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Abstract—Predicting the partition behavior of bifunctional molecules from their molecular structure is a challenge because the
combination of two or more functional groups often has nonadditive effects. Data presented here and in the literature reveal that
isomers of bifunctional compounds can exhibit partition constants that differ by several orders of magnitude. These effects are not
limited to compounds with intramolecular H-bonds. For aliphatic molecules, large effects are found for diones and diesters but not
for dioles. For aromatic molecules, large effects are found for compounds with intramolecular H-bonds and also for p-isomers with
a strong delocalisation of "-electrons over both functional groups as in p-nitroaniline and p-nitrophenol. Interestingly, these
nonadditive effects apply not only to the specific interactions but also to the van der Waals interactions of a molecule. This diversity
of possible nonadditive effects makes it difficult to predict partitioning of such polyfunctional molecules. Our results suggest that
successful models require either an extensive number of correction factors or a quantum chemical approach. Predicting partitioning
of bifunctional molecules to environmental systems might face an additional complication. Unlike with solvents, steric limitations
of natural phases may prevent them from forming multiple H-bonds with bifunctional molecules. Our experimental results, however,
indicate that this situation does not occur, as the H-bond-interaction behavior of bifunctional molecules in humic matter and on
quartz was the same as it was in various solvent systems.
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INTRODUCTION

An increasing number of chemicals of environmental con-
cern contain two or more functional groups, such as many
pesticides and pharmaceuticals. Many quantitative structure–
property relationships (QSPRs) that predict the partitioning
properties of chemicals from their molecular structures assume
that specific functional groups contribute additively to the par-
titioning and are not influenced by the presence of other func-
tional groups. However, nonadditive effects are known to oc-
cur. Such effects can be due to intramolecular H-bonds and
other electronic effects, such as the delocalization of electrons.
The extent of such effects should depend on the type of func-
tional groups involved and their position within the molecule.
In most QSPRs such nonadditive effects are accounted for by
including specific, empirically derived correction factors to
better fit experimental partition data. Here, rather than simply
identifying new correction factors for bifunctional molecules,
we are interested in improving our mechanistic understanding
of nonadditive effects. The number of existing bi- and mul-
tifunctional chemicals is so high that it would be unrealistic
to empirically derive correction factors for all possible func-
tional group combinations. Instead, it would be desirable to
systematically investigate the occurrence of nonadditive ef-
fects, find generalized patterns, and potentially develop a gen-
eral empirical correction method for all bi- or multifunctional
molecules. In the search for such patterns, we studied the
partition behavior of aliphatic bifunctional isomers (diols, di-
ones, and diesters), which have an increasing distance between
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the functional groups, as well as various isomers of aromatic
bifunctional molecules. For a systematic evaluation of the data,
we used Abraham’s approach (see the next section) of sepa-
rating out the various interaction energies, such as van der
Waals and H-bond interactions, that contribute to partitioning.
The underlying reasoning was that any mechanistic or general
pattern in nonadditive effects would become visible only on
the level of interaction energies and not on the level of partition
coefficients themselves that lump the various types of inter-
actions together. What also must be considered when including
bifunctional molecules in QSPRs for environmental phases is
that, because of steric limitations, more rigid environmental
phases may not be able to form multiple H-bonds with bi-
functional molecules. Here, we collected experimental data to
examine if such steric limitations are significant. Finally, an
alternative to QSPRs are quantum-chemical–based approach-
es. Because of the fundamental mechanistic approaches taken
in such models, they are implicitly better equipped to account
for how electronic effects and also conformational effects can
influence partitioning behavior. Thus, here we also compare
the predictive behavior of frequently used QSPRs with a quan-
tum-chemical model.

THEORETICAL APPROACH

To obtain a comprehensive understanding of the partition
properties of a particular compound, its partitioning in various
systems needs to be looked at and compared, as different sys-
tems vary in their sensitivity to the compound’s various in-
teraction properties. For example, the octanol–water partition-
ing system is very sensitive to the H-bond acceptor property
of a solute but not to its H-bond donor property [1]. In contrast,
the air–water partition system is sensitive to both the H-bond
donor and acceptor properties of a solute [2]. Based on em-
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pirical work, Cramer [3] and, later, others [1,2,4] found that
the partition properties of a given compound in any partition
system can be fully characterized by five molecular descrip-
tors. This is further corroborated by quantum chemical mod-
eling [5]. With these five molecular descriptors at hand, dif-
ferences in the partition behavior of various compounds in any
partition system can be explained with a general equation of
the form [6]

log K # s S ! a A ! b B ! l L ! v V ! c (1)i12 12 i 12 i 12 i 12 i 12 i 12

where Ki12 is the equilibrium partition constant of an organic
solute, i, between two bulk phases 1 and 2 at a given tem-
perature. The capital letters in Equation 1 represent the solute
descriptors for the various types of interactions that the solute
i can undergo: Vi refers to the McGowan volume of the solute
and relates to the cavity formation energy; Li is its logarithmic
hexadecane–air partition constant at 25$C, which accounts for
the van der Waals interaction energy of the solute; Ai and Bi

are measures for the solute’s H-bond acidity and H-bond ba-
sicity; and Si denotes other electrostatic interactions and is
called the solute’s dipolarity/polarizability. Thus, Li and Vi

represent the nonspecific interactions; Ai, Bi, and Si represent
the specific interactions. The small letters in Equation 1 rep-
resent the complementary descriptors of the phases 1 and 2
between which the transfer occurs. These phase descriptors
have been published for many common solvent–air and sol-
vent–water partition systems, and they can be determined for
new systems from a calibration procedure. Note that Abraham
and coworkers use two slightly different types of equations,
one for air-condensed phase and one for condensed phase–
condensed phase partitioning. Here we prefer Equation 1,
which is a modification of the Abraham equations that works
for all partition systems [6].

