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An imidazolium-based zwitterionic ionic liquid, 3-(1,3-diethyl-1H-imidazol-3-ium-4-yl)
propanoate (ZIL2), was synthesized and investigated through complementary
experimental and theoretical approaches. The physicochemical properties of ZIL2 were
characterized by thermogravimetric and differential thermal analyses (TGA/DTA),
ultraviolet-visible (UV-Vis) spectroscopy, and Fourier transform infrared (FTIR)
spectroscopy to evaluate its thermal, optical, and vibrational behavior. The experimental
results revealed that ZIL2 is thermally stable up to 231 °C and exhibits a melting
temperature of 98.66 °C. The experimental and theoretical optical band gaps were
determined to be 5.64 and 5.65 eV, respectively, demonstrating excellent agreement
between the experimental measurements and theoretical predictions. In parallel, density
functional theory (DFT) calculations were performed at the B3LYP/6-311G(d, p) level,
yielding a HOMO-LUMO energy gap of 3.68 eV, reflecting the electronic ground state
properties of the system, in contrast to the optical excitation gap. Overall, the combined
experimental and theoretical investigation provides a comprehensive understanding of
the structural, optical, vibrational, and electronic properties of ZIL2 and demonstrates the
usefulness of integrating spectroscopic techniques with quantum chemical calculations

for the study of ZILs.

1. INTRODUCTION

Due to their unique properties and diverse applications,
ionic liquids (ILs) have generated significant attention in
recent years. An IL is defined as an organic salt composed of
a cation and an anion, with a low melting temperature below
100 °C [1]. These materials are widely recognized as a class of
green solvents and electrolytes, offering significant
advantages over conventional organic solvents owing to their
negligible vapor pressure and environmentally friendly nature
[2]. Unlike traditional solvents, ILs exhibit low volatility, high
ionic conductivity, exceptional thermal stability, and tunable
physicochemical properties [3, 4]. Recent studies have focused
on the development of more sustainable ILs with improved
environmental compatibility while maintaining their desirable
properties, further expanding their scientific and technological
interest [5, 6]. These exceptional attributes of ILs enable their
use across multiple fields, including industry [7], medicinal
chemistry [8], synthesis [9], catalysis [10], electrochemistry
[11], biotechnology [12] and energy technologies [13].
Despite these advantages, ILs still present several limitations
that restrict their use in certain applications. Some ILs,
particularly those with long alkyl chains, can be toxic, which
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reduces their use in biopharmaceutical and biomedical
applications [8, 14, 15]. Other ILs can show high resistance to
biodegradation [16-18]. Also, ILs are typically derived from
petroleum-based materials, which can increase their carbon
footprint [19, 20].

In recent years, a new generation of ILs, known as
zwitterionic ionic liquids (ZILs), has emerged as an attractive
alternative to overcome the limitations of traditional ILs [21].
Unlike traditional ILs, in which the cation and anion exist as
separate species, ZILs contain both charged groups covalently
linked within the same molecule [15]. This structural
arrangement gives rise to distinctive physicochemical
properties, thereby expanding their potential applications [22].

In this investigation, a novel zwitterionic ionic liquid
(ZIL2), namely  3-(1,3-diethyl-1H-imidazol-3-ium-4-yl)
propanoate, was synthesized. To the best of our knowledge,
this compound has not previously been investigated through a
combined experimental and theoretical approach. A
comprehensive  physicochemical characterization  was
therefore carried out to explore its structural, thermal,
vibrational, and optical properties. The thermal properties and
decomposition profiles of the synthesized compound were
investigated using thermogravimetric analysis (TGA) and
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differential thermal analysis (DTA).

The optical properties and electronic transitions were
examined by ultraviolet-visible (UV-Vis) spectroscopy,
allowing the estimation of the optical band gap. In addition,
Fourier transform infrared (FTIR) spectroscopy was employed
to identify and assign the different intramolecular vibrational
modes of the molecule. To understand the physical properties
of this compound at the quantum molecular level, Density
Functional Theory (DFT) calculations were performed. This
approach plays an important role in understanding the
physicochemical properties of ILs [23]. In this work, quantum
chemical calculations were carried out using the B3LYP
functional with the 6-311G(d, p) basis set as implemented in
the Gaussian 09 computational package. The electronic
properties of the molecule were explored by analyzing frontier
molecular orbitals (FMO) and the corresponding energy gap.
The optical properties were studied using Time-Dependent
Density Functional Theory (TD-DFT). Vibrational properties
were then analyzed to identify the internal vibrational modes
and to compare theoretical predictions with the experimental
FTIR spectra.

By combining experimental characterization with
theoretical molecular modeling, this work aims to provide a
deeper understanding of the physicochemical properties of the
synthesized ZIL2.
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2. EXPERIMENTAL
2.1 Materials and methods

2.1.1 Synthesis of ionic liquid 3-(1,3-diethyl-1H-imidazol-3-
ium-4-yl)propanoate

The zwitterionic ionic liquid 3-(1,3-diethyl-1H-imidazol-3-
ium-4-yl)propanoate (ZIL2) was synthesized according to the
procedure reported by Huet et al. [24]. Briefly, the
corresponding iodide precursor was prepared from
intermediate A, derived from commercially available bio-
based urocanic acid (resulting from enzymatic deamination of
the natural amino acid histidine), by N-alkylation in the
presence of K>COj3 in refluxing acetone, affording the iodide
intermediate with a yield of 94%. Subsequently, 4-(3-
methoxy-3-oxopropyl)-1,3-diethlyl-1H-imidazol-3-ium
iodide (8.80 g, 26.03 mmol) was treated with Amberlite
IRN78 resin (OH™ form, 53 g, resin/substrate ratio of 6:1) in
methanol (44 mL) at 50 °C, affording ZIL2 as a white solid
(4.37 g, 85% yield). No chromatographic purification was
required. The chemical structure and purity of the synthesized
ZIL2 were confirmed by 1H and 13C NMR spectroscopy in
Figures Al and A2 (Appendix), in agreement with the reported
literature data.

