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Phase separation measurement of 3-MGA-AS particles in OIR = 2  

To investigate the phase separation behavior, the 3-MGA-AS solution was first prepared by 

dissolving 3-MGA and AS in deionized water with an OIR of 2. Figure S1 shows a schematic 

diagram of the experimental setup for the phase separation measurements. Micrometer-sized 

aqueous droplets of 3-MGA-AS (26.3–38.5 μm in diameter) were generated and deposited onto a 5 

hydrophobically coated substrate (Hampton Research; 22mm × 0.96mm Thick Siliconized 

Square Cover Slides) using a droplet generator (MicroFab; JetDrive™ III Controller). The 

substrate was then mounted on a sample holder inside an aerosol flow cell (Parsons et al., 2004; 

Pant et al., 2006; Song et al., 2012a). The size and morphology of particles were monitored by an 

optical microscope (Nikon; long working distance 20X objective) with an electronic eyepiece 10 

camera (Ningbo Hi-Tech; EHB Series C-mount USB2.0 CMOS Eyepiece Camera) as a function 

of RH. A continuous flow of dry and humidified N2 mixture was introduced into the cell with a 

flow rate of 0.5 L min
−1

 to control the RH inside the flow cell by adjusting the mixing ratio of 

dry and humidified N2. A RH sensor was used to measure the RH inside the cell and was 

calibrated by measuring the deliquescence relative humidity (DRH) of AS (DRH = 80.0 %), 15 

sodium chloride (DRH = 75.0 %) and ammonium nitrate (DRH = 65.5 %) at 20 ℃ (Martin, 

2000). After calibration, the uncertainty of the RH was ± 2.7 %. 

 

In a typical experiment at 21℃, the RH inside the aerosol flow cell was initially set at about 90 

%. After equilibrium, the size and morphology of the droplets were recorded. We then dropped 20 

stepwise the RH by about 1–3% and waited for 5–10 minutes for the RH to stabilize before 

taking a new record. The lowest RH to be investigated was around 40 %, at which AS typically 

crystallizes. Since the RH was varied in discrete steps, the separation RH (SRH) was recorded 

and reported as a range, with the RH before the occurrence of phase separation as the upper 

boundary and the first RH with the observed onset of phase separation as the lower boundary.  25 

 

Phase separation of 3-MGA-AS particles 

Figure S2 shows the morphological features of a micrometer-sized 3-MGA-AS particles with 

diameter of 38.5 μm in an OIR of 2 upon dehumidification. At RH ≥ 73.6 %, the particles 

exhibits a single liquid phase. The onset of liquid-liquid phase separation upon dehumidification 30 

occurs between 72.7–73.6 % RH, indicated by the appearance of small inclusions in the particle, 
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which likely contains AS and water. As RH further decreases, these satellite inclusions coalesce 

to form larger inclusions. Although there is no direct observation of schlieren (at the present 

optical magnification), a highly inter-connective structure, we postulate that the mechanism of 

phase separation in the 3-MGA-AS particles could be spinodal decomposition. It might be partly 

supported by the vast amount of small inclusions in the droplet observed at the onset of phase 5 

separation which is a likely feature of spinodal decomposition due to the absence of energy 

barrier, in contrast to nucleation and growth, which typically only takes place at a few isolated 

nucleation sites (Ciobanu et al., 2009). However, more work is required to verify the mechanism 

tentatively proposed here. 

 10 

We acknowledge that the phase separation of submicron-sized 3-MGA-AS particles investigated 

in this work has not been studied. Recently, O’Brien et al. (2015) have observed the occurrence 

of phase separation in smaller micrometer-sized particles (~1 µm in diameter) using an 

environmental scanning electron microscope and a scanning transmission X-ray microscope. The 

SRH of PEG-400-AS and α,-dihydroxy-3-methoxybenzeneaceticacid-AS particles reported in 15 

their work are consistent with the results for larger droplets (> 20 µm). These results are 

consistent with the work of Krieger et al. (2012), which suggests that the phase separation 

behavior is not affected by the particle size, as long as the Kelvin effect is not significant. 

Moreover, aerosol modelling studies have indicated a potential size dependence of SRH and 

mechanism in nanosized particles, partially due to the fast experimental drying rates employed, 20 

yet with phase separation by spinodal decomposition observed down to small particles with 

diameter of a few tens of nanometer (Altaf et al., 2016; Altaf and Freedman 2017). In this work, 

the size of the particles before oxidation was about 200 nm in diameter. The phase separation 

behavior observed in micrometer-sized particles could provide a good first approximation. 

Furthermore, since the particles were always exposed to high humidity and the experiments were 25 

carried out at 85.0 % RH, which is higher than the SRH (72.7–73.6 % RH, Table 1), 3-MGA-AS 

particles are likely to be single-phase liquid droplets prior to oxidation. 

