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ABSTRACT: The albedo and microphysical properties of
clouds are controlled in part by the hygroscopicity of particles
serving as cloud condensation nuclei (CCN). Hygroscopicity
of complex organic mixtures in the atmosphere varies widely
and remains challenging to predict. Here we present new
measurements characterizing the CCN activity of pure
compounds in which carbon chain length and the numbers
of hydroperoxy, carboxyl, and carbonyl functional groups were
systematically varied to establish the contributions of these
groups to organic aerosol apparent hygroscopicity. Apparent
hygroscopicity decreased with carbon chain length and
increased with polar functional groups in the order carboxyl
> hydroperoxy > carbonyl. Activation diameters at different
supersaturations deviated from the −3/2 slope in log−log
space predicted by Köhler theory, suggesting that water solubility limits CCN activity of particles composed of weakly
functionalized organic compounds. Results are compared to a functional group contribution model that predicts CCN activity of
organic compounds. The model performed well for most compounds but underpredicted the CCN activity of hydroperoxy
groups. New best-fit hydroperoxy group/water interaction parameters were derived from the available CCN data. These results
may help improve estimates of the CCN activity of ambient organic aerosols from composition data.

■ INTRODUCTION

Atmospheric aerosols participate in the formation of clouds by
serving as cloud condensation nuclei (CCN),1,2 affect the
global radiative balance through direct and indirect effects,3,4

and can be detrimental to the well-being of plants and
animals.5,6 Numerous organic compounds contribute to the
aerosol mass in the atmosphere,7,8 many of which are formed
through secondary processes. Secondary organic aerosol (SOA)
forms when volatile organic compounds are oxidized in the
atmosphere, yielding low-volatility compounds that can
condense.9,10 Low-volatility compounds also form in aqueous
phase reactions as dissolved organic compounds are oxidized in
cloud droplets11,12 or wet aerosols.13,14 Because of the chemical
complexity of SOA, the chemical evolution and properties of
SOA in the atmosphere are often described by simplified
metrics such as the elemental oxygen to carbon ratio
(O:C),15,16 the fraction of mass spectral fragment at mass-to-
charge ratio 44 ( f44),

17 the change in H:C ratio relative to the
O:C ratio,18 or the average oxidation state of carbon.19 The
O:C ratio and f44 are both good predictors of the hygroscopicity

of the organic fraction of aerosols in the atmosphere,15−17 but
the relationship with hygroscopicity is not linear and may vary
greatly under different conditions,20−23 demonstrating the need
to include more detailed information such as molecular
structure.
Many organic compounds present in SOA contribute to the

hygroscopicity of the whole particle.24,25 The hygroscopicity of
each compound depends on the length of the carbon chain and
the number and type of attached functional groups.23 Aerosol
water content can be predicted by chemical equilibrium models
such as UNIFAC for arbitrary mixtures of organic functional
groups in solution.26 UNIFAC predictions of aerosol properties
are widely used in the aerosol community27−31 and also serve as
the core component of a model we have developed to predict
CCN activity from functional group composition and particle
dry diameter30 (hereafter referred to as the U-CCN model).
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UNIFAC is semiempirical, and thus measurements are
necessary to constrain predictions.28,29 Most single-component
studies characterizing the CCN activity of organic aerosols have
been limited to chemicals that are commercially available.
Suitable data sets for fitting empirical UNIFAC interaction
parameters remain limited due to the difficulty of synthesizing a
large suite of compounds with targeted functional groups.
Although the U-CCN model was previously validated against a
database of published laboratory CCN measurements, that
database had limited coverage for many functional groups that
are important in atmospheric organic aerosols. This work aims
to close the gap for carboxyl, hydroperoxy, and carbonyl
functional groups, which are investigated by using organic
synthesis to systematically vary the type and location of the
functional group on the carbon backbone. The U-CCN model
uses a UNIFAC core to predict water activity,26 a functional
group prediction of molar volume,32 and a liquid−liquid phase
equilibrium algorithm.33 These are combined with traditional
Köhler theory to predict CCN activity. The efficacy by which
individual functional groups promote CCN activity is strongly
tied to the water activity and solubility/miscibility for highly
dilute solutions,30 meaning that validation and tuning of
UNIFAC group interaction parameters for the U-CCN model
must be performed against actual CCN measurements.
Therefore, this work primarily focuses on measurements of
CCN activity, expressed in terms of the compound’s
hygroscopicity parameter, to improve the fidelity of the U-
CCN model.

