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Abstract 
 

Atmospheric aerosol particles impact climate by scattering or absorbing solar radiation 

and acting as cloud condensation and ice nuclei, but there is high uncertainty regarding the 

magnitude of these climate effects. The physicochemical properties of aerosol particles dictate 

their climate impacts, yet are challenging to accurately and quantitatively measure, as aerosols 

are highly complex in terms of chemical composition, size, phase, and morphology (i.e. mixing 

state). Methods enabling more detailed and quantitative investigations of aerosol particle 

properties are necessary in order to improve mechanistic understanding of multiphase aerosol 

processes occurring in the atmosphere. In this dissertation, novel Raman microspectroscopic 

techniques for improved analysis of the chemical composition of both laboratory-generated and 

ambient aerosol particles were developed to further understanding of aerosol mixing state, which 

will enable better predictions of the climate impacts associated with aerosols.  

Computer-controlled Raman mapping (CC-Raman) and surface enhanced Raman 

microspectroscoy (SERS) were applied to the study of aerosol particles to improve 

characterization of chemical composition. CC-Raman used automated mapping to increase 

throughput and particle statistics by analyzing up to 100 particles per hour, in comparison to 

much slower manual characterization. CC-Raman analysis provides detailed information 

regarding functional groups present, size, morphology, and the mixing of secondary chemical 

species with primary components.  SERS enables detection of trace organic and/or inorganic 

species present within particles, observation of complex inter- and intraparticle variability, and 

characterization of smaller, more atmospherically-relevant sized aerosol particles with diameters 

smaller than the diffraction limit (as small as 150 nm). In comparison to traditional vibrational 

spectroscopy techniques, these advances greatly increase the potential for characterization of 

aerosol particle physicochemical properties with Raman analysis. 

A Raman microspectroscopic method for measuring single particle pH was developed. 

Aerosol pH plays an important role in many multiphase processes, such as secondary organic 

aerosol (SOA) formation, but is difficult to measure due to the minute volumes of aerosol 
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particles and the non-conservative nature of the hydronium ion. Traditional indirect measurement 

methods and predictions of aerosol pH via thermodynamic modeling often disagree and are 

associated with limitations regarding measurement inputs and equilibrium assumptions. In 

contrast, this method coupling Raman microspectroscopy with extended Debye-Hückel activity 

calculations allows for direct determination of acidity of individual particles based on 

measurements of acid and conjugate base vibrational modes. Several atmospherically relevant 

inorganic and organic acid-base equilibria systems are compatible with this method, including 

HNO3/NO3
-, HSO4

-/SO4
2-, HC2O4

-/C2O4
2-/ CH3COOH/CH3COO-/ and HCO3

-/CO3
2-, covering a 

broad pH range (-1 to 10). A second complementary method for direct measurement of size-

resolved bulk aerosol pH using quantitative colorimetric image processing of aerosol particles 

collected on pH indicator paper was also developed. In addition to aerosol pH measurements, 

these methods were used to investigate the effect of RH on particle acidity, gas-particle 

partitioning of acidic chemical species, the relationship between ionic strength and H+ activity 

coefficients, and other aspects of ion behavior under non-ideal conditions. Direct measurement 

of aerosol pH through these methods will improve fundamental mechanistic understanding of 

critical pH-dependent aerosol processes. 

The methods developed in this dissertation and their application to the study of 

atmospheric aerosol particles will yield more detailed measurements of particle physicochemical 

properties, providing new insights into the mechanisms of multiphase atmospheric processes and 

improving understanding of the impact of aerosols on climate. 
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Chapter 1. Introduction 
 

1.1 Characteristics of Atmospheric Aerosol Particles 

A solid or liquid particle suspended in a gas, such as the atmosphere, is defined as an 

aerosol. Atmospheric aerosol particles affect climate directly by scattering and absorbing solar 

radiation and indirectly by acting as cloud condensation and ice nuclei (CCN and IN) 

(Ramanathan et al., 2001; Pöschl, 2005; Andreae and Rosenfeld, 2008; Myhre et al., 2013). As 

shown in Figure 1.1, according to the International Panel on Climate Change (IPCC), both direct 

and indirect aerosol contributions to radiative forcing are still associated with high uncertainty, in 

comparison to other contributors, such as greenhouse gases (Myhre et al., 2013). In addition to 

climate effects, aerosols also negatively impact human health, as exposure to atmospheric 

particulate matter can lead to serious health issues, such as respiratory and cardiovascular 

disease, and is responsible for 10% of annual deaths globally (Pöschl, 2005; Pope and Dockery, 

2006; Kim et al., 2015). Despite the importance of aerosols, mechanistic understanding of many 

key atmospheric processes remains low, in part due to challenges associated with measuring their 

physicochemical properties. 
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Figure 1.1 Radiative forcing estimates and uncertainties for greenhouse gases and aerosols. 
Adapted from Myhre et al. (2013). 

 

Atmospheric aerosols have an array of sources, both natural and anthropogenic, ranging 

from sea spray aerosol and dust to emissions from fossil fuel combustion (Pöschl, 2005; Andreae 

and Rosenfeld, 2008). Primary aerosols are emitted directly into the atmosphere, while 

secondary aerosols are formed from the condensation of gaseous precursors (Pöschl, 2005; 

Andreae and Rosenfeld, 2008). One common type of secondary aerosol, secondary organic 

aerosol (SOA), is formed from the condensation of low volatility gaseous oxidation products of 

volatile organic compounds (VOCs) onto existing particles, usually composed of inorganic salts, 

such as (NH4)2SO4 (Hallquist et al., 2009; Ziemann and Atkinson, 2012; McNeill, 2015). Figure 

1.2 provides an illustration of aerosol sources and atmospheric processes that lead to climate 

effects. In addition to secondary aerosol formation, aerosol particles can undergo modifications 

during multiphase chemical and physical processing, such as hydrolysis reactions or phase 

changes, depending on atmospheric conditions (Pöschl, 2005; McNeill, 2015). 
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Figure 1.2 Illustration of anthropogenic and natural sources of aerosol particles, as well as 
atmospheric processing, and how aerosols impact climate through radiative forcing. Icons for 
schematic made by Freepik from flaticon.com. 

 

The many sources of aerosols and subsequent atmospheric processing of aerosols leads to 

a wide range of sizes, structures, phase states, and chemical compositions. Atmospheric aerosol 

particles range in size from 1 nm – 100 μm, with the mode for particle number concentration 

centered at ~100 nm and particle mass concentration ranging from ~500 nm and ~6 μm (Hinds, 

1999; Seinfeld and Pandis, 2016). Aerosol particles have a range of possible morphologies, from 

nearly spherical, like SOA, to chain agglomerates, like soot (Hinds, 1999; Zhang et al., 2008; 

Kwamena et al., 2010). Additionally, differing viscosities within particles lead to a variety of 

phase states, including liquid, aqueous, glassy (or semi-solid), and solid, such as crystalline salts 

(Buajarern et al., 2007; Virtanen et al., 2010; Seinfeld and Pandis, 2016). As a result of particle 

phase state and physical processes like efflorescence and deliquescence, a range of aerosol 

particle structures have also been observed, such liquid-liquid phase separated (LLPS), which 
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includes structures like core-shell and semi-engulfed (Kwamena et al., 2010; You et al., 2012, 

2013). Many of the physical properties of aerosol particles, like viscosity and phase, are 

dependent on chemical composition. As mentioned previously, the wide range of sources and 

atmospheric processing leads to complex compositions, with aerosol particles often containing 

hundreds to thousands of different chemical species, both inorganic and organic (Prather et al., 

2008). Aerosol mixing state refers to inter- and intraparticle variability in terms of both chemical 

composition and structure and can be challenging to measure and quantify (Riemer and West, 

2013; O’Brien et al., 2015a; Fierce et al., 2016; Ault and Axson, 2017). Aerosol acidity is also 

interconnected with chemical composition, as the chemical species present influence particle pH, 

upon which many atmospheric processes that impact chemical mixing state are dependent (Gao 

et al., 2004; Surratt et al., 2007b; Gaston et al., 2014; Ghorai et al., 2014; Losey et al., 2016). 

Herein, aerosol mixing state and aerosol acidity, their atmospheric implications, and traditional 

measurement methods are discussed in greater detail.   

1.2 Aerosol Mixing State 

1.2.1 Definition of Aerosol Mixing State 

Aerosol mixing state refers to the distribution of chemical species within an aerosol 

population. For chemical composition, mixing state can be described in terms of external and 

internal mixtures. External mixtures consist of particles that each contain only one chemical 

species (but may be different species for different particles), while internal mixtures consist of 

particles that each contain different species present within one particle (Riemer and West, 2013). 

If all particles in an internal mixture consist of the same chemical species present at the same 

relative abundance, it is considered to be fully internally mixed (Riemer and West, 2013). 

However, internal and external mixtures are idealized cases, and neither are representative of 

most ambient aerosol. Mixing state index is the first quantitative measure of chemical mixing 

state and can be used to characterize aerosol particles on the spectrum between fully internal and 

fully external mixtures (Riemer and West, 2013; O’Brien et al., 2015a). In addition to chemical 

mixing state, aerosol particles can vary in terms of physical properties, such as phase, internal 

structure, and viscosity. Physicochemical mixing state is an all-encompassing term that refers to 

the distribution of both chemical and physical features within an aerosol population (Ault and 

Axson, 2017). Figure 1.3, from a recent review by Ault and Axson, illustrates the different 



5 
 

chemical and physical aspects that can be incorporated into aerosol mixing state (Ault and 

Axson, 2017). 

 

 

Figure 1.3 Representations of particle composition with increasing complexity and detail. 
Chemical mixing state provides information on primary versus secondary components, but does 
not provide spatial information or other physical properties. Physicochemical mixing state 
provides both chemical detail and spatial information or physical properties. Note that the 
locations of the colors in the chemical mixing state particles are not meant to convey spatial 
distribution, only the presence of both primary and secondary components. Reproduced from 
Ault and Axson (2017). 

1.2.2 Mixing State Measurement Techniques 

Different aspects of aerosol mixing state have been measured by many different 

analytical techniques, even before the term “mixing state” was defined and used widely. These 

include both direct and indirect measurements of chemical composition, morphology, and other 

properties, such as hygroscopicity and light scattering or absorption. Herein, some of these 
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techniques, often used in combination, and notable advances in aerosol particle characterization 

related to mixing state are discussed. 

One of the earliest aerosol measurements related to mixing state was reported in 1974 by 

Bigg et al., who used electron microscopy and a thin film vapor method of chemical testing to 

detect a range of compounds, such as sulfuric acid, sulfates, nitrates, halides, and persulfates, in 

ambient particles (Bigg et al., 1974). Further developing electron microscopy applications to 

study aerosol particles, in 1983, computer-controlled scanning electron microscopy (CCSEM) 

coupled with energy dispersive X-ray spectroscopy (EDX) was used for quantitative size and 

elemental composition characterization of a statistically-relevant number of particles, allowing 

for source apportionment based on differing chemical compositions (Casuccio et al., 1983). 

Through research using both transmission electron microscopy (TEM) and a nephelometer, 

Okada was able to observe two distinct particle types present within an aerosol population - both 

containing sulfate, but with differing size distributions and hygroscopicity (Okada, 1985). 

Electron microscopy was applied with increasing frequency to the study of aerosol particles from 

the 1990s and on, characterizing the constituents of specific types of aerosol, such as marine, 

mineral, and biomass (Pósfai et al., 1994, 2003; Buseck and Pósfai, 1999; Li et al., 2003). In 

1999, atomic force microscopy (AFM), was used to classify aerosol particles as organic, 

graphitic, or inorganic, as well as obtain size distributions (Lehmpuhl et al., 1999). Microscopy 

studies of aerosol particles have since advanced greatly, allowing for the study of internal mixing 

(Pósfai et al., 1999; Deboudt et al., 2010), phase transitions (Wise et al., 2005), hygroscopic 

behavior (Semeniuk et al., 2007), phase separation (You et al., 2012),and other important aerosol 

physicochemical properties that impact mixing state.  

Mass spectrometry (MS) has been used since the 1980s to characterize aerosol particles. 

One of the earliest studies in 1985 is laser microprobe mass analysis (LAMMA) to identity 

distinct sulfate and nitrate layers within marine aerosol particles (Bruynseels and Van Grieken, 

1985). Connecting more directly with aerosol chemical mixing state, in 1997, Murphy and 

Thomson observed no ambient particle classes characterized as fully externally or fully internally 

mixed through MS analysis (Murphy and Thomson, 1997). Over the past several decades, many 

unique mass spectrometers, such as the aerosol mass spectrometer (AMS), particle analysis by 

laser mass spectrometer (PALMS), single particle laser ablation time-of-flight mass spectrometer 

(SPLAT), and aerosol time-of-flight mass spectrometer (ATOFMS), have been developed and 
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used for bulk and single particle aerosol classification, with numerous studies providing 

chemical mixing state information for aerosol populations all over the world (Noble and Prather, 

2000; Pratt and Prather, 2012a, 2012b). Because of its ability for real-time online 

characterization, MS has also been applied to study mixing state evolution during changing 

environmental conditions and atmospheric processing, including heterogeneous reactions and 

nucleation events (Gard et al., 1998; Song et al., 1999; Hughes et al., 2000; Zhang et al., 2005; 

Broekhuizen et al., 2006; Shiraiwa et al., 2007; Wang et al., 2010a; Baustian et al., 2012; Cappa 

et al., 2012).  

Spectroscopy techniques were first applied to the study of aerosol mixing state in 2002, 

when Maria et al. used Fourier transform infrared spectroscopy (FTIR) to characterize functional 

groups and organic mass in aerosol samples (Maria et al., 2002). Since then, FTIR and other 

spectroscopic techniques, including Raman microspectroscopy, X-ray photoelectron 

spectroscopy (XPS), and scanning transmission X-ray microscopy with near edge X-ray 

absorption fine structure spectroscopy (STXM-NEXAFS), have be used to map organic coatings 

of aerosol particles (Russell et al., 2002), characterize internally and externally mixed particle 

types through composition and structure (Deboudt et al., 2010; Moffet et al., 2010a; Song et al., 

2010; Baustian et al., 2012), and analyze variation in particle surface chemical composition 

(Song and Peng, 2009). Optical trapping and tweezing spectroscopy techniques have also been 

used to characterize mixing state of single aerosol droplets during dynamic multiphase processes, 

such as coagulation and uptake of water or organics (Hopkins et al., 2004; Mitchem et al., 2006).  

In addition to the methods for direct measurement, many techniques that probe various 

physicochemical properties of aerosol particles have been used to infer information about mixing 

state. These indirect methods include particle sizing instrumentation, mass analyzers, ion 

chromatography (IC), nephelometers, absorption photometers, and cloud condensation nuclei 

(CCN) counters. These methods, often used in tandem and with direct measurement techniques, 

have been used to determine aerosol mixing state through measurements of particle size 

distributions, particle nucleation and growth, ion composition, scattering albedo and absorption, 

aerosol optical depth, hygroscopicity, phase transitions, such as deliquescence and efflorescence, 

and mass ratios of chemical components within particles, as well as the evolution of these 

aerosol properties under changing environmental conditions (Lightstone et al., 2000; Abel et al., 

2003; Clarke et al., 2004; Marcolli et al., 2004; Schnaiter et al., 2005; Möhler et al., 2005; 
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Broekhuizen et al., 2006; Cheng et al., 2006; Moteki and Kondo, 2007; Shiraiwa et al., 2007; 

Moffet and Prather, 2009; Wang et al., 2010a; Petzold et al., 2011; Koop et al., 2011; Liu et al., 

2017a).  

Even though a broad range of analytical techniques, such as those discussed here, can be 

used to study different aspects of aerosol mixing state, there are still many challenges and 

limitations associated with current methods. For example, each technique has boundaries in 

terms of particle sizes and compositions that can be analyzed, often due to sample preparation or 

instrumentation limitations, meaning no single technique is robust enough to provide a complete 

picture of aerosol mixing state. Improved methods or the development of complementary 

techniques are required in order to address the knowledge gaps associated with fully 

characterizing aerosol mixing state. 

 

1.3 Aerosol Acidity 

Adapted from Craig, R. L. and Ault, A. P. Aerosol Acidity: Direct Measurement from 

Spectroscopic Methods. In Multiphase Environmental Chemistry in the Atmosphere. Hunt, S., 

Nizkorodov, S., Laskin, A., Eds. ACS Symposium Series, submitted. Copyright 2018 American 

Chemical Society. 

1.3.1 pH Dependent Atmospheric Processes 

Acidity impacts many multiphase chemical processes of atmospheric aerosols; the most 

well-known and studied being secondary organic aerosol (SOA) formation. Overall, increased 

acidity levels are associated with enhanced SOA yields due to acid-catalyzed heterogeneous 

reactions, such as epoxide ring-opening reactions (Eddingsaas et al., 2010; Mael et al., 2015) or 

reactions of carbonyls (Jang et al., 2002). This phenomenon has been observed for a wide range 

of SOA precursors, including isoprene (Edney et al., 2005; Surratt et al., 2007a; Jaoui et al., 

2010; Kuwata et al., 2015; Xu et al., 2016), specifically its photooxidation products methacroelin 

(Zhang et al., 2012b), methyl vinyl ketone (Chan et al., 2013), and isoprene epoxydiols (IEPOX) 

(Riva et al., 2016d), monoterpenes (such as α-pinene) (Czoschke and Jang, 2006; Northcross and 

Jang, 2007; Offenberg et al., 2009; Lal et al., 2012; Han et al., 2016), sesquiterpenes (such as β-

caryophyllene) (Offenberg et al., 2009; Chan et al., 2011), 1,3-butadiene (Lewandowski et al., 
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2015), 2-methyl-3-buten-2-ol (MBO) (Zhang et al., 2012a, 2014), aromatics (such as toluene) 

(Cao and Jang, 2007), and aldehydes (Jang et al., 2003a). In addition to increased kinetics of 

acid-catalyzed reactions, SOA yield can be enhanced in terms of mass due to the formation of 

larger oligomers (Gao et al., 2004; Chan et al., 2013; Kuwata et al., 2015). 

One particular class of chemical species that is formed via pH-dependent reactions in 

SOA is organosulfates. Organosulfate abundance is strongly correlated with acidity, as  

formation often occurs only under acidic conditions (Iinuma et al., 2007a, 2009; Surratt et al., 

2008). Although acidic conditions dictate organosulfate formation in SOA, these compounds can 

form via photooxidation and/or ozonolysis of many precurors, including α-pinene (Surratt et al., 

2007b, 2008; Iinuma et al., 2009; Lal et al., 2012; Duporté et al., 2016), β-pinene (Iinuma et al., 

2007a, 2009; Surratt et al., 2008), limonene (Iinuma et al., 2007b; Surratt et al., 2008) and other 

monoterpenes, as well as isoprene (Surratt et al., 2007b, 2008; Darer et al., 2011; Kuwata et al., 

2015; Li et al., 2016),  β-caryophyllene (Chan et al., 2011), MBO (Zhang et al., 2012a; Mael et 

al., 2015), alkanes (Riva et al., 2016a), alkylamines (Wang et al., 2010b), and polycyclic 

aromatic hydrocarbons (PAHs), such as naphthalene (NAP) and 2-methylnaphthalene (2-

MeNAP) (Riva et al., 2015). While organosulfate formation has been observed and studied to a 

greater extent, formation and hydrolysis of organic nitrate compounds also occurs under acidic 

conditions (Mael et al., 2015; Rindelaub et al., 2015; Han et al., 2016). Though acid-catalyzed 

SOA formation has primarily been studied through laboratory and chamber work, it has been 

observed in ambient data globally (Edney et al., 2005; Zhang et al., 2007a; Tanner et al., 2009; 

Ding et al., 2011; Pathak et al., 2011; Budisulistiorini et al., 2015),  including the formation of 

oligomers (Liggio and Li, 2013), organosulfates (Surratt et al., 2008), and organic nitrates 

(Kiendler-Scharr et al., 2016). 

In addition to SOA formation, pH also plays an important role in many other multiphase 

chemical and physical atmospheric processes. Examples include changes to gas-particle 

partitioning equilibria leading to increased reactive uptake of organic compounds (Liggio and Li, 

2006; Wang et al., 2012; Gaston et al., 2014; Liu et al., 2015; Marais et al., 2016; Chen et al., 

2017), heterogenerous reactions of non-SOA particle types, such as chloride depletion in sea 

spray aerosol (SSA) (Gard et al., 1998; Laskin et al., 2012; Ault et al., 2014; Bondy et al., 

2017b), acid-catalyzed hydrolysis reactions (Hu et al., 2011; Jacobs et al., 2014; Rindelaub et al., 

2015, 2016b; Cortés and Elrod, 2017), and increased metal ion dissolution and solubility under 
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acidic conditions (Chen et al., 2012; Longo et al., 2016; Fang et al., 2017). Other multiphase 

processes affected by particle acidity include water uptake (Prenni et al., 2003; Ghorai et al., 

2011, 2014), liquid-liquid phase separation (LLPS) (Ault et al., 2013a; You et al., 2014; 

Dallemagne et al., 2016; Losey et al., 2016), light absorption (Song et al., 2013; Lin et al., 2014), 

as well as photolysis and OH radical reaction chemistry (Liu et al., 2017c; Rapf et al., 2017; 

Witkowski and Gierczak, 2017). Despite the evidence for enhanced SOA formation and other 

multiphase atmospheric processes that occur under acidic conditions, more specific correlation to 

acidity is not well characterized, in part due to the challeneges associated with measuring aerosol 

pH. 

 

1.3.2 Determining Aerosol pH 

Aerosol pH is difficult to determine due to the small size of particles (attoliter or smaller 

volumes) and the non-conservative nature of H+ with respect to other chemical species present, 

as it is dependent on aerosol liquid water content and relative humidity (RH). As a result of these 

challenges, indirect measurements, proxy methods, and thermodynamic equilibrium models have 

often been used to predict aerosol acidity (Hennigan et al., 2015). Indirect measurements from 

filter-based extraction and extrapolation are associated with high uncertainty, often due to 

changes in ion distribution during extraction or sampling artifacts (Koutrakis et al., 1988; Keene 

et al., 2002; Pathak et al., 2004; Hennigan et al., 2015). Proxy methods, such as ion balance and 

molar ratio, which infer H+ concentration, and subsequently pH, by balancing measured 

concentrations of inorganic anions and cations (Kerminen et al., 2001; Trebs et al., 2005; 

Metzger et al., 2006; Feng et al., 2012), are also associated with high uncertainty and often 

cannot predict aerosol pH with more precision than “acidic” or “basic” classification (Hennigan 

et al., 2015). Additionally, the ion balance and molar ratio methods typically disagree with 

thermodynamic equilibrium model predictions of pH, and the discrepancy between the two 

methods can be attributed to lack of considerations for aerosol liquid water content and ion 

activity coefficients and inability to differentiate between free and bound H+ (e.g. protons 

associated with bisulfate, HSO4
-, or other inorganic ions) (Keene et al., 2004; Trebs et al., 2005; 

Metzger et al., 2006; Pathak et al., 2009; Hennigan et al., 2015).  

In contrast, a third proxy method, phase partitioning, which uses measurements of 

semivolatile compounds in the gas and aerosol phase, such as NH3/NH4
+, to indirectly predict 
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pH, has yielded much better agreement with models (Keene et al., 2004; Young et al., 2013; 

Hennigan et al., 2015). Thermodynamic models, such as E-AIM (Clegg et al., 1998; Wexler and 

Clegg, 2002) and ISORROPIA-II (Nenes et al., 1998; Fountoukis and Nenes, 2007), use 

measurements of both gas and aerosol phase chemical species, temperature, and RH to predict 

aerosol pH. Although the phase partitioning method and thermodynamic models show the best 

agreement and are widely considered to be the most accurate of the current methods for indirect 

prediction of aerosol pH, they are not without limitations (Hennigan et al., 2015). Both methods 

are most accurate when constrained by measurements of gas and aerosol phase chemical 

components (Hennigan et al., 2015; Murphy et al., 2017), but are sensitive to the respective 

measurement input values and their associated uncertainties. Additionally, both methods assume 

gas-particle phase equilibrium, which is not always accurate under conditions of low liquid water 

content or high ionic strength (Keene et al., 2004; Virtanen et al., 2010; Perraud et al., 2012; 

Hennigan et al., 2015; Shiraiwa et al., 2017), and neither method accounts for the potential 

influence of organic components (Hennigan et al., 2015; Silvern et al., 2017), such as organic 

acids, which are ubiquitous in ambient aerosol (Zhang et al., 2007b; Kolb and Worsnop, 2012). 

The phase partitioning method and thermodynamic models have been applied to evaluate 

ambient aerosol acidity and variability globally (Guo et al., 2015, 2016, 2017; Vieira-Filho et al., 

2016; Liu et al., 2017b). Overall, aerosol particles are often acidic, but there is variability due to 

differing source contributions (Bougiatioti et al., 2016, 2017; Pozzer et al., 2017; Shi et al., 

2017), regional location, such as urban versus rural areas (Bougiatioti et al., 2016; Battaglia et 

al., 2017), and seasonality (Kumar and Raman, 2016; Wu et al., 2017). These predictions 

indicate that acidity-dependent chemistry can occur readily in most ambient aerosol, as pH levels 

are low enough, despite decreasing atmospheric gaseous SO2 emissions and subsequent 

condensed-phase sulfate concentrations in some regions, such as the southeast United States, 

where SOA formation is prevalent (Weber et al., 2016). Direct measurement of aerosol pH is 

needed to constrain model and proxy method predictions of acidity, particularly when there is 

disagreement, and will help further understanding of the impact of pH on multiphase 

atmospheric processes. 

Currently, there are few methods for direct measurement of aerosol acidity. One method 

measures proton concentration in particle samples collected on dyed filters through a 

colorimetric analysis integrated with a reflectance UV-Visible spectrometer (Jang et al., 2008; Li 
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and Jang, 2012). A second method monitors acidity via fluorescence spectroscopy with a pH-

sensitive dye (Dallemagne et al., 2016). However, application of these methods has been limited 

and more refined techniques for direct measurement of aerosol pH are necessary to constrain 

model predictions and improve understanding of pH-dependent atmospheric processes.  

 

1.4 Research Objectives and Scope of the Dissertation 

In this dissertation, several Raman microspectroscopic methods were developed and 

applied to study the chemical mixing state and acidity of both laboratory-generated and ambient 

aerosol particles. Chapter 2 describes a novel method for automated mapping for Raman 

microspectroscopic characterization and its application to ambient aerosol particles collected 

during the Southern Oxidant and Aerosol Study (SOAS). Chapters 3 and 4 detail the application 

of surface enhanced Raman spectroscopy (SERS) to improve detection and characterization of 

previously unidentifiable vibrational modes within aerosol particles, as well as the first 

measurements of atmospheric particles with diameters small than the diffraction limit. Chapters 

5 and 6 describe the development a spectroscopic method to measure single particle aerosol pH 

by quantitatively probing the vibrational modes that correspond to the acid and conjugate base 

species for several inorganic and organic equilibrium systems. Through pH measurements with 

this method, the effect of RH on particle acidity, gas-particle partitioning of acidic chemical 

species, and the relationship between ionic strength and H+ activity could also be studied and are 

discussed in Chapters 5 and 6. Chapter 7 details a novel quantitative pH indicator paper method 

for measuring size-resolved bulk aerosol pH and the subsequent direct observation of a 

relationship between particle size and acidity. Finally, Chapter 8 concludes the dissertation and 

discusses on-going projects. 
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Chapter 2. Computer Controlled Raman Microspectroscopy (CC-Raman): A Method for 
the Rapid Characterization of Individual Atmospheric Aerosol Particles 

 
 
Adapted with permission from Craig, R. L., Bondy, A. L., and Ault, A. P.: Computer-controlled 

Raman microspectroscopy (CC-Raman): A method for the rapid characterization of individual 

atmospheric aerosol particles, Aerosol. Sci. Technol., 51:9, 1099-1112, 2017. 

https://doi.org/10.1080/02786826.2017.1337268 Copyright 2017 American Association for 

Aerosol Research. 

2.1 Introduction 

Atmospheric aerosol particles play an important role in climate by scattering and 

absorbing solar radiation and acting as cloud condensation nuclei (CCN) or ice nuclei (IN) 

(Ramanathan et al., 2001; Prather et al., 2008). Climate-relevant properties, such as 

hygroscopicity, ice nucleation ability, and light scattering, are dependent on the physical and 

chemical properties of individual aerosol particles, such as size, chemical composition, and 

morphology (Pöschl, 2005). Knowledge of the primary components in individual aerosols is 

often not sufficient to infer their climate properties (Prather et al., 2008; Bauer et al., 2013; Ault 

and Axson, 2017), as a particle’s chemical mixing state, the secondary chemical species present, 

and their internal spatial distribution influence behavior in the atmosphere, such as the ability to 

act as CCN or IN (Wang et al., 2010a; Schill et al., 2015). For example, partitioning between 

phases and different types of internal structure, such as core-shell morphology, can inhibit 

heterogeneous reactivity and/or water uptake (McNeill et al., 2006; Davies et al., 2013; Ruehl 

and Wilson, 2014; Ryder et al., 2014, 2015). Spectroscopic analysis has great potential to probe 

particle mixing state and provide important information on particle composition and structure 

(Lee and Allen, 2012), while ideally being non-destructive, which can allow for further analysis 

at a future date. 

Raman microspectroscopy has been increasingly applied to study chemical composition 

and mixing state by probing the functional groups present in individual aerosol particles (Ivleva 

https://doi.org/10.1080/02786826.2017.1337268


14 
 

et al., 2007b; Sobanska et al., 2012; Ault et al., 2013b, 2014; Ebben et al., 2013; Laskina et al., 

2013; Zhou et al., 2014; Catelani et al., 2014; Deng et al., 2014; Craig et al., 2015; Rindelaub et 

al., 2016a). Raman microspectroscopy not only measures the vibrational frequencies of 

functional groups present, but also provides the spatial distribution of the measured functional 

groups within a particle through spectral mapping (Stefaniak et al., 2009; Ault et al., 2014; Jung 

et al., 2014; Sobanska et al., 2014). Raman is particularly sensitive to secondary chemical 

species, and spectra of the fingerprint region (500-1500 cm-1) (Smith and Dent, 2005) can be 

used to identify organic functional groups and, thus, infer classes of organic compounds present 

based on the detected vibrational modes (McLaughlin et al., 2002; De Gelder et al., 2007; 

Avzianova and Brooks, 2013). Additionally, elemental carbon (EC), especially graphitic species, 

have very large Raman scattering cross sections, making even small amounts of EC in particles 

easily detectable (Rosen and Novakov, 1977; Rosen et al., 1978). Raman can also distinguish 

species, such as sulfate and bisulfate, which gravimetric and mass spectrometry-based methods 

cannot, allowing pH to be probed (Rindelaub et al., 2016a). While various infrared spectroscopy 

techniques, such as attenuated total reflectance Fourier transform infrared spectroscopy (ATR-

FT-IR), diffuse reflectance FT-IR, or optical microscopy coupled with FT-IR (micro-FT-IR), can 

also probe chemical composition and are sensitive to organic compounds, these methods must 

overcome a strong absorbance interference from water and are limited to bulk analysis or larger 

(> 5 μm) particles with spatial resolution varying across the spectral window (Ryu and Ro, 2009; 

Ghorai et al., 2011; Takahama et al., 2013; Jung et al., 2014; Gaffney et al., 2015).  

In comparison, the diffraction limit for commonly used wavelengths for Raman analysis 

(532, 633, and 640 nm) allows for analysis of ≥ ~0.8 μm particles (projected area diameter, for 

confocal Raman microscopy with a 100x objective). Methods such as surface enhanced Raman 

spectroscopy (SERS) (Craig et al., 2015) and tip enhanced Raman spectroscopy (TERS) (Ofner 

et al., 2016) have been extending the lower size limit for individual particle Raman analysis 

further into the submicron size range. Additional advantages of Raman microspectroscopy 

include non-destructive analysis at ambient temperature and pressure, as well as minimal sample 

preparation. Although Raman microspectroscopy is a powerful analytical technique, it can be 

time-intensive and difficult to perform uniform analysis for an entire particle population (Ault 

and Axson, 2017). Very recently, work by Doughty and Hill has shown the potential of 

automated Raman analysis for field samples using a 40 x 1 μm beam and advancing tape 
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(Doughty and Hill, 2017). Development of an automated Raman microspectroscopic method that 

couples morphological measurements of individual submicron sized particles with detailed 

Raman spectra has the potential to improve efficient and thorough characterization of aerosol 

particle physicochemical properties. 

Due to the benefits of spectroscopic analysis, several microspectroscopy techniques have 

already been automated and applied to the study and characterization of individual aerosol 

particles. These methods include computer controlled scanning electron microscopy (CCSEM) 

with energy dispersive X-ray analysis (EDX) and scanning transmission X-ray microscopy 

coupled with near-edge X-ray absorption fine structure spectroscopy (STXM-NEXAFS) 

(Casuccio et al., 1983, 2004; Germani and Buseck, 1991; Laskin and Cowin, 2001; Mamane et 

al., 2001; Laskin et al., 2006; Moffet et al., 2010a). SEM yields images with high spatial 

resolution that can be used to determine size and morphology of both coarse and fine mode 

particles (Jambers et al., 1995; Laskin and Cowin, 2001; Casuccio et al., 2004; Laskin et al., 

2006). When coupled with EDX, SEM can also provide information on elemental composition, 

and is particularly well-suited to particles containing metals (Ault et al., 2012; Guasco et al., 

2014; Shen et al., 2016). However, detailed chemical characterization of particles, particularly 

mixed carbon-containing particles, is limited (Jambers et al., 1995; Casuccio et al., 2004; Laskin 

et al., 2006). Another microscopy technique coupled with electronic spectroscopy, TEM–EELS 

(transmission electron microscopy with electron energy loss spectroscopy) uses inelastically 

scattered electrons, which provides better chemical detail than EDX, such as the ability to 

distinguish between organic carbon and soot, but still cannot differentiate organic carbon species 

and has yet to be automated (Katrinak et al., 1992; Alexander et al., 2008). As organosulfates 

and organonitrates have been identified as a larger than previously realized portion of secondary 

organic aerosol (Surratt et al., 2010; Darer et al., 2011; Hatch et al., 2011; Glasius and Goldstein, 

2016), the inability of EDX to distinguish inorganic sulfate and nitrate from organosulfates and 

organic nitrates represents another limitation. An additional disadvantage of CCSEM is that it 

requires samples to be under vacuum, even the relatively less-intense vacuum used for 

environmental SEM (ESEM), which can result in transformation or loss of volatile or unstable 

compounds (Stefaniak et al., 2009).  