The solute descriptors do not only contain comprehensive
information on the partition properties of a compound in a
concise form, but they also allow for a mechanistically mean-
ingful distinction of the various types of interactions com-
pounds can have with surrounding phases. Therefore, these
descriptors are especially appropriate for a systematic study
of the influence of functional groups on partitioning behavior,
more so than comparing a plethora of partition data. To ex-
perimentally derive these descriptors for a given compound,
the measurement of several partition constants in various cal-
ibrated partition systems is required (e.g., see [7,8]).

EXPERIMENTAL PROCEDURE

The interaction descriptors for many bifunctional aromatic
compounds are already tabulated. However, descriptors for the
aliphatic molecules as well as Li values for some aromatic
chemicals were not available and had to be determined ex-
perimentally. Of the five descriptors needed to describe a mol-
ecule, the McGowan volume, Vi, is the only one that can be
calculated via a simple, strictly additive incremental method
[9]. The Li value of a compound can be determined from its
net retention volume on an Apolane-87 gas chromatographic
(GC) column (Alltech, Deerfield, IL, USA) provided that this
column has previously been characterized by measuring the
net retention volumes of a set of calibration compounds
[10,11]. Similarly, a chemical’s Si and Ai value can also be
determined from GC-retention measurements if suitable and
calibrated columns are used and if the Li value is known al-
ready. While measurements on two different GC columns
would be sufficient, adding measurements on a third column

helps to check and improve the consistency of the data. For
further details on these measurements, the calibration of the
GC columns, and the data evaluation, we refer to a previous
paper [8]. The measured retention volumes together with in-
formation on the calibrated GC columns for the compounds
measured in the present study are given in the Supporting
Information (http://dx.doi.org/10.1897/08-189.S1).

When the Vi, Li, Si, and Ai values of a compound are known,
the Bi value (H-bond acceptor property) can be derived using
at least one additional partition constant for a system that is
sensitive to the Bi value and for which a well-established par-
tition equation exists. For example, if the log KiOW is known,
Bi can be derived using the respective equation [6]:

log K # %1.41S % 0.18A % 3.45BiOW i i i

! 0.43L ! 2.41V ! 0.34 (2)i i

Here we have derived Bi values using literature data for the
octanol–water partitioning of our compounds of interest. Ob-
viously, any error in the KOW values would directly result in
a respective error in the calculated Bi value. Therefore, it would
have been desirable to check these Bi values with partition
constants from another system that is also sensitive to the Bi

value, such as the air–water partition system. Unfortunately,
published air–water partitioning data for the compounds stud-
ied here either are not available or are inconsistent with other
data and were therefore of no use. Thus, to derive the Bi values
of most of our compounds, we relied solely on the published
KOW values. For 2,3-butanedione, the literature value of log
KOW # %1.34 [12] appeared questionable, and thus we deter-
mined a revised value in our lab (for details, see Supporting
Information, http://dx.doi.org/10.1897/08-189.S1).

Here we also measured sorption constants for bifunctional
aliphatic and aromatic compounds from air to a quartz surface
at 90% relative humidity and from air to various types of humic
and fulvic acids. The partition systems had been previously
calibrated according to the general partition Equation 1 given
in Niederer, Goss, and Schwarzenbach [13–15]. It should be
noted that these natural partition systems were used for vali-
dation purposes only. Equation 1 does not fit partitioning in
these natural systems well enough to allow an accurate deri-
vation of solute descriptors.

RESULTS AND DISCUSSION

The interaction descriptors for the aliphatic compounds de-
rived from our experimental partition data are listed in Table
1. Before interpreting these data, it is helpful to briefly reca-
pitulate some general features of these descriptors with regard
to how their values are typically influenced by functional
groups in monofunctional compounds, such as can be seen in
tabulated data collections [1,2]. Some typical values for the
descriptors extracted for functional groups of monofunctional
compounds are shown in Table S3 in the Supporting Infor-
mation (http://dx.doi.org/10.1897/08-189.S1). It appears that
in the case of monofunctional molecules, each alcohol, car-
boxy, or amine group adds a specific increment to each of the
interaction descriptors of the total molecule. An additional CH2

unit adds only to the Vi and the Li value of a chemical because
it does not contribute to the compound’s ability for specific
interactions. Ketone, aldehyde, ether, and ester groups add not
only to the Vi and Li value but also to the Si and Bi value of
a molecule; however, they do not contribute to the Ai value
because these functional groups possess no ability to act as
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Table 1. Descriptor values for bifunctional aliphatic compounds based on experimental partition data together with hypothetical values when
assuming additive behavior of the functional groupsa

