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ABSTRACT: Atmospheric secondary organic aerosols
(SOA) play an important role in the global particulate matter
budget, and their chemical compositions determine critical
properties that impact radiative forcing and human health.
During temporal and spatial transport, atmospheric particles
undergo ambient temperature and relative humidity (RH)
changes or cycles that may transform their chemical
compositions. Here, we report compositional evolution of
SOA from α-pinene ozonolysis in a smog chamber as the
temperature and RH cycle within atmospherically relevant
ranges (5−35 °C; 10−80% RH). The results suggest that the
organic vapor condensation is limited during cooling, in
contrast to volatility-based predictions, likely due to high
viscosity of the α-pinene SOA particles and the potential enrichment of semivolatile products in the particle surface region.
Combining a number of online and offline aerosol bulk and molecular-level measurements, we determine that particle-phase
reactions occur reversibly and irreversibly throughout the temperature/RH cycles, substantially modifying concentrations of the
SOA constituents and forming new products. Further, the presence of water is found to enhance the SOA O/C ratios
prominently during cooling (high RH). These findings have important implications for understanding the chemical evolution of
SOA in the atmosphere through their lifetime and long-range transport.

KEYWORDS: α-pinene ozonolysis, gas-particle partitioning, aerosol viscosity, volatility, particle-phase reactions, liquid water content

■ INTRODUCTION

Secondary organic aerosols (SOA) contribute to a significant
fraction of atmospheric organic aerosols that impact the
radiative forcing, air quality, and human health.1−3 SOA are
produced via the gas-phase oxidation of volatile organic
compounds (VOC), resulting in a variety of low-volatility
compounds that subsequently form new particles or condense
onto existing particles.4 During their lifetime of a few days to a
week in the atmosphere,5 SOA undergo daily cycles of diurnal
temperature and relative humidity (RH) variations or long-
range transport between the warmer planetary boundary layer
and the cooler free troposphere.6−8 The changing temperature
and RH could effectively modify the volatilities of the SOA
constituents and hence lead to active interactions with their
gas-phase compartment (i.e., gas-particle partitioning).9,10

Particle-phase chemistry may also be affected by the temper-

ature and RH changes. Both processes could substantially
evolve SOA compositions during their atmospheric lifetime
and result in important climate, air quality, and health impacts.
Current air quality and climate models predict SOA mass

and bulk compositions assuming that the gas-particle
partitioning is under instantaneous thermodynamic equili-
brium as temperature varies. Particle-phase reactions affected
by the temperature and RH are usually not represented in the
models. Environmental chambers are often used as a state-of-
the-art tool for studying atmospheric SOA formation and
evolution in laboratories,11 but most existing chambers could
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not carry out experiments with temperature and RH cycles at
long-enough time scales to approximate the atmospheric
diurnal and spatial SOA evolution. Thus, how the physical
properties and chemical compositions of SOA evolve during
atmospheric temperature and RH cycles remains a critical yet
unresolved question. One prior study has shown that as the
temperature cycles between atmospherically relevant set
points, the SOA mass could not be reproduced, suggesting
insufficient condensation/evaporation, or irreversible particle-
phase reactions, or both.12 Growing evidence has demon-
strated that atmospheric SOA could exist in distinct phase state
and viscosity governed by RH,13−17 and do not always reach
equilibrium upon evaporation and condensation.18−21 Further,
common SOA constituents such as organic peroxides and
some other types of oligomers were found to be labile and
could decompose.22−28 Some of the decomposition is induced
by heat,22,23,25,26 while some occurs at room temperature on
the time scale of hours.27,28 These evidence suggest that certain
oligomers in SOA are thermally unstable and might
decompose or react under atmospheric temperature ranges,
provided sufficient time. Simultaneously, particle-phase
accretion reactions also take place, in which RH may play
crucial roles.28−35 It is thus imperative to determine how SOA
chemical compositions transform, as the bulk and on the
molecular level, under temperature and RH changes
representative of the real atmosphere.
In this work, we designed atmospherically relevant temper-

ature/RH cycling (5−35 °C and 10−80% RH) experiments in

an environmental chamber and studied the chemical trans-
formation of α-pinene ozonolysis SOA. Coupling various
online SOA bulk measurements and offline isomer-resolved
comprehensive analyses, we report substantial SOA composi-
tional evolution as a result of limited gas-particle partitioning
and active particle-phase reactions during the temperature/RH
cycles.

