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,2,4-triazolium acetyl amino acid
ionic liquids: preparation and characterization of
physicochemical properties

Kunhao Liang, ab Jie Meng,a Jing Qiao,*ab Lanju Liang,*a Dawei Fang b

and Haiyun Yao*a

In order to address certain performance limitations of imidazolium amino acid ionic liquids, three novel 1-

ethyl-4-butyl-1,2,4-triazolium acetyl amino acid ionic liquids, namely [Taz(2,4)][Acgly], [Taz(2,4)][Acala], and

[Taz(2,4)][Accys] were synthesized and characterized in this work. Firstly, based on experimentally

determined refractive indices and previously reported data including density, surface tension, viscosity, and

heat capacity, the polarization properties, surface properties, and volumetric properties were calculated.

Special emphasis was placed on elucidating the influence of acetyl amino acid anion structure on the

physicochemical properties of these ionic liquids. Subsequently, by integrating molar surface Gibbs energy

with the Lorentz–Lorenz relation, we established a predictive equation for surface tension, which

demonstrated excellent agreement with experimental values. Analysis using the polarity coefficient

equation revealed that the polarity of the ionic liquids decreases with increasing anion side-chain length,

corresponding to enhanced hydrophobicity. Finally, the Eyring viscosity equation and thermodynamic

formulas were employed to derive a computational expression for viscous flow activation energy, yielding

results consistent with those obtained from the Arrhenius equation. Current limited research on 1-ethyl-4-

butyl-1,2,4-triazolium acetyl amino acid ionic liquids necessitates combined experimental and semi-

empirical approaches to guide their functional design and industrial applications.
1. Introduction

Ionic liquids (ILs), recognized as green and designer solvents,
have garnered signicant attention and application across
various industries.1–5 While imidazolium cations are prevalent
in current ILs, their inherent drawback lies in the acidic C2

proton of the imidazolium ring. This acidity facilitates decom-
position under basic conditions via carbene formation, poten-
tially inducing side reactions.6 Substituting imidazolium with
triazolium cations—either 1,2,3-triazolium or 1,2,4-tri-
azolium—mitigates this instability.7–10 Given the hazardous
azides typically employed in synthesizing 1,2,3-triazole deriva-
tives, 1,2,4-triazolium is frequently the more suitable cationic
platform.11

Amino acids are oen employed as biocompatible anions to
impart specic functionality to ILs.12–16 A key limitation of
amino acid-based ILs, however, is their relatively low thermal
decomposition temperature compared to ILs with conventional
anions, hindering broader application. The corresponding
acetylated amino acids offer enhanced thermal stability and
zhuang University, Zaozhuang, Shandong

.com

ollege of Chemistry, Liaoning University,

the Royal Society of Chemistry
higher molar heat capacity compared to their amino acid
precursors.17 Consequently, this study focuses on the develop-
ment and characterization of novel, non-toxic ionic liquids
comprising 1-ethyl-4-butyl-1,2,4-triazolium cations paired with
acetyl amino acid anions. Investigation of their thermal prop-
erties aims to support practical utilization.18

Although our prior work has evaluated the feasibility of these
novel ILs as sustainable heat-transfer uids,19–24 their charac-
terization primarily focused on key properties for thermal
applications, such as heat capacity, thermal conductivity, heat-
storage density, thermal stability, and heat-transfer coefficients/
areas in heat exchangers. Nevertheless, research on triazolium
acetyl amino acid ILs, particularly their fundamental physico-
chemical properties, remains far from exhaustive, given the vast
potential for novel structural designs and applications. Industry
advancement necessitates such development, driving the
demand for robust methods to characterize physico-chemical
properties. Accurate prediction of IL behavior via semi-
empirical methods critically depends on this data.

Building upon prior work with ILs,24,25 the compounds
[Taz(2,4)][Acgly], [Taz(2,4)][Acala], and [Taz(2,4)][Accys] were
synthesized. Their refractive indices were experimentally
determined. Utilizing these refractive indices alongside estab-
lished literature data (density, surface tension, viscosity, heat
capacity),24 a range of thermophysical properties were
RSC Adv., 2025, 15, 38865–38875 | 38865
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Fig. 1 Synthesis of the novel ILs [Taz(2,4)][Acgly], [Taz(2,4)][Acala] and
[Taz(2,4)][Accys].
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computed. It is noteworthy that while numerous studies have
examined the impact of varying methylene chain lengths on
cations (e.g., imidazolium) on IL properties, analogous effects
on anions remain comparatively underexplored.26–29 Therefore,
this study not only addresses the fundamental research gap le
by the previous application-oriented work and advances the
quantitative understanding of the structure–property relation-
ships in this class of ILs, but also complements the funda-
mental database of ILs by offering new analytical tools and
design concepts.

2. Experimental
2.1 Reagents

The CAS number, purities and sources of the reagents are listed
in Table 1.

2.2 Preparation

In this study, the synthesis of ILs [Taz(2,4)][Acgly], [Taz(2,4)]
[Acala], andaz(2,4)][Accys] was accomplished through a four-
step procedure, as illustrated in Fig. 1. Firstly, a mixture of
1,2,4-triazole, methanol, and sodium methoxide was reacted
with bromoethane at 65 °C for 48 h to yield 1-ethyl-1,2,4-
triazole. Secondly, the intermediate 1-ethyl-1,2,4-triazole was
further reacted with bromopentane at 70 °C for 24 h to produce
the bromide-based IL precursor, [Taz(2,4)][Br]. Then, [Taz(2,4)]
[Br] was dissolved in distilled water and passed through a pre-
treated anion exchange column packed with Amberjet 4200-Cl
resin. The effluent was collected once it showed strong alka-
linity and the absence of bromide ions was conrmed by
AgNO3–HNO3 testing, yielding [Taz(2,4)][OH]. Finally, the
aqueous solution of [Taz(2,4)][OH] was reacted with an equi-
molar amount of N-acetyl-L-glycine/alanine/cysteine at room
temperature to obtain the target ILs. The products were
subsequently puried using organic solvents, including aceto-
nitrile and dichloromethane.