Si Ai Bi Vi Li

Dimethyl oxalate 1.14 0.00 0.65 0.82 3.20
Hypothetical dimethyl oxalateb 1.24 0.00 0.90 0.82 3.33
Dimethyl malonate 1.17 0.00 0.75 0.96 3.58
Hypothetical dimethyl malonatec 1.22 0.00 0.90 0.96 3.81
Dimethyl succinate 1.13 0.00 0.82 1.10 4.13
Hypothetical dimethyl succinated 1.20 0.00 0.90 1.10 4.17
2,3-Butanedione 0.75 0.00 0.63 0.70 2.27
Hypothetical butanedionee 1.40 0.00 1.02 0.70 2.96
2,4-Pentanedionef 0.82 0.00 0.64 0.85 3.25
Hypothetical pentanedioneg 1.36 0.00 1.02 0.85 3.35
2,5-Hexanedione 1.19 0.00 0.84 0.99 3.68
Hypothetical hexanedioneh 1.40 0.00 1.02 0.99 3.86
1,2-Wthanediol 0.62 0.72 0.90 0.51 2.73
Hypothetical ethanedioli 0.84 0.74 0.96 0.51 2.48
1,3-Propanediol 0.74 0.69 0.92 0.65 3.27
Hypothetical propanediolj 0.84 0.74 0.96 0.65 3.01
1,4-Butanediol 0.79 0.69 1.01 0.79 3.81
Hypothetical butanediolk 0.84 0.74 0.96 0.79 3.58

a Values for compounds with hypothetical descriptors result from the assumption of complete additivity (see the main text) by summing descriptor
values for the molecules described in the following footnotes.

b Methylacetate ! methylacetate % ethane.
c Methylpropanoate ! methylacetate % ethane
d Methylbutanoate ! methyacetate % ethane.
e 2-Butanone ! 2-butanone % butane.
f The values determined here are almost identical to those reported in Abraham and Leo [28].
g 2-Pentanone ! 2-pentanone % pentane.
h 2-Hexanone ! 2-hexanone % hexane.
i Ethanol ! ethanol % ethane.
j 1-Propanol ! 1-propanol % propane.
k 1-Butanol ! 1-butanol % butane.

H-bond donors. Based on these and other published values, it
is simple to calculate the descriptor values of many bifunc-
tional molecules under the assumption of complete additivity.
For example, for 1,3-propanediol, one adds the descriptor val-
ues of 1-propanol with 1-propanol and then subtracts the de-
scriptor values of propane. However, it has been long known
that descriptors of bifunctional molecules do not always ex-
hibit complete additivity, yet little systematic information can
be found on this topic in the literature.

Aliphatic compounds

Table 1 compares experimentally determined descriptor val-
ues for various aliphatic compounds with those obtained as-
suming complete additivity of the functional groups. As can
be seen in this table, when two functional groups are direct
neighbors or are separated by one CH2 unit, the specific in-
teractions (Si and Bi values) are smaller than expected from
complete additivity. Note that a difference of 0.25 units in the
Bi descriptor results in a difference of 1.2 log units in the air–
water partition coefficient. When the functional groups are
separated by two CH2 units, the effects are almost additive. It
is interesting to note that not only specific interactions but also
nonspecific van der Waals interactions are subject to nonad-
ditive effects. Referring to the tabulated Li values, it appears
that this effect is quite variable: the contributions of two diones
to Li is less than additive, for the diols it is more than additive,
and for the diesters it is nearly additive. Also, the effect is
more distinct in compounds for which resonance structures
can be drawn, such as dimethyl malonate and 2,3-butanedione.

Only a small effect of intramolecular H-bonds on the spe-
cific interactions of the diols is observed. The Ai, Bi, and Si

descriptors show an almost additive behavior even for the 1,2-

ethanediol. This indicates that it is more favorable for the OH
groups to form H-bonds with water molecules than with them-
selves. This finding is supported elsewhere based on molecular
modeling and spectral information [16,17].

Aromatic compounds

Table 2 shows descriptor values for bifunctional aromatic
molecules from the literature and partially from the present
work and compares them with those values that would be
expected assuming complete additivity of the functional
groups. The following general trends can be identified: Meta-
and para-substituted compounds have descriptors that are sim-
ilar to each other and to those expected for additive behavior.
Exceptions occur only for compounds with strong resonance
effects (compare resonance structures and Hammett sigma val-
ues [18]), such as in p-nitrophenol and p-nitroaniline. The
latter compounds have higher Si and Li values than those of
the meta-isomers or based on the additivity assumption.

In all cases when ortho-substituted isomers are capable of
forming intramolecular H-bonds, their descriptor values differ
significantly from the meta- and para-isomers. The most prom-
inent example of this can be seen for 2-nitrophenol. Note that
these effects for the ortho-substituted aromatics can also be
quite strong in cases when chlorine is positioned next to an
H-bond-donating functional group, such as with the chloro-
phenols and chloroanilines. No descriptors are available for
such ortho-isomers that cannot form intramolecular H-bonds,
such as 1,2-dinitrobenzene, though there are partition data for
such compounds that indicate that they behave similar to the
meta- and para-isomers (see Table 3). General rules as to which
of the descriptors are affected by intramolecular H-bonds in ar-
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Table 2. Descriptor values for bifunctional aromatic compounds from the literature together with hypothetical values when assuming completely
additive behavior of the functional groupsa