■ THEORY
Here the hygroscopicity parameter κ is used together with
Köhler theory to describe CCN activation (eq 1) and aerosol
water uptake in subsaturated relative humidity (eq 2):24,34
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where Sc is the critical water vapor supersaturation at CCN
activation, D is the droplet diameter, Dd is the particle dry
diameter, A = 4σMw/(RTρw) is the Kelvin diameter, σ is the
surface tension of the air/solution interface, Mw is the molar
mass of pure water, R is the universal gas constant, T is
temperature, ρw is the density of pure water, S is the water
vapor saturation ratio (relative humidity expressed as a
fraction), and Gf = D/Dd is the diameter growth factor.
Throughout this work Sc is expressed as a percent: sc = (Sc − 1)
× 100%. By convention, κ values are normalized to a standard
state by using the surface tension of pure water and room
temperature (σ = 0.072 N m−1, T = 298.15 K) in calculations.
This κ is denoted as “apparent κ” because it subsumes surface
tension and other physicochemical processes to express the
observed CCN activation or water uptake. Specifying any two
of the variables κ, sc, Dd or the variables κ, S, Gf will uniquely
determine the third, facilitating intercomparison of values
across different studies. Hereafter “hygroscopicity” and “κ” refer
to apparent κ unless otherwise specified.
Mismatch between κ derived from CCN measurements and

κ derived from subsaturated measurements has been
observed35,36 but remains difficult to interpret. Contributing

factors include reduced surface tension,36,37 solubility limi-
tations,38 and particle irregularity and surface restructuring
during measurements.39 To account for these factors, we
further differentiate between apparent κ and intrinsic κ, κintr,
which can be expressed by fully dissolved compounds in the
absence of surface tension reduction or particle irregularities
during the measurement.40 For a mixture of compounds of
limited solubility, κ = ∑iϵiκintr,iH(xi), where ϵi is the volume
fraction of the ith component in the dry particle, κintr,i is the
intrinsic κ of the ith component, and H(xi) is the dissolved
fraction of the solute. This fraction is found using xi = CiVw/Vs,i,
where Ci is the aqueous solubility of the ith component
expressed as volume solute per volume water at saturation, Vw
is the volume of water, and Vs,i is the total dry volume of the ith
component. The fraction dissolved is then H(xi) = xi for partial
dissolution (xi < 1) and H(xi) = 1 for complete dissolution
(xi ≥ 1). For pure compounds, κ is given by

κ κ= H x( ) intr (3)

Based on eq 3, for dissolved compounds (H(x) = 1),
measurements of log(sc) as a function of varying log(Dd)
follow κ isolines with a slope of ∼−3/2. For compounds with
limited solubility (H(x) < 1), the measurements will exhibit off-
isoline behavior at the onset of solubility limitation, when the
particles are not fully dissolved at the point of activation.34,41−43

CCN activity was modeled using the open-source U-CCN
model of Petters et al.30 In this study improvements to the
UNIFAC core (Fredenslund et al.26 eqs 1−7 with the
parameters table given by Petters et al.30 containing values
from Hansen et al.,44 Raatikainen and Laaksonen,28 and
Compernolle et al.29) are investigated for the hydroperoxide
functional group. We specifically seek interaction parameters
that are optimal for CCN predictions only. As we have shown
previously,30,45 the transition from CCN inactive (κ ∼ 0) to
CCN active (κ consistent with predictions based on molar
volume) requires the removal of solubility/miscibility limi-
tations. Thus, the prediction for compounds with solubility
limitations is highly sensitive to the water activity and liquid−
liquid phase separation prediction at water activities very near
unity. Three approaches were taken: (1) original parameters
were used (“default approach”); (2) the CH(OOH) subgroup
was replaced with a CH(O) and an OH group (“replacement
approach”);29,46,47 and (3) the CH(OOH) parameters were
adjusted based on an exhaustive grid search (“adjusted
approach”). A brute force grid search was performed seeking
a new pair of UNIFAC interaction parameters26 (am→n, an→m)
for hydroperoxide (m) and water (n). This procedure produced
a line in parameter space for which the mean error was ∼0.
These values are summarized in the Supporting Information.
Along this line, SSE asymptotically approached a low value. The
variation of modeled apparent κ as a function of carbon chain
length showed that some parameters result in unphysical
behavior, and these parameters are discarded. Unphysical
behavior is diagnosed by plotting simulated homologous series
of functionalized n-alkanes.30 The physical basis for the
unphysical regions is that due to its reduced oxidation state,
the water affinity of the hydroperoxide group should not exceed
that of the hydroxyl group. The primary effects on CCN
activity are molecular size and water solubility/miscibility, and
secondary effects include activity coefficients and surface
tension; thus, the U-CCN model captures the majority of the
physical processes. Specifics about the procedure to constrain
the parameter space to a physical solution are provided in the
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Supporting Information. Adjusted parameters were selected
from within the set of reasonable parameters based on lowest
available mean error and SSE. These parameters are
am→n = −667.3 and an→m = 963.6. In discussion to follow,
UNIFAC refers to the model with adjusted parameters unless
otherwise specified. For the adjusted parameters the sum
square error (SSE), ∑(log(κmodel) − log(κobserved))

