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The pharmaceutically active form of an ionic liquid, cetylpyridinium salicylate ([CetPy][Sal]), was synthesized,
and the intermolecular interactions of [CetPy][Sal] with amino acids (glycine, L-alanine, L-valine, and L-
leucine) and glycylglycine (AAGG) in aqueous media were investigated by measuring the density, conductivity
and UV–visible spectra at different temperatures. The measured density data was used to compute the apparent
molar volume at infinite dilution, V2, φ0 , the hydration number, nH, the transfer volume, ΔtV

0, and the apparent
molar expansibility at infinite dilution, E ∅

o, of AAGG in aqueous [CetPy][Sal] solution. The measured electrical
conductivity was used to calculate the critical micelle concentration, cmc, and the relative thermodynamic quan-
tities for the micellization of [CetPy][Sal] in an AAGG solution, i.e. the changes in the Gibbs free energy, the en-
thalpy, and the entropy. The binding constants between [CetPy][Sal] and AAGG were derived from UV–vis
spectroscopic data. The aforementioned properties were analyzed in terms of the molecular interactions and
structural changes existing in the studied ternary solutions of (AAGG +[CetPy][Sal]+water).

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Numerous researchers worldwide are intensively studying ionic liq-
uids in pharmaceutically active forms (API-ILs). API-ILs are the third
generation ILs that can be easily synthesized by combining appropriate
active cations and anions. These ionic liquids exhibit improved charac-
teristics and biological activities [1,2] comparedwith the corresponding
prodrugs. For example, ionic liquids of ampicillin salts have potent anti-
proliferative effects against various tumor cell lines [3]. A methotrexate
(MTX) based API-IL produced with the proline ethyl ester exhibits the
desired in vitro antitumor activity and is more soluble than free MTX
and its sodium salt in both water and simulated body fluids [4]. M.
Goto et al. synthesized a new API-IL comprising N-methyl-2-
pyrrolidonium as a cation and ibuprofen as an anion. This API-IL has en-
hanced ability to penetrate skin and accumulate in the target tissues of
pig skin [5]. Some API-ILs have the applications in drug delivery [6].

Studying the intermolecular interactions between API-ILs and bio-
molecules is essential for modeling the performance and elucidating
the molecular mechanism of API-ILs [7]. Amino acids and dipeptides
are the basic structural entities of proteins. Studying the interactions
between these compounds and API-ILs can provide awealth of informa-
tion concerning solute-solvent and solute-cosolute interactions on pro-
tein. However, few such studies have been performed. Shekaari and
coworkers made a great contribution to this respect [8–13]. They devel-
oped the synthesis of six API-ILs using 1-butyl (1-hexyl or 1-octyl)-3-
methylimidazolium as cations and salicylate/ibuprofenate as anions,
and investigated the thermodynamic properties of aqueous solutions
of (API-ILs+amino acids), such as density, sound velocity, viscosity,
conductivity and refractive index. All these properties were analyzed
in the terms of the molecular interactions between API-ILs and amino
acids. In the present work, a new API-IL, cetylpyridinium salicylate
([CetPy][Sal]), was synthesized, and the interactions of [CetPy][Sal]
with selected amino acids and glycylglycine (AAGG) were studied by
volumetric, conductometric and UV–vis absorption spectroscopy
methods. [CetPy][Sal] has a high affinity for human serum and is effec-
tive as an antimicrobial pharmaceutical [14]. The experimentally mea-
sured densities were utilized to compute the apparent molar volume,
the apparent molar volume at infinite dilution, the transfer volume
and the hydration number. The measured conductivity was used to de-
termine the micellization conditions for aqueous [CetPy][Sal] with
added AAGG. A UV spectroscopy study of ternary systems was also car-
ried out. All the calculated quantities were analyzed in terms of the pos-
sible molecular interactions present in the ternary solutions. This

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2020.115258&domain=pdf
https://doi.org/10.1016/j.molliq.2020.115258
mailto:yanzzn@zzu.edu.cn
https://doi.org/10.1016/j.molliq.2020.115258
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/molliq


Table 1
Specification of the studied chemicals.