Si Ai Bi Vi Li Reference

2-Nitrophenol 1.05 0.05 0.37 0.95 4.76 [2]
3-Nitrophenol 1.57 0.79 0.23 0.95 5.69 [2]
4-Nitrophenol 1.72 0.82 0.26 0.95 5.88 [2]
Hypothetical nitrophenolb 1.48 0.60 0.45 0.95 5.54
2-Chlorophenol 0.88 0.32 0.31 0.90 4.18 [2]
3-Chlorophenol 1.06 0.69 0.15 0.90 4.77 [2]
4-Chlorophenol 1.08 0.67 0.21 0.90 4.78 [2]
Hypothetical chlorophenolc 1.02 0.60 0.24 0.90 4.64
2-Chloroaniline 0.92 0.25 0.31 0.94 4.67 [2]
3-Chloroaniline 1.10 0.30 0.30 0.94 4.91 [2]
4-Chloroaniline 1.13 0.30 0.32 0.94 4.89 [2]
Hypothetical chloroanilined 1.09 0.26 0.34 0.94 4.80
2-Nitroaniline 1.37 0.30 0.36 0.99 5.63 [2]
3-Nitroaniline 1.71 0.40 0.35 0.99 5.88 [2]
4-Nitroaniline 1.91 0.42 0.38 0.99 6.34 [2]
Hypothetical nitroanilinee 1.55 0.26 0.55 0.99 5.70
2-Methoxyphenol 0.91 0.22 0.52 0.97 4.45 [2]
4-Methoxyphenol 1.17 0.59 0.38 0.97 4.80 [2]
3-Methoxyphenol 1.17 0.57 0.48 0.97 4.77 [29,30]
Hypothetical methoxyphenolf 1.11 0.60 0.46 0.97 4.87
2-Methoxyaniline 1.03 0.23 0.50 1.02 4.82 [2]
3-Methoxyaniline 1.22 0.25 0.55 1.02 5.02 [2]
4-Methoxyaniline 1.19 0.23 0.61 1.02 4.95 [2]
Hypothetical methoxyanilineg 1.18 0.26 0.56 1.02 5.03
2-Cyanophenol 1.33 0.78 0.34 0.93 4.53 [29,30]
3-Cyanophenol 1.55 0.77 0.28 0.93 5.18 [2]
4-Cyanophenol 1.63 0.79 0.30 0.93 5.42 [2]
Hypothetical cyanophenolh 1.48 0.60 0.50 0.93 5.02
1,2-Dihydroxybenzene 1.07 0.85 0.52 0.83 5.06 [29,30]
1,3-Dihydroxybenzene 1.11 1.09 0.52 0.83 [31]
1,4-Dihydroxybenzene 1.27 1.06 0.57 0.83 [30,31]
Hypothetical dihydroxybenzenei 1.26 1.20 0.48 0.83 4.75
Dimethylphatalate 1.41 0.00 0.88 1.43 6.05 [32]
Hypothetical dimethylphtalatej 1.49 0.00 0.93 1.43 5.98
1,3-Dimethoxybenzene 1.01 0.00 0.45 1.12 5.02 [1,30]
1,4-Dimethoxybenzene 1.00 0.00 0.50 1.12 5.04 [1,33]
Hypothetical dimethoxybenzenek 0.96 0.00 0.44 1.12 4.99
1,3-Dinitrobenzene 1.600 0.00 0.47 1.06 5.84 [34], this work
1,4-Dinitrobenzene 1.630 0.00 0.41 1.06 5.79 [34], this work
Hypothetical dinitrobenzenel 1.700 0.00 0.42 1.06 6.33
4-Nitroanisol 1.29 0.00 0.40 1.09 5.85 [34], this work
Hypothetical nitroanisolm 1.33 0.00 0.43 1.09 5.66

a Values for compounds with hypothetical descriptors result from the assumption of complete additivity (see the main text) by summing descriptor
values for the molecules described in the following footnotes.

b Nitrobenzene ! phenol % benzene.
c Phenol ! chlorobenzene % benzene.
d Aniline ! chlorobenzene % benzene.
e Aniline ! nitrobenzene % benzene.
f Anisol ! phenol % benzene.
g Anisol ! aniline % benzene.
h Benzonitrile ! phenol % benzene.
i Phenol ! phenol % benzene.
j Methylbenzoat ! methylformat.
k Anisol ! anisol % benzene.
l Nitrobenzene + nitrobenzene % benzene.
m Anisol!nitrobenzene % benzene.

omatic molecules and to which extent do not seem to be dis-
cernable.

The descriptor values discussed previously provide a good
systematic overview of the effects of two functional groups
at various positions in a molecule. However, the descriptors
themselves are too abstract to provide any direct impression
on their corresponding impact on actual partition constants (as
they must be seen in the context of their corresponding system-
specific descriptors [Eqn. 1]). We have therefore collected
some representative data for air–water, octanol–water, and hu-
mic acid–air partitioning (calculated and measured data from

this work and the literature) in Table 3. The data reveal that
the maximum difference in partition constant between various
isomers of a bifunctional aromatic molecule can amount to
several orders of magnitude as in the nitrophenols. Similarly,
measured partition constants can also differ by orders of mag-
nitude from their value predicted based on the assumption of
additivity. In general, these effects are much more pronounced
for air–water partitioning than for octanol–water partitioning.
This may be due to the fact that the latter process does not
respond to the H-bond donor property of the solute. For ali-
phatic molecules, more than one log unit difference in the K



56 Environ. Toxicol. Chem. 28, 2009 K.-U. Goss et al.

Table 3. Predicted and experimental octanol–water, air–water, and humic acid–air partition constants for bifunctional molecules and predicted
values assuming additive behavior of the functional groups.a Superscripts in the reference columns refer to calculated values (see footnotes)

