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S1 Summary of previous studies

1.1 Overview of results from previous studies that mixed one SOA type generated in environmental reac-
tors with a commercial, single-component SOA proxy

Table S1: Summary of previous studies that investigated the miscibility of SOA mixtures, where a SOA material
was produced in an environmental reactor from ozonolysis of a-pinene and mixed with a commercial, single-
component SOA proxy. Indicated are the SOA types, the relative humidity (RH) at which the experiment was
performed, and whether mixing was reported or not. The O/C ratio listed for the a-pinene SOA material is based
on Canagaratna et al. (2015). N/A indicates not available.

SOAL1 (O/C) SOA2 (O/C) | RH Mixing ob- | Extent of mix- Reference

(Proxy) value served ing observed

or
range

a-pinene ozonolysis Glycerol 12% Yes 1-phase parti- Gorkowski et al.
(0.41) (1.0) cles? (2020)
a-pinene ozonolysis Glycerol 73% No 2-phase parti- Gorkowski et al.
(0.41) (1.0) cles? (2017)
a-pinene ozonolysis Erythritol 55%to | No" N/A Gordon et al. (2016)
(0.41) (1.0) 65%
a-pinene ozonolysis Tetra- 55%to | Yes™® N/A Gordon et al. (2016)
(0.41) ethylene gly- | 65%

col (0.625)
a-pinene ozonolysis Adipic acid | 2% No* N/A Song et al. (2011)
(0.41) (0.66)
a-pinene ozonolysis Fulvic acid 2% No* N/A Song et al. (2011)
(0.41) (0.76)b
a-pinene ozonolysis Citric acid 2% Yes® N/A Song et al. (2011)
(0.41) (1.16)
a-pinene ozonolysis Adipic acid | 60% No® N/A Song et al. (2011)
(0.41) (0.66)
a-pinene ozonolysis Fulvic acid 60% No® N/A Song et al. (2011)
(0.41) (0.76)b
a-pinene ozonolysis Citric acid 60% Yes®* N/A Song et al. (2011)
(0.41) (1.16)
a-pinene ozonolysis Tetra- <20% | Yes N/A Ye et al. (2016a)
(0.41) ethylene gly-

col (0.625)
a-pinene ozonolysis Levogluco- <20% | No" N/A Ye et al. (2016a)
(0.41) san (0.83)
a-pinene ozonolysis Erythriol <20% | No" N/A Ye et al. (2016a)
(0.41) (1.0)
a-pinene ozonolysis Citric acid <20% | Yes" N/A Ye et al. (2016a)
(0.41) (1.16)
a-pinene ozonolysis Tetra- 55%to | Yes” N/A Ye et al. (2016a)
(0.41) ethylene gly- | 60%

col (0.625)
a-pinene ozonolysis Erythriol 55%to | No" N/A Ye et al. (2016a)
(0.41) (1.0) 60%
a-pinene ozonolysis Levogluco- | 2% to No* N/A Ye et al. (2016a)
(0.41) san (0.83) 5%
a-pinene ozonolysis Erythriol 2% to No* N/A Ye et al. (2016a)
(0.41) (1.0) 5%

*flow tube experiment; Schamber experiment; Yaerosol optical tweezer; *Mixing (mass enhancement) was only
found for tetraethylene glycol concentrations > 80 ug m~; ®Based on Rice and MacCarthy (1991); © Mixing (mass
enhancement) was only found for a-pinene concentrations > 95 pg m
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1.2 Overview of results from previous studies that mixed two SOA types generated in environmental reac-

tors

Table S2: Summary of previous studies that investigated the miscibility of SOA mixtures, where both SOA types
were produced in environmental reactors. Indicated are the SOA types, the relative humidity (RH) at which the
experiment was performed, and whether mixing was reported or not. N/A indicates not available.

SOA1 (0/C) SOA2 (0O/C) RH Mixing ob- | Onset and/or Reference
value or | served extent of mix-
range ing observed
Toluene-Ds/OH a-pinene/O; <5% Yes® N/A Robinson et al. (2013)
(0.85)* (0.41)*
Toluene/OH a-pinene/O; 17%to | Yes® N/A Hildebrandt et al. (2011)
(0.85) (0.41)* 32%
Isoprene/OH (pho- a-pinene/OH | 50% Yes® N/A Dommen et al. (2009)
tooxidation products, | (0.41)*
0.85)#
Toluene-Ds/OH a-pinene /O3; | ~7%to | Yes® Mixing ob- Ye et al. (2016b)
(0.6) prepared in ~85% served for RH
excess O3; >20%
(0.41)*
Isoprene/Os (0.55) Tolune-Dg ~10% Yes® 28%=+2% (RH | Yeetal. (2018b)
/OH < 10%)
(0.48)
Limonene/O3 (0.43) a-pinene- ~10% Yes® ~15% (RH < Ye et al. (2018b)
D¢/D3/O3 to 30% 10%)
(0.30) ~20% RH >
30%)
Limonene/O3 (0.43) Tolune- ~10% Yes® 25%+2% (RH | Yeetal. (2018b)
Dg¢/OH to < 10%)
(0.45) ~30% 30%+1% (RH
> 30%)
B-caryophyllene/O3 a-pinene- ~10% Yes® ~5% (RH < Ye et al. (2018b)
(0.29) D6/03 (0.30) | to 10%)
~75% ~10% (RH >
30%)
B-caryophyllene/O3 Tolune- ~10% Yes® ~5% (RH < Ye et al. (2018b)
(0.31) Dg/OH to 10%)
(0.48) ~50% ~10% (RH >
30%)

“Based on Canagaratna et al. (2015); “flow tube experiment; Schamber experiment
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S2 Method of generating internal SOA+SOA mixtures

S2.1 Experimental setups and conditions used to generate SOA types in consecutive generation and impac-
tion experiments.

The majority (12 out of 15) of the SOA+SOA mixtures studied here was prepared using the consecutive generation
and impaction method. After generation of a given SOA type in one of the reactors, and prior to impaction of
another SOA type on top of the hydrophobic glass slides, the SOA samples were stored in air-sealed containers in
a freezer at -20 °C, to minimize evaporative loss and potential condensed phase reactions of the SOA material.
Most SOA containing glass slides were used within ~3 weeks of sample storage. Using the mixture of catechol
SOA deposited on top of B-caryophyllene, we verified that the phase behavior was similar between freshly depos-
ited B-caryophyllene SOA and slides of B-caryophyllene SOA that had been frozen for 3 weeks.