Chemical CAS No. Source Purity (mass fraction) Structure Purification method

Glycine 56–40-6 J&K Chemicals, China >0.99 Dried over P2O

L-alanine 56–41-7 J&K Chemicals, China >0.99 Dried over P2O

L-valine 72–18-4 J&K Chemicals, China >0.99 Dried over P2O

L-leucine 61–90-5 J&K Chemicals, China >0.99 Dried over P2O

Glycylglycine 556–50-3 Sigma-Aldrich, USA >0.99 Dried over P2O

CetPyCl·H2O 6004-24-6 Aladdin Chemicals, China 0.98 None
Sodium salicylate 54–21-7 J&K Chemicals, China 0.99 None
[Cetpy][Sal] Synthesized >0.96 Rotary/evaporator and vacuum

Dichloromethane 75–09-2 J&K Chemicals, China 0.999 None
Potassium chloride 7447-40-7 Sigma-Aldrich, USA 0.99999 Drying
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investigation provides useful data for exploring the pharmaceutical pro-
file and performance of API-ILs.

2. Experimental

2.1. Chemicals

A detailed description for the current materials is specified in
Table 1. The investigated amino acids and glycylglycine were vacuum
dried over P2O5 before use. The mixed solution was prepared with
fresh distilled and deionized water (conductance < 1 μS·cm−1).

2.2. Synthesis of [CetPy][Sal]

Cetylpyridinium salicylate was prepared according to the literature
method [15]. Typically, cetylpyridinium chloride (0.0112 mol) and so-
dium salicylate (0.0112 mol) were weighed separately and dissolved in
2

a 20 ml acetone and water (1:1) mixture. The reaction mixture was
stirred overnight at room temperature. The solution was then extracted
withdichloromethane, the organic phasewaswashedwithwater several
times, the remainingwater in the organic phasewas removedwith anhy-
drousmagnesiumsulfate, and theorganic solventwas removedby rotary
evaporation after filtration. The obtained sample was dried under vac-
uumat 80 °C to obtain thefinal product (awhitewaxy solid). The synthe-
sized [CetPy][Sal] was characterized by 1H and 13C NMR (Bruker DPX,
400 MHz), and the NMR spectra are shown in Fig. S1 in the Supplemen-
tary Material. The water content for [CetPy][Sal] was about 510 ppm, as
determined using a Karl–Fischer titrator (Metrohm 815). The structure
of [CetPy][Sal] is graphically depicted in Table 1.
2.3. Apparatus and methods

A Sartorius BP 211D analytical balance was used to weigh the sam-
ples to a precision of ± 0.01 mg. The standard uncertainty in the
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molality of the solution is u(m) = 2.0×10−4 mol·kg−1. We utilized a
vibrating-tube digital densimeter (Anton Paar DMA 4500 M) to mea-
sure the density of the solutions at temperatures from 293.15 to
308.15 K. The precision in density is 1.0×10−5 g·cm−3. Before each se-
ries of measurements wasmade, the densimeter was calibrated accord-
ing to the instructions in the instrument manual by using doubly
distilled deionized water and dry air in the investigated temperature
range. The instrument was automatically thermostatted within
±0.01 K using the built-in Peltier technique. Triplicate measurements
of each data point were done to obtain the average density. Uncertainty
calculations were carried out following the procedure described in
JCGM100: 2008 [16]. Taking into account the purity of the materials
and the uncertainty of the instrument, the combined expanded uncer-
tainty in the density was estimated to be u(ρ) = 2.8×10−4 g·cm−3.

The conductivity of the ternary mixtures was obtained by utilizing a
Thermo Orion digital conductivity meter (145A+) in the temperature
range of 293.15–313.15 K. The instrumentalmeasurement has a relative
uncertainty of ± 3%. Prior to performing the experimental measure-
ments, the conductivity cell was calibrated by alignment in a standard
KCl solution. A DC-2006 circulated water thermostat manufactured by
Hengping Shanghai Ltd. was used to sustain the temperature within
±0.02 K.

The UV–vis absorbance of sample solutions containing different
[CetPy][Sal] concentrations and 1.0×10−4 mol·kg−1 AAGG was mea-
sured at room temperature. The absorbance data was collected on a
UV–vis spectrometer (Lambda 365, PerkinElmer) at wavelengths of
190 to 350 nm using a 1 cm silica cuvette.

