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Abstract The partition coefficients, PIL/w, of several com-
pounds, some of them of biological and pharmacological
interest, between water and room-temperature ionic liquids
based on the imidazolium, pyridinium, and phosphonium
ca t i on s , name ly 1 -oc t y l - 3 -me thy l im idazo l i um
h e x a f l u o r o p h o s p h a t e , N - o c t y l p y r i d i n i u m
tetrafluorophosphate, trihexyl(tetradecyl)phosphonium chlo-
r ide , t r ihexyl( te t radecyl )phosphonium bromide,
t r i h e x y l ( t e t r a d e c y l ) p h o s p h o n i u m
b i s ( t r i f l u o r o m e t h y l s u l f o n y l ) i m i d e , a n d
trihexyl(tetradecyl)phosphonium dicyanamide, were accu-
rately measured. In this way, we extended our database of
partition coefficients in room-temperature ionic liquids previ-
ously reported. We employed the solvation parameter model
with different probe molecules (the training set) to elucidate
the chemical interactions involved in the partition process and
discussed the most relevant differences among the three types
of ionic liquids. The multiparametric equations obtained with
the aforementioned model were used to predict the partition
coefficients for compounds (the test set) not present in the
training set, most being of biological and pharmacological
interest. An excellent agreement between calculated and ex-
perimental log PIL/w values was obtained. Thus, the obtained
equations can be used to predict, a priori, the extraction
efficiency for any compound using these ionic liquids as
extraction solvents in liquid-liquid extractions.

Keywords Nitrogen-based ionic liquids .

Phosphonium-based ionic liquids . Partition coefficients .

Liquid-liquid extraction

Introduction

At present, room-temperature ionic liquids (RTILs) are close
to be considered as conventional solvents for liquid-liquid
extractions in sample preparation, although their use com-
pared with typical organic solvents is still much lower [1].
The use of ionic liquids in different areas of analytical chem-
istry, particularly the RTILs, has increased considerably in
recent years. This is because these solvents have several
characteristics that are different to those of the typical organic
solvents, such as unique solubilization properties, low or none
vapor pressure, no flammability, and the possibility to modify
their physical properties through the proper selection of the
cation and anion [2, 3].

Although the lack of toxicity for the majority of the RTILs
has not been completely demonstrated, they are invoked as
“green” or “environmentally friendly solvents” [4–6]. The
density of the RTILs can be higher or lower than that of typical
aqueous solutions which conditions the experimental design if
an extractant of this type is going to be used in liquid-liquid
extractions (LLEs). RTILs denser than water will remain as
the bottom phase, and after extraction, the aqueous phase must
be carefully separated from the ionic liquid. If it is viscous
enough, the aqueous phase can be discarded by just inverting
the test tube, since the ionic liquid usually remains to be stuck
to the tube wall. If the RTIL is less dense than water or the
aqueous sample matrix, it will remain as the top phase and the
extraction is direct. As a counterpart, due to the typical high
viscosities of the RTILs, a dilution with solvents such as
methanol or acetonitrile can be necessary before injection into
the HPLC column, which decreases the enrichment factor.
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Although phosphonium-based RTILs (PB-RTILs) have
been known and synthesized for years, they have been more
or less neglected in the literature compared to their
imidazolium- or pyrrolidinium-based counterparts [7].
PB-RTILs are made of tetraalkylphosphonium cations
with different anions and can have some additional
advantages compared to the nitrogen-based RTILs
(NB-RTILs), such as very high thermal and chemical
stability and higher solvation properties. There are about
20 different types of PB-RTILs commercially available.
Cytec Industries Inc. sells phosphonium salts under the
Cyphos® trade name [6, 8]. The use of PB-RTILs in
liquid-liquid extractions has been scarcely reported in
the literature [9, 10].

In our previous paper [7], we have used the solvation
parameter model (SPM) to elucidate the molecular interac-
tions involved in the partition process for analytes of very
different chemical nature between imidazolium-based RTILs
and water, as well as to predict liquid-liquid partitioning of
molecules of biological interest, which should be useful to
obtain high recoveries and enrichment factors for any analyte
(neutral at the working pH) using those studied RTILs as
extractants.

