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Summary  

Chemical models of atmospheric particles are vital in understanding the role of 10 

aerosol particles in atmospheric chemistry, air pollution, human health, and climate 

change. Advancing these models requires new frameworks that can realistically predict 

how critical particle properties evolve. We present such a framework for predicting particle 

phase separation and which morphology will prevail; this controls how each particle 

interacts with and affects the atmosphere. Aerosol optical tweezers experiments are used 15 

to probe the morphology within individual levitated particles. We studied the mixing 

behavior of α-pinene secondary organic aerosol (SOA) with different organic phases as 

relative humidity was varied to determine the interplay between polarity, miscibility, 

interfacial tension, and the resulting morphology. Using our measurments and literature 

data a general trend in morphology with increasing atmospheric oxidation was observed, 20 

from biphasic partially-engulfed – where both phases are immediately accessible to the gas 

phase – to biphasic core–shell, where the organic shell conceals the core, and finally to a 

single-phase homogeneous morphology. 
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Introduction  

Particles in the atmosphere reflect and absorb sunlight, activate to cloud droplets, 30 

nucleate ice crystals, and catalyze chemical reactions inaccessible in the gas phase.1–3 

Aerosols are thus major players in driving atmospheric chemistry, air pollution, and climate 

change.4–7 All of these important processes are governed by the composition at the gas–

particle interface8, which changes as particle composition and morphology evolve. 

Morphology evolves with changes in water content and aerosol composition9–11 that alter 35 

polarity, miscibility12, and interfacial tensions13 during the roughly weeks-long14 

atmospheric residence time of fine particles. The important interplay between these critical 

particle properties is not currently included in chemical transport models, which we rely 

on to understand the magnitude of all these important particle-driven processes and 

impacts.15 Comprehensive experimental studies on individual particles that lead to new 40 

predictive frameworks are required before models can be advanced to represent the 

realistic evolution of particle morphology and its influence on aerosol-chemistry-cloud-

climate interactions. 

Atmospheric organic aerosols (OA) originate from direct emissions of primary 

organic aerosol (POA) and from the oxidation of organic vapors. The oxidation of organic 45 
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vapors generates less-volatile secondary organic aerosol (SOA).16,17 Thousands of individual 

organic compounds constitute SOA, which is a major fraction of organic aerosol and total 

particulate matter mass.18–20 In the atmosphere, SOA is mixed with POA, elemental carbon, 

inorganic salts, metals, minerals, and water, and the water content varies dramatically with 

relative humidity (RH). These suspended components combine into the broad category of 50 

particulate matter, with important but still poorly constrained effects on atmospheric 

chemistry, air pollution, human health, biogeochemistry, and climate change.4–7  

Liquid aerosol particles are prevalent at tropospheric conditions. Depending on the 

constituents and thermodynamic conditions, a particle may undergo liquid–liquid phase 

separation (LLPS) into distinct chemical phases.21–27 We categorize these liquid particles as 55 

either single-phase homogeneous morphologies or liquid–liquid phase separated 

morphologies.25,28–31 For a biphasic (phase-separated) particle, the two predominant 

equilibrium states are a core–shell or a partially-engulfed arrangement of the phases.32 Both 

phases are in direct contact with the gas phase in the latter morphology, while the core 

phase is completely concealed by the shell in a core–shell morphology. We have observed 60 

a core–shell morphology with α-pinene SOA as a shell on a squalane, aqueous NaCl, and 

aqueous glycerol droplets at 75% RH.9 In mixed inorganic–organic systems, phase 

separation results from poor miscibility, which is determined by the polarity and activity 

coefficients of the components and the water activity of the aqueous inorganic salt phase.12 

The water activity varies due to relative humidity changes, which can cause the organics to 65 

be salted out through LLPS at low RH.  
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When modeling small 10-50 nm particles acting as cloud condensation nuclei that 

produce cloud droplets, Ovadnevaite et al.33 showed that biphasic morphology must be 

accounted for to close a gap between thermodynamic models and measurements. Biphasic 

morphologies also have strikingly different reactivity and reactive uptake kinetics 70 

compared to homogeneous particles when the organic phase forms a shell around the 

aqueous (water-rich) phase that drives hydrolysis reactions with important trace gases.8 

The organic shell can play a significant role in impeding the reactive gas–particle uptake of 

hydrolyzable gases such as N2O5 and IEPOX – an epoxydiol produced from the oxidation 

of the dominant biogenic VOC, isoprene.10,11 The shell may also impede the exchange of 75 

semi-volatile organics and water between the particle and the surrounding atmosphere. 

These effects highlight the need to understand and predict the morphology of complex 

organic aerosol mixtures in the atmosphere.  

Of particular interest in this study is how humidity and thus water content affects 

aerosol viscosity and morphology. Under atmospheric conditions, high viscosity (~108 Pa 80 

s) aerosol have been observed.34–42 For a core–shell morphology, diffusion through the shell 

can dictate the equilibrium timescale of gas–particle partitioning between the core and the 

gas phase. In a glassy and hygroscopic particle, the water content plays a major plasticizing 

role that reduces viscosity and facilitates the transition to a liquid particle.43–45 This could 

result in drastically different equilibrium partitioning timescales during atmospheric 85 

humidity changes and cycling. Aerosol particle mixing experiments have shown an increase 

in the degree of mixing between two aerosol populations when the humidity changed from 
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20% to 40% RH.40,46 Therefore, it is vital that viscosity related experiments span the 

ambient humidity range. 

