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a b s t r a c t

The aqueous solubility of hexafluorobenzene has been determined, at 298.15 K, using a shake-flask
method with a spectrophotometric quantification technique. Furthermore, the solubility of hexafluoro-
benzene in saline aqueous solutions, at distinct salt concentrations, has been measured. Both salting-in
and salting-out effects were observed and found to be dependent on the nature of the cationic/anionic
composition of the salt. COSMO-RS, the Conductor-like Screening Model for Real Solvents, has been used
to predict the corresponding aqueous solubilities at conditions similar to those used experimentally. The
prediction results showed that the COSMO-RS approach is suitable for the prediction of salting-in/-out
effects. The salting-in/-out phenomena have been rationalized with the support of COSMO-RS r-profiles.
The prediction potential of COSMO-RS regarding aqueous solubilities and octanol–water partition coeffi-
cients has been compared with typically used QSPR-based methods. Up to now, the absence of accurate
solubility data for hexafluorobenzene hampered the calculation of the respective partition coefficients.
Combining available accurate vapor pressure data with the experimentally determined water solubility,
a novel air–water partition coefficient has been derived.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Hexafluorobenzene (C6F6) is a well-known text-book example
of a substance with interesting molecular characteristics and
rather unique physico-chemical properties.

One of the most striking features of perfluoroaliphatic
compounds – their extreme chemical inertness – is less pronounced
in unsaturated perfluorinated species, like perfluoroarenes. In the
latter, because of the strong inductive effect of the electronegative
fluorines, the negative charge density is concentrated in the periph-
ery of the p-system, with its center being left with a positive partial
charge, susceptible towards nucleophilic attack by negatively
charged nucleophiles. The aromaticity of hexafluorobenzene is com-
parable to that of benzene, but the electron density distributions of
these two molecules are substantially different: C6H6 is an electron-
rich ringp-system, while C6F6 is an electron-deficient ring p-system.

An increasing number of studies on noncovalent interactions in
systems involving C6F6 is reported in the literature, involving cat-
ion–p as well as anion–p interactions. Considering the importance
ll rights reserved.

: +351 234 370084.
of interactions between aromatic compounds and water, surpris-
ingly little is known about the interaction of C6F6 with water.

Hexafluorobenzene is listed on the consolidated Toxic Sub-
stances Control Act (TSCA) Chemical Substances Inventory, as well
as at the European Inventory of Existing Commercial Chemical
Substances (EU EINECS). On the other hand, the substance was
not included in EPA’s survey of basic testing data needed to iden-
tify chemical hazards for high production volume chemicals; it
has not been reported by EU industry as an High Production Vol-
ume Compound (HPVC). C6F6 is used as solvent and process chem-
ical in many applications. Its wealth of rather unique properties is
giving rise to an ever-growing field of applications, mostly in the
field of novel materials. It is a candidate as an alternative feed
gas in the plasma etching industry, raising concerns about its glo-
bal warming potential and its ozone depletion potential. According
to available material safety data sheets, chemical, physical, and
toxicological properties cannot be considered being thoroughly
investigated. While its relative hexachlorobenzene is a known per-
sistent organic pollutant (Heinisch, 1978), earlier studies on C6F6

revealed a rather different partitioning behavior in the environ-
ment (Ellis et al., 2002). Fluorinated compounds display a distinc-
tively anomalous behavior in the bromine–chlorine–fluorine
series, leading to difficulties in establishing quantitative
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structure–property relationships (Ellis et al., 2002). In an attempt
to determine how the substitution of fluorine and chlorine on
the benzene ring affects the environmental partitioning and fate,
an evaluative fate modelling study of benzene and selected fluoro-
and chlorobenzenes was conducted by the authors (Ellis et al.,
2002).

