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Abstract. Gas–particle partitioning governs the distribution,
removal, and transport of organic compounds in the at-
mosphere and the formation of secondary organic aerosol
(SOA). The large variety of atmospheric species and their
wide range of properties make predicting this partitioning
equilibrium challenging. Here we expand on earlier work and
predict gas–organic and gas–aqueous phase partitioning co-
efficients for 3414 atmospherically relevant molecules using
COSMOtherm, SPARC Performs Automated Reasoning in
Chemistry (SPARC), and poly-parameter linear free-energy
relationships. The Master Chemical Mechanism generated
the structures by oxidizing primary emitted volatile organic
compounds. Predictions for gas–organic phase partitioning
coefficients (KWIOM/G) by different methods are on average
within 1 order of magnitude of each other, irrespective of
the numbers of functional groups, except for predictions by
COSMOtherm and SPARC for compounds with more than
three functional groups, which have a slightly higher dis-
crepancy. Discrepancies between predictions of gas–aqueous
partitioning (KW/G) are much larger and increase with the
number of functional groups in the molecule. In particular,
COSMOtherm often predicts much lower KW/G for highly
functionalized compounds than the other methods. While the
quantum-chemistry-based COSMOtherm accounts for the
influence of intra-molecular interactions on conformation,

highly functionalized molecules likely fall outside of the ap-
plicability domain of the other techniques, which at least in
part rely on empirical data for calibration. Further analysis
suggests that atmospheric phase distribution calculations are
sensitive to the partitioning coefficient estimation method, in
particular to the estimated value of KW/G. The large uncer-
tainty in KW/G predictions for highly functionalized organic
compounds needs to be resolved to improve the quantitative
treatment of SOA formation.

1 Introduction

Volatile organic compounds (VOCs) emitted to the atmo-
sphere are oxidized to form secondary products. These prod-
ucts tend to be more oxygenated, less volatile, and more
water-soluble than their parent compounds, and thus have
higher affinity for aerosol particles and aqueous droplets.
Equilibrium partitioning coefficients are often needed to as-
sess the distribution of these oxidized compounds among dif-
ferent phases in the atmosphere such as aerosol particles, fog
droplets, and cloud droplets. In particular, the partitioning
between gas and organic phase and between gas and aque-
ous phase is required for the evaluation of an organic com-
pound’s contribution to secondary organic aerosol (SOA) for-
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mation, its transport, removal, and lifetime. Experimentally
determined partitioning coefficients are rarely available for
the oxidation products of VOCs due to the difficulties in mak-
ing the measurements and obtaining chemical standards. Fur-
thermore, there are many thousand organic species in the at-
mosphere (Hallquist et al., 2009); the number is even higher
when considering their isomers. Their gas–particle partition-
ing is therefore usually predicted. Reliable estimation meth-
ods for gas–organic and gas–aqueous partitioning should be
applicable to a wide range of organic compounds, especially
to multi-functional species generated during the multi-step
atmospheric oxidation of precursor VOCs.

Current approaches for predicting partitioning into non-
aqueous organic aerosol phases almost exclusively rely on
predictions of vapor pressure. These predictions have large
uncertainties; comparison among different vapor pressure
prediction methods suggests increasing discrepancies with
increasing numbers of functional groups in an organic com-
pound (Valorso et al., 2011; Barley and McFiggans, 2010;
McFiggans et al., 2010; Compernolle et al., 2011). This un-
certainty matters, because it is the multi-functional oxidation
products that can occur in either gas or condensed phases in
the atmosphere. Instead of relying on predictions for vapor
pressures, Wania et al. (2014) proposed using three alterna-
tive methods for direct gas–particle partitioning prediction:
poly-parameter linear free-energy relationships (ppLFERs),
the online calculator of SPARC Performs Automated Rea-
soning in Chemistry (SPARC), and the quantum-chemistry-
based program COSMOtherm. Wania et al. (2014) found that
partitioning coefficients predicted for the oxidation products
of n-alkanes are within 1 order of magnitude, and mutual
agreement does not deteriorate with increasing number of
functional groups. Because of the relatively small number of
oxidation products in that study, the reliability of these pre-
diction methods for other organic compounds requires fur-
ther evaluation.

While more experimental data exist for the Henry’s law
constant of atmospherically relevant compounds than gas–
organic phase partitioning coefficients (Sander, 2015), data
are not usually available for VOC oxidation products, which
potentially have a higher affinity for atmospheric aqueous
phases and a great atmospheric abundance. Currently avail-
able prediction methods for the air–water partitioning coeffi-
cient include the GROup contribution Method for Henry’s
law Estimate (GROMHE) (Raventos-Duran et al., 2010),
SPARC (Hilal et al., 2008), HENRYWIN in EPI Suite (US
EPA, 2012), and ppLFERs (Goss, 2006). Sander (2015) pro-
vides a more comprehensive list of websites as well as quan-
titative structure–property relationships for Henry’s law con-
stants. COSMOtherm can also predict gas–aqueous phase
partitioning of organic compounds, including VOC oxida-
tion products (Wania et al., 2015). Though many different
methods are available for Henry’s law constant prediction,
they have not been systematically evaluated for a large set
of organic compounds of atmospheric relevance. An excep-

tion is the comparison of GROMHE, SPARC, and HENRY-
WIN predictions for 488 organic compounds bearing func-
tional groups of atmospheric relevance (Raventos-Duran et
al., 2010).