■ MATERIALS AND METHODS

Chamber Experiments. A series of temperature and RH
cycled α-pinene ozonolysis experiments were performed in the
UC Riverside/CE-CERT dual 90 m3 Teflon environmental
chambers. Details of the chambers have been described in
previous work.12,36 Briefly, the chambers are temperature and
RH controlled with an operational time length of 12−16 h for
each experiment. The chambers consist of a temperature-
controlled enclosure that is continuously flushed with purified
air. The experimental temperatures were determined by
measurements at the centers of the chambers. Desired volumes
of α-pinene (Sigma-Aldrich, ≥99%) were injected via a heated
glass manifold flown by pure N2. O3 was generated from clean
air by a Horiba OZG-UV-01 Ozone Generator Unit and
injected into the chambers by a controlled flow rate for
approximately 30 min. Carbon monoxide (CO) was injected
directly from a CO cylinder (99.9% purity) to scavenge both
the hydroxyl radicals (OH) and Criegee intermediates
produced by the initial steps of α-pinene ozonolysis. Identical
initial concentrations were used in all experiments with

Figure 1. Time series of the temperature/RH cycling chamber experiments: (A) 35−5−35 °C (dry), (B) 5−35−5 °C (dry), (C) 35−5−35 °C
(wet), and (D) 5−35−5 °C (wet). The top panels present the SOA size distribution modes (left axes, gray circles), temperature, and RH × 1/2
(right axes, gray solid and dashed curves, respectively). The middle panels show measured SOA mass concentration time series measured by the
SMPS, with the volatility basis set (VBS)-simulated total SOA mass concentrations as well as the simulated dimers. The results shown here are wall-
loss uncorrected. The bottom panels show measured particle volume fraction remained (VFR, left axes, orange symbols) and O/C ratios (right
axes, blue symbols) of the SOA. The color-shaded regions represent the three aerosol sample collection time periods for each experiment. The O/C
ratios shown in the (C) are from a different experiment than the other measurements, but with identical temperature and RH schemes. The
symbols with error bars shown in all the plots are averaged values at stable temperatures. The four cooling and heating periods are termed “C1−
C4” and “H1−H4″, respectively.
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approximately 250 ppb of α-pinene, 500 ppb of O3, and 500
ppm of CO. The α-pinene and O3 concentrations were set to
be much higher than those in the real atmosphere, so that
enough material could be collected (especially during the final
stage of each experiment when most SOA particles had lost to
the walls) for various and duplicated offline compositional
analyses. In the experiments, initial α-pinene ozonolysis SOA
were formed under a constant temperature of 35 or 5 °C; after
most α-pinene was reacted (>95%, Figure S1) and SOA mass
was stabilized, the temperature underwent a 35−5−35 °C
cycle or a 5−35−5 °C cycle (Figure 1). RH remained <0.1%
throughout the first two experiments (Figure 1A,B, hereafter
referred to as “the dry experiments”); in the other two
experiments with identical temperature cycles to the first two
experiments, RH was also cycled between ∼10−80% with
changing temperature by injecting water vapor before the
experiments started (Figure 1C,D, hereafter referred to as “the
wet experiments”). As temperature changed between 35 and 5
°C in each experiment, a ∼20 min pause was set at 20 °C. On
average, the rates of temperature changes were ∼10 °C h−1 in
all the experiments. For each experiment, three Teflon filter
SOA samples were collected (Figure 1, color-shaded regions)
at a constant flow rate (25 L min−1): the first sample was
collected during the initial constant temperature period after
SOA mass was stable; the second sample during the first
temperature change period between 35 and 5 °C; and the third
sample during the temperature return period (see Figure 1
caption). Each of the filter samples was collected for 2−3 h and
stored in the freezer at −20 °C right after collection.
Online Measurements. Concentrations of α-pinene and