3. Results and discussion

3.1. Volumetric properties of amino acids and glycylglycine

3.1.1. Apparent molar volumes at infinite dilution and hydration number
The experimentally measured densities (ρ) of different AAGG con-

centrations in 0.005 and 0.010 mol·kg−1 [CetPy][Sal] solutions are pre-
sented in Table S1 of the SupplementaryMaterial. Fig. 1a shows that the
ρ values become large with the increased concentrations of [CetPy][Sal]
in the solutions, which implies the presence of interactions between
AAGG and [CetPy][Sal]. These interactions will result in the molecular
Fig. 1. (a) Density data of glycine in (■) 0.005 mol·kg−1 and (▲) 0.010 mol·kg−1 [CetPy][Sal]
[CetPy][Sal] solution vs. molality of glycine at (■) 293.15 K, (●) 298.15 K, (▲) 303.15 K and (▼

3

structure of solute and [CetPy][Sal] getting more close [17]. Fig. 1a and
b clearly show that density increases with the AAGG concentration.
This trend reflects structural enhancement in water in the presence of
biomolecules. In addition, ρ decreases with the ascension of tempera-
ture. This phenomenon implies that the kinetic energy of themolecules
is strengthened with temperature.

Using the obtained ρ values of the ternarymixtures, apparent molar
volumes of AAGG have been derived first based on Eq. (1) [18]:

V2,φ ¼ M=ρ−1000 ρ−ρ0ð Þ= mρρ0ð Þ ð1Þ

The symbol ρo stands for the densities of ([CetPy][Sal] + water)
mixed solvent, and m and M denote the molality and molar mass of
AAGG, respectively. Table S1 presents the resulting values of V2,φ. The
results clearly show that V2,φ value increases with temperature.

The apparent molar volume at infinite dilution, V2, φ0 was computed
from the least squares fit given by Eq. (2) [19]:

V2,φ ¼ V0
2,φ þ SV ∙m ð2Þ

Here, SV is the slope of the regressed equation. The linear relation-
ship of V2,φ vs.m for glycine/glycylglycine in a 0.005 mol·kg−1 aqueous
[CetPy][Sal] solution is plotted in Fig. 2 as an example. The evaluated
V2,φ
0 and the corresponding standard deviation are presented in

Table 2. The V2, φ
0 values of AAGG in [CetPy][Sal] aqueous solution in-

crease with the [CetPy][Sal] concentration and temperature. This trend
implies the dehydration of amino acids and glycylglycine, indicating en-
hanced solute-solvent interactions. Furthermore, the V2, φ

0 values de-
crease in the following order: leucine > valine > alanine > glycine.
This behavior is attributed to the increasingmolar mass and hydropho-
bicity of the amino acids. The [CetPy][Sal]-amino acid interactions are
enhanced by the longer alkyl side chain of the amino acids.

The hydration behavior of AAGG in [CetPy][Sal]+water mixtures
was further analyzed by calculating the hydration number nH using
Millero's method [20], as described in the Supplementary Material.
Table 3 and Fig. 3 show that the nHvalues decrease with increased
[CetPy][Sal] molarity and temperature. This result confirms that
[CetPy][Sal] and high temperature result in the dehydration of the
solutions vs. molality of glycine at 298.15 K; (b) Density data of glycine in 0.010mol·kg−1

) 308.15 K.



Fig. 2. Apparent molar volumes vs. molality of (a) glycine and (b) glycylglycine in aqueous 0.005 mol·kg−1 [CetPy][Sal] solutions at (■) 293.15 K, (●) 298.15 K, (▲)303.15 K and (▼)
308.15 K.

Table 2
Apparent molar volume at infinite dilution, V2, φ0 of AAGG in aqueous [CetPy][Sal] solution
at different temperatures and pressure p = 101 kPa.a

V2, φ
0 /(cm3·mol−1)

293.15 K 298.15 K 303.15 K 308.15 K

0.005 mol·kg−1 [CetPy][Sal]
glycine 42.28±0.01 42.68±0.02 43.14±0.02 43.62±0.01
L-alanine 59.34±0.01 59.76±0.01 60.11±0.02 60.58±0.01
L-valine 89.93±0.01 90.30±0.01 90.69±0.02 91.07±0.01
L-leucine 106.31±0.02 106.89±0.01 107.32±0.02 107.99±0.01
glycylglycine 75.38±0.03 75.92±0.03 76.47±0.01 77.08±0.01
0.010 mol·kg−1 [CetPy][Sal]
glycine 42.36±0.01 42.74±0.02 43.31±0.02 43.75±0.01
L-alanine 59.59±0.02 60.01±0.01 60.39±0.01 60.85±0.01
L-valine 89.95±0.01 90.46±0.03 90.83±0.01 91.32±0.01
L-leucine 106.51±0.01 107.09±0.03 107.62±0.01 108.30±0.01
glycylglycine 75.55±0.01 75.96±0.02 76.55±0.01 77.12±0.01

a Standard uncertainties u are: u(T) = 0.01 K, u(p) = 5 kPa.

