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Abstract 8 

We demonstrate the first capture and analysis of secondary organic aerosol (SOA) 9 

on a droplet suspended in an aerosol optical tweezers (AOT). We examine three initial 10 

chemical systems of aqueous NaCl, aqueous glycerol, and squalane at ~75% relative 11 

humidity. For each system we added α-pinene SOA – generated directly in the AOT 12 

chamber – to the trapped droplet. The resulting morphology was always observed to be 13 

a core of the original droplet phase surrounded by a shell of the added SOA. We also 14 

observed a stable emulsion of SOA particles when added to an aqueous NaCl core phase, 15 

in addition to the shell of SOA. The persistence of the emulsified SOA particles 16 

suspended in the aqueous core suggests that this metastable state may persist for a 17 

significant fraction of the aerosol lifecycle for mixed SOA/aqueous particle systems. We 18 

conclude that the α-pinene SOA shell creates no major diffusion limitations for water, 19 

glycerol, and squalane core phases under humid conditions. These experimental results 20 

support the current prompt-partitioning framework used to describe organic aerosol in 21 

most atmospheric chemical transport models, and highlight the prominence of core-shell 22 

morphologies for SOA on a range of core chemical phases. 23 

 24 

  25 
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 31 

Introduction  32 

Atmospheric particulate matter is a complex mixture of organic carbon, elemental 33 

carbon, and inorganic, metallic, and mineral components, all mixed with a variable 34 

amount of water1,2. Organic aerosols arise from direct emissions of primary organic 35 

aerosol (POA) and from oxidation of  precursors – VOCs and evaporated POA – that 36 

generates less-volatile secondary organic aerosol (SOA)3,4. Complex SOA is a major 37 

component of atmospheric organic aerosol, constituting between 30-70% of the total 38 

aerosol mass4,5. It is composed of thousands of individual organic compounds6–8. SOA is 39 

a major component of particulate matter, which affects human health and climate 40 

change9,10. Aerosol optical tweezers (AOT) provide a new analytical technique to explore 41 

the composition and the thermodynamic properties of this complex material using 42 

isolated suspended droplets and cavity-enhanced Raman spectroscopy.  43 
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Liquid particles are common under atmospheric conditions. Depending on the 44 

constituents, they can undergo phase separation into distinct chemical phases11–17. We 45 

broadly categorize these liquid particles as either homogeneously mixed single-phase 46 

structures or liquid-liquid phase separated (LLPS) structures15,18–21. For a phase-separated 47 

particle, the two predominant equilibrium states are a core-shell or partially-engulfed 48 

arrangement of the phases19,22–24. There is also visual evidence from optical microscopy 49 

that phase-separation can result in multiple inclusions forming on or in the aqueous 50 

phase, producing a complex morphology25,26. Recent work by Altaf and Freedman27 has 51 

shown that under atmospheric conditions there is a size dependent transition such that 52 

particles remain in a homogeneous morphology when they are <50 nm in diameter27–29. 53 

Their observation supports applying the results of phase-separation studies, like this one, 54 

to atmospheric particles >	50 nm. The cavity-enhanced Raman spectrum retrieved from 55 

a droplet trapped in an AOT instrument provides a unique and real-time morphology 56 

measurement that can distinguish between these three structures in mixed droplets30–32. 57 

Particle morphology is important. The composition at the air-particle interface 58 

dictates the particle’s ability to undergo chemical reactions with gas-phase reactants and 59 

controls the rates and mechanisms of those reactions33,34. N2O5 is a key reservoir of 60 

nitrogen oxides that demonstrates the importance of this air-particle interface. The 61 

reactive uptake coefficient of N2O5, γ(N2O5), governs the N2O5 nocturnal removal rate 62 

from the atmosphere via hydrolysis in aqueous aerosol phases, and a hydrophobic shell 63 

on an aqueous core substantially reduces the probability of the reactive uptake35,36. 64 

Reactive uptake also increases aerosol mass loadings through aqueous chemistry, for 65 

example with isoprene-derived SOA37,38.  66 

 Using smog-chamber experiments, Ye et al.39 showed that the Hansen solubility 67 

framework could inform the miscibility of α-pinene SOA into pure component seeds. The 68 

general result from these smog-chamber mixing experiments is that highly polar and 69 

nonpolar phases do not mix with SOA, while SOA does dissolve into phases of 70 

intermediate or mixed polarity. These techniques used in smog-chamber experiments can 71 
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infer phase separation from changes in the aerosol mass yield, aerosol size distribution, 72 

or the mixing state of components measured using single-particle analysis, but are unable 73 

to determine the critical information regarding the resulting particle morphology7,39–41. 74 

