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observed low particle mass yields.25 In contrast, the oxidation
products of R-pinene ozonolysis are widely distributed across
low-volatility bins (0.1�10 μg m�3). As an alternative presenta-
tion to row b, the volatility distribution can be reformatted using
the volatility-basis-set (VBS) approach. The transformation
equations are presented in section D of the SI. Figure S2 shows
that the reformatted distribution of theMCM-SIMPOL results is
in agreement with the distribution inferred from laboratory
measurements of particle yield during R-pinene ozonolysis17,30

(cf. Figure 2, Presto et al.30).
The panels in row c show the measured particle-average O:C

and H:C ratios. For the range of investigatedMorg, the measured
ratios are 0.75�0.88 (O:C) and 1.78�1.89 (H:C) for isoprene
photooxidation, 0.33�0.52 and 1.47�1.56 for R-pinene ozono-
lysis, and 0.33�0.54 and 1.47�1.57 for β-caryophyllene ozono-
lysis (SI Table S1). The respective average carbon oxidation
states are �0.3 to 0.1, �0.9 to �0.4, and �0.8 to �0.5 for the
three different SOMs.15 The ranges correspond to the addition of
4�5, 3�5, and 5�8 oxygen atoms to C5, C10, and C15 structures,
respectively. Isoprene SOM is the most oxygenated among the
three types of studied SOMs. For fixed Morg, the O:C ratio of
β-caryophyllene SOM is greater than that of R-pinene SOM,
which can be explained by the two double bonds in the former
compared to one in the latter. Row c further shows that the

measured O:C ratios increase for decreasing Morg for all three
SOMs. The explanation is that the least-volatile products con-
dense to the particle phase at lowMorg

31 and that O:C serves as
predictor of volatility for many molecular classes.
The measured particle-average O:C and H:C ratios are in

agreement with other reports using the HR-ToF-AMS to study
SOM provided that the same default values for the (COþ)org:
(CO2

þ)org and (H2O
þ)org:(CO2

þ)org ratios are used in the AMS
data analysis (SI Figure S3).14,26 However, in place of these
default values, SOM-specific calibrations for the (COþ)org and
(H2O

þ)org signals were carried out as part of the present study, as
described in the SI. The measured (COþ):(CO2

þ) and (H2O
þ):

(CO2
þ) ratios of the studied SOMs were greater than the default

values of the AMS analysis software. A possible explanation is
the fragmentation of multifunctional organic hydroperoxides,
which can have high concentrations in SOM.32,33 Compared to
the conventional analysis based on default values, the SOM-
specific calibrations increased O:C by 0.05 to 0.20 and H:C
by 0.05 to 0.30, depending on the SOM studied and the value
of Morg (SI Table S1).
As a check on accuracy, the O:C ratios we report for particle-

phase SOMproduced byR-pinene ozonolysis are consistent with
those obtained using high-resolution ESI-MS and nano laser-
ablated mass spectrometry, specifically 0.34 to 0.53 for Morg of
3.5 to 400 μg m�3.34,35 Our measured H:C ratios are also
consistent with the main composition domain reported for the
ESI-MS analysis of filter samples (i.e., 1.4�1.8).10,11 For iso-
prene, our measured ratios for SOM produced by photooxida-
tion are greater than the O:C of 0.6( 0.2 andH:C of 1.5( 0.3 at
Morg of 15�40 μg m�3 measured by ESI-MS for SOM produced
by isoprene dark ozonolysis.36 The explanation can be a combi-
nation of the lower values of Morg of the present study (i.e.,
1 <Morg < 15 μg m�3) as well as the greater extent of oxidation
that can be expected from the OH-driven pathways of photo-
oxidation compared to the O3-driven ones of ozonolysis.
Specific particle-phase molecules produced by isoprene, R-

pinene, and β-caryophyllene oxidation have been identified in
the literature (SI Table S3), principally ex situ by chromatogra-
phy, and in some cases molar yields have been reported.18,37 In
these cases particle-average O:C and H:C ratios can be estimated
to further check the accuracy of the AMS-measured elemental
ratios. Results are shown in panels c2 and c3. For high Morg, the
molecularly derived estimates agree well with the in situ mea-
surements of the HR-ToF-AMS. The implication is that the
products identified ex situ are indeed the major compounds in
the particles when suspended as an aerosol, at least for highMorg.
By comparison, in the case that data are available for low Morg

(e.g., panel c3 for β-caryophyllene SOM), the measured O:C
ratios are greater than those calculated from the known products,

Figure 1. HR-ToF-AMS measurements and MCM-SIMPOL predictions. Results are shown in columns 1, 2, and 3 for the photooxidation of isoprene,
the dark ozonolysis ofR-pinene, and the dark ozonolysis of β-caryophyllene, respectively. Row a shows particle mass yields at 298 K. Particle mass yield
is the measured organic particle mass concentration divided by the reacted VOCmass concentration.17 Curves are shown for the domains of the original
experimental data. The data from Carlton et al.25 and Pathak et al.28 were normalized to a density of 1400 kg m�3. The data of King et al.16 and Shilling
et al.17 were re-analyzed by the methodology of the present study. Model conditions are listed in SI Table S2. Row b shows the modeled mass
concentrations of gas- and particle-phasemolecules grouped into bins of decadal volatility.Row c shows themodeled andmeasured particle-average O:C
(purple) and H:C (green) ratios for increasing particle mass concentrationsMorg. Error bars represent the measurement precision (1 σ). Row d shows
the O:C andH:C ratios of the AMS-measured particle-average values for differentMorg (gray squares; SI Table S1) as well as specific molecules reported
in the literature (cross symbols; SI Table S3). The gas- and particle-phase molecules predicted byMCM-SIMPOL are shown by circles of different sizes.
The area of each circle represents the species concentrations on a carbon-number basis. In cases that have several different species that have the identical
O:C and H:C ratios, the area represents the sum of the concentrations. In panels b2, d2, b3, and d3, results are shown for model runs that control OH at
0 molecules cm�3, thereby avoiding the confounding products of OH scavenger oxidation.

Figure 2. Proposed dehydration and oligomerization reaction sequence.
The decomposition of organic hydroperoxides (R�OOH) produces
radicals that initiate the sequence. Abbreviations in the figure include
VOC, volatile organic compounds (e.g., isoprene, R-pinene, β-caryo-
phyllene); SVOC, semivolatile organic compounds (produced by the
oxidation of VOCs); R•, alkyl radical; RO•, alkoxy radical; R�OOH and
RH are SVOC molecules.
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suggesting that unidentified products having low volatility and
high O:C compose a significant fraction of the particle mass.
Such unidentified products are also important for R-pinene
ozonolysis at low Morg, as suggested by Shilling et al.19 and
Gao et al.35 These unidentified products are possibly formed by
an oligomerization mechanism within the particle phase1 and
appear to include unspeciated hydroperoxides.32,33

The panels of row c also show the comparison between the
measurements (points) and the MCM-SIMPOL predictions
(dashed lines). The modeled ratios differ from the measured
ones by up toþ0.25 (O:C) andþ0.20 (H:C) for isoprene SOM,
þ0.14 (O:C) and þ0.25 (H:C) for R-pinene SOM, and �0.25
(O:C) and þ0.13 for β-caryophyllene SOM. These differences
exceed the uncertainty of the AMSmeasurement accuracy, stated
as 30% for O:C and 10% for H:C by Aiken et al.14 based on a data
set of 59 molecular standards. These uncertainties arguably
represent upper limits for particle-phase SOM because of
compensating molecular effects in a mixed organic material that
has a wide range of functional groups.14 For isoprene photoox-
idation, SI Figure S1 shows that the stated model-measurement
differences are lower values because there is a dependence of
the modeled ratios on the NOx concentration and the actual
concentrations of this study vary from less than 1 up to 2 ppbv
(SI Table S1).
In addition to the quantitative offset between measurement and

model for any singleMorg, the directions of change for increasing
Morg are also not fully consistent between model and measure-
ments. For isoprene photooxidation, the modeled O:C and H:C
ratios have little dependence on Morg whereas the measured
values decrease for increasing Morg. For R-pinene ozonolysis,
although the modeled and measured O:C ratios have similar
trends with Morg, the H:C ratios have opposite trends. For
β-caryophyllene ozonolysis, however, both the modeled and
measured O:C and H:C ratios have similar directionality for
increasingMorg. The overall conclusion of these model-measure-
ment comparisons for elemental ratios is that there are important
gaps in the accuracy of the underlying chemical mechanism and
thermodynamics represented in MCM-SIMPOL.
The panels in row d of Figure 1 show Van Krevelen plots (i.e.,