The SPM relates the logarithm of some free energy-related
physicochemical property, in this case the RTIL-water parti-
tion coefficient, PIL/w, and several independent solute param-
eters or descriptors, each one reflecting a different type of
solute-solvent interaction (Eq. 1). Thus, since a solvation
process (relative solubility of the analyte in a biphasic system)
is involved, the SPM is considered as a linear solvation energy
relationship (LSER).

log PIL=w ¼ logCIL=Cw ¼ cþ sSþ aAþ bBþ vVþ eE ð1Þ

HereCIL and Cw are the analyte concentrations in the RTIL
and aqueous phases, respectively, and the solute descriptors
are as follows: S is the solute dipolarity/polarizability; A and
B are the respective solute parameters which represent the
hydrogen bond donor (HBD) and hydrogen bond acceptor
(HBA) capacity; V, the molar volume, accounts for both the
necessary energy to form the cavity within the solvent to fit the

solute and, also, the dispersive interactions, and E, the excess
molar refraction, accounts for interactions with electron donor
groups. The intercept, c, and the regression coefficients, s, a,
b, v, and e (LSER coefficients), are obtained from multivari-
able, simultaneous, least-square regressions [7, 11]. These
coefficients contain chemical information since they reflect
the difference between the RTIL phase and the aqueous phase
in the complementary property to each solute parameter, as
discussed later [12].

Partition coefficient data between RTILs and water for
organic compounds are very limited in the literature. The most
extensive data set available corresponds to the biphasic sys-
t ems fo rmed by th e i on i c l i qu i d s 1 -h exy l - 3 -
methylimidazolium hexafluorophosphate, 1-butyl-3-
methylimidazolium hexafluorophosphate, 1-octyl-3-
methylimidazolium hexafluorophosphate, and 1-octyl-3-
methylimidazolium tetrafluoroborate in contact with water
or heptane [7, 13–17].

In this work, the partition coefficients, PIL/w, for several
critically selected and chemically diverse probe molecules
(the training set) between different NB-RTILs and PB-RTILs,
namely 1-octyl-3-methylimidazolium hexafluorophosphate
[OMIM][PF6], N-octylpyridinium tetrafluoroborate
[OPy][BF4], trihexyl(tetradecyl)phosphonium chloride
[(C6)3C14P][Cl], trihexyl(tetradecyl)phosphonium bromide
[(C6)3C14P][Br], trihexyl(tetradecyl)phosphonium
bis(trifluoromethylsulfonyl)imide [(C6)3C14P][NTf2], and
t r i h exy l ( t e t r ade cy l ) phosphon ium d icyanamide
[(C6)3C14P][N(CN)2] (c.f. Fig. 1), were accurately measured
at room temperature. Multiple linear regressions be-
tween log PIL/w and the corresponding solute descriptors
for the training set were performed. In order to evaluate
the robustness and predictive capability of the model to
be used with extraction purposes, we used a set of
molecules of biological or pharmacological interest,
structurally different from those of the training set
called the test set. The main goal of this work is to
use in the future the obtained LSER equations to predict
extraction efficiency for any compound using the stud-
ied ionic liquids as extraction solvents in liquid-liquid
extractions.
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Fig. 1 Chemical structures of the
studied RTILs. (a) (C6)3C14P

+

cation with different anions,
A−=Cl−, Br−, N(CN)2

−, and
NTf2

−, and (b) [OMIM][PF6]; (c)
[OPy][BF4]
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Experimental