O3 were measured by an Agilent 6890 GC-FID and a Dasibi
O3 analyzer, respectively. Particle size distribution and number
concentrations were monitored by a custom built scanning
mobility particle sizer (SMPS)11 and a condensation particle
counter (CPC, 3771, TSI Inc.). The SOA volatility was
characterized by a house-built volatility tandem differential
mobility analyzer (VT-DMA), which measures selected
particle sizes before (Dmi) and after (Dmf) a Dekati
thermodenuder at 100 °C for 17 s.36 Volume fraction
remained (VFR = Dmf

3/Dmi
3) represents the volatility of

SOA. An Aerodyne high-resolution time-of-flight aerosol mass
spectrometer (TOF-AMS)37 was used to measure the bulk
chemical compositions of SOA and determine the elemental
ratios (i.e., O/C).38

SOA Compositions Measured by Offline Mass
Spectrometry Techniques. Portions of the SOA filter
samples were extracted for offline analyses by a gas
chromatograph electron impact ionization mass spectrometer
(GC−MS, Agilent Inc. 7890 GC and 5975 MSD)35 and an
electrospray ionization (ESI) ion mobility spectrometry time-
of-flight mass spectrometer (IMS-TOF, Tofwerk Inc.)39−41 to
study the molecular compositions of the resultant SOA. The
extraction procedures follow previous studies.30,35,42 From the
GC−MS measurements, four major α-pinene SOA tracers
were detected and quantified, including pinonic acid
(C10H16O3), cis-pinic acid (C9H14O4), 10-hydroxypinonic
acid (C10H16O4), and 3-hydroxyglutaric acid (C5H8O5)
(Figure S2).43,44 From the detailed IMS-TOF measurements
under both the positive and negative ion modes, we observed a
number of polar oxygenated compounds with chemical
formulas consistent with previously reported α-pinene SOA
monomeric and dimeric products.31,42,45−50 The ion mobility
drift tube unit separates isomers in the SOA extracts and thus

allow detections of individual species of interest.39,40 The data
from the IMS-TOF were analyzed using the Tofware v3.0.2
developed by Aerodyne Research, Inc. All the characterized α-
pinene SOA products by the IMS-TOF are mapped in a drift-
time (dt)−m/Q space shown in Figure S3, as well as mass
defect plots shown in Figure S4. The variations of certain
compounds (individual or grouped) during the temperature/
RH cycles are discussed in the Results and Discussion section.

SOA Modeling. A thermodynamic model that assumes
instantaneous gas-particle equilibrium was built using the
VBS10 to examine whether the behavior of α-pinene SOA
produced in the chambers during the temperature/RH cycles
is consistent with predictions based on the products’
volatilities. The model used the Master Chemical Mechanism
(MCM v3.2) to simulate the degradation of α-pinene.51 The
reacted α-pinene at each simulation time step is allocated to 9
volatility bins (the saturation concentration, C* at 298 K
ranging from 10−2 to 106 μg m−3) with their empirical yields
(Table S1). The C* changing with temperature is represented
by the Clausius−Clapeyron equation,52 with the heat of
vaporization (ΔHvap) approximated by ΔHvap = (−6 log10(C*)
+ 100) kJ mol−1. The VBS parametrization was from a prior
study by Trump and Donahue,52 which considered reversible
oligomerization (monomer−oligomer equilibrium constant of
100 was used here). In addition, a model component
representing vapor wall loss was implemented into the SOA
model based on Zhang et al.53 Note that the wall uptake rate
constant of gaseous species is not volatility dependent, but the
wall evaporation rate constant is. Hence, wall evaporation is
enhanced at higher temperatures. Most of the vapor wall loss
parameters are based on prior work except for the chamber
specific ones. Sensitivity analyses suggested that different
choices of the parameters (e.g., wall loss rate coefficient and
the mass accommodation coefficient) within previously
published ranges have little influence on simulation results.
The key model parameters are presented in Table S1. The
simulation results in comparison with measurements are
presented in Figures 1 and S5.

