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Abstract. Several methods have been presented in the literature to predict an organic chemical’s equilibrium partitioning
between the water insoluble organic matter (WIOM) component of aerosol and the gas phase, Ki,WIOM , as a function of temperature. They include (i) polyparameter linear
free energy relationships calibrated with empirical aerosol
sorption data, as well as (ii) the solvation models implemented in SPARC and (iii) the quantum-chemical software COSMOtherm, which predict solvation equilibria from
molecular structure alone. We demonstrate that these methods can be used to predict Ki,WIOM for large numbers of individual molecules implicated in secondary organic aerosol
(SOA) formation, including those with multiple functional
groups. Although very different in their theoretical foundations, these methods give remarkably consistent results for
the products of the reaction of normal alkanes with OH, i.e.
their partition coefficients Ki,WIOM generally agree within
one order of magnitude over a range of more than ten orders of magnitude. This level of agreement is much better
than that achieved by different vapour pressure estimation
methods that are more commonly used in the SOA community. Also, in contrast to the agreement between vapour pressure estimates, the agreement between the Ki,WIOM estimates
does not deteriorate with increasing number of functional
groups. Furthermore, these partitioning coefficients Ki,WIOM
predicted SOA mass yields in agreement with those measured in chamber experiments of the oxidation of normal

alkanes. If a Ki,WIOM prediction method was based on one
or more surrogate molecules representing the solvation properties of the mixed OM phase of SOA, the choice of those
molecule(s) was found to have a relatively minor effect on
the predicted Ki,WIOM , as long as the molecule(s) are not
very polar. This suggests that a single surrogate molecule,
such as 1-octanol or a hypothetical SOA structure proposed
by Kalberer et al. (2004), may often be sufficient to represent the WIOM component of the SOA phase, greatly simplifying the prediction. The presented methods could substitute for vapour-pressure-based methods in studies such as the
explicit modelling of SOA formation from single precursor
molecules in chamber experiments.

1

Introduction

In order to understand the growth of organic particles in the
atmosphere and the yield of secondary organic aerosol (SOA)
formation, it is necessary to know the equilibrium partition
coefficients between aerosol and gas phase at different temperatures for a large number of atmospheric oxidation products (Hallquist et al., 2009). For a chemical i this coefficient
can be defined as
Ki,P =

Ci,Particles (mol m−3 )
Ci,Gas (mol m−3 )
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Figure 1. Thermodynamic cycle as it relates to the partitioning to
atmospheric aerosol.

The Supplement contains text explaining how this definition
of Ki,P relates to other commonly used versions of the gas–
particle partition coefficient. Aerosol may often be composed
of more than one phase, for example an aqueous phase and
a phase made up largely of organic matter. Such phase separation is predicted to occur under many atmospheric conditions, except under very humid conditions (Zuend et al.,
2010). It is also supported by observational evidence (You et
al., 2012) and by laboratory measurements of the partitioning
of a diverse set of organic chemicals to several field-collected
aerosol at variable relative humidity (Arp et al., 2008a, b). In
such cases, an equilibrium partition coefficient between the
gas phase and each aerosol phase potentially solvating organic compounds is required. In most cases, two such equilibrium partition coefficients will be sufficient: the Henry’s
law constant between water (or rather a salty solution) and
the gas phase (Ki,W ) and the partition coefficients between
the water-insoluble organic matter (WIOM) component of
the aerosol and the gas phase (Ki,WIOM ) (Fig. 1).
Experimental values for Ki,WIOM and Ki,W are missing for
most of the chemicals involved in SOA formation, because
many of them have not even been synthesized. In fact, many
of their physico-chemical properties are missing and need to
be predicted. One way to do this is the direct prediction of the
partition coefficient, which is often the approach taken to obtain Ki,W (e.g. Raventos-Duran et al., 2010). Another wellestablished method for predicting partition coefficients relies
on a thermodynamic cycle whereby the desired partitioning
property is derived from two other partitioning processes that
might be easier to assess. This detour, which still leads to the
intended result but requires an additional intermediate step,
has traditionally been chosen in the aerosol community. In
particular, partitioning of a chemical between gas phase and
WIOM is broken up into its partitioning between WIOM and
its pure liquid phase and between its own pure liquid phase
and the gas phase. The former is described by the activity coefficient of the chemical in WIOM, the latter by its saturation
vapour pressure (Fig. 1).
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From the definition of the activity coefficient (Raoult’s
law) the following relationship holds:

∗
· V mWIOM ,
(2)
Ki,WIOM = RT / γi,WIOM · pL,i
where γi,WIOM is the activity coefficient of i in WIOM,
∗ is the saturation vapour pressure of i in its pure liquid
pL,i
state (Pa), V mWIOM is the average molecular volume of the
WIOM (m3 mol−1 ) (all parameters are valid for one specified
temperature), R is the ideal gas constant (m3 Pa K−1 mol−1 ),
and T is temperature (K).
∗ and
Use of the thermodynamic cycle is justified if pL,i
γi,WIOM can be predicted more accurately and precisely than
Ki,WIOM itself. Here we will argue that due to recent progress
in estimating Ki,WIOM , this is no longer the case. In much of
the current literature (e.g. Seinfeld and Pandis 2006) the activity coefficient in Eq. (2) is actually ignored, i.e. it is implicitly or explicitly set equal to unity for all chemicals i
∗ and/or
without any further justification. In some cases, pL,i
γi,WIOM are artificially adjusted to make predictions of SOA
yield fit the results of chamber experiments (Jordan et al.,
2008; Chen and Griffin, 2005). When comparing activity coefficients of simple chemicals that contain functional groups
prevalent in substances implicated in SOA formation (e.g.
nitromethane, ethanol and 1,4-dioxane) in different organic
solvents of widely variable polarity (e.g. Table 3 in Park et
al., 1987), it is apparent that they can differ by more than
two orders of magnitude, from 0.3 to 65. In other words, not
only is it questionable to assume a priori that unity is a good
estimation for the value of γi,WIOM , it is also not correct to
assume that the activity coefficients of different chemicals i
in a given organic phase are constant. Not all attempts at describing the WIOM gas-phase partitioning equilibrium with
Eq. (2) assume γi,WIOM to be unity. In particular, various
group contribution methods have been introduced to predict
activity coefficients of organic molecules in defined aqueous
and organic aerosol phases (Jang et al., 1997; Chandramouli
et al., 2003; Zuend et al., 2008). In practice, though, this approach is limited by the lack of the empirical interaction parameters that are required for the various molecular increments of the considered chemicals.
In reality, the range of values of γi,WIOM will be narrower
than two orders of magnitude, as the polarity of the WIOM
phase is not likely to vary over as wide a range as the solvents
considered by Park et al. (1987). Realistically, γi,WIOM can
be expected to be in the range of 0.8 to 10 (Jang et al., 1997;
Chandramouli et al., 2003). Assuming γi,WIOM to be 1 would
then infer errors up to one log unit in the resulting Ki,WIOM
value.
The second step in applying the thermodynamic cycle is
the estimation of the saturated liquid vapour pressure from
molecular structure using various variants of group contribution methods (Myrdal and Yalkowsky, 1997; Asher et
al., 2002; Capouet and Müller, 2006; Pankow and Asher,
2008; Nannoolal et al., 2008; Compernolle et al., 2011). Al∗ prediction methods has been atthough evaluation of pL,i
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tempted (Camredon and Aumont, 2006; Barley and McFiggans, 2010; Schnitzler and Macdonald, 2012), such efforts
∗ data
are compromised by the general unavailability of pL,i
for multifunctional substances within the volatility range important for gas–particle partitioning. Even though Barley and
McFiggans (2010) made an explicit effort to collect reliable
experimental data for low-volatility substances, those compounds “were still some 100–1000 times more volatile than
the compounds expected to contribute significantly to” organic aerosol. To get a sense of the validity of these methods,
their predictions are compared with each other (Camredon
and Aumont, 2006; Valorso et al., 2011). Camredon and Aumont (2006) compared predicted vapour pressures of organic
compounds detected in particulate matter and noted that estimates between four methods differed “widely, sometimes by
more than a factor of 100”. Similarly, Valorso et al. (2011)
∗ predicted by three
observed discrepancies between the pL,i
different methods for the oxidation products of α-pinene that
“range between a factor of 5 to 200 on average”, whereby
discrepancies “increase with the number of functional groups
borne by the species”. Clearly, the estimation of vapour pressure is likely to introduce even larger errors than assuming
γi,WIOM to be 1.
If we assume a standard error of a factor of 5 in the activity coefficient (if this is set to unity for all chemicals) and an
standard error of at least 50 from the vapour pressure prediction (see above) then the combined standard error in predicting Ki,WIOM from Eq. (2) easily exceeds 2 log units. An error of this size is problematic. Barley and McFiggans (2010)
note that the calculation of SOA yield and composition is
“extremely sensitive to changes in vapour pressure values
(especially for the least volatile components) typical of the
differences seen between estimation methods”.
Here we introduce several methods of variable complexity and sophistication that deliberately avoid the detour via
the pure liquid phase and instead directly calculate Ki,WIOM .
These are the polyparameter linear free energy relationship (ppLFER) approach calibrated for organic aerosol, the
SPARC (SPARC Performs Automated Reasoning in Chemistry) software, and the COnductor like Screening MOdel for
Realistic Solvents (COSMO-RS). These approaches are not
really new, as they have been previously presented as viable
methods for predicting equilibrium partitioning into the nonaqueous fraction of organic aerosol (Arp and Goss, 2009;
Götz et al., 2007). However, these approaches have yet to be
discovered and adopted by the wider SOA community. We
hypothesize that these methods for predicting Ki,WIOM directly are less error prone than the combination of a γi,WIOM
∗ estimated by the group contribution methods
of 1 and a pL,i
mentioned above. To demonstrate the feasibility and promise
of using these methods in the context of SOA formation,
we apply them here illustratively to the products of the OHinitiated oxidation of normal alkanes in the presence of NOx ,
which has been extensively studied in chamber experiments
(Lim and Ziemann, 2005, 2009). The same comparison could
www.atmos-chem-phys.net/14/13189/2014/
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be applied to other common SOA precursors and their oxidation products.
2
2.1

Methods
Estimation methods

The three methods for the prediction of the partitioning of
organic vapours into the WIOM component of atmospheric
aerosol are briefly introduced in the following paragraphs.
All three methods require information about the sorbing SOA
phase either in the form of one or more representative molecular structures (COSMOtherm and SPARC) or in the form of
a calibrated equation (ppLFER approach). Availability of this
information is discussed and evaluated in the papers of Arp
et al. (2008a, b; Arp and Goss, 2009).
The ppLFER model is based on
log Ki,P = sSi + aAi + bBi + vVi + lLi + c,

(3)

where the capital letters Si , Ai , Bi , Vi and Li characterize
the properties of the organic solute i (solute descriptors),
whereas the small letters define the complementary properties of the partitioning system of interest (e.g. aerosol/gas
phase). Li is the logarithm of the hexadecane/air partition
coefficient, Ai defines the H-bond donor properties, Bi describes the H-bond acceptor properties, Si represents additional specific interactions and is referred to as the dipolarity/polarizability parameter and Vi is the characteristic
volume (Abraham et al., 1991; Abraham 1993). Arp et
al. (2008a) measured Ki,P of several aerosol samples (collected in different locations and seasons), at 15 ◦ C for a large
set of diverse organic compounds. The ppLFER system parameters s, a, b, v, l and c were then obtained by regressing log Ki,P against the known solute descriptors of those
compounds. Ki,P for other compounds can be predicted using Eq. (3), if their solute descriptors are known. If the
descriptors are unknown, they themselves can be predicted
from molecular structure with ABSOLV, a group contribution quantitative structure property relationship (ACD/Labs,
Advanced Chemistry Development, Inc., Toronto, Canada),
although the overall predictive accuracy can be expected to
deteriorate when using predicted descriptors.
Because Arp et al. (2008b) only determined Ki,P at one
temperature, their ppLFER equation predicts Ki,P only at
15 ◦ C. The van ’t Hoff equation and an enthalpy of phase
transfer between solution and gas phase can be used to adjust Ki,P to other temperatures. We use the enthalpy of gas
phase sorption to polyurethane foam to approximate the enthalpy of vapour solvation in WIOM, because the former can
be estimated with another ppLFER similar to Eq. (3) (Kamprad and Goss, 2007).
SPARC has been described by its developers as a mechanistic toolbox containing solvation models based on fundamental chemical structure theory. These models “include
Atmos. Chem. Phys., 14, 13189–13204, 2014
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dispersion, induction, dipole–dipole and hydrogen bonding interactions [. . . ] to describe the intermolecular interaction upon placing an organic solute molecule in any single or mixed solvent system” (Hilal et al., 2004). Rather
than seeking to derive chemical properties from “first principles”, the SPARC solvation models were “developed and
calibrated on physical properties such as vapour pressure
and boiling point, [. . . ] activity coefficient, solubility, GC
retention time, Henry’s constant, distribution coefficients”
(Hilal et al., 2004). Originally developed by the National
Exposure Research Laboratory of the US Environmental
Protection Agency, it is now commercial software accessible to registered users through an on-line portal (http://
archem.us:8080/sparc-web/calc). To estimate a partition coefficient, the SPARC user interface has to be supplied with
the SMILES (simplified molecular-input line-entry system)
strings (Weininger, 1988) for the organic solute and the solvent molecule(s), as well as the system temperature.
By combining a quantum-chemical dielectric continuum
solvation model with a statistical thermodynamics treatment
of surface interactions, COSMO-RS can quantify the solvation of any solute in any solvent. Calculations start with a
search for low-energy conformations of the solute and solvent molecules (performed with COSMOconf, version 2.1),
followed by BP-TZVP gas-phase and COSMO calculations
with TURBOMOLE (version 6.0, TURBOMOLE, University of Karlsruhe & Forschungszentrum Karlsruhe GmbH,
1989–2007, TURBOMOLE GmbH, since 2007 available
from www.turbomole.com) for the complete set of conformations with full geometry optimization in the gas phase and
in the conductor reference state. The gas-phase energies and
COSMO files of the solute and solvent molecules that result
from the TURBOMOLE calculations are then used in the
COSMOtherm software (version C21_0111, COSMOlogic
GmbH & Co. KG, Leverkusen, Germany, 2010) for calculating the free energies of solvation at infinite dilution based
on statistical thermodynamics. In contrast to the fundamental treatment of the electrostatic interactions, the also relevant
van der Waals interactions are covered in a simple empirical
approach by the software. For further details on the COSMORS theory, see Klamt (2005) and Klamt and Eckert (2000).
All three methods thus can be used to predict an organic
chemical’s partitioning equilibrium between WIOM and the
gas phase at any temperature based solely on its molecular
structure as input. All three require the use of commercial
software (ABSOLV in the case of ppLFERs to determine solute descriptors). They differ in the extent to which they rely
on empirical data: while a ppLFER is essentially a multiple
linear regression on a set of measured data, SPARC used empirical data for calibration, and COSMO-RS relies only to a
very limited extent on empirical information.