Another automated microspectroscopic technique, STXM-NEXAFS, is a non-destructive 

x-ray technique that yields two-dimensional maps of particle composition and morphology with 
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high spatial resolution, as well as information on bonding and oxidation state (Takahama et al., 

2007; Moffet et al., 2010a, 2011). This electronic spectroscopy technique is best for investigating 

oxidation state and evolution of aerosol mixing state, which can be difficult to study with SEM 

or other methods of microscopy (Takahama et al., 2007; Moffet et al., 2011). The automated 

aspect of these methods allows for individual particle analysis while also providing information 

on the overall particle population through characterization of thousands of particles (Jambers et 

al., 1995; Moffet et al., 2010a). While both electronic spectroscopy methods (CCSEM-EDX and 

STXM-NEXAFS) can provide some chemical information (elemental and bonding/ oxidation 

state, respectively), neither provides the detailed molecular information of vibrational 

spectroscopy methods, such as Raman microspectroscopy. Specifically Raman modes provide 

insight into functional groups within organic molecules and other secondary components (e.g. 

nitrate, sulfate), or bonding environment (aqueous versus solid, binding to different cations). 

This has led multiple studies to use coupled electron beam and Raman microspectroscopy 

measurements of the same samples, but the statistics for particles analyzed by Raman has 

typically been limited when compared with EDX or electron probe X-ray microanalysis (EPMA) 

(Sobanska et al., 2012; Ault et al., 2013b; Jung et al., 2014; Eom et al., 2016). 

This study describes an automated method for single particle Raman microspectroscopic 

analysis. Computer-controlled Raman microspectroscopy (CC-Raman) is a method that can 

provide detailed chemical composition and size for a representative population of aerosol 

particles. Our initial publication of CC-Raman was validated by comparison with numerous 

other characterization techniques during the analysis of insoluble residues in snow from the 

California Sierra Nevada (Creamean et al., 2016), but has not been applied to atmospheric 

aerosols or quantitatively characterized. Herein, the potential of CC-Raman is demonstrated by 

analysis of laboratory generated aerosol particle standards and mixtures of varying chemical 

composition, as well as ambient particles collected during the Southern Oxidant and Aerosol 

Study (SOAS). CCSEM was also used to analyze the standard and ambient aerosol particle 

samples and is shown to be a valuable complementary technique to CC-Raman, which can 

provide a more detailed understanding of primary chemical species present for source 

apportionment. Overall, this study aims to highlight the unique detailed molecular 

characterization measurements possible with CC-Raman and to demonstrate the potential for 
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CC-Raman to help improve understanding of the chemical composition, mixing state, and 

climate-relevant properties of atmospheric aerosol particles. 

2.2 Methods 

2.2.1 Laboratory-Generated Aerosol Particle Samples 

Standard solutions were prepared from 18.3 MΩ Milli-Q water and the following 

chemicals: sodium nitrate (NaNO3), L-alanine (C3H7NO2), and sodium sulfate (Na2SO4) (Sigma-

Aldrich); calcium sulfate (CaSO4) (Acros Organics); ammonium sulfate (NH4)2SO4 (Alfa Aesar); 

and magnesium sulfate (MgSO4) (Fisher Scientific). All chemicals were > 98.0% purity and used 

without further purification. The nitrate and sulfate salts were selected for this study as NO3
- and 

SO4
2- are common inorganic species present in aerosol particles. L-alanine was selected as it 

contains organic functional groups corresponding to vibrational modes commonly observed in 

aerosol particles, including ν(C-H), δ(C-H), ν(C-C), ν(C-O), and ν(O-C-O). Particles were 

generated from 0.05 M solutions atomized using HEPA-filtered air. After atomization, particles 

were size selected at 0.791 μm (electrical mobility diameter) with an electrostatic classifier 

(Model 3080, TSI Corporation) equipped with a long differential mobility analyzer (Model 3082, 

TSI Corporation) at sample to sheath flow ratio of 1:8.3 (0.3 to 2.5 lpm). and then impacted onto 

quartz substrates or Formvar transmission electron microscopy (TEM) grids (Ted Pella, Inc.) 

using a Microanalysis Particle Sampler (MPS-3, California Measurements, Inc.). Stage 2 of the 

MPS (0.40-2.8 μm equivalent aerodynamic diameter cut-point) was analyzed for each of the 

following samples: 1) mixed standards (L-alanine, ammonium sulfate, and sodium nitrate) and 2) 

sulfate standards (ammonium sulfate, calcium sulfate, magnesium sulfate, and sodium sulfate). 

For each sample, particles of each standard type were generated one compound at a time and 

impacted onto the same quartz substrate or the same TEM grid to achieve an externally mixed 

distribution. All MPS samples were collected with low enough aerosol concentrations and short 

enough sampling times to ensure minimal particle overlap (< 3% of particles had overlap). 

2.2.2 Ambient Aerosol Particle Samples 

Samples of airborne particles were collected on quartz substrates and TEM grids during 

the SOAS field campaign in Centreville, AL in 2013 using a Micro-Orifice Uniform Deposit 

Impactor (MOUDI, Model 110, MSP Corp.). Samples were frozen and stored prior to analysis. 

Stage 7 (aerodynamic size cut of 0.56 μm) for the following six samples were analyzed: June 06, 
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8:00 PM – 7:00 AM; June 12, 12:00 PM – 3:00 PM; June 14, 12:00 – 3:00 PM; June 20, 8:00 

AM – 7:00 PM; June 26, 8:00 PM – 7:00 AM, and July 08, 8:00 PM – 7:00 AM.  

2.2.3 Computer-Controlled Raman Microspectroscopy (CC-Raman) 

This study used a Horiba LabRAM HR Evolution Raman spectrometer coupled with a 

confocal optical microscope (100x long working distance Olympus objective, 0.9 numerical 

aperature) and equipped with a Nd:YAG laser source (50 mW, 532 nm) and CCD detector. A 

600 groove/mm diffraction grating yielded spectral resolution of ~1.8 cm-1. The instrument was 

calibrated against the Stokes Raman signal of pure Si at 520 cm-1 using a silicon wafer standard. 

Laser power was adjusted accordingly with a neutral density filter to prevent damage to the 

sample (incident laser power ~35 mW). Spectra were collected for the range 500 to 4000 cm-1 

with three accumulations at 5 s acquisition time for the standard samples and four accumulations 

at 15 s acquisition time for the ambient samples for each particle analyzed.  

The CC-Raman method is facilitated by improved software, which applies the Particle 

Finder and Multivariate Analysis modules of LabSpec6 software (Horiba) that accompanies the 

spectrometer. An optical image was collected (Figure 2.1a) and aerosol particles were identified 

based on specified contrast, size, and morphological features (Figure 2.1b). The spatial resolution 

of the image was about 9.7 pixels/μm, which allowed for easy identification of ~1 μm particles. 

In terms of contrast, arbitrary light and dark thresholds that scaled the contrast of the image 

within a range of 1-100 were set to identify dark particles against a light background or light 

particles against a dark background. For size, the minimum particle area was set to 0.5 μm2 and 

morphological filters were applied to better detect particle edges. A Raman spectrum was 

collected for each identified particle, as well as measurements of projected area diameter, 

circularity, and other morphological characteristics. In comparison to standard Raman mapping 

techniques, the identified particles form an irregularly shaped map area with variable step size 

between points (particles) analyzed. Only the particles within the image are analyzed and as 

settings identifying particles can be controlled by the user, false positive and false negative 

particle identification is reduced, and if unavoidable, at least able to be taken into account. 

Automation of particle analysis increased the number of particles analyzed per hour by a factor 

of four in comparison to manual Raman analysis, with ~80 and ~20 particles per hour analyzed 

for the standard and ambient samples, respectively, by CC-Raman. Divisive clustering analysis 

(DCA), a K-means partitional clustering method, was used to cluster and classify particles based 



19 
 

on distinct features in their Raman spectra (Figure 2.1c and 2.1d). Spectra were not processed 

prior to clustering analysis and the number of clusters was arbitrarily chosen by the user after 

testing several numbers of clusters and determining when clusters began to be distinguished by 

differing intensity of spectral features, rather than the spectral features themselves. Multiple CC-

Raman maps were collected for each sample. 323, 151, and 1391 particles were analyzed for the 

mixed standards sample, the sulfate standards sample, and the ambient samples, respectively. 

Further discussion of the spectra is provided in the Results section. 

 

Figure 2.1 A) Optical image of laboratory generated aerosol particles composed of L-alanine, 
(NH4)2SO4, and NaNO3. B) The same image now with aerosol particles to be analyzed identified 
by the particle area (blue), particle perimeter (green), and the center of the particle where the 
Raman spectrum is collected (red). C) DCA-clustered Raman spectra of the analyzed aerosol 
particles, showing individual and mixed particles including: L-alanine, L-alanine/(NH4)2SO4, 
(NH4)2SO4, and L-alanine/(NH4)2SO4/ NaNO3. Vibrational modes are shown for NaNO3 
(orange), (NH4)2SO4 (yellow), and L-alanine (green). D) Optical image with some identified 
particle types with four identified clusters - L-alanine particles, L-alanine/(NH4)2SO4 mixed 
particles, (NH4)2SO4 particles, and L-alanine/(NH4)2SO4/ NaNO3 mixed particles. 
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2.2.4 Computer-Controlled Scanning Electron Microscopy (CCSEM) 

The laboratory-generated standards were analyzed at the Michigan Center for Materials 

Characterization (MC)2 at the University of Michigan using a FEI Helios 650 nanolab SEM/FIB 

equipped with a field emission gun operating at 10 kV and a high angle annular dark field 

(HAADF) detector. The instrument was equipped with an EDX spectrometer (EDAX, Inc.) 

which allowed for X-ray detection of elements with atomic numbers (Z) higher than Be. EDX 

spectra from individual particles were analyzed to determine the relative abundance of elements 

within each of the standard samples. 271 and 226 particles were analyzed for the mixed standard 

and sulfate standard samples, respectively. The elements quantified in the mixed standards 

sample were: C, N, O, Na, S and the elements quantified in the sulfate standards sample were: N, 

O, Na, Mg, S, and Ca. Single-particle data from the CCSEM analysis was analyzed in MATLAB 

R2013b (MathWorks, Inc.) using k-means clustering of the elemental composition following a 

previously published method (Ault et al., 2012). Clusters were identified as a single compound 

or mix of compounds based on their elemental composition and the number of clusters was 

arbitrarily chosen to minimize both cluster number and error. Clustering analysis was performed 

on the square root of the matrix of atomic percent to emphasize differences due to lower atomic 

percent elements. 

The ambient samples were analyzed at the Environmental Molecular Sciences Laboratory 

(EMSL) at the Pacific Northwest National Laboratory (PNNL) using a FEI Quanta 

environmental SEM equipped with a field emission gun operating at 20 kV, a HAADF detector, 

and an EDX spectrometer (EDAX, Inc.). For the six ambient samples, a total of 4830 particles 

were analyzed. EDX spectra from individual particles were analyzed to determine the relative 

abundance of the following 15 elements: C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Fe, and Zn. 

K-means clustering of the particles resulted in clusters that were grouped into source-based 

classes by elemental composition, including mineral dust, secondary organic aerosol (SOA), 

biomass burning aerosol, fly ash, biological particles, sea spray aerosol (SSA), and lake spray 

aerosol (LSA), identified by comparison with literature from previous studies (Li et al., 2003; 

Pósfai et al., 2003; Sobanska et al., 2003; Utsunomiya et al., 2004; Laskin et al., 2006, 2012; 

Hopkins et al., 2008; Coz et al., 2009; Edgerton et al., 2009; Ault et al., 2012, 2013c; Moffet et 

al., 2013; Allen et al., 2015; Shen et al., 2016; Axson et al., 2016a, 2016b). 
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2.2.5 Condensation Particle Counter (CPC) 

Particle number concentration and counts for each atomized and size selected standard 

compound were measured using a condensation particle counter (CPC) (Model 3775, TSI 

Corporation). Samples were tested in triplicate. The particle number counts for each standard 

were summed over the sampling time to determine the total possible number of particles of the 

respective compound for the laboratory generated standard sample. The total particle number 

count for each compound in a sample was compared and used as a preliminary prediction of 

particle composition of the sample.  

2.3 Results and Discussion 

2.3.1 Standard Aerosol Particle Samples 

To test the ability of the CC-Raman to distinguish particle types during rapid analysis, a 

laboratory-generated, mixed-standard aerosol particle sample of L-alanine, (NH4)2SO4, and 

NaNO3 was characterized (Figure 2.1).  The sample was compared with CCSEM 

characterization and the predicted composition of the sample based on CPC particle 

concentration measurements prior to impaction (Figure 2.2). The CC-Raman method identified 

clusters of L-alanine particles, L-alanine/(NH4)2SO4 mixed particles, (NH4)2SO4 particles, 

(NH4)2SO4/NaNO3 mixed particles, NaNO3 particles, L-alanine/NaNO3 mixed particles, and L-

alanine/(NH4)2SO4/NaNO3 mixed particles (Figures 1c and 2a). These clusters were determined 

based on the functional groups identified by the different vibrational modes present in the Raman 

spectra (Figure 2.1c). NaNO3 was identified by the presence of the νs(NO3
-) symmetric stretching 

mode at 1068 cm-1 (solid) or 1048 cm-1 (free, aqueous NO3
- ion) (Rousseau et al., 1968; Jentzsch 

et al., 2013; Deng et al., 2014). νa(NO3
-) asymmetric stretching modes were also often present at 

~725 cm-1 and ~1386 cm-1, respectively (Rousseau et al., 1968; Jentzsch et al., 2013; Ault et al., 

2014). (NH4)2SO4 was identified by the presence of the νs(SO4
2-) symmetric stretching mode at 

975 cm-1 and the ν(N-H) stretching mode, a broad peak around 3000-3200 cm-1 (Venkateswarlu 

et al., 1975; Sobanska et al., 2012; Ault et al., 2013b; Jentzsch et al., 2013; Zhou et al., 2014). As 

the only organic compound present in this sample, L-alanine, was identified by the presence of 

peaks in the 1300-1600 cm-1 and 2800-3000 cm-1 regions. The 1300-1600 cm-1 region contains 

many different vibrational modes, such as carbon-carbon and carbon-oxygen stretches, including 

ν(C-C), ν(C-O), and ν(O-C-O), as well as carbon-hydrogen bending modes (δ(C-H)), and others 
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(Devillepin et al., 1982; McLaughlin et al., 2002; De Gelder et al., 2007; Larkin, 2011; Ault et 

al., 2013b; Avzianova and Brooks, 2013; Laskina et al., 2013). Vibrational modes in the 2800-

3000 cm-1 region more often represent symmetric and asymmetric ν(CH3) and ν(CH2) stretches 

(McLaughlin et al., 2002; Larkin, 2011; Ault et al., 2013b; Ebben et al., 2013; Laskina et al., 

2013). It is important to note that simple assignments relating each vibrational mode to a specific 

compound can be made for this laboratory generated standard sample, as the compounds 

dictating the chemical composition of the particles were controlled.  

 
Figure 2.2 A) Percent fraction of cluster types as determined using CC-Raman, CC-SEM, and 
CPC techniques. B) Total fraction of particles containing each compound regardless of mixing 
state as determined by each method. 
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CCSEM analysis, which identified particles based on their elemental composition, 

resulted in similar clustering as CC-Raman. Particles of each individual compound and particles 

with mixtures of two compounds were distinguished, but CCSEM was not sensitive to particles 

containing all three compounds. The simple predicted sample composition based on CPC 

measured particle number counts did not account for multiple particles impacting on each other 

or any partitioning and thus did not include particles of mixed composition. For further 

comparison between the methods, the total fraction of particles containing each compound (L-

alanine, (NH4)2SO4, and NaNO3) was calculated, regardless of whether the particle contained 

one compound or was mixed (meaning the total fraction for all the compounds will sum greater 

than 100% for the CC-Raman and CCSEM data due to the presence of mixed particles) (Figure 

2.2b). Differences between CC-Raman and CCSEM identified cluster fractions with the CPC 

predicted cluster fractions can mainly be attributed to challenges from particle impaction. The 

CPC prediction was based on the total number of particles counted for each generated aerosol 

population prior to impaction onto substrates, while CC-Raman and CCSEM analysis was 

performed on particles after impaction, during which losses most likely occurred as some particle 

types impacted more efficiently than others, dependent on both particle composition and 

substrate material (Chang et al., 1999; Hinds, 1999; Virtanen et al., 2011). Impaction of particles 

also led to mixed chemical composition, which the CPC method was unable to predict. CC-

Raman was consistent with the CPC predictions in that there was significantly less NaNO3 (37%) 

than L-alanine (77%) and (NH4)2SO4 (78%) present overall in the sample. While CCSEM 

detected a similar fraction of NaNO3 (42%), it was much less sensitive towards L-alanine (34%) 

and (NH4)2SO4 (54%). This is most likely due to CCSEM sensitivity issues with low Z elements, 

such as H, C, O, and N (Ro et al., 1999; Mamane et al., 2001), interference with detection of C 

and O due to the Formvar TEM grid substrate, and poor stability of these compounds under the 

electron beam. In comparison, CC-Raman most likely had minimal issues with sensitivity 

towards certain particle types due to all compounds containing functional groups with easily 

detected Raman active vibrational modes and lack of interference from the quartz substrate. 

Differences in the size of particles analyzed by each technique could also contribute to 

discrepancies in the particle types observed by CC-Raman in comparison to CCSEM. As shown 

in the size distributions for particles analyzed by each technique (Figure A.1), CC-Raman 

detected only supermicron particles, while CCSEM detected both sub- and supermicron 
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particles. Cluster percent fraction and total fraction of particles containing each compound with 

standard error for each method for the mixed standards sample are included in Tables A.1 and 

A.2.  

 Limitations of manual Raman microspectroscopy include: user biases due to hand 

selecting particles for analysis and time expenses limiting particle statistics and samples 

analyzed. Both are essentially eliminated by the ability of the CC-Raman method to increase the 

number of individual particles analyzed under identical analysis conditions. Figures of merit are 

given in Figure 2.3 and Table 2.1, including accuracy and precision (reproducibility) of the CC-

Raman method. Figure 2.3a illustrates the cluster percent fractions for three trials of the CC-

Raman method in comparison with the cumulative total CC-Raman analysis that was shown in 

Figure 2.2. Trials 1, 2, and 3 characterized 107, 111, and 105 particles, respectively. Cluster 

percent fraction values with standard error, with comparison to the cumulative total mixed 

standards CC-Raman analysis, are listed in Table A.3. Figure 2.3b shows the total fraction of 

particles containing each compound, whether as a single or mixed component, for each trial and 

the cumulative total. Values with standard error for the total fraction of particles containing each 

compound are provided in Table 2.1. While there are some differences between the cluster 

percent fractions, most likely due to the particle variability within the sample, the total fraction 

of particles containing each compound are mostly within error for each trial and the cumulative 

total. The consistency between trials for the total fraction of particles containing each compound 

demonstrates the reliability of the CC-Raman method. 
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Figure 2.3 A) Cluster percent fractions for three trials of ~100 particles each and cumulative 
total particles analyzed. B) Total fraction of particles containing each compound for the three 
trials and cumulative total for the mixed standards sample. 

 

Table 2.1 Total fraction of particles containing each compound type with standard error for each 
trial and cumulative total for CC-Raman of the mixed standards sample. 

Sample L-alanine (%) Amm. Sulf. (%) Sod. Nit. (%) 
1 79 ± 4 68 ± 5 35 ± 5 
2 84 ± 4 89 ± 3 29 ± 4 
3 68 ± 5 77 ± 4 47 ± 5 

Total 77 ± 2 78 ± 2 37 ± 3 
 

As inorganic sulfate can be present in different bonding environments (liquid, solid, and 

mixed phase particles) in the atmosphere, the ability to distinguish the counter ion that sulfate is 

bonded to is important. CC-Raman was applied to characterize a laboratory-generated standard 

sample composed of different types of sulfate aerosol particles: (NH4)2SO4, calcium sulfate 

(CaSO4), magnesium sulfate (MgSO4), and sodium sulfate (Na2SO4). Raman can detect shifts in 

the νs(SO4
2-) frequency in the Raman spectrum that are caused by the corresponding cation 

(Jentzsch et al., 2013; Mabrouk et al., 2013). Raman is also capable of probing bonding 

environment present in the particle, such as by identifying the presence of a free SO4
2- ion based 

on the νs(SO4
2-) location. The ability to differentiate particles that contain the same anion is 

unique compared to other single particle analysis techniques, such as CCSEM, STXM-NEXAFS, 

and ATOFMS (aerosol time-of-flight mass spectrometer) that can only identify the presence of 

the anion and not the bonding cation, and will be valuable for investigations of particle 

reactivity, phase, and acidity of both laboratory generated and ambient aerosol particles.  

Similar to the mixed aerosol particle standard sample, the results of this characterization 

were also compared to CCSEM characterization and CPC predicted aerosol population 

composition (Figures 2.4a and 2.4b). CC-Raman analysis identified clusters of (NH4)2SO4 

particles, (NH4)2SO4/CaSO4 mixed particles, CaSO4/MgSO4 mixed particles, 

CaSO4/MgSO4/Na2SO4 mixed particles, Na2SO4 particles, and 

(NH4)2SO4/CaSO4/MgSO4/Na2SO4 mixed particles (Figure 2.4c). The νs(SO4
2-) for (NH4)2SO4 is 

located at 975 cm-1 (Ault et al., 2013b; Jentzsch et al., 2013; Zhou et al., 2014), for Na2SO4 at 

996 cm-1 (Sobanska et al., 2012; Jentzsch et al., 2013), for CaSO4 at 1008 cm-1 (Sobanska et al., 
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2012; Jentzsch et al., 2013), and for MgSO4 at 1014 cm-1 (Jentzsch et al., 2013). The ν(SO4
2-) 

mode located at 983 cm-1 is indicative of free, aqueous sulfate ion (Jentzsch et al., 2013). The 

peak location for each sulfate compound’s νs(SO4
2-) mode was also confirmed by comparison 

with Raman spectra collected from individual particles from samples of each pure compound.  

 
Figure 2.4 A) Percent fraction of cluster types as determined by the CC-Raman, CCSEM, and 
CPC methods. B) Total fraction of particles containing each compound regardless of mixing 
state as determined by each method. C) Example spectra (focused on the spectral region where 
the ν(SO4

2-) vibrational mode is present) for each CC-Raman identified. The highlights represent 
regions where intensity in the Raman spectrum are indicative of the νs(SO4

2-) vibrational mode of 
ammonium sulfate (yellow), sodium sulfate (green), calcium sulfate (purple), and magnesium 
sulfate (orange). 

CCSEM is unable to differentiate different types of sulfates, except indirectly by 

identifying the cation element. CCSEM analysis yielded clusters of CaSO4 particles, MgSO4 

particles, Na2SO4 particles, (NH4)2SO4/MgSO4/Na2SO4 mixed particles, CaSO4/MgSO4/Na2SO4 
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mixed particles, and (NH4)2SO4/CaSO4/MgSO4/Na2SO4 mixed particles. CCSEM did not detect 

any mixed particles containing only two components nor was CCSEM able to identify any free 

sulfate anions. Both the cluster percent fractions (Figure 2.4a) and total fraction of particles 

containing each sulfate compound (Figure 2.4b) show CCSEM’s poor sensitivity for ammonium 

sulfate compared to CC-Raman. As with the previously discussed mixed standard sample, this is 

most likely due to the fact that NH4
+ cation is composed solely of low Z elements and that it is an 

unstable compound under the electron beam (Ro et al., 1999; Mamane et al., 2001). Also similar 

to the mixed standard sample, discrepancy between the CC-Raman and CCSEM methods 

compared to the CPC predictions can mainly be attributed to inefficiencies in the particle 

impaction process (Chang et al., 1999; Hinds, 1999; Virtanen et al., 2011) and differences in the 

size of particle analyzed by each technique (Figure A.2). Cluster percent fraction and the total 

fraction of particles containing each compound with standard error for each method for the 

sulfate standards sample are included in Tables S4 and S5. 

2.3.2 Ambient Aerosol Particle Samples 

To further demonstrate the potential of CC-Raman, the method was applied to study 

ambient aerosol particles collected during the SOAS field campaign in Centreville, AL in 2013. 

1391 particles from six different samples were characterized, yielding clusters of trace organic 

particles, organic particles, organic/mineral mixed particles, particles containing graphitic soot, 

and particles that exhibited fluorescence (Figure 2.5). The graphitic soot cluster also includes 

particles that exhibit artifacts of burning, due to the similarity of these spectral features to those 

of soot and graphitic carbon species (discussed further later). Cluster fraction values with 

standard error can be found in Table A.6. A size distribution, ranging from 0.8 to 8.7 μm with a 

mode of 1.5 μm, based on the CC-Raman measured projected area diameter, is shown in Figure 

A.1. The measured particle sizes are consistent with the expected particle sizes based on the 

MOUDI stage 7 nominal size cut of 0.56 µm when spreading upon impaction, which can be 

three or four times the aerodynamic diameter (Sobanska et al., 2014), is taken into account.  



28 
 

 
Figure 2.5 CC-Raman identified clusters for aerosol particles from the ambient SOAS samples. 

The trace organic cluster was composed of particles that yielded spectra with intensity in 

both the fingerprint and higher frequency regions of the Raman spectrum that would correspond 

to the vibrational modes of organic functional groups, but the intensity was too low to resolve 

specific peaks. The low intensity is most likely due to the organic components of the particle 

contributing only a small fraction to the overall particle composition, with the remaining 

components potentially being water, SSA, mineral (non-fluorescing), or other types that either 

cannot be detected or are difficult to detect with Raman. For example, the small fraction of 

organic/mineral particles exhibited strong peaks at 518 and 636 cm-1 indicative of either 

aluminum-containing and silicon-containing minerals (Frost et al., 1997; Laskina et al., 2013), 

but peaks corresponding to various unresolved organic vibrational modes were also present. The 

organic/mineral particle spectra can be found in Figure A.4, along with example spectra of the 

different types of fluorescence and graphitic soot observed. With detailed post-analysis, useful 

information can be obtained from spectra that exhibit fluorescence (Doughty and Hill, 2017) and 

fluorescence microscopy or other techniques can potentially be used in correlation with Raman 

analysis to identify soot, biological, and other types of particles. For the EC-containing particles, 

peaks around 1350 and 1600 cm-1 corresponding to the D “disorder” band of the breathing 

vibrational mode and the G “graphitic” band of the stretching and bending vibrational modes of 

honeycomb framework carbon atoms, respectively, can be used to identify soot and various types 
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of ordered graphitic carbon (Ivleva et al., 2007b; Pimenta et al., 2007; Malard et al., 2009; 

Catelani et al., 2014; Gaffney et al., 2015; Doughty and Hill, 2017). A few optical images 

highlighting particles identified as graphitic soot are included in Figure A.5. 

The organic cluster, which was almost a quarter fraction of the particles detected, was 

composed of many particles with diverse and rich spectra. As seen in the example spectra shown 

in Figure 2.6, these particles contained ν(SO4
2-), ν(NO3

-), ν(N-H), and ν(O-H) stretching modes, 

as well as a variety of modes in the organic fingerprint region and different combinations of 

ν(CH2/CH3) symmetric and asymmetric stretching modes. The vibrational modes in the organic 

fingerprint region are difficult to identify with certainty due to the many different functional 

groups that exhibit Raman activity within that spectral window (Larkin, 2011). However, based 

on the functional groups of carboxylic acids, long chain aliphatics, fatty acids, organonitrates, 

and other compounds common to SOA, these vibrational modes are most likely stretching 

modes, such as ν(C-C), ν(C=C), ν(C-O), ν(C=O), ν(CO2
-), and ν(C-OH), and bending, wagging, 

and rocking modes, such as δ(CH2/CH3), δ(C-C), δ(O-H), and δ(O-C-O) (Devillepin et al., 1982; 

McLaughlin et al., 2002; De Gelder et al., 2007; Ault et al., 2013b; Avzianova and Brooks, 2013; 

Laskina et al., 2013; Deng et al., 2014; Zhou et al., 2014). Figure 2.7 shows the further 

classification of the different types of organic particles based on their secondary components, 

with smaller clusters broken out on the right-hand side of the figure for clarity. Cluster fraction 

values with standard error can be found in Table A.7. A brief comparison of the CC-Raman 

analysis with CCSEM analysis for two days, June 14 and July 8, is included in Figure A.6. This 

comparison shows that according to CCSEM, SOA comprises a large component of the SOAS 

aerosol population and CC-Raman can be used to further classify the SOA particles based on 

their secondary composition. As this work is focused on demonstrating the potential for CC-

Raman to be applied to the study ambient aerosol particles, a forthcoming publication will 

provide further details on the chemical composition of the SOA, mixing state and atmospheric 

implications of the SOAS aerosol population. Just as there are challenges with directly 

comparing CC-Raman and CCSEM analysis due to the limitations and capabilities of each 

technique, direct comparison of CC-Raman analysis with other work characterizing SOA 

particles from SOAS, such as studies of organic nitrates (Lee et al., 2016), IEPOX derived SOA 

(Lopez-Hilfiker et al., 2016), and dust and sea spray aerosol (Allen et al., 2015) may be difficult 
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due to differences in the size of particles analyzed and the specific properties characterized by 

each technique. 

 
Figure 2.6 Example Raman spectra of the fingerprint region (<1600 cm-1) and higher energy 
region (2700-3600 cm-1) of particle types identified within the organic class of SOAS aerosol 
particles. Each spectrum was normalized to the highest intensity peak. 
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Figure 2.7 Further classification of the SOAS organic cluster based on the secondary 
components identified from the vibrational modes present in the Raman spectra. 

For the ambient samples, CC-Raman provided less information on the primary 

components and general classification of aerosol particle types. For example, sea spray aerosol 

(SSA) was difficult to identify by CC-Raman since key SSA components, such as NaCl and 

MgCl2, do not contain Raman-active vibrational modes. Additionally, while Raman is sensitive 

to many vibrational modes of mineral components, due to the high photon energy of the 532 nm 

laser, the Raman spectra of mineral-containing dust particles are often overwhelmed by 

fluorescence features (Bozlee et al., 2005; Doughty and Hill, 2017). Other particle types also 

susceptible to fluorescence and/or burning interference include biological and biomass 

(Poehlker et al., 2012). As discussed above, soot particles typically have a distinct spectral 

signature but it can be challenging to distinguish that signature from the burning features of 

previously mentioned laser sensitive components (Sadezky et al., 2005; Ivleva et al., 2007b; 

Catelani et al., 2014; Gaffney et al., 2015; Doughty and Hill, 2017). Despite these limitations, 

there is great potential for CC-Raman to detect the secondary components of aerosol particles, 

especially those of secondary organic aerosol or other organic-containing particles, as 

demonstrated in Figures 6 and 7. In contrast to CCSEM, which can only identify the elemental 
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composition, CC-Raman can distinguish between the functional groups present in a particle that 

might consist of similar elemental composition. For example, CC-Raman can differentiate 

between nitric acid (HNO3), nitrate (NO3
-), nitrite (NO2

-), or ammonium (NH4
+) based on the 

different vibrational modes corresponding to each functional group, whereas CCSEM can only 

detect nitrogen and oxygen (and oxygen can be difficult to differentiate from signal due to the 

substrate). Probing secondary speciation with CC-Raman will allow for investigations to 

improve understanding of important physicochemical properties, including chemical mixing 

state and internal structure, as well as atmospheric processes such as water uptake and particle 

phase reactions. 

2.4 Conclusions 

This study demonstrates a new method, CC-Raman, for automated single particle aerosol 

analysis using information dense Raman microspectroscopy. CC-Raman maximizes the potential 

of Raman microspectroscopy for aerosol particle characterization, specifically in terms of 

identifying secondary chemical components in SOA and other organic-containing particles that 

can be difficult to detect. CC-Raman uses uniform, improved throughput analysis to provide 

information on the vibrational modes that can be used to identify the functional groups present in 

individual aerosol particles. In addition to identifying secondary species in SOA, CC-Raman can 

also be applied to study inorganic and non-fluorescing mineral components as well. Because of 

its ability to probe secondary species and properties of particles that other single particle 

techniques struggle to determine, CC-Raman can be used for investigations that will answer 

questions regarding the organic and inorganic molecular species present in aerosol particles, 

particle aging, and mixing of secondary species with primary components. Additional 

advantages of CC-Raman include minimal sample preparation and analysis at ambient 

temperature and pressure. CC-Raman, as a stand-alone technique or used in tandem with other 

methods, has the potential to be a powerful tool for studying important chemical and physical 

properties of aerosol particles to further understanding of their role in climate change and other 

atmospheric processes. 
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Chapter 3. Surface Enhanced Raman Spectroscopy Enables Observations of Previously 
Undetectable Secondary Organic Aerosol Components at the Individual Particle Level 

 
Adapted with permission from Craig, R. L., Bondy, A. L., and Ault, A. P.: Surface enhanced 

Raman spectroscopy enables observations of previously undetectable secondary organic aerosol 

components at the individual particle level, Anal. Chem., 87, 15, 7510-7514, 2015. 

https://doi.org/10.1021/acs.analchem.6b01507 Copyright 2015 American Chemical Society. 

3.1 Introduction 

Secondary organic aerosol (SOA) particles in the atmosphere are complex mixtures of 

organic and inorganic components (Surratt et al., 2010), with hundreds to thousands of different 

species present in individual particles, often at femtogram to attogram levels (Prather et al., 

2008). In remote forested regions, biogenic volatile organic compounds (BVOC) contribute to 

90% of SOA formation by mass (Virtanen et al., 2010), and SOA particles play an important role 

in climate by scattering solar radiation and nucleating cloud droplets which modify the properties 

of clouds (Carslaw et al., 2010). Yet, the specific organic species formed in the particle phase 

(Surratt et al., 2010), particle-to-particle variability (Prather et al., 2008), internal structure, phase 

state (i.e. liquid-liquid phase separations) (Virtanen et al., 2010; You et al., 2014), and particle 

evolution in the atmosphere remain poorly understood (Carslaw et al., 2010; Surratt et al., 2010). 

