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id–liquid phase separation in
healthy and stressed plant SOA†

Natalie R. Smith, a Giuseppe V. Crescenzo, b Yuanzhou Huang, b

Anusha P. S. Hettiyadura, c Kyla Siemens,c Ying Li, a Celia L. Faiola, ad

Alexander Laskin, c Manabu Shiraiwa, a Allan K. Bertram *b

and Sergey A. Nizkorodov *a

Molecular composition, viscosity, and liquid–liquid phase separation (LLPS) were investigated for secondary

organic aerosol (SOA) derived from synthetic mixtures of volatile organic compounds (VOCs) representing

emission profiles for Scots pine trees under healthy and aphid-herbivory stress conditions. Model “healthy

plant SOA” and “stressed plant SOA” were generated in a 5 m3 environmental smog chamber by

photooxidation of the mixtures at 50% relative humidity (RH). SOA from photooxidation of a-pinene was

also prepared for comparison. Molecular composition was determined with high resolution mass

spectrometry, viscosity was determined with the poke-flow technique, and liquid–liquid phase

separation was investigated with optical microscopy. The stressed plant SOA had increased abundance

of higher molecular weight species, reflecting a greater fraction of sesquiterpenes in the stressed VOC

mixture compared to the healthy plant VOC mixture. LLPS occurred in both the healthy and stressed

plant SOA; however, stressed plant SOA exhibited phase separation over a broader humidity range than

healthy plant SOA, with LLPS persisting down to 23 � 11% RH. At RH #25%, both stressed and healthy

plant SOA viscosity exceeded 108 Pa s, a value similar to that of tar pitch. At 40% and 50% RH, stressed

plant SOA had the highest viscosity, followed by healthy plant SOA and then a-pinene SOA in

descending order. The observed peak abundances in the mass spectra were also used to estimate the

SOA viscosity as a function of RH and volatility. The predicted viscosity of the healthy plant SOA was

lower than that of the stressed plant SOA driven by both the higher glass transition temperatures and

lower hygroscopicity of the organic molecules making up stressed plant SOA. These findings suggest

that plant stress influences the physicochemical properties of biogenic SOA. Furthermore, a complex

mixture of VOCs resulted in a higher SOA viscosity compared to SOA generated from a-pinene alone at

$25% RH, highlighting the importance of studying properties of SOA generated from more realistic

multi-component VOC mixtures.
Environmental signicance

Plants stressed by herbivore attacks emit a very different bouquet of volatile organic compounds compared to healthy plants. Atmospheric oxidation of volatiles
from stressed plants results in organic haze with very different properties compared to that from healthy plants. The stressed plant haze has particles that are
more viscous and more prone to phase separation into aqueous and organic parts. As a result of high viscosity, the mixing of molecules in particles emitted by
stressed trees takes hours even, under conditions of ambient relative humidity. The long mixing time affects the dynamics of particle growth and various
important properties of the resulting particles including their ability to act as cloud and ice nuclei.
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Introduction

Secondary organic aerosol (SOA) dominates the total ne
particle mass in the atmosphere.1,2 SOA is formed from the
condensation of oxidation products of volatile organic
compounds (VOCs). Approximately 100 000 different organic
compounds have been measured in the atmosphere,3 resulting
in the highly complex composition of SOA and a wide range of
volatility, hygroscopicity, and reactivity.1 Of the total amount of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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atmospheric VOCs, roughly 90% come from biogenic sources.4

Because of the chemical complexity of ambient SOA, only 10%
of the total mass of SOA has been speciated in terms of
molecular composition.1 A comprehensive understanding of
the formation, properties, and transformation of SOA is
essential to understand their impact on atmospheric processes,
climate, and human health.1

The most abundant biogenic VOCs are isoprene (C5H8),
monoterpenes (C10H16), and sesquiterpenes (C15H24).4,5 Because
a-pinene and limonene typically dominate the monoterpene
emission prole in forested areas,6,7 they have commonly been
used as representative monoterpenes in laboratory and
modeling studies investigating biogenic SOA. In laboratory
studies,8,9 SOA generated from a single VOC is commonly used
because these simpler systems allow for the investigation of
their fundamental physical and chemical properties. These
single VOC experimental studies provide parameterizations of
SOA formation mechanisms for air quality and climate models.
However, ambient SOA is produced from a more complex
mixture of VOCs. Using complex VOC mixtures can impact the
oxidant reactivity and subsequent products formed when
compared to selected single VOCs.10 The discrepancy between
laboratory-generated SOA and real atmospheric SOA could lead
to errors in the estimation of their impact on climate and air
quality, as well as their impact on human health. Therefore, it is
pertinent to conduct experiments on SOA formed from realis-
tically complex mixtures of VOCs to better represent ambient
scenarios.

Plant health needs to be considered when deciding which
VOCs to use to replicate biogenic SOA in a laboratory setting.
Plants become stressed due to changing environmental condi-
tions, including biotic and abiotic factors.11 Some examples of
abiotic stress include increased temperature, drought, or low
soil nutrient levels.11 Examples of biotic stress in plants include
insect feeding (including defoliators, bark borers, or sap-
sucking aphids) known as herbivory, insect egg laying known
as oviposition, or pathogen attack.11–14 When plants become
stressed, biochemical defense pathways are initiated, which
alters their VOC emissions in both quantity and types of
compounds being emitted.15,16 Aphid-herbivory typically
increases sesquiterpene emissions from pine trees.17 During
stress events, different types of compounds such as acyclic
sesquiterpenes are produced.15 The function of these stress VOC
emissions includes increased membrane thermotolerance,
antioxidant properties, tri-trophic signaling (e.g., attracting
natural enemies of herbivores), and inter- and intra-plant
communication.18,19 In addition, these VOCs can protect
plants from further destruction by priming them for the next
stress event they may experience, which can lead to quicker
recovery times.20,21 Importantly, changes in healthy and stressed
biogenic VOC emissions can alter SOA composition, as well as
the distribution of volatilities of SOA compounds, with the
potential to alter climate-relevant SOA properties.