For a core-shell morphology, diffusion through the shell could dictate the equilibration 75 

rates of molecules partitioning into or out of the particle-phase42–46. This shell effect 76 

would not be present in a partially-engulfed morphology.  77 

Here we report the first AOT experiments on complex SOA, extending our current 78 

understanding regarding the phase separation of SOA using the AOT’s ability to 79 

distinguish between the three equilibrium morphologies: phase-separated core-shell and 80 

partially-engulfed structures, and homogeneous single-phase structures15,20,24,30,32,47. 81 

Furthermore, we can observe in real-time any changes in the droplet’s morphology while 82 

its composition changes32,48,49. The AOT isolates individual micron-sized droplets freely 83 

suspended in air and avoids interference from contact with a surface. It does not require 84 

collection of the aerosol onto a substrate followed by solvent extraction required by other 85 

methods12,32,50,51.  86 

 87 

Experimental Methods 88 

In situ Ozonolysis of α-pinene in the Aerosol Optical Tweezers 89 

Our AOT system was previously described and characterized by Gorkowski et al. 90 
32. Briefly, a 532 nm laser passes through a set of expansion lenses overfilling the back 91 

aperture of a 100x (NA 1.25) oil immersion objective. The objective presses against the 92 

bottom of a thin glass coverslip, and an optical gradient force trap forms approximately 93 

40 microns above the coverslip inside the AOT chamber. To generate glycerol and 94 

squalane droplets we use a Condensational Monodisperse Aerosol Generator (CMAG; 95 

TSI, Inc.) and to generate NaCl(aq) droplets we use a medical nebulizer (PARI TREK S). 96 

We control the relative humidity (RH) in the chamber by varying the flow ratio of dry to 97 

humidified air and we measure RH at the inlet using a hygrometer (Vaisala). 98 



5 
 
 

 

 Previous AOT work by Dennis-Smither et al.47 used direct ozonolysis of a trapped 99 

oleic acid droplet, a proxy for primary organic aerosol; we extended the AOT technique 100 

to determine the properties and chemistry of SOA produced from the oxidation of 101 

precursor vapors. We used dark ozonolysis of α-pinene vapor to produce SOA directly 102 

inside the AOT chamber from the formation of less-volatile oxidation products, some of 103 

which homogeneously nucleated to form particles. The gas and particle-phase products 104 

then collided with the trapped particle, modifying its composition. A diagram of the 105 

experimental setup and a detailed description of the procedural methods are provided in 106 

the Supplemental Information.  107 

 During a typical ozonolysis experiment, the ozone concentration in the AOT is 55 108 

ppmv, and the α-pinene vapor concentration is 500 ppmv, based on the saturated vapor 109 

pressure of α-pinene and volumetric flow rates. The ozonolysis of α-pinene proceeds by 110 

addition of O3 to the lone double bond and the reaction is ozone limited under these 111 

conditions52. This decomposition of the resulting Criegee intermediate goes on to 112 

produce ×OH radicals with a yield of ~0.8; under our conditions essentially all of the ×OH 113 

reacts with α-pinene52. Consequently, the SOA consists of an approximately 0.8:1 mixture 114 

of ×OH and ozone oxidation products. We occasionally observe nucleation of detectable 115 

particles from the α-pinene oxidation in the form of small-particle light scattering events 116 

in the tweezed droplet’s visual image. The SOA vapors and particles are produced in the 117 

upper section of the AOT chamber and then flow down to the tweezed droplet at the 118 

bottom of the AOT chamber. The metal chamber walls do adsorb some of the less volatile 119 

SOA components, but these components by necessity are also present in the nucleated 120 

particles that coalesce with the tweezed droplet53. 121 

Raman Spectrum Analysis of Core-Shell Droplets 122 

We use a spectrograph to record Raman scattering from the tweezed droplet, 123 

including resonant whispering gallery modes (WGMs). At the wavelength of each WGM, 124 

the droplet acts as a high finesse optical cavity where the WGMs form a standing wave 125 

near the droplet surface, amplifying the Raman scattering54,55. Any radial 126 
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inhomogeneities in the droplet will weaken the amplification of the WGMs. For partially-127 

engulfed morphologies the WGM amplification process is completely quenched20,47. The 128 

WGM amplification process will remain for core-shell morphologies as it is radially 129 

symmetric15,32.  130 

 To distinguish the morphology of a core-shell versus a homogeneous droplet, we 131 

use a Mie scattering algorithm based off the one developed by Preston and Reid56,57. 132 

