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ABSTRACT: Organic aerosols in the atmosphere are
composed of a wide variety of species, reflecting the multitude
of sources and growth processes of these particles. Especially
challenging is predicting how these particles act as cloud
condensation nuclei (CCN). Previous studies have charac-
terized the CCN efficiency for organic compounds in terms of
a hygroscopicity parameter, κ. Here we extend these studies by
systematically testing the influence of the number and location
of molecular functional groups on the hygroscopicity of organic
aerosols. Organic compounds synthesized via gas-phase and
liquid-phase reactions were characterized by high-performance
liquid chromatography coupled with scanning flow CCN
analysis and thermal desorption particle beam mass spectrom-
etry. These experiments quantified changes in κ with the addition of one or more functional groups to otherwise similar
molecules. The increase in κ per group decreased in the following order: hydroxyl ≫ carboxyl > hydroperoxide > nitrate ≫
methylene (where nitrate and methylene produced negative effects, and hydroperoxide and nitrate groups produced the smallest
absolute effects). Our results contribute to a mechanistic understanding of chemical aging and will help guide input and
parametrization choices in models relying on simplified treatments such as the atomic oxygen:carbon ratio to predict the
evolution of organic aerosol hygroscopicity.

■ INTRODUCTION

Organic aerosols (OA) are an important contributor to
submicrometer aerosol mass. The presence of OA in the
atmosphere negatively impacts human well-being,1,2 reduces
visibility,3,4 and alters the global radiative balance.5 The
atmospheric OA lifetime and the magnitude of the effect of
OA on climate are closely tied to the particles’ ability to serve as
cloud condensation nuclei (CCN).6−8 Freshly emitted OA
generally consists of weakly oxidized and thus hydrophobic
hydrocarbon chains.9−11 In the atmosphere, these compounds
age and evolve by functionalization, fragmentation, and
oligomerization to form hydrophilic compounds on time scales
from hours to days.12,13 Current modeling approaches
parametrize this conversion using empirical correlations
between the atomic oxygen:carbon (O:C) ratio and observed
hygroscopic growth factors14 or CCN activity15,16 expressed in
terms of the hygroscopicity parameter, κ. This approach is
attractive because it simplifies the complex links among
hygroscopicity, solubility in water, surface tension, and
molecular functional group composition.17−19 However, a

recent study by Rickards et al.20 and a compiled body of
experimental data summarized in Figure S1 of the Supporting
Information show that the CCN activity for single-component
organic aerosols cannot be explained by the current O:C
approach. This discrepancy highlights the need for a more
mechanistic understanding of the role OA oxidation plays in
converting aerosol from CCN inactive to CCN active.
Here we present findings from a new approach to probing

the influence of OA oxidation state on CCN activity. Our
approach combines molecular synthesis of model compounds,
similar to those present in the atmosphere but not
commercially available, with high-performance liquid chroma-
tography (HPLC) coupled to scanning flow CCN analysis.21 By
designing synthetic model compounds, we were able to extend
studies22 that vary only the type and location of a single
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functional group, thus allowing the quantification of changes in
κ with the addition of one or more functional groups to
otherwise similar molecules. Experimental results reported in
this paper demonstrate that the effect of adding hydroxyl
groups to the carbon chain far exceeds that of carboxylic acid,
hydroperoxide ether, and nitrate groups. This finding suggests
that regardless of whether the oxidation mechanism is initiated
by OH, O3, or NO3 it plays an important role in determining
the hydrophobic-to-hydrophilic conversion time scale. This
finding may further explain a multitude of observations
demonstrating that organic compounds begin the conversion
from hydrophobic to hydrophilic at surprisingly low O:C ratios
ranging from 0.03 to ∼0.2.14−16,23−25