Single particle level analysis is particularly important as the particles composition, mixing state, 

and internal structure determines optical properties and water uptake (Jacobson, 2001; Prather et 

al., 2008).  

Vibrational spectroscopy, and Raman microspectroscopy specifically, has potential to 

probe the moieties present and the molecular environment (phase state, protonation, etc.) at 

ambient temperature and pressure (Liu and Laskin, 2009; Worobiec et al., 2010; Ault et al., 

2014). Unlike bulk infrared (IR) measurements of atmospheric particles, Raman does not have 

complications due to strong water absorption or interference in the fingerprint region, as with 

commonly used Teflon filters (Russell et al., 2009; Takahama et al., 2013). Raman 

microspectroscopy has been used primarily to probe the distribution of species within single 
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atmospheric particles > 1 µm in diameter (Baustian et al., 2012; Laskina et al., 2013; Jung et al., 

2014; Sobanska et al., 2014).  

However, despite this potential, Raman measurements of individual particles to date have 

been limited due to insufficient sensitivity to key trace species. Most Raman microspectroscopy 

measurements of atmospheric particles have focused on highly Raman-active modes, such as 

νs(SO4
2-), νs(NO3

-), and the ν(C-H) region (Batonneau et al., 2006; Baustian et al., 2012; Ault et 

al., 2013b; Jung et al., 2014). These modes provide only a limited understanding of the species 

present and the reactions that occur within particles. To elucidate particle-phase processes 

requires measurements that produce greater intensity for organic modes in the fingerprint region. 

Additionally, the vast majority of secondary particles in the atmosphere, as well as those with the 

longest lifetimes, are < 1 µm in diameter. The optical and cloud nucleating properties of these 

small particles must be linked with chemical speciation to reduce aerosol climate uncertainties 

(Prather et al., 2008). Thus, methods need to measure < 1 µm particles, as well as intra-particle 

spatial variability with < 0.5 µm resolution (Veghte et al., 2013).  

The use of surface enhanced Raman spectroscopy (SERS) to study atmospheric aerosols 

has the potential to overcome both major limitations of Raman microspectroscopy: insufficient 

detection limits and spatial limitations due to the diffraction limit. SERS offers strong 

enhancements in Raman signal (up to 1010) due to localized surface plasmon resonances (LSPRs) 

that activate over small spatial regions (< 10 nm) (Pierre et al., 2011; Sharma et al., 2012; 

Kleinman et al., 2013; Schlucker, 2014). SERS offers great promise to detect key functional 

groups in complex mixtures. Examples of compounds present in SOA with functional groups that 

SERS can probe include epoxides, organosulfates, and organonitrates. These species have been 

observed primarily on extracted samples with liquid chromatography coupled to high resolution 

mass spectrometry (Surratt et al., 2010; Staudt et al., 2014), as well as other mass spectrometry 

and spectroscopy techniques (Hatch et al., 2011; Takahama et al., 2013).  

Herein, we show the first use of SERS to probe atmospheric aerosol particles. These 

proof-of-concept results demonstrate signal enhancement of key species, allowing for the 

measurement of previously undetectable functional groups and < 0.5 µm spatial variation of 

species within individual atmospheric particles. Figure 3.1 shows a schematic of an atmospheric 

particle deposited on quartz coated with Ag nanoparticles to generate SERS enhancement. 

However, not all Ag nanoparticles are SERS active (Kleinman et al., 2013; Schlucker, 2014), so 
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Raman signal enhancement is not uniform across a single particle, but rather is dependent on the 

distance from a SERS hot spot. Because of the dependence on hot spot location, a statistically 

significant number of particles and particle regions must be analyzed in order to determine 

representative speciation within the deposited particle population. However, greater 

quantification will be possible as more uniform surfaces are created with more complex SERS 

substrate preparation that increase the number of hot spots and create more homogeneous 

distributions of enhanced regions. 

 
Figure 3.1 (a) Schematic of an aerosol particle impacted onto a SERS Ag nanoparticle coated 
quartz substrate. Optical image of aerosol particles impacted onto (b) quartz substrate and (c) Ag 
nanoparticle coated quartz substrate. 

3.2 Methods 

3.2.1 SERS Substrates 

Ag nanoparticles were prepared by reduction of silver nitrate with hydroxylamine 

hydrochloride (Leopold and Lendl, 2003) and drop coated onto quartz substrates. The Ag 

nanoparticles were characterized with transmission electron microscopy (TEM), confocal optical 

microscopy, and UV-Visible spectroscopy. Details on the characterization are given in the 

Supplemental Information (Appendix B). An optical microscopy (100x objective) image of 

atmospheric particles impacted on a quartz substrate without Ag nanoparticles is shown in Figure 
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1b. Most aerosol particles appear dark, except for those containing minerals that fluoresce/scatter 

strongly. In contrast, the Ag nanoparticles are observed as bright particles on the quartz substrate 

(Figure 3.1c), with orange features indicating particularly SERS-active regions.  

3.2.2 Aerosol Samples 

Aerosolized (NH4)2SO4 and NaNO3 particles were generated in the laboratory using an 

atomizer.  The particles passed through two diffusion dryers to remove excess water and 

impacted onto quartz and Ag nanoparticle coated quartz substrates using a Microanalysis Particle 

Sampler (MPS-3). Ambient aerosol particles were impacted onto quartz and Ag nanoparticle 

coated quartz substrates using a Micro-Orifice Uniform Deposit Impactor (MOUDI 110) at the 

University of Michigan Biological Station in Pellston, MI at the PROPHET Tower.  

3.3 Results and Discussion 

3.3.3 SERS of Standard Aerosol 

Atomized ammonium sulfate and sodium nitrate were used to probe enhancement due to 

the SERS effect at the single particle level. Figure 3.2 shows a comparison of non-enhanced to 

SERS-enhanced spectra for the ν(SO4
2-) and ν(NO3

-) modes, with average enhancement factors 

of 2.0 and 3.6, respectively. Two spectra exhibited large enhancement for ν(NO3
-) (enhancement 

factors of 13 and 30). The ν(NO3
-) peak red shifted from 1067 cm-1 to 1054 cm-1, which has been 

observed previously in enhanced spectra of bulk aqueous nitrate and becomes more prominent 

with increased enhancement (Gajaraj et al., 2013), although an explanation for this shift has yet 

to be determined. The range of enhancement factors is most likely due to varying distance 

between particle and hot spot location. 
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Figure 3.2 Non-enhanced and SERS-enhanced spectra for sulfate (left) and nitrate (right) 
stretching modes, derived from aerosolized (NH4)2SO4 and NaNO3. The color of the SERS-
enhanced spectra corresponds to its enhancement factor, with those greater than 5 labeled above 
the spectra. 

3.3.2 SERS of Ambient Aerosol 

Ambient atmospheric particles were collected at a remote northern Michigan forested 

site, with sampling occurring above the forest canopy during a field study at the University of 

Michigan Biological Station (UMBS) near Pellston, MI. Enhancements were observed in the 

Raman signal due to the SERS effect for particles analyzed with a Raman microspectrometer 

using a 532 nm laser source (50 mW) and averaging 2 x 1 second acquisitions. The 

enhancements were observed across the Raman spectrum, both for modes previously studied for 

atmospheric particles, (νs(NO3
-), νs(C-H), and ν(O-H)) (Batonneau et al., 2006; Baustian et al., 

2012; Ault et al., 2013b; Jung et al., 2014), as well as modes not previously observed for organic 

functional groups in the fingerprint region (discussed below). Figure 3.3a establishes the 

enhancement in previously observed modes for a particle impacted on a region without Ag 

nanoparticles (blue) and spectra from particles deposited on the SERS-active Ag nanoparticles 

(red) (full spectra in Supplemental Information (Appendix B)). The enhancement in SERS 

spectra is shown for νs(NO3
-), ν(O-H), and νs(C-H) with enhancement factors of 7, 12, and 14. A 

feature that is often barely detectable with conventional Raman microspectroscopy, δ(C-C), is 

also shown, with an enhancement factor of 8. It should be noted that the non-enhanced spectrum 

had the most intense signal of all spectra collected for particles not impacted on the Ag 

nanoparticles. Thus, comparison to that particle represents a lower limit regarding the 

enhancements observed. If comparisons were made to the mean non-SERS-enhanced spectrum 
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(by intensity), the signal is more than 10 times lower and many features were not present. This 

indicates average enhancements of 101-103 for these modes, which enable the detection of 

expected functional groups that have only been observed by extracting material from high 

volume samples (Surratt et al., 2010).  

 
Figure 3.3 (a) Non-enhanced (blue) and SERS-enhanced (red) spectra of four different 
vibrational modes: ν(NO3

-), ν(O-H), ν(C-H), and δ(C-C).  The enhancement factor, 7.2, 11.7, 
13.9, and 4.0, respectively, for the spectra represent median enhancement factor values for the 15 
analyzed aerosol particles.  (b) Calculated enhancement factor for 15 aerosol particles for the 
four vibrational modes of interest. Gray indicates the vibrational mode was not present in the 
Raman spectrum for a particular particle.  The Raman spectra for vibrational modes highlighted 
by the black box is shown in (a). 

As evidence that enhancement was widely observed for particles on SERS-active 

substrates, the enhancement factor was quantified for 15 particles compared to the most intense 

non-SERS enhanced particle from Figure 3.3a. The enhancement factors for the different regions 

from Figure 3.3a are shown as a heat map in Figure 3.3b (gray indicates no peak for a mode in 

that particle). The spectra exhibited a wide range of enhancements, with ~31% of modes being 

enhanced by more than a factor of 10; the largest observed enhancement factor was 72. The 
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vibrational modes highlighted by black boxes in Figure 3.3b, represent median enhancement 

factor values and correspond to the spectra shown in Figure 3.3a. The enhancement factor is not 

consistent across all vibrational modes, which can be attributed to particle-to-particle 

compositional variability and the non-uniform coupling of species from the different particles to 

the LSPRs (Haes and Van Duyne, 2004). Atmospheric particles frequently have complex internal 

structures, but have primarily been studied under the vacuum of electron microscopes (at times 

with cryo-stages) or with fluorescence microscopy on particles much larger than those present in 

the atmosphere (~40 um) (Ault et al., 2013a; Veghte et al., 2013; You et al., 2014). The small 

distance where SERS enhancement is localized (<10 nm) will allow Raman microspectroscopy 

to probe structure and phase state for particles in the size range (0.2 - 1.0 µm) where liquid-liquid 

phase separations and other complex morphologies are observed under atmospherically-relevant 

conditions (Veghte et al., 2013; You et al., 2014).  

While Figure 3.3 focuses on modes that have already been studied, the previously 

unobserved peaks corresponding to other modes that were enhanced in the particles on the 

SERS-active substrate represent the most exciting results of this proof-of-concept study. Figure 

3.4 shows spectra corresponding to four different SERS-enhanced particles, with the fingerprint 

region (500-1800 cm-1) shown on the left and the higher energy, ν(C-H) and ν(O-H), stretching 

region on the right. It is important to note the peaks that are observed in the fingerprint region are 

of greater intensity than those of any previously studied atmospheric aerosol particles with 

Raman microspectroscopy. Due to the multitude of peaks in this region, only specific peaks are 

discussed here, with full assignment using standard molecules and a comparison with density 

functional theory calculations to be presented in a forthcoming paper. Peaks between 500-800 

cm-1 correspond to δ(Si-O-Al) modes of aluminosilicate minerals present in dust particles, as 

well as bending modes of organic species, such as δ(O-C-O) of carboxylic acids (Frost et al., 

1997; Laskina et al., 2013). The peaks in the low 900 cm-1 range are likely due to δ(O-H) 

(Larkin, 2011). Peaks at 998 cm-1 and 1051-1053 cm-1 are characteristic of νs(SO4
2-) and νs(NO3

-

), respectively (Ault et al., 2013b, 2014). Future work will utilize standards of non-volatile and 

low-volatility organic species predicted to be in the particle phase (i.e. organonitrates) to gain 

further insight into the functional groups from different species present. Preliminary assignment 

of peaks in the fingerprint region indicates the following functional groups/modes: carbonyls, 

aromatics, alcohols, methyl rocking and scissoring modes, and organonitrates, νs(N-O) at ~1650 
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cm-1. Details on peak assignments and supporting SEM/EDX data are given in the Supplemental 

Information (Appendix B). These functional groups are consistent with the expected organic 

species in SOA particles from a high BVOC site (Surratt et al., 2010). 

 
Figure 3.4 Raman spectra of the fingerprint region (500-1800 cm-1) and higher energy region 
(2700-3800 cm-1) of four ambient aerosol particles exhibiting enhancement. 

The ν(C-H) and ν(O-H) stretching regions in Figure 3.4 contain information related to 

previous Raman microspectroscopy studies of atmospheric particles. The peaks at 2915 cm-1 and 

2965 cm-1 are characteristic of νa(CH2) and νa(CH3), respectively (Larkin, 2011; Ault et al., 

2013b). The peaks for the asymmetric stretches are much more intense than for the symmetric 

stretches, νs(CH2) and νs(CH3) (2850 and 2870 cm-1, respectively). This indicates that there are 

few organic molecules with long, straight-chain alkanes (without gauche defects), as expected 

based on predicted particle phase products of isoprene oxidation (Surratt et al., 2010; O’Brien et 

al., 2013). Although organic –OH groups, such as polyols, could contribute to the broad peak 

centered around 3500 cm-1 indicative of ν(O-H), it is most likely from the presence of water 

(Ault et al., 2013b). The water content of SOA particles is important for determining key particle 
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phase processes, including hydrolysis rates and phase separations (Jacobs et al., 2014; You et al., 

2014). By making measurements at ambient temperature and pressure, Raman 

microspectroscopy can probe these water-mediated processes directly. 

Figure 3.5 shows the intra-particle distribution of functional groups for an SOA particle, 

which SERS can be used to study with 0.5 µm spatial resolution. An optical image and a spectral 

map representing the intensity for specific peaks across the particle are shown in Figure 5a and 

5b, respectively. The green, blue, and red intensities of the spectral map represent the spectral 

intensity at 1022 cm-1 corresponding to νw(CH2), 1480 cm-1 for δ(C-C), and 1370 cm-1 for 

νa(NO3
-) (Larkin, 2011). Spectra collected from the red region also have a peak for the aqueous 

symmetric stretch of nitrate, νs(NO3
-) at 1051 cm-1 (Ault et al., 2014). The spectra in Figure 3.5c 

represent a point from each of the colored regions in Figure 3.5b; these show the complexity and 

variability of spectra that can be observed within individual particles on submicron spatial scales 

with SERS. It should be noted that particle impaction and drying on the substrate can modify the 

distribution of species within a particle, though relative humidity control in future studies will 

minimize potential effects. This data highlights the potential for mapping atmospheric particles 

with < 1 µm resolution. 
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Figure 3.5 (a) Optical image of aerosol particle (highlighted in red) against SERS substrates and 
mapped area (blue box). (b) Map of the aerosol particle (outlined in yellow dashes) showing the 
location of the three different enhancec chemical species at 1022 cm-1 (green), 1370 cm-1 (red), 
and 1480 cm-1 (blue). (c) Raman spectra accompanying mapped intensities. 

A separate challenge for this method is that particle depth is not even across its diameter. 

Atomic force microscopy has shown that a ratio of 3:1 (width:height, at particle center) is often 

observed for impacted particles meaning the thickness varies from a few nm to 750 nm for a 3 

μm particle (Sobanska et al., 2014). The photons from the SERS enhancement must pass through 

a greater thickness of particle at the center of the particle versus the edge and could explain why 

enhancement in Figure 3.5b is strongest at the edge of the particle, though hot spot location is 

also important.  

It is important to consider the amount of a functional group needed to obtain a detectable 

signal. Assuming a density of ~ 1.2 g/cm3 (typical for SOA particles (McMurry et al., 2002)), the 
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particle highlighted in Figure 3.5 has an area of ~ 7 µm2 and mass of 1.7 pg. Enhancement is 

correlated to distance from an active SERS Ag nanoparticle. Assuming (generously) that only the 

10 nm closest to the Ag nanoparticle exhibits enhancement, the volume and mass of the 

particle’s enhanced region was calculated to be < 0.07 μm3 and < 8 fg. Assuming the presence of 

10’s to 100’s of species in that region, detection limits on the order of 10-100 attograms may be 

observed. Calculation details are in the Supplemental Information (Appendix B). Detection limit 

quantification, detailed species identification, and improved substrates will be presented in a 

future publication. Raman microspectroscopic detection of species at attogram to femtogram 

levels is unprecedented for atmospheric particles, showing the power of SERS. 
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3.4 Conclusions 

The development of spectroscopic analytical methods, particularly with functional group 

characterization, has been cited as a needed complement to mass spectrometry-based analysis of 

aerosols (Lee and Allen, 2012). Raman microspectroscopy has great potential to fill this need by 

analyzing species within individual particles at ambient temperature and pressure. This technique 

has been limited by the inability to measure key spectral modes in the fingerprint region that can 

be used to study the functional groups of SOA. SERS represents a possible solution by 

enhancing signal in modes of previously undetectable organic species in atmospheric particles. 

As shown in this study, SERS was applied to studies of individual atmospheric aerosol particles 

for the first time, allowing for the detection of functional groups from previously undetectable 

species. This new analytical method produced the observation of greater than expected inter- and 

intra-particle variability of organic species present in SOA from a BVOC-rich field site. While 

previous studies expected homogeneity of organic species between and within single particles, 

the substantial particle-to-particle variability and changes in chemical composition on scales < 1 

µm indicate the importance of phase state, internal structure, and viscosity for organic species 

distributions. The enhanced detection limits and spatial scales for SERS of atmospheric particles 

have the potential to provide key insights regarding particle-phase reactions of SOA and the role 

that phase and structure play in determining climate-relevant properties, such as light scattering 

or cloud activation.  
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Chapter 4. Surface Enhanced Raman Spectroscopy of Submicron Sized Aerosol Particles: 
Breaking the Diffraction Limit 

 
Adapted with permission from Tirella, P. N., Craig, R. L., Tubbs, D. B., and Ault, A. P.: 

Investigation of Submicron Sized Aerosol Particles with Surface Enhanced Raman Spectroscopy 

(SERS), Analyst, 2018, under review with journal. Copyright 2018 Royal Society of Chemistry. 

4.1 Introduction 

Atmospheric aerosol particles impact climate by scattering and absorbing solar radiation 

and acting as cloud condensation and ice nuclei (Ramanathan et al., 2001; Pöschl, 2005; Andreae 

and Rosenfeld, 2008; Prather et al., 2008). However, these impacts are difficult to quantify due 

to the complex physicochemical properties of aerosols, particularly in terms of chemical 

composition, as individual particles can contain hundreds to thousands of different chemical 

species (Prather et al., 2008). An important example is secondary organic aerosol (SOA), which 

forms when oxidation products of volatile organic compounds (VOCs) condense onto existing 

aerosol particles composed of inorganic salts (i.e. ammonium sulfate) (Hallquist et al., 2009; 

Ziemann and Atkinson, 2012; McNeill, 2015). These particles contain both organic and 

inorganic components, but particle-to-particle variability in chemical composition, referred to as 

mixing state (Bauer et al., 2013; Riemer and West, 2013; O’Brien et al., 2015a; Fierce et al., 

2016), due to different atmospheric processes is not well understood (Hallquist et al., 2009; 

Virtanen et al., 2010; You et al., 2014). In addition, aerosols can have intraparticle chemical 

variability through processes such as liquid-liquid phase separation (Smith et al., 2013; You et 

al., 2014; O’Brien et al., 2015b; Zhang et al., 2018). More detailed investigations of particle 

chemical composition are needed to improve understanding of multiphase aerosol processes, 

such as heterogeneous reactions, water uptake, phase transitions, and gas-particle partitioning. 

Over the past decade, Raman microspectroscopy has been increasingly applied as an 

analytical technique for chemical characterization of aerosol particles (Stefaniak et al., 2009; 

Ault and Axson, 2017). This technique uses inelastically scattered light to detect vibrational 

modes present within a sample, which can then be used to identify functional groups and 
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chemical species. Raman microspectroscopy has been applied to characterize many different 

particle types, such as sea spray and other marine aerosol (Ault et al., 2013b; Deng et al., 2014; 

Sobanska et al., 2014; Bondy et al., 2017b), soot and elemental carbon (EC) particles (Rosen and 

Novakov, 1977; Rosen et al., 1978; Ivleva et al., 2007a; Catelani et al., 2014), mineral dust 

(Sobanska et al., 2012; Laskina et al., 2013; Catelani et al., 2014; Jung et al., 2014), and SOA 

(Craig et al., 2017a). as well as specific compounds commonly found in aerosols, including 

biological molecules (De Gelder et al., 2007) and various organic compounds like organic 

nitrates (McLaughlin et al., 2002), organosulfates (Bondy et al., 2018), and glyoxal oligomers 

(Avzianova and Brooks, 2013). Raman analysis has also been used to study hygroscopic 

properties (Jordanov and Zellner, 2006; Lee et al., 2008; Yeung and Chan, 2010; Bones et al., 

2012; Chu et al., 2015), phase separations (Ciobanu et al., 2009; Bertram et al., 2011; Zhou et al., 

2014), heterogeneous reactions (Lee and Chan, 2007; Ault et al., 2014; Bondy et al., 2017b), ice 

nucleation (Baustian et al., 2012), and acidity of aerosols (Rindelaub et al., 2016a; Craig et al., 

2017b). Advantages of this technique include minimal sample preparation and non-destructive 

analysis under ambient temperature and relative humidity (RH) conditions. However, detection 

limits in terms of both particle size and concentration of chemical species present can make 

Raman microspectroscopic studies of aerosol particles challenging. The majority of aerosol 

particles, particularly those with lifetimes long enough to react and undergo atmospheric 

processing, are <1 μm, but Raman microspectroscopy has been applied mostly to the study of 

particles >1 μm, often 10-30 μm, due to the diffraction limit of wavelengths commonly used for 

Raman analysis (532 or 640 nm with a confocal microscope with 100x objective). Furthermore, 

even in supermicron atmospheric particles, chemical species are often present in very low 

concentration, making it difficult to detect Raman signal with enough intensity to determine the 

identity of vibrational modes and corresponding functional groups. Lastly, important particle 

properties, such as deliquescence relative humidity, can be size-dependent, limiting the ability to 

translate studies on large particles to atmospherically relevant sizes (Laskina et al., 2015). If 

SERS can be used to overcome the detection limit challenges associated with small particle 

sizes, the potential for Raman microspectroscopic analysis of aerosol particles to improve 

understanding of chemical composition and mixing state will greatly increase.  

Surface enhanced Raman spectroscopy (SERS) can be used to improve the limit of 

detection of low concentration chemical species (Schlucker, 2014). Through SERS, weak Raman 
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signals are enhanced via interactions with localized surface plasmon resonances (LSPRs), which 

are generated by excited electrons in metallic substrates (Nie and Emory, 1997; Sharma et al., 

2012; Kleinman et al., 2013; Schlucker, 2014; Keller et al., 2015). The metallic substrates are 

often silver, gold, or copper and can be in the form of foils, geometric nanoparticles, and colloids 

(Sharma et al., 2012, 2013; Kleinman et al., 2013). SERS has applications in many different 

fields, from biosensing to art preservation, and enhancement factors (EFs) for vibrational 

intensities of analytes are reported to be as large as 102 – 1012, and even up to 1015 for single 

molecule SERS (Nie and Emory, 1997; Pierre et al., 2011; Sharma et al., 2012; Kleinman et al., 

2013; Schlucker, 2014; Keller et al., 2015). With SERS, limitations of spatial resolution and 

detection of chemical species present in trace amounts in aerosol particles can be overcome. 

After a few preliminary qualitative studies showing its potential with bioaerosols (Ayora 

et al., 1997; Sengupta et al., 2005; Schwarzmeier et al., 2013), SERS has recently been applied to 

the study of aerosol particles more broadly and in a more quantitative manner. In 2015, Craig et 

al. used silver nanoparticle coated quartz substrates to investigate both ammonium sulfate and 

sodium nitrate aerosol particle standards as well as ambient aerosol (Craig et al., 2015) and in 

2016, Fu et al. used Klarite, a commercially available Au substrate of structured gold inverted 

pyramids, to study ammonium sulfate and naphthalene mixed particles (Fu et al., 2017). A few 

variations of SERS, such as tip-enhanced Raman spectroscopy (TERS) (Ofner et al., 2016), 

electrospray SERS (ES-SERS) (Gen and Chan, 2017), and surface-enhanced resonance Raman 

spectroscopy (SERRS) of trapped and suspended particles (Sivaprakasam et al., 2017), have also 

been applied to study aerosol particles. Reported EFs ranged from 2.0 – 70 for νs(SO4
2-), 

νs(NO3
-), ν(C-H), ν(O-H), and δ(C-C) vibrational modes (Craig et al., 2015; Fu et al., 2017; Gen 

and Chan, 2017) and 105 for vibrational modes of Rhodamine 590 chloride (R6G), a dye with a 

large scattering cross-section commonly used for SERS studies (Sivaprakasam et al., 2017). 

However, most particles probed in these studies were supermicron, not in the submicron size 

range typical for ambient aerosol, and further work can be done to increase EFs for vibrational 

modes corresponding to more atmospherically-relevant chemical compounds.  

In this study, silver SERS substrates, including Ag nanoparticles and roughened Ag foil, 

were tested with both organic and inorganic species commonly observed in aerosols. 

Additionally, laboratory-generated and ambient aerosol particles <1 μm were analyzed to explore 

the lower limit in terms of particle size for SERS using these simple methods. The results of this 
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study highlight the potential for SERS analysis of aerosol particles with atmospherically-relevant 

sizes (down to 150 nm) to improve understanding of chemical composition, mixing state, and 

other physicochemical properties that impact aerosol climate effects.  

4.2 Methods 

4.2.1   Materials and Reagents 

Quartz slides (Ted Pella, Inc.) and silver foil (ESPI Metals) were purchased and used as 

substrates. Silver nitrate (Ag(NO3)2) (Sigma-Aldrich), hydroxylamine hydrochloride (Sigma-

Aldrich), and sodium hydroxide (Fischer) were used for silver nanoparticle (AgNP) synthesis. 

Polystyrene latex sphere (PSL) standards (Polysciences, Inc.), ammonium sulfate ((NH4)2SO4) 

(Alfa Aesar), and sodium nitrate (Sigma Aldrich) were used chemical standards. All chemicals 

were >98% purity and used without further purification.  

4.2.2   Substrate Preparation 

Quartz coverslips were cut and cleaned prior to use as either a common Raman substrate 

or a base for a silver nanoparticle (AgNP) SERS substrate. AgNPs were synthesized by reducing 

silver nitrate with hydroxylamine hydrochloride, according to the method by Leopold and Lendl 

(Leopold and Lendl, 2003). The resulting colloidal solution of AgNPs was drop-coated onto 

clean quartz slides and dried in a desiccator to create SERS substrates in the same manner as 

Craig et al. (Craig et al., 2015). Silver foil was cut for use as SERS substrates.  

4.2.3   Laboratory-Generated Aerosol Particle Samples 

Organic aerosol particle standards were generated from colloidal solutions of PSLs of 

varying size (400 nm, 600 nm, and 800 nm). Inorganic aerosol particle standards were generated 

from solutions of 30 mM (NH4)2SO4 or 30 mM NaNO3. All solutions were made with 18.3 MΩ 

Milli-Q water. Aerosol particles were generated with a Collison nebulizer operated with HEPA-

filtered air and then passed through two diffusion dryers to remove excess water before being 

impacted onto substrates with a microanalysis particle sampler (MPS-3, California Instruments, 

Inc.). Prior to impaction, the inorganic standard particles were size-selected at 400 nm, 600 nm, 

or 800 nm (electrical mobility diameter) with an electrostatic classifier (Model 3080, TSI 

Corporation) equipped with a long differential mobility analyzer (Model 3082, TSI Corporation) 

at sample to sheath flow ratio of 1:8.3 (0.3 to 2.5 lpm). 
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4.2.4   Ambient Aerosol Particle Samples 

Ambient samples were collected from outside the University of Michigan Chemistry 

Building (930 N. University Ave. Ann Arbor, MI 48109). Samples were size selected at 150 nm 

(electrical mobility diameter) and then collected on Ag foil via impaction with the MPS-3.  

4.2.5   Raman Microspectroscopy 

Raman analysis was performed with a Horiba Labram HR Evolution Raman spectrometer 

(Horiba Scientific) coupled to a confocal optical microscope (100x Olympus objective, 0.9 

N.A.). The spectrometer was equipped with a Nd:YAG laser source (50mW, 532nm) and a CCD 

detector. 600 groove/mm diffraction grating yielded spectral resolution of ~ 2 cm-1. Calibration 

was carried out daily against the Stokes Raman signal of a pure silicon standard at 520 cm-1. 

Laser power was attenuated with neutral density (ND) filters ranging from 1 to 100 to prevent 

sample damage. Spectra were collected for the range of 500 to 4000 cm-1 for 3 accumulations 

with 15 s acquisition time. 8-15 particles were analyzed for each sample. Raman maps were 

collected with computer-controlled XY Raman mapping, with spectra recorded on a point-by-

point scanning mode with a 0.25 μm step size. Map spectra were also collected across a range of 

500 to 4000 cm-1 for 3 accumulations with 15 s acquisition time.  

SERS EFs were calculated for vibrational modes of interest according to Equation 1, 

ISERS and IRC are the Raman signal under SERS and non-SERS conditions, respectively, and 

cSERS and cRC are the analyte concentration under SERS and non-SERS conditions, respectively 

(Le Ru et al., 2007). 

Equation 4.1    𝐸𝐸 = 𝐼SERS/𝑐SERS
𝐼RS/𝑐RS

= 𝐼SERS
𝐼RC

 

Since sample preparation for SERS and non-SERS conditions was identical, cSERS can be 

assumed to be equal to cRC and the equation to calculate EFs can be simplified to a comparison of 

ISERS and IRC. ISERS and IRC are represented by the integrated peak area for the respective 

vibrational modes. Integrate peak areas were determined along the natural baseline of the spectra 

using a multipeak fitting software package (Igor Pro, WaveMetrics). The average integrated peak 

area for Raman spectra collected under non-SERS conditions was used for IRC. 
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4.3 Results and Discussion 

4.3.1 Ag Substrate Testing 

Laboratory-generated aerosol particle standards were used to investigate various Ag 

SERS substrates, including AgNP coated quartz and Ag foil, and their application to aerosol 

particle studies. Raman spectra of standard PSL particles collected from each substrate showed 

that, while both Ag SERS substrates enhanced the Raman signal across all vibrational modes, Ag 

foil yielded significantly higher EFs (Figure 4.1). For the symmetric ring stretching modes, νs(C-

C) (Jasse et al., 1978; Sears et al., 1981; Larkin, 2011) at 1000 cm-1 and νs(C=C) (Jasse et al., 

1978; Sears et al., 1981; Larkin, 2011) at 1602 cm-1, average EFs were 21 for both modes for the 

Ag foil and 2 and 3 for the AgNP substrate, respectively. In comparison to the ring stretching 

modes, C-H bending and stretching modes showed greater enhancement in response to the SERS 

effect. Average EFs for the C-H bending mode (δ(C-H), 1452 cm-1) (Jasse et al., 1978; Larkin, 

2011), C-H stretching mode (ν(C-H), 2908 cm-1) (Jasse et al., 1978; Larkin, 2011), and aromatic 

C-H stretching mode (ν(C-H) aromatic, 3054 cm-1) (Jasse et al., 1978; Larkin, 2011) were 103, 

123 and 70, respectively, for the Ag foil and 7, 5, and 2, respectively, for the AgNP substrate. 

The EF values for the AgNP substrate samples are consistent with previously reported EF values 

for (NH4)2SO4 and NaNO3 standard particles analyzed with SERS using similar substrates (Craig 

et al., 2015). The large variability in EFs, particularly evident for the Ag foil samples, could be 

attributed to varying degrees of coupling between LSPRs with analytes due to the roughened 

surface of the Ag foil or inconsistent distribution of AgNPs. Preliminary work testing several 

other Ag SERS substrates is included in Appendix C and results were, at best, comparable to the 

AgNP enhancement shown here. Despite the variability in enhancement, the Ag foil substrate 

yielded the highest EFs and thus, was used as the SERS substrate for all subsequent experiments 

in this work. 
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Figure 4.1  (A) Raman spectra of PSL particles on quartz, AgNP, and Ag foil substrates. (B) 
Comparison of calculated EFs for vibrational modes of interest for the AgNP and Ag foil SERS 
substrates. The points represent individual EF values and the bar indicates the average EF. 

 

4.3.2 SERS of 400 – 800 nm Sized Laboratory-Generated Aerosol Particles 

 To investigate the potential of using SERS to study particles smaller than the size range 

typical for Raman analysis, <1 µm sized PSL particles were impacted on quartz and Ag foil 

substrates for SERS analysis. 400 nm, 600 nm, and 800 nm particles were tested and, as shown 

in Figure 4.2, spectra were successfully collected from particles at all sizes. Even though Raman 

signal was detected for PSL particles on plain quartz substrate, intensity was very low and 

vibrational modes were difficult to distinguish from background noise, particularly for the 400 

nm sized particles. SERS enhancement was observed for all sized particles and average EFs for 

the five PSL vibrational modes ranged from 8 to 123. Similar to the PSL analysis in Figure 4.1, 

the δ(C-H) and ν(C-H) modes exhibited the largest enhancements. All Raman spectra, for PSL 
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particles on both quartz and Ag foil, are provided in Appendix C. It should be noted that both the 

400 nm and 600 nm particles are smaller than the 721 nm diameter of the laser spot (for 532 nm 

laser with 0.9 N.A. objective). 

 

Figure 4.2 (A) Average Raman spectra for 400 nm, 600 nm, and 800 nm PSL particles on quartz 
and Ag foil substrates. (B) Calculated EFs for vibrational modes of interest for all particle sizes. 
The points represent individual EF values and the bar indicates the average EF. 

