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ABSTRACT: The volatility of the compounds comprising
organic aerosol (OA) determines their distribution between
the gas and particle phases. However, there is a disconnect
between volatility distributions as typically derived from
secondary OA (SOA) growth experiments and the effective
particle volatility as probed in evaporation experiments.
Specifically, the evaporation experiments indicate an overall
much less volatile SOA. This raises questions regarding the use
of traditional volatility distributions in the simulation and
prediction of atmospheric SOA concentrations. Here, we
present results from measurements of thermally induced
evaporation of SOA for nine different SOA types (i.e., distinct
volatile organic compound and oxidant pairs) encompassing both anthropogenic and biogenic compounds and O3 and OH to
examine the extent to which the low effective volatility of SOA is a general phenomenon or specific to a subset of SOA types. The
observed extents of evaporation with temperature were similar for all the SOA types and indicative of a low effective volatility.
Furthermore, minimal variations in the composition of all the SOA types upon heating-induced evaporation were observed.
These results suggest that oligomer decomposition likely plays a major role in controlling SOA evaporation, and since the SOA
formation time scale in these measurements was less than a minute, the oligomer-forming reactions must be similarly rapid.
Overall, these results emphasize the importance of accounting for the role of condensed phase reactions in altering the
composition of SOA when assessing particle volatility.

1. INTRODUCTION

Atmospheric particulate matter has an important impact on the
Earth’s climate1 and human health.2 Organic aerosol (OA) is a
major component of the total atmospheric particle mass,
contributingfrom 20 to 90% of the fine particle mass
worldwide.3 A major portion of OA is secondary organic
aerosol (SOA).4 One pathway for the formation of SOA is
when products from the gas-phase oxidation of volatile organic
compounds (VOCs) or semivolatile organic compounds
(SVOCs) condense onto pre-existing particles or nucleate to
form new particles.
Isoprene and monoterpenes (C10H16) are two of the

dominant biogenic SOA precursors.5 Near urban areas,
additional important sources of SOA include light aromatics,
such as toluene,6 and what are commonly termed semivolatile
organic compounds (SVOCs), which are most likely longer
chain hydrocarbons that evaporate from primary OA (POA)
upon dilution postemission.7 Whereas isoprene and mono-
terpenes react readily with O3 (due to the olefinic carbon−
carbon double bonds), aromatics and SVOCs do not. SOA
composition and sources consequently vary by location, with
generally larger contributions from anthropogenic VOCs

(AVOCs) in and around urban areas8 and larger contributions
from biogenic VOCs (BVOCs) in rural areas,9 although the
large variety of sources, compounds, and reaction pathways
makes it difficult to accurately predict the spatiotemporal
concentration and composition of SOA.
Many laboratory and field experiments have aimed to

characterize the yields and chemical composition of anthro-
pogenic and biogenic SOA, using this information to develop
parametrizations that can be used in models, from simple box
models to complex global models. Nearly all of the commonly
used parametrizations, which are generally highly empirical in
nature, assume that the gas-particle distribution is well-
described through absorptive partitioning theory. However,
many studies have shown that SOA particles, especially those
formed from the oxidation of terpenoid compounds, can be
composed of a large fraction of oligomers.10−15 It is unclear to
what extent the absorptive partitioning-based parametrizations
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inherently account for such effects, although most analyses have
made no explicit attempt to do so. A commonly used
parametrization of SOA formation characterizes the VOC
oxidation products as having a distribution of particular
volatilities with yields that are VOC-specific. However, although
this volatility distribution based framework has provided good
fits to SOA formation experiments (e.g., SOA yield versus SOA
concentration), the derived effective volatility distributions
cannot comprehensively explain observations of particle
evaporation in response to either isothermal dilution16−19 or
heating-induced evaporation.20−23 In particular, they describe
SOA that is much too volatile compared to measurements.21

