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Abstract 11 

Liquid-liquid phase separation (LLPS) is a thermodynamically driven process that occurs in 12 

mixtures of low miscibility material. LLPS is an important process in chemical, biological, and 13 

environmental systems. In atmospheric chemistry, LLPS in aerosol containing internally-mixed 14 

organic and inorganic particles has been an area of significant interest, with particles separating to 15 

form organic-rich and aqueous phases on dehydration. This alters the optical properties of the 16 

particles, has been connected to changes in the cloud nucleation ability of the aerosol, and 17 

potentially changes the reactivity of particles towards gas-phase oxidants. Although the chemical 18 

systems that undergo LLPS have become quite well-characterized, the properties and processes of 19 

LLPS particles are quite poorly understood. In this work, we characterize LLPS in aerosol particles 20 

containing ammonium sulfate and triethylene glycol (3EG), a semi-volatile organic molecule. We 21 

explore the relative humidity (RH) conditions under which LLPS occurs and characterize the rate 22 

of evaporation of 3EG from well-mixed and LLPS particles as a function of RH. We show that the 23 

evaporation rates vary with RH due to changes in chemical activity, however no clear change in 24 

the dynamics following LLPS are observed. We interpret our observations using a thermodynamic 25 

model (AIOMFAC) coupled with an evaporation model and show that a significant increase in the 26 

activity coefficient of 3EG as the RH decreases, required for LLPS to occur, obscures a clear step-27 

change in the evaporation rates following LLPS. By characterizing the evaporation rates, we 28 

estimate the composition of the organic-rich phase and compare our results to thermodynamic 29 

predictions. This study is the first to explore the connection between LLPS and the chemical 30 



evolution of aerosol particles via the evaporation of semi-volatile organic material. Ultimately, we 31 

reveal that the thermodynamics of non-ideal mixing are primarily responsible for the controlling 32 

both the rate of evaporation and the onset of LLPS, with LLPS itself having limited impact on the 33 

rate of evaporation in a fluid system. These results have significant implications for understanding 34 

and predicting the lifetime of aerosol particles, their effect on cloud formation, and the chemical 35 

evolution of multiphase systems by particle-gas partitioning and heterogeneous reactions.  36 



Introduction 37 

Liquid–liquid phase separation (LLPS) is an important chemical process that occurs when a 38 

mixture of low miscibility components separates to form two phases, thereby lowering the overall 39 

energy of the systems. As well as being important in biological systems, LLPS is a common 40 

occurrence in atmospheric aerosol particles. Atmospheric aerosols play important roles in the 41 

environment by interacting with solar radiation,1 providing nuclei for cloud and ice particle 42 

formation,2 interacting with gas phase oxidants,3 and impacting human health.4 Particles can 43 

contain a broad range of chemical compositions, including both inorganic and organic 44 

components, in addition to water in equilibrium with the gas phase relative humidity (RH).5 The 45 

interactions between organic and inorganic components in the particle can lead to unpredictable 46 

deviations in physical properties, such as changes in hygroscopicity and viscosity, that influence 47 

their effects in the atmosphere.6–8 These organic-inorganic interactions can also influence the phase 48 

state of the particle and, depending on the solubility and miscibility of the components present in 49 

the particle, can lead to LLPS.9–11 In aerosol particles, LLPS is in part controlled by the abundance 50 

of condensed phase water, determined by the RH,  and the condition at which LLPS occurs on 51 

dehydration is known as the separation relative humidity (SRH). Phase-separation in particles can 52 

lead to changes in physiochemical properties that are not as readily predicable by extrapolation 53 

from homogeneous systems, including their heterogeneous reactivity,12,13 CCN activity,7,14–16 and 54 

optical properties.17,18 Thus, identification of LLPS and its incorporation into models for 55 

atmospherically relevant systems is of utmost importance.  56 

 57 

Oxygen-to-carbon (O:C) ratios are used to give a general idea of the overall oxidation state of an 58 

organic molecule and can be used to predict whether it will lead to LLPS. While the forces 59 

governing phase separation are more complex than just overall oxidation state, organics with an 60 

O:C above 0.56 and below 0.80 are typically found to phase separate when mixed with ammonium 61 

sulfate (AS), a common atmospheric salt.10,19,20 Particles that have undergone phase separation can 62 

adopt core-shell morphologies, where an interior inorganic-rich core is coated by an outer shell of 63 

an organic rich phase, or partially engulfed morphologies, where the outer shell forms a lens that 64 

only partially covers the interior phase, allowing it to be exposed to the gas phase.21–24 A transition 65 

from core-shell to partially engulfed morphologies has been observed.13,25 To complicate things 66 

further, high and low polarity organics have also been found to separate into different organic 67 



phases in addition to an inorganic rich layer, resulting in three-phase aerosol particles.26,27 While 68 

atmospheric aerosol particles are typically more complex, lab-generated particles of AS with 3-69 

methylglutaric acid (3MGA) and AS with 1,2,6-hexanetriol (HEX) have been observed to undergo 70 

LLPS in experiments performed on levitated particles, via Mie resonance spectroscopy, and 71 

droplets deposited on a substrate (usually a glass slide with a hydrophobic surface coating), via 72 

optical microscopy.13,19 In particles of AS and glutaric acid (GA), with an O:C of 0.8, LLPS is not 73 

clearly observed. However, as demonstrated by Shen et. al, even though AS-GA did not undergo 74 

LLPS, a notable increase in the reactive uptake of oxidants was observed, similar to phase 75 

separated AS-HEX, indicating that AS-GA particles were enriched in organic content near the 76 

surface, even if the particles did not exhibit full LLPS.12 High molecular weight polymer mixtures 77 

such as PEG400 and PEG1000 have also been observed to separate in AS-PEG particles.11,28–30 78 

This is important as these PEG mixtures typically consist of polydisperse molecules whose chain 79 

lengths average 400 or 1000 g/mol, in the cases of PEG400 and PEG1000 respectively, and 80 

indicates phase separation can still occur in organic-inorganic particles even if the organic 81 

molecules span a range of molar masses.  82 

 83 

LLPS occurs through one of two mechanisms depending on the thermodynamics of the mixture 84 

and the mixing ratio of components. These two mechanisms can be identified in a phase diagram 85 

(see Figure S1, and e.g. Kucinski et al.31 and Ciobanu et al.11) and include a nucleation and growth 86 

mechanism, which requires overcoming an activation barrier, and a spinodal decomposition 87 

mechanism, which does not have an activation barrier.10,32 Due to the activation barrier associated 88 

with nucleation and growth, there is a metastable region in which LLPS is thermodynamically 89 

preferred but the particle can remain homogenous. This leads to hysteresis in the SRH and the RH 90 

at which the particle transitions back to a single phase on moistening (here referred to the as mixing 91 

RH (MRH)). The mechanism responsible for LLPS is challenging to measure experimentally and 92 

may vary with environmental factors such as the rate of change of RH and temperature. While 93 

MRH is much less frequently reported than SRH, these values are similar in SOA particles 94 

produced by alpha-pinene ozonolysis with and without ammonia,29 AS-PEG400,11 and AS-95 

PEG400 mixed with C6-diacids.30 A hysteresis was found between SRH and MRH for AS-3MGA 96 

aerosols by lowering the pH, which resulted in a decreased SRH, while MRH remained 97 

consistently around 80%, possibly indicating a nucleation mechanism with a larger energy barrier 98 



or reflecting the influence of changing the composition rather than changing the mechanism of 99 

LLPS.33 100 

 101 

The impact of LLPS morphologies on gas–particle partitioning is currently not well understood. 102 