When applied to a core-shell droplet we use the plausibility of the retrieved effective 133 

refractive index and diameter parameters as well as an abnormally high fit error to 134 

identify a droplet with a core-shell morphology15,32. Fitting WGMs of a core-shell droplet 135 

to a homogeneous Mie model results in a consistently high fit error. To assess whether 136 

the core-shell morphology is valid we have developed a fitting algorithm for the WGMs 137 

from a core-shell morphology that retrieves the diameter and effective refractive index of 138 

both the core and shell phases, separately. Both the homogeneous and core-shell fit only 139 

retrieve the real part of the effective refractive index. We provide an accuracy 140 

characterization for the core-shell fitting in the Supplemental Information and will fully 141 

describe the fitting algorithm in a subsequent manuscript.  142 

 143 

Results 144 

Emulsions and Coatings of SOA on an Aqueous Inorganic Droplet 145 

SOA and SOA mimics have been observed to phase separate from an aqueous 146 

inorganic phase in large droplets examined visually on microscope slides14,17,58. We 147 

performed experiments in the AOT on similar systems composed of SOA mixed with 148 

aqueous NaCl to determine the conditions under which SOA phase separates from 149 

aqueous phases. We determined the resulting droplet morphology using the cavity-150 

enhanced Raman spectrum retrieved by the AOT and thus avoided interference through 151 

contact with any surface. 152 
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 153 

Figure 1. Raman spectral time series for a tweezed aqueous NaCl droplet before, during 154 
(pink bar at the bottom), and after α-pinene SOA was generated in situ, at 78% RH. The 155 
C-H hydrocarbon Raman mode center is at 2900 cm-1, the O-H water mode is at 3450 cm-156 
1, and the color scale indicates the intensity of the Raman signal at that Raman shift 157 
position. The bright white points indicate the positions of detectable WGMs. The SOA 158 
flow reaction started at 0 min and lasted for 1.3 hr, indicated by the pink bar. The weak 159 
WGMs following the SOA addition are visible by eye but remain below our peak 160 
detection limit for 48 hours; only the first 20 hours are shown here. The small waves (with 161 
a period of ~0.5 hr) in the WGMs after 14 hr are caused by small temperature/humidity 162 
fluctuations (~1% RH) due to the laboratory’s HVAC system. 163 

In Figure 1 we show data from an experiment in which we added SOA generated 164 

in situ to a tweezed NaCl(aq) droplet beginning at 0 minutes. We observe typical WGM 165 

resonances in the Raman spectrum in the broad O-H water stretch region before the SOA 166 

addition (t ≤ 0 min); these correspond to a homogeneous morphology. The droplet’s size 167 

was 7.308 ± 0.001 µm, and its effective refractive index (n650nm) was 1.380 ± 0.0015 just 168 

before SOA addition. During and after the SOA addition, Raman scattering appears in 169 

the C-H hydrocarbon region due to the uptake of organic carbon, and weak WGMs are 170 

present in both the O-H and C-H Raman regions. The WGMs are weaker following SOA 171 

addition but still faintly visible in the Raman spectrum’s time series; their intensity is 172 

diminished but not completely quenched.  173 
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The persistence of weak WGMs following addition of SOA to an aqueous NaCl 174 

drop means we cannot conclude that the mixed droplet formed a partially-engulfed 175 

structure, because that would completely quench the WGMs. Theoretical modeling of a 176 

spherical droplet with an emulsion showed that as the number of emulsified particles 177 

increased the WGMs are weakened and become broader59. Experiments using an 178 

electrodynamic balance showed that adding polystyrene latex spheres (dp of 30, 64, or 179 

105 nm) to a supermicron glycerol droplet weakens the WGM signal60. The 180 

heterogeneities in the radial path of the resonating wavelengths of light would scatter the 181 

resonating WGM and intermittently quench the WGM signal. Some possible 182 

configurations of these heterogeneities are shown in the supplemental information; they 183 

are all classified as a type of emulsion. As we observe some WGM amplification, we 184 

propose that the droplet consists of a homogeneous SOA shell coating a supermicron 185 

aqueous NaCl core containing emulsified SOA particles retained during the coalescence 186 

of SOA particles onto the tweezed droplet. Along with the emulsion, the more polar 187 

compounds in the SOA are water soluble, so a small fraction of the SOA should also 188 

dissolve into the aqueous phase. Two-dimensional microscopy images in the literature 189 

support this proposed shell phase with an emulsion of SOA in an aqueous core14,17,58. 190 

However, it is difficult to resolve the 3-dimensional morphology from those microscopy 191 

images because they only show one viewing angle. This is not a limitation of the AOT. In 192 

the Supplemental Information, we demonstrate that radial heterogeneities can weaken 193 

the WGM amplification by coagulating NaCl crystals onto a trapped squalane droplet. 194 

This further supports our SOA emulsion interpretation of the Raman spectrum in Figure 195 