Atmos. Chem. Phys., 14, 13189–13204, 2014

2.2

Applying the estimation methods to the normal
alkanes and their atmospheric oxidation products

To illustrate the feasibility of using these three techniques
to predict the partitioning behaviour of chemicals implicated
in SOA formation, we used the OH-initiated oxidation of
normal alkanes of variable chain length in the presence of
NOx as an example. The oxidation products of the C8 to
C17 normal alkanes are well characterized through the chamber experiments by Lim and Ziemann (2005, 2009). In those
chamber experiments relative humidity was extremely low
(< 0.1 %) suggesting that not sufficient condensable water
was present in the chamber to have formed an aqueous phase
separate from the organic matter. Accordingly, we estimated
partition coefficients between the gas phase and an organic
liquid phase (Ki,WIOM ) for 10 normal alkanes and 132 oxidation products (11 products each for octane and nonane, 15
products each for C10 to C17 alkanes), as compiled in Jordan et al. (2008). Figure 2 displays their structure, using dodecane, the C12 alkane, for illustration. Partition coefficients
for three δ-hydroxycarbonyls (RP21, AP14, AP16) were not
included, because their rapid conversion into dihydrofurans
should prevent them from making a significant contribution
to the SOA yield (Jordan et al., 2008). The group of compounds includes substances with a variable number of functional groups, from none (ALKH) to five (UR42).
Figure 3 outlines how partition coefficients between organic matter and the gas phase at 25 ◦ C (the temperature of
the chamber experiments) were determined with the three
methods. The starting points in each case were the solute
molecules’ SMILES strings generated using ChemSketch
(ACD/Labs, Toronto, Canada). Several variations of each
method were employed.
In the case of the ppLFER approach, system constants
for four different aerosols given by Arp et al. (2008b) were
used to calculate the aerosol/gas partitioning equilibrium at
15 ◦ C. They include aerosol from an urban (Berlin, Germany, winter), a suburban (Dübendorf, Switzerland, winter), a rural (Roost, Switzerland, fall) and a coastal site (Aspvreten, Sweden, spring) in Europe. These four were chosen because the measured fraction of organic matter in the
aerosol samples had been reported which allowed for the
estimation of an aerosol density. The partitioning equilibria for all four aerosol types were adjusted to 25 ◦ C using
the van ’t Hoff equation and enthalpies of phase transfer between polyurethane foam and the gas phase estimated with
the ppLFER by Kamprad and Goss (2007). These enthalpies
varied from −32 to −153 kJ mol−1 , which is in the same
range as enthalpies of vaporization reported for ambient SOA
(Cappa and Jimenez, 2010). Although it is unknown how
well the enthalpy of polyurethane foam/gas partitioning approximates the enthalpy of WIOM/gas partitioning, an adjustment of Ki,WIOM over only 10 K can tolerate relatively
uncertain enthalpies without incurring large errors. All solute
www.atmos-chem-phys.net/14/13189/2014/
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Figure 2. Molecular structures and reference codes for dodecane and the products of its oxidation by OH q in the presence of NOx as
elucidated by Lim and Ziemann (2005, 2009) and compiled by Jordan et al. (2008).

descriptors were predicted with ABSOLV. We also calculated
the average log Ki,ppLFER for the four aerosol samples.
In the case of SPARC and COSMO-RS, a phase has to be
defined that represents the organic matter phase of the aerosol
formed during the oxidation of the n-alkanes. Initially, we assumed that a single surrogate molecule can represent the solvation properties of this phase at the end of all chamber experiments (i.e. for all n-alkanes irrespective of chain length).
Following earlier work that has suggested that the solvation
characteristics of the organic matter found in atmospheric
aerosol resemble those of octan-1-ol (Finizio et al., 1997;
Pankow 1998) or of a hypothetical structure proposed for
an oligomerization product of the oxidation of volatile aromatics (Kalberer et al., 2004; Arp and Goss 2009), we used
octan-1-ol (O) and a structure termed “B” (B) as surrogate
molecules (Fig. 4). Whereas octan-1-ol has an average carbon oxidation state of −2.00 and an O / C ratio of 0.125, i.e.
is much less oxidized than ambient organic aerosol (average
oxidation state between −1.6 and +0.6) or the SOA formed
from alkane oxidation (−0.7 to −0.4) (Kroll et al., 2011,
Zhang et al., 2007), structure B’s oxidation state of −0.57
(O / C of 0.357) falls within these ranges. Because these
two surrogate molecules have few highly polar functional
groups, we additionally calculated the partitioning coefficients from the gas phase into two organics with high O / C
ratio that have been identified as major SOA-forming products of the oxidation of α-pinene and isoprene, respectively:

www.atmos-chem-phys.net/14/13189/2014/

3-methyl-1,2,3-butanetricarboxylic acid (MBTCA, average
carbon oxidation state 0.00, O / C ratio 0.75) (Szmigielski et
al., 2007) and 2-methyltetrol (MT, average carbon oxidation
state −0.80, O / C ratio 0.80) (Claeys et al., 2004) (Fig. 4).
We used SPARC to calculate partition coefficients from the
gas phase into all four surrogates (O, B, MBTCA, MT). Ki,B
was also estimated using COSMO-RS, and Ki,O was also estimated using a ppLFER (Brown and Wania, 2009, based on
equations in Goss, 2005).
Next, we assumed that the solvation properties of the organic matter phase at the end of an n-alkane oxidation experiment can be approximated by the solvation properties of
a phase made up only of the single major oxidation product
contributing to the SOA. This product, which is different for
different n-alkanes (Table S1), was identified from the calculated SOA composition at the end of an alkane oxidation
experiment when Ki,B (SPARC) was used (for details on how
the SOA composition was determined, see Sect. 2.3 below).
The SMILES of the most prevalent oxidation product was entered as a “solvent” molecule in SPARC, yielding estimates
termed Ki,Abundant .
In a final set of calculations, we allowed the aerosol organic matter phase to be composed of the actual mixtures of
oxidation products in condensed form and used COSMO-RS
to calculate the partitioning coefficients Ki,Mix into this “solvent” mixture. In contrast to the other explored methods, this
approach does not require an assumption about the molec-

