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Piperazinium cation-based protic ionic liquids (PILs) have important applications in diverse fields like catalysis,
coal desulfurization, SOy capture, microemulsion formation, and solid electrolytes for batteries. Despite the
broad applications, their practical applications are hindered by the lack of detailed insights into the factors that
influence the molecular associations and the macroscopic properties. Here we report the synthesis of a series of
piperazine-based PILs, viz. [EtPIPZ][For], [EtPIPZ][Ace], [EtPIPZ][Prop], [EtPIPZ][Butl, [EtPIPZ][Pent], and
[EtPIPZ][Hex] by varying the carboxylate anion chain length. The PILs were synthesized by the direct
neutralization strategy and were characterized by NMR, ATR-FTIR, and mass spectroscopic techniques. The key
physicochemical properties, such as density (p), speed of sound (w), viscosity (1), refractive index (np), and ionic
conductivity (o), were measured in the temperature range of 293.15 K to 323.15 K and pressure 0.1 MPa for the
room temperature PILs [EtPIPZ][For], [EtPIPZ][Prop], [EtPIPZ][But], and [EtPIPZ][Pent]. The other associated
thermodynamic parameters were derived to get insights into the ion-ion interactions and free volume (Lg
characteristics. It was found that an increase in the alkyl chain length of the carboxylate anion leads to reduced
density, refractive index, and ionic conductivity and an increase in viscosity, molecular volume (V), isentropic
compressibility (fs), and free volume (Lg). These trends indicate diminished packing efficiency and enhanced ion
mobility constraints in PILs with longer alkyl chains. In addition, Density Functional Theory (DFT) calculations
including HOMO-LUMO energy levels, electrostatic potential (ESP) surfaces, interaction energies, and reduced
density gradient (RDG) analysis, revealed progressively weaker non covalent cation-anion interactions with
increasing alkyl chain length. The combined experimental and computational results establish a comprehensive
structure-property relationship established here will help tailor the properties of piperazine-based PILs for
electrochemical, separation, and solvent-based applications.

1. Introduction functional groups such as hydroxyl (-OH), ether (-O-), or amino (NH5-)

moieties on either cations or anions to reduce viscosity and enhance

Since their first discovery in 1914 by Paul Walden, ionic liquids (ILs)
have emerged as a versatile class of materials owing to their peculiar
properties, such as negligible vapour pressure, wide electrochemical
windows, and tunable physicochemical properties[1,2]. The physico-
chemical properties of ILs can be tuned by modifying the structure of
cations and anions, such as by varying the length of the alkyl chain
either on the cation or anion, which disrupts packing and alters the
hydrogen bonding[3-5]. Advanced functionalization strategies for
fine-tuning the properties of ILs include the introduction of specific
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conductivity[6-9]. The rational modification of IL structures has led to
their application in diverse arenas such as gas separation, electro-
chemical energy storage, catalysis, advanced solvent systems, etc
[10-15]. Amongst the different classes of ILs, protic ionic liquids
(PILs)-formed by the acid-base neutralization reaction between Bronsted
acids and Bronsted bases have garnered wide attention due to their
structural simplicity, strong hydrogen-bonding networks, and potential
for enhanced proton and ion transport[16]. Despite the advances in the
field, establishing structure-property relationships in PILs has been an
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arduous task. In contrast to aprotic ILs, where Coulombic interactions
are the dominant forces, PILs exhibit a complex blend of electrostatic
interactions, hydrogen bonding, and dispersion forces[17-19]. These
competing interactions significantly influence the properties such as
conductivity, viscosity, thermal stability, etc., in ILs. Consequently,
systematic insights that isolate the influence of individual structural
parameters are necessary for the rational design of PILs for
application-specific requirements.

Piperazinium cation-containing ILs offer a structurally distinct plat-
form for the design of PILs due to the presence of two nitrogen atoms
[20]. This introduces the possibility of multiple hydrogen-bond donor
and acceptor sites, thereby strengthening the interactions between
cation and anion and alter the ion association behaviour. In recent years,
piperazinium-based ILs have found applications in desulfurization of
coal, SO, capture, catalysis in organic synthesis, electrolytes etc[21-25].
Despite the promising possibilities, piperazinium-based PILs remain
unexplored, and existing reports largely focus on synthesis or isolated
properties. Detailed insights into the influence of molecular structure on
the physicochemical properties and transport behaviour for
piperazinium-based ILs are a potential area to explore. Carboxylate
anions provide an ideal framework to modulate the properties of ILs
such as viscosity, melting point, conductivity, H-bonding, basicity etc,
making them potential candidates for applications in catalysis, extrac-
tion, and gas capture[26-29]. The carboxylate anion chain length can be
systematically varied, keeping the ionic head group unchanged, and the
influence on the structure-property relationships can be explored. In
fact, these studies have been performed on certain imidazolium,
ammonium, and phosphonium-based PILs[30-32]. Analogous experi-
mental studies on piperazinium-based ILs are missing, and a unified
experimental and theoretical assessment of how anion chain length
governs ion mobility, packing efficiency, free volume, and energetic
barriers is the need of the hour.

The present study addresses this gap by reporting a systematic
investigation of a homologous series of N-ethylpiperazinium alkanoate
PILs, in which the carboxylate anion chain length is varied from one
carbon to six carbons. The synthesis of the PILs was accomplished by an
acid-base neutralization reaction between N-ethyl piperazine and the
corresponding carboxylic acid. The physicochemical and transport
properties, including density (p), speed of sound (u), viscosity (1),
refractive index (np), and ionic conductivity (6) were measured over
wide temperature ranges. The obtained experimental data were further
used to compute other thermodynamic parameters related to ion-ion
interactions, molecular packing, and free volume (Ly) etc. Besides the
experimental work, Density Functional Theory (DFT) calculations
including optimised molecular geometries, HOMO-LUMO energy levels,
electrostatic potential (ESP) surfaces, interaction energies, and reduced
density gradient (RDG) analysis were performed to gain molecular level
insights into the electronic structure and non-covalent cation-anion in-
teractions. The systematic experimental and theoretical investigations
presented herein are aimed at establishing structure-property relation-
ships and identifying the molecular interactions responsible for the
thermodynamic and transport behaviour of piperazinium-based PILs.
This study is also expected to provide valuable insights into the possible
applications of synthesized PILs in gas capture, electrolyte formulations,
catalysis, desulfurization of fuels, etc.

2. Experimental section
2.1. Materials

1-ethylpiperazine was acquired from Spectrochem, India. Formic
acid, acetic acid, propanoic acid, and hexanoic acid were purchased
from SRL, whereas butanoic acid and pentanoic acid were purchased
from Loba Chemie and Avra, respectively. All of the chemicals used in
the synthesis were of the highest purity (>98%) and analytical grade
and were used as such without any further purification. The purity (mass
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percentage), source and CAS Number of the chemicals are given in
Table 1.