Even for the relatively simple molecules for which exper-
imental evaluation data exist, these methods have consider-
able uncertainties. Raventos-Duran et al. (2010) reported root
mean square errors (RMSEs) of 0.38, 0.61, and 0.73 log unit
for Henry’s constants predicted by GROMHE, SPARC, and
HENRYWIN, respectively. The ppLFER developed by Goss
(2006) has a RMSE of 0.15 log unit for the 217 compounds
used for calibration. The error can be expected to be much
larger for molecules that either are not part of the calibra-
tion (GROMHE, ppLFER) or are more complex. For a com-
pound with multiple functional groups, Isaacman-VanWertz
et al. (2016) found discrepancies in predicted Henry’s law
constant of several orders of magnitude. The method of
Hodzic et al. (2014) of estimating the Henry’s law constant
for atmospheric oxidation products of different precursors
also has uncertainties of several orders of magnitude.

The objective of this paper was to compare and evaluate
gas–particle partitioning predictions for a large number of
organic compounds of atmospheric interest using ppLFER
(in combination with ABSOLV-predicted solute descriptors),
SPARC, and COSMOtherm. While all three methods are
able to estimate both gas–organic and gas–aqueous partition-
ing, they are based on different principles: ppLFERs are em-
pirically calibrated multiple linear regressions, SPARC con-
tains solvation models based on fundamental chemical struc-
ture theory (Hilal et al., 2004), and COSMOtherm combines
quantum chemistry with statistical thermodynamics (Klamt
and Eckert, 2000). This study thus expands earlier work (Wa-
nia et al., 2014) to a much larger number of compounds and
to aqueous phase partitioning. As such, it includes quantum-
chemistry-based predictions for an unprecedented number of
atmospherically relevant compounds.

2 Method

The Master Chemical Mechanism (MCM v3.2, http://mcm.
leeds.ac.uk/MCM), a near-explicit chemical mechanism, was
used to generate 3414 non-radical species through the multi-
step gas phase oxidation of 143 parent VOCs (methane+ 142
non-methane VOCs). Degradation of the parents VOCs
through photolysis and reactions with O3, OH, and NO3 are
included in the MCM mechanism whenever such reactions
are possible. The details about the studied compounds are
given in the Supplement (Excel spreadsheet), including the
compounds’ MCM ID, SMILES (simplified molecular-input
line-entry system), precursors (i.e., the parent VOC), molec-
ular weight, molecular formula, elements, generation of oxi-
dation, number and species of functional groups, O : C ratio,
and average carbon oxidation state (OSC) (Kroll et al., 2011).
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Three prediction methods are used to estimate the equilib-
rium partitioning coefficients between a water-insoluble or-
ganic matter phase (WIOM) and the gas phase (KWIOM/G) at
15 ◦C in units of m3 (air) m−3 (WIOM) as well as the equilib-
rium partitioning coefficients between water and gas phase
(KW/G) at 15 ◦C in units of m3 (air) m−3 (water). The two
partitioning coefficients are defined as

KWIOM/G = CWIOM/CG, (1)
KW/G = CW/CG. (2)

CWIOM, CW, and CG (mol m−3) are equilibrium concentra-
tions of an organic compound in WIOM, water, and gas
phase, respectively. Partitioning between gas and aqueous
phase can be significantly influenced by the presence of in-
organic salts (i.e., the salt effect) (Endo et al., 2012; Wang
et al., 2016, 2014; Waxman et al., 2015), the hydration of
carbonyls (Ip et al., 2009), and the dissociation of organic
acids (Mouchel-Vallon et al., 2013), particularly in the aque-
ous phase of aerosols. However, in this study only the par-
titioning between gas and pure water, i.e., the Henry’s law
constant, is predicted, and no hydration, salt effect, or acid
dissociation is considered. Conversion of partitioning coeffi-
cients KW/G to Henry’s constant (KH) in units of M atm−1

or KWIOM/G to saturation concentration (C∗, µg m−3) is pro-
vided in the Supplement.

Wania et al. (2014) describe each prediction method in
detail. In brief, ppLFERs are developed by performing a
multi-linear regression of experimental K values against
compound-specific solute descriptors (Endo and Goss,
2014). These descriptors represent a solute’s hydrogen-
bond acidity (A), hydrogen-bond basicity (B), dipolar-
ity/polarizability (S), McGowan volume (cm3 mol−1) di-
vided by 100 (V ), excess molar refraction (E), and loga-
rithmic hexadecane–air partitioning constant at 25 ◦C (L). In
this study, solute descriptors for the 3414 compounds were
predicted with ABSOLV (ACD/Labs, Advanced Chemistry
Development, Inc., Toronto, Canada). The regression coeffi-
cients in ppLFERs are denoted by a, b, s, v, e, and l; c is the
regression constant. The ppLFER for air–water partitioning
was taken from Goss (2006):

logKW/G = c+ aA+ bB + sS+ vV + eE; (3)

whereas ppLFERs for four different organic aerosol were
taken from Arp et al. (2008):

logKAerosol/G = c+ aA+ bB + sS+ vV + lL. (4)