 

Simple analysis on the surface coverage of 3-MGA in 3-MGA and 3-MGA-AS particles 

In this section, we attempt to roughly estimate the surface coverage of 3-MGA in 3-MGA and 3-30 

MGA-AS particles. By assuming that all species within the particles are well mixed and acquire 
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spherical shapes (i.e. cross-sectional surface area of each species is directly proportional to the 

square of their molecular radius), the surface coverage (θi) of a species can be roughly estimated 

using a simple additive rule as shown below: 

 θi =  
𝑛𝑖×𝑟𝑖

2

∑ 𝑛𝑖×𝑟𝑖
2            Eqn. S1       

where 𝑛𝑖 is the mole fraction of the species i, and 𝑟𝑖 is the effective radius of each molecule of 5 

species i. The mole fraction of the species can be deduced from dividing its mass concentration 

(e.g. mfs) by its molecular weight. Further, using the molecular weight and density data, the 

effective radii of water and 3-MGA are estimated to be 0.193 nm and 0.364 nm, respectively. 

The effective radii of ammonium and sulfate ions are reported to be 0.143 and 0.242 nm, 

respectively (Masterton et al., 1971; Marcus, 1988). Using these parameters and Eqn. S1, the 10 

surface coverage of 3-MGA in 3-MGA particles and 3-MGA-AS particles are estimated to be 

51.4% and 21.6%, respectively. This supports our hypothesis that a lower surface coverage of 3-

MGA in 3-MGA-AS particles might reduce the collision probability between 3-MGA and gas-

phase OH radicals at the gas/particle interface and lower the overall heterogeneous reactivity 

compared to 3-MGA particles. However, it acknowledges that the assumption might not be 15 

completely correct. In accordance with the work of Jungwirth et al. (2003) and Jungwirth and 

Tobias (2006), the sulfate ion (SO4
2-

) likely exists in the interior of the particle instead of surface. 

We also cannot rule out the possibility of 3-MGA being a surfactant as literatures on cloud 

droplet activation indicate possible surface enhancement of dicarboxylic acid such as suberic 

acid in dilute aqueous droplets (Ruehl et al., 2016; Davies et al., 2019). However, literature on 20 

the surficial properties of branched dicarboxylic acid is not yet available. Further investigation 

on the surface activity of 3-MGA and molecular dynamic simulations are desirable to better 

understand the surface composition of 3-MGA and 3-MGA–AS particles. It is also noted that 

Eqn. S1 may not be applicable to providing explanations for particles with complex interactions 

and concentration gradients such as phase separation. This equation would fail for predicting the 25 

surface composition if the particles were phase-separated or exhibited core-shell structure. 

 

Change in the average elemental composition upon oxidation 

If we assume that the identified products could well represent the overall particle composition, 

with the relative abundances and molecular information of the reaction products, the average 30 

elemental composition of the particles can be computed, assuming the ionization efficiency of 
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the 3-MGA and reaction products are the same as a first approximation. The average oxygen-to-

carbon ratio (〈O C⁄ 〉)  and hydrogen-to-carbon ratio ( 〈H C⁄ 〉 ) of the organic fraction can be 

obtained as follows (Chan et al., 2014), 

〈O C⁄ 〉 =
∑ (O C⁄ )𝑖 𝑛C,𝑖 𝐼𝑖𝑖

∑ 𝑛C,𝑖 𝐼𝑖𝑖
=

∑  𝑛O,𝑖 𝐼𝑖𝑖

∑ 𝑛C,𝑖 𝐼𝑖𝑖
 (Eqn. S2) 

〈H C⁄ 〉 =
∑ (H C⁄ )𝑖 𝑛C,𝑖 𝐼𝑖𝑖

∑ 𝑛C,𝑖 𝐼𝑖𝑖
=

∑  𝑛H,𝑖 𝐼𝑖𝑖

∑ 𝑛C,𝑖 𝐼𝑖𝑖
    (Eqn. S3) 5 

where (O C⁄ )𝑖, (H C⁄ )𝑖, and 𝐼𝑖 are the O/C, H/C and relative abundance of species i, respectively 

and 𝑛C,𝑖 ,  𝑛O,𝑖 ,  𝑛H,𝑖  are the number of carbon atoms, oxygen atoms and hydrogen atoms 

respectively. Figure S4 shows a van Krevelen diagram for the heterogeneous OH oxidation of 3-

MGA and 3-MGA-AS particles as a function of OH exposure. In both systems, as OH exposure 

increases, 〈H C⁄ 〉 decreases from 1.67 to ~1.63 while 〈O C⁄ 〉 increases from 0.67 to ~0.75–0.77. 10 

The slope of 3-MGA-AS and 3-MGA are almost the same, of value –0.39, mainly resulting from 

a combination of C6 hydroxyl products (slope = 0) and C6 ketone products (slope = –2), with the 

dominance of C6 hydroxyl products.  

 

 15 

Figure S1. A schematic diagram of the experimental setup for phase separation measurement of 

3-MGA-AS particles. 
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Figure S2. Morphologies of 3-MGA-AS particles (OIR = 2) upon dehumidification at 21 ℃. 