For consecutive generation and impaction experiments different types of reactors have been used to generate the
different SOA types, namely the University of British Columbia environmental chamber (UBC-EC), the Univer-
sity of British Columbia oxidation flow reactor (UBC-OFR) and the Harvard University oxidation flow reactor
(HU-OFR). An overview of the reactors and the experimental conditions used to generate each of the SOA types
is given in Table S3. Details for each reactor are described below.

Table S3: Overview of the reactor types, particle mass concentration and average elemental oxygen-to-carbon
(O/C) and hydrogen-to-carbon (H/C) ratio of the individual SOA types studied here and used to generate internally
mixed SOA+SOA particles using the consecutive generation and impaction method. Each combination of two
SOA types was studied. See Table 1 of main text for the number of phases observed for each mixture. For the O/C
and the H/C ratios the average value is given along with the uncertainty (12% and 4% relative error for O/C and
H/C ratios), associated with the improved ambient method applied to a multi-species organic mixture (> 25 spe-
cies), used for AMS data analysis (Canagaratna et al., 2015). Also indicated in parenthesis is the range over which
the average O/C and H/C ratios varied on a day-to-day basis. MOSSI denotes multi-orifice single stage impactor
and SKC denotes Sioutas cascade (slit) impactor.

SOA type Reactor i\iﬁfj ﬁ;n;le_? tra- aCr?(ilf;;iﬁgéime o/C H/C
Valencene/O; UBC-OFR | 60-120 1%/%62363? or SKC ?(')%34 lit(? '(?gs) (1 Iéj;t(? '10.27)
B-caryophyllene/0s | UBC-EC | 3355 1%/%62363? or SKC ?(')‘.‘30;(? 837) (1 iiﬁg '10.23)
Farnesene/O; UBC-OFR | 60-100 3525.65.? or SKC ?(')4.‘3.1 siu? 835) (1 i.sjsité) '10.2)
a-pinene/O; UBCEC | 2257 MOSSIorSKC | (04710033) | (15710 166
Catechol/Os UBC-EC | 1870 ij(_)zs.%? or SKC ?6?5 lit(? 3.54) (1 i.2114it(§) .10.38)
Toluene/OH HU-OFR | 20-40 MOSSTor SKC | (073 10.159) | (135 to 169)

"Values based on sampling washed-off and re-aerosolized SOA particles from aqueous solution; Section S5.

UBC-EC: The environmental chamber at UBC is a 1.8 m® continuous flow chamber that has been described in
detail previously (Maclean et al., 2021; Huang et al., 2021), and that is similar to other continuous flow environ-
mental chambers (King et al., 2009; Shilling et al., 2008; Zhang et al., 2018). Within the environmental chamber,
SOA was generated by dark ozonolysis of a-pinene (Sigma Aldrich, 98% purity), B-caryophyllene (Sigma Aldrich,
> 98% purity) or catechol (Sigma Aldrich, > 99% purity). For all experiments ozone (O3) was generated outside
the chamber by flowing a dry (RH < 1.5%), particle- and hydrocarbon-free air stream (1.75 L min™') from a zero-
air generator (Aadco, model: 737) over a pen-ray style UV-lamp (184.9 nm < A 546.1 nm ; Jelight, model: 610).
Mixtures of 2 wt% of each volatile organic compound (VOC) in 2-butanol (Sigma-Aldrich, > 99% purity) were
prepared, separately for each SOA precursor. The 2-butanol serves as a scavenger for hydroxyl radicals (OH),
which can be formed as a by-product in alkene-ozone reactions (Kroll et al., 2002; Paulson et al., 1999). We used
a scavenger in all our experiments where SOA was produced from oxidation by O3 to minimizing the impact of
reactions of the SOA precursor with OH radicals, allowing us to largely isolate SOA formation from ozonolysis.
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Previous studies have shown that the reaction of the scavenger with the OH radicals does not contribute to SOA
formation, while it can impact the ability of the gaseous SOA precursor to form SOA, i.e., the aerosol mass yield
(Docherty and Ziemann, 2003; Keywood et al., 2004). A syringe pump (Pump: Cole-Palmer, model: 100, Syringe:
Hamilton, 100-Series Gastight) was used to feed the solution of 2-butanol and the VOC into a gently heated (~318
K), round-bottom glass flask, where the organic liquid was vaporized, and carried into the environmental chamber
by continuously flushing the glass flask with zero air using a flow rate of 17.5 L min™'. All flows were held constant
throughout an experiment, and controlled by mass flow controllers (MFC, Omega, model: FMA5400/550 A Se-
ries), resulting in an average residence time for the gases and particles of approximately 1.6 h within the environ-
mental chamber. Syringe pump injection rates of 30 pl h!' for each VOC and 2-butanol solution were used. This
resulted in SOA mass loadings within the environmental chamber between approximately 18 to 100 pg m™, meas-
ured with an optical particle counter (OPC, Grimm, model: 11-S; optical flow rate: 1.2 L min’!, size range 0.25—
32 um), that was used to periodically sampling air from the chamber throughout an experiment (TableS3). Ozone
concentrations were continuously measured at the exit of the chamber using an O3 monitor (ThermoScientific,
model: 491), with O3 being in excess by approximately 300-380 ppbv for all UBC-EC experiments using the
consecutive generation and impaction method.

At the exit of the environmental chamber, the SOA particles were collected onto plain glass slides (12 mm diam-
eter, Hampton Research, HR3-209T and ORSAtec GmbH, customized order) that were made hydrophobic through
coating with either fluoropel-800 (Cytonix) or with Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma Aldrich,
97% purity), to achieve a high contact angle between the glass substrate and the SOA particles. To collect SOA
material for phase behavior analysis, chamber air was continuously sampled (10—-12 L min-1) over a period of
approximately 22 h to 26 h, using either a multi-orifice single stage impactor with a 50% cut-off diameter of ~0.18
pm (MOSSI, MSP Corporation), or a slit impactor with a 50% cut-off diameter of ~0.25 um (SKC, Sioutas Cas-
cade Impactor).

