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Solvatochromic solvent parameters of different room temperature ionic liquids based on the imidazolium,
hydroxyammonium, pyridinium and phosphonium cations, namely 1-butyl-3-methyl imidazolium
hexafluorophosphate, 1-hexyl-3-methyl imidazolium hexafluorophosphate, 1-octyl-3-methyl imidazolium
hexafluorophosphate, 1-octyl-3-methyl imidazolium tetrafluoroborate, N-octylpyridinium tetrafluoroborate, 2-
hydroxyethylammonium formate, 2-hydroxypropylammonium formate, trihexyl-(tetradecyl)phosphonium
chloride, trihexyl-(tetradecyl)phosphonium bromide, trihexyl-(tetradecyl)phosphonium bis(trifluoro-
methylsulfonyl)imide and trihexyl-(tetradecyl)phosphonium dicyanamide were determined at 25 °C using
UV–Vis spectroscopy. Specifically, we have measured the Kamlet–Taft parameters: α (hydrogen-bond donor
acidity), β (hydrogen-bond acceptor basicity), π* (dipolarity/polarizability) and the Reichardt's normalized po-
larity parameter, ETN.
In previous works, we employed the Solvation Parameter Model to predict the partition coefficients for com-
pounds of biological and pharmacological interest and to elucidate the chemical interactions involved in the par-
tition process of different probe molecules between water and different types of ionic liquids. In this work, we
have used the obtained solvatochromic solvent parameters to explain and understand the relative magnitudes
of the chemical interactions obtained with the solvation parameter model.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the past decades, ionic liquids have been increasingly used for di-
verse applications such as organic synthesis [1,2], catalysis [3,4], electro-
chemical devices [5,6], and solvent extraction of a variety of compounds
in addition to many other areas [7–10]. At present, room temperature
ionic liquids (RTILs) are close to be considered as conventional solvents
for extraction and sample preparation, although their use compared
with typical organic solvents is still much lower [8]. The use of ionic liq-
uids in different areas of Analytical Chemistry, particularly the RTILs, has
increased considerably in recent years [8,11–13]. 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 [14,15].

Ionic liquids offer a great flexibility in their properties since the pos-
sible combinations of cations and anions are quite high. However, a
wide variety of cations and anions available make a systematic study
of their physicochemical properties very difficult. The selection of an ap-
propriate ionic liquid for a particular application would require a
.

comprehensive database of the fundamental properties like stability,
density, miscibility, viscosity, and polarity for a wide range of tempera-
ture and pressure, which unfortunately at present is not available for all
the classes of ionic liquids. The polarity of ionic liquids can play a crucial
role in optimizing the reaction conditions for organic transformation in
addition to other vital applications. For example, the high polarity of the
cation pyrrolidinium, a Brønsted acid, was considered to be an impor-
tant factor for the oxidative desulfurization of diesel fuel in the presence
of H2O2 [16].

The polarity of several ionic liquids has been studied in terms of the
Reichardt's normalized scale, ETN [17–19] and the Kamlet–Taft polarity
parameter, π*, for several ionic liquids [19–22]. Recent publications
have shown that the commonly used ionic liquids are reasonably
polar solvents, having polarity greater than those of solvents like ace-
tone and dimethyl sulfoxide but less than water and short-chain alco-
hols [21,23,24]. A comprehensive account of the polarity of ionic
liquids has been presented by C. Reichardt [17].

The ionic liquids properties have revealed many interesting charac-
teristics not observed earlier for conventional solvents. For example,
ionic liquids show a strong tendency of preferential solvation for a
probe molecule in their binary mixtures with water or organic co-
solvents. Although preferential solvation has been observed also in con-
ventional binary mixtures, the effect was not as drastic as was seen in
ionic liquid mixtures. The polarity studies on the binary mixture of
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tetraethylene glycol with the ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate, [BMIM][PF6], showed interesting synergistic ef-
fects, which was termed as “hyperpolarity” [25]. It is believed that
such phenomena arise due to the formation of highly ordered
microsegregated phases in the binary mixtures.

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 [26]. PB-RTILs are made of tetra-alkyl-phosphonium cat-
ions 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 [27,28]. PB-RTILs have much low cost as compared to NB-RTILs
and some of them have lower density than water, and advantage in ex-
traction processes.

In previous works [26,28], we have used the Solvation Parameter
Model (SPM) to elucidate the molecular interactions involved in the
partition process for analytes of very different chemical nature between
NB- and PB-RTILs and water. Also, we could predict liquid–liquid parti-
tion coefficients for molecules of biological and pharmacological inter-
est. This finding will allow to theoretically predict which RTIL will be
useful to obtain high recoveries and enrichment factors for any analyte
(neutral at the working pH) when this type of new solvents are used as
extractant.