The presence of oligomers in the condensed phase10−15 may
explain the lower volatility implied by evaporation experiments
as oligomers will tend to decrease the overall observable
particle volatility when evaporation is probed but may not be
well-characterized through growth experiments. Alternatively,
the difference could be due to reactions that lead to extensive
functionalization of condensed phase species24 or to diffusion
limitations17,18,25 or could simply indicate an inadequacy of the
standard SOA formation models. Regardless, these observations
illustrate that there is a clear disconnect between the effective
volatility of SOA as characterized by evaporation experiments
and that derived from SOA formation studies.
In the current study, the effective volatility of a variety of

different SOA types was characterized by heating-induced
evaporation in a thermodenuder (TD). The SOA types
considered include SOA formed from dark ozonolysis of
several BVOCs, α-pinene, β-pinene, d-limonene, β-caryophyl-
lene; photooxidation of BVOCs by OH, α-pinene, β-
caryophyllene; and photooxidation of several AVOCs, toluene,
o-xylene, tridecane. The fraction of mass remaining for each
SOA type as a function of temperature, referred to as a mass
thermogram, was measured, and the particle composition was
simultaneously characterized at each temperature using a
vacuum ultraviolet aerosol mass spectrometer (VUV-AMS).
These measurements, made across a broad suite of different
SOA types, establish the extent to which chemical differences
between the SOA types do or do not lead to differences in their
evaporation behavior. Further, they help to further inform the
physical reasons that SOA volatility, when probed via particle
evaporation, differs from that derived from SOA growth
experiments.

2. MATERIALS AND METHODS
2.1. Secondary Organic Aerosol Generation. SOA was

formed in a flow tube from homogeneous nucleation of
products from the reaction between individual gas-phase VOCs
and an oxidant (either O3 or OH) around room temperature
(∼295 K). Each VOC/oxidant reactant pair will be referred to
as forming a particular SOA type (Table 1). The experiments
were conducted over the period 2009−2014 at the Chemical
Dynamics beamline (9.0.2) at the Advanced Light Source
(ALS) at Lawrence Berkeley National Laboratory. Different
flow tube configurations and types were used depending upon
the oxidant identity, the oxidant precursor, and when the
experiment was conducted (see the Supporting Information,
SI). General aspects of all experiments are discussed here.
VOCs were introduced into the flow tube (either quartz or

stainless steel) by continuous injection of liquid by syringe
pump into a stream of clean, dry N2. The oxidant or oxidant
precursor was added immediately before the flow tube. All O3 +
VOC experiments were conducted in the dark in the absence of

an OH scavenger. Experiments in which OH was the oxidant
were conducted in the quartz flow tube, which allowed for
illumination with four 130 cm long Hg (λ = 254 nm) lamps.
OH was produced along the length of the flow tube in two
ways: photolysis of O3 in the presence of water vapor or
photolysis of H2O2. Although the OH exposure was not directly
measured, for the experiments involving O3 the OH exposure is
estimated to be ∼1 × 1012 molecules cm−3 s based on the
measured O3. The OH exposure for the H2O2 experiments is
more difficult to estimate but is likely at least an order of
magnitude smaller based on previous experiments. The
corresponding numbers of oxidation lifetimes for the OH
experiments are approximately 6 (toluene), 23 (o-xylene), 14
(tridecane), and 5 (α-pinene), given their respective reaction
rate coefficients, although the α-pinene value is particularly
uncertain.26 All photooxidation and ozonolysis experiments
were performed in the absence of NOx (= NO + NO2) at a
relative humidity (RH) of 30%, except for one experiment with
β-pinene and O3 when the RH = 0%.
The residence time in the flow tube varied for each

experiment based on the experimental setup, although they
were generally similar and typically less than 1 min (see the SI).
Downstream of the flow tube, residual hydrocarbons and O3
were removed by passing the airstream through denuders filled
with charcoal and Carulite 200 (Carus) catalyst, respectively.
Several of the experiments also included a second flow tube
downstream of the ozone and charcoal denuders, which was
only used for dark “aging” of the SOA for a few minutes. The
initial particle mass concentrations for all experiments varied
from 400 to 660 μg m−3, assuming a density of 1.2 g cm−3,
although they were stable for a given experiment. Although
such large concentrations are well-above those observed in the
atmosphere, the consistency between different experiments
allows for direct comparisons to be made regarding the particle
evaporation behavior.