■ MATERIALS AND METHODS

Five functional groups were targeted in this study: hydroxyl
(−OH), hydroperoxide ether [−C(OOH)−O−], carboxylic
acid [−C(O)OH], nitrate (−ONO2), and methylene
(−CH2−). These five functional groups were varied using
hydroperoxides and hydroxynitrates as basic molecular building
blocks. We first discuss the synthesis of these compounds
followed by a description of the CCN analysis. Hydroperoxides
with varying numbers of hydroperoxide ether and carboxylic
acid groups were synthesized in the liquid phase using
ozonolysis; hydroxynitrates with varying numbers of hydroxyl
and nitrate groups and a second set of hydroperoxides with
varying numbers of methylene groups were synthesized in
environmental chambers as secondary organic aerosols (SOA)
via gas-phase reactions. The structures of these and similar
compounds are generally well established from the reaction
mechanisms and have also been characterized in our previous
studies using various combinations of HPLC (for separation
and/or purification), thermal desorption particle beam mass
spectrometry, electrospray ionization mass spectrometry, and
nuclear magnetic resonance.26−32 Procedures that were used to
assign molecular structures to measured κ values are provided
in the Supporting Information.
The first set of hydroperoxides was generated from the

reaction of 1-alkenes,27 alkenoic acids, and dienes with O3 in

the liquid phase. Liquid-phase synthesis was used because the
products of interest are formed in high yields26,27 and large
amounts could easily be generated. Scheme 1 summarizes the
three synthetic reaction mechanisms and the resulting model
compounds. A full list of experiments is included in Table S1 of
the Supporting Information. Ozone was bubbled through a
5:500:4500 (by volume) alkene/alcohol/acetonitrile liquid
solution, with the moles of ozone added being approximately
the same as the moles of alkene present. The ozone adds to the
CC bond of the alkene to form a primary ozonide (Scheme
1, 2) that rapidly decomposes by cleavage of the C−C bond
and one of the O−O bonds to form a pair of functional groups:
an aldehyde [−C(O)H] and excited carbonyl oxide
[−C(OO)H], which is also termed an excited Criegee
intermediate (ECI) (Scheme 1, 3). For Cn 1-alkenes, four
monofunctional products are formed, consisting of Cn−1 and C1
aldehydes and ECIs. For Cn 1,n-dienes, three Cn−2 bifunctional
products are formed: one with two aldehyde groups, one with
two ECI groups, and one with an aldehyde and ECI group, all
located at opposite ends of the molecule, in addition to C1
aldehydes and ECIs. In all cases, the ECI groups undergo
almost complete stabilization because of collisions with solvent
molecules to form stabilized Criegee intermediates (SCIs)
(Scheme 1, 4),26 which then react with the large excess of
alcohol to form α-alkoxyhydroperoxides (Scheme 1, 5). Volatile
products such as aldehydes and reaction products of the C1 SCI
evaporated from the solution when it was atomized for aerosol
formation as described below.
A second set of hydroperoxides was generated in an

environmental chamber by ozonolysis of 1-alkenes in the gas
phase (Scheme 1).33 These experiments were performed in a
1.7 m3 FEP Teflon film environmental chamber34 that was
operated at 25 °C and atmospheric pressure. Reactants were
added in 0.3:10:700 ppmv 1-alkene/(methanol or propanol)/
cyclohexane proportions and reacted with 0.7 ppmv O3. The
O3:alkene ratio was sufficiently high to break all double bonds.
Sampling was performed ∼10 min after the addition of O3, and
measurements were completed after ∼1 h. Cyclohexane
scavenged OH radicals, which were not formed in liquid-

Scheme 1. Mechanism for the Synthesis of Hydroperoxidesa

aExperiments A−C were performed as separate mixtures.
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phase reactions described above, and air molecules stabilized a
significant fraction of the ECIs. A trace amount of β-
caryophyllene was added with reactants to produce seed
aerosol by rapid ozonolysis and homogeneous nucleation of the
reaction products.21,35 This shifted the particle size distribution
to facilitate the generation of a sufficient number of particles for
analysis.21,35 The expected average contribution of seed mass to
total mass was <1%.21 As with liquid-phase ozonolysis, SCI
reacted solely with the excess alcohol to form α-alkoxyhy-
droperoxides (Scheme 1, 5A), which subsequently condensed
to form SOA. The SOA formed by this method is comprised
almost entirely of Cn−1 α-alkoxyhydroperoxides, with a small
fraction of Cn−1 carboxylic acid formed by the isomerization of
the Cn−1 ECI.