The synthetic route adopted for the preparation of ZIL2 is
illustrated in Figure 1.
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Figure 1. Synthesis of 3-(1,3-diethyl-1H-imidazol-3-ium-4-yl)propanoate (ZIL2). R = Et: ethyl, R-I: ethyl iodide, IRN78 resin:
Amberlite IRN78 (OH" form)

2.1.2 Thermal measurements
analysis/differential thermal analysis)

TGA and DTA were performed to investigate the thermal
stability, decomposition behavior, and phase transitions of the
synthesized ZIL2. TGA measurements were carried out from
room temperature to 650 °C, whereas DTA measurements
were conducted over the temperature range of 50-400 °C.
Performed to monitor phase transitions of this IL between 50
and 400 °C. Thermal analyses were performed using an initial
sample mass of 21.8 mg, at a heating rate of 10 °C min™! under
a nitrogen atmosphere.

(thermogravimetric

2.1.3 Ultraviolet-visible measurements

The UV-Vis absorption spectrum of ZIL2 was recorded
using a SHIMADZU UV-1650 spectrophotometer. For the
measurements, ZIL2 was dissolved in distilled water to obtain
a homogeneous solution. The absorption spectra were
recorded over the wavelength range of 200-800 nm at room
temperature. The obtained data were used to determine the
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optical band gap of the IL.
2.1.4 Fourier transform infrared measurements

The ATR-FTIR spectrum of the synthesized compound was
recorded using a Thermo Scientific Nicolet iN10 MX FT-IR
microscope equipped with a ZnSe crystal. The spectrum was
acquired over the spectral range of 3500-600 cm™ with a
resolution of 4 cm’' by averaging 64 scans at room
temperature. The obtained spectrum was used to identify and
assign the characteristic vibrational bands of the investigated
compound.

3. COMPUTATIONAL DETAILS

Quantum chemical calculations were performed to
complement the experimental results and to gain deeper
insight into the structural and electronic properties of the
studied IL. All calculations were carried out using the
Gaussian 09 software package [25-27]. The initial molecular
structure was built, and the optimized geometry was visualized



using GaussView 5 [25]. Geometry optimization was
performed using the Becke three-parameter Lee-Yang-Parr
(B3LYP) hybrid functional with the 6-311G (d, p) basis set
[28, 29]. To investigate the stability and electronic properties
of the studied ZIL, Mulliken atomic charges [30], FMO
(HOMO and LUMO), and the corresponding HOMO-LUMO
energy gap were determined [26]. Vibrational frequencies
were calculated to assign the intramolecular vibrational modes
and to support the interpretation of the experimental FTIR
spectra. Time-dependent TD-DFT calculations were
performed to simulate the electronic absorption spectrum for
comparison with the experimental UV-Vis spectrum. In
addition, dipole moment, molecular electrostatic potential
(MEP), global reactivity descriptors, and thermodynamic
parameters were calculated to further investigate the
physicochemical properties of ZIL2.

4. RESULTS AND DISCUSSION
4.1 Thermal measurement

TGA was used to evaluate the thermal stability and
decomposition behavior of ZIL2. As shown in Figure 2(a), the
TGA thermogram indicates that ZIL2 is thermally stable up to
231 °C. An initial mass loss of 0.53 mg (2.43% of initial mass)
was observed at 61 °C, which can be attributed to the
evaporation of adsorbed moisture. An additional mass loss of
1.38 mg (6.33%) was observed at 107.75 °C, which may be
attributed to the removal of residual volatile species or to the
early stages of thermal degradation. The cumulative mass loss
before the main decomposition stage was 8.76%. A significant
thermal degradation process began at approximately 225 °C,
as indicated by the onset of sharp mass loss in the TGA curve.
Between 225 and 400 °C, a rapid mass loss was recorded,
corresponding to the principal decomposition stage of ZIL2.
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Figure 2. Thermal analysis of ZIL2: (a) Thermogravimetric
analysis (TGA) and (b) differential thermal analysis (DTA)
curves of ZIL2 as a function of temperature
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The DTA thermogram in Figure 2(b) exhibits two
endothermic peaks. The first endothermic peak at 98.66 °C
corresponds to the melting point of ZIL2. The second
endothermic peak at 281.10 °C is assigned to its thermal
decomposition. This thermal event is associated with the
breakdown of the IL structure and agrees well with the major
mass loss stage observed in the TGA curve, confirming the
thermal decomposition of ZIL2. The high thermal stability of
ZIL2 up to approximately 231 °C indicates that it can
withstand moderate operating temperatures without
significant thermal degradation. Furthermore, the well-defined
melting transition at 98.66 °C indicates a clear phase behavior
and is consistent with the good thermal characteristics of ZIL2.

4.2 Ultraviolet-visible analysis

Electronic absorption corresponds to the transition of
electrons from the ground state to one or more excited states,
depending on the electronic structure of the molecule and the
available energy levels [31]. Previous studies have shown that
imidazolium-based ILs exhibit strong absorption in the UV
region [32], which is consistent with the UV-Vis spectrum
obtained for ZIL2. The absorbance spectrum presented in
Figure 3 shows that ZIL2 absorbs below 250 nm, with a
maximum absorbance of 1.97 at 218.92 nm.

The broad absorption band observed in the UV region can
be attributed to n-n* electronic transition associated with the
conjugated C=C group of ZIL2.