2.2. Synthesis of ionic liquids

N-ethyl piperazinium alkanoates were synthesized by direct
neutralization of N-ethyl piperazine (1 equivalent) with the alkanoic
acid (1.1 equivalent) as shown in Figure 1. The mixture of N-ethyl
piperazine (10g, 1 equivalent) with ethanol (50 mL) was loaded into a
100 mL three-necked round-bottomed flask in an ice-water bath. A so-
lution of alkanoic acid (1.1 equivalents) in ethanol (15 mL) was added
dropwise into the flask, and the mixture was stirred for 30 min. The ice
bath was removed, and the reaction mixture was stirred at room tem-
perature for 5 hours. The entire reaction was performed under inert
conditions. After the reaction was complete, ethanol was removed under
pressure using a rotary evaporator. The obtained product was dried
under vacuum at 338.15 K for 5 hours. All the products [EtPIPZ][For],

[EtPIPZ][Ace], [EtPIPZ][Propl], [EtPIPZ][But], [EtPIPZ][Pent],
[EtPIPZ][Hex] were obtained in more than 90% yields (Figure S1 and
Figure S2).

The acetate and hexanoate-based ILs were obtained as solids at room
temperature, whereas the formate, propanoate, butanoate, and penta-
noate ILs were room temperature ionic liquids (RTILs). The images of
the synthesized ILs are shown in Figure 2, and their [UPAC name,
abbreviation used, molecular weight, physical state, solubility and the
purity of synthesized PILs were determined by 1H NMR and the residual
water content of the PILs was measured by Karl Fischer (KF) titration
and decreased with increasing alkyl chain length from 2753-2259 ppm
with an increase in the length of alkyl chain. The calculated purity
values using 1H NMR and KF titration have been listed in Table 2.

2.3. Characterisation of ILs

The synthesised EtPIPZ-based ILs were characterised by Nuclear
Magnetic Resonance (NMR), High Resolution Mass Spectrum (HRMS),
and Attenuated Total Internal Reflectance-Fourier Transform Infra-red
(ATR-FTIR) techniques. For the synthesised ILs, the NMR spectra were
measured on a Bruker Avance 500 MHz NMR spectrometer by using
deuterated chloroform (CDCl3), and tetramethyl silane (TMS) was used
as the internal reference. In 'H NMR, the CDCls peaks are observed at §
values 7.26 ppm and 77.06 ppm for 'H and 13C NMR, respectively. The
HRMS was obtained using an Agilent 6545 Q-TOF LC/GC instrument.
The samples were prepared by diluting 0.5 ml of the ILs in a 2 ml
methanol solution before injection into the instrument. The ion source
operated in dual mode, utilizing both AJS ESI in both positive and
negative modes. The instrument’s operating conditions include a gas
temperature of 498.15 K a drying gas flow rate of 5 L per minute, a
nebulizer pressure of 35 psi, a sheath gas temperature of 498.15 K and a
sheath gas flow rate of 8 L per minute. The ATR-FTIR spectra were
recorded using a Bruker Tensor II FTIR spectrophotometer. The FTIR
spectrum was first calibrated using air or standard samples from
BRUKER, UK, along with a blank spectrum.

Table 1

List of chemicals used for the ILs sysnthesis.
Name Purity (mass percentage)” Source CAS Number
1-ethylpiperazine 99% Spectrochem 5308-25-8
Formic acid 98% SRL 64-18-6
Acetic acid 99.5% SRL 64-19-7
Propanoic acid 99.5% SRL 79-09-4
Butanoic acid 99% Loba Chemie 107-92-6
Pentanoic acid 98% Avra 109-52-4
Hexanoic acid 99% SRL 142-62-1

# as declared by the supplier and used as received
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Figure 2. Images of the EtPIPZ-based ILs.

2.4. Density, speed of sound, and viscosity

The density and speed of sound of the synthesized ILs were analysed
by employing Anton Paar (DSA 5000M) digital density and sound ve-
locity meter. The instrument has the speciality of measuring both pa-
rameters simultaneously. It consists of a polymer cell that operates and
controls the propagation time. The instrument can measure the speed of
sound of a liquid within the range 1000-2000 m.s™}, and the temperature
and pressure range are 273.15 K-343.15 K and 0-3 bar, respectively. It
maintains precise temperature control using the PT-100 sensor with a

precision of 0.01 K. The instrument needs to be calibrated before use,
and the calibration is accomplished by using Millipore water and drying
the instrument with air at near room temperature. The analysis requires
3-4 mL of each sample, and it is carefully injected through the mea-
surement cell using a syringe ensuring the absence of air bubbles. The
viscosity of the synthesised EtPIPZ-based ILs was measured by using an
Anton Paar Lovis 2000ME viscometer at temperature ranges from
293.15 to 323.15 K with an interval of 5 K. The viscometer was cali-
brated with standard oils supplied by Anton Paar Co., Austria. The
capillary tube is first filled with a ceramic ball, followed by the IL. It is to
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Table 2
IUPAC name, abbreviations and purity of the piperazinium-based PILs.
Abbreviation =~ Molecular Physical Solubility Purity Water
weight State (Mass Content
fraction) (ppm)”
[EtPIPZ] 160.21 Viscous MeOH, >0.97 2753
[For] liquid EtOH,
H>0
[EtPIPZ] 174.13 Amorphous MeOH, >0.99 2557
[Ace] solid EtOH,
H>0
[EtPIPZ] 188.15 Viscous MeOH, > 0.99 2476
[Prop] liquid EtOH,
H>0
[EtPIPZ] 202.29 Viscous MeOH, > 0.99 2490
[But] liquid EtOH,
H,0
[EtPIPZ] 216.32 Viscous MeOH, > 0.99 2391
[Pent] liquid EtOH,
H,0
[EtPIPZ] 230.34 Crystalline MeOH, >0.99 2259
[Hex] solid EtOH,
H,0

2 calculated by using 'H NMR
b Water content calculated using KF titration with standard uncertainty +30
ppm

be ensured that air bubbles are absent when filling, and the viscosity is
measured based on the movement of the ceramic ball and the average
time taken to travel from one end to another in the capillary during the
analysis. The relative error of the analysis is approximately 1%.

2.5. Thermogravimetric analysis and differential scanning calorimetry

Thermogravimetric Analysis (TGA) was conducted on an Erhard
Mettler TGA instrument. It continuously measures the mass of a syn-
thesised EtPIPZ-based ILs over a temperature range from 298 K to 600 K.
From the measured Data, one can analyse the thermal breakdown of
synthesised ILs. The desired quantity (50 mg) of EtPIPZ-based ILs was
heated on a platinum-coated pan under an inert atmosphere (20 mL/min
flow rate) at atmospheric pressure from 298 K to 600 K at a heating ramp
rate of 10 K/min. Differential Scanning Calorimetry (DSC) was per-
formed by using a differential scanning calorimeter (TA Instruments,
DSC Q200). High-purity zinc (transition temperature of 692.15 K) sup-
plied by TA Instruments was used as a reference material to calibrate the
instrument. The samples were contained in sealed crucibles, with a
heating rate and cooling rate of 10°C/min.

