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a b s t r a c t
By using amino acids as anions, ten chiral ionic liquids (CILs) composed of tetrabutylammonium or
cholinium as cations were synthesized by neutralization reactions and further characterized by assessing their optical rotation, thermophysical properties (melting and decomposition temperatures, density,
viscosity and refractive index) and ecotoxicity against the marine bacterium Aliivibrio ﬁscheri. The CILs
are shown to display, in general, high thermal stability (> 439 K) and low to moderate toxicities (86217 mg•L−1 ). It was found that the cation plays an important role in the density and viscosity of the
CILs. Additionally, the effect of CILs optical conﬁguration on these properties was evaluated by comparing the tetrabutylammonium D/L-phenylalaninate ([N4444 ][D/L-Phe]) and cholinium D/L-phenylalaninate
([N1112(OH) ][D/L-Phe]) pairs. Finally, the CILs potential to form aqueous biphasic systems with sodium sulfate, citrate buffer and phosphate buffer was assessed and the ternary phase diagrams were determined.
These allowed to infer the impact of the CILs’ cation, anion, and salt on the aqueous biphasic system
formation. It was shown that the cation has a more pronounced impact on the aqueous biphasic system
formation than the anion. Cholinium-based CILs failed to form aqueous biphasic systems with sodium
sulfate under the tested conditions, contrary to the more hydrophobic tetrabutylammonium-based CILs.
The ability of the tested salt and buffers to induce liquid-liquid demixing shows that citrate buffer and
sodium sulfate represent the weakest and the strongest salting-out agents, respectively.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction
Ionic liquids (ILs) are alternative solvents composed of an organic cation and an organic or inorganic anion, whose structure
can be engineered to develop high-performance and environmentally safe applications. [1] If properly designed and under speciﬁc
conditions, ILs present not only relevant physicochemical properties (e.g., negligible vapor pressure, non-ﬂammability, high solvation ability and high chemical and thermal stability), but also improved eco- and bio-friendly nature. [2,3] As the structural diversity and applicability of ILs were explored, different classes of ILs
emerged. In 1996, Herrman et al. [4] reported a new subgroup of
ILs by using a chiral imidazolium chloride salt as a precursor for
the synthesis of chiral heterocyclic carbenes. Inspired by this precursor, the subgroup of chiral ionic liquids (CILs) was established
in the following years. [5,6] CILs have at least one stereogenic center comprised in the anion, the cation or both and retain the in-
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herent properties of ILs while adding the enantiorecognition feature. [7] CILs can be prepared by asymmetric synthesis or by using chiral molecules as building blocks. [7,8] Currently, there are
several chiral precursors available for the synthesis of CILs, including amino acids, organic acids, carbohydrates, terpenes, alkaloids,
among others. [7–10] Thereby, it is possible to take full advantage
of CILs structural ﬂexibility to develop chiral selectors/solvents to
be applied in a myriad of chiral applications, such as enantiomeric
separation, [11] asymmetric synthesis, [12] catalysis, [13] electrochemistry, [14] chromatography [15] and spectroscopy. [16]
Amino acids are among the most used building blocks for the
synthesis of CILs due to their ability to act as either cation or anion. [13] Besides being chiral (except for glycine), which is particularly relevant for chiral applications, amino acids have additional
advantageous properties as they are readily available, renewable,
biodegradable, cheap and have low to moderate toxicity. [9,17,18]
Since the report of Bao et al. [19] in 2003, the number of amino
acid-based CILs has increased considerably. This is due not only to
the large variety of amino acids available, but also to the amount of
structures with which these can be combined to produce CILs. For
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instance, the use of tetraalkylmmonium-, [20] cholinium-, [21] and
imidazolium-based [22] cations as well as alkyl sulfate and halide
anions has been reported. [23,24]
To fully unlock the potential of CILs-based on amino acids and
to support the accurate design of industrial processes, the determination of thermophysical and environmental impact data is vital.
[25] Various studies comprise the characterization of their physicochemical properties, such as melting and degradation temperatures, [20] density, [20,21] viscosity, refractive index and conductivity as well as eco-toxicity [26,27] and biodegradability. [9,27]
While understanding the physicochemical properties of CILs is
critical to establish structure-activity correlations to boost their
performance and implementation, assuring biodegradability and
low toxicity contributes to eliminating any associated adverse environmental impact (having biodegradable and non-toxic amino
acids as starting materials does not ensure that the CIL will possess the same characteristics). [28–30] Such fundamental data together with cradle-to-grave assessments, including environmental and economic feasibility, and the creation of an open-access
and thorough ILs’ properties database might facilitate ILs transition from academia to the industry. [25] CILs-based on amino acids
have been successfully used in a wide range of processes. CILs
based on amino acids applications include capillary electrophoresis, [31,32] high-performance liquid chromatography, [32] chiral
sensors precursors, [33] CO2 capture, [34] metal scavenging and
heterogeneous catalysis, [35] acid catalysis, [36] molecular stability
[37] and enantioseparations using liquid-liquid extractions, particularly based on aqueous biphasic systems (ABS). [38,39]
Conventionally, ABS are composed of two immiscible phases
based on polymer-polymer, salt-polymer or salt-salt combinations.
[40] Mixing these compounds in water above certain concentrations induces the formation of two immiscible aqueous phases.
ABS are sustainable, cost-effective and highly tunable when compared to conventional liquid-liquid extraction systems based on
volatile organic solvents. [41] Since the ﬁrst report on IL-based ABS
by Rogers and coworkers [42] in 2003, the application of ILs in
ABS gained momentum due to their ability to be better customized
than most conventional polymeric systems, while improving the
performance and selectivity of several applications. [43] Despite
all progress achieved so far with the incorporation of ILs in ABS
for the extraction and separation of several molecules of interest,
[43] the use of CILs in ABS remains less studied. [38,39] The application of CILs as ABS phase-forming components or adjuvants
adds new prospects for the application of ABS in chiral applications, namely in the separation of racemic mixtures. [8] Recently,
we have synthesized a wide range of CILs bearing chirality at the
cation or the anion aiming to design alternative chiral resolution
approaches. [23,44–46] CILs with chiral cations based on quinine,
L-proline and L-valine were characterized regarding their optical
rotation, thermophysical properties and ecotoxicity, and used as
eﬃcient chiral resolution agents in NMR spectroscopy and ABS.
[23,44] In turn, CILs with amino-acid-based anions were successfully applied as enantioselective precipitating agents in solid-liquid
biphasic systems. [45] Moreover, while CILs with chiral cations
were systematically characterized, [23] those bearing chirality at
the anion remain poorly studied. [45,46] This work aims to shed
light on the properties of CILs with amino-acid-based anions and
their potential applicability in ABS formation. Ten CILs composed
of tetrabutylammonium or cholinium cations and chiral amino
acid-based anions were synthesized and characterized regarding
optical rotation, melting and decomposition temperatures, density
and viscosity, refractive index and ecotoxicity against the marine
bacterium Aliivibrio ﬁscheri (A. ﬁscheri). Finally, and given the remarkable role of CILs in the design of alternative enantioseparation
processes based on ABS, [38,39,44] their ability to induce the formation of these systems when mixed with different salts – sodium

