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Abstract

The physical phase state (solid, semi-solid, or liquid) of secondary organic aerosol
(SOA) particles has important implications for a number of atmospheric processes.
We report the phase state of SOA particles spanning a wide range of oxygen to car-
bon ratios (O/C), used here as a surrogate for SOA oxidation level, produced in a5

flow tube reactor by photo-oxidation of various atmospherically relevant surrogate an-
thropogenic and biogenic volatile organic compounds (VOCs). The phase state of
laboratory-generated SOA was determined by the particle bounce behavior after iner-
tial impaction on a polished steel substrate. The measured bounce fraction was evalu-
ated as a function of relative humidity and SOA oxidation level (O/C) measured by an10

Aerodyne high resolution time of flight aerosol mass spectrometer (HR-ToF AMS).
The main findings of the study are: (1) Biogenic and anthropogenic SOA particles are

found to be solid or semi-solid until a relative humidity of at least 50 % RH at impaction
is reached. (2) Long-chain alkanes produce liquid SOA particles when generated at low
oxidation level of O/C<0.2, but at higher oxidation levels they solidify. (3) Increasing15

sulphuric acid (H2SO4) within the SOA particles reduces the threshold of humidity-
induced phase changes. (4) The bounce behavior of the various SOA systems did not
show a consistent linear relationship with the particle O/C. Rather, the molar mass of
the gas-phase VOC precursor showed a positive correlation with the resistance to the
RH-induced phase change of the formed SOA particles.20

1 Introduction

The direct and indirect effects of aerosol particles on the Earth’s radiative budget re-
main the largest source of uncertainty in climate change modeling (IPCC, 2007, ch.2).
Organic matter (OM) forms up to 90 % of observed aerosol particulate mass, and sec-
ondary organic aerosol (SOA) represents up to half of the organic fraction (Jimenez25

et al., 2009; Hallquist et al., 2009) on the global scale. SOA particles are generally
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associated with a direct cooling effect as they scatter the incoming solar light and they
participate in cloud formation by acting as cloud condensation nuclei, CCN (IPCC,
2007, ch.2).

SOA particles are formed from oxidation of gas-phase organic precursors. The
volatility of the VOCs decreases as their functionalization and thus binding ability in-5

creases (Donahue et al., 2012), causing their vapor pressure to decrease until the
gaseous compounds either condense on existing particles or nucleate to form new
particles. The SOA formation process under natural conditions is complicated and it
involves a multitude of gaseous precursors and significantly greater number of parti-
cle product compounds. Up to now, the modeling of formation and aging of SOA has10

been mostly based on gas-particle equilibrium partitioning of volatile and semivolatile
species (Pankow, 1994; Kanakidou et al., 2005). This implies fast enough condensed
phase diffusion rates to keep the condensed phase in equilibrium with the gas phase
as the particles’ size increases and the concentration of VOCs decreases.

However, several recent studies show that at least under some conditions natural15

and laboratory-produced SOA particles have an amorphous solid state (Virtanen et al.,
2010; Cappa and Wilson, 2011; Vaden et al., 2011). The solid amorphous state of SOA
particles has important implications for a number of atmospheric processes. First, a
solid phase implies surface-confined chemistry and kinetic limitations to achieve equi-
librium partitioning between the gas phase and the particle phase. More importantly,20

chemical reactions are impeded in viscous aerosol particles (Zahardis and Petrucci,
2007; Shiraiwa et al., 2011; Pfrang et al., 2011), because mass transport (diffusion) of
reactants within the aerosol particle bulk may become the rate limiting step. Shiraiwa
et al. (2011) showed that these kinetic limitations can increase the chemical lifetime of
(semi-)solid particles by more than an order of magnitude. The water uptake of highly25

viscous SOA particles may also be diminished or even fully inhibited, in particular at
low temperatures, with implications for the particles’ size and scattering properties and
their direct effect on climate (Zobrist et al., 2008; Murray, 2008; Mikhailov et al., 2009;
Koop et al., 2011).
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All recent studies reporting a solid phase of SOA particles (Virtanen et al., 2010;
Cappa and Wilson, 2011; Vaden et al., 2011) have focused on studying the proper-
ties of SOA produced from oxidation products of α-pinene or of SOA produced from
VOCs emitted by pine trees and measured under dry conditions (RH<40%). In order
to assess how general is the occurence of the amorphous solid state of the SOA, and5

how other factors might affect particle phase state, we report a systematic characteri-
zation of laboratory SOA generated from the OH oxidation of several atmospherically
relevant anthropogenic and biogenic precursors as a function of hydroxyl radical (∗OH)
exposure and relative humidity.