H:C and O:C axes) for the gas- and particle-phase molecules
predicted by MCM-SIMPOL (circles), the known molecular
products reported in the literature (crosses), and the particle-
average values (gray squares: measurements; red squares: pre-
dictions). Bias is apparent for MCM-SIMPOL to high O:C and
H:C for isoprene and R-pinene SOM and to high H:C and low
O:C for β-caryophyllene SOM.
Particle-Phase Peroxide Chemistry. The particle-phase pro-

ducts predicted by MCM-SIMPOL are largely organic hydro-
peroxides (SI Table S4). Organic hydroperoxides have been
suggested several times in the literature as important compo-
nents of particle-phase SOM, though molecular characterization
is difficult. For ozonolysis, Reinnig et al.38 using mass spectro-
metry and Maksymiuk et al.39 using NMR both provided
evidence of organic hydroperoxides. Docherty et al.32 studied
organic peroxides present in SOM produced by R-pinene oxida-
tion. Surratt et al.33 found that organic peroxides were an
important component of particle mass for SOM produced by
isoprene photooxidation under low-NOx conditions. Although
some of these studies were carried for experiments of under 5%
RH, compared to our experiments at 40% RH, Docherty et al.32

found no significant difference in organic peroxide production
for R-pinene ozonolysis at <1% compared to 50% RH. In all of

these studies, the organic peroxides were neither individually
speciated nor quantified.
For R-pinene ozonolysis, MCM-SIMPOL predicts that or-

ganic hydroperoxides contribute 30�50% of Morg in the case of
an ideal OH scavenger and 65 to 85% for 1-butanol as the OH
scavenger. The contribution by organic hydroperoxides is great-
est for lowest Morg. For comparison to these values, Docherty
et al.32 measured 47 ( 12%. For isoprene photooxidation,
MCM-SIMPOL predicts that organic hydroperoxides constitute
85�95% ofMorg, which can be compared to 25�60% measured
by Surratt et al.33 These comparisons indicate that MCM-
SIMPOL overpredicts the relative concentration of organic per-
oxides in the particle phase.
Given these issues, mechanistic extensions to MCM-SIM-

POL can be considered. The constraint from the data is that
these extensions taken all together must reduce the relative
concentration of organic peroxides as well as simultaneously
decrease the H:C and O:C model bias (cf. row d). Our
approach is to consider separately each possible mechanistic
extension, even though this approach misses potential syner-
gies that might be discovered as more data become available in
the future.
As a first extension to consider, several recently identified

particle-phase products such as C5-alkene triols, 2-methyltetrols,
and their dimers for isoprene photooxidation at low NOx

40 are
omitted fromMCM-SIMPOL. Pathways that produce a C17H26O8

dimer in R-pinene ozonolysis35 are also omitted. These omitted
products, if considered as extensions to MCM-SIMPOL, cannot
however reconcile the model-measurement gap because they
have H:C or O:C ratios (SI Table S3) that would increase rather
than decrease the gap.
Experimental observations show that oligomers contribute

significantly to particle-phase SOM,11,33,35,36 and oligomeriza-
tion reactions can therefore also be considered as a possible
important extension to MCM-SIMPOL. Nondehydration oligo-
merization reactions, such as peroxyhemiacetal formation from
hydroperoxides þ carbonyls,32,33 do not alter the average
elemental ratios, and inclusion of these reactions in MCM-
SIMPOL would therefore not directly decrease the model-
measurement gap of elemental ratios. A mix of different types
of dehydration reactions (i.e., Δ(H:C):Δ(O:C) ≈ 2 for loss of
H2O from a material of CxHyOz) can, however, achieve the
needed result. Examples of dehydration oligomerization reac-
tions include aldol condensation as well as acetal, ketal, and
anhydride formation, as listed in SI Table S5.12 The possible
importance of such pathways as MCM-SIMPOL extensions for
our experimental conditions is, however, limited because of the
absence in the particles of strong acid catalysts (e.g., sulfuric
acid).1 Although carboxylic acid products are produced as part of
the oxidation chemistry, their dissociation to carboxylate anions
and acidic protons is partial and limited at 40% RH, correspond-
ing to water uptake of just 1�5% by mass. Esterification oligo-
mers, which are also formed by dehydration, have been observed
at pH-neutral conditions for isoprene SOM,33 yet MCM-SIM-
POL does not predict sufficient concentrations of the appro-
priate monomers such that this model extension could close the
model-measurement gap.
As an MCM-SIMPOL extension, we propose an alternative

chemical mechanism. The proposed extension closes the
model-measurement gap with respect both to elemental ratios
and to the overestimated concentration of peroxides. Decom-
position in the particle phase of generally unstable organic



4768 dx.doi.org/10.1021/es104398s |Environ. Sci. Technol. 2011, 45, 4763–4770

Environmental Science & Technology ARTICLE

hydroperoxides by photolysis or thermolysis produces alkoxy
and hydroxyl radicals:41

R�OOHsf
Δ or hv

RO•þ •OH ð1Þ
The hydroxyl radical abstracts a hydrogen atom from any
molecule in the particle phase to form water, which in excess
evaporates to the gas phase, and an alkyl radical:42

RHþ •OH f R•þH2O ð2Þ
The well-known fate of an alkyl radical in the gas phase is
immediate reaction with O2 to produce a peroxy radical. This
pathway is the dominant fate because molecular oxygen is
present at 2 � 105 ppmv. In the particle phase, however, the
estimated O2 concentration is approximately 10 ppm on the basis
of Henry’s law partitioning to water. The structures of the particle-
phase molecular products, as predicted by MCM-SIMPOL,
indicate that a concentration of >105 ppm (carbon number basis)
of reactive functional groups is present. For a multiple of >104 in
the relative concentrations of reactive functional groups and
molecular oxygen, we propose that reaction of the alkyl radical
with molecular oxygen is a minor pathway and that instead the
alkyl radical has a variety of different fates in the particle phase.
Many of these reactions can lead to the formation of particle-phase
oligomers.43 As shown in Figure 2, example pathways include the
addition to the double bondof an enol as a radical propagation step
or recombination with another alkyl radical as a termination
step.44Meanwhile, possible fates of the alkoxy radical of Reaction
1 are decomposition (e.g., RO•f R•þHCHO) and isomeriza-
tion (e.g., RO•f (OH)R•), both producing an additional alkyl
radical.42 The net result of the proposed chemistry is (i) a shift in
O:C and H:C ratios in a manner that reduces the measurement-
model gap, (ii) a decrease in the overestimated peroxide con-
centration but no significant change in the total particle mass, and
(iii) the production of high-molecular-weight organic molecules
of diverse multigeneration structures that are representative of
literature reports for oligomeric species.
For β-caryophyllene SOM, some additional measurement-

model gaps are apparent in Figure 1. Most notably, MCM-
SIMPOL overpredicts the particle mass yield (panel a3). About
80% of the predicted particle mass consists of secondary
ozonides (SOZs) (SI Table S4). This high fraction, however, is
not congruent with our concurrent molecular product analysis
reported in ref 18. That study substantially accounted for particle
mass without any detection of secondary ozonides in the particle-
phase products, as studied by ESI-MS. Rather than the MCM
chemistry that produces SOZs, the stabilized Criegee intermedi-
ate seems not to rearrange in SOZs at 40% RH but rather to react
with gas-phase water.1 Another factor is that SIMPOL possibly
underestimates the vapor pressure of the SOZs,45 thereby
including them as particle-phase species when instead they
remain in the gas phase, if they form. TheMCM-SIMPOLmodel
was run with a modification that prevented the gas-to-particle
partitioning of SOZs (SI Table S2), and the result (SI Figure S6)
shows that the measurement-model gap for particle mass yield is
significantly reduced.
In summary, the analysis paradigm of this study was to compare

modeled andmeasured particlemass yields and elemental ratios in
a multidimensional framework to constrain complex chemical
mechanisms. With just information on particle mass yields (i.e.,
panels a1 and a2), a conclusion might have been reached that
measurement and model were in good agreement, yet a higher

dimensional comparison between the in situ O:C and H:C
measurements and the values calculated from known products
and their yields (i.e., row c) revealed important disagreement. The
model had to be evolved by including chemical pathways that
moved the SOM composition in the direction ofΔ(H:C) < 0 and
Δ(O:C) < 0. In this light, the present study concludes that the
model-measurement gap can be significantly reduced by a newly
proposed reaction pathway: the particle-phase decomposition of
organic hydroperoxides and subsequent oligomerization involving
free radicals. Such free-radical oligomerization, thoughwell-known
in other fields of research,44,46 has not been widely considered in
previous thinking of SOM production pathways. The products
might in many ways resemble the humic-like substances (HULIS)
that figure prominently in atmospheric organic material.47