The SPM relates the logarithm of some free-energy related physico-
chemical property, in this case the RTIL-water partition coefficient, PIL/w,
and several independent solute parameters 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 linear solvation energy re-
lationship (LSER).

log PIL=w ¼ cþ sSþ aA þ bBþ vV þ eE ð1Þ

Here the solute descriptors are as follows: S is the solute dipolarity/
polarizability; A and B are the respective solute hydrogen-bond acidity
and basicity; V, the molar volume, accounts for both cohesive interac-
tions (the necessary energy to form the cavity within the solvent to fit
the solute) and dispersive interactions, and E, the excess molar refrac-
tion, accounts for interactions with electron-donor groups. The inter-
cept, c, and the regression coefficients s, a, b, v, and e (LSER
coefficients) are obtained from multivariable, simultaneous, least-
squares regressions [29]. These coefficients contain chemical informa-
tion since they reflect the difference between the RTIL phase and the aque-
ous phase in the complementary property to each solute parameter
[29–32] as follows:

log PIL=w ¼ cþ s� sIL–swð ÞSþ a� bIL−bwð ÞA þ b� aIL−awð ÞB
þ v� vIL−vwð ÞV þ e� eIL−ewð ÞE ð2Þ

where the subscripts “IL” and “w” denote the water-saturated ionic liq-
uid phase and the ionic liquid-saturated water phase, respectively. The
coefficients s´, a´, b´, v´ and e´ are fitting parameters which ought to be
independent of the solute and liquid phases if the formalismwere rigor-
ously correct [33,34]. The nomenclature was adapted from reference
[29] to this work. It was suggested that the v´(vIL–vw)V term can be dis-
sected into a “cavity term” and a “dispersive term” [26,29].

v� vIL−vwð ÞV ¼ v�1 σIL−σwð ÞV þ v�2 DIL−Dwð ÞV ð3Þ

Here σ denotes some measure of the cohesive energy density of
forming a “hole” in a solvent and D is a dispersion parameter
representing the strength or susceptibility of the solvent to engage in
London interactions. Based on the solubility parameter theory, σ can
be taken as the square of Hildebrand solubility parameter, δH2 [29]. Un-
fortunately, dispersion parameters representing the D term are not
available in the literature for any liquid and δH values are known for a
few RTILs [35,36].

In this work, we have obtained the solvatochromic solvent parame-
ters π* of polarity–polarizability, β of hydrogen bond acceptor capacity
and α of hydrogen bond donor capacity for imidazolium-, pyridinium-,
hydroxyammonium- and phosphonium-based ionic liquids. For valida-
tion purpose, we obtained these parameters for some RTILs already re-
ported in the literature. The α parameter was obtained indirectly
through the Reichardt's normalized solvent parameter,ETN. The obtained
solvent parameters were used to understand and explain the chemical
interactions involved in biphasic systems formed by different ionic liq-
uids and water studied in previous works.

2. Experimental

2.1. Chemicals and materials

Trihexyl-(tetradecyl)phosphonium chloride, [(C6)3C14P][Cl]
(CYPHOS® IL 101), trihexyl-(tetradecyl)phosphonium bromide,
[(C6)3C14P][Br] (CYPHOS® IL 102), trihexyl-(tetradecyl)phosphonium
dicyanamide, [(C6)3C14P][N(CN)2] (CYPHOS® IL 105) and trihexyl-
(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)imide,
[(C6)3C14P][NTf2] (CYPHOS® IL 109) were provided by Cytec Industries
Inc. (New Jersey, USA). 1-hexyl-3-methylimidazolium
hexafluorphosphate [HMIM][PF6], 97.0% (Fluka Buchs, Germany). N-
octylpyridinium tetrafluoroborate, [OPy][BF4] was synthesized and pu-
rified in our laboratory by adapting a procedure from Ref. [37]. 1-
octyl-3-methylimidazolium hexafluorophosphate, [OMIM][PF6], 1-
butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF6] and 1-
octyl-3-methylimidazolium tetrafluoroborate [OMIM][BF4] were syn-
thesized and purified in our laboratory by adapting a procedure from
Ref. [26,28]. 2-Hydroxypropylammonium formate [OH–C3NH3][For]
and 2-Hydroxyethylammonium formate [OH–C2NH3][For]were obtain-
ed and purified as previously reported in by adapting a procedure from
Ref. [38]. In Fig. 1, the chemical structures for these studied RTILs are
shown. In Table 1, the names and the corresponding abbreviations are
depicted.