■ RESULTS AND DISCUSSION
SOA Formation and Limited Vapor Condensation as

Temperature and RH Cycle. Initial SOA formation from α-
pinene ozonolysis exhibits clear temperature dependence
(Figure 1; additional experiments starting at 20 °C are
shown in Figure S5), consistent with prior work.12,54,55 This
trend is closely followed by the VBS simulations at all three
temperatures, suggesting that the chosen VBS parameters are
appropriate to model α-pinene ozonolysis SOA formation in
these experiments, and the parametrized volatility distribution
reasonably represents the formed products.52 As the temper-
atures started to increase/decrease, the SOA size shrank/grew
due to evaporation/condensation, as expected. During all the
heating periods, SOA evaporation was reasonably captured by
the model. However, it is surprising that during all the cooling
periods, SOA mass growth was largely over predicted by the
model, suggesting limited condensation of gaseous organic
vapors onto the SOA particles under given experimental
conditions. This effect is particularly substantial when the
temperature drops below 20 °C (Figure 1A,C).
As we stated above, the VBS model reasonably simulates

SOA at various initial temperatures, so it is unlikely that the
condensation difference between the model and observations is
caused by volatility distribution parametrization of the
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products. Vapor wall loss is also unlikely to explain the gaps
since we have incorporated this process explicitly in the model,
and vapor wall loss is usually considered to have less influence
on α-pinene SOA systems due to the fast oxidation and high
SOA yields.53,56 A higher likelihood is that the SOA particles
were highly viscous, especially in the dry experiments,14 and
under the studied high mass loading, significant fractions of
semivolatile organic compounds (SVOC) might have parti-
tioned to the particle phase. However, their partitioning was
likely later than the lower volatility species (LVOC), which
should have condensed earlier when the SOA mass was lower.
This is evidenced by the O/C ratios shown in Figure 1: at the
beginning of all the experiments, the SOA O/C ratios started
high (comprised mostly of more oxidized LVOC) and
followed a substantial decrease (partitioning of less oxidized
SVOC). The later-partitioned SVOCs are likely confined at
near particle surface region (except for the experiment starting
at 5 °C and 80% RH), impeding further partitioning of the gas-
phase SVOC.14 Thus, a condensation limitation is expected.
This effect might also explain the rapid evaporation during
heating: the evaporation of SVOC from the particle surface
was likely not limited by the less volatile and more viscous
materials that were in the particle bulk. At higher RH (i.e., C3
in Figure 1), SOA particles could be less viscous, and thus the
better mixing of partitioned SVOC allowed gas-phase SVOC
condensation to occur more readily. Further, the relatively
smaller measurement-model difference at higher RH might be
partially owing to the uptake of water-soluble oxidized VOCs
from the gas phase. The overall higher O/C ratios and
volatilities of SOA in the two wet experiments compared to the
dry experiments support that sizable oxidized VOCs were
present in the SOA under high RH.
Although the observed condensation limitation appears in

contradiction to previously reported evaporation limitation of

α-pinene SOA,18,20 we note that their observed early
evaporation (likely SVOC) was rather rapid and that the
limitation was mostly for the lower volatility compounds. In
that regard, the results are in fact consistent. Nevertheless, it is
unclear whether the condensation limitation observed here is
also applicable when SOA mass loadings are lower and the
partitioning behavior of SVOC is different. Future studies
using lower concentrations are warranted to examine the role
of SOA mass loading on organic vapor condensation.