21,27

Hydroxynitrates were synthesized in the gas phase from the
OH radical-initiated reaction of 2-methyl-1-alkenes in the
presence of NOx.

28,29 Scheme S1 of the Supporting
Information shows the reaction mechanism. One ppmv of
C10−C15 2-methyl-1-alkene precursor with 10 ppmv of both
CH3ONO and NO were introduced into a 7 m3 PTFE Teflon
environmental chamber31 at room temperature and pressure
and irradiated with a bank of UV blacklights (λmax ∼ 360 nm)
for 6 min. Hydroxyl radicals were produced from photoloysis of
CH3ONO in the presence of excess NO, which suppresses O3
and NO3 radical formation.36 SOA formed from OH oxidation
products was then collected on Teflon filters and extracted in
ethyl acetate, and the ethyl acetate was then evaporated under
vacuum. The major products are β-hydroxynitrates, dihydrox-
ynitrates, trihydroxynitrates, and multifunctional hydroxycar-
bonyls.28,29 Products are identified by HPLC retention time
(discussed further in the Supporting Information). A fraction of
the mixture was set aside for immediate CCN analysis, as
described below. The other fraction was further reacted with
N2O5 in a vacuum rack to convert hydroxyl groups to nitrate
groups via the C−OH + N2O5 → C−ONO2 + HNO3
reaction.30 The sample was extracted again, dried in a stream
of N2, and reconstituted with 1 mL of ethyl acetate/mg of
sample.
Finally, complex SOA mixtures containing nitrate moieties

were generated in the gas phase by reacting selected C7−C14
linear, cyclic, and branched alkenes with NO3 radicals formed
from the thermal dissociation of N2O5. In these reactions, NO3
radicals add to the CC bond to form β-nitrooxyperoxy
radicals that subsequently undergo self-reactions and reactions
with NO3 and NO2 to form a complex mixture of multifunc-
tional nitrates that contain hydroxyl and carbonyl groups in
addition to the nitrate groups.31 These experiments were
conducted in a 1.7 m3 environmental chamber;34 materials used
and synthesis of chemicals required to perform all of the
reactions described above were identical to those reported
previously.28,29,31,33

Two types of CCN analysis were performed. Liquid samples
from the first set of hydroperoxide synthesis and filter extracts
from chamber experiments were separated by HPLC and
characterized by scanning flow CCN analysis.21 SOA formed in
the environmental chamber from the reactions of O3 and NO3
radicals with alkenes was sampled directly from the chamber for
analysis using size-resolved CCN analysis.37

The HPLC−CCN setup was similar to that used
previously.21 The HPLC system employed reversed-phase
gradient elution of acetonitrile and water with a Zorbax 5 μm
Eclipse XDB-C18 column and a guard column. Atomized eluate
passed through a charcoal denunder and silica gel dryer to

remove solvents before being charge neutralized by a 210Po
neutralizer38 (Aerosol Dynamics Inc., model 100). The aerosol
was then size selected by a DMA (TSI 3071) and split between
a CPC (TSI 3771) and a CCN counter (DMT) operated in
scanning flow mode.39 A constant Dd was selected for each
supersaturation scan such that CCN activation was observed.
Flow through the CCN counter was pulled by an external
pump through a proportional valve. The flow scan cycle was
reduced to 30 s (6 s hold, 24 s upscan) such that more than one
activation curve was acquired during the 1−3 min elution of
each chromatographic peak.
Figure 1 shows an example HPLC chromatogram excerpt.