1. 196 

To further test our emulsion hypothesis, we waited for 48 hours (the first 20 hours 197 

are shown in Figure 1) to see if the emulsion would relax (Ostwald ripening) since 198 

emulsified particles represent a metastable state61. We continued the flow of humidified 199 

clean air to maintain the aqueous phase, so semi-volatile SOA should have evaporated to 200 

some extent from the droplet. The relatively stable WGM positions with time (Figure 1, 201 
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10 to 20 hours) shows that the droplet diameter remained nearly constant, indicating the 202 

remaining SOA did not evaporate to a noticeable extent.  203 

In a second experiment on the same SOA + NaCl(aq) aerosol system, we used an 204 

RH cycle on the emulsified core-shell droplet to test the effect of dehydrating the aqueous 205 

core (which presumably contained the emulsified particles), as this might promote 206 

demulsification. The Raman spectrum and extracted WGMs positions measured in this 207 

experiment are shown in the bottom of panel of Figure 2 and the effective refractive 208 

indexes and diameters fit from the WGM positions are shown in the top two panels. We 209 

use the homogeneous fit error (blue/green bar in Figure 2) and inconsistent fit 210 

parameters to indicate an invalid homogeneous fit result. The initial aqueous NaCl 211 

droplet was 8.522 ± 0.001 µm with	an	n650nm of 1.376 ± 0.0015, after which we added the	212 

SOA. We subsequently cycled the RH from 80% down to 55% and then back up to 79% 213 

(Figure 2). After the RH decreased at 224 min, 4 or 6 relatively strong WGMs appeared in 214 

the spectrum. The spectra during the drier period also exhibit more typical WGM 215 

amplification. After we increased the RH back up to 79% at 235 min, the strong WGMs 216 

typical of a homogeneous spherical geometry intensified, with 6 or more strong WGMs 217 

visible in a 2-second frame. Isolated Raman spectra covering this transition period are 218 

provided in the Supplemental Information.  219 
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 220 

Figure 2. Raman spectra time series for a tweezed aqueous NaCl droplet after 221 
coagulation with α-pinene SOA, undergoing a relative humidity (RH) cycle. The bottom 222 
graph is the time series of the Raman spectra, the middle is the refractive index at 650 nm, 223 
and the top is the droplet diameter (left axis) and conditioned air’s relative humidity 224 
(right axis). The time series started after the α-pinene SOA addition which happened at 0 225 
min. and lasted for 65 min. The initial homogeneous NaCl droplet fit results are shown 226 
as black circles. WGMs that meet the peak criteria are shown as white points/lines in the 227 
Raman spectral time series. The fit error for the homogeneous morphology model is 228 
shown in the green/blue bar, where consistently green indicates an invalid fit to the 229 
homogeneous model. The fitted core-shell droplet diameter and refractive index are 230 
shown above for both the core (blue dots) and shell (pink dots) phases. The retrieved 231 
n650nm values are consistent with a core of NaCl(aq) and a shell of α-pinene SOA. The 232 
morphologies we infer during this experiment are displayed where an emulsion of SOA 233 
in the aqueous core is relaxed to a core-shell morphology via the RH cycle. 234 

 235 

When we fit the WGMs after the RH cycle with the homogeneous Mie model 236 

appropriate for a single phase, the results are inconsistent and have high fit error, 237 
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log!"(𝜒#$%& ) > 0 (blue/green bar in Fig. 2). When we fit the WGMs using the core-shell 238 

Mie model the results are consistent with what we would expect based on the initial 239 

conditions, the RH cycling, and the starting droplet size, shown in Figure 2. The refractive 240 

index of the α-pinene SOA shell (n650nm = 1.469 ± 0.004) is well within the range reported 241 

in the literature (n532nm = 1.39-1.52); see the Supplemental Information for a comparative 242 

table62–66. The core refractive index, n650nm, of 1.372 ± 0.005 is within the uncertainty of the 243 

initial droplet (n650nm = 1.376 ± 0.0015), suggesting that no measurable SOA dissolved into 244 

the core. The solution has an NaCl mole fraction of 0.16, calculated via E-AIM8,67. By using 245 

a volume fraction mixing rule we estimated the maximum amount of SOA that could 246 

dissolve and still be within the error of our fit. For the core refractive index this means 247 

the volume fraction of SOA in the core is less than 4.3%. The droplet size is quite stable, 248 

as shown in the figure; though the WGM positions after the RH cycle at 235 min do 249 

change with time, 1 cm-1 corresponds to roughly 2 nm in diameter, so the growth is a 250 

fraction of a micrometer. The core-shell fit results support a morphology where α-pinene 251 

