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Anthropogenic and biogenic gas emissions contribute to the formation of secondary

organic aerosol (SOA). When present, soot particles from fossil fuel combustion can

acquire a coating of SOA. We investigate SOA–soot biogenic–anthropogenic

interactions and their impact on ice nucleation in relation to the particles’ organic phase

state. SOA particles were generated from the OH oxidation of naphthalene, a-pinene,

longifolene, or isoprene, with or without the presence of sulfate or soot particles.

Corresponding particle glass transition (Tg) and full deliquescence relative humidity

(FDRH) were estimated using a numerical diffusion model. Longifolene SOA particles

are solid-like and all biogenic SOA sulfate mixtures exhibit a core–shell configuration

(i.e. a sulfate-rich core coated with SOA). Biogenic SOA with or without sulfate formed

ice at conditions expected for homogeneous ice nucleation, in agreement with

respective Tg and FDRH. a-pinene SOA coated soot particles nucleated ice above the

homogeneous freezing temperature with soot acting as ice nuclei (IN). At lower

temperatures the a-pinene SOA coating can be semisolid, inducing ice nucleation.

Naphthalene SOA coated soot particles acted as ice nuclei above and below the

homogeneous freezing limit, which can be explained by the presence of a highly

viscous SOA phase. Our results suggest that biogenic SOA does not play a significant
aInstitute for Terrestrial and Planetary Atmospheres, School of Marine and Atmospheric Sciences, Stony Brook

University, Stony Brook, New York, USA. E-mail: Daniel.Knopf@stonybrook.edu
bChemistry Department, Boston College, Chestnut Hill, Massachusetts, USA
cAerodyne Research Inc., Billerica, Massachusetts, USA
dSchool of Chemical and Biomolecular Engineering, Georgia Institute of Technology, Atlanta, Georgia, USA
eChemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, USA
fDepartment of Chemistry, University of the Pacic, Stockton, California, USA
gDepartment of Chemistry, University of California, Irvine, California, USA

† Present address: Laboratory of Environmental Chemistry, Paul Scherrer Institute, Villigen, Switzerland.

‡ Present address: Department of Civil and Environmental Engineering, Massachusetts Institute of
Technology, Cambridge, USA.

This journal is © The Royal Society of Chemistry 2017 Faraday Discuss.

http://orcid.org/0000-0001-7796-7840
http://orcid.org/0000-0001-7732-3922
http://dx.doi.org/10.1039/c7fd00010c
http://pubs.rsc.org/en/journals/journal/FD


Faraday Discussions Paper
Pu

bl
is

he
d 

on
 2

4 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Ir
vi

ne
 o

n 
31

/0
7/

20
17

 1
9:

32
:2

7.
 

View Article Online
role in mixed-phase cloud formation and the presence of sulfate renders this even less

likely. However, anthropogenic SOA may have an enhancing effect on cloud glaciation

under mixed-phase and cirrus cloud conditions compared to biogenic SOA that

dominate during pre-industrial times or in pristine areas.
1 Introduction

Aerosol particles play an important role in the radiative budget of the Earth by
scattering and absorbing short wave and long wave radiation and modifying the
radiative properties of clouds by acting as cloud condensation (CCN) nuclei and
IN.1–3 Furthermore, glaciation of clouds plays a crucial role in precipitation and
thus the hydrological cycle.4 However, the magnitude of aerosol climate forcing
remains highly uncertain. These uncertainties are attributed to the different
scales involved in microphysical processes as well as in the various ice crystal
formation pathways in cold clouds.2,5 The impact of biogenic and anthropogenic
particulate matter (separately and together) on atmospheric ice nucleation
remains insufficiently understood. This knowledge is crucial not only to improve
predictive understanding of our current climate, but also to better establish cold
cloud formation during pre-industrial times6 where sulfate and anthropogenic
emissions were much lower.7

SOA is formed by the condensation of semi-volatile and low volatility products
of oxidized volatile organic compounds (VOCs) stemming from anthropogenic
and biogenic sources.8–13 Although the majority of VOCs are biogenic,14–16

increasing population and urbanization17 will likely increase anthropogenic VOC
emissions.18 Recently it has been recognized that organic particles can exist in
amorphous solid (glassy), semisolid, or liquid phase states depending upon their
Tg19–24 and relative humidity (RH).25–28 In addition, the OA particle phase state
affects the particles’ ability to act as IN.19,29–31 Soot particles formed from the
incomplete combustion of fossil fuels and biomass burning are abundant in the
atmosphere with a large fraction being anthropogenic.32 Soot particles can also
change the properties and lifecycle of mixed-phase and ice clouds.32–35

Ice crystals can form via homogeneous or heterogeneous nucleation. Homo-
geneous ice nucleation occurs from a supercooled aqueous droplet at tempera-
tures below �238 K.36 Compared to homogeneous ice nucleation, the presence of
IN induces heterogeneous ice nucleation at higher temperatures and lower RH
with respect to ice (RHice).36 Heterogeneous ice nucleation can occur via immer-
sion freezing (ice nucleates on IN immersed in a supercooled aqueous droplet)
and deposition ice nucleation on a particle (ice nucleates from the supersaturated
gas phase onto IN). Under mixed-phase cloud conditions, immersion freezing is
thought to be the dominant freezing mechanism,37 whereas cirrus clouds can
form via homogeneous and deposition ice nucleation and immersion
freezing.38–40

Previous studies have demonstrated that ice crystal residues in cirrus and
mixed-phase clouds can contain organic materials.39,41–47 Laboratory ice nucle-
ation experiments have demonstrated the ability of different types of OA and SOA
particles to nucleate ice.23,29,31,48–57 Wang et al. (2012)31 demonstrated that SOA
produced from gas-phase OH oxidation of naphthalene, an anthropogenic
aromatic VOC, act as deposition IN at temperatures below 230 K and as
Faraday Discuss. This journal is © The Royal Society of Chemistry 2017
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immersion IN at temperatures between 230 and 245 K. SOA particles produced
from the ozonolysis of a-pinene are considered inefficient IN.51,52 However, other
studies that pre-cooled the particles to ensure a solid phase50,51 found that a-
pinene derived SOA can act as IN. Lienhard et al. (2015)29 suggested that a-pinene
SOA particles only act as IN for lowest atmospheric temperatures and fast
updras. However, in that study the SOA particles were derived from OH oxida-
tion rather than exposure to O3. Prenni et al. (2009)46 showed that SOA produced
from the ozonolysis of alkenes did not yield detectable quantities of IN at 243 K.