Each peak corresponds to two to three CCN activation spectra,

which are plotted below the chromatogram. Samples from
liquid synthesis or SOA extracts were divided to allow for
multiple HPLC injections, and the reported κ values represent
the average of three to four injections. Data pairs of sc and Dd
derived from individual scans and averaged κ values are listed in
Tables S1 and S2 of the Supporting Information. The
assignment of peaks to compounds is described further in the
Supporting Information.
Size-resolved CCN activation spectra were measured with a

setup similar to that of Petters et al.37 The aerosol was size
selected with a differential mobility analyzer (DMA; TSI 3071),
and the flow was split between a condensation particle counter
(CPC; TSI 3010) and a continuous flow CCN counter40

(Droplet Measurements Technologies) held at a fixed water
vapor supersaturation (sc). Spectra were inverted to correct for
multiple charges37 to find the diameter at which 50% activation
occurred. Although this method was slightly more accurate than
the scanning flow method, it was slower, thus precluding its use
in the HPLC−CCN analysis described above. A complete list
of measurements performed in this manner is provided in
Tables S3 and S4 of the Supporting Information.
Calibration of the CCN instrument supersaturation for all

experiments was achieved with ammonium sulfate aerosol using
the relationship between water activity and dilution from the
Extended Aerosol Inorganics Model41 (E-AIM). Calibration

Figure 1. Chromatographic peaks from the C14 hydroxynitrate
experiment. The top panel shows an abridged time series of total
particles eluting from the HPLC setup counted by the CPC (black
lines) and CCN active particles (red lines). The bottom row shows the
resulting activation spectra for each flow scan with fitted sigmoidal
activation curves.21,55 The proposed compound structure is based on
thermal desorption particle beam mass spectrometry.
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procedures of the diameter-dependent and scanning flow CCN
techniques are further described by Christensen and Petters42

and Suda et al.,21 respectively. Supersaturation inferred from
diameter scans typically fluctuates ±10%.42 Flow scans from 0.2
to 1.2 L min−1 corresponded to levels of supersaturation from
0.17 to 1.16%, respectively. The uncertainty in supersaturation
assignment during flow scans was evaluated from the
calibration and is ±20%.
Paired Dd and sc values were used to calculate the apparent

hygroscopicity parameter, κ, at a standard state of T = 298 K
and σ = 72 mJ m−2.17,42 Temperature (T) and surface tension
(σ) are assumed to be constant, and the resulting “apparent κ”
is used because it facilitates comparison between the relative
ability of different compounds to promote CCN activity. The
relative uncertainty in κ estimated from the supersaturation
fluctuations is ±20 and ±40% for the size-resolved and flow-
scan method, respectively. The minimal κ that can be resolved
is determined by the maximal s (∼1%) and Dd (∼400 nm),
corresponding to activation properties that are worse than
those of insoluble but wettable particles described by κ = 0.

■ RESULTS AND DISCUSSION
Figure 2 shows the changes in CCN efficiency for molecules as
a function of type and location of functional groups, arranged
by decreasing d log10(κ)/dni where n is the number of
functional groups of type i. Values for κ and slopes d log10(κ)/
dn and d log10(κ)/d(O:C) are listed in Table S5 of the
Supporting Information. A change of more than 2 orders of
magnitude in κ was observed for the addition of two hydroxyl
groups to C10−C15 hydroxynitrates (panel A). We note that
C10−C12 β-hydroxynitrates were too volatile for measurement,
although the corresponding di- and trihydroxynitrates were
captured. The effectiveness of hydroxyl groups in facilitating
hydration is also well-known from the adsorption of water on
metals43 or metal oxides.44−47 Results for C14 hydroperoxides
with and without a terminal carboxyl group (panel B) show that
the carboxyl group tends to increase a molecule’s κ and that this
trend systematically varies with the location of the hydro-
peroxide group. For hydroperoxides formed from 1-alkenes and
alkenoic acids (panel B), compounds with the hydroperoxide
group closer to the center of the molecule (indicated by the
numbers 1−5 corresponding to structures in Table S1 of the