As described in Wania et al. (2014), the average of the four
KAerosol/G was compared with the KWIOM/G predicted by the
other two methods. SPARC is a commercial web-based cal-
culator for prediction of physical chemical properties from
molecular structure developed by the US Environmental Pro-
tection Agency (Hilal et al., 2004). The predictions of KW/G
and KWIOM/G are based on solvation models in SPARC

that describe the intermolecular interaction between differ-
ent molecules (solute and solvent), including dispersion, in-
duction, dipole–dipole, and H-bonding interactions, which
are developed and calibrated with experimental data (Hilal
et al., 2008). For the calculations of KWIOM/G by SPARC
and COSMOtherm, the phase WIOM is represented by the
surrogate structure “B” as proposed by Kalberer et al. (2004)
and adopted previously by Arp and Goss (2009) and Wania et
al. (2014). SPARC calculations were carried out using the on-
line calculator (http://archemcalc.com/sparc-web/calc), with
SMILES strings as input. COSMOtherm predicts a large
variety of properties based on COSMO-RS (conductor-
like screening model for real solvents) theory, which uses
quantum-chemical calculations and statistical thermodynam-
ics (Klamt and Eckert, 2000; Klamt, 2005). First, TUR-
BOMOLE (version 6.6, 2014, University of Karlsruhe &
Forschungszentrum Karlsruhe GmbH, 1989–2007, TUR-
BOMOLE GmbH, since 2007 available from http://www.
turbomole.com) optimizes the geometry of the molecules of
interest by quantum-chemical calculations at the BP-TZVP
level. COSMOconf (version 3.0, COSMOlogic) then selects
a maximum of 10 of the lowest-energy conformers for each
calculated molecule and generates COSMO files. Calcula-
tions with TURBOMOLE and COSMOconf were performed
on the General Purpose Cluster (GPC) supercomputer at the
SciNet HPC Consortium at the University of Toronto (Lo-
ken et al., 2010). Finally, COSMOtherm (version C30_1501
with BP_TZVP_C30_1501 parameterization, COSMOlogic
GmbH & Co. KG, Leverkusen, Germany, 2015) calculates
partitioning coefficients from the selected COSMO files at
15 ◦C.

In order to compare different predictions numerically, we
calculated the mean difference (MD) and the mean absolute
difference (MAD) for each pair of KWIOM/G or KW/G sets:

MDXY =
1
n

∑
i

(
log10Ki,CP/GX − log10Ki,CP/GY

)
, (5)

MADXY =
1
n

∑
i

∣∣log10Ki,CP/GX − log10Ki,CP/GY
∣∣ , (6)

where CP (“condensed phase”) stands for either WIOM or
water, and X and Y represent two prediction techniques.

3 Results

3.1 The range of estimated partitioning coefficients

Partitioning coefficients predicted for each compound with
different methods are given in an Excel spreadsheet in the
Supplement. All three methods predicted the log KWIOM/G
for these organic compounds to range from approximately
0 to 15 (Fig. 1a–c). Hodzic et al. (2014) predicted a log
KWIOM/G in the range of approximately 0–20 at 25 ◦C (see
conversion between C∗ andKWIOM/G in the Supplement) for
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Figure 1. Comparison of the KWIOM/G (upper panel) and KW/G (lower panel) predicted using COSMOtherm, SPARC, and ABSOLV–
ppLFERs. The differently colored dots indicate the number of functional groups in the molecules. The solid line indicates a 1 : 1 agreement.
The dotted lines indicate a deviation by ±1 log unit.

oxidation products of different VOCs (including n-alkanes,
benzene, toluene, xylene, isoprene, and terpenes); i.e., their
data set included higher KWIOM/G values (indicating gener-
ally lower volatility) than those generated here, even though
KWIOM/G values are lower at higher temperature.

The log KW/G range predicted for the studied compounds
by the three methods is more variable (Fig. 1d–f), with the
ABSOLV–ppLFER predictions covering a wider range (−1.4
to 21.3) than either SPARC (−2.7 to 17.2) or COSMOtherm
(−2 to 13.8). Hodzic et al. (2014) predicted a log KW/G in
the range of −2.6 and 17.4 at 25 ◦C (see conversion toKH in
the Supplement). The wider range of the ABSOLV–ppLFER
predictions is due to much higher predicted KW/G values for
compounds with the highest affinity for the aqueous phase.

3.2 Comparison between different prediction methods

The discrepancies between different predictions (MAD and
MD) are given in Table 1. Figure S1 in the Supplement il-
lustrates the frequency of the discrepancies between differ-
ent pairs of predicted log KWIMO/G and log KW/G values.
This discrepancy only indicates the agreement between any
two predictions with little indication of the accuracy of the

prediction, for reasons discussed later. The agreement be-
tween the KWIOM/G predictions by COSMOtherm, SPARC,
and ABSOLV–ppLFER was reasonable (Fig. 1 a–c). In par-
ticular, the MAD between KWIOM/G predictions is less than
1 log unit (Table 1) and therefore similar to what had been
previously found for a much smaller set of n-alkane oxida-
tion products (Wania et al., 2014). The KWIOM/G values pre-
dicted by SPARC tend to be higher than those predicted by
COSMOtherm and ABSOLV–ppLFER (MD of −0.64 and
−0.79 log unit, respectively), whereas the latter two pre-
dictions have a slightly better agreement, with a MD of
0.15 log unit (Fig. 1c and Table 1). Overall, the agreement
in the KWIOM/G predicted with these three methods, which
are based on very different theoretical foundations, is much
better than that between different vapor pressure estimation
methods commonly used for gas–particle partitioning calcu-
lations (Valorso et al., 2011).