Reagents were of analytical grade or better: sodium
hexafluorophosphate, 98.0% (Aldrich, Wisconsin, USA), 1-
Methylimidazole, ≥99.0% (Merck, Hohenbrunn, Germany), 2-
aminoethanol (Fluka, Buchs, Switzerland), pyridine, 99.0% (Sigma-Al-
drich, St. Louis, USA), tetrafluoroboric acid, 48.0% (w/v) in water
(Sigma-Aldrich, St. Louis, USA),N,N-diethyl-4-nitroaniline (Frinton Lab-
oratories Inc., NJ, USA), 4-nitroaniline and Reichardt's dye 30 (Sigma-Al-
drich, St. Louis, USA), sodium hydroxide and potassium hydroxide
(Analar, Poole, England), 1-Bromoctane, 99.0% (Aldrich, WI, USA), sodi-
um sulfate anhydrous (Merck, Buenos Aires, Argentina), silver nitrate
and formic acid 85.0% (Anedra, Industria Argentina), acetonitrile
(Carlo Erba, Divisione Chimica Industriale—Milano, Italy), acetone
(Merck, Industria Argentina), ethanol anhydrous (Carlo Erba, Divisione
Chimica Industriale—Milano, Italy) and methanol and dichloromethane
HPLC grade (J. T. Baker, Edo. de Mexico, Mexico). The micropipettes
were purchased from Eppendorf, Hamburg, Germany.

2.2. Equipment

A single-beamHelios-GammaUV–Vis spectrophotometer (Thermo)
with 1 mmpath length quartz cuvettes was used to register the UV–Vis
spectra for the different probe molecules shown in Fig. 2 used to obtain
the solvent parameters. A thermostat controlled bath (Lauda
T) maintained at 25.00 ± 0.05 °C was employed for the experiments,
a Vortex Genie 2 (Scientific Industries, USA) mixer allowed thorough
mixture of the aqueous and the RTIL phases. Water was purified with
a Milli-Q system (Millipore Co.).



Fig. 1. Room temperature ionic liquids used to obtain the solvatochromic solvent parameters. Phosphonium-based RTILs, (a) [(C6)3C14P][A]; Nitrogen-based RTILs, (b) [OMIM][BF4],
(c) [OPy][BF4], (d) [R–MIM][PF6] and (e) [OH–RNH3][For].
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2.3. Procedure to obtain the solvent parameters

The phosphonium-based RTILs were washed with an alkaline solu-
tion as follows: a mixture of the ionic liquid and dichloromethane,
DCM (1:4 ratio) was washed with different aliquots of 1 ml, shaked
and centrifuged for 10 min at 4200 rpm to separate the two phases.
The first five contacts were done with an aqueous solution of KOH
10−4 M, and the five final contacts were done with 1 ml MilliQ water
to eliminate any rest of the alkaline solution. The absence of the RTIL an-
ions coming from the original reactive was checked by reaction with
aqueous solution of AgNO3 0.01 M. Then, solid anhydrous Na2SO4 was
added to eliminate traces of water; the mixtures were shaked for
15 min and filtered through a Whatman® 40 filter paper. The DCM
layer was then concentrated on a rotary evaporator and dried under
vacuum at 50 °C for 48 h. The neat RTILs obtained were then used to
measure the solvent parameters. Aliquots of aqueous solutions of the
different probemolecules (Fig. 2) selected to obtain the solvent param-
eters were added to the different RTILs and brought to 25 °C in a ther-
mostatic bath to measure the UV–Vis spectra. The maximum
wavelengths of the different absorption bands were used to calculate
the Kamlet–Taft π*, β, α and ET

N solvent parameters.
Table 1
RTILs employed for the determination of the solvatochromic parameters.

Abbreviations RTILs' names

[BMIM][PF6] 1-butyl-3-methylimidazolium hexafluorphosphate
[HMIM][PF6] 1-hexyl-3-methylimidazolium hexafluorphosphate
[OMIM][PF6] 1-octyl-3-methylimidazolium hexafluorphosphate
[OMIM][BF4] 1-octyl-3-methylimidazolium tetrafluoroborate
[OPy][BF4] N-octylpyridinium tetrafluoroborate
[OH–C2NH3][For] 2-Hydroxy ethylammonium formate
[OH–C3NH3][For] 2-Hydroxy propylammonium formate
[(C6)3C14P][N(CN)2] Trihexyl-(tetradecyl)phosphonium dicyanamide
[(C6)3C14P][NTf2] Trihexyl-(tetradecyl)phosphonium

bis(trifluoromethylsulfonyl)imide
[(C6)3C14P][Cl] Trihexyl-(tetradecyl)phosphonium chloride
[(C6)3C14P][Br] Trihexyl-(tetradecyl)phosphonium bromide
2.3.1. Determination of the ET
N parameter

0.60 mL of washed ionic liquid was dried under vacuum at 50 °C for
5–8 h. A solution of the Reichardt's dye 30 was prepared in freshly dis-
tilled DCM under nitrogen using 0.0025 g of dye in a 5.0 mL volumetric
flask. To the pure ionic liquid, 0.50 mL of the dye solution was added
(under nitrogen) and the DCM was removed under vacuum. In case
the RTIL remained blue or green (depending on the RTIL type) after ad-
dition of the dye, it was left under vacuum for 2 hmore beforemeasure-
ment. If the solution is colorless, it means that the charge-transfer band
disappeared because the oxygen atom of the Reichardt's dye 30 pheno-
late anion is protonated by the water molecules. In this case, the wash-
ing procedure was repeated as many times as necessary to eliminate
water traces and to obtain a colored ionic liquid solution. The ET30 solvent
parameter was calculated according to Eq. 4 [20,39–41].