In this article, we are focused on the solubility of hexafluoro-
benzene, both in water and in aqueous salt solutions. In a recent
article, we reported on the C6F6 aqueous solubility and solubilities
in aqueous solutions of sodium chloride and sodium nitrate (Freire
et al., 2005). To our best knowledge, there is only one more data
pair, concerning the aqueous solubility of hexafluorobenzene, at
room temperature, mentioned in literature (Ellis et al., 2002). With
hindsight of the modification of aqueous solubilities in the pres-
ence of electrolytes, no further data for hexafluorobenzene have
been encountered, while for alkanes and aromatic hydrocarbons,
a collection of data relating solubility to the salt concentration in
solution exists (see Xie et al., 1997); effects of temperature as well
as varying finite concentrations of single inorganic salts on the
aqueous solubility of chlorobenzenes have been reported
(Oleszek-Kudlak et al., 2004). These data are important when com-
paring the effects of organic pollutants under freshwater or marine
conditions. The dependence of sorption/desorption constants on
varying salinities has been observed earlier; the increase in sorp-
tion with salinity was suggested as a result of the electrolyte ef-
fects on the aqueous activity coefficient of the solute, while the
salting-out of the sediment organic matter occurs due to changes
in the charge and conformation with increasing ionic strength
(Means, 1995; Cornelissen et al., 2000).

When experimental physico-chemical data necessary for the in-
put in evaluative fate modelling are not available, estimates from
methods based on empirical quantitative structure property rela-
tionships (QSPRs) are often used, instead. Nevertheless, in some
circumstances, these methods are known to fail, especially in cases
when the introduction of substituents does not strictly correspond
to additively related changes in physico-chemical properties to be
estimated, which is observed for the influence of varying substitu-
ent positions or the existence of different conformers. While exam-
ining effects of ortho-chlorine substitution on the partition
behavior of chlorophenols, for example, Niederer and Goss con-
cluded that the quantum-chemical based Conductor-like Screening
Model for Real Solvents (COSMO-RS) may be a better tool for
screening large sets of chemicals for which no experimental data
on their partitioning exist (Niederer and Goss, 2008). In this work,
besides obtaining information on partitioning of hexafluoroben-
zene in environmentally significant media, we aim to support sol-
ubility measurement data in salt solutions with COSMO-RS.
2. Methodology

2.1. Materials and experimental procedure

The solubility of C6F6 in the distinct aqueous phases was deter-
mined by UV spectroscopy, using a SHIMADZU UV-1700 Pharma-
Spec Spectrometer, at a wavelength of 232 nm (using a calibration
curve previously established). Whenever present, the salt’s absor-
bance, at the same wavelength, was evaluated and used for correc-
tion of each concentration/absorbance result. This wavelength was
found to be the maximum UV absorption wave length of hexaflu-
orobenzene. The stock solution of C6F6 in pure water was prepared
at a concentration of 5.12 � 10�1 g dm�3. Further dilutions of the
stock solution in pure water were carried out aiming at an ade-
quate concentration/absorbance range, and seven standard solu-
tions were used for establishing the calibration curve. The
aqueous-phases were sampled by volume from the equilibrium
vials. Special care was taken during sampling, at approximately
at the middle (in height) of the aqueous phase – avoiding thus
the contact with the C6F6–water interface or the water–air inter-
face. The high volatility of C6F6 leads to significant vapor–liquid
equilibrium conditions, and thus, it is of main importance to per-
form the sampling not to close to the air–water interface that leads
to flawed results. In order to exclude the saturation of typical Tef-
lon-based materials with C6F6 as a source of error, all materials,
including taps and magnetic stirrers, was made of glass. The solu-
bilities of C6F6 in pure water and in each aqueous salt solution are
an average of at least three independent measurements. The meth-
od used in this work was validated with previously reported solu-
bility data for C6F6 in pure water at 298.15 K (Freire et al., 2005),
using gas chromatography as the quantification method. The rela-
tive deviation between the result obtained here and the one previ-
ously published, at the same temperature and pressure conditions,
is smaller than 4%. Further experimental details are given as Sup-
plementary material (SM1).