Chemicals and materials

[(C6)3C14P][Cl] (Cyphos
® IL 101), [(C6)3C14P][Br] (Cyphos

®

IL 102), [(C6)3C14P][N(CN)2] (Cyphos® IL 105), and
[(C6)3C14P][NTf2] (Cyphos

® IL 109) were provided by Cytec
Industries Inc. (NJ, USA). [OPy][BF4] and [OMIM][PF6]
were synthesized in our laboratory by adapting a procedure
from references [18] and [7], respectively. Reagents were of
ana ly t i ca l g rade o r be t t e r as fo l lows : sod ium
hexafluorophosphate, 98.0 % (Aldrich, WI, USA); 1-
methylimidazole, ≥99.0 % (Merck, Hohenbrunn, Germa-
ny); pyridine, 99.0 % (Sigma-Aldrich, St. Louis, USA);
tetrafluoroboric acid, 48.0 % (w/v) in water (Sigma-
Aldrich, St. Louis, USA); 1-bromooctane, 99.0 % (Al-
drich, WI, USA); hydrochloric acid and sodium sulfate
anhydrous (Merck, Buenos Aires, Argentina); phospho-
ric acid (Merck, Hohenbrunn, Germany); sodium hy-
droxide (Analar, Poole, England); potassium hydroxide
(Analar, Poole, England); and methanol and dichloro-
methane HPLC grade (J.T.Baker, Edo. de Mexico, Mex-
ico). Solutions were prepared with Milli-Q® water. Sol-
utes were from Sigma-Aldrich, St. Louis, USA (thio-
urea, acetanilide, thymine, catechol, benzamide,
acetophenone, 2-nitroaniline, 4-hydroxybenzoic acid,
2 , 6 - d ime t hy l b en zo i c a c i d , p - n i t r opheno l , o -
hydroxyethylresorcinol, 2,6-dichlorophenol, 2,4,6-
trichlorophenol, o-nitrophenol, 4-nitrotoluene, 2-
nitrotoluene, 3-nitrotoluene, 4-methylanisole, 2-
methylanisole, 3-methylanisole, 4-chlorotoluene, o-
tolualdehyde, m-tolualdehyde, benzonitrile, chloroben-
zene, nitrobenzene, 2,4-dinitrofluorobenzene, acetamino-
phen, suprofen, ketoprofen, ibuprofen, fenoprofen, proprano-
lol, cortisone, hydrocortisone, benzoin, indoprofen); Fluka,
Buchs, Switzerland (benzaldehyde, p-tolualdehyde); Merck,
Hohenbrunn, Germany (4-nitroaniline, benzene, m-nitrophe-
nol, p-dimethylaminobenzaldehyde); Carlo Erba Reagents,
Milano, Italy (4-nitrobenzoic acid); Industria Química
Bonaerense, Buenos Aires, Argentina (1,4-benzoqui-
none, 2-naphthol, resorcinol); Riedel-de Haën, Seelze,
Germany (phenol); Científica Central Jacobo Rapoport,
Buenos Aires, Argentina (benzoic acid); BDH
Chemicals Ltd., Poole, England (1,3,5-trinitrobenzene);
Roche, Buenos Aires, Argentina (benznidazole); Bayer,
Leverkusen, Germany (nifurtimox); ANMAT, Buenos
Aires, Argentina (metronidazole); and Bagó, Buenos
Aires, Argentina (caffeine).

The micropipettes were purchased from Eppendorf, Ham-
burg, Germany. The solutions were filtered using a micro-
mate interchangeable syringe (Popper & Sons, Inc., New
Hyde Park, NY, USA) with 0.22-μm cellulose nitrate mem-
brane filters.

Equipment

AnAgilent 1100 liquid chromatograph equippedwith a binary
pump, a thermostat-controlled column compartment, a
degasser, and a variable wavelength detector connected to a
Data Apex CSW (Data Apex, Czech Republic) workstation
and a 75×4.6 mm ID (3.5 μm) Zorbax Eclipse XDB-C18
column (Agilent) were used to separate and quantify the
different compounds. Methanol:buffered phosphate (pH
2.70; 25 mM) was used as the mobile phase. The methanol
was previously filtered through 0.22-μm nylon membranes
(OsmonicsMagna), while the aqueous phase was filtered with
0.22-μm cellulose nitrate membranes (Micron Separations).
The detector was set at wavelengths where the used RTILs
show no significant absorbance: 254 nm for [(C6)3C14P][Cl],
[(C6)3C14P][Br], [(C6)3C14P][NTf2], and [OMIM][PF6] and
300 nm for [(C6)3C14P][N(CN)2] and [OPy][BF4].

An Eppendorf 5417 C/R centrifuge operating at
14,000 rpm was used for phase separation. A thermostat-
controlled bath (Lauda T) maintained at 25.00±0.05 °C was
employed for the partitioning experiments, a Vortex Genie 2
(Scientific Industries, USA) mixer allowed thorough mixture
of the aqueous and the RTIL phases, and a combined glass
Metrohm electrode in a commercial Accumet AR 25 pH/mV/
Ion Meter (Fisher Scientific) pH meter was applied for pH
measurements.

Procedure to obtain the partition coefficients

The experimental procedure for the determination of the par-
tition coefficients was done like in the previously published
work [7], using solutions of known concentrations of the
analytes in 0.01 M hydrochloric acid (pH 2). Solute concen-
trations in the water phase after extraction were determined
from calibration plots obtained by injecting, in triplicate, 5 μ L
of the standard solutions of each compound dissolved in
0.01 M hydrochloric acid at four different concentrations in
the range of 1–100 μmol L−1.