Several laboratory studies have investigated soot particles acting as IN as
a function of soot type, origin, and experimental ice nucleation conditions.58–75

Generally, soot particles are not as efficient IN compared to, e.g., mineral dust
particles. Three studies have examined the role of mono-/dicarboxylic acid and
SOA coatings on the ice nucleation propensity of soot particles. Friedman et al.
(2011)67 investigated both uncoated soot particles and those coated with adipic,
malic, and oleic acids, exposed to atmospherically relevant amounts of O3, and
found no evidence of heterogeneous ice nucleation between 253 and 243 K and
only homogeneous freezing at 233 K. Kulkarni et al. (2016)73 observed that soot
particles coated with SOA derived from a-pinene + OH nucleated ice at homo-
geneous freezing conditions. Chou et al. (2013)59 observed soot particles coated
with SOA produced from mixed a-pinene and diesel exhaust emissions to
nucleate ice at 238 K and above water saturation. These recent studies suggest
that soot coated by SOA material does not impact heterogeneous ice nucleation
signicantly.

In this study, by examining the thermodynamic conditions under which ice
forms, we investigate SOA–soot biogenic–anthropogenic interactions and their
impacts on ice nucleation. Biogenic SOA is generated from the OH oxidation of a-
pinene, longifolene, or isoprene, with or without the presence of SO4. Anthro-
pogenic SOA is generated from the OH oxidation of naphthalene. Additionally,
laboratory generated soot particles are coated by a-pinene or naphthalene SOA.
SOA coating thicknesses and SOA oxidation levels are varied. Scanning electron
microscopy (SEM) is applied to obtain images of the deposited particles. The
particle mixing state is evaluated by scanning transmission X-ray microscopy with
near edge X-ray absorption spectroscopy (STXM/NEXAFS).76–78 To probe the
particles’ propensity to act as IN, ice nucleation is investigated as a function of
temperature as low as 210 K and RHice as high as water saturation.79 In addition,
a numerical diffusion model19,80 is applied to estimate Tg and the FDRH of the
SOA particles as a function of SOA type, amount of sulfate, soot core size, SOA
coating thickness, level of oxidation, and updra velocities for typical atmo-
spheric conditions. The simulated SOA phase state properties allow us to assess
our predictive understanding of the impact of amorphous biogenic SOA and
anthropogenic SOA as well as SOA coated sulfate and soot particles on atmo-
spheric ice formation.

2 Methods
2.1 Particle production and sampling

Soot particles were generated using an inverted diffusion burner ame as
described in detail elsewhere.81–85 Flows of methane and air were delivered to the
burner at ow rates of 1.26 and 17.6 L min�1, respectively, with a global
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss.
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equivalence ratio of 0.7. Following dilution into 30 L min�1 nitrogen, a mini-
eductor (Fox Valves) extracted a ow of polydisperse soot particles from the
ame tip. Gas-phase organics were removed by passing the ow through a char-
coal denuder. OH radicals were produced in a Potential Aerosol Mass (PAM)
oxidation ow reactor86,87 from the reaction O3 + hn / O2 + O1(D) (l ¼ 254 nm)
followed by the reaction O1(D) + H2O / 2 OH. Inside the PAM reactor, four low-
pressure mercury lamps generated UV light; the temperature inside the reactor
ranged from 22 to 30 �C as a function of UV intensity. Outside of the PAM reactor,
O2 was irradiated with a mercury lamp (l ¼ 185 nm) to produce O3. A Naon®
membrane humidier with a controlled RH of 24–30% was used to humidify the
nitrogen carrier gas. The biogenic and anthropogenic precursor gases a-pinene,
longifolene, isoprene, naphthalene, and/or SO2 were introduced to generate
oxidized vapours via OH oxidation inside the PAM reactor that either homoge-
neously nucleated to form SOA/sulfate particles or formed a deposition coating on
soot particles (if present). The coating thickness was modied by varying the VOC
precursor concentration and monitored by subsequent particle size examination.
Mass spectra and vacuum aerodynamic size distributions of the SOA coated soot
particles were obtained using an Aerodyne soot particle time-of-ight aerosol
mass spectrometer (SP-AMS) operated in V-mode.88 The mass spectra were ana-
lysed using ToF-AMS analysis soware (SQUIRREL and PIKA89) which yielded
high-resolution mass spectra and organic, sulfate, and refractive black carbon
loadings. The oxygen-to-carbon ratio (O/C), used here as a measurable surrogate
of the particle oxidation level, was calculated using methods described by Can-
agaratna et al. (2015).90 The mobility size distribution was obtained using
a Scanning Mobility Particle Sizer (SMPS).
2.2 Particle collection

Particles were collected onto substrates using a multi-orice uniform deposition
impactor (MOUDI, model 122R) equipped with 13 rotating impaction stages.78,79,91

The substrates for the collection of particles were placed on stage 7 (50% cut-point
of 320 nm) and on stage 8 (50% cut-point of 180 nm) for biogenic SOA.92 Simul-
taneously, particles were collected on silicon (Si) wafer chips (Silson, Inc.), 50 nm
carbon lms supported on copper grids (“Carbon Type-B” grid substrates, Ted
Pella, Inc.), silicon nitride coated frames (“Si3N4-lm” substrates, Silson, Inc.),
and hydrophobically coated glass slides.31,93 Particles were stored in aluminium
containers placed inside airtight plastic bags lled with N2. Samples were
transported and stored at 3 �C until use. Ice nucleation experiments were per-
formed using the hydrophobically coated glass slides and Si wafer chips; SEM and
STXM were performed on the Si3N4-lm substrates and copper grids.

Biogenic SOA particle mean particle diameter (D), particle number density
present on the substrate (N), and total particle surface area (Aice) involved in the
ice nucleation experiment were estimated from SEM images (Table 1). For the SOA
coated soot particles, D, N, and Aice (Table 2) were determined using optical
microscopy.93 By treating the particles as hemispheres, the diameters were
determined from the 2-dimensional particle projected area (A), D ¼ 2(A/p)1/2.
Total particle surface area (SA) was derived from D, particle number density, and
Aice ¼ 0.79 mm2, SA ¼ 1/2pD2NAice.
Faraday Discuss. This journal is © The Royal Society of Chemistry 2017
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2.3 Particle characterization by STXM/NEXAFS analysis

STXM/NEXAFS was used to determine the particle composition and mixing state,
similar to our previous studies.76–79,94,95 The chemical composition and mixing
state of individual particles is determined from spatially resolved X-ray
spectra.76,96–100 The spatial resolution was about 30–40 nm. The identication of
organic carbon, elemental carbon (soot), and inorganic components is possible by
examining the carbon K-edge spectra, which allows for the classication of
particle types as well as their mixing states.95 Technical details of STXM, as well as
the application of STXM on atmospheric particles, are published
elsewhere.77,101–103
2.4 Ice nucleation apparatus

Ice nucleation experiments were performed using a custom-built controlled
vapour cryo-cooling stage microscope system described in detail elsewhere.79,93,94