2.2. Thermodenuder. One of two thermodenuders (TDs),
consisting of a heated tube followed by a charcoal denuder, was
used for each SOA type to induce evaporation. The first was of
the same design as described by Huffman et al.,27 and the
second was the TD described in Kolesar et al.23 The residence
time in the fully heated section, τres,hot, varied from 9.6 to 11.6 s,
depending on the experimental conditions; such small

Table 1. Best-Fit Curves to Experimental Data for Each SOA
Type

abbreviation VOC oxidant SVFR ± 1σ Tpos ± 1σ (K)

Biogenic
αPO3

a α-pinene O3 −18.76 ± 1.59 357 ± 3
αPOH α-pinene OHb −18.94 ± 3.23 343 ± 3
dβPO3

c β-pinene O3 −13.10 ± 2.07 363 ± 4
βPO3 β-pinene O3 −12.93 ± 1.91 354 ± 2
LimO3 d-limonene O3 −14.63 ± 2.92 364 ± 4
βCO3 β-caryophyllene O3 −13.33 ± 0.54 367 ± 1
βCOH β-caryophyllene OHb −14.25 ± 3.17 347 ± 3

Anthropogenic
TolOH toluene OHd −13.94 ± 3.07 371 ± 4
oXOH o-xylene OHd −14.05 ± 3.35 363 ± 5
TriOH tridecane OHd −10.80 ± 1.02 365 ± 6
LOa lubricating oil n.a. −30.13 ± 1.19 316 ± 1
averagee −14.47 ± 2.54 359 ± 9

aDerived from data reported in Cappa and Wilson.21 bH2O2 precursor.
cNo active humidification. dO3 precursor.

eExcluding lubricating oil.
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differences in τres,hot are unlikely to have had a substantial
influence on the observations (see the SI).28,29

2.3. Particle Size Measurements. The extent of aerosol
evaporation at a given temperature was characterized by
comparing the particle size distribution for particles that passed
through the TD to that for particles that passed through the
bypass line. Size distributions were measured with a scanning
mobility particle sizer (SMPS, TSI Inc.) and were characterized
by their volume-weighted median diameter, Dp,V. The particle
volume fraction remaining (VFR) after passing through the TD
was calculated as

=
⎛
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where Dp,V,TD is for the TD-treated and Dp,V,bypass is for the
bypass-sampled distribution. Assuming constant particle density

the VFR is equivalent to the mass fraction remaining (MFR),
and plots of VFR versus temperature are commonly referred to
as mass thermograms. To facilitate quantitative comparison
between experiments, each mass thermogram was fit to a
sigmoidal curve30
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where SVFR characterizes the VFR steepness, and T50 is the
temperature at which VFR = 0.50. The VFRmax is assumed to be
unity and VFRmin = 0.

2.4. Particle Composition Measurements. Particle
composition was characterized online using the time-of-flight
(ToF) VUV-AMS at Beamline 9.0.2 at the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory.31

Figure 1. Mass spectra as measured by the VUV-AMS for (a) α-pinene + O3 SOA; (b) α-pinene + OH SOA; (c) β-pinene + O3 SOA; (d) dry β-
pinene + O3 SOA; (e) β-caryophyllene + OH SOA; (f) β-caryophyllene + O3 SOA; (g) tridecane + OH SOA; (h) limonene + O3 SOA; (i) toluene
+ OH SOA; (j) o-xylene + OH SOA. The m/z corresponding to the molecular weight of the parent VOC is highlighted in black (or yellow for panel
(a)).
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Particles were sampled through an aerodynamic lens and
directed into a particle beam that impacts a heated block in
vacuo (T ∼ 120 °C), which leads to evaporation of the
impacted particles. The heated block was designed to allow for
particles that “bounce” upon impaction to settle on another
heated surface and evaporate. Evaporated molecules were
photoionized using 10.5 eV radiation, and the resulting ions
were extracted into the ToF mass spectrometer for detection.
Background mass spectra were measured directly before each
particle composition measurement by sampling the air through
a filter, and all reported spectra have been background
corrected. The VUV-AMS resolution is m/Δm ∼ 2000, which
allows for characterization of the SOA mass spectra with unit
mass resolution.