Purification of the RTILs

The imidazolium-based RTILs were obtained and purified as
previously reported in reference [7], and the pyridinium-based
RTIL was obtained as in reference [18]. The PB-RTILs were
washed as follows: a mixture of the ionic liquid and dichlo-
romethane (DCM) (1:4) was washed with different aliquots of
1 ml of 10−4 M KOH, shaken, and centrifuged for 10 min at
4,200 rpm to separate the two phases. The first five contacts
were done with the alkaline solution, and the five final con-
tacts were done with 1 ml Milli-Q water until neutrality. The
absence of the RTIL anions coming from the original reactives
was checked by reaction with aqueous AgNO3. Then, solid
anhydrous Na2SO4 was added to eliminate traces of water; the
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mixtures were shaken for 15 min and filtered through a
Whatman® 40 filter paper. The DCM layer was then concen-
trated on a rotary evaporator and dried under vacuum at 50 °C
for 48 h.

Solute parameter calculations and multivariable least-square
regressions

Solute parameters not available in the literature were calculat-
ed by means of the ADME Boxes 5.0 software (ACD/Labs/
Pharma Algorithms, Inc., Toronto, Canada). pKa values not
available in the literature were calculated using the software
MarvinSketch 5.5.0.1, 2011, ChemAxon. Multivariable least-
square regressions were performed using Microsoft Office
Excel 2007.

Results and discussion

Experimental PIL/w values

Partition coefficients, PIL/w, were obtained from linear regres-
sions between the analyte concentrations in the RTIL phase,
CIL, vs. the aqueous phase, CW, after the equilibrium is
reached for solutions with different initial concentrations, as
described in our previous paper [7] (see “Procedure to obtain
the partition coefficients”). In Table 1, we gathered the PIL/w
values for the training set and the test set, together with the
confidence intervals corresponding to three replicates. Since
the solute parameters (experimental or calculated) to be used
in the solvation parameter model (next section) correspond to
the neutral form of the molecule, we decided to perform the
partition at pH 2 at which value all molecules (including
phenols and carboxylic) of Table 1 are neutral. Also, working
at the same pH with the same buffer for all molecules assures
the same experimental conditions for all the PIL/w values
determined. In Table 1, the pKa values of all studied com-
pounds are shown.

For almost all the compounds, partition coefficients with
[(C6)3C14P][Cl] and [(C6)3C14P][Br] are higher than those for
the other RTILs. The high solubilization power of the PB-
RTILs can be attributed to the strong van der Waals interac-
tions with the four long alkyl chains they have. Thus, these
ionic liquids could be considered very good candidates for
liquid-liquid extractions.

In Table 2, we compared all the PIL/w values for the test set
obtained with NB-RTILs, those used in this work and the ones
from the previous work [7]. It is observed that partition
coefficients for RTILs with the anion [PF6]

− increase drasti-
cally as the alkyl chain of the imidazolium ring grows in the
order butyl, hexyl, octyl. This trend could be attributed to an
increasing solubilization of the analytes due to van der Waals

(dispersive) interactions with those alkyl substituents in the
imidazolium ring. The free energy of transfer of a given
compound from an aqueous phase to an organic phase, in this
case an ionic liquid, can be written asΔGtr=−RT log PIL/w. If
the main reason for the observed partitioning is the increment
in dispersive interactions, the log PIL/w should be correlated
with the number of carbon atoms of the alkyl chain. In Table 3,
the obtained linear regressions between log PIL/w and the
number of carbon atoms are observed. It can be observed that,
in general, good or very good regression coefficients are
obtained, which means that the partition to the RTIL phase
increases mainly due to the dispersive interactions of the
analytes with the ionic liquid.

Analyzing the data for the cation [OMIM]+ combined with
both [PF6]

− and [BF4]
−, it comes to view that the partition

coefficients are higher for the former anion. This observation
was already made in our previous paper [7], and it was
attributed to the higher hydrophobic nature of the [PF6]

− anion
due to its higher size-to-charge ratio as compared with the
[BF4]

− anion, which favors dispersive interactions with the
organic compounds. Also, for most compounds, partition
coefficients for the [OPy]+ cation are much higher than those
for the [OMIM]+ cation with the same [BF4]

− anion.
It is worth pointing out that although the partition coeffi-

cients for the test set in [OMIM][PF6] are very high, in PB-
RTILs, these are, in general, higher. For some compounds, the
transfer to the RTIL phase was virtually complete since no
chromatographic peak was detected in the aqueous phase after
partitioning. Again, the highest partition coefficients are ob-
t a i n e d w i t h [ ( C 6 ) 3C 1 4 P ] [B r ] , a l t h o u g h w i t h
[(C6)3C14P][N(CN)2], [(C6)3C14P][Cl], and [OMIM][PF6],
the transfer of the several compounds to the ionic liquid phase
is very significant.