Absorbed water can also increase the number of non-ideal intermolecular 90 

interactions within liquid mixtures, increasing the magnitude of the activity coefficients. 

For an organic carbon-only particle, this could lead to a homogeneous particle 

transitioning to a biphasic particle solely due to increasing humidity. Increasing RH causes 

the hygroscopic components to take up water and become more polar, potentially leading 

to phase separation from the less polar components.9,27,47,48 In a mixed inorganic-organic 95 

particle the phase separation occurs as the RH decreases, concentrating the hygroscopic 

inorganic solute, and causing the more hydrophobic organic components to form a 

separate organic-rich phase.12,23,49,50 For a biphasic particle, the organic phase 

hygroscopicity is vital as the water content will affect the resulting interfacial tension. The 

interfacial tension is analogous to surface tension except it describes the surface energy of 100 

the liquid–liquid interface. This interfacial tension is the determining factor, along with 

surface tensions, in forcing either a core–shell or partially-engulfed morphology upon 

LLPS.29,30,32,51,52 

Here we use the aerosol optical tweezers (AOT) to study the phase-separation 

humidity dependence of individual levitated droplets containing α-pinene SOA. The AOT 105 

can directly distinguish between the two primary biphasic morphologies and follow any 

changes as particle composition is varied by adding material through vapor condensation 

or particle coagulation, or through changing water content by adjusting the surrounding 

RH. This morphology analysis capability comes from the cavity-enhanced Raman spectrum 
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induced from the tweezed droplet that acts as an optical resonating cavity, thus providing 110 

a direct real-time morphology measurement of levitated droplets.32,53,54 Alternate 

techniques to study phase-separation have used droplets placed on optical microscopy 

slides27,29,55–57 and more recently droplets suspended in oil within microfluidic devices.58 

Electron microscopy studies59–61 suggest that the micron-scale equilibrium morphologies 

observed in our tweezers can be extrapolated down to 50 nm diameter particles (dp) and 115 

thus are relevant for ambient atmospheric aerosol. Molecular dynamic simulations of 

nanoscale particles (dp = 4-9 nm) also predict core–shell or partially-engulfed morphologies 

along with energetically higher variants (e.g. multiple organic islands).62 Our previous 

work9 on the morphology of tweezed droplets containing SOA focused on moderately high 

RH (~75%); here we extend these investigations to dryer conditions near 10% RH. We 120 

explore how the morphology of biphasic systems containing secondary organic aerosol 

(SOA) changes as water content decreases. We then combine our experimental 

observations with recent literature studies to predict the likely conditions for phase 

separation and the resulting morphologies of ambient mixed organic aerosol as it 

chemically evolves during atmospheric transport. This predictive framework can be readily 125 

incorporated into chemical transport models as it relies on commonly calculated 

parameters such as the oxygen-to-carbon atomic ratio (O:C) that represents organic carbon 

oxidation state63, enabling more realistic representations of the effects of particulate matter 

on atmospheric chemistry and climate change. 

Results 130 
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SOA Added to a Hydrophobic Organic Droplet 

In our previous work9, we investigated α-pinene SOA added to a tweezed squalane 

droplet at intermediate RH. We deposited SOA to the squalane principally via coagulation 

of ~200 nm particles that nucleated in the AOT chamber and not via vapor condensation, 

as discussed in the Supplementary Information (SI). During this α-pinene SOA coagulation, 135 

the whispering gallery modes (WGMs) (also called morphology-dependent resonances) 

persisted in the Raman spectra retrieved from the droplet in real-time (acquired every 2 

seconds). WGMs require spherical symmetry, and so their persistence indicates that the α-

pinene SOA particles had a low enough viscosity to promptly spread as they deposited on 

the tweezed droplet. There was also no evidence for the retardation of water diffusing 140 

from/to the aqueous core through the SOA shell, further indicating that the SOA did not 

create viscous transport limitations. That previous experiment was at 80% RH and thus 

included the plasticizing effect of water, reducing any viscous limitations and therefore 

promoting the spreading of the coagulating α-pinene SOA particles (dp ≈ 200 nm). Here 

we aim to maximize any possible viscous limitations in the α-pinene SOA system by 145 

conducting experiments at low RH. 

Figure 1 displays the Raman spectra time series with the positions of the WGMs 

(indicated by the white dots), which are found by the peak searching algorithm. In Figure 

1 the α-pinene SOA is formed at 12% RH, which should maximize the viscosity of the 

coagulating particles. The WGMs persist during the coagulation of the α-pinene SOA 150 

particles with the squalane droplet.  This means the droplet remains relatively radially 
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symmetric and suggests that the coagulating α-pinene SOA particles spread rapidly (<2 s, 

the Raman spectrum acquisition time) into a homogeneous SOA shell. 