Interactions in a core–shell particle between the gas phase and the particle will largely be governed 103 

by the composition of the outer phase after a particle undergoes LLPS, with the inorganic rich 104 

interior shielded from the gas phase.10,28 Thus, LLPS particles may exhibit different rates of 105 

evaporation of semi-volatile organics compared to well-mixed particles, and may experience 106 

increased reactivity towards gas phase reactive species, leading to the surface becoming more 107 

highly oxidized, especially if mixing in the particle is hindered.21,34 To the best of our knowledge, 108 

the impacts of LLPS on the evaporation of volatile organics has not yet bet explored, while only a 109 

handful of studies have explored changes in reactivity.12,13 The evaporation of volatile and semi-110 

volatile organics from LLPS particles depends on the thermodynamics of the system, and 111 

measurements may offer broad insights into gas–particle partitioning and reactivity of LLPS 112 

particles. 113 

 114 

In this work, we explore the onset of LLPS in levitated particles containing the semi-volatile 115 

organic compound triethylene glycol (3EG) and ammonium sulfate. 3EG was chosen as a proxy 116 

compound for semi-volatile organic molecules in atmospheric aerosols due to it having an 117 

elemental O/C ratio and chemical structure similar to those organic compounds in aerosols 118 

previously shown to exhibit LLPS, while being sufficiently volatile that evaporation rates would 119 

allow measurements over reasonable timescales. We characterize the separation RH and compare 120 

it to higher molecular weight PEG molecules. We go on to characterize the rate of evaporation of 121 

the 3EG as a function of RH spanning above and below the SRH. Incorporating thermodynamic 122 

modelling using AIOMFAC, we interpret the evaporation process in three ways through 123 

evaporation models that respectively assume a homogeneous ideal mixture, a homogeneous non-124 

ideal mixture, and a LLPS model that assumes a core–shell morphology, with each phase behaving 125 

as if composed of a binary mixture. Overall, this simple system allows us to explore the 126 

applicability of some fundamental assumptions regarding the behavior of LLPS particles.   127 

 128 

Results and Discussion 129 



Identifying LLPS in Particles Containing Triethylene Glycol with Ammonium Sulfate 130 

Triethylene glycol (3EG) has an O/C ratio of 0.66 and is similar to other compounds that have 131 

been identified to undergo LLPS. To identify the onset RH of LLPS in aqueous 3EG/AS particles, 132 

samples were levitated in a linear quadrupole electrodynamic balance (LQ-EDB) at high RH and 133 

exposed to a gradually decreasing RH over around 500 s, a timescale chosen to limit the extent of 134 

evaporation of the semi-volatile 3EG. The methods adopted here are described in detail in the 135 

Methods section and the Supporting Information. Briefly, we measure the wavelength positions of 136 

the morphology-dependent resonances (MDR’s) in the particle using Mie resonance spectroscopy, 137 

which are a function of the size and refractive index (RI) of the particle. For homogeneous 138 

spherical particles, the MDR’s allow the size and RI to be determined with a high accuracy and 139 

precision.35 In LLPS particles, the existence of a liquid-liquid boundary may interfere with the 140 

MDR’s and lead to characteristic changes in the resulting spectra. Depending on the morphology 141 

(core-shell vs partially engulfed) and the thickness of the organic shell, the MDR’s will be affected 142 

in a few different ways, as depicted in Figure 1A. In general, from the manner in which the 143 

measured RI and radius vary as the RH is decreased, we can identify the onset of LLPS. Some 144 

examples of the evidence that points towards LLPS are shown in Figure1B-D, showing the 145 

characteristic breakdown in the variation of RI with radius, attributed to the formation of a LLPS 146 

particle with an organic-rich shell. The continued ability to obtain the size and RI from the Mie 147 

resonance spectra with a low error indicates one of two scenarios. One scenario is that the particle 148 

adopts a spherically symmetric core–shell structure in which the MDR’s are entrained solely 149 

within the organic-rich phase, due to their shallow penetration depth (thick shell configuration). 150 

Alternatively, if the RI were very similar between the aqueous and organic-rich phases, the 151 

boundary would have limited impact on the observed spectra, thus even if the MDR’s crossed the 152 

boundary (thin shell configuration), there would be little impact on the spectra and interpretation. 153 

For the purposes of these measurements, either scenario results in both clear identification of LLPS 154 

and reliable sizing data following LLPS. For partially engulfed morphologies and emulsions, the 155 

spectra breakdown as the MDR’s cannot be supported by asymmetrical particle shapes leading to 156 

a breakdown in the sizing process. The features that allow LLPS to be identified are described in 157 

more detail in the Supporting Information. 158 



 159 
Figure 1: (A) Different morphologies will affect the MDR’s and subsequent analysis, allowing LLPS to be identified. Green shading 160 
shows organic-rich regions and blue shading shown aqueous regions. (B) LLPS was identified in aqueous particles containing 3EG 161 
and AS from the discontinuity in the change in RI with radius as the RH was decreased, indicating core–shell morphologies with 162 
thick shells relative to the penetration depth of the MDR’s (as shown in panel A – note that the position of the images in panel A 163 
do not correspond to the morphology observed in panels B-D). Three example starting particle compositions are shown, with dry 164 
organic mole fractions: (B) !!,#$%	= 0.25; (C) !!,#$%	= 0.5; and (D) !!,#$% = 0.75. In each panel, the shaded region indicates where 165 
the particle was liquid–liquid phase separated. Note these measurements are obtained by decreasing the RH continuously from a 166 
starting level of ~80% to 40% over a time span of around 2000 s. 167 

The SRH’s observed for this system do not show a clear dependence on the organic dry mole 168 

fraction, !!,#$%, as see in Figure 2. While characterization of a precise phase diagram of this system 169 

is not the main focus of this work, the lack of a strong dependence on  measured compositions is 170 

broadly consistent with previous work on higher molecular-weight PEG molecules (PEG400).36 171 



The uncertainty in the SRH at a given dry composition may arise due to the different mechanisms 172 

for LLPS that may be in play, as discussed briefly in the introduction. LLPS occurring via a 173 

spinodal decomposition at compositions close to the critical point will not show significant 174 

variability between measurements and will be purely under thermodynamic control. For a 175 

nucleation and growth mechanism, a metastable regime is possible and LLPS occurs with an 176 

energy barrier. The extent of the variability in SRH will depend on the size of the energy barrier 177 

and other factors, such as the rate of RH change and the size of the particle. For example, in the 178 

recent work of Huang et al., both size and timescales were found to lead to variability in the SRH.37 179 

Measurements of remixing were not performed due to the evaporation of the 3EG leading to the 180 

particles changing in composition significantly on downward and upward RH trajectories 181 

(affecting !!,#$%). The thermodynamic factors regulating LLPS in this system are explored in more 182 

detail later as we compare the observations with predictions using thermodynamic modelling. 183 

 184 
Figure 2: The separation RH (SRH) upon dehumidification at 293 K is shown as a function of the starting dry organic mole fraction 185 
(!!,#$%) in the particle. 186 

 187 

Evaporation of Triethylene Glycol from Mixed Particles  188 

Subsequent measurements were performed to characterize the rate of evaporation of 3EG from 189 

particles containing a mixture of 3EG and ammonium sulfate. Particles with a dry equimolar 190 

starting composition with respect to undissociated AS (i.e. !!,#$% = 0.5, &!,#$% = 0.53) were 191 

levitated in the LQ-EDB and the Mie resonance spectra were recorded as the particle decreased in 192 

size due to evaporation. Measurements were performed in triplicate spanning the whole 193 



evaporation process. Individual measurements were made in RH conditions that varied in the range 194 

from 86% to 38% to span the conditions before and after the onset of LLPS. Figure 3 shows 195 

representative radius versus time data for each RH condition explored in this work. In each case, 196 

the particles reach a steady size, attributed to the complete evaporative loss of 3EG and producing 197 

a particle consisting of AS and water only. As the RH is decreased, the rate of evaporation is 198 

increased, consistent with the increase in effective vapor pressure of the organic component 199 

expected as the water mole fraction in the particle is reduced. Furthermore, the evaporation rate, 200 

often quantified by the change in radius-squared with time, decreases throughout the measurement, 201 

consistent with the continuous decrease in the mole fraction of organic in the particle. Interestingly, 202 

for measurements at low RH, the size trend exhibits a dependence that resembles the evaporation 203 

of a single component system – that is, the radius-squared evaporation rate varies in a linear 204 

manner with time. Given that these are not single component particles, this observation points to 205 

some interesting thermodynamics controlling the rate of evaporation that may be connected with 206 

