12 2 1 

177 0.29 2.88×10-2 

222 0.37 7.68×10-3 

222 0.27 1.76×10-2 

223 0.28 1.60×10-2 
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Table 3.S2. Continued. 

Molecule

Number 
Name Product structure [-] stdev [-] C OH ONO2 Dd [nm] sc [%] [-] 

13 
C12 

trihydroxy-nitrate 
 

1.77×10-1 6.03×10-2 12 3 1 

82 0.43 1.32×10-1 

103 0.33 1.18×10-1 

103 0.23 2.29×10-1 

103 0.23 2.29×10-1 

14 
C13 

-hydroxy-nitrate 
 

2.66×10-3 1.55×10-3 13 1 1 

222 0.57 1.95×10-3 

302 0.44 1.15×10-3 

302 0.35 2.78×10-3 

302 0.29 4.75×10-3 

15 
C13 

dihydroxy-nitrate 
 

2.75×10-2 2.45×10-3 13 2 1 

223 0.21 2.67×10-2 

222 0.23 2.44×10-2 

222 0.20 2.92×10-2 

222 0.20 2.97×10-2 

16 
C13 

trihydroxy-nitrate 
 

1.04×10-1 3.05×10-2 13 3 1 

140 0.24 8.34×10-2 

111 0.32 9.49×10-2 

111 0.34 8.72×10-2 

111 0.26 1.49×10-1 

17 
C14 

-hydroxy-nitrate 
 

4.89×10-5 7.78×10-5 14 1 1 

223 0.98 < 1×10-5 

302 0.82 < 1×10-5 

302 0.85 < 1×10-5 

302 0.58 1.66×10-4 

18 
C14 

dihydroxy-nitrate 
 

2.61×10-2 1.66×10-3 14 2 1 

222 0.21 2.70×10-2 

222 0.23 2.41×10-2 

222 0.22 2.54×10-2 

223 0.21 2.79×10-2 

19 
C14 

trihydroxy-nitrate 
 

1.01×10-1 2.75×10-2 14 3 1 

140 0.27 6.97×10-2 

111 0.33 8.97×10-2 

111 0.29 1.14×10-1 

111 0.27 1.32×10-1 

20 
C15 

-hydroxy-nitrate 
 

8.35×10-4 1.63×10-2 15 1 1 

223 1.11 < 1×10-5 

302 0.70 < 1×10-5 

302 0.63 4.67×10-5 

302 0.33 3.28×10-3 
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Table 3.S2. Continued. 

Molecule

Number 
Name Product structure [-] stdev [-] C OH ONO2 Dd [nm] sc [%] [-] 

21 
C15 

dihydroxy-nitrate 
 

2.17×10-2 1.81×10-3 15 2 1 

223 0.24 2.04×10-2 

223 0.24 1.99×10-2 

223 0.23 2.32×10-2 

223 0.23 2.34×10-2 

22 
C15 

trihydroxy-nitrate 
 

8.12×10-2 2.42×10-2 15 3 1 

140 0.27 6.55×10-2 

111 0.39 6.56×10-2 

111 0.36 7.70×10-2 

111 0.29 1.17×10-1 

23 
C14 

dinitrate 
 

3.55×10-3 6.65×10-3 14 0 2 

264 0.23 1.35×10-2 

332 0.74 < 1×10-5 

223 0.70 6.69×10-4 

264 1.03 < 1×10-5 

24 
C14 

trinitrate 
 

2.92×10-4 3.07×10-4 14 0 3 

264 0.82 < 1×10-5 

332 0.46 4.72×10-4 

223 0.70 6.31×10-4 

199 0.97 5.58×10-5 

25 
C14 

tetranitrate 
 

1.17×10-3 4.84×10-4 14 0 4 

264 0.58 5.86×10-4 

332 0.37 1.54×10-3 

222 0.60 1.60×10-3 

199 0.75 9.68×10-4 
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Table 3.S3. Averaged  values and standard deviation of  for hydroperoxides generated by gas phase ozonolysis of 1-

alkenes in the presence of excess methanol or propanol (Tobias and Ziemann, 2001). CCN analysis was performed by 

stepping diameter at constant supersaturation (Petters et al., 2009b). Column 2 contains the reactant 1-alkene (x) and alcohol 

(y) carbon chain lengths, column 6 is the main product carbon number, columns 7–8 are the number of carbons, 

hydroperoxide-ether (-C(OOH)-O-) and methylene (-CH2-) groups per product molecule, and columns 9–11 are the data from 

different CCN instrument supersaturations. Each Molecule Number corresponds to a separate chamber experiment. 

Molecule 

Number 

1-Alkene, 

Alcohol 
Main product [-] stdev [-] C 

C(OOH) 

-O- 
CH2 Dd [nm] sc [%] [-] 

26 7,3 
 

1.07×10-1  9 1 6 90 0.42 1.07×10-1 

27 9,1 
 

6.26×10-2 5.90×10-3 9 1 6 105 0.42 6.68×10-2 

211 0.16 5.85×10-2 

28 8,3 
 

7.61×10-2 9.82×10-2 10 1 7 76 0.63 7.77×10-2 

97 0.42 8.50×10-2 

203 0.16 6.56×10-2 

29 10,1 
 

3.37×10-2  10 1 7 131 0.16 3.37×10-2 

30 10,1 
 

2.96×10-2  10 1 7 136 0.42 2.96×10-2 

31 9,3 
 

5.00×10-2  11 1 8 115 0.42 5.00×10-2 

32 11,1 
 

2.52×10-2  11 1 8 280 0.42 2.52×10-2 

33 12,1 
 

2.35×10-2  12 1 9 147 0.42 2.35×10-2 

34 13,1 
 

1.39×10-2  13 1 10 175 0.42 1.39×10-2 

35 12,3 
 

1.90×10-2  14 1 11 157 0.42 1.90×10-2 

36 14,1 
 

1.33×10-2  14 1 11 177 0.42 1.33×10-2 

  



 

111 

Table 3.S3. Continued. 

Molecule 

Number 

1-Alkene, 

Alcohol 
Main product [-] stdev [-] C 

C(OOH) 

-O- 
CH2 Dd [nm] sc [%] [-] 

37 15,1 
 

1.67×10-2 1.12×10-3 15 1 12 122 0.63 1.74×10-2 

168 0.42 1.59×10-2 

38 14,3 
 

1.46×10-2 4.94×10-4 16 1 13 130 0.63 1.43×10-2 

171 0.42 1.50×10-2 

39 16,1 
 

5.43×10-3  16 1 13 139 0.78 5.43×10-3 

40 17,1 
 

1.89×10-2 7.39×10-3 17 1 14 91 0.78 2.69×10-2 

122 0.63 1.74×10-2 

180 0.42 1.24×10-2 
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Table 3.S4. CCN experiments of selected alkenes reacted with NO3 radicals. These reactions 

produce complex mixtures of molecules with nitrate, hydroxyl and carbonyl functional 

groups (Gong et al., 2005). CCN analysis was performed by stepping diameter at constant 

supersaturation (Petters et al., 2009b). 

Precursor alkene Experiment Dd [nm] sc [%] [-] 

1-heptene 

#1 > 400 0.78 < 0§ 

#2 > 400 0.78 < 0 

#3 287 0.42 1.89×10-3 

1-decene #1 > 400 0.78 < 0 

1-tetradecene #1 > 400 0.78 < 0 

2-methyltridecene #1 > 400 0.78 < 0 

cyclooctene #1 144 0.42 2.53×10-2 

cyclodecene #1 > 400 0.78 < 0 

cyclododecene #1 > 400 0.78 < 0 

-pinene #1 > 400 0.78 < 0 
§No activation was observed at Dd < 400 nm. The CCN activity in sc-Dd space corresponds to 

a state less hygroscopic than the insoluble but wetting limit described by  = 0. 

 

 

Table 3.S5. Slopes from linear best fits to the  values as a function of changing functional 

groups. Rows 1 and 2 correspond to Figure 3.2.  

Slope -OH -C(=O)OH -C(OOH)-O- -ONO2 -CH2- 

dlog10()/dn 1.13 0.71 0.47 -0.24 -0.10 

dlog10()/d(O:C) 10.68 4.99 2.19 -3.37 5.40 

dln()/dn 2.60 1.64 1.08 -0.55 -0.24 

dln()/d(O:C) 19.03 11.50 5.04 -2.58 12.44 
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4 SURFACTANT EFFECT ON CCN ACTIVITY 

Preface 

Surfactants reduce the surface tension of water, lowering the energetic barrier to the 

condensation of water vapor and thus to droplet growth. This effect is most apparent in 

Köhler theory at droplet activation. One approach to CCN measurements is to ignore the 

surface tension reduction by surface-active organic compounds and assume that the surface 

tension is that of pure water. Because the droplets are dilute near activation this may be a 

good approach. Another approach is to use bulk surface tension to infer CCN activity. The 

drawback to using bulk surface tension data is that aerosols only take up water by dissolved 

molecules, and since surfactants tend to migrate to the droplet surface they are effectively 

insoluble in the droplet interior and cannot participate in water uptake. This partitioning 

effect is not apparent in bulk samples. Partitioning theory accounts for both of the surfactant 

effects but has been tested in relatively few CCN studies. In this study we perform new 

measurements of cloud droplet activation for strong surfactants including non-ionic species. 

We also systematically tested the effect of mixing surfactants with non-surfactant compounds 

at various mixing ratios. Results show that the partitioning theory framework adequately 

describes the CCN activity of aerosols containing strong surfactants. Better agreement with 

the data is achieved by limiting the surfactant molecules to two monolayers at the surface 

based on the Langmuir adsorption isotherm. For mixed particles the CCN activity falls below 

the ideal mixing line, especially for solutions of 40–60% surfactant. Solute-solute 

interactions likely lead to these deviations.  
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Abstract 

This work presents experimental data on the cloud condensation nuclei (CCN) activity 

of two-component mixtures containing surfactants. Eleven binary systems were tested 

combining strong ionic (sodium dodecyl sulfate) and non-ionic surfactants (Zonyl FS-300 

and Triton X-100) with non-surfactant compounds (glucose, ammonium sulfate, or sodium 

chloride). Additional measurements testing kinetic limitations to surfactant partitioning were 

performed for select systems by introducing humidified delay before activation. Results show 

that CCN activity deviates strongly relative to predictions made from measurements of bulk 

surface tension. Köhler theory accounting for surface tension reduction and surface 

partitioning underpredicts the CCN activity of particles containing Zonyl FS-300 and Triton 

X-100. Partitioning theory adequately describes the effect of the surfactant on CCN activity 

when limiting surface adsorption to 1–2 monolayers of the growing drop. Solute-solute 

interactions and non-spherical particle shape led to deviations from predictions. The data 

obtained with and without humidification were indistinguishable within measurement 

uncertainty. The findings presented here put realistic bounds on the perturbation of CCN 

activity by surfactants and may offer insight into both the success and limitations of physical 

models describing CCN activity of surface active molecules. 
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4.1 Introduction 

Aerosols in the atmosphere are necessary precursors for cloud droplet formation. 

Variability in the relative abundance and effectiveness of cloud condensation nuclei (CCN) 

contributes to variability in the terrestrial radiative balance and water cycle [Andreae and 

Rosenfeld, 2008]. The current understanding of CCN thermodynamics is occluded in part by 

unresolved questions regarding the presence of surface active compounds in growing 

aqueous drops. Atmospheric aerosols and fog water extracts have been shown to reduce 

surface tension with respect to pure water [Seidl and Hänel, 1983; Capel et al., 1990; 

Decesari et al., 2000; Facchini et al., 2000]. By lowering tension at the air/water interface, 

surfactants decrease the energetic barrier to equilibrium droplet growth. However, migration 

of the surfactant from the interior of the droplet to the surface phase limits the number of 

moles of dissolved solute and thus reduces hygroscopic water uptake [Sorjamaa et al., 2004]. 

The treatment of surface tension reduction without accounting for the surfactant partitioning 

effect greatly exaggerates the potential of particles to nucleate cloud droplets [Li et al., 1998; 

Sorjamaa et al., 2004; Prisle et al., 2008]. Nevertheless surfactants are often cited as cause 

for a discrepancy in CCN closure studies [Moore et al., 2008; Engelhart et al., 2008; King et 

al., 2009; Wex et al., 2009; Padró et al., 2010; Giordano et al., 2013] and surfactant 

partitioning is often not accounted for in studies highlighting the importance of surfactants in 

cloud activation processes [Ekström et al., 2009, 2010; Padró et al., 2010; Giordano et al., 

2013; Nozière et al., 2014]. Perhaps one reason for these citations is that CCN data 

demonstrating partitioning of surface active compounds are limited to a few systems. The 

main surfactants explored in previous studies have been sodium dodecyl sulfate and similar 



 

119 

sodium fatty acid salts that are not found in the atmosphere. Furthermore, there is sufficient 

scatter in the published data to make rigorous validation of partitioning theory challenging. 

The aim of this work is to examine perturbations in CCN activity due to surfactants in 

sufficient detail to facilitate a discussion of physical mechanisms of surfactant action in CCN 

thermodynamics. We also discuss the diversity of surfactant types, the various mechanisms 

other than surface tension that alter CCN activity, and the limits imposed by experimental 

precision and model inputs.   

4.2 Background  

To motivate this study we begin with a brief review of surfactants and their context in 

atmospheric aerosol. Figure 4.1 shows a survey of bulk surface tension data with respect to 

solution concentration for various surfactants, grouped based on their composition or source 

(pastel colors, groups a–g). The groups, in decreasing order of their ability to reduce surface 

tension, are (a) biosurfactants, (b) fatty acid sodium salts, (c) ambient aerosol samples, (d) 

aromatic di- and tricarboxylic acids, (e) non-aromatic organic acids, (f) saccharides, and (g) 

inorganic salts. Saccharides and inorganic salts increase surface tension for concentrated 

solutions and are included for completeness. In the foreground are sodium dodecyl sulfate 

(SDS; red and purple), Triton X-100 (orange), and fluorosurfactant Zonyl FS-300 (brown), 

which are investigated in this study.  

A strong surfactant can be defined either by the (small) amount needed to reduce the 

surface tension of water or by the lowest surface tension that the aqueous solution can reach. 