Studying how the change in the emission prole of plants
impacts SOA properties is important because plant stress is
common in ecosystems, and is rapidly increasing in many
locations due to a changing climate.22 Moreover, the SOA
© 2021 The Author(s). Published by the Royal Society of Chemistry
formed from stressed plants could impact climate differently
than SOA formed from healthy plants due to differences in
composition and physical properties. Recent studies have
shown that herbivore stress has the potential to decrease or
increase SOA mass yields,16,23 increase SOA mass and cloud
condensation nuclei (CCN) number in the boreal forest,24

decrease hygroscopicity of the resulting particles,25 and increase
the relative proportion of fragmentation vs. functionalization
reactions in the gas phase.15 Therefore, the chemical and
physical properties of healthy versus stressed plant SOA should
be investigated to parse out if there is a signicant difference
between the two systems, with implications for changes in
aerosol properties in an evolving environment.

SOA particles were commonly assumed to be liquid-like,
permitting fast diffusion of molecules through the particle.
However, studies of SOA material generated from the oxidation
of single biogenic VOCs, including isoprene and various
terpenes, have shown that SOA becomes highly viscous semi-
solids or glassy solids under certain environmental conditions
such as low temperature and low RH.8,26–38 Increases in viscosity
lead to much slower diffusion rates within the SOA, impacting
particle growth and evaporation, gas-particle partitioning, size
distributions, multiphase chemistry, and the ability of SOA to
serve as nuclei for liquid cloud droplets or ice particles.35,39–51

The viscosity of SOA material depends on the molecular
weight and the degree of oxidation of its chemical constitu-
ents.28,30,52,53 Moreover, the viscosity of SOA is strongly affected
by temperature and RH. Water acts as a plasticizer, therefore an
increase in RH leads to a decrease in viscosity of amorphous
organic materials, allowing for higher diffusion rates of mole-
cules within the SOA.30,39,54 However, an increase in RH may not
lead to a decrease in viscosity of organic aerosol with very low
hygroscopicity, as seen in previous studies investigating cook-
ing organic aerosol.55 Viscosity and diffusion are interrelated
and it is practical to estimate diffusion rates of large organic
molecules within SOA from measured viscosity and the Stokes–
Einstein equation.56,57 For example, diffusion rates of small
organic molecules, water, and oxidants within SOA can be
estimated from SOA viscosity using the fractional Stokes–Ein-
stein equation.58

Recently, a parameterization was developed for predicting
the viscosity of SOA based on its chemical composition; which
can be used with chemical transport models to predict viscosity
of SOA in the atmosphere.52,59,60 This parameterization, together
with high resolution mass spectrometry measurements of
chemical composition, has been used successfully to predict the
viscosity of several types of SOA formed from isoprene, a-
pinene, toluene, and diesel fuel vapors.8,34,61,62 However, the
accuracy of the parameterization for predicting the viscosity of
SOA from a mixture of VOCs has not been evaluated.

As an added layer of complexity, individual SOA particles can
undergo liquid–liquid phase separation (LLPS) and form two
distinct liquid phases, an inner aqueous-rich phase and an
outer organic-rich phase. LLPS in SOA particles was initially
observed in mixed particles containing organic and inorganic
species.63–65 This LLPS phenomena was thought to be, at least
partially, driven by the presence of the inorganic salts, which
Environ. Sci.: Atmos., 2021, 1, 140–153 | 141
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can cause salting out of organics.63 More recently, it has been
shown that LLPS also occurs in SOA particles in the absence of
inorganic salts.62,66–69 The LLPS events in SOA particles can
impact the extent to which gas-particle partitioning of semi-
volatile compounds may occur,70–72 the reactive uptake of
gasses,73–75 as well as their ability to act as nuclei for cloud
droplets and ice particles,67,76–78 making it an important process
to study.

In this work, we investigate chemical composition, viscosity,
and LLPS in SOA produced from complex mixtures of VOCs
representative of emissions from healthy plant (abbreviated as
hp-SOA from here on) and stressed plant (sp-SOA) pine trees.
We compare the results to SOA generated from a-pinene to test
whether the physicochemical properties of particles made from
a single VOC are comparable to more representative SOA
formed from complex mixtures of VOCs. The VOC mixtures
used in this work are based on the emission prole of healthy
and aphid-stressed Scots pine saplings (Pinus sylvestris L.)
previously reported by Faiola et al.15 Pine trees (Pinaceae) have
a wide spatial distribution79 and are typically found in boreal
forests which cover one-third of the global forested area80

making them a good representative plant for studying biogenic
SOA over boreal forests. In addition, we investigate the accuracy
of the parameterization from DeRieux et al. (2018)59 by
comparing the predicted viscosities of the SOA to the experi-
mentally determined viscosities. Volatility and viscosity are
closely related and it was recently reported that SOA with low
volatility showed an increased viscosity.29,32,81 Therefore, we also
report the volatility distribution of compounds within the hp-
SOA and sp-SOA using the parameterization from Li et al.
(2016).60

We nd that SOA produced from the VOC mixtures is more
viscous compared to themore commonly studied a-pinene SOA.
Increased farnesene and other sesquiterpenemixing ratios used
in the generation of sp-SOA signicantly increased the viscosity
of the resulting sp-SOA when compared to hp-SOA. In addition,
two liquid phases are persistent in sp-SOA over a wider RH
range compared to hp-SOA. These ndings suggest that
consideration of complex plant VOC mixtures and effects of
plant stress are important in determining the physicochemical
properties of biogenic SOA.