2 Experimental10

The general experimental procedure was to produce a stable SOA population selected
with respect to particle number and mass-weighted size distributions and chemical
composition. The SOA particles were subsequently characterized with an instrument
array consisting of a Scanning Mobility Particle Sizer (SMPS) (TSI), Cloud Condensa-
tion Nuclei Counter (CCNC) (CCNC-100, Droplet Measurement Technologies), High-15

Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) (Aerodyne) and
a low pressure impactor (LPI) equipped with an optical counting arrangement.

The LPI technique, which is described in more detail in Sect. 2.2, provides a mea-
surement of the phase of the SOA particles. Liquid particles are collected on the
impactor stage with minimal bounce, whereas solid SOA particles are likely to bounce20

upon striking the surface of the impactor stage.
In this work, the number concentration of the sampled SOA particles is measured

upstream and downstream of the impactor. Detection of particles downstream of the
impactor indicates that particles are bouncing off of the impactor stage and suggests
the presence of an amorphous semi-solid or solid state.25
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2.1 SOA particle generation

SOA particles were generated with a Potential Aerosol Mass (PAM) flow tube reactor.
The reactor is capable of simulating atmospheric oxidation timescales of days to weeks
with actual residence times of minutes. The details of the reactor used are described
in Lambe et al. (2011).5

SOA precursors were oxidized in a PAM flow reactor, which is a horizontal 15 l glass
cylindrical chamber 46 cm long ×22 cm ID. Organic species were transported through
the PAM reactor by a carrier gas consisting of 8.5 lpm N2 and 0.5 lpm O2. The average
species residence time in the PAM reactor was typically 100 s. Four mercury lamps
(BHK Inc.) with peak emission intensity at λ=254 nm were mounted in teflon-coated10

quartz cylindrical sleeves inside the chamber, and were continually purged with N2.
OH radicals (∗OH) were produced via the reaction O3 + hν→O2 + O(1D) followed by

the reaction O(1D) + H2O → 2∗OH. O3 was generated by irradiating O2 with a mercury
lamp (λ=185 nm) outside the PAM reactor. Oxygen (O(1D)) radicals were produced
by UV photolysis of O3 inside the PAM reactor. The radical O(1D) then reacted with15

water vapor (introduced using a heated Nafion membrane humidifier; Perma Pure LLC)
to produce OH radicals inside the PAM reactor. Most experiments were conducted at
relative humidities ranging from 30 % to 40 %, depending on the temperature in the
PAM reactor (22–32 ◦C) at different UV lamp settings. At a given measured relative
humidity, this parameter remained constant to within ±5 %. We note that the relative20

humidity in the PAM is distinct from the relative humidity in the low pressure impactor,
which is discussed in the next section.

The ∗OH exposure, which is the product of the OH concentration and the aver-
age residence time in the PAM reactor, was varied by changing the UV light intensity
through stepping the voltage applied to the lamps between 0 and 110 V. The ∗OH ex-25

posure was determined indirectly by measuring the decay of SO2 due to reaction with
OH in the PAM reactor. SO2 calibration measurements were conducted as a function
of UV lamp intensity and O3 concentration (Lambe et al., 2011). Typical ∗OH exposures
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ranged from 2.7×1011 to 2.2×1012 molec cm−3 s. These values are equivalent to 2 to
17 days of atmospheric oxidation assuming an average atmospheric ∗OH concentra-
tion of 1.5×106 molec cm−3 (Mao et al., 2009). While O3 and ∗OH can oxidize organic
species, ∗OH was the principal oxidant in all experiments except for selected studies,
where experiments with O3 as the oxidizing agent were conducted by turning the lamps5

off. Prior to each experiment, the PAM reactor was conditioned with ∗OH radicals until
a particle background less than 10 particles cm−3 was attained.