2.2. COSMO-RS predictions

The Conductor-like Screening Model for Real Solvents (COSMO-
RS) is a novel method for predicting thermodynamic properties of
pure and mixed liquids on the basis of unimolecular quantum
chemical calculations for the respective individual molecules.
COSMO-RS combines the computational efficiency of the quantum
chemical dielectric continuum solvation model COSMO with a sta-
tistical thermodynamics approach (Klamt, 1995; Klamt and Eckert,
2000; Klamt et al., 2010). The solute molecules are assumed to be
placed in a virtual conductor environment, where the solute in-
duces a polarization charge density on the molecular surface, the
interface between the molecule and the conductor. These charges
act back on the solute and give rise to a more polarized electron
density than in vacuum. During the quantum chemical self-consis-
tency cycle, the solute molecule is converged to its energetically
optimal state in a conductor, with respect to electron density.

The standard procedure of COSMO-RS calculations consists of
two main steps: quantum chemical COSMO calculations for the
molecular species involved and COSMO-RS statistical calculations
performed within the COSMOtherm program (Eckert, 2009; Eckert
and Klamt, 2009). The full 3D information about the polarization
density distribution on the surface of each molecule is reduced to
a respective histogram, pi(r). This r-profile shows the amount of
surface encountered in a polarity interval. From the molecular
r-profiles, the r-profiles of pure or mixed compounds are derived
as mole fraction weighted sum of individual r-profiles, combined
with a surface normalization. This information serves as an input
for the subsequent statistical thermodynamic calculations.

All statistical COSMO-RS thermodynamics calculations were
done with COSMOtherm Version C2.1 Revision 01.10 (Eckert and
Klamt, 2009), using the parameter file BP_TZVP_C21_0110. Prior
to this step, DFT/COSMO (density functional theory/Conductor-like
Screening Model) calculations were performed using Turbomole
V6.2 (Turbomole V6.2, 2010), with the RI-DFT BP level using the
def-TZVP basis set.

2.2.1. Solubility prediction with COSMO-RS
2.2.1.1. Aqueous solubility. The feasibility of COSMOtherm’s ability
to predict aqueous phase equilibria was successfully demonstrated
in a number of publications, e.g. in the prediction of mutual solu-
bilities of hydrocarbons and water (Klamt, 2003) or in the predic-
tion of solubility of water in fluorocarbons (Freire et al., 2010a).

Predicting aqueous solubility of organic substances in COSMO-
therm is a rather straightforward method via the build-in auto-
matic solubility calculation routine, as previously shown in a
number of publications, as in the case of chlorobenzenes
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(Oleszek-Kudlak et al., 2005), carboxylic acids (Schröder et al.,
2010a), and PAHs (Schröder et al., 2010b).

The mole fractions of the solute were refined using the iterative
automatic solubility calculation option of COSMOtherm:

log10ðx
SOLðiþ1Þ
2 Þ ¼ lðPÞ2 � lð1Þ2 xSOLðiÞ

2

� �
þminð0;DfusGÞ

h i
=ðRT ln 10Þ

ð1Þ

where xSOL
2 is the mole fraction of solid 2 dissolved in the solvent

phase 1 at saturation, lðPÞ2 is the chemical potential of pure com-
pound 2, lð1Þ2 is the chemical potential of compound 2 at infinite
dilution in the solvent compound 1, and i represents the iteration
count.

2.2.1.2. Solubility in salt solutions. To predict aqueous solubilities in
the presence of electrolytes, the input lines in COSMOtherm have
to be modified accordingly, entering the respective finite salt con-
centrations. With the empirical Eq. (2), which was established by
Setschenow more than 120 years ago (Setschenow, 1889), the ef-
fect of added salt can be described quantitatively as follows:

logðc=c0Þ ¼ logðS0=SÞ ¼ kSCS ð2Þ

where c0 and c are the solute’s activity coefficients in water and salt
solution, S0 and S are the solute’s solubility in water and salt solu-
tion, respectively, kS is the Setschenow constant, and CS represents
the total salt concentration (expressed in molality) in solution (Set-
schenow, 1889). It should be remarked that the effect of dissolved
salt on the molar volume is neglected here – justified by the chosen
concentration range of salts (Schwarzenbach et al., 2003).