Visual identication of ice formation was determined by changes in particle
phase or size greater than 0.2 mm (1130� magnication) and 1 mm (230�
magnication). A digital camera recorded particle images every 0.02 K. Initial ice
formation events are reported and the experimental time, particle temperature
(Tp), and dew point (Td) were recorded. Td was set by owing 1 SLPM (standard
litre per minute) humidied N2 gas (ultrahigh purity and passing through a cryo-
trap) over the particles. N2(g) exited the ice nucleation cell and Td was measured
using a chilled mirror hygrometer (GE Sensing 1311DR). RHice was calculated
from the measured Tp and Td values.104 Aer detection of ice crystals, Tp was
calibrated following established methods65,93,105,106 by observing the growth and
sublimation of the ice crystals by variation of Tp. Experimental uncertainties of
DTd < �0.15 K and DTp < �0.3 K yield conservative (the maximum difference
between Tp and Td) RHice uncertainties of less than �11% at 200 K and �3% at
260 K.93,94 The reported ice nucleation data represent the measurement of 1–6
independent experiments per temperature range investigated.
2.5 Experimental procedure

An ice nucleation experiment started at subsaturated conditions with respect to
ice, with RHice typically between 85 and 90%. Then, Tp was decreased at a rate of
0.1 or 0.2 K min�1. This rate corresponds to cooling rates associated with updra
velocities characteristic of mid-latitude and low-latitude cirrus clouds.107–109 These
slower changes in RHice allow for the assessment of the importance of amorphous
solid and semisolid organic materials to act as IN. This is relevant because at
faster updra velocities (i.e. a faster change in RHice), the threshold RHice for
nucleating ice may be reachedmore quickly than full deliquescence of the organic
phase. The full deliquescence of the organic phase is governed by condensed
phase diffusion processes that may occur at longer time scales compared to
ambient gas-phase RH changes. In other words, observation of heterogeneous ice
nucleation by amorphous SOA in this study (simulating slow updras and thus
slower increases in RH) will also imply heterogeneous ice nucleation to proceed
for cloud systems with faster updras. However, no detection of SOA particles
acting as IN in our experiments, does not generally rule out ice formation by SOA
particles at faster updras.
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss.
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2.6 Numerical diffusion model

The numerical diffusion model is based on the kinetic multi-layer model for gas–
particle interactions in aerosols and clouds, KM-GAP.80 KM-GAP consists of
multiple model compartments and layers, namely: gas phase, near-surface gas
phase, sorption layer, surface layer, near-surface bulk, and a number of bulk
layers. The following processes considered in KM-GAP are relevant for this study:
gas-phase diffusion, reversible adsorption, surface-to-bulk transfer, and bulk
diffusion. The bulk layers can grow or shrink due to water uptake or evaporation,
respectively. Mass uxes from the far-surface into the near-surface gas phase,
onto the particle surface, as well as into and between bulk layers are coupled in
ux-based differential equations. A detailed description of the kinetic model can
be found in Berkemeier et al. (2014).19

The model mimics the experimental conditions in temperature and RH and
predicts the chemical composition as a function of time and depth below the
particle surface. The equilibrium composition was calculated through a water
activity (aw) parameterization that translates ambient RH into equilibrium mass
fractions of the bulk constituents. Sulfate containing SOA particles were assumed
to be well-mixed, where inorganic sulfate depresses glass transition temperatures
and increases hygroscopicity as previously shown by Saukko et al. (2011).26 Coated
soot particles were approximated as spherical core–shell structures containing
a chemically inert and water-impenetrable soot core. Bulk diffusion coefficients of
water molecules were estimated as a function of RH and O/C using a semi-
empirical method that extrapolates the properties of the SOA surrogate
sucrose24 and SOA from various precursors based on properties of marker
components typically found in these SOA.19 The substance-specic model input
parameters are displayed in Tables 1–3. The hygroscopicity parameters (k) were
taken from Lambe et al. (2011).110 For SOA-sulfate particles, k was estimated
alongside particle density r, by assuming volume additivity of the pure organic
and inorganic constituents’ properties.110

In each model run, the water uptake of a single particle is simulated, following
a prescribed trajectory in temperature and RH. Following the laboratory experi-
ments, a constant temperature gradient was applied and RH calculated by
assuming a constant Td. The model yields FDRH and quasi-equilibrium Tg as
functions of initial temperature, particle size, composition and humidication
rate. Tg is calculated from the glass transition temperatures of the pure organic
mixture, Tg,org, and that of water, Tg,w ¼ 136 K, using a mass-based, binary Gor-
don–Taylor approach with a single coefficient, kGT.20,23 At full deliquescence no
glassy material remains in the organic particle and the innermost model layer is
in equilibrium with the particle’s gas surroundings.

Simulated Tg and FDRH can lead to four different ice nucleation regimes or
scenarios:19 (1) ice formation observed at temperatures and RH below the pre-
dicted Tg may be due to ice nucleation on the solid organic particle, i.e. deposition
ice nucleation; (2) when ice forms above Tg but below FDRH, the condensed phase
organic material may be partially deliquesced with a residual solid core coated by
a liquid shell and freezing proceeds via the immersion mode; (3) when the
temperature and RH are above Tg and FDRH, respectively, only homogeneous
freezing is expected due to the lack of a solid ice nucleus; (4) if ice does not form
heterogeneously at low temperatures, homogeneous freezing may be suppressed
Faraday Discuss. This journal is © The Royal Society of Chemistry 2017
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by the presence of the glassy phase state since negligible aqueous solution is
present to freeze.
3 Results and discussion
3.1 Particle phase and mixing state of SOA and SOA–soot particles

Fig. 1 displays the SEM images of representative biogenic SOA with and without
the presence of sulfate recorded with a magnication ranging from 12 000 to
35 000. These images reveal remarkable differences in particle phase states
during particle generation conditions at room temperature and at �30% RH.
Although the impaction stages were rotated, aerosol number concentrations and
collection times were sufficiently high for collision of deposited particles to occur
on the substrate. Further, there is evidence for the coalescence of some SOA
particles. Coalescence events are identied by the presence of different sizes of
deposited particles rather than a uniform particle size distribution arising from
the cut-point diameter of the impaction stage. SEM images with particles residing
close to one another or in contact to each other indicate negligible coalescence
upon collision. Thus, the extent of coalescence events observed for different SOA
types is a qualitative indicator of particle viscosity. Fig. 1 shows that compared to
a-pinene and isoprene SOA, which appear more liquid-like (some coalescence),
Fig. 1 Scanning electron microscope images of deposited longifolene, a-pinene, and
isoprene SOA with and without the presence of sulfates using stage 8 (cut-point of 180
nm) of the impactor. Scale bars represent 1 mm and vary in size due to differences in
applied magnification.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2017
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longifolene SOA particles did not coalesce upon impaction onto the substrate.
Coalescence of deposited longifolene SOA particles does occur upon mixing with
sulfate due to the plasticizing effect of liquid water associated with the sulfate.
Overall, the observed trends in particle phase state qualitatively agree with the
measured phase state dependent particle bounce fractions.26

STXM/NEXAFS analysis was performed to map organic carbon functionality
and inorganic material within the biogenic SOA particles. Fig. 2 shows X-ray
Fig. 2 STXM/NEXAFS analyses of a-pinene (A, B, C), isoprene (D, E, F), and longifolene (G,
H, I) SOA particles. X-ray absorption spectra are shown in A, D, and G as normalized and
averaged optical density as a function of energy. Vertical dotted lines appear at 284.8,
286.5 and 288.5 eV indicating absorption peaks that reflect carbon double bonding,
alcohol, and carboxyl functionalities, respectively. Solid green and blue spectra are derived
from SOA particles containing sulfate (B, E, H) while dotted green spectra are derived from
SOA particles without sulfate (C, F, I). Representative component SOA particles with sulfate
are shown in component images B, E and H while particles without sulfate are shown in C,
F, and I. The scale bar for all images is 1 mm and is shown in panel H.

