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Abstract

Smoke particles generated by burning biomass consist mainly of organic aerosol, referred to as
biomass-burning organic aerosol (BBOA). BBOA influences the climate by scattering and absorbing
solar radiation or acting as nuclei for cloud formation. The viscosity and the phase behavior (i.e. the
number and type of phases present in a particle) are properties of BBOA that are expected to impact
several climate-relevant processes but remain highly uncertain. We studied the phase behavior of
BBOA using fluorescence microscopy, and showed that BBOA particles comprise two organic phases
(a hydrophobic and a hydrophilic phase) across a wide range of atmospheric relative humidity (RH).
We determined the viscosity of the two phases using a photobleaching method, and showed that the
two phases possess different RH-dependent viscosities. The viscosity of the hydrophobic phase is
largely independent of the RH from 0 to 95%. For temperatures less than 230 K, the hydrophobic
phase is glassy (viscosity > 1012 Pa s) at RHs below 95%, with possible implications for
heterogeneous reaction kinetics and cloud formation in the atmosphere. Using a kinetic multi-layer
model (KM-GAP), we investigated the effect of two phases on the atmospheric lifetime of brown
carbon within BBOA, which is a climate-warming agent. We showed that the presence of two phases
can increase the lifetime of brown carbon in the planetary boundary layer and polar regions compared
to previous modelling studies. Hence, liquid-liquid phase separation can lead to an increase in the
predicted warming effect of BBOA on climate.

Introduction:

Smoke particles generated by the burning of biomass consist mainly of organic aerosol, referred to as
biomass burning organic aerosol (BBOA) (1). For example, smoke sampled from wildfires in western
USA was composed of > 90% BBOA (2, 3). BBOA represents the largest global contributor of organic
aerosol emitted directly to the atmosphere (4), and the mass of emitted BBOA is expected to rise in
the future due to increased prevalence of forest fires as a result of a warming world (5-7). BBOA
influences the climate by scattering or absorbing solar radiation or by acting as nuclei of cloud
droplets and possibly ice particles (1, 8). It contains a large amount of organic molecules that absorb
UV and visible light, known as brown carbon (BrC), which leads to a warming of the earth-
atmospheric system (9-12). While in the atmosphere, BrC can become oxidized by ozone or other
atmospheric oxidants, eventually causing BBOA to become less absorbing with a weaker climatic
impact (13-18). Despite the importance of BBOA, our understanding of the physical and chemical
properties of BBOA particles is limited, leading to uncertainties in its impact on the global radiation
budget.
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The viscosity and the phase behavior, i.e. the number and types of phases present in a particle, are
properties of BBOA that are expected to impact several climate-relevant processes. For example,
phase separation and a high viscosity are properties that could lead to kinetic limitations on
heterogeneous reactions (19-23), which could dictate the lifetime of BrC in BBOA and its warming
effect on the climate (24). A low surface tension organic phase at the exterior of a particle with an
agueous-core can increase the particle’s ability to act as a cloud condensation nucleus, thus affecting
cloud formation and precipitation (25, 26). In addition, some studies have suggested that particles in a
glassy state (viscosity > 1012 Pa s) could possibly act as heterogenous nuclei for the formation of ice
clouds (27-32), thereby influencing the climate.

Previous studies have investigated the phase behavior of some types of atmospheric aerosol
particles, such as mixtures of secondary organic aerosol with inorganic salts and mixtures of
secondary organic aerosol with hydrocarbon-like organic aerosol (33-35). However, the phase
behavior of primary BBOA remains understudied and unresolved. Models simulating the
microphysics, chemical evolution, concentration or radiative properties of wildfire smoke typically
assume that BBOA comprises only a single phase (24, 36—38). On the other hand, Jahn et al.
identified that some sampled BBOA particles exhibited an organic shell coating an organic core using
transmission electron microscopy images (39), with the caveat that the vacuum conditions required
for this type of microscopy may affect the particle morphology. In addition, bulk-phase liquid tar
condensates generated from high-temperature wood distillation were reported to have separated into
a water-soluble and non-soluble oily phase (40, 41), although it is not known whether phase
separation would occur in particles containing this material after equilibration with ambient RH. To our
knowledge no study has yet explicitly shown liquid-liquid phase separation (LLPS) in BBOA particles
for troposphere temperatures and RH conditions. Studies of BBOA phase behavior as a function of
RH are vital, since the RH can vary considerably throughout the atmosphere and the RH controls the
water content in particles, which can influence the phase behavior (42—-44).