UBC-OFR: Also used for sample generation was a 22 L volume oxidation flow reactor available at UBC to gen-
erate SOA material from ozonolysis of farnesene (Sigma Aldrich, mixture of isomers) and valencene (Sigma Al-
drich, > 65% purity). As in the case of the UBC-EC, O3 was generated outside the UBC-OFR by passing a constant
flow (2.0 L min-1; MFC: Omega, model: FMA5400/550 A Series) of zero air over a pen-ray style UV-lamp (Je-
light, model: 610) and adding it into the OFR. The output oxidant concentration of the O3 generator can be varied
by adjusting the flow rate and the sleeve length over the UV-lamp. Here the flow rate was kept constant in all our
experiments and the sleeve length was adjusted to achieve O3 concentrations of approximately 2300 ppb and 6500
ppb for the generation of farnesene and valencene SOA material, respectively, as periodically measured with an
O3 detector (2B Technologies, model: 202) at the exit (after the reaction) of the UBC-OFR. The VOC solutions (2
wt%) were prepared in 2-butanol and added to a gently heated (~318 K) glass bulb, using a syringe pump (Pump:
Chemxy Inc., model: Fusion 101, Syringe: Hamilton, 1000-Series Gastight) with injection rates of 20 pl hr! for
both the farnesene and valencene solutions. Within the heated glass bulb, the organic solutions were vaporized,
and carried into the chamber by flushing the glass bulb with zero air. Flow rates of 3 L min™' and 2 L min™! were
used in the case of farnesene and valencene, respectively, as controlled by a MFC (MKS, Legacy-Series). The
total flow rates through the UBC-OFR were 5 L min™! and 4 L min™!, resulting in residence times in the OFR of
around 260 s and 330 s for the farnesene and valencene experiments, respectively. Lower flow rates through the
OFR in the case of valencene as compared to farnesene oxidation were used due to its slower reaction with O3(Kim
etal., 2011; Yee et al., 2018), to allow for sufficient SOA generation during the residence time. The SOA particle
mass concentrations within the OFR were measured with an OPC, and typically ranged between approximately 60
pug m? to 100 pg m™ (farnesene SOA) and approximately 80 ug m= to 100 ug m3 (valencene SOA) for our
experimental conditions (Table S3). At the exit of the UBC-OFR, the particles were collecting onto hydrophobic
glass slides using either a multi-orifice single stage or a slit impactor, identical to the case of the EC-UBC sampling
(see above), operated at a flow rate of ~10 L min™'. Since the flow rates needed for the impactor was larger than
the total flow rate from the outlet of the OFR-UBC (4-5 L min'!), the air flow at the outlet of the OFR containing
the SOA particles was sheathed with filtered (Pall Corporation, HEPA) particle-free, ambient air prior to collection
with the impactor. Typical SOA material collection times were approximately 22 h to 26 h.

HU-OFR: Toluene derived SOA material was produced by photooxidation of toluene vapors in an OFR at Harvard
University. The HU-OFR has been described in detail elsewhere(Liu et al., 2015). In brief, OH radicals were
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produced within the HU-OFR by photodissociation of Os, followed by the reaction of the resulting excited atomic
oxygen with water vapor. The Oz concentration within the OFR was around ~20 ppmv and the RH was 40% for
our experiments. The toluene (Sigma Aldrich, > 99.5% purity) was injected into a glass flask held at room tem-
perature (~293 K) using a syringe pump (Chemyx Inc., model: Fusion 200), and from there flushed into the HU-
OFR. The resulting SOA mass loadings in the OFR were typically between 20 pg m™ to 40 pg m, as determined
from the size distribution measured with a scanning mobility particle sizer (SMPS, TSI Inc., differential mobility
analyzer model 3081, condensation particle counter model 3010, acrosol-to-sheath flow ratio: 5:1, particle electric
mobility diameter range: 10-530 nm) and assuming p = 1200 kg m™ for the material density (Shilling et al., 2008).
The total volumetric flow rate through the HU-OFR was 7 L min’!, resulting in a particle residence time of 110 s
(Liu et al., 2015). Toluene SOA material was collected onto hydrophobic glass slides using a custom-built single-
stage impactor (Song et al., 2017), by continuously sampling air from the HU-OFR at a flow rate of 3 L min’!,
over a period of approximately 22 h to 26 h.

S2.2 Experimental setup and conditions used to generate SOA in simultaneous generation and impaction
experiments.

A handful (3 out of 15) of the SOA+SOA mixtures studied here were prepared in the UBC-EC, using the simulta-
neous generation and impaction method. Specifically, the simultaneous generation and impaction method was used
for mixtures of a-pinene/Os+catechol/Os, B-caryophyllene/Os+catechol/Os and a-pinene/Os+p-caryophyllene/Os
(Table 1). For these experiments two different SOA precursors were simultaneously added to and simultaneously
oxidized by ozonolysis within the UBC-EC. Overall, the experimental setup and instrumentation used was similar
to that described in Section S2.1 when the UBC-EC was used to generate SOA material from a single VOC. In
order to add and oxidize two different VOC types simultaneously to the UBC-EC two independent sets of a syringe
pumps and a heated (~318 K) glass flask were used. Each syringe pump (Pump: Cole-Palmer, model: 100 or Pump:
Cole-Palmer, model: Masterflex 78-0100C) was used to add a 2 wt% VOC solution in 2-butanol into a heated
glass flask. The two heated glass flasks were coupled in series upstream of the UBC-EC. Thus, the VOC vapors
from the first flask were flushed through the second flask, and from there the combined organic vapors were carried
into the environmental chamber, using dry (< 1.5% RH) air from a zero-air generator (Aadco, model: 737) and a
flow rate of 17.5 L min-1, controlled by a mass flow controller, as described in Section S1. Syringe pump injection
rates of 30 pl h-1 for each VOC and 2-butanol solution were used for all simultaneous generation and impaction
experiments. Ozone was added to the UBC-EC in an identical fashion as for the consecutive impaction and gen-
eration experiments, using a pen-style UV lamp (Jelight, model: 610), flushed with zero-air at a rate of 1.75 L min
I, The O3 concentration was continuously measured at the exit of the UBC-EC using an O3 monitor (ThermoSci-
entific, model: 491), with O3 being in excess by approximately 250-300 ppbv for all experiments when two VOCs
were added to the UBC-EC. The SOA mass loadings within the UBC-EC for the simultaneous generation and
impaction experiments were around 90 pg m, as measured with an OPC (Grimm, model: 11-S).