2.3 Characterization

The [Taz(2,4)][Acgly], [Taz(2,4)][Acala] and [Taz(2,4)][Accys] were
characterized by 1H-NMR spectroscopy, 13C-NMR spectroscopy,
Table 1 The CAS number, purity and source of the reagents

Reagent CAS Purity

Bromoethane 74-96-4 99%
Bromobutane 190-65-9 99%
1,2,4-Triazole 288-88-0 99%
N-Acetyl-glycine 543-24-8 99%
N-Acetyl-L-alanine 97-69-8 99%
N-Acetyl-L-cysteine 616-91-1 99%
Methanol 67-56-1 99%
Sodium methoxide 124-41-4 99%
Acetonitrile 75-05-8 99%
Dichloromethane 75-09-2 99%
Amberjet 4200-CL 60 177-39-1 Partic
Deionized water — —

38866 | RSC Adv., 2025, 15, 38865–38875
FT-IR spectroscopy and thermogravimetry (TG) (see Fig. S1–S12)
and the water content was determined by a Karl Fischer mois-
ture titrator (ZSD-2 type).

[Taz(2,4)][Acgly] was obtained as a light yellow transparent
liquid. 1H-NMR (DMSO-d6): dH = 10.59 (s, 1H), 9.32 (s, 1H), 7.55
(d, 1H), 4.44 (m, 2H), 4.26 (t, 2H), 3.43 (d, 2H), 1.84 (m, 5H), 1.49
(t, 3H), 1.32 (m, 2H), 0.93 (t, 3H). 13C-NMR (DMSO-d6): 172.03,
168.88, 144.91, 142.97, 47.22, 47.15, 43.34, 31.08, 22.71, 18.97,
13.79, 13.43. IR (500–4500 cm−1, KBr pellet): 3294, 2964, 2935,
2883, 1954, 1457, 1364, 1164, 776. According to the whole TG
curve, the sample initial decomposition temperature is about
453.16 K, and the mass fraction of water content is (0.00525 ±

0.0001). Thus, the purity of the [Taz(2,4)][Acgly] could be esti-
mated more than 99%.

[Taz(2,4)][Acala] was obtained as a light yellow transparent
liquid. 1H-NMR (DMSO-d6): dH = 10.61 (s, 1H), 9.32 (s, 1H), 7.59
(d, 1H), 4.44 (m, 2H), 4.29 (t, 2H), 3.88 (m, 1H), 1.82 (m, 5H),
1.49 (t, 3H), 1.29 (m, 2H), 1.16 (d, 3H), 0.93 (t, 3H). 13C-NMR
(DMSO-d6): 175.34, 168.05, 144.98, 143.15, 49.71, 47.21, 47.13,
31.12, 22.90, 19.04, 18.98, 13.80, 13.16. IR (500–4500 cm−1, KBr
pellet): 3400, 3274, 2966, 2930, 2877, 1651, 1594, 1454, 1398,
1164, 646. According to the whole TG curve, the sample initial
decomposition temperature is about 453.67 K, and the mass
fraction of water content is (0.00521 ± 0.0001). Thus, the purity
of the [Taz(2,4)][Acala] could be estimated more than 99%.

[Taz(2,4)][Accys] was obtained as a colorless transparent
liquid. 1H-NMR (DMSO-d6): dH = 10.59 (s, 1H), 9.32 (s, 1H), 7.58
(d, 1H), 4.42 (m, 2H), 4.27 (t, 2H), 4.01 (m, 1H), 2.78 (m, 3H),
1.82 (m, 5H), 1.47 (t, 3H), 1.32 (m, 2H), 0.91 (t, 3H). 13C-NMR
(DMSO-d6): 172.00, 168.87, 144.90, 142.98, 55.96, 47.25, 47.18,
Source

ShanghaiMacklin Biochemical Co.,Ltd
ShanghaiMacklin Biochemical Co.,Ltd
ShanghaiMacklin Biochemical Co.,Ltd
ShanghaiMacklin Biochemical Co.,Ltd
ShanghaiMacklin Biochemical Co.,Ltd
ShanghaiMacklin Biochemical Co.,Ltd
Tianjin Fuyu chemical Co.,Ltd
ShanghaiMacklin Biochemical Co.,Ltd
Tianjin Fuyu chemical Co.,Ltd
Tianjin Fuyu chemical Co.,Ltd

le size > 0.950 Sinopharm Chemical Reagent Co., Ltd
Manufactured by multiple distillation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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31.11, 27.14, 22.95, 19.01, 13.84, 13.47. IR (500–4500 cm−1, KBr
pellet): 3401, 3274, 2963, 2930, 2874, 1601, 1464, 1365, 1164,
776. According to the whole TG curve, the sample initial
decomposition temperature is about 452.26 K, and the mass
fraction of water content is (0.00344 ± 0.0001). Thus, the purity
of the [Taz(2,4)][Accys] could be estimated more than 99%.
2.4. Determination of refractive indexes

The refractive index (nD) was measured using a WZS-1 Abbe
refractometer with an accuracy of± 0.0002. The instrument was
coupled with a GDH-2008W high-precision low-temperature
thermostatic bath (DT = ± 0.02 K) to ensure temperature
stability during measurements. Prior to measurement, the
system was equilibrated at the target temperature for 30
minutes to achieve thermal stability. For hydrophilic ILs
[Taz(2,4)][Acgly], [Taz(2,4)][Acala], and [Taz(2,4)][Accys] that
readily form hydrogen bonds with water, the standard addition
method (SAM) was employed to eliminate interference from
residual water. Refractive index measurements were conducted
Table 2 Refractive index, nD, values of [Taz(2,4)][Acgly], [Taz(2,4)][Acala]
= (288.15–323.15) Ka