Experimental
VOC mixtures

Two VOC mixtures were created from commercially available
compounds listed in Table S1.† The compounds were mixed in
molar fractions chosen to represent the VOC prole of
compounds emitted from healthy and stressed 8 year old Scots
pine (Pinus sylvestris L) trees, as reported in Faiola et al. (2019).15

Valencene was used as a representative cyclic sesquiterpene and
a farnesene isomer mixture was used as a proxy for acyclic
sesquiterpenes. Ylisirniö et al. (2020) analyzed a similar farne-
sene isomer mixture to the one used in this study (Sigma
Aldrich) and found a signicant fractional contribution by
bisabolene isomers (40%) and other unidentied sesquiter-
penes (20%) in addition to the farnesene isomers.82 The mixing
142 | Environ. Sci.: Atmos., 2021, 1, 140–153
ratios of monoterpenes and sesquiterpenes that were evapo-
rated into the chamber were calculated assuming total
desorption into the chamber and are shown in Fig. S1.† The
farnesene isomers bar in Fig. S1† contains the bisabolene and
other sesquiterpenes observed by Ylisirniö et al. (2020) – we
have not performed an explicit analysis of the injected mixture
to further classify them. The total VOC mixing ratio was
approximately the same across all experiments (200 ppb). The
dominant VOC in the healthy mixture was 3-carene with a mix-
ing ratio of 128 ppb. In the stressed mixture a-pinene was the
most abundant monoterpene and, compared to the healthy
mixture, had three sesquiterpenes with farnesene having the
highest mixing ratio (28 ppb) of the three.
SOA generation and collection

SOA was generated by OH-initiated photooxidation of VOCs in
air under low-NOx conditions in a 5 m3 Teon environmental
chamber. The chamber was operated in the batch mode at 50%
RH and room temperature (21–26 �C) for all trials. Seed parti-
cles were not used to avoid interference with experimental
viscosity and LLPS measurements. Evaporation of 45 ml of
30 wt% H2O2 into the chamber via a heated inlet (45 �C)
produced approximately 2 ppm of H2O2 vapor serving as
photochemical OH precursor. Following oxidant injection, 8 ml
of either healthy or stressed VOC mixtures were evaporated into
the chamber via the same heated inlet, and a bank of UV-B
lights was turned on (the UV-B lamp spectral ux density in
the chamber is shown in Fig. S2†). To verify completeness of
injection of the VOCs into the chamber, gas-phase abundance
of monoterpenes (m/z 137.1330) and sesquiterpenes (m/z
205.1956) were monitored using a proton-transfer-reaction
time-of ight mass spectrometer (PTR-ToF-MS; Ionicon model
8000) with H3O

+ as the reagent ion. The particle size and
number concentration were monitored using a scanning
mobility particle sizer (SMPS; TSI differential mobility analyzer
model 3080 and CPC model 3775). The ozone and NO/NOy

concentrations in the chamber were monitored using an O3

analyzer (Thermo Scientic, Model 49i) and a NO-DIF-NOy

analyzer (Thermo Scientic, Model 42I-Y), respectively. Aer
three hours of photooxidation, when the particle mass
concentration in the chamber reached approximately 200 mg
m�3, the UV-B lights were turned off. The steady-state OH
concentration was 1.4 � 106 cm�3 calculated from the rate of
decay of limonene under similar experimental conditions used
in this study. At this OH concentration, the VOC lifetimes were
0.6–3.8 h (Table S1†), at least 50% of each VOC was consumed
by the end of the irradiation period. The PTR-ToF-MS data
suggested that 40–50% of total monoterpenes and sesquiter-
penes were consumed.

For the viscosity and LLPS measurements, SOA particles
were collected at 30 L min�1 onto hydrophobic glass substrates
placed in stage 9 of a non-rotating microorice uniform deposit
impactor (MOUDI) with all the remaining MOUDI stages
removed. Under normal operating conditions, stage 9 collects
particles with diameters above 100 nm,83 however, its operation
without other MOUDI stages increases the pressure drop across
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the stage, thus increasing the jet velocity and decreasing the
minimal particle size, but potentially increasing particle
bounce. The 50% RH in the chamber should help reduce the
bouncing effect compared to what would happen in a dry air
case.84 This method of collection resulted in discrete spots of
aggregated SOA particles. By the time of the viscosity or LLPS
measurement, the individual submicron SOA particles in some
of the spots merged into “macroparticles” with spherical cap
geometry and diameters of 30–100 mm. Hydrophobic glass
slides were generated by coating plain glass slides (Hampton
Research) with trichloro(1H,1H,2H,2H-peruorooctyl)silane or
FluoroPel 800 (Cytonix USA). Simultaneously, SOA was collected
on aluminum foils for high resolution mass spectrometry
analysis using the same sampling method. Samples were
collected for 2–3 hours. Samples were then placed in protective
plastic enclosures, sealed with a vacuum food sealer, and stored
in a freezer at �20 �C until analysis (except for 24 h transit time
when the samples had to be shipped to other participating
laboratories on ice at 0 �C).

High-resolution mass spectrometry

The high-resolution mass spectrometry data were obtained
using a high-resolution Q Exactive HF-X Orbitrap mass spec-
trometer (Thermo Scientic) with a mass resolving power of 2.4
� 105 (at m/z 200) outtted with a nano-desorption electrospray
ionization source (nano-DESI-HRMS).85 Nano-DESI-HRMS was
performed in negative and positive modes for the collected SOA
samples, similar to previous work.86 The spray voltage was set to
3.5 kV, the capillary temperature was 250 �C, and the S-lens ion
funnel RF level was 80. The solvent consisted of a 1 : 1 (v/v)
mixture of LC-MS grade acetonitrile and water. The sample
was line-scanned starting from the area free of the analyte.
Then, all peaks that rose above a signal to noise ratio of 3 were
considered as analyte related.85 In addition to the samples,
a solvent blank was prepared following the same procedure
above, but using a control substrate without analyte. Molecular
formulas were assigned similarly to previous work.86,87 Briey,
the peaks were extracted from the mass spectra, and peaks
containing 13C isotopes were removed. All peaks were assigned
to the formulas CxHyOz with an accuracy of �0.001 m/z units
while containing the assignments to closed-shell ions with even
nominal masses and constraining H/C to 0.30–2.25 and O/C to
0.00–2.30. The assigned ion formulas were corrected for the
ionization mechanism, and all the HRMS results below are re-
ported as formulas of neutral SOA compounds. The assumed
ionization mechanisms were formation of adducts with H+ or
Na+ for positive ions and deprotonation for negative ions.