sulfate (Na2 SO4 ), citrate buffer and phosphate buffer – was also
evaluated.
2. Experimental section
2.1. Materials
Amino-acid-based CILs with tetrabutylammonium as the
cation synthesized in this work include the tetrabutylammonium L-phenylalaninate, [N4444 ][L-Phe]; tetrabutylammonium Dphenylalaninate, [N4444 ][D-Phe]; tetrabutylammonium L-valinate,
[N4444 ][L-Val]; tetrabutylammonium L-alaninate, [N4444 ][L-Ala];
tetrabutylammonium L-prolinate, [N4444 ][L-Pro]; tetrabutylammonium L-arginate, [N4444 ][L-Arg]; and di(tetrabutylammonium)
L-glutamate, [N4444 ]2 [L-Glu]. In turn, cholinium-based CILs synthesized were the cholinium L-phenylalaninate, [N1112(OH) ][L-Phe];
cholinium D-phenylalaninate, [N1112(OH) ][D-Phe]; and di(cholinium)
L-glutamate, [N1112(OH) ]2 [L-Glu]. Details of the purchased chemicals
can be found in Table 1. The water used was double distilled,
passed by a reverse osmosis system and further treated with a
Milli-Q plus 185 water puriﬁcation apparatus.
2.2. Synthesis and characterization of CILs
CILs bearing cholinium and tetrabutylammonium cations were
synthesized by neutralization reactions and according to Scheme 1.
Seven [N4444 ]-based CILs were synthesized by the neutralization of [N4444 ]OH with the respective amino acid, namely the Land D-phenylalanine, L-arginine, L-proline, L-valine, L-alanine and
L- glutamic acid, following well-established protocols. [17] Brieﬂy,
[N4444 ]OH (1 equiv, 40 wt % in aqueous solution) was added dropwise to an aqueous solution of the amino acid, with a molar excess
of 1.1 equiv, at room temperature. Regarding the [N4444 ]2 [L-Glu],
the [N4444 ]OH was added to the amino acid solution with a molar
ratio of 2:1. The reaction mixture was stirred at room temperature
and protected from light for 2 hours, producing the respective CIL
and water as a byproduct. The water was then removed under reduced pressure. The resultant residue was dissolved in acetonitrile
and ﬁltered to remove the excess of amino acid (this does not apply to the synthesis performed in a molar ratio of 2:1). Acetonitrile
was removed under reduced pressure and the obtained compound
was dried under high vacuum for at least 48 hours.
Three [N1112(OH) ]-based CILs were synthesized according to a
protocol adapted from the report of Santis et al. [21] Brieﬂy,
[N1112(OH) ][HCO3 ] (1 equiv, 80 wt% in aqueous solution) was added
dropwise to an aqueous solution of the respective amino acid, Land D-phenylalanine, with a molar excess of 1.1 equivalents at
room temperature. Regarding the [N1112(OH) ]2 [L-Glu] synthesis, the
[N1112(OH) ][HCO3 ] was added to the L- glutamic acid aqueous solution, in a molar ratio of 2:1. The reaction mixture was stirred for 2
hours, at room temperature and protected from light. The solvents
were then removed under reduced pressure. Acetonitrile:methanol
(9:1, v/v) was added under vigorous stirring to precipitate the
amino acid excess which was then ﬁltered off. Finally, the acetonitrile and methanol were removed under reduced pressure and the
obtained compound was dried under high vacuum for at least 48
hours.
After synthesis and puriﬁcation, the structure of all CILs was
conﬁrmed by 1 H and 13 C NMR spectroscopy, showing a high purity
level of all the ionic structures after synthesis. NMR spectra were
recorded with 300.13 MHz (1 H) and 75.47 MHz (13 C) on Bruker
Avance III NMR spectrometer. Tetramethylsilane was used as the
internal reference and D2 O as solvent. The water mass fraction
of the CILs was determined by coulometric Karl Fischer titration
(Metrohm, model 831) and it was veriﬁed to be less than 0.5 wt%
for all CILs. The full name, abbreviation, and chemical structure of
2
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Table 1
List of chemicals used in this work.
Chemical

Molecular Formula

Purity (wt %)

CAS no.

Supplier

Tetrabutylammonium hydroxide
(2-hydroxyethyl) trimethylammonium bicarbonate
D-phenylalanine
L-phenylalanine
L-arginine
L-proline
L-glutamic acid
L-valine
L-alanine
Tripotassium citrate monohydrate
Citric acid
Potassium phosphate dibasic trihydrate
Potassium phosphate monobasic
Sodium sulfate

C16 H37 NO
C6 H15 NO4
C9 H11 NO2
C9 H11 NO2
C6 H14 N4 O2
C5 H9 NO2
C5 H9 NO4
C5 H11 NO2
C3 H7 NO2
K3 C6 H5 O7 •H2 O
C6 H8 O7
K2 HPO4 •3H2 O
KH2 PO4
Na2 SO4

Aq. sol. 40
Aq. sol. 80
≥ 98
≥ 99
≥ 99
≥ 99
99
99
99
99
99
99
≥ 99
≥ 99

2052-49-5
78-73-9
673-06-3
63-91-2
74-79-3
147-85-3
56-86-0
72-18-4
56-41-7
6100-05-6
77-92-9
16788-57-1
7778-77-0
7757-82-6

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Acros Organic
Riedel de Haen
Fluka
BDH
Acros Organic
Panreac
Merck
Fischer Chemical
Sigma-Aldrich

Scheme 1. General procedure of the synthesis of amino acid-based CILs. This scheme does not contemplate the procedures performed at a 2:1 molar ratio.

the synthesized CILs are summarized in Table 2, together with the
aspect and yield.

alumina pan, under a nitrogen atmosphere, over a temperature
range of 300 to 10 0 0 K, and with a heating rate of 2 K•min−1 .

2.3. Optical rotation

2.6. Density and viscosity

The optical rotation of the synthesized CILs and respective
amino acid precursors was carried out at 589 nm using a MCP
5100 modular circular polarimeter and a stainless steel cell with
Luer ﬁlling ports, wireless ToolmasterTM , path length 100 mm, internal diameter 5 mm and 2 mL volume, at room temperature. All
measurements were conducted in aqueous solution at CIL anion
and amino acid concentration of 20 mg•mL−1 .

Measurements of density (ρ ) and dynamic viscosity (η) in the
temperature range from 293 to 353 K and at atmospheric pressure (≈ 0.1 MPa) were performed using an automated Stabinger
viscometer-densimeter (Anton Paar, model SVM30 0 0). The standard uncertainty of temperature is within 0.02 K and the relative
uncertainty of the dynamic viscosity is 0.35%. The absolute uncertainty in density is within 5×10−4 g•cm−3 . The viscometer and the
methodology applied for the density and viscosity measurements
were validated in previous works. [47,48]

2.4. Differential scanning calorimetry (DSC)
The melting temperatures (Tm ) were measured in a differential
scanning calorimetry (DSC), Hitachi DSC70 0 0X, using hermetically
sealed aluminum crucibles with a constant ﬂow of nitrogen (50
mL•min−1 ). The equipment was previously calibrated using as reference material indium (99 wt% of purity), with a scanning rate
of 2 K•min−1 . Each sample (10 mg) was submitted to three cycles
of cooling and heating at 2 K•min−1 . The standard uncertainty of
temperature is ± 1 K. The melting temperature was taken as the
peak temperature.