Figure 4.1 shows that the strongest surfactants begin reducing surface tension at 

concentration > ~10-6 mol L-1. For reference, classical Köhler theory [Seinfeld and Pandis, 
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2006] predicts that the solute concentration of single component particles at the point of 

activation ranges between 10-3 and 5×10-2 mol L-1 (this range of predictions was obtained 

assuming ideal solution behavior, surface tension of pure water at T = 298 K, and evaluating 

the water content at activation for a plausible range of solute molecular weights 

0.05 < Ms < 1 kg mol-1, solute density 700 < s < 2000 kg m-3 and solute dry diameter 

50 < Dd < 200 nm), implying that most compounds from groups (a)–(d) are strong enough 

surfactants to reduce the surface tension at the water content expected for activating cloud 

drops. 

Ekström et al. [2009, 2010] suggest based on surface tension measurements and model 

calculations that biosurfactants lead to exceptional cloud nucleating efficiency. However, the 

authors did not directly measure CCN activity to confirm this hypothesis. Biosurfactants are 

surface-active molecules secreted by bacteria and are the strongest naturally occurring 

surfactants known (Figure 4.1, group a). Although whole bacteria are not considered to 

contribute strongly to CCN concentrations [Sun and Ariya, 2006; Spracklen and Heald, 

2014], they are abundant in the atmosphere [Burrows et al., 2009] and are able to complete 

their life cycle in cloud water [Sattler et al., 2001]. Living bacteria or bacterial surfactants 

can be lofted into the air through wind action, wave breaking, or other mechanical means. 

The exceptionally small concentrations required for strong surface tension reduction by 

rhamnolipids (from Pseudomonas aeruginosa [Zhang and Miller, 1992; Ekström et al., 

2010]) and surfactins (from Bacillus subtilis; [Ekström et al., 2010]) may affect CCN 

activation more than the nominally weaker surfactants. To our knowledge, no CCN data of 

these strong surfactants are available to date.  
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The fatty acid sodium salts in group (b) are strong industrial surfactants of the formula 

CH3(CH2)xCOONa. Although these compounds are generally not present in atmospheric 

organic aerosol they have been used as model linear ionic surfactants for CCN studies [Prisle 

et al., 2008, 2010]. Furthermore, long-chain C13–C30 carboxylic acids are present in ambient 

aerosol [Mochida et al., 2007; Ho et al., 2015] and have similar molecular form and surface 

tension reducing potential to their sodium salt counterparts [Lunkenheimer et al., 2003]. Fatty 

acid salts are anionic and may participate in salt-salt counterion interactions, whereas their 

nonionic fatty acid counterparts may be salted out of solution in the presence of salt ions. The 

scatter in surface tensions of fatty acid sodium salts is large, possibly due to salting out 

effects, solution impurities, or other factors that either limit solubility or are impacted by low 

solubility. Some authors purified the samples by crystallization and filtration [Zdziennicka et 

al., 2012] whereas others did not [Campbell and Lakshminarayanan, 1965]. Jackson et al. 

[2014] note that sodium myristate (C14) begins to precipitate at concentrations slightly above 

about 10-3 mol L-1, which is indicated in Figure 4.1 by a faint vertical line near 10-3 mol L-1 

and 50 mN m-1. Furthermore, Lunkenheimer et al. [2003] observed solubility limits in their 

surface tension measurement of capric acid (C10). Solubility limitations and salting out add to 

the difficulty of characterizing surface tension, its influence on CCN activity, and the 

application of models to the process. 

Compounds from groups (c) and (d) have direct atmospheric relevance. For example, 

aromatic di- and tricarboxylic acids have been identified in atmospheric samples [Mochida et 

al., 2007]. Organics classified as humic-like substances (HULIS) in ambient samples have 

been shown to reduce surface tension [Kiss et al., 2005; Taraniuk et al., 2007]. HULIS is an 
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operationally defined oxygenated oligomer or polycarboxylic acid whose molecular 

speciation is not fully understood. Compounds fitting this description have been identified in 

oxidized soot samples [Decesari et al., 2002], biomass burning aerosol, photochemically 

aged secondary organic aerosol [Baltensperger et al., 2005], primary emission of marine 

organic matter [Krivácsy et al., 2008], etc. The ambient organic compounds show similar 

surface tension reduction to that of the common industrial surfactant SDS. Water uptake and 

CCN activity of aromatic acids and HULIS have been extensively characterized in the 

literature [Hori et al., 2003; Chan and Chan, 2003; Brooks et al., 2004; Dinar et al., 2006; 

Wex et al., 2007; Fors et al., 2010; Frosch et al., 2011; Kristensen et al., 2014]. These 

studies demonstrate that surface active organics take up water and serve as CCN with 

hygroscopic properties similar in magnitude to other non-surfactant organic compounds. A 

rigorous analysis explaining the relative role of water activity and surface tension in 

explaining the CCN activity is not included in these studies, partially due to the absence of 

detailed molecular information. 

The organic carboxylic acids in group (e) weakly reduce surface tension and are 

identified in ambient samples. Surface tension and CCN activity are well characterized for 

these compounds [Shulman et al., 1996; Hori et al., 2003; Aumann et al., 2010; Ekström et 

al., 2010]. However, water activity predicts the CCN activity of this class of compounds well 

[Petters et al., 2009a] and the solute concentration in activating drops is likely too small to 

affect surface tension. The saccharides in group (f) include glucose, which is used in this 

study as a model non-surfactant low molecular weight organic substance. As with the 
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compounds in group (e), water activity predicts the CCN activity of saccharides and surface 

tension is unlikely to affect droplet activation.  

Compounds shown in the foreground of Figure 4.1 are not found in the atmosphere. 

However, they are very effective at reducing surface tension and we propose that they serve 

as a model to test the CCN activation of strong surfactants. For example, Triton X-100 is 

nearly as strong a surfactant as the biosurfactants at a similar molar concentration. The 

estimated concentration of solute at CCN activation for pure Zonyl FS-300, Triton X-100, 

and SDS are between 10-2 and 5×10-2 mol L-1, depicted by arrows below the data. Triton X-

100 (Polyethylene glycol mono [4-(1,1,3,3-tetramethylbutyl)phenyl] ether)) is a 

commercially available nonionic surfactant. Zonyl FS-300 is a linear commercial nonionic 

fluorosurfactant synthesized by a proprietary ethoxylation technique. The surfactant is a 

mixture with formula F–(CF2CF2)n–CH2CH2O–(CH2CH2O)x–H, where 3 < n < 8 and 15 ≤ x 

≤ 25 [Cui et al., 2003; Ghyzel, 2013; Škvarla et al., 2014]. To our knowledge, CCN 

activation properties of neither Triton X-100 nor Zonyl FS-300 have been reported in the 

literature. SDS is included in this study because surface tension is well known [Rehfeld, 

1967; Zdziennicka et al., 2012] and some hygroscopic growth and CCN data are available 

[Rood and Williams, 2001; Sorjamaa et al., 2004; Ruehl et al., 2010; Harmon et al., 2010]. 

Furthermore, SDS and mixtures of SDS with NaCl have been the experimental basis for the 

validation of Köhler theory that includes surface-to-bulk partitioning [Li et al., 1998; 

Sorjamaa et al., 2004; Prisle et al., 2008, 2010; Raatikainen and Laaksonen, 2011; Petters 

and Kreidenweis, 2013]. 
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4.3 Experimental 

The following chemicals and purities were used in this study: deionized water (~18.2 

M cm), ammonium sulfate (99.9 %, Sigma-Aldrich), sodium chloride (99+ %, Acros), D-

(+)- glucose (99.5 %, Fisher), sodium dodecyl sulfate (99+ %, Sigma-Aldrich), Triton X-100 

(97.5 %, Fisher), Zonyl FS-300 (40 % solids in water, DuPont), and polystyrene nanospheres 

(102 ±3 nm, Thermo Scientific lot #36489). All chemicals were used without further 

purification.  

The measurement setup consists of a spray atomization system that is coupled with a 

standard size-resolved CCN technique described previously [Christensen and Petters, 2012]. 

Changes to this setup include the atomization procedure and size-scanning strategy and are 

described below. Aqueous solutions were routed to an atomizer (TSI 3076) by a syringe 

pump at 10–40 L min-1. The aerosol stream was then dried by passage through a silica gel 

diffusion dryer and/or Nafion dryer (PermaPure) and returned to an equilibrium charge 

distribution using -radiation (Aerosol Dynamics Inc. casing for 210Po strips; Russell et al., 

[1996]). Particles were size-selected by a differential mobility analyzer (DMA; TSI 308100) 

operated in scanning mobility particle sizer (SMPS) mode [Wang and Flagan, 1990] at room 

temperature and pressure. Three SMPS voltage ramps were used. Ramp 1 was 2000 to 100 V 

in 180 s, ramp 2 was 9000 to 1 V in 220 s, and ramp 3 was 10000 to 50 V in 600 s. Bin 

spacings for these ramps corresponding to 1 Hz data acquisition were 0.8 nm, 2.1 nm, and 

0.4 nm, respectively, for diameters between 35 and 90 nm. Ramp choice was guided by 

optimizing diameter or volume fraction resolution and experiment duration. The sheath to 

sample flow ratio was 15:1 L min-1/(L min-1). Voltages were converted to diameter by the 
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DMA transfer function [Knutsen and Whitby, 1975; Wang and Flagan, 1990] and the voltage 

to diameter mapping was verified using polystyrene nanospheres. Size spectra were inverted 

to account for multiply charged particles following the method of Petters et al. [2009b].  

CCN activity was obtained by splitting the size-selected aerosol stream between a 

condensation particle counter (CPC; TSI 3771) and a CCN counter (CCNC; Droplet 

Measurement Technologies). A sigmoid activation curve was fit to the ratio of inverted CCN 

to CPC counts as a function of diameter, and the diameter at which 50 % of particles 

activated was recorded as the dry diameter. Delayed surfactant partitioning was probed for 

SDS + NaCl and Zonyl + glucose mixtures by introducing a high relative humidity (RH) time 

delay after particle sizing but before CCN activation. This setup was similar to that of Petters 

et al. [2013] but was shortened to 20 s and consisted of a series of laminar flow glass flow 

tubes. Humidification was achieved using a heated Nafion membrane (PermaPure). The 

delay allowed the particles to take up water at RH = 80–100 %, giving surfactants additional 

time in solution to partition before exposure to vapor supersaturation. Dynamic surface 

tension measurements of SDS by Nozière et al. [2014] show that the minimum value 

reported by Rehfeld [1967] and Zdiennicka et al. [2012] (c.f. Table 4.3 and Figure 4.1) is 

expressed instantaneously and reflects a meso-equilibrium value that can be further reduced 

after  

~100 s. Triton X-100 reaches minimum surface tension in 0.02–1 s [Miller et al., 1994]. 

Dynamic surface tension measurements for Zonyl FS-300 were not available but Nozière et 

al. [2014] showed that surface tension for biosurfactants of similar strength equilibrates after 

10–100 s.  
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Instrument supersaturation was calibrated using the activation diameter of ammonium 

sulfate (AS) aerosol and the Extended Aerosol Inorganics Model (E-AIM) [Clegg et al., 

1998; Wexler and Clegg, 2002; Rose et al., 2008]. Calibration details are included below 

with the theory description. Experiments varying supersaturation were calibrated within the 

same week, and experiments with two-component aerosols were calibrated up to three times 

per experiment in the same day. For six experiments in which both glucose and AS activation 

diameters were measured, the supersaturation was also calculated using the Margules model 

of water activity [Prausnitz et al., 1999; Petters et al., 2009c] for glucose with parameters 

provided in Suda and Petters [2013].  

Experiments were performed for pure compounds at different supersaturations by 

stepping through CCNC temperature gradients from 6 to 19 °C, corresponding to water 

supersaturation from 0.3 to 1.0 %. Separate experiments were performed for two-component 

mixtures varying the volume mixing fraction (including pure compounds) at a constant 

temperature gradient of 8, 10, or 12 °C, corresponding to a supersaturation of 0.4, 0.6, or  

0.7 %. Aqueous two-component solutions were prepared by pre-mixing pure compounds 

with water at a fixed concentration and then combining these with ±0.5 % precision in 

solute:solute volume fraction. The mixing fractions were atomized in a random order and the 

atomizer was rinsed between samples. Pure water was atomized to measure the contribution 

of solvent impurities to the atomized aerosol. Solvent residuals were ~2 % of aerosol volume 

based on the integration over the entire size distribution.  
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4.4 Theory 

The relationship between water vapor saturation and the equilibrium diameter of a 

solution droplet can be described by [Petters and Kreidenweis, 2007]:  

 S =
𝐷3 − 𝐷𝑑

3

𝐷3 − 𝐷𝑑
3(1 − 𝜅)

exp (
4𝜎𝑠 𝑎⁄ 𝑀𝑤

𝑅𝑇𝜌𝑤𝐷
) (4.1) 

where S is the water vapor saturation ratio, D is the solution droplet diameter, Dd is the 

particle dry diameter,  is the hygroscopicity parameter, s/a is the surface tension at the 

solution/air interface, Mw is the molar mass of water, R is the universal gas constant, T is the 

temperature, and w is the density of water. A particle is considered activated when the 

environmental S (i.e., RH) exceeds a critical saturation ratio defined by Sc = max(S). Critical 

supersaturation is defined as sc = (Sc–1)×100%. Here we define a standard state assuming 

surface tension of pure water (0 = 72 mN m-1) at T = 298.15 K, spherical particles, and 

complete dissolution. Under these assumptions the mapping of  to any sc-Dd data pair is 

unique and can be found by an iterative algorithm. We denote this apparent hygroscopicity 

evaluated at standard state as ө [Christensen and Petters, 2012], which is synonymous with 

the terms apparent  (app), effective  (eff), or CCN [Petters and Kreidenweis, 2013 and 

references therein]. Apparent hygroscopicity ө serves as descriptive shorthand for CCN 

activity derived from experimental data or any of the models described below. 

4.4.1 ZSR Model 

For mixed particles having two dry components the Zdanovskii-Stokes-Robinson (ZSR) 

assumption permits estimation of ө: 
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 mix
ө = 11

ө + (1-1)2
ө (4.2) 

where 1 is the volume fraction of component 1 in the dry particle [Petters and Kreidenweis, 

2007].  

4.4.2 E-AIM Model 

Water activity as a function of mole fraction can be obtained using thermodynamic models 

such as E-AIM [Clegg et al., 1998; Wexler and Clegg, 2002] and imported into Köhler 

theory:  

 𝑆 = 𝑎𝑤 exp (𝐶 (𝐷𝑑
3 +

6

𝜋

𝜈𝑛𝑠𝑥𝑤

(1 − 𝑥𝑤)

𝑀𝑤

𝜌𝑤
)

−1 3⁄

) (4.3) 

where aw is water activity, C = 4s/aMw/RTw is evaluated at the standard state,  is the 

number of dissociable ions of solute, ns is the number of moles of solute, and xw is the mole 

fraction water. Note that S depends only on Dd. Equation (4.3) was used to define the 

instrument supersaturation based on the measured Dd for ammonium sulfate particles. 

