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h  i  g  h  l  i g  h  t  s

• We  developed  a QSPR  model  to  pre-
dict the  values  of  log  KOW for  ionic
liquids.

• Effect  of  the  cation  and  anion  struc-
tures on  the  modeled  property  was
determinated.

• Increase  in  the  length  of  alkyl  chain
in cation  causes  significant  increase
of the  log KOW.

• Majority  of ILs  could  be transported
with  the  water  mass.
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a  b  s  t  r  a  c  t

Ionic  liquids  (ILs)  form  a  wide  group  of  compounds  characterized  by specific  properties  that  allow  using
ILs in  different  fields  of  science  and industry.  Regarding  that  the growing  production  and  use of  ionic
liquids  increase  probability  of their  emission  to the  environment,  it is  important  to  estimate  the  ability  of
these  compounds  to spread  in the  environment.  One  of  the  most  important  parameters  that  allow  evalu-
ating  environmental  mobility  of  compound  is  n-octanol/water  partition  coefficient  (KOW).  Experimental
measuring  of  the  KOW values  for a large  number  of  compounds  could  be time consuming  and  costly.
Instead,  computational  predictions  are  nowadays  being  used  more  often.  The  paper  presents  new  Quan-
titative  Structure–Property  Relationship  (QSPR)  model  that  allows  predicting  the  logarithmic  values  of
KOW for  335  ILs, for which  the  experimentally  measured  values  had  been  unavailable.  We  also  estimated
bioaccumulation  potential  and  point  out  which  group  of ILs  could  have  negative  impact  on  environment.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Design of sustainable ‘green’ products is nowadays one of the
most important challenges for chemical industry. New chemical
materials should be not only useful and inexpensive, but also safe
for human health and the environment. Ionic Liquids (ILs) – salts
consisting of a large organic cation and a small inorganic anion,
having their melting point lower than 100 ◦C – have being consid-
ered as ‘green chemicals’ for last few years. This is because ILs are
characterized by low flammability, low vapor pressure, stability at
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high temperatures and ability to retain the liquid state for a wide
range of temperatures. These properties, together with the possi-
bility of easy modification of the structure, decide on employing
ILs in many disciplines such as chemistry, biotechnology, chemical
engineering and industry [1–3]. Nowadays synthesized ILs belong
to the third generation of that compounds; they are designed to
possess certain biological activity combined with selected physi-
cal properties. Ionic liquids, having antibacterial activity and being
soluble in water, are examples of the third-generation ILs [4].

However, recent studies confirm negative impact of ILs on living
organisms, when the organisms are exposed at those novel materi-
als. Regarding that the increasing production and use of ILs increase
probability of their emission to the environment, it is impor-
tant to estimate the ability of these compounds to spread in the
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environment. Low vapors pressures that characterize ILs decrease
the risk of air pollution by these substances and reduces their long-
range atmospheric transport potential. However, since ILs have
significant solubility in water, natural waters are the most likely
media through which ILs would be transported in the environ-
ment. Moreover, the physical–chemical properties that make ILs
useful from the industrial perspective (i.e., high chemical and ther-
mal  stability) may  suggest potential problems with degradation of
ILs and their high persistence in environment [5–7]. For these rea-
sons, it is of vital importance to assess the possible transport and
fate of novel ILs, before they are introduced at the market.

N-octanol/water partition coefficient (KOW) is a parameter that,
regarding low vapor pressure and high water solubility of ILs, is
crucial for the assessment of the environmental transport and fate.
It describes distribution of a substance between the organic and the
aqueous phase at equilibrium state. Logarithmic values of KOW are
commonly used in exposure assessment to express lipophilicity of
a chemical [8]. Highly lipophilic substances (log KOW » 0) could be
accumulated in water organisms, whereas more hydrophilic ones
(log KOW « 0) are preferably transported with water masses and,
thus, the uptake by organisms is significantly lower [9,10]. The val-
ues of n-octanol/water partition coefficient are also used as input
data for more comprehensive environmental multimedia models
that allows investigating the behavior of chemicals in the total
environment [11].