Supporting Information) have κ values slightly higher than
those of compounds with the hydroperoxide group closer to
the end of the molecule. This observation is consistent with the
theory that polar functional groups increase a molecule’s affinity
for water more effectively when they are located closer to the
molecule’s center.48 The difference between these isomers is
relatively small and close to the uncertainty limit that our
method can resolve reliably. Such small differences are unlikely
to result in significant differences in the CCN activity of a
complex OA mixture in the atmosphere. Adding a second
hydroperoxide group also increased κ (panel C), although to a
lesser extent than carboxyl groups.
Increasing the number of nitrate groups (panel D) led to a

slight decrease in κ, which is expected because of the low
solubility of organic nitrates49 and consistent with the results of
environmental chamber experiments in which additional
nitrates were generated (Table S4 of the Supporting
Information). With the exception of the cyclooctene reaction,
SOA formed in this manner proved to be CCN inactive for
particles having a Dd of <400 nm and an sc of 0.78%.
Hydroperoxides formed with a range of carbon numbers

from chamber reactions (panel E) exhibited a decrease in κ by 1
order of magnitude upon addition of eight methylene
(−CH2−) groups. For reactions in which methanol is used as
the SCI scavenger, the hydroperoxide group is closer to the end
of the carbon chain than when propanol is used. Upon
comparison of molecules with identical carbon chain lengths,
those with hydroperoxide groups closer to the center of the
molecule show systematically larger κ values. This effect agrees
with and is similar in magnitude to the results for hydro-
peroxides with a terminal carboxyl group (panel B).
Figure 3 shows κ for molecules as a function of their O:C

ratios. These ratios were calculated from the molecular
structures. For molecules with different numbers of hydroxyl
or methylene groups, there is a strong trend of increasing κ with
increasing O:C ratio, consistent with previous observations.14,15

We point out that there is likely an upper limit of κ ∼ 0.3
beyond which OA κ cannot increase,43 suggesting that
empirical O:C ratio versus κ relationships need to be capped.
Furthermore, the other systems (corresponding to Figure 2B−
D) show no increase or only a slight increase in κ with O:C
ratio. Most of these compounds have κ values of less than

Figure 2. Results of experiments varying hydroxyl (A), carboxyl (B), hydroperoxide ether (C), nitrate (D), and methylene (E) groups. Scales are
consistent across all panels, and the targeted molecular structures are summarized above the axes. Panels A and D show C10−C15 hydroxynitrates and
C14 nitrates from environmental chamber reactions; panels B and C show C14 hydroperoxides from liquid synthesis, and panel E shows C9−C17
hydroperoxides from environmental chamber reactions with either methanol (black circles) or propanol (pink squares) as the Criegee scavenger.
Dotted gray lines show estimated intrinsic κ values. All molecular synthesis procedures, product structures, and best-fit slopes are included in the
Supporting Information. Numbers in panels B−D correspond to Tables S1 and S2 of the Supporting Information.
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∼0.02, and we consider those effectively CCN inactive. Many
of the empirical O:C ratio versus κ relationships in the literature
are built from aerosol mass spectrometer data. Those
measurements typically do not include nitrate groups in the
estimates of O:C ratios because of analytical difficulties50 and
thus underestimate the O:C ratio of the organic fraction of
aerosol. To compare our data to aerosol mass spectrometer
data, we simulated this artifact by recalculating the O:C ratio
for nitrate-containing compounds assuming only one O per
ONO2 group (similar to loss of NO2 in an aerosol mass
spectrometer). The scatter between O:C ratio and κ is reduced
when our data are recast in this manner (Figure S2 of the
Supporting Information), although significant spread remains.
Furthermore, the transition from low κ to high κ begins at an
O:C ratio of <0.2.
At the process level, κ is intrinsically determined by the size

of the organic molecule, i.e., its molecular volume,51 but this
“intrinsic κ” (also known as κideal or the Raoult term in an ideal
Köhler curve)52,53 can be suppressed if the compound is not
sufficiently soluble in water.18,54 Sufficiently soluble compounds
are those that activate in accordance with intrinsic κ with small
deviations due to solution nonideality54 and surface tension
depression.19 Insoluble and sparingly soluble compounds must
undergo a solubility-controlled phase transition prior to CCN
activation. For sparingly soluble compounds, the resulting κ is
strongly dependent on the actual solubility,18,42,55 typically
falling into the range of 0.01−0.001.54 Given these controls on
κ, the conversion from low to high κ due to the addition of
functional groups corresponds to the conversion of a molecule
from insoluble to sufficiently soluble in water.25,56 Compounds
close to that transition will require only one or two additional
functional groups to dramatically age from a solubility-limited κ
to an intrinsic κ determined by molecular volume, which
typically exceeds 0.1 for molecules that have fewer than 15
carbon atoms. Figure 2 shows that measured κ values approach