Change of SOA Bulk Compositions and Volatilities as
Temperature and RH Cycle. Despite the limited con-
densation of gaseous organic vapors during cooling in the
temperature/RH cycles, if most of the physical (gas-particle
partitioning) and chemical (particle-phase reactions) processes
were reversible, the SOA bulk compositions should have
exhibited time series toward reversible trajectories to certain
degree as the temperature/RH cycles completed. However, the
SOA O/C ratio shown in Figures 1 and S5 (bottom panels)
indicates otherwise. After SOA mass stabilized and the
temperature/RH cycles started, the O/C ratio increased
during all the heating periods, consistent with that more
volatile and less oxidized products evaporated. In contrast,
increased O/C was also observed during all cooling periods,
after an initial drop or flat (indicative of condensation of less
oxidized species). This suggests that particle-phase reactions
lead to more oxidized products (discussed later in the text)
since there was no OH to heterogeneously oxidize the SOA in
the chamber. In addition, the VFR data show somewhat
different extents of reversibility of the SOA volatility. The VFR
in both the “35−5−35 °C” experiments approximately
returned to the original levels, while that in the experiments
started at 5 °C (Figure 1) or 20 °C (Figure S5) ended with
higher volatility (lower VFR). The volatility enhancements in
the “5−35−5 °C” experiments are resulted by that volatility

Figure 2. Chemical compositions of SOA from the same temperature/RH cycling experiments shown in Figure 1, measured by offline techniques.
The top panels (A−D) present the mass concentrations of four typical α-pinene SOA tracers in the collected filter samples relative to the initial
stable temperature periods measured by the GC−MS. The black error bars shown with the measurements are simulated relative abundance of these
SOA tracers due only to gas-particle partitioning and wall losses (assuming that they are not involved in any particle-phase reactions). The bottom
panels (E−H) are relative ratios of representative dimers to monomers (Figure S3) measured by the IMS-TOF in both the negative and positive
ion modes.
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increased during cooling as it should, but did not decrease
during heating (when the particles were expected to be less
volatile after evaporating more volatile compounds). These
results suggest that during heating to 35 °C, irreversible
particle-phase reactions such as oligomer decomposition into
monomers might have occurred that eventually lead to more
volatile SOA.22,23 This process offsets the effect of evaporation-
induced volatility decrease. For the experiments starting at 35
°C (Figures 1A,C), however, such effect was not as apparent,
likely because the oligomers that are prone to decomposition
during heating were already decomposed before the cooling
started. Therefore, the SOA volatility changed more expectedly
during the later heating periods (H1 and H3). These
hypotheses are supported by molecular-level compositional
analyses discussed in the later section. Thus, far, the bulk
measurements of SOA using the TOF-AMS and VT-DMA
have shown evidence of particle-phase reactions in all the
temperature/RH cycling experiments. Further, the SOA
became more oxidized through the temperature/RH cycles
regardless of the temperature/RH schemes, in the absence of
gas-phase OH.
SOA Molecular Compositions Indicate Particle-Phase