4.4.3 Shape Factor Model (Model 1) 

Ammonium sulfate aerosol has been shown to be slightly non-spherical. Its dynamic 

shape factor varies as a function of its diameter [Zelenyuk et al., 2006] or the drying 

procedure [Mikhailov et al., 2009]. Non-spherical particles have increased drag when passing 

through the differential mobility analyzer and thus the mobility equivalent and volume 

equivalent diameters differ. The relationship is given by [Kasper, 1982; Hinds, 1999]: 

 
𝐷𝑣𝑒 =

1

𝜒
𝐷𝑚𝑒

𝐶𝑐(𝐷𝑣𝑒)

𝐶𝑐(𝐷𝑚𝑒)
 

𝐶𝑐(𝐷) = 1 + 𝜆 𝐷(2.514 + 0.8 exp(−0.55 𝐾𝑛⁄ )⁄  

(4.4) 
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where Dme is the mobility equivalent diameter,  is the dynamic shape factor, Dve is the 

volume equivalent diameter, Cc is the Cunningham correction factor,  is the mean free path 

of air, D is particle diameter, and Kn = /D is the Knudsen number. Observations of Dd 

correspond to Dme and E-AIM modeled Dd’s correspond to Dve. Thus if ammonium sulfate 

were not spherical,  > 1 would need to be applied to the measured Dd to find Dve before 

calibration by E-AIM using equation (4.3). For experiments in which both AS and glucose 

were measured,  was found such that the shape-corrected ammonium sulfate supersaturation 

matched the glucose supersaturation calibration. Glucose was assumed to be spherical based 

on measurements by Zelenyuk et al. [2006]. The retrieved ’s were not applied in the 

instrument calibration but the findings are discussed below. NaCl is known to crystalize into 

a cubic or near-cubic shape with an ideal shape factor of  = 1.08 [Hinds, 1999]. For 

mixtures containing NaCl, isolines of constant  characterizing the low bias in ө for 

uncorrected shaped particles were calculated using equation (4.4).  

4.4.4 Prognostic Partitioning Model (Model 2) 

Model 2 simulates bulk-to-surface partitioning [Sorjamaa et al., 2004; Raatikainen and 

Laaksonen, 2011] as described by [Petters and Kreidenweis, 2013]: 

 𝜅𝑚𝑖𝑥 = 𝜖𝑠𝑓𝑡𝜉𝑠𝑓𝑡𝜅𝑠𝑓𝑡 + (1 − 𝜖𝑠𝑓𝑡)𝜅𝑛𝑝𝑠 (4.5a) 

 𝜎𝑠 𝑎⁄ = 𝜎0 − 𝑅𝑇Γmax ln (1 +
𝑉𝑠,𝑠𝑓𝑡

𝑏

𝛼𝑠𝑓𝑡𝛽𝑉
) (4.5b) 

where “sft” denotes the surfactant, “nps” denotes the non-partitioning solute,  is the volume 

fraction solute in the dry particle,  is the volume fraction of solute in the droplet bulk, max 
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is the maximum surfactant surface excess, Vs,sft
b is the volume of surfactant in the droplet 

bulk,  is the partial molar volume,  is the surfactant inverse adsorption coefficient and V is 

the total droplet volume. The hygroscopicities mix, sft and nps describe aerosol water 

content; sft and nps can be found from hygroscopic growth at high RH. Alternatively, they 

can be estimated from the compound’s molar volume [Petters et al., 2009a]:  

 𝜅𝑠𝑓𝑡 = 𝜈Φ
𝛼𝑤

𝛼𝑠𝑓𝑡
 (4.6) 

where  is the molal osmotic coefficient (equal to unity for ideal solutions) and w is the 

partial molar volume of water. Volume additivity of bulk ’s is assumed in solution such that 

 = /M, where  is the bulk density and M is molar mass. For molecular weights > ~ 500 

cm-3 mol-1 this estimate needs to be modified to account for the dissimilarity in molecular 

sizes for solute and solvent:  

 

𝑐1 = 0.014 (𝛼𝑠𝑓𝑡 × 106)
1.14

− 1.4 

𝜅𝑠𝑓𝑡 =
𝛼𝑤 × 106 + 𝑐1

𝛼𝑠𝑓𝑡 × 106
 

(4.7) 

Equation (4.7) is an empirical fit that represents the Flory-Huggins prediction shown in 

Figure 2 of Petters et al. [2009a]. The parameters  and max are found by fitting equation 

(4.5b) to bulk surface tension data. Below the critical micelle concentration,  = cmc.  

The volume in the bulk is estimated using the analytical formula of Raatikainen and 

Laaksonen [2011]: 

 𝑉𝑠,𝑠𝑓𝑡
𝑏 =

𝛼𝑠𝑓𝑡

2
(𝑔 + √𝑔2 + 4𝜖𝑠𝑓𝑡𝑉𝑠

𝑡𝛽𝑉 𝛼𝑠𝑓𝑡⁄ ) (4.8) 
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𝑔 =
𝜖𝑠𝑓𝑡𝑉𝑠

𝑡

𝛼𝑠𝑓𝑡
− 𝛽𝑉 −

𝐴Γ𝑚𝑎𝑥

𝜈
 

where Vs
t is the total volume of solutes and A is the droplet surface area. For cases in which 

the solutes share a common counterion, the cube root solution from equation (8) in Petters 

and Kreidenweis [2013] is used. Finally, the volume fraction of surfactant in the bulk is 

given by  

 𝜉𝑠𝑓𝑡 =
𝑉𝑠,𝑠𝑓𝑡

𝑏

𝜖𝑠𝑓𝑡𝑉𝑠
𝑡 (4.9) 

and the non-surfactant is assumed to be all in the droplet bulk.  

Equation (4.1) is solved for sc for an arbitrary sft and Dd, using mix and s/a from 

equation (4.5). The resulting sc-Dd pair is used to find ө for comparison to the observations. 

Note that ө is not equivalent to mix from equation (4.5) and does not follow ZSR mixing 

due to the effects of bulk-to-surface partitioning and reduced surface tension.  

4.4.5 Prescriptive Partitioning Model (Model 3) 

The prognostic partitioning model (Model 2) explicitly predicts the volume fraction 

surfactant in the bulk (equations 4.8 and 4.9). In contrast, the prescriptive partitioning model 

uses the same equations as Model 2 but sft is set to an arbitrary constant between 0.01 and 1. 

Briefly, sft is chosen, mix and s/a are calculated via equation (4.5), and sc is determined by 

equation (4.1) as a function of mix, s/a, and an arbitrary Dd. The resulting sc-Dd pair is used 

with equation (4.1) to find ө for comparison to other models. Importantly, note that for sft = 

1.0, Model 3 is equivalent to the standard state except that it includes surface tension 

depression without accounting for surfactant partitioning. It is conceptually equivalent to the 
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models used by Padró et al. [2007], Ekström et al. [2009, 2010], Giordano et al. [2013], and 

Nozière et al. [2014]. Models 1–3 are summarized in Table 4.1.  

4.5 Results 

4.5.1 Chemical Properties 

Table 4.2 summarizes the physicochemical properties of the compounds used in this 

study. The sft values are obtained from Ruehl et al., [2010] for SDS and by equation (4.7) 

for Triton X-100 and Zonyl FS-300. Table 4.3 shows the results of fitting equation (4.5b) to 

bulk surface tension data for SDS, Triton X-100, and Zonyl FS-300 from the literature, and 

Figure 4.1 displays the fitted curves. Two measurement sets for SDS are in very good 

agreement. Due to the paucity of data for Zonyl FS-300, four different fits span the range of 

possible molar masses and max values emulating either the similar compound Zonyl FSN-

100 or Triton X-100.  

4.5.2 CCN activity for pure compounds at different supersaturations 

Figures 4.2–4.3 summarize CCN experiments for pure compounds at different 

supersaturations (data are available in the supplement). These experiments were performed 

over a period of ~2 weeks following voltage ramp 3 with ө bin spacing ±2 %. Summary 

statistics for these data are given in Table 4.4 and results for pure non-surfactants are shown 

in Figure 4.2. These experiments include two repeats for AS and one repeat for glucose. 

Ammonium sulfate ө increased with diameter and the values agree with E-AIM because 

they were used to define the instrument supersaturation. The average ө drifted ±1.2 % over 

three experiments. NaCl ө also increased with diameter but fell well below the value 
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predicted by E-AIM. Shape factors for NaCl forcing the data to agree with E-AIM (Model 1) 

decreased from 1.15 to 1.11 as diameter increased from 24 to 53 nm. The observed absolute 

values and diameter trends for shape factors are consistent with literature values. Wang et al. 

[2010] report  = 1.06 to 1.26 for 35 to 40 nm particles. Zelenyuk et al. [2006] report 

increasing from 1.06 to 1.17 for 200 to 800 nm particles. Glucose ө decreased slightly 

with diameter and was 10 % higher than predicted from the Margules water activity model. 

The second glucose experiment’s ө drifted relative to the first by 3.5 %.  

Experiments with pure surfactants at different supersaturations are summarized in Figure 

4.3. The relative spread in Triton X-100 ɵ was approximately one order of magnitude larger 

than those of the other compounds, including the non-surfactants. Weak trends in ɵ with 

supersaturation were observed for SDS and Triton X-100: SDS ɵ decreased by 8 % between 

46 and 108 nm and Triton X-100 ɵ decreased by 25 % between 52 and 131 nm. No trend 

was observed for Zonyl FS-300. Constant sft’s corresponding to hygroscopic growth (given 

in Table 4.2) were 2 % higher, 20 % lower, and 45 % lower than measured ө’s for SDS, 

Triton X-100, and Zonyl FS-300, respectively; in the same order, Model 2 predictions were 

10 % higher, 35 % lower, and 65 % lower than the measurements. Model 3 predictions with 

sft = 1 (surface tension depression without partitioning) were 400+ % higher than the 

measurements. A sharp decrease in the Model 3 with sft = 1 prediction for SDS arose from 

the discontinuity in surface tension at the critical micelle concentration. SDS and Triton X-

100 measurements are circumscribed by the sft = 0.1 and 0.2 isolines. Zonyl FS-300 ө’s 

crossed several sft isolines ranging from 0.01 to nearly 0.05.  
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4.5.3 CCN activity for mixtures at different mixing ratios 

Figures 4.4–4.8 summarize CCN experiments at different mixing ratios (data are 

available in the supplement). These experiments were performed over a period of ~3 years 

and implicitly include measurements for pure compounds. Unlike the experiments presented 

above, all three voltage ramps were used and the experiments were performed at constant 

supersaturation. Summary statistics for pure compounds at the endpoints of mixing 

experiments are given in Table 4.4. These average ɵ’s agree within ±10 % of those retrieved 

for pure component experiments at different supersaturations. The data are discussed in the 

following order: glucose with AS; glucose with NaCl; SDS with glucose, AS, or NaCl; 

Triton X-100 with glucose, AS, or NaCl; and Zonyl FS-300 with glucose, AS, or NaCl. 

Mixing of glucose with inorganics is included to explore repeatability and examine potential 

effects due to solute-solute interactions and non-spherical particle shape. 

Six independent experiments mixing glucose with AS are shown in Figure 4.4. 

Experiments were calibrated by AS and followed voltage ramp 1 or 2 corresponding to ɵ bin 

spacing of ±2 % or ±6–11 %. Measured Dd’s and supersaturations for pure AS and pure 

glucose endpoints are presented in Table 4.5. Expected ɵ from water activity (E-AIM and 

Margules models) varied by ~3 % and 1 % relative to the mean for AS and glucose, 

respectively. The difference in ɵ between AS and glucose was consistent over all the 

experiments and the supersaturation calculated from glucose measurements matched the AS 

calibration nearly 1:1 with a coefficient of determination (R2) of 0.982. Ammonium sulfate 

’s calculated via Model 1 such that the calibrations agreed are summarized in Table 4.5. 

Some values are  < 1. No correlation with particle size was observed. This indicates that 
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shape factors for AS and glucose were similar and likely close to spherical in those 

experiments. Observed variability in  is due to random measurement error. Based on this 

result, all of the experiments were calibrated on AS without further shape correction. Figure 

4.4 shows that the observed ɵ approximately follow the linear ZSR mixing rule. For 0.20 < 

AS < 0.80, observed ɵ are 3–13 % lower than the ZSR estimate, which may be indicative of 

solute-solute interactions.  

Experiments mixing glucose with NaCl are shown in Figure 4.5. Voltage ramp 2 was 

used corresponding to ɵ bin spacing of ±6–11 %. The trend in ɵ is linear but falls 

significantly below the ZSR estimate. For mixing fractions above NaCl = 0.20 the 

measurements coincide with  = 1.06 to 1.14 with an average of 1.10. The  retrieved using 

Model 1 was nearly constant above NaCl = 0.20. These values are consistent with those 

reported in Figure 4.2 and suggest that the mixed particles are non-spherical, although solute-

solute interactions may also have contributed to deviations from the ZSR estimate. Figure 4.5 

also illustrates the random measurement sequence of solutions, which was adopted for all 

mixing experiments. The results demonstrate that there is no carryover between atomized 

solutions of different composition.  

Experiments mixing SDS with glucose, AS, or NaCl are shown in Figure 4.6. The ɵ’s 

correspond to measured Dd ranges of 75–87 nm at an instrument supersaturation of 0.42 % 

(SDS+glucose), 41–68 nm at 0.59 % (SDS+AS), 38–81 nm at 0.46 % (SDS+NaCl), and 31–

63 nm at 0.63 % (SDS+NaCl with high-RH delay). Voltage ramps corresponded to ɵ bin 

spacing of ±4–8 % (SDS+glucose) and ±2–4 % (all others). The CCN activity of glucose 
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mixtures fell below the ZSR mixing line at high SDS fraction and above ZSR mixing at 

glucose ≥ 0.60. Data falling outside the envelope ±2 std ɵ predicted from the ZSR model 

(hereafter denoted ZSR envelope; see Table 4.4 for endpoints) will be highlighted in the 

following. The CCN activity of glucose mixtures was entirely within the ZSR envelope. The 

CCN activity of AS mixtures fell below the ZSR mixing line at high SDS fraction and above 

the line at AS ≥ 0.50, falling outside the ZSR envelope at AS ~0.20. The CCN activity of 

NaCl mixture ɵ’s fell below the ZSR envelope at NaCl ~0.10 and NaCl ~0.95–1.00. The 

NaCl mixture ɵ’s coincided with  = ~1.08 at NaCl ≥ 0.80. The NaCl mixture ө’s were 

indistinguishable after high-RH delay. Scatter in ɵ within individual experiments was ±4 %, 

lower than the scatter given in Table 4.4 for pure glucose or SDS over all mixing 

experiments. At high SDS fraction Model 2 predicted ɵ > sft due to the effect of surface 

tension on sc in equation (4.1), except in the case SDS + NaCl, where the common counterion 

reduced the bulk concentration of SDS entering equation (4.5a).  