T/K 103 w2 = 5.25 103 w2 = 8.79 103 w2 = 11.76 103

[Taz(2,4)][Acgly]
288.15 1.4953 1.4949 1.4945 1.49
293.15 1.4941 1.4937 1.4933 1.49
298.15 1.4929 1.4925 1.4921 1.49
303.15 1.4920 1.4916 1.4912 1.49
308.15 1.4911 1.4906 1.4902 1.48
313.15 1.4899 1.4894 1.4891 1.48
318.15 1.4886 1.4881 1.4878 1.48
323.15 1.4873 1.4869 1.4865 1.48

T/K 103 w2 = 5.21 103 w2 = 8.46 103 w2 = 11.03 103 w

[Taz(2,4)][Acala]
288.15 1.4920 1.4917 1.4914 1.49
293.15 1.4911 1.4907 1.4904 1.49
298.15 1.4901 1.4896 1.4893 1.48
303.15 1.4890 1.4886 1.4882 1.48
308.15 1.4878 1.4873 1.4869 1.48
313.15 1.4860 1.4856 1.4851 1.48
318.15 1.4844 1.4839 1.4836 1.48
323.15 1.4826 1.4822 1.4818 1.48

T/K 103 w2 = 3.44 103 w2 = 7.45 103 w2 = 10.94 103 w

[Taz(2,4)][Accys]
288.15 1.5183 1.5179 1.5175 1.51
293.15 1.5172 1.5168 1.5164 1.51
298.15 1.5162 1.5158 1.5154 1.51
303.15 1.5149 1.5145 1.5141 1.51
308.15 1.5134 1.5130 1.5126 1.51
313.15 1.5113 1.5110 1.5107 1.51
318.15 1.5101 1.5098 1.5096 1.50
323.15 1.5089 1.5086 1.5084 1.50

a Standard uncertainties u are u(T) = 0.02 K, u(p) = 0.01 MPa, u(w2) = 0
condence (k z 2); w2 is the various mass fraction of water; r2 is the corr

© 2025 The Author(s). Published by the Royal Society of Chemistry
across a temperature range of 288.15–323.15 K at 5 K intervals
for ionic liquid samples with varying water contents. The
intrinsic physical properties of anhydrous ILs were determined
through linear regression analysis, where the intercept of the
refractive index-water content curve provided the water-free
reference value.
3. Results and discussion
3.1 Refractive index

The refractive index values of [Taz(2,4)][Acgly], [Taz(2,4)][Acala],
and [Taz(2,4)][Accys] with varying water contents were deter-
mined as the average of triplicate measurements, summarized
in Table 2 and represented in Fig. S13–S15. At constant
temperature, the refractive index exhibited a linear correlation
with water content (w2), with all linear regression coefficients
exceeding 0.99. Standard deviations of the regressions
remained within experimental error ranges, conrming the
validity of the SAM for these ILs. The intercepts of these linear
and [Taz(2,4)][Accys] containing various mass fraction of water,w2, at T

w2 = 14.97 103 w2 = 17.68 103 w2 = 0 r2 sd ×10−5

41 1.4937 1.4960 0.998 4.00
29 1.4926 1.4948 0.999 2.69
18 1.4915 1.4935 0.996 4.29
08 1.4905 1.4927 0.999 2.69
99 1.4895 1.4917 0.994 6.11
87 1.4883 1.4906 0.996 5.03
73 1.4870 1.4893 0.996 5.28
61 1.4857 1.4880 0.998 3.99

2 = 13.28 103 w2 = 15.37 103 w2 = 0 r2 sd × 10−5

11 1.4909 1.4926 0.995 4.60
01 1.4899 1.4917 0.998 2.98
89 1.4887 1.4908 0.993 6.53
78 1.4876 1.4898 0.992 7.27
66 1.4863 1.4886 0.999 2.79
48 1.4845 1.4868 0.993 6.91
32 1.4829 1.4852 0.996 5.00
14 1.4811 1.4836 0.994 6.33

2 = 14.07 103 w2 = 17.29 103 w2 = 0 r2 sd × 10−5

72 1.5168 1.5187 0.998 2.78
61 1.5158 1.5176 0.998 2.44
51 1.5148 1.5166 0.998 2.44
37 1.5134 1.5153 0.997 3.44
23 1.5120 1.5138 0.998 2.44
05 1.5102 1.5116 0.997 2.46
93 1.5091 1.5104 0.994 3.32
81 1.5079 1.5092 0.994 3.32

.0001, and the expanded uncertainty U(nD) = 0.0032 with 0.95 level of
elation coefficient square and sd is the standard deviation.

RSC Adv., 2025, 15, 38865–38875 | 38867
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Fig. 2 Plot of refractive index, nD, versus temperature, T. [Taz(2,4)]
[Acgly]: nD = 1.5599–2.2191 × 10−4 T, r2 = 0.99, sd = 5.21 × 10−6;
[Taz(2,4)][Acala]: nD = 1.5677–2.5881 × 10−4 T, r2 = 0.99, sd = 5.61 ×
10−6; [Taz(2,4)][Accys]: nD = 1.6008–2.8333 × 10−4 T, r2 = 0.99, sd =

6.77 × 10−6.
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ts provided the experimental refractive index values for anhy-
drous ILs (Fig. 2).