The presented analysis paradigm of multidimensional data
constraints for testing the accuracy of chemical mechanisms is
important because climate-relevant chemical transport models
use these mechanisms for much wider atmospheric conditions
than can be tested in laboratory experiments. The accuracy of the
SOM production mechanisms significantly affects the predic-
tions of climate-related end points of aerosol particles. MCM-
SIMPOL, as with any other model, omits many important topics,
each of which has been a study in itself in recent years 48�50 (see
SI Figure S7 for the comparison of MCM v3.1 and v3.2). In
particular, reaction pathways in the particle phase, which have
been a qualitative focus of much recent laboratory work but with
limited kinetic data,33,40 are not included in MCM-SIMPOL. As
more kinetic data become available in the future, these additional
reaction pathways may also prove important for further devel-
opment of the analysis presented herein.
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A. AMS Parameters Used for the Elemental Analysis of Secondary Organic Material 

1. Data Collection 

Real-time particle mass spectra were collected in 3-min intervals for both high-resolution 

“W-mode” and high-sensitivity “V-mode” of the Aerodyne HR-ToF-AMS. Within the V-mode, 

the instrument was operated in “mass spectrum” and “particle-time-of-flight” submodes for 

equal time periods. For each experiment of Table S1, the chamber was brought to steady state, 

and the AMS signals were then averaged for 4 to 12 h. The averaging was important for 

achieving good signal-to-noise ratios at the lower end of the studied range of particle-phase 

organic mass concentrations Morg. No significant changes in the mass spectra were observed 

across a couple days for the steady-state chamber conditions.  

2. Data Analysis 

The AMS data were processed using the software toolkits of sequential Igor data retrieval 

(SQUIRREL), peak integration by key analysis (PIKA), and analytic procedure for elemental 

separation (APES), including several updates to the fragmentation table. “V-mode” data were 

used to calculate mass concentrations. “W-mode” data were used for elemental analysis.  

2.1 Air Correction Factors 

Air correction factors were obtained from mass spectra that were recorded with an in-line 

High Efficiency Particulate Air (HEPA; Pall, 12144) filter in place. These particle-free spectra 

were systematically collected during the course of measurements. Corrections for air CO2, which 

was separately and continuously monitored by a commercial infrared sensor (Li-Cor 820), were 

made directly for the experiments that used isoprene and β-caryophyllene as SOM precursors. 

The air correction factors were applied to the measured spectra on an experiment-by-experiment 

basis using the approach given in the supplementary information of refs (1) and (2). 
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2.2 Fragmentation Table 

The fragmentation coefficients at m/z 14, 16, 17, 18, 21, 29, 39, 40, 44, 46, and 47 were 

adjusted. Air contributions (e.g., 15NN+ at organic m/z 29) were subtracted by the air correction 

factor for m/z 29. Variations of the gas CO2
+ signal at organic m/z 44 were corrected using the 

measured gas-phase CO2 concentration coupled with the air correction factor for m/z 44. The 

signals of CO+ at organic m/z 28 and HxO+ at organic m/z 16, 17, and 18 were adjusted as 

described in section 2.3. The signals of NH2
+ at m/z 16, NH3

+ at m/z 17, NO+ at m/z 30, and NO2
+ 

at m/z 46 were calculated as time-dependent fractions of the signals at unit resolution. CH2
+ at 

m/z 14, C2H2O2+ at m/z 21, C3H3
+ at m/z 39, C3H4

+ at m/z 40, and CH3O2
+ at m/z 47, which made 

up about 5-10% of the total organic signal, were included in the organic fragments. Because 

experiments were done without sources of inorganic nitrates, any signal intensity from NO+ and 

NO2
+ was taken as derived from organonitrates (3). The NO+ and NO2

+ peaks were therefore 

included in the organic fragments. Particle-phase nitrogen was small (e.g., <0.03 for N:C), as 

expected given the low-NOx conditions of the experiments. 

2.3 O:C and H:C Elemental Ratios 

The O:C and H:C elemental ratios of the particle-phase organic material were determined 

from the W-mode organic mass spectra (including adjustment for RIEH2O and RIEorg) using the 

general method of Aiken et al. (4). The analysis parameters were adjusted for the specific types 

of organic material of our study, as summarized in Tables S6a and S6b. The tables also show the 

parameters for general organic material, as recommended by Aiken et al. (4). The following 

paragraphs provide further information on the parameter values listed in Tables S6a and S6b. 

2.3.1 (CO+)org:( +
2CO )org 

Although the CO+-particle and +
2N -air signals are separated by the particle-time-of-flight 
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submode of the AMS, the CO+ contribution of particles to the total signal at m/z 28 can 

nevertheless be overwhelmed by the tail of the much larger +
2N  signal from air, especially for 

low Morg. Aiken et al. (4) used a value for (CO+)org:( +
2CO )org of 1.00 to estimate the intensity of 

the CO+ organic component of signal at m/z 28 based on the organic component of the +
2CO  

signal at m/z 44. The signal from the CO+ contribution of particles can be quantitatively obtained 

for high Morg. With this approach, the data sets for the high-Morg experiments yielded (CO+)org:         

( +
2CO )org of 2.63 ± 0.30 (11 to 36 µg m-3), 1.08 ± 0.16 (9 to 138 µg m-3), and 1.22 ± 0.21 (6 to 

35 µg m-3) for the particle-phase SOM produced by isoprene photooxidation, α-pinene 

ozonolysis, and β-caryophyllene ozonolysis, respectively (all at low NOx). The range of Morg 

values used in the calibration is indicated in parentheses. These (CO+)org: ( +
2CO )org ratios 

obtained at high Morg at excellent signal-to-noise ratios were then also used for the low-Morg 

experiments.  

2.3.2 (H2O+)org:( +
2CO )org 

Total signal intensity at m/z 18.01 of H2O+ normally includes contributions from ions 

generated from the electron-impact ionization of (i) air itself and (ii) molecular water (H2O+). 

Specifically, 18O+
 (m/z 18.00) from the 18O16O isotope of air contributes to the tail of the larger 

H2O+ peak. The signal intensities of +
3

15 NH  (m/z 18.02) and +
4NH  (m/z 18.03) are separated by 

the high-resolution spectrum. Sources of molecular water include (ii.a) gas-phase water such as 

humidity in the air, (ii.b) the portion of particle-phase water that remains unevaporated in the 

AMS lens and flight chamber, and (ii.c) water produced by the molecular decomposition of 

(ii.c.1) inorganic and (ii.c.2) organic components, as can be induced by pyrolysis on the AMS 

heater and electron impact in the AMS ionizer. Sulfate is the inorganic component for the 
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conducted experiments. In conventional AMS analysis the five contributions to signal intensity 

at m/z 18, denoted herein as (18O+)air  for i, (H2O+)humidity for ii.a, (H2O+)unevap for ii.b, (H2O+)sulf 

for ii.c.1, and (H2O+)org for ii.c.2, are not uniquely demixed.  

In the present study, calibration experiments were carried out to determine the organic 

contribution to the total signal at m/z 18. The intensity-balance equation at m/z 18 was as 

follows: 

 
(m/z 18)total = (18O+)air + (H2O+)humidity  + (H2O+)unevap + (H2O+)sulf + (H2O+)org (S1) 

  = (18O+)air + (H2O+)humidity + (H2O+)particle 

using (H2O+)particle = (H2O+)unevap + (H2O+)sulf + (H2O+)org. The air term (18O+)air was minor and 

obtained as described §2.1. The general strategy of the calibration experiments was to isolate 

separately the other three contributions to (m/z 18)total in Equation S1 and thereby obtain 

(H2O+)org by difference.  