In some experiments, internally mixed SOA – sulfuric acid particles were produced
by introducing SO2 along with the SOA precursor, which is oxidized by ∗OH to produce
sulfuric acid (H2SO4) in the presence of water vapor (Seinfeld and Pandis, 1998, ch.10

6.13).
Gas-phase SOA precursors used in these experiments were α-pinene, longifolene,

isoprene, naphthalene and n-heptadecane. SOA was generated via gas-phase oxida-
tion of precursors, followed by homogeneous nucleation. Volatile organic compound
(VOC) precursors used in this study were isoprene and α-pinene. VOC precursors15

were prepared in compressed gas cylinders or in glass bubblers and introduced into
the PAM reactor with N2 carrier gas at controlled rates using a mass-flow controller.
Intermediate volatility organic compound (IVOC) precursors used in this study were
n-heptadecane, longifolene, and naphthalene. With the exception of naphthalene,
IVOCs were introduced into the carrier gas flow using a permeation tube placed in20

a temperature-controlled oven. Naphthalene vapor was introduced by flowing N2 over
solid naphthalene placed in a Teflon tube.

2.2 SOA particle bounce measurement

The low pressure impactor used in this study to measure the particle bounce is de-
scribed in detail in Saukko et al. (2012). Briefly, the core system consists of a low25

pressure impactor and a polished steel substrate that minimizes the surface area and
impacts with a glancing angle. Size-selected aerosol is guided through a sampling cell
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(see Fig. 2) at low pressure until the system is stabilized, after which the cell is closed
and re-pressurised to bring the sample to working conditions of a TSI Ultrafine Water
Condensation Particle Counter (WCPC). This particle number concentration is com-
pared to the particle concentration measured upstream of the impactor. The bounced
fraction is the ratio of concentrations after and before the impactor, divided by the same5

ratio with a baseline sample without the impaction substrate. The particles with high
bounced fraction are more solid than those with low bounced fraction. Accurate scales
relating the bounced fraction to mechanical or other properties of the particles have
not, however, been established yet. The bounced fraction for dry ammonium sulfate
particles is around 0.8 and it is 0 when they are deliquesced (Saukko et al., 2012).10

The particle sizes used in the experiments were between 105 and 160 nm in mobility
diameter, and 130 to 230 nm in aerodynamic diameter.

The humidity of the sampled aerosol is adjusted between 28 and 91 % RH by a
Nafion humidifier (PermaPure). The Nafion capillaries are fed with a mixture of ∼100 %
RH air from water-fed micro-pore humidifier (Enerfuel) and <5% RH pressurized air.15

The aerosol sample flows around the Nafion capillaries and the water vapor is trans-
ferred from the humidifying flow. The output humidity is adjusted with the ratio of the
saturated and <5% RH airflows.

The relative humidity history of the sampled aerosol is slightly more complicated
than the simple humidification by the Nafion tube: as the aerosol enters the impactor,20

the upstage pressure is 690 kPa, which is approximately 70 % of the ambient pressure.
Thus, the water vapour is diluted by expansion and the range of sample relative humidi-
ties upstream of the impactor (28 % to 91 % RH) corresponds to a range of reduced
relative humidities of 20 % to 64 % RH inside the impactor. The equilibration time for
the aerosol at this reduced RH is about 0.9 s (Saukko et al., 2012), which at room tem-25

perature is sufficient for ∼100 nm particles to equilibrate with the gas phase humidity
even if a semi-solid or solid state was obtained prior to entering the impactor (Koop
et al., 2011; Zobrist et al., 2011).
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2.3 SOA CCN activity