LLPS, as explored further using three evaporation models described in the subsequent sections.   207 



 208 
Figure 3: Evaporation measurements were performed over a range of RH conditions, as indicated, and span above and below the 209 
separation RH (~65%). In each panel, the blue dashed line shows the predicted trend assuming ideality (Model 1 – mole fraction 210 
scaled evaporation rates), the yellow dashed line assumes a well-mixed phase that exhibits non-ideality (Model 2), with fitted 211 
activity coefficients reported in Figure S4, and the red dashed line assumes a core–shell particle with a binary organic-rich shell 212 
(model 3). The green dashed line is a fit to $ = ('		( + $&')&.), with radius a, starting radius a0 and slope parameter m, equivalent 213 
to a linear fit of radius-squared versus time data for the early part of radius change measurements. 214 

 215 



The factors that control the rate of evaporation in a mixed system that exhibits hygroscopic growth 216 

are the vapor pressure of the semi-volatile component in its pure state ((&'), which is only a function 217 

of temperature, the activity of the component in the mixture, and the amount of water associated 218 

with each evaporating molecule. Our previous work, as well as several other studies, have reported 219 

on the vapor pressure of pure 3EG. At 298 K, Krieger et al.38 report the vapor pressure to be 220 

(6.68('.*+,-.-') × 10(. Pa, with an enthalpy of vaporization of 84.3 ± 1.9 kJ mol-1. Our earlier 221 

measurements at a slightly lower temperature gave a vapor pressure of (5.1 ± 0.1) × 10(. Pa, 222 

consistent with a lab temperature of ~295 K. In this work, evaporation measurements on pure 3EG 223 

(see Supporting Information) across a range of RH indicate a vapor pressure of (3.0 ± 0.1) × 10(. 224 

Pa at a lab temperature of 292 K. We use our newly measured value in this work to ensure 225 

consistency with respect to the environmental conditions. The activity of the organic molecules in 226 

the mixture is more difficult to quantify and we adopt the thermodynamic model AIOMFAC to 227 

predict the composition of the particles, as described in the Methods.39,40 To simplify the 228 

computation in the evaporation model, we use the ZSR assumption with the AIOMFAC outputs 229 

for individual binary systems containing AS with water and 3EG with water to predict the 230 

properties of the ternary mixture. While this approach discounts the molecular interactions that 231 

might lead to deviations from the ZSR model, it simplifies the application of mixing 232 

thermodynamics in the evaporation models where the composition is constantly changing. We 233 

compare the results of the ZSR approach and the full application of AIOMFAC for the predicted 234 

composition of an equimolar mixture in Figure S3 and show that the differences are relatively 235 

small and their influence on the interpretation of the results should be negligible. The mole 236 

fractions determined using this approach may be used in conjunction with activity coefficients, 237 

either fit to the data or predicted by a model, to account for non-ideal interactions among all solute 238 

and solvent species, and also allow for the amount of co-evaporating water associated with the 239 

evaporating semi-volatile molecules to be incorporated in the model.  240 

 241 

The evaporation model we adopt here is based on an isothermal continuum mass flux model in 242 

which the limiting step in the mass transport process is gas phase diffusion. In this framework, the 243 

total mass flux from a particle with radius a is given by: 244 
23
24 =523&

24
&

= −54789&:&
;< (&,/

&
 245 



Equation 1 246 

where 3& is the mass of species = with molar mass 9& and density >&, and (&,/ is the liquid-state 247 

(equilibrium) vapor pressure of = over the mixture, determined from (&,/ = 8&,/	(&∘ (modified 248 

Raoult’s law) with the activity 8&,/ set equal to the product of the mole fraction !&,/ and activity 249 

coefficient @&,/, and liquid-state pure component vapor pressure (&∘. Note that the subscript “a” 250 

indicates these parameters are associated with the particle (of radius a). When the evaporation of 251 

component i at constant RH leads to an additional loss of some amount of water associated with 252 

the hygroscopicity of that component, this will lead to additional mass loss from the particle. To 253 

account for this, we need to determine the amount of water associated with an evaporating unit 254 

mass of each component at a given RH level, such that the total mass flux is: 255 

23
24 =

23#$%
24 + 231

24 = 23#$%
24 × B1 + 31

3#$%
C 256 

Equation 2 257 

In this formulation, we have replaced the mass flux of water with the product of the mass flux of 258 

organic and the mass ratio of water to organic. The mass ratio may be determined by invoking the 259 

ZSR relation, which states that the amount of water associated with a solute in a binary solution, 260 

at a given RH, will be the same relative amount of water associated with that solute in a ternary 261 

solution. If the mole fraction of component i in a binary mixture with water is given by !&, we can 262 

replace the mass ratio term from the square bracket with a function of the molar mass and mole 263 

fraction, and combine Equations 2 and 3 to yield the full mass flux equation:  264 

23
24 = −54789&:&

;< @&,/!&,/(&∘ × B1 +
(1 − !&)91

!&9&
C

&
 265 

Equation 3 266 

Here, we have included the activity coefficient and the mole fraction of i in the ternary particle 267 

(@&,/ and !&,/) which include the dissociation of the inorganic species as well as the composition 268 

in the particle. These are distinct from the binary mole fraction (!&) which refers only to the 269 

composition of the mixture of i and water at the same RH. We can apply this evaporation model 270 

using different assumptions, as discussed in subsequent sections, and summarized in Figure 4. 271 



  272 
Figure 4: Schematic description of the model configurations adopted in this work.  273 

 274 

Model 1: Ideal Mixing 275 

When we apply the evaporation model built using Equation 3, using our measured (&∘ for 3EG and 276 

the gas phase diffusion parameters reported in Krieger et al.,38,41,42 and assume that the activity 277 

coefficients of the organic component in the ternary mixture are unity, then we obtain the 278 

predictions shown by the blue dash lines in Figure 3. At high RH, this leads to relatively close 279 

agreement between the measurement and model, while at low RH the model is a significant 280 

underestimate of the evaporation rate. Further, the shapes of the predicted curves differ 281 

substantially, with much clearer curvature exhibited by the predictions than by the experimental 282 

data. These comparisons point towards non-ideal mixing in the system that leads to evaporation 283 

rates that are influenced by activity coefficients that deviate substantially from unity.  284 

 285 

Model 2: Non-Ideal Mixing 286 

Here, we force the system to exist as a single liquid phase (i.e. a homogeneous particle). Within 287 

this model framework, both the composition of the particle and the pure component vapor pressure 288 

are known. Thus, only the activity coefficient of the evaporating component can vary, allowing us 289 

to evaluate this parameter across the measurements. Based on the AIOMFAC predictions of the 290 

activity coefficient of 3EG as a function of its mole fraction in a ternary solution (Figure S4), a 291 

reasonable functional fit was selected based on an offset exponential decay with three empirical 292 

parameters (@#$% = DE(23!"#,% + F). The empirical fit parameters (A, k, B) were varied to 293 

minimize the mean-squared difference between the measurements and predicted evaporation trend.  294 