Because the C–H hydrocarbon Raman band is narrow, we could not reliably identify 

enough WGMs (6 or more) for a successful core–shell fit. In the SI we show the Mie fit for 155 

a homogeneous optical model, which yields a sharp increase in fit error after the SOA 

addition begins. This increase in fit error (model failure, log10(χ2
red.) > 0) is characteristic of 

the formation of a core–shell morphology where the added SOA forms the shell, which 

renders the homogeneous model invalid. For the typical homogeneous droplet, log10(χ2
red.) 

≤ –4. We show a similar experiment in the SI that confirms this core–shell morphology 160 

with valid core–shell Mie theory fitting of the observed WGMs (shell thickness of 147 ± 21 

nm and n650 nm of 1.472 ± 0.003). The opposite arrangement of an α-pinene SOA core and 

squalane shell does not fit the observed WGM behavior (see SI for details). The only 

difference between the two experiments is that the RH during the coagulation period for 

the experiment in the SI was 75%, and then the system was dried to 12% RH. The SOA 165 

collection experiment shown in Figure 1 was performed entirely at 12% RH. α-Pinene SOA 

forming the shell is consistent with our prior experiments at 80% RH.9 
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We next use the core–shell morphology (α-pinene SOA shell coating a squalane 

core) to interpret data during the SOA coagulation interval. The persistence of the WGMs 

means the droplet retained a spherical symmetry during the SOA particle coagulation. If 170 

the α-pinene SOA particles had not spread then they would have disrupted the WGM 

propagation; this disruption was shown for a different case in Gorkowski et al.9 and 

interpreted as WGM quenching caused by SOA coagulating and forming a stable emulsion 

of SOA particles inside an aqueous NaCl core, surrounded by an SOA shell. The formation 

of the emulsion in our previous work9 also confirms that particles are indeed coagulating 175 

onto the droplet. Condensational growth of the droplet is also occurring, but upper bound 

Figure 1. Raman spectral time series for a tweezed squalane droplet before and during 
α-pinene SOA in situ generation, at 12.5% RH. See the SI for the full time-series. The 
C–H hydrocarbon Raman mode center is at 2900 cm-1, and the color scale indicates the 
intensity of the Raman signal versus Raman shift position. The bright white points 
indicate the positions of detectable whispering gallery modes (WGMs), although more 
can be found by visible inspection, as traced out by the gray line labeled as the WGM 
curve. The SOA flow reaction started at 0 min, indicated by the pink bar. The WGMs 
remain during the coagulation of SOA to the droplet, indicating a symmetrical 
morphology persists. 
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calculations (in the SI) showed condensation cannot account for the majority of the SOA 

shell material. Therefore, the SOA particles (mode dp = 200 nm) spread rapidly to form a 

single spherically symmetric surface shell, indicative of a more liquid behavior. This liquid 

behavior at low RH for α-pinene SOA is in contrast to some previous conclusions in the 180 

literature that the SOA is glassy (~108 Pa s) when dry (<10% RH).34,42,64–67 This difference 

could be due to the high SOA mass concentrations (~105 µg/m3) produced during our in 

situ SOA production and collection. Our high mass loadings would shift the range of SOA 

products in the particle phase to include higher volatility components, which would result 

in a lower viscosity.36 More volatile SOA products are typically smaller and less oxidized, 185 

reducing the strength of the intermolecular interactions and thus plasticizing the 

particle.68 However, aerosol mixing experiments at relatively low mass concentrations (20 

– 80 µg m-3) also showed no sign of diffusion limitations for α-pinene SOA at 20% RH46, 

consistent with the liquid behavior observed here. These results do highlight the 

complexity of understanding the viscosity of SOA systems as it is influenced by the organic 190 

aerosol mass loading, hygroscopicity and water content, as well as how the viscosity is 

inferred from the measurement.  

Miscibility of SOA in a Polar Organic Droplet 

In our previous work9, we found that α-pinene SOA and aqueous glycerol phase-

separated into a core–shell morphology at 73% RH. The water uptake by the glycerol phase 195 

increases its effective polarity, leading to more non-ideal interactions with the α-pinene 

SOA constituents, which explains why we previously observed a phase separation for that 

system.9 Here we seek to explore whether the glycerol plus α-pinene SOA system can 
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become miscible at low RH due to the removal of most of the water and the resulting 

reduction in polarity and water activity.  200 

To probe the miscibility of the glycerol plus α-pinene SOA system we performed 

coagulation experiments at 12% RH, shown in Figure 2. We trapped a pure glycerol–water 

droplet at 80% RH and then ramped the RH down to 12% to dehydrate it. As the droplet 

Figure 2. Raman spectral time series for a tweezed glycerol droplet with the addition 
of α-pinene SOA. The RH slowly decays from 14% RH at -40 min to 12% RH at 60 min. 
Raman spectra are shown in the bottom panel, and the white points indicate the 
positions of detectable whispering gallery modes (WGMs). The decreasing slope of the 
WGM traces indicates the droplet is evaporating. The α-pinene SOA flow reaction 
started at 0 min and lasted for 60 min, indicated by the pink bar. The droplet’s 
refractive index and diameter retrieved from the WGM analysis are shown in the 
middle and top panels respectively. The fit error for the homogeneous model is shown 
in the green/blue bar, where consistently blue indicates a valid fit and green indicates 
an invalid fit to the model.  
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environment passed below 30% RH, the viscosity of the glycerol droplet increased (1 mPa 

s to 200 mPa s)69, slowing evaporation of the remaining 12% by mass of water (inferred 205 

from the effective refractive index69).  This slow evaporation is why the effective refractive 

index (n650 nm, of the homogeneous WGM fit) continued to increase (n650 nm = 1.33 for water) 

towards the refractive index of pure glycerol (n650 nm = 1.4701)70, prior to α-pinene SOA 

addition at t = 0 min. Continued evaporation of water after SOA addition caused the 

refractive index to increase further. Also, we previously found that the refractive index of 210 