the intrinsic κ estimated from molecular volume,69 which is
consistent with such a transition. Note that for sparingly soluble
compounds the dry particle diameter also influences the
apparent κ because of its effect on deliquescence.18 In this
study, the particle diameter was dictated by experimental
constraints and not varied systematically. Some of the observed
trends could be masked or magnified if different sizes were
used. Despite this limitation, the results clearly demonstrate
that the degree of functionalization required to bring a
molecule close to this solubility transition range depends on
the carbon chain length and type of functional group.
Evidence from prior OA aging studies14−16,23−25 clearly

demonstrates that the low- to high-κ transition starts at mass
spectrometer-derived O:C ratios of <0.2 and is complete at an
O:C ratio of ∼0.5. However, pure adipic acid [HOOC−
(CH2)4−COOH, O:C ratio of 0.66] and larger dicarboxylic
acids are not sufficiently soluble and thus cannot express their
intrinsic κ.42,56−58 For example, the observed apparent κ for
adipic acid is between 0.001 and 0.01.42 Counterexamples such
as adipic acid highlight the need for a mechanistic explanation
for the empirically derived close association between the O:C
ratio and κ. The relative tightness of the observed empirical
O:C ratio versus κ relation from field studies superimposed in
Figure 3 is surprising because the O:C ratio is independent of
carbon chain length and moieties associated with the carbon
backbone: a hypothetical C20 dihydroperoxide ether [C16(C−
O−C−OOH)2], a C10 trihydroxide [C10Hx(OH)3], and a C10
nitrate (C10HxONO2) have identical O:C ratios of 0.3 but differ
widely in molecular volume and water solubility. Can our
results explain the discrepancy between the understanding of
the process and the empirical observations?
The main result of this study is that hydroxyl functional

groups and the length of the hydrophobic aliphatic chains are
the dominant drivers of the solubility transition. The addition
of hydroxyl groups thus helps remove solubility limitations and
significantly increases the apparent κ value. Oxygen atoms
associated with carboxylic acids, hydroperoxides, and nitrates
do not contribute strongly to changes in κ because of the
known ineffectiveness of nitrate49 and carboxyl groups70 to
promote particle solubility. We point out that the compounds
used to test the influence of the hydroxyl group on κ (Figure
2A) are multifunctional. Thus, the result may have been
modulated by nitrate−hydroxyl group interactions and/or the
combined effects of the hydroxyl and nitrate groups on
promoting solubility. Preliminary results modeling the solubility
transition using the semiempirical UNIFAC approach59 suggest
that the most important group interaction terms are those of
functional group i with water; interactions of groups i and j
appear to be minor. However, fully untangling group additivity
and group−group interaction effects on CCN activity will
require concerted efforts between thermodynamic modeling
and experiments validating model predictions. Interpretation of
these findings is further complicated by the presence of
inorganic compounds in atmospheric particles. For insoluble
organics internally mixed with soluble inorganics, the resultant
κ is likely well described by the volume-weighted average κ of
the components.17 Compounds close to the solubility transition
that are classified as sparingly soluble may undergo
codissolution supported by the water associated with the
inorganic compound in solution and thus may express higher
organic κ values in mixed particles as compared to measure-
ments of the pure compound.18,60

Figure 3. Plot of κ vs O:C ratio. Colors indicate the functional group
targeted: gold for hydroxyl (−OH) (Figure 2A), blue for carboxylic
acid [−C(O)OH] (Figure 2B), green for hydroperoxide ether
[−C(OOH)−O−] (Figure 2C), purple for nitrate (−ONO2) (Figure
2D), and black and pink for methylene (−CH2−) (Figure 2E). Empty
symbols correspond to hydroperoxides (circle, liquid synthesis; square,
chamber reaction). Filled symbols correspond to hydroxynitrates. The
shaded region traces the data reported by Jimenez et al.14