3. RESULTS AND DISCUSSION

3.1. SOA Composition. The VUV-AMS mass spectrum for
each SOA type is shown in Figure 1. Differences between SOA
types are observed, consistent with each SOA type having a
distinct chemical composition.32−34 The m/z range with
observable peaks for a given SOA type is related to the initial
number of carbon atoms of the VOC precursor, with the SOA
from VOCs with more carbon atoms generally exhibiting peaks
out to greater m/z, both for the BVOCs and AVOCs. There are
also some differences between the mass spectra for the various
monoterpenes (all C10 compounds), which likely reflects
differences in composition resulting from differences between
the reaction rate coefficients and chemical mechanisms
associated with terpene reactions with O3. For example,
monoterpene + O3 reaction rate coefficients are substantially
larger (1 to 2 orders of magnitude) for species with endocyclic
bonds,35 and ozonolysis of an endocyclic bond (α-pinene,
limonene) results in ring opening; whereas ozonolysis at an
exocyclic bond (β-pinene, limonene) results in the formation of
two fragments.

Numerous studies12,36−38 have directly observed dimers and
higher order oligomers (>2 monomeric subunits) in SOA
formed from the ozonolysis of various VOCs. However, dimers
or larger oligomers are generally not observed in the mass
spectra obtained from the VUV-AMS, i.e. peaks are not
observed at m/z values twice as large as the parent species m/z.
The one exception is β-pinene + O3 (βPO3) SOA, which
exhibits a few distinct peaks in the m/z region where dimers
should be found. The lack of dimers in the mass spectrum is
generally consistent with measurements of SOA made using the
Aerodyne AMS, which tend to show little, if any, signal at m/z
> 100,39 although it should be noted that the Aerodyne AMS
vaporizes particles at ∼600 °C and uses 70 eV electron impact
(EI) ionization and thus is not expected to be as “soft” an
ionization method as the VUV-AMS. That some techniques
show clear evidence of oligomers while others do not likely
indicates differences between the measurement techniques and
suggests that a use of multiple methods simultaneously to
characterize SOA could lead to further refinements in
understanding. Most likely, oligomer decomposition during
detection (i.e., dissociative photoionization) in both the VUV-
AMS and Aerodyne AMS precludes their direct detection.
Nonetheless, that there are peaks observed at m/z greater than
that of the parent VOC in the VUV-AMS mass spectra
indicates that this method is capable of detecting either
oxidized monomers directly or large fragments from oligomers
in addition to smaller fragments. As such, variations in the
absolute and relative intensities of these peaks can provide
information regarding chemical changes that occur within the
particles with evaporation, as discussed in Section 3.3.

3.2. Bulk Volatility. Mass thermograms for each SOA type
have been measured, and the experimental data were fit with eq
2 to determine the SVFR and T50 values (Figure 2 and Table 1).
The mass thermogram of lubricating oil (LO) from Cappa and
Wilson21 is included for reference. LO particles are liquid and

Figure 2. Mass thermograms of OA from this and previous studies. Lubricating oil OA and α-pinene + O3 SOA are from Cappa and Wilson.21 Fit
lines are determined using eq 1.
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are composed of “semivolatile” molecules with C* values
spanning the range of around 0.01−104 μg m−3.28 The mass
thermograms are shown all together (Figure 2a) in addition to
being grouped according to VOC type, i.e. as anthropogenic
(Figure 2b) or biogenic (Figure 2c). Although there are definite
differences between the mass thermograms for individual SOA
types, it is also apparent that the mass thermograms exhibit
similar general behavior in that they all fall within a relatively
narrow range of VFR values at a given temperature and are all
much less volatile than LO particles. This suggests that the
physical or chemical phenomena responsible for the low
apparent volatility are general to all of these SOA types.
The VFR was measured for particles that were passed

through the TD at room temperature (RT) for LO and for
most SOA types. There is substantial evaporation of LO at RT
(VFR(RT) < 1) due to rapid evaporation upon vapor stripping
in the charcoal denuder. This is a reflection of the liquid and
predominately semivolatile (C* > 1 μg m−3) nature of LO
particles. In distinct contrast, none of the SOA evaporate at
room temperature in the TD. Based on recent model results
from our group23 we can conclude that a lack of evaporation at
room temperature in the TD indicates that the vast majority of
compounds have effective saturation concentrations of C* ≤ 1
μg m−3 even though the SOA concentrations were ∼500 μg
m−3. Thus, none of the SOA types behave as if composed of
semivolatile compounds that respond rapidly to vapor stripping
in the TD, in conflict with SOA volatility distributions obtained
from formation studies.22,40,41 The time scale associated with
the formation of these low-volatility compounds under current
experimental conditions must be very short, less than a minute
or so based on the residence time in the flow tube where the
SOA was formed. Experiments conducted using SOA at much
lower mass concentrations (COA < 20 μg m−3)23 suggest that
these short time scales may be applicable to the ambient
atmosphere; however, as the current and these previous
experiments were conducted using short formation time scales
it will be important for future work to establish the extent to
which the formation time scale influences the particle behavior
and properties.
These observations are consistent with many other studies,