2.6. Refractive index

Refractive index (np) is defined as the ratio of the speed of light in
vacuum to the speed of light in an optical medium. The refractive index
of the synthesised EtPIPZ-based ILs was measured using a Refracto-30GS
refractometer over the temperature range 293.15 to 323.15 K at 5 K
intervals. Temperature control was maintained using a high-precision
temperature refrigerated circulator (JULABO F200). The Refractom-
eter was calibrated with Millipore water before and after each set of
measurements. The standard uncertainty of refractive index was 0.001,
and the temperature uncertainty was u(T) = 0.01 K

2.7. Ionic conductivity

Ionic conductivity (o), arises from the movement of charged ions
under an applied electric field. It is an important parameter used for
getting insights into the transport properties as well as the electro-
chemical properties of ILs. The ionic conductivity for the synthesized
ETPIPZ-based ILs was measured by using a Systronics Conductivity
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Meter 304 over the temperature range of 293.15 - 323.15 K at an at-
mospheric pressure of 0.1 MPa. The temperature of the system was
controlled by using a high-precision refrigerated circulator (JULABO
200F), and the conductivity meter was calibrated by using a standard
0.1 M KCl solution.

2.8. Theoretical studies

The Density Functional Theory (DFT) calculations were performed
using the Gaussian 16 software package. The synthesised EtPIPZ-based
ILs were optimised at the 6-311 ++ G (d, p) level of theory. DFT anal-
ysis of the ILs is expected to provide detailed information about
molecular-level interactions, including structural, energetic, and elec-
tronic properties. Structural properties provide information about the
optimised geometry corresponding to the minimum energy of the
cation-anion pair. Geometry optimization also helps in analysing and
confirming the most stable conformation of the system, and enables the
analysis of intermolecular interactions such as hydrogen bonding be-
tween the cation-anion pair. The energetic properties give insights into
the stability and the strength of ion pairing. These include the interac-
tion energy and binding energy that quantifies the strength of attraction
between the cation and the anion. Energetic parameters also provide
information about the thermodynamic stability and may correlate with
solvation behaviour and thermal stability. Electronic properties involve
the analysis of charge transfer and frontier molecular orbitals. The en-
ergies of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) give an idea about the chemical
reactivity, electron-donating and electron-accepting abilities, and the
overall electronic stability. Finally, the electrostatic surface potential
(ESP) maps the electron-deficient (positive) and electron-rich (negative)
regions of the molecule, thereby identifying potential reactive sites and
regions involved in intermolecular interactions.

3. Results and discussion

It is noteworthy that, unlike many previously reported homologous
protic ionic liquid series in which a continuous liquid-state trend is
observed from lower chains to higher chains,[33,34] the present
N-ethylpiperazinium carboxylate family exhibits an unusual behaviour.
Specifically, the acetate and hexanoate salts exist as solids at room
temperature, whereas the other four ILs are liquids. This deviation from
the commonly reported trend suggests that factors beyond alkyl chain
length, including hydrogen-bonding networks, packing efficiency, and
ion-pair organization, play a crucial role in determining the physical
state of these results by influencing intermolecular interactions and
phase behaviour. The principal objective of the present study is to
establish comparative-structure property relationships among liquid
members of the homologous series, the acetate and hexanoate salts were
excluded from the thermodynamic correlations. The 'H and 3C NMR
spectra of the ILs are shown in the supporting information (SI)
(Figures S3 to S14). The 'H of all the piperazinium-based ILs show the
absence of a peak corresponding to the —~OH proton of carboxylic acids
and show a broad singlet in the region § 8.5-9.5 ppm corresponding to
2H arising from the hydrogens on the quaternary nitrogen. This confirms
the successful synthesis of the PILs. The results of the HRMS charac-
terization investigations are shown in SI in Figures S15 to S20.

The FTIR spectra of the ILs are shown in Figure 3 and Figure S21 for
[EtPIPZ][Ace] and [EtPIPZ][Hex]. The ATR-FTIR spectra of the
piperazinium-based PILs show asymmetric COO™ stretch in the region
between 1550-1610 cm’!. The symmetric COO" stretch is observed be-
tween 1350-1420 cm™L. The aliphatic C-H stretching is observed in be-
tween 2850-2950 cm™, whereas the N-H stretch from piperazinium
cation is observed in between 3000-3100 cm™" and the C-N stretch from
the piperazine backbone is observed in between 1200-1330 cm™. The
absence of broad band in the 3200-3600 cm™ region that corresponds to
—OH from carboxylic acid also confirms the successful formation of the



K. Devaiah et al.

C-C-N
COO- stretch  C-N/C-C  stretch

OH/NH stretch

CH Stretching

|EtPIPZ] [Pent]
T~ '\/”\/
© [EtPIPZ][But]|

[ v"\,/

| [EtPIPZ][Prop]

Transmittance (%)

[EtPIPZ][For]

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm?)

Figure 3. FTIR spectra of EtPIPZ-based ILs.

PILs.

The UV-Vis spectra of the EtPIPZ-based ILs are presented in
Figure S22 and S23, with Figure S22 showing [EtPIPZ][Ace] and
[EtPIPZ][Hex] and Figure S23 showing [EtPIPZ][For]-[EtPIPZ][Pent].
The spectra do not reveal any distinct absorption bands in the visible
region, possibly due to the absence of extended n-conjugation in the
saturated piperazine ring, resulting in no significant n-n* transitions.
The weak absorption bands in the deep UV region may likely be asso-
ciated with localized electronic transitions.

3.1. Thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

Thermal Gravimetric analysis is an important technique to elucidate
the thermal stability and the decomposition behaviour of the materials
under investigation. The TGA profiles of the EtPIPZ-based ILs are shown
in Figure 4 and Figure S24 for [EtPIPZ][Ace] and [EtPIPZ][Hex]. The
onset temperature (Topget) is the temperature at which decomposition
begins, while Tpeax denotes the temperature at which the maximum rate
of decomposition occurs. No significant weight loss is observed below
423.15 K, indicating minimal moisture content and high purity of the
synthesized ILs. Among the studied systems, [EtPIPZ][Hex] exhibited
the highest thermal stability with a Topser of 593.15 K and Tpeax above
469.15 K. In general, the Tope; for all the other ILs is below 471.15 K. A
gradual mass loss of approximately 18-25% was observed in the tem-
perature range 471.15 K- 563.15 K, followed by major decomposition
beyond 573.15 K. The thermal stability of the synthesized ILs is not
governed by the length of the alkyl chains, indicating that the decom-
position behaviour is influenced by multiple structural and intermo-
lecular factors rather than solely the chain length.