To estimate the individual contribution of each individual SOA type to the total organic particle mass concentra-
tions when both SOA types were present within the UBC-EC, the simultaneous generation and impaction experi-
ments were carried out as follows, and as schematically depicted in Fig. S1: At the beginning of each experiment,
only one VOC was injected into the UBC-EC, until the organic mass concentration reached a steady state, as
monitored with the OPC. After a steady state had been reached, the injection of the second VOC was started at
time t;, causing an overall increase in total aecrosol mass within the chamber, resulting from the additional oxidation
and SOA formation of the second VOC. After some time t, the overall organic mass concentration approached a
new steady state, with contributions of both VOCs becoming simultaneously oxidized and forming SOA particles.
Only samples collected during this period, i.e., when both SOA types were simultaneously injected and oxidized,
and a steady-state mass loading had been reached, were used for phase behavior analysis of SOA+SOA mixtures
generated by the simultaneous generation and impaction method. Lastly, the injection of the first VOC was stopped
at time t3, and the total mass loading decreased to a new steady state after time t4. The average organic mass
concentrations when only either one of the SOA types was present within the chamber were then used to estimate
the contributions of the two SOA types to the total mass of a SOA+SOA mixtures and to estimate a SOA-to-SOA
mass mixing ratio (see below). The average total organic mass concentrations along with the mass concentrations
of the individual SOA types before and after each simultaneous generation and impaction experiment are summa-
rized in Table S4.
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Figure S1: Schematic illustration of the temporal evolution of particle mass loading during experiments when two
SOA types were simultaneously generated in the UBC-EC and simultaneously impacted to produce SOA+SOA

particles.

Table S4. Overview of the SOA+SOA mixtures prepared using the simultaneous generation and impaction method
along with particle mass loadings. For these experiments the UBC-EC was used. We assume the average elemental
O/C and H/C ratios of the different SOA types to be the same as in the experiments using the consecutive genera-
tion and impaction method when one SOA type was present within the UBC-EC (Table S3). The values in paren-
thesis indicate the standard error of the mass loading, given as two standard deviations.

Avg. Avg. Avg. mass con-
B SOALI SOA2 centration when Cpllection
No * | SOA1 SOA2 mass con- | mass con- | both SOA types | time and
’ centration / | centration/ | are present/ pg | method
pg m’ pg m’ m
1 a-pinene/O3 B-caryophyllene/O; | 34 £0.35" | 43+7.4 89+7.9 2226 h
MOSSI
3 a-pinene/Os Catechol/Os 41+£143 | 41+145 |91+£229 22-26 h
MOSSI
4 Catechol/Os3 B-caryophyllene/O; | 42 £ 12.8 39+12.1 93+£5.0 22-26 h
MOSSI

*sampling time for pure a-pinene SOA was ~10 min
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S3 Effect of particle generation and collection method on phase behavior

(a) Consecutive impaction

(c) Simulatenoeus impaction with Nile red nebulized on top

RH =90% RH =70% RH = 50% RH = 30% RH =0%

Figure S2: Example of effect of collection method on phase behavior of internal SOA+SOA mixtures for particles
containing B-caryophyllene SOA material (O/C = 0.40) and catechol SOA material (O/C = (.88). (a) Optical mi-
croscope images of B-caryophyllene SOA material deposited onto glass slide containing previously deposited cat-
echol SOA material. (b) Optical microscope images of simultaneously impacted p-caryophyllene SOA material
and catechol SOA material from the UBC environmental chamber. (c) Fluorescence microscope images of the
same sample as in panel (b), but with trace amounts of Nile red nebulized on top of SOA+SOA particles.
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S4 Estimation of SOA-to-SOA mixing ratio in internally mixed SOA+SOA particles

The ratio of the amount of the different SOA types within internally mixed SOA+SOA particles can impact the
phase behavior. Here, we have used two different approaches to estimate the ratio of the SOA types for mixtures
prepared by the consecutive generation and impaction method and the simultaneous generation and impaction
method, as detailed below.

S4.1 Estimation of SOA-to-SOA mixing ratio for consecutive generation and impaction method experi-
ments

In order to estimate the ratio of the different SOA types within individual particles, we assumed that the ratio of
the volumes of the different phases equals the ratio of the different SOA types. Hence, this approach is only appli-
cable for phase-separated particles but cannot be applied to single-phase SOA+SOA particles, and further neglects
partial miscibility between the two SOA types within a mixture. A caveat associated with this approach stems from
assuming absence of yield enhancements between the two SOA types and associated impacts on the mixing ratio.
In other words, the yield enhancement of SOA1 caused by SOA2 is assumed to be similar to the yield enhancement
of SOA2 by SOAI. This assumption, although idealized, allowed us to estimate the SOA-to-SOA mixing ratio
from the spatial arrangement of the different SOA phases within internally mixed particles. Here, we used a laser
scanning confocal microscope (Zeiss, model: Axio Observer 510 MP) to measure the three-dimensional arrange-
ment within individual phase-separated SOA+SOA particles. Confocal microscopy enables recording of two-di-
mensional images of the deposited SOA+SOA particles at different focal depths of the particles. By changing the
focal depth, i.e., scanning the focal plane along the height (z-dimension) of the particles, a series of two-dimen-
sional images results that can be combined into so-called z-stacks. From these z-stacks the structure of the
SOA+SOA particles, i.e., the spatial arrangement of the two SOA phases, could be reconstructed for individual
particles. For mixtures that resulted in single phase SOA+SOA particles, the SOA-to-SOA mixing ratio could not
be estimated using confocal microscopy. Nonetheless, given that the same method was used for generating inter-
nally mixed SOA+SOA particles, we assume that the mixing ratios are likely comparable to the values observed
for the phase-separated SOA+SOA particles.

For the mixtures produced by the consecutive generation and impaction method and that resulted in phase-sepa-
rated SOA+SOA particles, two main morphologies were observed: i) particles where the outer SOA phase formed
a spherical cap, hereafter referred to as spherical calotte, and the inner SOA phase formed a sphere within the
spherical calotte, ii) particles where the outer SOA phase formed a spherical calotte and the inner SOA phase
formed a cylinder within the spherical calotte.

Example confocal microscope images for each of the two morphologies are shown in Fig. S3, along with schemat-
ics illustrating the morphologies.