α-pinene SOA generated in our AOT at 80% RH is slightly higher than that of glycerol, n650 

nm = 1.4718 ± 0.005. This also caused the droplet’s refractive index to increase during the 

SOA addition period (0 to 60 min) in Figure 2. 

The droplet continued to shrink long after SOA addition ceased, ultimately losing 

more than half of its volume. There was not enough water left for this to have been water 215 

loss and so it was likely glycerol evaporation. The increase in the refractive index after 200 

minutes is consistent with the evaporation of glycerol, which would cause the mass fraction 

of SOA to increase and therefore increase the refractive index of the mixture. From our 

previous study9 the generated α-pinene SOA has a lower effective vapor pressure than 

glycerol (5.2 × 10−6 Pa vs. 133 Pa). 220 

The absence of clear WGM peak splitting71 in the Raman spectra as the droplet size 

evolves indicates that the droplet remained homogeneous and that a core–shell 

morphology did not form. Peak splitting is readily observed by the WGMs splitting into 

two sets of wavelength positions that do not move in parallel as the droplet size evolves. 

The constant low fit error of the WGMs to a homogeneous Mie model quantitatively 225 
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supports this conclusion.71 An alternative explanation is that a core and shell formed with 

nearly the same refractive index; this is unlikely because the homogeneous fitting is highly 

sensitive to the refractive index (±0.00067 in refractive index vs. an expected refractive 

index difference of 0.0017). A shift of 1.0 cm-1 in the location of the WGMs – which we can 

resolve – corresponds to a change in n of 9.5 × 10-5. To confirm that a single homogeneous 230 

phase should be present, we used the Aerosol Inorganic-Organic Mixtures Functional 

groups Activity Coefficients (AIOMFAC) model nested inside a phase equilibrium 

calculation (shown in the SI), which minimizes the Gibbs energy of the system.49,57,72–74 We 

simulated glycerol mixing with a set of α-pinene SOA reaction products used to represent 

laboratory α-pinene SOA.12,75 This detailed thermodynamic calculation confirmed that 235 

glycerol and α-pinene SOA can form a single homogeneous phase in the absence of water 

(depending on the mixing ratios, details are provided in the SI). The reduction in water 

activity promotes the miscibility of the SOA and glycerol organic components, which phase 

separate under high RH and thus high water content conditions. A second calculation using 

Hansen solubility parameters and Flory-Huggins theory also confirmed a single-phase 240 

equilibrium (shown in the SI).76 This experiment shows that for hygroscopic organic 

compounds, calculations of phase separation and morphology need to include the non-

ideal interactions of water along with the non-ideal interactions of different organic 

species, and how these change with varying water content. 

Discussion 245 

Atmospheric Oxidation and the Evolution of Interfacial Tension 
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Looking holistically at the experiments performed here and in Gorkowski et al.9, α-

pinene SOA and nonpolar squalane form biphasic core–shell droplets at most humidities.  

Furthermore, α-pinene SOA and glycerol form core–shell droplets at 80% RH but 

homogeneous droplets at 12% RH. Humidity affects the miscibility but not the morphology 250 

of the separated phases; they remain spherically symmetrical as core–shell droplets. This 

phase separation and miscibility behavior is a result of SOA being a complex mixture with 

a range of molecular polarities.77,78 Even if some SOA components are miscible in the 

dominant chemical phase there can still be SOA components that are not, which leads to 

phase separation.  255 

We can use the squalane results to explore the morphology of other systems similar 

to α-pinene SOA using the spreading coefficient framework. Spreading coefficients relate 

the morphology of the biphasic droplet to the surface tensions between each interface (a 

brief framework summary is provided in the SI, and discussed further in Gorkowski et al.32 

and Reid et al.79). For atmospheric systems containing two liquid phases, α and β, the 260 

equations simplify to a single inequality. We first define the difference between the surface 

tensions (i.e., liquid–air interface): Δσ = σα – σβ. Then for a partially-engulfed morphology, 

the interfacial tension between the two liquid phases must be greater than the difference 

in their surface tensions (σα|β > Δσ) and for a core–shell morphology the opposite must hold 

(σα|β < Δσ). 265 

Spreading coefficients have been used to predict the biphasic morphologies of 

simple systems (aqueous inorganic salts and organics).30,79,80 For simple systems involving 

pure individual components (e.g., alcohols, ketones, carboxylic acids, esters, amines, or 
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aromatics)79 the spreading coefficients and experiments indicate that a partially-engulfed 

morphology or core–shell is possible depending on the organic functionality. Our 270 

observations9 for α-pinene SOA mixture show that a core–shell morphology dominates. 