 
Across all vibrational modes, there was no clear relationship between particle size and 

enhancement. Enhancement was expected to increase with increasing particle size, as the higher 

number of analyte molecules present in the larger particles could enable more opportunities for 

coupling to LSPRs and lead to greater enhancement of the Raman signal. This trend was 
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observed for the largest and smallest sized PSL particles analyzed, as the 800 nm particles were 

consistently more enhanced than the 400 nm particles, but the 600 nm particles exhibited the 

lowest levels of enhancement. The cause for the low enhancement observed for the 600 nm PSL 

particles is unclear at this time, but could possibly be due to crowding effects or the arrangement 

of PSL molecules hindering coupling between LSPRs and analyte molecules. The low 

enhancement for the 600 nm PSL particles could also be an anomaly, as the inorganic particles 

investigated as part of this study and discussed later were consistent with the 400 nm and 800 nm 

PSL particles, with larger sized particles yielding more enhanced spectra. 

In addition to PSL particles, which are primarily organic, (NH4)2SO4 and NaNO3 

particles were also tested since atmospheric aerosol particles often contain these inorganic 

components (Laskin et al., 2016). (NH4)2SO4 and NaNO3 particles were generated from solution 

and size-selected at 400 nm, 600 nm, and 800 nm for SERS analysis. For (NH4)2SO4, the ν(SO4
2-

) and the ν(N-H) stretching mode of NH4
+ were studied (Figure 4.3). The ν1(SO4

2-) 

(Venkateswarlu et al., 1975; Ault et al., 2013b; Jentzsch et al., 2013; Deng et al., 2014; Craig et 

al., 2017a) mode at 963 cm-1 had average EFs ranging from 128 to 324. There was a red shift in 

peak location for the SERS enhanced ν1(SO4
2-) mode, shifting from 975 cm-1 to 963 cm-1, along 

with an increase in peak broadness. This shift is possibly attributed to charge-transfer 

interactions between Ag and the (NH4)2SO4 molecules and is consistent with earlier work 

studying SERS enhancement of (NH4)2SO4/sucrose particles (Gen and Chan, 2017). The ν(N-H) 

(Venkateswarlu et al., 1975; Jentzsch et al., 2013) mode centered at 3130 cm-1 had average EFs 

ranging from 161 to 389.  It should be noted that ν(N-H) is broader due to hydrogen bonding and 

can be difficult to quantify in low-intensity spectra. For NaNO3, three stretches corresponding to 

NO3
- were studied (Figure 4.4). ν1(NO3

-) (Rousseau et al., 1968; Jentzsch et al., 2013; Deng et 

al., 2014) at 1067 cm-1 had average EFs ranging from 11 to 23. There was a slight blue shift in 

peak location for the SERS enhanced ν1(NO3
-) mode, shifting from 1056 cm-1 to 1067 cm-1. 

Interestingly, this result is inconsistent with previous work that observed a red shift from 1067 

cm-1 to 1054 cm-1 for ν1(NO3
-) (Gajaraj et al., 2013; Craig et al., 2015). The 1054 cm-1 mode 

corresponds to aqueous, free NO3
-, while the 1067 cm-1 mode corresponds to Na+-bound NO3

- 

(Jentzsch et al., 2013; Ault et al., 2014). Previous work proposed that NaNO3 cannot couple as 

effectively as NO3
- with the Ag substrate due to interaction with sodium or incorporation into a 

NaNO3 amorphous solid or crystal, leading to a red shift occurring with increased enhancement 
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(Craig et al., 2015). Experimental conditions, such as RH impacts on particle phase, could play a 

role, but further work is needed to characterize this phenomenon and reconcile the discrepancy in 

observed peak shifting. ν3(NO3
-) (Rousseau et al., 1968; Jentzsch et al., 2013) at 1386 cm-1 and 

ν4(NO3
-) (Rousseau et al., 1968; Jentzsch et al., 2013) at 725 cm-1 had larger average EFs, 

ranging from 15 to 71. All Raman spectra, for (NH4)2SO4 and NaNO3 particles on both quartz 

and Ag foil, are provided in Appendix C. 

 

Figure 4.3 (A) Average Raman spectra for 400 nm, 600 nm, and 800 nm (NH4)2SO4 particles on 
quartz and Ag foil substrates. (B) Calculated EFs for vibrational modes of interest for all particle 
sizes. The points represent individual EF values and the bar indicates the average EF. 
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Figure 4.4 (A) Average Raman spectra for 400 nm, 600 nm, and 800 nm NaNO3 particles on 
quartz and Ag foil substrates. (B) Calculated EFs for vibrational modes of interest for all particle 
sizes. The points represent individual EF values and the bar indicates the average EF. 

 

EFs increased with increasing particle size for nearly all vibrational modes studied for the 

(NH4)2SO4 and NaNO3 particles. As discussed previously, this could be attributed to the higher 

number of analytes present in the larger particles, enabling more opportunities for interaction 

with LSPRs and leading to greater observed enhancement. Also, as with the PSL particles, there 

was a high level of variability in enhancement for all of the (NH4)2SO4 and NaNO3 vibrational 

modes.  
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4.3.3 SERS of 150 nm Sized Laboratory-Generated and Ambient Aerosol Particles 

Thus far in this study, through SERS, the smallest particle size shown has been 400 nm, 

which is about 2-3 times smaller than the size of aerosol particles typically characterized through 

Raman analysis. However, SERS is capable of single molecule detection and so, should allow 

for Raman analysis of aerosol particles <400 nm. To test this limit, 150 nm PSL particles were 

collected on Ag foil. It should be noted that a 150 nm sized particle is well below to the 

diffraction limit of 361 nm for the Raman spectrometer used in this study (532 nm laser with 0.9 

N.A./100x objective). Automated point-by-point mapping with a step size of 0.25 µm was used 

over a larger region of the substrate, enabling spectra to be collected for the 150 nm particles that 

were difficult to distinguish optically due to low spatial resolution. A representative spectrum for 

a 150 nm PSL particle and its corresponding location are shown in Figure 4.5. The five 

vibrational modes focused on in the earlier analysis are indicated, though other vibrational modes 

were also enhanced and present. In the optical image, the yellow box highlights the mapped 

region, while the red circle indicates the point corresponding to the SERS PSL spectrum. The 

small, dark spots are individual 150 nm PSL particles, while the larger spots are most likely 

agglomerates and were avoided for this specific analysis. It should also be noted that marks and 

scratches to the Ag foil can lead to intensity in the Raman spectra that make it difficult to 

identify vibrational modes corresponding to the particles. To reduce substrate interference, 

smooth regions of the Ag foil were selected for mapping analysis.  
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Figure 4.5 (A) SERS spectrum collected via automated point-by-point mapping of a 150 nm 
PSL particle on Ag foil substrate. (B) Optical image of 150 nm PSL sample on Ag foil, with the 
yellow box highlighting the mapped area and the red circle indicating the location of the Raman 
spectrum shown in (A). 

In addition to testing SERS with laboratory-generated aerosol standards below the 

diffraction, ambient aerosol particles were also sampled, size-selected at 150 nm, and analyzed in 

the same manner (Figure 4.6). The corresponding optical image for the ambient aerosol sample is 

provided in Appendix C. With SERS, many previously indistinguishable vibrational modes were 

able to be identified within the spectra collected for the ambient aerosol particles. While it is 

difficult to definitively identify vibrational modes in ambient aerosol due to their complex 

chemical composition (hundreds to thousands of species per particle) and overlapping regions 

where modes can be present, tentative assignments are proposed. Peaks in the 500-900 cm-1 

region could correspond to ν(Si-O-Si), δ(Si-O-Al), and other lattice vibrations of fly ash or 

silicon and aluminosilicate minerals (Michaelian, 1986; Frost, 1995; Frost et al., 1997; Larkin, 

2011; Laskina et al., 2013), δ(C-O) of carbonates and carboxylic acids (Larkin, 2011; Laskina et 

al., 2013; Craig et al., 2015), or “breathing” modes of aromatic rings (De Gelder et al., 2007). 

The peaks at 963 – 988 cm-1 most likely correspond to ν(SO4
2-) (Venkateswarlu et al., 1975; Ault 

et al., 2013b; Jentzsch et al., 2013; Deng et al., 2014; Craig et al., 2017a) and are exhibiting the 

same red shift observed for the (NH4)2SO4 standard particles discussed earlier (Gen and Chan, 

2017). Peaks in the 1000-1700 cm-1 region could correspond to a range of vibrational modes of 
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organic functional groups, including stretching modes, such as ν(C-O), ν(C-C), ν(C=C), ν(COO-

), and ν(C-OH), and bending and twisting modes, such as δ(CH2), δ(CH3), δ(C-C), δ(O-C-O), 

and δ(O-H) (Koenig and Angood, 1970; de Villepin and Novak, 1971; McLaughlin et al., 2002; 

De Gelder et al., 2007; Larkin, 2011; Ault et al., 2013b; Avzianova and Brooks, 2013; Laskina et 

al., 2013; Zhou et al., 2014; Deng et al., 2014; Bondy et al., 2018). Peaks in the higher energy 

2700-3000 cm-1 region correspond to symmetric and asymmetric ν(CH2) and ν(CH3) modes (De 

Gelder et al., 2007; Larkin, 2011; Ault et al., 2013b; Laskina et al., 2013; Deng et al., 2014; 

Bondy et al., 2018). Specific compounds present in the ambient aerosol particles related to these 

functional groups could include long chain aliphatics, glyoxal oligomers, peroxides, organic 

sulfates, and minerals associated with dust (Lee and Chan, 2007; Avzianova and Brooks, 2013; 

Laskina et al., 2013; Deng et al., 2014; Bondy et al., 2018). To our knowledge, this is the first 

SERS-enhanced spectroscopic analysis of aerosol particles that have a smaller diameter than the 

diffraction limit. Additionally, for these ambient spectra, vibrational modes attributed to organic 

species exhibited greater enhancement in the lower frequency region (1000 – 1800 cm-1) than the 

higher frequency region (2700 – 3000 cm-1), which is consistent with previous work with SERS 

of ambient particles (Craig et al., 2015). This demonstrates the potential for SERS to enable the 

study of vibrational modes that are not as well characterized in the literature due to the 

difficulties associated with detecting them in aerosol particles via traditional microspectroscopic 

methods. 



60 
 

 

Figure 4.6 SERS-enhanced spectra obtained from Raman mapping of 150 nm size-selected 
ambient aerosol particles. 

 

4.4 Conclusions 

SERS was applied to the study of atmospheric aerosol particles to improve the limit of 

detection in terms of particles size. 400 nm, 600 nm, and 800 nm size-selected laboratory-

generated aerosol particle standards of PSLs, ammonium sulfate, and sodium nitrate were 

collected on Ag foil SERS substrates and analyzed. Average enhancement factors for a range of 

inorganic and organic vibrational modes were calculated to be on the order of 102 and as large as 

530. SERS enhancement increased with increasing particle size for the inorganic standards, 

while there was no observed consistent trend between SERS enhancement and particle size for 

the organic standard, likely due to variability in LSPRs on the foil surface and subsequent 
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coupling with analyte molecules. Ag foil substrates were also used for SERS analysis of 150 nm 

PSL and ambient aerosol particles via automated Raman mapping. All five PSL vibrational 

modes characterized with the larger sized particles were identified in the SERS enhanced spectra 

of the 150 nm particles. For the ambient aerosol, a range of inorganic and organic vibrational 

modes were detected, and corresponding functional groups were proposed. To our knowledge, 

this is the first vibrational spectroscopic analysis of aerosol particles smaller than the diffraction 

limit. These results show the potential for SERS to enable improved analysis of aerosol particle 

chemical composition and mixing state for the most atmospherically abundant particle sizes to 

better understand multiphase atmospheric processing and aerosol impacts on climate and human 

health. 
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Chapter 5. Direct Measurement of pH in Individual Particles via Raman 
Microspectroscopy and Variation in Acidity with Relative Humidity 

 
Adapted with permission from Rindelaub, J. D., Craig, R. L., Nandy, L., Bondy, A. L., Dutcher, 

C. S., Shepson, P. B., and Ault, A. P.: Direct measurement of pH in individual particles via 

Raman microspectroscopy and variation in acidity with relative humidity, J. Phys. Chem. A, 120, 

6, 911-917, 2016. https://doi.org/10.1021/acs.jpca.5b12699 Copyright 2016 American Chemical 

Society. 

5.1 Introduction 

Assessing the pH of atmospheric aerosol particles is of great interest, due to the impact of 

acidic particles on the environment and human health. Many atmospheric particle phase 

chemical processes are dependent on acidity, such as secondary organic aerosol (SOA) formation 

(Jang et al., 2002; Limbeck et al., 2003; Tan et al., 2009; Surratt et al., 2010), specifically 

organosulfate formation and organic nitrate hydrolysis (Surratt et al., 2008; Rindelaub et al., 

2015). Acid-dependent particle phase processes also affect the equilibrium of gas-particle 

partitioning (Jang et al., 2002). As aerosol chemical composition determines hygroscopicity and 

contributes to cloud condensation nuclei activity, the pH of a particle can impact composition, 

cloud droplet nucleation and, ultimately, climate forcing (Jang et al., 2002; Pöschl, 2005). 

Currently, there are not reliable methods to directly measure aerosol particle pH. 

Measuring the pH of aqueous filter extracts indirectly assesses particle acidity, but is associated 

with high uncertainty, due to the non-conservative nature of H+ and changes to the ion 

distribution during filter extraction (Koutrakis et al., 1988; Keene et al., 2002; Jang et al., 2008; 

Hennigan et al., 2015). Additional artifacts, such as evaporation of particle phase components or 

impurities in the extraction solvent, can also jeopardize the integrity of filter-based 

measurements (Pathak et al., 2004). Similar to indirect measurements, proxy methods, such as 

ion balance, molar ratio, thermodynamic equilibrium models, or phase partitioning, are often 

used to estimate acidity, but have been shown to have major flaws or limitations (Hennigan et 

al., 2015). The ion balance and molar ratio methods are also associated with high uncertainty in 

https://doi.org/10.1021/acs.jpca.5b12699
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their estimations of aerosol particle pH and do not have good agreement with current 

thermodynamic equilibrium models (Fountoukis et al., 2009), such as E-AIM (Clegg et al., 1998; 

Wexler and Clegg, 2002) and ISORROPIA-II (Fountoukis and Nenes, 2007), often estimating 

pH to be less acidic than thermodynamic model predictions (Hennigan et al., 2015). Both the ion 

balance and molar ratio methods are frequently used and the discrepancy between these proxy 

methods and model estimations is attributed, in part, to the inability to differentiate between free 

and bound H+ (e.g. protons associated with bisulfate, HSO4
-, or other inorganic ions), exclusion 

of organic acids, and lack of consideration for both aerosol liquid water content and ion activity 

coefficients in the pH calculation (Kerminen et al., 2001; Keene et al., 2004; Trebs et al., 2005; 

Metzger et al., 2006; Zhang et al., 2007a; Pathak et al., 2009; Froyd et al., 2010; Feng et al., 

2012; Hennigan et al., 2015). While thermodynamic equilibrium models, E-AIM and 

ISORROPIA-II, provide more accurate representations of aerosol partitioning and composition, 

there are still biases associated with aerosol pH predictions, due to the large model sensitivity to 

input values and their associated uncertainties (Fountoukis et al., 2009; Guo et al., 2015; 

Hennigan et al., 2015). The phase partitioning method is more consistent with thermodynamic 

models (Keene et al., 2004; Fountoukis et al., 2009; Young et al., 2013; Guo et al., 2015; 

Hennigan et al., 2015), but still involves an indirect measurement of particle pH and infers that 

the gas/particle system has reached a stable equilibrium, which may not occur in SOA systems, 

especially those involving particle phase acid-catalyzed reactions or viscous organic material 

(Virtanen et al., 2010; Koop et al., 2011; Perraud et al., 2012; Ziemann and Atkinson, 2012; 

O’Brien et al., 2014; Cheng et al., 2015; Dette and Koop, 2015; Hennigan et al., 2015; Rindelaub 

et al., 2015; Saukko et al., 2015). A recent critical review of aerosol acidity proxies suggests that, 

in the absence of reliable direct aerosol pH measurement techniques, thermodynamic models and 

phase partitioning provide the best estimation of particle acidity, despite their inherent biases 

(Hennigan et al., 2015).  

To improve our fundamental understanding of aerosol acidity, specifically at the single 

particle level, we present a direct spectroscopic method for measuring the pH of individual 

aerosol particles using Raman microspectroscopy. There has been a recent increase in Raman 

microspectroscopy of aerosol particles due to its non-destructive nature and potential for 

determining chemical composition and structure of individual particles (Ault et al., 2013b, 2014; 

Ebben et al., 2013). For this study, Raman microspectroscopy has the advantage of directly 
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measuring the HSO4
-
 anion and its conjugate base, SO4

2-. The HSO4
-/SO4

2- acid/base pair system, 

which has been well characterized through both Raman and modeling studies, has clearly 

distinguishable vibrational shifts for νs(SO4
2-) and νs(HSO4

2-) at ~980 and ~1050 cm-1, 

respectively (Irish and Chen, 1971; Kruus et al., 1985; Knopf et al., 2003). The pH of each 

individual particle was determined from the concetration of each anion within laboratory-

generated aerosol particles based on integrated peak area and subsequent calculations for ionic 

strength, activity coefficients, and, subsequently, [H+]. This spectroscopic approach has the 

potential to improve the fundamental understanding of aerosol acidity, which is currently 

lacking, and to eventually improve understanding of key atmospheric processes, such as SOA 

formation and phase behavior in liquid droplets. 

5.2 Methods 

5.2.1 Aerosol Samples 

Laboratory-generated aerosol samples were created by atomizing standard solutions of 

MgSO4 and H2SO4 and impacting aerosol particles onto quartz substrates using a microanalysis 

particle sampler (MPS-3, California Measurements, Inc.). Standard solutions were based on the 

“highly acidic aerosol” (Surratt et al., 2008), which consisted of 30 mM MgSO4 and varying 

concentrations of H2SO4 for a range of bulk solution pH values: 0.44, 0.89, 1.15, 1.64, and 1.99 

(Figure 1). All chemicals were purchased from Sigma Aldrich, Inc. at high purity (>99%). 

Generated aerosol particles were passed through two diffusion dryers (drying to ~15% RH) prior 

to impaction on quartz substrates, Particles with diameters ranging from 10-30 μm at ambient 

RH were selected for study in these experiments.  

5.2.2 Raman Microspectroscopy 

Once impacted on quartz substrates, the aerosol particles were probed using a Raman 

microspectrometer (LabRAM HR Evolution, HORIBA, Ltd.), initially at ambient temperature 

and pressure. The Raman spectrometer was equipped with a Nd:YAG laser source (50mW, 532 

nm) and CCD detector and coupled with a confocal optical microscope (100x SLMPlan N 

Olympus objective). A 600 g/mm diffraction grating yielded spectral resolution of ~1.7 cm-1. 

The instrument was calibrated against the Stokes Raman signal of pure Si at 520 cm-1 using a 

silicon wafer standard. Spectra were collected for the range 500 to 1400 cm-1 with three 



65 
 

accumulations at 5 s acquisition time. An environmental stage (Linkham Scientific Instruments, 

Inc.) was used to adjust RH, which was monitored with an RH sensor (EK-H5, Sensiron). Five to 

eight separate particles were investigated as a function of RH per sample. 

5.2.3 Aerosol pH Calculation 

Since [HSO4
-]/[SO4

2-] is directly related to [H+] through the dissociation constant, the pH 

of individual aerosol particles could be easily calculated for an equilibrium system (Equation 

5.1), where Ka = 0.01 for HSO4
- (Lide, 2009).  

Equation 5.1    𝐾𝑎 =
𝑎H+∗𝑎SO4

2−

𝑎HSO4
−

=
(�H+�∗𝛾H+)(�SO4

2−�∗𝛾SO4
2−)

�HSO4
- �∗𝛾HSO4

−
 

The activity of each species is represented by αi and the activity coefficient by γi in Equation 5.1. 

To determine the activity coefficients for each species within the particle, the ionic strength, I, of 

the aerosol was calculated from the concentration of each ion, Ci, and its corresponding charge, 

zi, via Equation 5.2.  

Equation 5.2               𝐼 = 1
2
∑C𝑖𝑧𝑖2 

Standard solutions of MgSO4 and H2SO4 were used to create calibration curves relating 

[SO4
2-] and [HSO4

-] to integrated peak area of the νs(SO4
2-) and νs(HSO4

-) modes (Figure 5.1). 

The sulfate calibration curve was created first and used to determine the amount of sulfate 

present in the SO4
2-/HSO4

- equilibrium, which was then used to determine [HSO4
-] and generate 

the bisulfate calibration curve. The ratio of the concentration of Mg2+ to the total concentration 

of sulfates ([HSO4
-] + [SO4

2-]) in each bulk solution was used to determine [Mg2+] in the 

particles based on measured [HSO4
-] and [SO4

2-]. The bulk solutions used for atomization to 

generate aerosol particles consisted of 30 mM MgSO4 and varying concentrations of sulfuric 

acid (Table D.1). The ratio of Mg2+ concentration to total sulfate concentration ([Mg2+]/([SO4
2- + 

HSO4
-]) of the bulk solution was assumed to be the same ratio for aerosol particles. Molality 

units were used for the concentration of each species, determined by converting molarity to 

molality using the density of H2SO4 and MgSO4 aqueous mixtures as a function of water activity 

according to models in the literature (Laliberte and Cooper, 2004; Laliberte, 2009). Activity 

coefficients for each species were determined using the extended Debye-Hückel relationship 
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(Equation 5.3) (Garrels and Christ, 1965) and then used to elucidate the corresponding H+ 

concentrations via Equation 5.1. 

 

Equation 5.3       −𝑙𝑙𝑙𝛾𝑖 = 𝐴𝑧𝑖
2√𝐼

1+å𝑖𝐵√𝐼
  

In Equation 5.3, A and B are constants characteristic of the solvent (water) and åi is the effective 

diameter of the ion in solution, found in literature (Garrels and Christ, 1965). Using the ionic 

activity coefficients found from Equation 5.3, it should be noted that [H+] was iteratively solved 

in Equation 5.1, as [H+] also appears in the calculations for ionic strength in Equation 5.2. Once 

𝛾𝐻+ and [H+] were determined, aerosol pH was calculated using Equation 5.4. 

Equation 5.4    pH = − 𝑙𝑙𝑙�𝑎H+� = −𝑙𝑙𝑙 (𝛾H+ ∗ [H+]) 
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Figure 5.1 Calibration curves relating integrated peak area to concentration for a) SO4
2- and b) 

HSO4
2-, along with corresponding Raman spectra (c,d) for ν(SO4

2-) at ~985 cm-1 and ν(HSO4
-) at 

~1050  cm-1. 

5.3 Results and Discussion 

The modeled relative fraction for each species of the HSO4
-/SO4

2- system and associated I 

are shown in Figure 5.2 as a function of pH. The measured pHs of the aerosolized bulk solutions 

are referred to as the bulk solution hereafter. 

 
Figure 5.2 Relative fraction for HSO4

- (red) and SO4
2- (blue) concentrations, as well as ionic 

strength (I) (yellow), as a function of pH using the dissociation constant (Ka = 0.01) assuming 
equilibrium conditions. Each tested bulk solution pH (0.44, 0.89, 1.15, 1.64, and 1.99) is 
highlighted in black. 

5.3.1 Aerosol pH Measurements at Ambient Relative Humidity 

Average particle pH values after aerosolization and impaction varied from 0.18 to 0.79, 

based on the bulk solution at ambient relative humidity (55-65%). The corresponding Raman 

spectra of the region containing νs(SO4
2-) and νs(HSO4

-) are displayed in Figure 5.3a, showing an 

increase in the intensity of the νs(HSO4
-) mode (~1050 cm-1) with decreasing pH. Figure 5.3b 

shows aerosol pH decreasing with decreasing [SO4
2-]/[HSO4

-], following the equilibrium shift 

towards HSO4
- as the particle becomes more acidic.  
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Figure 5.3 Raman spectra of νs(SO4

2-) and νs(HSO4
-) for initial aerosol particles generated from 

each seed aerosol bulk solution (left) and average aerosol pH as a function of [SO4
2-]/[HSO4

-] 
(right). Error bars are based on the standard deviation for multiple trials. 

5.3.2 Aerosol pH Measurements with Varying Relative Humidity 

After initial measurements, particles were exposed to varying RH conditions using a 

sealed environmental cell. The RH was reduced to ~30% and increased to ~90% at increments of 

~10%, with spectra collected at each RH interval. Representative sets of Raman spectra, one 

each for bulk solution pH, are shown at different RH values in Figure 5.4 (left), along with 

average particle pH for each set of samples as a function of RH (right). As the RH was increased, 

water uptake occurred, causing dissociation of HSO4
- and a subsequent increase in SO4

2- 

concentration (as indicated by change in peak intensity), as well as an increase in average 

particle pH. For all seed particles, an increase in pH was observed with increasing RH (up to ~1 

pH unit). Linear regressions were applied to the relationship between average aerosol particle pH 
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and RH for each bulk solution. The slopes for each regression were comparable, ~0.01 pH 

unit/% RH, indicating similar changes in aerosol pH with changing RH, regardless of initial pH.  

 

Figure 5.4 Raman spectra (left) of νs(SO4
2-) and νs(HSO4

-) at varying RH for aerosol particles 
generated from bulk solution pH (a) 0.44, (b) 0.89, (c) 1.15, (d)1.64, and (e) 1.99. Average 
aerosol pH as a function of RH (right) for each bulk solution. Error bars are based on the 
standard deviation for multiple trials. 

For comparison, the molar ratio and ion balance proxy methods for determining aerosol 

particle were also applied to determine the relationship between aerosol particle pH and relative 

humidity. The molar ratio method, which is qualitative, yielded particle acidities that increased 

with bulk solution pH, however the method is not capable of differentiating particle acidity at 
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variable RH. Specifically, the molar ratio method relates the total molar concentration of cations 

to the total molar concentration of anions (usually with only the most abundant ions in aerosols 

accounted for), with lower ratio values indicative of higher levels of acidity. Using [Mg2+], 

[SO4
2-], and [HSO-], the molar ratio method yielded the same value for all particles within a 

given bulk solution pH, regardless of RH. [H+] was not used for this calculation, as it is unknown 

when the molar ratio method is applied and, thus, not typically included. The ratio values were 

0.08, 0.13, 0.36, 0.63, and 0.88 for bulk solution pH 0.44, 0.89, 1.15, 1.64, and 1.99, 

respectively. This indicates that the molar ratio method can show that particle acidity has the 

same trend as measured bulk solution acidity, but as noted in Hennigan et al., is not an accurate 

way to determine actual pH and certainly would not be sensitive enough to detect changes in 

particle acidity at different RH values (Hennigan et al., 2015). The ion balance method, which 

calculates [H+] by taking the difference between the concentration of anions and the 

concentration of cations, yielded highly variable results, producing negative [H+] values for two 

trials and larger [H+] values, yielding lower pH values compared to Figure 5.4, in the other 

instances. The calculated particle pH values from the ion balance method are displayed in Figure 

D.1, showing limited sensitivity to RH. Ion balance could only be applied to particles associated 

with bulk solution pH 0.44, 0.89, and 1.15, as it resulted in negative [H+] values for bulk solution 

pH 1.64 and 1.99 particles, showing its limitations. A comparison to the thermodynamic models, 

E-AIM and ISORROPI-II, could not be made as the models were not compatible with the data 

from this study.  

For the measurements described above, connecting measured aerosol particle pH with 

bulk solution pH is important. The increase in particle pH with RH is related to the uptake of 

water, which led to a decrease in both [H+] and I, due to increased solvent volume. The loss of 

aerosol water content induced an opposite effect on pH, a phenomenon that was observed when 

aerosol particles were passed through diffusion dryers prior to deposition, resulting in aerosol pH 

values lower than the bulk solution pH in each aerosol generation. The decrease in system pH 

after water loss is shown in Figure 5.5, which compares measured pH at 50% RH to the 

corresponding bulk solution pH. 
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Figure 5.5 Calculated aerosol pH at 50% RH as a function of bulk solution pH. Aerosol pH was 
calculated from the linear regression (Figure 5.4) of each pH sample set.  

For the HSO4
-/SO4

2- system, measurable particle pH values range from -0.68 to 1.33, 

based on the limit of detection for each ion species. This range has overlap with the range of 

recently reported ambient aerosol pH from indirect methods, which varied from 0.5 to 3, 

depending on the season (Guo et al., 2015). Thus, our method is very applicable to 

atmospherically-relevant aerosol properties and has potential for ambient aerosol particle pH 

measurements. However, applying this technique to ambient aerosol particles will be 

challenging, as Raman microspectroscopy of ambient samples can yield complex spectra with 

many vibrational modes that can be difficult to identify, overlapping Raman modes, fluorescence 

interference, and the potential for burning. 

RH cycles of the laboratory-generated MgSO4/H2SO4 aerosol also revealed that the 

particles created are metastable aqueous droplets, rather than crystalline solids, and have a 

continuous uptake of water with increasing RH (i.e. more water vapor present), following a 

smooth growth curve instead of discrete deliquescence and efflorescence RHs, as observed for 

systems such as (NH4)2SO4 and NaCl. These results are consistent with previous investigations 

of the hygroscopic properties of MgSO4 and MgSO4 mixed aerosol particles, which have been 
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shown to form a gel at low RH due to polymeric contact ion pair chains (Chan et al., 2000; 

Zhang et al., 2002; Zhao et al., 2006). The observed liquid/amorphous state indicates that the 

aerosol does not completely lose water (at 26% RH, the lowest value tested) within the system 

and that, for chamber studies, water can be present in see aerosol, even at low RH. This result is 

in line with many studies showing water present in particles at low RHs (Parsons et al., 2004; 

Virtanen et al., 2010; Slade and Knopf, 2014; Chu et al., 2015; Saukko et al., 2015; You and 

Bertram, 2015). This phenomenon can help explain the observation of organic nitrate hydrolysis 

within laboratory-generated particles (from similar seeds) at RH values <10% in previous 

literature (Rindelaub et al., 2015). Assuming particles generated in this study have similar 

behavior as ambient particles, this indicates that ambient aerosol is likely to retain liquid water 

across atmospherically-relevant RHs and that water-induced chemistry should be at the forefront 

of studies concerning atmospheric aerosol processing. 

 
Figure 5.6 a) Raman spectra of νs(SO4

2-) and νs(HSO4
-) at varying RH, with the colored dots and 

arrows above the peaks highlighting the blue and red shifts of νs(SO4
2-) and νs(HSO4

-), 
respectively, with decreasing RH. b) RH plotted against absolute wavenumber, with average 
aerosol pH indicated by the color scale. 

In addition to influencing particle pH, the uptake of water caused shifts in the peak 

positions of νs(SO4
2-) and νs(HSO4

-), though, interestingly, in opposite directions. A decrease in 

RH led to a blue shift for νs(SO4
2-), from (on average) 984 to 989 cm-1 (Figure 5.6a). A study of 

the contact-ion-pairs in supersaturated MgSO4 solutions (that lead to the formation of a gel at 

low RH) found that νs(SO4
2-) exhibited a blue shift as water-to-solute mole ratios and RH 
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decreased (Zhang and Chan, 2000). This shift was attributed to the formation of contact ion pairs 

with different structures (Zhang and Chan, 2000), a phenomenon that could play a role in these 

aerosol particles and induce a blue shift for νs(SO4
2-). Conversely, a decrease in RH 

corresponded to a red shift for νs(HSO4
-), from (on average) 1052 to 1044 cm-1. This red shift 

could be a result of increased hydrogen bonding (Larkin, 2011), as the concentration of HSO4
- 

increased with decreasing RH. Hydrogen bonding could stabilize the HSO4
- molecule, making it 

more symmetric, thus inducing the shift towards lower frequencies for the νs(HSO4
-) mode. The 

formation of contact ion pairs with SO4
2- molecules could have limited the impact of hydrogen 

bonding on the νs(SO4
2-) mode, but this is a preliminary explanation and further calculations are 

needed to confirm this. Additionally, the effect of hydrogen bonding on HSO4
-, and not SO4

2- 

molecules, might explain the difference in peak broadness, which can be seen by comparing the 

peak widths, as νs(HSO4
-) with an average full width half maximum (FWHM) of 47.1 ± 6.1 cm-1 

was significantly broader than the νs(SO4
2-) FWHM of 28.4 ± 6.4 cm-1. The MgSO4 and water 

system and the sulfate/bisulfate/water system have been extensively studied for clusters, 

revealing information regarding the structure prior to solvation (Miller et al., 2007; Yacovitch et 

al., 2011; DePalma et al., 2015), which will guide future simulations to explain these 

experimental results. 

Several other acid/base systems have potential to be studied with respect to particle pH, 

such as HNO3/NO3
-, (pKa = -1.3), H2CO3/HCO3

-/CO3
2-, (pKa = 6.4, 10.2) or organic acids, e.g. 

acetic acid/acetate (pKa = 4.7) (Rudolph et al., 2008; Wren and Donaldson, 2012a). The direct 

measurement of particle pH has great potential to facilitate a large step forward in understanding 

aerosol aqueous phase chemistry. As an example, the formation of organosulfates has only 

occurred in photochemical chamber experiments employing “acidic seed aerosol” (Surratt et al., 

2008). The same acidic seed aerosol solution was used in this study with an average particle pH 

measured as ~0.43 at ~65% RH. Understanding the pH at which these atmospherically-relevant 

compounds form is vital to replicating larger scale experiments focusing on production kinetics, 

precursors, and mechanistic formation pathways. For instance, if organosulfates only form under 

very acidic conditions, at pH < 2.0, the nucleophilic attack of HSO4
- is likely to govern their 

formation within aerosol particles. While recent research by Xu et al. suggests the sulfate ion is 

instrumental in particle phase chemistry (Xu et al., 2015), it is worth noting that the 

measurements in that study could not differentiate SO4
2- and HSO4

- ions. As the ambient aerosol 
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pH in that study was < 2.0, the impact of the HSO4
-/SO4

2- equilibrium (which would be shifted to 

HSO4
-) on biogenic SOA formation should be studied further. Additionally, our study was 

conducted at pHs relevant to other particle-phase chemical reactions, such as acid-catalyzed 

hydrolysis, oligomerization, and oxidation, which can now be studied with much greater 

certainty in laboratory experiments.  