Independent of the morphology of the SOA+SOA particles, the volume of the entire particle was estimated by
assuming a spherical cap-shaped particle, where the volume can be calculated following, e.g., Iwamatsu (2018)
as:

4
Vsoa+soa = gnR(p(BSOAout,s)' (S1)
with,
— 2
(p(HSOAout,s) = (2+505950Aout,s)21 c0s8s0Aout,s) . (SZ)

where 850404t s 1s the contact angle between the outer SOA phase and the hydrophobic glass slide (schematic in
Fig. S3c and d), that was determined from our confocal microscopy images following established methods (Chesna
etal., 2016). Furthermore, R denotes the radius of the spherical cap-shaped SOA particle on the flat glass substrate.
The radius of the spherical cap, R, is related to the radius of the cross-sectional area of the spherical cap with the
glass substrate, rSOAout, (the radius of the circle when looking at the particle from above, i.e., in the top-down
view) by R = rSOAout/sinfsp 40yt s (Schematic in Fig. S3a).
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While the volume of the entire SOA+SOA particle was always estimated by assuming a spherical-cap morphology
for all our particles, the method to estimate the volume of the inner SOA phase differed depending on the mor-
phology observed in the confocal microscopy images, as illustrated by our schematics shown in Fig. S3.

For cases where the inner SOA phase formed a sphere within the spherical calotte (Fig. S3a), the volume of the
inner SOA phase was simply calculated as the volume of a sphere. In cases where multiple spheres were present
within the spherical calotte, the volume of the inner SOA phase was calculated as the sum of the volumes of the
multiple spheres.

For cases where the inner SOA phase formed a cylinder (Fig. S3b), extending from the glass substrate all the way
to the surface of the SOA+SOA particle, the volume of the inner SOA phase was approximated by the volume of
a cylinder:

Vsoain = ”rSZOAin'hSOAm' (S3)
Here hSOAIn is the height of the cylinder formed by the inner SOA phase, marking the largest vertical extent
between the hydrophobic glass slides and the interface formed by the inner SOA phase and the air (Fig. S3b). We
point out that the contact angle between the inner SOA phase and the hydrophobic glass slides was often a few
degrees larger than 90 © (vertical cross sections in Fig. S3b). In these cases, the “tube-like” volume of a perfect
cylinder slightly underestimates the volume of the inner SOA phase, by not capturing the bulges along the height
of the cylinder contributing to the volume of the inner SOA phase. At the same time, the volume of a perfect
cylinder slightly overestimates the volume of the inner phase, by not accounting for the curvature of the interface
formed by the inner SOA phase and the air. In our SOA+SOA particles these effects roughly cancel out, making
the assumption of a cylindrical inner SOA phase a reasonably first order approximation. With the volume of the
entire SOA+SOA particle and the volume of inner SOA phase calculated, the volume of the outer SOA phase was
simply approximated as the difference in these two volumes, ultimately allowing us to estimate the (volume) ratio
of the two SOA phases.

For each mixture generated using the consecutive generation and impaction method, which showed phase-sepa-
rated particles, a new hydrophobic glass slide with SOA+SOA particles was prepared in an identical manner as
for the phase behavior analysis and confocal microscopy images were taken to estimate the SOA-to-SOA ratios.
Eight individual SOA+SOA particles were analyzed for each mixture that resulted in phase-separated particles. A
summary of the estimated SOA-to-SOA ratios following this approach is given in Table S5. The type of SOA
material making up the outer and inner phase was identified by exposing the phase-separated SOA+SOA particles
to RH values between ~90% to ~101% and observing the growth of the individual phases resulting from uptake
of water. The phase with the larger change in size was attributed to the SOA type with the larger O/C ratio, con-
sistent with a higher hygroscopicity, which for the phase-separated SOA+SOA mixtures tested was always the
inner phase.
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Figure S3: Example confocal microscopy images (a, b) and schematics illustrating the corresponding three-di-
mensional arrangements (c, d) of the two SOA phases within the deposited SOA+SOA particles for the two dom-
inant arrangements observed in our experiments: (a, ¢) The inner SOA phase forming spheres within the outer
phase having the shape of a spherical calotte and (b, d) the inner SOA phase forming a cylinder within the spherical
calotte-shaped outer phase. In each confocal microscopy image, the coordinates are indicated by the arrows. Large
top-down views show particles in the x-y plane. The smaller images at the bottom and right denote cross-sections
along the green (x-z plane) and red (y-z plane) lines. The blue lines within the vertical cross sections indicate the
focal plane corresponding to the x-y plane of the top-down image depicted.

Table S5: Overview of experiments where the consecutive generation and impaction method was used for the
generation of SOA+SOA particles and phase separated particles were observed between relative humidities of
90% to 0%. Tabulated are the experiment number and the average (minimum/maximum) SOA-to-SOA (volume)
mixing ratios estimated from the confocal microscopy analysis, given as Vsoain/Vsoaou, Where the inner phase
corresponds to the SOA phase with the higher O/C ratio. Also indicated in parenthesis are the number of individual
two-phase SOA+SOA particles corresponding to each of the two morphology types based on the confocal micros-
copy analysis (Fig. S3).

Exp. | SOALl SOA2 Avg. (min/max) Number of particles | Number of parti-

No. Vsoain/Vsoaout with morphology as | cles with mor-
volume ratio in Fig. S3a phology as in

Fig. S3b

6 B-caryophyllene/Os | Toluene/OH 0.231 3 5
(0.012/0.68)

9 Farnesene/O; Catechol/O3 0.563 0 8
(0.201/0.954)

10 Farnesene/O; Toluene/OH 0.581 0 8
(0.181/0.867)

14 Valencene/Os Catechol/O3 0.065 6 2
(0.001/0.4)

15 Valencene/Os Toluene/OH 0.492 3 5
(0.001/0.806)
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S4.2 Estimation of SOA-to-SOA mixing ratio for simultaneous generation and impaction method experi-
ments

For the mixtures generated using the simultaneous generation and impaction method, another approach was used
to estimate the individual contribution of each SOA type within internally mixed SOA+SOA particles. As de-
scribed in Section S2.2, the particle mass loadings of each SOA type were sampled individually at the beginning
and end of each experiment when only one of the SOA types was present within the UBC-EC (Fig. S1). The SOA-
to-SOA mass mixing ratio was then simply estimated from the ratio of the average organic mass concentrations
when only either one of the SOA types was present within the UBC-EC. The resulting SOA-to-SOA mixing ratios
along with the average organic mass concentrations of the individual SOA types before and after each mixing
experiment are summarized in Table S6. Also tabulated for comparison are the total organic mass concentrations
measured when both SOA types were present within the environmental chamber. Using the OPC mass loadings to
estimate the SOA-to-SOA mixing ratios has the advantage that mixing ratios can also be estimated for mixtures
that resulted in single-phase particles. At the same time, this approach neglects possible SOA mass enhancement
and associated changes in mixing ratio. Therefore, we acknowledge that the mixing ratios estimated here represent
first-order approximations of the true SOA-to-SOA mixing ratios.