Experiments mixing Triton X-100 with glucose, AS, or NaCl are shown in Figure 4.7. 

The ɵ’s correspond to measured Dd ranges of 77–98 nm at an instrument supersaturation of 

0.42 % (Triton+glucose; red and black symbols), 49–107 nm at 0.43 % (Triton+AS; red and 

black), 53–99 nm at 0.39 % (Triton+AS; blue, green, and orange), 39–107 nm at 0.43 % 

(Triton+NaCl; red and black), and 43–97 nm at 0.40 % (Triton+NaCl; blue and green). 

Voltage ramps corresponded to ɵ bin spacing of ±8–10 % (red and black) or ±2 % (blue, 

green, and orange). The CCN activity near equal mixing fraction fell 20 % below the ZSR 

line for glucose mixtures and 40 % below the line for AS and NaCl mixtures. For AS and 
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NaCl many measurements fell in the space 0–40 % below ZSR mixing. Measured ɵ’s fell 

outside the ZSR envelope near equal mixing fractions. The NaCl mixture ɵ’s coincided with 

 = 1.02–1.08 at NaCl ≥ 0.90. Scatter in ɵ within individual experiments was ~ ±5 % but 

closer to ±10–20 % when considering scatter between repeated experiments. Model 2 

predicted linear ɵ mixing at low Triton fraction (glucose > ~0.40, AS > ~ 0.10, and NaCl > 

~0.05) with an upward curve in ɵ at high Triton fraction. The model was insensitive to Dd 

except at high Triton fraction. For pure Triton the predicted ɵ was 0.051, 43 % lower than 

the average measurement.  

Experiments mixing Zonyl FS-300 with glucose, AS, or NaCl are shown in Figure 4.8. 

The ɵ’s correspond to measured Dd ranges of 62–72 nm at an instrument supersaturation of 

0.59 % (Zonyl+glucose), 61–79 nm at 0.53 % (Zonyl+glucose with high-RH delay), 51–93 

nm at 0.42 % (Zonyl+AS), 39–91 nm at 0.42 % (Zonyl+NaCl). Voltage ramps corresponded 

to ɵ bin spacing of ±2–4 % (Zonyl+glucose) or ±6–11 % (all others). The CCN activity of 

glucose mixtures was linear as a function of glucose, and fell at most 15 % below the ZSR 

mixing line as glucose approached unity, leaving the ZSR envelope at glucose ≥ 0.60.  The 

CCN activity after a high-RH delay fell within ±4 % of ZSR mixing. The CCN activity of AS 

mixtures fell below the ZSR line by up to 40 % near equal mixing fractions, similar to the 

Triton mixtures described above. The measurements fell outside the ZSR envelope where 

0.10 ≤ AS ≤ 0.80, but then increase by ~35 % between AS = 0.80 and 0.90. The CCN 

activity of NaCl mixtures is within ±20 % of the ZSR mixing line, falling often above the 

line where NaCl ≥ 0.40. Measurements were above the ZSR envelope in the range 0.30 ≤ 
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NaCl ≤ 0.70 and below the envelope at NaCl ~ 0.20. Measured ɵ coincided with  = 1.00–

1.04 at NaCl ≥ 0.95. These were the only NaCl measurements where  was < ~1.08. Model 2 

predicted linear ɵ mixing at low Zonyl fraction (glucose > ~0.20, AS > ~ 0.05, and NaCl > 

~0.025) with an upward curve at high Zonyl fraction, which is similar to the Triton X-100 

prediction. The model was also insensitive to Dd except at high Zonyl fraction. Model 2 

predicted a ɵ of 5×10-3–0.0323 for pure Zonyl, 68–95 % lower than the measurement.  

4.6 Discussion 

Unsurprisingly, the model without accounting for bulk-to-surface partitioning (Model 3, 

sft = 1, c.f. Figure 4.3) predicted ө several hundred percent higher than the measurements. 

Hygroscopic growth sft for pure SDS predicted ө within 2 % implying that CCN activity 

was not enhanced relative to water uptake. In fact the SDS ө was 10 % lower than the molar 

volume estimate of sft = 0.147 from equation (4.6). By contrast the Triton X-100 and Zonyl 

FS-300 ө measurements were higher than predicted by sft from equation (4.7) by 20 % and 

45 %, respectively. This enhancement for pure compounds could be due to surface tension 

reduction. Surprisingly, the prognostic partitioning model (Model 2) did not enhance the 

predicted ө relative to sft but lowered it further. Irwin et al. [2010] made a similar 

observation. The predicted strong depletion of the bulk, indicated by the low sft values in 

Figure 4.3, implies up to 15 monolayers of surfactant in the surface phase. However, a 

maximum adsorption density is implied by adsorption theory and approximated by Γmax. A 

simple adjustment limiting the surface phase to 1–1.25 (Zonyl) or 1.5–2 (Triton) monolayers 

increased the predicted ө to coincide with the measurements. Figures 4.6–4.8 show that 
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limiting the number of surface monolayers to 1.5 for mixtures generally improves the 

predictions, except for SDS + glucose or AS (Figure 4.6a,b). In these cases, the prediction is 

worsened as limiting surface adsorption increases the predicted ө. Perfect agreement with 

data is not achieved due to effects discussed in the next paragraphs. Nevertheless, the overall 

improved prediction due to imposing a reasonable physical constraint supports the validity of 

partitioning theory. The sensitivity of the prediction to the constraint will limit high-accuracy 

predictions from surface tension data since it is not a priori clear how many monolayers of 

adsorption should be permitted. Experimental and modeling techniques that probe the 

physical thickness of the surface layer in growing sub-micron droplets [Ruehl and Wilson, 

2014; Werner et al. 2014] will be needed to inform the existing framework. Furthermore, 

other effects limit the agreement between measurement and model. These include: solute-

solute interactions, solution impurities, particle shape, and fractionation effects.  

4.6.1 Solute-solute interactions 

Model 2 worked well for the mixture of SDS + NaCl but did not anticipate the functional 

form of ө vs mixing fraction for other systems, especially at high surfactant fraction. ZSR 

mixing did not describe the results either. A dip in the center of four of the mixing plots 

(Triton + anything and Zonyl + AS) appears to be unrelated to surface tension, based on the 

fact that the largest deviation is near equal mixing fractions and not at high surfactant 

fraction. The deviation could instead be due to solute-solute interactions, for example 

variable activity coefficients for different mixing ratios of the solutes. The surfactants and 

salts tested are weakly functionalized and perhaps should not be expected to behave ideally 

in mixtures [Suda et al., 2014]. A very similar dip was observed by Kristensen et al. [2014] 
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for Nordic Aquatic Fulvic Acid mixed with NaCl. The observations are also consistent with 

observations for multicomponent organic mixtures that show that the combined particle is 

usually slightly less hygroscopic than one would expect from ZSR [Suda et al., 2012].  

4.6.2 Solution impurities 

Model 2 makes a distinctive prediction of strongly non-linear behavior for mixtures of 

SDS + NaCl near NaCl = 0.05 (Figure 4.6c). This effect is due to interactions of the common 

counterion Na+ in the solutes. The measurement agrees reasonably well with the prediction, 

but impurities in the chemicals used and in the deionized water introduce error. Our test 

atomizing pure water suggested that impurities contribute ~2 % to the mixed aerosols, 

enough to blur resolution in . Note that a similar shape was observed for SDS mixed with 

AS (at AS = 0–0.1), which the theory did not predict (Figure 4.6b). The similar salting out 

effect has also been difficult to confirm in the past [Frosch et al., 2011; Prisle et al., 2012] 

and counterion interaction is inconclusive at the present measurement resolution.  

4.6.3 Particle shape for mixtures containing NaCl 

Based on the consistent offset of ɵ from the ZSR or Model 2 prediction in Figures 4.5, 

4.6, and 4.7, it seems that particles mixed with NaCl were non-spherical at high NaCl. This is 

a reasonable conclusion for pure NaCl and above a certain NaCl, however, it is not clear at 

what fraction other factors contribute to non-ZSR mixing. The glucose + NaCl seems to 

maintain a constant  ~ 1.12 above NaCl ~ 0.20, but this is just as likely to be a manifestation 

of a depression in CCN activity near NaCl = 0.50 superimposed over the effect of non-

spherical shapes. Note that the Zonyl + NaCl mixture shows  ~1 at high NaCl mixing 
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fraction, contrary the other mixtures. The potential role of particle shape in measured Dd and 

calibrated supersaturation combined with the influence of particle size, activity coefficients, 

and surface partitioning on ө poses a fundamental limit on how well theory predictions can 

be constrained with these types of measurements.  

4.6.4 Fractionation effects 

Scatter in the measurements with Triton X-100 was much higher than for other 

compounds. Some experiments in Figures 4.7b and 4.7c follow the ZSR mixing line and 

others strongly deviate. Notably, this dichotomy seems to appear on experiments conducted 

the same day and occurred in random order. Suspecting possible instrument malfunction, or 

too fast of a scan rate, we performed a large number of repeats using different voltage ramps, 

different random sample measurement order, and fresh stock solutions. None of these 

conclusively reduced the scatter. One possible explanation is that the spray atomizer alters 

the surfactant fraction in the mixture relative to the stock solution and that this effect is 

unsteady over time. MacMillan et al. [2012] observed fractionation effects with electrospray 

atomization of SDS mixtures. However, the pure compound measurements in Figure 4.2 

were all collected at high resolution under the same settings, and pure Triton has an order of 

magnitude higher scatter than all other compounds (cf. Table 4.4). We have no conclusive 

explanation for the increased spread in Triton ө’s. Perhaps kinetics limit Triton dissolution 

or partitioning to the surface? Solubility is a necessary precondition for full expression of 

CCN activity and solubility is low for weakly functionalized organic compounds [Suda et al., 

2014]. Pure Triton is viscous and has low O:C ratio (~1:4), raising the possibility that Triton 

remains imperfectly mixed in the solution.  
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4.6.5 Dynamic surface tension 

Measurements with a high-RH delay before CCN activation did not improve the 

agreement with Model 2. After the delay the SDS + NaCl ө’s were comparable to the non-

delay case and the Zonyl FS-300 + glucose ө’s agreed very well with ZSR mixing. For this 

system, measurements without delay fell just over 2 standard deviations below the average 

glucose ө at high glucose, which is not consistent with a large further reduction of surface 

tension. Rather, it seems that measurements are subject to variability. Based on the surfactant 

equilibration times and the similarity of results with and without high-RH delay we are 

confident that large perturbations in CCN activity were not present after a 20 s delay. This is 

consistent with the earlier experiments conducted by Petters et al. [2013] with a 6 min delay. 

However, more data are needed before ruling out effects of smaller magnitude or with 

different surfactants.  

4.7 Summary and conclusions 

We studied the CCN activity of pure and internally mixed aerosols containing 

surfactants using scanning mobility CCN measurements. The assumption of surface tension 

reduction without accounting for bulk-to-surface partitioning resulted in several hundred 

percent overprediction of ө. Observed CCN activity of SDS was not enhanced relative to 

hygroscopic growth. Observed CCN activity of Triton X-100 and Zonyl FS-300 was 

enhanced relative to molar volume predictions (equation 4.7; Petters et al., [2009a]) and the 

prognostic partitioning model (Model 2) [Raatikainen and Laaksonen, 2011; Petters and 

Kreidenweis, 2013]. However, limiting surface adsorption to 1–2 monolayers resulted in 

better agreement between Model 2 and measurements, and we propose that models using 
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partitioning theory add a constraining sft,min that is tied to the maximum surface excess of 

surfactant as determined from the sorption isotherm. NaCl mixtures often consisted of non-

spherical particles with derived dynamic shape factor ranging between 1 and 1.14. Generally, 

the shape of the mixing curves was not anticipated by ZSR mixing or by partitioning theory. 

A significant suppression of CCN activity relative to ZSR mixing or partitioning theory was 

observed as near equal volume mixing fractions, suggesting that solute-solute interactions 

may need to be considered when modeling mixed particles. Unusually large scatter was 

observed for pure Triton X-100 and internal mixtures of Triton X-100 with ammonium 

sulfate and sodium chloride. The exact cause could not be determined. Possibly explanations 

are fractionation of surfactant in spray atomizer systems and kinetic limitations to water 

uptake, surfactant partitioning, or dissolution.  
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4.9 Tables 

 

Table 4.1. Three models of cloud condensation nuclei (CCN) activity  

 Model 1a 

shape factor 

Model 2b 

prognostic partitioning 

Model 3b 

prescriptive partitioning 

sft 1 equations (4.8) and (4.9) Input 

 0 equation (4.5b) equation (4.5b) 

 Input 1 1 

Dd eqs. (4.3) and (4.4) Input Input 

mix ZSR mixing equation (4.5a) equation (4.5a) 

All models: 

sc equation (4.1) 

ө eq. (4.1) at standard state 
aKasper, 1982; Hinds, 1999 
bSorjamaa et al., 2004; Raatikainen and Laaksonen, 2011; Petters and Kreidenweis, 2013 

 

 

Table 4.2. Physicochemical properties 

  (m3 mol-1)  (-) nps (-) 

glucosea,b 1.1534×10-4 1 0.162 

ammonium sulfatec 7.4698×10-5 3 0.63 

sodium chloridec 2.7056×10-5 2 1.28 

   sft (-) 

sodium dodecyl sulfated,e 2.4522×10-4 2 0.134 

Triton X-100f,h 6.0623×10-4 1 6.18×10-2 

Zonyl FS-300g,h 9.32×10-4 

–1.79×10-3 
1 

4.93×10-2 

–5.43×10-2 
a and Ms from CRC Handbook [2015] 
bnps from Margules model [Prausnitz et al., 1999; Petters et al., 2009a] using parameters from 