The DSC thermograms of the synthesized EtPIPZ-based ionic liquids
are presented in Figures 5 and Figure S25 for [EtPIPZ] [Ace] and
[EtPIPZ][Hex]. In all samples, a thermal event is observed in the low-
temperature region around —58 °C, corresponding to the glass transi-
tion temperature (Tg). The absence of sharp melting peaks in this region
confirms the predominantly amorphous nature of the ILs. For [EtPIPZ]
[For], [EtPIPZ][Prop], and [EtPIPZ][But], no distinct crystallization or
melting transitions were observed over the studied temperature range,
indicating that these systems remain largely amorphous upon heating.
Similarly, [EtPIPZ][Ace] exhibits only a glass transition without any
clear melting peak, suggesting a highly disordered structure. In contrast,
ILs containing larger alkyl chain anions exhibit subtle differences in
thermal behaviour. [EtPIPZ][Pent] exhibits an exothermic feature near
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Figure 5. DSC Curve of EtPIPZ-based solid ILs.

5 °C, which may be attributed to cold crystallization, indicating partial
structural ordering upon heating. Furthermore, [EtPIPZ][Hex] displays
a distinct endothermic peak around 35-40 °C, which can be assigned to a
melting transition, suggesting the presence of partial crystallinity. The
appearance of such transitions in the longer-chain systems may be
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associated with enhanced van der Waals interactions and improved
molecular packing. The interruption of the expected liquid-state pro-
gression of the ILs by the solid acetate and hexanoate analogues dis-
tinguishes the piperazinium based ILs from other homologous ionic
liquid systems and indicates that phase behaviour in N-ethyl-
piperazinium carboxylates is governed by a more complex interplay
between molecular structure and intermolecular interactions.

3.2. Density

Density measurements are essential for understanding the intermo-
lecular interactions and structural organization in ILs. The densities of
the synthesized EtPIPZ-based RTILs were measured over the tempera-
ture range of 293.15-323.15 K at 0.1 MPa. The plot variation of density
versus temperature for the ILs is shown in Figure 6. The obtained density
values lie in the range 959.6 to 1044.6 kg.m™ as shown in Table S1.

The density of the EtPIPZ-based ILs is found to decrease with an
increase in the alkyl chain length of the carboxylate anion and with an
increase in the temperature. The density is thus highest for [EtPIPZ]
[For] and lowest for [EtPIPZ][Pent]. This decrease can be attributed to
the increase in molar volume arising from the expansion of the nonpolar
region of the anion. As the alkyl chain length increases, the intermo-
lecular hydrogen bonding interactions within the IL system are weak-
ened, resulting in an increase in the free volume. The decrease in density
with an increase in temperature is attributed to the thermal expansion
and the consequent increase in molar volume. These trends are consis-
tent with previously reported literature for structurally related ionic
liquids[35-37]. .Density measurements were performed in triplicate at
each temperature, and the corresponding average values are reported in
Table S1. The experimental standard deviation (SD) of the density
measurements ranged from 0.05 to 0.09 kg.m™> The standard uncer-
tainty of the Anton par DSA 5000M density meter was +0.005 kg.m™.
Combined standard uncertainties was calculated using the law of
propagation of uncertainty by considering both experimental standard
deviation and the instrumental uncertainty, Error bars corresponding to
+ SD (n=3) have been included in the Figure 6. statistical analysis of the
fitted density correlations was performed by linear regression and the
corresponding R? values and Confidence Interval (CI) are included in
Table S2.

The thermal expansion coefficient values computed using experi-
mental density are useful to get insights into the intermolecular in-
teractions. The relation between the density and thermal expansion
coefficient is given below in equation (1) [38,39].

1060
—&—{EtPIPZ][For]
[EtPIPZ][Prop]
[EtPIPZ][But]
1040 —¥—{EtPIPZ][Pent]
1020
~
o
g
o0
2, 1000
Q
980 —
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T T T T T T T T T T T T T T
290 295 300 305 310 315 320 325
T (K)

Figure 6. Density of EtPIPZ-based ILs (Standard uncertainties in density u(p) =
0.05 kg.m~3).
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The plot of thermal expansion coefficient against temperature for the
four EtPIPZ-based ILs is given in Figure 7, and the corresponding values
are given in Table S3. The values were found to be in the range of 7-8.1 x
10* K'! and the corresponding average values derived from the three
independent measurements values are reported in Table S3. It increases
with the alkyl chain length of the synthesised EtPIPZ-based ILs. The
thermal expansion coefficient increases with temperature, which is due
to a reduction in density with increasing alkyl chain length in ILs. It can
be attributed to an increase in intermolecular interactions and volu-
metric expansions with temperature, which is responsible for the in-
crease in thermal expansion coefficient[40].

The thermal expansion coefficients of the synthesised N-ethyl-
piperazinium carboxylate PILs fall within the range generally reported
for carboxylate based PILs. A slight increase in thermal expansion co-
efficient () with increasing alkyl chain length, indicates that the
incorporation of longer alkyl substituents reduces packing efficiency and
enhances molecular mobility, resulting in a greater increase in volume
with increasing temperature. This trend is consistent with previous
studies on ammonium, pyrrolidinium, and DBU based PILs, where
longer alkyl chains weaken intermolecular interactions and facilitate
thermal expansion [41-44]. Therefore, the close agreement between the
present values and the reported in literature values confirms that the
synthesised PILs exhibit characteristic thermal expansion behaviour for
this class of ILs.

The uncertainty of the thermal expansion coefficient was calculated
using law of prorogation of uncertainty by considering the uncertainties
associated with the density measurements at different temperatures.
Linear regression analysis was performed to evaluate the temperature
dependence of density for each PIL, and the quality of the fit was
assessed using the coefficient of determination (R%). The corresponding
confidence interval (CI) values are reported in Table S4.

Apart from the thermal expansion coefficient, other parameters that
are crucial to get detailed insights into the ILs are molecular volume (V)
and standard entropy (SO), etc. These parameters can also be calculated
from the experimental density data by using equations (2) and (3)[45,
46].

V= 2
Np-p
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Figure 7. Thermal expansion coefficient of EtPIPZ-based ILs (Standard un-
certainties in thermal expansion coefficient u(a) = 0.005 x 10* K.
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S°(J K .mol™) = 1246.5V (nm?) + 29.5 3)

Where V is the molecular volume (nm?®) of the EtPIPZ ILs, M is the
molecular weight (g.mol'l), Ny is the Avogadro number (6.02 x 10%
mol ), and p is the density (kg.m). The plot of molecular volume V
(nm®) of EtPIPZ-based ILs against temperature is given in Figure 8, and
the corresponding data is given in Table S5. The values of V were found
to be in the range 0.253-0.374 nm>. The value of V increases with an
increase in the length of the alkyl chain of the carboxylate anion and
increases with an increase in temperature for each IL[47,48]. Thus, the
increasing order of molecular volume of EtPIPZ-based ILs can be rep-
resented as [EtPIPZ][For] < [EtPIPZ][Prop] < [EtPIPZ][But] < [EtPIPZ]
[Pent]. This behaviour can be due to the thermal expansion, as an in-
crease in temperature increases the molecular kinetic energy, resulting
in greater intermolecular separation and an overall increase in free
volume.