2, and the
mean error, mean(log(κmodel) − log(κobserved)), were both
assessed. The modeled behavior of hypothetical C6−C35
hydroperoxides was evaluated.
CCN activity was also estimated independently based on

modeled molar volume and Flory−Huggins−Köhler theory,
which assumes an athermal mixture of molecules of different
sizes, considering only the entropy of mixing.48 Because it
ignores chemical interactions, Flory−Huggins−Köhler theory
describes the CCN activity for compounds that are completely
dissolved at compositions corresponding to water contents at
the critical supersaturation.45,49 Flory−Huggins−Köhler theory
has been shown to model the CCN activity of effectively
soluble molecules with molecular weights ranging from 80 to
2000 Da.45

■ EXPERIMENTAL SECTION
Two types of organic compounds were synthesized for this
study: compounds containing hydroperoxy groups and
compounds containing carbonyl groups. Hydroperoxides
included three isomers each of C10, C12, C14, and C16
hydroperoxyacids (alkoxy hydroperoxyalkanoic acids) and the
same number of dihydroperoxides (dialkoxy dihydro-
peroxyalkanes). Carbonyls included a C16 dione, C18
diketoaldehyde, and a C19 ketoester. Hydroperoxides were
synthesized in solution by ozonolysis of either an alkenoic acid
or diene in the presence of excess alcohol.50,51 Details of the
synthesis are reported in the Supporting Information, and the
reaction mechanism is reproduced in Scheme S1. Precursor
compounds, targeted molecular structures, molecular weights,
molar volumes estimated from the U-CCN model, computer
readable SMILES strings (simplified molecular input line-entry
system), and UNIFAC representations are summarized in
Tables S2 and S3. The alcohols and alkenes were selected to
determine the carbon chain length of the hydroperoxide
product as well as the placement of the functional groups. A
total of 24 hydroperoxides were synthesized.
Synthesized hydroperoxides were purified using reverse-

phase high-performance liquid chromatography (HPLC) as
described in previous work.23,25 Compound fractionation was
achieved using an Agilent 1100 series HPLC equipped with an
Agilent Zorbax Eclipse Plus XDB-C18 column (250 × 4.6 mm,
5 μm particle size) at room temperature and a Zorbax Reliance
cartridge guard column (4.6 × 12.5 mm with 5 μm particle
size) with a flow rate of 0.8 mL min−1. A gradient elution
method was employed starting with a 5:95 acetonitrile:water
mixture for 5 min, then ramping to 100:0 over 50 min, and
holding at this composition for 15 min. The column eluent was
routed directly to a Collison atomizer, where the solution was
atomized, passed through silica gel and charcoal diffusion driers
to remove the solvent, and residual hydroperoxide particles
were routed to the scanning flow-CCN measurement setup
described below.
Carbonyls were synthesized and purified using a method we

have employed previously52 and which is described in the
Supporting Information. 1H and 13C NMR were used to verify
the structure and purity of the synthesized compounds.

Molecular structures, SMILES strings, molecular weights,
modeled molar volumes from the U-CCN model, and
UNIFAC representations are summarized in Table S4. The
purified carbonyls were dissolved in acetonitrile, atomized, and
dried, and the residual carbonyl particles were then routed to a
scanning mobility particle sizer (SMPS)-CCN measurement
and a hygroscopicity tandem differential mobility analyzer
(HTDMA), both of which are described below.
The CCN measurement setup had two modes of operation:

scanning flow-CCN23,25,53 and SMPS-CCN.54,55 Schematics of
these previously described setups are provided in Figures S1
and S2. Scanning flow-CCN mode had a faster duty cycle and
was used to capture eluting HPLC peaks; SMPS-CCN mode
had a larger dynamic range and was used for selected
dihydroperoxides and for the already-purified carbonyls. In all
cases aerosol was size-selected by a differential mobility
analyzer (DMA; TSI 3071A) operated at 9:1.5 L min−1