Environmental Science & Technology Article

dx.doi.org/10.1021/es502147y | Environ. Sci. Technol. 2014, 48, 10182−1019010186



These results may explain the apparent discrepancies in
studies that simulate the hydrophobic-to-hydrophilic transition
during heterogeneous chemical aging of primary organic
aerosols. Petters et al.61 did not observe an increase in κ for
linoleic acid (C18H32O2) after the additioon of functional
groups to the carbon backbone via reaction of NO3 radicals
with the CC bond. The final product consisted of a
nitrate:carbonyl:hydroxyl ratio of ∼2:1:1 and increased the O:C
ratio from 0.11 to >0.4. Later heterogeneous aging studies via
OH radical oxidation25,62 showed much more rapid conversion
of squalane (C30H62) , bis(2-ethylhexyl) sebacate
[(CH2)8(COOC8H17)2], and stearic acid (C18H36O2) starting
at O:C ratios as low as 0.03. Heterogeneous oxidation with OH
radicals starts with abstraction of a H atom from the carbon
chain leading to the addition of primarily hydroxyl and carbonyl
groups with minor contributions of hydroperoxy groups.63 The
stark difference between the linoleic acid and squalane aging
models can likely be explained by the known ineffectiveness of
nitrate and carboxyl groups to promote particle solubility.
Conversely, the hydroxyl groups generated by OH radical-
initiated aging, combined with the fact that OH radical-initiated
aging leads to a statistical distribution of oxidation products
within the particle containing a small fraction of more highly
functionalized molecules,63 can explain the effectiveness of OH
radical attack in increasing κ.
Heald et al.64 found that OA composition from a variety of

environments occupies a narrow range following a slope of
approximately −1 when graphing elemental composition in the
H:C versus O:C state space (Van Krevelen diagram). This
suggests that functionalization proceeds in a manner consistent
with increases in either hydroxyl/carbonyl pairs or in carboxylic
acid groups. Combining the aging results that show rapid
hydrophobic-to-hydrophilic conversion at low O:C ratios with
the fact that organic acids are terminal moieties and relatively
poor in promoting solubility,70 we suggest that hydroxylation
may be an important pathway by which aerosols become more
hygroscopic. Some observations support the dominance of
hydroxyl groups over carboxyl groups in ambient OA. For
example, the ratio of hydroxyl to carboxyl groups in SOA
formed from monoterpene oxidation in a forest is ∼2.7:1.65
Tight empirical correlations between the O:C ratio and κ in
field14,15 and laboratory studies16,23 combined with the
dominant compositional trajectory in different environments
following a slope of −1 in Van Krevelen space may reflect a
ubiquitous and relatively unchanging mechanism of evolving
aerosol composition and hygroscopicity. Our interpretation of
the empirical O:C ratio versus κ observation is that it provides a
constraint on predominant chemical aging mechanisms in the
atmosphere more than a reliable predictor of CCN activity.
The significance of the OH group in OA transformations

emphasizes the importance of chemical mechanisms that lead
to the addition of hydroxyl groups. In the gas phase, hydroxyl
groups are added by the addition of OH radicals to the CC
bond and isomerization of the alkoxy radical.13 In the
condensed phase, the self-reactions of RO2 radicals13 or
hydrolysis of organic nitrates66,67 contributes to the addition
of OH groups. On the basis of these findings, we make the
following testable predictions.
(1) Ambient OA κ will correlate with the hydroxyl group

fraction under conditions where solubility limits the ability of
OA to express its intrinsic κ.
(2) OA formation and heterogeneous chemistry that

proceeds in unique settings, such as nighttime oxidation by

NO3 radicals or laboratory aging experiments that do not follow
the Van Krevelen slope of −1 (e.g., heterogeneous oxidation of
squalane),64,68 will result in divergent relationships between the
O:C ratio and κ.
(3) Heterogeneous chemistry that leads to condensed-phase

transformation of functional groups, such as hydrolysis of
organic nitrates to alcohols,66,67 will result in accelerated aging
of OA in the atmosphere.
Future studies are needed to test these hypotheses.
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