5.4 Conclusions 

This study provides a non-destructive method for the determination of aerosol particle 

acidity in a laboratory setting and changes with respect to water content. Through these studies 

new insight was provided into the fundamental properties of the νs(SO4
2-) and νs(HSO4

-) modes 

in particles of different ionic strengths, which will aid studies of aerosol acidity and the role of 

sulfate in particle-phase chemistry. The demonstrated potential of this method for laboratory 

studies has promise for direct measurements of pH in ambient particles, though ambient samples 

are far more complex, making the measurements and interpretation much more challenging. 

Recently there have been calls for more physical chemistry approaches to single particle analysis 

under ambient conditions for improved understanding of physical processes in these unique, 

complex systems (Grassian, 2015), which the direct measurement of particle pH in this study 

helps to address. These results, and future studies it will enable, will aid in elucidating processes 

governing SOA formation and water uptake, which ultimately determine climate-relevant 

properties of aerosols that impact radiative forcing. 
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Chapter 6. Spectroscopic Determination of Aerosol pH from Acid-Base Equilibria in 
Inorganic, Organic, and Mixed Systems 

 
Adapted with permission from Craig, R. L., Nandy, L., Axson, J. L., Dutcher, C. S., and Ault, A. 

P.: Spectroscopic determination of aerosol pH from acid-base equilibria in inorganic, organic, 

and mixed systems, J. Phys. Chem. A, 121, 30, 5690-5699, 2017.  

https://doi.org/10.1021/acs.jpca.7b05261 Copyright 2017 American Chemical Society. 

6.1 Introduction 

Atmospheric aerosols impact both climate and human health, yet many of the chemical 

mechanisms occurring within aerosols remain poorly understood (Prather et al., 2008). Many key 

multiphase chemical processes in aerosol particles are pH-dependent, such as secondary organic 

aerosol (SOA) formation (Jang and Kamens, 2001; Jang et al., 2003b; Gao et al., 2004; Cao and 

Jang, 2007; Tan et al., 2009; Lin et al., 2012; Lewandowski et al., 2015; Wong et al., 2015; Riva 

et al., 2016c, 2016d), which makes understanding aerosol acidity important for assessing the 

impact of aerosols on climate (Surratt et al., 2010). Specific pH-dependent processes include 

acid-catalyzed ring-opening reactions of epoxides (e.g. isoprene epoxydiol) (Iinuma et al., 2009; 

Eddingsaas et al., 2010; Surratt et al., 2010), formation and hydrolysis of organosulfates and 

organic nitrates (Surratt et al., 2008; Hu et al., 2011; Rindelaub et al., 2015, 2016b; Riva et al., 

2016b), water uptake (Prenni et al., 2003; Ghorai et al., 2011), liquid-liquid phase separations 

(You et al., 2014; Losey et al., 2016), and gas-particle partitioning (Jang et al., 2002). One of the 

challenges for predicting the kinetics and overall importance of these processes is that methods 

to experimentally determine aerosol acidity are limited, but the available data suggest 

considerable variation between regions globally (Guo et al., 2015, 2016, 2017; Hennigan et al., 

2015; Liu et al., 2017b). As an example, sulfate, which is formed from oxidation of SO2(g), is a 

large contributor to the acidity of aerosols, yet, despite decreasing atmospheric gaseous SO2 

emissions and subsequent condensed phase sulfate concentrations in the southeast US, aerosol 

pH has remained low (pH 0-2) over the past 15 years (Weber et al., 2016). Considering the 

complex mixture of emissions and atmospheric reactions that ultimately determine aerosol pH, 

https://doi.org/10.1021/acs.jpca.7b05261
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more refined techniques for measuring aerosol pH are necessary to evaluate the overall impact 

on atmospheric multiphase chemical processes.  

Until recently, evaluation of aerosol pH has been primarily through indirect filter-based 

measurements or proxy methods, such as ion balance, molar ratio, phase partitioning, or 

thermodynamic equilibrium models (Hennigan et al., 2015). Upon examination of these 

methods, Hennigan et al. concluded that thermodynamic models and the phase partitioning 

method provide the most accurate estimations of aerosol pH (Hennigan et al., 2015). 

Thermodynamic equilibrium models, such as ISORROPIA-II (Fountoukis and Nenes, 2007) and 

E-AIM (Clegg et al., 1998; Wexler and Clegg, 2002), use temperature, relative humidity (RH), 

and measured concentrations of aerosol species and gas-phase precursors to predict 

concentrations of chemical species in both gas and aerosol phases, aerosol water, and aerosol pH. 

These models have been increasingly applied to evaluate aerosol acidity during several field 

campaigns, including MILAGRO (Hennigan et al., 2015), SOAS (Guo et al., 2015), WINTER 

(Guo et al., 2016), and CALNEX (Guo et al., 2017), as well as recent haze events in China (Liu 

et al., 2017b). The phase partitioning method uses measurements of gas and aerosol phase 

components to estimate aerosol pH from the phase partitioning of semi-volatile compounds, such 

as HNO3/NO3
- and NH3/NH4

+ (Keene et al., 2004; Young et al., 2013). Limitations for both the 

thermodynamic models and phase partitioning method include sensitivity to input values and the 

uncertainty associated with those measurements (Keene et al., 2004; Guo et al., 2015; Hennigan 

et al., 2015). Additionally, the phase partitioning method follows the assumption that the gas-

particle phase system is at equilibrium, which is not necessarily accurate, particularly in 

conditions of high ionic strength or low liquid water content common in the atmosphere (Keene 

et al., 2004; Virtanen et al., 2010; Perraud et al., 2012; O’Brien et al., 2014; Shiraiwa et al., 

2017). In comparison to the phase partitioning method, estimations of aerosol pH using filter-

based measurements (Keene et al., 2002, 2004; Jang et al., 2008) and the ion balance (Trebs et 

al., 2005; Metzger et al., 2006; Feng et al., 2012) and molar ratio (Kerminen et al., 2001; Zhang 

et al., 2007a) proxy methods are all associated with higher degrees of uncertainty and 

disagreement with model predictions. These disagreements are mainly due to challenges 

associated with predicting [H+] since it is not conserved relative to other chemical species that 

are more easily measured (Hennigan et al., 2015). For filter-based measurements, uncertainty can 

also be attributed to sampling artifacts (Pathak et al., 2004). Additional limitations of the ion 
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balance and molar ratio methods include lack of consideration for aerosol liquid water content 

and ion activity coefficients, exclusion of organic acids, and inability to differentiate types of H 

(e.g., whether or not  H+ is a dissociated ion), though all of these factors are important for 

determining aerosol pH (Keene et al., 2004; Trebs et al., 2005; Metzger et al., 2006; Pathak et 

al., 2009; Hennigan et al., 2015).  

In contrast to these indirect and proxy methods, Rindelaub et al. (Rindelaub et al., 2016a) 

recently developed a novel method utilizing Raman microspectroscopy, a technique that has 

been increasingly applied for analysis of individual laboratory and ambient particles in recent 

years (Ault et al., 2013b, 2014; Ebben et al., 2013; Craig et al., 2015, 2017a; Creamean et al., 

2016; Ault and Axson, 2017). Wren and Donaldson have also used a spectroscopic technique to 

study pH of air-ice interfaces, but it involves indirect measurement through glancing-angle laser-

induced fluorescence in conjunction with pH sensitive fluorescent dyes (Wren and Donaldson, 

2012b, 2012c). Rindelaub et al. directly measured the pH of laboratory-generated MgSO4-H2SO4 

aerosol particles, a common seed aerosol used in SOA chamber studies (Surratt et al., 2008). 

Measured peak areas of the νs(SO4
2-) and νs(HSO4

-) vibrational modes were used to determine 

SO4
2- and HSO4

- ion concentrations, respectively (Rindelaub et al., 2016a). The acid (HSO4
-) and 

conjugate base (SO4
2-) concentrations were then used, along with activity coefficients determined 

via the extended Debye-Hückel relationship and the acid dissociation constant (Ka), to calculate 

[H+] and pH (Rindelaub et al., 2016a). This method overcomes limitations of the previously 

discussed proxy methods, such as differentiating types of H+ and accounting for aerosol liquid 

water content, and has potential to provide insight into chamber and ambient aerosol particle pH, 

which would be a valuable comparison to current predictions of aerosol pH, but has only been 

applied to one, relatively simple acid-base equilibrium system over a limited pH range 

(Rindelaub et al., 2016a).  

In this work, the spectroscopic method described above for determining aerosol particle 

pH (Rindelaub et al., 2016a) has been applied to inorganic and organic acids with a range of 

pKa’s in individual aerosol particles (Figure 6.1). These systems include nitric acid/nitrate 

(HNO3/NO3
-, pKa -1.3), bioxalate/oxalate (HC2O4

-/C2O4
2-, pKa 3.81), acetic acid/acetate 

(CH3COOH/CH3COO-, pKa 4.76), and bicarbonate/carbonate (HCO3
-/CO3

2-, pKa 10.30) (Hood 

et al., 1954; Lide, 2009). These systems cover a wide pH range, including the typical range for 

atmospheric aerosols (pH -0.5 – 5) (Guo et al., 2015, 2016, 2017; Hennigan et al., 2015; Liu et 
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al., 2017b). The aerosol acidity predicted by thermodynamic models for several field campaigns 

are also indicated in Figure 6.1 and fall well within the range of several of the acid-base systems. 

A large fraction of aerosols are a mixture of inorganic and organic species, thus, in addition to 

these single acid-conjugate base systems, a two-component mixture of bisulfate/sulfate (HSO4
-

/SO4
2-, pKa 2.0) (Lide, 2009) and HC2O4

-/C2O4
2-

 was characterized to study the impact of 

increasing chemical complexity of the particles on the spectroscopic pH measurements. 

Observations of ion behavior in terms of ionic strength, H+ activity, and solvent interactions were 

also made for each acid-base system. This work responds to a recent call for more physical 

chemistry approaches to single particle measurements (Grassian, 2015) and will enable future 

studies to improve understanding of pH of more chemically complex aerosol particles. 

 

Figure 6.1. Schematic showing dominant species present as a function of pH for each acid-base 
system studied, as well as a comparison to the aerosol pH predicted by thermodynamic models 
for several field campaigns. H2C2O4 and H2CO3 are included but cannot be quantified with this 
method. 
  

6.2 Methods 

6.2.1 Aerosol Sample Preparation 

Standard solutions were prepared using 18.3 MΩ Milli-Q water and the following 

chemicals: ammonium oxalate ((NH4)2C2O4), sodium acetate (NaCH3COO), sodium bicarbonate 



79 
 

(NaHCO3), sodium nitrate (NaNO3), hydrochloric acid (HCl), nitric acid (HNO3), and sulfuric 

acid (H2SO4) (Sigma-Aldrich); oxalic acid (H2C2O4) (Acros Organics); ammonium sulfate 

((NH4)2SO4) (Alfa Aesar); acetic acid (HCH3COO) (Fisher Scientific); and sodium carbonate 

(Na2CO3) (JT Baker Chemical Co.). All chemicals were > 98.0% purity and used without further 

purification. To create a solution for each acid-base system, a salt containing the base was 

dissolved in solution and then mixed with a strong acid to control the pH. Bulk solution pH was 

measured by a pH probe (AP110, accumet Portable). Table 1 lists the pH, salt, and acid 

comprising each solution used to generate aerosol particles. Concentration values for each 

solution are provided in Table S1. Aerosols were generated from solutions using a Collison 

nebulizer (atomizer) operated with HEPA-filtered air and then impacted onto quartz substrates 

(Ted Pella, Inc.) using a Microanalysis Particle Sampler (MPS-3, California Measurements, 

Inc.). For the HCO3
-/CO3

2- system, generated aerosols were passed through two diffusion dryers 

prior to impaction in order to remove liquid phase water and increase the concentration of 

analytes in individual particles (concentration increased by a factor of ~100 on average). 

Particles from Stage 1 of the MPS (>2.8 μm equivalent aerodynamic diameter cut-point) were 

analyzed to ensure particles were larger than the Rayleigh diffraction limit (0.36 μm) and spot 

size (0.72 μm) for the Raman spectrometer (0.9 N.A. objective with a 532 nm laser). The 

projected area diameter (dpa) size range for particles studied is determined by optical imaging 

and refers to the diameter of a circle with the same projected area as the particle. For the particles 

in this study, dpa ranged from 1 - 15 μm, with an average of 6.3 μm. These dpa’s are larger than 

aerodynamic or geometric diameters of the particles prior to impaction due to spreading upon 

impaction. 
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Table 6.1. Composition and pH of solutions used to generate aerosol particles, along with 
vibrational modes corresponding to the acid and conjugate base, for each acid-base system. 

Acid-Base 
System 

Bulk 
Solution 
pH 

Solution 
Composition Acid Base 

Salt Acid Mode 
Freq.#  
(cm-1) Mode 

Freq.#  
(cm-1) 

HNO3/NO3
- < 0* NaNO3 HNO3 νs(HNO3) 1306 νs(NO3

-) 1047 

HC2O4
-/C2O4

2- 3.63 (NH4)2C2O4 HCl ν(C-C) 
HC2O4

- 873 ν(C-C) 
C2O4

2- 907 3.97 
HCH3COO/ 
CH3COO- 3.92 NaCH3COO HCl ν(C-C) 

CH3COO 890 ν(C-C) 
CH3COO- 927 

HCO3
-/CO3

2- 10.47 Na2CO3 HCl νs(HCO3
-) 1019 νs(CO3

2-) 1067 

HSO4
-/SO4

2- & 
HC2O4

-/C2O4
2- 

0.39 
(NH4)2SO4, 
(NH4)2C2O4 

H2SO4 
νs(HSO4

-) 1053 νs(SO4
2-) 983 0.83 

3.58 ν(C-C) 
HC2O4

- 873 ν(C-C) 
C2O4

2- 907 3.99 
*pH below measurement range of pH probe 
#Frequencies identified from calibration of standard compounds 

6.2.2 Raman Microspectroscopy 

Raman spectra for individual impacted particles were collected using a LabRAM HR 

Evolution Raman microspectrometer (Horiba, Ltd.) equipped with a Nd:YAG laser source (50 

mW, 532 nm) and CCD detector, and coupled with a confocal optical microscope (100x 0.9 N.A. 

SLMPlan N Olympus objective). The instrument was calibrated against the Stokes Raman signal 

of pure Si at 520 cm-1 using a silicon wafer standard. Spectra from 500 to 1400 cm-1 were 

acquired for 5 s with three accumulations for the inorganic acid systems and 15 s with three 

accumulations for the organic acid systems and the mixture. A 600 groove/mm diffraction 

grating yielded spectral resolution of ~1.7 cm-1. Spectra were collected at ambient temperature 

and relative humidity (RH), monitored with an RH sensor (EK-H5, Sensiron). A 2 μL droplet of 

each solution was also analyzed in order to compare bulk solution spectra with those of the 

particles.  
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6.2.3 Aerosol pH Calculation 

 The pH of individual aerosol particles was determined using the method described by 

Rindelaub et al. (Rindelaub et al., 2016a). Briefly, integrated peak areas of the vibrational modes 

corresponding to an acid (HA) and conjugate base (A-) for each acid-base system were related to 

concentration using calibration curves (Figures B.1-B.5). The vibrational modes analyzed for 

each acid-base system are included in Table 1. The concentration of other ions present in the 

particle (those not directly involved in the acid-base equilibrium) were determined from the ratio 

of [ion]:[acid + conjugate base] (Table S1). Once the concentration of all ions present was 

determined, ionic strength (I) was calculated via Equation 6.1, where Ci and zi represent the 

concentration of each ion and its corresponding charge, respectively.  

Equation 6.1          𝐼 = 1
2
∑C𝑖𝑧𝑖2 

Molality units were used for concentration of each species, determined by converting molarity to 

molality using the density of the solution mixture. The solution densities were found by using the 

Laliberté model (Laliberte and Cooper, 2004), and were iteratively solved during molality 

conversions. Since the density calculations required concentrations of each solute in the solution 

mixture, the equivalent concentrations of each cation and anion were found by Clegg’s 

equivalent fraction method (Clegg and Simonson, 2001), which assumes that all possible 

combinations of cation and anion are present as solute components.  

Then the extended Debye-Hückel relationship (Equation 6.2) was applied to calculate the 

activity coefficient for each species in the acid-base equilibrium. In the extended Debye-Hückel 

relationship, A and B are constants characteristic of the solvent (water) and åi is the effective 

diameter of the ion in solution (Kielland, 1937; Garrels and Christ, 1965). Values for the 

constants used in the extended Debye- Hückel relationship can be found in Table S2. 

Equation 6.2     −𝑙𝑙𝑙𝛾𝑖 = 𝐴𝑧𝑖
2√𝐼

1+å𝑖𝐵√𝐼
 

The concentrations of acid and conjugate base, their respective activity coefficients, and the acid 

dissociation constant, Ka, were then used to calculate [H+] (Equation 6.3), and finally pH 

(Equation 6.4). 

Equation 6.3      𝐾𝑎 =
𝑎H+∗𝑎A−

𝑎𝐻𝐻
=

(�H+�∗𝛾H+)([A−]∗𝛾A−)

[HA]∗𝛾HA
  

Equation 6.4    pH = − 𝑙𝑙𝑙�𝑎H+� = −𝑙𝑙𝑙 (𝛾H+ ∗ [H+]) 
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Note that an iterative method is needed to solve Equations. 6.1-6.3, since the value of 

[H+] is not known and is needed in the calculation of ionic strength and activity coefficients. As 

with the density calculations (discussed after Equation 6.1), Clegg’s equivalent fraction method 

(Clegg and Simonson, 2001) was used to find the first initial value for [H+].  This value is then 

used to solve for ionic strength (Equation 6.1), and subsequently the activity coefficients 

(Equation 6.2). Using the activity coefficients, Equation 6.3 is applied to calculate a new value 

for [H+]. The initial value for [H+] is then iteratively changed until it equals that from the 

Equation 6.3 calculations. 

6.3 Results and Discussion 

6.3.1 Inorganic Acid-Base Equilibria Aerosol pH 

Aerosol particle pH was evaluated for each acid and conjugate base system and is 

discussed in terms of inorganic acid systems (HNO3/NO3
- and HCO3

-/CO3
2-), organic acid 

systems (HC2O4
-/C2O4

2- and CH3COOH/CH3COO-), and a mixed inorganic-organic system 

(HC2O4
-/C2O4

2- with HSO4
-/SO4

2-). Figure 6.2 shows the relative fraction of each inorganic 

species as a function of pH for the nitric acid and carbonic acid equilibriums, respectively. Since 

the pH was too low to be measured accurately with the pH probe, the pH of the bulk solution 

used to generate aerosol particles for the HNO3/NO3
- system was calculated to be between -1.1 

and -1.4, based on the concentration of ions in solution. The pH of HNO3/NO3
- aerosol particles 

when calculated using the extended Debye-Hückel model varied from -1.2 to 0.090, with an 

average of -0.48. A histogram showing the pH for all particles measured (for the HNO3/NO3
- 

system and all systems discussed later) is included in the Supporting Information. The Raman 

spectrum of a representative HNO3/NO3
- particle (pH = -0.49, dpa = 9.9 μm) is shown in Figure 

6.2C, with the vibrational modes that were used to determine [NO3
-] and [HNO3] identified as 

νs(NO3
-)  at 1057 cm-1 and νs(HNO3) at 1313 cm-1, respectively (Ratcliffe and Irish, 1985; 

Waterland et al., 2001; Wren and Donaldson, 2012a; Jentzsch et al., 2013). In the inset, the 

shoulder of the νs(HNO3) mode at 1344 cm-1 was attributed to the νa(NO3
-) mode (Wren and 

Donaldson, 2012a; Jentzsch et al., 2013). As can be seen by the low intensity of the νs(HNO3) 

mode relative to the νs(NO3
-) mode, nitric acid was not conserved in the particle phase, a 

phenomenon that will be discussed further later. For comparison with an alternative prediction of 

pH, the multilayer adsorption isotherm based model from Dutcher et al. was also used to 
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determine the molalities and activities of the solutes present, and subsequently the activity of H+ 

and pH (Dutcher et al., 2013). With the Dutcher model, particle pH values were closer than the 

values from extended Debye-Hückel model to the calculated pH values of the HNO3/NO3
- bulk 

solution, ranging from -1.4 to -0.88, with an average pH of -1.2. The pH of the particle 

corresponding to the Raman spectrum shown in Figure 6.2C was calculated with the Dutcher 

model to be -1.17. 

The measured pH of the bulk solution used to generate aerosol particles for the HCO3
-

/CO3
2- system was 10.47. HCO3

-/CO3
2- aerosol particles varied in pH from 9.9 to 10.4, with an 

average of 10.1. The νs(HCO3
-) vibrational mode at 1023 cm-1 and νs(CO3

2-) vibrational mode at 

1052 cm-1 that were used to determine [HCO3
-] and [CO3

2-], respectively (Rudolph et al., 2008), 

are shown in the Raman spectrum of a representative HCO3
-/CO3

2-
 particle (pH = 10.1, dpa = 4.1 

μm) in Figure 6.2D. The H2CO3/HCO3
- equilibrium could not be studied, due to the equilibrium 

between aqueous phase H2CO3 with CO2 and H2O (Magid and Turbeck, 1968).  
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Figure 6.2. Relative fraction as a function of pH for (A) nitric acid equilibrium and (B) carbonic 
acid and bicarbonate equilibrium, with the pH of the bulk solutions used to generate aerosol 
particles indicated by the dashed line. Raman spectra for a (C) HNO3/NO3

- aerosol particle 
pH -0.49 and a (D) HCO3

-/CO3
2- aerosol particle pH 10.1. Red lines indicate Gaussian peak fits. 

 

6.3.2 Organic Acid-Base Equilibria Aerosol pH 

For the organic acids, the relative fractions of each species as a function of pH in the 

oxalic acid and acetic acid equilibriums are shown in Figure 6.3A and 6.3B, respectively. HC2O4
-

/C2O4
2- aerosol particles were atomized from two bulk solutions, with measured pH values of 

3.63 and 3.97, respectively. Aerosol particle pH varied from 2.4 to 3.8 with an average of 3.0 and 

from 2.8 to 3.9 with an average of 3.3 for HC2O4
-/C2O4

2-
 particles generated from the respective 

low and high pH bulk solutions. Raman spectra for two representative HC2O4
-/C2O4

2-
 particles 

(pH = 2.9, dpa = 15.0 μm and pH = 3.6, dpa = 8.0 μm) are shown in Figure 6.3C. [HC2O4
-] was 

determined from the HC2O4
- ν(C-C) mode at 876 cm-1 and [C2O4

2-] was determined from the 

C2O4
2- ν(C-C) mode at 899 cm-1 (Ito and Bernstein, 1956; Gruen and Plane, 1967; de Villepin 

and Novak, 1971). Under appropriately acidic conditions, H2C2O4 can be identified by its ν(C-C) 

mode at 850 cm-1 (Figure B.7) (Hibben, 1935). However, close proximity to the ν(C-C) mode of 

HC2O4
- makes it difficult to fit the two modes accurately enough to determine their respective 

ion concentrations, thus limiting the use of the H2C2O4/HC2O4
- equilibrium system with this 

method for determining aerosol particle pH.  

For the CH3COOH/CH3COO- equilibrium system, particles were generated from a bulk 

solution with a measured pH of 3.92, yielding aerosol particle pH values of 3.8 to 4.2, with an 

average of 4.0. The Raman spectrum of a representative CH3COOH/CH3COO-
 particle (pH = 

4.1, dpa = 4.4 μm) is shown in Figure 6.3D, with the CH3COOH ν(C-C) mode used to calculate 

[CH3COOH] identified at 892 cm-1 and the CH3COO- ν(C-C) mode used to calculate [CH3COO-] 

identified at 931 cm-1 (Ito and Bernstein, 1956; Ng and Shurvell, 1987; Nakabayashi et al., 

1999). It should be noted that CH3COOH measurements are most likely of acetic acid clusters, as 

CH3COOH molecules can form dimers through hydrogen bonding interactions in aqueous 

environments (Nishi et al., 1999). Similar to nitric acid, low intensity of the ν(C-C) mode for 

CH3COOH relative to CH3COO- indicates less acetic acid is present in the particle phase due to 

gas-particle partitioning and will be discussed in detail later. 
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Figure 6.3. Relative fraction as a function of pH for (A) oxalic acid and bioxalate equilibrium 
and (B) acetic acid equilibrium, with the pH of the bulk solutions used to generate aerosol 
particles highlighted by the dashed line. Raman spectra for (C) HC2O4

-/C2O4
2- aerosol particles 

pH 2.9 and 3.6 and (D) a CH3COOH/CH3COO-
 aerosol particle pH 4.1. Red lines indicate 

Gaussian peak fits. 

6.3.3 Mixed Acid-Base Equilibria Aerosol pH 

The final set of particles were composed of both the HC2O4
-/C2O4

2- and HSO4
-/SO4

2- 

equilibrium systems. Figure 6.4A shows the relative fraction of all species for both equilibrium 

systems as a function of pH. Particles were atomized from four bulk solutions of different pHs – 

0.39, 0.83, 3.58, and 3.99. For particles generated from the two lower pH solutions, the HSO4
-

/SO4
2- equilibrium was used to determine pH. Particle pH ranged from 0.91 to 1.3 with an 

average of 1.2 for the lowest pH set (bulk solution pH 0.39) and 1.5 to 1.8 with an average of 1.6 

for the higher pH set (bulk solution pH 0.83). For particles generated from the two higher pH 
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solutions, the HC2O4
-/C2O4

2- equilibrium was used to determine pH. Particle pH ranged from 3.6 

to 4.7 with an average of 4.1 for the lower pH set (bulk solution pH 3.58) and 3.3 to 4.9 with an 

average of 3.7 for the higher pH set (bulk solution pH 3.99). Figure 6.4B shows spectra of a 

representative particle for which the HSO4
-/SO4

2- equilibrium was used to determine the pH (pH 

= 1.5, dpa = 8.8 μm) and a representative particle for which the HC2O4
-/C2O4

2- equilibrium was 

used to determine the pH (pH = 3.6, dpa = 8.3 μm). Figure 6.4C shows the same spectra, focused 

closer on the spectral regions where the vibrational modes corresponding to the HC2O4
-/C2O4

2- 

system and HSO4
-/SO4

2- system are located. Raman spectra of a representative particle (pH = 

1.2, dpa = 8.1 μm) generated from the pH 0.38 solution and a representative particle (pH = 3.9, 

dpa = 4.4 μm) generated from the pH 3.58 solution are also shown in Figure 6.4C. For the HSO4
-

/SO4
2- system, the νs(SO4

2-) and νs(HSO4
-) modes were identified at 983 cm-1 and 1050 cm-1, 

respectively, and used to determine [SO4
2-] and [HSO4

-] (Jentzsch et al., 2013; Rindelaub et al., 

2016a). At the low pHs, all oxalate species were present in the form of oxalic acid and thus the 

ν(C-C) mode of H2C2O4 at 850 cm-1 was used to determine [H2C2O4] (Hibben, 1935), which was 

included in calculations of ionic strength. For the HC2O4
-/C2O4

2- system, the same ν(C-C) modes 

for HC2O4
- and C2O4

2- discussed previously for particles composed of only the HC2O4
-/C2O4

2- 

equilibrium were used to determine pH. At the high pHs, all sulfate species present were in the 

form of sulfate and thus the νs(SO4
2-) mode was used to determine [SO4

2-] and incorporated into 

the calculations of ionic strength. Aerosol particle pH for particles composed of only HC2O4
-

/C2O4
2- was, on average, lower in comparison to particles of HC2O4

-/C2O4
2- and HSO4

-/SO4
2- 

mixed composition, despite similar pH bulk solutions used to generate particles and using the 

HC2O4
-/C2O4

2- equilibrium to calculate pH for both systems. This phenomenon can be explained 

by differences in particle ionic strength and H+ activity and will be discussed later. Successful 

determination of pH for these mixed system particles shows the potential for this method to be 

applied to aerosol particles of more complex chemical compositions, potentially even ambient 

aerosol particles if distinguishable modes for an acid and its conjugate base are present and 

measurable. 
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Figure 6.4.  (A) Relative fraction as a function of pH for oxalic acid and bioxalate equilibrium 
and bisulfate equilibrium, with the pH of the bulk solutions used to generate oxalate-sulfate 
mixed aerosol particles highlighted by the dashed lines. (B) Full Raman spectra for HC2O4

-

/C2O4
2- and HSO4

-/SO4
2- mixed aerosol particles pH 1.5 and 3.2. (C) Raman spectra for HC2O4

-

/C2O4
2- and HSO4

-/SO4
2- aerosol particles pH 1.2, 1.5, 3.6, and 3.9 focused on spectral regions 

where ν(C-C) HC2O4
-, ν(C-C) C2O4

2-, νs(HSO4
-), and νs(SO4

2-) are present. Red lines indicate 
Gaussian peak fits. 

6.3.4 Observations of Gas-Particle Partitioning 

As mentioned previously in the discussions of the HNO3/NO3
- and CH3COOH/CH3COO- 

equilibrium systems, HNO3 and CH3COOH are not conserved in the generated aerosol particles 

relative to their respective conjugate bases due to gas-particle partitioning. To further explore 

this phenomenon, Figure 6.5 shows a comparison of spectra of the HNO3/NO3
- and 

CH3COOH/CH3COO- particles to spectra of the bulk solutions from which the particles were 
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generated. The intensity of the vibrational modes corresponding to the acid for both systems is 

significantly larger in the bulk solution than in the particle, thus the [acid]:[base] ratio in the bulk 

solution is larger than that of the particle. This indicates nitric acid and acetic acid are 

partitioning from the particle to gas phase during the atomization process, most likely due to 

quicker loss of vapor because of increased surface to volume ratio for the aerosol particles versus 

the droplets and/or heating from the laser. Nitric acid and acetic acid exhibit this behavior more 

than oxalic acid and the other ion compounds because of their higher volatility. The value for the 

Henry’s Law constant (kH
°) for nitric acid and acetic acid is ~ 2x103 mol m-3 Pa-1 and ~ 4x101 

mol m-3 Pa-1
, respectively, in contrast to the larger kH

°
 of ~6x106 mol m-3 Pa-1 of oxalic acid 

(Sander, 2015). A limited number of particles were analyzed for the CH3COOH/CH3COO- 

system, due to challenges associated with partitioning of CH3COOH to the gas phase. For 

comparison, Raman spectra of bulk solutions and particles for the HC2O4
-/C2O4

2- system and the 

HC2O4
-/C2O4

2- and HSO4
-/SO4

2- mixed system that did not exhibit this partitioning behavior are 

shown in Figure B.8. The observation of decreased [acid]:[base] for aerosol particles for the 

HNO3/NO3
- and CH3COOH/CH3COO- equilibrium systems could have implications for size-

dependent particle acidity and particle phase reactions, such as acid-displacement in mixed sea 

salt and weak organic acid particles (Laskin et al., 2012).  
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Figure 6.5. Raman spectra of a representative particle and the bulk solution for the A) 
HNO3/NO3

- and B) CH3COOH/CH3COO- equilibrium systems. The spectra for the HNO3/NO3
- 

system were normalized to the νs(NO3
-) mode and the spectra for the CH3COOH/CH3COO- 

system were normalized to the ν(C-C) mode of CH3COO-.  

6.3.5 H+ Activity and Ionic Strength 

In addition to measuring the pH of aerosol particles for each of these systems, trends 

were observed for H+ activity coefficient, γ(H+), in relation to ionic strength and aerosol particle 

pH relative to the broadness of the vibrational modes analyzed. Across all of the acid-base 

systems, there is a negative relationship for γ(H+) as a function of ionic strength (Figure 6.6), 

with more γ(H+) sensitivity at lower ionic strength. However, the inorganic systems tend to have 

larger, more varied ionic strength with lower, less variable γ(H+). The inverse holds for the 

organic systems, which show larger, more varied γ(H+) with smaller and less variability in ionic 

strength. As mentioned earlier, even though particles were generated from bulk solutions of 

similar pH and the HC2O4
-/C2O4

2- system was used to determine pH, particles composed of only 

HC2O4
-/C2O4

2- had lower average pH than particles of HC2O4
-/C2O4

2- and HSO4
-/SO4

2- mixed 

composition (average aerosol particle pH 3.2 and 4.0, respectively). Because of the inorganic 

component in the HC2O4
-/C2O4

2- and HSO4
-/SO4

2- mixed particles, their γ(H+) was lower, thus 

decreasing the activity of H+
, making the particles less acidic. This observation supports that ion 
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behavior in mixed organic and inorganic particles is dictated by contributions from all chemical 

species present. 

 

 

Figure 6.6. H+ activity coefficient (γ(H+)) as a function of ionic strength for each organic (A), 
mixture (B), and inorganic (C) acid-base system. Data for the HSO4

-/SO4
2- equilibrium from 

Rindelaub et al. is also included for comparison. Note the differing scales for ionic strength. 

6.3.6 Hydrogen Bonding Effects 

In addition to the relationship between γ(H+) and ionic strength, aerosol particle pH as a 

function of peak broadness (full width half maximum – fwhm) was explored (Figure 6.7). For 

vibrational modes corresponding to both the inorganic and organic acids, fwhm increased as 

particles became more acidic. The broadening of these modes may be attributed to different 

solvent binding conformations that occur as pH decreases and hydrogen bonding increases 

(Larkin, 2011). In the presence of more H3O+ ions and increased hydrogen bonding, there may 

be multiple solvent conformations, each with slightly different energies that form, leading to a 



91 
 

broader peak that encompasses all of these variations in structure. The correlation (r) values for 

this trend are: νs(HCO3
-), -0.927; νs(HSO4

-), -0.532; νs(HNO3), -0.729; ν(C-C) CH3COOH, -

0.683; and ν(C-C) HC2O4
-, -0.513. Although there is a relatively strong correlation between 

aerosol particle pH and fwhm for ν(C-C) CH3COOH, it is difficult to confidently identify a 

relationship due to the limited number of data points. A second aspect of pH versus peak width 

worth commenting on is the greater magnitude of broadening for the nitric acid peak versus the 

bicarbonate peak, which is attributed to significantly higher H3O+ concentration at pH -1 versus 

10. 

 

Figure 6.7. Aerosol particle pH as a function of the full width half maximum (fwhm) for (A) 
inorganic acids and bases and (B) organic acids and bases). 