Table S6: Overview of experiments where the simultaneous generation and impaction method was used for the
generation of SOA+SOA particles. Tabulated are the experiment number and the different SOA types, along with
the average organic particle mass loadings for periods when only one SOA type was present within the chamber
and for periods when two SOA types were simultaneously present within the chamber. Also listed is the SOA-to-
SOA volume mixing ratio estimated as the ratio of the average OPC-based mass loadings before and after an
experiment when only SOA1 or only SOA2 were present within the chamber and assuming the same density for
both SOA types. The values in parenthesis indicate the standard error of the mass loading, given as two standard
deviations.

Exp. | SOAI SOA2 Avg. Avg. Avg. total or- Avg. based esti-
No. SOA1 SOA2 ganic aerosol mated SOAI-
mass con- | mass con- | mass when both | to-SOA2 vol-
centration | centration | SOA types are | ume mixing ra-
/ ng m3 / ng m3 present within | tio
EC-UBC/ pg
m3
1 a-pinene/O; | B-caryophyllene/Os | 34 +£0.35" | 43+7.4 89+79 0.79
3 a-pinene/O3 | Catechol/O3 41+14.3 41+ 14.5 91+229 1
4 Catechol/O3 | B-caryophyllene/O3 | 42 +12.8 39+12.1 93+5.0 1.08

*sampling time for pure a-pinene SOA was ~10 min
S5 Experimental setup used to determine elemental ratios for SOA from wash off solutions

Chemical characterization of the different SOA types was performed by AMS measurements. For the SOA types
generated in the UBC-EC and UBC-OFR, the aerosol particles were directly sampled in-situ from the respective
environmental reactor with the AMS. To characterize the toluene SOA material generated in the HU-OFR using
the same AMS instrument, toluene SOA material was first collected onto substrates and shipped to the University
of British Columbia (UBC). At UBC, the toluene SOA material was extracted into an aqueous solution, and then
the SOA material was re-aerosolized from the aqueous solution and sampled by an AMS. This method was vali-
dated using SOA generated from catechol ozonolysis within the UBC-EC.

To this end, SOA material was first collected onto glass slides from a given environmental reactor as described in
Section S2. For typical collection times of ~24 h and our experimental conditions, this resulted in approximately
1 mg of a given SOA type impacted onto an individual 12 mm diameter glass slide. To extract the SOA material,
a glass slides was then placed into a sterile, conical-bottom centrifuge tube (Cole-Parmer, UNP10404-CP), and 3
ml of high-performance liquid chromatography water (HPLC; Millipore Sigma, HPLC water Plus, < 0.0003%
non-volatile impurities, < 7 ppb total organic carbon) were added to each tube. The tubes were then placed onto a
shaker (New Brunswick Scientific, C2 Platform Shaker Classic Series) operated at 200 rpm for 60 min. The ex-
tracts were then used without further filtration and aerosolized using an atomizer setup. Specifically, the aqueous
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solutions were nebulized using an atomizer built by the Leipniz-Institut fiir Troposphédrenfoschung (TROPOS;
home-built atomizer, similar to Model 3076, TSI Inc.), fed through a custom-built diffusion drier containing mo-
lecular sieve (Millipore Sigma, sodium and aluminosilicate, A-type crystal structure, 4 A pore diameter), and then
passed into a ~20 L glass mixing volume. The atomizer was operated at a total flow rate of 3.0 L min’!, using
nitrogen (Linde, 5.0 grade) as a carrier gas. The total flow rate into the atomizer is given by the sum of the orifice
and the dilution flow rates, whose ratio was manually adjusted using a needle valve to achieve typical dripping
rates of ~1 Hz. The aerosols were directly sampled by the AMS from the mixing volume and AMS data was
analyzed in an identical fashion as described in the main text. To correct for gas-phase interference, samples were
also collected by the AMS for a period of 5-10 min with a particle filter (Whatman, 1851-047, grade QM-A)
located before the AMS. The excess flow of the mixing volume was filtered (Pall Inc., HEPA filter) and exhausted
into the laboratory. The RH of the exhaust was measured in-situ using a humidity sensor (Vaisala, HMT120/130)
and was around 5% for our experimental conditions. In between different wash off experiments using the same
SOA type, the atomizer was rinsed by running it with pure Milli-Q water (18.2 MQ.cm) for ~10 min, and the
mixing volume was purged with filtered (Pall Inc., HEPA filter) compressed air, using a flow rate of ~10 L min™,
until the particle counts on the CPC were zero. In between different wash off experiments using different SOA
types, the atomizer and mixing volume were completely washed with acetone and ethyl acetate, followed by Milli-
Q water.

In Table S7 we list the average O/C ratios determined for the different SOA samples using the wash off approach,
as described above. Also tabulated -where available- is the average O/C ratio obtained when sampling the SOA
particles in-situ from the environmental reactor. For catechol SOA, we found good comparability for the O/C ratios
determined in-situ and for the washed-off samples. Thus, the average O/C ratios from both sampling methods were
within experimental uncertainty. We point out that the catechol in-situ samples used for this comparison were
probed throughout the same period when the SOA material for the corresponding wash-off experiments was col-
lected, to ensure that the same aerosol population was probed with either approach. Based on the good agreement
of the O/C ratios determined for the in-situ and the wash-off catechol SOA experiments, we expect our wash-off
method to provide reasonable O/C ratios for highly oxidized SOA material that has similar or larger O/C ratios to
the catechol ozonolysis SOA tested here, i.e., SOA material that is expected to be largely water soluble. Applying
this method to SOA material generated from toluene photooxidation within the OFR-HU, we find an average O/C
ratio of 1.05 + 0.13. Here, we used this O/C ratio for analysis of the phase behavior of SOA+SOA mixtures con-
taining toluene SOA.