The CCN activity of SOA particles was measured with a continuous flow CCN counter
(CCNC) (Roberts and Nenes, 2005; Lance et al., 2006). The PAM-generated SOA
was size-selected using a TSI 3080 DMA prior to CCN number concentration mea-
surements with the CCNC and total particle number concentration measurements with5

a CPC (TSI 3022A). CCN activation curves were generated by holding the particle
size constant while systematically varying the CCNC column temperature gradient to
obtain controlled water vapor supersaturation between 0.1–1.5 % or until 100 % acti-
vation was reached, as described in Massoli et al. (2010) and Lambe et al. (2011). The
CCN activity, κ, was calculated using the approach by Petters and Kreidenweis (2007).10

Selected dry mobility diameters ranged from 55 to 85 nm for SOA.

2.4 SOA mass spectra and elemental ratios

Mass spectra of the aerosol were obtained with an Aerodyne HR-ToF-AMS (DeCarlo
et al., 2006). Elemental analysis yielding oxygen-to-carbon (O/C) and hydrogen-to-
carbon (H/C) ratios was performed on high-resolution ToF-AMS (HR-ToF-AMS) mea-15

surements using ToF-AMS analysis software (Squirrel and Pika: http://cires.colorado.
edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html). (Aiken et al., 2008)

3 Results and discussion

Table 1 shows the range of O/C ratio (0.10 to 1.41), H/C ratio (1.92 to 0.90) and CCN
κ-values (0.01 to 0.20) for the SOA particles that were studied in this work, along with20

the corresponding ∗OH exposures in the PAM reactor.
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3.1 Phase state and humidity-induced phase transitions of biogenic
SOA particles

The fraction of bounced SOA particles formed from biogenic precursors (isoprene, α-
pinene, and longifolene) was characterized as a function of relative humidity in the
impactor. As mentioned in Sect. 2.2, the relative humidity in the impactor is 70 % of5

the initial sample relative humidity. We denote the RH value inside the impactor the
impactor RH, RHI .

For 20 % <RHI<50 %, the bounced fraction of biogenic SOA particles was approx-
imately 0.8 in all cases (Fig. 3; solid lines are fits to guide the eye). The measured
bounced fraction of dry ammonium sulphate particles sampled with the impactor is10

also approximately 0.8 (rather than 1) as discussed in Sect. 2.2. Thus, we conclude
that biogenic SOA particles generated in the PAM reactor are solid or semi-solid at
RHI<50 % over the range of measured conditions.

For 50 %<RHI<64 %, the measured bounced fraction of biogenic SOA particles de-
creased. The decrease in bounced fraction was most pronounced for SOA particles15

generated from isoprene, where the bounced fraction decreased to approximately 0.1
at RHI =65 % (Fig. 3, top panel). This decrease in bounce suggests a decrease in vis-
cosity as a result of a humidity-induced phase change from solid to liquid-like particles.

Similar measurements of bounced fraction as a function of RHI were performed for
SOA particles generated from α-pinene (Fig. 3 middle panel) and longifolene (Fig. 320

lower panel). The middle panel also shows that there was no systematic difference
in the measured bounced fraction for α-pinene SOA particles as a function of O/C
ratio (O/C=0.34 to 0.69). For SOA particles generated from α-pinene, the bounced
fraction decreased from approximately 0.8 to 0.5 as a function of RHI . This decrease
in bounce was significantly less than for SOA produced from isoprene, suggesting that25

phase changes were less pronounced.
For SOA particles generated from longifolene, the bounced fraction decreased from

approximately 0.8 to 0.7 as a function of RHI . There was no noticeable change in
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bounced fraction as a function of O/C ratio, which ranged from 0.14 to 0.58 for longi-
folene SOA. Thus, for SOA generated from the three biogenic precursors that were
studied in this work, the RHI -dependent decrease in bounced fraction became less
pronounced with increasing molar mass of the precursor. If we assume that the molar
mass of the precursor is proportional to the average molecular mass (AMM) of the SOA5

generated from that precursor, this suggests that changes in the measured bounced
fraction are higher for SOA with smaller AMM and lower for SOA with larger AMM.
This behavior is in accordance with the fact that molecular compounds with larger mo-
lar mass show a higher glass transition temperature Tg than those with smaller molar
mass (Koop et al., 2011). A higher Tg usually implies that a larger water content (and,10

hence, higher RHI ) is required to liquefy a particle, see below.