Suda and Petters [2013] 
cnps from E-AIM [Clegg et al., 1998; Wexler and Clegg, 2002] 
d from Sorjamaa et al. [2004], Ms from CRC Handbook [2015] 
esft from hygroscopic growth at high RH, Ruehl et al. [2010] 
fAcros Organics product specifications 
gRanges based on formulas in Cui et al. [2003], formula for Zonyl FSN-100 in Škvarla et al. [2014], 

formulas given in Ghyzel [2013], and DuPont technical data sheet 
hsft is calculated from equation (4.7) using w recommended by Wagner and Pruß [2002] 
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Table 4.3. Properties of surfactantsa  

  (mol m-3) max (mol m-2) cmc (mN m-1) 

sodium dodecyl sulfateb 2.056 8.7×10-6 38.4 

Triton X-100b 1.0×10-3 2.8×10-6 37.7 

Zonyl FS-300c,d 7.2×10-2 3.5×10-6 23 

Zonyl FS-300c,e 2.1×10-2 2.8×10-6 23 

Zonyl FS-300c,f 3.6×10-2 3.5×10-6 23 

Zonyl FS-300c,g 1.0×10-2 2.8×10-6 23 
aProperties were found by fitting equation (4.5b) to literature data 
bZdziennicka et al. [2012] 
cDuPont technical data sheet; Cui et al. [2003]; Ghyzel [2013]; Škvarla et al. [2014]; molar volume 

() estimates are in Table 4.2 
dmax held fixed to Zonyl FSN-100 value [Škvarla et al., 2014]; upper estimate of  
emax held fixed to Triton X-100 value; upper estimate of  
fmax held fixed to Zonyl FSN-100 value; lower estimate of  
gmax held fixed to Triton X-100 value; lower estimate of  

 

 

Table 4.4. Measured ө for pure compoundsa 

 
At different 

supersaturations 
 Endpoints of mixing experiments 

 
avg ө 

(-) 

std ө 

(%) 

n 

(-) 

 avg ө 

(-) 

std ө 

(%) 

n 

(-) 

±2 std ө 

(-) 

glucose 0.181 2.1 47  0.168 5.3 16 0.151–0.186 

ammonium sulfate 0.579 1.5 64  0.581 4.1 41 0.534–0.629 

sodium chloride 1.038 1.1 34  1.130 5.9 15 0.997–1.26 

sodium dodecyl sulfate 0.134 1.7 26  0.136 21 14 0.0783–0.194 

Triton X-100 0.083 14.2 24  0.0907 21 11 0.0518–0.130 

Zonyl FS-300 0.106 1.8 24  0.102 11 9 0.0789–0.125 
an is the sample size; the standard deviation inө for pure compounds at different 

supersaturations is the average of standard deviations calculated at each supersaturation. 
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Table 4.5. Summary of pure ammonium sulfate and glucose measurementsa 

  Ammonium sulfate  Glucose   

 
dT 

(°C) 

Dd 

(nm) 

m 

(-) 
sc 

(%) 

 Dd,gluc 

(nm) 

m 

(-) 
sc,gluc 

(%) 
 
(-) 

gluc
ө 

(-) 

AS
ө 

(-) 

1 12 37 7 0.69  57 7 0.67 0.980 0.159 0.570 

2 8 47 6 0.47  72 4 0.48 1.022 0.167 0.598 

48 9  70 5 0.173 0.574 

3 8 49 2 0.44  76 4 0.44 0.996 0.162 0.588 

4 8 51 3 0.42  77 3 0.43 1.013 0.169 0.590 

5 8 51 3 0.42  77 3 0.43 1.005 0.166 0.590 

6 10 43 3 0.59  63 5 0.56 0.954 0.162 0.643 

40 4  66 3 0.140 0.513 
adT is the CCN instrument temperature gradient, m is the number of repeated scans 

associated with the reported ө,  is the dynamic shape factor forcing the two calibrations to 

agree, and gluc
ө and AS

ө are the measured ө’s for glucose and ammonium sulfate, shown in 

Figure 4.4.   
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4.10 Figures 

 

Figure 4.1. Szyszkowski curves. (foreground) Triton X-100 [Zdziennicka et al., 2012], Zonyl 

FS-300 [DuPont data sheet], Sodium dodecyl sulfate (SDS) (purple: Rehfeld [1967]; red: 

Zdziennicka et al. [2012]), Zonyl FSO-100 (grey: DuPont data sheet) and Zonyl FSN-100 

(grey: Škvarla et al., [2014]). (background) Each trace has a number and letter corresponding 

to groups indicated above the data. Groups are (a) Biosurfactants (DGDG is digalactosyl 

diacylglyceride; MGDG is monogalactosyl diacylglyceride), (b) Fatty acid sodium salts, (c) 

Ambient samples (WP is Waskish Peat; SR is Suwannee River; all assume molar mass of 

Fulvic Acid), (d) aromatic di- and tricarboxylic acids, (e) organic acids, (f) saccharides, and 

(g) inorganic salts. Superscripts associated with sample names refer to the references 

included in the bottom left corner.  
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Figure 4.2. Hygroscopicity parameter κɵ for pure non-surfactant solutes at different 

supersaturations. Colors represent repeats on separate days. Black lines correspond to the 

ZSR estimate based on the ideal κɵ for glucose (Margules model) and ammonium sulfate or 

sodium chloride (E-AIM). Grey lines in the second panel show Model 1 κɵ for different 

values of χ . The average measured Dd’s  are indicated below the data.   
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Figure 4.3. Hygroscopicity parameter κɵ for pure surfactants at different supersaturations. 

Note the scale break between lower and higher κɵ. The lines correspond to κsft from Table 4.2 

(pink), Model 2 (black, below the scale break), Model 3 with ξsft = 0.01 to 0.50 (grey with 

printed ξsft) and with ξsft = 1 (black, above the scale break). The average measured Dd  ’s are 

indicated above the data.   
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Figure 4.4. Hygroscopicity parameter κɵ for glucose mixed with ammonium sulfate (AS), 

where εAS is the volume fraction AS in the dry particle. The black line corresponds to the 

ZSR estimate based on the ideal κɵ for glucose (Margules model) and AS (E-AIM). Numbers 

indicate an experiment number and can be matched to the data in Table 4.5.   
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Figure 4.5. Hygroscopicity parameter κɵ for glucose mixed with sodium chloride (NaCl), 

where εNaCl is the volume fraction NaCl in the dry particle. Colors indicate the random order 

in which the mixing fractions were tested. The black line corresponds to the ZSR estimate 

based on the ideal κɵ for glucose (Margules model) and NaCl (E-AIM). Grey lines show 

Model 1 κɵ for different values of χ .  
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Figure 4.6. Hygroscopicity parameter κɵ for sodium dodecyl sulfate (SDS) mixed with (a) 

glucose, (b) ammonium sulfate (AS), and (c) sodium chloride (NaCl), where εX is the volume 

fraction X in the dry particle. Black lines correspond to the ZSR estimate based on the 

average measured κɵ for SDS and the ideal κɵ for glucose (Margules model), AS (E-AIM), or 

NaCl (E-AIM). Green lines show Model 2 predictions for 110 nm (dashed lines) and for 35 

nm particles (solid lines). Wide magenta lines show Model 2 predictions for 110 nm particles 

with a maximum surface excess of 1.5 monolayers (see Discussion). Grey lines in panel (c) 

show Model 1 κɵ for different values of χ . The blue data in panel (c) were collected with a 20 

s high-RH delay.   
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Figure 4.7. Same as Figure 4.6 but for Triton X-100 (TX1) mixed with (a) glucose, (b) 

ammonium sulfate (AS), and (c) sodium chloride (NaCl). Different symbol colors correspond 

to repeat experiments.   

0 1
εglucose (with TX1) (-)

0.40.2 0.80.6 0 1
εAS (with TX1) (-)

0.40.2 0.80.6 0 1
εNaCl (with TX1) (-)

0.40.2 0.80.6
0

0.1

0.2

0

0.1

0.2

0.3

0.4

0.5

0.6

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3
a b c 1.04

1.08

1.12

1.16
shape
factor

κө
 (

-)



 

163 

 

Figure 4.8. Same as Figure 4.6 but for Zonyl FS-300 (Znl) mixed with (a) glucose, (b) 

ammonium sulfate (AS), and (c) sodium chloride (NaCl). Green shaded regions show the 

range in Model 2 predictions for 110–35 nm particles over all Znl properties listed in Tables 

4.2 and 4.3. The blue symbols in panel (a) were collected with a 20 s high-RH delay. The red 

symbols in panel (c) are a repeat experiment. 
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4.11 Supporting Information 

Contents of this supplement: 

Tables 4.S1 to 4.S3 

Caption for Datasets ds01 to ds22 

Caption for Datasets ds23 to ds31 

Datasets ds01.txt to ds31.txt are provided in the Appendix. 

4.11.1 Introduction 

Original experimental data collected for this study are included as 31 separate datasets 

(below) following the NASA Ames self-describing file format 

(http://cedadocs.badc.rl.ac.uk/73/4/FFI-summary.html). To automate data extraction without 

reading the header, note that the first number on the first line states the number of header 

lines. Data are delimited by a single blank space and column headers are provided in both the 

dataset captions and in the file headers. All experimental details are described in the main 

text. Tables 4.S1–4.S3 link the datasets to the figures in Ch. 4.  

4.11.2 Tables 

Table 4.S1. Data supporting Figure 4.4. For days in which Chemical A is not ammonium 

sulfate the ammonium sulfate data are taken from the calibration. Datasets are included in the 

Appendix. 

Filename ID color Chemical A Chemical B 

ds01.txt 1 red Ammonium sulfate Glucose 

ds02.txt 2 black Ammonium sulfate Glucose 

ds03.txt 3 gold Sodium chloride Glucose 

ds04.txt 4 green Glucose Sodium dodecyl sulfate 

ds07.txt 5 white Glucose Triton X-100 

ds18.txt 6 blue Glucose Zonyl FS-300 
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Table 4.S2. Data supporting Figures 4.5–4.8 in the main text. See figure captions in the main 

text for full descriptions. Datasets are included in the Appendix. 

Filename Figure Color Chemical A Chemical B 

ds03.txt 5 gradient Sodium chloride Glucose 

ds04.txt 6a black Glucose Sodium dodecyl sulfate 

ds05.txt 6b black Ammonium sulfate Sodium dodecyl sulfate 

ds06.txt 6c black Sodium chloride Sodium dodecyl sulfate 

ds07.txt 7a black Glucose Triton X-100 

ds08.txt 7a red Glucose Triton X-100 

ds09.txt 7b black Ammonium sulfate Triton X-100 

ds10.txt 7b red Ammonium sulfate Triton X-100 

ds11.txt 7b blue Ammonium sulfate Triton X-100 

ds12.txt 7b green Ammonium sulfate Triton X-100 

ds13.txt 7b gold Ammonium sulfate Triton X-100 

ds14.txt 7c red Sodium chloride Triton X-100 

ds15.txt 7c black Sodium chloride Triton X-100 

ds16.txt 7c blue Sodium chloride Triton X-100 

ds17.txt 7c green Sodium chloride Triton X-100 

ds18.txt 8a black Glucose Zonyl FS-300 

ds19.txt 8a blue Glucose Zonyl FS-300 

ds20.txt 8b black Ammonium sulfate Zonyl FS-300 

ds21.txt 8c red Sodium chloride Zonyl FS-300 

ds22.txt 8c black Sodium chloride Zonyl FS-300 

 

Table 4.S3. Data supporting Figures 4.2–4.3. See figure captions in the main text for full 

descriptions. Datasets are included in the Appendix. 

Filename Figure color Chemical 

ds23.txt 2 red Ammonium sulfate 

ds24.txt 2 black Ammonium sulfate 

ds25.txt 2 blue Ammonium sulfate 

ds26.txt 2 black Sodium chloride 

ds27.txt 2 gold Glucose 

ds28.txt 2 red Glucose 

ds29.txt 3 black Sodium dodecyl sulfate 

ds30.txt 3 black Triton X-100 

ds31.txt 3 black Zonyl FS-300 
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4.11.3 Captions 

Data Sets ds01–ds22. Experimental data supporting Figures 4.4–4.8. The data are described 

in the main text and Tables 4.S1–4.S2. Data are formatted following the self-describing 

NASA Ames data format (http://cedadocs.badc.rl.ac.uk/73/4/FFI-summary.html). Data 

columns are the volume fraction of Chemical A in the dry particle (A in the main text), the 

dry diameter at which 50 % of particles serve as CCN (Dd in the main text), and the 

hygroscopicity parameter normalized to standard state for intercomparison between studies 

(ө in the main text). 

Data Sets ds23–ds31. Experimental data supporting Figures 4.2–4.3. The data are described 

in the main text and Table 4.S3. Data are formatted following the self-describing NASA 

Ames data format (http://cedadocs.badc.rl.ac.uk/73/4/FFI-summary.html). Data columns are 

instrument supersaturation (sc in the main text), instrument temperature gradient (dT in the 

main text), the dry diameter at which 50 % of particles serve as CCN (Dd in the main text), 

and the hygroscopicity parameter normalized to standard state for intercomparison between 

studies (ө in the main text). 
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5 SUMMARY 

Aerosols serving as cloud condensation nuclei (CCN) can affect climate by perturbing 

cloud albedo and lifetime. The ability of the organic fraction of aerosols to serve as CCN is 

one uncertainty preventing agreement between predicted and observed CCN spectra. This 

three-part dissertation presents research on the CCN activity of organic aerosols. Important 

results include the HTDMA technique for water uptake measurements, the promotion of 

CCN activity by the hydroxyl (OH) functional group, and a constraint on the ability of strong 

surfactants to promote CCN activity. This work reduces uncertainty in the physicochemical 

processes controlling the hygroscopicity of organic compounds and provides new 

generalizable results which may facilitate better predictions of the atmospheric CCN 

spectrum.  

5.1 Summary of chapters 

The first approach (described in Chapter 2) was to quantify aerosol water uptake at high 

relative humidity (RH), near the point of CCN activation. This study was motivated in part 

by the gap between aerosol hygroscopicity () measured at sub-saturated RH and  measured 

for CCN at supersaturated RH. Organic aerosol compounds may behave non-ideally in 

solution at lower RH, where the droplets are highly concentrated, and may exhibit different 

behavior upon dilution near CCN activation (RH ~99%). Non-ideal interactions between 

solute molecules are largely unexplained for organic compounds and must be constrained by 

experimental data. A Hygroscopicity Tandem Differential Mobility Analyzer (HTDMA) 

instrument was constructed to measure aerosol water uptake at RH up to 99% for spherical 

aerosols between 30 and 200 nanometers. The instrument operates using a pair of Differential 
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Mobility Analyzers (DMAs) to characterize aerosol size before and after humidification. 