Additionally, it should be noted that the correlation between aerosol particle pH and 

fwhm of the vibrational mode corresponding to the acid species is not quite as strong for 
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νs(HSO4
-), -0.532 and ν(C-C) HC2O4

-, -0.513. For HSO4
-, this could be due to the extra oxygen 

atom (four oxygen compared to two or three of the other acid species), which creates more 

resonance and increases the electron density, thus reducing the impact of hydrogen bonding on 

the symmetric S-O stretch and limiting broadening of its peak in the Raman spectra. Comparison 

with results from Rindelaub et al. (Figure B.9) (Rindelaub et al., 2016a) shows a slightly stronger 

correlation between aerosol particle pH and νs(HSO4
-) peak broadness (r = -0.659). For HC2O4

-, 

the impact of hydrogen bonding on peak fwhm is much less pronounced, since the analyzed 

vibrational mode corresponds to the C-C stretch of the backbone of the dicarboxylic acid, rather 

than a stretch containing an oxygen atom. However, according to density functional theory 

calculations (see Supporting Information for details on calculations), the ν(C-C) stretch is weakly 

coupled to the δ(O-C-O) bend, which is influenced by protonation and subsequent hydrogen 

bonding with decreasing pH.  

In contrast to the acid species, for the inorganic base species, there was no correlation 

between aerosol particle pH and peak broadness. This observation is tentatively attributed to 

fewer solvent bonding conformations being possible for the more symmetric molecules, resulting 

in a consistently sharper peak. For the organic bases, the peak became narrower with decreasing 

pH, which could be due to increased concentration of the base species (oxalate or acetate) with 

decreasing pH, resulting in a more intense, and thus broader, peak. Because the ν(C-C) stretch 

for the organic base species is inherently broader than the symmetric stretch of the inorganic 

base species, this trend of increasing pH and ion concentration leading to increased peak 

broadness is only observed for the organic base species, though this is speculative and further 

work is needed to explain this phenomenon. While there may appear to be a relationship between 

aerosol particle pH and peak fwhm for νs(SO4
2-), this is an artifact of analyzing two samples with 

two distinctly different pHs, and thus two different populations of sulfate. When compared with 

results from Rindelaub et al. with aerosol particle pH varied over a broader range (Figure B.9) 

(Rindelaub et al., 2016a), it is clear that there is not a strong correlation (r = -0.471). Correlation 

(r) values for all acid and base species are provided in Table S3. Further work expanding the 

number of species studied and range of pH is needed to fully understand the relationship between 

aerosol particle pH and the ion interactions that dictate broadness of the vibrational modes 

corresponding to the species of the acid-base equilibrium systems. 
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6.4 Conclusions 

In this study, pH was determined for individual laboratory generated aerosol particles of 

varying composition at ambient conditions using Raman microspectroscopic measurements of 

acid and conjugate base species and the extended Debye-Hückel relationship. The acid-base 

equilibrium systems tested included two inorganic (nitric acid/nitrate and bicarbonate/carbonate), 

two organic (bioxalate/oxalate and acetic acid/acetate), as well as a mixture of both inorganic 

and organic (bisulfate/sulfate and bioxalate/oxalate). In addition to aerosol particle pH 

measurements, this study explored gas-particle partitioning of volatile acid species and a few 

aspects of ion behavior in relation to particle pH. Nitric acid and acetic acid were found to 

partition from the particle to the gas phase due to increased surface to volume ratios and did so 

more than the other acid species because of their higher volatility. In terms of the impact of 

organic and inorganic components on ionic strength and H+ activity, the inorganic particles had 

larger, more variable ionic strength with smaller, less change in the H+ activity coefficient, while 

the organic particles had larger, more variable H+ activity coefficient values with smaller, less 

change in ionic strength. Finally, the relationship between particle pH and peak broadness was 

explored and revealed unique trends in peak broadness with changing pH for both inorganic and 

organic acid and base species. These results show the potential for direct measurement of pH and 

ion behavior in individual aerosol particles and will enable future studies of more chemically 

complex particles, including ambient aerosol, which will improve understanding of their pH-

dependent chemical processes and climate-relevant properties. 
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Chapter 7. Direct Determination of Aerosol pH: Size-Resolved Measurements of 
Submicron and Supermicron Aqueous Particles 

 
Adapted with permission from Craig, R. L., Peterson, P. K., Nandy, L., Lei, Z., Hossain, M. A., 

Camarena, S., Dodson, R. A., Cook, R. D., Dutcher, C. S., and Ault, A. P.: Direct Determination 

of Aerosol pH: Size-Resolved Measurements of Submicron and Supermicron Aqueous Particles, 

Anal. Chem., 2018, under review with journal. Copyright 2018 American Chemical Society. 

7.1 Introduction 

Atmospheric aerosols have global impacts on human health (10% of global deaths 

annually) (Kim et al., 2015) and climate (due to effects on radiative forcing and cloud 

formation). (Pöschl, 2005). Despite their importance, mechanistic understanding is low for many 

key atmospheric processes, such as secondary organic aerosol (SOA) formation. Aerosol acidity 

is a critical property for SOA formation, specifically epoxide ring opening reactions, as the 

reaction rates of pH-dependent multiphase chemical processes can vary by five orders of 

magnitude within relevant atmospheric pH values (0-5), leading to lifetimes for key species that 

vary from minutes to weeks (Jang et al., 2002, 2003b; Limbeck et al., 2003; Iinuma et al., 2009; 

Eddingsaas et al., 2010; Surratt et al., 2010; Lin et al., 2012; Gaston et al., 2014; Riva et al., 

2016c). Other multiphase chemical processes where acidic pH conditions are important include 

gas-aerosol phase partitioning (Jang et al., 2002), heterogeneous reactions (Gard et al., 1998; 

Bondy et al., 2017b), water uptake (Prenni et al., 2003; Ghorai et al., 2011), hydrolysis (Surratt et 

al., 2008; Hu et al., 2011; Rindelaub et al., 2015, 2016b), liquid-liquid phase separations (Ault et 

al., 2013a; You et al., 2014; Losey et al., 2016), metal ion dissolution and solubility (Chen et al., 

2012; Longo et al., 2016; Fang et al., 2017), and photolysis and OH radical reaction chemistry 

(Liu et al., 2017c; Rapf et al., 2017; Witkowski and Gierczak, 2017). Recent work has predicted 

through indirect methods that aerosol particles are often acidic (Guo et al., 2015, 2016; 

Bougiatioti et al., 2016; Weber et al., 2016; Battaglia et al., 2017; Liu et al., 2017b), which has 

important implications for the processes listed above. However, in addition to a lack of direct 

measurements, there is both variability and uncertainty regarding atmospheric aerosol acidity due 
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to differing source contributions (Bougiatioti et al., 2016; Pozzer et al., 2017; Shi et al., 2017), 

seasonality (Kumar and Raman, 2016; Wu et al., 2017), and regional location, such as urban 

versus rural areas (Battaglia et al., 2017). 

Aerosol acidity is difficult to measure due to the non-conservative nature of H+ 

concentration and its dependence on relative humidity (RH) and aerosol liquid water content. As 

such, indirect filter-based measurements or proxy methods to predict pH are often used. Proxy 

methods include ion balance, molar ratio, phase partitioning, and thermodynamic equilibrium 

models, with the latter two regarded as the most accurate (Hennigan et al., 2015). For the phase 

partitioning method, gas and aerosol phase measurements of semi-volatile compounds, such as 

NH3/NH4
+, are used to indirectly measure pH (Keene et al., 2004; Young et al., 2013; Hennigan 

et al., 2015). Thermodynamic models, such as E-AIM (Clegg et al., 1992, 1998; Carslaw et al., 

1995; Wexler and Clegg, 2002) and ISORROPIA-II (Nenes et al., 1998; Fountoukis and Nenes, 

2007), predict aerosol pH based on measured chemical species (e.g., sulfate and ammonium 

concentrations), temperature, and RH and have been increasingly applied to evaluate aerosol 

acidity and variability (Guo et al., 2015, 2016; Bougiatioti et al., 2016; Weber et al., 2016; 

Battaglia et al., 2017; Liu et al., 2017b; Wu et al., 2017). Given the lack of approaches to directly 

measure pH, these models have driven our knowledge of aerosol acidity, but have also had few 

experimental measurements of pH to constrain their results. In particular, the thermodynamic 

models are most accurate when they can be constrained by measurements of both gas and aerosol 

phase chemical components (Hennigan et al., 2015; Murphy et al., 2017). Both the phase 

partitioning method and thermodynamic models are sensitive to input measurement values and 

their associated uncertainties, which can be high for species such as ammonia. Also, both assume 

gas-particle phase equilibrium, which is not always accurate, especially as aerosol often have 

low liquid water content or high ionic strength (Keene et al., 2004; Perraud et al., 2012; 

Hennigan et al., 2015; Shiraiwa et al., 2017). Additionally, neither method accounts for organic 

components, which are ubiquitous in the atmosphere (Kolb and Worsnop, 2012). This is a 

limitation as organic acids can influence acidity levels (Hennigan et al., 2015; Silvern et al., 

2017). Direct measurement of aerosol pH is needed to provide an analytical determination of pH 

to constrain both model and proxy methods, particularly when the available methods disagree.  

Currently, direct measurement of aerosol acidity is limited. One method uses colorimetric 

analysis integrated with a reflectance UV-Visible spectrometer to measure the proton 
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concentration of particles samples collected on dyed filters (Jang et al., 2008; Li and Jang, 2012). 

Another method uses Raman microspectroscopy to quantify concentrations from the vibrational 

modes of an acid and its conjugate base, allowing their equilibrium to be determined (Rindelaub 

et al., 2016a; Craig et al., 2017b). The concentrations are then combined with activity coefficient 

calculations to determine pH of individual particles (Rindelaub et al., 2016a; Craig et al., 2017b). 

Application of this method is limited though, as it has only been used to measure pH for 

laboratory-generated supermicron particles composed of simple chemical composition 

(Rindelaub et al., 2016a; Craig et al., 2017b). 

Herein, we developed and applied a facile method for direct, quantitative, real-time 

measurement of size-resolved ensemble average (bulk) aerosol pH. This method uses pH 

indicator paper to colorimetrically determine aerosol acidity, thus eliminating the dependence on 

challenging particle composition measurements or isolation of specific acid/conjugate base 

species for direct pH measurement via Raman spectroscopy. While a limited number of studies 

have measured cloud and fog droplet acidity qualitatively with pH indicator paper method 

previously (Ganor et al., 1993; Ganor, 1999), this has not been explored quantitatively. Aerosol 

samples were collected on pH indicator paper using a multiple stage impactor, allowing size-

resolved aerosol acidity to be measured. In this work, size-dependent trends in aerosol acidity 

were observed for (NH4)2SO4-H2SO4 aerosol particles, with smaller particles having higher 

levels of acidity. This trend was confirmed with single particle pH measurements via the 

previously discussed spectroscopic method (Rindelaub et al., 2016a; Craig et al., 2017b). Lastly, 

preliminary ambient atmospheric measurements with pH indicator paper are presented to 

demonstrate the field capabilities of this method.  

7.2 Methods 

7.2.1 Laboratory-Generated Aerosol Samples 

Standard solutions were prepared using 18.3 MΩ Milli-Q water and the following 

chemicals: ammonium sulfate (NH4)2SO4 (Alfa Aesar) and sulfuric acid (H2SO4) (Sigma-

Aldrich). All chemicals were > 98.0% purity and used without further purification. Solutions 

were 30 mM (NH4)2SO4 with varying concentration of H2SO4 to control pH. Bulk solution pH 

values ranged from 0 to 5, as measured by a pH probe (AP110, accumet Portable). Aerosols were 

generated from solution using an atomizer operated with HEPA-filtered air and then impacted 
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onto pH indicator paper (MColorpHast pH Test Strips, Millipore Sigma) and quartz substrates 

(Ted Pella, Inc.) using a microanalysis particle sampler (MPS-3, California Measurements, Inc.). 

The MPS-3 consists of three stages with aerodynamic diameter (da) 50% size cuts of 2.5-5.0 µm, 

0.40-2.5 µm, and < 0.40 µm for stages 1, 2, and 3, respectively. The chemical composition of the 

aerosol particles was chosen based on the ubiquity of sulfate in submicron atmospheric particles, 

which results in it being a common seed for SOA chambers study experiments (Riva et al., 

2016c). The pH range was chosen based on predictions of acidic aerosol particles from previous 

studies (Guo et al., 2015, 2016; Bougiatioti et al., 2016; Weber et al., 2016; Battaglia et al., 2017; 

Liu et al., 2017b). Aerosol particles were not dried prior to impaction to ensure they were 

aqueous and the RH of the system was maintained at ~90%. 

7.2.2 pH Indicator Paper Measurements 

Aerosol pH for aqueous particles collected from each stage of the MPS on pH indicator 

paper was determined by colorimetric analysis of images collected immediately after sampling 

(Figure 7.1). pH indicator paper for the pH range 0-2.5 and 2.5-4.5 were used for this study. For 

the pH 0-2.5 paper, the indicator dye is thymol blue with a pKa of 1.7 and for the pH 2.5-4.5 

paper, the indicator dye is methyl orange with a pKa of 3.47. An image of each sample, the 

corresponding pH color scale, and a blank pH indicator strip was collected with a standard 

cellular phone camera. The Red, Green, and Blue channels of the pH color scale were analyzed 

with a custom MATLAB script (Peterson, P. K., 2017. pH Paper Analysis. 

doi:10.5281/zenodo.1036797) created for this purpose to create a calibration curve relating the 

difference between the Green and Blue channels to pH2. The pH of the sample was then 

determined using the calibration curve. The pH color scale is included in each picture to generate 

a calibration curve for each sample analyzed to account for differences between images. 

Uncertainty for each pH measurement is also calculated based on color variation within the 

sample. pH indicator paper measurements of bulk solution standards of (NH4)2SO4-H2SO4 of 

varying pH were compared to pH probe measurements to confirm the accuracy of the pH 

indicator paper and image processing method (Figure F.1). Due to a small, systematic bias with 

the pH 2.5-4.5 indicator paper, a correction factor was applied to all measurements made with 

the higher range pH paper and further information is provided in Appendix F (Figure F.2). To 

confirm the color change on the pH indicator paper was due to aerosol particles rather than gas 
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or water vapor, a blank in which the particles were filtered out using a HEPA filter was collected 

and there was no observed color change on the pH indicator paper (Figure F.3). To account for 

potential differences in measured pH between calibration reference solutions and inorganic ions 

common in atmospheric aerosols, a range of aqueous inorganic solutions were tested with both 

pH probe and pH indicator paper (Figure F.4). 

 

Figure 7.1 Schematic of pH indicator paper method for direct measurement of aerosol pH. 

7.2.3 Raman Microspectroscopy 

For comparison to the bulk aerosol pH from the pH indicator paper, the pH of individual 

particles was also determined using the Raman microspectroscopic method previously described 

(Rindelaub et al., 2016a; Craig et al., 2017b). Details on the Raman analysis are provided in 

Appendix F. 

7.2.4 Size Distribution Characterization 

Generated particles for each solution were also characterized by a scanning mobility 

particle sizer (SMPS, Model 3938, TSI Inc.) and aerodynamic particle sizer (APS, Model 3321, 

TSI Inc.). The SMPS was operated at a 10:1 sheath:aerosol flow ratio and provided mobility 

diameter (dm) number and mass concentrations for the size range 14.1-763.5 nm. The APS 
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provided aerodynamic diameter (da) number and mass concentrations for the size range 0.542-

19.81 μm. Aerosols were studied under high (~90%) and low (~45%) RH conditions. For the low 

RH condition, aerosols passed through two diffusion dryers prior to analysis. RH was monitored 

with an RH sensor (EK-H5, Sensiron). 

7.2.5 Ambient Aerosol Samples 

Ambient aerosol samples were also collected for pH indicator paper measurements using 

the MPS-3 impactor. Sampling was conducted at the University of Michigan Biological Station 

(UMBS) PROPHET Tower (Pellston, MI) in July 2016 and the University of Michigan 

Chemistry Building (Ann Arbor, MI) in August 2016. 

7.3 Results and Discussion 

7.3.1 pH Measurements of Standard Aerosol Samples 

Herein, the first direct, quantitative measurements of size-resolved aerosol pH were made 

using pH indicator paper. Aerosol particles were generated from (NH4)2SO4-H2SO4 solutions 

(pH range 0 – 4.5) and impacted onto the pH indicator paper using a cascade impactor with three 

stages. Changes in aerosol acidity as a function of particle size were primarily observed at 

acidities below the pKa of HSO4
-
 (1.99) (Lide, 2009), as shown in Figure 7.2. For aerosols 

generated from solutions with pH < 2.5, the aerosol pH of the coarse mode particles (da > 2.5 

μm) was similar to the bulk solutions. In contrast, below a pH of 2.5, fine mode aerosol (da 0.4-

2.5 μm) pH was lower than the bulk solution and coarse mode particles. Aerosol pH of the 

smallest sized particles (da < 0.4 μm) was even lower, indicating particle acidity increases (pH 

decreases) with decreasing particle size. It should be noted that the minimum pH value 

calculated with the pH indicator paper method is pH 0, which represents an upper bound of pH 

for samples generated from solutions with pH ≤ 1. The increasing acidity of smaller particles is 

likely related to aerosol water content and ammonia partitioning below the pKa of bisulfate and is 

discussed in detail below. 
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Figure 7.2  (A) pH indicator paper measurements of aerosol particles da > 2.5 µm (yellow), da 
0.4 – 2.5 µm (orange), and da < 0.4 µm (red) as a function of the bulk solution pH from which 
the particles were generated. Raman spectra of the ν(SO4

2-) and ν(HSO4
-) modes, normalized to 

the ν(HSO4
-) mode, for particles generated from bulk solution (B) pH 0.47 and (C) pH 1.51 

(corresponding to the data marked by the *). 

 

Raman spectra collected from aerosol particles of various sizes corresponding to the pH 

paper measurement size ranges confirmed the observation of increased particle acidity with 

decreasing particle size (Figure 7.2B and 7.2C). As shown in Rindelaub et al. and Craig et al., 

the νs(SO4
2-) and νs(HSO4

-) vibrational modes can be used to determine aerosol particle pH 
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based on the HSO4
-/SO4

2- acid-base equilibrium (Rindelaub et al., 2016a; Craig et al., 2017b). 

For spectra normalized to the intensity of the ν(HSO4
-) mode, a clear decrease in the intensity of 

the ν(SO4
2-) mode, indicating increasing acidity (decreasing pH), is observed with decreasing 

particle size across all bulk solution pH systems. Raman spectra for the other systems between 

pH 0.15 – 2.05, the pH range for which aerosol particle pH can be determined spectroscopically 

for the HSO4
-/SO4

2- equilibrium, is provided in Appendix F (Figure F.4).  

To further investigate the relationship between particle size and acidity, individual 

aerosol particle pH was determined spectroscopically for particles generated from bulk solution 

of pH 0.15 to pH 2.05. As shown in Figure 7.3, the single particle spectroscopic pH 

measurements corroborate the aerosol pH indicator paper measurements. Particles generated 

from bulk solutions of lower pH had higher acidity levels, as expected, and across all bulk 

solution pH systems, the [HSO4
-]/[SO4

2-] ratio is higher and more varied for smaller sized 

particles, indicating higher levels of acidity and decreased uniformity within the aerosol 

population. When clustered according to the size ranges corresponding to the pH indicator paper 

measurements, increasing acidity with decreasing particle size can be clearly seen for systems 

both pH < 1 and pH > 1. As the pH indicator paper particle size ranges from inertial separation 

are based on aerodynamic diameter (da) rather than projected area diameter (dpa) (Hinds, 1999), 

the measured dpa of the individual particles analyzed by Raman was converted to da prior to 

clustering based on a spreading ratio of 4 (Sobanska et al., 2014; Bondy et al., 2017a). For bulk 

solution systems pH < 1, particles with aerodynamic diameter < 0.4 µm, 0.4 – 2.5 µm, and > 2.5 

µm had median pH values of 0.23, 0.66, and 0.69, respectively. For bulk solution systems pH > 

1, particles with aerodynamic diameter < 0.4 µm, 0.4 – 2.5 µm, and > 2.5 µm had median pH 

values of 0.63, 0.87, and 1.03, respectively. Considering the log scale of [H+] for pH, these 

differences of ~ 0.5 pH units correspond to a 3x increase in H+ concentration as particle size 

decreases from supermicron to submicron for aerosol particles of the same population.  
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Figure 7.3  (A) [HSO4
-]/[SO4

2-] as a function of dpa for individual aerosol particles, with color 
representing the pH of the solution from which the particles were generated. (B) Box and 
whisker plot of aerosol pH as a function of da for individual particles, but grouped into size 
ranges corresponding to the pH indicator paper measurements. The centerline represents the 
median, the box outlines the inner quartiles, and the whiskers represent the 10th and 90th 
percentile. 

 

The observed trend of increasing particle acidity with decreasing particle size is attributed 

to ammonia partitioning and water loss. Below the pKa of bisulfate, loss of NH4
+

(aq) to NH3(g) 

partitioning leaves less NH4
+

(aq) present in the particle phase to neutralize sulfate species 

(Equation 7.1). Though direct measurements of NH3(g) and quantified NH4
+

(aq) were not 

available, this equilibrium likely plays a role and will be explored in future work.  



103 
 

Equation 7.1   SO4
2-(𝑎𝑎) + NH4

+(𝑎𝑎) → HSO4
- (𝑎𝑎) + NH3(𝑙) 

Increased surface area-to-volume ratios for smaller particles compared to larger particles 

allows for greater loss of water and potential NH3 diffusion from the particle to gas phase. With a 

lower water content, the molar concentration of chemical species (e.g. H+) increases. Thus, in 

smaller sized particles [H+] increases and pH decreases. Water content fraction by mass for each 

size range of particles for several pH systems was calculated based on comparison of mass 

concentration size distributions at wet and dry RH conditions. More details on the water content 

fraction calculation are provided in Appendix F. Increasing water content fraction was observed 

with increasing pH, as well as with increasing particle size, across all pH levels (Table F.1). 

Particle density, calculated as part of the Raman spectroscopic method to determine pH 

(Rindelaub et al., 2016a; Craig et al., 2017b), corroborated the water content fraction results, as 

particle density increased with decreasing particle size (Table F.1). These observations of water 

content fraction and particle density support the hypothesis that smaller particles contain less 

water and have higher concentrations of chemical species, leading to measured lower pH values. 

Both loss of NH4
+

(aq) due to NH3(g) partitioning and water loss lead to solutions that are no longer 

thermodynamically ideal water droplets with higher ionic strengths and higher levels of acidity. 

This trend of increasing particle acidity with decreasing particle size has been indirectly 

observed for ambient aerosol previously (Ganor et al., 1993; Keene et al., 2002; Yao et al., 2007; 

Zhang et al., 2007a; Fang et al., 2017). The pH of coarse mode aerosol was reported to be higher 

than fine mode aerosol for several different particle types, including sea salt aerosol particles 

(Keene et al., 2002), fog and cloud droplets (Ganor et al., 1993),  and urban aerosol particles 

(Yao et al., 2007; Zhang et al., 2007a; Fang et al., 2017). For these observations, aerosol pH was 

determined via extrapolation of pH measurements of diluted samples (Keene et al., 2002), ion 

balance (Yao et al., 2007), thermodynamic modeling (Zhang et al., 2007a; Fang et al., 2017), or a 

qualitative pH paper method (Ganor et al., 1993). Several hypotheses were proposed to explain 

the observed differences in acidity, including differing rates of HCl volatilization (Keene et al., 

2002), dilution by condensation (Ganor et al., 1993), differing rates of neutralization (Yao et al., 

2007), and size-dependent neutralization by mineral cations (Fang et al., 2017) or gas-phase NH3 

(Zhang et al., 2007a). Given the complex nature of aerosol particles in terms of chemical 

composition and atmospheric conditions, it is likely that there are many factors that influence 
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aerosol acidity with regards to particle size and further studies are needed to elucidate the 

potential mechanisms driving this phenomenon.  

Direct comparison of aerosol pH from pH indicator paper and single particle pH from 

Raman microspectroscopy is presented in Figure 7.4. The Raman measurements represent the 

average pH for individual particles analyzed within each size range (converted from dpa to da), 

with error bars indicating standard deviation. There is good agreement between the two methods 

across all size ranges. The largest deviation between the two methods is observed for particles 

generated from solution pH < 1.5 for the da 0.4-2.5 µm size range, with the Raman 

spectroscopically determined pH values ~0.5 pH units higher than the pH indicator paper 

determined pH values. This is most likely due to a limitation of the Raman spectroscopic 

method, as when one of the species in the bisulfate-sulfate equilibrium is more dominant, it is 

more difficult to accurately measure both vibrational modes. It should also be noted that the pH 

values plateau ~ pH 0 for particle size ranges da < 0.4 µm and da 0.4-2.5 µm because both 

methods have a lower limit of ~ pH 0. A comparison of pH indicator paper and Raman 

microspectroscopic aerosol pH measurements to model predicted aerosol pH is included in the 

Supporting Information. 
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Figure 7.4 Aerosol pH as a function of the pH of the bulk solution from which the particles were 
generated to compare pH indicator paper and Raman spectroscopic methods for measuring 
aerosol pH for particles (A) da < 0.4 μm, (B) da 0.4-2.5 μm, and (C) da > 2.5 μm. Error bars for 
the pH indicator paper data corresponds to uncertainty in the measurements across multiple 
trials. Error bars for the Raman spectroscopic data corresponds to standard deviation of multiple 
trials.  
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7.3.2 pH Indicator Paper Method Limit of Detection 

To investigate the detection limit of the pH indicator paper method, the minimum mass of 

particles needed to induce a quantifiable color change on the indicator paper for each size range 

was determined (Figure 7.5). The mass of particles impacted for each size range was calculated 

by integrating the area under the curve for mass concentration size distributions collected via 

SMPS and APS. The minimum mass required was determined by decreasing sampling time until 

a color change on the pH indicator paper was no longer distinguishable optically, both visually 

and by image processing script. RH, and consequently, aerosol liquid water content, plays an 

important role in how much particulate mass is required, as water is needed for the dye in the 

indicator paper to change and diffuse through the paper enough to be visible. For (NH4)2SO4-

H2SO4 particles for most size ranges and pH conditions at RH 90%, ~ 100 µg or less of aerosol 

mass is sufficient for an accurate aerosol pH measurement. As particle pH increases, the 

necessary mass of particles also increases, since [H+] becomes more dilute. The smaller particle 

sizes of the lowest pH system (pH 0.15) are the exception to this trend, most likely due to lower 

water content fraction (Table F.1), which requires a larger mass of particles for sufficient liquid 

water to induce a color change on the pH indicator paper. Concurrently, the larger sized particle 

range requires significantly more particulate mass, as both the mass and water content fraction of 

the larger particles is much greater than for those of the smaller sized particles. Specific mass 

values are provided in Table F.1. It should be noted that under lower RH conditions, it is likely 

that greater particle mass will be necessary for pH indicator paper measurements, as the aerosol 

liquid water content will be lower. Future work will thoroughly investigate the limitations with 

respect to aerosol water content and RH for the pH indicator paper method of measuring aerosol 

pH. 
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Figure 7.5 Minimum mass of particles needed to induce a measurable color change on the pH 
indicator paper for each particle size range for particles generated from solutions of varying pH. 
Error bars represent uncertainty in the calculation of the mass of particles based on multiple 
measurements of the mass concentration size distribution. Note - the error bars are difficult to see 
on this scale, so black error bars were used. Inset focuses on smaller mass range for da 0.4-2.5 
μm and < 0.4 μm particles.  

 

7.3.3 pH Measurements of Ambient Aerosol Samples 

To demonstrate the potential for ambient sampling with this method, as well as to 

illustrate some potential challenges, ambient aerosol particle samples were collected at two 

locations – the UMBS near Pellston, MI and outside the University of Michigan Chemistry 

Building in Ann Arbor, MI, as shown in Figure 7.6. As discussed in the Methods section, the pH 

of solutions of varying inorganic ion composition was successfully measured with pH indicator 

paper, thus indicating this method could also be applied to measure the pH of ambient aerosol 

particles of varying chemical composition. Ambient RH was ~ 70%, 80%, and 60% at the time 

of sampling for the UMBS 1, UMBS2, and UM Chemistry samples, respectively. Ambient 

samples were collected for ~1 – 2 hours, demonstrating that pH indicator paper method can be 

run rapidly enough for semi-continuous measurements. For samples from both locations, aerosol 

acidity was primarily estimated to be ~pH 3 – 3.5 across the particle sizes measured. One sample 

from UMBS (Figure 7.6A) indicated that the smallest particles were more acidic (pH ~1.5), 
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though the color change was not uniform across the samples and other portions of the paper had 

pH close to 3. pH could only be qualitatively determined from visual inspection for these 

samples, as the pH indicator paper used for sampling was not compatible with the MATLAB 

script for more quantitative analysis. However, the ambient aerosol pH measurements agree with 

the pH measurements of the laboratory-generated particles of this study, as aerosol particles with 

lower acidity levels (~ pH 3 - 3.5) showed minimal difference in measured pH with regards to 

particle size. These preliminary results demonstrate the potential for ambient measurement, 

however, it should be noted that further testing with precisely controlled RH and aerosol water 

content are needed to utilize the pH indicator paper method quantitatively for ambient studies.  

 
Figure 7.6 Images of ambient aerosol collected on pH indicator paper UMBS ((A) and (B)) and 
UM Chemistry building (C) with the pH indicator paper scale and blank (D). (E) Estimated 
aerosol pH based on comparison of the images to the color scale for each ambient sample. Note – 
two color changes corresponding to pH 1.5 and pH 3 were observed for the UMBS 1 < 0.4 μm 
sample, although pH 3 was more predominant and a color change was not observed on the paper 
for the UM Chemistry < 0.4 μm sample. 
 

E
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7.4 Conclusions 

This study presents a facile method for direct measurement of aerosol pH through 

quantitative colorimetric analysis of aqueous aerosol samples. (NH4)2SO4-H2SO4 aerosol 

particles of varying pH were generated and collected on pH indicator paper with a 3-stage 

impactor with aerodynamic size cuts of da < 0.4 µm, da 0.4 – 2.5 µm, and da > 2.5 µm, enabling 

analysis of size-resolved aerosol pH. For systems pH < 2, aerosol acidity increased with 

decreasing particle size, due to ammonia partitioning below the pKa (1.99) of bisulfate and loss 

of water as surface area-to-volume ratios increased. Comparison with direct measurement of 

individual aerosol particle pH via a previously established spectroscopic method corroborated 

these results. The limit of detection for the pH indicator method in terms of particulate mass 

necessary for a measurable color change show that ~100 μg of particulate mass was needed for 

fine particles (< 2.5 μm), while the mass for more dilute, larger particles increased with pH, 

requiring total particulate masses of ~100 μg at pH 0 and ~2.5 mg at pH 4. Preliminary ambient 

measurements with sampling times of ~1 – 2 hours demonstrate the potential for atmospheric 

application of this method. Further work investigating the effect of RH and aerosol liquid water 

content is needed to make ambient sampling robust. Future studies of aerosol acidity enabled by 

this method of direct, real-time measurement of aerosol pH have the potential to constrain 

ambient aerosol acidity experimentally. This is needed as key processes, such as SOA formation 

in the Southeast U.S. and nitrate haze events in Beijing are strongly dependent on aerosol acidity, 

but pH values have thus far been determined indirectly and without measurement validation 

(Wang et al., 2016; Weber et al., 2016). Fundamental studies of aerosol acidity have the potential 

to increase understanding of pH-dependent multiphase chemical processes, which are needed to 

improve the predictive capability of atmospheric models focused on human health and climate. 

7.5 Acknowledgements 

This work was supported by the National Science Foundation through a CAREER Award 

to A. P. Ault (CHE-1654149), CAREER Award to C. Dutcher (AGS-1554936), and startup 

funds from the University of Michigan. RLC was partially supported by the Susan Lipschutz 

Fellowship Award from the University of Michigan Rackham Graduate School. RDC was 

supported by a Rackham Merit Fellowship Award from the University of Michigan Rackham 

Graduate School and the Marian P. and David M. Gates University of Michigan Biological 



110 
 

Station Graduate Student Fellowship. SC and MAH were supported by the Detroit Research 

Internship Summer Experience (D-RISE) program, funded by the National Science Foundation 

(CHE-1305777) to Dr. Nicolai Lehnert at U. Michigan and Dr. Ault’s CAREER award, as well 

as the University of Michigan College of Literature, Science and the Arts, the University of 

Michigan Office of the Provost, and Cass Technical High School in Detroit, MI. RLC performed 

pH indicator paper research with assistance from MAH, SC, and RAD. RLC performed Raman 

research with assistance from ZL and MAH. RLC performed ambient sampling with assistance 

from RAD and RDC. PKP developed the MATLAB script. LN performed calculations with 

assistance from CSD. Dr. Simon Clegg is thanked for helpful discussions of ion activity.  

 

 

 



111 
 

Chapter 8. Conclusions and Future Directions 
 
 

8.1 Conclusions 

The ability of an atmospheric aerosol particles to impact climate by acting as cloud 

condensation nuclei (CCN) or ice nuclei (IN), as well as scatter and absorb solar radiation is 

determined by their physicochemical properties at the single particle level, specifically size, 

morphology, and chemical composition. The acidity of atmospheric aerosols is also critical, as 

many key multiphase chemical reactions involving aerosols are highly pH-dependent. These 

reactions impact processes, such as SOA formation and aging, which can modify the climate-

relevant behavior of particles. However, determining aerosol mixing state is difficult as 

atmospheric particles are complex mixtures of organic and inorganic components, often with 

hundreds to thousands of different species present at femtogram to attogram levels, and can vary 

greatly particle-to-particle. Measuring the pH of atmospheric particles, which have minute 

volumes, is also an analytical challenge due to the non-conservative nature of the hydronium ion, 

particularly as most chemical aerosol measurements are made offline or under vacuum, where 

water content can be changed and acid-base equilibria shifted. To address some of the challenges 

of measuring the physicochemical properties of atmospheric aerosols, this dissertation has 

described the development and application of several novel analytical methods specifically 

focused on characterization of chemical composition and measurements of aerosol pH.  