Previous studies with organic mixtures (O:C > 0.4) and inorganic salts showed a 

preponderance of core–shell morphologies after phase separation.25,27,29,55,56,61,81–84 In a 

complex organic mixture it is energetically favorable for the components that minimize the 

interfacial energies to partition to the liquid–liquid interface; this will keep σα|β small and 275 

therefore lead to a core–shell morphology. The same process of surface partitioning can act 

on the air–liquid interface, reducing surface tension of each phase. Both of these effects 

lower the surface energies of the interfaces, which favors the core–shell morphology. This 

process of partitioning to the liquid–liquid or air–liquid interface cannot occur when there 

is a single organic component.  280 

For the experimentally observed morphology of a squalane core within an α-pinene 

SOA shell, the sum σSOA + σsq|SOA must be less than the surface tension of squalane (σsq=28 

mN/m 85). We can use this result to then predict the morphology of other systems, but first 

we need to fix σsq|SOA. A conservative approach is to use σsq|SOA≈0, which will maximize the 

parameter space for partially-engulfed morphologies and mean σSOA≈28 mN/m. From 285 

those assumptions, we can map out probable morphologies of other biphasic systems 

where the β liquid phase (water-poor) is similar to our SOA phase (see Fig. 3). For example, 

when the α phase is water, with a surface tension of 72 mN/m, then the interfacial tension 

has to be less than 44 mN/m for it to adopt a core–shell morphology. Note, this example is 
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a simplification as all liquid phases will have a mixture of components  290 

(inorganic+organic+water), which will result in surface tensions and an interfacial tension 

that are RH dependent.  From our previous SOA additions to aqueous glycerol and aqueous 

NaCl droplets we observed a core–shell morphology and therefore conclude that the 

interfacial tension of α-pinene SOA and the water-rich phase is < 44 mN/m. This is the first 

constraint on the interfacial tension of a major type of SOA to our knowledge, and provides 295 

Figure 3. Possible morphologies for a biphasic particle composed of an α-phase (blue) 
of varying air–liquid surface tension (x-axis) and a β-phase (green) with an air–liquid 
surface tension of 28 mN/m (for σSOA≈σsq) corresponding to an SOA like aerosol phase. 
The α-phase is assumed to always be the core, meaning that its surface tension is 
greater than that of the β-phase. In addition, the interfacial tension is assumed to 
always be less than the surface tension of the α-phase (i.e., σα > σβ = σSOA ≈ σsq and σα > 
σα|β). The green axis shows the equivalent oxygen-to-carbon ratio (O:C) trends for the 
interfacial tension between water and an organic compound (derived from exponential 
fits shown in the SI). We show organic acid trends (in σα|β) as they are common in 
ambient OA systems. They are contrasted with organic esters, which were the organic 
group that had the highest interfacial tension for a given O:C in the compiled 
dataset.86,87 For larger values of O:C a homogeneous morphology is expected (σα|β < 0 
is unphysical; as no liquid–liquid phase separation exists here).  
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a key parameter required to build a predictive model of SOA morphology and phase 

separations. 

We compiled literature data86,87 for the interfacial tension between pure organic 

compounds and water and used it to relate interfacial tensions to the oxygen-to-carbon 

atomic ratio (O:C), a readily measured indicator of the degree of organic carbon oxidation 300 

state.63,86,87 Organic carbon is transformed from a less to a more highly oxidized state 

through atmospheric chemistry largely driven by free radicals such as the hydroxyl radical, 

as well as ozone and other reactive oxidants. This chemistry functionalizes the carbon 

backbone through the addition of polar functional groups, and fragmentation of carbon–

carbon bonds through free radical oxidation is also possible. For organic molecules, O:C 305 

correlates with increasing intermolecular attraction through dipole–dipole interactions 

and hydrogen bonding. The molecular size and intermolecular interactions then determine 

bulk properties and behavior such as miscibility, phase separation,24,28,55 surface tension, 

viscosity,36,88 and molecular diffusivity.  

We created an equivalent O:C axis in Figure 3 based on an exponential fit to the 310 

literature data, shown in the SI. This secondary O:C axis bounds possible morphologies 

that could be expected in ambient atmospheric organic aerosol. We used ester functional 

groups because they represent the largest range in interfacial tensions found in the 

literature datasets, though esters are not known to be common functionalities in organic 

aerosol. Instead alcohols, carbonyls, carboxylic acids, and peroxides are major functional 315 

groups produced by oxidation in atmospheric organic aerosol. The parameterized fits for 
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the interfacial tensions of alcohols, carboxylic acids, and ketones are also provided in the 

SI.  