As shown in Table 2 and Fig. 2, the refractive index of
anhydrous ionic liquids exhibits an inverse correlation with
temperature, primarily attributed to thermal expansion-
induced reduction in molecular packing density. Further-
more, introducing methylene groups or sulfur atoms into the IL
Table 3 Values of the refractive index (nD), molar refraction (Rm), molar
[Acala] and [Taz(2,4)][Accys] in the range of T = (288.15–323.15) Ka

T/K nD Rm/cm
3 mol−1 1024 ap/cm

[Taz(2,4)][Acgly]
288.15 1.4960 68.64 27.21
293.15 1.4948 68.69 27.23
298.15 1.4935 68.74 27.25
303.15 1.4927 68.85 27.29
308.15 1.4917 68.94 27.33
313.15 1.4906 69.00 27.35
318.15 1.4893 69.05 27.37
323.15 1.4880 69.10 27.39

[Taz(2,4)][Acala]
288.15 1.4926 73.56 29.16
293.15 1.4917 73.68 29.21
298.15 1.4908 73.78 29.25
303.15 1.4898 73.88 29.29
308.15 1.4886 73.96 29.32
313.15 1.4868 73.96 29.32
318.15 1.4852 73.98 29.33
323.15 1.4836 74.01 29.34

[Taz(2,4)][Accys]
288.15 1.5187 81.03 32.12
293.15 1.5176 81.12 32.16
298.15 1.5166 81.22 32.20
303.15 1.5153 81.29 32.23
308.15 1.5138 81.34 32.24
313.15 1.5116 81.28 32.22
318.15 1.5104 81.37 32.26
323.15 1.5092 81.45 32.29

a Derived from previous work.24

38868 | RSC Adv., 2025, 15, 38865–38875
anions reduced the refractive index. This observation aligns
with prior studies: Almeida et al. reported that IL refractive
indices depend on anion volume,30 while Deetlefs et al.
demonstrated that tighter packing of anions and cations
correlates with higher refractive indices.31 This phenomenon
may arise from methylene/sulfur substitutions lowering
refractive indices through increased anion volume and reduced
polarizability.

State and liquid state in the corres
3.2 Derived properties

3.2.1 Polarization properties. According to the Lorentz–
Lorentz relation for non-polar materials connecting the static
refractive index with molecular polarizability,32 the molar
refraction (Rm) is dened as:

Rm = [(nD
2 − 1)/(nD

2 + 2)]V = (4pN/3)aP (1)

where nD is the refractive index and ap represents the molar
polarizability. The Rm and ap values listed in Table 3 demon-
strate that [Taz(2,4)][Acgly], [Taz(2,4)][Acala], and [Taz(2,4)]
[Accys] exhibit temperature-independent Rm and ap, indicating
that these parameters characterize the induced dipole effects in
the ILs.
polarizability (ap), and surface tension (g) of [Taz(2,4)][Acgly], [Taz(2,4)]

3 ag/mJ m−2 Sa/mJ K−1 m−2 Ea/mJ m−2

45.8 70.2 66.0
45.5 70.2 66.1
45.2 70.2 66.1
44.9 70.2 66.2
44.5 70.2 66.1
44.1 70.2 66.1
43.7 70.2 66.0
43.4 70.2 66.1

46.4 75.5 66.6
46.1 75.5 66.7
45.7 75.5 66.6
45.3 75.5 66.6
44.9 75.5 66.5
44.5 75.5 66.5
44.2 75.5 66.5
43.8 75.5 66.5

46.7 72.6 66.9
46.4 72.6 67.0
46.1 72.6 67.0
45.7 72.6 67.0
45.3 72.6 66.9
44.9 72.6 66.9
44.6 72.6 66.9
44.2 72.6 66.9

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Plot of surface tension, g, versus temperature, T. [Taz(2,4)]
[Acgly]: g = 66.1–7.024 × 10−2 T, r2 = 0.996, sd = 1.72 × 10−3;
[Taz(2,4)][Acala]: g = 68.2–7.548 × 10−2 T, r2 = 0.999, sd = 1.07 ×

10−3; [Taz(2,4)][Accys]: g = 67.7–7.262 × 10−2 T, r2 = 0.998, sd = 1.35
× 10−3.
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3.2.2 Surface properties. The surface entropy (Sa) of a pure
liquid, dened as the magnitude of the temperature-dependent
slope of g, quanties the degree of surface disorder per unit
volume. By applying a least-squares linear regression to the
surface tension data of the ionic liquids (at zero water content)
as a function of temperature (see Fig. 3), the empirical equation
is derived:

g = A0 − SaT (2)

where A0 is an empirical parameter and Sa = – (vg/vT)p repre-
sents the surface entropy. The Sa values for [Taz(2,4)][Acgly],
[Taz(2,4)][Acala], and [Taz(2,4)][Accys] are summarized in
Table 3.

The surface energy (Ea) of ionic liquids can be calculated
from their g and Sa at zero water content using the equation:

Ea = g − T(vg/vT)P (3)

The calculated Ea values for the ILs at various temperatures
are listed in Table 3. The results indicate that the surface energy
of ionic liquids decreases with the elongation of alkyl chains on
the anion or the introduction of sulfur atoms, which aligns with
Table 4 Volumetric contributions of a methylene group or a sulfur atom

ILs M/g mol−1 ar/g cm−3 104 V/m3

[Taz(2,4)][Acgly] 270.37 1.14395 2.363
[Taz(2,4)][Acala] 284.41 1.11596 2.549
[Taz(2,4)][Accys] 316.48 1.17804 2.687

ILs S0/J K−1 mol−1 DS0(–CH2–)/J K
−1 mol−1 DS0(–S–)/J K

−

[Taz(2,4)][Acgly] 519 38
[Taz(2,4)][Acala] 557 29
[Taz(2,4)][Accys] 586
b[C4mim][Gly] 426 39
b[C4mim][Ala] 465

a Derived from previous work.24 b Derived from ref. 38.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the observations reported by Yan and Wei.23,33 This reduction is
likely attributed to enhanced steric hindrance and diminished
electronic effects within the ionic liquid structure. Furthermore,
the Ea remains nearly constant across the temperature range of
288.15–323.15 K, indicating negligible temperature dependence
of Ea. The temperature insensitivity of Ea can be attributed to
the compensatory effect of Sa on energy variations and the
dynamic equilibrium between intermolecular interactions and
interfacial structures.34,35