E30T =kcal mol−1 ¼ 28591
λmax=nm

ð4Þ

where λmax is thewavelength corresponding to themaximumof the in-
tramolecular charge transfer absorption band of the Reichardt's dye 30.
Fig. 2. Reichardt's dye (1), N,N-diethyl-4-nitroaniline (2), and 4-nitroaniline (3) used as
probe molecules to obtain the solvatochromic solvent parameters.
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The scale ET
N is the ET

30scale normalized between the values of 0 (for
trimethylsilane, TMS) and 1 (for water). It was calculated according to
Eq. 5 [40,42].

ENT ¼ E30T solvð Þ−E30T TMSð Þ
E30T waterð Þ−E30T TMSð Þ ¼

E30T solvð Þ−30:7
32:4

ð5Þ

2.3.2. Determination of the Kamlet–Taft solvent parameters π*, β and α
0.0044 g of N,N-diethyl-4-nitroaniline for the determination of the

π* parameter or 0.0042 g of 4-nitroaniline for the determination of the
β parameter was dissolved in a 25.0 mL volumetric flask, using DCM.
Roughly 0.40 mL of this solution was added to the 0.60 mL ionic liquid
sample and the DCM was evaporated under vacuum. Since the RTILs
have no vapor pressure, they remain in the flask with the dissolved
probe molecules. The π* parameter was calculated according to Eq. 6
[39,43,44].

π� ¼ 27:52−νmaxð Þ
3:182

ð6Þ

and the β solvent parameter according to Eq. 7 [39,44,45]:

β ¼ 31:10−νmax−1:12π�ð Þ
2:79

: ð7Þ

Here, υmax = 1/λmax(nm)10−4; υmax (in kiloKaisers, kK, where
1kK = 1000 cm−1) is the wavenumber corresponding to the wave-
length of the maximum absorption band, λmax, of the corresponding
probe molecule.

The α parameter was determined by using the ETN parameter accord-
ing to Eq. 8 [39,44,45].

α ¼ 10:94−νmax−3:88π�ð Þ
5:39

ð8Þ
Table 2
Solvent parameters of the studied RTILs and some polar solvents. ETN: normalized polarity param
α, hydrogen-bond donor, and β, hydrogen-bond acceptor.

ET
N π*

[BMIM][PF6] 0.662 ± 0.004 (0.667a; 0.669h;
0.667k)

1.03 ± 0.04 (1.032a; 0.90i;
1.04j)

[HMIM][PF6] 0.654 ± 0.002 (0.66b) 1.01 ± 0.03 (1.02b; 0.93i)
[OMIM][PF6] 0.628 ± 0.004 (0.633c; 0.636a) 0.87 ± 0.04 (0.88c; 0.92i)
[OMIM][BF4] 0.642 ± 0.004 (0.65b; 0.543a) 0.96 ± 0.03 (0.98b; 0.93i)
[OPy][BF4] 0.604 ± 0.005 (0.606d) 0.97 ± 0.03 (0.974d)
[OH–C2NH3][For] 0.91 ± 0.02 (0.89f; 0.891g) 1.14 ± 0.04 (1.15f)
[OH–C3NH3][For] 0.870 ± 0.004 1.09 ± 0.02
[(C6)3C14P][N(CN)2] 0.433 ± 0.006 0.93 ± 0.05
[(C6)3C14P][NTf2] 0.420 ± 0.003 0.89 ± 0.03
[(C6)3C14P][Cl] 0.444 ± 0.005 0.87 ± 0.04
[(C6)3C14P][Br] 0.397 ± 0.007 0.87 ± 0.05
Ethanol 0.657 ± 0.002 (0.654e) 0.60 ± 0.05 (0.54e)
Ethyl acetate (0.23e) (0.55e)
Acetonitrile 0.478 ± 0.004 (0.459e) 0.78 ± 0.04 (0.75e)
Water (1.00e) (1.09e)

Data from reference.
a [46].
b [53].
c [1].
d [20].
e [45].
f [54].
g [55].
h [41].
i [56].
j [21].
k [17].
m [35].
n [40].
o [57].
where υmax (in kK) is the wavenumber corresponding to the
wavelength of the maximum absorption band, λmax, of the Reichardt
dye 30.
3. Results and discussion

3.1. Solvent parameters for neat solvents

Kamlet and Taft have established solvent scales of hydrogen-bond
basicity, β, hydrogen-bond acidity, α, and polarity–polarizability, π*,
which account for the interactions taking place in a given solvent.
These parameters are known for water, typical organic solvents [45],
some NP-RTILs and a few PB-RTILs [11,19,20,46]. In Table 2 we
show the π*, β, α and ET