This journal is © The Royal Society of Chemistry 2017 Faraday Discuss.
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absorption spectra and representative component images of the investigated SOA
particle types. Absorption of X-rays at a given energy is reported as an optical
density (OD). The spectra displayed in Fig. 2 were rst normalized to their inte-
grated area and then spectra for 10–40 particles were averaged. Thus, the spectra
in Fig. 2A, D, and G are presented as normalized OD. This has the advantage that
small and large particles contribute equally to the calculated average and the
ratios between peak-heights and the post- and pre-edge are preserved. Compo-
nent maps and spectra were generated employing specic thresholding require-
ments described by Moffet et al. (2010).103 For example, the core of a SOA particle
with sulfate typically satises the requirement that the ratio between the pre-edge
OD (278 eV) and post-edge OD (320 eV) be greater than half, i.e. ODpre/ODpost >
0.5.103 Therefore, most of the particle cores presented in Fig. 2B, E and H are
labelled as having a dominating inorganic component shown in blue. Particle
edges are dominated by the carboxyl functionality and are shown in green.

Similar organic carbon functionalities for all biogenic SOA particles were
observed. This can be seen by the identical dominant absorption peaks occurring
at 288.5 and 286.5 eV indicating carboxyl and alcohol functional groups.77 Beam
damage on these particles was assessed and under conditions where it was
observed, OD increased at 284.8 eV and decreased at 286.5 and 288.5 eV. The
spectra in Fig. 2 were acquired under conditions where beam damage was not
signicantly observed. The absorption peak height ratios were dissimilar among
Fig. 3 STXM/NEXAFS spectra of soot coated with a-pinene (red) and naphthalene (black)
SOA. X-ray absorption spectra are normalized and averaged and represent optical density
as a function of energy. Vertical dotted lines indicate major absorption peaks located at
284.8, 285.4, 286.5, 288.5 and 291.9 eV. The spectra are vertically shifted for better
visualization.
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SOA particles from different chemical precursors. This may be indicative of
different O/C ratios (Table 1), e.g., a-pinene SOA shown in Fig. 2 had O/C ¼ 0.74
resulting in a more pronounced carboxyl peak compared to longifolene SOA with
O/C ¼ 0.45. Differences in peak heights may also be related to different gas phase
oxidant chemistry producing low-volatility compounds with unique
functionalities.

Absorption spectra of soot particles coated with either a-pinene or naphtha-
lene SOA are shown in Fig. 3. A clear dominating spectral feature is the absorption
peak at 285.4 eV, common for atmospheric soot.76,95 An absorption shoulder at
around 284.8 eV indicates C]C associated with quinones.77 A second well-
dened peak at 288.5 eV indicates the carboxyl functionality. The carboxyl and
alcohol absorption peaks are located at the same X-ray energies for soot coated
with a-pinene SOA, soot coated with naphthalene SOA, and the biogenic SOA
(Fig. 2). The broad absorption plateau at X-ray energies �292 eV is indicative of
the s* electronic transition for C*–C and C*–O. We note that the spatial resolu-
tion of STXM is very similar to the SOA coating thicknesses (Table 2). Thus, spatial
identication of organic coatings was at the detection limit of the X-ray micro-
scope. However, it was observed that the carboxyl absorption peak was observed
over the entire particle, providing qualitative evidence of a uniform organic
coating.

Since none of the biogenic and anthropogenic precursor gases possess
oxygenated functional groups, the appearance of carboxyl and alcohol groups
provides evidence of oxidation as expected from the photochemical production of
SOA.9,111,112
3.2 Heterogeneous ice nucleation by SOA particles

3.2.1 Longifolene SOA particles. Fig. 4 shows observed ice formation events
for longifolene SOA with and without the presence of sulfate. Longifolene SOA did
not nucleate ice at temperatures above the homogeneous freezing limit.
Furthermore, water uptake was only observed close to water saturation. For Tp <
�235 K, longifolene SOA formed ice at conditions expected for homogeneous
freezing. Although longifolene SOA particles are highly viscous (see Fig. 1), the
experimental data suggest that these particles readily deliquesce upon increasing
RH and thus behave like aqueous droplets with regard to ice nucleation. At
temperatures above the homogeneous freezing limit, longifolene SOA with sulfate
take up water at lower RHice compared to longifolene without sulfate. The phase
state of longifolene SOA with sulfate at the point of visible water uptake is unclear.
STXM analysis shows that these particles exhibit a core–shell conguration at
particle collection conditions, though one would expect liquid–liquid phase
separation at �93% RH at room temperature.113 At lower temperatures, long-
ifolene SOA with sulfate form ice at conditions expected for homogeneous ice
nucleation. As shown in Fig. 4, the longifolene SOA particles exhibit homoge-
neous ice nucleation efficiencies similar to aqueous sulphuric acid particles.
These results suggest that the ice nucleation potential of these biogenic SOA
particles can be represented by the aw based homogeneous ice nucleation
theory.114–116 Hence under mixed-phase cloud conditions, longifolene SOA parti-
cles most likely do not play a major role in cloud glaciation processes. However,
the presence of small amounts of inorganic species increases particle
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss.
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Fig. 4 Thermodynamic conditions at which longifolene SOA particles with (red) and
without (green) sulfate initiate water uptake and ice formation. Filled and open symbols
represent freezing and water uptake, respectively. Ice formation by aqueous H2SO4

particles is shown by open grey circles. The dashed black line represents the homoge-
neous freezing limit for Jhom z 1010 cm�3 s�1 including Daw ¼ �2.5 given by the grey
shaded region,115,116,133 and the solid black line indicates water saturation (100% RH).104

Dotted grey lines represent constant RH.
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hygroscopicity signicantly.117–120 This may facilitate the formation of supercooled
liquid droplets even at temperatures as low as 254 K (when neglecting other
competing effects).