2.7. Refractive index
The refractive index (nD ) was carried out at a wavelength of 589
nm using an automated refractometer (Anton Paar, model Abbemat 500), in the temperature range from 293 to 353 K and at
atmospheric pressure, with a scanning rate of 10 K•min−1 . The
maximum temperature deviation is 0.01 K, whereas the maximum
uncertainty of the refractive index measurements is (± 4×10−5 )
with 95% conﬁdence. The equipment accuracy and measurement
methodology were previously established.

2.5. Thermogravimetric analysis (TGA)
2.8. Microtox® acute toxicity test
The decomposition temperature (Td ) was determined by thermogravimetric analysis (TGA). TGA was conducted on a Setsys Evolution 1750 (SETARAM) instrument. The sample was heated in an

The Standard Microtox® liquid-phase assay, which is a bioluminescence inhibition method that uses the marine bacterium A.
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Table 2
Name, abbreviation, chemical structure, aspect and yield of the synthesized CILs.
Name/Abbreviation

Chemical structure

Aspect

Yield (%)

Tetrabutylammonium L-phenylalaninate [N4444 ][L-Phe]

Light orange gel

93

Tetrabutylammonium D-phenylalaninate [N4444 ][D-Phe]

Light orange gel

97

Tetrabutylammonium L-valinate [N4444 ][L-Val]

Yellow liquid

86

Tetrabutylammonium L-alaninate [N4444 ][L-Ala]

White solid

88

Tetrabutylammonium L-prolinate [N4444 ][L-Pro]

Yellow liquid

95

Tetrabutylammonium L-arginate [N4444 ][L-Arg]

Pale yellow solid

95

Di(tetrabutylammonium) L-glutamate [N4444 ]2 [L-Glu]

White solid

99

Cholinium L-phenylalaninate [N1112(OH) ][L-Phe]

Yellow liquid

89

Cholinium D-phenylalaninate [N1112(OH) ][D-Phe]

Yellow liquid

90

Di(cholinium) L-glutamate [N1112(OH) ]2 [L-Glu]

Colorless liquid

98

ﬁscheri (strain NRRL B-11177), was applied to evaluate the ecotoxicity of the CILs. The standard 81.9% test protocol was followed,
[49] where A. ﬁscheri was exposed to a range of serially diluted
aqueous solutions of each CIL (from 0 to 81.9 wt%) at 288 K, where
100% corresponds to a previously prepared stock solution of known
concentration. After 5, 15, and 30 minutes of exposure to each
aqueous solution, the bioluminescence emission of A. ﬁscheri was
recorded and compared to that of a blank control. Concentrations
inducing 50% of inhibitory effect (EC50 ) after each of the three periods of exposure and the corresponding 95% conﬁdence intervals
were determined by a nonlinear regression, using the least-squares
method to ﬁt the data to the logistic equation.

2.9. Phase diagrams
The binodal curves of the ternary phase diagrams of ABS
formed by the CILs and Na2 SO4 , citrate buffer or phosphate buffer
were determined through the cloud point titration method at (298
± 1) K and atmospheric pressure. [50,51] Citrate buffer solution
(K3 C6 H5 O7 /C6 H8 O7 at pH = 7) at 50 wt%, phosphate buffer solution (K2 HPO4 /KH2 PO4 at pH = 7) at 40 wt%, Na2 SO4 aqueous solution at 20 wt% and aqueous solutions of the different CILs, with
concentrations ranging from 60 wt% to 80 wt%, were initially prepared. Succinctly, the alternate dropwise addition of aqueous solutions of salts (until a cloudy solution is observed) and water (un-
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til the solution becomes limpid again) was performed to initial
aqueous solutions of CILs, under continuous stirring. The inverse
methodology, i.e., the alternate dropwise addition of a CIL solution
and water to an aqueous solution of salt, was also performed when
deemed necessary to complete the binodal data. The composition
of the ternary systems of the phase diagrams was determined by
weight quantiﬁcation (± 10−4 g) after the addition of all components. It should be remarked that the complexed water in hydrated
salts was consistently considered as part of the whole water in the
system. The experimental binodal curves were ﬁtted according to
Eq. 1 [52]:



[CIL] = Aexp B[salt]

0.5





− C [salt]

3



presented by L-alanine, the phenylalanine-based CILs show a much
lower optical rotation than the respective amino acid precursors.
As expected, the enantiomers [N4444 ][L/D-Phe] rotate the planepolarized light in an identical magnitude and in opposite directions. Although the amino acids L/D-phenylalanine exhibit a higher
optical rotation magnitude than L-glutamate (see Table 3), the
same does not apply to their respective CILs. Both [N1112(OH) ]2 [LGlu] and [N4444 ]2 [L-Glu] had higher optical rotation magnitude values than [N1112(OH) ][D-Phe] and [N4444 ][L/D-Phe]. Yet, it is unclear
if this tendency shift is related to the dicationic nature of the
glutamate-based CILs. Finally, the replacement of the tetrabutylammonium for the cholinium cation does not seem to considerably
inﬂuence the optical rotation of the studied CIL.

(1)

where [CIL] and [salt] are the fraction percentages of CIL and salt,
respectively. A, B, and C correspond to the ﬁtting parameters.
Ion exchange between ABS phases was addressed by 1 H NMR
through the evaluation of IL cation:anion ratio in the systems composed of [N4444 ][L-Pro] + Na2 SO4 , [N4444 ][L-Val] + Na2 SO4 , and
[N4444 ]2 [L-Glu] + Na2 SO4 /phosphate buffer/citrate buffer, which
were considered representative of all studied systems, and conﬁrmed to be negligible in agreement with previous results reported in literature for similar systems. [53–56] NMR spectra were
recorded with 300.13 MHz (1 H) on Bruker Avance III NMR spectrometer. Tetramethylsilane was used as the internal reference and
D2 O as solvent.