 In a series of measurements designed to obtain (H2O+)humidity, the relative humidity (RH) 

prior to the inlet of the AMS was adjusted stepwise from 3% to 71% by use of a Nafion tube. An 

in-line HEPA filter was used to remove particles. Panel a of Fig. S4 represents the correction 

(H2O+)humidity that appears in Equation S1 for experiments at variable RH, expressed as a ratio of 

this correction to the measured signal for ( +
2N )air. The plot in panel a shows that the ratio 

(H2O+)humidity:( +
2N )air increased at higher RH. Slopes (×104) to the fit data were 2.39, 3.01, and 

2.68 for isoprene photooxidation, α-pinene ozonolysis, and β-caryophyllene ozonolysis, 

respectively. For comparison to the data, the modeled ratio (based on inlet temperature, pressure 

(ca. 1 atm), and humidity (5)) is plotted as a dashed line for each experiment. The modeled 

slopes (×104) were 1.80 (isoprene photooxidation; 293.1 K), 2.45 (α-pinene ozonolysis; 298.3 

K), and 2.19 (β-caryophyllene ozonolysis; 296.4 K). The systematic shift in slope between the 
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measured and modeled values was the result of differences in the diffusion and ionization 

properties of N2 compared to those of H2O in the AMS particle flight and ionization regions. 

These effects were not included in the model.  

The RH-dependent measurements were further conducted with the HEPA particle filter 

removed. In this case, (H2O+)particle could be isolated at each RH by measurement of (m/z 18)total 

in conjunction with the calibration for (18O+)air and (H2O+)humidity at each RH (cf. Equation S1). 

The analysis was designed to further decompose (H2O+)particle into the separate contributions by 

(H2O+)unevap, (H2O+)sulf , and (H2O+)org. The sulfate contribution was based on calibration to dry 

(3% RH) ammonium sulfate particles (§2.2). During the course of the RH-dependent 

measurements, the measured sulfate mass concentration was constant, indicating minimal effects 

of changes in AMS transmission such as smaller particle sizes after drying under the 

experimental conditions. The remaining unaccounted for residual was thus (H2O+)unevap + 

(H2O+)org. 

The RH-dependent measurements varied the magnitude (H2O+)unevap of the unevaporated 

water remaining in the particle phase. Unevaporated water is taken as zero at 0% RH because the 

particles at 0% RH outside of the AMS are assumed to be dry (cf. §2.3.4). Therefore, a plot of 

(H2O+)unevap + (H2O+)org against RH (not shown) yields the value of (H2O+)org at the intercept of 

0% RH. In each experiment, the signal intensity of ( +
2CO )org was also measured. From these 

data, the [(H2O+)org:( +
2CO )org]obs ratios were 3.91 ± 0.56 (1 σ), 0.84 ± 0.14, and 1.27 ± 0.22, 

respectively, for particle-phase SOM produced by isoprene photooxidation, α-pinene ozonolysis, 

and β-caryophyllene ozonolysis, all at low NOx. The subscript obs denotes observed ratios. Panel 

b of Fig. S4 shows the fractional contribution (H2O+)org:((H2O+)unevap + (H2O+)org) for increasing 

RH. For example, at 40% RH the contributions were 0.93 ± 0.07 (1 σ), 0.88 ± 0.14, and 0.91 ± 
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0.13. 

For the practical aspects of interfacing with the AMS software Analytic Procedure for 

Elemental Separation (APES), the observed values [(H2O+)org:( +
2CO )org]obs must be adjusted for 

differing relative ionization efficiencies (RIE) (6), as follows: 

 [(H2O+)org:( +
2CO )org]frag = (RIEorg/RIEH2O) [(H2O+)org:( +

2CO )org]obs  (S2) 

After adjustment, the values [(H2O+)org:( +
2CO )org]frag for use in the fragmentation table were 

2.74 ± 0.39, 0.59 ± 0.10, and 0.89 ± 0.16. These values can be compared to the recommended 

value of 0.225 by Aiken et al. (4) (cf. Tables S6a and S6b). The fragmentation of multifunctional 

organic hydroperoxides present in the studied SOMs (cf. Table S4) can explain the higher values 

of [(H2O+)org: ( +
2CO )org]frag. 

For organic material, the standard recommended value for RIEorg of 1.4 was used (7). For 

water peaks (specifically, m/z 16, 17, 18; vide infra), Mensah et al. (8) showed for the first time 

that the RIE of particulate water in the AMS is 2. RIEH2O may vary from 2 to 4 depending on 

instruments and operating conditions (J. L. Jimenez, personal communication, 2010). In this 

study, an RIEH2O of 2.0 was used because the calibration to ammonium sulfate particles at 3% 

RH yielded a relatively low ratio of 0.5 for (H2O+):(SO+ + +
2SO ). As an overall check on the RIE 

values, the AMS-determined Morg agreed within uncertainty with values obtained from the 

density-adjusted volume concentrations measured at the same by a scanning mobility particle 

sizer during the experiments herein (9).  

2.3.3 (H2O+)org:(OH+)org:(O+)org 

In addition to m/z 18 (i.e., H2O+), signal intensity at m/z 16 and m/z 17 (i.e., O+ and OH+, 

respectively) also included contributions from water. Having (H2O+)org in hand, Aiken et al. (4) 

used relative ratios 100:25:4 for the signal intensities of (H2O+)org:(OH+)org:(O+)org (based on 
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AMS calibrations for water) to estimate (O+)org and (OH+)org. The ratio sequence 100:25:4 was 

verified for our instrument.  

2.3.4 Uncertainty 

Major uncertainties for the updated analysis include 2-6% (1 σ) for (H2O+)org, 1-2% for 

(CO+)org, and 0-14% for gas-phase CO2 subtraction. The uncertainty from gas-phase CO2 

subtraction increased for decreasing Morg and reached its highest value of 14% for Morg < 1 μg 

m-3. These major uncertainties, propagated by square-root analysis, are represented by bars in 

Fig. S3 and correspond to precisions of 4-7% for O:C and 2-3% for H:C for Morg > 1 μg m-3. 

The underlying assumption of the (H2O)org analysis is an absence of unevaporated 

particle-phase water at 0% RH. As a general statement, however, some organic materials can 

retain water to low RH. Some organic molecules can form hydrates. One example is oxalic acid 

dihydrate (10). Other organic materials, such as humic-like substances, retain water to low RH 

for both kinetic and thermodynamic reasons (11). Unevaporated water, if present at 0% RH in 

the SOMs studied herein, would have the effect of overestimating (H2O+)org: ( +
2CO )org and 

thereby overstating the O:C and H:C ratios. The effect would be to increase the model-

measurement gap for isoprene photooxidation and α-pinene ozonolysis.  

2.3.5 Summary of Approach 

The employed ratios of (CO+)org:( +
2CO )org, (H2O+)org:( +

2CO )org, and (H2O+)org:(OH+)org: 

(O+)org are summarized in Table S6a. They were used for all Morg experiments under an 

assumption that concentration-dependent changes of these ratios were minimal. Other calibration 

factors and relative ionization efficiencies are listed in Table S6b. Fig. S3 shows the comparison 

of the O:C and H:C values obtained by the analysis method described herein and the values 

obtained by conventional analysis (4). The O:C and H:C ratios obtained by us when using 
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conventional analysis are consistent with earlier reports using the HR-ToF-AMS. For instance, 

Aiken et al. (4) reported an O:C ratio of 0.27 for SOM formed by α-pinene dark ozonolysis at 

Morg of 500 μg m-3, which can be compared to our result of 0.29 at Morg of 140 μg m-3. The 

results of our conventional analysis also agree well with the values reported by Chhabra et al. 

(12) for α-pinene ozonolysis and isoprene photooxidation at low NOx (panels a and b of Fig. S3). 

For comparison, Fig. S3 and Table S1 show that the analysis with specific calibration to the 

studied SOMs shifts O:C by approximately +0.05 to +0.20 and H:C by +0.05 to +0.30 depending 

on the SOM studied. The calibration presented herein therefore also revised the elemental ratios 

as well as the particle mass concentrations previously reported by us in Shilling et al. (9) and 

King et al. (13). Original and revised values are listed in Table S1. Experiments for isoprene 

photoxidation were also carried out at 40% RH using aqueous instead of solid sulfate seed 

particles. There no detectable effect on particle mass yield or elemental ratios, indicating an 

absence of important aqueous-phase oxidation processes (26) for the conditions of this study. 