The size bar at the upper right corner of the figure corresponds to 20 μm. 
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Figure S3. The intensity of inorganic ions detected in 3-MGA-AS particles as a function of OH 

exposure.  
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Figure S4. Van Krevelen diagram for the heterogeneous OH oxidation of 3-MGA and 3-MGA-

AS particles as a function of OH exposure at 85.0 % RH. 
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Figure S5. The change in surface weighted mean diameter as a function of OH exposure for 3-

MGA particles and 3-MGA-AS particles, respectively.  
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Table S1. SMILES string and vapor pressure of 3-MGA, functionalization products and 

fragmentation products. 

Chemical Structure and 

Formula 

SMILES Vapor pressure of pure 

compound (Pa) at 293 K 

Parent 3-MGA 

 
C6H10O4 

CC(CC(=O)O)CC(=O)O 2.49E-04 

Functionalization Products 

 
C6H10O5 

CC(CC(=O)O)C(O)C(=O)O 1.49E-06 

 
C6H10O5 

CC(O)(CC(=O)O)CC(=O)O 5.18E-06 

 
C6H10O5 

O=C(O)CC(CO)CC(=O)O 2.31E-07 

 
C6H8O5 

CC(CC(=O)O)C(=O)C(=O)O 7.14E-05 

 
C6H8O5 

O=CC(CC(=O)O)CC(=O)O 1.47E-05 

Fragmentation Products 

 
C5H8O5 

O=C(O)CC(O)CC(=O)O 2.16E-06 

 
C5H8O3 

CC(C=O)CC(=O)O 9.48E-01 

 
C4H6O3 

CC(=O)CC(=O)O 1.87E+00 

 
C3H4O3 

O=CCC(=O)O 5.91E+00 

 
C2H2O3 

O=CC(=O)O 1.24E+02 

The vapor pressure of pure organic compounds is computed by inputting the SMILES string of 

each compound into the EVAPORATION model 

(http://tropo.aeronomie.be/models/evaporation_run.htm).  5 
 

 

 

http://tropo.aeronomie.be/models/evaporation_run.htm
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Table S2. Mass fraction, mole-fraction-based activity coefficient and C* of each organic 

compound in the presence of water at 85.0 % RH. 

Chemical Structure and 

Formula 

Mass fraction Activity coefficient 
a
 C* (μg/m

3
) 

Parent 3-MGA 

 
C6H10O4 

7.07E-01 7.43E-01 3.60E+00 

Functionalization Products 

 
C6H10O5 

6.27E-01 4.15E-01 1.04E-02 

 
C6H10O5 

6.36E-01 4.54E-01 4.00E-02 

 
C6H10O5 

6.07E-01 3.46E-01 1.28E-03 

 
C6H8O5 

6.61E-01 5.45E-01 6.96E-01 

 

 
C6H8O5 

6.47E-01 5.45E-01 1.39E-01 

Fragmentation Products 

 
C5H8O5 

5.71E-01 3.59E-01 1.15E-02 

 
C5H8O3 

7.23E-01 9.88E-01 1.78E+04 

 
C4H6O3 

6.35E-01 9.61E-01 2.78E+04 

 
C3H4O3 

5.15E-01 9.00E-01 6.66E+04 

 
C2H2O3 

4.37E-01 8.33E-01 1.14E+06 

a
Aerosol Inorganic-Organic Mixtures Functional groups Activity Coefficients (AIOMFAC) 

available online (http://www.aiomfac.caltech.edu or https://aiomfac.lab.mcgill.ca) was used to 

compute the mass fraction at 85.0 % RH and the activity coefficient of each compound, 5 
assuming aqueous droplets (single phase). As C6H8O5 formed from the oxidation at secondary 

carbon site cannot be input into the AIOMFAC, the subgroup with one extra H on the ketone 

group was input as a proxy to obtain the activity coefficient.  

http://www.aiomfac.caltech.edu/model.html
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Table S3. Mass fraction, mole-fraction-based activity coefficient and C* of each organic 

compound in the presence of AS and water with OIR = 2 at 85.0 % RH. 

Chemical Structure and 

Formula 

Mass fraction Activity coefficient C* (μg/m
3
) 

Parent 3-MGA 

 
C6H10O4 

3.44E-01 

 

1.80E+00 4.73E+00 

 

Functionalization Products 

 
C6H10O5 

3.24E-01 

 

6.64E-01 

 

1.03E-02 

 

 
C6H10O5 

3.35E-01 7.25E-01 

 

3.95E-02 

 

 
C6H10O5 

3.25E-01 

 

5.26E-01 

 

1.26E-03 

 

 
C6H8O5 

3.30E-01 9.92E-01 

 

7.40E-01 

 

 
C6H8O5 

3.30E-01 

 

9.92E-01 

 

1.52E-01 

 

Fragmentation Products 

 
C5H8O5 

3.20E-01 4.52E-01 

 

1.00E-02 

 

 
C5H8O3 

3.28E-01 3.09E+00 

 

2.99E+04 

 

 
C4H6O3 

3.09E-01 2.13E+00 

 

3.94E+04 

 

 
C3H4O3 

2.91E-01 1.27E+00 

 

7.21E+04 

 

 
C2H2O3 

2.72E-01 9.72E-01 

 

1.12E+06 

 

 

 

 5 
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