Atmos. Chem. Phys., 14, 13189–13204, 2014
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Figure 3. Outline of the three methods for estimating Ki,WIOM .

ular nature of the SOA phase. Because Ki,Mix depends on
the mixture’s composition and the composition in turn depends on Ki,Mix , this required iterative calculations whereby
the Ki,Mix and the SOA composition were calculated repeatedly until neither changed significantly any longer. As the
starting point of the iterations, we used the SOA composition
obtained with Ki,B (SPARC) . According to our current process
understanding this latter approach is closest to a realistic scenario. It is also computationally quite demanding. A more
elaborate discussion of this approach will be given in a separate publication.

Atmos. Chem. Phys., 14, 13189–13204, 2014

In total, 13 sets of Ki,WIOM were estimated and compared.
They are summarized in Table 1. They are each given a separate abbreviation to easily identify them.
2.3

Yield calculation

Using the Caltech Atmospheric Chemistry Model (CACM),
Jordan et al. (2008) calculated the composition of the mixture
of oxidation products formed at the end of each n-alkane oxidation experiment conducted by Lim and Ziemann (2005).
They then quantified the gas–particle partitioning equilibrium of these products using estimated saturation vapour
www.atmos-chem-phys.net/14/13189/2014/
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Table 1. Description and nomenclature for the 13 data sets for the equilibrium partition coefficient between the water-insoluble organic
matter of aerosol and the gas phase Ki,WIOM estimated with three methods. The three methods displayed in bold font are those selected for
the inter-method comparison in Sect. 2.3.5.
Organic matter phase is

SOA phase

Method

Abbreviation

Based on real aerosol

Dübendorf winter
Berlin winter
Aspvreten
Roost
Average of the four

ppLFER
ppLFER
ppLFER
ppLFER
ppLFER

Ki,ppLFER

Based on surrogates

octan-1-ol
octan-1-ol
3-methylbutane-1,2,3-tricarboxylic acid
2-methylbutane-1,2,3,4-tetrol
The Kalberer et al. structure B
The Kalberer et al. structure B

ppLFER
SPARC
SPARC
SPARC
SPARC
COSMO-RS

Ki,O (ppLFER)
Ki,O (SPARC)
Ki,MBTCA
KMT
Ki,B (SPARC)
Ki,B (Cosmo)

Based on oxidation products

Most abundant oxidation product in SOA
Iteratively determined mixture of oxidation products

SPARC
COSMO-RS

Ki,Abundant
Ki,Mix

Table 2. Mean difference (MD) and mean absolute difference (MAD) between the four sets of ppLFER-predicted Ki,WIOM and between
those four sets and their average.
Comparison

MD

Berlin vs. Dübendorf
Berlin vs. Aspvreten
Berlin vs. Roost
Dübendorf vs. Aspvreten
Dübendorf vs. Roost
Aspvreten vs. Roost

A
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C
O

O

OH

HO

O

D

O

O

O

O

OH
OH

CH3

Comparison

0.24
0.40
0.29
0.57
0.53
0.26

Berlin vs. average
Dübendorf vs. average
Aspvreten vs. average
Roost vs. average

OH

HO

MD
0.08
0.32
−0.19
−0.21

MAD
0.12
0.32
0.29
0.21

i in the SOA using (Jordan et al., 2008)

CH3

HO

H3C
O

−0.24
0.27
0.29
0.51
0.53
0.01

MAD

OH

Figure 4. Structure of the four molecules considered as possible
surrogates for secondary organic aerosol: octan-1-ol (Finizio et al.,
1997) (a), water insoluble organic matter B (Kalberer et al., 2004)
(b), 3-methylbutane-1,2,3-tricarboxylic acid (MBTCA) (Szmigielski et al., 2007) (c) and 2-methylbutane-1,2,3,4-tetrol (MT) (Claeys
et al., 2004) (d).

Mi = Ci

Ki,WIOM Mtot / dWIOM
,
Ki,WIOM Mtot / dWIOM + 1

(4)

where Ci is the calculated concentration of i at the end of
an experiment (taken from Table 2a in Jordan et al., 2008)
and dWIOM is the density of the organic matter (assumed
to be 1 000 000 g m−3 ). While initially a value of Mtot was
guessed, it was then calculated using
X
Mtot =
Mi .
(5)
i

pressures of the oxidation products and assuming that their
activity coefficients in the formed SOA are 1. This allowed
them to quantify the total mass of SOA formed (Mtot ), which
can be converted into a yield estimate by relating it to the
amount of n-alkane present in the gas phase at the start of
the experiment. Following Jordan et al. (2008), we calculated
the mass and composition of SOA formed, and thus also a
SOA yield (mass of SOA formed per mass of alkane initially
present). However, instead of using vapour pressure, we used
the equilibrium partition coefficients estimated in this study.
Specifically, we calculated the amount Mi of each compound
www.atmos-chem-phys.net/14/13189/2014/

Calculations with Eqs. (4) and (5) were then repeated until
Mtot no longer changed.
3
3.1

Results
Comparison of predicted partitioning coefficients

The predicted partition coefficients Ki,WIOM are compiled in
an Excel sheet that is part of the Supplement. The data were
compared in three steps. After comparing the partition coefficients predicted by different variants of one of the three
Atmos. Chem. Phys., 14, 13189–13204, 2014
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Figure 5. Plot comparing the partition coefficients at 25 ◦ C of alkanes and their oxidation products between the water-insoluble organic matter of aerosol and the gas phase (Ki,WIOM ) predicted with
four ppLFERs calibrated with empirical data for different ambient
aerosol samples (Arp et al., 2008b). The blue and beige shading
indicates where gas–particle partitioning of organic compounds is
sensitive to the values of Ki,WIOM under conditions prevailing in
chamber studies and the atmospheric environment, respectively (Lei
and Wania, 2004).