 295 

Model 1 - Ideal Mixing

- Particle is homogeneous

- Ideal mixing (i.e. !!"#,% = 1)
- Composition during evaporation is 

known from initial size, starting 
composition, and AIOMFAC-ZSR 

Model 2 – Non-Ideal Mixing

- Particle is homogeneous

- Non-ideal mixing (i.e. !!"#,% is 
varied to obtain a best fit)

- Composition during evaporation 
is known from initial size and 

starting composition

Homogeneous

Model 3 – Core-Shell

- Particle is core-shell

- Organic shell composition is 
binary with !!"#,% from AIOMFAC

- Composition of organic phase is 
constant and regulated by RH



The results of the evaporation modelling are shown in Figure 3 (yellow lines) and are capable of 296 

fully describing the evaporation of the organic in all cases at all RH. The activity coefficients of 297 

3EG are shown in Figure S4 as a function of the mole fraction of 3EG in the particle. These all 298 

show a steep increase as the organic fraction decreases, as well as increasing with decreasing RH. 299 

These trends are consistent with the predictions from the AIOMFAC model for the ternary mixture 300 

when forcing a single phase, although the magnitudes differ which may be attributed to the 301 

parameterization of the relevant functional group parameters in the model, as described later. It 302 

should be noted that a direct comparison between the experiment and AIOMFAC predictions here 303 

are limited as the system is known to not exist as a single phase, and indeed the AIOMFAC activity 304 

coefficients increase substantially after the point at which LLPS is expected. However, these data 305 

do clearly indicate that a continuously varying set of activity coefficients is fully capable of 306 

describing the dynamics of the system before and after LLPS, indicating that it is the 307 

thermodynamics of the mixture that regulates both the evaporation behavior and the onset and/or 308 

occurrence of LLPS. 309 

 310 

Owing to the independent evidence of LLPS in this system, we can explore the evaporation trend 311 

that might be expected for a two-phase particle in which the outer phase is an organic-rich shell. 312 

The Mie resonance spectra show clear MDR’s consistent with a spherical particle, indicating that 313 

the LLPS particles adopt a core-shell morphology. This can significantly simplify the analysis of 314 

the evaporation rates as the particle remains spherically symmetric. 315 

 316 

Model 3: Core–Shell LLPS 317 

If we assume we are dealing with a core–shell particle in which the outer shell consists only of 318 

3EG and its associated equilibrium water content as a function of RH, then we can simplify the 319 

mass flux equation and treat the system as if it were a binary mixed particle with an inert core. A 320 

binary mixed particle undergoing isothermal evaporation in the continuum regime exhibits a linear 321 

radius-squared dependence on time, which is exactly what is observed in these measurements for 322 

most of the evaporation trajectory, until the plateau region is reached where the size levels off and 323 

the particle has lost all of the organic material. The integrated form of Equation 1 provides an 324 

analytical solution that decouples the evaporation rate from the size of the particle: 325 

 326 



28.
24 = 29#$%:#$%

>/;<
@#$%(#$%∘ !#$% × B

H1 − !#$%I91
!#$%9#$%

+ 1C 327 

Equation 4 328 

where we have replaced subscript i with org and treat the system with a binary aqueous organic 329 

composition. As before, the term in the square bracket accounts for the concomitant loss of water 330 

when an organic molecule evaporates. In this case, !&,/ = !& = !#$%. Taking the activity 331 

coefficient of the organic component from the AIOMFAC model for the binary system, we can 332 

predict the evaporation rate under these assumptions, shown by the red dashed line of Figure 3.  333 

 334 

This model significantly over-predicts the evaporation rate at high RH, where the particles are 335 

homogeneous, as it omits any contribution from the AS and the water associated with the AS, 336 

which dilute the particle and thus lower the actual mole fraction as well as the activity of 3EG in 337 

the homogenous case. In the RH range where LLPS is expected, this model only slightly 338 

overpredicts the evaporation rate. Instead of fixing the value of (#$%∘  to 3.0 × 10(. Pa as in the 339 

other models, we can use the measured evaporation rate to solve for (#$%∘  under the assumption 340 

that the particle behaves as a binary mixture. We refer to this value as (#$%4 to delineate it from 341 

the actual pure-component vapor pressure. (#$%4 is shown in Figure 5A as a function of RH. We 342 

can identify two regions of interest based on whether the particle is homogeneous or LLPS. For 343 

the homogeneous particle, (#$%′ will be a large underestimate compared to the pure-component 344 

value of 3EG due to the presence of the AS and additional water that is not accounted for by the 345 

other assumptions in this model. As the RH decreases, (#$%4 becomes less of an underestimate, 346 

and in the region where we detected core-shell particles, it becomes approximately constant as a 347 

function of RH. 348 

 349 

We can use these data to estimate how much AS might be present in the organic-rich phase to give 350 

the measured evaporation rates, as we know what the pure component vapor pressure must be in 351 

this case. Using 3.0 × 10(. Pa as the value of (#$%∘ , and the AIOMFAC predictions for the amount 352 

of water associated with AS in a binary system at the same RH, we can estimate the mole ratio of 353 

organic molecules to undissociated inorganic molecules in the shell of the particle by applying the 354 

ZSR relation, shown in Figure 5B. We report these data only for the measurements in the LLPS 355 



region, as the assumptions that go into the calculation break down if LLPS is not present. Based 356 

on the AIOMFAC predictions, the presence of small amounts of AS in the organic-rich phase will 357 

likely increase the activity coefficient of the organic while reducing its mole fraction. Thus, the 358 

inferred compositions reported in Figure 5B should be considered representative within the 359 

assumption underlying the ZSR relation with respect to the addition of AS to the organic phase 360 

(i.e. the activity coefficient of the organic remains unchanged with respect to the binary case). 361 

Table S2 provides a breakdown of the calculations contributing to these estimates. 362 

 363 

 364 
Figure 5: (A) Under the assumptions of core–shell behavior and an organic-rich phase that is modelled with a binary composition, 365 
the effective vapor pressure was determined from the slope of radius-squared versus time for the linear portion of the evaporation 366 
trajectories. The blue shaded region shows where the particle is assumed to be well-mixed (and thus this assumption fails) and the 367 
green shaded region shows where the particle is assumed to be phase-separated with a core–shell morphology. (B) In order to 368 
achieve closure between the pure-component vapor pressure and the expected vapor pressure, the organic-rich phase must include 369 



some AS and additional water which collectively lower the activity of the organic component. Assuming the activity coefficient of 370 
the organic remains the same as in a binary mixture, the organic-to-inorganic mole ratio in the shell was calculated. As described 371 
in the text, this assumption of activity coefficients likely introduces error as AIOMFAC modelling indicates that the presence of 372 
AS increases the activity coefficient of the organic. 373 

 374 

Thermodynamic Interpretation of Experimental Observations via AIOMFAC Modelling 375 

Up to this point we have relied upon AIOMFAC calculations and ZSR to predict the composition 376 

of the particles assuming a single phase is present, or in the case of LLPS, that a binary mixture is 377 

present in each of the two phases. However, the AIOMFAC-LLPS model is capable of predicting 378 

the onset of LLPS in mixed organic-inorganic systems and has been successfully applied in several 379 

cases. Of note, for mixtures including other (poly)ethylene glycols, such as PEG400 and higher 380 

molecular weights, AIOMFAC predictions of LLPS with AS have been shown to perform well 381 

compared to experiments.11 The oxyethylene functional group parameters used in AIOMFAC as 382 

part of this work was previously introduced in work exploring the hygroscopic growth of high 383 

molecular weight PEG’s. It has been shown to be effective in predicting the hygroscopic growth 384 

factors measured experimentally for PEG200, PEG1000, and PEG10000.28 However, it should be 385 

noted that while 3EG is somewhat equivalent to a hypothetical PEG150 and should exhibit similar 386 

behavior, the average number of oxyethylene groups per molecule is two for 3EG, versus three for 387 