Stable measurements at high RH were achieved by controlling the temperature in the second 

DMA within ±0.02°C using thermoelectric heat exchanges. The instrument RH was 

calibrated between measurements using ammonium sulfate aerosol and the diameter bin 

width for size selection was reduced by increasing the ratio of sheath air flow to sample flow 

in the DMA column. Several tradeoffs were made to accurately measure water uptake at high 

RH. The narrow diameter bins reduce the detection efficiency and the speed of the duty 

cycles and frequent calibrations limit the time resolution with which data may be collected. 

Therefore the high-RH HTDMA operation described is not suitable for ambient 

measurements. However for laboratory studies the RH calibration and precise diameter 

selection allow osmotic coefficients for compounds of known molar mass, density, and 

number of dissociable ions to be obtained within ±20%. High RH measurements of water 

uptake by glucose or maleic acid aerosols were fit to the Margules equation. Margules fit 

parameters yielded continuous functions (e.g., at arbitrary RH) of several water uptake 

variables including diameter growth factor, the hygroscopicity parameter , osmotic 

coefficient, and water activity coefficient. Margules parameters reported for glucose were 

used in Chapter 4 of this dissertation. In general the Margules parameters are portable and 

can be implemented in water activity models treating organic species, such as the Extended 

Aerosol Inorganics Model (E-AIM; Clegg et al., 1992; Clegg et al., 2003). 

The second approach (described in Chapter 3) was to study the CCN activity of pure 

organic compounds while systematically varying their functional group composition. 

Functional groups are a fundamental control of various chemical properties because they 
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alter intermolecular interactions. Organic aerosols age in the atmosphere via 

multigenerational oxidation reactions adding functional groups and increasing the oxygen 

content and hygroscopicity of the compounds. Several widely adopted proxies for the 

conversion of organic aerosol from hydrophobic to hydrophilic use mass spectrometry. For 

example, the aerosol hygroscopicity parameter () and the molecular O:C ratio (measured 

using mass spectrometry) are strongly correlated. One drawback is that mass spectrometry of 

mixed ambient organic matter has not provided molecular structure or functional group 

composition. In this study the dependence of  on the hydroxyl (-OH, e.g., alcohol), carboxyl 

(-C(=O)OH, e.g., organic acid), hydroperoxide (C-OOH), nitrate (-ONO2), and methylene (-

CH2-, e.g., carbon chain length) functional groups was measured by varying only these 

functional groups, functional group location, and carbon chain length. Molecules were 

synthesized from pure compounds in the liquid or gas phase and purified using high precision 

liquid chromatography. The identity of the pure compounds was verified using thermal 

desorption particle beam mass spectrometry and was consistent with a number of past 

studies. Results show that  is controlled primarily by the hydroxyl group (which increases 

) and carbon chain length (which decreases ). The nitrate group showed little propensity to 

increase  despite the addition of three oxygens to the molecular composition. Overall the 

results suggest that a molecular size and solubility control CCN activity. Molecular size 

seems to control the intrinsic  of the compound and solubility is a necessary condition for 

the expression of this property. Because the hydroxyl group seems to be the most effective 

promoter of solubility it may be the main control of the hydrophilic-to-hydrophobic 

conversion of organic aerosols in the atmosphere.  
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The third approach (described in Chapter 4) was to test the influence of strong 

surfactants on CCN activity. The surface tension term entering the Köhler equation suggests 

that the reduction of surface tension during droplet growth strongly promotes CCN activity. 

Many organic substances from aerosol and fog water samples have been shown to reduce 

surface tension. However, theoretical frameworks treating surfactant action in nanoscale 

droplets show little effect of surfactants on CCN activation. This is because the surfactant 

molecules must partition to the droplet surface to reduce surface tension. Surface molecules 

are effectively insoluble and do not participate in the water uptake of the bulk solution. 

Relatively few studies have implemented surfactant partitioning models when invoking 

surface tension reduction in CCN analysis. One problem is that the partitioning models 

derived from Gibbs surface thermodynamics are computationally expensive, difficult to 

implement, and have been evaluated in a limited number of experimental systems. This study 

presents new measurements of CCN activity for pure strong surfactants and for strong 

surfactants mixed with non-partitioning compounds at different mixing ratios. The results 

trace out mixing curves that are adequately described by partitioning theory. Invoking 

surface tension reduction without partitioning over-predicted the experimental data by 

several hundred percent. The surfactant partitioning framework performed better if the 

number of surfactant monolayers on the droplet surface was limited to two. The data suggest 

that non-ideal solute-solute interactions depress CCN activity near equal mixing fractions. 

Overall the promotion of CCN activity by strong surfactants appears to be constrained by 

partitioning theory. 
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5.2 Future work 

This work raises questions and may guide the design of future work. One weakness of 

the work presented in Chapter 4 is that high-RH measurements were not available for the 

strong surfactants. The HTDMA instrument can be used to obtain  at high RH for 

surfactants and surfactant mixtures for comparison to the  obtained from CCN 

measurements. Such a comparison would provide experimental observations of the whole 

water uptake curve for highly non-ideal mixtures and enable further development of the 

surfactant partitioning framework. In Section 4.2, the review of surfactant types showed that 

molecular structure determines the ability of a substance to reduce surface tension. The 

functional group work in Chapter 3 could be extended to include the influence of molecular 

functional groups on surface tension reduction. For such a study it would be necessary to 

complete the following steps: (1) Synthesize hydroperoxides by liquid ozonolysis (e.g., 

Tobias and Ziemann, 2000; Chapter 3 of this dissertation); (2) Verify that the compounds are 

chemically pure using high precision liquid chromatography (e.g., Chapter 3 of this 

dissertation); (3) Implement the pendant drop method (Hansen and Rødsrud, 1991) for 

surface tension measurements including RH control to prevent evaporation and a vibration-

free table to ensure pricise imaging; (4) Measure the CCN activity (e.g., Chapter 4) and the 

hygroscopic water uptake (e.g., Chapter 2) of the compounds.  

The high sample throughput and small sample volume CCN measurement technique 

developed in Chapter 4 could be partially incorporated in the HTMDA technique. Increasing 

the sample throughput would allow measurement of two-component water activity 

coefficients. High resolution observations of the changes in water activity coefficients with 
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different mixing ratios would enable the development of generalizable theories on molecular 

interactions for organic compounds. Particularly interesting are some of the atmospherically 

relevant compounds synthesized in Chapter 3. For example, a high-resolution study mixing 

hydroperoxides with the functional group in different positions could directly reveal isomeric 

differences in the organic molecule’s interaction with water. The effect of different isomers 

on interaction with water has been observed (Chapter 3; Schwarzenbach et al., 1993), but 

with some uncertainty in the magnitude of this effect. The results of such a study would 

constrain the uncertainty in the ability of a single functional group to promote CCN activity 

where the location of the group is unknown.  

The work of Christensen and M. Petters (2012) demonstrates that CCN activity can be a 

function of temperature if some aerosol components make the transition from insoluble to 

soluble within a reasonable atmospheric temperature range. Surface tension is also a function 

of temperature, and if the experiments of Chapter 4 were repeated at different temperatures 

the results may have been different. Sodium dodecyl sulfate (SDS) is well characterized and 

experiments with this compound could be interpreted in the context of well-constrained 

behavior described in the literature (e.g., Zdziennicka et al., 2012) and in the context of the 

partitioning framework. Although SDS is not present in the atmosphere the study might 

enable solubility and surface tension to be evaluated separately.  
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APPENDIX 

A.1 Datasets supporting Chapter 4 

 

ds01.txt 

29 1001   
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2013 04 15 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = ammonium sulfate 
Chemical B = glucose 
sc (%) = 0.686060 
Scan settings: SMPS ramp 1 (2000 to 100 V in 180 s), CCN dT = 12 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
37.23 0.68606 
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.000 56.62 1.59E-01 
0.095 51.47 2.08E-01 
0.774 39.50 4.71E-01 
1.000 37.23 5.70E-01  



 

175 

ds02.txt 

30 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2013 04 19 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
7 
Chemical A = ammonium sulfate 
Chemical B = glucose 
sc (%) = 0.471704 
Scan settings: SMPS ramp 1 (2000 to 100 V in 180 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
47.17 0.476575  
47.58 0.466833  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
1.00 47.17 5.98E-01 
0.00 71.79 1.67E-01 
0.81 50.56 4.77E-01 
0.91 49.34 5.17E-01 
0.13 67.39 2.02E-01 
0.63 53.48 4.05E-01 
0.10 68.05 1.94E-01 
0.50 56.96 3.23E-01 
0.28 62.52 2.51E-01 
0.55 56.75 3.37E-01 
0.96 48.51 5.45E-01 
0.97 47.76 5.49E-01 
0.40 58.89 2.96E-01 
0.02 70.64 1.73E-01 
0.80 50.93 4.60E-01 
0.14 65.70 2.17E-01 
0.42 58.23 3.04E-01 
0.92 48.54 5.43E-01 
0.96 47.81 5.66E-01 
1.00 47.58 5.74E-01 
0.00 71.16 1.73E-01 
0.66 52.49 4.27E-01 
0.04 69.88 1.79E-01 
0.55 56.56 3.43E-01 
0.10 68.15 1.95E-01 
0.91 48.52 5.39E-01  
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ds03.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 10 16 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = sodium chloride 
Chemical B = glucose 
sc (%) = 0.436564 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
39.97 0.436564  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.000 75.81 1.64E-01 
0.585 46.22 7.39E-01 
0.335 53.73 4.67E-01 
0.125 63.73 2.81E-01 
0.915 41.79 9.90E-01 
0.835 42.07 9.70E-01 
0.375 53.14 4.80E-01 
0.250 57.53 3.78E-01 
1.000 39.97 1.09E+00 
0.875 42.04 9.72E-01 
0.540 47.09 6.91E-01 
0.710 44.75 8.06E-01 
0.960 41.45 1.01E+00 
0.790 42.43 9.45E-01 
0.750 44.11 8.41E-01 
0.460 50.08 5.74E-01 
0.290 56.63 3.97E-01 
0.625 46.34 7.41E-01 
0.415 50.62 5.56E-01 
0.665 45.28 7.78E-01 
0.210 59.22 3.46E-01 
0.040 70.51 2.04E-01 
0.500 48.67 6.26E-01 
0.085 67.29 2.35E-01 
0.165 61.39 3.11E-01 
0.900 41.14 1.04E+00 
0.850 41.76 9.92E-01  
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ds04.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 10 17 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = glucose 
Chemical B = sodium dodecyl sulfate 
sc (%) = 0.423956 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
50.6167 0.423956  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.00 85.86 1.17E-01 
0.58 79.95 1.44E-01 
0.33 85.18 1.26E-01 
0.13 85.27 1.20E-01 
0.92 74.50 1.71E-01 
0.83 76.05 1.71E-01 
0.38 86.56 1.20E-01 
0.25 85.80 1.20E-01 
1.00 76.56 1.66E-01 
0.88 76.41 1.70E-01 
0.54 81.66 1.40E-01 
0.71 78.08 1.55E-01 
0.96 76.92 1.67E-01 
0.79 77.58 1.63E-01 
0.75 76.95 1.64E-01 
0.46 85.22 1.26E-01 
0.29 86.60 1.13E-01 
0.63 81.18 1.42E-01 
0.42 84.34 1.27E-01 
0.67 78.54 1.56E-01 
0.21 86.38 1.17E-01 
0.04 85.55 1.21E-01 
0.50 84.47 1.27E-01 
0.08 86.79 1.18E-01 
0.17 87.05 1.16E-01 
0.98 76.63 1.66E-01  
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ds05.txt 

31 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2013 04 24 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
8 
Chemical A = ammonium sulfate 
Chemical B = sodium dodecyl sulfate 
sc (%) = 0.590784 
Scan settings: SMPS ramp 1 (2000 to 100 V in 180 s), CCN dT = 10 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
40.6575 0.596549  
41.055 0.587596  
41.0267 0.588206  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
1.00 40.67 5.86E-01 
0.00 66.47 1.32E-01 
0.81 42.55 5.16E-01 
0.91 41.56 5.51E-01 
0.13 65.21 1.41E-01 
0.63 44.07 4.55E-01 
0.10 66.07 1.34E-01 
0.28 56.23 2.20E-01 
0.55 47.21 3.72E-01 
0.96 41.36 5.55E-01 
0.03 66.30 1.34E-01 
0.40 51.78 2.82E-01 
0.72 43.56 4.80E-01 
0.20 62.51 1.59E-01 
0.98 41.34 5.54E-01 
0.01 67.80 1.26E-01 
0.05 65.84 1.35E-01 
1.00 40.82 5.69E-01 
0.07 65.35 1.37E-01 
0.00 77.71 1.06E-01 
1.00 41.16 5.71E-01 
0.98 41.27 5.60E-01 
0.47 49.39 3.32E-01 
0.01 67.55 1.29E-01  
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ds06.txt 

31 1001 
Petters, Sarah Suda; Petters, Markus D.   
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1   
2013 06 19 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
8 
Chemical A = sodium chloride 
Chemical B = sodium dodecyl sulfate 
sc (%) = 0.459938 
Scan settings: SMPS ramp 1 (2000 to 100 V in 180 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
47.68 0.465204  
48.27 0.456493  
48.16 0.458117  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
1.00 39.15 1.09E+00 
0.00 80.41 1.22E-01 
0.64 41.99 8.62E-01 
0.32 50.98 4.88E-01 
0.55 44.05 7.64E-01 
0.27 53.31 4.25E-01 
0.95 39.25 1.08E+00 
1.00 38.01 1.18E+00 
0.50 42.59 7.84E-01 
0.23 56.58 3.57E-01 
0.68 41.84 9.05E-01 
0.73 41.11 9.33E-01 
0.00 78.46 1.28E-01 
0.41 47.33 6.05E-01 
0.09 72.27 1.69E-01 
0.45 45.91 6.71E-01 
0.91 39.62 1.05E+00 
0.00 79.47 1.26E-01 
0.82 40.02 1.02E+00 
0.59 42.68 8.39E-01 
0.18 60.00 2.92E-01 
0.14 73.75 1.62E-01 
0.86 39.95 1.03E+00 
0.05 76.12 1.39E-01 
0.77 40.74 9.61E-01 
0.36 50.07 5.13E-01 
0.09 74.28 1.58E-01 
0.03 80.27 1.23E-01 
0.91 39.62 1.06E+00 
0.01 80.38 1.23E-01 
0.99 38.89 1.10E+00 
0.50 45.28 7.00E-01 
0.97 39.14 1.09E+00 
0.00 79.93 1.26E-01 
1.00 38.56 1.14E+00  



 