methods (Sects. 3.1.1 to 3.1.3), we compared the partition
coefficients for the same “solvent” surrogate predicted by
different methods (Sect. 3.1.4). Finally, we compared predictions from different methods (Sect. 3.1.5). Comparison with
measured data is not possible, because they do not exist.
As part of the comparison we calculated the mean difference (MD) and the mean absolute difference (MAD) between
each pair of Ki,WIOM data sets:

1X
log10 Ki,WIOM X − log10 Ki,WIOM Y
n i
1X
MADXY =
log10 Ki,WIOM X − log10 Ki,WIOM Y .
n i
MDXY =

3.1.1

(6)
(7)

Comparison of partitioning coefficients predicted
by ppLFER for different aerosol

Figure 5 and the values in Table 2 indicate that the four sets
of ppLFER-derived Ki,WIOM values agree very well, generally well within half an order of magnitude. The MAD between the two sets with the largest discrepancy (Dübendorf
winter with generally higher Ki,WIOM vs. ppLFER Aspvreten
with generally lower Ki,WIOM ) is 0.57 log units; the smallest MAD between the two urban winter aerosols (Dübendorf and Berlin) is only 0.25 log units. Considering that
the four aerosol samples were sampled in different seasons
and at sites with very different characteristics, this level of
agreement confirms a remarkable consistency in the partitioning properties or aerosol WIOM in space and time (Arp
et al., 2008b). The agreement between the ppLFER-predicted
Ki,WIOM deteriorates slightly with increasing Ki,WIOM . This
is not surprising, as the ppLFERs were calibrated with relatively simple and quite volatile chemicals (log Ki,WIOM < 7)
and their application to some of the n-alkane oxidation products with four or even five functional groups involves a considerable extrapolation.
3.1.2

Five sets of Ki,WIOM values were predicted with SPARC,
four involving different surrogate solvents (Fig. 4) and one
relying on the alkane oxidation product that was predicted to
be most abundant in the SOA formed during the oxidation of
alkanes (Table S1 in the Supplement). They are compared in
Fig. 6 by plotting four of the predictions against Ki,B (SPARC) ;
MD and MAD are listed in Table 3.
The three sets of SPARC predictions involving relatively
non-polar surrogate solvents (Ki,O , Ki,B , Ki,Abundant ) agreed
well with each other (Fig. 6), with MADs on the order of
0.25 to 0.35 log units (Table 3). In contrast to the different
ppLFER predictions (Fig. 5), there was no indication that
the level of agreement depends on the range of Ki,WIOM , i.e.
was more or less similar for relatively simple, volatile compounds and for less volatile chemicals with multiple functional groups. The sets of partition coefficients predicted for
the two highly polar surrogate solvents (Ki,MBTCA , Ki,MT ),
on the other hand, deviated very considerably from the others
(Fig. 6). Ki,MT values were on average almost three orders of
magnitude lower than the Ki,WIOM calculated for relatively
non-polar solvents, whereas Ki,MBTCA were on average 1.5
orders of magnitude higher. The Ki,MT were also very poorly
correlated with the other Ki,WIOM values (Fig. 6).
3.1.3

Arp et al. (2008b) presented ppLFER system constants for
nine different ambient aerosols. We used four of them to predict the partitioning coefficients Ki,WIOM for the alkanes and
their oxidation products. They are compared in Fig. 5 by plotting them against their average. Table 2 gives the MD and
MAD between the four sets of Ki,WIOM and between the four
sets of Ki,WIOM and their average.
Atmos. Chem. Phys., 14, 13189–13204, 2014

Comparison of partitioning coefficients predicted
by SPARC for different surrogate “solvents”

Comparison of partitioning coefficients predicted
by COSMO-RS

Two sets of partitioning coefficients were predicted with
COSMO-RS. One used the Kalberer et al. (2004) structure
B as a “surrogate” solvent (Ki,B (COSMO) ); in the other the
condensed phase had the actual composition of SOA formed
by the partitioning of the alkane oxidation products (Ki,Mix ).
www.atmos-chem-phys.net/14/13189/2014/
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Figure 6. Plot comparing the partition coefficients at 25 ◦ C of alkanes and their oxidation products between different surrogate “solvents” (mimicking the partitioning properties of the water-insoluble
organic matter of aerosol) and the gas phase predicted with SPARC.
The x-axis is the partitioning coefficient for the surrogate structure
B proposed by Kalberer et al. (2004).
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The two sets of K-values were remarkably similar (Fig. 7),
with a MD of only −0.13 and a MAD of 0.20 log units.
Again, no dependence of MD or MAD on the value of
Ki,WIOM was apparent.
Comparison of partitioning coefficients for two
surrogate solvents predicted by two methods

For two surrogate solvents, we have predictions of Ki,WIOM
made by two different methods: SPARC and ppLFER were
used to obtain Ki,O , whereas Ki,B was predicted with both
COSMO-RS and SPARC. Ki,O (SPARC) and Ki,O (ppLFER)
showed excellent agreement (Fig. 8), with a MD of −0.02
and a MAD of 0.31 log units. Considering the uncertainty inherent in such predictions (Stenzel et al., 2014),
this level of agreement amounts to essentially identical
predictions. Incidentally, we also predicted Ki,O with a
www.atmos-chem-phys.net/14/13189/2014/
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Figure 7. Plot comparing the partition coefficients at 25 ◦ C of alkanes and their oxidation products between the water-insoluble organic matter of aerosol and the gas phase predicted with COSMORS, using either the Kalberer et al. (2004) structure B as a surrogate
solvent (x-axis) or using a condensed phase with the actual composition of SOA formed by the partitioning of the alkane oxidation
products.

Table 3. Mean difference (MD) and mean absolute difference
(MAD) between the five sets of SPARC-predicted Ki,WIOM .

Structure B vs. octan-1-ol
Structure B vs. MBTCA
Structure B vs. MT
Structure B vs. most abundant SOA component
octan-1-ol vs. most abundant SOA component

8	
  

log Ki,B (COSMO)

12	
  
10	
  
8	
  
6	
  
4	
  
2	
  
2	
  

4	
  

6	
  

8	
  

10	
  

12	
  

14	
  

16	
  

18	
  

log Ki,O (SPARC)
Figure 8. Plot comparing the partition coefficients at 25 ◦ C of alkanes and their oxidation products between octan-1-ol and the gas
phase predicted with SPARC and by polyparameter linear free energy relationship.
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Figure 9. Plot comparing the partition coefficients at 25 ◦ C of alkanes and their oxidation products between the Kalberer et al. (2004)
structure B and the gas phase predicted with SPARC and COSMORS. For a definition of the chemical codes in the legend, see Fig. 2.