3.2 Phase state and humidity-induced phase transitions of mixed SOA-sulphuric
acid particles

In most cases, ambient oxygenated organic aerosol (OOA) is mixed with inorganic
species such as particulate nitrate and sulphate, (e.g., (Jimenez et al., 2009)), which15

may influence the viscosity or phase of the aerosols. In a separate set of experiments,
we measured the bounced fraction of SOA/sulphuric acid mixtures generated from the
simultaneous oxidation of longifolene and SO2 in the PAM reactor. This combination of
precursors simplifies interpretation of the data because the bounced fraction of longi-
folene SOA (0.7–0.8) is insensitive to RHI . Therefore, any changes in particle bounce20

are due to changes in the organics-to-sulphate ratio of the particles (measured by the
AMS). AMS particle time-of-flight measurements confirmed that the SOA and sulphuric
acid were internally mixed in all cases.

Figure 4 shows the measured bounced fraction as a function of RHI for SOA-sulphuric
acid mixtures, with sulphate mass fractions ranging from 0.09 to 0.36. The sulfate frac-25

tion is the mass fraction of sulfate compared to the total mass of particles composed of
organic carbon compounds, sulfate and ammonia. The ammonia is presumably from
trace concentrations from the PAM system and makes up 11–14 % of the total mass.
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As is evident from Fig. 4, a sulphate mass fraction of 0.09 does not decrease the
particle bounce relative to that of pure longifolene SOA. However, increasing the sul-
phate mass fraction to 0.20 results in a continual decrease in particle bounced fraction
as a function of RHI , with the sharpest decrease at RHI ∼55 %, to a final bounced frac-
tion less than 0.1 at RHI =62 %. This suggests a solid-to-liquid phase transition of the5

mixed SOA/sulfate particles in this range of RHI . Increasing the sulphate mass frac-
tion to 0.36 results in a constant particle bounced fraction ¡ 0.10 for 20 %¡RHI<62 %,
implying a liquid state over the entire RHI range investigated.

The behavior of mixed organic/sulphate particles was further examined using differ-
ential scanning calorimetry (DSC) (Höhne et al., 2003) to measure the glass transition10

temperature (Tg) of model mixtures of glucose and sulphuric acid, for experimental
details see Zobrist et al. (2008). Figure 5 shows that increasing the mass fraction of
sulphuric acid decreases the glass transition temperature of the mixture at constant
solute mass fraction (i.e., constant water content). Our results are therefore consistent
with studies showing that mixing compounds with different Tg values normally results in15

a glass transition temperature of the mixture that is between Tg values of the individual
mixture components (Zobrist et al., 2008; Koop et al., 2011).

Accordingly, because sulphuric acid shows a lower Tg than the organics investigated
here, its presence softens the SOA particles. Moreover, owing to its larger hygroscop-
icity sulphuric acid (and similarly ammonium bisulfate or ammonium sulfate) also leads20

to an increase in water content of the particles at the same RH, further softening the
particles, thereby leading to a humidity-induced liquefaction of the particles at lower
humidities when compared to pure SOA particles. This is shown schematically in the
bottom panel of Fig. 5, which is a sketch of Tg versus equilibrium relative humidity for
various organics and/or sulphuric acid mixtures. When humidity is increased at con-25

stant temperature (black arrow) the pure organic (green curve) with the highest glass
transition temperature in the dry state, Tg(dry), shows a humidity-induced liquefaction
at the highest RH (intersection between the black arrow and the green Tg curve), close
to the upper end of investigated RH range.
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In contrast, pure sulphuric acid or a mixture with high sulphuric acid content (red)
show the lowest Tg(dry) and, hence, are liquid over the full range of investigated RH
without any bounce. Finally, a mixture with a high organics content (orange) shows
an intermediate Tg(dry), thus liquefying at an intermediate RH in the middle of the
investigated RH range.5

We conclude, that if sulphuric acid plays an important role in atmospheric nucleation
processes, as suggested by Sipilä et al. (2010) and Kirkby et al. (2011), our results
suggest that freshly nucleated particles containing appreciable amounts of sulphuric
acid are initially liquid. As the particles grow via condensation of oxygenated organic
species, the mass fraction and, hence, the effective Tg increases and the particles may10

solidify (Virtanen et al., 2010, 2011).