180 

ds07.txt 

29 1001   
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 10 18 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = glucose 
Chemical B = Triton X-100 
sc (%) = 0.422304 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
50.7433 0.422304  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.000 96.88 8.30E-02 
0.585 90.86 1.01E-01 
0.335 93.83 9.15E-02 
0.125 94.96 8.82E-02 
0.915 79.43 1.52E-01 
0.835 80.43 1.47E-01 
0.375 93.09 9.38E-02 
0.250 93.94 9.12E-02 
1.000 77.09 1.66E-01 
0.875 78.37 1.59E-01 
0.540 90.14 1.04E-01 
0.710 87.91 1.12E-01 
0.960 78.11 1.60E-01 
0.790 81.78 1.39E-01 
0.750 84.45 1.26E-01 
0.460 90.90 1.01E-01 
0.290 91.61 9.85E-02 
0.625 85.20 1.23E-01 
0.415 89.94 1.04E-01 
0.665 82.31 1.37E-01 
0.210 92.22 9.65E-02 
0.040 96.60 8.37E-02 
0.500 90.74 1.01E-01 
0.085 94.71 8.90E-02 
0.165 92.84 9.46E-02  
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ds08.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 10 03 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = glucose 
Chemical B = Triton X-100 
sc (%) = 0.417221 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration: calibration today was by glucose 
999 999  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.085 85.00 1.27E-01 
0.035 88.83 1.09E-01 
0.915 76.53 1.75E-01 
0.135 90.96 1.03E-01 
0.050 94.21 9.42E-02 
0.985 78.05 1.65E-01 
0.150 92.76 9.72E-02 
0.115 93.36 9.53E-02 
0.065 93.99 9.34E-02 
0.500 91.05 1.03E-01 
0.885 84.43 1.30E-01 
0.100 92.75 9.72E-02 
0.965 80.66 1.49E-01 
1.000 78.89 1.59E-01 
0.935 77.81 1.65E-01 
0.865 78.80 1.60E-01 
0.950 78.69 1.61E-01 
0.015 96.37 8.65E-02 
1.000 77.54 1.68E-01  
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ds09.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 10 19 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = ammonium sulfate 
Chemical B = Triton X-100 
sc (%) = 0.434868 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
49.8 0.434868  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.000 107.22 5.71E-02 
0.585 67.87 2.31E-01 
0.335 78.51 1.49E-01 
0.125 87.72 1.06E-01 
0.915 53.26 4.81E-01 
0.835 52.91 4.90E-01 
0.375 77.03 1.57E-01 
0.250 81.65 1.32E-01 
1.000 49.80 5.89E-01 
0.875 51.88 5.25E-01 
0.540 69.20 2.18E-01 
0.710 61.98 3.04E-01 
0.960 52.19 5.16E-01 
0.790 56.39 4.05E-01 
0.750 56.17 3.94E-01 
0.460 72.13 1.92E-01 
0.290 79.05 1.46E-01 
0.625 66.63 2.44E-01 
0.665 62.31 2.99E-01 
0.210 83.53 1.23E-01 
0.040 90.76 9.54E-02 
0.500 68.67 2.23E-01 
0.085 88.26 1.04E-01 
0.165 84.44 1.19E-01  
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ds10.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 10 02 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = ammonium sulfate 
Chemical B = Triton X-100 
sc (%) = 0.430918 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
50.09 0.430918  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.085 81.53 1.35E-01 
0.035 90.86 9.69E-02 
0.915 53.24 4.90E-01 
0.135 78.27 1.53E-01 
0.050 87.66 1.08E-01 
0.985 51.86 5.31E-01 
0.150 76.95 1.61E-01 
0.115 78.85 1.49E-01 
0.065 87.78 1.08E-01 
0.500 56.36 3.64E-01 
0.885 53.02 4.96E-01 
0.100 83.72 1.25E-01 
0.965 49.79 6.00E-01 
1.000 50.09 5.89E-01 
0.865 51.03 5.57E-01 
0.950 48.68 6.42E-01 
0.935 50.96 5.59E-01 
0.000 92.77 9.09E-02 
0.015 85.65 1.16E-01 
0.850 53.50 4.83E-01 
0.900 53.04 4.96E-01 
0.265 77.47 1.58E-01 
0.385 82.17 1.32E-01 
0.615 63.23 2.92E-01  
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ds11.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 19 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = ammonium sulfate 
Chemical B = Triton X-100 
sc (%) = 0.390632 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
53.33 0.390632  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
1.000 53.33 5.94E-01 
0.375 75.00 2.13E-01 
0.625 64.60 3.39E-01 
0.875 58.65 4.45E-01  
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ds12.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 20 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = ammonium sulfate 
Chemical B = Triton X-100 
sc (%) = 0.391262 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
53.275 0.391262  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.875 57.25 4.78E-01 
0.500 68.81 2.75E-01 
1.000 53.27 5.94E-01 
0.000 98.07 9.61E-02 
0.250 80.83 1.69E-01 
0.125 87.57 1.33E-01 
0.750 61.54 3.79E-01  
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ds13.txt 

32 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 22 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
9 
Chemical A = ammonium sulfate 
Chemical B = Triton X-100 
sc (%) = 0.393988 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
52.9633 0.39487  
52.9733 0.39476  
52.92 0.39538  
53.3033 0.390941  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
1.0 53.04 5.96E-01 
0.0 96.34 9.81E-02 
0.5 68.79 2.66E-01 
1.0 52.78 5.96E-01 
0.0 98.80 9.29E-02 
0.5 68.47 2.75E-01 
1.0 53.00 5.97E-01 
0.5 67.87 2.84E-01 
1.0 53.30 5.85E-01 
0.5 67.42 2.89E-01  
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ds14.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 10 13 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = sodium chloride 
Chemical B = Triton X-100 
sc (%) = 0.426105 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
50.47 0.426105  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.085 65.92 2.63E-01 
0.035 79.45 1.42E-01 
0.915 41.59 1.05E+00 
0.885 41.48 1.05E+00 
0.965 40.83 1.11E+00 
1.000 39.81 1.20E+00 
0.865 41.32 1.08E+00 
0.950 40.55 1.14E+00 
0.935 40.83 1.11E+00 
0.000 88.35 1.05E-01 
0.015 84.77 1.23E-01 
0.850 42.52 9.26E-01 
0.900 42.00 1.02E+00 
0.265 62.87 2.70E-01 
0.385 57.27 3.53E-01 
0.615 47.03 6.83E-01 
0.735 44.74 7.92E-01 
1.000 41.08 1.12E+00  
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ds15.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 10 21 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = sodium chloride 
Chemical B = Triton X-100 
sc (%) = 0.438399 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
49.545 0.438399  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.000 106.57 6.19E-02 
0.585 52.36 4.98E-01 
0.335 63.26 2.81E-01 
0.125 77.88 1.50E-01 
0.915 42.42 9.38E-01 
0.835 42.91 9.06E-01 
0.375 58.67 3.50E-01 
0.250 66.56 2.18E-01 
1.000 40.30 1.13E+00 
0.875 41.58 9.97E-01 
0.540 53.32 4.59E-01 
0.710 43.44 8.41E-01 
0.960 38.80 1.12E+00 
0.790 40.78 1.01E+00 
0.750 42.34 9.44E-01 
0.460 47.95 6.60E-01 
0.290 63.32 2.71E-01 
0.625 50.37 5.25E-01 
0.415 56.85 3.66E-01 
0.665 47.20 6.39E-01 
0.210 69.41 2.05E-01 
0.040 86.23 1.09E-01 
0.500 46.76 7.01E-01 
0.085 80.55 1.28E-01 
0.165 71.84 1.77E-01 
0.835 43.11 8.76E-01 
0.460 52.94 4.26E-01  
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ds16.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 18 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = sodium chloride 
Chemical B = Triton X-100 
sc (%) = 0.396571 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
52.82 0.396571  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.000 89.40 1.25E-01 
1.000 44.41 9.94E-01 
0.500 56.86 5.04E-01 
0.750 48.35 7.63E-01 
0.250 66.30 2.97E-01 
0.625 50.26 6.76E-01 
0.125 76.34 1.96E-01 
0.875 45.81 8.91E-01  
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ds17.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 19 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = sodium chloride 
Chemical B = Triton X-100 
sc (%) = 0.392680 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
53.1533 0.39268  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.875 45.37 9.56E-01 
1.000 42.98 1.13E+00 
0.625 48.15 7.99E-01 
0.125 70.83 2.51E-01 
0.000 96.62 9.88E-02  
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ds18.txt 

30 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2013 05 01 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
7 
Chemical A = glucose 
Chemical B = Zonyl FS-300 
sc (%) = 0.586011 
Scan settings: SMPS ramp 1 (2000 to 100 V in 180 s), CCN dT = 10 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
39.6375 0.620485  
42.7367 0.551538  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
1.00 62.60 1.62E-01 
0.00 72.42 1.05E-01 
0.64 68.73 1.23E-01 
0.32 69.58 1.17E-01 
0.55 68.84 1.21E-01 
0.95 69.53 1.17E-01 
0.27 70.28 1.14E-01 
0.50 69.51 1.17E-01 
0.23 70.18 1.13E-01 
0.68 68.52 1.23E-01 
0.73 67.89 1.26E-01 
0.41 69.04 1.19E-01 
0.09 71.83 1.06E-01 
0.45 68.94 1.21E-01 
0.91 66.87 1.32E-01 
0.00 72.23 1.04E-01 
1.00 65.28 1.40E-01 
0.82 66.98 1.32E-01 
0.59 68.89 1.19E-01 
0.18 70.63 1.12E-01 
0.14 71.83 1.06E-01 
0.86 66.60 1.34E-01 
0.05 71.73 1.07E-01 
0.77 67.58 1.31E-01 
0.36 70.42 1.12E-01 
0.09 72.01 1.05E-01 
0.03 72.44 1.03E-01 
0.91 65.45 1.41E-01 
0.01 72.29 1.04E-01 
0.99 65.16 1.43E-01 
0.50 68.95 1.20E-01 
0.97 65.81 1.38E-01  
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ds19.txt 

31 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2013 06 21 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
8 
Chemical A = glucose 
Chemical B = Zonyl FS-300 
sc (%) = 0.532342 
Scan settings: SMPS ramp 1 (2000 to 100 V in 180 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
42.2367 0.561906  
44.565 0.516464  
44.445 0.518657  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.00 76.90 1.06E-01 
1.00 63.57 1.84E-01 
0.32 72.42 1.28E-01 
0.55 70.08 1.39E-01 
0.95 65.21 1.74E-01 
0.27 73.32 1.19E-01 
1.00 61.22 2.11E-01 
0.50 70.89 1.35E-01 
0.23 73.36 1.20E-01 
0.68 69.19 1.46E-01 
0.73 69.19 1.45E-01 
0.00 78.31 9.97E-02 
0.41 72.16 1.28E-01 
0.09 76.99 1.06E-01 
0.45 70.92 1.32E-01 
0.91 67.03 1.59E-01 
0.00 78.56 9.81E-02 
0.82 67.81 1.53E-01 
0.59 69.41 1.42E-01 
0.18 74.62 1.16E-01 
0.14 74.83 1.13E-01 
0.86 65.88 1.67E-01 
0.05 76.70 1.05E-01 
0.77 65.70 1.72E-01 
0.36 71.54 1.31E-01 
0.09 76.22 1.07E-01 
0.03 76.05 1.06E-01 
0.91 66.90 1.59E-01 
0.01 77.93 1.02E-01 
0.99 65.26 1.72E-01 
0.50 69.08 1.40E-01 
0.97 66.13 1.70E-01 
0.00 77.21 1.02E-01 
1.00 64.91 1.77E-01  
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ds20.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 10 23 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = ammonium sulfate 
Chemical B = Zonyl FS-300 
sc (%) = 0.415879 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
51.244 0.415879  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
1.000 51.11 5.91E-01 
0.000 92.48 9.95E-02 
0.585 64.26 2.82E-01 
0.335 72.58 1.96E-01 
0.125 82.78 1.33E-01 
0.915 51.08 5.79E-01 
0.835 52.06 5.52E-01 
0.375 75.12 1.75E-01 
0.250 79.05 1.63E-01 
0.875 58.36 4.06E-01 
0.540 66.10 2.54E-01 
0.710 57.80 3.46E-01 
0.960 51.02 5.94E-01 
0.790 55.76 4.35E-01  
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ds21.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 11 07 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = sodium chloride 
Chemical B = Zonyl FS-300 
sc (%) = 0.423554 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
50.6475 0.423554  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.000 90.99 1.02E-01 
1.000 39.67 1.21E+00 
0.500 43.65 7.86E-01 
0.585 44.58 8.71E-01 
0.335 50.34 6.20E-01 
0.125 71.86 2.02E-01 
0.915 40.07 1.20E+00 
0.835 40.84 1.11E+00 
0.250 60.07 3.17E-01 
0.875 40.71 1.16E+00 
0.540 45.54 7.81E-01 
0.710 43.84 9.33E-01 
0.960 40.68 1.12E+00 
0.790 41.52 1.07E+00 
0.750 41.61 1.08E+00 
0.460 47.43 7.33E-01 
0.290 56.22 4.12E-01  
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ds22.txt 

29 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2014 11 08 2015 08 09 
0 
frac (-) 
2 
1.0 1.0 
999 999 
D50 (nm) 
kappa (-) 
6 
Chemical A = sodium chloride 
Chemical B = Zonyl FS-300 
sc (%) = 0.424985 
Scan settings: SMPS ramp 2 (9000 to 1 V in 220 s), CCN dT = 8 K 
Ammonium sulfate calibration data (D50 (nm), sc (%)): 
50.54 0.424985  
7 
frac  = Volume fraction chemical A in dry aerosol 
D50   = Dry diameter at which 50% of particles serve as CCN 
sc    = Critical supersaturation at CCN activation 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
frac (-) D50 (nm) kappa (-) 
 
0.000 90.47 1.01E-01 
1.000 39.29 1.26E+00 
0.625 43.02 9.48E-01 
0.415 50.95 5.61E-01 
0.665 43.19 8.55E-01 
0.210 60.96 3.14E-01 
0.040 75.17 1.77E-01 
0.500 51.24 5.59E-01 
0.085 77.47 1.60E-01 
0.165 69.02 2.16E-01 
0.375 52.55 5.23E-01  
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ds23.txt 