Log KOW Reference Log KAW Reference Log KHA/air Reference

1,2-Ethanediol %1.36 [35] %7.73 b

Hypothetical ethanediol %2.00 c %8.44 b

1,3-Propanediol %1.04 [35] %7.87 b

Hypothetical propanediol %1.73 c %8.32 b

1,4-Butanediol %0.83 [35] %8.31 b

Hypothetical butanediol %1.18 c %8.19 b

Dimethyl oxalate %0.17 [35] %4.38 b

Hypothetical dimethyl oxalate %1.10 c %5.86 b

Dimethyl malonate %0.05 [35] %4.75 b

Hypothetical dimethyl malonate %0.53 c %5.69 b

Dimethyl succinate 0.35 [35] %4.91 b

Hypothetical dimethyl succinate %0.01 c %5.47 b

2,3-Butanedione %0.21 d %3.33 b

Hypothetical butanedione %2.18 c %6.90 b

2,4-Pentanedione 0.4 [35] %3.63 b

Hypothetical pentanedione %1.62 c %6.65 b

2,5-Hexanedione %0.27 [35] %5.22 b

Hypothetical hexanedione %1.12 c %6.62 b

2-Nitrophenol 1.85 [1] %3.36 [2] 4.63 (60$C) d

3-Nitrophenol 2.00 [1] %7.06 [2] 7.15 (60$C) d

4-Nitrophenol 1.91 [1] %7.81 [2] 7.71 (60$C) d

Hypothetical nitrophenol 1.26 c %7.10 b

2-Chlorophenol 2.29 c %3.34 [2] 4.05 (60$C) d

3-Chlorophenol 2.64 c %4.85 [2] 5.91 (60$C) d

4-Chlorophenol 2.53 c %5.16 [2] 6.02 (60$C) d

Hypothetical chlorophenol 2.12 c %4.83 b

2-Chloroaniline %3.60 [2]
3-Chloroaniline %4.27 [2]
4-Chloroaniline %4.33 [2]
Hypothetical chloroaniline %4.19 b

2-Nitroaniline 1.85 [1] %5.41 [36] 5.41 (60$C) d

3-Nitroaniline 1.37 [1] %6.49 [2] 6.59 (60$C) d

4-Nitroaniline 1.39 [1] %7.54 [2] 7.44 (60$C) d

Hypothetical nitroaniline 1.05 c %6.46 b

2-Methoxyphenol 1.32 [1] %4.09 [2]
4-Methoxyphenol 1.58 [1] %5.62 [2]
3-Methoxyphenol 1.34 c

Hypothetical methoxyphenol 1.52 c %6.00 b

2-Methoxyaniline %4.49 [2]
3-Methoxyaniline %5.35 [2]
4-Methoxyaniline %5.49 [2]
Hypothetical methoxyaniline %5.36 b

2-Cyanophenol %6.48 b

3-Cyanophenol 1.70 [1] %6.92 b

4-Cyanophenol 1.60 [1] %7.38 b

Hypothetical cyanophenol 0.82 c %7.15 b

1,2-Dihydroxybenzene 0.88 [1] %7.58 b 6.14 (60$C) d

1,3-Dihydroxybenzene 0.80 [1] 7.08 (60$C) d

1,4-Dihydroxybenzene 0.59 [1] 7.26 (60$C) d

Hypothetical dihydroxybenzene 0.74 c %8.91 b

2-Nitroanisole 6.30 (15$C) d

3-Nitroanisole 5.88 (15$C) d

4-Nitroanisole 6.55 (15$C) d

1,2-Dinitrobenzene 5.79 (60$C) d

1,3-Dinitrobenzene 1.54 c %5.10 b 5.82 (60$C) d

1,4-Dinitrobenzene 1.68 c %4.84 b 5.75 (60$C) d

Hypothetical dinitrobenzene 1.78 c %5.30 b

2,4-Dinitrotoluene 6.54 (60$C) d

2,3-Dinitrotoluene 6.24 (60$C) d

2,6-Dinitrotoluene 6.38 (60$C) d

1,3-Dimethoxybenzene 2.22 c %3.25 b

1,4-Dimethoxybenzene 2.07 c %3.48 b

Hypothetical dimethoxybenzene 2.30 c %3.09 b

a Experimental data or calculated data (based on the descriptor values in Table 1 and 2) are shown depending on data availability. Calculated
values for KOW and KAW are expected to be quite accurate with a standard deviation of 0.15 log units. This accuracy and the fact that the
calculation method is based on experimental molecular descriptors let us suggest that these values are suitable for an independent validation
of the models tested here. Only experimental data are shown for KHA/air, as calculations based on the descriptors have a standard deviation of
0.3 log units, which is too high to allow a meaningful comparison.

b Calculated with descriptors from Table 1 and 2 according to log Ki AW # %2.07 Si % 3.67 Ai % 4.87 Bi % 0.48 Li ! 2.55 Vi ! 0.59 from
Goss [6].

c Calculated with descriptors from Table 1 and 2 in combination with Equation 2.
d Experimental values from the present work.
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Fig. 1. Experimental log KOW and KAW values (from Table 3) for
bifunctional molecules compared to predicted values from KowWin,
HenryWin (Bond method), SPARC, and COSMOtherm.

values is found for the diones and diesters but not for the
dioles. This is despite the fact that only the latter can form
intramolecular H-bonds. For aromatic molecules, large effects
are found for compounds with intramolecular H-bonds (i.e.,
ortho-substituted isomers with a H-bond donor and a
H-bond acceptor function) and for para-isomers with a strong
delocalisation of "-electrons over both functional groups (as
with p-nitroaniline and p-nitrophenol). All other isomers that
cannot form mutual H-bonds (i.e., meta- and para-substituted
compounds as well as ortho-substituted compounds with two
H-bond acceptor groups) behave similarly to each other and
additive.