Reactions. To further examine the detailed SOA molecular
compositions and hence the particle-phase reactions during the
temperature/RH cycling experiments, we used the GC-MS and
IMS-TOF to study the variation of individual and grouped α-
pinene SOA species. The top panels in Figure 2 show the
relative mass concentrations (to the initial stable temperature
periods) of the four major α-pinene SOA tracers measured by
the GC−MS. Also shown in Figure 2 with the GC−MS
measurements are the predicted relative abundances of the
same SOA tracers based only on gas-particle partitioning and
wall losses (black uncertainty bars in the Figure 2 top panels).
The gas-particle partitioning coefficients of the four com-
pounds were estimated using calculated vapor pressures from
several group contribution methods and measurements (Table
S2).57−61 Although different methods result in very distinct
vapor pressure estimates, the high particle mass loadings used
in this study lead to very little variation in partitioning behavior
between different vapor pressures. Only for the more volatile
pinonic acid, there is a noticeable range of uncertainty. The
small uncertainties increase our confidence that there must
have been particle-phase reactions involving these well-known
α-pinene SOA tracers during the temperature/RH cycles.
Particularly, during the H2 heating period, these tracers are
substantially larger than predicted (as high as 3 times more
than the original stable temperature periods), suggesting their
formation from particle-phase reactions, likely dimer decom-
position. The enhancement during H4 is not as substantial as
H2 (only for pinonic acid, cis-pinic acid, and 3-hydroxyglutaric
acid, to a lesser degree) because the existence of water likely
has already limited/decomposed dimer production in the
initial SOA formation step, consistent with the VFR results
that the dry experiments produced less-volatile SOA than the
wet under the same initial temperatures. The absolute mass
concentrations of the GC−MS results shown in Table S3
support these interpretations that the major SOA monomers
are 2−7 times more abundant in the wet experiment during the
stable temperature periods. The strong dimer decomposition
was not observed in the other two heating periods either (H1
and H3), which followed initial high temperature (35 °C) and
subsequent cooling. Consistent with the volatility results
discussed above, the dimer decomposition may have already

occurred during the initial SOA formation periods (under 35
°C) in these two experiments. During the other periods, some
of these major α-pinene SOA tracers also deviated from
predictions, to a lesser degree. This implies that these
compounds, as well as most other species in the SOA, are
constantly involved in particle-phase reactions (formation and
consumption). The changing temperatures have likely affected
the kinetics of these processes, eventually leading to different
SOA compositions through a temperature/RH cycle.
To determine whether particle-phase reactions occur to the

majority of the SOA species, we studied the dominant product
ions observed in the IMS-TOF (see Figure S3) that have been
reported as major α-pinene SOA constituents in previous
work, including both monomers and dimers.31,42,45,46,48,50,62−65

In the negative ion mode, the major products are monomeric
carboxylic acids and dimeric esters. In the positive ion mode,
since existing work has been scarce,42,65 we focused on
dominant ions with chemical formula of C8−10H12−18O3−10
(monomers) and C16−20H26−32O4−13 (dimers), as plausible
products of α-pinene SOA. It has been suggested that in the
(+) ESI, the ions detected as sodiated adducts [M + Na]+ are
likely multifunctional species containing (hydro)peroxides and
esters.42 We summed the intensities of dimers and monomers
in both ion modes, respectively, and compared the dimer-to-
monomer ratios of the SOA collected on filter samples during
the temperature/RH cycling experiments (Figure 2, bottom
panels). Overall, very distinct trends were observed between
different experiments and different temperature/RH schemes.
Below are a few important observations to note. First, in the
5−35−5 °C experiments (Figure 2F,H), the dimer-to-
monomer ratio in the positive ion mode largely decreased
during heating (H2 and H4), but almost came back during
cooling (C2 and C4), indicating a reversible process.
Accompanied by this in the dry experiment, an enhancement
of dimer-to-monomer ratio in the negative ion mode was
observed during both H2 and C2. Coupling these observations
to the enhanced monomers during H2 in the GC−MS results
indicates that the SOA formed at 5 °C (dry) contained
substantial organic peroxides, which were largely decomposed
at 35 °C into both monomers (such as the tracers measured in
GC−MS) and dimer esters. This mechanism is likely an
irreversible process. A similar mechanism has been proposed
by Zhang et al. in a previous study.50 In both the wet
experiments in the chamber, the dimer-to-monomer ratios
consistently decreased in the negative ion mode throughout
the experiments regardless of the temperature scheme (Figure
2G,H), suggesting the dominance of ester hydrolysis when the
particles contained liquid water.30 More accurate and
quantitative interpretation was not possible using the current
techniques, but the combination of all the above measurements
together has clearly demonstrated that active and complex
particle-phase reactions (reversible and irreversible) occurred
during the studied temperature/RH cycling experiments.
Further, although our measurements of dimers are not
quantitative, previous work66 and the simulations shown in
Figure 1 are consistent that dimers could contribute
significantly to α-pinene SOA. Thus, we suggest that the
reactions proposed here involving dimers could largely impact
the SOA compositions during the temperature/RH cycles.