3.1.2. Thermal properties
The melting (Tm ) and decomposition (Td ) temperatures of all
CILs were measured by DSC and TGA, respectively, and are presented in Table 4. Except for [N4444 ]2 [L-Glu] (Tm = 396 K), the remaining CILs present Tm below 373.15 K (227 K ≤ Tm ≤ 368 K)
as a result of their bulky ions and consequent poor cation-anion
interactions. Interestingly, the same was veriﬁed in the report of
Kagimoto et al. [59], where within the tetraphosphonium-based
amino acids ILs, the IL having L-Glu as anion displayed the highest Tm (Tm = 375 K). The results obtained for the pair [N4444 ][LAla]/[N4444 ][L-Val] suggest that increasing the amino acid’s side
chain from C1 to a branched C3 greatly decreases the Tm value.
Despite no information was found on anion alkyl chain length effect on the Tm , according to Zhang et al., [60] increasing the alkyl
chain length in the ILs’ cation leads to the increase of the Tm . However, the opposite is true for ILs with short alkyl chains, as seen
for the 1-alkyl-3-methylimidazolium hexaﬂuorophosphate IL series
[Cn C1 im][PF6 ], where Tm is lower for n=4 than for n=2. [60] Tm is
related to both fusion entropy and fusion enthalpy. ILs with small
alkyl chains have similar fusion enthalpies and, thus, their Tm is
ruled by the fusion entropy. In ILs with long alkyl chains, the enthalpy of fusion values are signiﬁcantly higher than the entropy
values leading to the Tm being governed by the fusion enthalpy.
This difference is responsible for the different Tm trends in ILs with
short and long alkyl chains. Moreover, the introduction of an aromatic group in the amino acid side chain increased the Tm value
from 344 to 368 K, as showed by the [N4444 ][L-Ala]/[N4444 ][D/LPhe] pairs. By comparing the Tm values of [N4444 ]2 [L-Glu] and the
corresponding cholinium-based CIL it is possible to conclude that
the cation moiety also seems to play an important role. The replacement of the cholinium cation by tetrabutylammonium led to
a signiﬁcant increase in the Tm value from 278 to 396 K, showing that ILs with asymmetric cations have lower Tm . A similar effect was reported by Seddon, [61] where tetrachloroaluminate(III)based ILs achieved lower Tm values by substituting plain inorganic
cations with asymmetrical organic cations.
Among the investigated CILs, for which the Td values fall within
the range 454 to 495 K, [N1112(OH) ][L-Phe] is the CIL with the highest thermal stability. All CILs studied present a high thermal stability, this property increasing in the following order: [N4444 ]2 [LGlu] < [N4444 ][L-Val] < [N4444 ][L-Ala] < [N4444 ][L-Pro] < [N4444 ][LPhe] = [N4444 ][D-Phe] < [N1112(OH) ]2 [L-Glu] ≈ [N4444 ][L-Arg] <
[N1112(OH) ][D-Phe] < [N1112(OH) ][L-Phe]. Herein, the Td seems to be
related to the negative charge density of the amino acid. Amino
acids with side chains possessing hydroxyl groups, as L-glutamate,
have a higher negative charge density which leads to lower Td
values. [62] In contrast, amino acids with exclusively alkyl sidechains, such as L-alanine and L-valine, have a low negative charge
density and, therefore, higher Td values. In addition, having a cyclic
structure in the amino acid’s side-chain also seems to slightly improve the Td values, as seen by the Td values of [N4444 ][L-Pro],
[N4444 ][L-Phe] and [N4444 ][D-Phe] in comparison with the Td val-

3. Results and discussion
3.1. CILs synthesis and characterization
Ten CILs were synthesized by the neutralization reaction between [N4444 ]OH or [N1112(OH) ][HCO3 ] and the respective enantiopure amino acids, namely L- and D-phenylalanine, L-arginine,
L-proline, L-valine, L-alanine and/or L-glutamate (Scheme 1). All
CILs were obtained with yields higher than 86% and isolated and
recovered as light orange gels, white solids, and yellow or colorless liquids depending on the ionic pair (cf. Table 2). Through
the analysis of the spectral data obtained by 1 H and 13 C NMR it
is possible to exclude the presence of detectable organic impurities in the isolated CILs (cf. Supporting Information). CILs optical rotation, melting and decomposition temperatures, and ecotoxicity were determined. Additionally, density, viscosity and refractive index were measured for the CILs liquid at room temperature, namely [N1112(OH) ]2 [L-Glu], [N1112(OH) ][D-Phe], [N1112(OH) ][LPhe], [N4444 ][L-Pro] and [N4444 ][L-Val] in the temperature range of
293 to 353 K and under atmospheric pressure.
3.1.1. Optical rotation
The optical rotations ([α ]20 D ), which express the rotation angles at which the CILs and respective amino acids rotate the planepolarized light, were measured in an aqueous solution and are
presented in Table 3. In general, the magnitude of the optical rotation of CILs is smaller than that of the respective amino acid.
Among all the studied CILs, [N4444 ][L-Pro] is the CIL with the highest optical rotation magnitude (-33). By comparing the optical rotation of [N4444 ][L-Pro] and [N4444 ][L-Ala] it is possible to conclude that the insertion of a nitrogen heterocycle signiﬁcantly increases the magnitude of the optical rotation value. In addition,
the branched side chain of the [N4444 ][L-Val] anion is responsible for a higher optical rotation magnitude than that observed
with [N4444 ][L-Ala]. Still, this increase does not seem to be related to the bulkiness of the anion’s side chain since as seen with
the [N4444 ][L-Phe]/[N4444 ][L-Ala] pair, where the introduction of an
aromatic ring in the CILs structure did not impact their optical rotation. These results are in agreement with those reported elsewhere. [17] While [N4444 ][L-Ala] retains the low optical activity
5
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Table 3
Optical rotations, [α ]20 D (deg•g−1 •mL•mm−1 ), of CILs and respective amino acids.
CIL

[α ]20 D (this work)

[α ]20 D (literature[a] )

Amino acid

[α ]20 D (this work)

[α ]20 D (literature)

[N4444 ][L-Phe]
[N4444 ][D-Phe]
[N4444 ][L-Val]
[N4444 ][L-Ala]
[N4444 ][L-Pro]
[N4444 ][L-Arg]
[N4444 ]2 [L-Glu]
[N1112(OH) ][L-Phe]
[N1112(OH) ][D-Phe]
[N1112(OH) ]2 [L-Glu]

-0.85 ± 0.04
0.91 ± 0.05
4.12 ± 0.01
0.83 ± 0.06
-33 ± 2
9.3 ± 0.2
2.1 ± 0.2
-0.82 ± 0.03
0.61 ± 0.02
3.7 ± 0.2

-0.83
n.a.
4.10
1.65
-28.49
n.a.
1.86
n.a.
n.a.
n.a.

L-Phe
D-Phe
L-Val
L-Ala
L-Pro
L-Arg
L-Glu
L-Phe
D-Phe
L-Glu

-34.3 ± 0.7
33.5 ± 0.7
5.4 ± 0.1
1.30 ± 0.03
-86 ± 2
11.5 ± 0.2
11.25 ± 0.06
-34.3 ± 0.7
33.5 ± 0.7
11.25 ± 0.06

-34 ± 1[b]
34 ± 2[b]
n.a.
1.80 ± 0.02[c]
-84 ± 3[b]
n.a.
11.5 ± 0.1[c]
-34 ± 1[b]
34 ± 2[b]
11.5 ± 0.1[c]

n.a. - not available; [a] Allen et al. [17]; [b] Chemspider database [57]; [c] Rossi et al. [58]; for amino acids with no attributed
data, no optical rotation values in water could be found.