In the literature, there is a previous direct measurement of the surface tension of α-

pinene SOA performed using atomic force microscopy (AFM).89 The authors measured a 320 

surface tension of 27.5 mN/m at 10% RH and 44.4 mN/m at 67% RH for α-pinene SOA.89 

Our observations are not consistent with such a strong RH dependence for the surface 

tension of SOA because the morphology determined using the AOT did not change with 

an RH of 12% vs. 73%. This difference in surface tensions between the two experiments may 

be due to our different precursor concentrations and reaction conditions, and possible 325 

influences of the substrate the SOA was measured on using AFM. The AFM method used a 

smog chamber (batch reactor) with an ozone-to-α-pinene ratio of 1:1, generating ~103 

µg/m3 of SOA. In contrast, in the AOT we used a flow reactor with an ozone limited 

reaction of 1:100 ozone to α-pinene ratio and generated ~105 µg/m3 of SOA. From our 

previous measurements9 the volatility of our in situ SOA is higher than typical smog 330 

chamber experiments. What remains unclear is how strongly volatility and surface tension 

are related.90 

Evolution of Particle Morphologies in the Atmosphere 

Primary organic aerosol (POA) emitted to the atmosphere typically has a low O:C 

and is mostly composed of low-polarity hydrocarbons. Atmospheric chemical aging 335 

through heterogeneous oxidation, condensation of oxidized organic vapors, and 

photochemistry91,92  substantially increases the oxidation state of OA and thus O:C. This 

process converts primary non-polar POA into oxidized more-polar SOA and produces 
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highly oxidized SOA from gaseous semi-volatile organic compounds.93–95 Mixing of POA 

and SOA with each other, and with aqueous inorganic phases, as well as other particle types 340 

(soot, dust, sea spray) also occurs substantially during atmospheric transport via 

coagulation. Submicron particles have atmospheric lifetimes of about a week, providing 

plenty of opportunities for aging and mixing to occur. Here we focus on the transition of 

low-polarity (hydrophobic) POA to high-polarity SOA, and their mixtures with soluble 

inorganic salts and water, representing a broad type of mixed aerosol ubiquitous 345 

throughout the lower atmosphere. Increases in the oxidation state can change miscibility 

and thus phase-separated states with aqueous inorganic phases, as well as alter interfacial 

tensions and thus the morphology of biphasic particles. 

To gain a holistic understanding of how the O:C evolution effects the morphology 

we compiled literature observations9,23,79,81–84,96,97,25,27,29,32,55,56,60,61 and calculations79 of 350 

phase-separated morphologies. In this survey we included liquid–liquid phase separation 

of a water-rich α-phase (containing organics or inorganics) with a water-poor (organic-

rich) β-phase. The full dataset is in the SI, and we present the summary in Table 1.   

 

Table 1. Summary of predicted and observed particle morphologies for mixed 
organic–organic and organic–inorganic systems for different ranges of organic 
phase oxidation state.a 

Organic 
oxidation state 

Partially-
engulfed 

Core–shell Homogeneous # systems 

O:C < 0.4 56.6% 43.4% 0.0% 76 

0.4 ≤ O:C ≤ 0.8 14.0% 57.9% 28.1% 57 

0.8 < O:C 0.0% 0.0% 100.0% 5 
aSee SI for full literature dataset.9,23,79,81–84,96,97,25,27,29,32,55,56,60,61 355 
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In Figure 4 we present a general schematic for the possible evolution of organic 

aerosol (OA) morphologies in the atmosphere based on the new experimental constraints 

on the interfacial tension of SOA and the spreading coefficient framework shown in Figure 

Figure 4. (A) Likely morphologies of an organic aerosol phase (green) mixing with a 
water-rich phase (blue). The morphologies as a function of O:C are based on the water–
organic interfacial tensions from Figure 3 and compiled observations tabulated in the 
SI. The water-rich phase can contain organics and inorganic salts. Core–shell and 
partially-engulfed morphologies are both possible at low O:C, but as O:C increases the 
core–shell morphology becomes predominant. As O:C continues to increase the phases 
become completely mixed. (B) The morphologies for an SOA phase (pink) mixing with 
a second phase as a function of water activity (aw). For SOA mixing with aqueous 
inorganic salts (yellow) the miscibility gaps tend to extend to zero water activity (aw) 
and become miscible as aw increases (examples ranges are shown by gray lines). If an 
SOA phase mixes with a polar organic phase (light blue), then the particle will likely be 
homogeneous at low aw. However, there may be a miscibility gap as aw increases, 
causing phase separation where the core–shell morphology is again predominant. 
When mixing with a low polarity organic phase (gray), the SOA phase forms the shell 
in a core–shell morphology. These mixtures will tend to form a water-rich 
homogeneous phase at water activities approaching one (corresponding to 100% RH), 
shown as a darker blue. 
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3, and the literature results regarding LLPS and morphology summarized in Table 1. First, 

we explore a water-rich α-phase (containing inorganics or organics) mixing with different 360 

OA phases of increasing oxidation state. We depict the general O:C dependence of 

morphology in Figure 4A and examples of the RH dependence in Figure 4B. 

For a relatively hydrophobic OA phase (O:C ≪ 0.4), we predict phase-separated 

particles with either a partially-engulfed or a core–shell morphology (Figure 4A).79 As O:C 

increases towards 0.4, the core–shell morphology becomes more prevalent because the 365 

interfacial tension decreases, as was shown in Figure 3. The sub-0.4 O:C region with 

relatively high interfacial tension will be dominated by primary organic aerosol (0.13 < O:C 

< 0.36 98). The partially-engulfed morphology can be observed in AOT experiments for 

droplets containing oleic acid (a proxy for POA from cooking) and an  aqueous NaCl phase, 

for example.32 A partially-engulfed morphology requires a preponderance of highly surface 370 

active organic components and thus seems unlikely in the complex mixtures with a range 

of component O:C and functionality that represent realistic atmospheric aerosol particles, 

and rapidly undergo oxidative aging.  