The KW/G predicted by ABSOLV–ppLFER and SPARC
differ from COSMOtherm predictions substantially, on av-
erage by more than 2 orders of magnitude. In Fig. 1e and
f, predictions are more scattered (indicating a larger MAD),
and most markers are located below the 1 : 1 line, indicat-
ing that KW/G predicted by COSMOtherm are mostly lower
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Table 1. Mean absolute differences (MADs) and mean differences (MDs) between SPARC, ABSOLV–ppLFER, and COSMOtherm predic-
tions for compounds with different numbers of functional groups.

Number of functional groups 0 1 2 3 4 5 > 5 All
Number of compounds 63 372 1179 1064 565 111 60 3414

logKWIOM/G ppLFER vs. SPARC MAD 0.24 0.70 0.95 0.93 1.08 0.75 0.54 0.91
MD 0.05 −0.70 −0.91 −0.81 −0.83 −0.24 −0.30 −0.79

COSMOtherm vs. SPARC MAD 0.36 0.48 0.80 0.94 1.42 1.22 2.11 0.94
MD 0.29 −0.19 −0.55 −0.57 −1.21 −0.78 −1.83 −0.64

COSMOtherm vs. ppLFER MAD 0.32 0.67 0.63 0.74 0.89 0.93 1.72 0.73
MD 0.24 0.51 0.36 0.24 −0.38 −0.54 −1.53 0.15

logKW/G ppLFER vs. SPARC MAD 0.75 0.57 0.84 1.08 1.48 1.53 5.78 1.10
MD 0.74 −0.09 −0.15 0.38 0.87 1.45 5.76 0.36

COSMOtherm vs. SPARC MAD 0.51 0.86 1.61 2.31 3.78 4.34 4.55 2.23
MD 0.48 −0.59 −1.44 −2.18 −3.74 −4.04 −4.36 −2.06

COSMOtherm vs. ppLFER MAD 0.40 1.16 1.64 2.63 4.62 5.55 10.09 2.64
MD −0.26 −0.50 −1.29 −2.56 −4.61 −5.50 −10.05 −2.42

than those predicted by SPARC and ABSOLV–ppLFER, with
a MD of −2.06 and −2.42 log units, respectively. These
discrepancies tend to increase with the KW/G. Raventos-
Duran et al. (2010) also showed that the reliability of
KW/G estimates made by GROMHE, SPARC, and HEN-
RYWIN decreases with increasing affinity for the aque-
ous phase. KW/G predictions by SPARC and ABSOLV–
ppLFER are more consistent (with a MAD around 1 log unit;
see Fig. 1d). The largest discrepancies between ABSOLV–
ppLFER and SPARC (and also between ABSOLV–ppLFER
and COSMOtherm) occur for compounds with the highest
KW/G as predicted by ABSOLV–ppLFER (purple markers
in Fig. 1d and f). Further analysis indicates that these com-
pounds have the largest number of functional groups (≥ 6)
and oxygen (9–12 oxygen) in the molecule; this will be dis-
cussed in detail below.

3.3 Dependence of partitioning coefficients on
attributes of the compounds

The equilibrium partitioning coefficients depend on molecu-
lar attributes. Here we explored this dependency on the num-
ber of functional groups, molecular mass, generation of oxi-
dation, number of oxygens, and O : C ratio.

Previous work observed that discrepancies between va-
por pressure predictions by different methods increased with
the number of functional groups in atmospherically rele-
vant organic compounds (Valorso et al., 2011; Barley and
McFiggans, 2010; Compernolle et al., 2011). For instance,
the MAD between different vapor pressure predictions in-
creased from 0.47 to 3.6 log units when the number of
functional groups in the molecules increased from one to
more than three (Valorso et al., 2011). In order to ex-
plore if the partitioning coefficients predicted with SPARC,
ABSOLV–ppLFER, and COSMOtherm show the same de-
pendence on the number of functional groups, we counted

the number of hydroxyl (ROH), aldehyde (RCHO), ketone
(RCOR’), carboxylic acid (RCOOH), ester (RCOOR’), ether
(ROR’), peracid (RCOOOH), peroxide (ROOH, ROOR’), ni-
trate (NO3), peroxyacyl nitrate (PAN), nitro (NO2) groups,
halogen (Cl, Br), and sulfur (S) in the 3414 molecules. About
two-thirds (2243) of the compounds contain two or three
functional groups (Table 1). A total of 736 compounds con-
tain more than three functional groups, and the rest contain
just one or no functional group. In Fig. 1 the compounds are
colored according to the number of functional groups in a
molecule, and Table 1 lists the MAD and MD between pre-
dictions based on the number of functional groups. The pre-
dicted partitioning coefficients (both KWIOM/G and KW/G)

generally increase with the number of functional groups
(Figs. 1 and S2). Compounds with no functional groups are
the precursor compounds, which generally have a smaller
discrepancy among different prediction methods.