both for laboratory generated SOA21,42−46 and ambient
OA,20,47 that report no evidence of evaporation at room
temperature in TD or volatility tandem DMA (VTDMA)
experiments. (Evaporation of SOA at room temperature is
known to occur in response to vapor stripping but on much
longer time scales.16,18) However, in one study by Emanuelsson
et al.30 using βPO3 SOA, around 30% of the mass (VFR = 0.736
± 0.083) evaporated at room temperature despite a median
residence time of only two seconds in their VTDMA. The
reason for this difference between Emanuelsson et al.30 and
both the current study and other literature results is unclear,
although it is likely related to details associated with their
normalization procedure and not actually evidence of
substantial evaporation [Hallquist, M., personal communica-
tion].
To facilitate further comparison between the mass thermo-

grams obtained for the different SOA types, the best-fit
parameters SVFR and T50 are reported (Table 1), along with an
average over all the SOA types for which SVFR,avg = −14.47 ±
2.54 and T50,avg = 359 ± 9 K (where the uncertainties are 1σ).
The average values characterize the average response of SOA
formed under the general experimental conditions (RH = 30%
and with no NOx) to heating-induced mass loss. For

comparison, the SVFR for LO is twice that of the SOA average
(SVFR,LO = −30.13 ± 1.19) and the T50 of LO much lower
(T50,LO = 316 ± 1 K, including the evaporation at room
temperature); this demonstrates that a wide variety of SOA
types are effectively much less volatile than LO.
Although overall the mass thermograms for the different

SOA types are generally similar in shape, there are some
differences depending on the VOC precursor and oxidant. For
example, the T50 for the anthropogenic SOA are generally
higher than for the biogenic SOA indicating that a higher
temperature is required to induce the same mass loss from
anthropogenic SOA. Specifically, the average T50 for the two
groupings (T50,ave,bio. = 356 ± 9K and T50,ave,ant. = 366 ± 4K) are
statistically different at the p = 0.05 level (p = 0.046 for the two-
tailed test). The apparently lower volatility of the anthro-
pogenic SOA is in qualitative agreement with results from Loza
et al.48 who found that toluene + OH (TolOH) SOA was lower
in volatility than α-pinene + OH (αPOH) SOA and with
results from Emanuelsson et al.49 who observed lower VFR
values for TolOH SOA and p-xylene + OH SOA than for αPO3
SOA at 343 K. The somewhat lower volatility of the
anthropogenic SOA might be attributable to heterogeneous
“aging” by OH in the flow tube after formation; the number of
oxidation lifetimes in the AVOC+OH experiments were
generally larger than in the BVOC+OH experiments due to
differences in the OH precursors, and the influence of
heterogeneous chemistry increases with the number of
oxidation lifetimes.50 Although the T50 differed between the
anthropogenic and biogenic SOA types, their average SVFR are
statistically indistinguishable at the p < 0.10 level (p = 0.18 for
the two-tailed test). However, despite this statistical indis-
tinguishability, the SVFR values for αP-derived SOA are notably
higher than for the other types, which is consistent with
differences in previously reported values of the effective
enthalpy of vaporization for αPO3 SOA and TolOH SOA
and suggests that this difference is real.51

There are further small differences between the mass
thermograms for biogenic SOA formed from ozonolysis. In
particular, limonene + O3 (limO3) SOA and β-caryophyllene +
O3 (βCO3) SOA have the largest T50 values, suggesting that
they are somewhat less volatile than other types of SOA. This is
similar to Lee et al.46 who found limO3 SOA to be effectively
less volatile than αPO3 and βPO3 SOA. Unlike the other
monoterpenes, since limonene has both an endo- and an
exocyclic bond it can react twice with O3, either in the gas-
phase or in the particle-phase after condensation of first
generation products.52 β-Caryophyllene also has two double
bonds, suggesting that the reaction of first-generation products
leads to a decrease in the effective volatility of the limO3 and
βCO3 SOA types, either due to production of lower volatility
monomers or enhancement of oligomers in the condensed
phase. There are also small differences between the effective
volatility of biogenic SOA depending on the oxidant. For both
β-caryophyllene and α-pinene, the SOA from ozonolysis is
somewhat less volatile than SOA from OH. This likely reflects
differences in the product distributions, both in the gas and
particle phases, due to differences in the chemical pathways
associated with oxidation by OH versus by O3. It has been
suggested that gas-phase dimers can form from reaction of
stabilized Criegee intermediates or secondary ozonides,52−54