3.2.2 a-Pinene SOA particles. Fig. 5 shows observed ice formation events for
a-pinene SOA. For temperatures above the homogeneous freezing limit, a-pinene
SOA particles do not initiate freezing. Water uptake occurs at a signicantly lower
RH compared to the longifolene SOA particles, supporting the qualitative ndings
of a more liquid-like phase as inferred from the SEM images. The presence of
sulfate has only a minor effect on water uptake by a-pinene SOA particles,
decreasing observed uptake by�5–10% RHice. a-pinene SOA particles with sulfate
exhibit a core–shell conguration as indicated by STXM (Fig. 2). Thermodynam-
ically, these particles may undergo liquid–liquid phase separation at�45% RH.113

It is not clear if phase separation has a signicant effect on the observed reduction
in water uptake threshold RH. For temperatures as low as 248 K, water uptake is
observed at 88–100% RHice (i.e. 77–80% RH), whereas for Tp <240 K, water uptake
occurs at 131% RHice. For Tp < 236 K, a-pinene SOA particles form ice at condi-
tions typical for homogeneous ice nucleation. The data suggest that a-pinene SOA
particles do not signicantly impact ice crystal formation under mixed-phase
cloud conditions. Recently, Lienhard et al. (2015)29 determined water diffusion
Faraday Discuss. This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Thermodynamic conditions at which a-pinene SOA particles with (red) and without
(green) sulfate initiate water uptake and ice formation. Filled and open symbols represent
freezing and water uptake, respectively. Ice formation by aqueous H2SO4 particles is
shown as open black circles. The corresponding simulated glass transition temperatures
are given by the respective solid lines and the corresponding FDRH are given by the
dashed lines. Darker shading corresponds to respective solid (glassy) SOA regime (i.e.
below Tg) and brighter shading corresponds to respective liquid regime (above FDRH). The
ice nucleation data byMöhler et al. (2008)52 is shown as a diamond, by Ladino et al. (2014)51

as triangles and as downward pointing triangles indicating pre-cooled particles, and by
Ignatius et al. (2016)50 as crosses. The solid and dashed black (with grey shading) lines are
the same as in Fig. 4.
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coefficients in a-pinene SOA particles. Their study suggests that only at temper-
atures below 220 K and under fast updra velocities, heterogeneous ice nucle-
ation may occur in the immersion mode on glassy a-pinene SOA cores. This is
supported by our experimentally obtained ice nucleation data depicted in Fig. 5.

For comparison, previous ice nucleation data of a-pinene SOA are plotted in
Fig. 5. The a-pinene SOA applied in the other studies were generated by O3

oxidation of a-pinene at room temperature, except in the study by Ignatius et al.
(2016)50 where temperatures ranged from 235.15 K to 263.15 K. Möhler et al.
(2008)52 and Ladino et al. (2014)51 found that a-pinene SOA forms ice at or above
the homogeneous freezing limit. Ladino et al. (2014)51 did not observe changes in
O/C from 0.39 to 0.78 to impact ice nucleation signicantly. However, when the
SOA particles were pre-cooled, nucleation occurred for RHice lower than expected
for homogeneous freezing. Ignatius et al. (2016)50 observed heterogeneous ice
nucleation by a-pinene SOA particles with O/C ¼ 0.25 at �235 K. As discussed in
the following section, a lower O/C of a-pinene SOA is expected to result in Tg and
FDRH being lower with respect to temperature and RHice and thus decreasing the
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss.
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particles’ ability to act as IN. The observation of heterogeneous freezing by these
a-pinene SOA particles may be due to the different chemical composition of the
SOA particles or due to the short ice nucleation activation time of 10 s which may
yield only partially deliquesced particles providing a substrate for nucleation to
occur.

The simulated Tg for a-pinene SOA is signicantly higher with respect to RHice

compared to the Tg for a-pinene SOA with sulfate, clearly indicating the role of
sulfate and associated water on particle viscosity (Fig. 5). Except for the freezing
points at the lowest observed temperature, all freezing and water uptake occurs at
RHice above FDRH, corroborating the numerical diffusion model. At 210 K, a-
pinene SOA particles form ice at the homogeneous freezing limit which reects
conditions where the particles become more liquid-like as they transition from Tg
to FDRH. At 210 K, homogeneous ice nucleation is predicted to occur in an
aqueous solution with aw z 0.88.115 Assuming equilibrium between the SOA
particles and chamber RH, the observed freezing occurs in this expected aw range
with amean value slightly above awz 0.9 (Fig. 5). This implies that the remaining
highly viscous SOA particle does not contribute to ice nucleation. The presence of
sulfate reduces simulated FDRH by a similar degree as the difference in observed
water uptake for SOA particles with and without sulfate as evident at �237 K
(Fig. 5). Overall, the diffusion model correctly captures the observed trend of
water uptake by a-pinene SOA with and without sulfate.

3.2.3 a-Pinene SOA coated soot particles. Fig. 6 shows the conditions of the
rst ice formation events by a-pinene SOA-coated soot particles with O/C ¼ 0.42–
0.45 (medium O/C) and 0.59–0.64 (high O/C), SOA coating thicknesses of 9–30 nm
(low coating thickness) and 66–68 nm (high coating thickness). For Tp > 229 K,
these mixed SOA/soot particles formed ice via immersion freezing at 229 and 239
K at water saturation independent of O/C and SOA coating thickness. However, at
229 K, the possibility of homogeneous ice nucleation cannot be ruled out. For soot
acting as IN, its nucleation rate (usoot ¼ Jsoothet � Ssoot) must be greater than the
homogeneous ice nucleation rate (uhom ¼ Jhom � Vol), i.e. Jsoothet > Jhom(230 K, 152%
RHice)115 � Vol/Ssoot. Assuming 1 mm hemispheric droplets, soot cores with
�164 nm diameter, and N z 60 000 mm2 (Table 1), we estimate Jsoothet > 1016 cm�2

s�1. Jsoothet values depend on soot type and coating and are not readily available. For
example, Dymarska et al. (2006)65 estimated that for uncoated soot, Jhet ¼ 50 cm�2

s�1. Under our experimental conditions, it is very likely that homogeneous ice
nucleation dominates. This observation is in agreement with a study by Kulkarni
et al. (2016).73 They found that aer ageing for several hours (presumably
resulting in high O/C), soot particles coated with a-pinene formed ice at the
homogeneous freezing limit for temperatures between 223 K and 233 K as shown
in Fig. 6. At 239 K and water saturation (i.e. RH ¼ 100% or aw ¼ 1), ice nucleation
is likely due to the presence of soot particles. This is because, Jhom(240 K, aw ¼ 1)
z 237 cm�3 s�1 (ref. 115) and assuming that N z 60 000, hemispheric water
droplets 1 mm in diameter result in uhom ¼ 3 � 10�5 s�1 or one ice nucleation
event in �9 h. Furthermore, as discussed above, a-pinene SOA without soot did
not form ice at Tp > 235 K (Fig. 5). Chou et al. (2013)59 observed photochemically
aged diesel particles coated with a-pinene SOA to form ice above water saturation
at 238 K. It is not clear if ice formation was initiated by homogeneous or
heterogeneous freezing. At Tp < 220 K, the particles nucleated ice at mean RHice