Chapter 2 presented a computer-controlled Raman microspectroscopic (CC-Raman) 

method for detailed physicochemical analysis of atmospheric aerosol particles. Raman 

microspectroscopy has a great deal of promise for identifying secondary species and their mixing 

with primary components, as it can provide detailed information on functional groups present, 

morphology, and internal structure. However, as with many other spectroscopic techniques, 

manual analysis by Raman microspectroscopy can be slow, limiting single particle statistics and 

the number of samples that can be analyzed. The CC-Raman method was shown to increase 

throughput and minimizes user bias for single particle Raman analysis. CC-Raman applied 
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automated mapping to increase analysis speed, allowing for up to 100 particles to be analyzed in 

an hour. CC-Raman was applied to both laboratory and ambient samples to demonstrate its 

utility for the characterization of both primary and, more importantly, secondary components 

(e.g. sulfate, nitrate, ammonium, and organic material). Reproducibility and precision were 

compared to computer controlled-scanning electron microscopy with energy dispersive X-ray 

spectroscopy (CCSEM-EDX). The greater sample throughput for CC-Raman showed the 

potential to improve particle statistics and advance understanding of aerosol particle composition 

and mixing state, and, thus, climate-relevant properties. 

Chapters 3 and 4 discussed the development and application of surface enhanced Raman 

spectroscopy (SERS) to the study of atmospheric aerosol particles. Due to their small size, 

measurements of the complex composition of atmospheric aerosol particles are analytically 

challenging. Chapter 3 detailed the first use of SERS to detect trace organic and/or inorganic 

species present within both laboratory-generated and ambient aerosol particles that were 

collected via impaction on silver nanoparticle-coated substrates. The observations of complex 

chemical compositions of ambient SOA particles obtained with this new method demonstrated 

the power of SERS to probe difficult to detect inter- and intraparticle variability. The most 

abundant atmospheric aerosol are ~100 nm and difficult to characterize with traditional 

microspectroscopic methods. To address this challenge, Chapter 4 presented work that used Ag 

foil substrates to push SERS below the diffraction limit and towards more atmospherically-

relevant particle sizes. SERS enhanced spectra were collected for both 150 nm size-selected 

polystyrene latex sphere (PSL) particles and ambient aerosol particles, which represents both the 

smallest individual aerosol particles analyzed by Raman microspectroscopy and the first time 

atmospheric particles were measured below the diffraction limit. SERS-enabled detection and 

identification of vibrational modes present in smaller, more atmospherically-relevant sized 

particles has the potential to improve understanding of aerosol composition and its evolution 

during multiphase atmospheric reactions critical to climate and health. 

Chapters 5 and 6 described the development and expansion of a Raman 

microspectroscopic method for determining the pH of individual aerosol particles. In contrast to 

traditional indirect methods of estimating aerosol pH, this method coupling Raman 

microspectroscopy with extended Debye-Hückel activity calculations allowed for direct 

determination of acidity of individual particles based on measurements of acid and conjugate 
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base vibrational modes. Several atmospherically relevant inorganic and organic acid-base 

equilibria systems are compatible with this method, including HNO3/NO3
-, HSO4

-/SO4
2-, HC2O4

-

/C2O4
2-, CH3COOH/CH3COO-, and HCO3

-/CO3
2-, covering a broad pH range (-1 to 10). In 

addition to pH measurements, the effect of RH on particle acidity, gas-particle partitioning of 

acidic chemical species, and the relationship between ionic strength and H+ activity were also 

studied with this method. These results indicate the potential for direct spectroscopic 

determination of pH in particles composed of more complicated chemical mixtures and the need 

to improve fundamental understanding of ion behavior in atmospheric particles. 

In continuity with the aerosol acidity focus of Chapters 5 and 6, Chapter 7 detailed a 

novel and facile method for direct measurement of size-resolved bulk aerosol pH using pH 

indicator paper. Quantitative colorimetric image processing of cellular phone images was used to 

determine pH of (NH4)2SO4-H2SO4 aqueous aerosol particles impacted onto pH-indicator paper 

for the pH range 0 – 4.5. A trend of increasing aerosol acidity with decreasing particle size was 

observed that is consistent with spectroscopic measurements of individual particle pH. 

Preliminary measurements of ambient aerosol pH were also explored and presented. These 

results show the potential for direct measurements of size-resolved atmospheric aerosol acidity, 

which is needed to improve fundamental understanding of critical pH-dependent multiphase 

atmospheric processes. 

 

8.2 Future Directions 

The research described in this dissertation focused primarily on the development of 

analytical methods for characterization of atmospheric aerosol chemical composition and mixing 

state as well as measuring aerosol pH. However, further work can be done to improve and 

optimize these methods, as well as apply them to learn more about the physicochemical 

properties of both laboratory-generated model systems and ambient aerosols. 

 In Chapter 2, the CC-Raman method was used to characterize the chemical composition, 

size, and morphology of a few laboratory-generated standard aerosol samples as well as ambient 

aerosol collected during the 2013 SOAS field campaign. However, this analysis of SOAS aerosol 

particles was preliminary and further work is required for more detailed characterization of 

aerosol mixing state. This would include more detailed assignments for detected vibrational 
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modes and proposed identification of specific chemical compounds present within particles, as 

well as comparison with data collected via other analytical techniques, such as CCSEM (Bondy 

et al., 2017b; Fraund et al., 2017), STXM-NEXAFS (O’Brien et al., 2015a) or single particle 

mass spectrometry (Hatch et al., 2011). In general, CC-Raman can be used for improved single 

particle Raman characterization for both laboratory and field aerosol studies due to its high-

speed analysis and increased particle statistics.  

In Chapters 3 and 4, SERS of submicron sized aerosol particles was explored using 

AgNP coated quartz, Ag foil, and a few other Ag substrates. While enhancements for many 

vibrational modes were observed, enhancement factors were highly variable, even for particles of 

similar size and chemical composition. There is potential to improve SERS enhancement in 

terms of both magnitude and variability if the SERS substrates can be optimized with respect to 

metal identity, nanoparticle shape, and configuration. These aspects can be investigated through 

more thorough substrate testing that includes commercial standards and substrates prepared via 

nanosphere lithography (Sharma et al., 2013; Schlucker, 2014), which allows for greater control 

of nanoparticle shape and orientation. Improved substrates would allow for more detailed 

characterization of the inorganic and organic vibrational modes detected from ambient aerosol 

particles, providing better understanding of inter- and intraparticle variability. Additionally, if 

SERS and CC-Raman can be combined, the potential of Raman characterization of aerosol 

mixing state for atmospherically relevant sized particles would greatly increase. However, this 

will require a substrate that does not interfere optically with the CC-Raman method as it 

differentiates particles from background for analysis. 

 Chapters 5 and 6 described a Raman microspectroscopic method for measuring the pH of 

individual aerosol particles, however, the method has been applied to a limited number of 

laboratory-generated aerosol particles of simple chemical compositions. In order to realize the 

full potential of this method, it will need to be tested with laboratory-generated particles of 

increasing chemical complexity. Examples of more complex particles include three or more 

component mixtures, particularly mixtures of acid-base equilibria systems with similar pKa 

values, and particles collected during chamber experiments simulating atmospherically relevant 

compositions and conditions. By systematically increasing the complexity of particles, any 

complications in terms of ion behavior or interferences for particle pH measurements can be 

addressed. This will also allow for characterization of a broader range of acid-base equilibrium 
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systems, helping to improve this method and enable eventual pH measurements of ambient 

aerosol particles, which are exponentially more complex and have unknown composition.  

 The pH indicator method presented in Chapter 7 requires optimization to be able to be 

used for quantitative ambient aerosol pH measurements. This includes a thorough investigation 

of the effect of RH on pH measurements, as particles must have sufficient liquid water content in 

order to be able to induce a measureable color change on the pH indicator paper, as well as 

testing particles of varying chemical composition and phase state. Developing a better 

understanding for the impact of different environmental conditions is crucial for establishing the 

pH indicator paper method as a quantitatively accurate technique for real-time ambient aerosol 

pH measurements.  

 In addition to acidity measurements of ambient aerosol, both pH methods can be used to 

quantitatively investigate the role of acidity in pH-dependent aerosol processes through 

controlled laboratory experiments. For example, pH measurements of the inorganic and organic 

phases of LLPS particles can help improve understanding of the mechanism behind these phase 

transitions. Thus far, few studies have focused on pH impacts on LLPS, but previous work has 

found that increasing pH corresponds to a decrease in the separation RH (Losey et al., 2016) and 

that once LLPS occurs, the organic-rich phase is less acidic than the previously single phase 

particle (Dallemagne et al., 2016). However, these studies have investigated primarily large 

particles (20-200 μm) at pH levels higher than what thermodynamic models predict for 

atmospheric aerosols. Ongoing research using the pH measurement methods established in 

Chapters 5-7 investigates LLPS of laboratory-generated SOA particles composed of ammonium 

sulfate and polyethylene glycol 400 (PEG-400) at atmospherically relevant sizes and pH’s. 

Preliminary work shows that LLPS particles of varying pH have different internal structures in 

terms of distribution of organic and inorganic chemical components (Figure 8.1). Further work 

quantitatively measuring the pH of the different phases present within the particles is necessary 

to determine the relationships between pH, RH, and LLPS particle structure.  

 



116 
 

 
Figure 8.1 (A) Representative Raman spectra of inorganic and organic parts of LLPS particles 
composed of (NH4)2SO4/H2SO4 and PEG-400. (B)-(D) Optical images and Raman maps of 
LLPS particles of varying pH. For the Raman maps, green, red, and blue correspond to the 
presence of sulfate, bisulfate, and PEG-400 species, respectively, determined by the intensity of 
their corresponding vibrational modes in the Raman spectra.  

 

This dissertation presented the development and preliminary application of several novel 

analytical methods for characterization of atmospheric aerosol particles. Future studies that 

further refine these methods and apply them to measure aerosol mixing state and pH could have 

important implications for acidity-dependent multiphase aerosol processes and how aerosol 

particle composition and morphology influence climate effects. For example, these methods 

could be incorporated into field study analysis plans, characterizing the mixing state of ambient 

aerosols particles to correlate chemical composition with radiative forcing effects. The Southeast 

United States is a particularly interesting region for this type of analysis, as the observed 

radiative forcing trend has been one of cooling rather than warming, like most other regions 

globally. The cooling effect is potentially attributed to aerosol particles, but further work 

characterizing the mixing state and multiphase atmospheric processing of aerosols in this region 

is necessary to confirm this effect. The CC-Raman and SERS method are applicable for these 

studies, since the aerosol particles in the Southeast US often contain complex mixtures of 
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organic species, as the region is heavily forested but also home to anthropogenic emission 

sources.  The pH methods are also applicable, as thermodynamic models have predicted 

Southeast US aerosol particles to be highly acidic (pH ~1). Additionally, all of these methods are 

well-suited for chamber studies that isolate and systematically study specific atmospheric 

processes.  These techniques can be used to measure chemical composition and pH and their 

evolution over the course of an experiment. Chamber studies focused on key atmospheric 

reactions or physical processes will help improve identification of these phenomena occurring in 

the atmosphere in order to determine their impact on climate effects. Overall, the methods 

developed and presented in this dissertation can be applied to many different types of aerosol 

studies, both laboratory and field based, and will improve understanding of aerosol mixing state 

and pH to better predict or explain aerosol climate effects. 
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Appendix A. Computer-Controlled Raman Microspectroscopy (CC-Raman): A Method for 
the Rapid Characterization of Individual Atmospheric Aerosol Particles Supplemental 

Information1 
 

A.1 Mixed Standard Aerosol Sample 

Tables A.1-A.3 correspond to the mixed standard aerosol particle sample. Table A.1 lists 

the percent fraction for each identified cluster with standard error for the CC-Raman, CCSEM, 

and CPC methods. Standard error was calculated according to Equation A.1, where F is fraction 

and N is total population. Standard error for a sample was calculated with the total number of 

particles analyzed after similar clusters from each CC-Raman run were compiled for a given 

sample. 

 

Equation A.1    Standard Error = �𝐹(1−𝐹)
𝑁

 

 
Table A.2 lists the total fraction of particles containing L-alanine, ammonium sulfate, or 

sodium nitrate with standard error for the CC-Raman, CCSEM, and CPC methods. Table A.3 

lists the percent fraction for each identified cluster with standard error for three trials of ~100 

particles and the total particles analyzed for the CC-Raman method.  

 
Table A.1 Cluster percent fractions with standard error for the CC-Raman, CCSEM, and CPC 
methods for the mixed standards sample. 

Cluster CC-Raman (%) CCSEM (%) CPC (%) 
L-alanine 11 ± 2 11 ± 2 58.0 ± 0.6 
L-alanine/(NH4)2SO4 36 ± 3 17 ± 2 0 
(NH4)2SO4 16 ± 2 30 ± 3 36.1 ± 0.6 
(NH4)2SO4/NaNO3 2.8 ± 0.9 8 ± 2 0 
NaNO3 5 ± 1 29 ± 3 5.9 ± 0.3 
L-alanine/ NaNO3 6 ± 1 6 ± 1 0 
L-alanine/(NH4)2SO4/ NaNO3 24 ± 2 0 0 

                                                 
1 Appendix A details supplemental information corresponding to Chapter 2 
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Table A.2 Total fraction of particles containing each compound with standard error for the CC-
Raman, CCSEM, and CPC methods for the mixed standards sample. 
 

Compound CC-Raman (%) CCSEM (%) CPC (%) 
L-alanine 77 ± 2 34 ± 3 58.0 ± 0.6 
(NH4)2SO4 78 ± 2 54 ± 3 36.1 ± 0.6 
NaNO3 37 ± 3 42 ± 3 5.9 ± 0.3 

 

Table A.3 Cluster percent fractions with standard error for mixed standard samples for the CC-
Raman method. 

Sample L-alanine 
(%) 

L-alanine/ 
(NH4)2SO4 
(%) 

(NH4)2SO4 
(%) 

(NH4)2SO4/ 
NaNO3 (%) 

NaNO3 
(%) 

L-alanine/ 
NaNO3 
(%) 

L-alanine/ 
(NH4)2SO4/ 
NaNO3 (%) 

1 20 ± 4 34 ± 5 12 ± 3 8 ± 3 0.9 ± 0.9 11 ± 3 14 ± 3 
2 2 ± 1 59 ± 5 10 ± 3 0 6 ± 2 3 ± 2 20 ± 4 
3 13 ± 3 14 ± 3 26 ± 4 0 7 ± 2 3 ± 2 37 ± 5 
Total 11 ± 2 36 ± 3 16 ± 2 2.8 ± 0.9 5 ± 1 6 ± 1 24 ± 2 
 
 
 

The size distribution of mixed standards sample particles analyzed by CC-Raman and 

CCSEM is shown below in Figure A.1. Both methods measured projected area diameter and the 

mode was 1.64 μm and 1.12 μm for CC-Raman and CCSEM, respectively. 

 
 
Figure A.1 Size distribution for mixed standards sample particles analyzed by (A) CC-Raman 
and (B) CCSEM. 
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A.2 Sulfate Standard Aerosol Particle Sample 

Tables A.4 and A.5 correspond to the sulfate standard aerosol particle sample. Table A.4 

lists the percent fraction for each identified cluster with standard error for the CC-Raman, 

CCSEM, and CPC methods. Table A.5 lists the total fraction of particles containing ammonium 

sulfate, calcium sulfate, magnesium sulfate, or sodium sulfate with standard error for the CC-

Raman, CCSEM, and CPC methods. 

 
Table A.4 Cluster percent fractions with standard error for the CC-Raman, CCSEM, and CPC 
methods for the sulfate standards sample. 

Cluster CC-Raman (%) CCSEM (%) CPC (%) 
(NH4)2SO4 29 ± 4 0 15.3 ± 0.3 
(NH4)2SO4/CaSO4 5 ± 2 0 0 
CaSO4 0 20 ± 3 30.1 ± 0.4 
CaSO4/MgSO4 12 ± 3 0 0 
MgSO4 0 23 ± 3 27.4 ± 0.4 
Na2SO4 7 ± 2 14 ± 2 27.2 ± 0.4 
CaSO4/MgSO4/ Na2SO4 13 ± 3 14 ± 2 0 
(NH4)2SO4/MgSO4/Na2SO4 0 15 ± 2 0 
(NH4)2SO4/CaSO4/MgSO4/ 
Na2SO4 

34 ± 4 14 ± 2 0 

 
 
Table A.5 Total fraction of particles containing each compound with standard error for the CC-
Raman, CCSEM, and CPC methods for the sulfate standards sample. 

Compound CC-Raman (%) CCSEM (%) CPC (%) 
(NH4)2SO4 68 ± 4 29 ± 3 15.3 ± 0.3 
CaSO4 64 ± 4 47 ± 3 30.1 ± 0.4 
MgSO4 60 ± 4 66 ± 3 27.4 ± 0.4 
Na2SO4 54 ± 4 57 ± 3 27.2 ± 0.4 

 
 

 

The size distribution of sulfate standards sample particles analyzed by CC-Raman and 

CCSEM is shown below in Figure A.2. Both methods measured projected area diameter and the 

mode was 1.59 μm and 0.82 μm for CC-Raman and CCSEM, respectively. 
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Figure A.2 Size distribution for sulfate standards sample particles analyzed by (A) CC-Raman 
and (B) CCSEM. 

 
A.3 Ambient Aerosol Samples 

Table A.6 corresponds to the ambient samples collected during the SOAS field campaign 

and lists the percent fraction with standard error for each general particle type cluster identified 

by the CC-Raman method. 

 

Table A.6 Cluster percent fractions with standard error for SOAS samples. 

Cluster Fraction (%) 
Trace Organic 60 ± 1 
Organic 22 ± 1 
Organic/Mineral 3.2 ± 0.5 
Fluorescence 8.5 ± 0.8 
Burning 6.5 ± 0.7 

 
 

A size distribution for the SOAS aerosol particles was generated from CC-Raman and 

CCSEM measurements of projected area diameter (Figure A.3). Measured projected area 

diameters ranged from around 0.8 to 8.7 μm, with the mode at 1.53 μm for CC-Raman. 

Measured projected area diameters ranged from around 0.2 to 4.7 μm and yielded a bimodal 

distribution, with the larger mode at 1.20 μm for CCSEM. 
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Figure A.3 (A) CC-Raman and (B) CCSEM determined size distributions for the SOAS aerosol 
particles. 

 
In addition to the spectra corresponding to organic particles from the SOAS samples, 

spectra of organic/mineral mixed particles, particles that exhibited fluorescence, and particles 

containing graphitic soot species were also obtained (Figure A.4). Particles that exhibited 

artifacts of burning were included in the graphitic soot cluster due to the challenge associated 

with distinguishing burning from soot or other features. Figure A.5 shows a few optical images 

with representative graphitic soot particles highlighted. Although often observed together, 

fluorescence and burning features were observed independently of each other for most of the 

SOAS samples analyzed for this study. The organic/mineral mixed particles were found to 

contain either aluminum or silicon based on the vibrational modes at 518 and 636 cm-1 

(Michaelian, 1986; Frost et al., 1997; Laskina et al., 2013).  
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Figure A.4  Raman spectra of different observed types of A) organic/mineral particles, B) 
fluorescence, and C) graphitic soot from the SOAS aerosol particle samples. 

 
 

        
 
Figure A.5 Optical images of two SOAS samples with example soot particles highlighted.  

 
 

A brief comparison between CC-Raman and CCSEM analysis for two of the SOAS 

samples is shown in Figure A.6. While there are not many direct comparisons between the 

clusters identified by CC-Raman and CCSEM, CC-Raman shows much more diversity in terms 

of secondary chemical components of organic and organic-containing particles. CCSEM cannot 

detect this diversity and rather classifies most particles in a general SOA cluster. 
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Figure A.6 CC-Raman and CCSEM identified classes of particles for A) June 14 and B) July 08 
samples from the SOAS field campaign. 

 
Table A.7 corresponds to the ambient samples collected during the SOAS field campaign 

and lists the percent fraction with standard error for each specific organic cluster identified by 

the CC-Raman method. 

 

Table A.7 Organic cluster percent fractions with standard error for SOAS samples. 

Cluster Fraction (%) 
Organic 1.0 ± 0.6 
Organic/Sulf. 53 ± 3 
Organic/Nit. 20 ± 2 
Organic/O-H 11 ± 2 
Organic/N-H 0.3 ± 0.3 
Organic/Sulf./N-H 4 ± 1 
Organic/Sulf./O-H 1.3 ± 0.7 
Organic/Nit./O-H 9 ± 2 
Organic/Sulf./Nit./N-H 0.3 ± 0.3 
Organic/Sulf./N-H/O-H 0.3 ± 0.3 
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Appendix B. Surface Enhanced Raman Spectroscopy Enables Observations of Previously 
Undetectable Secondary Organic Aerosol Components at the Individual Particle Level 

Supplemental Information2 
 

B.1 Ag Nanoparticle Characterization  

TEM images were collected on a JEOL 2010F Analytical Electron Microscope. ImageJ 

1.48 software was used to estimate projected area diameter and determine a size distribution. 

Absorbance spectra were collected using a Cary 50 UV-Vis spectrometer for the wavelength 

range 300-800 nm. Ten absorbance spectra were collected and averaged to determine mean 

absorbance maximum (λmax) and full width half max (fwhm). λmax corresponds to the average 

particle size, while fwhm absorption is related to particle dispersion.  Figure S1a shows a TEM 

image of the Ag nanoparticles, which exhibit a mode at 52 nm for projected area diameter 

(Figure B.1b). The Ag colloidal solution had an absorption maximum at 415 nm and full width 

half maximum (fwhm) of 155 nm (Figure 2c). From Mie theory this is indicative of small, 

relatively monodispersed particles of the size from TEM (Mie, 1908). 

 
Figure B.1 (a) TEM image of Ag nanoparticles.  (b) Size distribution of Ag nanoparticles with 
an average mode of 52 nm.  (c) Absorbance spectrum of Ag colloidal solution with Amax at 415 
nm and fwhm of 155 nm.  

 

B.2 Raman Microspectroscopy and Mapping 

A Horiba Labram HR Evolution Raman spectrometer coupled with a confocal optical 

microscope (100x Olympus objective) was used to collect Raman spectra. The Raman 

spectrometer was equipped with a Nd:YAG laser source (50 mW, 532 nm) and CCD detector. A 
                                                 
2 Appendix B details supplemental information corresponding to Chapter 3 

(c)(b)(a)

0.2 m

Mode:  52 nm λmax: 415 nm
fwhm: 155 nm
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600 g/mm diffraction grating yielded spectral resolution of ~2 cm-1. The instrument was 

calibrated against the Stokes Raman signal of pure Si at 520 cm-1 using a silicon wafer standard. 

Laser power was adjusted accordingly with ND filters to prevent damage to the sample. Spectra 

were collected for the range 100 to 4000 cm-1 with two accumulations at 1 s acquisition time for 

each particle analyzed. Raman maps were collected using computer-controlled XY Raman 

mapping, which recorded spectra automatically in a point-by-point scanning mode with a 0.5 μm 

step size. Each map spectrum was collected for the range 555 to 2175 cm-1 with two 

accumulations at 1 s acquisition time. 

 

B.3 Calculations of Area, Volume, and Mass 

To calculate the area, volume, and mass of a 3 µm aerosol particle, the following 

equations were used: 

Equation B.1      

 

A = πr2  

 

Equation B.2                  

 

V =
4
3

πr3  

 

Equation B.3      

 

m = ρV  

 

where r = 1.5 x 10-6 m and average density (ρ) of 1.2 g/m3 was assumed (typical for organic 

carbon containing aerosol particles).  Area, volume, and mass were determined to be 7.1 μm2, 1.4 

x 10-12 m3, and 1.7 pg, respectively. 

The volume of the 10 nm spherical segment of the 3 µm aerosol particle that exhibits 

enhancement was calculated according to the following equation: 

 

Equation B.4     

 

V =
π
6

 
 
 

 
 
 3r1

2 + 3r2
2 + h( )h 
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where r1 = 1.5 x 10-6 m, r2 = 1.4 x 10-6 m, and h = 1 x 10-8 m.  The volume was determined to be 

6.6 x 10-20 m3.  Mass of the 10 nm spherical segment was calculated according to Equation B.3 

to be 1.7 fg. If approximately 100 chemical species are present within the 10 nm spherical 

segment that exhibits enhancement, the mean mass of each chemical species present is 790 ag. 

B.4 Comparison of SERS-enhanced and Non-enhanced Spectra 

Figure B.2 shows two examples of non-enhanced Raman spectra and three SERS-

enhanced Raman spectra. The non-enhanced spectra were collected from aerosol particles 

impacted on quartz substrates and the SERS-enhanced spectra were collected from aerosol 

particles impacted on Ag nanoparticle coated quartz substrates. The SERS-enhanced spectra are 

the full spectra of the three particles from which specific regions highlighting certain vibrational 

modes are shown in Figure 3.3a.  

  

Figure B.2 Two non-enhanced Raman spectra collected (bottom), three SERS enhanced spectra 
(top), and a quartz background spectrum.  The spectrum for Particle 11 corresponds to the 
spectra shown in Figure 3a for the ν(NO3

-) vibrational mode, Particle 4 corresponds to δ(C-C), 
and Particle 10 corresponds to ν(C-H) and ν(O-H). 
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B.5 Red Shift of Nitrate Symmetric Stretch 

The red shift observed in Figure 3.2 for the ν(NO3
-) peak is likely due to the molecular 

geometry of the nitrate anion and its coupling to the nanoparticle surface. The strength of 

coupling that is observed between the SERS substrate and the nitrate anion is strongly dependent 

on the proximity of the nitrate to the silver nanoparticle surface, as well as the orientation and 

binding of the anion to that surface. Aqueous NO3
-, which Ault et al. showed having a peak 

frequency of 1055 (similar to 1054 in Figure 3.2) and similar shift of 13 cm-1 from NaNO3, may 

be able to bind more effectively with the silver nanoparticle surface, while nitrate in NaNO3 (s) 

cannot bind as tightly due to the interaction with sodium or incorporation into a NaNO3 solid or 

crystal. It is also possible that NO3
- of a specific surface binding geometry, such as bidentate, 

contributes to the red shift. No sulfate peaks were observed to red shift, which is explainable by 

the fact that ammonium sulfate will effloresce to a crystal at a much higher RH (33%) (Cziczo et 

al., 1997) than NaNO3 (values vary, but water remains to < 6%) (Li et al., 2006), meaning there 

is a greater chance of some aqueous NO3
- being available to strongly couple to the nanoparticle 

surface. Further experiments will be needed to fully characterize this phenomenon. 

 

B.6 SEM/EDX 

Scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy 

(EDX) was used to confirm both chemical composition and particle sizes.  It should be noted that 

internal structure is substantially altered by the loss of water under the vacuum of the SEM, as 

can be seen by the effloresced salts within the particles below. SEM images and EDX spectra of 

particles impacted on silicon substrates were collected with an FEI Helios 650 Nanolab 

SEM/FIB. Figure B.3 shows several example particles within the 0.5-2 μm size range and their 

accompanying EDX spectra. The EDX spectra show the elemental composition of these 

representative particles to consist primarily of carbon, oxygen, aluminum (though some 

interference is present from the SEM stub), and sulfur, which is in agreement with the mainly 

organic, organosulfate, and mineral/dust vibrational modes observed in the SERS analysis.  

Organonitrate vibrational modes were detected through SERS, yet a peak at 0.39 kV in the EDX 

spectra indicative of nitrogen cannot be detected, most likely due to the difficulty of detecting a 
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N in trace amounts, as noted in previous work (Moffet et al., 2010b). While silicon is a common 

component of dust, the large silicon peak is primarily due to the silicon substrate. 

 

Figure B.3 SEM images of representative ambient aerosol particles (left) and accompanying 
EDX spectra for each particle (right). 

 

B.7 Peak Assignments 

Table B.1 list several preliminary peak assignments based on both calculated and 

experimentally collected spectra for several organic and organonitrate compounds representative 

of the type of compounds present in SOA.  These compounds include isobutyl nitrate, ethyl 

hexyl nitrate, pinonic acid, alpha pinene oxide, isoprene nitrate, and mono-nitroglycerin. DFT 

calculations used B3LYP functional and 3-21G and 6-311G basis sets. 
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Table B.1 Vibrational mode assignments for organic and organonitrate compounds present in 
SOA.  

Wavenumber (cm-1) Vibrational Mode 
625, 645 C-O waggingc 

687 Aromatic stretchingd 

815, 843, 901 C-C stretchingc,d 

920, 924 C-H rockinga,c 

998 C-H waggingc 

1051, 1110, 1221 C-C stretchingc,e 

1282, 1324 C-H twistingb 

1337, 1377 C-H waggingc,e 

1354 C-H twistingf 

1370 C-C stretchingc 

1370 C-H wagginga 

1445, 1459, 1506, 1560, 1570, 1580 C-H bendingc,e,f 

1653 NO3
- symmetric stretchinga,b,e,f 

aisobutyl nitrate, bethyl hexyl nitrate, cpinonic acid, dalpha pinene oxide, e, isoprene nitrate, 
fmono-nitroglycerin 
 
 

B.8 Mapping Enhanced Regions 

Figure B.4 focuses on the aerosol particle discussed in Figure 3.5, with the same optical 

image and mapped region. In addition to the νw(CH2), ν(NO3
-), and δ(C-C) vibrational modes 

indicated by green, blue, and red intensity on the map, a background representing regions of the 

particle not exhibiting enhancement is shown in gray. The non-enhanced background 

corresponds to 1950 cm-1. SERS enhancement within this aerosol particle is concentrated near 

the edge of the particle on the lower right. 
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Figure B.4  (a) Optical image of aerosol particle, (highlighted in red) against SERS substrates, 
and mapped area (blue box). (b) Map of the aerosol particle (outlined in yellow dashes) showing 
the location of three different enhanced chemical species at 1022 cm-1 (green), 1370 cm-1 (red), 
and 1480 cm-1 (blue) against a background of non-enhancement (gray). (c) Raman spectra 
accompanying the mapped intensities. This is the same aerosol particle as shown in Figure 3.5. 
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Appendix C. Surface Enhanced Raman Spectroscopy of Submicron Sized Aerosol 
Particles: Breaking the Diffraction Limit Supplemental Information3 

 

C.1 Testing Ag SERS Substratse 

Several different Ag SERS substrates were tested for their application to aerosol particle 

studies. Ag nanoparticles (AgNPs) were synthesized according to the method by Leopold and 

Lendl (Leopold and Lendl, 2003). Briefly, a mixture of NaOH and hydroxylamine hydrochloride 

was added to a solution of AgNO3. The size of the resulting nanoparticles depended on the speed 

of mixing of the two solutions.  Rapid mixing led to smaller nanoparticles (~30 nm) while 

mixing dropwise led to larger nanoparticles (~60 nm). Ag bipyramidal nanoparticles were 

synthesized according to the method by Zhang et al. (Zhang et al., 2009). Briefly, a mixture of 

AgNO3, sodium citrate, BSPP, and NaOH was irradiated with a mercury lamp for 18 hours. The 

resulting colloidal solutions of AgNPs and Ag bipyramids were drop-coated onto clean quartz 

slides and dried in a desiccator to create SERS substrates in the same manner as Craig et al. 

(Craig et al., 2015). 

Laboratory-generated (NH4)2SO4 particles were impacted onto the SERS substrates, as 

well as a plain quartz substrate and analyzed for SERS enhancement. Raman spectra were 

collected for 1 accumulation with 1 s acquisition time for the range of 200 – 1900 cm-1 and are 

shown in Figure C.1. Similar to the substrate comparison discussed in the main text, the Ag foil 

SERS substrate yielded the best spectral enhancement. Enhancement factors for the ν(SO4
2-) 

mode were calculated to be 5.6, 3.1, 2.8, and 2.4 for the Ag foil, AgNPs (large), Ag bipyramids, 

and AgNPs (small), respectively. 

 

 

                                                 
3 Appendix C details supplemental information corresponding to Chapter 4 
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Figure C.1 Comparison of Raman spectra of (NH4)2SO4 particles for different types of Ag SERS 
substrates.  Enhancement factors were calculated to be 5.6, 3.1, 2.8, and 2.4 for the Ag foil, 
AgNPs (large), Ag bipyramids, and AgNPs (small), respectively. 

 

C.2 Raman Spectra 

All Raman spectra and the average spectrum for 400 nm, 600 nm, and 800 nm PSL 

particles from both quartz and Ag foil substrates are shown in Figures C.2-C.4. All Raman 

spectra and the average spectrum for 400 nm, 600 nm, and 800 nm (NH4)2SO4 particles from 

both quartz and Ag foil substrates are shown in Figures C.5-C.7. All Raman spectra and the 

average spectrum for 400 nm, 600 nm, and 800 nm NaNO3 particles from both quartz and Ag 

foil substrates are shown in Figures C.8-C.10.  
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Figure C.2 Raman spectra for 400 nm PSL particles on quartz (top) and Ag foil (bottom) 
substrates.  

 



135 
 

 

Figure C.3 Raman spectra for 600 nm PSL particles on quartz (top) and Ag foil (bottom) 
substrates. 
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Figure C.4 Raman spectra for 800 nm PSL particles on quartz (top) and Ag foil (bottom) 
substrates. 
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Figure C.5 Raman spectra for 400 nm (NH4)2SO4 particles on quartz (top) and Ag foil (bottom) 
substrates. 

 



138 
 

 

Figure C.6 Raman spectra for 600 nm (NH4)2SO4 particles on quartz (top) and Ag foil (bottom) 
substrates. 
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Figure C.7 Raman spectra for 800 nm (NH4)2SO4 particles on quartz (top) and Ag foil (bottom) 
substrates. 
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Figure C.8 Raman spectra for 400 nm NaNO3 particles on quartz (top) and Ag foil (bottom) 
substrates. 
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Figure C.9 Raman spectra for 600 nm NaNO3 particles on quartz (top) and Ag foil (bottom) 
substrates. 
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Figure C.10 Raman spectra for 800 nm NaNO3 particles on quartz (top) and Ag foil (bottom) 
substrates. 

 

C.3 Ambient Aerosol Sample Optical Images 

SERS spectra were collected for 150 nm size-selected ambient aerosol particles with 

point-by-point automated mapping with 0.25 μm step size. Figure C.11 shows the Raman spectra 

and corresponding optical image for these sample with the mapped region and the location of the 

spectra highlighted. The ambient aerosol may appear larger in the optical image due to spreading 

upon impaction (Sobanska et al., 2014; Bondy et al., 2017a) or agglomeration, however, the 

large particles were avoided for this analysis. 
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Figure C.11 Raman spectra for 150 nm size-selected ambient aerosol particles with color 
coordinated highlights for their respective locations within the mapped region (indicated by the 
yellow square).   