which are only formed from reactions with O3. Additionally,
ozonolysis can lead to the production of very highly
functionalized, low-volatility monomer products that do not
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form from reactions with OH.54 For βPO3 SOA, an additional
experiment was performed with the RH = 0%, as opposed to
30% as in all other experiments. There is no clear difference
between the βPO3 SOA mass thermograms at RH = 0% and
30%, consistent both with observations from both Lee et al.46

and Emanuelsson et al.,30 even though RH has been found to
influence both the number and mass concentrations of SOA
formed for this compound.55 (The SVFR for the βPO3 SOA
from Emanuelsson et al.30 actually agrees well with the SVFR
reported despite the different room temperature VFR.) The
implication is that even though RH can influence the formation
and properties of SOA, there is minimal influence on the
evaporation behavior.
Overall, our measurements indicate a general similarity of the

mass thermograms between different SOA types formed from a

wide range of precursor VOCs and oxidants, suggesting that
heating-induced evaporation of many SOA types can be
reasonably described by a single set of parameters, at least for
SOA formed in the absence of NOx. Likely reasons for this
behavior will be examined in the next section.

3.3. Spectral Measurements of Volatility. Mass spectra
were measured concurrent with the VFR measurements for
each SOA type as a function of temperature. The change in
intensity of each peak in the VUV-AMS mass spectrum with
temperature, normalized to that observed for the bypass
(referred to as a peak thermogram), was determined for each
SOA type. Much like the mass thermograms, the peak
thermograms exhibit similar behavior across the different
SOA types. In general, the intensity of individual peaks all
decrease together as temperature increases. This is visually

Figure 3. Peak thermograms for every m/z from m/z = 40 to 300 amu for (a) Lubricating oil OA, from Cappa and Wilson (2012); (b) α-pinene +
OH SOA; (c) α-pinene + O3 SOA; (d) β-pinene + O3 SOA; (e) limonene + O3 SOA; (f) β-caryophyllene + OH SOA; (g) β-caryophyllene + O3
SOA; (h) toluene + OH SOA; (i) tridecane + OH SOA; and (j) o-xylene + OH SOA. Line colors indicate the m/z (see color scale). The total mass
thermograms (black) for particles from each VOC/oxidant pair from SMPS (open circles) and VUV intensity (filled circles). Panel (a) is a well-
mixed liquid. Panels (b)−(g) are SOA from biogenic VOCs, and panels (h)−(j) are SOA from anthropogenic VOCs.
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apparent by the nearly temperature independent spread in
signal intensity and the similarity of the individual peaks to the
average behavior. If some compounds (monomers or
oligomers) evaporated to a greater extent than others at a
given temperature, then the spread of the individual peaks
would increase with temperature, as was observed for
evaporation of LO particles (Figure 3a).21 Although individual
peaks may derive from multiple compounds, the particular
fragmentation patterns that are observed for pure compounds
in the VUV-AMS do depend on the unfragmented molecule
identity. For example, pinic acid (C9H14O4; MW = 186 amu)
and cis-pinonic acid (C10H16O3, MW = 184 amu), which are
known products from α-pinene ozonolysis and photooxidation,
both exhibit a clear peak corresponding to the respective parent
ion m/z and exhibit distinct fragment peaks with characteristic
m/z values.56 This demonstrates that, to a reasonable extent,
the individual peaks represent individual compounds (or
fragments thereof). Thus, the similarity in behavior between
individual peaks suggests that particle compositionat least as
characterized by the VUV-AMSdoes not change substantially
as the particles evaporate for all SOA types measured here.
These results are consistent with and expand substantially on