2.2.2. Predictions of partition coefficients with COSMO-RS and
quantitative structure–property relationships

In COSMO-RS, a variety of environmentally important partition
coefficients can be predicted directly from a statistical thermody-
namic treatment following quantum chemical COSMO calcula-
tions. To evaluate COSMO-RS predictions of aqueous solubility,
vapor pressure as well as air–water and octanol–water partitioning
behavior of C6F6, the results have been compared with experimen-
tal values (when available) and other, publicly accessible predic-
tion methods based on empirical quantitative structure property
relationships (QSPRs), while taking compounds C6H(6�y)Fy (where
y = 0, 1, 2 . . . 6) into consideration, as well. The COSMO-RS proce-
dure is outlined in Supplementary material (SM2).

US-EPA’s EPI Suite (Estimations Programs Interface for Win-
dows, version v4.00) is one of the most popular models used for
Table 1
Aqueous solubility, derived Henry’s law constant, log KOW, and log KOC, for hexafluorobenze
Experimental solubility is given with its respective standard deviation, resulting from six

Experimental (this work)

Solubility of C6F6 (mol dm�3) 0.00325 ± 0.00003
Henry’s law constant, H (Pa m3 mol�1) 3465d

log KOW –

log KOC –

a WATERNT.
b HENRYWIN/EPISuite – bond estimation.
c HENRYWIN/EPISuite – group estimation.
d From experimental vapor pressure data (considering a liquid vapor pressure of 11

2000)),
e BP-TZVP-COSMO QSPR mix (wet octanol/water).
f logPOW.prop (QSPR included in COSMOtherm, for BP-SVP-AM1).
g KOWWIN.
h log KOC.prop (QSPR included in COSMOtherm, for BP-SVP-AM1).
i KOCWIN v2.00 MCI (estimate from Molecular Connectivity Index).
j KOCWIN v2.00 (estimate from recommended log KOW = 2.54).
environmental purposes (EPI Suite, 2010). It includes a variety of
subroutines to assess various partition values, up to the possibility
of environmental fate modelling. SPARC (September 2009 release
w4.5.1529-s4.5.1529) (SPARC, 2009), another QSPR method,
explicitly calculates van der Waals and H-bonding interactions be-
tween the solute and solvent, by using various molecular descrip-
tors that are determined by their molecular structure (Hilal et al.,
2003, 2004). ALOGPS 2.1, from Virtual Computational Chemistry
Laboratory, has been used, as well (ALOGPS 2.1, 2005).

Since COSMO-RS r-moments correlate with a variety of proper-
ties, including octanol–water partition coefficients, an automatic
QSPR calculation section is included in the program, which was used
for property estimations for hexafluorobenzene. The current COS-
MOtherm release includes an octanol–water partition coefficient
property file parameterized on the Turbomole BP-SVP-AM1 COSMO
level of theory, as well as a number of QSPR property files holding
QSPR coefficients for the five Abraham parameters, based on group
contributions, and on the definition of thermodynamic partition
properties via the six Abraham coefficients, for both computational
COSMO levels BP-SVP-AM1 and BP-TZVP (Zissimos et al., 2002). Fur-
thermore, COSMOtherm is supplied with a soil-sorption partition
coefficient (KOC) property file parameterized on the Turbomole
BP-SVP-AM1 COSMO level of theory (Klamt et al., 2002). It has been
shown that ther-moment approach is a robust tool in analysing par-
titioning of substances between very diverse phases – including
chemically undefined phases, like those encountered in soils. The
RMS deviation of log KOC from experimental data is assumed to be
within 0.65 log units, while a large portion of these deviations was
attributed to experimental errors. Considering that the experimen-
tal determination itself is difficult and rather often unsound, the pre-
diction via COSMO-RS r-moments provides an alternative which
might meet valuable requirements in a number of occasions.