SOA coats the NaCl(aq) core. Based on these results we conclude that coalescence of 252 

submicron SOA particles onto a high ionic strength aqueous NaCl droplet results in a 253 

droplet coated with a spherical shell but containing emulsified SOA particles as well.  The 254 

subsequent RH cycle causes the droplet to assume an equilibrium core-shell morphology 255 

with an SOA shell, no residual emulsified SOA, and little dissolved SOA. 256 

Morphology of an Aqueous-Organic Mixed Droplet 257 

A natural extension of SOA coalescence to an aqueous inorganic core is SOA 258 

coalescence to an aqueous-organic core. In this way, we can isolate the role of water in 259 

the phase separation and remove the salting out effect of the relatively high ionic strength 260 

aqueous inorganic solution. We use glycerol as it is hygroscopic and is active in both the 261 

C-H and O-H Raman modes.  262 
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 263 

Figure 3. Raman spectral time series for a tweezed aqueous glycerol droplet with the 264 
addition of α-pinene SOA, at 73% RH. Raman spectra are shown in the bottom graph, 265 
and the white points indicate the positions of detectable whispering gallery modes 266 
(WGMs). The decreasing slope of the WGM traces indicates the droplet is evaporating. 267 
The α-pinene SOA flow reaction started at 0 min. and lasted for 80 min., indicated by the 268 
pink bar. The droplet’s refractive index and diameter retrieved from the WGM analysis 269 
are shown in the middle and top panels. The fit results of the WGM positions to a 270 
homogeneous Mie model are in the top two plots as black dots. The fit error for the 271 
homogeneous model is shown in the green/blue bar, where consistently blue indicates a 272 
valid fit and green indicates an invalid fit to the model. The core-shell fitting is then used 273 
to retrieve the properties of the glycerol(aq) core (blue points) and the α-pinene SOA shell 274 
(pink points) after SOA generation started at 0 min.  275 

 276 

We trapped a glycerol droplet at 73% RH, finding n650nm of 1.4314 ± 0.0013 with a 277 

homogeneous Mie model. In Figure 3 it is apparent that, before the α-pinene SOA 278 

addition at t = 0, the droplet was shrinking rapidly. The retrieved diameter and the 279 
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negative slope of the WGM positions indicate evaporation of the glycerol (water volume 280 

fraction should remain constant because of the constant RH). When we added α-pinene 281 

SOA to the droplet, the homogeneous Mie fitting of the WGMs failed immediately, as 282 

indicated by the increased fit error of the homogeneous model. However, the core-shell 283 

Mie model could successfully fit the WGMs both during and after the SOA addition. The 284 

core-shell refractive index results indicate that a shell of α-pinene SOA (n650nm = 1.474 ± 285 

0.005) coated the glycerol(aq) core (n650nm = 1.4325 ± 0.007). The refractive index of the 286 

SOA shell is consistent with the NaCl(aq) experiment described above and within the 287 

literature range (summarized in the Supplemental Information). As with the high ionic 288 

strength NaCl(aq) droplet, we observed no measurable dissolution of the SOA into the 289 

aqueous organic core; the volume fraction of SOA in the aqueous glycerol solution was <	290 

17% based	on	the	measured	n650nm. In contrast to the NaCl(aq) system, we do not observe 291 

evidence of an emulsion, as strong WGMs persisted throughout the experiment.   292 

The continued evaporation of the core indicates that the α-pinene SOA did not 293 

prevent or retard evaporation of glycerol from the core. The measured evaporation rate 294 

for the glycerol(aq) core decreased by 22% after we added the α-pinene SOA. This 295 

decrease may be due to Raoult’s Law of SOA mixing in the glycerol(aq) core depressing 296 

the overall evaporation rate of the core. That decrease could also be due to a diffusion 297 

limitation of glycerol through the SOA shell. If the SOA dissolved in the core was at our 298 

upper limit of 17% by volume, Raoult’s Law could explain the majority of the decrease in 299 

evaporation rate. We will systematically explore these confounding effects of mixing and 300 

diffusion limitations in the glycerol plus SOA system in future experiments by varying 301 

the amount of SOA added to the droplet. One thing that is clear from this experiment is 302 

that the SOA shell does not trap glycerol in the SOA phase and does not prevent glycerol 303 

from partitioning to the gas phase.  304 

We can also use the evolution of the shell thickness, as shown in Figure 3, to 305 

calculate the evaporation rate and thus the effective vapor pressure of the SOA shell. To 306 

do this, we calculated the volume loss of the shell for the period between 160 min. and 307 
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260 min. and assumed an SOA molecular weight of 300 g/mol and a density of 1.4 g/cm3 308 
68–70. There was very little evaporation, and so the effective vapor pressure of the SOA 309 

shell was 5.2´10-6 Pa or equivalently a C* of 0.64 µg/m3 (10-0.193 µg/m3)48,53,71,72. This 310 