the results from Cappa and Wilson,21 who determined peak
thermograms for αPO3 SOA using the same VUV-AMS as here.
Additionally, Huffman et al.57 and Loza et al.48 both observed
minimal changes upon heating to the chemical composition of
αPOH SOA and TolOH SOA, as characterized by mass spectra
from an Aerodyne AMS, and similar behavior has also been
observed for ambient OA.47 However, Kostenidou et al.58

report some changes upon heating in the Aerodyne AMS mass
spectrum for αPO3, βPO3, limO3, and βCO3 SOA. Specifically,
they observed that the signal fraction of m/z 44 ( f44) increased
somewhat with temperature for three of the SOA types (αPO3,
βPO3, limO3) but was constant with temperature for βCO3
SOA (although for βPO3 SOA the f44 varied only slightly until
the VFR was <0.2). Although compositional variation was
assessed based on changes in one peak in the mass spectrum
(that reflects, approximately, the oxygen content of the OA),
their results nonetheless do indicate a change in the chemical
composition of these SOA types upon heating. The reasons
that the Kostenidou et al.58 study gives contrasting results to
the current study remain unknown, although it should be noted
that their SOA was overall substantially more volatile (T50 ∼
330 K) than that observed here and by others.46

The current results demonstrate that the results from Cappa
and Wilson21 are quite general for SOA formed under low NOx
conditions and that distillation of individual compounds
according to their volatility does not appear to occur upon
heating. This, in turn, implies that the particles do not behave
as simple, liquid-like mixtures of individual monomeric
compounds. This is consistent with measurements of particle
“bounce”59 or estimates of the viscosity of SOA,60,61 which
indicate that SOA often exists as an amorphous, semisolid state.
Cappa and Wilson21 suggested that the constant composition
of SOA during evaporation could reflect “layer-by-layer”
evaporation from semisolid particles. However, layer-by-layer
evaporation would still require that compounds with volatilities
much lower than typically observed gas-phase oxidation
products were formed originally in high abundances for all of
the chemical systems considered here to explain the bulk mass
thermogram behavior, i.e. the low effective volatility and
generally similar behavior of the various SOA types. Addition-
ally, even if the particles were initially well mixed, heating of the

particles should cause the particles to become increasingly less
viscous.62 This would in turn decrease the time scale associated
with mixing with the particle, thus leading to, at least in theory,
increasingly liquid-like behavior, which was not observed.
Two pathways to exceptionally low volatility compounds in

SOA are the formation of oligomers10−15 and of extremely low-
volatility organic compounds (ELVOCs),54 both of which have
been directly measured in SOA particles. ELVOCs will
evaporate directly upon heating, while oligomers may
decompose or evaporate directly. (If ELVOCs are composed
of a substantial number of peroxide bonds,54 then they may be
subject to thermal decomposition as well, which could
potentially contribute to particulate mass loss.63) Enthalpies
of vaporization for individual compounds tend to increase with
decreasing vapor pressure,64 suggesting that direct evaporation
of individual low-volatility compounds should be observed as
relatively sharp decreases in their particle-phase abundance at
specific temperatures.65,66 Thus, the observed gradual decrease
in VFR with temperature would imply that SOA is composed of
compounds with a wide range of C* values (∼10−10 to 1 μg
m−3)23 if direct evaporation of stable compounds (monomers
or oligomers) were driving the behavior. Such compositional
changes should have been observed as changes in the VUV-
AMS mass spectra with temperature, inconsistent with the
observations. Therefore, the condensation of ELVOCs cannot
explain all of the experimental observations. Although ELVOCs
likely contribute to the formation of many SOA types, their
individual volatilities do not dominate bulk particle evaporation.
Alternatively, evaporation could have been driven primarily by
decomposition of low-volatility oligomers having similar
decomposition enthalpies (i.e., temperature sensitivities) and
subsequent evaporation of the higher-volatility decomposition
products (e.g., monomers). In this case, it is possible to have a
multicomponent system for which evaporation does not lead to
substantial changes in the residual particle composition, but
where the oligomers were formed from monomers that initially
had a wide range of individual volatilities.23 Although there is
certainly some preference for certain molecules to form dimers
and oligomers67 and not all oligomers are held together with
the same bond types (e.g., hydrogen bonds15,68 versus covalent
bonds13,69), if a sufficiently large fraction of the SOA mass is
composed of oligomers, then it is reasonable to view the
monomeric subunits as being randomly distributed among the
possible dimers and oligomers. Consequently, when an
oligomer decomposes and the subunits evaporate, or even
when an oligomer directly evaporates, the residual SOA
composition as observed by instruments that characterize
predominately monomeric products or fragments (such as the
VUV-AMS used here or the Aerodyne AMS) need not show
evidence of substantial changes.
Our observations are complemented by literature measure-