sheath-to-sample flow ratio. The flow was split between a
condensation particle counter (CPC; TSI 3010, 1 L min−1) and
a streamwise gradient continuous flow CCN counter56 (DMT,
0.5 L min−1). CCN instrument supersaturation was determined
using size-selected ammonium sulfate aerosol and the Aerosol
Inorganic Model57,58 to relate dry diameter and critical
supersaturation.25,41,59 For scanning flow-CCN measurements,
the diameter was held constant while the CCN flow was
scanned linearly from ∼0.3 to 1.0 L min−1 in 44 s, translating to
a supersaturation scan of 0.2−1.1%. For SMPS-CCN measure-
ments the DMA voltage was exponentially ramped from 9000
to 50 V in 220 s, translating to a diameter ramp from 330 to 20
nm.55,60 SMPS-CCN data were inverted to correct for multiply
charged particles as described previously.61 Supersaturation and
diameter at 50% activation were used to calculate apparent κ
using eq 1.
The HTDMA instrument has been described previously62−64

and measured the humidified diameter of wet aerosols at a
controlled relative humidity.65 A schematic of the setup is
provided in Figure S3. Dry 100 nm particles were selected by a
DMA (TSI 3080) before humidification by passage through a
Nafion membrane immersed in water. The water temperature
dictates the dewpoint of the sample,66 which is then passed to a
thermally isolated high-flow DMA67 whose temperature
inhomogeneities are actively held within ±0.02 °C.62 The
instrument was operated in comparative hygroscopicity mode.
In this mode the aerosol flow to the instrument alternates
between sample aerosol and ammonium sulfate. The
ammonium sulfate growth factor is used to determine the
relative humidity inside the instrument.62−64 Two important
modifications were made to the HTDMA instrument. First, the
high flow DMA was placed in a secondary temperature
controlled enclosure that was held at ∼19 °C, in addition to the
heat exchangers mounted to the column.62 The slight cooling
below room temperature (22−30 °C) allowed for stable long-
term humidification at a relative humidity of 99% while
avoiding condensation of vapor in lines outside the secondary
enclosure. Second, the humidified size distributions were
characterized using 10 Hz data acquisition, scanning from
3000 to 50 V in 50 s using a sheath:sample flow ratio of 14.5:1.
The fast scans were implemented to interface the instrument
with the HPLC system (data not shown here). The rapid
scanning leads to smearing of the peak. However, it was verified
experimentally that the accuracy of the retrieved mode diameter
was not affected by the scan rate. Because of limited instrument
availability, only carbonyls were measured using the HTDMA
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instrument. Relative humidities and growth factors were used to
calculate apparent κ using eq 2.

■ RESULTS AND DISCUSSION
Figure 1 and Table S5 summarize results for the hygroscopicity
of hydroperoxyacids. Hygroscopicity decreased with increasing

carbon chain length and ranged from κ = 0.1 to 0.03. The data
fall between the Flory−Huggins prediction, which over-
predicted κ for some but not all of the isomers, and the
adjusted U-CCN model prediction, which greatly under-
predicted κ. This underprediction is discussed below in the
context of the U-CCN model adjustment. Molecules with the
hydroperoxy group near the end of the carbon chain tend to
have larger κ and were predicted better by Flory−Huggins−
Köhler theory. Compounds that fall below the Flory−Huggins
prediction undergo solubility (referring to solubility of
crystalline solids) or miscibility (referring to liquid−liquid
phase separation) controlled droplet activation and are
expected to be only sparingly soluble/miscible in water.
Figure 2 and Table S6 summarize the hygroscopicity

measurements of the dihydroperoxides. Hygroscopicity de-
creased with increasing carbon chain length and ranged from
κ = 0.05 to 0.007. The rate of decrease is more rapid and
reaches lower values than for the hydroperoxyacids. All data fell
below the Flory−Huggins prediction, suggesting that the
dihydroperoxides are sparingly soluble in water. The data are
reasonably well described by the adjusted U-CCN model
prediction, although several isomers have κ values that are
significantly lower than the adjusted U-CCN model. With the
exception of C10 compounds, the dihydroperoxides with the
COOH group positioned closer to the center of the molecule
were more hygroscopic, consistent with our previous results for
similar dihydroperoxides.23

Although at present the observed isomeric differences
evident in the data in Figures 1 and 2 are within the
uncertainty of the HPLC-CCN technique (i.e., the error bars
overlap), it is known that the position of organic functional
groups can affect compound properties including the
hygroscopicity,68 solubility,69 vapor pressure,70,71 melting
point,72,73 reaction mechanisms,74−76 viscosity,77 and glass-