retrieved volatility is higher due to our high precursor conditions than the measurements 311 

made during the α-pinene SOA evaporation experiment described by Yli-Juuti et al.73, 312 

with C* ≃	 10-3 µg/m3 at 80% RH. Lastly, in contrast to typical SOA evaporation 313 

experiments, our shell phase does not appear to contain a large portion of intermediate-314 

volatile organic carbon with higher C* values as the evaporation rate we observed was 315 

constant. This could be due to additional aqueous chemistry of the SOA at the aqueous-316 

core interface, leading to lower volatility SOA in the shell phase74.   317 

Morphology of SOA Added to a Hydrophobic Organic Droplet  318 

Having studied two aqueous cores, next we studied the mixing of SOA with a 319 

tweezed hydrophobic squalane (C30H62) droplet. Our objective was to replicate the 320 

chemical system studied in a smog-chamber mixing experiment conducted by Robinson 321 

et al.7. They studied the same particle system by condensing α-pinene ozonolysis SOA 322 

onto squalane seed particles and also condensing squalane vapors from a heated injector 323 

onto SOA particles. After increasing the chamber temperature by 22 °C, they observed 324 

rapid evaporation of the squalane and little evaporation of the SOA. They also found that 325 

squalane and α-pinene SOA remained phase-separated during a particle mixing 326 

experiment. Based on these experiments they concluded that the mixed particles formed 327 

a two-phase morphology, noting that if the particles had a core-shell morphology with 328 

the squalane forming the core, the evaporating squalane would have to diffuse relatively 329 

rapidly through the SOA shell. That single-particle smog-chamber experiment could not 330 

fully constrain the phase-separated particle morphology, leaving the hypothesis that 331 

squalane can diffuse rapidly through SOA unproven. If the morphology were partially-332 

engulfed, then squalane would have direct access to the gas phase. The aerosol optical 333 

tweezers provide a unique way to determine the morphology of this complex system 334 

directly. 335 
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 336 

Figure 4. Raman spectral time series for a tweezed squalane droplet and addition of α-337 
pinene SOA, at 80% RH, following the same format as in Fig. 3. A decreasing trend of the 338 
WGM traces indicates the droplet was evaporating whereas an increase indicates droplet 339 
growth. The α-pinene SOA addition started at 0 min. and lasted for 60 min., indicated by 340 
the pink bar. The fit results of the WGM positions to a homogeneous model are shown in 341 
the top two plots as black dots. The core-shell fitting model is then used to retrieve the 342 
properties of the squalane core (gray) and α-pinene SOA shell (pink) following SOA 343 
addition. Few WGMs are retrieved as the C-H hydrocarbon band is too narrow to 344 
consistently contain at least 6 WGMs that are required for the core-shell Mie fit. 345 

In Figure 4 we show spectra from an experiment starting with a pure squalane 346 

droplet, with an initial diameter of 8.492 ± 0.004 µm and a refractive index, n650nm, of 1.447 347 

± 0.001, to which we added α-pinene SOA by coagulation. The WGMs were initially 348 

almost horizontal, with a slight negative slope due to the slow evaporation of squalane, 349 

which has an estimated vapor pressure of 1.93´10-6 Pa75. When we began to add α-pinene 350 

SOA, the WGM slopes became strongly positive, indicating that the particle was growing. 351 

The persistence of the WGMs also indicates that the SOA spread rapidly across the 352 
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squalane surface as it condensed and coagulated, excluding a partially-engulfed 353 

morphology. After the α-pinene SOA addition at 70 min., we held the chamber static with 354 

all airflows off before turning on clean airflow at 80 min.; the droplet then began to shrink, 355 

indicated by the negative slope of the WGMs. The fit results for the core-shell droplet are 356 

sparse because the droplet contains mostly C-H bonds, which have a narrow Raman band 357 

reducing the number of WGMs observed. However, the few fits are consistent with a 358 

squalane core coated by SOA. Moreover, the slope of the WGMs at the end of the 359 

experiment is similar to the slope at the beginning, suggesting that slow squalane 360 

evaporation (few nm per minute) dominates the particle evolution. The slightly higher 361 

slope soon after the SOA addition also suggests that some SOA evaporated from the shell. 362 

Consistently high homogeneous Mie fit error following the addition of α-pinene 363 

SOA indicates that the droplet was not homogeneous, while the persistence of the WGMs 364 

rules out a partially–engulfed morphology. Based on this evidence we conclude that the 365 

droplet was phase separated, which is consistent with the smog-chamber studies7,39. Our 366 