quantitative structure property module implemented in the
US EPA’s EPISuite (http://www.epa.gov/opptintr/exposure/
pubs/episuite.htm), but agreement with the two sets of predictions made with SPARC and by ppLFER was much lower
(Fig. S1 in the Supplement compares EPISuite and SPARC
predictions), with a MAD of one order of magnitude and individual discrepancies as large as three orders of magnitude.
Clearly, fragment-based property prediction methods such as
EPISuite have difficulties with multifunctional organic compounds and are thus poorly suited to the kind of chemicals
relevant to SOA formation.
Agreement between the SPARC and COSMO-RS predictions of the partitioning properties of the Kalberer et
al. (2004) structure B was reasonable (MD of 0.42 and
MAD of 0.63), but different for different types of compounds
(Fig. 9). Ki,B (SPARC) was generally larger than Ki,B (COSMO)
for the oxidation products with nitrate groups, especially
those that have two nitrate groups (UR41, UR42, UR38,
UR37), in which case the discrepancy was generally around
one log unit. The largest discrepancy of 1.80 log units was
observed for decane-5,6-diyl dinitrate, i.e. the C10 version of
UR37, which is the only compound within this class where
the two nitrate groups sit on neighbouring C-atoms. According to COSMO-RS, this results in electronic effects that polarize the C–H bond nearby and thus create a H-bond donor
property. On the other hand Ki,B (SPARC) was lower than
Ki,B (COSMO) by one log unit for UR36, the only carbonyl
ester without a nitrate substitution (Fig. 2).
Atmos. Chem. Phys., 14, 13189–13204, 2014

Comparison of partitioning coefficients predicted
by ppLFER, SPARC and COSMO-RS

For the final comparison we chose one set of partition coefficients from each of the three prediction methods, namely
the average of the four ppLFER predictions (Ki,ppLFER ), the
SPARC prediction for surrogate B (Ki,B (SPARC) ), and the
COSMO-RS prediction for the actual mix of oxidation products (Ki,Mix (COSMO) ). The three sets thus represent widely
different approaches to Ki,WIOM prediction, with respect to
their reliance on empirical data (based on empirical data
involving partitioning to actual aerosol samples; partially
based on empirical data, but none involving aerosol OM; not
reliant on empirical data), the degree of realism in treating
the WIOM phase (sampled aerosol as surrogate; hypothetical
structure as surrogate; actual mix of oxidation products) and
the computational and time effort required. The three data
sets are compared in three plots in Fig. 10.
As in the ppLFER vs. SPARC comparison of Ki,O
(Fig. 8), the Ki,ppLFER and Ki,B (SPARC) are highly correlated
(R 2 = 0.99). However, Ki,B (SPARC) is consistently higher
than Ki,ppLFER (by an average of 0.85 log units) and that discrepancy increases with increasing Ki,WIOM (Fig. 10b). The
comparisons with Ki,Mix (COSMO) (Fig. 10a, c) show larger
scatter (R 2 of 0.96 and 0.95), which also mimics the poorer
correlation of Ki,B (COSMO) and Ki,B (SPARC) in Fig. 9, and
may be related to the intramolecular interactions considered
by COSMO-RS. The Ki,Mix (COSMO) is generally half an order of magnitude higher than Ki,ppLFER irrespective of the
value of Ki,WIOM (Fig. 10a). Based on the smallest MD and
MAD, Ki,Mix (COSMO) and Ki,B (SPARC) show the best agreement among the three sets, although Ki,B (SPARC) for the
less volatile oxidation products tends to be higher than the
Ki,Mix (COSMO) (Fig. 10c). Despite the highlighting of these
differences, one should, however, not lose sight of the general
remarkable agreement between the three data sets: the MAD
is always considerably less than an order of magnitude.
3.2

Comparison of predicted and measured SOA yields

SOA yields corresponding to the end of the chamber experiments of Lim and Ziemann (2005) were calculated using
the total concentrations of oxidation products calculated with
CACM by Jordan et al. (2008) and each set of Ki,WIOM predictions. They were then plotted against the number of alkane
carbons and compared with the measured yields. Figure S2
in the Supplement shows such plots for all sets of Ki,WIOM ,
whereas Fig. 11 shows them only for the three sets of predictions selected for the method comparison in Sect. 3.1.5. Figure 11 also includes yields calculated by Jordan et al. (2008)
using a vapour-pressure-based approach (nominal case, i.e.
without adjusting vapour pressure or activity coefficients to
achieve better fit).
All but two of the Ki,WIOM data sets gave a SOA yield
prediction that was as good as or better than the nomiwww.atmos-chem-phys.net/14/13189/2014/
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Figure 10. Plots comparing the partition coefficients at 25 ◦ C of alkanes and their oxidation products between the water-insoluble organic
matter of aerosol and the gas phase predicted with three selected methods.
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Figure 11. SOA yield from chamber experiments (black squares
and line) compared to simulated results using the Ki,WIOM data
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Kalberer et al. (2004) (orange triangles), or by using COSMO-RS
and the actual composition of the simulated SOA phase (magenta
diamonds). For comparison the simulated results for the nominal
case by Jordan et al. (2008) are shown (blue squares). Note that
yields exceeding 100 % are possible because they are calculated
on a mass basis (mass of SOA formed for mass of alkane initially
present).

nal case by Jordan et al. (2008): Ki,MT were clearly too
low and gave very low SOA yields; Ki,MBTCA on the other
hand were too high and gave SOA yields exceeding the
measured ones considerably (Fig. S2 middle in the Supplement). Clearly, the highly polar surrogates MT and MBTCA
do not have solvation properties resembling those of SOA
formed during the oxidation of n-alkanes. The ppLFERderived partition coefficients gave SOA yields that are generally somewhat lower than measured, except for the ppLFER
for the Dübendorf/Winter aerosol, which gave SOA yields
for the longer chain alkanes that are close to the measurements (Fig. S2 left in the Supplement). Five data sets,
namely Ki,O (ppLFER) , Ki,O (SPARC) , Ki,Abundant , Ki,B (COSMO)
www.atmos-chem-phys.net/14/13189/2014/

and Ki,Mix , gave yield estimates that were similar to the Jordan et al. (2008) nominal case in that the SOA yield is overpredicted for the longer chain alkanes and flattens out for
C15 to C17. The latter occurs because almost all of the oxidation products of these long chain alkanes already are particle bound. The Ki,B (SPARC) data set gave the best SOA yield
estimate, falling within the 20 % uncertainty range of the
measured numbers for all carbon chain lengths. However,
those subtle differences in the level of agreement with the
measured yields should not be over-interpreted. In fact, the
good agreement between the measured and the Ki,B (SPARC) predicted yield may to some extent even be fortuitous.
We also predicted the composition of the SOA formed in
the chamber experiments for each n-alkane chain length using the three sets of Ki,WIOM considered in Sect. 3.1.5. A
discussion and comparison of these three predictions with
the compositions calculated by Jordan et al. (2008) and measured by Lim and Ziemann (2005) is included in the Supplement.