transition temperatures.78 The behavior of dihydroperoxides is
broadly consistent with the hypothesis that polar functional
groups are more efficient in promoting solubility if they are
positioned near the center of the molecule.69 The hydro-
peroxyacids do not show a strong correlation between the
length of the hydrophobic alkyl tail and isomer hygroscopicity.
Competing effects may be at play. The hydrophobic tail may
fold as solvating water molecules attract polar functional groups
to the solvation shell of the molecule, and since folded isomers
tend to have a reduced effective molecular size,69 they may be
more hygroscopic.45,49 However, if the tail instead forms a
hydrophobic branch, it may disrupt the first solvation layer of
water molecules, reducing hygroscopicity. These effects are
influenced by the specific geometries of molecules, and
standard UNIFAC is indifferent toward the location of
functional groups. Therefore, isomer effects cannot be resolved
with the U-CCN model. Marcolli and Peter68 modified the
UNIFAC functional group definitions to separately account for
molecular alkyl tails, and although this approach is attractive,
caveats include the need for more fitted parameters and the
absence of a large volume of observational data.
Figure 3 and Table S7 summarize the additional tests of

hygroscopicity and supersaturation at CCN activation of C10
and C12 dihydroperoxides as a function of particle dry diameter.
Specifically, isomers #2.1 and #2.4 (Table S3) are shown (the
C10 square and C12 triangle in Figure 2). Each isomer was
measured twice, and differences between the first and the
repeated experiments are consistent with the ±10% variability
in the supersaturation of the CCN instrument. The relationship
between critical supersaturation and dry diameter shows an
inflection point (panels A and C) where the C10 dihydroper-
oxide observation departs from the κ isoline. No inflection
point is observed for the C12 dihydroperoxide. The off-isoline
behavior is usually attributed to sparing solubility of the
compound.34,41−43 The pure-compound κ model including
solubility34 (eq 3) describes the observations well in both cases.
Based on the best fit of eq 3 to the data, the solubility of the C10
compound was C = 0.31 with κintr = 0.042 and the solubility of
the C12 compound was C = 0.52 with κintr = 0.04. The
solubility-controlled transition in apparent κ (i.e., the inflection

Figure 1. Hygroscopicity of hydroperoxyacids (alkoxy-hydroper-
oxyalkanoic acids) as a function of carbon chain length. Selected
molecules are pictured at right. Each point is the average of several
experiments, and error bars indicate the minimum and maximum of all
results. Colors indicate the length of the hydrophobic alkyl tail. The
black line shows the Flory−Huggins prediction, and the purple line
shows the adjusted approach U-CCN model prediction. For Cn ≥ C11,
the U-CCN prediction is below the lower limit of the ordinate.

Figure 2. Hygroscopicity of dihydroperoxides (dialkoxy-dihydro-
peroxyalkanes) as a function of carbon chain length. Each point is
the average of several experiments, and error bars indicate the
minimum and maximum of all results. Colors indicate the length of the
hydrophobic alkyl tail. The black line shows the Flory−Huggins
prediction, and the purple line shows the adjusted approach U-CCN
model prediction.
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point) began for C10 dihydroperoxide particles near Dd = 150
nm (panel A). The C10 particles were not fully dissolved at the
point of activation for Dd < 150 nm due to their solubility. The
undissolved fraction increased at lower diameters and could not
contribute water uptake to the growing droplet. The C12
compounds did not exhibit significant solubility limitations in
the range measured.
The success of the pure-compound κ solubility framework in

describing the observations in Figure 3 is consistent with the
near unity yields expected for the target hydroperoxides
produced in the synthesis of these standards.50,79−81 It is
reassuring that these compounds behave as pure compounds,
given that for this set of solubility experiments the HPLC
purification step was skipped (due to its very low throughput).
The HPLC-CCN measurements of the C10 dihydroperoxide
isomers in Figure 2 were collected in a diameter range (123,
123, and 177 nm; Table S6) close to the onset of solubility
limitations shown in Figure 3 (panel A). Thus, it is unsurprising
that their apparent κ = 0.011 fell short of the fitted κintr = 0.042
in Figure 3. The C12 dihydroperoxide apparent κ = 0.029 was
nearer the fitted κintr = 0.04. Many sparingly soluble compounds
that should show inflection points do not in practice.34,42,43,82,83

Reasons for this behavior frequently cited in the literature are
solubilization of the analyte by trace impurities present in the
particle and uncertainties about the dried particle phase
state.42,82

We now explore if effects other than solubility, such as
reduced surface tension, viscosity, or volatility, could contribute
to the observed CCN data. Solubility, surface tension
reduction, viscosity, volatility, and hygroscopicity are all linked
to molecular structure. The surface tension of C12 and C10
dihydroperoxides in aqueous solution is expected to lie between
that of sodium fatty acid salts and dicarboxylic acids (cf. Figure
1 of Petters and Petters55), based on functional group
composition and carbon chain length. Thus, the surface tension
reduction may affect CCN activation. However, Figure 3A
shows a sharp reduction in κ at smaller diameters, contrary to
model predictions that show larger κ at smaller diameters
regardless of the extent to which the surfactant partitions to the
surface.36,55,84 Facchini et al.85 proposed that surface tension
reduction during CCN activation greatly enhances the CCN
activity of organic compounds. This prediction was made using
bulk measurements of surface tension from environmental
samples. Bulk measurements have also been used to predict
strong CCN enhancement in more recent work (e.g., Giordano
et al.86 and Nozier̀e et al.87). The problem with this approach is
that hygroscopic growth and CCN activation are controlled by
both surface tension and water activity, and the partitioning of