N parameters for NP-RTILs and PB-RTILs.
Some of these parameters were already obtained in the literature
but, in order to validate the experimental procedure and simulta-
neously check the purity of the used RTIL, we have obtained those
solvent parameters again and, also, for three different organic solvents
with comparison purposes. As can be observed in Table 2, the solvent
parameter values for the NB-RTILs agree very well with the obtained
by other authors, which validates the determination procedure and
confirms the purity of the RTILs used. Up to our knowledge, there is
just one report about Kamlet–Taft solvent parameters for PB-RTILs
[20]. The authors used also a tetra-alkyl-phosphonium cation but
with very different anions (alanate and valinate) to the ones selected
in this study. The average values for the solvent parameters were 0.95
for the polarity–polarizability parameter, π*, 1.2 for the hydrogen-
bond acceptor (HBA) solvent parameter, β, and 0.8 for the
hydrogen-bond donor (HBD) solvent parameter, α, respectively. The
π* and β values are in agreement with the ones in Table 2, but very
different α values were obtained, which can be attributed to a higher
hydrogen-bond donor capacity of the alanate and valinate anions due
to the –NH3

+ groups.
eter of Dimroth–Reichardt; Solvent parameters of Kamlet–Taft: π*, polarity–polarizability;

α β δH (MPa1/2)

0.64 ± 0.02 (0.634a; 0.54i;
0.63j)

0.21 ± 0.02 (0.207a; 0.44i;
0.19j)

(28.09;
29.8–30.2m)

0.62 ± 0.02 (0.63b; 0.51i) 0.22 ± 0.03 (0.24b; 0.50i) (28.6m)
0.58 ± 0.03 (0.58c; 0.52i) 0.45 ± 0.04 (0.46c; 0.53i) (27.8m)
0.60 ± 0.03 (0.62b; 0.45i) 0.39 ± 0.04 (0.41b; 0.63i) (22.5m)
0.52 ± 0.05 (0.535d) 0.33 ± 0.03 (0.340d) –
0.99 ± 0.02 (1.01f) 0.59 ± 0.04 (0.59f) –
0.98 ± 0.02 0.64 ± 0.05 –
0.20 ± 0.03 1.36 ± 0.05 –
0.20 ± 0.02 1.24 ± 0.04 (18.7o)
0.27 ± 0.03 1.56 ± 0.03 (19.9o)
0.17 ± 0.04 1.57 ± 0.05 –
0.91 ± 0.06 (0.86e) 0.75 ± 0.03 (0.75e) (26.0n)
(0.00e) (0.45e) (18.6n)
0.22 ± 0.04 (0.19e) 0.37 ± 0.03 (0.40e) (24.3n)
(1.17e) (0.47e) (47.9n)
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3.1.1. π* parameter
As can be observed in Table 2, polarity–polarizability is slightly

higher for NB-RTILs than for PB-RTILs which could be attributed to the
higher polarizability of the aromatic rings, not present in the PB-RTILs
(c.f. Fig. 1). These NB-RTILs can be as polar as pure water (π* = 1.09)
and the obtained values are very close to those published in the litera-
ture for other nitrogen-based RTILs [8]. PB-RTILs studied in this paper
are less polar than water but more polar than acetonitrile or ethanol
(see Table 2).

3.1.2. β parameter
It can be seen from Table 2 that the HBA capacity of the studied PB-

RTILs, as measured by the β parameter is two times or more than the
NB-RTILs and even, higher than water. This result is in agreement with
a previous report of Breitbach & Armstrong [47], who have found that
the HBA capacity of ILs is one of the most important interactions with
the different analytes. This behavior was attributed to the basicity of
the chloride anion. The high electron density and small size-to-charge
ratio of this anion makes it an extremely strong hydrogen bond
acceptor.

The HBD probe 4-nitroaniline used to obtain the β parameter can
only form hydrogen bonds with the anion of the PB-RTILs. If we com-
pare [(C6)3C14P][Cl] and [(C6)3C14P][Br], (c.f. Fig. 1), their β values are
higher than [(C6)3C14P][N(CN)2] and [(C6)3C14P][NTf2], which have big-
germonovalent anions. The N(CN)2− andNTf2− anions havemuch bigger
size than Cl− or Br−, and the delocalization of their negative charge
makes them weaker HBA and, as a consequence, the β values lower.