Liquid–liquid phase separation

Events of LLPS in substrate deposited samples of SOA material
were measured for all samples using an optical microscope
equipped with a CCD (charge-coupled device) camera. The
procedure for LLPS has been described by Song et al. (2019).62 In
short, the hydrophobic glass slides containing the SOA samples
were placed in a RH and temperature-controlled ow cell. The
RH was monitored using a chilled-mirror dew point hygrometer
© 2021 The Author(s). Published by the Royal Society of Chemistry
(General Eastern M4/E4 dew point monitor, Canada). The SOA
particles were initially conditioned at 98% RH in the ow cell
for 10 minutes. At this RH, particles already exhibited LLPS. The
RH was decreased at a rate of 1% RH min�1 until LLPS was no
longer visible. A picture was taken every 10 s throughout the
duration of the experiment via the CCD. Aerwards, the RH was
quickly dropped down to 0% to conrm LLPS did not reappear
at lower RH. Three trials were performed for each SOA genera-
tion condition.
Viscosity measurements

Viscosities of SOA were determined using the poke-ow tech-
nique described elsewhere.8,26 This method relies on observing
the ow of material under an optical microscope aer
deforming it with a blunt object.88 A schematic of the poke-ow
apparatus is shown in Fig. S3.† Aer collecting SOA on the
hydrophobic slides, the slides were placed into a ow-cell
mounted onto a polarizing metallurgical inverted microscope
(AMScope). Dry or humidied nitrogen passed through the cell
and the RH of the outgoing gas ow was measured continuously
with an optical chilled mirror hygrometer (1311DR, Chilled
Mirror Hygrometer, General Eastern). The hygrometer RH was
calibrated with respect to the deliquescence relative humidity
(DRH) of potassium carbonate (43% DRH). The temperature
was continuously monitored with a thermocouple (Omega
HH200A) attached to the top of the ow cell. All experiments
were performed at 291–295 K. Before any experiments were
performed, the slides with SOA were conditioned at the desired
RH (approximately 0%, 10%, 25%, 40% or 50%) for 1.5 h.
Longer conditioning times of up to 24 h were later investigated
for each SOA type to see if the measured viscosity was sensitive
to the conditioning time; however, there was no signicant
change as shown in Fig. S4.† For the poke-ow experiments,
a hydrophobically coated (OilSlip 110, Cytonix USA) needle was
mounted to a micromanipulator arm that could move it in XYZ
directions. The needle was placed directly above an SOA “mac-
roparticle” (diameter of 30–50 mm), and thenmoved downwards
vertically to penetrate the particle surface and contact the
surface of the hydrophobic glass slide. Upon removal of the
needle, a visible hole was le behind resulting in the formation
of a particle with half-torus geometry. The poked particle was
allowed to ow until the area of the hole (A) had recovered to
one quarter of the original area of the poke hole (14A). If allowed
long enough, particles would recover to their original, energet-
ically favorable state of spherically capped geometry. The time
of the 1

4A recovery will be referred to as the experimental ow
time (sexp,ow).

Viscosity of the SOA was determined from sexp,ow and uid
dynamics simulations, performed using the Microuidics
module within COMSOL Multiphysics.8,9 The initial congura-
tion in the simulations was half-torus geometry with dimen-
sions consistent with the dimensions in the experiment. The
simulations required surface tension, slip length, density, and
contact angle. Conservative upper and lower limits were used in
the simulations (Table S2†), resulting in conservative upper and
lower limits for the simulated viscosities. In the simulations,
Environ. Sci.: Atmos., 2021, 1, 140–153 | 143
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the material owed and the hole in the half-torus geometry
decreased to minimize the surface energy of the system,
consistent with the experiments. From the simulations, we
determined the time for the diameter of the hole in the half-
torus geometry to decrease to 1

4A referred to as smodel,ow. To
determine viscosity from sexp,ow, the viscosity in the simula-
tions was adjusted until smodel,ow was within 1% of sexp,ow.

Under some conditions, for example at 0% RH, the poked
particles did not visibly ow over the course of the observation
(6 h for hp-SOA and 19 hours for sp-SOA). In these cases, lower
limits to viscosity were obtained from the simulations by
assuming the uid owed by#0.5 mm (the spatial resolution of
the microscope) within the observation time in the
experiments.

In the poke ow experiments, SOA “macroparticles” were
exposed to ow of N2 gas for several hours (1.5–24 h). During
this time, semivolatile compounds could potentially evaporate
from the SOA, resulting in a change in composition and
possibly in viscosity.89 To determine if evaporation of semi-
volatile compounds was signicant in the poke-ow experi-
ments, new SOA samples were exposed to a dry (<0.5% RH) ow
of N2 gas in the poke-ow apparatus for 24 h, while monitoring
the cross-sectional area of the “macroparticles” (Fig. S5†). The
ow rate of the dry N2 gas was the same as the rate used for the
measurements because this could affect the evaporation of the
SOA particles. These tests showed that the area of the particles
changed by less than 2%. Hence, evaporation of semivolatile
compounds was regarded as a minor effect in our experiments,
at least for dry conditions (<0.5% RH). Even though semivolatile
compounds did not evaporate under dry conditions, they could
still have evaporated at higher RH values when the viscosity was
lower and diffusion within the particles was faster.89–92 The loss
of semivolatile compounds should lead to an increase in
viscosity.89,90,93 The fact that the viscosity did not signicantly
change using conditioning times ranging from 1.5 h to 24 h in
the poke-ow experiments, even at 50% RH (Fig. S4†), suggests
that any loss of semivolatile compounds in our experiment did
not signicantly affect the viscosity of the particles, even at the
highest RH values used in our study.

The mixing times for water in our hp-SOA and sp-SOA
“macroparticles” were calculated using the fractional Stokes–
Einstein equation at a given RH and temperature (additional
details are provided in the ESI†). For the hp-SOA and sp-SOA at
#25% RH, we cannot be sure that equilibrium was established
with the surroundings at 1.5 hours. Therefore, these particles
may have had a higher water content than expected based on
equilibrium with gas-phase water at #25% RH, and hence may
have higher viscosity, consistent with the lower limit we report.
At 40 and 50% RH, equilibrium established in 1.5 hours is
within the uncertainty of our calculations (Fig. S6†).