The viscosity of the water-soluble component of BBOA (generated by extracting BBOA with water)
has been measured previously and was shown to depend strongly on the RH (24). However, the
water-soluble component neglects the low-polarity compounds in BBOA that may significantly affect
the viscosity of the total aerosol. Using a parameterization and high-resolution mass spectra of BBOA,
DeRieux et al. predicted that the viscosity of BBOA is strongly dependent on RH and greater than 104
Pa s under dry conditions (45). However, these results had a high degree of uncertainty and were
based on the assumption that BBOA contained a single phase. In addition, researchers often assume
BBOA is in equilibrium with the gas phase in chemical transport models, implying a low viscosity (46,
47). No previous studies have measured the RH-dependent viscosity of the total BBOA. Furthermore,
if BBOA undergoes LLPS then the viscosity of each individual phase must be measured
independently.

In this work, we generated BBOA from smoldering pine in a controlled laboratory furnace. We studied
the phase-behavior of the sampled primary BBOA using fluorescence microscopy and showed that
BBOA particles comprise two phases (an outer hydrophobic phase and an inner hydrophilic phase)
for a wide range of RH values relevant for the atmosphere. Using a photobleaching method, we
showed that that the two phases possess very different RH-dependent viscosities. Using these
results, we implement a kinetic multi-layer model of gas-particle interactions (KM-GAP) to
demonstrate how liquid-liquid phase separation and viscosity of the BBOA can significantly affect the
lifetime of BrC in the atmosphere and to highlight the need to include the phase behavior and
viscosity of BBOA in calculations of the Earth’s radiative balance.

Results

Phase behavior of BBOA as a function of RH

We generated BBOA particles by heating pine wood to 400 °C in a quartz furnace tube leading to
smoldering combustion only (no flaming). The resulting BBOA was sampled onto glass slides coated
with a hydrophobic and oleophobic coating for a high contact angle between particles and substrate.
The RH-dependent phase behavior was then observed by placing the slide into a flow cell with
temperature and RH control coupled to a widefield fluorescence microscope.

Widefield fluorescence microscopy images of pine BBOA patrticles showed two non-crystalline phases
at all values of RH studied, as the humidity was ramped from low to high RH at 293 K (Fig. 1a). A



shell represents one organic phase and the central core is a second organic phase. Hereon we refer
to the inner as the hydrophilic phase since it swelled with increasing RH. We refer to the outer phase
as the hydrophobic phase since both its volume and viscosity (see below) were insensitive to the RH.
The existence of multiple phases in BBOA particles is consistent with previous reports that show
BBOA comprise chemical compounds with a broad range of polarities (48). Both phases are visible
under the fluorescence microscope indicating that BrC is present in both phases. The chemical
identity of the BrC in each phase is not known, although it is expected to comprise molecules formed
in the breakdown of lignin and cellulose such as phenolic compounds and polycyclic aromatic
hydrocarbons (40, 49-51).

Images of BBOA retrieved using a confocal laser scanning fluorescence microscope also clearly show
the presence of two phases (Fig. 1b). The image in the y-z plane shows a partial ellipsoid (contact
angle 125 °) within a spherical calotte (contact angle 72 °). Due to the contact angles of the two
phases with the glass slide, the outer phase is either very thin or not continuous at the top of the
BBOA patrticle (less than the resolution of the microscope). Similar morphologies have been observed
for phase-separated particles deposited on substrates (52). As the particles in this work are deposited
on substrates, the resulting morphology is influenced by the glass slide. Atmospheric particles that
contain two phases are expected to exhibit a core-shell or partially-engulfed morphology when
suspended in the atmosphere (44, 53, 54). Previous work has shown that particles deposited on
hydrophobic substrates with morphologies similar to those shown here have core-shell morphologies
when levitated in the gas phase (54), however, experiments are needed to confirm this for BBOA.