AOT results add the additional insight that the particle morphology is core-shell with α-367 

pinene SOA coating squalane. This direct measurement of the morphology is inaccessible 368 

from traditional smog-chamber observations of a large ensemble of particles. The core 369 

refractive index, n650nm, of 1.444 ± 0.003 and diameter of 8.577 ± 0.186 µm provide evidence 370 

that no measurable amount of SOA was dissolved into the core (volume fraction < 11%). 371 

The retrieved refractive index of the α-pinene SOA shell (n650nm = 1.473 ± 0.003) is 372 

consistent with the previous two experiments on aqueous NaCl and glycerol.  373 

Note that squalane lacks any unsaturated bonds for ozone to attack. Squalane can 374 

be oxidized by the ×OH radicals produced by the ozonolysis of α-pinene, but this 375 

heterogeneous oxidation would be much slower than the gas-phase oxidation of α-pinene 376 

by ×OH due to mass transfer limitations from the gas phase to particle interface76. The 377 

squalane core also quickly became protected by the SOA coating. 378 

 379 



17 
 
 

 

Discussion  380 

 Our extension of the AOT technique to generate and study complex α-pinene SOA 381 

in situ enables real-time investigations of complex aerosol systems at the individual 382 

particle level that more realistically mimic atmospheric aerosol compositions. Fitting of 383 

the WGMs provides highly accurate measurements of the droplet’s size and refractive 384 

index that allow us to determine how different droplet compositions respond to the 385 

addition of SOA. These AOT experiments on in situ generated α-pinene SOA avoid 386 

limitations intrinsic to other measurements of phase separation and morphology using 387 

SOA filter extracts, where the solvent can alter the composition and only recovers the 388 

soluble portion, such as the water-soluble fraction of SOA25,77–79. 389 

 The mixing experiments on aqueous organic, aqueous inorganic, or hydrophobic 390 

organic particle phases with SOA all resulted in a liquid-liquid phase separation, 391 

demonstrating that phase separation is common for the aerosol mimics probed here. We 392 

also add further evidence to indicate that core-shell morphologies are common structures 393 

for complex mixed atmospheric aerosol mimics21,80. Our work here focused on high 394 

humidity ranges of 70%	 to	 80% RH to isolate the effect of the starting droplet 395 

composition; in future work, we will explore the effect of RH on the resulting phase-396 

separated morphology.  397 

 The high precursor concentrations used here are not representative of the ambient 398 

troposphere, and as such may affect our resulting SOA oxidative state and volatility. This 399 

high precursor effect appears to have shifted our SOA volatilty higher as our measured 400 

SOA volatility was greater than observed in an evaporation experiment by Yli-Juuti et al. 401 
73. The higher volatility SOA products that partitioned to the particle phase would likely 402 

result in a lower viscosity81. More volatile SOA products are typically less oxidized, and 403 

the less polar nature of these molecules reduces the strength of the inter-molecular 404 

interactions they experience, reducing their viscosity while increasing their volatility.  405 
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 Through the core-shell fitting of our different SOA systems, we also retrieve the 406 

refractive index to a 0.4% accuracy. Our retrieved refractive index is valuable as previous 407 

optical closure studies on SOA systems yielded a wide range of refractive indices Table 408 

S2). The variability is in part due to the methods used where a new volume of particles is 409 

measured at each data point. In the AOT the environment is more controlled, and we 410 

measure the properties of the same SOA mass in real-time, which reduces experimental 411 

variability between measurements.  412 

Synthesizing the results from the different RH stages of the aqueous NaCl droplet 413 

plus SOA experiment strengthens our proposal for the emulsion of SOA particles in the 414 

aqueous core. Dehydration of the aqueous core demulsified the SOA and produced a 415 

stable irreversible core-shell morphology of SOA coating the NaCl(aq). From this, we can 416 

conclude that the core-shell morphology observed is the thermodynamically stable 417 

condition for this mixed system, and the emulsion was metastable. Therefore, before the 418 

RH cycle, it is likely that a core-shell morphology was thermodynamically favored then 419 

as well. Finally, a droplet morphology composed of a homogenous SOA shell and the 420 

inhomogeneous core of emulsified SOA particles in aqueous NaCl would also explain the 421 

diminished WGM amplification observed. This homogeneous shell and inhomogeneous 422 

core would account for the resonance of WGMs in the surface layer of the SOA shell, 423 

while not permitting the full amplification of the WGMs due to interference by the 424 

emulsion in the core. The prompt collapse of the emulsified state following the decrease 425 

in RH suggests a chemical rather than physical explanation for the rapid demulsification. 426 

The increase in the ionic strength of the NaCl(aq) core caused by its partial dehydration 427 

(Fig. 2) would significantly change the interfacial energies between the SOA and 428 

NaCl(aq) phases. This likely caused the emulsified SOA particles to destabilize and the 429 

organic material to largely partition to the SOA shell around the NaCl(aq) core.  430 