To further test the validity of our wash-off experiments we used a scanning particle mobility analyzer, consisting
of a differential mobility analyzer (DMA, TSI Inc., Classifier model 3080, with 3081 column and Krypton radia-
tion source) and a condensation particle counter (CPC, TSI Inc., model 3776 operated in low flow mode), operated
at an aerosol-to-sheath flow ratio of 1/10, to continuously sample particles from the mixing volume throughout a
wash off experiment. In Fig. S4 we show the volume size distributions corresponding to the samples tabulated in
Table S7. The overlapping volume distributions for a given SOA type reveal good reproducibility of our wash off
experiments. Also shown in Fig. S4 is the distribution obtained when atomizing pure HPLC water, as a reference
blank. The volume distribution of the pure HPLC water shows no clear mode, but only a few counts around diam-
eters around 300 nm in diameter. This is expected, given the high purity of the water used as solvent. By contrast
the volume distributions of the SOA wash offs show clear mode diameters between approximately 110 nm to 170
nm. This verifies that the signal results from the dissolved organic material rather than from impurities in the
solution.

Table S7: Comparison of O/C ratio of SOA samples, when using the AMS to directly sample the aerosol particles
in-situ from the environmental reactor and when sampling aerosol particles collected from the environmental re-
actor that have been re-aerosolized from an aqueous solution (wash off), as described in the text. All O/C ratios
were determined based in V-mode AMS data and applying the improved ambient method (Canagaratna et al.,
2015; Aiken et al., 2008). Tabulated are the average O/C ratios for each sample along with the uncertainty (12%
relative error), associated with the improved ambient method applied to a multi-species organic mixture (> 25
species) (Canagaratna et al., 2015). Also indicated in parenthesis is the range over which the average O/C ratios
varied throughout the sampling period. N/A denotes values that are not available.
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SO ol O/C ratio when sampling O/C ratio when sampling
in-situ wash-off
Catechol/O3
) . 0.98+0.12 0.97+0.12
(202.20326_1623.00_EC, collected on sil- (0.97 to 1.0) (0.94 t0 1.01)
iconized glass slide)
Catechol/O3
) . 0.95+0.11 1.0+ 0.12
(20220327_152§00_EC, collected on sil- (0.93 10 0.97) (0.97 to 1.03)
iconized glass slide)
Catechol/O3
) . 0.94+0.11 0.90+£0.11
(20220403_14IQOO_EC, collected on sil- (0.93 t0 0.96) (0.88 t0 0.94)
iconized glass slide)
Catechol/O3
) . 0.94+0.11 0.92+0.11
(20220404_125§OO_EC, collected on sil- (0.92 t0 0.96) (0.85 t0 0.95)
iconized glass slide)
Toluene/OH
(Sample #1, 2021 OFR-HU; collected N/A (1103 lit(?.ll %) 6)
on fluorinated glass slide) ) )
Toluene/OH
(Sample #2, 2021 OFR-HU; collected N/A (110(3 6j:t(?'ll ?)8)
on fluorinated glass slide) ' )
Toluene/OH
(Sample #10, 20220305 _OFR-HU; col- N/A (10095 Sitc? '11 ; 9)
lected on siliconized glass slide) ) )
Toluene/OH
(Sample #7, 20220222 OFR-HU; col- N/A (10097 Si_t(?'llji 4)
lected on siliconized glass slide) ) )
Toluene/OH
(Sample #2, 20220217 _OFR-HU; col- N/A (1(')07();“?'11%)9)
lected on siliconized glass slide) ) )
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Figure S4: Volume size distributions of the re-aerosolized SOA wash off solutions, as measured by a scanning
particle mobility analyzer by sampling from the mixing volume. See text for details.
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S6 Phase behavior of pure SOA materials
(a) Valencene/O, SOA (O/C = 0.34)

RH =90% RH =70% RH =50%

(b) B-caryophyllene/O, SOA (O/C = 0.40)

RH = 30%
RH =90% RH =70% RH =50% RH = 30% RH = 0%
(c) Farnesene/O, SOA (O/C = 0.34)

RH
RH =90% RH =70% RH =50% RH =30% RH =0%
RH

(d) a-pinene/O, SOA (O/C = 0.50)

RH = 90% RH = 70% RH = 50% RH = 30%

(e) Catechol/O, SOA (O/C = 0.88)

RH =90% RH =70% RH = 50% RH=0%

(f) Toluene/OH SOA (O/C = 1.05)

RH =90% RH =70% RH = 0%

Figure S5: Fluorescence microscopy images of the individual, unmixed secondary organic aerosol (SOA) materi-
als. The SOA type is indicated on top of each row along with its average elemental oxygen-to-carbon (O/C) ratio.
The different panels correspond to different relative humidity (RH) values as indicated. The fluorescence color is
due to trace amounts of Nile red embedded within the SOA particles.
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S7 Phase behavior of internal SOA+SOA mixtures

Shown in the following are the fluorescence microscopy experiments for all the SOA+SOA mixtures studied here.
The organization of Fig. S6 to Fig. S10 follows that of the mixing matrix shown in Fig. 2a of the main text, with
each Figs. S6-S10 corresponding to one column of Fig. 2a.

(a) Valencene/O, SOA (O/C = 0.34) + B-caryophyllene/O, SOA (O/C = 0.40)

RH =90% RH =70% RH = 50% RH = 30%

(b) Valencene/O, SOA (O/C = 0.34) + farnesene/O, SOA (O/C = 0.41)

RH =90% RH =70% RH = 50% RH = 30%

(c) Valencene/O, SOA (O/C = 0.34) + a-pinene/O, SOA (O/C = 0.50)

RH =90% RH =70% RH =50% RH = 30%

(d) Valencene/O, SOA (O/C = 0.34) + catechol/O, SOA (O/C = 0.88)

RH =90% RH =70% RH =50% RH = 30%

(e) Valencene/O, SOA (O/C = 0.34) + toluene/OH SOA (O/C = 1.05)