The molecular volume was calculated as a function of the number of
carbon atoms in the anionic alkyl chain and is presented in Figure 9. The
standard deviation (SD) was calculated from the corresponding molec-
ular volume data. The uncertainty in the molecular volume was esti-
mated using the law of propagation of uncertainty based on the
experimental density measurements. The SD was observed in the range
of 0.0001 nm®> while the standard error (SE) was approximately
0.00006 nm®, with a corresponding CI of + 0.000253 nm® .In addition,
linear regression analysis was performed to evaluate the fitted correla-
tions and the corresponding coefficients of determination (R2) and CI
values are reported in Table S6 and strong linear correlation (R2=0.99)
was observed between molecular volume and number of carbon atoms
in anionic site, which is described by the equation: V (nm3) = 0.0297n,
+ 0.182, where n, represents the number of carbon atoms in the anion.
The slope value of 0.0297 nm? indicates the incremental contribution of
each methylene (~CHz-) group to the molecular volume of the ionic
liquid. This contribution is consistent with the reported volume of -CHz—
groups as a function of the number of carbons in carboxylate anion chain
lengths [49,50]. The results clearly indicate that molecular volume in-
creases systematically with increasing alkyl chain length. Consequently,
[EtPIPZ][Pent] occupies a larger volume compared to ILs containing
shorter alkyl chain anions.

The standard entropy (S°) values were estimated using an empirical
correlation based on the molecular volume (nm®) (equation 3) rather
than direct calorimetric measurements, following the approach pro-
posed by Panda[51]. Such empirical correlations have been widely
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Figure 8. Molecular Volume of EtPIPZ-based ILs (Standard uncertainties in
molecular volume u(V) = 0.0003 nm®).
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Figure 9. Standard entropy of EtPIPZ-based ILs.

applied to ILs and provide reliable comparative estimates despite their
inherent approximations. Nevertheless, some deviations may arise from
molecular flexibility, hydrogen-bonding interactions and ion-specific
effects that are not explicitly considered in the empirical model. The
values were estimated at different temperatures of 293.15K-323.15K for
EtPIPZ-based ILs. The calculated values are presented in Figure 10 and
summarised in Table S7. The value of standard entropy (S°) was found to
fall in the range of 345.23-496.46 J.Kl.mol . This plot indicates that
standard entropy increases with increasing alkyl chain length and with
increasing temperature.

The experimental precision was evaluated using standard deviation
(SD), standard error (SE) and confidence interval (CI) based on three
independent measurements (n=3). The calculated values were SD =
0.10 J Kt.mol!, SE =0.05 J K .mol™ CI is £0.25 J K''.mol™"* The
standard uncertainty, estimated using the law of propagation of uncer-
tainty, was 0.05 J Kl.mol! .In addition, statistical analysis of the
standard entropy correlation was performed using linear regression and
the corresponding coefficient of determination (R?) and CI values are
reported in the Table S8.

To get insights into the relative stability and strength of ions in the
synthesised EtPIPZ-based ILs, the lattice potential energy (Upor) was
calculated using Glasser’s theory, assuming ILs behave as MX-type salts,
according to equations (4) and (5)[52,53].
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Figure 10. Standard entropy of EtPIPZ-based ILs (Standard uncertainty of u
(59 = 0.05 JK 1 .mol ™).
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1
Upor (kJ.mol™) = 1981.2(ﬁ)g+103.8 )

Vo= Vi4V; (5)

The calculated lattice potential energy (LPE) values are shown in
Figure 11 and listed in Table $9, ranging from 570.9 to 513.9 kJ.mol .
LPE primarily depends on the electrostatic interactions between ions
and is inversely related to the molar volume. The molar volume (V,*) is
the sum of the molecular volumes of the cation (V) and anion (V}) as
proposed by Esperanca[54]. As the alkyl chain length of the anion in-
creases, the anionic volume increases, leading to a larger overall molar
volume and consequently lower lattice potential energy. The decrease in
LPE with increasing alkyl chain length indicates reduced packing effi-
ciency, increased free volume, and higher standard entropy in the
EtPIPZ-based ILs. The calculated LPE values are all below 575 kJ.mol™!,
which is lower than that of inorganic fused cesium iodide (CsI), whose
LPE is 613 kJ.mol™'. These comparatively lower LPE values confirm the
liquid nature of the synthesized ionic liquids [41,55]. The experimental
precision was evaluated using the standard deviation (SD), standard
error (SE), and confidence interval (CI) based on three independent
measurements (n=3). The calculated values were SD = 0.1 kJ mol’l, SE
=0.05 kJ mol™, CI is £0.25 kJ moll, The standard uncertainty, esti-
mated using the law of propagation of uncertainty, was 0.05 kJ mol . In
addition, the statistical analysis of the lattice energy potential correla-
tion was performed using linear regression, and the corresponding co-
efficient of determination (R?) and CI values are provided in Table S9.
Although the empirical approach proposed by Glasser has been widely
employed for ionic liquids, it possesses certain limitations, particularly
for protic ionic liquids, where strong hydrogen bonding and directional
ion-ion interactions may not be fully represented by empirical
volume-based models[43]. Therefore, the calculated lattice potential
energies should be interpreted as approximate comparative values
rather than absolute thermodynamic quantities. However, as all inves-
tigated compounds belong to the same homologous family and were
analyzed using an identical methodology, the calculated values remain
useful for evaluating relative trends across the series rather than an
exact quantitative description of crystal lattice stabilization[41].

3.3. Speed of sound

The speed of sound is an important parameter for analysing the
physicochemical properties of synthesised ILs. It is defined as the
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Figure 11. Lattice energy potential of EtPIPZ-based ILs (Standard uncertainties
in lattice potential u(Upor) = 0.05 kJ.mol™1).
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distance travelled per unit time by a sound wave propagating through an
elastic medium[56-58]. The speed of sound is generally expressed in
meters per second (m.s!). The speed of sound for the synthesized ILs was
measured by using an Anton Paar Density and Sound Velocity Meter
(DSM 5000 M), equipped with a circular cell with dimensions of 8 mm
diameter and 5 mm depth. The measurements were performed in the
temperature range of 293.15-323.15 K at 0.1 MPa. The plot of speed of
sound (u) versus temperature for EtPIPZ-based ILs is shown in Figure 12.
The speed of sound data was found to be in the range of 1349-1602 m.s™
and the corresponding data was represented in Table S10.

Insights into the data reveal that the speed of sound (u) decreases
with an increase in the alkyl chain length of anions in EtPIPZ-based ILs
and decreases with an increase in temperature. High speed of sound
values are indicative of a more closely packed structure, whereas lower
values suggest less compact packing. The same pattern is observed in the
present case, with [EtPIPZ][For] having the highest speed of sound
value compared to the other three ILs. The decrease in speed of sound at
higher alkyl chain lengths implies increased free space within the sys-
tem, which is consistent with the literature reports[59-61]. The exper-
imental precision was evaluated using standard deviation (SD), standard
error (SE) and confidence of interval (CI) based on three independent
measurements (n=3). The calculated values were SD = 0.1 m s'l, SE
=0.05 m s'l, CI is £0.25 m s . The standard uncertainty, estimated
using the law of propagation of uncertainty, was 0.05 m. s . In addition,
the statistical analysis of the speed of sound correlation were performed
using linear regression, and the corresponding coefficient of determi-
nation (R?) and CI values are reported in Table S11.