PEG200 and around 22 for PEG1000. Thus, the smaller molecule will be more polar and its 388 

behavior will be weighted more towards the interactions of the OH groups with water and AS 389 

rather than with the oxyethylene groups.  390 

 391 

The predicted phase diagram for a ternary mixture of 3EG, AS and water is shown in Figure S5. 392 

There are several interesting regions of this phase diagram, described in more detail in the SI, that 393 

may be compared with our results. Firstly, the predicted onset of LLPS is around 85% RH for the 394 

equimolar mixture, compared to separation occurring in the range from 60 to 70% observed 395 

experimentally. Based on this phase diagram, the composition of each phase can be predicted. 396 

Initially, at the SRH for an equimolar mixture, a particle with a starting organic-to-AS ratio of 1 397 

will separate with an organic-rich phase that has an organic-to-AS mole ratio of ~1.3, increasing 398 

rapidly as the RH decreases to yield almost pure organic in the organic rich phase at below 80% 399 

RH. These observations are consistent with our predictions that some inorganic remains in the 400 

organic-rich phase, although quantitative differences arise, in part due to the assumptions that the 401 

activity of the organic in the organic-rich phase may be given by the activity predicted by the 402 



binary organic and water system. However, the activity coefficients of the 3EG in the organic-rich 403 

phase predicted by this model are consistent with the binary activity coefficients used in Model 3, 404 

indicating the mixing thermodynamics in the organic-rich phase are minimally affected by the 405 

presence of small amounts of AS. Finally, the phase diagram indicates the phase transition range 406 

to be relatively flat over the composition range, which is also supported by our measurements. The 407 

phase diagram suggests that as the organic material from the particle evaporates, the onset of LLPS 408 

does not change to a measurable degree, and for particles that are already LLPS, the composition 409 

of each phase will remain broadly the same. This is consistent with the observed radius-squared 410 

dependence of the evaporation rate for the LLPS particles, as the evaporating phase retains a nearly 411 

constant activity of the organic.  412 

 413 

The differences between the AIOMFAC-LLPS predictions may be attributed to the interactions 414 

between the ions and oxyethylene groups and/or OH groups. If 3EG is relatively more miscible 415 

with AS than its higher molecular weight counterparts (PEG400 etc.), then a lower SRH would be 416 

expected, and the organic-rich phase could support more AS, as inferred from our measurements. 417 

Increased miscibility would also change the phase diagram, lowering the LLPS boundary and 418 

narrowing the width of the LLPS region, allowing for more AS to exist in the organic rich phase. 419 

While we do not have sufficient data to produce a fully accurate phase diagram, our results indicate 420 

that the SRH is approximately constant across the compositional range explored, albeit with high 421 

variability as captured by the error bars shown in Figure 2. This behavior is consistent with the 422 

middle of the composition range in PEG 400/AS mixtures and is predicted by the AIOMFAC 423 

model.11 424 

 425 

Conclusions  426 

Through measurements on the onset of LLPS and the evaporation behavior of particles containing 427 

AS and triethylene glycol, we begin to unravel the thermodynamic implications of LLPS. We 428 

identify LLPS at a lower RH than previous work on higher molecular weight PEG molecules, 429 

which is attributed to the increased miscibility of 3EG due to the great proportional of OH groups 430 

per molecule. The particles form core–shell morphologies, as evidenced by the retention of clear 431 

peaks in the Mie resonance spectra. Notably, from measurements on the evaporation of 3EG from 432 

these particles, we do not see a clear step-change in the evaporation rates going from well-mixed 433 



to core-shell morphologies. This is rationalized from the activity of the organic in the 434 

homogeneous mixture and the LLPS particle. For LLPS to occur, the activity coefficient is 435 

necessarily high, indicating the organic is not energetically stable in solution relative to an ideal 436 

mixture. Thus, as the RH is lowered and the SRH is approached, the activity of the organic is 437 

already increasing significantly, giving rise to faster rates of evaporation that would be predicted 438 

assuming ideality. At the point of LLPS, while the composition shifts significantly and the outer 439 

shell becomes much more enriched in organic molecules, the activity of the organic remains 440 

approximately the same and its activity coefficient decreases 441 

 442 

Ultimately, these measurements demonstrate some of the limitations of the assumption that LLPS 443 

will lead to changes in the chemical properties of the particle. While it is clearly true that 444 

geometrically the outer layer is more exposed to the gas phase, it is the chemical activity of the 445 

organic molecules in the particle that determine how they interact with the gas phase, evident in 446 

this work with respect to liquid-vapor partitioning. For chemical reactivity, similar arguments 447 

could be made for why reaction rates are not drastically increased following LLPS – it is the 448 

activity of the reactant that is important, rather than its concentration. If gas phase reactants, such 449 

as radical species are able to adsorb and sample the surface region of the particle, they will be 450 

similarly able to find an organic molecule in an LLPS particle as in a homogeneous particle, 451 

assuming adsorption times are sufficiently long for diffusion to bring reactants together. Going 452 

further, in particles that will experience LLPS, the low miscibility will likely lead to organic 453 

molecules preferentially residing at the interface even in homogeneous particles, further negating 454 

the extent of any step-change due to the occurrence of LLPS. This same argument may be made 455 

with respect to the influence of LLPS on cloud formation.16 That is, particles that exhibit LLPS 456 

will contain organic compounds that exhibit low miscibility and high surface activity, leading to 457 

depression of the surface tension and changes in the cloud formation activity of the particles.  458 

 459 

Although more work must be done on both the thermodynamics of LLPS systems and their 460 

resulting chemical behavior, this work demonstrates that in systems that exhibit LLPS, it is non-461 

ideality that is the determining factor in the chemical evolution. Broadening this conclusion 462 

further, we argue that observations of chemical effects in LLPS particles may be incorrectly 463 

ascribed to phase separation and are instead directly caused by the same underlying 464 



thermodynamics that also lead to phase separation. That is to say that LLPS, gas–particle 465 

partitioning, bulk–surface partitioning, hygroscopicity, CCN activity, evaporation rates, etc. are 466 

all controlled by the underlying chemical thermodynamics. However, it is important to consider 467 

cases in which LLPS will have a direct impact on chemical evolution, such as through diffusion 468 

limitations due to the formation of organic-rich phase with a much higher viscosity than the 469 

homogeneous mixture. For example, in Zhou et al., the formation of a viscous organic crust 470 

following LLPS hinders the diffusion of ozone leading to slow heterogeneous reaction kinetics.43 471 