3.3 Phase state and humidity-induced phase transitions of anthropogenic SOA
particles

In addition to bounce measurements of biogenic SOA particles, we also studied the
bounce behavior of anthropogenic SOA particles generated from the oxidation of naph-15

thalene and n-heptadecane. Naphthalene was chosen as a model aromatic precursor,
and n-heptadecane as a model aliphatic precursor. The upper panel in Fig. 6 shows the
bounced fraction of SOA particles generated from naphthalene as a function of RHI .
The bounce behavior for naphthalene SOA is similar to that of α-pinene SOA, with a
decrease in bounced fraction from 0.6–0.7 at RHI<50 % to 0.3–0.5 at RHI =64 %.20

The lower panel in Fig. 6 shows the bounce behavior of n-heptadecane SOA as a
function of RHI . The figure indicates that, unlike the other systems that were studied,
the bounced fraction of SOA particles generated from n-heptadecane was strongly cor-
related with the O/C ratio of the SOA. At O/C=0.10, the SOA bounced fraction was low
(0.2) and was unaffected by RHI , implying an organic liquid-like phase. At O/C=0.15,25

the bounced fraction was about 0.5 at RHI =20 % and exhibited a monotonic decrease
to 0.2 at RHI =64 %. At O/C=0.21, a constant bounced fraction of 0.6 was measured
for RHI<50 %, with a decrease in bounced fraction to 0.4 at RHI =64 %. This bounce
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behavior is consistent with a semi-solid particle phase. Finally, at an O/C ratio of 0.30,
we measured a constant bounced fraction of 0.8 at RHI<50 % before the bounced
fraction decreased to 0.6 at RHI =64 %. This bounce behavior was similar to that ob-
served in the other systems that were studied. Thus, SOA particles generated from
n-heptadecane were initially liquid-like at low O/C ratio and solidified with increasing5

O/C ratio.
In order to rationalize the observed behavior of the anthropogenic SOA particles

we show in Fig. 7 predicted Tg values for naphthalene (∼247 K) and n-heptadecane
(∼207 K). These Tg values were predicted from the observed dependence of Tg upon
melting temperature Tm, i.e. Tg≈0.7×Tm (Koop et al., 2011). Also shown in Fig. 7 are10

predicted Tg for various oxygenated compounds originating from the parent structure of
n-heptadecane (red) and naphthalene (blue). The red-shaded and blue-shaded vertical
bars indicate the range of investigated O/C ratio for each SOA. The grey horizontal bar
indicates the suggested turnover from liquid behavior at room temperature (no bounce)
for substances with a Tg less than ∼250 K to solid behavior (bounce) for substances15

with a Tg above ∼270 K.
The predicted Tg of naphthalene is already close to 250 K, and just adding one O-

atom (e.g., 1-naphthol and 2-naphthol, with an O/C ratio of 0.1) might initiate (partial)
bounce in such particles at room temperature. Further increase in O/C ratio to values
between 0.2–0.4 leads to predicted Tg values from close to room temperature up to20

significantly beyond room temperature, implying full bounce. Even though there is
considerable scatter in these data, it is obvious that in the measured range of O/C>0.35
(light blue shading) nearly all substances are expected to bounce independently of their
actual O/C ratio.