4
4.1

Discussion
Agreement between predictions of Ki,WIOM

The MADs within methods (Sects. 3.1.1 to 3.1.3), namely
0.24 to 0.57 for ppLFER, 0.26 to 0.35 for different relatively non-polar surrogates for SPARC and 0.20 for the two
COSMO-RS data sets, are similar to the MADs between
methods for the same phase (Sect. 3.1.4): 0.31 for SPARC
vs. ppLFER, and 0.63 for SPARC vs. COSMO-RS. Perhaps more surprisingly, the MADs between methods relying on different approaches for describing the SOA phase
(Sect. 3.1.5) are only somewhat larger (0.61 to 0.85).
It is noteworthy that the three comparisons involving a
COSMO-RS prediction had a very similar MAD (0.61 to
0.63) and also showed a similar degree of scatter (R 2 of
0.95 to 0.96), indicating that these discrepancies have more
to do with the way the solutes are treated in COSMO-RS
than with the way in which the SOA phase is described.
Atmos. Chem. Phys., 14, 13189–13204, 2014
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For example Ki,B (SPARC) is actually slightly more similar
(lower MD, lower MAD, higher R 2 ) to Ki,Mix (COSMO) than
to Ki,B (COSMO) , even though Ki,B (SPARC) and Ki,B (COSMO)
refer to the same condensed phase. In general, it appears as if
the way the WIOM phase is represented is not that crucial for
the partitioning behaviour of the n-alkane oxidation products
as long as the WIOM phase is not too polar – in other words,
differences between the Ki,WIOM data sets are more related
to the differences in the approaches (e.g. to what degree they
account for intramolecular interactions) than to the way these
approaches treat the WIOM phase.
The most noteworthy aspect of the comparison of the
Ki,WIOM data sets (excluding the two assuming an unrealistically polar organic matter phase) is that the MADs are always less than 0.85 log units. MADs and MDs for groups of
n-alkane oxidation products with the same number of functional groups are reported in Table S2 in the Supplement.
∗ predictions for mulDiscrepancies between different pi,L
tifunctional chemicals of relevance in the context of SOA
formation tend to be much larger (Camredon and Aumont,
2006, Valorso et al., 2011). For example, Valorso et al. (2011)
noted MADs between three commonly used methods of 1.27,
1.31, and 0.57 for the pi,L of oxidation products of α-pinene
with three functional groups and MADs of 3.6, 2.23, and
1.52 log units for products with more than three functional
groups. This contrasts with MADs of 0.74, 0.74 and 0.64 the
log Ki,WIOM of oxidation products of n-alkanes with three
functional groups, and MADs of 0.55, 1.06 and 0.62 for those
with four and five functional groups. The same holds for the
mean bias: Valorso et al. (2011) reported MDs of −1.14,
−1.23 and −0.09 between log pi,L predictions of compounds
with three functional groups and MDs of −3.59, −2.2 and
1.39 for those with more than three functional groups. Here
the mean bias ranged from −0.01 to −0.74 for compounds
with three functional groups and from −0.47 to −1.06 for
those with four and five functional groups. Clearly, whereas
∗ predictions generally inthe discrepancy between the pi,L
creases rapidly with increasing number of functional groups,
and therefore increasing relevance to gas particle partitioning, no such deterioration in the agreement of Ki,WIOM predictions was observed. This better agreement of the Ki,WIOM
predictions is all the more noteworthy, because the compared Ki,WIOM prediction methods are conceptually much
∗ predicmore dissimilar than the commonly employed pi,L
tion methods, which are for the most part group contributions
methods.
∗
What is at the root of the different performance of pL,i
∗
and Ki,WIOM prediction methods? Vapour pressure pL,i
(as well as other partitioning equilibria) of polyfunctional
molecules strongly depends on intramolecular interactions
between neighbouring functional groups. These effects lead
to strongly non-linear/non-additive contributions from the
various functional groups to the overall saturation vapour
pressure of the complete molecule (e.g. Goss et al., 2009). In
the group contribution methods that are commonly applied
Atmos. Chem. Phys., 14, 13189–13204, 2014

by the SOA community such effects can only be accounted
for by empirical correction factors. For the multitude of polyfunctional chemical products that result from atmospheric
oxidation reactions hundreds if not thousands of such empirical correction factors would be needed but are not and
∗ eswill never be available. Instead, commonly applied pL,i
timation methods contain no more than 20 or 30 group contribution or correction factors and are thus not likely to be
able to include within their applicability domain many of the
reaction products making up non-aqueous SOA.
When estimating the partitioning coefficients from molecular structure, ABSOLV, which was used to obtain the descriptors needed for the ppLFER approach, and SPARC
heavily depend on calibration and might thus be expected
to suffer from the same problem as the vapour pressure estimation methods. However, ABSOLV and SPARC have the
principal advantage of treating all types of phase partitioning
of organic molecules with one unifying concept. This implies
that virtually all available experimental partition coefficients
could be used for calibration and derivation of group contribution and correction factors. The number of such partitioning data points likely ranges in the hundreds of thousands
∗ data.
compared to thousands of available pL,i
COSMOtherm performs thermodynamic calculations
based on quantum-chemically derived input information and
is thus much more fundamentally based than any of the other
methods. Its performance does not depend on any calibration that would restrict its application domain to certain compound classes. This software is quite capable of covering
various intramolecular effects that arise from neighbouring
functional groups (Goss et al., 2009, Stenzel et al., 2014). In
general, COSMOtherm yields partition coefficients in various partition systems with a root mean square error of about
0.8 log units for complex multifunctional molecules (Stenzel
et al., 2014).
4.2