Similar effects may be observed that slow evaporation rates and a consideration of the viscosity of 472 

each phase and the particle morphology may be necessary.  Further work is required to explore the 473 

connections between these processes and the influence of highly viscous states that might form 474 

after LLPS in some systems.  475 

 476 

Methods 477 

Sample Preparation 478 

Chemicals were acquired from Sigma Aldrich (>99% purity) and solutions were prepared without 479 

further purification. Ternary solutions of AS and 3EG were made at organic-to-inorganic mole 480 

ratios of 1:1, 1:2, 1:3, 2:1, and 3:1 (!!,#$% = 0.5, 0.33, 0.25, 0.67, 0.75, respectively) at a total 481 

mass concentration of 10 g/kg of water. Individual droplets of around 25 μm in radius were 482 

generated from a Microfab MJ-ABP-01 microdroplet dispenser in the presence of a positively 483 

charged induction voltage plate. The induced net negative charge on the droplets allowed them to 484 

be confined in a linear quadrupole electrodynamic balance (LQ-EDB).  485 

 486 

Particle Levitation and Environmental Control 487 

The LQ-EDB has been described in detail in our previous work.41,44 Briefly, single droplets 488 

introduced into the LQ-EDB are confined to the center of the linear quadrupole axis by an AC 489 

electric field and balanced vertically against gravity and a downward flowing gas (at 200 sccm) 490 

by a negatively charged DC plate. Dilute aqueous droplets produced from the dispenser rapidly 491 

lose water to equilibrate to the RH within the chamber, yielding particles that were around 7 μm 492 

in radius when trapped at 80%. Dry and humidified N2 gas flows were mixed by a mass flow 493 

controller to control the RH in the chamber and calibrated capacitance RH probes were used to 494 



monitor the RH inside the chamber. Experiments were performed either at a fixed RH (evaporation 495 

measurements) or with a gradually decreasing RH (LLPS identification). 496 

 497 

Mie Resonance Spectroscopy  498 

Mie resonance spectroscopy (MRS) was used to characterize the size and refractive index (RI) of 499 

levitated particles in the manner described in our previous work.41 Briefly, a red LED was used to 500 

illuminate the levitated particle and an Ocean Insight HR4000 spectrometer was used to sample 501 

the backscattered light. Spectra were collected every 1 s and the morphology dependent resonances 502 

(MDR’s), identified as sharp peaks in the spectra, were used to determine the size and RI of the 503 

levitated particle using the MRFIT algorithm developed by Preston and Reid.35 Experimental 504 

spectra were subsequently compared to simulated spectra to confirm proper sizing by comparing 505 

the spectra shape and width between experiment and theory. A green laser (532 nm) was used to 506 

illuminate the droplet to verify one was in the trap and to balance it if the droplet could not be 507 

balanced by the PID feedback look from red LED illumination alone. The green laser did not serve 508 

a spectroscopic purpose in this study. MRS also provides a means of identifying the onset of LLPS 509 

in levitated particles, as detailed in the Supplementary Information and in previous work.13  510 

 511 

AIOMFAC Thermodynamic Modelling 512 

We applied the AIOMFAC model to understand the thermodynamics of mixed solutions and 513 

predict their behavior and phase.39,40 Briefly, this model allows the activity and activity coefficients 514 

of all components in a mixture to be calculated, using a group contribution approach for organic 515 

molecules. Recently, this model has been further developed to probe and predict the onset of LLPS, 516 

with the ability to generate full phase diagrams across composition and environmental 517 

conditions.32,45  The AIOMFAC model was used here to predict the composition and activity 518 

coefficients of binary mixtures, ternary mixtures, and the full phase diagram including LLPS.   519 

  520 



Author Contributions 521 

J.F.D conceptualized the project, J.M.C, B.S., and J.S. performed the measurements, J.F.D. and 522 

J.C. analyzed and interpreted the data, along with contributions from A.Z., and J.F.D, J.C., and 523 

A.Z. wrote the manuscript.  524 

 525 

Conflict of Interest 526 

The authors declare no conflicts. 527 

 528 

Acknowledgements 529 

J.F.D and J.M.C acknowledge the support of the NSF through grant CHE-2108004.  530 
 531 

Supporting Information Available 532 

Additional LLPS identification, pure component evaporation, data tables, additional figures.  533 

 534 

  535 



References  536 

 (1) Twomey, S. Pollution and the Planetary Albedo. Atmospheric Environment (1967) 1974, 8 (12), 1251–1256. 537 
https://doi.org/10.1016/0004-6981(74)90004-3. 538 

(2) Lohmann, U.; Broekhuizen, K.; Leaitch, R.; Shantz, N.; Abbatt, J. How Efficient Is Cloud Droplet Formation 539 
of Organic Aerosols? Geophys. Res. Lett. 2004, 31 (5), L05108. https://doi.org/10.1029/2003gl018999. 540 

(3) George, I. J.; Abbatt, J. P. D. Heterogeneous Oxidation of Atmospheric Aerosol Particles by Gas-Phase 541 
Radicals. Nature Chemistry 2010, 2 (9), 713–722. https://doi.org/10.1038/nchem.806. 542 

(4) Pöschl, U. Atmospheric Aerosols: Composition, Transformation, Climate and Health Effects. Angew. Chem. 543 
Int. Ed. 2005, 44 (46), 7520–7540. https://doi.org/10.1002/anie.200501122. 544 

(5) Jimenez, J. L.; Canagaratna, M. R.; Donahue, N. M.; Prevot, A. S. H.; Zhang, Q.; Kroll, J. H.; DeCarlo, P. F.; 545 
Allan, J. D.; Coe, H.; Ng, N. L.; Aiken,  a C.; Docherty, K. S.; Ulbrich, I. M.; Grieshop,  a P.; Robinson,  a L.; 546 
Duplissy, J.; Smith, J. D.; Wilson, K. R.; Lanz, V. a; Hueglin, C.; Sun, Y. L.; Tian, J.; Laaksonen, A.; 547 
Raatikainen, T.; Rautiainen, J.; Vaattovaara, P.; Ehn, M.; Kulmala, M.; Tomlinson, J. M.; Collins, D. R.; 548 
Cubison, M. J.; Dunlea, E. J.; Huffman, J. a; Onasch, T. B.; Alfarra, M. R.; Williams, P. I.; Bower, K.; Kondo, 549 
Y.; Schneider, J.; Drewnick, F.; Borrmann, S.; Weimer, S.; Demerjian, K.; Salcedo, D.; Cottrell, L.; Griffin, 550 
R.; Takami, A.; Miyoshi, T.; Hatakeyama, S.; Shimono, A.; Sun, J. Y.; Zhang, Y. M.; Dzepina, K.; Kimmel, 551 
J. R.; Sueper, D.; Jayne, J. T.; Herndon, S. C.; Trimborn,  a M.; Williams, L. R.; Wood, E. C.; Middlebrook,  a 552 
M.; Kolb, C. E.; Baltensperger, U.; Worsnop, D. R. Evolution of Organic Aerosols in the Atmosphere. 553 
Science 2009, 326 (5959), 1525--1529. https://doi.org/10.1126/science.1180353. 554 

(6) Sheldon, C. S.; Choczynski, J. M.; Morton, K.; Diaz, T. P.; Davis, R. D.; Davies, J. F. Exploring the 555 
Hygroscopicity, Water Diffusivity, and Viscosity of Organic–Inorganic Aerosols – a Case Study on 556 
Internally-Mixed Citric Acid and Ammonium Sulfate Particles. Environ. Sci.: Atmos. 2022. 557 
https://doi.org/10.1039/D2EA00116K. 558 

(7) Ovadnevaite, J.; Zuend, A.; Laaksonen, A.; Sanchez, K. J.; Roberts, G.; Ceburnis, D.; Decesari, S.; Rinaldi, 559 
M.; Hodas, N.; Facchini, M. C.; Seinfeld, J. H.; Dowd, C. O. Surface Tension Prevails over Solute Effect in 560 
Organic-Influenced Cloud Droplet Activation. Nature 2017, 546 (7660), 637–641. 561 
https://doi.org/10.1038/nature22806. 562 

(8) Ruehl, C. R.; Davies, J. F.; Wilson, K. R. An Interfacial Mechanism for Cloud Droplet Formation on Organic 563 
Aerosols. Science 2016, 351 (6280), 1447–1450. https://doi.org/10.1126/science.aad4889. 564 

(9) Richards, D. S.; Trobaugh, K. L.; Hajek-Herrera, J.; Price, C. L.; Sheldon, C. S.; Davies, J. F.; Davis, R. D. 565 
Ion-Molecule Interactions Enable Unexpected Phase Transitions in Organic-Inorganic Aerosol. Science 566 
Advances 2020, 6 (47), eabb5643. https://doi.org/10.1126/sciadv.abb5643. 567 