To better understand the electronic transitions of ZIL2, the
theoretical UV-Vis spectrum was calculated using the TD-
DFT method implemented in Gaussian 09. The calculated
maximum absorption wavelength was 217.49 nm, which is in
good agreement with the experimental value of 218.92 nm,
corresponding to an oscillator strength of 9 10° a.u.
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Figure 3. Experimental and theoretical ultraviolet-visible
(UV-Vis) absorption spectra of ZIL2

The optical band gap of ZIL2 was estimated from the
experimental and theoretical UV-Vis spectra using the
corresponding energy relation (Eq. (1))

E=hv (1)
where, E is the photon energy (J), % is Planck’s constant
(6.62.1034].s), and v is the frequency (s™).

To improve the reliability of the optical band gap
determination, three different approaches, namely the first
derivative method, the second derivative method, and the Tauc
plot, were applied to both the experimental and theoretical



spectra. The corresponding plots are presented in Figures A3-
A8 (Appendix), while the obtained optical band gap values are
summarized in Table 1.

Table 1. Experimental and theoretical optical gap values

Methods Experimental Theoretical
First derivative Eg=5.64 eV Eg=5.65eV
Second derivative Eg=5.39¢eV Eg=5.40¢eV
Tauc plot Eg=5.27¢eV Eg=5.31¢eV

The experimental and theoretical optical band gap values of
5.64 eV and 5.65 eV, respectively, are in good agreement,
indicating that the TD-DFT calculations successfully
reproduce the optical behavior of ZIL2. This agreement
confirms the reliability of the theoretical approach for
investigating the optical properties of the synthesized IL.

4.3 Vibrational analysis

The vibrational analysis aimed to identify and assign the
characteristic vibration modes of ZIL2. DFT frequency
calculations were performed using Gaussian 09 at the same
level of theory employed for geometry optimization. The
optimized structure of ZIL2 contains 30 atoms, corresponding
to 84 normal vibrational modes (3N-6). These modes were
assigned using potential energy distribution (PED) analysis
implemented in the VEDA program [33]. A scaling factor of
0.967 was applied to the calculated DFT/6-311G (d, p) [12]

vibrational frequencies to improve their agreement with the
experimental values. The good agreement between the
calculated and experimental frequencies supports the
reliability of the optimized structure of ZIL2. A comparison
between the experimental and calculated vibrational spectra is
presented in Figure 4, while the corresponding vibrational
frequencies are provided in Table 2.
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Figure 4. Experimental and calculated IR spectrum of (3-
(1,3-diethyl-1H-imidazol- 3-ium-4-yl)propanoate in spectral
area 3500-600 cm’!

Table 2. Calculated (B3LYP/6-311G(d, p)) and experimental Fourier transform infrared (FTIR) vibrational frequencies (cm™) of

ZIL2
No FTIR B3LYP/6-311G(d, p) Assignments with Potential Energy Distribution (PED) >
Unscaled Scaled Ir 10%
81 3393.50 3281.51 11.41 v CH (100)
80 - 3373.40 3262.07 3.79 v CH (100)
79 - 3193.06 3087.69 8.29 vasy CH (100)
78 - 3190.40 3085.11 12.16 vasy CH (100)
77 - 3184.48 3079.39 24.50 vasy CH (100)
76 - 3181.18 3076.20 29.77 vasy CH (100)
75 - 3168.00 3063.45 9.13 vasy CH (100)
74 - 3166.09 3061.60 8.38 vasy CH (100)
73 - 3162.53 3058.16 5.90 vasy CH (100)
72 - 3147.50 3043.63 17.26 vasy CH (100)
71 - 3123.38 3020.30 32.60 vasy CH (100)
70 - 3114.44 3011.66 47.39 v CH (100)
69 3103.15 3000.74 20.72 v CH (100)
68 3090 3092.92 2990.85 26.56 v CH (100)
67 - 3086.58 2984.72 12.50 v CH (100)
66 - 3072.93 2971.52 94.00 v CH (100)
65 - 1653.43 1598.86 12.56 v CC (75) + 8 HCH (25)
64 - 1636.28 1582.28 267.25 v OC (85)+ 6 HCH (15)
63 1597 1598.02 1545.28 87.53 v OC (47) + 3 NCN (25) + T HCCN (8)
62 1557 1548.22 1497.12 4.47 3 NCN (75) + Tt HCCC (25)
61 1546.31 1495.28 18.90 8 HCH (80) + T HCCC (20)
60 - 1540.63 1489.78 6.46 8 HCH (78) + T HCCC (21)
59 - 1538.08 1487.32 5.36 8 HCH (81) + T HCCC (19)
58 - 1532.98 1482.39 15.41 v CC (4) + 8 HCH (75) +t HCCN (10)
57 - 1530.49 1479.98 38.23 8 HCH (95)
56 - 1514.58 1464.59 8.67 & HCH (84) + T HCCC (15)
55 - 1511.38 1461.50 22.63 v NC (5) + 6 HCH (75) +t HCCC (20)
54 - 1485.17 1436.15 4.15 v NC (42) + 8 HCH (35) +t HCCC (23)
53 1471 1479.66 1430.83 10.80 6 HCH (93)
52 - 1456.39 1408.32 8.91 6 HCH (99)
51 1452 1450.04 1402.18 9.05 v CN (18) +8 HCC (69) +t HCNC (13)
50 - 1400.39 1354.17 2.08 v CN (36) + 0 NCN (38) +t HCCN (26)
49 1370 1379.39 1333.87 21.42 v CN (23) + 8 HCH (41) +t HCCN (36)
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48 1358.68 1313.84 47.11 8§ HCC (62) +1 HCNC (37)