3. Results and discussion

3.1. Solubility in water and derived Henry’s law constant

In Table 1, experimental and predicted aqueous solubilities of
hexafluorobenzene are presented along with the respective
Henry’s law constants, at T = 298.15 K. Additionally, predicted
log KOW and log KOC values are given.

The reported aqueous solubility of hexafluorobenzene is in
excellent agreement with our previously published results, which
have been obtained by a different quantification method (Freire
et al., 2005) – gas chromatography instead of UV spectroscopy.
ne, at T = 298.15 K: experimental data, COSMO-RS predictions and QSAR correlations.
measurements.

COSMO-RS SPARC EPISuite ALOGPS

0.00128 0.00056 0.00736a 0.00118
8798d 26 200 1380b272000c 9544d

2.93 3.83 3.2g 2.33
3.67e

3.72f

2.92h – 3.45i –
2.20j

262 Pa, at T = 298.15 K, as derived from the DIPPR database (DIADEM Public v1.2,
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To the best of our knowledge, only one other value on aqueous sol-
ubility of hexafluorobenzene is available in the literature, indicated
by the authors as personal communication (Ellis et al., 2002). This
value is about five times lower than ours. To decide which value is
the more accurate, we may analyse the derived Henry’s law con-
stant, which is in both cases very similar. While room temperature
vapor pressures of fluorobenzenes can be fairly easy measured
with accuracy and are available in the literature, the value given
by Ellis et al. (2002) seems to be too low. While assuming a cur-
rently recommended vapor pressure and using the solubility data
of Ellis (Ellis et al., 2002), a log KAW of 0.85 is obtained. The ob-
served relative difference to the value obtained in this work (+0.7
log KAW units) is close to the deviation range for experimental
air–water partition coefficients of related classes of compounds.
Nevertheless, it is distinctively out of range when placed in the
context of the prevailing trend as indicated when plotting experi-
mental fluorobenzene data against the number of fluorine atoms
in the molecule (see Supplementary material (SM3)).

The comparison of COSMO-RS predictions of vapor pressure (A),
aqueous solubility (B) and Henry’s laws constants, presented as air–
water partition coefficients (C), with available experimental data
and other prediction methods for compounds C6H(6�y)Fy (where
y = 0, 1, 2 . . . 6) is summarized in Fig. 1. The comparison of experi-
mental boiling points with predicted values is given as Supplemen-
tary material (SM4). COSMO-RS systematically overestimates vapor
pressures of fluorobenzenes, but clearly within the expected uncer-
tainty margin. Likewise, aqueous solubilities appear to be overesti-
mated, except in the case of hexafluorobenzene, for which all the
used models show the largest deviation from experiment, but not
in a consistent way. EPISuite’s WATERNT is indifferent towards vari-
ations in the water solubilities of isomers with the same number of
fluorine atoms, as well as EPISuite’s HENRYWIN prediction of air–
water partition coefficients and MPBPVP in the prediction of boiling
points. While ALOGPS is accounting for effects of different isomers,
its overall performance on aqueous solubilities of fluorobenzenes
is exceeded by the other methods. SPARC shows a good overall per-
formance but exhibits the highest deviation for aqueous solubility
and hence, air–water partition coefficients, of hexafluorobenzene.

All applied models reproduce the experimentally well estab-
lished relative invariance of vapor pressure of fluorobenzenes
and underline the slight decrease in solubility with increasing
fluorine substitution, resulting in a slight increase in the Henry’s
law constant. The variation in the air–water partition coefficients
is comparable in its magnitude to the one observed in other apolar
or weakly polar substances, e.g. chlorobenzenes. But unlike in the
latter, where vapor pressures and aqueous solubilities vary by sev-
eral orders of magnitude, the effect of increasing molecular size is
much less pronounced with subsequent fluorine substitution of the
aromatic core.