As O:C increases from 0.4 to 0.8, the biphasic systems of atmospheric interest 

transition to spherically symmetric morphologies.24,28,55 Note, partially-engulfed 375 

morphologies are possible in this O:C range as well, and it has been observed in a minority 

of cases (14%, see Table 1). The increasing polarity of the organic phase increases its 

miscibility with the water-rich phase. During this progression a completely homogeneous 

phase is possible, depending on the specific water activity and molecular composition. For 

ambient organic aerosol the average O:C value is 0.52 (range of 0.35 < O:C < 0.71) 98, which 380 
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is within this transition region. Even higher in oxidation state is ambient SOA with an 

average O:C of 0.67.98 Thus, the O:C of SOA corresponds to a low interfacial tension and 

therefore a spherically symmetrical morphology is predicted, either core–shell or a single 

homogeneous phase.23,84 Above an O:C of 0.8, the organics tend to be completely miscible 

in a water-rich phase (see Table 1), ensuring a homogeneous morphology.  385 

In Figure 4B, we represent the general aspects for SOA gleaned from the AOT 

experiments and previous literature studies. We also use these diagrams to highlight some 

examples of the water activity dependence of phase separation, which is a hidden third axis 

in Figure 4A. The extent of the miscibility gap that leads to phase separation is not 

predicted in Figure 4B as that can more accurately be predicted with sophisticated 390 

thermodynamic equilibrium models, and confirmed using further AOT experiments. At 

infinite dilution with water, the organic phase will become miscible and result in a 

homogeneous morphology. That sets the limit as the water activity approaches one. 

For our squalane experiments, we had a very low polarity organic (O:C = 0) plus 

oxidized α-pinene SOA, resulting in a core–shell morphology for both 12% and 80% RH. In 395 

this case, the droplet contains enough organic components of significantly different 

oxidation states and miscibilities, which leads to organic–organic phase separation. The 

second system we examined is a polar organic (glycerol) mixing with α-pinene SOA. At low 

RH the droplets are homogeneous, which is due to favorable Hansen solubility parameters 

(i.e. similar polarities and intermolecular interactions). As RH increases the glycerol phase 400 

takes up more water, increasing its polarity. The difference in polarity between the wet 

glycerol phase and α-pinene SOA results in more non-ideal molecular interactions, 
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culminating in a miscibility gap. The exact phase-separation RH depends on the relative 

mole fraction of the glycerol and the α-pinene SOA components. Thermodynamic 

modeling predicts that the two phases become miscible again as the droplet approaches a 405 

water activity of one. For biphasic inorganic–organic particles, the organics may be salted 

out and would only become a homogeneous phase as the RH increases. 

Putting this succinctly, based on the current results and literature data we expect 

phase-separated particles to start as a partially-engulfed or core–shell morphology near 

primary emission sources, where POA dominates and O:C is low (O:C ≪ 0.4). After 410 

atmospheric processing, particles tend to adopt a core–shell morphology when O:C exceeds 

0.4. Further increases in O:C above 0.4 via atmospheric oxidative processing do not cause 

a core–shell particle to transition to a partially-engulfed particle; partially-engulfed 

morphologies do not form through oxidation. However, if O:C increases enough (>0.8) 

then the OA shell will dissolve into the water-rich phase, forming a homogenous single-415 

phase morphology.28 The additional influence of water content and thus water activity (i.e. 

RH) will also play a major role in this picture of morphology behavior. As the RH increases, 

phase-separated particles can become completely mixed via dilution into a water-rich 

phase. However, in some cases initially homogeneous particles can experience a miscibility 

gap and phase separate; this occurs when water is preferentially taken up by the 420 

hygroscopic components and results in phase separation.12,99 

This work has summarized our study of in situ generated α-pinene SOA that was 

directly collected onto a droplet trapped in the AOT for the first time, under low and high 

RH conditions. We consistently observe core–shell morphologies on aqueous and organic 
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systems with α-pinene SOA always as the shell. This provides the first constraints on the 425 

interfacial tension for complex SOA, which is the key parameter required to build a 

predictive framework for the atmospheric evolution of particle morphology. From a review 

of literature data, we reason that based on the oxidation state it is likely that the dominant 

morphology of OA on an aqueous particle in the atmosphere is core–shell with OA as the 

shell. For organic components, we highlight a need to understand how surface tension – 430 

and more importantly interfacial tension – is related to commonly measured ambient 

aerosol properties such as O:C, representing organic carbon oxidation state and polarity.  