Agreement between predicted and measured yields

The good agreement of the SOA yields measured in the experiments by Lim and Ziemann (2005, 2009) with those obtained when applying the Ki,WIOM values predicted here is
promising, but should be interpreted carefully. Alone, the
fact that the predicted composition of the SOA deviates from
the measured one (see Supplement), suggests this agreement
to likely be to at least some extent fortuitous. For example,
the CACM reaction sequence for n-alkanes is incomplete
(Jordan et al., 2008) and likely does not include all of the
oxidation products contributing to SOA in the experiments
by Lim and Ziemann (2005, 2009). On the other hand, in
the experiments some of the less volatile oxidation products
may have sorbed to the chamber walls instead of contributing to the measured SOA mass (Matsunaga and Ziemann,
2010; Zhang et al., 2014). Nevertheless, it is noteworthy that
some of the methods for predicting partitioning introduced
here (in particular Ki,B (SPARC) ) succeeded in simulating the
www.atmos-chem-phys.net/14/13189/2014/
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measured yields better than the nominal approach (Jordan et
al., 2008) based on saturation vapour pressure estimated with
the method by Myrdal and Yalkowsky (1997). The latter approach was only able to predict yields within the uncertainty
range of the measured ones, if the saturation vapour pressures
of carbonyl esters were adjusted upwards by factors between
1 and 10, depending on the chain length of the alkane from
which they were derived. This fine-tuning was justified by
arguing that the carbonyl ester’s presence in the simulated
SOA (which contradicts the experimental findings) should
be interpreted “as a proxy for the aerosol-forming products
from the reaction of OH with the carbonylester” (Jordan et
al., 2008).
We also applied our approach to simulate the SOA yield
measured in chamber experiments of the ozonolysis of terpenes (e.g. α-pinene), using the data presented in Chen and
Griffin (2005). When applying SPARC-predicted Ki,WIOM of
the terpene oxidation products identified and quantified by
Chen and Griffin (2005), no significant formation of SOA
was predicted (data not shown), even though such formation
had been observed in chamber experiments. When seeking to
simulate the same data, Chen and Griffin (2005) had to adjust
their vapour pressures downward by as much as a factor of
1000 to predict the formation of SOA in amounts comparable
to measurements. We believe that in the case of the terpenes
this was necessary because the identified oxidation products
did not proceed far enough. In this case the vapour pressure
adjustment is representing higher-generation oxidation products. More recent attempts to model the formation of SOA
from α-pinene (e.g. Valorso et al., 2011, Zuend and Seinfeld,
2012), which rely on structures generated by models – such
as the Master Chemical Mechanism (MCM) – rather than
measurements and therefore include higher-generation oxidation products, confirmed that the Chen and Griffin (2005)
set of compounds did likely not include the substances contributing to SOA formation. There is now also experimental evidence that much less volatile oxidation products contribute significantly to the SOA formed during the oxidation
of α-pinene (Ehn et al., 2014).
5

Conclusions

We believe there is sufficient reason to suggest that approaches predicting the partitioning between the organic
matter of aerosol and the gas phase directly are preferable to the commonly applied methods of predicting vapour
pressures and activity coefficients in the organic aerosol
phase. While neither approach’s accuracy can be evaluated
directly because of a lack of measured partitioning coefficients and vapour pressures of multifunctional compounds in
the volatility range of interest, there are several key advantages to estimating Ki,WIOM directly:
– Predicting the partitioning equilibrium of interest directly rather than through a thermodynamic triangle
www.atmos-chem-phys.net/14/13189/2014/
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is conceptually simpler and therefore preferable. On a
practical level, it means that only one prediction method
will be required.
– Considering the lack of empirical data for relevant
chemicals, property prediction methods that rely entirely or to a large extent on a calibration with empiri∗ group contribution methods or
cal data (such as the pi,L
AIOMFAC for activity coefficient prediction) are bound
to have severe limitations because the predictions for
multifunctional chemicals will inevitably involve extensive extrapolations to areas outside the methods’ domains of applicability. While SPARC and ABSOLV rely
on calibrations as well, their unified conceptual design
allows them to take advantage of a much larger base of
empirical data. COSMO-RS almost completely avoids
the need for calibration.
– We have shown here that different sets of Ki,WIOM
estimates for multifunctional organic chemicals in the
range of volatility relevant to gas–particle partitioning and SOA formation agree much better with each
∗ estimates for such comother than different sets of pi,L
pounds, suggesting that Ki,WIOM for such compounds
∗ .
can be predicted with much greater precision than pi,L
– For one case study, namely the oxidation of n-alkanes,
we have shown that the use of Ki,WIOM predicts SOA
yield in agreement with experimental results obtained
in chamber experiments.
We therefore recommend that models of the gas–particle
partitioning of semi-volatile organic compounds generated
during atmospheric oxidation processes and of the resultant formation of SOA explore the option of using predicted
Ki,WIOM . We believe that the COSMOtherm-based iterative
prediction of Ki,WIOM that requires neither calibration nor an
a priori assumption regarding the molecular composition of
the SOA phase is the most fundamental and therefore most
promising approach in the long term. However, in situations
where the computational effort needs to be minimized, an
approach relying on a surrogate phase will often be preferable. When using a surrogate molecule such as the Kalberer
et al. (2004) B to represent the SOA phase we assume that it
has solvation properties that resemble those of the SOA, even
though we are aware that differently aged or sourced SOA
has variable molecular composition that is possibly reflected
in different solvation properties. Those using vapour pressure and an activity coefficient in WIOM of 1 assume that
the SOA has solvation properties that for each compound resemble those of its own pure liquid phase. Even though both
approaches therefore make simplifying assumptions about
the solvation properties of the SOA, simply the considerably
higher precision of the Ki,WIOM prediction compared to the
∗ prediction recommends the use of a K
pi,L
i,WIOM -based approach.
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Here we showed that the Kalberer et al. (2004) B and
octan-1-ol are surrogates with solvation properties that reasonably approximate those of SOA formed from n-alkane
oxidation. It remains to be seen whether they are equally
suited to represent the solvation properties of more highly
oxidized SOA, as is commonly formed from biogenic precursors, or whether different surrogates are required (e.g.
those combining molecular characteristics of the highly oxidized, extremely low volatility organic compounds described
in Ehn et al., 2014). Interestingly, our study suggests that the
relationship between average carbon oxidation state and the
polarity of a molecule/SOA phase may be quite weak: the
two highly polar surrogates MT and MBTCA had different
solvation properties from structure B, even though they had
similar oxidation states; structure B and octan-1-ol had similar solvation properties even though they have widely different oxidation states. This may suggest that even highly
oxidized SOA may not be as polar a “solvent” as might be
expected (especially if it is composed of oligomers), and a
single surrogate may indeed be suitable to simulate solvation
properties of a wide range of ambient aerosol, possibly even
highly aged and highly oxidized SOA. The remarkable similarity of the Ki,WIOM predictions obtained by ppLFERs for a
wide range of ambient aerosol samples (Sect. 3.1.1) further
supports this possibility.
The adoption of these prediction methods in the atmospheric research community may be encouraged by additional considerations. All three of the methods presented here
not only have the capability to predict Ki,WIOM at any atmospherically relevant temperature, but can also be used to predict other parameters of relevance to gas–particle partitioning
and SOA formation. This includes the partitioning of organic
solutes to the aqueous phase (Goss, 2006; Raventos-Duran et
al., 2010) and the effect of atmospherically relevant salts on
this partitioning equilibrium (Endo et al., 2012; Wang et al.,
2014). Some of the methods can also be used to predict surface sorption coefficients relevant to aerosol, including the
sorption to the surface of water (Roth et al., 2002; Goss,
2009), soot (Roth et al., 2005) and different salts, including
ammonium sulfate (Goss and Schwarzenbach, 1999). The
prospect thus exists to predict most, if not all, of the parameters relevant to the partitioning of organic compounds
to aerosol with one unified, conceptual approach.
The Supplement related to this article is available online
at doi:10.5194/acp-14-13189-2014-supplement.
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