Predicting partitioning of bifunctional molecules

Three existing models were evaluated for their ability to
estimate the log KOW and air–water partitioning (log KAW) for
the bifunctional molecules gathered in Table 3: The U.S. En-
vironmental Protection Agency’s EPI Suite (KowWin v1.67
and HenryWin v3.10, http://www.epa.gov/oppt/exposure/
pubs/episuitedl.htm), SPARC v4.0 (http://ibmlc2.chem.uga.
edu/sparc), and the quantum-chemical software COSMOtherm
(Ver C2.1, COSMOlogic, Leverkusen, Germany; some addi-
tional details are given in the Supporting Information,
http://dx.doi.org/10.1897/08-189.S1) [19–21]. The results are
displayed in Figure 1 and in Tables S4 and S5.

Octanol–water partitioning. The overall agreement be-
tween predicted values for log KOW from these three models
and experimental values is quite good (root-mean-square er-
rors: KowWin: 0.33, SPARC 0.33, COSMOtherm 0.54). In
some cases, though, COSMOtherm and KowWin deviate by
more than one order of magnitude from the experimental value
and unfortunately there is no way of predicting which com-
pounds can be expected to generate such a weak performance.
The program KowWin calculates KOW values by adding con-
tributions from molecular increments and includes various cor-
rection factors for nonadditive effects. Interestingly, we ob-
served several compounds with a nonadditive behavior of
functional groups, for which KowWin applied no corrective
term at all. Further, in several cases, KowWin applied a cor-
rection factor, although additive behavior was observed ex-
perimentally (see Table S4). This discrepancy is especially
notable for nitrophenols. As mentioned previously, the ortho-
and the para-isomer behave nonadditively to different extents
(because of internal H-bonding and delocalization of "-elec-
trons, respectively), but the meta-isomer behaves additively.
However, KowWin applies one and the same correction factor
to all three nitrophenol isomers. All in all, it appears that the
correction factors in KowWin do not reflect any mechanistic
reasoning but are based only on a statistical routine to make
the predicted values agree with experimental ones in the cal-
ibration data set while using as little correction as necessary.
Despite this, KowWin predictions are generally good for the
compounds studied here; however, it must be noted that this
may be because these compounds were included in the large
calibration data set used for KowWin (2351 compounds [22]).
Despite this large calibration data set, however, errors can still
occur when erroneous data are included for compound classes
that are not well represented. An example can be found from
the data used here: When two adjacent keto groups are present,
KowWin uses a correction factor that is apparently derived
from the published log KOW value of 2,3-butadione of %1.4
[12]. As a consequence, KowWin calculates a KOW for 2,3-
butadione that is identical to this published value. However,

in our lab we experimentally determined this log KOW value
to be %0.21, which is much more consistent with the values
for the other diones. The good performance of SPARC for
predicting KOW values may also be partly due to an overlap
with its calibration data set. The COSMOtherm results for KOW

are somewhat inferior but are still acceptable for most pur-
poses, and they are at the accuracy level that one would gen-
erally expect for this software. Note that COSMOtherm is not
calibrated with the KOW values used here for validation pur-
poses, and thus the validation is not biased by them.

Air–water partitioning. The root-mean-square error from
the comparison between experimental and predicted log KAW

values are as follows: HenryWin (Bond method) 1.26, SPARC
0.77, and COSMOtherm 0.65. Similar to KowWin, HenryWin
(Bond method) also uses correction factors when they are not
needed and does not use correction factors where they are
needed (Table S5; http://dx.doi.org/10.1897/08-189.S1) in var-
ious cases. In addition to this problem, HenryWin is based on
a very small calibration data set (345 compounds [23]), which
accounts for the large disagreement with the experimental data
reported here. Another inconvenience with HenryWin arises
from the fact that for each compound, two different calculated
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Fig. 2. Comparison of experimental and predicted sorption coefficients of bifunctional molecules to humic acids, fulvic acids, and a quartz surface
(data are shown in Table S6, Supporting Information, http://dx.doi.org/10.1897/08-189.S1).

values are offered: one from a bond contribution method and
one from a group contribution method. Often these values
deviate by more than one log unit from each other (in some
cases up to three log units; see Table S5). Predictions from
SPARC and COSMOtherm for KAW are typically within one
order of magnitude of the real value, which is acceptable for
most practical purposes.

General performance of predictive models

We conclude that COSMOtherm and SPARC are to be pre-
ferred over HenryWin when predicting KAW values. This agrees
with our earlier experience with these models [24,25]. With
respect to KOW values, KowWin, at first sight, appears to per-
form well, but one has to keep in mind that this model lacks
a sound mechanistical background that jeopardizes its appli-
cability to polyfunctional molecules not included in the cali-
bration data set. This and the missing information about any
applicability range of KowWin lead us to suggest that the use
of this model should be avoided. In comparison, SPARC and
COSMOtherm have a much more mechanistic background.
While SPARC still has to extract empirical correction factors
from experimental data, it is not limited to data from a given
partition process, such as octanol–water, but can use all avail-
able partition data to derive this information because of its
much more fundamental modeling approach. Hence, one can
expect SPARC to have a wider range of applicability with
respect to multifunctional molecules than models that are re-
stricted to a single partition process.

The data collected here suggest that no simple pattern would
allow for a derivation of general correction factors that work
for all multifunctional compounds. Thus, all predictive meth-
ods that rely on empirical correction factors to account for
nonadditive effects will always be much limited in the appli-
cability domain by the underlying calibration data set. In con-
trast, a quantum-chemical approach such as COSMOtherm
does not require calibration with any structural information.
We therefore expect COSMOtherm to have by far the widest

applicability when it comes to new compounds and structures
(especially multifunctional molecules).