27 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 22 2015 08 09 
0 
sc (%) 
3 
1.0 1.0 1.0 
999 999 999 
dT (K) 
D50 (nm) 
kappa (-) 
3 
Chemical = ammonium sulfate 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s) 
Ammonium sulfate calibration from 22 June, 24 June, and 25 June 2015 
7 
sc    = Critical supersaturation at CCN activation 
dT    = Temperature gradient in the CCN counter 
D50   = Dry diameter at which 50% of particles serve as CCN 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
sc (%) dT (K) D50 (nm) kappa (-) 
 
0.2920 06 64.43 0.6024 
0.3968 08 53.03 0.5854 
0.5051 10 45.27 0.5808 
0.6071 12 40.25 0.5722 
0.7609 15 34.89 0.5594 
0.9879 19 29.38 0.5563 
0.9879 19 29.52 0.5484 
0.7609 15 34.87 0.5604 
0.6071 12 40.43 0.5646 
0.5051 10 45.07 0.5886 
0.3968 08 52.58 0.6006 
0.2920 06 64.24 0.6078 
0.2920 06 64.58 0.5982 
0.3968 08 52.79 0.5934 
0.5051 10 45.13 0.5863 
0.6071 12 40.04 0.5813 
0.7609 15 34.57 0.5752 
0.9879 19 29.42 0.5540 
0.9879 19 29.25 0.5638  
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ds24.txt 

27 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 24 2015 08 09 
0 
sc (%) 
3 
1.0 1.0 1.0 
999 999 999 
dT (K) 
D50 (nm) 
kappa (-) 
3 
Chemical = ammonium sulfate 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s) 
Ammonium sulfate calibration from 22 June, 24 June, and 25 June 2015 
7 
sc    = Critical supersaturation at CCN activation 
dT    = Temperature gradient in the CCN counter 
D50   = Dry diameter at which 50% of particles serve as CCN 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
sc (%) dT (K) D50 (nm) kappa (-) 
 
0.2920 06 64.02 0.6141 
0.3968 08 52.76 0.5944 
0.5051 10 44.95 0.5934 
0.6071 12 40.08 0.5796 
0.7609 15 34.52 0.5777 
0.9879 19 29.40 0.5552 
0.9879 19 29.34 0.5586 
0.7609 15 34.73 0.5672 
0.6071 12 40.02 0.5822 
0.5051 10 44.92 0.5946 
0.3968 08 52.52 0.6026 
0.2920 06 63.88 0.6181 
0.3968 08 52.46 0.6047 
0.5051 10 45.00 0.5914 
0.6071 12 40.06 0.5805 
0.7609 15 34.56 0.5757 
0.9879 19 29.40 0.5552 
0.9879 19 29.45 0.5523 
0.7609 15 34.66 0.5707 
0.2920 06 64.24 0.6078 
0.3968 08 52.55 0.6016  
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ds25.txt 

27 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 25 2015 08 09 
0 
sc (%) 
3 
1.0 1.0 1.0 
999 999 999 
dT (K) 
D50 (nm) 
kappa (-) 
3 
Chemical = ammonium sulfate 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s) 
Ammonium sulfate calibration from 22 June, 24 June, and 25 June 2015 
7 
sc    = Critical supersaturation at CCN activation 
dT    = Temperature gradient in the CCN counter 
D50   = Dry diameter at which 50% of particles serve as CCN 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
sc (%) dT (K) D50 (nm) kappa (-) 
 
0.5051 10 45.56 0.5698 
0.3968 08 53.18 0.5804 
0.2920 06 64.84 0.5910 
0.3968 08 52.98 0.5870 
0.5051 10 45.08 0.5883 
0.6071 12 40.13 0.5774 
0.7609 15 34.76 0.5658 
0.9879 19 29.56 0.5461 
0.9879 19 29.52 0.5484 
0.7609 15 35.06 0.5513 
0.6071 12 40.25 0.5722 
0.5051 10 45.54 0.5705 
0.3968 08 53.15 0.5814 
0.2920 06 63.96 0.6158 
0.3968 08 52.76 0.5944 
0.5051 10 45.15 0.5855 
0.6071 12 40.33 0.5688 
0.7609 15 34.98 0.5551 
0.9879 19 29.77 0.5346 
0.9879 19 29.81 0.5324 
0.7609 15 35.13 0.5480 
0.6071 12 40.43 0.5646 
0.5051 10 45.45 0.5739 
0.3968 08 52.90 0.5897  
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ds26.txt 

27 1001 
Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 24 2015 08 09 
0 
sc (%) 
3 
1.0 1.0 1.0 
999 999 999 
dT (K) 
D50 (nm) 
kappa (-) 
3 
Chemical = sodium chloride 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s) 
Ammonium sulfate calibration from 22 June, 24 June, and 25 June 2015 
7 
sc    = Critical supersaturation at CCN activation 
dT    = Temperature gradient in the CCN counter 
D50   = Dry diameter at which 50% of particles serve as CCN 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
sc (%) dT (K) D50 (nm) kappa (-) 
 
0.5051 10 37.19 1.0497 
0.6071 12 32.97 1.0436 
0.7609 15 28.44 1.0361 
0.9879 19 24.02 1.0221 
0.9879 19 24.13 1.0081 
0.7609 15 28.62 1.0166 
0.6071 12 33.14 1.0276 
0.5051 10 37.39 1.0329 
0.3968 08 43.75 1.0440 
0.2920 06 53.04 1.0809 
0.3968 08 43.50 1.0621 
0.5051 10 37.16 1.0522 
0.6071 12 33.08 1.0332 
0.7609 15 28.62 1.0166 
0.9879 19 24.24 0.9944 
0.9879 19 24.24 0.9944 
0.7609 15 28.58 1.0209 
0.6071 12 33.08 1.0332 
0.5051 10 37.23 1.0463 
0.3968 08 43.73 1.0454 
0.2920 06 53.47 1.0550 
0.3968 08 43.82 1.0390 
0.5051 10 37.00 1.0660 
0.6071 12 32.95 1.0455 
0.7609 15 28.47 1.0328 
0.9879 19 24.18 1.0019 
0.9879 19 24.24 0.9944 
0.7609 15 28.58 1.0209 
0.6071 12 33.16 1.0257 
0.5051 10 37.11 1.0565 
0.3968 08 43.30 1.0770 
0.2920 06 53.43 1.0574 
0.3968 08 43.56 1.0578 
0.5051 10 37.26 1.0437  
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Petters, Sarah Suda; Petters, Markus D. 
Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 23 2015 08 09 
0 
sc (%) 
3 
1.0 1.0 1.0 
999 999 999 
dT (K) 
D50 (nm) 
kappa (-) 
3 
Chemical = glucose 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s) 
Ammonium sulfate calibration from 22 June, 24 June, and 25 June 2015 
7 
sc    = Critical supersaturation at CCN activation 
dT    = Temperature gradient in the CCN counter 
D50   = Dry diameter at which 50% of particles serve as CCN 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
sc (%) dT (K) D50 (nm) kappa (-) 
 
0.9879 19 42.02 0.1870 
0.7609 15 50.51 0.1819 
0.6071 12 59.05 0.1792 
0.5051 10 67.14 0.1763 
0.3968 08 79.24 0.1741 
0.2920 06 97.54 0.1726 
0.2920 06 97.41 0.1733 
0.3968 08 79.01 0.1756 
0.5051 10 66.94 0.1779 
0.6071 12 59.26 0.1772 
0.7609 15 50.63 0.1806 
0.9879 19 42.40 0.1819 
0.9879 19 42.25 0.1839 
0.7609 15 50.29 0.1843 
0.6071 12 59.01 0.1795 
0.5051 10 66.71 0.1798 
0.2920 06 98.42 0.1680 
0.5051 10 67.28 0.1752 
0.6071 12 59.32 0.1767 
0.7609 15 50.78 0.1789  
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Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 30 2015 08 09 
0 
sc (%) 
3 
1.0 1.0 1.0 
999 999 999 
dT (K) 
D50 (nm) 
kappa (-) 
3 
Chemical = glucose 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s) 
Ammonium sulfate calibration from 22 June, 24 June, and 25 June 2015 
7 
sc    = Critical supersaturation at CCN activation 
dT    = Temperature gradient in the CCN counter 
D50   = Dry diameter at which 50% of particles serve as CCN 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
sc (%) dT (K) D50 (nm) kappa (-) 
 
0.7609 15 49.60 0.1923 
0.9879 19 41.42 0.1954 
0.9879 19 41.25 0.1979 
0.7609 15 49.51 0.1934 
0.6071 12 58.26 0.1867 
0.5051 10 66.49 0.1816 
0.3968 08 78.57 0.1786 
0.2920 06 97.71 0.1717 
0.2920 06 97.09 0.1750 
0.3968 08 78.48 0.1792 
0.5051 10 66.45 0.1820 
0.6071 12 58.51 0.1843 
0.7609 15 49.60 0.1923 
0.9879 19 41.50 0.1943 
0.9879 19 41.51 0.1941 
0.7609 15 49.70 0.1911 
0.6071 12 58.46 0.1847 
0.5051 10 66.52 0.1814 
0.3968 08 78.98 0.1758 
0.2920 06 97.47 0.1730 
0.2920 06 97.52 0.1727 
0.3968 08 78.56 0.1787 
0.5051 10 66.04 0.1854 
0.6071 12 58.21 0.1872 
0.7609 15 49.88 0.1890 
0.9879 19 41.71 0.1913 
0.9879 19 41.88 0.1889  
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Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 29 2015 08 09 
0 
sc (%) 
3 
1.0 1.0 1.0 
999 999 999 
dT (K) 
D50 (nm) 
kappa (-) 
3 
Chemical = sodium dodecyl sulfate 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s) 
Ammonium sulfate calibration from 22 June, 24 June, and 25 June 2015 
7 
sc    = Critical supersaturation at CCN activation 
dT    = Temperature gradient in the CCN counter 
D50   = Dry diameter at which 50% of particles serve as CCN 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
sc (%) dT (K) D50 (nm) kappa (-) 
 
0.7609 15 54.66 0.1427 
0.6071 12 64.94 0.1340 
0.5051 10 73.78 0.1323 
0.3968 08 86.85 0.1317 
0.2920 06 107.99 0.1268 
0.3968 08 86.78 0.1321 
0.5051 10 73.43 0.1342 
0.6071 12 64.69 0.1356 
0.7609 15 54.64 0.1429 
0.9879 19 46.02 0.1412 
0.9879 19 46.04 0.1410 
0.7609 15 54.98 0.1402 
0.6071 12 65.31 0.1317 
0.5051 10 74.39 0.1290 
0.3968 08 87.25 0.1299 
0.2920 06 107.14 0.1299 
0.3968 08 85.85 0.1365 
0.5051 10 73.67 0.1329 
0.6071 12 64.79 0.1349 
0.7609 15 55.09 0.1393 
0.9879 19 46.18 0.1397 
0.9879 19 46.54 0.1364 
0.7609 15 55.65 0.1351 
0.6071 12 65.45 0.1308 
0.5051 10 73.90 0.1316 
0.3968 08 86.95 0.1313  
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Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 22 2015 08 09 
0 
sc (%) 
3 
1.0 1.0 1.0 
999 999 999 
dT (K) 
D50 (nm) 
kappa (-) 
3 
Chemical = Triton X-100 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s) 
Ammonium sulfate calibration from 22 June, 24 June, and 25 June 2015 
7 
sc    = Critical supersaturation at CCN activation 
dT    = Temperature gradient in the CCN counter 
D50   = Dry diameter at which 50% of particles serve as CCN 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
sc (%) dT (K) D50 (nm) kappa (-) 
 
0.7609 15 59.19 0.1116 
0.6071 12 72.28 0.0964 
0.5051 10 80.62 0.1008 
0.3968 08 96.70 0.0949 
0.2920 06 124.30 0.0827 
0.2920 06 129.54 0.0729 
0.3968 08 101.05 0.0829 
0.5051 10 88.19 0.0764 
0.6071 12 78.10 0.0758 
0.7609 15 65.10 0.0830 
0.9879 19 51.70 0.0982 
0.9879 19 52.58 0.0931 
0.7609 15 64.76 0.0844 
0.6071 12 75.52 0.0841 
0.5051 10 89.51 0.0730 
0.3968 08 110.94 0.0622 
0.2920 06 133.54 0.0664 
0.2920 06 138.21 0.0597 
0.3968 08 113.64 0.0577 
0.5051 10 92.79 0.0653 
0.6071 12 76.31 0.0815 
0.7609 15 62.57 0.0939 
0.9879 19 52.98 0.0909  
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Department of Marine Earth and Atmospheric Sciences, North Carolina State University, 
Raleigh, North Carolina 27695-8208. (mdpetter@ncsu.edu) 
Cloud Condensation Nuclei Counter (Droplet Measurement Technologies), Differential 
Mobility Analyzer (TSI 308100), Condensation Particle Counter (TSI 3771) 
Surfactant effect on cloud condensation nuclei for two-component internally mixed aerosols 
1 1 
2015 06 24 2015 08 09 
0 
sc (%) 
3 
1.0 1.0 1.0 
999 999 999 
dT (K) 
D50 (nm) 
kappa (-) 
3 
Chemical = Zonyl FS-300 
Scan settings: SMPS ramp 3 (10000 to 50 V in 600 s) 
Ammonium sulfate calibration from 22 June, 24 June, and 25 June 2015 
7 
sc    = Critical supersaturation at CCN activation 
dT    = Temperature gradient in the CCN counter 
D50   = Dry diameter at which 50% of particles serve as CCN 
kappa = Hygroscopicity parameter, Eq. 6 in: Petters, MD and SM Kreidenweis (2007), 
doi:10.5194/acp-7-1961-2007 
 
sc (%) dT (K) D50 (nm) kappa (-) 
 
0.9879 19 47.63 0.1269 
0.7609 15 58.72 0.1144 
0.6071 12 68.98 0.1113 
0.5051 10 78.62 0.1089 
0.3968 08 93.07 0.1067 
0.2920 06 115.06 0.1046 
0.3968 08 93.73 0.1044 
0.5051 10 79.23 0.1063 
0.6071 12 69.79 0.1074 
0.7609 15 59.98 0.1071 
0.9879 19 50.36 0.1067 
0.9879 19 50.25 0.1074 
0.7609 15 60.09 0.1065 
0.6071 12 70.11 0.1059 
0.5051 10 79.73 0.1043 
0.3968 08 93.92 0.1038 
0.2920 06 115.61 0.1031 
0.3968 08 93.77 0.1043 
0.5051 10 79.36 0.1058 
0.6071 12 69.80 0.1073 
0.7609 15 60.04 0.1068 
0.9879 19 50.05 0.1087 
0.9879 19 50.42 0.1063 
0.7609 15 60.28 0.1055 
0.6071 12 70.36 0.1047 
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