The box plots in Fig. 2 show the difference in SPARC,
ABSOLV–ppLFER, and COSMOtherm predictions for com-
pounds having different number of functional groups. The
mean absolute difference in predicted logKWIOM/G is mostly
(and on average) smaller than 1 log unit for compounds
with up to seven functional groups (Table 1). There is a
slightly larger discrepancy in the predicted logKWIOM/G val-
ues for compounds with more than three functional groups.
The agreement among different methods does not deterio-
rate as much with increasing number of functional groups as
that among vapor pressure predictions. The largest MADs
of 1.72 and 2.11 between COSMOtherm and ABSOLV–
ppLFER and between COSMOtherm and SPARC, respec-
tively, for compounds with more than five functional groups
(Table 1) are still much lower than discrepancies reported be-
tween different vapor pressure prediction methods (Valorso
et al., 2011).

www.atmos-chem-phys.net/17/7529/2017/ Atmos. Chem. Phys., 17, 7529–7540, 2017
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Figure 2. Box plot of difference in SPARC, ABSOLV–ppLFER, and COSMOtherm predictions for compounds with different number of
functional groups. The line inside each box shows the median difference for logKWIOM/G or logKW/G for different categories of compounds.
The marker circle and star indicate possible outliers and extreme values, respectively. Note the different scales for different panels.

Different from the predictions for KWIOM/G, the dis-
crepancy between COSMOtherm and SPARC and between
COSMOtherm and ABSOLV–ppLFER in the predicted
KW/G increases significantly with the number of functional
groups (Figs. 1 and 2), from less than 1 order of magni-
tude for compounds with no functional groups to up to 5 or-
ders of magnitude for compounds with more than three func-
tional groups (Table 1). In addition, the MDs in Table 1 and
Fig. 2 indicate that the discrepancies are almost always in one
specific direction, i.e., a lower value of KW/G estimated by
COSMOtherm. This is evidenced by the almost identical ab-
solute values of MAD and MD between COSMOtherm and
ABSOLV–ppLFER and between COSMOtherm and SPARC
for compounds with more than three functional groups (Ta-
ble 1). The uncertainty of the SPARC, ABSOLV–ppLFER,
and COSMOtherm predictions of KW/G tends to increase
with the number of functional groups. Clearly, the reliabil-
ity of KW/G estimates for multi-functional compounds needs
further assessment.

It is also possible to explore the dependence of the pre-
diction discrepancy on other molecular attributes, such as
molecular mass (Figs. S3 and S4), the number of oxygen in
the molecule (Figs. S5 and S6), the O : C ratio (Fig. S7), the
number of oxidation steps a molecular has undergone (ox-

idation generation, Fig. S8), or the number of occurrences
of a specific type of functional group (e.g., hydroxyl) in
a molecule (Fig. S9). The prediction discrepancies become
larger with an increase in each of these parameters, espe-
cially for KW/G. This is not surprising as these molecular
attributes all tend to be highly correlated; i.e., with each oxi-
dation step a molecule becomes more oxygenated, has a large
molar mass, a larger number of oxygen, a higher O : C ratio,
and a larger number of functional groups.

4 Discussion

We believe there are primarily two factors that are contribut-
ing to errors in the prediction of KCP/G for the SOA com-
pounds. One is the lack of experimental data for compounds
that are similar to the SOA compounds, which implies that
prediction methods relying on calibration with experimental
data are being used outside their applicability domain. The
other is the failure of some prediction methods to account
for the various conformations that compounds with multi-
ple functional groups can undergo due to extensive intra-
molecular interaction (mostly internal hydrogen bonding; see
Fig. S10 for example). The two factors are related: in some
instances a prediction method cannot account for such con-
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formations precisely because the calibration data set does not
contain compounds that undergo such intra-molecular inter-
actions.

SPARC relies to some extent on calibrations with empir-
ical data. While the experimental data underlying SPARC
have not been disclosed, it is highly unlikely that they include
multi-functional compounds of atmospheric relevance (e.g.,
compounds containing multiple functional groups, including
peroxides, peroxy acids, etc.), simply because such empiri-
cal data do not exist. It is therefore safe to assume that many
of the 3414 SOA compounds will fall outside of the domain
of applicability of SPARC. It is also likely that SPARC can
only account for intra-molecular interactions and conforma-
tions to a limited extent, if at all.

In the case of ppLFER, there are actually two predictions
that rely on calibration with empirical data: the prediction
of solute descriptors and the prediction of KCP/G. The so-
lute descriptors are predicted with ABSOLV, because ex-
perimentally measured descriptors are unavailable for multi-
functional atmospheric oxidation products. ABSOLV relies
on a group contribution approach (Platts et al., 1999) com-
plemented by some other, undisclosed procedures that make
use of experimental partitioning coefficients between various
phases (ACD/Labs, 2016). Again, those experimental data
do not comprise compounds structurally similar to the multi-
functional atmospheric oxidation products considered here.
As a group contribution method, which adds up the contri-
butions of different functional groups to a compound’s prop-
erty, ABSOLV therefore cannot, or only to a limited extent,
consider the interactions between different functional groups
in a molecule.

Ideally, when supplied with well-characterized solute de-
scriptors, ppLFERs should be able to consider the influence
of both intra-molecular interactions and the interactions a
molecule has with its surroundings, i.e., the involved parti-
tioning phases. Even if a molecule has different conforma-
tions in different phases, i.e., if the solute descriptors for
a compound are phase dependent, it is possible to derive
well-calibrated “average” descriptors to use in a ppLFER
(Niederer and Goss, 2008). However ABSOLV cannot cor-
rectly predict such “average” descriptors, and our ppLFER
predictions therefore cannot account for the influence of con-
formations.