values ranging from 137 to 156% between 210 and 220 K. The data indicate that
Faraday Discuss. This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Thermodynamic conditions at which a-pinene SOA coated soot particles for O/C
z 0.42–0.45 (blue) and O/C z 0.59–0.65 (red) initiate ice formation. The circles corre-
spond to low coating thickness of 9–30 nm and the squares represent high coating
thickness of 66–68 nm (Table 2). Filled and open symbols represent immersion freezing
and deposition ice nucleation, respectively. The corresponding Tg is given by the
respective solid lines, and the corresponding FDRH are given by the dotted (low coating
thickness) and dashed (high coating thickness) lines. Darker shading corresponds to
a respective solid (glassy) SOA regime (i.e. below Tg) and brighter shading to a respective
liquid regime (above FDRH). The ice nucleation data by Chou et al. (2013)59 is shown as
a triangle and the data by Kulkarni et al. (2016)73 as diamonds. The solid and dashed black
(with grey shading) lines are the same as in Fig. 4.
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the SOA oxidation level inuences the temperature and RHice at which ice
nucleation occurs. a-Pinene SOA coated soot particles with O/Cz 0.59–0.65 form
ice at the homogeneous freezing limit (RHice z 154%), in agreement with
previous ndings.73 However, soot particles with SOA coating of O/C z 0.43
initiated ice formation at RHice z 142%. SOA coating thickness does not play
a signicant role in ice formation conditions over the range of coating thicknesses
surveyed in these measurements.

The numerical simulation suggests that, on average, for typical mixed-phase
cloud conditions the SOA material is completely deliquesced (i.e. Tp > �232 K,
RHice ¼ 120%, Fig. 6). However, ice formation occurred at water saturation at 239
K implying that a highly diluted aqueous solution, or water, is present. Presum-
ably, freezing is initiated by the presence of the immersed insoluble soot particles.
At 220 K the SOA coated soot particles with O/C �0.4 formed ice at, or slightly
below, RHice of the respective FDRH lines while SOA coated soot particles with O/
C �0.6 formed ice at RHice only above expected FDRH. This suggests that soot
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss.
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particles coated with less-oxidized a-pinene SOA nucleated ice while in a semi-
solid state, while soot particles coated with more oxidized a-pinene SOA formed
ice while in a more liquid-like phase. Although the model suggests that ice
formation proceeded from both semisolid and liquid particles, i.e. the particles
acquired water, the data are categorized as deposition ice nucleation. The ex-
pected minor water uptake27 cannot be veried with the limited resolution of our
instrumentation.93 Future nanoscale observation of ice nucleation may allow for
the examination of the actual underlying nucleation pathway.121 At 210 K the SOA
coated soot particles form ice at, or slightly above, their respective Tg and below
their FDRH. For these reasons the SOA coating of the particles likely exhibits
a highly viscous phase that allows for heterogeneous ice nucleation. We
hypothesize that at or just above Tg, the organic matrix remains sufficiently
viscous to provide a substrate to initiate ice nucleation while maintaining suffi-
cient exibility to allow for the movement of potential bonding sites (e.g. by
hydrogen bonds) to accommodate the embryonic ice crystal. This is indirectly
supported by a recent study which shows that liquid organic IN can initiate ice
nucleation.122

3.2.4 Naphthalene SOA coated soot particles. Fig. 7 shows the conditions of
the rst ice formation events by naphthalene SOA coated soot particles with O/C¼
0.40–0.44 (medium O/C) to 1.03 (high O/C), and SOA coating thicknesses from 53
(low coating thickness) and 76 (high coating thickness) nm. These particles
formed ice via immersion freezing mode at water saturation at �239 K and at
RHice z 147% at 230 K independent of O/C and SOA coating thickness. At 230 K,
the naphthalene SOA coated soot particles formed ice below water saturation in
the range of the expected homogeneous freezing limit. At Tp < 229 K, the particles
nucleated ice in the deposition mode at mean RHice values ranging from 140% to
152% between 210 and 220 K. At �220 K, naphthalene SOA coated soot particles
with medium O/C formed ice at conditions similar to homogeneous freezing.
However, naphthalene SOA coated soot particles with high O/C formed ice at
lower RHice making them more efficient IN. The ice formation trend for naph-
thalene SOA coated soot particles is opposite to the one of a-pinene SOA coated
soot particles with regard to O/C. This may reect the opposing trend in Tg with O/
C between the two SOA types, where the higher O/C of naphthalene SOA results in
a lower Tg (Fig. 7) and the higher O/C of a-pinene SOA yields a higher Tg compared
to SOA particles with a medium O/C (Fig. 6). At 210 K, no signicant effect of
particle oxidation level on ice nucleation was observed. Over the range of SOA
coating thicknesses examined, the coating thickness appears to play an insig-
nicant role in modifying the ice formation conditions.

The numerical diffusion model suggests that at 210 K, the naphthalene SOA
coated soot particles nucleated ice below their respective Tg, indicating that the
SOA coating existed as an amorphous solid and thus could act as IN, corroborated
by experiments. At 220 K, the particles nucleated ice at RHice above their
respective Tg and below their FDRH, which indicates that the SOA coating existed
in a semisolid state, allowing for heterogeneous ice nucleation. This may rule out
the apparent homogeneous nucleation process of SOA coated particles with
a medium O/C at RHice z 154%. The potential presence of semisolid organic
material in these SOA coated particles with a high and medium O/C at �220 K
may imply the negligible inuence of the soot core acting as IN. At �230 K and
�239 K, the particles formed ice above the respective FDRH, suggesting that
Faraday Discuss. This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Thermodynamic ice nucleation conditions by naphthalene SOA coated soot
particles for O/C z 0.40–0.44 (blue) and O/C z 1.03 (red). The circles correspond to
a low coating thickness of 53 nm and the squares represent a high coating thickness of
76 nm (see also Table 2). Filled and open symbols represent immersion freezing and
deposition ice nucleation, respectively. The corresponding simulated Tg is given by the
solid lines, and respective FDRH are given by the dotted (low coating thickness) and
dashed (high coating thickness) lines. Darker shading corresponds to the respective solid
(glassy) SOA regime (i.e. below Tg) and brighter shading to the respective liquid regime
(above FDRH). Triangles represent ice nucleation data by naphthalene SOA particles with
O/C z 0.54 (blue) and O/C z 1.0 (red), where open triangles indicate deposition ice
nucleation and closed triangles immersion freezing,31 and corresponding FDRH19 are given
as dot-dashed lines. The solid and dashed black (with grey shading) lines are the same as in
Fig. 4.
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a liquid SOA coating surrounds the soot core. The coincidence of ice formation at
�230 K with the expected homogeneous freezing (RHice z 146%) may imply that
the soot particle does not signicantly impact ice nucleation under these condi-
tions. In the absence of other insoluble material, freezing at �239 K may only be
explained by the presence of soot particles acting as IN since Jhom is too small.
However, when considering previous ice nucleation data of naphthalene SOA by
Wang et al. (2012),31 remaining highly viscous condensed phase organic material
acting as IN cannot be ruled out.