The β parameters for NB-RTILs are lower than the corresponding
values for PB-RTILs and similar to those for ethyl acetate and acetonitrile
(c.f. Table 2). A decreasing order of HBA capacity is as follows: [OH–
C3NH3][For], [OH–C2NH3][For] N [OMIM][BF4], [OMIM][PF6],
[OPy][BF4] N [HMIM][PF6], and [BMIM][PF6]. This trend can be explained
by considering the HBA not only for the anion but also for the cation, if
appropriate. Thus, the higher basicity for the [OH–C2NH3][For] and [OH–
C3NH3][For] is due to both the HBA capacity of the formate anion and
the hydroxyl group of the cation. For the [OMIM][BF4], [OMIM][PF6],
and [OPy][BF4]. the HBA capacity is due mainly to the anion, since the
cations have the electron pairs of the N atoms compromised in the
aromatic system. Finally, the lowest β values correspond to the
[BMIM][PF6] f [HMIM][PF6]. Since the HBA capacity can be attributed
only to the anion, the lower size-to-charge ratio of the PF6− anion
makes this anion less basic. The BF4− anion has a smaller size-to-
charge ratio than the PF6− anion [26,28]. Thus, the higher β value of
the [OMIM][PF6] is unexpected.

3.1.3. α parameter
The HBD capacity for the studied RTILs could be arranged in three

different families in decreasing order of α values: i. [OH–C2NH3][For],
[OH–C3NH3][For] (near to α = 1) which can be attributed to the –OH
groups; ii. [BMIM][PF6], [HMIM][PF6], [OMIM][BF4], [OMIM][PF6],
[OPy][BF4], (α between 0.52 and 0.64) which can be attributed to the
H atom attached to C2 of the imidazolium [28] and pyridinium rings.
In the case of the imidazolium cation, the H atom is acidic in such a
way that carbene formation is possible [48]. Recently, Skarmoutsos
et al. [49] have provided a new insight about hydrogen-bonding in 1-
butyl and 1-ethyl-methylimidazolium chloride. They concluded that
the H atoms in α position to the N atoms impact significantly on H-
bond networking, and a larger percentage of Cl− anions coordinate to
multiple cations via these first H atoms; iii. the PB-RTILs for which the
HBD capacity is very low (α between 0.17 and 0.27, close to the α
value for acetonitrile, see Table 2). Breitbach & Armstrong have used
the SPM and obtained LSER coefficients for PB-RTILs showing that
they are HBD solvents, i.e., b coefficient in Eq. 1 is different from 0.
They considered this observation as “unrealistic” since it is against intu-
ition. From a rapid evaluation of the chemical structures (c.f. Fig. 1), we
could say that no acidic hydrogen atoms are present in the IL molecule.
However, this apparently strange behavior could be explained ifwe take
into account the acidity of the α-hydrogen atoms attached to the C–P
bond (–H2C–P). The acidity of this H atom is the base for the Wittig re-
action [50] which leads to the formation of a carbene anion, –P(HC–)R,
in the presence of a strong base such as CO3

=.

3.1.4. ET
N parameter

This solvatochromic parameter reflect both, polarity–polarizability
and HBD capacity of the solvent, as expressed by Eq. 8. Since π* values
are quite similar for all the studied RTILs, theα values prevails in the be-
havior of the ET

N parameter. Thus, the physicochemical interpretation
of the obtained values are similar to the one given before for the α
parameter. For 1-methyl-3-alkylimidazolium and pyridinium RTILs the
ET
N values are between 0.60 and 0.66 (close for ethanol, Table 2), in

agreementwith literature values (between 0.53–0.75 and 0.63–0.69, re-
spectively) [42]. However, for the hydroxyalkylammonium RTILs the ETN

values are higher than the previous ones and close to the pure water
(Table 2).

For the PB-RTILs, polarity values increases from0.39 to 0.44,which is
also in agreement with literature values for tetraalkyl phosphonium
salts, [R4P][X] (0.35–0.44). These values are equivalent to the polarity
of acetone (ETN=0.355) [42].

3.2. Application of the obtained solvent parameters in the chemical inter-
pretation of partition phenomena

The obtained solvent parameters should be useful to explain and
predict a given free-energy related property, such as equilibrium or ki-
netic constants, solubility and partition data. However, at present,
there is no enough data in the literature about those physicochemical
properties measured systematically in different RTILs. Thus, we will
use the obtained solvent parameters obtained in this work to explain
the LSER coefficients of Eq. 1 obtained in our previous studies of parti-
tion of analytes of very different chemical nature between RTILs and
water [26,28].

As explained in Introduction, those LSER coefficients reflect the in-
teractions between the solute and the biphasic system RTIL/water.
Eq. 2 of the SPM shows that solute interacts with the IL phase and the
water phase through polarity–polarizability (sIL and sw), hydrogen
bonding (aIL, aw, bIL and bw), dispersive and cohesive interactions (vIL
and vw) and through electron-donor groups (eIL and ew). Unfortunately,
there is no solvent parameters accounting for dispersive interactions
alone (D coefficients in Eq. 3), neither electron-donor groups. Theσ co-
efficients in Eq. 3 can be represented by the Hildebrand solubility pa-
rameter, δH2 , but unfortunately it is available only for some RTILs. Thus,
there is no data to explain the e coefficients and the experimental be-
havior for the v coefficients can be explained partially by the δH2 values
shown in Table 2. However, we could have a direct measurement of
the s, a and b coefficients by using the obtained solvent parameters of
Kamlet and Taft π*, α and β respectively.