Isentropic compressibility (f;) is an important thermodynamic
property that can be calculated by using experimental density (p) and
speed of sound (u) with the help of the Newton-Laplace Equation (6)
given below[62].

1

Isentropic compressibility (f,) is a useful parameter used to analyse
the free space available in ILs. The plot of g, versus temperature for
EtPIPZ-based ILs is shown in Figure 13, and the data are summarized in
Table S12. The values lie in the range 372-572 TPa'l. The value of
isentropic compressibility (f,) was found to increase with an increase in
the length of the alkyl chain of the anion and with the increase in
temperature[63-65]. Higher g, value in [EtPIPZ][Pent] indicate a
partially packed structure with greater free space within the ILs. Similar
behaviour has been reported by Capleo et al. for ammonium
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Figure 12. Speed of sound of EtPIPZ-based ILs (Standard uncertainties in
sound velocity u(u) = 0.05 m. sh.
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Figure 13. Isentropic compressibility of EtPIPZ-based ILs (Standard un-
certainties in isentropic compressibility u(fs) = 0.05 TPa’l).

nitrate-based protic ionic liquids (PILs). The experimental precision was
evaluated using the standard deviation (SD), standard error (SE) and the
confidence interval (CI) based on three independent measurements
(n=3), The calculated values were SD = 0.1 TPa'l, SE =0.05 TPa'l, Cl=

4+0.25 TPa’l. The standard uncertainty estimated using the law of
propagation of uncertainty, was 0.05 TPa’l.

Since isentropic compressibility gives insights into free space avail-
ability in ILs, the intermolecular free length (Ly) was further evaluated to
get a better understanding of intermolecular interaction in the ILs.
Equation (7) is known as Jacobson’s empirical relation used for esti-
mating the intermolecular free length (Lg) [66-68].

Ly = K;\/B, %)

Where Kj is the temperature-dependent Jacobson constant.

The calculated L¢ values for the synthesized EtPIPZ-based ILs are
presented in Figure 14, and the corresponding data are listed in
Table S13. The values of Ly range from 0.38 to 0.51 A, indicating the
increase of Ly with increasing alkyl chain length of the anions and with
increasing temperature [69]. The combined results of isentropic
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Figure 14. Intermolecular free volume of EtPIPZ-based ILs, (Standard un-
certainties in intermolecular free volume u(Lg) = 0.00005 A).
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compressibility and intermolecular free length clearly indicate that
intermolecular free space increases from [EtPIPZ][For] to [EtPIPZ]
[Pent] due to an increase in alkyl chain lengths of anions. Furthermore,
as temperature increases, enhanced ionic mobility results in greater free
volume within the IL system.

The experimental precision was evaluated using the standard devi-
ation (SD), standard error (SE) and the confidence interval (CI), based on
the three independent measurements (n=3). The calculated values were
SD = 0.0001 A, SE = 0.00005 A&, CI = +0.00025 A. The standard un-
certainty, estimated using the law of propagation of uncertainty, was
0.00005 A

3.4. Refractive index

The refractive index (np) of the synthesized EtPIPZ-based ILs was
measured using Refracto 30-GS instrument, and temperature was
controlled with the help of a Julabo circulating bath to maintain proper
temperature intervals. A plot of np versus T for EtPIPZ-based ILs is
shown in Figure 15, and the corresponding data given in Table S14.

The value of np for the ILs was found to be in the range 1.43-1.48. It
was found that the refractive index decreases with an increase in the
alkyl chain length of the carboxylate anion, which may be attributed to
the increase in molar volume and free volume associated with the larger
anions, which reduces the overall polarizability density of the system.
The value of np also decreases with an increase in temperature due to
thermal expansion and the resulting reduction in density [70,71].

The experimental precision was evaluated using the standard devi-
ation (SD), standard error (SE), and the confidence interval (CI), based
on three independent measurements (n=3). The calculated values were
SD = 0.0001, SE =0.00005, CI is £0.00025. The standard uncertainty,
estimated using the of law of propagation of uncertainty, was 0.00005.
In addition, the statistical analysis of the speed of sound correlation was
performed using linear regression, and the corresponding coefficient of
determination (Rz) and CI values are provided in Table S15.

A linear relation between refractive index and temperature was
established by employing equation (8) given below[72,73].

np =Ao + AT ®

Where Ag and A; are correlation coefficients, whose values are shown in
the Table S15. The obtained values show an excellent fit to the linear
equation, with R? values greater than 0.99, and the standard deviation
values were found to be about 0.00005 for the synthesised EtPIPZ-based
ILs, indicating high precision of the experimental measurements.

1.480 4 —-{EtPIPZ][For]
[EtPIPZ][Prop]
[EtPIPZ][But]
1.475 —W—[EtPIPZ][Pent]
1.470 4
1.465 -
=]
=
1.460
1.455 A
1.450
1.445
T T T T T T T T T T T T T

290 295 300 305 310 315 320 325
T (K)

Figure 15. : Refractive index of EtPIPZ-based ILs (Standard uncertainties in
refractive index u (np) = 0.00005).
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The experimental refractive index data were further correlated with
the density data to compute another important thermodynamic
parameter, i.e., molar refraction (Ry,). It can be calculated using the
Lorentz-Lorenz equation given in equation (9). The molar refraction
(Ry) is useful for correlating the physicochemical properties such as
density, surface tension, and polarizability[74,75].

ni—1\M 4Ny,

Ron = (n,% + 2) P 30 ©)
Where Ry, is the molar refraction (cm®.mol™), np is the refractive index,
M is the molecular weight (g.mol™), p is the density (g.cm®), Ny is
Avagadro’s number (mol™), a. is the molecular polarizability and €° is
the permittivity in the vacuum. The plot of molar refraction (Ry,) versus
temperature for EtPIPZ-based ILs is shown in Figure 16, and the
resulting data are presented in Table S16. The Ry, values increase with
an increase in alkyl chain length of anions and decrease statistically with
temperature, which is due to static polarizability, which is caused by van
der Waals dispersion forces of ILs[76]. The experimental precision was
evaluated using the standard deviation (SD), standard error (SE) and
confidence interval (CI) based on three independent measurements
(n=3). The calculated values were SD = 0.01 cm® mol'l, SE =0.005 cm®
mol™?, CI is £0.00025 cm® mol™. The standard uncertainty, estimated
using the law of propagation of uncertainty, was 0.005 cm® mol ™.

Molar Refraction data can be used to calculate the molecular free
volume (Vf) of ILs by using equation 10 as shown below, based on the
assumption that the ILs are hard spheres [77].