surfactants to the surface of small droplets perturbs the water
activity within the droplet.88−90 Measurements of CCN activity
for surfactant compounds have repeatedly shown that strong
CCN enhancement does not occur,55,90,91 and delayed CCN
activation tests show that the partitioning of surfactants is likely
not time dependent within the measurement time scale.92

Measurement of surface tension is typically done in the bulk.
Although measurements have been recently extended to sizes as
small as 5 μm, this is still much larger than the growing and
activating CCN droplet.93 The surface tension of droplets is
undoubtedly perturbed by the solute; however, few authors are
willing to attribute their discrepancies entirely to surface
tension reduction.36,37 Several theories predicting surface
partitioning in nanoscale droplets have been developed89,94−96

and may be included in future versions of the U-CCN model.
Based on the molecular structures, the viscosities of the

compounds in this study are well below the 100 Pa·s
delineation between liquid and semisolid,97 making it unlikely
that water uptake was kinetically limited by water diffusion
through the condensed phase organic matrix. It is surprising,
however, that the C10 compound exhibited a lower solubility
than the C12 compound because the larger molecule would be
expected to be less soluble due to the addition of the
hydrophobic group. One potential explanation is volatility. If
the C10 particles partially evaporated in the CCN instrument, a
lower κ would be measured. The thermal gradient in the CCN
instrument is larger for larger supersaturation, and thus the
decrease in κ with increasing supersaturation might be also due
to volatilization.98 Volatilization experiments that measure
aerosol diameter changes at ambient99,100 or chilled temper-
atures64 or with liquid water to inhibit evaporation60,101,102

could probe this hypothesis.
Figure 4 shows the hygroscopicity of C14 hydroperoxide

compounds as a function of the number of carboxyl (panel A)
or hydroperoxy (panel B) groups. Hygroscopicity increased
with the number of functional groups, consistent with previous
results.23 Hydroperoxyacids measured here (panel A) were
slightly more CCN active (κ ∼ 0.05) than previous results
(κ ∼ 0.02) but lie within the experimental uncertainty shown in
Figure 1. Note that only the isomer with a C5 tail was measured
in both studies. The observed slope d(κ)/d(carboxyl) was
roughly equivalent to the slope of the adjusted U-CCN model
prediction. Current dihydroperoxide (panel B) observations are
consistent with previous results and range from κ = 0.007 to
0.03. The observed slope d(κ)/d(hydroperoxy) was shallower
than the U-CCN model prediction. The U-CCN prediction of
κ was consistent with observations for dihydroperoxides but
underpredicted κ for the hydroperoxyacids and monofunctional

Figure 3. Hygroscopicity of dihydroperoxides as a function of particle dry diameter (A, B) and supersaturation at activation as a function of particle
dry diameter (C, D). Panels A and C show the C10 dihydroperoxide (tail length 3), and panels B and D show the C12 dihydroperoxide (tail length 4).
Open symbols indicate a repeated experiment. Each point is the average of ∼3 experiments. Error bars indicate the range of measured values. Gray
lines of constant hygroscopicity are shown in panels C and D. Black lines show the κ solubility model for pure compounds (eq 3).34
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hydroperoxides. All compounds were less CCN active than the
Flory−Huggins model prediction.
Figure 5 and Table S8 summarize the hygroscopicity of

carbonyls as a function of carbon chain length. Hygroscopicity

ranged from 0.0001 to 0.03, generally decreasing with carbon
number and increasing with the number of keto groups.
Between compounds 1 and 2, the addition of a keto group
raises κ despite the addition of two carbons. Between
compounds 2 and 3, the loss of a keto group renders
compound 3 effectively CCN inactive. All observations fall
below the Flory−Huggins prediction, likely due to solubility
limitations. The U-CCN model prediction was κ ∼ 0.
Nevertheless, the increase in κ between compounds 1 and 2
shows that the keto group promotes CCN activity. This trend is