To investigate mixing times of organic molecules within the
SOA by molecular diffusion, we rst converted the measured
viscosity into a diffusion coefficient (D) using the Stokes–Ein-
stein equation:

D ¼ kBT

6phr
(1)
144 | Environ. Sci.: Atmos., 2021, 1, 140–153
where kB is the Boltzmann constant, T is temperature in Kelvin,
h is the viscosity in Pa s, and r is the hydrodynamic radius.
When calculating diffusion coefficients, we assumed a hydro-
dynamic radius of 0.38 nm for diffusing SOA molecules.94

Next, D was converted into the characteristic mixing time
within the particle using the following equation:

smixing ¼ dp
2

4p2D
(2)

For the purposes of this estimation, the particle diameter
was set to dp ¼ 200 nm, which is roughly the median diameter
in the volume distribution of ambient SOA-containing parti-
cles.95–98 For reference, accumulation mode particles typically
range in diameters from 100 to 1000 nm.
Volatility predictions

The assigned molecular formulas from the HRMS data were
used to determine the volatility distribution of compounds
found within the hp-SOA and sp-SOA. The volatility was calcu-
lated based on parameterizations of pure compound saturation
mass concentration (C0) by elemental composition reported in
Li et al. (2016) for CHO compounds using eqn (3),

log10 C0 ¼
�
n0C � nC

�
bC � nObO � 2

nCnO

nC þ nO
bCO (3)

where n0C is the reference carbon number, and nC and nO
represent the number of carbon and oxygen atoms, respectively.
The values for parameters n0C, bC, bO, and bCO were 22.6, 0.4481,
1.656, and �0.779, respectively, as determined for reference
CHO compounds by Li et al. (2016).60
Viscosity predictions

Viscosity was predicted using the method described by DeRieux
et al. (2018).59 Briey, the glass transition temperature (Tg,i), at
which a phase transition between amorphous solid and semi-
solid states occurs,30 can be predicted as a function of molec-
ular composition for a single compound:59

Tg;i ¼
�
n0C þ lnðnCÞ

�
bC þ lnðnHÞbH þ lnðnCÞlnðnHÞbCH þ lnðnOÞbO

þ lnðnCÞlnðnOÞbCO
(4)

nC, nH, and nO are the number of carbon, hydrogen, and oxygen
atoms, respectively. Values of the coefficients [n0C, bC, bH, bCH,
bO, and bCO] are [12.13, 10.95,�41.82, 21.61, 118.96,�24.38] for
CHO compounds.59 The glass transition temperature of the SOA
under dry conditions (Tg,org) was estimated using the Gordon–
Taylor equation, assuming the Gordon–Taylor constant (kGT) of
1 for each organic mixture component:53

Tg;org ¼
X
i

wiTg;i (5)

where wi is the mass fraction of an organic compound i.53 We
estimated wi using two different methods. In the rst method,
wi values were assumed to be proportional to the observed peak
abundances in the mass spectra. In the second method, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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relative abundance of each compound [Ai] was converted from
the peak abundance (Ii) considering the effect of molecular
weight (Mi) and the degree of unsaturation (represented by the
[H/C]i ratio) on ionization efficiency following the method in
Nguyen et al. (2013):99

½Ai� ¼ Ii

ðH=CÞi �Mi

(6)

where (H/C)i � Mi is known as adjusted mass (AM).99 Note that
we assumed the effective limit of detection (LOD) used in
Nguyen et al. (2013) to be zero. This is a reasonable approxi-
mation based on the results in Nguyen et al. (2013) that LOD
decreased quickly at high AM. In our study, more than 90% of
the detected compounds have an AM value higher than 200 Da,
resulting in a small LOD.

Under humid conditions, the water content in SOA was
estimated using the effective hygroscopicity parameter (k).100

The k values derived from cloud condensation nuclei
measurements by Zhao et al. (2017)25 of 0.15 and 0.07 were used
for hp-SOA and sp-SOA, respectively. This was based on the
assumption that hp-SOA were formed from monoterpene-
dominated emissions and sp-SOA were formed from
sesquiterpene-dominated emissions, with a high proportion of
farnesenes and bisabolene, which is consistent with the
synthetic proles studied in this work.25 These k values are likely
upper limits for these types of SOA. The true water content at
50% RH may be lower but likely will still follow the same trend
as reported here. Tg of organic–water mixtures (Tg,mix) was then
calculated by the Gordon–Taylor equation using a Gordon–
Taylor constant (kGT) of 2.5:30,101

Tg;mix ¼
�
1� worg

�
Tg;H2O þ 1

kGT

worgTg;org

�
1� worg

�þ 1

kGT

worg

(7)

where Tg,H2O and Tg,org are the glass transition temperatures of
water and SOA organics, and worg is the mass fraction of the
organic compounds in the particle. The mass concentration of
water (mH2O) and SOA (mSOA) can be used to estimate worg as worg

¼ mSOA/(mSOA + mH2O), and mH2O can be estimated using the
effective hygroscopicity factor (k):100

mH2O ¼ krwmSOA

rSOA

�
1

aw
� 1

� (8)

where the density of water (rw) is 1 g cm�3, the density of SOA
particles (rSOA) is assumed to be 1.4 g cm�3, and aw is the water
activity calculated as aw ¼ RH/100.102

Using the calculated Tg,mix, the temperature-dependence of
viscosity was calculated by applying the Vogel–Tammann–
Fulcher (VTF) equation:

logðhÞ ¼ �5þ 0:434
T0Df

T � T0

(9)

where T0 is the Vogel temperature calculated as

T0 ¼ 39:17Tg

Df þ 39:17
; which is deduced from an assumed viscosity

of 1012 Pa s at the glass transition temperature,103 and T is the
© 2021 The Author(s). Published by the Royal Society of Chemistry
temperature at which the viscosity measurements were con-
ducted (291 K). The fragility parameter (Df), which characterizes
deviation of the temperature dependence of viscosity from the
Arrhenius behavior59,104 was assumed to be 10 based on our
previous study.59 The viscosity is predicted assuming one phase,
despite the LLPS observations at higher RH as we do not know
composition in the different phases.