Table 3
Values of hydration number, nH nHof AAGG in aqueous [CetPy][Sal] solution at different
temperatures and pressure p = 101 kPa.a

nH

293.15 K 298.15 K 303.15 K 308.15 K

0.005 mol·kg−1 [CetPy][Sal]
glycine 9.40 8.71 7.64 6.95
L-alanine 3.49 3.15 2.72 2.39
L-valine 4.91 4.50 3.91 3.52
L-leucine 1.84 1.55 1.27 1.00
glycylglycine 6.36 5.81 5.03 4.50
0.010 mol·kg−1 [CetPy][Sal]
glycine 9.37 8.69 7.59 6.91
L-alanine 3.41 3.08 2.64 2.33
L-valine 4.91 4.45 3.87 3.46
L-leucine 1.77 1.49 1.19 0.93
glycylglycine 6.30 5.80 5.01 4.49

a Standard uncertainties u are: u(T) = 0.01 K, u(p) = 5 kPa.
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amino acids/glycylglycine, which further supports the conclusions
drawn from the V2, φ

0 values.

3.1.2. Transfer volume
The transfer volume, ΔtV

0, from water to the aqueous [CetPy][Sal]
solutions was computed as follows:
4

ΔtV
0 ¼ V0

2,φ aqueous CetPy½ � Sal½ �ð Þ−V0
2,φ pure waterð Þ ð3Þ

The values of V2, φ0 (pure water) for AAGGwere taken from the liter-
ature [21–23]. The estimated ΔtV

0 values are listed in Table 4. The ΔtV
0

values are negative and increase with the enhancing temperature and
concentration of [CetPy][Sal]. This effect has also been observed for
amino acids in many ionic liquid solutions, such as [Emim][Br] [24], 3-
HPAF ionic liquid [25], [Phpi][BF4] [26], [Emim][HSO4] [27], and
[Bmim][BF4] [28] solutions. The cosphere overlap model [29] can be
used to explain the above mentioned effect. The following interactions
may occur between AAGG and [CetPy][Sal]:

(a) ionic-polar group interactions between ions of [CetPy][Sal] and
polar groups ((NH3

+,COO−) and (CH2CONH)) of AAGG;
(b) ionic-apolar group interactions between ions of [CetPy][Sal] and

hydrophobic side chains of AAGG as well as between charged
groups of AAGG and hydrophobic side chains of [CetPy][Sal]; and.

(c) apolar-apolar group interactions between hydrophobic groups of
[CetPy][Sal] and hydrophobic side chains of AAGG.

In accordance with the cosphere overlap model [29], the negative
ΔtV

0 values are indicative of potent interactions (b) and (c). Apolar-
apolar group interactions can be heightened by the interactions of
alkyl groups in AAGG with the large hydrophobic aliphatic chain in
[CetPy][Sal]. Furthermore, the ΔtV

0 values become less negative as the
molality of [CetPy][Sal] increases, implying the enhancement of ionic-
polar group interactions.

3.1.3. Apparent molar expansibility at infinite dilution
The results presented above show that the V2, φ

0 values are sensitive
to temperature. This temperature dependence can be represented as

V0
2,φ ¼ v1 þ v2 T−273:15ð Þ þ v3 T−273:15ð Þ2 ð4Þ

where v1, v2 and v3 are the parameters. The temperature derivative
of Eq. (4) gives the apparent molar expansibility at infinite dilution, E∅o :

Eo∅ ¼ ∂V0
2,φ=∂T

� �
p
¼ v2 þ 2v3 T−273:15ð Þ ð5Þ

Eq. (5) can also be utilized to compute (∂E∅o /∂T) p, which reflects the
structure-forming or structure-breaking features of amino acids/
glycylglycine [30].