Table 4
Thermal properties of the synthesized CILs and respective starting materials (amino acids), namely the melting temperature (Tm ) and temperature of decomposition (Td ).[a]
CIL

Tm / K

Td / K

Amino acid

Tm / K[b]

[N4444 ][L-Phe]
[N4444 ][D-Phe]
[N4444 ][L-Val]
[N4444 ][L-Ala]
[N4444 ][L-Pro]
[N4444 ][L-Arg]
[N4444 ]2 [L-Glu]
[N1112(OH) ][L-Phe]
[N1112(OH) ][D-Phe]
[N1112(OH) ]2 [L-Glu]

368
368
227
344
n.d.
352
396
n.d.
n.d.
278

463
463
454
457
461
473
439
495
493
472

L-Phe
D-Phe
L-Val
L-Ala
L-Pro
L-Arg
L-Glu
L-Phe
D-Phe
L-Glu

548
548
568
587
501
495
478
548
548
478

n.d. - not determined. [a] The standard uncertainty in temperature (T)
is 1 K; [b] ChemSpider database. [57]
Fig. 1. Density (ρ ) as a function of temperature for CILs: [N1112(OH) ]2 [L-Glu] (),
[N1112(OH) ][D-Phe] (), [N1112(OH) ][L-Phe] (●), [N4444 ][L-Pro] (♦),[N4444 ][L-Val] (∗ ).

ues of [N4444 ][L-Val] and [N4444 ][L-Ala]. The same applies to the
cholinium-based CILs since [N1112(OH) ]2 [L-Glu] has a lower Td than
[N1112(OH) ][D-Phe] and [N1112(OH) ][L-Phe]. Regarding the cation inﬂuence on the Td , the obtained results suggest that the cholinium
cation leads to CILs with higher thermal stability than tetrabutylammonium. This is in agreement with the results gathered by Ossowicz et al. [63] for CILs based on amino acids. Free amino acids
decompose immediately after their Tm and, as a consequence, their
thermal stability is comprised between 478 to 587 K (see Table 4),
[57,64] while the CILs display thermal stabilities from 439 up to
495 K. Thus, the studied CILs display lower thermal stability than
the respective amino acids. Finally, the results obtained for the
[N4444 ][L-Phe]/[N4444 ][D-Phe], and [N1112(OH) ][L-Phe]/[N1112(OH) ][DPhe] enantiomeric pairs reveal that chirality does not inﬂuence any
of these thermal properties.
3.1.3. Density, viscosity and refractive index
The experimental density and viscosity data for the CILs that
are liquid at room temperature, namely [N4444 ][L-Val], [N4444 ][LPro], [N1112(OH) ]2 [L-Glu], [N1112(OH) ][L-Phe] and [N1112(OH) ][D-Phe]
are depicted in Figs. 1 and 2, respectively. The details on the experimental data can be found in the Supporting Information, Table S1.
As expected, the density of these CILs decreases with the increase
of the temperature (cf. Fig. 1). According to the obtained data, the
density of the investigated CILs increases in the following order:
[N4444 ][L-Val] < [N4444 ][L-Pro] < [N1112(OH) ][L-Phe] ≈ [N1112(OH) ][DPhe] < [N1112(OH) ]2 [L-Glu]. The higher density of [N1112(OH) ]2 [L-Glu],
when compared to their [D-Phe] and [L-Phe] counterparts, can
be related to the presence of two cation moieties in its structure
and thus, higher molecular weight. As for the tetrabutylammonium
family, the higher density of [N4444 ][L-Pro] is most likely related
to the presence of a nitrogen heterocycle in its side-chain. This is

Fig. 2. Viscosity (η) as a function of temperature for CILs: [N1112(OH) ]2 [L-Glu] (),
[N1112(OH) ][D-Phe] (),[N1112(OH) ][L-Phe] (●), [N4444 ][L-Pro] (♦),[N4444 ][L-Val] (∗ ).

further supported by Tao et al. [65] showing that the introduction
of a cycloalkyl group in the IL’s structure increases its density in
comparison to the IL containing a n-alkyl group with the same carbon number. Moreover, and although no common anions could be
ﬁxed to provide a more elegant comparison of the density data,
cholinium-based CILs with a shorter alkyl side chain (less bulky)
seem to have higher densities than the tetrabutylammonium-based
CILs. This is in close agreement with the literature since bulkier
cations reduce the ion-ion interactions and avoid the occurrence
of ion packing, resulting in lower density values. [62,66,67]
6
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1.56

to the dicationic nature of [N1112(OH) ]2 [L-Glu] and not to the anion
itself.
Finally, as for thermal properties, chirality ([N1112(OH) ][D-Phe] vs
[N1112(OH) ][L-Phe]) has a negligible inﬂuence in any of the three
thermophysical properties determined here (cf. Figs. 1-3). It should
also be highlighted that it was not possible to determine all physical properties for CILs with a ﬁxed anion due to technical limitations related to the physical state of the compounds at room
temperature. As such, the conclusions taken by comparing cholinium and tetrabutylammonium-based CILs regarding viscosity, density and refractive index are limited.

1.54

nD

1.52

1.50
1.48
1.46

3.1.4. Ecotoxicity to A. ﬁscheri
The ecotoxicity of all CILs synthesized was studied using the
model organism A. ﬁscheri, and applying the standardized, simple
and cost-effective Microtox® test. The EC50 values (mmol•L−1 ) for
each CIL after three distinct periods of exposure, namely 5, 15, and
30 min are shown in Fig. 4, while the EC50 values in mg•L−1 are
detailed in Supporting Information, Table S2. The set of CILs here
investigated allow to study the toxic effect induced by the structural changes in the CILs on A. ﬁscheri (cf. Table 2): (i) the role of
the cation, by comparing CILs with a ﬁxed anion ([L-Phe], [D-Phe]
and [L-Glu]) and tetrabutylammonium or cholinium as the cation
moiety; (ii) the impact of the amino acid functional groups, by
comparing CILs with common cations ([N4444 ] or [N111 2 ( OH) ]) and
different anions ([L-Ala], [L-Phe], [L-Glu], [L-Val], [L-Pro], [L-Arg]);
and (iii) the effect of chirality, by evaluating CILs enantiomeric
pairs ([N4444 ][L-Phe] vs. [N4444 ][D-Phe], and [N1112(OH) ][L-Phe] vs.
[N1112(OH) ][D-Phe]).
As can be observed in Fig. 4, the EC50 values estimated at 30
min generally decrease compared to the corresponding values for
shorter exposure periods. This shows the need for longer periods
of exposure for the toxic action to take place. However, a slight increase in the EC50 value after 30 min of exposure was observed for
[N1112(OH) ][L-Phe] and [N1112(OH) ]2 [L-Glu], suggesting that a slight
recovery of the bacteria over time and after the initial contact with
the toxicant takes place. In this way, and to assure both preservation and complete disclosure of the toxic effect, the EC50 values
estimated at 30 min were considered for further discussion.
Taking into consideration the EC50 values at 30 min of exposure time and the classiﬁcations imposed by the European legislation, most CILs studied are deemed as non-hazardous substances (EC50 > 100 mg•L−1 ), except for [N4444 ][D-Phe], [N4444 ][LPhe], [N4444 ][L-Ala] and [N4444 ][L-Arg], which belong to the category acute 3 (10 mg•L−1 < EC50 ≤ 100 mg•L−1 ) – cf. Table S2
of the Supporting Information. [70] Fig. 4 shows the EC50 data in
mmol•L−1 , being possible to rank their ecotoxicity according to
the following tendency (after 30 min of exposure): [N1112(OH) ][LPhe] < [N1112(OH) ]2 [L-Glu] < [N1112(OH) ][D-Phe] < [N4444 ][L-Pro]
≈ [N4444 ][L-Val] < [N4444 ][L-Ala] < [N4444 ][D-Phe] ≈ [N4444 ]2 [LGlu] < [N4444 ][L-Arg] ≈ [N4444 ][L-Phe], with [N1112(OH) ][L-Phe] and
[N4444 ][L-Phe]/[N4444 ][L-Arg] representing the least and the most
toxic CILs, respectively.
The impact of the cation nature of CILs on their ecotoxicity towards the A. ﬁscheri was evaluated using CILs comprising the [L-Phe], [D-Phe] and [L-Glu] anions and it is shown in
Fig. 4. All the cholinium-based CILs presented higher EC50 values (0.67 mmol•L−1 for [N1112(OH) ][L-Phe], 0.38 mmol•L−1 for
[N1112(OH) ][D-Phe] and 0.61 mmol•L−1 for [N1112(OH) ]2 [L-Glu]) than
tetrabutylammonium-based CILs (0.21 mmol•L−1 for [N4444 ][LPhe], 0.24 mmol•L−1 for [N4444 ][D-Phe] and 0.23 mmol•L−1 for
[N4444 ]2 [L-Glu]). The results obtained suggest that cholinium-based
CILs present lower toxicity than their tetrabutylammonium counterparts as a result of their higher hydrophilicity. While tetrabutylammonium is composed of four butyl side chains linked to a central heteroatom (lower hydrophilicity), cholinium has shorter alkyl