Results and discussion
Molecular composition of SOA particles

The high-resolution mass spectra obtained for the hp-SOA and
sp-SOA in positive and negative modes are shown in Fig. 1.
While the mass spectra indicate similar features, the mass
spectrum of the sp-SOA has a larger summed peak abundance
for species with molecular weight (MW) above 250 Da (43% for
negative mode and 73% for positive mode) than that of the hp-
SOA (37% for negative mode and 69% for positive mode). We
dene high molecular mass as >250 Da because this usually
designates a transition region between monomer and dimer
products in monoterpene SOA.90,105 This difference between the
two mass spectra is expected because the stressed plant VOC
mixture contained more sesquiterpene species compared to the
healthy plant VOC mixture. The average O : C ratios (average �
1SD) calculated from the high-resolution mass spectrometry
data of the hp-SOA and sp-SOA were 0.51� 0.20 and 0.41� 0.18,
respectively. The H : C ratios were 1.52 � 0.19 and 1.52 � 0.18
for the hp-SOA and sp-SOA, respectively. The lower value of
O : C in the sp-SOA means that the compounds are on average
less oxidized and supports our choice of lower k to model
hygroscopicity of sp-SOA. The most abundant peak in the
negative mode mass spectrum for sp-SOA corresponded to
C9H14O4, whereas in the hp-SOA the largest peak was C7H12O5.
The top 4 peaks in each ionization mode and their reported
formulas, names, and plausible structures based on previous
studies are listed in Table S3.† It should be noted the exact m/z
reported in Table S3† represent various isomers for each sum
formula and the exact dominant structures corresponding to
each peak have not been conrmed. These compounds include
previously reported photooxidation products for both mono-
terpenes and sesquiterpenes.106–109

The total organic mass concentration for each system was
approximately 200 mg m�3 and there were several molecules
with predicted volatilities in excess of that value, as seen in the
Intermediate Volatility Organic (IVOC; 300 < C0 < 3 � 106 mg
m�3) region in Fig. S7.† The abundance of these low molecular
weight, intermediate volatility molecules, particularly in the
negative ion mode mass spectra, is surprising because they
should be too volatile to partition into the condensed phase and
contribute signicantly to the particle mass under our experi-
mental conditions. There are several possible explanations for
the presence of these higher volatility species. First, although
ESI-based methods are typically regarded as “so”, some in-
source fragmentation may be occurring. Second, it is possible
that these volatile species could be physically entrapped in the
particles during the particle growth phase. For example, Vander
Wall et al. (2019) identied a burying mechanism in which
Environ. Sci.: Atmos., 2021, 1, 140–153 | 145
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Fig. 1 Nano-DESI mass spectra in (a) negative mode and (b) positive mode for healthy (green) and stressed (black) plant SOA as a function of the
molecular weight of the detected neutral compound.
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semivolatile compounds became trapped in viscous SOA, pre-
venting them from escaping back into the gas phase.110 Third,
these compounds could be formed aer the particles are
collected by spontaneous decomposition of larger organic
compounds such as peroxides,111,112 with the decomposition
products still remaining in the particles due to the high
viscosity. At this time, we cannot rule out any of these
explanations.
LLPS

LLPS occurred in both the healthy and stressed plant SOA
samples as shown in Fig. 2. The light-colored circle in the center
of the particle is an optical effect of light scattering from
a hemispherical uniform particle.113 For the hp-SOA, the particle
was phase separated at 98% RH. As the relative humidity
decreased, the inner aqueous-rich phase started to shrink until
it reached a critical RH, called the separation relative humidity
(SRH), at 91 � 5% RH where LLPS completely disappeared.
Upon further RH reduction, only a single organic-rich phase
remained. The sp-SOA particle exhibited phase separation over
a broader humidity range than the hp-SOA, with LLPS persisting
down to 23 � 11% RH.

Several previous studies have investigated LLPS in SOA from
the ozonolysis of single biogenic VOC precursors. In these
cases, LLPS was observed only at RH values above 90% RH.66–68

The existence of LLPS in a purely organic SOA particle below
90%RH has only been observed previously for SOA generated by
the photooxidation of diesel fuel vapors.62 The presence of LLPS
down to as low as 20% RH for sp-SOA, suggests that LLPS could
be more common in organic SOA systems than previously
thought.
146 | Environ. Sci.: Atmos., 2021, 1, 140–153
Experimental viscosity and mixing times

Fig. 3 and S8† show images of particles during the poke ow
experiments for sp-SOA and hp-SOA, respectively. At 50% RH
the holes formed by the needle closed on a time scale of 100–
5000 s. In contrast, the “macroparticles” shattered under dry
conditions and the particle fragments remained largely
unchanged on the timescale of the experiment.

The experimental ow time (sexp,ow) of hp-SOA, sp-SOA, and
a-pinene SOA are shown in Fig. 4a. At RH #10%, sexp,ow was
$104 seconds for all three SOA. At RH ¼ 25%, sexp,ow was$104

seconds for hp-SOA and sp-SOA, but 1–6 � 103 s for a-pinene
SOA. As RH increased the sexp,ow decreased, leading to lower
viscosity at higher RH. Over the RHs investigated, the sexp,ow
values had the following order: sp-SOA > hp-SOA > a-pinene
SOA. This order suggests that stressed plant SOA had the
highest viscosity, followed by healthy plant SOA and then a-
pinene SOA in descending order. We attribute this difference, at
least in part, to the relative amount of sesquiterpenes used to
generate the SOA, since sesquiterpenes result in SOA
compounds with higher molecular weights, and therefore,
higher glass transition temperatures and lower hygroscopicity.
Fig. 4b shows viscosity values calculated from sexp,ow
measurements. At RH #10%, in all cases the viscosity values
were $108 Pa s (for reference the viscosity of tar pitch is similar
to 108 Pa s). At RH >25%, the viscosity decreases as the RH
increased. This decrease is expected because the viscosity of
water is much less than the viscosity of the condensed organic
material and as RH increases the water content of SOA also
increases. At 40 and 50% RH, the sp-SOA contain two phases: an
aqueous-rich and organic-rich phase. When calculating the
viscosity of these particles we did not take into account the
presence of two phases in the particles. Hence, the measured
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optical images and illustrations of stressed and healthy plant SOA particles taken while decreasing relative humidity. The green represents
the organic-rich phase and blue represents the aqueous-rich phase. The relative error of the separation relative humidity (SRH) was obtained by
using twice the standard deviation from the four measurement results plus an uncertainty of the hydrometer (�2.5%). The diameter of the
particles was between 50–80 mm.