The volume percentage of the hydrophilic inner and hydrophobic outer phases was estimated using
the 3D images of three separate BBOA particles at an RH of 58 + 2 RH % (e.qg. in Fig. 1b) to be 51 +
5 % hydrophilic phase and 49 + 5 % hydrophobic phase, for the 400 °C smoldering temperature. This
ratio may be dependent upon the combustion conditions, as the chemical composition of BBOA has
been shown to be dependent upon variables such as the fuel type, whether smoldering or flaming
combustion occurred (55-57), and the combustion temperature, which can range from roughly 200 °C
to > 700 °C (58). In this work we have resolved two phases in particles down to a size of ~ 6 pum,
resulting from LLPS (Fig. S1). Previous work suggests that LLPS may be suppressed at particle
diameters < 40 nm due to finite size effects (59) and hence, we expect the core-shell morphology to
exist for BBOA particles larger than 40 nm, although further experiments are required to confirm this.

Viscosity of the individual phases at a range of tropospheric conditions

To quantify the viscosity within the two separate BBOA phases, we measured the diffusion
coefficients of large dye molecules (Rhodamine-6G, hereon referred to as R6G) through the phases
as a function of RH and converted the diffusion coefficients into viscosity using the Stokes-Einstein
relation (60). The Stokes-Einstein relation has been shown to be a valid conversion between diffusion
coefficients and viscosity for organic-water matrices when the hydrodynamic radius of the diffusing
molecules under investigation (here the R6G dye molecules) is greater than or equal to the mean
hydrodynamic radius of the surrounding matrix (61-63). For our experiments, the hydrodynamic
radius of the diffusing dye molecules of 5.89 A (64) is greater than the predicted mean hydrodynamic
radius of the surrounding BBOA matrix of 4.23 A (24), based on previous predictions of the average
molar mass of BBOA being 248 g mol (49) and a density of 1.3 g cm-3 (65, 66) and an assumed
spherical geometry of BBOA molecules.

The diffusion coefficients of R6G through the BBOA phases were measured using rectangular
fluorescence recovery after photobleaching (rFRAP) (67, 68). First, a phase-separated BBOA film
(~30 pm thick) containing trace amounts of R6G dye deposited on a glass slide was imaged using a
confocal laser scanning fluorescence microscope, and regions of interest containing either the
hydrophilic or hydrophobic phase were selected. Following a period of photobleaching of a central
rectangular region with the scanning laser, images were taken periodically to track the fluorescence
recovery in the bleached region, and from the recovery time, the diffusion coefficient of the R6G was
determined. An example of a typical rFRAP experiment is provided in the supplementary material
(Fig. S4).



The measured diffusion coefficients of R6G through the two BBOA phases measured using rFRAP as
a function of RH at 293 K are reported in Fig. 2a (left axis), with the derived viscosity reported on the
right axis. Throughout the entire RH range studied, the hydrophobic phase exhibits a constant
viscosity of 102 Pa s within the degree of experimental uncertainty. This is roughly the viscosity of
ketchup. On the other hand, the viscosity of the hydrophilic phase is strongly dependent on the RH,
decreasing from 108 Pa s (similar to peanut butter) to less than 10° Pa s (that of clear honey) between
RHs of 10% and 75%. The decreasing viscosity with increasing RH of the hydrophilic phase is
expected since increasing RH leads to water uptake and a corresponding decrease in the viscosity of
hydrophilic and highly viscous particles and films, a process known as plasticization (69, 70). To
parameterize the viscosity of the two BBOA phases as a function of RH, we fit our data to an
Arrhenius mixing rule (Section S2). This expression has been used in the past to successfully
describe the RH-dependent viscosity of a range of aerosol compositions (24, 71). The Arrhenius fit to
the data (lines in Fig. 2a) shows that at 293 K and high RH conditions the viscosity of the hydrophobic
phase can be up to five orders of magnitude greater than the hydrophilic phase.