Compounds of the test set have higher partition coefficients
than those for the training set (c.f. Table 1) for the sameRTILs,
which could be due to the higher hydrophobicity of those
group of molecules which have higher molar volume as
reflected by the V solute parameter (see Electronic Supple-
mentary Material (ESM) Table S1).

Solvation parameter model

The solvation parameter model (SPM) (Eq. 1) has been pre-
viously used to both predict partitioning and to interpret the
LSER coefficients and, thus, to elucidate the chemical inter-
actions present in the biphasic systems [BMIM][PF6]/water
and [HMIM][PF6]/water [13]. In our previous work [7], we
obtained partition coefficients, PIL/w, for several compounds,
some of biological or pharmacological interest, between three
different RTILs ([BMIM][PF6], [HMIM][PF6], and
[OMIM][BF4]) and water at room temperature. We also used
the SPM to study these biphasic systems to both predict
partitioning and to chemically interpret the LSER coefficients

J.M. Padró et al.
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obtained. Requirements to use the SPM are clearly described
in the review of Vitha and Carr [19], which were summarized
in our previous work. Briefly, the requirements to obtain
robust LSER coefficients and, thus, precise predicted values
are as follows: (i) at least four solutes for each solute param-
eter must be included in Eq. 1 (at least 20 solutes for the five
types of solute parameters that the model considers), (ii) no
correlation or covariance between solute parameters is re-
quired, and (iii) a wide range of solute parameters or descrip-
tor values as well as log PIL/w values. All these requirements
are fulfilled in this work. In ESM Table S2, the covariance
matrices for the descriptors of the training set are shown. It can
be observed that no covariance is present since the coefficients
of determination between the different parameters are lower
than 0.36 in all cases. The LSER coefficients (or system
constants) of Eq. 1 together with the standard deviation and
coefficients of the determinations for the NB-RTILs and PB-
RTILs studied, as well as for the three previously reported

NB-RTILs, are shown in Table 4. Good coefficients of deter-
mination and standard deviations for the LSER equations
corresponding to the different biphasic systems were obtained.
For both the NB-RTILs and the PB-RTILs, the two most
influential intermolecular interactions affecting the partition
process are the hydrogen bond acceptor (HBA) capacity
(negative b term) of the solute and the cavity dispersion term
(positive v term). For the analysis shown below, it is important
to consider that the LSER coefficients of Eq. 1 reflect the
differences between the RTIL phase and aqueous phase in
polarity-polarizability (s coefficient), HBA (b coefficient),
HBD (a coefficient), cohesion-dispersion interactions (v co-
efficient), and polarizability interactions with electron donor
groups (e coefficient).

– The v coefficient reflects the ability of the ionic liquid
(IL) phase relative to the water (w) phase to interact
through dispersive (D) and cohesive (σ) interactions.
The v coefficient in Eq. 1 can be dissected using the
formula M(vIL−vw)=M1(σw−σIL)+M2(DIL−Dw) [7]. As
can be observed in Table 4, it is positive and large in all
cases. According to the SPM, this property indicates that
the RTILs are less cohesive and more polarizable than
water.

For the three RTILs with the anion [PF6]
− (c.f. Table 4),

the v coefficient increases with the alkyl chain of the
cation. This can be attributed to the stronger dispersive
interactions with the analyte and, simultaneously, to the
decreasing of cohesivity, as could be reflected by the
Hildebrand solubility parameter. It can be observed that
the v coefficient for [OPy][BF4] is larger than that for
[OMIM][BF4]. Since both have the same anion, this means
that the cohesivity is lower for the [OPy]+ cation as com-
pared to the [OMIM]+ or that the dispersive interactions
are larger. This last observation is in agreement with the
higher amount of carbon atoms of the [OPy]+ cation.