 

B. MCM-SIMPOL Chemical Model 

The kinetic schemes for the gas-phase oxidation chemistry of the precursor VOCs were 

extracted from the Master Chemical Mechanism (MCM v3.1 and MCM v3.2, accessible at 

http://mcm.leeds.ac.uk/MCM/). The kinetic scheme from MCM v3.2 includes 456 species and 

1476 reactions for the photooxidation of isoprene, 330 species and 993 reactions for the dark 

ozonolysis of α-pinene, 414 species and 1260 reactions for the dark ozonolysis of α-pinene in 

the presence of 1-butanol as an OH scavenger, 600 species and 1674 reactions for the dark 

ozonolysis of β-caryophyllene, and 947 species and 2781 reactions for the dark ozonolysis of 

β-caryophyllene in the presence of cyclohexane as an OH scavenger. For comparison. the MCM 
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v3.1 scheme included 209 species and 653 reactions for the photooxidation of isoprene, 329 

species and 973 reactions for the dark ozonolysis of α-pinene, and 413 species and 1232 

reactions for the dark ozonolysis of α-pinene in the presence of 1-butanol as an OH scavenger 

(14). An MCM kinetic scheme for the dark ozonolysis of β-caryophyllene was not available in 

MCM v3.1. Given that MCM v3.1 has been used widely in recent years for many publications in 

the literature and that MCM v3.2 has been publicly released only recently, we have included in 

the main paper the results using MCM v3.2 (Fig. 1) to represent the state of the art for modeling 

as well as results using MCM v3.1 in the supporting information (Fig. S7) to facilitate 

comparison to earlier publications.  

A model representing the VOC oxidation chemistry and the SOM particle growth in the 

continuous-flow Harvard Environmental Chamber was constructed from the MCM kinetic 

schemes. The vapor pressures the species in the MCM mechanisms were estimated using a 

simplified group contribution method (SIMPOL) of Pankow and Asher (15). The model was 

based on a continuously stirred tank reactor that had balanced inflow and outflow giving a 

residence time equal to experimental conditions. Gas-phase reaction kinetics followed the MCM 

scheme. Gas-to-particle conversion was treated kinetically as absorptive partitioning governed 

by a net rate of condensation for a single particle diameter, as follows: 

 *
ve2 ( , ) ( )i i

i i i i
gas particle

dC dM N d D f Kn C a C
dt dt

π α= − = − −  (S3) 

where Ci is the gas-phase concentration of species i (kg m-3), Mi is the particle-phase 

concentration of species i (kg m-3), N is the particle number concentration (# m-3), dve is the 

volume-equivalent diameter of the particles (m), Di is the gas-phase diffusion coefficient of 

species i (m2 s-1), f(α, Kn) is the correction factor arising from noncontinuum effects and 

imperfect accommodation for a mass accommodation coefficient α and a Knudsen number Kn 
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(16), ai is the activity of species i in the particle phase, and *
iC  is the gas-phase saturation 

concentration of species i over its pure phase (kg m-3). The term *
iC  is related by the ideal gas 

law to the SIMPOL-predicted vapor pressure of species i. The term ai is the mole fraction of 

species i in the particle phase, implying an activity coefficient of unity, as partially justified by 

the assumption that the particle-phase SOM is composed of organic molecules having similar 

structures (17).  

 Model runs were initialized using the conditions of the experiments (9, 13, 18), as 

summarized in Table S2. Parameters for calculating the condensation rate (Equation S3) 

included a mass accommodation coefficient α of 1, a mean free path λι of organic species in air 

of 2 × 10-8 m, a diffusion coefficient Di of organic species in air of 5 × 10-6 m2 s-1, a particle 

number concentration N of 5 × 109 m-3, and a particle diameter dve of 10-7 m. These last two 

parameters provided an approximately equivalent surface area as the actual experiments; the first 

three parameters matched well the observed growth rates (19-21). A sensitivity analysis, shown 

in Fig. S5, demonstrated a nearly negligible dependence in the model-predicted particle mass 

yield and particle-average O:C and H:C ratios for reasonable variations in the condensation-rate 

parameters of Equation S3.  

The model was propagated numerically in Mathematica (Wolfram, version 8.0). Wall 

losses of gas-phase molecules and particles as well as possible particle-phase and surface 

chemistry were not included in the model. For each model run, results were diagnosed to 

calculate the particle-phase organic mass concentration Morg as the sum of all particle-phase 

species concentrations (i.e., Morg = Σi Mi). From these data, particle mass yield was calculated as 

shown in row a of Fig. 1. Species were further grouped into log10 bins (integer ± 0.5) of volatility 

based on *
iC . For example, products having 3.2 < *

iC  < 32 μg m-3 were grouped together in the 
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bin of 10 μg m-3. The sums in each bin of gas-phase and particle-phase mass concentrations were 

separately calculated, as representing by the coloring within a bar in row b of Fig. 1. For the 

particle-phase species, the average elemental composition represented by the atomic O:C and 

H:C ratios was calculated. Row c of Fig. 1 shows the results of this analysis. 

 

C. Model Sensitivity to NOx 

Depending on its concentration, NOx can have a key role in isoprene photooxidation. The 

minimum detection limit (MDL) of a typical NOx analyzer is 1 ppbv, such as for the Teledyne 

200E instrument used during the course of the experiments of this study. Experiments having 

NOx of <MDL were done without injection of NOx. In this case, any NOx present at unquantified 

concentrations was derived from residual concentrations in the pure air as well as from the 

breakdown of ligand stabilizers used in the H2O2 solutions in the photo-oxidation experiments. 

The NOx concentration was recently measured by a newly acquired high-sensitivity NOx 

analyzer (Eco Physics CLD 899Y) and was approximately 0.4 to 0.6 ppbv for experiments 

represented by <MDL. The NOx concentration corresponding to <MDL of the performed 

experiments was therefore modeled as 0.5 ppbv NOx (column 1 of Fig. 1).  

High H2O2 concentrations, such as used in the photooxidation experiments, can also 

influence the radical cycles. The photolysis of H2O2 continually produces OH, and OH can react 

directly with H2O2 to form HO2. The relative branching of peroxy radicals RO2 between HO2 and 

NOx pathways can then depend on the gas-phase H2O2 concentration. A sensitivity test of the 

modeled results to variable H2O2 was therefore conducted. As in all model runs, the OH 

concentration of the sensitivity test was also prescribed and constant (Table S2).  

The results for the sensitivity tests for NOx and H2O2 concentrations are shown in Fig. S1. 
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As is consistent with laboratory results, the modeled particle mass yield decreases for increasing 

NOx. The model reproduces the observed yields within a difference of less than 1% yield. The 

O:C and H:C ratios become greater for increased NOx or decreased H2O2. 

 

D1. Mapping to the Volatility Basis Set (VBS) Approach 

In row b of Fig.1, the phase partitioning within one bin is calculated explicitly for the 

individual molecular products of MCM-SIMPOL, and molecules are grouped into log10 bins 

(integer ± 0.5) of volatility based on *
iC . The purpose is to show how the mass concentration of 

products is distributed in volatility space. A related approach widely used in the literature is that 

of the volatility basis set (VBS) (22), which uses decadally fixed *
iC values. The VBS is typically 

applied to data of particle mass yield, for which molecular information is not explicitly known. 

The molecularly derived volatility bins of MCM-SIMPOL (Fig. S2, panel a) therefore differ 

from the formal VBS volatility bins, which have fixed positions but variable, data-driven loading 

factors.  

The loading factors of the molecular products of MCM-SIMPOL can be determined for 

the fixed-position VBS bins. The mass concentration of a molecular product having an explicit 

saturation concentration is loaded into the two proximate decadal *
iC   bins of VBS based on the 

distance (in the mathematical space of saturation concentration) between the product and each 

bin. Specifically, the governing relationships are as follows (22, 23): 

 
1 1

1 * 1 1 * 1

1 1 1 11  and 1  
  

i i i i

org i i org i i

C M C M
M C M M C M

− −
− − + +

− − + +

⎛ ⎞ ⎛ ⎞
+ = + =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠

 (S4) 

for which the terms are defined as for Equation S3. The left-hand superscripts -1 and +1 indicate 

the two VBS bins proximate to the exact MCM-SIMPOL result, which is represented without a 
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left-hand superscript. Constraints imposed by conservation of mass are 1 1
i i iC C C− += +  and 

1 1
i i iM M M− += + . Known quantities from the MCM-SIMPOL result include Morg, Mi, and Ci. 

Prescribed quantities for the VBS approach include 1 * 1 * and i iC C− + . There is thus a system of 4 

equations and 4 unknowns ( 1 1 1 1, , ,i i i iC C M M− + − + ).  

The algebraic solution for the unknown quantities is as follows: 
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As an example, Fig. S2 (panel b) shows the summed transformation for all products i of α-pinene 

ozonolysis from the MCM-SIMPOL result to the VBS approach.  

 

D2. Applicability of the Volatility Basis Set Approach 

The VBS approach has most value in cases for which the overall relative product 

distribution (counting both gas and particle phases) remains fixed as more and more reagent is 

consumed. Dark ozonolysis of α-pinene is a good example. In cases such as these, particle-phase 

SOM production progressively fills the formal VBS bins, and the VBS approach then represents 

a convenient conceptual framework to reduce the complexity of explicit detailed output, such as 
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from MCM-SIMPOL.  