Notably, the Ea of ILs is signicantly lower than that of
molten salts but closer to that of organic liquids. This suggests
weaker interionic interactions in ILs compared to inorganic
molten salts, as surface energy is determined by the strength of
these interactions. The weaker interactions also explain the
lower standard entropy of ILs relative to molten salts.23

3.2.3 Volumetric properties. The molecular volume (Vm) of
an IL, dened as the combined volume of one cation and one
anion, is calculated from density values using the equation:

Vm = M/(rN) = V/N (4)

where M denotes molar mass, r represents density, N is Avo-
gadro's constant, and V corresponds to molar volume. As shown
in Table 3 for synthesized ILs at 298.15 K, the introduction of
a methylene group (–CH2–) or sulfur atom (–S–) into the anion
signicantly increases Vm, which is closely related to changes in
steric hindrance and electron cloud distribution.36

Specically, the volumetric contributions from a methylene
group and sulfur atom in acetylated amino acid anions were
quantied as Vm(–CH2–) = 0.0307 nm3 and Vm(–S–) = 0.0229 nm3,
respectively. The larger contribution from the methylene group
likely stems from alkyl chain elongation, leading to linear
molecular skeleton extension and cumulative van der Waals
volume effects. In contrast, the relatively smaller contribution
of sulfur atoms may be attributed to their enhanced electron
polarizability. The higher electronegativity of sulfur promotes
structural compactness in anions, partially offsetting steric
effects.37

According to Glasser's theory,19 the standard molar entropy
(S0) and the crystal energy (UPOT) of the ILs can be estimated:
in anions at 298.15 K

mol−1 Vm/nm
3 DVm(–CH2–)/nm

3 DVm(–S–)/nm
3

0.3925 0.0307
0.4232 0.0229
0.4461

1 mol−1 UPOT/kJ mol−1 DUPOT(–CH2–)/kJ mol−1 DUPOT(–S–)/kJ mol−1

424 8
416 5
411
447 10
437
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S0 = 1246.5 Vm + 29.5 (5)

UPOT = 1981.2(r/M)1/3 + 103.8 (6)

The S0 and UPOT of ILs [Taz(2,4)][Acgly], [Taz(2,4)][Acala]
and [Taz(2,4)][Accys] at 298.15 K are summarized in Table 4.
The data reveal that the S0 increases with the elongation of the
anion side chain, indicating that longer side chains reduce
structural order. Specically, each additional –CH2– group on
the acetylated amino acid anion contributes 38 J K−1 mol−1 to
the S0, which aligns closely with the reported average contri-
bution of 39 J K−1 mol−1 per –CH2– group in [C4mim][Gly] and
[C4mim][Ala].19–21,38,39 Similarly, the incorporation of a sulfur
atom into the anion side chain contributes 29 J K−1 mol−1 to
the S0.

Conversely, the UPOT decreases with the extension of the
anion side chain. Each –CH2– group added to the acetylated
amino acid anion reduces the UPOT by 8 kJ mol−1, consistent
with the average contribution of −8 kJ mol−1 per –CH2– group
reported for 79 imidazolium-based ILs.40 Additionally, the
introduction of a sulfur atom into the anion decreases the UPOT

by 5 kJ mol−1. Compared to conventional inorganic salts, the
Table 5 Values of the molar surface Gibbs energy (gs), molar surface en
Gibbs energy (gs(pre)), molar refraction (Rm), molar polarizability (ap) and
[Acala] and [Taz(2,4)][Accys] in the range of T = (288.15–323.15) K

T/K ar/kg m−3 a104V/m3 gs/kJ mol−1 s/J m

[Taz(2,4)][Acgly]
288.15 1150.61 2.350 14.93 17.1
293.15 1147.28 2.357 14.83 17.1
298.15 1143.95 2.364 14.75 17.1
303.15 1140.62 2.370 14.68 17.1
308.15 1137.29 2.377 14.58 17.1
313.15 1133.97 2.384 14.47 17.1
318.15 1130.66 2.391 14.36 17.1
323.15 1127.33 2.398 14.29 17.1

[Taz(2,4)][Acala]
288.15 1122.90 2.533 15.69 19.3
293.15 1119.43 2.541 15.62 19.3
298.15 1115.96 2.549 15.51 19.3
303.15 1112.50 2.557 15.41 19.3
308.15 1109.03 2.564 15.30 19.3
313.15 1105.56 2.573 15.20 19.3
318.15 1102.08 2.581 15.13 19.3
323.15 1098.62 2.589 15.02 19.3

[Taz(2,4)][Accys]
288.15 1184.92 2.671 16.36 19.2
293.15 1181.47 2.679 16.28 19.2
298.15 1178.04 2.687 16.21 19.2
303.15 1174.55 2.694 16.10 19.2
308.15 1171.04 2.703 15.99 19.2
313.15 1167.55 2.711 15.88 19.2
318.15 1164.07 2.719 15.81 19.2
323.15 1160.58 2.727 15.70 19.2

a Derived from previous work.24

38870 | RSC Adv., 2025, 15, 38865–38875
signicantly lower UPOT of ILs is the fundamental reason for
their liquid state at room temperature.
3.3. The molar surface gibbs free energy and its applications