At a coarse resolution, with three O:C bins, the schematic outlined in Figure 4A can 

account for morphology in atmospheric aerosol models. To implement a high-resolution 

morphology model two main behaviors require clarification. The first is the role of organic 435 

mixtures in producing a partially-engulfed morphology. It is obvious from measurements 

that SOA mixtures prefer a core–shell morphology. What remains unknown is how diverse 

in molecular polarities the organic-rich phase needs to be before a core–shell morphology 

becomes more energetically favorable than a partially-engulfed morphology. The second is 

a simple representation of organic miscibility in water-rich phases, and how it depends on 440 

the O:C, molar mass, and molecular functionality. There has been a recent development of 

a reduced-complexity thermodynamic model by Gorkowski et al.74, but it is not yet 

implemented in atmospheric chemical transport models. Our work provides a coarse 

modeling framework for aerosol morphology and highlights the two additional steps 

needed to realize a high-resolution aerosol morphology model. There are also additional 445 
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dependencies like particle size (below 50 nm) and acidity that affect morphology, but they 

are not well enough understood to even begin to add them to atmospheric aerosol models.  

After the morphology and miscibility behaviors are parameterized, the subsequent 

impact on aerosol chemistry, air quality, and cloud condensation nuclei activity can be 

modeled. Particle morphology affects aerosol chemistry because an organic shell depresses 450 

the reactive gas-particle uptake of hydrolyzable gases such as N2O5 and IEPOX10,11, and also 

influences condensation and partitioning through Raoult’s Law.12,30,73,100–102  Accounting for 

this behavior may result in a lower predicted OA mass concentration, which affects how 

we understand aerosol sensitivity in climate studies. The organic shell morphology reduces 

the Kelvin effect (via the low organic surface tension), which promotes activation into a 455 

cloud droplet of the hygroscopic core phase.33 This clearer understanding of molecular 

properties and the resulting morphologies will fully realize the influence of phase-

separated aerosol particles in Earth’s coupled atmosphere–climate system.  

Experimental Procedures 

We have previously described the novel design and characteristics of the Carnegie 460 

Mellon University (CMU) AOT system in Gorkowski et al.32 Our AOT system uses a 532 

nm laser with a 100x (NA 1.25) oil immersion microscope objective. The objective forms an 

optical gradient force trap approximately 40 microns above the coverslip inside the AOT 

chamber. We use a Condensational Monodisperse Aerosol Generator (CMAG; TSI, Inc.) to 

generate glycerol and squalane droplets. We control the RH in the chamber by varying the 465 
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flow ratio of dry to humidified air. The RH is measured at the chamber inlet using a 

hydrometer (Vaisala). 

To add SOA to a trapped droplet, we use the AOT chamber as a flow reactor. The α-

pinene vapor, which is introduced into the top of the chamber, undergoes dark ozonolysis 

and produces SOA directly inside the AOT chamber. The gas and particle-phase products 470 

then condense onto or collide with the tweezed droplet, modifying its composition. During 

a typical ozonolysis experiment, the ozone concentration in the AOT is 55 ppmv, and the 

α-pinene vapor concentration is 500 ppmv, based on the saturated vapor pressure of α-

pinene and volumetric flow rates. Two SOA characterization experiments, with no tweezed 

droplet, used a scanning mobility particle sizer (TSI, Inc.) to measure the α-pinene SOA 475 

size distribution inside the AOT chamber under the same SOA production conditions used 

in the other experiments. This SOA coagulation method was explained in detail in 

Gorkowski et al.9 

We record the Raman scattered light induced by the 532 nm trapping laser – which 

includes the resonant whispering gallery modes (WGMs) – from the tweezed droplet at 0.5 480 

Hz using a spectrograph (Princeton Acton spectrograph with PIXIS CCD detector) with a 

1200 grooves/mm diffraction grating. The droplet acts as a high finesse optical cavity and 

amplifies the Raman scattering, which leads to standing waves near the droplet’s surface 

that amplify discrete wavelengths in the Raman spectrum, i.e. WGMs.103,104 Any radial 

inhomogeneities in the droplet dampen the WGMs.9,105,106 The WGM amplification process 485 

is completely quenched in partially-engulfed morphologies because they are asymmetrical 
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droplets.30,32,51 Core–shell morphologies are radially symmetric, therefore retaining the 

WGMs.25,32,71  

Both the symmetrical core–shell and homogeneous morphologies produce WGMs, 

so we used our previously developed fitting algorithm to distinguish between the two.71 The 490 

difference is often visually obvious when the WGM positions change with droplet diameter; 

the WGMs in homogeneous droplets evolve parallel to each other, whereas the WGMs in 

core–shell droplets do not.71 This is because different modes have different characteristic 

penetration depths and thus experience a different average index of refraction. Further, 

when fitting WGMs of a core–shell droplet to a homogeneous Mie model, the result is a 495 

consistently high fit error and unphysical parameters.25,32,71 There are also limitations in 

fitting the WGMs when only the hydrocarbon (C–H) Raman scattering mode is measured. 

The C–H Raman mode is narrower and more congested than the O–H Raman mode, which 

leads to fewer WGMs available to fit. To still gain insight into the pure organic systems we 

use a priori information on the refractive indices of the initial pure core phase (e.g., glycerol, 500 

squalane) to reduce the parameter space. This method is applied to our squalane 

experiments performed here. For homogeneous droplets, size is typically determined with 

an uncertainty of 0.05% in diameter, and 0.06% for refractive index.71 For core–shell 

morphologies, the accuracy of the retrieved shell parameters is reduced, with typical 

uncertainty levels of 0.24% in shell diameter, 3.8% in core diameter, and 0.37% in the 505 

refractive indices.71   
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