For α-pinene, one double bond dominates the ozonolysis reaction, and the assumption of 

a constant product distribution is accurate, as supported by MCM-SIMPOL. The rising mass 

yields seen in panel a2 of Fig. 1 arise from the increased particle-phase partitioning of products 

as the total amount of reacted α-pinene increases. For this case, the chamber data can be inverted 

using a least-squares fitting algorithm to obtain loading factors for each of the formal *
iC   bins of 

the VBS approach (2, 24).  

For other reaction systems, the MCM-SIMPOL modeling shows that the relative product 

distribution changes during the course of reaction or between reaction conditions. For these 

cases, significantly higher particle mass yields can occur for higher Morg not because of increased 

partitioning but because the actual product distribution evolves (e.g., more low-volatility 

products are generated). For instance, the different yield curves for β-caryophyllene ozonolysis 

(panel a3 of Fig.1) for 50 compared to 200 ppbv ozone arise because the second (i.e., exocyclic) 

double bond of β-caryophyllene is oxidized at higher ozone concentrations. As a result, more 

products of low volatility are produced.  
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Table S1. Reaction conditions and experimental observations.  

Date ΔVOCa 
(ppbv) 

O3 
(ppbv) 

NOx 
(ppbv) 

Method of Aiken et al. (4) 
(conventional analysis) 

Method with CO+ and H2O+ calibration 
(analysis introduced herein) 

Morg (μg m-3) O:C H:C Morg (μg m-3)b O:C H:C 
isoprene photooxidationc

11 Oct 2008 180 19 <MDL 6.9 0.56 1.50 8.9 0.75 ± 0.03 1.80 ± 0.05 
18 Oct 2008 90 39 1 8.2 0.61 1.54 10.4 0.78 ± 0.03 1.82 ± 0.04 
30 Oct 2008 45 36 1 0.5 0.65 1.37 0.7 0.88 ± 0.14 1.89 ± 0.10 
03 Nov 2008 180 45 2 11.2 0.60 1.49 14.5 0.80 ± 0.03 1.82 ± 0.05 
17 Nov 2008 90 24 <MDL 3.7 0.61 1.46 4.8 0.82 ± 0.04 1.82 ± 0.06 
22 Jan 2009 45 104 2 1.2 0.65 1.45 1.7 0.81 ± 0.05 1.78 ± 0.06 

α-pinene dark ozonolysisd

10 Dec 2006, 13 Dec 2006 22.8 300 <MDL 35.6 0.33 1.47 36.6 0.38 ± 0.01 1.53 ± 0.02 
8 Jan 2007, 5-6 Feb 2007, 

11-12 Feb 2007, 19 Apr 2007 2.1 300 <MDL 1.2 0.42 1.38 1.2 0.48 ± 0.03 1.47 ± 0.03 

8 Jan 2007, 20 Apr 2007 2.8 300 <MDL 1.9 0.40 1.40 1.9 0.46 ± 0.02 1.48 ± 0.03 
10-11 Jan 2007 14.2 300 <MDL 15.4 0.38 1.44 15.9 0.43 ± 0.02 1.52 ± 0.02 

13 Jan 2007 91.1 300 <MDL 95.2 0.32 1.51 97.3 0.36 ± 0.01 1.56 ± 0.02 
14 Jan 2007 91.1 300 <MDL 138.0 0.29 1.51 140.5 0.33 ± 0.01 1.56 ± 0.01 

23-24 Jan 2007 6.6 300 <MDL 7.0 0.36 1.40 7.2 0.41 ± 0.02 1.47 ± 0.02 
31 Jan 2007, 7-8 Feb 2007, 

21 Apr 2007 0.9 300 <MDL 0.5 0.45 1.38 0.6 0.52 ± 0.05 1.48 ± 0.03 

β-caryophyllene dark ozonolysise 

3 Apr 2009 1.6 50 < MDL 0.3 0.34 1.36 0.4 0.49 ± 0.06 1.51 ± 0.04 
12 Apr 2009 3.1 50 < MDL 1.0 0.35 1.34 1.1 0.49 ± 0.04 1.49 ± 0.04 
17 Apr 2009 6.3 50 < MDL 3.1 0.33 1.35 3.4 0.45 ± 0.03 1.48 ± 0.04 
18 Apr 2009 6.4 100 < MDL 3.7 0.33 1.36 4.3 0.45 ± 0.03 1.49 ± 0.04 
20 Apr 2009 6.5 200 < MDL 5.6 0.32 1.36 6.3 0.43 ± 0.03 1.49 ± 0.04 
23 Apr 2009 12.9 50 < MDL 8.3 0.30 1.38 9.3 0.40 ± 0.02 1.48 ± 0.03 
26 Apr 2009 13.2 200 < MDL 14.3 0.28 1.39 15.9 0.36 ± 0.02 1.49 ± 0.03 
6 May 2009 0.8 50 < MDL 0.1 0.36 1.42 0.1 0.53 ± 0.17 1.57 ± 0.10 
7 May 2009 1.6 50 < MDL 0.3 0.37 1.36 0.4 0.53 ± 0.08 1.52 ± 0.06 
8 May 2009 1.6 100 < MDL 0.8 0.36 1.34 0.9 0.51 ± 0.05 1.49 ± 0.06 
9 May 2009 1.6 200 < MDL 0.4 0.37 1.35 0.4 0.53 ± 0.07 1.51 ± 0.06 

12 May 2009 3.2 50 < MDL 0.7 0.37 1.35 0.8 0.53 ± 0.05 1.51 ± 0.06 
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Date ΔVOCa 
(ppbv) 

O3 
(ppbv) 

NOx 
(ppbv) 

Method of Aiken et al. (4) 
(conventional analysis) 

Method with CO+ and H2O+ calibration 
(analysis introduced herein) 

Morg (μg m-3) O:C H:C Morg (μg m-3)b O:C H:C 
14 May 2009 3.3 100 < MDL 0.8 0.38 1.33 0.9 0.53 ± 0.05 1.50 ± 0.06 
15 May 2009 3.3 200 < MDL 1.1 0.38 1.33 1.3 0.53 ± 0.05 1.50 ± 0.06 
17 May 2009 6.4 200 < MDL 2.7 0.37 1.33 3.2 0.50 ± 0.06 1.48 ± 0.06 
19 May 2009 6.5 200 < MDL 3.6 0.36 1.34 4.2 0.49 ± 0.05 1.49 ± 0.06 
20 May 2009 6.6 200 < MDL 4.5 0.35 1.35 5.3 0.48 ± 0.03 1.49 ± 0.04 
23 May 2009 12.8 50 < MDL 8.2 0.31 1.37 9.3 0.42 ± 0.03 1.48 ± 0.04 
26 May 2009 13.1 100 < MDL 9.5 0.30 1.38 10.8 0.39 ± 0.03 1.48 ± 0.04 
29 May 2009 13.4 200 < MDL 14.3 0.28 1.39 16.1 0.37 ± 0.03 1.48 ± 0.04 
4 Jun 2009 1.6 50 < MDL 0.3 0.37 1.36 0.4 0.53 ± 0.08 1.52 ± 0.06 
5 Jun 2009 1.7 200 < MDL 0.5 0.38 1.35 0.6 0.53 ± 0.08 1.51 ± 0.07 
7 Jun 2009 1.6 100 < MDL 0.4 0.39 1.34 0.5 0.54 ± 0.08 1.50 ± 0.07 

12 Jun 2009 45.7 200 < MDL 43.0 0.26 1.40 47.7 0.33 ± 0.02 1.48 ± 0.03 
17 Jun 2009 13.0 200 < MDL 7.4 0.31 1.37 8.4 0.41 ± 0.03 1.48 ± 0.04 
18 Jun 2009 44.9 50 < MDL 32.4 0.26 1.39 36.3 0.33 ± 0.02 1.47 ± 0.03 

aThe label “ΔVOC” represents the reacted concentration of the precursor VOC in an experiment. The label “Morg” represents the particle-phase 
organic mass concentration produced by the oxidation of the precursor VOC. bYields were calculated using Equation 1 of Shilling et al. (9) with 
Morg revised using the analysis introduced herein. A wall loss coefficient of 0.17 hr-1 was used for isoprene and α-pinene and 1.01 hr-1 for β-
caryophyllene. cExperiments are described further in King et al. (13). Morg reported in King et al. (13) are also revised using the analysis 
introduced herein. A wall loss coefficient of 0.17 hr-1 was used. The ozone concentrations for these experiments are an upper limit because of the 
interference from absorption at 254 nm by hydrogen peroxide. A NOx concentration of “< MDL” is in reference to the analytical detection limit of 
1 ppbv.  dData of Shilling et al. (2) are revised using the analysis introduced herein . eData of this study. 
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Table S2. Parameters employed in the MCM-SIMPOL model. This model was used to simulate 
the production of secondary organic aerosol in the continuous-flow Harvard 
Environmental Chamber. For each model case, the chemical system, the in-flow 
precursor concentration VOC0, the conditions controlled at steady state, and the 
predicted particle-phase organic mass concentration Morg are listed. The table entries 
show that the in-flow concentrations were simulated at several VOC0 concentrations, 
with the lower end representing the minimum concentration need to produce particle-
phase secondary organic material within the model and the higher end coinciding 
with the highest concentrations of the actual experiments. For NOx-dependent 
simulations, the total NOx was partitioned as NO2 and NO such that their ratio 
matched that actually measured in the chamber at steady state. This ratio varied from 
10 to 30. Simulations were conducted at 298 K. 