The relationship between the molar surface Gibbs energy, gs,
and temperature, T, is obtained by substituting eqn (7) into the
traditional Eötvös equation,31 which can be expressed as

gS = V2/3N1/3g (7)

gS = C0 − C1T (8)

where V is molar volume, N is Avogadro constant and g is
surface tension. The values of gs for [Taz(2,4)][Acgly], [Taz(2,4)]
[Acala] and [Taz(2,4)][Accys] are calculated, listed in Table 5 and
plotted in Fig. 4. The predicted value of the molar surface Gibbs
energy (gs(pre)) can be calculated by the intercept C0 and the
slope C1 into the eqn (8) and are shown in Table 5. According to
thermodynamic relations, C1 = –(vgs/vT)p is the molar surface
entropy (s) of ILs, and the molar surface enthalpy h = gs + sT,
and their values are listed in Table 5. The gs(pre) versus gs of
[Taz(2,4)][Acgly], [Taz(2,4)][Acala] and [Taz(2,4)][Accys] were
tropy (s), molar surface enthalpy (h), predicted values of molar surface
predicted values of surface tension (gpre) of [Taz(2,4)][Acgly], [Taz(2,4)]

ol−1 K−1 h/kJ mol−1 gs(pre)/kJ mol−1 gpre/mJ m−2

2 19.66 14.93 45.9
2 19.68 14.84 45.5
2 19.70 14.75 45.2
2 19.71 14.66 44.8
2 19.70 14.56 44.5
2 19.68 14.47 44.1
2 19.66 14.38 43.8
2 19.68 14.29 43.4

0 21.25 15.70 46.4
0 21.27 15.60 46.1
0 21.27 15.51 45.7
0 21.26 15.41 45.3
0 21.25 15.31 44.9
0 21.24 15.22 44.6
0 21.27 15.12 44.2
0 21.26 15.02 43.8

6 21.91 16.38 46.8
6 21.93 16.28 46.4
6 21.95 16.19 46.0
6 21.94 16.09 45.7
6 21.93 15.99 45.3
6 21.91 15.90 44.9
6 21.93 15.80 44.6
6 21.92 15.70 44.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Plot of (A) gs(pre) vs. gs and (B) gpre vs. g for [Taz(2,4)][Acgly],
[Taz(2,4)][Acala] and [Taz(2,4)][Accys]. gs(pre) = 1.00021 gs-0.00329, r

2

= 0.999, sd = 0.0043; g(pre) = 0.99767 g + 0.11354, r2 = 0.998, sd =

0.0116.
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plotted in Fig. 4A. As can be seen, the h is independent with T,
molar surface heat capacity is close to zero which indicates that
the process from the inside to the surface of the liquid is an
isocoulombic process.41

The equation for predicting the surface tension of ILs can be
obtained using eqn (7) and (9):

gpre
3/2 = [gs(pre)

3/2/N1/2Rm]nD
2 − 1)/(nD

2 + 2) (9)

The predicted values of the surface tensions, gpre, for
[Taz(2,4)][Acgly], [Taz(2,4)][Acala] and [Taz(2,4)][Accys] were also
listed in Table 5. Fig. 4B shows the predicted surface tension
gpre versus experimental surface tension g of [Taz(2,4)][Acgly],
[Taz(2,4)][Acala] and [Taz(2,4)][Accys]. As can be seen, the value
of r2 is equal to 0.99 suggesting that the proposed equation can
well predict the ILs surface tension with low errors.

The association enthalpy of ion pairs in the gas phase (DA-
H0
m) serves as a critical parameter for characterizing the strength

of interionic interactions within liquid ionic liquids. Thermo-
dynamically, when DAH

0
m < 0, a larger absolute value indicates

stronger ion association. The UPOT, vaporization enthalpy (Dg-
lH0

m), and DAH
0
m of ILs are interrelated through the following

equation:42

DAH
0
m = Dg

lH0
m − UPOT (10)

Dg
lH0

m = 11.21 (gV2/3N1/3) + 2.4 (11)

Here, Dg
lH0

m is calculated via the Kabo empirical equation,42

which depends on surface tension (g), molar volume (V), and
Avogadro's constant (N). The absolute values of DAH

0
m for

various ionic liquids are listed in Table 6.
Table 6 Values of the surface tension (g), molar volume (V), molar surfa
energy (UPOT) and association enthalpy of ion pairs (DAH

0
m) of [Taz(2,4)][

ILs g/mJ m−2 104 V/m3 mol−1 gs/kJ mo

[Taz(2,4)][Acgly] 45.2 2.363 14.75
[Taz(2,4)][Acala] 45.7 2.549 15.51
[Taz(2,4)][Accys] 46.1 2.687 16.21

© 2025 The Author(s). Published by the Royal Society of Chemistry
Analysis of Table 6 reveals that introducing a methylene
group or sulfur atom into the anion signicantly reduces the
absolute value of DAH

0
m when the cation structure remains

constant. This trend demonstrates that increasing the relative
molecular mass of the anion weakens interionic associations
within the ILs. Structural modication of anions, introducing
methylene group or sulfur atom, signicantly modulates the
internal association strength of ILs through steric hindrance
and charge delocalization effects. This principle provides
a theoretical foundation for designing functionalized ILs with
low melting points and high uidity, particularly in applica-
tions requiring a balance between ionic conductivity and
thermal stability.
3.4. Polarity

3.4.1. New scale of the polarity, dm. In order to more accu-
rately describe the polarity of ILs, Tong et al. proposed a new
scale of the polarity, dm, on the basis of three assumptions.43

Based on Hildebrand's theory,44 the solubility parameter of the
polar part dm is calculated:

dm
2 = Dg

lH0
m,m/V − (1 − x)RT/V (12)

where x= Dg
lH0

m,n/ Dg
lH0

m, Dg
lH0

m = Dg
lH0

m,n + Dg
lH0

m,m and the dm
is a new scale of the polarity. The vaporization enthalpy Dg-
lH0

m consists of non-polar partDg
lH0

m,n (the contribution part
from the induced dipole moment toDg

lH0
m) and polar part Dg-

lH0
m,m (the contribution part from the average permanent dipole

moment to Dg
lH0

m). The values of Dg
lH0

m and Dg
lH0

m,n can be
estimated by using Kabo empirical equation45 and the Lawson–
Ingham equation,46 respectively.

Dg
lH0

m,n = C[(nD
2 − 1)/(nD

2 + 2)]V (13)

where C = 1.297 kJ cm−3 is an empirical constant for organic
liquids, nDis the refractive index and V is molar volume.