V=V, —Rn (10)
Where, V;, is the molar volume. The plot of the molecular free volume
(V) against temperature for the synthesized ILs is given in Figure 17,
and the corresponding data is given in Table S17. The values of V; were
found to be in the 108.7-164.7 x 105 m3.mol ™.

The results make it evident that V; increases with an increase in alkyl
chain length of the anions, and also increases with an increase in tem-
perature. The obtained free volume data are in good agreement with the
molecular free length (Lf) and the speed of sound values, as discussed in
the previous section. Free volume increased with increasing alkyl chain
length, indicating reduced ion packing efficiency and enhanced struc-
tural flexibility. This behaviour arises from the incorporation of longer
alkyl chains, which increase the unoccupied space within the liquid
structure and weaken the intermolecular packing. Similar trends have
been reported for ammonium, pyrrolidinium and DBU based PILs.
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Figure 16. Molar refraction (Ry,) of EtPIPZ-based ILs. (Standard uncertainties
in molar refraction u(nR,,) = 0.005 cm® mol™).
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Figure 17. Free volume (V) of EtPIPZ-based ILs (Standard uncertainties in free
volume u(Vp) 0.005 m3.mol™?).

Therefore, the present results are consistent with the established struc-
ture property relationships observed for related PIL systems[41-43,51].

The experimental precision was evaluated by using the standard
deviation (SD), standard error (SE) and confidence (CI) based on three
independent measurements (n=3). The calculated values were SD =
0.01 x 10"® m® mol™, SE =0.005 x 10" m®mol™, Clis +0.025 x 10 m®
mol ™. The standard uncertainty, estimated using the law of propagation
of uncertainty, was 0.005 x 10°® m® mol ..

3.5. Viscosity

Viscosity () is an important transport property that governs mass
transfer in liquids and ILs. In IL systems, viscosity is primarily influenced
by hydrogen bonding, dispersion forces, and Coulombic interactions[78,
79]. The dynamic viscosities of the synthesised EtPIPZ-based ILs were
measured over the temperature range of 293.15K -323.15 K, and the
results are presented in Figure 18, with the corresponding data sum-
marized in Table S18.

The measured viscosity values lie in the range 53.5-303 mPa.s. The
viscosity of EtPIPZ-based ILs follows the decreasing order: [EtPIPZ]
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Figure 18. Viscosity of EtPIPZ-based ILs (Standard uncertainties viscosity u(i)
= 0.11 mPa.s).
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[For]< [EtPIPZ][Prop]< [EtPIPZ][But]<[EtPIPZ][Pent] as shown in
Figure 18. For the propanoate, butanoate, and pentanoate derivatives,
the observed increase in viscosity with increasing alkyl chain length of
the anion may be attributed to the relative weakening of strong
Coulombic and hydrogen-bonding interactions due to increased steric
bulk and free volume. Although dispersion forces increase with chain
length, their contribution does not compensate for the reduced elec-
trostatic interactions, leading to an overall increase in viscosity. An
important outcome of this study is that the transport properties of N-
ethyl piperazinium carboxylate ILs are significantly influenced by the
alkyl chain length of carboxylate anion. The viscosity increases pro-
gressively from [EtPIPZ][For] to [EtPIPZ][Pent] indicating that longer
alkyl chains strengthen intermolecular interactions and hinder ion
mobility. These findings demonstrate that systematic modification of the
anion structure provides an effective approach for tailoring the transport
properties. The increase in viscosity with increasing temperature can be
attributed to enhanced molecular motion and partial disruption of
intermolecular interactions between the ions.

The experimental precision was evaluated using the standard devi-
ation (SD), standard error (SE), and confidence interval (CI) based on
three independent measurements (n=3). The calculated values were SD
= 0.18 mPa.s, SE = 0.11 mPa.s, CI = £0.44 mPa.s. The standard un-
certainty, estimated using law of propagation of uncertainty, was 0.11
mPa.s.

The activation energy for viscous flow (E,) can be determined by
using the Arrhenius equation (11)[80,81].

Iny = lny,, an

RT
Where 7 is the dynamic viscosity, 7, is the viscosity at infinite tem-
perature, E, is the activation energy, R is the universal gas constant, and
T is the temperature in K and Iny versus 1/T plot represented in
Figure 19, The experimental precision was evaluated using the standard
deviation (SD), standard error (SE), and confidence interval (CI) based
on three independent measurements (n=3). The calculated values were
SD = 0.01, SE = 0.005, CI = +0.025. The standard uncertainty, esti-
mated using the law of propagation of uncertainty, was 0.005. the cor-
responding data shown in Table S19. The activation energy E, is
calculated from the experimental dynamic viscosity data, and the data is
shown in Table 3.

E, is the minimum energy barrier that must be overcome for ion
movement within the IL system. The lny versus 1/T plots, shows that
activation energy for EtPIPZ-based ILs initially increases, followed by a
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Figure 19. Arrhenius plot of EtPIPZ-based ILs. (Standard uncertainties acti-
vation energy u(in ) = 0.005).
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Table 3

Activation energy and In 57, values of EtPIPZ-based ILs as a function of viscosity.
ILs _E, Ing, E, =(kJ.mol™") R?

Slope= RT

[EtPIPZ][For] 4219.25 -10.11 35.07 0.99
[EtPIPZ][Prop], 6197.10 -15.72 51.52 0.99
[EtPIPZ][But], 6274.86 -15.75 52.16 0.99
[EtPIPZ][Pent] 5763.17 -13.96 47.91 0.99

decrease with the increasing alkyl chain length of anions in EtPIPZ-
based ILs. This trend matches the trend of the experimental dynamic
viscosity[82].

3.6. Ionic conductivity

The determination of ionic conductivity (¢)is essential for evaluating
the physicochemical properties of ILs, considering their potential ap-
plications as electrolytes in the domain of energy storage systems
[83-86]. In general, the conductivity of ILs is lower than that of con-
ventional inorganic salts. This can be attributed to the higher viscosity of
the ILs and, consequently, the reduced movement of ions[87]. The
experimentally determined values of ionic conductivity (o) for
EtPIPZ-based ILs as a function of temperature are given in Table S20,
and the plot of the same is given in Figure 20.

The value of ionic conductivity (¢) was found to be in the range 0.11-
4.11 mS/cm. It is evident from the results that the synthesized EtPIPZ-
based ILs exhibit relatively higher viscosity, leading to moderate to
low ionic conductivity. Furthermore, ionic conductivity decreases with a
corresponding increase in the alkyl chain length of the carboxylate anion
due to increased volume contribution of additional methyl groups that
lead to enhanced van der Waals interactions and viscosity. The increase
in viscosity reduces the ion mobility and reduces the free volume
available for ion transportation[88,89]. The ionic conductivity increases
with an increase in temperature.

The experimental precision was evaluated using the standard devi-
ation (SD), standard error (SE), and confidence interval (CI) based on
three independent measurements (n=3). The calculated values were SD
=0.003 mS ecm™, SE = 0.002 mS ecm™, CI = +£0.007 mS em™. Standard
uncertainty, estimated using the law of propagation of uncertainty, was
found to be 0.002 mS cmL.