 



144 
 

Appendix D. Direct Measurement of pH in Individual Particle via Raman 
Microspectroscopy and Variation in Acidity with Relative Humidity Supplemental 

Information4 
 

D.1 Bulk Solution Composition 

Aerosol particles were generated from solutions of MgSO4-H2SO4. The ratio of the 

concentration of Mg2+ to the concentration of total sulfate species (bisulfate + sulfate) for each 

bulk solution was used to determine the concentration of Mg2+ in individual particles (Table 

D.1). 

Table D.1 Bulk solution composition 

Bulk Solution pH [MgSO4] (mM) [H2SO4] (mM) [Mg2+]/([HSO4
- + SO4

2-]) 

0.44 30 360 0.08 

0.89 30 198 0.13 

1.15 30 54 0.36 

1.64 30 18 0.63 

1.99 30 4.1 0.88 

 

D.2 Comparison with Proxy Methods 

To compare the Raman microspectroscopic method of measuring aerosol particle pH, the 

ion balance proxy method for calculating aerosol particle [H+] was applied using the averaged 

data for [Mg2+], [HSO4
-], and [H2SO4

2-]. The ion balance method was unable to be used to 

calculate aerosol particle pH for bulk solution pH 1.64 and 1.99, as it resulted in negative [H+] 

values.  The results of the ion balance method, which have a significantly smaller correlation 

                                                 
4 Appendix D details supplemental information corresponding to Chapter 5 
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factor and do not show an increase in pH with increasing relative humidity, are shown in Figure 

D.1. 

 

Figure D.1 Aerosol particle pH as a function of relative humidity for bulk solution pH 0.44, 
0.89, and 1.15, as calculated by the ion balance proxy method for determining [H+] of an aerosol 
particle. 
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D.3 Relative Humidity Cycling 

Table D.2 Average data from each cycle at each bulk solution pH.. 

Bulk 
Solution 

pH 
Cycle RH 

(%) 
[HSO4

-] 
(m) 

[SO4
2-] 

(m) 
[Mg2+] 

(m) 
[SO4

2-]/ 
[HSO4

-] I γ (HSO4
-) γ (SO4

2-) γ(H+) [H+] 
(m) 

Aerosol 
Particle 

pH 

0.44 

1 

26 3.527 0.222 0.300 0.070 3.959 0.528 0.078 0.714 2.305 -0.074 
34 3.018 0.110 0.250 0.036 3.525 0.531 0.079 0.715 2.590 -0.267 
43 2.745 0.242 0.239 0.098 3.691 0.532 0.081 0.716 2.714 0.003 
56 3.090 0.325 0.273 0.099 3.222 0.536 0.083 0.717 0.961 0.170 
62 2.237 0.295 0.203 0.134 2.439 0.549 0.091 0.722 0.651 0.337 
69 2.097 0.325 0.194 0.154 2.358 0.551 0.093 0.723 0.545 0.407 
77 2.697 0.466 0.253 0.163 3.063 0.541 0.086 0.719 0.554 0.402 
91 1.884 0.201 0.167 0.107 2.047 0.559 0.098 0.726 0.740 0.270 

2 

27 3.102 0.102 0.256 0.036 3.935 0.527 0.078 0.714 3.334 -0.324 
36 2.607 0.175 0.223 0.067 2.804 0.542 0.086 0.719 1.410 0.012 
48 2.819 0.328 0.252 0.121 3.013 0.538 0.084 0.718 0.885 0.233 
57 2.566 0.295 0.229 0.115 2.711 0.544 0.087 0.720 0.760 0.264 
66 1.334 0.219 0.124 0.176 1.572 0.576 0.111 0.733 0.436 0.515 
75 2.061 0.343 0.192 0.163 2.381 0.551 0.092 0.723 0.559 0.412 
81 1.807 0.402 0.177 0.232 2.257 0.554 0.094 0.724 0.395 0.568 

0.89 

1 

37 85.473 9.828 12.389 0.109 87.947 0.443 0.039 0.684 1.550 -0.025 
45 90.425 12.402 13.368 0.128 97.409 0.443 0.039 0.684 1.314 0.047 
54 40.402 3.767 5.742 0.093 40.074 0.451 0.041 0.686 1.709 -0.069 
64 61.678 14.573 9.913 0.212 80.203 0.448 0.040 0.685 0.784 0.271 
75 32.053 7.120 5.092 0.222 40.809 0.451 0.041 0.686 0.717 0.308 

2 
35 17.847 1.821 2.557 0.102 18.362 0.471 0.049 0.693 1.365 0.025 
41 17.978 2.179 2.620 0.115 19.193 0.473 0.051 0.694 1.212 0.077 
49 16.565 1.393 2.334 0.083 16.558 0.473 0.050 0.694 1.642 -0.057 
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Bulk 
Solution 

pH 
Cycle RH 

(%) 
[HSO4

-] 
(m) 

[SO4
2-] 

(m) 
[Mg2+] 

(m) 
[SO4

2-]/ 
[HSO4

-] I γ (HSO4
-) γ (SO4

2-) γ(H+) [H+] 
(m) 

Aerosol 
Particle 

pH 
58 8.435 1.100 1.240 0.130 9.366 0.490 0.058 0.700 0.940 0.183 
69 11.522 1.804 1.732 0.151 13.269 0.481 0.054 0.697 0.872 0.218 
81 5.239 0.848 0.791 0.172 6.220 0.515 0.072 0.709 0.643 0.362 
85 3.366 0.657 0.523 0.237 4.297 0.529 0.079 0.714 0.509 0.493 

1.15 

1 

32 2.056 0.128 0.786 0.072 3.637 0.534 0.082 0.716 1.560 0.003 
44 2.411 0.224 0.948 0.105 4.091 0.528 0.078 0.714 1.083 0.162 
56 1.929 0.234 0.779 0.151 3.403 0.537 0.084 0.717 0.827 0.314 
66 1.467 0.243 0.616 0.164 2.717 0.545 0.088 0.720 0.531 0.420 
67 1.809 0.201 0.724 0.143 3.182 0.545 0.090 0.721 0.855 0.311 
75 1.305 0.194 0.540 0.237 2.409 0.560 0.100 0.726 0.578 0.511 
88 0.822 0.169 0.357 0.456 1.655 0.585 0.121 0.737 0.384 0.784 

2 

34 3.282 0.150 1.235 0.076 5.742 0.529 0.080 0.714 2.661 -0.057 
48 2.242 0.371 0.941 0.156 4.051 0.531 0.080 0.715 0.614 0.361 
59 1.983 0.400 0.858 0.204 3.776 0.535 0.083 0.717 0.541 0.459 
64 1.755 0.267 0.728 0.157 3.161 0.537 0.083 0.717 0.588 0.383 
65 2.549 0.531 1.109 0.181 4.972 0.521 0.074 0.711 0.838 0.305 
75 2.555 0.392 1.061 0.175 4.519 0.528 0.079 0.714 0.671 0.369 
87 1.409 0.233 0.591 0.222 2.646 0.554 0.095 0.724 0.588 0.501 

1.64 
1 

31 2.494 0.360 1.798 0.170 5.971 0.508 0.067 0.707 0.814 0.297 
41 2.259 0.134 1.508 0.073 5.416 0.515 0.071 0.709 2.005 -0.065 
53 3.194 0.432 2.285 0.141 7.451 0.500 0.063 0.704 0.838 0.241 
62 2.589 0.392 1.878 0.154 6.196 0.506 0.066 0.706 0.721 0.297 
75 2.438 0.415 1.797 0.174 5.963 0.513 0.070 0.709 0.641 0.361 
87 1.935 0.537 1.557 0.353 5.332 0.519 0.074 0.711 0.352 0.657 

2 32 2.698 0.406 1.956 0.167 6.426 0.513 0.071 0.709 0.706 0.337 
44 4.562 0.820 3.391 0.183 11.049 0.492 0.060 0.701 0.691 0.330 



148 
 

Bulk 
Solution 

pH 
Cycle RH 

(%) 
[HSO4

-] 
(m) 

[SO4
2-] 

(m) 
[Mg2+] 

(m) 
[SO4

2-]/ 
[HSO4

-] I γ (HSO4
-) γ (SO4

2-) γ(H+) [H+] 
(m) 

Aerosol 
Particle 

pH 
56 4.168 0.975 3.240 0.266 10.761 0.501 0.065 0.704 0.493 0.504 
64 3.346 0.777 2.597 0.234 8.674 0.496 0.061 0.702 0.505 0.454 
70 4.299 1.163 3.441 0.286 11.579 0.491 0.059 0.700 0.442 0.524 
81 2.801 0.914 2.340 0.339 8.081 0.503 0.065 0.705 0.344 0.631 

1.99 

1 

35 4.041 0.795 4.255 0.274 12.380 0.503 0.067 0.705 0.521 0.512 
46 3.332 1.100 3.900 0.403 11.840 0.489 0.058 0.700 0.350 0.651 
56 2.150 0.881 2.667 0.415 8.310 0.498 0.062 0.703 0.281 0.709 
67 1.511 0.769 2.007 0.689 6.408 0.512 0.069 0.708 0.199 0.920 
73 1.099 0.599 1.494 0.646 4.823 0.523 0.076 0.712 0.173 0.946 
77 0.965 0.535 1.320 0.777 4.272 0.532 0.081 0.716 0.160 1.022 
85 0.775 0.417 1.049 0.699 3.401 0.540 0.086 0.719 0.161 1.007 

2 

39 2.795 0.744 3.114 0.279 9.332 0.497 0.062 0.703 0.440 0.526 
46 2.322 0.786 2.735 0.349 8.380 0.496 0.061 0.702 0.356 0.617 
59 1.732 0.837 2.260 0.484 7.176 0.502 0.064 0.704 0.233 0.786 
67 1.410 0.711 1.867 0.524 5.970 0.508 0.067 0.706 0.218 0.825 
78 1.184 0.670 1.631 0.734 5.281 0.518 0.073 0.710 0.175 0.968 
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Appendix E. Spectroscopic Determination of Aerosol pH from Acid-Base Equilibria in 
Inorganic, Organic, and Mixed Systems Supplemental Information5 

 

E.1 Solution Preparation 

To create a solution for each acid-base system, a salt containing the base was dissolved in 

solution and then mixed with a strong acid to control the pH. Table E.1 lists measured pH, the 

concentration of salt, and concentration of acid for each solution. The ratio of [ion]:[acid + 

conjugate base] that was used to determine the concentration of spectator ions (those not 

involved in the acid-base equilibrium) in each particle is also given. 

 

Table E.1 Composition and pH of solutions used to generate particles for each acid-base system. 

   *pH below measurement range of pH probe 
   #0.097 M HCH3COO also added 
E.2 Calibration Curves 

                                                 
5 Appendix E details supplemental information corresponding to Chapter 6 

Acid-Base 
System pH Salt Acid 

[ion]:[acid + 
conjugate base] 

HNO3/NO3
- < 0* 0.085-0.096 M NaNO3 8.81-9.63 M HNO3 Na+ - ~0.01:1 

HC2O4
-/C2O4

2- 
3.63 0.272 M (NH4)2C2O4 0.091 M HCl NH4

+ - 2:1 
Cl- - 0.33:1 

3.97 0.280 M (NH4)2C2O4 0.065 M HCl NH4
+ - 2:1 

Cl- - 0.23:1 
HCH3COO/ 
CH3COO- 3.92 0.695 M NaCH3COO 0.023 M HCl# Cl- - 0.03:1 

HCO3
-/CO3

2- 10.47 0.038 M Na2CO3 0.010 M HCl Na+ - 2:1 
Cl- - 0.26:1 

HSO4
-/SO4

2- & 
HC2O4

-/C2O4
2- 

0.39 0.273 M (NH4)2SO4, 
0.273 M (NH4)2C2O4 

0.795 M H2SO4 NH4
+ - 0.81:1 

0.83 0.286 M (NH4)2SO4, 
0.286 M (NH4)2C2O4 

0.476 M H2SO4 NH4
+ - 1.09:1 

3.58 0.284 M (NH4)2SO4, 
0.283 M (NH4)2C2O4 

0.057 M H2SO4 NH4
+ - 1.82:1 

3.99 0.291 M (NH4)2SO4, 
0.291 M (NH4)2C2O4 

0.033 M H2SO4 NH4
+ - 1.89:1 
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Standard solutions were used to create calibration curves relating integrated peak area to 

concentration for each acid and conjugate base studied (Figures E.1-E.5). For all systems, the 

calibration curve for the base was created first. Then, to calibrate the acid species for the 

HNO3/NO3
-
, HCO3

-/CO3
2-, HCH3COO/CH3COO-, and HSO4

-/SO4
2- systems, the calibration 

curve for the base was used to determine [base] present in the acid-base equilibrium and 

subtracted from the total [acid + base] to determine [acid]. For the HC2O4
-/C2O4

2- system, the 

acid calibration curve was created by relating the acid:total peak area ratio to the [acid]:[total 

acid + base] because of the close proximity of the analyzed vibrational modes. To confirm this 

method, the base:total peak area ratio related to the [base]:[total acid + base] was compared to 

the data for the C2O4
2- calibration curve and was found to be consistent. To calibrate for H2C2O4

, 

HCl was added to standard solutions of H2C2O4 to ensure the pH was low enough that H2C2O4 

was the only species present in the H2C2O4/ HC2O4
- equilibrium. 

 

 

 

 

 

 

 

 

 

 

 

 

E.2.1. HNO3/NO3
- 
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Figure E.1 Calibration curves relating integrated peak area to concentration for HNO3 and NO3
-, 

along with corresponding spectra for νs(NO3
-) at 1047 cm-1 and νs(HNO3) at 1306 cm-1. 

 

 

 

 

 

E.2.2. HCO3
-/CO3

2- 
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Figure E.2 Calibration curves relating integrated peak area to concentration for HCO3
- and 

CO3
2-, along with corresponding spectra for νs(CO3

2-) at 1067 cm-1 and νs(HCO3
-) at 1019 cm-1. 

 

 

 

 

E.2.3. HSO4
-/SO4

2- 
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Figure E.3 Calibration curves relating integrated peak area to concentration for HSO4
- and SO4

2-

, along with corresponding spectra for νs(SO4
2-) at 983 cm-1 and νs(HSO4

-) at 1053 cm-1. 

 

 

 

 

E.2.4. H2C2O4/HC2O4
-/C2O4

2- 
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Figure E.4 Calibration curves relating integrated peak area to concentration for H2C2O4, HC2O4
-, 

and C2O4
2-, along with corresponding spectra for ν(C-C) H2C2O4 at 850 cm-1

, ν(C-C) HC2O4
-
 at 

873 cm-1, and ν(C-C) C2O4
2-

 at 907 cm-1. 

 

E.2.5. CH3COOH/CH3COO- 
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Figure E.5 Calibration curves relating integrated peak area to concentration for HCH3COO and 
CH3COO-, along with corresponding spectra for ν(C-C) HCH3COO at 890 cm-1

 and ν(C-C) 
CH3COO-

 at 927 cm-1. 

 

 

 

 

E.3 Extended Debye-Hückel Relationship 
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The extended Debye-Hückel relationship (Equation 6.2) was applied to calculate the 

activity coefficient for each species in the acid-base equilibrium. In the extended Debye-Hückel 

relationship, A and B are constants characteristic of the solvent (water) and åi is the effective 

diameter of the ion in solution (Kielland, 1937; Garrels and Christ, 1965). The value for A 

0.5085 and the value for B is 3.281x10-9. Values for åi are listed in Table B.2. 

 
Table E.2  Effective diameter (åi) values. 

åi x 108 Ion 

2.5 NH4
+

 

3.0 Cl-, NO3
-
 

4.0 Na+, HCO3
-, HSO4

-, SO4
2-

 

4.5 CO3
2-, HC2O4

-, C2O4
2-, CH3COO-

 

9 H+ 

 

E.4 Particle pH Measurements 

Although the aerosol particles studied for each system were all generated from the same 

solution, there was some variability in particle pH. Histograms for the measured particle pH for 

each acid-base system are given in Figure E.6.  

 

 

 

 

 

 

 

A             B 
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C             D 

  

E 

 

Figure E.6 Histograms for measured particle pH for A) HNO3/NO3
-, B) HCO3

-/CO3
2-, C) 

HC2O4
-/C2O4

2-, D) CH3COOH/CH3COO-, and E) HC2O4
-/C2O4

2- and HSO4
-/SO4

2- mixed acid-
base equilibrium systems. 

 

E.5 Oxalic Acid Measurements 
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To illustrate the challenges of using the H2C2O4/HC2O4
- equilibrium to determine aerosol 

particle pH, Figure E.7 shows Raman spectra of H2C2O4, HC2O4
-, and C2O4

2- standards, with the 

ν(C-C) mode for each of the compounds located at 850 cm-1, 873 cm-1, and 907 cm-1, 

respectively. It is difficult to separate and accurately fit the ν(C-C) H2C2O4 and ν(C-C) HC2O4
- 

modes to determine their ion concentrations due to their close proximity (~20 cm-1) and the 

shoulder-like nature of the ν(C-C) HC2O4
- mode on the ν(C-C) H2C2O4 mode. 

 

Figure E.7 Raman spectra of H2C2O4 (green), HC2O4
- (yellow), and C2O4

2- (blue) standards.  
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E.6 Gas-Particle Partitioning 

In contrast to the HNO3/NO3
- and CH3COOH/CH3COO- equilibrium systems, the acid for 

the HC2O4
-/C2O4

2- system, the HC2O4
-/C2O4

2- and HSO4
-/SO4

2- mixed system, and the HCO3
-

/CO3
2- system did partitioning from the particle to the gas phase. Representative Raman spectra 

showing this are given in Figure E.8 for the HC2O4
-/C2O4

2- system and the HC2O4
-/C2O4

2- and 

HSO4
-/SO4

2- mixed system. Spectra for the HCO3
-/CO3

2- system are not given, as low 

concentrations in the bulk solution did not provide visible intensity in the spectra.  

 

 

Figure E.8 Raman spectra of the bulk solution and representative particles for A) the HC2O4
-

/C2O4
2- system and B) the HC2O4

-/C2O4
2- and HSO4

-/SO4
2- mixed system.  

A 

B 
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E.7 Dutcher Model 

For improved predictions of pH for particles of the high ionic strength HNO3/NO3
- 

system, the multilayer adsorption isotherm based model from Dutcher et al. was used (Dutcher et 

al., 2013). The model includes arbitrary number of adsorbed monolayers and uses a power law 

relationship for aqueous solutions to determine adsorption energy parameter of water molecules 

with a solute by adjusting two parameters. The model (equations 27 and 28 in Dutcher et al.) 

(Dutcher et al., 2013) is used for finding the molalities and activities of the solutes present as a 

function of water activities, and subsequently the activities of the ions are determined. Treating 

RH data as equivalent to water activity and using it as input to the model, the molalities and 

activities of the solutes are calculated. Alternatively, using both RH data and the measured 

(converted) molality data, the model calculated the activities of each solute present in the 

solution mixture. The difference in pH using both methods for the nitrate system is not 

significant. However, the results shown in this work are from the latter method where the 

measured RH and concentration data were input to the model. For the HNO3/NO3
- particles, the 

activity of the acid (HNO3) is found by the model, and the activity of the conjugate base ion 

(NO3
-) is found by Equation E.1. Then, Equation 6.3 is finally used to determine the activity of 

the H+, and therefore pH by Equation 6.4.  

 

Equation E.0.1     𝑎𝑁𝑁3− = �𝑎𝐻𝑁𝑁3.𝑎𝑁𝑎𝑁𝑁3.  

 

E.8 Density Function Theory (DFT) Calculation 

DFT optimization and frequency calculations were performed for HC2O4
- and C2O4

2- to 

investigate the behavior and potential coupling of the ν(C-C) vibrational mode. An optimization 

calculation was first performed using the B3LYP method with 3-21G basis set, following by an 

optimization and frequency calculation using the B3LYP method with 6-311G basis set (++, 2d, 

p). Both calculations were performed with water as the designated solvent. The calculations 

revealed that the ν(C-C) mode is coupled to the δ(O-C-O) bend for both ions, which for HC2O4
-
, 

protonation and hydrogen bonding interactions, could contribute to the broadening of the 

corresponding peak with decreasing aerosol particle pH.  
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E.9 Particle pH and Peak Broadness Correlations 

As discussed in the paper, the relationship between aerosol particle pH and the peak 

broadness of the all acid and base vibrational modes was explored. The correlation (r) values for 

this relationship for all inorganic and organic species analyzed are given in Table E.3. Figure E.9 

shows aerosol particle pH as a function of the full width half maximum (fwhm) for the νs(HSO4
-) 

and νs(SO4
2-), with data from both this study and Rindelaub et al. to confirm that there is no trend 

between aerosol particle pH and the broadness of the peak corresponding to νs(SO4
2-) (Rindelaub 

et al., 2016a). 

 

Table E.3 Correlation (r) values for aerosol particle pH with peak broadness (fwhm) for the acid 
and base species for each acid-base system. 

 Acid Base 
Mode r value Mode r value 

Inorganic 
νs(HCO3

-) -0.927 νs(CO3
2-) -0.265 

νs(HSO4
-) -0.532* νs(SO4

2-) -0.848# 

νs(HNO3) -0.729 νs(NO3
-) -0.152 

Organic ν(C-C) CH3COOH -0.683 ν(C-C) CH3COO- 0.548 
ν(C-C) HC2O4

- -0.513 ν(C-C) C2O4
2- 0.714 

*r = -0.659 when data from Rindelaub et al. is also included. 
#r = -0.471 when data from Rindelaub et al. is also included. 
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Figure E.9 Aerosol particle pH as a function of full width half maximum (fwhm) for the        
νs(SO4

2-) and νs(HSO4
-) vibrational modes, with data from this study as well as from Rindelaub 

et al. (Rindelaub et al., 2016a).  
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Appendix F. Direct Determination of Aerosol pH: Size-Resolved Measurements of 
Submicron and Supermicron Aqueous Particles Supplemental Information6 

 

F.1 pH Measurements of (NH4)2SO4-H2SO4 Standard Solutions 

pH indicator paper measurements of bulk solution standards of (NH4)2SO4-H2SO4 of 

varying pH were compared to pH probe measurements to confirm the accuracy of the pH 

indicator paper method (Figure F.1). Good agreement was observed between the two pH 

measurement techniques. The pH indicator paper measurements showed slight deviation when 

approaching the limits of each paper’s respective pH range, due to the pKa values of the indicator 

dye in the paper. For the pH 0-2.5 paper, the indicator dye is thymol blue with a pKa of 1.7 and 

for the pH 2.5-4.5 paper, the indicator dye is methyl orange with a pKa of 3.47. At pH values at 

the limits of the indicator range, the dye is less effective, leading to pH measurements that may 

be slightly less accurate. Overall, the pH indicator paper measurements were both accurate and 

precise through multiple trials with each solution. 

                                                 
6 Appendix F details supplemental information corresponding to Chapter 7 
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Figure F.1 Bulk solution pH as determined by pH indicator paper measurements in comparison 
to bulk solution pH measured by a pH probe. The solid line represents 1:1.  

 

F.2 Correction Factor for pH Measurements with pH 2.5-4.5 Indicator Paper 

pH measurements made with the pH 2.5-4.5 indicator paper showed a bias for 

consistently underestimating pH for the (NH4)2SO4-H2SO4 solutions as well as hydrochloric acid 

(HCl) standard solutions (Figure F.2). The pH measurements for the HCl standards were fitted 

with a linear regression and a correction factor offsetting the y-intercept of the regression was 

applied, bringing the pH measurements into good agreement with the pH measurements via 

probe analysis. The y-intercept correction factor of -0.319 was applied to all subsequent pH 

measurements with the pH 2.5-4.5 indicator paper. 
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Figure F.2 Bulk solution pH measurements via pH 2.5-4.5 indicator paper as a function of bulk 
solution pH measurements via pH probe for HCl standard solutions.  

 

F.3 Blank Aerosol Testing with pH Indicator Paper 

To confirm the color change on the pH indicator paper was due to aerosol particles rather 

than gas or water vapor, an aerosol blank in which the particles were filtered out using a HEPA 

filter was collected and there was no observed color change on the pH indicator paper (Figure 

F.3). pH 0.5, 2, and 3 systems were tested. 
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Figure F.3 Images of pH 0.5, 2, 3 systems tested with aerosol particles filtered out to determine 
influence of gases and/or water vapor on pH indicator paper color changes. 

 

F.4 pH Indicator Paper Testing with Various Aqueous Inorganic Ion Systems 

Systems of varying inorganic ion composition and pH were also tested with the pH 0-2.5 

indicator paper to confirm its accuracy and applicability to a range of chemical compositions 

common in atmospheric aerosol particles (Figure F.4). Aerosol particle chemical compositions 

included MgSO4-H2SO4, Na2SO4-H2SO4, Na2CO3-HCl, NaNO3-HNO3, and NH4NO3-HNO3. 
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Figure F.4 Bulk solution pH as measured by pH indicator paper compared to bulk solution pH 
as measured by pH probe for systems of various inorganic ion composition. 

 

F.5 Raman Analysis 

Raman spectra for individual impacted particles were collected using a LabRAM HR 

Evolution Raman microspectrometer (Horiba, Ltd.) equipped with a Nd:YAG laser source (50 

mW, 532 nm) and CCD detector, and coupled with a confocal optical microscope (100x 0.9 N.A. 

SLMPlan N Olympus objective). The instrument was calibrated against the Stokes Raman signal 

of pure Si at 520 cm-1 using a silicon wafer standard. Spectra from 500 to 1400 cm-1 were 

acquired for 15 s with three accumulations. A 600 groove/mm diffraction grating yielded spectral 

resolution of ~1.7 cm-1. Spectra were collected at ambient temperature and RH (~35% or ~60%). 

Though the aerodynamic diameter for particles collected on the smallest stage (< 0.4 μm) is 

below the typical detectable particle size due to the diffraction limit of visible light and the 532 
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nm laser for the 100x objective, aqueous particles spread when impacted, causing a larger 

projected area diameter, which can be observed with typical spreading ratios (Sobanska et al., 

2014; Bondy et al., 2017a). 

 

F.6 Raman Spectra for Small, Medium, and Large Particle Sizes Under Various pH 
Conditions 
 

Raman spectra were collected for aerosol particles of various sizes corresponding to the 

pH indicator paper measurement size ranges to further investigate the trend of increasing particle 

acidity with decreasing particle size. Figure F.5 shows spectra normalized to the ν(HSO4
-) mode 

for the pH 0.15, pH 0.80, pH 1.01, pH 1.31, and pH 1.78 systems.  
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Figure F.5 Raman spectra normalized to the ν(HSO4
-) mode for particles of various sizes 

generated from solution with pH ranging from 0.15 to 1.78. 
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F.7 Water Content Fraction and Particle Mass Limit Calculations 

Water content fraction by mass for each size range of particles for several pH systems 

was calculated based on comparison of mass concentration size distributions at wet and dry RH 

conditions. Particle mass from the mass concentration size distribution was summed for all bins 

within a given particle size range for a wet and then dry RH condition. Then water content 

fraction was calculated by dividing the difference between wet and dry condition masses (mwet 

and mdry, respectively) by the wet condition mass, according to Equation F.1.  

 

Equation F.0.1   Water content fraction = (mwet−mdry)
mwet

 

  

Water content fraction values, along with minimum particle mass needed to induce a 

measureable color change and average particle density, for several pH systems is provided in 

Table F.1. Minimum particle mass was calculated by again summing the mass from mass 

concentration size distributions for all bins within a given particle size range and then 

multiplying by sampling time to determine total mass of particles impacted. 
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Table F.1 Minimum particle mass, water content fraction, and average particle density for 
particles of various sizes for a range of pH systems. 

 
Bulk Solution pH 

0.15 1.31 1.77 2.96 3.86 

Particles da 
< 0.4 μm 

Mass (μg) 50.8 ± 9.7 14.5 ± 0.2 25.6 ± 0.5 63.9 ± 4.0 82.9 ± 2.2 

Water 
Content 
Fraction 

0.610 ± 
0.225 

0.814 ± 
0.022 

0.784 ± 
0.027 

0.804 ± 
0.081 

0.792 ± 
0.034 

Average 
Particle 
Density 
(kg/m3) 

1040.8 ± 
21.8 1056.5 ± 3.9 1048.1 ± 3.6 - - 

Particles da 
0.4 μm – 
2.5 μm 

Mass (μg) 74.4 ± 5.2 30.1 ± 1.3 49.0 ± 0.8 114.5 ± 6. 159.3 ± 6.7 

Water 
Content 
Fraction 

0.745 ± 
0.091 

0.729 ± 
0.060 

0.690 ± 
0.064 

0.693 ± 
0.077 

0.733 ± 
0.056 

Average 
Particle 
Density 
(kg/m3) 

1016.8 ± 1.8 1040.7 ± 3.9 1034.3 ± 3.0 - - 

Particles da 
> 2.5 μm 

Mass (μg) 67.4 ± 1.1 294.9 ± 19.9 584.1 ± 6.7 1565.5 ± 
59.2 

2560.0 ± 
180.3 

Water 
Content 
Fraction 

0.629 ± 
0.070 

0.992 ± 
0.095 

0.996 ± 
0.016 

0.997 ± 
0.053 

0.998 ± 
0.100 

Average 
Particle 
Density 
(kg/m3) 

1018.6 ± 1.4 1025.4 ± 3.6 1022.9 ± 2.1 - - 

 
 
 
 
 

  



172 
 

F.8 Thermodynamic Modeling 

Thermodynamic models commonly used to predict aerosol acidity, such as E-AIM II 

(Clegg et al., 1992, 1998; Carslaw et al., 1995; Wexler and Clegg, 2002) and ISORROPIA-II 

(Nenes et al., 1998; Fountoukis and Nenes, 2007) use model inputs of temperature, RH, and 

chemical concentrations such as ammonium and sulfate. However, bisulfate concentrations – like 

those measured here – cannot be input independently into the models. If spectroscopically 

measured sulfate (SO4
2-) and bisulfate (HSO4

-) concentrations are combined and used as the 

nominal sulfate concentration input, an ion balance needed to run E-AIM would lead to 

erroneously high values of the input H+ concentration. The users’ input conditions may lead to an 

over-prediction in acidity when running the model. Indeed, Figure F.7 shows that when run in 

this manner, both models over predicted aerosol acidity, resulting in pH values ~1 – 2.5 pH units 

lower than the direct aerosol pH measurements. Again, this is most likely due to the challenges 

of accurately representing bisulfate and, possibly, in distinguishing between free and bound 

protons (H+ vs HSO4
-) within the model. These results illustrate the benefit of direct 

measurements of aerosol pH, at both the bulk and single particle level, to compare to and help 

constrain model predictions. Details on how the models were run and additional assumptions 

model are provided below for each model.   

F.8.1 E-AIM.   

E-AIM Model II (Clegg et al., 1992, 1998; Carslaw et al., 1995; Wexler and Clegg, 2002) 

(http://www.aim.env.uea.ac.uk/aim/aim.php) was used to determine bulk solution pH as well as 

aerosol pH for individual particles for each pH system. For bulk solution pH, model inputs 

included concentration of SO4
2-, NH4

+, and H+. For aerosol pH, model inputs included 

temperature, relative humidity, and concentration of SO4
2-, NH4

+, and H+. [SO4
2-] was 

determined by combining spectroscopically measured concentrations of SO4
2- and HSO4

-. The 

ratio of [NH4
+] to ([SO4

2-] + [HSO4
2-]) in each bulk solution was used to determine [NH4

+] in the 

particles based on the measured [SO4
2-] and [HSO4

2-], in the same manner as Rindelaub et al. and 

Craig et al. (Rindelaub et al., 2016a; Craig et al., 2017b) The [H+] input was determined from an 

ion balance with [SO4
2-] and [NH4

+]. Formation of all solids was prevented for each calculation. 

pH was then calculated from model determined [H+
(aq)] (m) and activity coefficient according to 

Eq. F.2 (Figure F.6 and F.7). 
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Equation F.0.2    pH = -𝑙𝑙𝑙 ([H+] ∗ 𝛾H+)  

 

F.8.2 ISORROPIA-II.   

ISORROPIA-II (Nenes et al., 1998; Fountoukis and Nenes, 2007) 

(http://nenes.eas.gatech.edu/ISORROPIA) was also used to determine aerosol pH for individual 

particles for each pH system. Model inputs included temperature, relative humidity, and 

concentration of SO4
2- and NH4

+. Similar to the concentration inputs for E-AIM, [SO4
2-] was 

determined by combining spectroscopically measured concentrations of SO4
2- and HSO4

-. The 

ratio of [NH4
+] to ([SO4

2-] + [HSO4
2-]) in each bulk solution was used to determine [NH4

+] in the 

particles based on the measured [SO4
2-] and [HSO4

2-]. Certainly, the model predictions are more 

accurate when inputs of both aerosol and gas phase chemical species are included (Hennigan et 

al., 2015; Murphy et al., 2017). However, with only aerosol phase concentration measurements, 

ISORROPIA-II was run in the reverse mode and to prevent precipitation of salts, the metastable 

state was specified. pH was calculated directly by the model (Figure F.7). In particular, 

differences between the ISORROPIA-II model and measurements shown here may be 

attributable to differences in the [HSO4
-
(aq)] and [SO4

2-
(aq)] ratios. 
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Figure F.6 Comparison of pH indicator paper measurements and E-AIM calculated pH with pH 
probe measurements for the bulk solutions from which the aerosol particles were generated.  
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Figure F.7 Aerosol pH as a function of the pH of the bulk solution from which the particles were 
generated for particles (A) da < 0.4 μm, (B) da 0.4-2.5 μm, and (C) da > 2.5 μm, as measured by 
the pH indicator paper and Raman microspectroscopic methods, and (D) calculated by E-AIM 
and ISORROPIA-II thermodynamic models. Error bars for the pH indicator paper data 
correspond to uncertainty in the measurements across multiple trials. Error bars for the Raman 
spectroscopic data corresponds to standard deviation of multiple trials. On all graphs, the solid 
black line represents 1:1. 
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