Table 2 Comparison of the experimental partition coefficients for the test set in the different ionic liquids at 25 °C with values taken from the literature

Compounds [BMIM][PF6]
a [HMIM][PF6]

a [OMIM][PF6] [OMIM][BF4]
a [OPy][BF4]

Ibuprofen 2.71 6.16 78.8 27.8 55.81

Suprofen 7.96 82.8 887 76.1 849.7

Ketoprofen 4.90 123.2 1053 80.1 853.1

Fenoprofen 8.5 97.8 697 85 749.12

Acetaminophen 0.0595 0.0683 0.125 0.538 0.84

Cortisone 0.0238 26.8 633 2.26 123.2

Hydrocortisone 0.01429 7.82 322 2.49 155.9

Benznidazole 0.360 0.995 93 430 51.8

Propranolol 1.744 98.0 603 27.4 1493.3

Nifurtimox 0.1097 7.22 22.32 0.655 4.72

Metronidazole 0.1526 1.196 6.72 0.544 0.81

a Data from reference [7]

Table 3 Linear regressions between the log PIL/w values for the RTILs
[BMIM][PF6], [HMIM][PF6], and [OMIM][PF6] vs. the number of car-
bon atoms (n=4, 6, and 8) of the imidazolium ring alkyl chain

Compounds Linear regression R2

Ibuprofen y=−1.16+0.37x 0.919

Suprofen y=−1.15+0.51x 1.000

Ketoprofen y=−1.56+0.58x 0.987

Fenoprofen y=−0.95+0.48x 0.996

Acetaminophen y=−1.58+0.08x 0.884

Cortisone y=−5.77+1.11x 0.954

Hydrocortisone y=−6.01+1.09x 0.978

Benznidazole y=−3.11+0.60x 0.882

Propranolol y=−2.14+0.63x 0.954

Nifurtimox y=−3.05+0.58x 0.901

Metronidazole y=−2.44+0.41x 0.997

Partition coefficients of organic compounds



Comparing the two NB-RTILs with the same cation, it
can be seen from Table 4 that the v coefficient for
[OMIM][BF4] is lower than that for [OMIM][PF6]. From
the solubility parameters in Table 4, that LSER coefficient
should be higher for the latter RTIL, for which the δH value
is higher than that for the [OMIM][BF4]. Thus, dispersive
interactions seem to be predominating in this case probably
because the anion [PF6]

− ismore polarizable than the [BF4]
−.

As can be seen from Table 4, similar or larger v coeffi-
cients for the PB-RTILs compared to NB-RTILs were ob-
tained. This could be attributed to the strong dispersive
interactions that can be established with the four long alkyl
chains present in PB-RTILs (c.f. Fig. 1). This observation is
also in agreement with the lower δH values for
[(C6)3C14P][Cl] and [(C6)3C14P][NTf2] as compared with
the NB-RTILs, which at room temperature, are 19.9 and
18.7 MPa1/2 [20], while, e.g., for [BMIM][PF6], the value is
29.9 MPa1/2 and, for [OMIM][PF6], 27.8 MPa1/2 [21].

– The b coefficient reflects the interactions between the
solute as HBA and the medium as HBD and can be written
as aIL-aw [7]. The b coefficient is negative and large in all
cases, indicating that the RTIL phase is much less acidic
than the water phase. This result was expected since water
is a very strong HBD solvent and the PB-RTILs have no
acidic hydrogen atoms, while the imidazolium-based
RTILs are weaker HBD solvents than water due to the
presence of the H atom attached to the C2 of the
imidazolium ring. While the Kamlet-Taft HBD solvent
parameter, α, for water is 1.17 [22], the corresponding
values for some of the studied NB-RTILs are between
0.4 and 0.6 [23]. Thus, even when the mutual solubility
of water and the RTILs increase in some extent the aIL term
and decrease the aw term, the difference is still negative.

– The a coefficient reflects the interactions between the
solute as HBD and the medium as HBA. This coefficient

can be written as bIL-bw [7]. These LSER coefficients are
negative for all NB-RTILs meaning that the ionic liquid
phase has less HBA capacity compared to water.