Unfortunately, data on physicochemical properties of ionic liq-
uids are often incomplete or not available in the literature [12].
Therefore, regarding the large number of the existing and theoreti-
cally possible ILs, it is reasonable developing computational models
that enable predicting missing data in relatively short time, with-
out necessity of performing additional experiments. An example
of such methods is Quantitative Structure–Activity/Property Rela-
tionship (QSAR/QSPR) approach, according to which the property
of interest might be predicted from the variance in chemical struc-
tures of the investigated group of compounds, when experimental
data are available only for a part of the group [13–19]. Since the
experimentally measured values of n-octanol/water partition coef-
ficient are currently available only for a small part of the ionic
liquids, in this work we have developed a QSPR model that allows
predicting the logarithmic values of KOW of a wider set of ionic liq-
uids from their chemical structure. Furthermore, with this model
we tried to determine the effect of structural variation of cations
and anions on the modeled property in the context of environmen-
tal transport and fate of ILs. We  also estimated bioaccumulation
potential of all ionic liquids from prediction set by comparing pre-
dicted values of log KOW with criteria of the Stockholm Convention
[20].

2. Materials and methods

The process of developing QSPR models consists of several
basic steps, namely: (i) collecting available experimental data and
splitting them into training and validation sets, (ii) calculating
molecular descriptors, (iii) selecting the optimal, physically inter-
pretable combination of the descriptors and training a QSPR model,
(iv) external validation of the model, (v) providing physical inter-
pretation of the model [21]. Only appropriately developed and
validated model can be further used for making valuable predic-
tions.

2.1. Experimental data

At first, we collected the experimental values of n-octanol/water
partition coefficient from available literature sources [22–28]. We
have found the data only for 53 ionic liquids. In addition, when

evaluating the data, we  were forced to discard 10 compounds,
because the experimental details (i.e., the information about the
applied measurement method and the temperature at measure-
ments) were missing. In effect, we obtained a set of 43 ILs, in which
the experimental values of the studied partition coefficient ranged
from −3.77 to 1.73 logarithmic units. The data have been measured
at 297.15 ± 2 K. We accepted this temperature range, because the
temperature variation up to 10 K does not affect the measurement
in a significant way [22].

In the next step, 43 ILs were sorted according to the increasing
values of log KOW. Then, the compounds were split into a training set
and a validation set. Data splitting procedure was performed using
so-called “Z:1 algorithm”, in which every Zth compound in a group
of the compounds sorted according to the predicted property (here
log KOW) is assigned to the validation set, whereas the remaining
ones form the training set. In this case Z = 3 and we  obtained the
training set containing 29 ionic liquids (67%) and the validation set
containing 14 compounds (Table A in the electronic Supplementary
material).

2.2. Molecular descriptors

In order to obtain molecular descriptors (numerical variables
that characterize molecular structures of the compounds used as
input variables in the QSPR model), we  created molecular models of
all cations and anions present in the 43 studied ILs using the ChemS-
ketch software [29]. Subsequently molecular geometries of cations
and anions (separately) were optimized with use of quantum-
mechanical methods at the semi-empirical PM7  level [30] with
the MOPAC 2012 software [31]. Molecular models of anionic and
cationic moieties with optimized geometry were then used for cal-
culating molecular descriptors. We  obtained 1025 descriptors of
the cations’ and 1311 descriptors of the anions’ structures (Tables
B and C in the electronic Supplementary material, respectively).
This includes:

• Constitutional and topological descriptors (1D–2D),
• Weighted Holistic Invariant Molecular descriptors (WHIM) (3D),
• Quantum-mechanical descriptors (3D).

Constitutional and topological descriptors that take into account
one- and two-dimensional features of the molecules (1D–2D) as
well as three-dimensional (3D) WHIM descriptors were separately
calculated with Dragon software (version 6.0), whereas quantum-
mechanical ones (e.g., frontier orbital energies, dipole moments)
were extracted directly from MOPAC 2012 output files after the
geometry optimization [31,32].

2.3. QSPR modeling

Next, we applied multiple linear regression method (MLR) to
find the quantitative relationship between molecular descriptors
(input variables) and log KOW (the modeled value) [33,34]. The
optimal combination of molecular descriptors was  selected with
genetic algorithm (GA) [35] implemented in the QSARINS software
[36,37]. The following set of parameters has been applied to control
the genetic algorithm: the size of a population: 100, the mutation
rate: 45%. For more details, please refer to Fig. 1S in the electronic
Supplementary material. It should be noted that there are more
software packages for automated QSAR/QSPR modeling, which
offer various modeling techniques, such as Partial-Least-Squares
(PLS), Supporting Vector Machines (SVM) or neural networks (NN)
[38,39].

To assure credibility of the model, the following recommen-
dations published by Organization for Economic Cooperation and
Development (OECD) were fulfilled [40]. Indeed, our model is based
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