47 - 1353.70 1309.02 4533 8 HCC (43) +1 HCNC (56)

46 - 1316.52 1273.07 70.66 v CO (95)

45 1309 1310.06 1266.82 5.85 v OC (9) +8 HCC (41) +t HCCO (50)
44 - 1291.91 1249.27 0.32 8 HCH (62) +t HCNC (38)

43 1276 1272.49 1230.49 3.29 § HCH (68) +t HCNC (32)

42 1229 1220.21 1179.94 28.31 v NC (23) + 8 HCC (77)

41 - 1192.35 1153.00 14.19 § HCC (35) +1 CCCN (65)

40 1180 1183.50 1144.44 27.09 § HCN (57) + t HCCO (43)

39 1172.74 1134.03 65.97 v NC (41) + 8 CCN (44) +t HCCC (14)
38 - 1159.55 1121.28 2.65 v CC (17) + 8 HCC (46)+t HCCO(37)
37 1151 1152.39 1114.36 15.22 8 HCC (47) + 1t HCNC (53)

36 - 1127.76 1090.54 4.73 v CN (24) + 8 CCN (34) +t HCCN (42)
35 1120 1123.53 1086.45 1.64 v CN (32) + 8 HCC (27) +t HCCO (41)
34 1062 1067.84 1032.60 0.49 v NC (60) + 8 CNC (37)

33 1030.62 996.60 0.65 v CC (31) + 8 HCC (33) +t HCCC (36)
32 1017 1014.66 981.17 4.56 v CC (39) + 8 HCC (28) +t HCCC (34)
31 - 975.24 943.05 1.60 v CC (74) + 5 CNC (26)

30 - 964.13 932.31 4.29 v CC (84)

29 - 935.17 904.30 5.07 v CC (21) + 8 CCC (36) +1 OCOC (43)
28 847 846.07 818.14 15.20 T HCNC (85)

27 - 833.48 805.97 20.73 v CC (64) + 5 OCO (36)

26 823 818.33 791.32 2.68 T HCCN (89)

25 - 812.97 786.14 11.24 T HCCC (94)
24 789 783.97 758.09 2.52 v CC (38) + 8 CNC (29) + T HCNC (33)
23 - 776.85 751.21 1.72 T HCNC (98)
22 - 734.86 710.60 3.50 1 0COC (90)
21 - 692.80 669.93 0.96 T CCNC (87)
20 667 669.73 647.62 39.51 T CCNC (98)

19 - 624.18 603.58 4.44 v CC (37) + 8 CCN (39) + t HCCC (23)
18 607 602.92 583.02 11.29 v CC (45) + 3 ONO (55)

17 - 595.37 575.72 1.17 v CN (60) + & NCN (40)

16 - 504.24 487.60 6.90 § CCC (66) + 1 HCCC (24)

15 - 469.62 454.12 6.26 8 CCN (33) +1 CNCN (58)

14 - 419.02 405.19 1.41 § OCC (76) +1 HCCO (23)

13 - 367.84 355.70 439 8 CCN (59) + T CCNC (41)

12 - 364.44 35241 0.80 § CCN (93)

11 - 287.27 277.79 4.25 T CCCN(99)

10 - 270.97 262.02 11.56 § CCC (50) + 1 HCCC (50)

9 - 237.80 229.95 12.41 8§ CCC (90)

8 - 196.37 189.88 2.91 8 CNC (90)

7 - 183.36 177.30 14.66 T CCCN(75)

6 - 154.84 149.73 2.61 1 0COC(81)

5 - 123.13 119.06 1.24 T CCCN(74)

4 - 85.33 82.51 4.91 T CNCC(76)

3 - 70.13 67.81 1.87 1 OCCC(76)

2 - 63.93 61.82 12.69 1 CCCC(81)

1 : 22.90 22.14 8.85 1 CCCC(92)

Note: v: stretching; d: bending; asy: asymmetric; t: torsion.

C—H vibrations

According to the literature, the bands observed between
2800 and 3000 cm’' are assigned to the symmetric C-H
stretching vibrations of the methyl and/or alkyl groups
attached to the imidazolium ring [34, 35], whereas those
between 3000 and 3200 cm™! correspond to C-H stretching
vibrations of the imidazolium ring [36, 37]. In the present
study, the calculated symmetric and asymmetric C-H
stretching vibrations of ZIL2 occur in the range of 3393.50-
3072.93 cm™!' with a PED contribution of 100% at the
B3LYP/6-311G level of theory, while the corresponding
experimental bands are observed at 3090 cm™'. The calculated
CH; bending vibrations are located between 1479.66 cm™' and
1272.49 cm’!, in good agreement with the experimental bands
observed between 1471 cm™! and 1276 cm’!.

C-C and C=C vibrations

The C-C stretching vibrations are generally observed in the
1650-1400 cm™ region [37], whereas the C=C stretching
vibrations occur between 1560 and 1670 cm™! [38]. For ZIL2,
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the calculated v(C-C) and v(C=C) vibrations occur at 1532.98
and 1653.43 cm’!, respectively. Additional C-C stretching
vibrations are predicted in the 935.17-1030.62 cm' region,
corresponding to the experimental band at 1017 ¢cm™' in the
FTIR spectrum.

C-N and C=N vibrations

The C-N stretching vibrations are typically found in the
1511-1067 c¢cm™ region. For ZIL2, experimental v(C-N)
vibrations are observed at 1062, 1120, 1229, 1370 and1452
cm’!, whereas the corresponding calculated frequencies are at
1067.84, 1123.53, 1220.21, 1379.39 and1450.04 cm™,
showing good agreement between the experimental and
theoretical results. The C=N stretching vibration is commonly
reported around 1555 cm™' [33]. Experimentally, this band is
observed at 1557 cm’!, whereas DFT calculations predict
frequencies at 1548.22 cm!.