Sorption to complex environmental media

The data analysis presented here has shown that most mol-
ecules with two H-bonding sites that cannot engage in intra-
molecular H-bonds do indeed form two H-bonds with the sur-
rounding phase in simple partition media such as octanol.
However, this is possible only if the partition phase is able to
provide complementary H-bond partners at a distance that is
preset by the distance of the functional groups of the bifunc-
tional molecule. In solvents like octanol or water, this is not
a problem because separate solvent molecules can arrange
themselves to maximize the H-bond formation with the bi-
functional molecule. However, in a complex macromolecular
structure like humic matter, this is not necessarily the case;
that is, complementary H-bond partners may not exist at the
distance required to form two or more H-bonds with a bi-
functional molecule. In order to check this, we measured sorp-
tion of a number of bifunctional molecules from air to 10
different humic and fulvic acids and also sorption onto a quartz
surface. In Figure 2, these values are compared with predicted
values based on the respective interaction descriptors of the
compounds from Tables 1 and 2 and sorption equations that
were calibrated with monofunctional molecules in earlier
works [14,15,26]. If the bifunctional molecules realize their
full interaction capacity (like in a solvent), then the measured
values should agree with the predicted ones. If the measured
values were systematically smaller than predicted values, then
this would indicate restrictions in the ability of the bifunctional
molecules to form H-bonds with these phases. As is evident
from Figure 1, no such systematic deviation appears to be
present, and the scatter around the 1:1 line is not substantially
larger than expected from that given by calibration compounds.
The standard deviation for the calibration compounds for each
single equation had been approximately 0.3 log units, while
for the bifunctional molecules tested here the standard devi-
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ation is only 0.4 log units. Thus, modeling following the Abra-
ham approach gives adequate predictions for sorption to com-
plex environmental phases even though the sorbent descriptors
were derived from partitioning to simple solvents.

Application of QSPRs to large data sets

Within the new chemical legislation in the European Union
(Registration Evaluation Authorization and Restriction of
Chemicals), there is a need to assess large numbers of chem-
icals for their partition behavior based on predictions from
their molecular structure. This can be done in one of two ways:
using a quantum chemical approach like COSMOtherm or a
QSPR approach that accounts for nonadditive effects by em-
pirically calibrated correction factors. Although the presented
work is quite limited with respect to the number of bifunctional
molecules looked at, it demonstrates that nonadditive effects
occur quite often, can be substantial, and affect various types
of intermolecular interactions in a complex way. Thus, deriv-
ing an empirical approach for systematically accounting for
all possible nonadditive effects of multifunctional molecules
appears unrealistic. The wide applicability range and the sat-
isfying performance of COSMOtherm in the evaluation for
bifunctional molecules presented here lets us conclude that
this software may be much more promising for assessing the
large diversity of existing structures. This is also supported by
another study that we have published recently [27].

SUPPORTING INFORMATION

Table S1. System descriptors for various stationary phases
and sorbents that were used in determining the solute descrip-
tors of bifunctional molecules.

Table S2. Experimental partition constants for aliphatic
bifunctional molecules.

Table S3. Solute interaction descriptors for monofunctional
molecules.

Table S4. Experimental and predicted log KiOW values for
bifunctional molecules at 25$C.

Table S5. Experimental and predicted log KiAW values for
bifunctional molecules at 25$C.

Table S6. Experimental sorption data of bifunctional mol-
ecules from air to various humic materials and quartz.

All found at DOI: 10.1897/08-189.S1 (227 KB PDF).

Acknowledgement—We thank Alan T. Stone, Johns Hopkins Univer-
sity, Baltimore, Maryland, USA, whose curiosity and questions about
our previous work planted the seeds for this work.

REFERENCES
1. Abraham MH, Chadha HS, Whiting GS, Mitchell RC. 1994. Hy-

drogen bonding. 32. An analysis of water-octanol and water-al-
kane partitioning and the Dlog P parameter of Seiler. J Pharm
Sci 83:1085–1100.

2. Abraham MH, Andonian-Haftvan J, Whiting GS, Leo A, Taft RS.
1994. Hydrogen Bonding. Part 34. The factors that influence the
solubility of gases and vapours in water at 298 K, and a new
method for its determination. J Chem Soc Perkin Trans 2:1777–
1791.

3. Cramer RD. 1980. BC(DEF) parameters. 1. The intrinsic dimen-
sionality of intermolecular interactions in the liquid state. J Am
Chem Soc 102:1837–1849.

4. Taft RW, Abboud J-LM, Kamlet MJ, Abraham MH. 1985. Linear
solvation energy relations. J Solut Chem 14:153–186.

5. Zissimos AM, Abraham MH, Klamt A, Eckert F, Wood J. 2002.
A comparison between the two general sets of linear free energy
descriptors of Abraham and Klamt. J Chem Inf Comput Sci 42:
1320–1331.

6. Goss K-U. 2005. Predicting the equilibrium partitioning of or-

ganic compounds using just one linear solvation energy relation-
ship (LSER). Fluid Phase Equilibria 233:19–22.

7. Tülp HC, Goss K-U, Schwarzenbach RP, Fenner K. 2008. Ex-
perimental determination of LSER parameters for a set of 76
diverse pesticides and pharmaceuticals. Environ Sci Technol 42:
2034–2040.

8. Goss K-U, Bronner G, Harner T, Hertel M, Schmidt TC. 2006.
Partition behavior of fluorinated telomer alcohols and olefins.
Environ Sci Technol 40:3572–3577.

9. Abraham MH, McGowan JC. 1987. The use of characteristic
volumes to measure cavity terms in reversed phase liquid chro-
matography. Chromatographia 23:243–246.