For the NB-RTILs containing the [PF6]
− anion, the a

coefficient is large as compared to those containing the
[BF4]

−anion. Since a coefficient is negative, this means
that the HBA capacity for those RTILs is lower than the
RTILs containing the [BF4]

− anion. The lower electron
density of the [PF6]

− anion compared to the smaller
[BF4]

− anion could explain this behavior.
PB cations cannot accept a hydrogen bond. Thus, HBA

capacity for PB-RTILs is also attributed only to the anion.
The a coefficient is positive and large for [(C6)3C14P][Cl]
and [(C6)3C14P][Br], which can be due to the high HBA
capacity of the Cl− and Br− anions as a consequence of its
high electron density, which makes the bIL term much
higher than the bw term. However, the a coefficient is
negative for [(C6)3C14P][N(CN)2] and [(C6)3C14P][NTf2]
since the two anions of these RTILs have much less
electron density as compared with Cl− and Br−, which
makes them weaker HBA.

Since the a coefficient reflects the HBA capacity, a
comparison of the different anions can be made indepen-
dently of the RTIL type. Thus, an arrangement from the
weakest to the strongest HBA species (smaller to the larger
bIL term) can be made for the studied RTILs: [PF6]

− and
[NTf2]

−<[BF4]
− and [N(CN)2]

−<Cl− and Br−. Since all
anions have the same charge, this order is in agreement
with the decreasing size, i.e., chloride and bromide anions
have the strongest HBA capacity whichmakes the bIL term
larger and, thus, the a coefficient lower than that for the
other anions.

– The s coefficient reflects the polarity-polarizability inter-
actions between the biphasic system and the solute, and it
c a n b e w r i t t e n a s s I L - sw [ 7 ] . Ex c e p t f o r

Table 4 LSER coefficients of Eq. 1 at 25 °C

Ionic liquids v b a s e c N SD R2

Anion: hexafluorophosphate [PF6]
−

[BMIM][PF6]
a 1.3±0.3 −3.3±0.1 −1.2±0.1 −0.5±0.1 1.0±0.2 0.9±0.3 21 0.1602 0.97740

[HMIM][PF6]
a 2.1±0.3 −2.9±0.2 −1.8±0.1 −0.2±0.1 1.4±0.2 −0.3±0.3 21 0.1647 0.97354

[OMIM][PF6] 3.5±0.3 −3.4±0.2 −1.5±0.1 −0.2±0.1 1.0±0.2 −1.4±0.3 25 0.1638 0.97491

Anion: tetrafluoroborate [BF4]
−

[OMIM][BF4]
a 1.9±0.3 −2.8±0.2 −0.3±0.2 −0.5±0.2 1.2±0.3 −0.1±0.3 20 0.1982 0.95956

[OPy][BF4] 2.5±0.3 −2.7±0.2 −0.3±0.1 −0.7±0.2 2.2±0.4 −1.4±0.4 20 0.1432 0.96727

Cation: trihexyl(tetradecyl)phosphonium [(C6)3C14P]
+

[(C6)3C14P][Cl] 3.5±0.4 −2.6±0.2 1.5±0.2 −1.1±0.2 – 0.0±0.4 20 0.1921 0.95611

[(C6)3C14P][Br] 3.6±0.3 −3.5±0.1 1.8±0.1 −0.2±0.1 – −0.6±0.2 20 0.1291 0.98711

[(C6)3C14P][N(CN)2] 3.5±0.6 −5.3±0.2 −0.4±0.2 −0.8±0.2 3.5±0.4 −2.2±0.4 20 0.1578 0.98879

[(C6)3C14P][NTf2] 2.7±0.4 −3.5±0.2 −1.5±0.1 0.4±0.1 – −0.4±0.4 21 0.1868 0.97487

aData from reference [7]
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[(C6)3C14P][NTf2], the s coefficient is quite small and
negative, indicating that the polarity of the RTIL phase
is a little smaller than the polarity of the aqueous phase,
even when those solvents are ionic compounds. This
observation is in agreement with previous results for other
RTILs [1] and with the associated solvents’ characteristic
attributed to them [24]. As occurs with the other LSER
coefficients, the mutual solubility RTIL-water can in-
crease the actual polarity of the RTIL phase, while in
some extent, it can decrease the actual polarity of the
water, and the result can be a small negative coefficient
or even positive.