The temperature and RH in the troposphere can vary from approximately 200 K to 300 K and 10% to
100%. To parameterize the measurements of viscosity of the two phases in BBOA as a function of
both RH and temperature, we combine the Arrhenius mixing rule expression with the Vogel-Fulcher-
Tamman equation (Section S2). The temperature- and RH-dependent viscosities of the hydrophilic
and hydrophobic phases in BBOA are reported in Fig. 2b and c. The viscosity of the hydrophilic phase
shows a strong dependence on both the temperature and the RH, similar to the viscosity of the water
soluble component of BBOA and secondary organic aerosol observed in other studies (24, 72—74). In
sharp contrast, the viscosity of the hydrophobic phase is largely independent of the RH between
values from 0 to approximately 95% at all temperatures. For temperatures between 293 K and 230 K,
the hydrophobic phase is semisolid (viscosity > 102 Pa s) for all RH values below 95%, and for colder
temperatures the hydrophobic state is glassy (viscosity > 1012 Pa s) at all RHs below 95%. Although
previous studies have identified that atmospheric aerosol can exhibit glassy states at low
temperatures and low RHs (69, 71, 74), to our knowledge this is the first study to show glassy states
could be present in atmospheric aerosol at RHs as high as 95%. Furthermore, for numerous
temperatures and at higher RH conditions, the viscosity of the hydrophobic phase can be many
orders of magnitude higher than that of the hydrophilic phase, as evidenced in the plot of the viscosity
difference between the two phases in Figure S2.

To estimate the zonally-averaged viscosity of the two phases of a BBOA particle in the troposphere,
we implemented the parameterizations for temperature- and RH-dependent viscosity for each phase
into the mean annual tropospheric RH and temperature profiles from the Modern-Era Retrospective
analysis for Research and Applications, Version 2 (MERRA-2, (75)). The underlying distribution of the
RH and temperature as a function of altitude and latitude are reported in Fig. S3. Shown in Figure 3
are the zonally-averaged viscosities resulting from this implementation. Based on these zonally-
averaged viscosities, the hydrophilic phase is mostly liquid-like (<102 Pa s) below an altitude of 2 km,
mostly in a semi-solid state between 2 and 9 km and in a glassy state above that (Fig. 3a).
Conversely, the hydrophobic phase is mostly semi-solid below 2 km, a semi-solid or glassy state
between 2 and 9 km, and glassy above that (Fig. 3b).

The difference in viscosity for the two phases (Fig. 3c) highlights global regions wherein the
prevalence of LLPS may be of greater importance for atmospheric process. For many regions of the
troposphere, including much of the planetary boundary layer (<1 km altitude) and in polar regions at
all altitudes, there is between two and six orders of magnitude difference between the viscosities of
the two phases of BBOA (Fig. 3c). For these conditions, the higher viscosity of the outer hydrophobic
phase could significantly impact atmospheric processes, as discussed below.

Atmospheric implications.

Implications for liquid- and ice-cloud nucleation.

Ice nucleation in the atmosphere has a complex impact on the climate, altering the way clouds
interact with solar radiation and hence modifying Earth’s radiative budget, as well as affecting
precipitation and cloud lifetimes (76—78). The role that organic aerosol play in the nucleation of ice is
still an active area of debate (27, 28, 79), but some studies suggest that glassy organic aerosol (at



least single-component glassy aerosol) can act as a heterogeneous nuclei for ice clouds (27, 29-32).
Ice nucleation arising from wildfire smoke plumes in the free troposphere has been observed (80),
with the mechanism thought to be from soot (from flaming combustion) or from inorganic components
and minerals naturally present in biomass (81, 82). As the outer shell of BBOA can exhibit viscosities
commensurate with those of a glass even at high RHs, we speculate that the organic aerosol
component of biomass burning plumes might represent an additional mechanism towards ice
nucleation, with resulting climatic impacts. In terms of liquid cloud droplet nucleation, the presence of
the hydrophobic outer shell in a BBOA particle would also likely reduce the particle’s surface tension
compared to if it were to comprise only a well-mixed single phase (25, 26). Hence, this phase
separation behavior could increase the ability of BBOA to nucleate liquid cloud droplets (26, 43, 83),
thereby indirectly affecting Earth’s interaction with solar radiation.