In contrast, the predicted Tg for n-heptadecane and those of mildly oxygenated com-25

pounds (1-alcohol, 1-aldehyde, 2-ketone) with an O/C ratio of 0.06 are so low that
these compounds are liquid at room temperature and, thus, would not show bounce.
Only at significant oxygenation (e.g., the 1,17-dicarboxylic acid, with an O/C ratio of
0.24) bounce is to be expected. We note that oxygenation of n-heptadecane is likely to
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lead to fragmentation. However, it appears that at least an oxidation to a dicarboxylic
acid is required for bounce, more or less independently of the length of the remaining
carbon chain (see red open circles with number of C-atoms indicated). Clearly, for n-
heptadecane Tg passes from ∼207 K to greater than ∼280 K with increasing O/C in the
measured range (pink shading), in agreement with the measurements.5

Similar to previous studies that suggest a correlation of bounced fraction with the
glass transition temperature (Virtanen et al., 2010) the same correlation is observed
here. Based on an idealized comparison of predicted Tg values shown in Fig. 7, it is no
surprise that n-heptadecane SOA shows a “bounce transition” with increasing O/C in
the investigated range while naphthalene SOA bounced at all investigated O/C ratios.10

3.4 Discussion

The main factors affecting the bounce behavior of SOA particles are likely their vis-
cosity, elasticity and the surface adhesion. For amorphous particles, the viscosity and
mechanical properties are sensitive to the glass transition temperature (Shiraiwa et al.,
2011; Koop et al., 2011). The glass transition temperature and thus the viscosity at15

constant temperature are sensitive to the solvent concentration, molar mass and the
functional groups of the particulate matter (Zobrist et al., 2008; Koop et al., 2011). As
discussed above, we suggest that humidity-induced changes in bounced fraction of
the SOA particle are related to a humidity-induced glass transition of SOA particles
(Mikhailov et al., 2009).20

The conditions for a humidity-induced glass transition (i.e. liquefaction) are con-
nected to Tg(dry) of the SOA compounds at dry conditions, which is correlated to the
inverse molar mass of the compounds. Therefore, we attempt to relate the measured
humidity-induced phase transitions of the SOA particles to their molar mass by show-
ing in Fig. 8 the slope of the bounced fraction of SOA particles at RHI>50 % as a func-25

tion of precursor inverse molar mass. Measurements in which no phase transitions
were observed (e.g. n-heptadecane SOA with O/C=0.10) are not shown in this figure.
Markers are colored by the O/C ratio of the SOA. Fig. 8 shows that for SOA particles
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produced from isoprene, α-pinene, longifolene, and naphthalene, the “bounce slope”
was linearly related to the precursor inverse molar mass. SOA particles produced from
n-heptadecane did not follow the same trend as the particles generated by the other
precursors.

To the extent that the “bounce slope” is proportional to the inverse average molar5

mass (AMM) of the SOA, Fig. 8 suggests that the AMM of SOA generated from n-
heptadecane does not scale with precursor AMM in the same way as the SOA in the
other experiments. One possible explanation for this observation is that fragmentation
reactions that cleave carbon-carbon bonds and lower the AMM are more important in
SOA produced from n-heptadecane than in the other systems. The importance of frag-10

mentation reactions has not been extensively characterized for precursors studied in
this work. However, Chacon-Madrid et al. (2010; 2011) showed that the ∗OH oxidation
of linear aldehydes/ketones formed SOA in lower yields than linear alkanes with equiv-
alent vapor pressures, suggesting that fragmentation is important for SOA generated
from alkane precursors. If SOA generated from the other precursors experienced less15

fragmentation than SOA generated from n-heptadecane, this may explain the trends
observed in Fig. 8.

4 Conclusions

Our results suggest that most types of atmospherically-relevant SOA form amorphous
solid or semi-solid particles at RHI.60 %. These SOA particles can undergo phase20

transitions as a result of changes in relative humidity, and/or O/C level. Addition of hy-
groscopic sulphuric acid to the SOA liquefied the mixed particles at low RHI , which
is consistent with aerosol bounce observations from Virtanen et al. (2011) and Tg
measurements from Koop et al. (2011). The phase of the SOA affects corresponding
timescales for mass transfer and heterogeneous reactions within the particles (Cappa25

and Wilson, 2011; Vaden et al., 2011; Shiraiwa et al., 2011), and may influence their
ability to serve as cloud condensation nuclei or ice nuclei in the atmosphere.
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In most cases, humidity-induced phase changes measured for the SOA were not
correlated with O/C ratio or the CCN activity, κ. However, our measurements suggest
that humidity-induced phase changes were related to the average molar mass of the
SOA. These observations are consistent with the results of Koop et al. (2011), who
showed that Tg was more strongly influenced by molar mass than O/C ratio of model5

organic compounds.
With the exception of SOA produced from n-heptadecane, the bounced fraction of