Eq. 1 has been previously used to both predict partitioning and to in-
terpret the LSER coefficients and, thus, the chemical interactions present
in the biphasic systems [BMIM][PF6]/water and [HMIM][PF6]/water
[51]. In our previous works [26,28], we obtained partition coefficients,
PIL/w, for several compounds, some of biological or pharmacological in-
terest, between different RTILs (containing the imidazolium, pyridinium
and phosphonium cations) and water at room temperature. We also
used Eq. 1 to both predict partitioning and to interpret the LSER
coefficients obtained. The LSER coefficients (or system constants) of
Eq. 1 together with the standard deviation and coefficients of the deter-
minations for the NB- and PB-RTILs studied in this work, as well as for
the three previously reported NB-RTILs, are shown in Table 3. For both
the NB-RTILs and the PB-RTILs, the two most influential intermolecular
interactions affecting the partition process are the HBA capacity (β) of
the solute (negative b term which accounts for the complementary
property of the solvent, α) and the cavity-dispersion term (positive v



Table 3
LSER coefficients of Eq. 1 at 25 °C.

Ionic liquids v b a s e

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
[HMIM][PF6]a 2.1 ± 0.3 −2.9 ± 0.2 −1.8 ± 0.1 −0.2 ± 0.1 1.4 ± 0.2
[OMIM][PF6]b 3.5 ± 0.3 −3.4 ± 0.2 −1.5 ± 0.1 −0.2 ± 0.1 1.0 ± 0.2

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
[OPy][BF4]b 2.5 ± 0.3 −2.7 ± 0.2 −0.3 ± 0.1 −0.7 ± 0.2 2.2 ± 0.4

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

[(C6)3C14P][Cl]b 3.5 ± 0.4 −2.6 ± 0.2 1.5 ± 0.2 −1.1 ± 0.2 –
[(C6)3C14P][Br]b 3.6 ± 0.3 −3.5 ± 0.1 1.8 ± 0.1 −0.2 ± 0.1 –
[(C6)3C14P][N(CN)2]b 3.5 ± 0.6 −5.3 ± 0.2 −0.4 ± 0.2 −0.8 ± 0.2 3.5 ± 0.4
[(C6)3C14P][NTf2]b 2.7 ± 0.4 −3.5 ± 0.2 −1.5 ± 0.1 0.4 ± 0.1 –
[(C6)3C14P][Cl]b 3.5 ± 0.4 −2.6 ± 0.2 1.5 ± 0.2 −1.1 ± 0.2 –

Data from reference.
a [26].
b [28].
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term). For the analysis shown below, it is important to remember 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 coefficient) and polarizability interactions with electron-donor
groups (e coefficient).

3.2.1. The v coefficient
The v coefficient: reflects the ability of the ionic liquid phase (IL) rel-

ative to the water phase (w) to interact through dispersive (D) and co-
hesive (σ) interactions (Eq. 3). As can be observed in Table 3, the v
coefficient is positive and large in all cases, which indicates that the
RTILs are less cohesive and more polarizable than water.

For the three RTILs with the anion PF6−, the v coefficient increases
with the alkyl chain of the cation. This could be attributed to the stron-
ger dispersive interactions with the analyte as the alkyl chain increases
and, simultaneously, to the decreasing of cohesivity, as reflected by the
Hildebrand solubility parameter (c.f. Table 2). It can be observed that the
v coefficient for [OPy][BF4] is larger than for [OMIM][BF4]. Since both
have the same anion, this means that the cohesivity is lower for the
OPy+ cation as compared to the OMIM+ or that the dispersive interac-
tions are larger. This last observation is in agreement with the higher
amount of carbon atoms of the OPy+ cation.

Comparing the two NB-RTILs with the same cation, it can be seen
from Table 3 that the v coefficient for [OMIM][BF4] is lower than for
[OMIM][PF6]. From the solubility parameters in Table 2, that LSER coef-
ficient should be higher for the latter RTIL, for which the δH2 value is
higher than for the [OMIM][BF4]. However, dispersive interactions
seem to be predominating in this case probably because the anion PF6−

is more polarizable than the BF4−.
As can be seen from Table 3, similar or larger v coefficients for the

PB-RTILs compared to NB-RTILs were obtained. The reason could be
the stronger 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 δH2 values for [(C6)3C14P][Cl] and
[(C6)3C14P][NTf2] as compared with the NB-RTILs.