– The e coefficient reflects the polarizability interactions
between the medium and the solute through π and non-
bonding electrons, and it can be written as eIL-ew [7]. The
e coefficient in Table 4 is quite high and positive for the
NB-RTILs and [(C6)3C14P][N(CN)2], indicating that the
polarizability is higher for the RTIL phase than for the
water phase. For the NB-RTILs, the e coefficients reflect
the polarizability due to the π electrons of the cations,
while for the [(C6)3C14P][N(CN)2], it reflects the polariz-
ability due to the π electrons of the anion (no free electron
pairs neither π electrons are present in any phosphonium
cation).
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Fig. 2 Normalized residuals
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experimental log PIL/w values
divided by the respective standard
deviation) corresponding to Eq. 1
for the six studied RTILs

-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5
-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

lo
gP

IL
/w

 (
ex

p.
)

logP
IL/w

(pred.)

Fig. 3 Experimental vs.
predicted log PIL/w values for the
test set corresponding to the six
studied RTILs: [OMIM][PF6]
(filled square), [OPy][BF4]
(empty square), [(C6)3C14P][Cl]
(filled triangle), [(C6)3C14P][Br]
(empty triangle),
[(C6)3C14P][N(CN)2] (filled
circle), and [(C6)3C14P][NTf2]
(empty circle)

Partition coefficients of organic compounds



Evaluation of the SPM

As it was discussed in our previous work, the regression
coefficients and standard deviations are not enough parame-
ters for the quality evaluation of themultiple linear regressions
obtained. Thus, we made residual plots (differences between
the calculated and experimental log PIL/w values vs. the solute
number) to detect some possible outliers in the regressions and
to assure that the values are randomly distributed around 0
(i.e., no overfitting or non-modelled interactions are present).
The residual plots (Fig. 2) demonstrate that systematic errors
or specific chemical interactions are absent in the SPM.

The other quality test, and a more direct proof, for the
LSER equations obtained, is the prediction of the log PIL/w
values for a separate set of solutes, the test set, different from
the training set. Figure 3 depicts a plot of the experimental vs.
the calculated log PIL/w values for the test set. The calculated
partition coefficients were obtained using the solute parame-
ters from the literature when available [25, 26] or the ADME
Boxes software. It has to be considered that some of the test
compounds are out of the descriptor space since, e.g., the
molar volumes of profens and steroids are much higher than
the values for the training set. Thus, for those compounds, the
predictions of log PIL/w values constitute an extrapolation,
even though the calculated values are very good, as can be
observed in Fig. 3, and the standard deviations are very low
(SD=0.0397 for [OMIM][PF6], 0.0364 for [OPy][BF4],
0.0551 for [(C6)3C14P][Cl], 0.1085 for [(C6)3C14P][Br],
0.0511 for [(C6)3C14P][N(CN)2], and 0.0295 for
[(C6)3C14P][NTf2]). This indicates that the LSER coefficients
are chemically significant and that the SPM generated is
therefore robust. Thus, the LSER coefficients obtained in this
work for the different studied RTILs, as well as the corre-
sponding values for other RTILs obtained in our previous
work, are useful to predict together with Eq. 1, partition
coefficient RTIL-water for any neutral compound. As a con-
sequence, we have a new methodology that is useful in the
sample preparation, not based on the much more tedious trial-
and-error procedure, to select the most appropriate RTIL to
extract a given compound from an aqueous matrix that can
assure a high recovery factor. Just five solute descriptors are
necessary for the solute to be extracted, which if are not
available from the literature, and they can be easily calculated
with the ADME Boxes software.

Conclusions

Partition coefficients at room temperature for several critically
selected probe molecules as well as for compounds of biolog-
ical and pharmacological interest between different nitrogen-
and phosphonium-based room-temperature ionic liquids and

water were accurately determined. The log PIL/w values for
several compounds selected as a calibration set (the training
set) were used together with the solvation parameter model to
find the calibration coefficients of the multiparametric equa-
tions for the different biphasic systems, which allowed to
elucidate the molecular interactions responsible for the
partitioning of organic compounds of very different chemical
nature (the test set). For both the NB-RTILs and the PB-
RTILs, the two most influential intermolecular interactions
affecting the partition process are the HBA capacity of the
solute and the cavity dispersion term. The sign and magnitude
of the different LSER coefficients are in quite well agreement
with their chemical structures and physicochemical properties,
considering the mutual solubility of the ionic liquid with
water. The multiparametric linear equations obtained also
allowed a precise prediction of partition coefficients of the
test set used to set up the model, even when some of the test
solutes have molar volumes out of the prediction range
established by the calibration set. Thus, those equations can
be used to predict which will be the most appropriate ionic
liquid to be used in a given liquid-liquid extraction for any
compound, allowing to obtain high extraction recoveries from
a given aqueous sample.
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