Implications for BrC whitening

As a case study to highlight the importance of LLPS and viscosity of BBOA, we focus on the
heterogeneous reaction kinetics between ozone and BrC within BBOA. The BrC within BBOA can
absorb solar radiation and lead to warming of the earth-atmospheric system (11, 12). In the
atmosphere, heterogenous reactions between ozone and BrC can lead to whitening (13, 14).
Recently, Schnitzler et al. showed that the whitening rate of BrC by ozone was strongly dependent
upon the viscosity, with lifetimes of BrC (7aic) in the upper troposphere extending to more than one
day and rgc in the planetary boundary layer less than one day (24). However, this study only
investigated the properties of the water-soluble component of BBOA, which is analogous to studying
only the hydrophilic phase in this work. Here we study how both LLPS and viscosity may impact the
atmospheric lifetime of BrC in BBOA.

We apply the kinetic multi-layer model of gas-particle interactions (KM-GAP) to simulate the reactive
uptake of ozone into a 150 nm diameter BBOA particle for three different cases: 1) a particle
comprising only the hydrophobic phase; 2) a particle comprising only the hydrophilic phase, similar to
studies that investigate only the water-soluble component of BBOA samples; and 3) a particle that
has undergone LLPS to consist of an inner hydrophilic core and an outer hydrophobic shell. The KM-
GAP model is described in more detail in the Material and Methods section, and elsewhere (84, 85).
The model explicitly treats mass transport including gas-phase Os diffusion, adsorption and surface-
to-bulk transport of Oz, and bulk diffusion of BrC and Os within the core and shell phase as well as
multiphase reactions between Oz and BrC.

The modelling results at 293 K show that in a particle consisting of only the hydrophilic phase, the
atmospheric lifetime (e-folding time, 1a,c) of BrC is strongly dependent upon the RH, decreasing from
20 h to 5 h between 40 and 95% RH (Fig. 4a). These results are consistent with the whitening results
for the water-soluble component of BrC reported by Schnitzler et al. (24). At 10% RH, 1a.c for the
hydrophilic particle is ~ 40 h, arising from the low experimentally-derived value for Dgec at this RH for
the hydrophilic phase in Fig. 2a. However, for a BBOA particle that has undergone LLPS, 7gc remains
reasonably constant at approximately 1 day for RH 0 — 95% (Fig. 4a), following a similar RH-
dependency to the pure-hydrophobic case. The difference between a particle consisting of only the
hydrophilic phase and a particle that has undergone LLPS illustrates how the presence of the
hydrophobic outer phase on the outside of a particle can drastically change the whitening rates by
acting as a kinetic barrier to the uptake of ozone. Thus, LLPS can lengthen the potential warming
effect of BrC compared to models or experiments that only consider the water-soluble component of
BBOA.

To further emphasize the importance of including the hydrophobic phase at the surface of BBOA
particles, we extend the KM-GAP model to simulate 7g,c for three locations within the planetary
boundary layer (specifically at 0.5 km altitude and 0°, 40° and 80° latitude; see square symbols in Fig.
3c). The KM-GAP model shows that 7s,c for a phase-separated particle is a factor of 3.0, 4.4, and 50
times larger than a hydrophilic-only particle at these three locations (Fig. 4b). In addition, a two-phase
core-shell particle of BBOA will have an atmospheric lifetime of 0.8, 1.7 and 12 days at these three
locations within the planetary boundary layer. In contrast, it has previously been assumed that rgcis 1
day everywhere in the planetary boundary layer when predicting the climatic effects of BBOA (24, 86,
87). We conclude that the total BBOA aerosol including the presence of liquid-liquid phase separation
needs to be considered when estimating 7sc. Particularly in the planetary boundary layer and at polar
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regions, the lifetime of BrC and hence its warming effect can be much larger than assumed in
previous modelling studies.

Materials and methods

Woodsmoke aerosol sample collection

BBOA samples were produced through the smoldering of pine wood with a methodology based on
that described by Kim et al. (57). Untreated pine wood from a hardware store were cut into strips (~
20 x 2 x 2 mm) and 1.2 g total mass of the strips were placed lengthwise inside a quartz flow tube
(inner diameter 37 mm, outer diameter 40 mm, length 1100 mm). Pressurised room air from a
compressor (Oil-free 380 Series, Thomas, Sheboygan USA) was passed through the tube at a flow
rate of 2 I mint, controlled by a mass flow controller (MKS, Andover USA). A ceramic tubular heater
(length 150 mm, Watlow, St. Louis USA) fitting around the flow tube moved along the length of the
flow tube in the direction of the air flow at a speed of 10 mm min-1, propelled by a custom-built
motorized track, enabling a steady and controlled aerosol flow from the smoldering phase of
combustion only. The heating temperature was controlled by varying the heater voltage, with 65 V
used to access a temperature of 400 °C, as calibrated by a K-type thermocouple. Constraining the
experimental conditions to feature only smoldering rather than flaming conditions led to no visible
evidence of black carbon present in the particles (Fig. 1 and S1).