(10) Freedman, M. A. Phase Separation in Organic Aerosol. Chem. Soc. Rev. 2017, 46 (24), 7694–7705. 568 
https://doi.org/10.1039/C6CS00783J. 569 

(11) Ciobanu, V. G.; Marcolli, C.; Krieger, U. K.; Weers, U.; Peter, T. Liquid−Liquid Phase Separation in Mixed 570 
Organic/Inorganic Aerosol Particles. J. Phys. Chem. A 2009, 113 (41), 10966–10978. 571 
https://doi.org/10.1021/jp905054d. 572 

(12) Shen, C.; Zhang, W.; Choczynski, J.; Davies, J. F.; Zhang, H. Phase State and Relative Humidity Regulate the 573 
Heterogeneous Oxidation Kinetics and Pathways of Organic-Inorganic Mixed Aerosols. Environ. Sci. 574 
Technol. 2022, 56 (22), 15398–15407. https://doi.org/10.1021/acs.est.2c04670. 575 

(13) Lam, H. K.; Xu, R.; Choczynski, J.; Davies, J. F.; Ham, D.; Song, M.; Zuend, A.; Li, W.; Tse, Y.-L. S.; Chan, 576 
M. N. Effects of Liquid–Liquid Phase Separation and Relative Humidity on the Heterogeneous OH Oxidation 577 
of Inorganic–Organic Aerosols: Insights from Methylglutaric Acid and Ammonium Sulfate Particles. 578 
Atmospheric Chemistry and Physics 2021, 21 (3), 2053–2066. https://doi.org/10.5194/acp-21-2053-2021. 579 

(14) Liu, P.; Song, M.; Zhao, T.; Gunthe, S. S.; Ham, S.; He, Y.; Qin, Y. M.; Gong, Z.; Amorim, J. C.; Bertram, A. 580 
K.; Martin, S. T. Resolving the Mechanisms of Hygroscopic Growth and Cloud Condensation Nuclei Activity 581 
for Organic Particulate Matter. Nat Commun 2018, 9 (1), 4076. https://doi.org/10.1038/s41467-018-06622-2. 582 

(15) Altaf, M. B.; Dutcher, D. D.; Raymond, T. M.; Freedman, M. A. Effect of Particle Morphology on Cloud 583 
Condensation Nuclei Activity. ACS Earth Space Chem. 2018, 2 (6), 634–639. 584 
https://doi.org/10.1021/acsearthspacechem.7b00146. 585 

(16) Malek, K.; Gohil, K.; Olonimoyo, E. A.; Ferdousi-Rokib, N.; Huang, Q.; Pitta, K. R.; Nandy, L.; Voss, K. A.; 586 
Raymond, T. M.; Dutcher, D. D.; Freedman, M. A.; Asa-Awuku, A. Liquid–Liquid Phase Separation Can 587 
Drive Aerosol Droplet Growth in Supersaturated Regimes. ACS Environ. Au 2023. 588 
https://doi.org/10.1021/acsenvironau.3c00015. 589 



(17) Zhang, J.; Wang, Y.; Teng, X.; Liu, L.; Xu, Y.; Ren, L.; Shi, Z.; Zhang, Y.; Jiang, J.; Liu, D.; Hu, M.; Shao, 590 
L.; Chen, J.; Martin, S. T.; Zhang, X.; Li, W. Liquid-Liquid Phase Separation Reduces Radiative Absorption 591 
by Aged Black Carbon Aerosols. Commun Earth Environ 2022, 3 (1), 1–9. https://doi.org/10.1038/s43247-592 
022-00462-1. 593 

(18) Riemer, N.; Ault, A. P.; West, M.; Craig, R. L.; Curtis, J. H. Aerosol Mixing State: Measurements, Modeling, 594 
and Impacts. Reviews of Geophysics 2019, 57 (2), 187–249. https://doi.org/10.1029/2018RG000615. 595 

(19) Ma, S.; Chen, Z.; Pang, S.; Zhang, Y. Observations on Hygroscopic Growth and Phase Transitions of Mixed 596 
1, 2, 6-Hexanetriol ⁄ (NH&lt;Sub&gt;4&lt;/Sub&gt;)&lt;Sub&gt;2&lt;/Sub&gt;SO&lt;Sub&gt;4&lt;/Sub&gt; 597 
Particles: Investigation of the Liquid–Liquid Phase Separation (LLPS) Dynamic Process and Mechanism and 598 
Secondary LLPS during the Dehumidification. Atmos. Chem. Phys. 2021, 21 (12), 9705–9717. 599 
https://doi.org/10.5194/acp-21-9705-2021. 600 

(20) Roy, P.; Mael, L. E.; Makhnenko, I.; Martz, R.; Grassian, V. H.; Dutcher, C. S. Temperature-Dependent Phase 601 
Transitions of Aqueous Aerosol Droplet Systems in Microfluidic Traps. ACS Earth Space Chem. 2020, 4 (9), 602 
1527–1539. https://doi.org/10.1021/acsearthspacechem.0c00114. 603 

(21) Song, M.; Marcolli, C.; Krieger, U. K.; Zuend, A.; Peter, T. Liquid-Liquid Phase Separation and Morphology 604 
of Internally Mixed Dicarboxylic Acids/Ammonium Sulfate/Water Particles. Atmospheric Chemistry and 605 
Physics 2012, 12 (5), 2691–2712. https://doi.org/10.5194/acp-12-2691-2012. 606 

(22) Reid, J. P.; Dennis-Smither, B. J.; Kwamena, N.-O. A.; Miles, R. E. H.; Hanford, K. L.; Homer, C. J. The 607 
Morphology of Aerosol Particles Consisting of Hydrophobic and Hydrophilic Phases: Hydrocarbons , 608 
Alcohols and Fatty Acids as the Hydrophobic Component. Physical Chemistry Chemical Physics 2011, 13 609 
(34), 15559–15572. https://doi.org/10.1039/c1cp21510h. 610 

(23) Haddrell, A.; Rovelli, G.; Lewis, D.; Church, T.; Reid, J. Identifying Time-Dependent Changes in the 611 
Morphology of an Individual Aerosol Particle from Its Light Scattering Pattern. Aerosol Science and 612 
Technology 2019, 53 (11), 1334–1351. https://doi.org/10.1080/02786826.2019.1661351. 613 

(24) Mitchem, L.; Buajarern, J.; Ward, A. D.; Reid, J. P. A Strategy for Characterizing the Mixing State of 614 
Immiscible Aerosol Components and the Formation of Multiphase Aerosol Particles through Coagulation. The 615 
Journal of Physical Chemistry B 2006, 110 (28), 13700–13703. https://doi.org/10.1021/jp062874z. 616 

(25) Song, M.; Marcolli, C.; Krieger, U. K.; Lienhard, D. M.; Peter, T. Morphologies of Mixed 617 
Organic/Inorganic/Aqueous Aerosol Droplets. Faraday Discuss. 2013, 165, 289. 618 
https://doi.org/10.1039/c3fd00049d. 619 

(26) You, Y.; Renbaum-Wolff, L.; Carreras-Sospedra, M.; Hanna, S. J.; Hiranuma, N.; Kamal, S.; Smith, M. L.; 620 
Zhang, X.; Weber, R. J.; Shilling, J. E.; Dabdub, D.; Martin, S. T.; Bertram, A. K. Images Reveal That 621 
Atmospheric Particles Can Undergo Liquid–Liquid Phase Separations. Proc. Natl. Acad. Sci. U.S.A. 2012, 622 
109 (33), 13188–13193. https://doi.org/10.1073/pnas.1206414109. 623 