qualitatively consistent with predictions for carbonyls of lower
molar mass.30

Figure 5 also shows HTDMA measurements of carbonyl
compounds (summarized in Table S9). The diameter growth
factor, Gf from eq 2, was 0.809, 1.007, and 0.877 for carbonyl
compounds 1, 2, and 3 at 98−99% relative humidity. The C18
diketoaldehyde showed significantly lower κ for measurements
taken at subsaturated relative humidity than for those taken at
supersaturated relative humidity. Growth factors less than 1
could be indicative of slight evaporation or surface restructuring
upon humidification.39,103 The growth factor of the C18
diketoaldehyde corresponds to κ = 0.0006 at 98.7% relative
humidity; compounds with negative κ are not included because
water uptake was below the detection limit.
Figure 6 shows the relationship between the measured and

modeled CCN activity for hydroperoxides using the three
different model approaches. The underprediction of κ using the
default approach is a prominent feature (panel A). The C12
hydroperoxyacids (all isomers; labeled “2”) and C10 dihy-
droperoxides (all isomers; labeled “5”) have larger error
because some of the diameters corresponded to sizes where κ
varies strongly due to miscibility limitations. In panel B, the
replacement approach performed well for the dihydroperoxides
(green circles 5−8 and purple square 12) and underpredicted κ
for other compounds (hydroperoxyacids and C14 hydro-
peroxides from previous work).23,30

Predictions for the adjusted approach are superimposed in
Figures 1, 2, and 4. These figures show that the U-CCN model
captured the absolute κ value and the relationship between κ
and carbon number well for the dihydroperoxides (Figure 2).
In contrast, predictions are poor for the hydroperoxyacids
(Figure 1) and C14 monofunctional hydroperoxides (Figure 4).
Figure 6 panels C and D summarize the same data. The
adjusted approach performed slightly better than the
replacement approach. The observed ranges in κ were generally
larger than the modeled ranges likely in part due to the
different isomers measured, which UNIFAC cannot distinguish.
The closeness between the Flory−Huggins prediction and

the data (Figure 1) suggests that the hydroperoxyacids were
sufficiently soluble, i.e., that the H(x) term in eq 3 approaches
unity. This is clearly not captured by U-CCN model for this
specific functional group pair. Potential explanations for this
behavior include strongly reduced surface tension, presence of
trace impurities, interactions between the hydroperoxide and
acid groups that render the molecule soluble but are not
captured in the functional group framework, or acid−water
group interaction parameters that are not tuned well enough to
exactly model miscibility/solubility. At this time the data
generated for this work and the compounds analyzed in
previous work23 are insufficient to conclusively attribute the
source of the error. Additional CCN studies targeting the
carboxyl group will be needed.
The gray regions in Figure 6 show κ values that are too low

to be considered CCN active under typical warm cloud (e.g.,
stratus) conditions. Compounds in these regions do not
participate in water uptake and contribute to CCN activity only
by virtue of the effect of their dry volumes on the overall
diameter of a growing droplet. As compounds evolve by
photochemical oxidation in the atmosphere, they generally
become more hygroscopic,15,16 leaving the CCN-inactive
region of Figure 6. This solubility-controlled transition is
aided by the addition of hygroscopic functional groups to the
carbon backbone23 and will be better estimated as more

Figure 4. Hygroscopicity of C14 hydroperoxides as a function of the
number of carboxyl (A) and hydroperoxy (B) groups. Data from Suda
et al.23 are included for comparison (open circles). Each point is the
average of several experiments and error bars indicate range. The
length of the hydrophobic alkyl tail is indicated with a number (Suda
et al.23) or a color (this work). The black line shows the Flory−
Huggins prediction, the dotted gray line shows the observed slope, and
the purple line shows the adjusted U-CCN model.

Figure 5. Hygroscopicity of carbonyls as a function of carbon chain
length. All compounds are pictured at right. Averages (horizontal
lines) and individual measurements (circles) are both shown.
Subsaturated measurements (using HTDMA technique) are shown
if they were above the detection limit (square). The black line shows
the Flory−Huggins prediction. The U-CCN model prediction was κ ∼
0.
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hygroscopicity measurements for different functional groups
become available.
To our knowledge, this and our previous work23 constitute

the first measurements of the CCN activity of pure organic
hydroperoxides available in the literature. Compernolle et al.29