The woodsmoke aerosol was subjected to 10:1 dilution with HEPA-filtered air into a sampling
chamber (4.75 m?3) out of which the aerosol was sampled onto glass slides. For microscopy
experiments (e.g. Fig. 1 and S1), BBOA was sampled onto 12 mm glass slides using a MOUDI-II
impactor (120R using stage 7, TSI, Minnesota USA), cut size 0.32 ym, serviced by a pump (Varian,
Lexington USA) running at 30 | min for ~ 5 minutes. Collection times were long enough so that sub-
micron BBOA patrticles deposited and agglomerated on the slides to form super-micron BBOA
particles. Slides were pre-coated with FluoroPel-800 (Cytonix, Beltsville USA) to have a hydrophobic
and oleophobic surface for higher particle contact angles and improved imaging. Experimental details
about the microscopy imaging of particles is given in Section S3.1. Samples for rFRAP
measurements were collected onto 22 mm siliconized slides with a slit impactor (Sioutas, SKC,
Pennsylvania USA) with cut size 0.25 ym serviced by the pump running at 9 | min-1. For rFRAP, thin
films of sample are required, so the glass slides were not coated with Fluoropel-800 to allow for a
lower contact angle. Samples were sealed in a Petri dish and stored in a freezer until use. A detailed
schematic of the woodsmoke generation system is presented in Fig. S7.

Diffusion coefficients and viscosity

Diffusion coefficients of Rhodamine-6G dye (R6G) through the different phases of BBOA (Dresc) Were
measured using rectangular Fluorescence Recovery After Photobleaching (rFRAP) (67, 68). Briefly,
films of sampled BBOA with additional trace amounts of R6G were imaged using a confocal laser
scanning fluorescence microscope, and a central rectangular region was photobleached. The RH-
dependent diffusion coefficient of R6G was calculated from the timescale through which the
fluorescence intensity within the bleached region recovered, arising from diffusion of the dye through
the BBOA film. This is described in more detail in the Supplementary Materials section (Section S3.2).
The diffusion coefficients of R6G were then used to calculate the viscosity of the BBOA phases using
the Stokes-Einstein relation (60).

Kinetic modeling

The kinetic multilayer model of gas-particle interactions in aerosols and clouds (KM-GAP) was used to
simulate the uptake of ozone by BBOA particles and to determine the lifetime (i.e. e-folding timescale)
of BrC within BBOA due to oxidative aging by ozone. The full description of this model can be found in
(Shiraiwa ACP 2012, Shiraiwa PCCP 2013, refs 69 and 70), but a brief description is given here as
well as a description of the updates for this implementation. KM-GAP consists of multiple model
layers including a gas phase, a near-surface gas phase, a sorption layer, a near-surface bulk layer,
and a number of bulk layers. KM-GAP explicitly treats the processes of gas-phase diffusion,
adsorption and desorption, surface-to-bulk transport and bulk diffusion within the particle. In this work,
for phase-separated particles, bulk mass transport includes transport between layers within each
phase as well as transport between the two phases. Because the simulation scenarios included a
hydrophilic core at very low RH, the original KM-GAP model was updated to include multiple core



layers to account for potential diffusion limitations. Here we use 10 total layers in all simulations. In
the phase-separated cases, these are divided as 5 layers in the shell phase and 5 layers in the core
phase. Chemical reactions of ozone and BrC were treated in both phases. Kinetic parameters used in
the simulations are given in Table S2. The product of the reaction between BrC and ozone was
assumed to have the same properties as the BrC and the rest of the particle consists of non-reactive
and non-volatile species. To quantify the lifetime of BrC, 1ac, we use the e-folding timescale, which
represents the time it takes for the amount of BrC to reach 1/e of its final value relative to its initial
value in the whole particle.