3.2.2. The b coefficient (aIL–aw)
The b coefficient (aIL–aw): reflects the interactions between the sol-

ute as HBA and the medium as HBD. The b coefficient is negative and
large in all cases, indicating that the RTIL phase is much less acidic
than the water phase. This feature is in agreement with the Kamlet–
Taft α parameter for these ILs, whose values are between 0.58 and
0.64 (c.f. Table 3) for the nitrogen-based RTILs and between 0.17–0.27
for the PB-RTILs. All these α values are lower than for water.
For the imidazolium-based RTILs the obtained α values match very
well with the previously reported values [46,52]. As explained before,
theHBD capacity of these RTILs can be attributed to theH atomattached
to the C2 of the imidazolium ring (c.f. Fig. 1). For the PB-RTILs the ob-
served HBD capacity can be related to the H atoms in the α position to
the P atom, as discussed in Section 3b for α parameter.

3.2.3. The a coefficient (bIL–bw)
The a coefficient (bIL–bw): reflects the interactions between the sol-

ute asHBD and themediumasHBA. These LSER coefficients are negative
for all NB-RTILs meaning that the ionic liquid phase has less HBA capac-
ity compared to water. This result is consistent with the lower β values
for these RTILs as compared to water (c.f. Table 3). The studied NB-
cations cannot accept a hydrogen bond since the N atoms have no free
electron pairs. Thus, the anions are responsible for the observed HBA
capacity.

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, which is supported by the ex-
perimental β values in Table 3. The higher electron density of the BF4−

anion compared to the PF6− anion could explain this behavior.
As occurs for the NB-RTILs, for the PB-RTILs the corresponding cat-

ions cannot accept a hydrogen bond neither. Thus, HBA capacity is
also attributed only to the anion. According to the high β values
shown in Table 3, the a coefficients should always be positive since βIL

is higher than βw and, thus, bIL should always be higher than bw.
The a coefficient is positive and large for [(C6)3C14P][Cl] and
[(C6)3C14P][Br]. This behavior can be explained by thehighHBA capacity
of the Cl− and Br− anions because of its high electron density.

However, the a coefficient is negative for [(C6)3C14P][N(CN)2] and
[(C6)3C14P][NTf2]. The β values of Table 2 for these RTILs are smaller
than for [(C6)3C14P][Cl] and [(C6)3C14P][Br]. This result could be attrib-
uted to the much bigger size of the N(CN)2− and NTf2− anions which
make them much weaker HBA. The negative a values for these two
RTILs could be attributed to themutual solubility RTIL-water. According
to theβ parameters for the neat solvents, the presence of the ionic liquid
in water increases its HBA capacity (and thus, the bw term) while the
presence of water in the ionic liquid phase decreases its HBA capacity
(and thus, the bIL term). As a consequence, a negative a coefficient can
be possible, depending on the mutual solubility IL/water.

Since the a coefficient reflects the HBA capacity, a comparison of the
different anions can be made independently of the RTIL type. Thus, an
arrangement from the weakest to the strongest HBA (smaller to the
larger bIL term) can be made for the studied RTILs: PF6−, NTf2− b BF4−,
N(CN)2− b Cl−, Br−. Since all anions have the same charge, this order is
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parallel to 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 for the other anions. In general, the β values of
Table 2 follow very well the bIL term values that can be obtained from
the obtained a coefficient.

3.2.4. The s coefficient (sIL–sw)
The s coefficient (sIL–sw): reflects the polarity-polarizability interac-

tions between the biphasic system and the solute. Except for
[(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. This observation is in agreement with previous re-
sults for other RTILs [8] and it is supported by their respective polari-
ty–polarizability parameters π* shown in Table 2. Due to the ionic
character of the RTILs, a higher polarity could be expected as compared
to water. This fact was only observed for [(C6)3C14P][NTf2]. Again, this
apparent anomaly could be attributed, at least in part, to themutual sol-
ubility RTIL-water.

3.2.5. The e coefficient
The e coefficient: reflects the polarizability interactions between the

medium and the solute through π and nonbonding electrons and it can
be written as eIL–ew [26]. The e coefficient of Table 3 is quite high and
positive for the NB-RTILs and for [(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 polarizability due to the π electrons of the anion (no free electron
pairs neither π electrons are present in any phosphonium cation).

Thus, it is possible to conclude that the obtained solvatochromic pa-
rameter of Kamlet and Taft are helpful to explain the LSER coefficients
obtained through the Solvation Parameter Model for partition data.
However, some conclusions should be drawn with care since the ob-
tained π, α and β parameters for neat solvents could not reflect the ac-
tual s, a, b values because of the mutual solubility water/RTILs.

4. Conclusions

Solvatochromic solvent parameters ETN(polarity–polarizability and
hydrogen-bond acidity), π* (polarity–polarizability), α (hydrogen-
bond acidity) and β (hydrogen-bond basicity) for different nitrogen-
based and phosphonium-based room-temperature ionic liquids were
accurately determined. The obtained parameters were in quite well in
agreement with the chemical structure of the respective RTILs and
were useful to explain the physicochemical meaning of the regression
coefficients obtained with the Solvation Parameter Model applied to
partition data in different RTIL/water systems.
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