C-0 and C=O0 vibrations

The C=O stretching vibration is generally found in the
1600-1800 cm™! region [39, 40]. Experimentally, the v(C=0)



band appears at 1597 cm’, whereas the corresponding
calculated frequencies are at 1636.28 and 1598.02 cm™!. The
calculated v(C-O) vibrations are found at 1316.50 and 1310.06
cm’!, matching the experimental band at 1309 cm™'.

Overall, the vibrational analysis of ZIL2 confirms the
successful assignment of the main functional groups,
including C-H, C-C/C=C, C-N/C=N, and C-0O/C=0
vibrations. The good agreement between the calculated and
experimental FTIR frequencies supports the reliability of the
DFT calculations and confirms the proposed molecular
structure of ZIL2.

Table 2 summarizes the calculated harmonic vibrational
frequencies, the experimental FTIR wavenumbers, and the
corresponding vibrational assignments of ZIL2.

The vibrational assignments were performed using the PED.
All calculated frequencies are scaled values expressed in cm™,
4.4 Structure description

A preliminary conformational analysis of 3-(1,3-diethyl-
1H-imidazol-3-ium-4-yl)propanoate (ZIL2) was performed
using DFT calculations at the B3LYP/6-311G(d, p) level of
theory, which has been widely employed for the investigation
of ILs [41]. The optimized molecular structure is presented in
Figure 5. The most stable geometry corresponds to a minimum

total energy of -650.59467090 a.u., -17696, 1750 eV. This
conformation provides detailed information on the molecular
geometry, including bond angles, torsional angles, and atomic
charges, which form the basis for the subsequent investigation
of the physicochemical properties of ZIL2.

i

Figure 5. Density Functional Theory (DFT) optimized
molecular structure of ZIL2

Table 3. Optimized geometric parameters of ZIL2

Bond Length A Bond Angle(a) Degree (°) Dihedral Angle (8) Degree (°)

r (Ci=C2) 1.3680

1 (C3-N4) 1.3472 a (C3-Ci-C2) 72.976

r (Ci-Hs) 1.0717 o (C1-C3-Ny) 36.470 d(N4-C3-C1-Ca2) -179.397
r (C3-He) 1.0703 a (Hs-Ci-C2) 129.713 d(Hs-Ci-C2-Cs) -172.791
r (C3=N7) 1.3444 a (He-C3-C1) 161.674 S(He-C3-Ci-C2) -174.254
r (N7-Cs) 1.4904 a (N7-C3-C1) 72.239 d(N7-C3-C1-Ca2) 0.644

r (Cs-Ho) 1.0922 a (Cs- N7-C3) 125.943 8(Cs-N7-C3-Cy) -174.575
r (Cs-Hio) 1.0908 a (Ho-Cs-N7) 104.617 S(Ho-Cs-N7-C3) 125.801
r (Cs-C1) 1.5233 a (Hi0-Cs-N7) 107.661 8(H10-Cs-N7-C3) -115.69
r (Cui-Hi2) 1.0899 a (C11-Cs-N7) 112.809 8(C11-Cs-N7-C3) 8.018

r (Cii-His) 1.0899 a ( Hi2-C11-Cis) 110.122 S(Hi2-C11-Cs-N7) 61.771
r (C11-Hia) 1.0929 a ( Hi3-C11-Cis) 108.370 S(Hi3-C11-Cs-N7) 178.837
1 (N4-Cis) 1.4805 o ( Hi4-Ci1-Cis) 113.470 S(H14-Ci11-Cs-N7) -62.076
1 (Cis-Hie) 1.090 a (Ci15-Ns-C3) 125.438 3(C15-Nas-C3-Ch) 164.792
r (Cis-Hi7) 1.0888 o ( Hi6-Ci5-Na) 108.158 S(Hi6-C15-N4-Cs) 48.3130
r (Ci5-Cis) 1.5347 o ( Hi7-Ci5-Na4) 106.502 S(H17-C15-N4-Cs) 163.574
r (Cis-Huio) 1.0904 a (Ci13-Ci5-Ng) 110.732 8(Cis-C15-Ns-Cs) -75.016
r (Ci3-Hao) 1.0911 o (Hio-C1s-Cis) 110.938 S(H19-C18-Ci5-N4) 73.575
r (Cis-Ha1) 1.0906 o (H20-C1s-Ci5) 109.915 S(H20-C18-Ci5-N4) -166.69
1 (C2-Ca2) 1.4992 o (H21-C1s-Cis) 110.907 S(H21-C18-Ci5-N4) -44.877
1 (C22-H23) 1.0918 o (C22-C2-Ch) 127.923 8(C22-C2-C1-Ny) 161.486
1 (C22-H24) 1.0882 o (H23-C22-C2) 110.474 S(H23-C22-Ca-Cy) 57.419
1 (C22-Cas) 1.5667 o (H24-C22-C2) 110.317 S(H24-C22-Ca-Cy) 175.675
1 (C2s-Has) 1.0903 0 (C25-C22-C2) 108.445 8(C25-C22-C2-Cy) -64.296
r (C2s-H27) 1.0897 o (H26-C25-Ca22) 108.962 O(H26-C25-C22-C2) -159.089
1 (C25-C23) 1.5507 o (H27-C25-C22) 109.893 O(H27-C25-C22-C2) 81.094
1 (C28=029) 1.2878 0 (C28-C25-C22) 108.573 8(C28-C25-C22-C2) -38.346
r (C2s-030) 1.2799 a (029-025-C25) 115.107 8(029-Cas-Ca5-C22) -68.707