For comparison, Fig. 7 includes the ice nucleation data by Wang et al. (2012)31

and associated simulations by Berkemeier et al. (2014)19 for naphthalene SOA
particles with different O/C ratios with no soot present. Wang et al. (2012)31

observed deposition ice nucleation occurring over similar temperature and RHice

conditions as in the present study (except at 205 K and some data points at 220 K).
At Tp of �236 K and �240 K, Wang et al. (2012)31 observed immersion freezing at
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss.

http://dx.doi.org/10.1039/c7fd00010c


Faraday Discussions Paper
Pu

bl
is

he
d 

on
 2

4 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Ir
vi

ne
 o

n 
31

/0
7/

20
17

 1
9:

32
:2

7.
 

View Article Online
conditions at which the model suggests naphthalene SOA particles are fully
deliquesced. However, the numerical diffusionmodel does not consider insoluble
oxidation products that can remain in the aqueous phase.19 If this would be the
case, this would imply that the freezing of ice observed in this study at 239 K may
not be due to immersed soot particles but could also be due to the remaining
solid organic material acting as IN. At 230 K, it is not entirely clear which particle
constituent initiates ice formation: the aqueous phase, the soot core, or some
remaining highly viscous organic material. However, considering that Jhom (230 K,
aw ¼ 0.96) z 109 cm�3 s�1, homogeneous ice nucleation may provide the fastest
pathway for ice formation.
4 Atmospheric implications

We apply the numerical diffusion model to estimate Tg and FDRH for biogenic
and anthropogenic SOA with and without sulfate for typical9 particle O/C, organic-
to-sulfate ratios, and different atmospheric updra velocities as given in Table 3.
Fig. 8 shows these simulation results for isoprene SOA, a-pinene SOA, and
naphthalene SOA.

Isoprene SOA exhibits Tg and FDRH that are lowest in temperature and RHice

compared to the other simulated biogenic SOA types. Fig. 8a demonstrates that
a change of two orders of magnitude in updra velocity changes the FDRH
signicantly. Also, the presence of sulfate decreases the corresponding FDRH
substantially with respect to temperature and RHice, as sulfate can act as a plas-
ticizer. For typical mixed-phase cloud conditions (T > �235 K) isoprene SOA
particles likely fully deliquesce before initiating heterogeneous ice nucleation.
However, for temperatures below 235 K, isoprene SOA particles can potentially act
as IN since relatively high RH can be reached before full deliquescence occurs.
When sulfate is present, heterogeneous ice nucleation may only be possible at
temperatures below �220 K. In the absence of laboratory ice nucleation data, the
importance of isoprene SOA for cirrus formation cannot be ruled out. However,
assuming that isoprene SOA exhibits similar ice nucleation propensities as the
investigated a-pinene and longifolene SOA (Fig. 4 and 5), its signicance in
serving as IN for cirrus formation may be minor.
Fig. 8 Simulated Tg and FDRH for isoprene (A), a-pinene (B), and naphthalene (C) SOA
with (red) and without sulfate (green) for different updraft velocities for parameters given in
Table 3. Solid green and red lines represent respective Tg. The shading corresponds to
respective solid (glassy) SOA regime (i.e. below Tg). Dotted, dash-dotted, and dashed lines
represent FDRH for updrafts of 0.03, 0.28, and 2.8 m s�1, respectively. The solid and
dashed black (with grey shading) lines are the same as in Fig. 4.
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Fig. 8b displays simulation results for a-pinene SOA, which has a slightly
higher Tg and FDRH compared to isoprene SOA. Similar to isoprene SOA, changes
in updra velocity or addition of sulfate can have a signicant impact on the
particle phase state and in turn on the particles’ ability to act as IN. The simu-
lation results are consistent with our experimental observations that a-pinene
SOA with and without sulfate do not act as IN under mixed-phase cloud condi-
tions. Only at temperatures below �238 K, a-pinene SOA can act as IN, although
this is not observed in our experiments. These ndings may indicate that,
although a-pinene SOA may be present in an amorphous solid or semisolid, it
may not represent a very active IN. However, the oxidation level of a-pinene SOA
particles can have a signicant effect on the particles’ Tg and FDRH, where
a higher O/C leads to Tg and FDRH to occur at higher temperatures and RHice

(Fig. 6). In the presence of sulfate, temperatures have to be lower than �222 K to
sustain an amorphous solid or semisolid phase potentially acting as IN (Fig. 8b).
For lower temperatures, thermodynamic considerations allow the existence of
semisolid and solid a-pinene SOA phases, which, however, do not result in ice
formation at RHice below the homogeneous freezing limit as inferred from our
experiments. This suggests a negligible role of a-pinene SOA to act as IN under
cirrus formation.

The experimental water uptake and ice nucleation data of longifolene SOA with
and without sulfate follow the observed trends for a-pinene SOA particles.
Longifolene SOA with and without sulfate do not induce ice nucleation for
temperatures above the homogeneous freezing temperature and thus are likely
not important for mixed-phase cloud formation. The presence of sulfate signi-
cantly reduces the observed water uptake onset. At temperatures below �238 K,
longifolene SOA with and without sulfate nucleated ice at the homogeneous
freezing limit indicating little propensity to act as IN. These experimental
observations suggest that longifolene SOA with and without sulfate does not play
a substantial role as IN in the atmosphere but likely participates in cloud glaci-
ation via homogeneous freezing.

In general, the presence of sulfate in the organic matrix yields a greater
association with water acting as a plasticizer, which in turn signicantly lowers Tg
and FDRH.20 When associating the presence of sulfate in biogenic SOA with
anthropogenic activities, as a consequence, the heterogeneous ice nucleation
capability of biogenic SOA is rendered less important, even for upper tropospheric
temperatures typical of cirrus formation. Our study suggests that for current time
periods the atmospheric ice nucleation relevance of biogenic SOA for tempera-
tures below �238 K could be diminished compared to pre-industrial times and
pristine areas devoid of high sulfate concentrations such as the Amazonian
region. However, in the case of a-pinene SOA, increases in particle oxidation level
can increase Tg and FDRH. Hence, highly oxidized biogenic SOA particles stem-
ming from a photochemically active environment or being chemically aged
during atmospheric transport123–126 may more effectively act as IN. This may be
important when simulating conditions relevant to pre-industrial times and thus
warrants further investigation. Note that sulfate–SOA mixed particles in ambient
conditions may be phase-separated especially when the O/C of SOA materials is
low.127 In case of a core–shell morphology with an inorganic-rich phase as the core
and an organic-rich phase as the shell, both phases would take up water
according to their different hygroscopicities and water molecules would diffuse
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss.
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through the organic shell to reach the inorganic core.128 These effects and inter-
play of phase state, phase separation, and morphology on heterogeneous ice
nucleation need to be further investigated in experiments andmodel simulations.