For the simulations, BrC was assumed to be capable of transporting between the two phases as
describe in Shiraiwa, PCCP 2013. The justification for this assumption is discussed in the
supplementary material (section S4). The initial molar concentration of the two different condensed
phases was assumed to be equal, and the activity coefficients of BrC in both condensed phases was
assumed to be 1, resulting in equal concentrations of BrC in both condensed phases at equilibrium.
However, we also varied this assumption, and found the lifetime of BrC were not sensitive to the
relative concentrations of BrC in the two phases (sections S3.1).
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Figures:

(a) Widefield fluorescence microscope |5D pm
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Figure 1: (a) Widefield fluorescence microscopy images of pine BBOA during an RH-increase
experiment (top-down view), demonstrating that the BBOA exists as two liquid phases. (b) Laser
scanning images using a confocal fluorescence microscope with a z-stack at 58% RH. The top-down
image was taken approximately 1/3 of the way up through the particle. All particles were deposited on
a hydrophobic and oleophobic glass slide.
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Figure 2: a) The diffusion coefficient of Rhodamine-6G dye (Drsa, left axis) through the hydrophilic
and hydrophobic liquid phases of phase-separated pine BBOA as a function of RH at 293 K. The
viscosity of the two phases is retrieved using the Stokes Einstein conversion (right axis) and

compared to that of honey, ketchup and peanut butter (69). Lines represent fits using an Arrhenius

mixing rule (Equation S1) The black circle at 100% RH represents the diffusion of the dye in pure

water at 293 K. b) The log(viscosity) of the hydrophilic phase and (c) the hydrophobic phase in BBOA

as a function of temperature and RH as predicted by the Vogel-Fulcher-Tamman (VFT) equation
(Equation S2). The grey region represents the onset of the glass state (viscosity > 1012 Pa s) for
which the data is cut off as these viscosities are not modelled well by the VFT equation.

100



log(viscosity, n/ Pa s)

3210123456 78 91011>12
b) Hydrophobic phase

10 a) Hydrophilic phase 10
8 8
Ee Es
3 ']
o E
2 2
o=~ N /oA 0
-80 60 -40 -20 0 20 40 60 80 .80 -60 -40 20 0 20 40 60 80

Latitude / ° Latitude / ©

IOg(“hydmphohic) - Iog(nhydmphilic)

0123456789

c)

101773 T/

] \/ 11\6
G

Iy

TSNS

0
0
o@f/.\ :

80 -60 -40 -20 0 20 40 60 80
Latitude / °

Figure 3: The predicted viscosity of the (a) hydrophilic phase and (b) hydrophobic phase of BBOA,
zonally averaged as a function of latitude and altitude in the troposphere. c) The difference in
log(viscosity) between the hydrophilic and the hydrophobic phases at each atmospheric location. The
horizontal pink line and squares correspond to 0.5 km altitude, which are conditions explored in Fig.

4b.

10



40a) o &-Hydrophilic-phase particle

304

Jh

&' 20

10+

¢

<¢- Hydrophobic-phase particle
-eo-Phase-separated, core-shell

. — &
’ - o

0

1000

20 40 60 80 100
Relative humidity, RH / %

b)

£ 1004

TBrC

107

[ Hydrophilic-phase
Hydrophobic-phase
[ Phase-separated

Figure 4: a) The lifetime of reactive BrC in the atmosphere (z5,.) due to oxidative aging by Os as a
function of RH at 293 K, modelled using KM-GAP and assuming one of three different cases: 1)
particles comprise only the hydrophobic phase (orange), 2) particles comprise only the hydrophilic
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Latitude (0.5 km altitude) / ©

0

phase (blue) and 3) particles consist of two phases in a core-shell morphology with a hydrophilic core
and a hydrophobic shell. b) The atmospheric lifetime of reactive BrC due to oxidative aging by Os, for

each modeling case, at a mean altitude of 0.5 km at three different latitudes, corresponding to the

pink square locations in Fig. 3c. The RH and temperatures are 87.5% and 295.2 K, 71.9% and 283.9

K, and 96.1% and 261.4 K for the latitudes of 0°, 40° and 80° respectively. The underlying KM-GAP
modelling results of the decay in reactive BrC concentration are reported in the Supplementary
material Fig. S9 and S10 for panels a and b, respectively.
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