In the case of the actual ppLFER prediction of KW/G
and KWIOM/G, the empirical calibration data sets are pub-
lic (Goss, 2006; Arp et al., 2008) and do not comprise com-
pounds that are representative of the 3414 SOA compounds
in terms of the number of functional groups per molecule
or the range of K values. For instance, the log KW/G of the
217 compounds Goss (2006) used for the development of
a ppLFER ranged from −2.4 to 7.4; i.e., the highest KW/G
predicted here is almost 14 orders of magnitude higher than
the highest KW/G included in the calibration. Similarly, Arp
and Goss (2009) developed the ppLFERs for atmospheric
aerosol from an empirical data set of 50–59 chemicals, whose

log KWIOM/G ranged from approximately 2 to 7. The high-
est KWIOM/G predicted here is 8 orders of magnitude higher.
Predictions for compounds outside of the calibration domain
may introduce large errors, and the high KW/G and KWIOM/G
values estimated by ppLFER can thus be expected to be
highly uncertain. Overall, however, we expect the uncertainty
of the ABSOLV-predicted solute descriptors to be larger than
the uncertainty introduced by the ppLFER equation, espe-
cially for the relatively well-calibrated water–gas phase par-
tition system. While the use of measured solute descriptors
therefore would likely greatly improve the ppLFER predic-
tion (Endo and Goss, 2014), those are unlikely to become
available for atmospheric oxidation products.

In contrast to the other methods, COSMOtherm relies only
in a very fundamental way on some empirical calibrations
(and these calibrations are not specific for specific compound
classes or partition systems), and it considers intra-molecular
interactions and the different conformations of a molecule.
As such, COSMOtherm is not constrained by the limitations
the other methods face, namely the lack of suitable calibra-
tion data, which necessitates extreme extrapolations and pre-
dictions beyond the applicability domain, and the failure to
account for the effect of intra-molecular interactions and con-
formations on the interactions with condensed phases.

Because intra-molecular interactions are likely to reduce
the potential of a compound to interact with condensed
phases (i.e., the organic and aqueous phase), ignoring them
can be expected to lead to overestimated partitioning coef-
ficients KCP/G and to underestimated vapor pressures (PL)
and C∗, i.e., underestimating the volatility of the organic
compounds. This is consistent with COSMOtherm-predicted
KWIOM/G and KW/G values for multi-functional compounds
that are lower than the SPARC and ABSOLV–ppLFER pre-
dictions (i.e., MD < 0 in Table 1), because the latter do not
account for the influence of intra-molecular interactions.
Kurtén et al. (2016) similarly found that COSMOtherm-
predicted saturation vapor pressures for most of the more
highly oxidized monomers were significantly higher (up to
8 orders of magnitude) than those predicted by group con-
tribution methods. The wider range on the higher end of the
log C∗ values estimated by Hodzic et al. (2014) is possibly
due to the large uncertainties associated with vapor pressure
estimation (likely underestimation) for low-volatility com-
pounds. Valorso et al. (2011) also found group contribution
methods to underestimate the saturation vapor pressure of
multi-functional species.

Compared to KWIOM/G, PL, and C∗, ignoring intra-
molecular interaction is likely even more problematic in the
case ofKW/G prediction. Intra-molecular interactions mostly
affect the ability of the molecule to undergo H bonding with
solvent molecules. The system constants describing H-bond
interactions (a and b) are larger in the ppLFER equations for
KW/G than in the one for KWIOM/G (Arp et al., 2008; Goss,
2006), indicating a stronger effect of H bonds on water–gas
partitioning than WIOM–gas partitioning. This likely is the
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reason why the COSMOtherm-predicted KW/G are so much
lower than theKW/G predicted by the other two methods,
whereas the difference is much smaller for theKWIOM/G (Ta-
ble 1). It likely also explains why the discrepancies among
the predicted KW/G increase with the number of functional
groups. It is more difficult to predict KW/G than KWIOM/G,
because the free-energy cost of cavity formation in water is
influenced more strongly by H bonding and therefore much
more variable than in WIOM. Certainly, the activity coef-
ficient in water (γW) is much more variable than the activ-
ity coefficient in WIOM (γWIOM) for the investigated sub-
stances. log γWIOM predicted by COSMOtherm at 15 ◦C
varies from −3.8 to 1.8 (with an average of 0.04 and a stan-
dard deviation of 0.5, indicating a γWIOM close to unity; 94 %
of the compounds have a log γWIOM between −1 and 1),
whereas γW ranges from −2.3 to 8.9 (with an average of 2.7
and a standard deviation of 1.4) (Supplement Excel spread-
sheet and Fig. S11).

In the absence of experimental data for multi-functional
SOA compounds, we do not know whether COSMOtherm-
predicted KW/G and KWIOM/G values are any better than the
other predictions. For example, two earlier studies suggested
that COSMOtherm might be overestimating vapor pressures
of multi-functional oxygen-containing compounds (Kurtén
et al., 2016; Schröder et al., 2016). However, we can infer
the following:

– The fact that COSMOtherm on the one hand and
ABSOLV–ppLFERs and SPARC on the other hand pre-
dictKWIOM/G that are on average within 1 order of mag-
nitude for all studied compounds, and less than 2 orders
of magnitude for highly oxygenated multi-functional or-
ganic compounds, lends credibility to all three predic-
tions and suggests that partly ignoring intra-molecular
interactions and extrapolating beyond the applicability
domain incurs only limited errors in the KWIOM/G pre-
diction of ABSOLV–ppLFERs and SPARC. In addi-
tion, COSMOtherm and SPARC use a single surrogate
molecule to represent the WIOM phase, while ppLFERs
were calibrated from atmospheric aerosols. The agree-
ment among different methods suggests that the surro-
gate suitably represents the solvation properties of or-
ganic aerosol.