ments for which mass spectra of the evaporating gas-phase
species from deposited SOA particles were measured as a
function of temperature,70−72 as opposed to measurements of
the residual particle composition after heating (as done here).
In these gas-phase measurements, clear differences in the
desorption profiles between some of the individual peaks have
been observed, and many peaks (including the total signal)
exhibit bimodal behavior. For example, Lopez-Hilfiker et al.70

performed measurements for αPO3 and αPOH SOA and
observed that there were two desorption modes for individual
ions identified as structural isomers of pinic and norpinic acid.
The effective C* values associated with the two modes were
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around 0.1 μg m−3 and 10−6 μg m−3. The C* value associated
with the higher-volatility mode is similar to (although
approximately 10−100× smaller than) the monomeric
compounds,73 implying that the lower-volatility mode was
attributable to oligomer thermal decomposition. Interestingly,
Lopez-Hilfiker et al.70 observed evaporation of compounds with
>10 carbon atoms (the number of carbon atoms in α-pinene),
especially at higher temperatures, suggesting that direct
evaporation of oligomers can occur concurrent with oligomer
thermal decomposition as previously proposed for the SOA
concentration-dependent evaporation behavior of αPO3 SOA.

23

Such a scenario provides a reasonably comprehensive
explanation for the apparent low volatility of SOA, the general
similarity between mass thermograms for different SOA types,
the lack of changes in the VUV-AMS mass spectra with
temperature for residual SOA particles, and the multimodal
behavior observed for evaporating gas-phase molecules70,71 and
is consistent with previous determinations of large oligomer
fractions for SOA.12,36−38

4. ATMOSPHERIC IMPLICATIONS
It is increasingly apparent that volatility distributions as derived
from typical analyses of particle formation and growth
experiments provide an incomplete description of the actual
volatility of chemically complex atmospheric SOA particles.
The results presented here further demonstrate that this is true
for a wide variety of different SOA types formed under zero
NOx conditions. All SOA types were observed to be composed
primarily of compounds that have effective volatilities of C* ≤ 1
μg m−3, even though the mass concentrations during these
experiments were of order 500 μg m−3. Further, it was observed
that mass thermograms for the different SOA types (ten in
total), formed from the reaction of both biogenic and
anthropogenic VOCs with either O3 and OH, all share general
similarities in terms of the temperature sensitivity of
evaporation and their overall response to heating. Although
some differences between SOA types were observed, likely
reflecting compositional differences, overall the generally
similar behavior strongly suggests that SOA evaporation is
governed by a common process or physical phenomenon. The
most comprehensive explanation appears to be that SOA is
composed of a substantial fraction of oligomers that decompose
upon heating (or dilution).16,23

Consequently, there remains a challenge in quantitatively
connecting particle formation experiments and their inter-
pretations with evaporation experiments. Clearly, the use of
parametrizations such as the 2-product model or the volatility
basis set can provide a good fit to the observed SOA formation.
However, the derived volatility distributions from these
parametrizations do not reflect the effective volatility of the
SOA. It is unclear exactly the extent to which this disconnect
impacts the simulation of ambient SOA since few efforts74 have
been made to explicitly account for oligomerization in air
quality models beyond a simplistic scheme that converts
semivolatile SOA to nonvolatile SOA with a time constant of
∼1 day,75 which is inconsistent with the rapid oligomer
formation observed here. The existing SOA parametrizations
inherently account for oligomerization to some extent in that
the observed SOA levels in growth experiments include the
effects of oligomerization. However, since the parameters
associated with the formed SOA do not reflect the
contributions from oligomers, there can be secondary impacts
on simulated SOA in terms of how they respond to dilution or

temperature changes. Future work should focus on using
integrated, multi-instrument approaches and on developing
comprehensive models that can close the gap between
observations of SOA formation and evaporation.
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