SOA particles at RHI<50 % was insensitive to changes in O/C ratio. The increase in
bounced fraction of n-heptadecane SOA particles as a function of O/C ratio is consis-
tent with an oxidation-induced phase change from organic liquid particles to organic10

semi-solid particles. Future work will investigate the prevalence of oxidation-induced
phase changes in other types of SOA, as well as the ability of the bounce measure-
ment to provide quantitative measurements of particle viscosity, diffusivity, and glass
transition temperature.
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Table 1. SOA generation parameters and measurements. The third α-pinene line with ∗OH
exposure of 0 refers to an ozonolysis experiment.

∗OH exposure
Precursor(s) (1011molec×cm−3s) O/C H/C κ

Isoprene 22.0 0.62 1.7 0.21
Isoprene 7.82 0.61 1.75 0.15
α-pinene 15.5 0.69 1.36 0.19
α-pinene 11.4 0.55 1.45 0.17
α-pinene 0 0.34 1.52 0.14
Longifolene 22.0 0.58 1.31 0.19
Longifolene 2.77 0.14 1.53 0.05
Longifolene+SO2 22.0 0.55 1.77 0.19
Longifolene+SO2 22.0 0.57 1.74 0.17
Longifolene+SO2 22.0 0.75 1.49 0.21
Naphthalene 22.0 1.41 0.90 0.18
Naphthalene 7.82 0.68 0.97 0.15
Naphthalene 2.77 0.35 0.92 0.16
n-heptadecane 11.4 0.30 1.69 0.12
n-heptadecane 7.82 0.20 1.78 0.11
n-heptadecane 4.95 0.15 1.85 0.04
n-heptadecane 2.77 0.10 1.92 0.01
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Naphthalene

n-heptadecane

Isoprene á-pinene Longifolene

Fig. 1. Molecular structures of the VOC and IVOC gaseous precursors used to generate SOA
for the experiment: biogenic precursors are in the top row, anthropogenic model precursors are
on the bottom.
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Fig. 2. The measurement system for the particle phase measurement.
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Fig. 3. Bounce behavior of SOA from photo-oxidation experiments of biogenic precursors, solid
lines are sigmoid fits to guide the eye. Upper panel: isoprene SOA, middle panel: α-pinene
SOA, lower panel: longifolene SOA.
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Fig. 4. Addition of SO2 to precursor flow decreases the phase transition relative humidity. SO4
fraction indicates the measured fraction of SO4 of the total mass (including organic carbon
compounds, ammonia and SO4) of the particles.
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Fig. 5. Top: Addition of H2SO4 to an organic (here: glucose) leads to a strong reduction in
Tg at the same water content (Pedernera, 2008). The effect is even more pronounced when
plotted as a function of relative humidity (because of the different hygroscopicities of organics
and sulfate). The bottom panel is a schematic picture of Tg versus equilibrium relative humidity
for various organic/sulphuric acid mixtures.
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Fig. 6. Bounce behavior of SOA from photo-oxidation of naphthalene (upper panel) and n-
heptadecane (lower panel).
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Fig. 7. Predicted glass transition temperatures Tg as a function of the molecular O/C ratio for
various oxygenated compounds originating from the parent structure of n-heptadecane (red)
and naphthalene (blue). Open circles are predicted Tg for n-dicarboxylic acids with the number
of C-atoms indicates for each point. For details see text.
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Fig. 8. The slope of the bounce at RHI>50 % versus precursor inverse molar mass for the
studied systems.
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