It has to be mentioned that experimental vapor pressure,
aqueous solubility data and Henry’s law constants of fluorobenz-
enes are included in the training sets of the prediction methods
applied here, with varying degree. In the case of COSMO-RS in
its COSMOtherm implementation, only the vapor pressures of
four and the Henry’s law constants of two fluorinated benzenes
enter the parameterization data set (Eckert, personal communica-
tion). Considering its ‘a priori’ nature, COSMO-RS gives reasonable
estimates for the properties in question. A statistical analysis of
the obtained results is summarized as Supplementary material
(SM5).
3.2. Solubility in aqueous salt solutions

Fig. 2 gives an overview of the experimentally determined C6F6

aqueous solubilities in several salt solutions, as well as a function
of the salt concentration. Details on experimental values are given
as Supplementary material (SM6).

In Table 2, Setschenow constants, as derived from solubility
measurements as well as from COSMO-RS predictions, in the pres-
ence of each electrolyte, are reported. An overall view on the re-
sults is given as Supplementary material (SM7). Contributions of
individual ions are very difficult to quantify, thus, salting constants
are available only for combined salts. The constants have been de-
rived according to Eq. (2). Both salting-out (lowering of solubility,
increase of activity coefficient, positive kS values) and salting-in
(promotion of solubility, decrease of activity coefficient, negative
kS values) effects have been observed experimentally. The ten-
dency and magnitude of salting-in/-out effects experimentally ob-
tained compare well with compiled experimental values for
benzene (Xie et al., 1997). The value presented for NaCl is presum-
ably a good approximation for the salting-out of hexafluoroben-
zene in a marine environment, since the concentration range of
measurement covers the salt concentration typically encountered
in seawater (�0.5 mol dm�3).

For the remaining salts, only the results obtained with HCl seem
to differ, showing a smaller salting-out effect when compared with
benzene results.

In eleven out of 14 salts, COSMO-RS calculations predicted the
experimentally observed tendencies of salting-in/-out of C6F6,
although COSMO-RS always predicted enhanced effects on such
systems, as found earlier in the case of salt effects on the aqueous
solubility of chlorobenzenes (Oleszek-Kudlak et al., 2005).

In the case of [im]Cl, the aqueous solubility of C6F6 is rather
unaffected by increasing electrolyte concentrations, as found both
experimentally and by COSMO-RS calculations. A similar finding
was reported earlier for the effect of adding HCl to aqueous ben-
zene solutions. Whereas McDevit and Long found a subtle
salting-out tendency (McDevit and Long, 1952), we encountered,
for hexafluorobenzene, a salting-in effect of even lower magnitude,
while with COSMO-RS, a rather distinct salting-out effect was pre-
dicted. The most noticeable differences are found for [GuH]Cl and
HClO4, with the experimental value of the latter coinciding in its
tendency with the reported experimental value for benzene
(McDevit and Long, 1952), while COSMO-RS points to a salting-
out effect.

The first report on the so-called Hofmeister series show a se-
quence of cations and anions regarding their flocculation poten-
tial towards lyophilic colloids out of their soles (Hofmeister,
1888). Salting effects of volatile solutes are often explained in a
simplistic, yet incomplete manner, featuring considerations
regarding hydration forces only, as a result of competition of dis-
solved ions with the solute for solvent molecules (Long and
McDevit, 1952; McDevit and Long, 1952). Nonetheless, due to
the reported relatively large scatter in the experimental data, no
quantitative relationship can be derived (Schwarzenbach et al.,
2003). Hence, interpreting Hofmeister series and inherent salt-
ing-in/-out effects at a molecular level remains a complex task,
to the present day.

Several rankings of ions in the so-called Hofmeister series have
been published for cations and anions; the sequence can vary and
is subject to the particular investigated effect (e.g., solubility, sur-
face tension, protein folding, protein crystallization, precipitation);
a straight comparison between ions, for a given property, is strictly
valid only for quantities derived from a series of cations or anions
with the same counterion. The proton usually does not make part
of the Hofmeister series.