According to the eqn (10)–(13), the values of dm,
Dg

lH0
m, Dg

lH0
m,n and Dg

lH0
m,m for [Taz(2,4)][Acgly], [Taz(2,4)]

[Acala] and [Taz(2,4)][Accys] were calculated and listed in
Table 7. It reveals the polarity order [Taz(2,4)][Acgly] > [Taz(2,4)]
[Acala] > [Taz(2,4)][Accys], demonstrating that the incorporation
of methylene groups or sulfur atoms into the anion structure
relatively enhances the hydrophobicity of ILs.

3.4.2. Improved new scale of the polarity, P. Unfortunately,
the polarity of the solvent is the sum of all possible interactions
between solvent and solute except chemical action, while the dm
only considers the dipole contribution part and does not
ce Gibbs free energy (gs), molar vaporization enthalpy (Dg
lH0

m), lattice
Acgly], [Taz(2,4)][Acala] and [Taz(2,4)][Accys] at 298.15 K

l−1 Dg
lH0

m/kJ mol−1 UPOT/kJ mol−1 DAH
0
m/kJ mol−1

167.7 424 −256.3
176.3 416 −239.7
184.1 411 −226.9

RSC Adv., 2025, 15, 38865–38875 | 38871
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Table 7 The values of vaporization enthalpy (Dg
lH0

m), the contribution part from the induced dipole moment to vaporization enthalpy (Dg-
lH0

m,n), the contribution part from the average permanent dipole moment to vaporization enthalpy (Dg
lH0

m,m), new scale of polarity (dm) and polarity
coefficient (P) for [Taz(2,4)][Acgly], [Taz(2,4][Acala] and [Taz(2,4][Accys] at T = 298.15 K

ILs Dg
lH0

m/kJ mol−1 Dg
lH0

m,n/kJ mol−1 Dg
lH0

m,m/kJ mol−1 dm/J1/2$cm−3/2 P

[Taz(2,4)][Acgly] 167.7 89.15 78.60 18.10 0.939
[Taz(2,4)][Acala] 176.3 95.72 80.55 17.65 0.917
[Taz(2,4)][Accys] 184.1 105.37 78.75 17.00 0.865
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consider the non-polar contribution part. Thus, Zhang et al.27–29

took both dipole and non-polar contributions into account,
modied dm and deriving the equation for the polarity coeffi-
cient, P:

P = dm/dn
= [(Dg

lH0
m,m/V −( 1 − x)RT/V)/(Dg

lH0
m,n/V − xRT/V)]1/2 (14)

In eqn (14), (Dg
lH0

m,m/V) [ [(1 – x) RT/V] and (Dg
lH0

m,n/V) [
(xRT/V). Thus, the following equation for calculating the
polarity coefficient, P,

P = (Dg
lH0

m,m/Dg
lH0

m,n)
1/2 (15)

P is called the polarity coefficient of ionic liquid, and the
larger the value of polarity coefficient, the stronger the polarity
of ILs (see Table 7).

From Table 7, the trends in P and dm are identical, indicating
that introducing methylene groups or sulfur atoms into the
anion structure reduces the hydrophilicity of ILs, with sulfur
atoms exhibiting amore pronounced effect. This is attributed to
sulfur atoms signicantly diminishing hydrophilicity through
mechanisms such as charge delocalization, structural asym-
metry, and dynamic hydrogen bond modulation-effects that
surpass the steric hindrance-dominated contribution of
Table 8 The values of activation Gibbs energy and activation energy fo

T/K ah/mPa s Eh/kJ mol−1 104V/m−3 mol−1

[Taz(2,4)][Acgly]
323.15 175.0 48.58 2.398
333.15 97.8 48.58 2.410
343.15 59.2 48.58 2.424
353.15 37.6 48.58 2.437

[Taz(2,4)][Acala]
323.15 245.4 51.18 2.589
333.15 137.4 51.18 2.606
343.15 82.4 51.18 2.622
353.15 48.2 51.18 2.638

[Taz(2,4)][Accys]
323.15 509.1 64.68 2.727
333.15 242.1 64.68 2.742
343.15 120.1 64.68 2.758
353.15 66.4 64.68 2.774

a Derived from previous work.24

38872 | RSC Adv., 2025, 15, 38865–38875
methylene groups. Furthermore, the comparison between
[C4mim][BF4] (P = 1.210) and [C4mim][NTf2] (P = 0.647)
demonstrates that the polarity of [C4mim][BF4] is substantially
higher than that of [C4mim][NTf2], consistent with empirical
observations,27 thereby conrming the broader applicability of P
as a predictive metric for ILs polarity.

3.5. Viscosity

The temperature dependence of ILs viscosity can be correlated
with various theoretical models. In addition to the VFT equation,
the Arrhenius equation47 is commonly employed to describe the
temperature-dependent viscosity of ILs and calculate the viscous
ow activation energy (Eh), which represents the minimum
energy required for ionmovement within the ILs. Another widely
used equation relating viscosity to temperature is:

ln h = ln hN − Eh/RT (16)

where hN is an empirical constant, Eh denotes the viscous ow
activation energy, R represents the gas constant, and T is the
absolute temperature. Using eqn (18), a linear t of ln h versus
T−1 was performed, with the tting parameters and calculated
results summarized in Table 8 and illustrated in Fig. 5. The Eh
follow this order: [Taz(2,4)][Accys] (48.58 kJ mol−1) < [Taz(2,4)]
[Acala] (51.18 kJ mol−1) < [Taz(2,4)][Acgly] (64.68 kJ mol−1).
r viscous flow of studied ILs