10. Weckwerth JD, Carr PW, Vitha MF, Nasehzadeh A. 1998. A Com-
parison of gas-hexadecane and gas-Apolane partition coefficients.
Anal Chem 70:3712–3716.

11. Poole CF, Pomaville RM, Dean TA. 1989. Proposed substitution
of Apolane-87 for squalane as a nonpolar reference phase in gas
chromatography. Anal Chim Acta 225:193–203.

12. Hansch C, Leo A, Hoekman D. 1995. Exploring QSAR. American
Chemical Society, Washington, DC.

13. Niederer C, Goss K-U, Schwarzenbach RP. 2006. Sorption equi-
librium of a wide spectrum of organic vapors in Leonardite humic
acid: Experimental setup and experimental data. Environ Sci
Technol 40:5368–5373.

14. Niederer C, Goss K-U, Schwarzenbach RP. 2006. Sorption equi-
librium of a wide spectrum of organic vapors in leonardite humic
acid: Modeling of experimental data. Environ Sci Technol 40:
5374–5379.

15. Goss K-U, Schwarzenbach RP. 2002. Adsorption of a diverse set
of organic vapors on quartz, CaCO3 and a-Al2O3 at different rel-
ative humidities. J Colloid Interface Sci 252:31–41.

16. Mandado M, Mosquera RA, Van Alsenoy C. 2006. A scheme
estimating the energy of intramolecular hydrogen bonds in diols.
Tetrahedron 62:4243–4252.

17. Howard DL, Kjaergaard HG. 2006. Influence of intramolecular
hydrogen bond strength on OH-stretching overtones. J Phys Chem
A 110:10245–10250.

18. Dean JA, ed. 1985. Lange’s Handbook of Chemistry, 13th ed.
McGraw-Hill, New York, NY, USA.

19. Klamt A. 1995. Conductor-like screening model for real solvents:
A new approach to the quantitative calculation of solvation phe-
nomena. J Phys Chem 99:2224–2235.

20. Klamt A, Eckert F. 2000. COSMO-RS: A novel and efficient
method for the a priori prediction of thermophysical data of liq-
uids. Fluid Phase Equilibria 172:43–72.

21. Klamt A. 2005. From Quantum Chemistry to Fluid Phase Ther-
modynamics and Drug Design. Elsevier, Amsterdam, The Neth-
erlands.

22. Meylan WM, Howard PH. 1995. Atom/fragment contribution
method for estimating octanol-water partition coefficients. J
Pharm Sci 84:83–92.

23. Meylan WM, Howard PH. 1991. Bond contribution method for
estimating Henry’s law constants. Environ Toxicol Chem 10:
1283–1293.

24. Arp HP, Niederer C, Goss K-U. 2006. Predicting the partitioning
behavior of various highly fluorinated compounds. Environ Sci
Technol 40:7298–7304.

25. Niederer C, Goss K-U. 2008. Effect of ortho-chlorine substitution
on the partition behavior of chlorophenols. Chemosphere 71:697–
702.

26. Niederer C, Schwarzenbach RP, Goss K-U. 2007. Elucidating
differences in the sorption properties of 10 humic and fulvic acids
for polar and nonpolar organic chemicals. Environ Sci Technol
41:6711–6717.

27. Niederer C, Goss K-U. 2007. Quantum-chemical modeling of
humic acid/air equilibrium partitioning of organic vapors. Environ
Sci Technol 41:3646–3652.

28. Abraham MH, Leo AJ. 1995. Partition between phases of a solute
that exists as two interconverting species. J Chem Soc Perkin
Trans 2 10:1839–1842.

29. Torres-Lapasio JR, Garcia-Alvarez-Coque MC, Roses M, Bosch
E, Zissimos AM, Abraham MH. 2004. Analysis of a solute po-
larity parameter in reversed-phase liquid chromatography on a
linear solvation relationship basis. Anal Chim Acta 515:209–227.

30. Abraham MH. 1993. Hydrogen bonding XXVII. Solvation pa-
rameters for functionally substituted aromatic compounds and



60 Environ. Toxicol. Chem. 28, 2009 K.-U. Goss et al.

heterocyclic compounds, from gas-liquid chromatographic data.
J Chromatogr 644:95–139.

31. Zissimos AM, Abraham MH, Du CM, Valko K, Bevan C, Reyn-
olds D, Wood J, Tam KY. 2002. Calculation of Abraham descrip-
tors from experimental data from seven HPLC systems; evalua-
tion of different methods of calculation. J Chem Soc Perkin Trans
2:2001–2010.

32. Poole SK, Poole CF. 1999. Chromatographic models for the sorp-
tion of neutral organic compounds by soil from water and air. J
Chromatogr A 845:381–400.

33. Abraham MH, Grellier PL, McGill RA. 1987. Determination of
olive oil-gas and hexadecane-gas partition coefficients, and cal-

culation of the corresponding olive oil-water and hexadecane-
water partition coefficients. J Chem Soc Perkin Trans 2:797–803.

34. Gunatilleka AD, Poole CF. 2000. Models for estimating the non-
specific toxicity of organic compounds in short term bioassays.
Analyst 125:127–132.

35. Hansch C, Leo A, Hoekman DH. 1995. Exploring QSAR: Hy-
drophobic, Electronic, and Steric Constants. ACS Professional
Reference Book. American Chemical Society, Washington, DC,
USA.

36. Kishino T, Kobayashi K. 1994. Relation between the chemical
structures of chlorophenols and their dissociation constants and
partition coefficients in several solvent-water systems. Water Res
28:1547–1552.