derived hydroperoxide interaction parameters based on the
SPARC (Sparc Performs Automated Reasoning in Chem-
istry)104 model. These parameters have since been imple-
mented in several UNIFAC models that predict water
uptake.30,47 Why does SPARC underpredict interactions
between hydroperoxides and water? The Compernolle
parameters were intended for use in predicting vapor−liquid
equilibrium of α-pinene reaction products, and the authors
point out that as water uptake increases, the accuracy of these
interaction parameters for UNIFAC will decrease because
hydroperoxides participate in hydrogen bonding. The ability of
polar organics to form associated solutions or to be solvated by
water generally complicates their treatment in models.
Multifunctional hydroperoxides are known to form intra- and
intermolecular hydrogen bonds.48,105−107 For example, hydro-
gen bonding can draw the molecules closer together or contract
them, leading to misestimated molar volume in solu-
tions.32,108,109 Similarly, hydroperoxides can form dimers or
larger clusters via hydrogen bonds,48,106,107 thereby acting as
larger molecules in solution.48 These complex interactions may
contribute to the difficulty of uniquely representing hydro-
peroxides within the UNIFAC modeling framework. Petters et
al.30 used the U-CCN model with homologous series to
quantify how effective functional groups are in removing
solubility limitations to CCN activation. These sensitivities can
be expressed by comparison to effect of changing carbon chain
length (CHn). For example, to maintain constant CCN activity,
one hydroxyl group (promoting solubility) compensates for the
addition of four CHn groups (reducing solubility), and this is
expressed as Δ[CHn]/Δ[OH]∼ −4. The sensitivity for the
hydroperoxy group using the U-CCN model default approach
is Δ[CHn]/Δ[CHn(OOH)]∼ −2. Conversely, the sensitivity
for the hydroperoxy group using the adjusted approach is
Δ[CHn(OOH)]/Δ[CHn]∼ −4, similar to that of a hydroxyl
group. This is physically reasonable given that both functional
groups form hydrogen bonds with water molecules.

■ CONCLUSIONS

Twenty-seven compounds were synthesized to systematically
investigate how the number and location of functional groups
affect CCN activity. Measurements of CCN activity were
performed for three main compound groups: alkoxy-
hydroperoxyalkanoic acids (hydroperoxyacids), dialkoxy-
dihydroperoxyalkanes (dihydroperoxides), and carbonyls. For
most compounds the sample was purified with HPLC, and the
HPLC eluent was interfaced with scanning flow-CCN analysis
to determine the CCN activity expressed as an apparent κ
value.
Hydroperoxyacids were more CCN active than dihydroper-

oxides of the same carbon chain length. The keto functional
group promoted CCN activity. CCN activity generally
decreased with increasing carbon chain length. Polar functional
groups closer to the center of the molecule were more effective
in promoting CCN activity except for the hydroperoxyacids
that did not show this pattern. This may be due to folding of
the hydrophobic alkane tail of the molecules, which can
simultaneously reduce molecular size (promoting hygroscopic-
ity) and disrupt the first solvation layer of water (reducing
hygroscopicity).
Size and supersaturation-resolved CCN experiments were

performed with two dihydroperoxide compounds and showed
that solubility limitations were likely responsible for measured
CCN activity below the Flory−Huggins prediction from
molecular size. The C10 dihydroperoxide appeared to have
limited solubility at CCN activation for dry diameters less than
150 nm, while the C12 dihydroperoxide did not.
The data collected in this work were used to evaluate the

performance of a group contribution model that predicts CCN
activity. This model combines a UNIFAC core, a molar volume
prediction, and a liquid−liquid phase separation algorithm with
Köhler theory to model the activation diameter for organic
compounds. Improved hydroperoxide−water group interaction
parameters were derived. The adjusted parameters result in
excellent agreement between the data and the dihydroperoxide
compounds. However, the adjusted parameter model still
underestimates CCN activity for the monfunctional hydro-
peroxides and hydroperoxyacids. Potential explanations for this
behavior include strongly reduced surface tension, trace
impurities that remove solubility or miscibility limitations,

Figure 6. Hydroperoxide hygroscopicity modeled by the U-CCN model as compared with the observed hygroscopicity. Panel A shows the default
approach; panel B shows the replacement approach; and panels C and D show the adjusted approach. Panel D uses different axis scaling. Error bars
indicate the range of observed values for different isomers (x-error) and the range of modeled values for different dry diameters (y-error). Gray
shading indicates where compounds are inactive as CCN under typical stratus conditions. Blue triangles numbered 1−4 refer to C10, C12, C14, and
C16 hydroperoxyacids (Tables S2 and S5); green circles numbered 5−8 refer to C10, C12, C14, and C16 dihydroperoxides (Tables S3 and S6); and
purple squares numbered 9−12 refer to C14 hydroperoxides from previous work.23,30
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hydroperoxide−acid group interactions that promote solubility
but are not captured in the functional group framework, or
acid−water group interaction parameters that do not capture
miscibility/solubility near the point of droplet activation.
Additional studies are required to better understand the cause
of these discrepancies. The net result of the adjusted
parameters is that the hydroperoxide group is approximately
as effective as the hydroxyl group in removing solubility/
miscibility limitations from otherwise nonpolar molecules. This
similarity between OH and CHn(OOH) is unsurprising due to
the expected underlying hydrogen bonding driving solvation
and dissolution processes of the molecule.
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