Fig. 3. Hydration number nH of alanine (a) and leucine (b) vs. temperature in aqueous (■) 0.005 mol·kg−1 and (●) 0.010 mol·kg−1 [CetPy][Sal] solutions.

Table 4
Transfer volumes,ΔtV

0 of AAGG in aqueous [CetPy][Sal] solution at different temperatures
and pressure p = 101 kPa.a

ΔtV
0 (cm3·mol−1)

293.15 K 298.15 K 303.15 K 308.15 K

0.005 mol·kg−1 [CetPy][Sal]
glycine −0.62 −0.56 −0.52 −0.26
L-alanine −0.63 −0.60 −0.58 −0.39
L-valine −0.61 −0.57 −0.53 −0.41
L-leucine −0.82 −0.80 −0.75 −0.40
glycylglycine −0.41 −0.24 −0.18 −0.11
0.010 mol·kg−1 [CetPy][Sal]
glycine −0.54 −0.50 −0.36 −0.13
L-alanine −0.38 −0.35 −0.30 −0.12
L-valine −0.59 −0.41 −0.39 −0.16
L-leucine −0.62 −0.60 −0.45 −0.09
glycylglycine −0.24 −0.20 −0.10 −0.07

a Standard uncertainties u are: u(T) = 0.01 K, u(p) = 5 kPa.

Table 5
Partialmolar expansibility at infinite dilution, E∅0 and (∂E∅0 /∂T)p values of AAGG in aqueous
[CetPy][Sal] solutions.a

E∅
0 /(cm3·mol−1·K−1) (∂E∅0 /∂T)p/

(cm3·mol−1·K−2)
293.15 K 298.15 K 303.15 K 308.15 K

0.005 mol·kg−1 [CetPy][Sal]
glycine 0.0776 0.0856 0.0936 0.1016 0.0016
L-alanine 0.0739 0.0789 0.0839 0.0889 0.0010
L-valine 0.0747 0.0757 0.0767 0.0777 0.0008
L-leucine 0.0959 0.1049 0.1139 0.1229 0.0018
glycylglycine 0.1025 0.1095 0.1165 0.1235 0.0014
0.010 mol·kg−1 [CetPy][Sal]
glycine 0.0858 0.0918 0.0978 0.1038 0.0012
L-alanine 0.0772 0.0812 0.0852 0.0892 0.0008
L-valine 0.0848 0.0888 0.0928 0.0918 0.0008
L-leucine 0.1030 0.1130 0.1230 0.1330 0.0020
glycylglycine 0.0820 0.0980 0.1140 0.1300 0.0032

a Standard uncertainties u are: u(T) = 0.01 K, u(p) = 5 kPa.
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∂Eo∅=∂T
� �

p ¼ ∂2V0
2,φ=∂T

2
� �

p
¼ 2v3 ð6Þ

The calculated E∅
o and (∂E∅o /∂T) p values are reported in Table 5.

Note that the E∅
o values are all positive. This phenomenon implies

the presence of interactions between the solute and solvent. Further-
more, increasing the temperature and molarity of [CetPy][Sal] causes
E∅
o to increase (Table 5), corresponding to the easier release of

electrostricted water from loose hydration layers of small biomole-
cules and a subsequent expansion in volume. The positive sign of
(∂E∅o /∂T) p indicates the structure-forming behavior of AAGG in the in-
vestigated cases [30].
3.2. Conductivity properties

3.2.1. Critical micelle concentration of [CetPy][Sal]
The long alkyl chains in [CetPy][Sal] enable the formation of micellar

aggregates in pure water and (AAGG+water) systems. The conductiv-
ity was measured to analyze the micellization conditions for [CetPy]
[Sal]. Themeasured conductance (Table S2)was used in Eq. (7) to calcu-
late the critical micelle concentration (cmc) [31,32]:
5

f cð Þ ¼ f 0ð Þ þ S1cþ Δc S2−S1ð Þ ln 1þ e c−c0ð Þ=Δc

1þ e−c=Δc

� �
ð7Þ

where f(0) is the conductivity at the [CetPy][Sal] concentration c=0, S1
and S2 are the slopes for the lower and upper cmc values, respectively.
Δc is thewidth of a sudden transition in f(c). c0 is [CetPy][Sal] concentra-
tion at themidpoint of the transition,which corresponds to the cmc. The
obtained cmc is shown in Table 6. Saraiva et al. [33] measured the cmc
value of [CetPy][Sal] in water using fluorescence assay at room temper-
ature. There is no significant deviation between our cmc value in water
and the literature value of 0.19mmol.dm−3. The calculated cmc inwater
is much smaller than that of cetylpyridinium chloride, 0.99 mmol·kg−1

[15]. This fact is not surprising because salicylate anion has been re-
ported to promotes the micellization of some cationic surfactants
[14,33,34]. This behavior is mainly attributed to -OH group being lo-
cated at the ortho-position in [Sal]−. The strong hydrophobicity of
[Sal]− relative to Cl− also contributes to this behavior.