It is also notable that the SOA appears to be relatively insoluble in this aqueous 431 

solution, even though isolated α-pinene SOA is known to be reasonably hygroscopic82. If 432 

the solubility of SOA is greatly diminished in mixed composition particles (which 433 
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pervade the atmosphere) this has significant implications for the CCN activity of these 434 

particles; the aqueous solution will be much more dilute at the Köhler maximum in the 435 

droplet growth curve under supersaturated conditions than at 80% RH. 436 

The glycerol(aq) plus SOA experiment is especially interesting when taken into 437 

the context of the NaCl(aq) plus SOA experiment. First, it shows that in both experiments 438 

there is limited solubility of the SOA in the initial droplet phase, leading to the phase 439 

separation. Second, both experiments added SOA to an aqueous droplet, but the 440 

NaCl(aq) system formed an emulsion in the core whereas the glycerol(aq) core did not. 441 

The physical formation of the emulsion is due to SOA particles coagulating onto the 442 

surface of the droplet, but that does not explain why it is a stable emulsion as shown in 443 

Figure 1. The same coagulation of homogeneously nucleated SOA is occurring with the 444 

glycerol(aq) droplet yet for that system SOA promptly starts to form a coating without 445 

creating an emulsion. Differences in the ionic strength of the NaCl(aq) versus glycerol(aq) 446 

phases and the interfacial energies between the SOA and the two aqueous phases likely 447 

explains why a stable emulsion only exists in the NaCl(aq) phase. In the atmosphere, this 448 

emulsified state would increase exposed SOA surface area to the aqueous medium and 449 

thus give more SOA the opportunity to undergo aqueous chemistry. The prevalence of 450 

the SOA emulsion may be limited to high number concentration regimes where 451 

coagulational loss on to larger particles is significant, such as new particle formation 452 

events that frequently occur, particularly near forested regions with high biogenic VOC 453 

emissions78,83. It would also delay the formation of a stable core-shell morphology where 454 

all the undissolved SOA resides at the air-particle interface. Considering our observations 455 

of a stable emulsified state for 48 hours, RH cycling in the atmosphere may play an 456 

important role in determining the morphology of mixed SOA and aqueous inorganic 457 

particles, and the prevalent atmospheric particle mixing state. 458 

The AOT experiment on the α-pinene SOA coating squalane system refines the 459 

interpretation of smog-chamber experiments reported by Robinson et al.7. They also 460 

observed phase separation of squalane and SOA, which our AOT experiments confirm. 461 
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Our experiment provides the additional observation that the phase-separated particle is 462 

a core-shell morphology, an important property that was unobservable in the smog 463 

chamber experiments. We have determined that a shell of α-pinene SOA surrounding the 464 

squalane core is the thermodynamically stable state for this mixture. Now we can 465 

definitively interpret the results from the aerosol evaporation experiments performed by 466 

Robinson et al. 7. They observed prompt evaporation of squalane (which is more volatile 467 

than the oxidized SOA) which could indicate that the diffusion coefficient of the squalane 468 

in SOA phase is sufficiently high to promote the transport of squalane through the SOA 469 

as it evaporates. This interpretation requires the SOA to be coating the squalane phase, 470 

which our AOT experiments now confirm is the equilibrium morphology. Combining the 471 

results from our AOT experiments and their chamber experiments we can conclude that 472 

squalane has no major diffusion limitation through α-pinene SOA, at moderate humidity.  473 

 In addition to squalane, we also observe glycerol evaporating through an SOA 474 

shell in Figure 3. From that experiment, we conclude that glycerol has no major diffusion 475 

limitation through α-pinene SOA, at moderate humidity. Finally, from the rapid WGM 476 

response to the RH cycle of the SOA coating an NaCl(aq) droplet, we conclude that water 477 

also has no major diffusion limitation through α-pinene SOA. The shell thickness of the 478 

α-pinene SOA on the glycerol(aq) and NaCl(aq) droplets was 65 nm and 519 nm, 479 

respectively, thus there would be minimal diffusion limitations for particles of similar 480 

sizes composed only of α-pinene SOA. The smog-chamber mixing experiments of 481 

squalane and α-pinene SOA directly probed atmospherically relevant sizes at 5% RH and 482 

observed no diffusion limitations through the α-pinene SOA7. If these results hold for 483 

other OA systems then assuming prompt partitioning under moderate humidities in 484 

atmospheric chemical transport models is valid when the model time steps are on the 485 

order of minutes46,53,84–86. A forthcoming paper will explore in detail the physical 486 

properties of the SOA observed from these and additional AOT experiments, such as the 487 

volatility, diffusivity, viscosity, and surface tension of the SOA. 488 

 489 
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