Formation of New Products through Particle-Phase
Reactions during the Temperature/RH Cycles. The
particle-phase reactions demonstrated here have largely
transformed the SOA molecular compositions during the
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temperature/RH cycling experiments. This includes changes in
abundance of initial SOA constituents (discussed above), as
well as formation of new species that further enhance the
complexity of SOA. Typical ESI-MS measurements of SOA
compositions cannot unambiguously determine new products
due to the complexity in SOA and uncertain matrix effect, but
with the isomers separated by the IMS at each individual m/Q,
whether new products are formed can be clearly pictured.
Figure 3 illustrates several examples of new isomeric product
formation during the temperature/RH cycles based on the
isomer-resolved capability of the IMS-TOF. The molecular

ions shown in the driftgrams have been previously reported as
major constituents of α-pinene ozonolysis SOA.42,50,64 Before
the temperature/RH cycles started (Figure 3, top panel), only
one major peak was present at each of these chemical formulas.
The smaller peaks are all below the estimated confidence
levels. As heating started, high abundances of new peaks rise in
the dirftgrams, suggesting substantial formation of new isomers
at these molecular masses via particle-phase reactions during
the temperature/RH cycles. For all the 380 molecular ions
(Figure S3) analyzed by the IMS-TOF, the summed intensities
of new products during temperature/RH cycles were

Figure 3. Ion mobility spectra (“driftgrams”) of four representative molecular ions: (A) [C10H16O4Na]
+, (B) [C17H26O5Na]

+, (C) [C8H11O5]
−,

and (D) [C16H25O6]
−. (A,B) “5−35−5 °C” dry experiment; (C,D) “5−35−5 °C” wet experiment. Drift times of the peaks originally present in the

first samples (top panel) are labeled. Newly formed peaks during temperature cycles (two bottom panels) rise in the gray-shaded regions.

Figure 4. Fractions of new isomeric products (intensities in the IMS-TOF) during each temperature change period in comparison to the initial
SOA. The error bars represent uncertainties using different allowances of ion mobility drift time shift.
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compared with those of all products (Figure 4). We determine
that on the order of 20−60% of the major ion intensities were
formed during the temperature/RH cycles, varied largely by
different temperature/RH schemes and whether water vapor
was present. Although ESI-based techniques are considered
less quantitative due to matrix effects, relative intensities of
ions at the same m/Q are likely proportional to their
concentrations. Thus, with new products observed at many
of the major molecular ions, the ratios we reported here can
approximate the actual mass fractions in the SOA. Note that in
most cases (except for the (+) IMS-TOF results for the wet
experiments), the new products are more abundant during the
temperature return periods, indicating irreversible processes
leading to the new products. Although detailed particle-phase
reaction mechanisms accounting for the observations warrant
further studies, these findings already provide important
evidence that the SOA compositions may become more
complicated than its initial form at the molecular level after
undergoing particle-phase reactions led by temperature and
RH changes and cycles. However, the quantitative fractions of
new products need to be interpreted with caution because part
of them could be simply due to time (some particle-phase
reactions are slow), rather than temperature and RH. Future
work is warranted to perform control experiments under
constant temperatures/RH and hence differentiate the roles of
time vs cycling temperatures and RH in the observed
substantial compositional variation.
After discussing the various possible particle-phase reactions,