The influence of the concentration of AAGG and temperature on
the cmc values of [CetPy][Sal] is shown in Fig. 4. The cmc increases
with temperature. This phenomenon could be attributed to the defor-
mation of the water structure under intensified molecular motion
[35]. Fig. 4 also shows that the cmc decreases upon AAGG addition.
These results indicate that the addition of small biomolecules to an
aqueous solution promotes the micellization of [CetPy][Sal]. This



Table 6
Various micellization and thermodynamic parameters of [CetPy][Sal] in AAGG-water mixed media at different temperatures a.

m/(mol·kg−1) T/K cmc/(mmol·dm−3) α ΔGm
0 /(kJ·mol−1) ΔHm

0 /(kJ·mol−1) ΔSm0 /(J·mol−1·K) ΔΔGm
0 /(kJ·mol−1)

water
0.00 293.15 0.15 0.7466 −39.17 −11.82 93.29

298.15 0.16 0.7181 −40.54 −11.85 96.24
303.15 0.17 0.7150 −41.12 −11.59 97.41
308.15 0.18 0.6798 −42.75 −11.58 101.16
313.15 0.19 0.6781 −43.32 −11.22 102.49

glycine + water
0.05 293.15 0.14 0.5832 −44.52 −14.71 101.70 −5.35

298.15 0.15 0.5734 −45.35 −16.02 98.36 −4.81
303.15 0.16 0.5582 −46.36 −17.48 95.29 −5.24
308.15 0.18 0.5770 −46.08 −18.57 89.28 −3.33
313.15 0.19 0.5557 −47.33 −20.25 86.46 −4.01

0.10 293.15 0.13 0.5571 −45.60 −15.67 102.12 −6.43
298.15 0.14 0.5570 −46.12 −15.25 103.54 −5.58
303.15 0.15 0.5718 −46.16 −14.62 104.04 −5.04
308.15 0.16 0.5616 −47.02 −14.20 106.52 −4.27
313.15 0.17 0.5832 −46.84 −13.40 106.78 −3.52

L-alanine + water
0.05 293.15 0.13 0.5729 −45.10 −15.49 100.99 −5.93

298.15 0.14 0.5783 −45.43 −15.02 102.00 −4.89
303.15 0.15 0.5655 −46.36 −14.69 104.49 −5.24
308.15 0.16 0.5562 −47.19 −14.25 106.91 −4.44
313.15 0.17 0.5805 −46.93 −13.43 106.98 −3.61

0.10 293.15 0.12 0.5636 −45.68 −16.87 98.27 −6.51
298.15 0.13 0.5614 −46.24 −16.38 100.16 −5.70
303.15 0.14 0.5597 −46.80 −15.82 102.21 −5.68
308.15 0.15 0.5677 −47.06 −15.09 103.75 −4.31
313.15 0.16 0.5970 −46.61 −14.08 103.87 −3.29

L-valine + water
0.05 293.15 0.12 0.5565 −45.90 −16.95 98.74 −6.73

298.15 0.13 0.5632 −46.18 −16.36 100.02 −5.64
303.15 0.14 0.5590 −46.82 −15.83 102.25 −5.70
308.15 0.15 0.5776 −46.73 −14.98 103.03 −3.98
313.15 0.16 0.5800 −47.17 −14.25 105.12 −3.85

0.10 293.15 0.11 0.6186 −44.22 −17.66 90.61 −5.05
298.15 0.12 0.5995 −45.30 −17.28 93.97 −4.76
303.15 0.13 0.6141 −45.30 −16.41 95.30 −4.18
308.15 0.14 0.5412 −48.19 −16.46 102.95 −5.44
313.15 0.15 0.5529 −48.32 −15.45 104.96 −5.00