1.44
290

310

330

350

T/K
Fig. 3. Refractive index (nD ) as a function of temperature for CILs: [N1112(OH) ]2 [LGlu] (), [N1112(OH) ][D-Phe] (),[N1112(OH) ][L-Phe] (●), [N4444 ][L-Pro] (♦),[N4444 ][L-Val]
(∗ ).

In contrast to density, a temperature increase has a signiﬁcant
impact on the dynamic viscosity of the studied CILs (cf. Fig. 2), inducing a sharp reduction on the viscosity. The viscosity of the CILs
increases as follows: [N4444 ][L-Val] ≈ [N4444 ][L-Pro] < [N1112(OH) ][LPhe] ≈ [N1112(OH) ][D-Phe] < [N1112(OH) ]2 [L-Glu]. The higher viscosity
of [N1112(OH) ]2 [L-Glu] is related to two different aspects: the presence of a hydroxyl group in its side chain and its dicationic nature. The hydroxyl group in the side chain of this CIL increases
its tendency to form hydrogen bonds leading to higher viscosity
values. In addition, dicationic ILs are expected to be more viscous than monocationic ILs as a result of Colomb’s law. [68] Regarding the tetrabutylammonium family, both [N4444 ][L-Pro] and
[N4444 ][L-Val] had similar viscosity values, with [N4444 ][L-Pro] having a slightly higher viscosity at lower temperature ranges (293
to 308 K). This may be related to the rigidity conferred by the
side-chain nitrogen heterocycle of [N4444 ][L-Pro] since lower structural mobility often translates into higher viscosity values. [62] As
with density, even though no common anions could be ﬁxed to
perform a direct comparison of the viscosity data, it is here observed that the cholinium-based CILs present higher viscosity than
the tetrabutylammonium-based ones. This can be attributed to the
presence of a hydroxyl group at the alkyl side chain of the cholinium cation, resulting in the increase of the liquid intermolecular forces and, thus, making cholinium-based CILs more viscous.
[64] Fujiwara et al. [69] reported that [N1112(OH) ][L-Phe] has a viscosity value of 2550 mPa•s at 333 K. Although there is a disparity
between this value and our data, the lack of reported experimental
details diﬃcult the direct comparison of the viscosity values.
The refractive index as a function of temperature for CILs is depicted in Fig. 3 and further detailed in the Supporting Information,
Table S1. A linear decrease of the refractive index with increasing
temperature was observed. The refractive index of the investigated
CILs increases in the following order: [N4444 ][L-Val] < [N4444 ][LPro] < [N1112(OH) ]2 [L-Glu] < [N1112(OH) ][L-Phe] ≈ [N1112(OH) ][D-Phe].
As all the tetrabutylammonium-based CILs, in spite of incorporating distinct anions, displayed lower refractive indexes than the
cholinium-based CILs, it may be assumed that the cation plays
a role. This is in agreement with Lee et al., [69] that reported
the tetrabutylammonium-based ILs to display lower refractive indexes than the cholinium-based CILs. Changing the anion from
[L-Pro] to [L-Val] in tetrabutylammonium-based CILs, only had a
small contribution to the refractive index. Concerning the cholinium series of CILs, the differences in refractive index values between [N1112(OH) ]2 [L-Glu] and [N1112(OH) ][D/L-Phe] are probably due
7
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Fig. 4. EC50 values (mmol•L−1 ) determined after 5 min (blue bars), 15 min (red bars), and 30 min (green bars) of exposure time of bacterium A. ﬁscheri to different CILs.
The error bars correspond to 95% conﬁdence level limits.

side chains (three C1 and one C2 ) and a polar hydroxyl group at the
end of the ethyl side chain (higher hydrophilicity). These results
are in agreement with the literature, where overall the choliniumbased ILs have lower toxicity than tetrabutylammonium-based ILs.
[27,71]
By considering the tetrabutylammonium-based CILs it is possible to infer the impact of the anion structure in the ecotoxicity to A. ﬁscheri. The anions studied allow to infer on the impact of the insertion of a benzyl ring ([N4444 ][L-Ala] vs. [N4444 ][LPhe]), a nitrogen heterocycle ([N4444 ][L-Ala] vs. [N4444 ][L-Pro]), a
branched side chain ([N4444 ][L-Ala] vs. [N4444 ][L-Val]), a guanidino group ([N4444 ][L-Ala] vs. [N4444 ][L-Arg]) and an additional
carboxylic group ([N4444 ][L-Ala] vs. [N4444 ]2 [L-Glu]). The results
obtained suggest that the aromatization of the anion increases
the ecotoxicity of CILs as shown by the lower EC50 value (0.27
mmol•L−1 for [N4444 ][L-Ala] and 0.21 mmol•L−1 for [N4444 ][LPhe]). This trend complies with the heuristic rule of ILs toxicity,
[72] and was also previously shown by Hou et al. [9] for aminoacid-derived ILs, where aromaticity is considered a key driver for
toxicity. However, Zhang et al. [73] found that the aromatization of
the anion decreased the toxicity of amino-acid-derived ILs to three
other model organisms (e.g. brine shrimp, zebra ﬁsh, and a green
algae) as a result of reduced IL lipophilicity. Altogether, these results suggest that toxicity is highly dependent not only on structural changes performed at the anion, but also on the model organisms adopted and the cation-anion combination. In our work, the
introduction of an aromatic ring is likely working as an extension
of the anion alkyl chain, making [N4444 ][L-Phe] more prone to interact with the bacterial membrane and to negatively affect A. ﬁscheri. In turn, the incorporation of a nitrogen heterocycle has led to
slightly higher EC50 values and, thus lower toxicity (0.27 mmol•L−1
for [N4444 ][L-Ala] and 0.34 mmol•L−1 for [N4444 ][L-Pro]). These results are in line with those reported earlier. [9,73]
The insertion of a branched side-chain into the anion leads
to a lower ecotoxicity, as shown by the EC50 values of [N4444 ][LVal] and [N4444 ][L-Ala] (0.33 and 0.27 mmol•L−1 , respectively).
This structural modiﬁcation ultimately leads to a longer anion side
chain being expected to induce an increase in the CIL toxicity following the well-documented “side-chain effect” [74] and previously shown with amino-acid-derived ILs. [9] Instead, the inverse
behavior here noticed with A. ﬁscheri can be due to the extension
of the interactions occurring between the branched anion [L-Val]
and the bacterial membrane, as claimed with surface-active ILs.
[75]
Finally, CILs where the amino acid contained a terminal guanidino group attached to a C3 aliphatic chain ([L-Ala] vs. [L-Arg])