Fig. 3 Optical images of SOA particles produced from photooxidation
with VOCs from stressed trees during a poke-flow experiment at (a)
50%, and (b) 0% RH. Images (a1 and b1) are pre-poking images. Images
(a4 and b4) are demonstrative diagrams of pre-poking. Images (a2 and
b2) are the first frame post-poking. Images (a5 and b5) are demon-
strative diagrams of the first frame post-poking. Images (a3 and b3) are
the post-poking images. Images (a6 and b6) are demonstrative
diagrams of post-poking. The white scale bars correspond to 50 mm.
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viscosity is due to a combination of both phases. The aqueous-
rich phase likely has a lower viscosity than the measured
viscosity due to the plasticizing effect of water, and conversely
the organic-rich phase likely has a higher viscosity than the
measured viscosity. At 50% RH, the viscosity of hp-SOA and sp-
© 2021 The Author(s). Published by the Royal Society of Chemistry
SOA was $104 Pa s (for reference, the viscosity of peanut butter
is roughly 103 Pa s). This high viscosity at 50% RH can be
explained, in part, by the low hygroscopicity of the SOA samples
generated from sesquiterpenes. For example, Varutbangkul
et al. (2006) reported a growth factor of only �1.01 for sesqui-
terpene high-NOx SOA at 50% RH,114 resulting in a volume
fraction of water of only a few percent, probably insufficient for
making the SOA material soer. For comparison, the viscosity
values of the hp-SOA and sp-SOA are higher than toluene SOA
(anthropogenic SOA proxy) at 40% and 50% RH (Fig. S9†). At 0%
RH, the viscosity of a-pinene SOA, hp-SOA, and sp-SOA were in
all cases in excess of 108 Pa s – lower limit afforded by the
measurement uncertainty. However, at 40% and 50% RH, sp-
SOA had the highest viscosity, followed by hp-SOA and then a-
pinene SOA in descending order. The elevated viscosity
observed in the plant SOA over a-pinene SOA is likely due to the
inuence of the sesquiterpenes on the MW of the SOA products.
The results from this study are consistent with previous studies
of rebound of SOA particles generated from Scots pine tree
emissions.115

Current chemical transport models assume mixing times of
organic molecules by molecular diffusion within SOA is less
than 1 h, meaning they are well mixed. Mixing times calculated
from diffusion based on the viscosity measurements and the
Stokes–Einstein equation are shown in Fig. 4c. From the mixing
times inferred from the experiments for hp-SOA and sp-SOA, it
was found that samples at 0–25% RH had mixing times greater
than 10 h, suggesting strong diffusive limitations for
condensed-phase transport of particle components. At 40% RH,
the median mixing times were still >10 h and 1 h for sp-SOA and
hp-SOA, respectively. The hp-SOA samples were observed to
have mixing times of <1 h at 50% RH, meaning they can be
Environ. Sci.: Atmos., 2021, 1, 140–153 | 147
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Fig. 4 Results from the poke-flow experiments for hp-SOA (green diamonds), sp-SOA (black hexagons), and a-pinene-SOA (red diamonds): (a)
experimental flow time, sexp,flow; (b) viscosity; (c) mixing times of organic molecules within a 200 nm sized particle (smixing, 200 nm). In panel (a),
error in the RHmeasurement was �2.5%. In panel (c), horizontal smixing bars correspond to the 1 h mixing band, which is roughly the mixing time
assumed in chemical transport models. Upward arrows indicate lower limits. Vertical bars represent the calculated lower and upper limits of
viscosity and smixing, 200 nm (83% confidence interval) based on COMSOL simulations (see Table S2† for input parameters).
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regarded as well mixed. The mixing times for a-pinene photo-
oxidation SOA had lower mixing time compared to hp-SOA or
sp-SOA. Our results indicate that particles produced from real-
istic mixtures of VOCs have longer mixing time scales in
comparison to the 1 h well-mixed assumption at <40% RH. The
well-mixed assumption for biogenic SOA, produced under
healthy and stressed conditions, is therefore incorrect below
40% RH.
Fig. 5 Predicted viscosity as a function of RH compared to the
experimental values determined by the poke-flow method. Vertical
bars represent the calculated lower and upper limits of viscosity using
the COMSOL simulations (see Table S2† for input parameters). Hori-
zontal bars represent the uncertainty in the relative humidity
measurement. The upward arrows indicate lower limits of the
viscosity. Predicted viscosities were calculated for healthy and stressed
plant SOA using either scaled (solid lines) or unscaled (dashed lines)
peak abundances in the mass spectra that combined both positive and
negative ion mode peaks.
Viscosity predictions

The viscosity predictions for the hp-SOA and sp-SOA are shown
in Fig. 5 along with the experimental viscosity values deter-
mined via poke-ow method. The predicted viscosity values
were calculated using relative peak abundances in a combined
mass spectrum that included compounds observed in both
positive and negative ion modes. Specically, peak abundances
were normalized to 1 in both positive and negative mass
spectra, and the normalized relative peak abundances for the
same formula from the two ionization modes were added. The
predictions were done aer scaling the peak abundances by the
adjusted mass based on eqn (3), as well as with unscaled peak
abundances similar to our previous studies.59,62 Fig. 5 shows
that the predicted viscosity values from unscaled peak abun-
dances are approximately two orders of magnitude higher than
the predictions for the scaled intensities at �50% RH, con-
rming the expectation that predicted viscosities depend
strongly on the assumed relative abundance of detected
compounds. The experimentally determined viscosities corre-
late better with the prediction from the unscaled peak abun-
dances. In theory, the mass scaled approach should correlate
better with the experimentally determined viscosities because
the ionization efficiency for electrospray is greater for higher
molecular weight species, which could lead to an
148 | Environ. Sci.: Atmos., 2021, 1, 140–153
overestimation of SOA viscosity determined from molecular
formula assignments.116 However, possible in-source fragmen-
tation (see molecular composition of SOA section) could
balance out this effect leading to the unscaled approach corre-
lating with the data better.