A first approximation ranking of the salt-constituting salting-in
and salting-out inducing behavior of cations and anions, in the case
of C6F6 at hand, has been achieved by numerically extracting the
respective ion contribution from all experimental results (left-
hand side: salting-out; right-hand side: salting-in):
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Fig. 1. Comparison of experimental and predicted data for vapor pressures (A), aqueous solubilities (B) and air–water partition coefficients (C) of fluorobenzenes (C6H(6�y)Fy
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Naþ > Kþ > ½ðC2H5Þ4�N
þ > NHþ4 > ½ðCH3Þ4�N

þ � ½Ch�þ � ½Im�þ

� H3Oþ > ½GuH�þ

PF�6 > Cl� > OH� > BF�4 > ClO�4

A more realistic picture is obtained, when isolated series of
cations or anions with the same counterion are considered, only
(in bold, Cl� resp. Na+). From COSMO-RS predictive results of
aqueous solubilities of hexafluorobenzene in the presence of
electrolytes, for a series of cations or anions with the same
counterion (Cl� or Na+), the ion’s ability in inducing salting-out
follows the trend,
NHþ4 � Naþ > Kþ > H3Oþ > ½GuH�þ > ½Im�þ > ½Ch�þ > ½ðCH3Þ4�N
þ

> ½ðC2H5Þ4�N
þ

BF�4 > Cl� > PF�6 � ClO�4 > OH�

Even though COSMO-RS is currently not accounting for long-
range ion–ion interactions (and hence, it is not describing the
Debye-Hückel limit), it can assist our understanding of salting-
in/-out phenomena, in terms of its representation of molecular
interactions in the r-profiles of the species involved. The r-profiles
of hexafluorobenzene and the ionic species are depicted in Fig. 3.
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Fig. 2. Experimental solubility of C6F6 in several aqueous salt solutions at 298.15 K.

Table 2
Setschenow constants, kS, determined from experimental results and from COSMO-RS predictions in the presence of the respective electrolyte,
at T = 298.15 K.

Salt Number of
experimental data points
(molality range (mol kg�1))

Experimental
kS (kg mol�1)

COSMO-RS
kS (kg mol�1)

NaCl 6 (0–1.5) 0.224 0.477
NaBF4 6 (0–1.5) 0.107 0.500
KPF6 2 (0–0.1) 0.213 0.589
NH4PF6 3 (0–0.2) 0.167 0.597
[im]Cl 6 (0–1.5) �0.008 0.099
[Ch]Cl 6 (0–1.5) �0.016 �0.353
[GuH]Cl 6 (0–1.5) �0.146 0.236
NaOH 6 (0–1.5) 0.166 0.259
HCl 6 (0–1.5) �0.019 0.396
HClO4 6 (0–1.5) �0.211 0.257
NaClO4 6 (0–1.5) 0.046 0.314
NH4Cl 6 (0–1.5) 0.106 0.478
[(CH3)4]NCl 6 (0–1.5) �0.016 �0.361
[(C2H5)4]NClO4 3 (0–0.2) �0.073 �0.400
[(C2H5)4]NCl – (0–1.5) – �0.621
KCl – (0–1.5) – 0.408
NaPF6 – (0–1.0) – 0.316
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The two peaks of the surface polarization charge densities of
C6F6 can be assigned to the p-face of aromatic carbon atoms for
negative r values, and to the ring of fluorine atoms for positive r
values, remembering that positive partial charges of atoms cause
respective negative screening charges as response of the conduc-
tor, and vice versa.

Salting-in is observed when r-profiles of the non- or weakly-
polar solute and electrolytic species contain complementing parts,
with respect to the solute’s screening charge density, as well as
overlapping parts, as it is the case for the large alkylammonium
cations, thus indicating favorable interactions between the species
as prerequisite of the salting-in effect to appear (Freire et al.,
2010b).

If there is no appreciable interaction between non- or weakly-
polar solutes and electrolytes indicated in the r-profiles, salting-
out will prevail – as is the case of main group ions, whose
r-profiles are divided from the ones of non-polar solutes by a
gap. The r-profiles of salting-out inducing ions are typically
shifted beyond the hydrogen bonding-threshold, indicating pro-
nounced hydrogen bonding potential, and thus the formation of
preferential water–ion complexes, which in turn leads to a de-
crease in the solute’s solubility (Freire et al., 2010b).