The geometric parameters of ZIL2, including bond lengths,
bond angles, and dihedral angles, are summarized in Table 3.
The imidazolium ring is characterized by the C3=N7 and Cs-
N4bonds with bond lengths 1.3444 and 1.3472 A, respectively,
while the C;=C; bond measures 1.3680 A; The C-C bonds in
the alkyl chains range from 1.49 to 1.56 A, whereas the C-H
bond lengths are close to 1.09 A. Furthermore, the C25=0n9 and
C25-O30 bond lengths are 1.2878 and 1.2799 A, respectively.
Overall, the calculated geometric parameters are in good
agreement with previously reported data for similar ILs [42].
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The bond angles of the imidazolium ring, namely o(Cs-C;-
Cz), G(N7-C3-C1), and G(C1-C3-N4), are 72.970, 72.230, and
36.47°, respectively. Among all the optimized bond angles,
a(C1-C3-Ny) is the smallest (36.47°), whereas a(Hes-C3-C)) is
the largest (161.67°). These values reflect the optimized
molecular geometry of ZIL2 and provide additional structural
information for the subsequent theoretical analysis.

The molecular planarity can be evaluated from the dihedral
angles, which provide valuable information about the three-
dimensional conformation of ZIL2. The calculated dihedral



angles exhibit different values, indicating that the atoms are
not coplanar and that the molecule adopts a non-planar
geometry.

4.5 Atomic charges and molecular dipole moment

The analysis of atomic charge distribution is essential for
understanding the electronic properties and chemical
reactivity of ZIL2. In this study, the Mulliken population
analysis method [31] was employed to calculate the atomic
charges of the optimized structure, and the results are
summarized in Table 4. The obtained charge distribution
provides useful information for interpreting the electronic
properties and molecular dipole moment of ZIL2 [36, 37].

The calculated atomic charges reveal the distribution of
electron density within ZIL2, allowing the identification of
electron-rich and electron-deficient regions that may influence
its chemical reactivity and intramolecular charge transfer [30,
37].

Table 4. Mulliken atomic charges of the ZIL2 calculated at
DFT/6-311G(d, p)

Atom Charge Atom Charge
Ci 0.114 Hie 0.200
C2 0.308 Hi7 0.203
Cs 0.446 Cis -0.505
N4 -0.587 Hio 0.182
Hs 0.223 Hzo 0.180
He 0.247 Hai 0.268
N7 -0.653 Cxn -0.433
Cs -0.152 Ho2s 0.192
Ho 0.290 Hoa 0.200
Hio 0.194 Cos -0.387
Cu -0.590 Hoae 0.179
Hiz 0.226 Hz7 0.159
His 0.204 Cas 0.439
Hi4 0.165 O29 -0.546
Cis -0.230 O30 -0.536

The Mulliken population analysis reveals a non-uniform
charge distribution within the ZIL2 molecule. The most
negative atomic charges are located on the nitrogen atoms Ny
(-0.653 a.u.) and N4 (-0.587 a.u.), as well as on the oxygen
atoms Oy (-0.549 a.u.) and O3 (-0.536 a.u.), reflecting their
high electronegativity and electron-accepting character. In
contrast, atom C,g exhibits a relatively positive charge (+0.439
a.u.), which can be attributed to its bonding with the two
oxygen atoms of the carboxylate group. Most hydrogen atoms
carry positive charges, whereas several carbon atoms,
including Ci1, Cx, and Css, are negatively charged due to
electron density redistribution within the molecular
framework. Overall, the calculated charge distribution
indicates a pronounced electronic polarization, which may
favor intermolecular electrostatic interactions and influence
the chemical reactivity of ZIL2.

Figure 6 illustrates the dipole moment vector of ZIL2
together with its molecular charge distribution. The orientation
of the dipole moment is consistent with the Mulliken charge
analysis, showing the accumulation of negative charges on the
oxygen and nitrogen atoms, whereas the hydrogen atoms carry
positive charges. The calculated dipole moment of ZIL2 is
9.8718 D, indicating a highly polar molecule with pronounced
separation of charge. Such a high dipole moment is expected
to enhance intermolecular electrostatic interactions and may
contribute to the physicochemical properties of ZIL2.
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#=9.8718 D
Hx = 5.0468
My =5.3391

Hz=-6.5937

Figure 6. Dipole moment vector and molecular charge
distribution of ZIL2

4.6 Electronic properties

4.6.1 Frontier Molecular Orbitals analysis

FMO analysis provides valuable insight into the electronic
structure and charge-transfer characteristics of molecules [43].
The highest occupied molecular orbital (HOMO) acts as an
electron donor, whereas the lowest unoccupied molecular
orbital (LUMO) acts as an electron acceptor [36]. The energy
difference between these orbitals, known as the HOMO-
LUMO energy gap Eg (AE = ELumo-Enomo), is an important
parameter for evaluating molecular stability, chemical
reactivity, optical properties, and the hardness and softness of
a molecule [28, 37, 42].

ELumo = -1.2046 ¢V

Ez=3.6842 ¢V

Enomo = -4 8888 eV

Figure 7. Frontier molecular orbitals (HOMO and LUMO) of
ZIL2



The HOMO and LUMO energies, with the HOMO-LUMO
energy gap of ZIL2, were calculated at the DFT/B3LYP/6-
311G(d, p) level of theory. Figure 7 illustrates the three-
dimensional distributions of the molecular frontier orbitals.
The green and red colors represent the positive and negative
phases of the molecular wave function, respectively. The
HOMO is mainly located on the carboxylate group, whereas
the LUMO is predominantly distributed over the imidazolium
ring. This spatial separation suggests an intermolecular charge
transfer from the carboxylate moiety toward the imidazolium
ring, which may contribute to the electronic properties and
chemical reactivity of ZIL2.