it is probably worthwhile to integrate the results and rethink
the observed SOA bulk composition evolution. Through the
temperature/RH cycles, we have provided evidence suggesting
reversible and irreversible dimer decomposition, more
prominently during the heating periods. Ester hydrolysis was
also apparent when water was present. In the literature, these
decomposition processes were considered only when particles
are heated at above 100 °C and higher67 or in the presence of
strong acidity.68 Here we show that these reactions could occur
at much lower temperature and without acidity for SOA-
relevant compounds, if sufficient time is provided (on the
order of hours). From these processes, the monomer products
may evaporate to the gas phase, especially with decreasing
particle mass loading and/or increasing temperatures. The
evaporation might also play a role, driving the dimer
decomposition kinetics. As a result of the evaporation, the
SOA bulk O/C ratios increased, as observed from the
experiments. However, these processes described above are
unlikely reconciled with the increased O/C ratios observed
during the cooling periods. As we discussed earlier, the SVOC
condensation, despite being limited by the high SOA viscosity,
should have lowered the overall SOA O/C ratios during
cooling, which has barely occurred. We note that the O/C
ratio enhancement rate during cooling was faster when water
was present (10.3 × 10−3 h−1) than in the dry experiments (5.8
× 10−3 h−1). The difference is likely attributed to water-
involved reactions. For example, the above-mentioned ester
hydrolysis and other aqueous-phase reactions69 could convert
the oxygen from the water molecules into organic moieties and
hence increase the SOA O/C ratios. This water-induced
difference, by ∼0.01 over 2 h, is approximately equivalent to
that 10% of all monomers (assuming all are C10) and 20% of all
dimers (assuming all are C20) add an oxygen per molecule.
This is a significant change overall, suggesting the important
role of water in particle-phase chemistry. However, it is still

unclear what caused the O/C ratio increase during cooling in
the dry experiments. A likely explanation is that there was still
substantial evaporation of SVOC during cooling due to the
decreasing SOA mass. Other possibilities cannot be ruled out,
but would involve adding oxygen from O2 or O3, which require
particle-phase radical reactions or heterogeneous ozonolysis of
CC formed in the SOA.

Atmospheric Implications. Accurately predicting SOA
mass concentrations is a critical task in atmospheric models
that require appropriate representations of both SOA
formation and their evolution through temporal and spatial
transport. The evolution usually involves a combined result of
three recognized processes: (1) heterogeneous oxidative aging,
(2) gas-particle partitioning, and (3) particle-phase reactions.
Heterogeneous oxidative aging depends mainly on gas-phase
oxidant concentrations and has been extensively examined in
laboratory studies to provide parametrized results for model
implementation.70−72 The two latter processes are determined,
in part, by ambient temperature and RH that could change
dramatically during the SOA lifetime. How these changes affect
the SOA evolution and how models represent this evolution,
however, have not been studied. Although the initial high SOA
mass loading (∼300−700 μg m−3) and rapid temperature/RH
cycling rates (∼10 °C/23% per hour) used in this work are
unrealistic for the real atmosphere, as the first study of its kind
to our best knowledge, this work presents important evidence
and highlights the necessity to study SOA compositional
evolution caused by temperature and RH cycles under more
relevant conditions in future studies.
We first reported the limited condensation of organic vapors

during cooling compared to volatility-based predictions. This
observation implicates that, for the real atmosphere, as ambient
temperature decreases during nighttime or aerosols are
transported to cold environment, the limited condensation of
SVOC and more volatile species could result in faster oxidation
in the gas phase and forming more oxidized products more
efficiently. In the free troposphere where temperatures are even
lower, organics more volatile than SVOC stay in the gas phase
longer than expected and thus more readily form low-volatile
compounds. Further, we determined that during the temper-
ature and RH cycles particle-phase reactions substantially
occur, reversibly and irreversibly, modifying the concentrations
of the SOA constituents and producing new products to a great
degree (20−60% new products through one temperature cycle,
Figure 4). The presence of water during cooling (high RH)
was also suggested to substantially participate in particle-phase
chemistry. Atmospheric SOA usually experience multiple of
these cycles during their lifetime, and hence, the chemical
compositions of aged SOA could be even more distinct from
the freshly formed SOA than presented here. Therefore, the
various particle-phase reactions and the temperature/RH
influences demonstrated in the present study should be
implemented in current models to better represent the
evolution of atmospheric SOA through their temporal and
spatial transport.
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