Regardless of the peak abundance scaling method, the sp-
SOA is predicted to have higher viscosity than the hp-SOA.
The predicted Tg,org values are higher for the sp-SOA, resulting
in differences in viscosities of a factor of 2–10 for the predicted
viscosity under dry conditions (Fig. 5). The difference between
the viscosity predictions of hp-SOA and sp-SOA becomes larger
© 2021 The Author(s). Published by the Royal Society of Chemistry
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around 50% RH which we suspected was due to the higher
assumed hygroscopicity parameter used for the hp-SOA. To test
this hypothesis, a sensitivity test was done to investigate the
impact the assumed hygroscopicity parameter has on the pre-
dicted viscosity. Fig. S7a† shows the viscosity values that indi-
vidual SOA compounds would have at 50% RH and 291 K,
calculated with k ¼ 0.15 for the healthy and k ¼ 0.07 for the
stressed plant SOA. Shown in Fig. S7b† are the predicted
viscosities at 50% RH assuming the same hygroscopicity
parameter (k ¼ 0.1) for both hp-SOA and sp-SOA. A comparison
of Fig. S7a and b† indicates the viscosity prediction is depen-
dent on the hygroscopicity parameter used and is the main
factor controlling the increased difference in the predicted
viscosity between hp-SOA and sp-SOA as RH increases. Fig. S10†
shows the predicted viscosity for both data sets assuming k ¼
0.1. Compared to the predictions shown in Fig. 5 and S10†
shows a smaller difference in overall particle viscosity (approx-
imately an order of magnitude) between the two data sets over
all RHs instead of several orders of magnitude as shown in
Fig. 5. The overall predicted particle viscosity at >50% RH was
larger for hp-SOA when k ¼ 0.1 compared to when k ¼ 0.15 and
was lower for sp-SOA when k ¼ 0.1 compared to when k ¼ 0.07.
We suggest that hygroscopicity of SOA produced by mixtures
should be explicitly measured to minimize this source of
uncertainty in the viscosity predictions. We also should note
that factors other than hygroscopicity could play a role in
controlling the predicted viscosity values. The predictions are
also sensitive to the fragility parameter Df, which is assumed to
be the same for hp-SOA and sp-SOA in the absence of more
reliable information. Future work should focus on explicit
measurements of Df for realistic SOA models.

To gain additional insight into the factors controlling the
SOA viscosity, Fig. 6 shows predicted Tg,org and viscosity for
individual SOA compounds in the hp-SOA and sp-SOA samples
Fig. 6 Glass transition temperature (Tg) of hp-SOA and sp-SOA under dry
compounds (C0). Tg is predicted according to DeRieux et al., (2018) and
higher the O/C ratio. The larger the circle or square marker size, the larg

© 2021 The Author(s). Published by the Royal Society of Chemistry
under dry conditions, plotted as a function of compound-
specic saturation mass concentration (C0) calculated from eqn
(3). Fig. 6 shows the regions representing extremely low volatility
organic compounds (ELVOC; C0 < 3 � 10�4 mg m�3), low-volatility
organic compounds (LVOC; 3 � 10�4 < C0 < 0.3 mg m�3), semi-
volatile organic compounds (SVOC; 0.3 < C0 < 300 mg m�3), and
intermediate volatility organic compounds (IVOC; 300 < C0 < 3 �
106 mgm�3).81Because smallerMWcompounds aremore volatile117

and less viscous,118,119 Tg,org steadily decreases as C0 increases. The
Tg,org values for the observed healthy and stressed compounds are
similar under dry conditions. However, there are individual species
identied within the SVOC regime that are larger in abundance in
the sp-SOA. The larger abundance of lower volatility species in the
sp-SOA with large Tg,org values could drive the difference in particle
viscosity between the sp-SOA and hp-SOA. The results of this work
indicated the addition of SOA products from sesquiterpenes
generally increases SOA particle viscosity. This work also revealed
that physicochemical properties of SOA produced from realistic
mixtures of biogenic VOCs cannot always be accurately modeled by
SOA formed from a single VOC.

We recently reported similar viscosity and LLPS measure-
ments for SOA prepared by the ozonolysis of b-caryophyllene,120

which had 1–2 orders of magnitude lower viscosity than both
hp-SOA and sp-SOA, even at 50% RH. Since b-caryophyllene is
a cyclic compound, its ozonolysis does not lead to an extensive
fragmentation of the molecular backbone,121 thus resulting in
compounds with similar molecular weights as from oxidation
with OH.122 Therefore, higher viscosity of sp-SOA and hp-SOA
compared to that of b-caryophyllene SOA points to additional,
presently unknown, factors that affect viscosity of SOA
produced from complex mixtures. It is possible a simpler
combination of a monoterpene and sesquiterpene could repli-
cate real plant photooxidation SOA, but comparable measure-
ments of this kind have not been reported.
conditions as a function of saturationmass concentration of individual
C0 is estimated according to Li et al., (2016). The warmer the color, the
er the relative abundance of the species based on the HRMS analysis.
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Conclusions

This work demonstrates that products from sesquiterpene oxida-
tion increase viscosity of SOA prepared from simulated mixtures of
plant volatiles. It follows that physical properties of biogenic SOA
cannot be modeled by parameters developed for SOA generated
from a single-component VOC. Guenther et al., (2012) estimated
the sesquiterpene to monoterpene emission ratio from boreal
needleleaf trees to be �16% even for healthy plants4 and this ratio
is expected to be even higher for stressed plants. These values are
comparable across the different “emission types” previously
investigated, therefore, sesquiterpenes could be playing a larger
role in SOA properties than is currently assumed. In this study,
molar fractions of sesquiterpenes were �5% and 25% for healthy
and stressed mixtures, respectively, which are reasonable mixtures
for a boreal forest environment. In addition, the boreal forest
covers an extensive area of land that is particularly sensitive to
climate, so real-world sp-SOA could have even higher viscosity than
that investigated in this study. The characteristic mixing times for
a typical 200 nm diameter particle of the hp-SOA and sp-SOA were
greater than 1 h for RH #25%, and considerably longer than the
correspondingmixing times for a-pinene photooxidation SOA. The
results indicate that these healthy and stressed pine tree SOA at low
relative humidities may be misrepresented within air quality/
climate models that treat biogenic SOA as a mixture of SOA
formed from isoprene, monoterpenes, and sesquiterpenes yet
neglect viscosity and LLPS as parameters.123
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Phys. Chem. A, 2014, 118, 7024–7033.

54 E. Mikhailov, S. Vlasenko, S. T. Martin, T. Koop and
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