and an extra carboxyl group attached to a C2 aliphatic chain ([LAla] vs. [L-Glu]) were studied. Even though the introduction of
such hydrophilic groups usually reduces the toxic potential of common and amino-acid-derived ILs, [9,74,76] both [N4444 ][L-Arg] and
[N4444 ][L-Glu] (0.21 and 0.23 mmol•L−1 , respectively) exhibited
higher toxicity than [N4444 ][L-Ala] (0.27 mmol•L−1 ). It should be
however underlined that the effects of the elongation of the alkyl
chain (increasing hydrophobicity) and the incorporation of carboxylic/guanidino groups (increasing hydrophilicity) may be overlapping and affecting the toxicity mechanism. In fact, previous
works have postulated the higher sensitivity of A. ﬁscheri to longer
alkyl side chains than to the presence of hydrophilic units. [77,78]
The impact of the chirality on the ecotoxicity of the CILs was
evaluated through the analysis of the EC50 data gathered with
the following enantiomeric pairs: [N1112(OH) ][L-Phe]/[N1112(OH) ][DPhe] and [N4444 ][L-Phe]/[N4444 ][D-Phe]. Considering the ﬁrst pair,
the CIL comprising the L-enantiomer in the anion presents lower
ecotoxicity, as shown by the EC50 values (0.67 mmol•L−1 for
[N1112(OH) ][L-Phe] and 0.38 mmol•L−1 for [N1112(OH) ][D-Phe]). Contrarily to what was observed with thermophysical properties,
where CILs enantiomeric pairs behaved similarly, this ecotoxicity
result showcases the differential biological activity of enantiomers
and is in line with the fact that D-amino acids are generally more
toxic for living organisms (the L- form occurs naturally). However, when the [N4444 ][L-Phe]/[N4444 ][D-Phe] pair is considered,
a slightly different scenario is revealed. Chirality had a negligible impact on the CILs toxicity to A. ﬁscheri ([N4444 ][L-Phe]: 0.21
mmol•L−1 and [N4444 ][D-Phe]: 0.24 mmol•L−1 ), likely due to one
out of two possible causes: (i) a synergistic effect of the cationanion combination; or (ii) amino acids racemization as it occurs in
nature. [79]
Overall, the physicochemical characterization of CILs, as well as
their ecotoxicity suggest that CILs based on amino acids are a natural, simple and biocompatible alternative to traditional ILs. These
CILs retain the good thermal stability already exhibited by traditional ILs but their stereogenic center unlocks novel applications
that cannot be explored with traditional ILs.
3.2. CILs application in the formation of ABS
To explore potential applications of the CILs characterized in
this work, their potential to form ABS with salts was evaluated.
More speciﬁcally, the ternary phase diagrams of ABS comprising
the CILs [N4444 ][D-Phe], [N4444 ][L-Phe], [N4444 ][L-Ala], [N4444 ][LArg], [N4444 ][L-Pro], [N4444 ][L-Val] and [N4444 ]2 [L-Glu] and the
salting-out agent Na2 SO4 were determined at 298 K and un8
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tetrabutylammonium than with cholinium as the cation under the
conditions studied. In general, it is well-documented that the more
hydrophobic the IL is, the higher the ability to induce ABS formation due to the lower aﬃnity for water and higher chances to be
salted-out from the aqueous medium. [43] Indeed, the tetrabutylammonium cation has four butyl side chains attached to the central heteroatom, unlike the cholinium cation, which includes a polar hydroxyl group at the ethyl side chain and three methyl chains
(cf. Table 2). These results are in line with those obtained by Basaiahgari et al. [80], where tetrabutylammonium-amino acid CILs had
a better ability to form ABS than cholinium-amino acid CILs. Even
though it was not possible to form ABS with the cholinium-based
CILs, in the works of Sun et al. [39] and Wang et al. [81] a range of
CILs with cholinium as cation and amino acids as anions, namely
[L-Ala], [L-Pro], [L-Phe], [L-Cys], [L-His], [L-Val] and [L-Met], were
able to form an ABS with K3 PO4 and/or K2 CO3 . Altogether, these
results suggest that the choice of the salting-out agent is preponderant in the formation of ABS. [81,82]
The impact of the amino-acid-based anions on the ability of
CILs to induce phase separation is shown in Fig. 5 and can
be translated by the following increasing order (considering the
binodal curves point where [CIL] = [Na2 SO4 ]): [N4444 ][L-Ala]
≈ [N4444 ][L-Arg] < [N4444 ][L-Pro] ≈ [N4444 ][L-Val] < [N4444 ][DPhe] ≈ [N4444 ][L-Phe] < [N4444 ]2 [L-Glu]. Since all CILs share the
tetrabutylammonium cation, the different hydrophobicity of each
amino acid governs the liquid-liquid demixing ability. This is supported by their octanol-water partition coeﬃcients logarithmic
function (logKOW ), which is in good agreement with previous studies: [43,83] L-arginine (logKOW = -3.92) < L-alanine (logKOW = 2.99) < L-proline (logKOW = -2.15) ≈ L-valine (logKOW = -2.08) <
L/D-phenylalanine (logKOW = -1.28). [57] However, [N4444 ]2 [L-Glu]
holds one of the most hydrophilic anions studied (logKOW = -3.83),
[57] but it is the most effective CIL, representing an exception to
this trend. The enhanced aptitude of [N4444 ]2 [L-Glu] to form ABS
seems to be a result of the presence of two hydrophobic tetrabutylammonium cations in its structure. Although L-alanine and Larginine have signiﬁcantly different logKOW values (-2.99 and -3.92,
respectively), the binodal curves of [N4444 ][L-Ala] and [N4444 ][LArg] unexpectedly overlap. Additionally, the role of optical isomerism ([L-Phe] vs. [D-Phe]) on ABS formation was shown to be
negligible, which is in good agreement with ﬁndings for structural
isomers. [51,84]
Since the CIL anion had a small impact on the binodal curves
with Na2 SO4 as a salting-out agent, only representative CILs,
namely [N4444 ][L-Phe], [N4444 ][L-Ala] and [N4444 ]2 [L-Glu], were selected to prepare additional ABS using citrate (K3 C6 H5 O7 /C6 H8 O7 )
and phosphate (KH2 PO4 /K2 HPO4 ) buffers. Phosphate and citrate
buffers were selected since these are widely used in the development of ABS due to their enhanced biocompatibility and capacity
to assure the pH of the system. [85] To facilitate the assessment
of the effect of the salt in the ABS formation, the binodal curves
for the systems comprising [N4444 ]2 [L-Glu] as a ﬁxed IL and the
salt or buffers are compiled in Fig. 6, while the remaining sets of
data are provided in Figure S1 and S2 in the Supporting Information. The salts ability to form biphasic systems increases as follows
(considering the binodal curves point where [CIL] = [salt]): citrate buffer < phosphate buffer < Na2 SO4 . This tendency was also
observed for [N4444 ][L-Phe] and [N4444 ][L-Ala]. No direct comparison of the data is allowed owing to the distinct constitution of
the salt and both buffers; still, it is possible to assume that these
results are in agreement with the Hofmeister series. [86,87] According to the Hofmeister series, the relative aptitude of the salt
anions to induce ABS formation should be as follows: C6 H5 O7 3− >
HPO4 2− > SO4 2− > H2 PO4 − . However, Na2 SO4 appears here as a
stronger salting-out agent than either of the buffers. The enlargement of the biphasic region in the case of the systems contain-