(27) Huang, Y.; Mahrt, F.; Xu, S.; Shiraiwa, M.; Zuend, A.; Bertram, A. K. Coexistence of Three Liquid Phases in 624 
Individual Atmospheric Aerosol Particles. Proc. Natl. Acad. Sci. U.S.A. 2021, 118 (16), e2102512118. 625 
https://doi.org/10.1073/pnas.2102512118. 626 

(28) Hodas, N.; Zuend, A.; Schilling, K.; Berkemeier, T.; Shiraiwa, M.; Flagan, R. C.; Seinfeld, J. H. 627 
Discontinuities in Hygroscopic Growth below and above Water Saturation Forlaboratory Surrogates of 628 
Oligomers in Organic Atmospheric Aerosols. Atmos. Chem. Phys. 2016, 16 (19), 12767–12792. 629 
https://doi.org/10.5194/acp-16-12767-2016. 630 

(29) Ham, S.; Babar, Z. B.; Lee, J. B.; Lim, H.-J.; Song, M. Liquid–Liquid Phase Separation in Secondary Organic 631 
Aerosol Particles Produced from \alpha -Pinene Ozonolysis and \alpha -Pinene Photooxidation with/without 632 
Ammonia. Atmospheric Chemistry and Physics 2019, 19 (14), 9321–9331. https://doi.org/10.5194/acp-19-633 
9321-2019. 634 

(30) Stewart, D. J.; Cai, C.; Nayler, J.; Preston, T. C.; Reid, J. P.; Krieger, U. K.; Marcolli, C.; Zhang, Y. H. 635 
Liquid–Liquid Phase Separation in Mixed Organic/Inorganic Single Aqueous Aerosol Droplets. J. Phys. 636 
Chem. A 2015, 119 (18), 4177–4190. https://doi.org/10.1021/acs.jpca.5b01658. 637 

(31) Kucinski, T. M.; Ott, E.-J. E.; Freedman, M. A. Dynamics of Liquid–Liquid Phase Separation in 638 
Submicrometer Aerosol. J. Phys. Chem. A 2021, 125 (20), 4446–4453. 639 
https://doi.org/10.1021/acs.jpca.1c01985. 640 

(32) Zuend, A.; Marcolli, C.; Peter, T.; Seinfeld, J. H. Computation of Liquid-Liquid Equilibria and Phase 641 
Stabilities: Implications for RH-Dependent Gas/Particle Partitioning of Organic-Inorganic Aerosols. 642 
Atmospheric Chemistry and Physics 2010, 10 (16), 7795–7820. https://doi.org/10.5194/acp-10-7795-2010. 643 

(33) Losey, D. J.; Parker, R. G.; Freedman, M. A. pH Dependence of Liquid–Liquid Phase Separation in Organic 644 
Aerosol. J. Phys. Chem. Lett. 2016, 7 (19), 3861–3865. https://doi.org/10.1021/acs.jpclett.6b01621. 645 



(34) Semeniuk, K.; Dastoor, A. Current State of Atmospheric Aerosol Thermodynamics and Mass Transfer 646 
Modeling: A Review. Atmosphere 2020, 11 (2), 156. https://doi.org/10.3390/atmos11020156. 647 

(35) Preston, T. C.; Reid, J. P. Accurate and Efficient Determination of the Radius, Refractive Index, and 648 
Dispersion of Weakly Absorbing Spherical Particle Using Whispering Gallery Modes. Journal of the Optical 649 
Society of America B 2013, 30 (8), 2113–2122. https://doi.org/10.1364/josab.30.002113. 650 

(36) Altaf, M. B.; Zuend, A.; Freedman, M. A. Role of Nucleation Mechanism on the Size Dependent Morphology 651 
of Organic Aerosol. Chem. Commun. 2016, 52 (59), 9220–9223. https://doi.org/10.1039/C6CC03826C. 652 

(37) Huang, Q.; Pitta, K. R.; Constantini, K.; Ott, E.-J. E.; Zuend, A.; Freedman, M. A. Experimental Phase 653 
Diagram and Its Temporal Evolution for Submicron 2-Methylglutaric Acid and Ammonium Sulfate Aerosol 654 
Particles. Phys. Chem. Chem. Phys. 2023. https://doi.org/10.1039/D3CP04411D. 655 

(38) Krieger, U. K.; Siegrist, F.; Marcolli, C.; Emanuelsson, E. U.; Gøbel, F. M.; Bilde, M.; Marsh, A.; Reid, J. P.; 656 
Huisman, A. J.; Riipinen, I.; Hyttinen, N.; Myllys, N.; Kurtén, T.; Bannan, T.; Percival, C. J.; Topping, D. A 657 
Reference Data Set for Validating Vapor Pressure Measurement Techniques: Homologous Series of 658 
Polyethylene Glycols. Atmospheric Measurement Techniques 2018, 11 (1), 49–63. 659 
https://doi.org/10.5194/amt-11-49-2018. 660 

(39) Zuend, A.; Marcolli, C.; Luo, B. P.; Peter, T. A Thermodynamic Model of Mixed Organic-Inorganic Aerosols 661 
to Predict Activity Coefficients. Atmospheric Chemistry and Physics 2008, 8 (16), 4559–4593. 662 
https://doi.org/10.5194/acp-8-4559-2008. 663 

(40) Zuend, A.; Marcolli, C.; Booth, A. M.; Lienhard, D. M.; Soonsin, V.; Krieger, U. K.; Topping, D. O.; 664 
McFiggans, G.; Peter, T.; Seinfeld, J. H. New and Extended Parameterization of the Thermodynamic Model 665 
AIOMFAC: Calculation of Activity Coefficients for Organic-Inorganic Mixtures Containing Carboxyl, 666 
Hydroxyl, Carbonyl, Ether, Ester, Alkenyl, Alkyl, and Aromatic Functional Groups. Atmos. Chem. Phys. 667 
2011, 11 (17), 9155–9206. https://doi.org/10.5194/acp-11-9155-2011. 668 

(41) Price, C. L.; Bain, A.; Wallace, B. J.; Preston, T. C.; Davies, J. F. Simultaneous Retrieval of the Size and 669 
Refractive Index of Suspended Droplets in a Linear Quadrupole Electrodynamic Balance. J. Phys. Chem. A 670 
2020, 124 (9), 1811–1820. https://doi.org/10.1021/acs.jpca.9b10748. 671 

(42) Kohli, R. K.; Davies, J. F. Measuring the Chemical Evolution of Levitated Particles: A Study on the 672 
Evaporation of Multicomponent Organic Aerosol. Anal. Chem. 2021, 93 (36), 12472–12479. 673 
https://doi.org/10.1021/acs.analchem.1c02890. 674 

(43) Zhou, S.; Hwang, B. C. H.; Lakey, P. S. J.; Zuend, A.; Abbatt, J. P. D.; Shiraiwa, M. Multiphase Reactivity of 675 
Polycyclic Aromatic Hydrocarbons Is Driven by Phase Separation and Diffusion Limitations. Proceedings of 676 
the National Academy of Sciences 2019, 116 (24), 11658–11663. https://doi.org/10.1073/pnas.1902517116. 677 

(44) Davies, J. F. Mass, Charge, and Radius of Droplets in a Linear Quadrupole Electrodynamic Balance. Aerosol 678 
Science and Technology 2019, 53, 309–320. https://doi.org/10.1080/02786826.2018.1559921. 679 

(45) Zuend, A.; Seinfeld, J. H. A Practical Method for the Calculation of Liquid–Liquid Equilibria in 680 
Multicomponent Organic–Water–Electrolyte Systems Using Physicochemical Constraints. Fluid Phase 681 
Equilibria 2013, 337, 201–213. https://doi.org/10.1016/j.fluid.2012.09.034. 682 

 683 
  684 

 685 