  System 
In-flow 

precursor VOC0 
(ppbv) 

Conditions controlled at steady state 
 

Predicted 
particle mass 
concentration 
Morg (µg cm-3) 

Photooxidation of isoprene   298 K; 40% RH; JNO2 = 0.23 min-1; 
[OH] = 7 × 106 molecule cm-3.  

Low NOx 
48 - 120 

(53)a [NO2] = 0.5 ppbv; [H2O2] = 20 ppmv. 0.3 - 134.2 
(3.6)a 

 NOx dependent  

28 - 110  [NO2] = 0.5 ppbv; [H2O2] = 0 ppmv. 0.1 - 41.0 

34 - 130 [NO2] = 10 ppbv; [H2O2] = 20 ppmv. 0.1 - 97.2 

99 - 250 [NO2] = 10 ppbv; [H2O2] = 0 ppmv. 0.2 - 41.7 

Dark ozonolysis of α-pinene  298 K; 40% RH; [O3] = 300 ppbv.  

Ideal OH scavenger 4.5 - 160 
(13)a [OH] = 0 0.1 - 314.5 

(3.6)a 

600:1 1-butanol (v:v) 3.5 - 120 [OH] ≈ 7 × 103 molecule cm-3 0.1 - 310.5 

Dark ozonolysis of β-caryophyllene  298 K; 40% RH  

Ideal OH scavenger 0.15 - 8 
(0.8)a [OH] = 0; [O3] = 50 ppbv. 0.1 - 63.1 

(3.8)a 

2500:1 Cyclohexane (v:v) 0.1 - 8 [OH] ≈ 350 molecule cm-3; [O3] = 50 ppbv. 0.1 - 63.5 

SOZs test: 
2500:1 Cyclohexane (v:v) 

0.1 - 8  [OH] ≈ 350 molecule cm-3; [O3] = 200 ppbv. 0.1 - 64.5 

0.5 - 30 [BCSOZ]particle = [BCKSOZ]particle = 0;  
[OH] ≈ 350 molecule cm-3; [O3] = 50 ppbv. 0.1 - 82.9 

0.5 - 30 [BCSOZ]particle = [BCKSOZ]particle = 0; 
[OH] ≈ 350 molecule cm-3; [O3] = 200 ppbv;  0.2 - 88.2 

aConditions in parentheses were employed for rows b and d of Fig. 1 as well as Table S4.



21 
 

Table S3. List of particle-phase molecular products reported for the photooxidation of isoprene, 
the dark ozonolysis of α-pinene, and the dark ozonolysis of β-caryophyllene. 
Literature sources are cited in the table. 
 Species O:C H:C 

Isoprene photooxidation  
 
Ref: Surratt et al. (25, 26), 
Morg = 25 to 315 μg m−3 

C5-alkene triols 0.60 2.00 
2-methyltetrols 0.80 2.40 
hydroxy sulfate ester 1.40 2.40 
dihydroxydihydroperoxides 1.20 2.40 
epoxydiols 0.60 2.00 
C5-trihydroxy monocarboxylic acid 1.00 2.00 
hydroxy sulfate ester dimer 1.00 2.10 
tetrol dimer 0.70 2.20 
2-methylglyceric acid* 1.00 2.00 
2-methylglyceric acid dimer* 0.88 1.75 
mono-acetate dimer* 0.83 1.67 
mono-formate dimer* 1.00 1.60 
mono-nitrate dimer* 1.12 1.62 

 *at high NOx 
  

α-Pinene dark ozonolysis  
 
Ref: Yu et al. (27), Morg = 
54 to 91 μg m−3 
  

pinic acid 0.44 1.56 
norpinic acid 0.50 1.50 
hydroxy pinonaldehydes 0.30 1.60 
pinonic acid 0.30 1.60 
norpinonic acid and isomers 0.33 1.56 
pinonaldehyde 0.20 1.60 
norpinoaldehyde 0.22 1.56 
hydroxy pinonic acid and isomers 0.40 1.60 
A13 0.30 1.60 
A14 ketone 0.30 1.40 
Dimer (28): C17H26O8 0.47 1.53 

 
β-Caryophyllene dark 
ozonolysis 
 
Ref: Li et al. (18), Morg = 
0.4 to 9 μg m−3 

P198, C11H18O3 0.27 1.64 
P236, C15H24O2, β-caryophyllon aldehyde 0.13 1.60 
P238, C14H22O3, β-nocaryophyllon aldehyde 0.21 1.57 
P252-1, C15H24O3, β-14-hydroxycaryophyllon aldehyde 0.20 1.60 
P252-2, C15H24O3, β-5-hydroxycaryophyllon aldehyde 0.20 1.60 
P252-3, C15H24O3, β-8-hydroxycaryophyllon aldehyde 0.20 1.60 
P252-4, C14H20O4 0.29 1.43 
P252-5, C15H24O3, β-caryophyllonic acid 0.20 1.60 
P254-1, C14H22O4, β-caryophyllinic acid 0.29 1.57 
P254-2, C14H22O4, β-8-hydroxynocaryophyllon aldehyde 0.29 1.57 
P254-3, C14H22O4, β-5-hydroxynocaryophyllon aldehyde 0.29 1.57 
P270-1, C14H22O5, β-4-hydroxynocaryophyllonic acid 0.36 1.57 
P270-2, C14H22O5, β-4,8-dihydroxynocaryophyllon aldehyde 0.36 1.57 
P270-3, C14H22O5, β-4,5-dihydroxynocaryophyllon aldehyde 0.36 1.57 
P302, C14H22O7 0.50 1.57 
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Table S4. Summary of the particle-phase molecules predicted by the MCM-SIMPOL model for the continuous-flow operation of the 
Harvard Environmental Chamber. Results are shown as the percent contribution of each species to the total particle-phase 
organic mass concentration. The percent is calculated on a carbon-number basis. Simulation conditions are listed in Table 
S2. 

isoprene photooxidation α-pinene dark ozonolysis β-caryophyllene dark ozonolysis 

MCM Species Formula O:C H:C Fraction MCM Species Formula O:C H:C Fraction MCM Species Formula O:C H:C Fraction
IEB1OOH C5H10O5 1 2 30.8% PINIC C9H14O4 0.44 1.56 22.6% BCSOZ C15H24O3 0.20 1.60 43.5% 
IEB2OOH C5H10O5 1 2 25.4% C812OH C8H14O4 0.50 1.75 13.8% BCKSOZ C14H22O4 0.29 1.57 34.3% 
C59OOH C5H10O5 1 2 21.2% HOPINONIC C10H16O4 0.40 1.60 12.6% C131CO2H C14H22O4 0.29 1.57 5.9% 
IEC1OOH C5H10O5 1 2 7.4% C813OH C8H14O5 0.63 1.75 9.1% C141CO2H C15H24O3 0.20 1.60 4.5% 
C58OOH C5H10O5 1 2 3.2% C921OOH C9H16O5 0.56 1.78 8.4% NBCOOH C15H27O5 0.33 1.80 1.7% 
IEPOXA C5H10O3 0.6 2 3.0% C813OOH C8H14O6 0.75 1.75 8.0% NBCALOOH C15H27O7 0.47 1.80 1.1% 
C57OOH C5H10O5 1 2 2.6% C922OOH C9H16O6 0.67 1.78 7.1% C137PAN C14H23O7N 0.50 1.64 0.9% 
IEPOXC C5H10O3 0.6 2 1.3% C108OOH C10H16O5 0.50 1.60 4.4% BCALBOH C15H24O3 0.20 1.60 0.7% 