DHs/kJ mol−1 DGs/kJ mol−1 TDSs/kJ mol−1

48.00 31.06 16.93
47.89 30.43 17.46
47.91 29.93 17.98
47.99 29.48 18.51

50.63 32.18 18.45
50.61 31.59 19.02
50.69 31.10 19.59
50.61 30.44 20.16

64.14 34.28 29.86
64.08 33.30 30.78
64.02 32.31 31.71
64.16 31.53 32.63

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Plot of ln h vs. 1/T for ILs [Taz(2,4)][Accys], [Taz(2,4)][Acala] and
[Taz(2,4)][Acgly]. [Taz(2,4)][Acgly]: ln h = −12.94 + 5843.25/T, r2 =

0.999, sd = 0.40962; [Taz(2,4)][Acala]: ln h = −13.54 + 6155.32/T, r2 =
0.999, sd = 0.24198; [Taz(2,4)][Accys]: ln h = −17.86 + 7779.78/T, r2 =
0.999, sd = 0.40962.
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The Eh reects the resistance to ion mobility and the energy
barrier that ion pairs must overcome for mutual displacement.
Higher activation energies indicate greater difficulty in ion pair
separation, which may be attributed to factors such as larger
ionic sizes, stronger intermolecular interactions, or more
complex entanglement between ions in the ILs structure.48 This
observation aligns with previous reports correlating activation
energy with the strength of cation–anion interactions and ionic
liquid microstructural complexity.28

In studies of liquid transport properties, Eyring extended
transition state theory to liquid ow phenomena, establishing
a viscosity theory. According to the Eyring viscosity equation,49

the relationship between viscosity and the activation Gibbs
energy of viscous ow (DGs) is expressed as:

h = (hN/V) exp(DGs/RT) (17)

where h is viscosity, h is Planck's constant, N is Avogadro's
number, V is molar volume, R is the gas constant, and T is
temperature. Substituting experimental data into eqn (17), the
calculated DGs values for ILs at different temperatures are
summarized in Table 8 and shown in Fig. 6. The descending
order of DGs magnitudes is: [Taz(2,4)][Accys] > [Taz(2,4)][Acala]
> [Taz(2,4)][Acgly].

Using the thermodynamic relationship:
Fig. 6 Plot of DGs vs. T for ILs [Taz(2,4)][Accys], [Taz(2,4)][Acala] and
[Taz(2,4)][Acgly]. [Taz(2,4)][Acgly]: DGs = 47.94–0.0524 T, r2 = 0.991,
sd = 0.00842; [Taz(2,4)][Acala]: DGs = 50.64–0.0571 T, r2 = 0.996, sd
= 0.00487; [Taz(2,4)][Accys]: DGs = 64.10–0.0924 T, r2 = 0.996, sd=

0.01242.

© 2025 The Author(s). Published by the Royal Society of Chemistry
DGs = DHs − DSsT (18)

where DHs and DSs denote the activation enthalpy and
entropy of viscous ow, respectively. Substituting eqn (18) into
the Eyring viscosity equation and taking the natural logarithm
yields:

ln h = (R/DSs) ln (hN/V) − DHs/RT (19)

For moderate temperature ranges, DSs can be considered
constant. Notably, the Eh in the Arrhenius equation corresponds
to DHs in the Eyring framework. This equivalence arises
because Eh represents the energy barrier for ion mobility,
analogous to the enthalpy required to overcome intermolecular
interactions during viscous ow.

As illustrated in Fig. 6, the DSs for ILs is numerically equiv-
alent to the slope of the linear tting line. The calculated TDSs

values and DHs derived from eqn (19) at various temperatures
are compiled in Table 8. A comparison between DHs values of
the ILs [Taz(2,4)][Accys], [Taz(2,4)][Acala], and [Taz(2,4)][Acgly]
and the Arrhenius Eh demonstrates close agreement between
these two parameters. Crucially, eqn (19) enables a thermody-
namic distinction between enthalpic (DHs) and entropic (TDSs)
contributions to viscous ow resistance. Table 8 reveals that
DHs > TDSs for all ILs, indicating that the resistance to viscous
ow is predominantly governed by enthalpic effects. This implies
that ion mobility is primarily determined by the energy barrier
DHs required to overcome intermolecular interactions. Higher
DHs values correlate with stronger constraints on ion pair
separation, reecting increased difficulty for ions to move freely
past one another. The dominance of enthalpic contributions
aligns with the structural characteristics of ILs, where coulombic
forces and hydrogen-bonding networks impose signicant
energy barriers to ion mobility.
4. Conclusions

This study developed and characterized three novel ILs
[Taz(2,4)][Acgly], [Taz(2,4)][Acala] and [Taz(2,4)][Accys], investi-
gating their physicochemical properties and structure–property
relationships. Quantitative analysis of volumetric properties
revealed that specic structural features of the anion system-
atically inuence key molecular parameters. The introduction
of each additional –CH2– group resulted in a substantial
increase in molecular volume (Vm), a signicant elevation in
standard molar entropy (S0), and a noticeable reduction in
lattice energy (UPOT). Furthermore, the incorporation of a sulfur
atom also contributed to measurable increases in both Vm and
S0, while concurrently decreasing UPOT, albeit to a less
pronounced extent compared to the –CH2– group. Integration of
molar surface Gibbs energ with the Lorentz–Lorenz equation
yielded a predictive model for surface tension, demonstrating
strong agreemen (r2 = 0.99) between calculated and experi-
mental values. Polarity characterization employed a new scale
dm, subsequently rened to the polarity coefficient P. Both
metrics conrmed that anion modication via –CH2– or –S–
introduction reduces hydrophilicity, with sulfur imparting
RSC Adv., 2025, 15, 38865–38875 | 38873
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View Article Online
a more signicant hydrophobic enhancement. Viscosity anal-
ysis leveraged Eyring's equation and thermodynamic relations
to derive activation enthalpy for viscous ow. These results
corresponded closely with values from the Arrhenius equation,
conrming enthalpic dominance in ion mobility resistance.
Systematic modulation of IL properties through anion engi-
neering enables predictive design for applications requiring
tailored thermophysical behavior.
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