The calculated HOMO-LUMO energy gap of ZIL2 is
3.6842 eV, suggesting moderate  semiconducting
characteristics and moderate chemical reactivity. This
behavior results from the relatively easy excitation of electrons
from the HOMO to the LUMO under external perturbations,
thereby facilitating interactions with other chemical species.
Such an energy gap generally reflects a balance between
molecular stability and chemical reactivity [34, 44], indicating
that ZIL2 possesses adequate electronic stability while
maintaining an appreciable reactive character. Furthermore,
the spatial separation between the HOMO and LUMO orbitals
supports the occurrence of intramolecular charge transfer,
which contributes to the electronic properties of ZIL2.

4.6.2 Density of states

The density of states (DOS) is widely used to describe the
electronic structure of molecular systems [45]. To support the
frontier molecular orbital, the total DOS spectrum of ZIL2 was
calculated at the DFT/B3LYP/6-311 G (d, p) level of theory
using the GaussSum program [46]. Figure 8 illustrates the
DOS spectrum, which confirms the HOMO-LUMO energy
gap of 3.6842 eV obtained from the FMO analysis. The clear
separation between the occupied and unoccupied electronic
states indicates the electronic stability of ZIL2. Furthermore,
the DOS profile is consistent with the HOMO and LUMO
distributions, supporting the occurrence of intramolecular
charge transfer within the molecule.

Density of states (states/eV)

=2
[e=]
L

-7.5 -5,0
E (eV)

-12,5 -10,0 -2,5

Figure 8. Total density of states (DOS) of ZIL2

4.6.3 Global reactivity descriptors

Global reactivity descriptors provide valuable insight into
the stability and electronic behavior of molecules [47]. These
descriptors include chemical hardness (1), chemical softness
(S), the electrophilicity index (o), chemical potential (n), and
electronegativity (y) [48]. Both chemical hardness and
softness are used to describe how easily the electronic density
of a molecule can deform or polarize when interacting with
another molecule. The electrophilicity index is used to
measure the electrophilic character of molecules. The
chemical potential reflects the tendency of electrons to escape
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from a system and is associated with its electron-donating
ability [37]. Electronegativity describes the ability of an atom
to attract shared electrons in a covalent bond [25]. These
descriptors provide useful information about the overall
stability and chemical properties of a molecule.

Using Koopman’s theorem, these descriptors were
calculated at the B3LYP/6-311G(d, p) level of theory [49].
The corresponding equations and calculated values are
presented in Table 5.

The relatively low softness and high hardness values
suggest that ZIL2 possesses good chemical stability.

Ionization potential: Ip = - Enomo 2)
Electron affinity: Ex = - ELumo (3)
Electronegativity: x = -1/2 (Exomo + ELumo) 4)
Chemical potential: p = 1/2 (ELumo + Enomo) (®)]
Global hardness: 1 = 1/2 (ELumo — Exnomo) (6)
Overall softness: S=1 /21 (7
Electrophilicity: m = p? /21 (8)

Table 5. Global reactivity descriptors of ZIL2

Reactivity Index Value (eV)
HOMO energy -4.88884
LUMO energy -1.20464

Tonization potential 4.88884
Electron affinity 1.20464
Electronegativity 3.04674

Chemical potential -3.04674
Global hardness 1.8421
Overall softness 0.27592

Electrophilicity 2.561289

As summarized in Table 5, the calculated global reactivity
descriptors confirm the electronic characteristics of ZIL2. The
ionization potential (4.88884 ¢V) indicates that the molecule
requires a moderate amount of energy to remove an electron,
whereas the electron affinity (1.20464 ¢V) reflects its ability
to accept electrons. The electronegativity (3.04674 eV) and
chemical potential (-3.04674 eV) suggest a balanced electron-
donating and electron-accepting capability. Furthermore, the
relatively high hardness (1.8421 eV) and low softness
(0.27592 V) indicate good chemical stability. The calculated
electrophilicity index (2.561289 eV) also suggests that ZIL2
possesses a moderate electrophilic character.

4.6.4 Molecular electrostatic potential

The MEP is a valuable tool for predicting the reactive sites
of amolecule. It provides information about the distribution of
electrostatic potential over the molecular surface, allowing the
identification of electrophilic and nucleophilic regions as well
as potential hydrogen-bonding sites [49]. The three-
dimensional (3D) MEP map offers a visual representation of
the charge distribution, facilitating the interpretation of
intramolecular interactions and molecular reactivity [30, 31].
In the MEP map, the blue region corresponds to the most
positive electrostatic potential, indicating electron-deficient
sites that are susceptible to nucleophilic attack, whereas the
green region represents areas of nearly neutral electrostatic



potential [39, 50].

Figure 10. MEP of ZIL2 (3D)

The MEP maps of ZIL2 are illustrated in Figures 9 and 10.
The electrostatic potential ranges from -0.108 a.u. (deep red)
to +0.108 a.u. (deep blue). Regions of negative electrostatic
potential (red and yellow) correspond to electron-rich areas
and represent the preferred sites for electrophilic attack. In
contrast, regions of positive electrostatic potential (blue)
correspond to electron-deficient areas and are susceptible to
nucleophilic attack. According to the calculated MEP maps,
the most negative potential is mainly localized around the
oxygen atoms, whereas the nitrogen atoms display a lower
negative electrostatic potential. The positive electrostatic
potential is predominantly distributed around the hydrogen
atoms and neighboring carbon atoms. This charge distribution
highlights the reactive regions of ZIL2 that are likely to
participate in intermolecular interactions, particularly
hydrogen bonding and electrostatic interactions with
surrounding species.