L-leucine + water
0.05 293.15 0.11 0.5589 −46.13 −18.42 94.51 −6.96

298.15 0.12 0.5667 −46.35 −17.68 96.16 −5.81
303.15 0.13 0.5703 −46.72 −16.92 98.29 −5.60
308.15 0.14 0.5501 −47.89 −16.36 102.32 −5.14
313.15 0.15 0.5922 −47.00 −15.03 102.09 −3.68

0.10 293.15 0.10 0.5503 −46.74 −20.33 90.12 −7.57
298.15 0.11 0.5321 −47.79 −19.76 94.02 −7.25
303.15 0.12 0.5488 −47.72 −18.63 95.96 −6.60
308.15 0.13 0.5458 −48.31 −17.67 99.43 −5.56
313.15 0.14 0.5400 −49.01 −16.64 103.36 −5.69

glycylglycine + water
0.05 293.15 0.10 0.5956 −45.28 −19.69 87.29 −6.11

298.15 0.11 0.5726 −46.47 −19.21 91.42 −5.93
303.15 0.12 0.5869 −46.47 −18.14 93.44 −5.35
308.15 0.13 0.5639 −47.70 −17.45 98.18 −4.95
313.15 0.14 0.5538 −48.54 −16.48 102.38 −5.22

0.10 293.15 0.08 0.5313 −48.15 −19.28 98.49 −8.98
298.15 0.09 0.5242 −48.78 −22.80 87.14 −8.24
303.15 0.10 0.5532 −48.24 −25.90 73.68 −7.12
308.15 0.11 0.5076 −50.22 −30.59 63.70 −7.47
313.15 0.13 0.4768 −51.42 −35.38 51.23 −8.10

a m is themolality of AAGG inwater. Standard uncertainties u are u(T)= 0.02 K, u(P)=5 kPa, u(m)= 0.0002mol∙kg−1, u(cmc)= (0.003–0.008)mol·dm−3, u(ΔGm
0 )= 0.02 kJ·mol−1,

u(ΔHm
0 ) = 0.06 kJ·mol−1, u(ΔSm0 ) = 0.1 J·mol−1·K, u(ΔΔGm

0 ) = 0.03 kJ·mol−1.
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behavior may be attributed to the electrostatic attraction between
polar groups of AAGG and the cationic [CetPy]+ of API-IL, which de-
creases the electrostatic repulsive forces between the charged heads
of [CetPy]+. Consequently, micellization is promoted, and the counter-
ions are liberated from the aggregate. The length of the alkyl chain of
AAGG also affects the cmc. The cmc increases in the order:
6

glycylglycine < leucine < valine < alanine < glycine < water. This re-
sult has been previously reported in the literature [36–39]. This de-
crease in the cmc upon AAGG addition is due to the breaking of the
hydration film of [CetPy][Sal] because of the interactions between
AAGG and [CetPy][Sal]. The entropy value of the studied system in-
creases, and hence, micelles can easily form.



Fig. 4. Variation in critical micelle concentration of [CetPy][Sal] in water (■) and aqueous alanine (a) and glycylglycine (b) solutions with temperature and molality of alanine and
glycylglycine: (●) 0.05 mol·kg−1, (▲) 0.10 mol·kg−1.
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3.2.2. Thermodynamics of [CetPy][Sal] micellization
Standard thermodynamic quantities of micellization were com-

puted using the following relations based on the mass action model:

ΔG0
m ¼ 2−αð Þ RT lnXcmc ð8Þ

ΔH0
m ¼ − 2−αð Þ RT2 d lnXcmc=dT ð9Þ

ΔS0m ¼ ΔH0
m−ΔG0

m

� �
=T ð10Þ

whereΔGm
0 ,ΔHm

0 andΔSm0 are changes in the standardGibbs free energy,
the enthalpy, and the entropy for micellization, respectively. The cmc
appears as amolecular fraction (Xcmc). The term (dlnXcmc/dT) can be ob-
tained using the following second-degree polynomial equation:

lnXcmc ¼ k1 þ k2Tþ k3T
2 ð11Þ

The calculated thermodynamic quantities are presented in Table 6.
In all the studied cases, ΔGm

0 value is negative. The negative ΔGm
0 indi-

cates that the aggregation process is spontaneous. To further explore
the impact of AAGG addition on the micellization of [CetPy][Sal], the
Gibbs free energy of transfer, ΔΔGm