3.3. Partitioning of hexafluorobenzene in environmental media

Due to the scarcity of physico-chemical data available, the pre-
diction of partitioning of hexafluorobenzene in environmental
media is subject to a variety of assumptions that may introduce
significant errors. For log KOW, two recommended values are listed
(Mackay et al., 2006): 2.22 (Sangster, 1993) and 2.54 (Hansch et al.,
1995). Ellis et al. concluded that hexafluorobenzene is less hydro-
phobic than benzene; they were considering a value of log -
KOW = 1.33 for their evaluative modelling, which leads in fact to a
low bioconcentration factor (Ellis et al., 2002). COSMO-RS as well
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as QSPR-predictions point to a higher value (see Table 1). Lipophil-
icity is known to increase by aromatic fluorination (Smart, 2001),
when compared with the respective unsubstituted mononuclear
aromatic hydrocarbons, which can be reproduced with COSMO-RS.

The comparison of experimental 1-octanol–water partition
coefficients of fluorobenzenes, at T = 298.15 K, with data as pre-
dicted by several methods, is given as Supplementary material
(SM8), (for statistical data treatment, see Supplementary material
(SM5)). The largest deviations between the models occur in the
case of hexafluorobenzene.

Finally, the Mackay Level III fugacity model (EQC version 2.02)
(Mackay, 1991; Mackay et al., 1996a,b), a steady-state, non-
equilibrium model, as implemented in US-EPA’s EPI Suite, was
applied; results are given as Supplementary material (SM9). The
experimentally obtained aqueous solubility and the respective
Henry’s law constant, as presented in Table 1, as well as the rec-
ommended octanol–water partition coefficient of log KOW = 2.54
have been used, with all other parameter sets as presented before
(Ellis et al., 2002), at a fixed temperature of 298.15 K. The devia-
tions of vapor pressure and aqueous solubility data from the real
values, as used in the work of (Ellis et al., 2002), are of similar
proportions and are thus not influencing the magnitude of the
Henry’s law constant, resulting in a similar air–water partition
behavior, as predicted from our data. The higher (recommended)
log KOW used in our work yields hexafluorobenzene concentra-
tions in soil and sediment around four times higher than the ones
presented before (Ellis et al., 2002), but because of the high vapor
pressure, emissions to the soil may not remain there. Hexafluoro-
benzene is expected to have a short local environmental resi-
dence time, irrespective of the medium of discharge, showing a
certain probability of global persistence (Ellis et al., 2002). While
rather conservative reaction rates for hexafluorobenzene have
been assumed, a more rapid degradation in the environment,
due to its photoreactivity in the UV range, is expected to be likely.
4. Conclusions

Besides its secondary importance in terms of industrial scale
production volume, hexafluorobenzene can be considered a key
compound in the establishment and calibration of prediction
methods, given its molecular characteristics and unique physico-
chemical properties. Thus, accurate knowledge of the C6F6

physico-chemical properties and their interpretation is crucial;
the absence of accurate solubility data hampered the calculation
of respective partition coefficients, so far. Through combination
of available vapor pressure data with the experimentally deter-
mined water solubility, an air–water partition coefficient has been
derived. Due to the known difficulties in experimental aqueous sol-
ubility determination, it is encouraged that measurements of C6F6

aqueous solubilities (and log KOW, as well as for other fluorobenz-
enes) should be repeated by other research groups working in the
field. In the context, COSMO-RS proved to be a useful Supplemen-
tary prediction tool, especially when data are scarce or contradic-
tory. While the performance of QSPR methodologies heavily
depends on the nature of the training data sets involved,
quantum-chemical based COSMO-RS with its ability to deal with
subtle structural differences, as encountered in isomers or con-
formers, provides a more fundamental approach for partition coef-
ficient estimation.
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