– The generally better agreement between KW/G values
predicted by ABSOLV–ppLFER and SPARC (Fig. 1d)
should not be seen as an indication that these meth-
ods are better at predicting KW/G. In fact, the lower
KW/G values predicted by COSMOtherm have a higher
chance of being correct than the KW/G values predicted
by ABSOLV–ppLFER and SPARC.

While ABSOLV–ppLFERs, SPARC, and the group contri-
bution methods currently used in the atmospheric chemistry
community are much more easily implemented for the large
number of compounds implicated in SOA formation, the cur-

rent study demonstrates that the expertise and time required
to perform quantum-chemical calculations for atmospheri-
cally relevant molecules should constitute but a minor im-
pediment to a wider adoption of COSMOtherm predictions.
Here, we are not only compiling all the predictions we have
made in the Supplement file; we are also making available
the COSMO files (see “Data availability” section for details),
whose generation is the major time- and CPU-demanding
step in the use of COSMOtherm.

5 Atmospheric implications

The phase distribution of an organic compound in the at-
mosphere depends on its partitioning coefficients. The two-
dimensional partitioning space defined by log KW/G and log
KWIOM/G introduced recently (Wania et al., 2015) is used
here to illustrate the difference in the equilibrium phase dis-
tribution of these compounds in the atmosphere that arises
from using partitioning coefficients estimated by different
methods (Fig. 3). A detailed description of partitioning space
has been provided by Wania et al. (2015); a brief explana-
tion is given in the Supplement (Fig. S12). Briefly, the blue
solid lines between the differently colored fields indicate par-
titioning property combinations that lead to equal distribu-
tions between two phases in a phase-separated aerosol sce-
nario, with a liquid water content (LWC) of 10 µg m−3 and
organic matter loading (OM) of 10 µg m−3. The blue dotted
lines represent a cloud scenario where LWC is 0.3 g m−3 and
OM is 10 µg m−3. Figures S13 and S14 in the Supplement
show an aerosol scenario without an aqueous phase and a
cloud scenario without a separated organic phase because
all of the OM is dissolved in the aqueous phase (see also
Fig. S12c and d). Compounds are located in the partition-
ing space based on their estimated partitioning coefficients
(KWIOM/G and KW/G). Compounds on the boundary lines
have 50 % in either of the two phases on both sides of the
boundary and are thus most sensitive to uncertain partition-
ing properties. On the other hand, for substances that fall far
from the boundary lines indicating a phase transition (e.g.,
volatile compounds with two or less functional groups), even
relatively large uncertainties in the partitioning coefficients
could be tolerated, because they are inconsequential.

When plotted in the chemical partition space, the
3414 chemicals occupy more or less the same region
as the much smaller set of SOA compounds investi-
gated earlier (Wania et al., 2015). When using predic-
tions by COSMOtherm, the SOA compounds cover a rel-
atively smaller region as compared to ABSOLV–ppLFER
and SPARC. With increasing number of functional groups
(Fig. 3) or molecular weight (Fig. S15), an increasing
fraction of these compounds partitions into the condensed
phases, i.e., WIOM or water. In general, compounds with
water or WIOM as the dominant phase usually are multi-
functional; i.e., they contain more than two functional
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Figure 3. Partitioning space plot, showing in pink, blue, and green the combinations of partitioning properties that lead to dominant equilib-
rium partitioning to the gas, aqueous, and WIOM phases, respectively. The blue solid and dotted lines are boundaries for an aerosol scenario
(LWC: 10 µg m−3; OM: 10 µg m−3) and a cloud scenario (LWC: 0.3 g m−3; OM: 10 µg m−3), respectively. The differently colored dots
indicate the number of functional groups in the molecules.

groups. According to Fig. S15, compounds with predominant
partitioning into WIOM usually have a molar mass in excess
of 200 g mol−1, while some compounds with molar mass less
than 200 g mol−1 prefer the aqueous phase. Other than the
water content and WIOM loadings illustrated in Fig. 3, in re-
ality a compound’s atmospheric phase distribution depends
on other factors such as the organic matter composition, salt
content, pH, and temperature (Wania et al., 2015; Wang et
al., 2015).

Comparing the different panels of Fig. 3 reveals that the
atmospheric equilibrium phase distribution of SOA com-
pounds can be very different depending on which method is
used for partitioning coefficient estimation. The difference
is most striking when comparing the placement of highly
functionalized compounds (with more than three functional
groups) based on ABSOLV–ppLFER and COSMOtherm pre-
dictions. The large KW/G values estimated by ABSOLV–
ppLFERs lead to these compounds having a high affinity for
aqueous aerosol. In contrast, predictions by COSMOtherm
suggest that only very few of them (and not even the ones
with the highest number of functional groups) prefer the
aqueous aerosol phase; instead most of them have either gas
or WIOM as the dominant phase. SPARC predicts a slightly
larger preference of highly functionalized compounds for the
aqueous phase than COSMOtherm.