4.7 Thermodynamic properties

The thermodynamic parameters of ZIL2 were calculated at
298.15 K using the optimized structure obtained at the
B3LYP/6-311G(d, p) level of theory. The -calculated
properties include the zero-point vibrational energy (ZPVE),
rotational constants (A, B, C), rotational temperatures (0r),
thermal energy (E), heat capacity at constant volume (Cv),
entropy (S), and the thermal corrections to energy (E),
enthalpy (H), and Gibbs free energy (G). The calculated values
are summarized in Table 6.

The calculated thermodynamic parameters indicate that
ZIL2 possesses good thermal stability under standard
conditions. The relatively high heat capacity at constant
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volume (44.152 cal.mol. K ) reflects the ability of the
molecule to store thermal energy, whereas the calculated
entropy (106.237 cal.mol!. K ') is consistent with the
structural complexity of the molecule. In addition, the positive
thermal corrections to energy, enthalpy, and Gibbs free energy
confirm the thermodynamic consistency of the optimized
molecular structure.

Table 6. Thermodynamic parameters of ZIL2 calculated at
298.15 K using the DFT/B3LYP/ 6-311G (d, p) level of

theory
Thermodynamic Parameters Value
Zero-point vibrational energy (Kcal mol') 162.61504
Thermal Enthalpies AH (Kcal.mol™) 173.7876
Rotational constant (GHZ) 0.83950
0.63662
0.51459
Rotational temperature (Kelvin) 0.04029
0.03055
0.02470
Energy (Kcal.mol!)
Total 168.153
Translational 0.889
Rotational 0.889
Vibrational 166.376
Molecular capacity at constant volume (Cal. mol..
K-
Total 44.152
Translational 2.981
Rotational 2.981
Vibrational 38.191
Entropy (Cal.mol™. K 1)
Total 106.237
Translational 41.726
Rotationall 31.436
Vibrational 33.075
Zero-point correction (Hartree/Particle) 0.256784
Thermal correction to Energy 0.267970
Thermal correction to Enthalpy 0.268914
Thermal correction to Gibbs Free Energy 0.218437

5. CONCLUSION

This study combined experimental characterization and
DFT to investigate the physicochemical properties of ZIL2.
Experimental analysis using TGA/DTA, UV-Vis, and FTIR
spectroscopy provided valuable information on its thermal
stability, optical behavior, and vibrational characteristics.
Complementary DFT calculations performed at the B3LYP/6-
311G(d, p) level enabled the determination of the optimized
molecular geometry, FMO, DOS, MEP, global reactivity
descriptors, and thermodynamic properties.

The experimental results revealed that ZIL2 is thermally
stable up to approximately 231 °C, and exhibits a melting
temperature of 98.66 °C. UV-Vis spectroscopy showed strong
absorption, while the experimental optical band gap was
estimated to be 5.64 eV. Theoretical calculations confirmed
the high chemical stability of the molecule through its
relatively large HOMO-LUMO energy gap, favorable global
reactivity descriptors, and MEP distribution, which identified
the most probable electrophilic and nucleophilic reactive sites.

Overall, experimental and theoretical investigations provide
complementary information for understanding the structural,
electronic, optical, and thermodynamic properties of ZIL2.
The combined approach demonstrates the usefulness of



integrating experimental characterization with quantum
chemical calculations for the investigation of ZILs and
provides a solid basis for their future applications in catalysis,
electrochemistry, functional materials, and related fields.
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APPENDIX
Al. NMR results of ZIL2
3-(1,3-diethyl-1H-imidazol-3-ium-4-yl)propanoate (ZIL2)

8.80g (26.03 mmol) of 4-(3-methoxy-3-oxopropyl)-1,3-
diethyl-1H-imidazol-3-ium iodide and 53g of resin Amberlite
IRN78 OH (1/6 ratio) in 44 mL of MeOH were used to obtain
pure ZIL2 as a white solid (4.37g, 85% yield). Mp = 98 °C.

'H NMR (CD;OD, 400 MHz)3: 9.03 (s, 1H, NCHN
residual), 7.44 (s, 1 H, CH=N), 4.25 (m, 4 H, 2 x NCH>), 2.97
(t,2 H,J=72Hz, CHy), 2.56 (t,2 H, J= 7.2 Hz, CHy), 1.55
(m, 6 H, 2 x CH3).

3C NMR (CD;0D, 100 MHz) &: 177.8 (C0O2-), 135.9 (Cg),
134.4, 133.8 (m, NCHN residual), 118.4 (CH=C), 44.5, 41.8
(2 x NCHb»), 34.9 (CH»), 20.0 (CH»), 14.2, 13.9 (2 x CH3).
HRMS (ESIY) calc. for CioH17N>0, [M+H]" 197.1290, found
197.1294.
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Figure A2. 3C NMR spectrum of ZIL2
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A2. Experimental and theoretical optical gap spectrum of
7112

A2.1 Experimental optical gap spectrum
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Figure A3. Experimental optical gap of ZIL2 by the first
derivative
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Figure A4. Experimental optical gap of ZIL2 by the second
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Figure AS. Experimental optical gap of ZIL2 by Tauc plot



A2.2 Theoretical optical gap spectrum

4, 0E-10

2,0E-10 4

0,0E+00

dOfda.

-2,0E-10 4 Eg = 565eV

-4,0E-10

-6,0E-10 4

Wavelength (nm)

Figure A6. Theoretical optical gap of ZIL2 by the first

derivative
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Figure A7. Theoretical optical gap of ZIL2 by the second

derivative
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Figure A8. Theoretical optical gap of ZIL2 by Tauc plot
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