0 =ΔGm
0 (in a mixed solvent) -ΔGm

0

(in water), was calculated. The gotten results in Table 6 show that
ΔΔGm

0 values in the aqueous AAGG solution are negative. This result im-
plies that the micelle formations are more favorable in the presence of
the AAGG than in water. More negative ΔGm

0 values signify that the de-
hydration of [CetPy][Sal] occurs at high temperatures, which is a major
driver for the formation of micelles [40]. The negative value of ΔHm

0

shows that micelle formation is exothermic. Micellization becomes
more exothermic in the presence of biomolecules in aqueous solution.
The large positive ΔSm0 values state that the micellization process is
entropy-driven, that is, the transfer of the hydrophobic group from the
solvent to the micellar interior provides the driving force for the
[CetPy][Sal] micellization. The negative ΔHm

0 and positive ΔSm0 values
show that electrostatic interactions play an important role, in addition
to hydrophobic interactions, in micelle formation [41].

3.3. UV–vis spectroscopy

To elucidate the intermolecular interactions in the studied systems,
UV–vis absorption measurements were performed in the mixed solu-
tions with a fixed AAGG concentration of 1.0×10−4 mol·kg−1. Fig. S2
7

illustrates the absence of an absorption peak in the 190–350 nm range
in the amino acid solutions, whereas strong absorption peaks appear
at ~190 nm for the glycylglycine solutions. In the presence of [CetPy]
[Sal], three absorbances were observed at approximately 200, 260 and
295 nm. In the UV absorption spectra, the absorbance increases and
the UV absorption at 200 nm is shifted to higher wavelengths as the
[CetPy][Sal] concentration increases. These changes are indications of
significant AAGG-[CetPy][Sal] interactions. The UV absorption data at
200 nm was used with the Scott equation to calculate the binding con-
stant (Kb) between AAGG and [CetPy][Sal] [42].

CDCml
ΔA

¼ Cm

εm−ε0
þ 1

εm−ε0ð ÞKb
ð12Þ

HereΔA and (εm-ε0) are the differences in the absorbance andmolar
extinction coefficient, respectively, with and without [CetPy][Sal]. Cm
and CD are the concentrations of [CetPy][Sal] and AAGG, respectively,
and CD is 1.0×10−4 mol·kg−1. The Kb value is evaluated from the ratio
of the intercept to the slope of the straight lines of (CDCml/ΔA) against
Cm as shown in Fig. S3. The Kb values for the association of [CetPy]
[Sal]-AAGG (glycine, alanine, valine, leucine, and glycylglycine) are
3472, 3537, 3934, 4474 and 4530 m3·mol−1, respectively. These Kb

values show that increasing the side-chain length of an amino acids in-
creases the binding appetency of the amino acid towards [CetPy][Sal].
The order of the strength of the AAGGand [CetPy][Sal] interactions is at-
tributed to the difference in the hydrophobicities of the corresponding
alkyl chains. This result agreeswith the results of the volumetric studies.

4. Conclusions

A pharmaceutically active ionic liquid [CetPy][Sal] was synthesized
and the volumetric, conductometric and UV–vis spectra properties
were determined for ternary aqueous solutions containing [CetPy][Sal]
and amino acids/glycylglycine (AAGG). The experimental data was
used to calculate several parameters, such as the apparent molar vol-
ume at infinite dilution, the hydration number, the transfer volume,
the apparentmolar expansibility at infinite dilution of AAGG, the critical
micelle concentration, relative thermodynamic properties of [CetPy]
[Sal] and the binding constant between AAGG and [CetPy][Sal]. These
thermodynamic properties dependupon the temperature, composition,
and size of the AAGG alkyl chain. The hydrophilic-hydrophobic and
hydrophobic-hydrophobic interactions between AAGG and [CetPy]
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[Sal] increase with the cosolute concentration. The presence of [CetPy]
[Sal] and high temperature result in the dehydration effect on AAGG.
The increase in alkyl chain length of AAGG enhances solute-solvent in-
teractions in the present ternary solutions. The critical micelle concen-
trations of [CetPy][Sal] increase with temperature and decrease with
the addition AAGG. The micellization process is spontaneous and exo-
thermic. Both hydrophobic interactions and electrostatic interactions
play an important role in the formation of micelle process.
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