Naphthalene SOA is characterized by the highest Tg and FDRH (Fig. 8c) among
the SOA types that were studied. Furthermore, the diffusion model results
demonstrate that naphthalene SOA oxidation level does not have such a signi-
cant impact on Tg and FDRH compared to the case of a-pinene SOA (Fig. 6 and 7).
The model simulations suggest that naphthalene SOA can act as IN at tempera-
tures as high as 247 K, which lies in the mixed-phase cloud regime, in agreement
with experimental observations. For temperatures below �230 K, our experi-
mental and simulation results provide support for naphthalene SOA acting as IN.
The presence of sulfate decreases the maximum temperature to act as IN to �227
K, ruling out naphthalene SOA with sulfate playing a major role as IN under
mixed-phase cloud conditions. In this case, the presence of sulfate has a much
greater effect on Tg and FDRH than variation in particle oxidation state. The
simulation suggests that FDRH of naphthalene SOA with sulfate are more
sensitive to updra velocity compared to naphthalene SOA which is a result of the
interplay of the aw of the surrounding aqueous solution and core viscosity.19

Overall, considering Tg and FDRH estimates and experimental ice nucleation
data, naphthalene SOA can play a greater role in ice crystal formation under
mixed-phase and cirrus cloud conditions compared to the investigated biogenic
SOA. Anthropogenic SOA having highly viscous phase states may positively impact
cloud glaciation processes when present in abundance in the atmosphere and
this warrants further investigation of their formation processes and phase states.
If the oxidation of aromatic SOA precursors produces insoluble organic material
that in turn impacts the particle phase state and thus ice nucleation, particularly
under mixed-phase cloud conditions, this warrants further investigation.

The presence of soot particles in internally mixed soot–SOA particles may be
most important at temperatures typical for mixed-phase cloud conditions. Under
these conditions, we found the soot particles very likely initiated immersion
freezing in a-pinene SOA coated soot particles independent of O/C and coating
thickness. However, for temperatures in the homogeneous freezing range, we
observe ice nucleation, likely initiated by the presence of soot particles, only for
temperatures below �220 K and medium O/C. We hypothesize that fossil-fuel
derived soot particles internally mixed with SOA may positively impact glacia-
tion processes under mixed-phase cloud conditions compared to conditions that
were prevalent in pre-industrial times.

5 Summary and conclusions

We characterized SOA particles generated from the OH oxidation of naphthalene,
a-pinene, and longifolene serving as surrogates of anthropogenic and biogenic
SOA particles with or without the presence of sulfate and soot particles for their
role in atmospheric ice nucleation under mixed-phase and cirrus cloud condi-
tions. A numerical diffusion model was applied to estimate the Tg and FDRH of
isoprene, a-pinene, longifolene, and naphthalene SOA with or without sulfate and
soot particles. Biogenic SOA particles with sulfate exhibit a core–shell structure,
where a sulfate-rich domain represents the core surrounded by oxidized organic
material. Soot particles possess a uniform coating of SOA material. Longifolene
Faraday Discuss. This journal is © The Royal Society of Chemistry 2017
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SOA is the only SOA type that displays a highly viscous, potentially solid phase at
ambient conditions while other biogenic SOA particles appear liquid-like. This
effect is exacerbated when sulfate is present.

Ice nucleation experiments conducted at temperatures as low as 210 K and
coupled numerical diffusion modelling simulations suggest that biogenic SOA
with and without sulfate do not act as IN under mixed-phase cloud conditions.
The solid longifolene SOA particles quickly deliquesce upon reaching their critical
deliquescence RH and do not act as IN. For T < 235 K, a-pinene and longifolene
SOA with and without sulfate do not demonstrate ice formation at RHice below
that required for homogeneous ice nucleation. This is despite the fact that
simulations of Tg and FDRH for a-pinene SOA suggest the presence of a highly
viscous phase that potentially could nucleate ice. Model simulations further
suggest that isoprene SOA does not play a major role as IN. We found that the
oxidation level of a-pinene SOA can signicantly change Tg and FDRH and in turn
the particles’ role in ice cloud formation. Considering different particle oxidation
states and sulfate to organic ratios for their role in particle phase state at lower
temperatures and ice formation warrants further investigation.

The presence of soot in a-pinene SOA and naphthalene SOA particles could not
be unambiguously attributed to promoting ice nucleation for temperatures below
�235 K. For the most part, the SOA particles’ ice formation potential correlates
with the phase state of the SOA. Soot particles can act as IN for a-pinene SOA
coated soot particles under mixed-phase cloud conditions. However, the
propensity for soot acting as IN in naphthalene coated soot particles under those
conditions remains ambiguous. This also implies an incomplete understanding
of the condensed phase oxidation products created during the formation of SOA
from aromatic precursors. Overall, naphthalene SOA is the most efficient IN
among all investigated SOA types.

Though much more research is needed addressing the wide range of SOA
physicochemical properties impacting ice nucleation such as oxidation level,
mixing state and phase separation, we can conclude the following from this
study: biogenic SOA particles likely do not play a signicant role in mixed-
phase cloud formation, especially when mixed with sulfate. Thus, we do not
expect signicantly different ice cloud formation response during pre-
industrial times compared to current conditions unless the oxidative capa-
bility of the atmosphere is signicantly different, thereby inuencing the
particle oxidation level and the corresponding phase state. To the extent that
naphthalene SOA is representative of other anthropogenic SOA types, our
results suggest that anthropogenic SOA may play a greater role in atmospheric
ice nucleation under mixed-phase and cirrus cloud conditions compared to
biogenic SOA. Soot particles coated with SOA have the most signicant effect
on ice formation at conditions typical for mixed-phase cloud conditions since
at lower temperatures the SOA material can also provide a solid phase for ice
nucleation. For these reasons, under current conditions, a higher number of
immersion freezing events under mixed-phase cloud conditions may be ex-
pected compared to conditions during pre-industrial times or over pristine
regions with negligible soot emissions.
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss.
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19 T. Berkemeier, M. Shiraiwa, U. Pöschl and T. Koop, Atmos. Chem. Phys., 2014,

14, 12513–12531.
20 T. Koop, J. Bookhold, M. Shiraiwa and U. Pöschl, Phys. Chem. Chem. Phys.,
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52 O. Möhler, S. Benz, H. Saathoff, M. Schnaiter, R. Wagner, J. Schneider,
S. Walter, V. Ebert and S. Wagner, Environ. Res. Lett., 2008, 3, 025007.

53 B. J. Murray, T. W. Wilson, S. Dobbie, Z. Q. Cui, S. Al-Jumur, O. Möhler,
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56 R. Wagner, O. Möhler, H. Saathoff, M. Schnaiter, J. Skrotzki, T. Leisner,
T. W. Wilson, T. L. Malkin and B. J. Murray, Atmos. Chem. Phys., 2012, 12,
8589–8610.

57 T. W. Wilson, B. J. Murray, R. Wagner, O. Möhler, H. Saathoff, M. Schnaiter,
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