Fig. 5. Binodal curves for the systems composed of CIL + Na2 SO4 + H2 O at (298
± 1) K and atmospheric pressure (0.1 ± 0.01 MPa): [N4444 ]2 [L-Glu] (purple ),
[N4444 ][D-Phe] (green ), [N4444 ][L-Phe] (black +), [N4444 ][L-Val] (blue ♦), [N4444 ][LPro] (orange ●), [N4444 ][L-Ala] (pink –), [N4444 ][L-Arg] (brown ∗ ), and the dotted
black line represents [CIL] = [Na2 SO4 ] and it is a guide to the eye.

Fig.
6. Binodal
curves
for
the
systems
composed
of
[N4444 ]2 [LGlu] + salt/buffer + H2 O at (298 ± 1) K and atmospheric pressure (0.1 ±
0.01 MPa): Na2 SO4 (purple ), KH2 PO4 /K2 HPO4 (blue ) or K3 C6 H5 O7 /C6 H8 O7
(orange ). The dotted black line represents [CIL] = [salt/buffer] and it is a guide
to the eye.

der atmospheric pressure. The three cholinium-based CILs under
study (e.g., [N1112(OH) ][D-Phe], [N1112(OH) ][L-Phe] and [N1112(OH) ]2 [LGlu]) failed at undergoing liquid-liquid demixing in the presence
of Na2 SO4 under the conditions tested. The CILs [N4444 ][L-Phe],
[N4444 ][L-Ala] and [N4444 ]2 [L-Glu] were combined with two other
salts, namely the citrate and phosphate buffers, for additional studies. The existence of ionic exchange in the systems was additionally evaluated by 1 H NMR for a set of systems with different salts
and with mono- and dicationic CILs. Ionic exchange in the systems
was found to be negligible and further details can be found in the
Supporting Information, Table S3. The obtained binodal curves are
depicted in Figs. 5 and 6 as well as in Figures S1 and S2 of the
Supporting Information, providing insights on the impact of the CIL
structure and the salt type on ABS formation. The binodal curves
are presented in molality units to eliminate the effects of different CILs and salts’ molecular weights in ABS formation. The biphasic region occurs above the delineated binodal curve, meaning that
systems that are closer to the axis origin possess a better ability to
form ABS. Further details regarding the phase diagrams determination and characterization (i.e., experimental weight fraction data,
Eq. 1 regression parameters) are provided in Supporting Information (Tables S4–S19).
Regarding the role of the CIL structure upon ABS formation, in
particular at the level of the cation, it is easier to form ABS with
9

Ana R.F. Carreira, S.N. Rocha, F.A. e Silva et al.

Fluid Phase Equilibria 542–543 (2021) 113091

ing Na2 SO4 can be attributed to the higher ability of Na+ than
K+ to induce two-phase formation [87] and the content of citric
acid and H2 PO4 − (less eﬃcient salting-out agents than SO4 2− ) in
the citrate (K3 C6 H5 O7 /C6 H8 O7 ) and phosphate (KH2 PO4 /K2 HPO4 )
buffer, respectively. Furthermore, the citric acid content in the citrate buffer is contributing to its weaker ability to form ABS as compared to phosphate buffer. This trend is in line with ﬁndings for
polymer/salt ABS. [88]
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4. Conclusion
This work characterizes ten CILs composed of tetrabutylammonium and cholinium cations and anions derived from amino
acids. CILs-based on amino acids were characterized regarding
their optical rotation, thermophysical properties and ecotoxic action over A. ﬁscheri. The data collected allowed to identify the
role played by the cation and anion structure as well as the effect of the D/L-conﬁguration in the aforementioned properties.
[N4444 ][L-Pro] displayed the highest optical rotation magnitude (33) and the replacement of tetrabutylammonium for cholinium affected the optical rotation of the [N4444 ]2 [L-Glu]/[N1112(OH) ]2 [L-Glu]
pair. The tested CILs-based on amino acids showed melting temperatures ranging from 227 to 396 K, being [N4444 ]2 [L-Glu] the
CIL with higher Tm and [N4444 ][L-Val] the CIL with lower Tm . All
tested CILs exhibit high thermal stability, at least up to 439 K.
The physical properties including density, viscosity, and refractive
index as a function of temperature were measured for [N4444 ][LVal], [N4444 ][L-Pro], [N1112(OH) ]2 [L-Glu] and [N1112(OH) ][D/L-Phe] at
atmospheric pressure and in the temperature ranging from 293
to 353 K. The obtained results suggest that the cation imposes
a pronounced effect on the density and viscosity of the CILs.
Overall, the synthesized CILs are non-hazardous substances (EC50
> 100 mg•L−1 ), with exception of [N4444 ][D-Phe], [N4444 ][L-Phe],
[N4444 ][L-Ala] and [N4444 ][L-Arg] which ﬁts into the category acute
3 (10 mg•L−1 < EC50 ≤ 100 mg•L−1 ). Finally, the CILs potential
to form ABS with Na2 SO4 , citrate buffer and phosphate buffer was
also ascertained to evaluate their potential for application in separations. Except for the cholinium-based CILs, all the other studied
CILs were suitable for ABS formation. The hydrophobicity of the
CIL’s cation and anion impacted the formation of the ABS. Among
the tested CILs, [N4444 ]2 [L-Glu] showed the highest aptitude to
form ABS while [N4444 ][L-Arg] had the weakest ability. Concerning
the salting-out agents, citrate buffer was the weakest one, followed
by phosphate buffer and Na2 SO4 . The obtained results contribute
to foster the understanding of the structure-property relationships
and to broaden the potential ﬁeld of applicability of CILs.
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Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ﬂuid.2021.113091.
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