RH =90% RH =70% RH = 50% RH = 30%

Figure S6: Fluorescence microscopy images of mixtures of secondary organic aerosol (SOA) material derived
from valencene ozonolysis with other SOA types. The components of each mixture are given above each row
together with the average elemental oxygen-to-carbon (O/C) ratio of the SOA type. The different panels corre-
spond to different relative humidity (RH) values as indicated. The fluorescence color is due to trace amounts of
Nile red embedded within the SOA+SOA particles.
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(a) B-caryophyllene/O, SOA (O/C = 0.40) + farnesene/O, SOA (O/C = 0.41)

RH =90% RH =70% RH = 50% RH = 30% s S

(b) B-caryophyllene/O, SOA (O/C = 0.40) + a-pinene/O, SOA (O/C = 0.50)

RH =90% RH =70% RH =50% RH =30%

(c) B-caryophyllene/O, SOA (O/C = 0.40) + catechol/O, SOA (O/C = 0.88)

RH =90% RH =70% RH =50% RH = 30% RH = 0%

(d) B-caryophyllene/O, SOA (O/C = 0.40) + toluene/OH SOA (O/C = 1.05)

RH =90% RH =70% RH =50% RH =30%

Figure S7: Fluorescence microscopy images of mixtures of secondary organic aerosol (SOA) material derived
from B-caryophyllene ozonolysis with other SOA types. The components of each mixture are given above each
row together with the average elemental oxygen-to-carbon (O/C) ratio of the SOA type. The different panels cor-
respond to different relative humidity (RH) values as indicated. The fluorescence color is due to trace amounts of

Nile red embedded within the SOA+SOA particles.
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(a) Farnesene/O, SOA (O/C = 0.41) + a-pinene/O, SOA (O/C = 0.50)

RH =90%

RH = 0%

RH =90% RH =70% RH =50% RH = 30%
(c) Farnesene/O, SOA (O/C = 0.41) + toluene/OH SOA (O/C = 1.05)

RH = 90% RH =70% RH = 50% RH = 30% RH = 0%

Figure S8: Fluorescence microscopy images of mixtures of secondary organic aerosol (SOA) material derived
from farnesene ozonolysis with other SOA types. The components of each mixture are given above each row
together with the average elemental oxygen-to-carbon (O/C) ratio of the SOA type. The different panels corre-
spond to different relative humidity (RH) values as indicated. The fluorescence color is due to trace amounts of
Nile red embedded within the SOA+SOA particles.

(a) a-pinene/O, SOA (O/C = 0.50) + catechol/O, SOA (O/C = 0.88)

RH = 90% N I RH =50% RH = 30% RH = 0%

(b) a-pinene/O, SOA (OIC = 0.50) + toluene/OH SOA (O/C = 1.05)

RH =90% RH =70% RH =50%

Figure S9: Fluorescence microscopy images of mixtures of secondary organic aerosol (SOA) material derived
from a-pinene ozonolysis with other SOA types. The components of each mixture are given above each row to-
gether with the average elemental oxygen-to-carbon (O/C) ratio of the SOA type. The different panels correspond
to different relative humidity (RH) values as indicated. The fluorescence color is due to trace amounts of Nile red
embedded within the SOA+SOA particles.
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(a) Catechol/O, SOA (O/C = 0.88) + toluene/OH SOA (O/C = 1.05)

RH = 90% RH =70% RH =50% RH = 30% RH =0%

Figure S10: Fluorescence microscopy images of mixtures of secondary organic aerosol (SOA) material derived
from catechol ozonolysis with SOA material derived from toluene photooxidation. Also indicated are the average
elemental oxygen-to-carbon (O/C) ratio of the SOA types. The different panels correspond to different relative
humidity (RH) values as indicated. The fluorescence color is due to trace amounts of Nile red embedded within
the SOA+SOA particles.
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S8 Phase behavior in SOA particles generated from oxidation of precursor gases emitted from real pine
trees

RH =90% RH =70% RH = 50% : RH = 30%

RH =70% RH = 50% RH = 30% RH = 0%

Figure S11: Optical microscope images at different relative humidity (RH) values of SOA material derived from
photooxidation of gases emitted from real trees. SOA material was collected on siliconized glass slides.

S9 Phase behavior of SOA+SOA using descriptors beyond A(O/C)

While the description of the SOA+SOA phase behavior in terms of the A(O/C) value captures the number of phases
for most of the mixtures studied here, the inclusion of other parameters in addition to the A(O/C) value could
further improve the accuracy of such predictions. For example, the evolution of organic aerosol particles along
atmospheric aging trajectories is often described by Van Krevelen diagrams, where the aerosol is described in
terms of the O/C ratio and the elemental hydrogen-to-carbon (H/C) ratio (e.g. Heald et al., 2010). Using infor-
mation on the H/C ratio of the SOA types studied here, determined by our AMS measurements (Table S3), and
describing the number of phase in terms of both the A(O/C) and the A(H/C), however, did not lead to a much
clearer separation of SOA+SOA mixtures that formed one- and two-phase particles (Fig. S12). Nonetheless, other
parameters such as the Hansen solubility parameter that include more chemical information than O/C and H/C
ratios (Hansen, 2007) could improve the predictability of the number of phases (Ye et al., 2018a, c). At the same
time, the Hansen solubility parameter cannot easily be determined for ambient samples, comes at the cost of adding
complexity to the predictive framework, and, as such, is beyond the scope of this study. Another option is to use
a more complex thermodynamic model, such as the Aerosol Inorganic—Organic Mixtures Functional Groups Ac-
tivity Coefficients (AIOMFAC) thermodynamic model together with its phase separation extension (Zuend et al.,
2008, 2010; Zuend and Seinfeld, 2013). Such a model could predict the number of phases as well as partially
solubility of the components. However, similar to the Hansen solubility parameter, it cannot easily be determined
for ambient samples.
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Figure S12: Summary of the number of phases observed in our internally mixed SOA+SOA particles as a function
of the absolute difference in the average O/C ratios between the two SOA types within a mixture, A(O/C) =
|O/CSOA1-O/CSOAZ2] and the absolute difference in the average H/C ratios between the two SOA types within a
mixture, A(H/C) = |[H/Csoa1-H/Csoaz|. The horizontal error bars indicate the propagated error from the 12% rela-
tive uncertainty of the O/C ratios determined for each SOA type and the vertical error bars indicate the propagated
error from the 4% relative uncertainty of the H/C ratios determined for each SOA type (Table S3).
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