In a cloud scenario with a much higher LWC (shown by
the blue dotted boundary lines in Fig. 3), the choice of KW/G
prediction method also matters. Whereas with ABSOLV–
ppLFER and SPARC most of the highly functionalized com-
pounds (i.e., 96 or 97 % of the 736 compounds with more

than three functional groups) partition into aqueous phase,
only two-thirds (64 %) do so when the KW/G predicted by
COSMOtherm are used. Further, only COSMOtherm pre-
dicts that some of the SOA compounds (circled in Fig. 3c)
would prefer to form a separate WIOM phase rather than
dissolve in the bulk aqueous phase. Those compounds are
not sufficiently soluble in water to partition to the cloud and
are not sufficiently volatile to be in the gas phase.

Table 2 summarizes the number and percentage of com-
pounds that have dominant partitioning (at least 50 %) into
different phases, which shows the impact of using differ-
ent prediction techniques on phase distribution calculations
in different atmospheric scenarios. In a parameterization of
SOA formation that includes an aqueous aerosol phase, use
of KW/G predicted by ABSOLV–ppLFERs (and probably
also the commonly employed group contribution methods)
would lead to much higher SOA mass than use of KW/G
predicted by COSMOtherm. For instance, 10 and 17 % of
the compounds predominantly partition into the aqueous
phase when predictions by SPARC and ABSOLV–ppLFER
are used, in contrast to only 14 compounds (less than 1 %)
with COSMOtherm predictions (Table 2 scenario a). A large
difference also occurs in the cloud scenarios (Table 2 sce-
narios b and d), where SPARC and ABSOLV–ppLFER pre-
dict twice as many compounds partitioning into the aqueous
phase than COSMOtherm. Incidentally, in a parameteriza-
tion of SOA formation that does not account for an aqueous
aerosol phase (the scenario in Fig. S12c and Table 2 sce-
nario c), the impact of the choice of partitioning prediction
method is much smaller. The number of compounds on the
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Table 2. Percentage and number of compounds with at least 50 % in gas, water, or WIOM phase under different aerosol and cloud scenarios
predicted with SPARC, ABSOLV–ppLFER, and COSMOtherm. The four scenarios a–d correspond to the scenarios in Fig. S12a–d in the
Supplement.

Aerosol scenarios (a) Aerosol with two separated phases (c) Aerosol without water phase
(LWC= 10 µg m−3, OM= 10 µg m−3) (LWC= 0 µg m−3, OM= 10 µg m−3)

8G > 50 %a 8W > 50 %a 8WIOM > 50 %a 8G > 50 % 8WIOM > 50 %
SPARC 85 % (2892)b 10 % (352) 4 % (134) 92 % (3132) 8 % (282)
ABSOLV–ppLFER 82 % (2804) 17 % (570) 1 % (25) 96 % (3267) 4 % (141)
COSMOtherm 96 % (3268) 0 % (14) 3 % (119) 96 % (3282) 4 % (131)

Cloud scenarios (b) Cloud with WIOM phase (d) Cloud without WIOM phase
(LWC= 0.3 g m−3, OM= 10 µg m−3) (LWC= 0.3 g m−3, OM= 0 µg m−3)

8G > 50% 8W > 50 % 8WIOM > 50 % 8G > 50 % 8W > 50 %
SPARC 36 % (1242) 64 % (2168) 0 % (0) 36 % (1242) 64 % (2172)
ABSOLV–ppLFER 35 % (1201) 65 % (2211) 0 % (0) 35 % (1203) 65 % (2211)
COSMOtherm 66 % (2258) 33 % (1137) 0 % (9) 66 % (2267) 34 % (1147)

a 8G, 8W, and 8WIOM represent fractions of compounds in gas phase, water phase, and WIOM phase, respectively. b Number in brackets is number
of compounds.

right side of the blue dotted boundary in Fig. S13 does not
vary substantially with different predictions. Table S1 in the
Supplement summarizes the number and percentage of com-
pounds that change their partitioning between gas and con-
densed phase under different atmospheric conditions when a
different prediction method is used. Depending on the sce-
narios, a total of 2.0 up to 34 % of the 3414 compounds have
a different dominant phase when using a different prediction
method. This change is larger for the cloud scenarios and
much lower for the aerosol scenarios especially if the aerosol
contains no water.

6 Conclusions

For compounds implicated in SOA formation, the predic-
tion of KW/G is much more uncertain than the prediction of
KWIOM/G. This is true even if we consider thatKWIOM/G will
vary somewhat depending on the composition of the WIOM
(Wang et al., 2015). In particular, the methods currently used
for KW/G prediction of these substances have the potential to
greatly overestimate KW/G. This uncertainty is consequen-
tial, as the predicted equilibrium phase distribution in the
atmosphere, and therefore also the predicted aerosol yield,
is very sensitive to the predicted values of KW/G: depend-
ing on the method used for prediction, the aqueous phase
is either very important for SOA formation from the stud-
ied set of compounds or hardly at all. Isaacman-VanWertz et
al. (2016) recently found the estimated phase distribution of
2-methylerythritol, an isoprene oxidation product (in Fig. S6
of Isaacman-VanWertz et al., 2016), to be highly dependent
on the chosen method for predicting KW/G. Here we show
that this is a general issue potentially affecting a very large
number of SOA compounds. In order to identify reliable pre-
diction methods, it will be necessary to experimentally de-

termine the phase distribution of highly functionalized, at-
mospherically relevant substances, whereby the focus should
be on establishing their partitioning into aqueous aerosol.

Data availability. COSMO files for the 3414 organic compounds
can be accessed by contacting the corresponding author.
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