HIEB1OOH C5H10O6 1.2 2 0.8% C108OH C10H16O4 0.40 1.60 2.8% C146OH C14H22O4 0.29 1.57 0.7% 
INDOOH C5H11O7 1.4 2.2 0.7% C98OOH C9H16O5 0.56 1.78 2.5% C147OH C14H22O5 0.36 1.57 0.6% 
IEACO3H C5H8O5 1 1.6 0.6% C98OH C9H16O4 0.44 1.78 1.7% C147CO C14H20O5 0.36 1.43 0.6% 
C525OOH C5H10O6 1.2 2 0.6% C812OOH C8H14O5 0.63 1.75 1.1% BCLKBOC C14H22O4 0.29 1.57 0.6% 

HIEB2OOH C5H10O6 1.2 2 0.4% C107OH C10H16O3 0.30 1.60 0.9% NBCALO2 C15H26O7 0.47 1.73 0.5% 
IEC2OOH C5H8O5 1 1.6 0.4% C813O2 C8H13O6 0.75 1.63 0.8% BCALBOC C15H24O3 0.20 1.60 0.4% 
INAOOH C5H11O7 1.4 2.2 0.4% C922O2 C9H15O6 0.67 1.67 0.7% BCBNO3 C15H27O4N 0.27 1.80 0.4% 
C510OOH C5H9O7 1.4 1.8 0.3% C97OOH C9H16O4 0.44 1.78 0.7% C147O2 C14H21O6 0.43 1.50 0.4% 
INB1OOH C5H11O7 1.4 2.2 0.2% C811PAN C9H13O7N 0.78 1.44 0.5% NBCALOH C15H27O6 0.40 1.80 0.4% 
IECCO3H C5H8O5 1 1.6 0.2% C97OH C9H16O3 0.33 1.78 0.5% C146OOH C14H22O5 0.36 1.57 0.4% 
INCOOH C5H11O7 1.4 2.2 0.1% C89CO2H C9H14O3 0.33 1.56 0.4% C147OOH C14H22O6 0.43 1.57 0.3% 
INB2OOH C5H11O7 1.4 2.2 0.1% C920PAN C10H15O7N 0.70 1.50 0.3% BCALBOOH C15H24O4 0.27 1.60 0.2% 

∑ productsother  -- -- -- 0.3% C811OH C8H14O3 0.38 1.75 0.2% BCALCOH C15H24O3 0.20 1.60 0.2% 

     PINONIC C10H16O3 0.30 1.60 0.2% BCLKET C14H22O3 0.21 1.57 0.2% 
     ∑ productsother -- -- -- 0.6% ∑ productsother -- -- -- 1.7% 
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Table S5. Several types of particle-phase dehydration reactions. The products remain in the particle phase, and water is released to the 
gas phase. 

Reaction Type Reactants Product 

aldol condensation carbonyl + carbonyl RCHO R'C(O)CR'' oligomer: RC=C(R")C(O)R'

acetal formation hemiacetal* + alcohol RC(OH)OR' R'OH oligomer: RC(OR')OR' 

ketal formation hemiketal** + alcohol RR''C(OH)OR' R'OH oligomer: RR''C(OR')OR' 

acid dimerization carboxylic acid + carboxylic acid RCOOH R'COOH oligomer: RC(O)OC(O)R' 

esterification carboxylic acid + alcohol RCOOH R''OH oligomer: RC(O)OR' 

hydroperoxide decomposition hydroperoxide R'(H)ROOH n/a R'R=O 

*A hemiacetal (RC(OH)OR') is formed by a coupling reaction between an aldehyde and an alcohol. **A hemiketal (RR''C(OH)OR') is formed by a coupling 
reaction between a ketone and an alcohol. 
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Table S6a. Parameters used for the AMS elemental analysis of particle-phase SOM. *SOM was 
produced at low NOx. 

  
 (CO+)org: ( +

2CO )org (H2O+)org:( +
2CO )org

[(H2O+)org:( +
2CO )org]frag  

 
using RIEH2O of 2 

(H2O+)org:(OH+)org:(O+)org

this study 

SOM: isoprene 
Photooxidation* 2.63 ± 0.39 3.91 ± 0.56 2.74 ± 0.39 100:25:4 

SOM: α-pinene 
dark ozonolysis* 1.08 ± 0.16 0.84 ± 0.14 0.59 ± 0.10 100:25:4 

SOM: β-
caryophyllene 

dark ozonolysis* 
1.22 ± 0.21 1.27 ± 0.22 0.89 ± 0.16 100:25:4 

Aiken et al. 
(4) 

general organic 
material 1.00 0.32 0.225 100:25:4 

 

Table S6b. Parameters used for the AMS elemental analysis of particle-phase SOM.  

 this study Aiken et al. (4) 

Calibration factor for O:C * 0.75 0.75 
Calibration factor for H:C * 0.91 0.91 

Relative ionization efficiency of H2O ** 2 not available 
Relative ionization efficiency of organic material ** 1.4 1.4 
*Accounting for unimolecular dissociation pathways and the potential loss of neutral fragments such as H2O and 
CO2, as described in Aiken et al. (4, 29). **Relative with respect to using NH4NO3 for the calibration of mass 
concentrations.  
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List of Figures 

Figure S1. Model sensitivity to the concentration of NOx for the photooxidation of isoprene. 

Panel a shows the predicted and measured particle mass yields for the different cases 

of VOC:NOx listed in the legend of the Fig. as well as in Table S2. Panel b shows the 

predicted particle-average O:C and H:C elemental ratios compared to their measured 

values (13, 30). 

Figure S2. Volatility distribution of the gas- and particle-phase products predicted by MCM-

SIMPOL for the dark ozonolysis of α-pinene. Panel a shows the bar chart of the 

predicted mass concentrations of the gas- and particle-phase molecules in a volatility 

space. Panel b shows the reformatted volatility-basis-set (VBS) distribution (Section 

D).The bars are positioned along the abscissa at the saturation concentrations of the 

products. The bar heights represent the highest mass concentrations of the species 

having the same saturation concentration. The red and blue portions of the bars show 

the mass concentrations of the gas- and particle-phase products, respectively. Model 

conditions are listed in Table S2. Table S4 lists the major particle-phase products.  

Figure S3. Particle-average O:C (purple) and H:C (green) elemental ratios for increasing Morg. 

Data points are shown as derived from the updated analysis introduced in this study 

as well as derived from conventional analysis (4). The parameters of the two 

analyses are summarized in Table S6. Results from the study of Chhabra et al. (12), 

who used conventional analysis (4), are also shown.  

Figure S4. Calibrations to determine (H2O+)org. Panel a shows the ratio (H2O+)humidity:( +
2N )air for 

increasing RH in the AMS inlet. A HEPA particle filter is in place during these 
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experiments. Panel b shows (H2O+)org:((H2O+)unevap + (H2O+)org) for increasing RH, 

with the HEPA filter removed. 

Figure S5. Sensitivity of the MCM-SIMPOL model to parameters used to calculate the net 

condensation rate of organic molecules from the gas to the particle phase (Equation 

S3). Model runs in this analysis used the kinetic scheme of MCM v3.1 (cf. Fig. S7). 

Panels a/c and b/d show simulation results for isoprene photooxidation and the α-

pinene ozonolysis, respectively. Panels a and b show the predicted particle mass 

yields for increasing Morg. Panels c and d show the predicted particle-average O:C 

and H:C elemental ratios for increasing Morg. The base-case of the simulation is 

defined in the upper part of the Fig. legend. Eight sensitivity tests were performed by 

varying individually one of the parameters, as indicated by the lower part of Fig. 

legend. The parameters were varied across the estimated uncertainty in each 

parameter. Definitions of the parameters are provided with Equation S3. 

Figure S6. Influence on the model results of excluding secondary ozonides (BCSOZ and 

BCKSOZ, Table S4) from the particle phase, as suggested by the results of Li et al. 

(18) for the dark ozonolysis of β-caryophyllene. Panel a shows the predicted and 

measured particle mass yields for the different cases listed in the legend as well as in 

Table S2. Panel b shows the predicted particle-average O:C and H:C elemental ratios 

compared to their measured values.  

Figure S7. Similar to Fig. 1 but using the kinetic scheme of MCM v3.1 rather than that of MCM 

v3.2. 
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