Furthermore, the temperature dependence of ionic conductivity
(o) was fitted using the Arrhenius equation in its logarithmic form, as
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Figure 20. Conductivity of EtPIPZ-based ILs (Standard uncertainties in con-
ductivity u(s) = 0.002 mS.cm™).
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given below in equation (12)[90,91].

Ea (12)

Ino = Inoy — RT

Where R is the universal gas constant, E, is the activation energy for ILs
in logarithmic form of the Arrhenius equation, T is absolute tempera-
ture, and Ino is the constant, presented in Table 4. The fitted plots of Inc
versus 1/T (K'l) for EtPIPZ-based ILs are presented in Figure 21. The
corresponding data is summarised in Table S21.

A good linear correlation was obtained for all the ILs, with correla-
tion coefficients (R?) greater than 0.99. This confirms the applicability of
the Arrhenius model within the studied temperature range. The acti-
vation energy was calculated from the slope of the Ino, versus 1/T plots
and was found to lie in the range of 28.01-37.53 kJ.mol ! and calculated
data represented in Table S21. Among the four ILs, [EtPIPZ][Pent]
exhibited the highest activation energy, indicating the greatest resis-
tance to ion movement. This indicates that it has higher viscosity and
lower conductivity when compared with [EtPIPZ][But], [EtPIPZ]
[Propl, and [EtPIPZ][For].

The experimental precision was evaluated using the standard devi-
ation (SD), standard error (SE) and confidence interval (CI) based on
three independent measurements (n=3). The calculated values were SD
= 0.01, SE = 0.005, CI = £0.025. The standard uncertainty, estimated
using the law of propagation of uncertainty, was 0. 005.

3.7. DFT analysis

DFT analysis was performed on the synthesised ILs, viz. [EtPIPZ]
[For], [EtPIPZ][Prop], [EtPIPZ][But], and [EtPIPZ][Pent]. The geome-
tries of the ILs were optimised by using the B3LYP functional and 6-311
++ G (d, p) basis set. The obtained optimised geometries are illustrated
in Figure 22. The ILs were formed via the proton transfer from the acidic
—OH of carboxylic acid to the nitrogen of amine, resulting in the cationic
and anionic parts of the PILs. The electrostatic interactions between
oppositely charged ions in PILs, along with poor packing efficiency and
charge delocalization, prevent the crystallization resulting in RTILs. This
ionic bond formed in these PILs between opposite charges, which keeps
them Liquid in nature[92,93]. The distance between the cationic and
anionic units was found to be 1.696 A, 1.696 A, 1.749 A, and 1.696 A in
[EtPIPZ][For], [EtPIPZ][Propl], [EtPIPZ][But], and [EtPIPZ][Pent],
respectively. The optimised structures of [ETPIPZ] ILs, having the
maximum binding energies, indicate that the synthesised ILs are more
stable, and ions are closely packed together in the system.

The Interaction energy describes the strength of the attractive in-
teractions between the cation and in an IL system. It was calculated
using DFT by comparing the electronic energy of the optimised ion pair
with the electronic energies of the corresponding isolated cation and
anion. The interaction energy of ILs was calculated using equation (13)

Ep = Ep, — (ECation + EAnion) 13)

The calculated interaction energies are listed in Table 5.

Table 5 presents the interaction energies of the synthesised N-eth-
ylpiperazinium carboxylate PILs calculated using DFT. The results show
that the magnitude of the interaction energy decreases with increasing
alkyl chain length of the carboxylate anion, indicating a gradual
weakening of the cation-anion interactions. Among the investigated

Table 4
Activation Arrhenius plot of EtPIPZ-based ILs as a function of ionic conductivity.
ILs E, Inc, Eq(kJ.mol ™) R?
1 — _ Za
Slope RT
[EtPIPZ][For] -3369.25 11.87 28.01 0.99
[EtPIPZ][Prop] -4318.82 13.50 35.90 0.99
[EtPIPZ][But] -4431.65 13.51 36.84 0.99
[EtPIPZ][Pent] -4514.89 13.52 37.53 0.99
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Figure 21. Arrhenius plot of EtPIPZ-based ILs as a function of conductivity.
(Standard uncertainties activation energy u(In(s)) = 0.005).

PILs, [EtPIPZ][For] exhibit the most negative interaction energy (-13.74
kcal/mol), indicating the strong attraction between the cation and
anion. In contrast, [EtPIPZ][Pent] exhibit the least negative interaction
energy (-6.28 kcal/mol), indicating relatively weaker ion-ion in-
teractions. This trend suggests that increasing the alkyl chain length of
the carboxylate anion increases the separation between the ions and
reduces the strength of the electrostatic attraction. Consequently, the
calculated interaction energies provide valuable insights into the rela-
tive strength of ion pairing and the stability of the synthesised PILs. To
further understand the nature these intermolecular interactions, the
interaction energy results were correlated with the reduced density
gradient (RDG) analysis, which provides a visual representation of the
non-covalent interactions governing the stability of the PILs.

The RDG analysis was performed using Multiwfn, and the corre-
sponding 3D RDG isosurfaces were visualised using VMD. In addition,
the non-covalent interaction (NCI) scatter plots of RDG versus sign (A2)p
were generated using Gnuplot to identify and characterise the attractive,
repulsive and weak van der Waals interactions present in the synthesised
PILs.

The RDG scatter plots and the corresponding 3D isosurfaces of the
synthesised PILs are presented in Figure 23. In the RDG scatter plots, the
negative sign (A2)p region (blue) represents attractive interactions, the
region around zero (green) corresponds to weak van der Waals in-
teractions, and the positive sign (A)p region (red) indicates steric
repulsion. A similar interpretation applies to the RDG isosurfaces, where
blue isosurfaces represent strong attractive interactions, including
hydrogen bonding and electrostatic interactions between the cation and
anion, while the green isosurfaces correspond to weak van der Waals
interactions. The red regions indicate steric repulsion arising from close
atoms contacts[94].

The RDG analysis provides molecular-level evidence for the non-
covalent interactions present in the synthesised PILs. Among the
investigated compounds, [EtPIPZ][For] exhibits the most prominent
blue isosurfaces, indicating stronger attractive interactions between
cation and anion, As the alkyl chain length of carboxylate anion in-
creases from formate to pentanoate, the blue isosurface regions gradu-
ally decrease, while the green regions associated with weak van der
Waals interactions become more prominent as shown in Figure 23.This
observation is consistent with the calculated interaction energies, which
become less negative with increase in alkyl chain length.[EtPIPZ][For]
has higher density and speed of sound, suggesting a more compact liquid
structure. However, its comparatively lower viscosity and higher con-
ductivity indicate that ion transport is governed by the combined effects
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Figure 22. Optimised geometries of a) [EtPIPZ][For], b) [EtPIPZ][Propl], c) EtPIPZ] [But], and [EtPIPZ][Pent].

Table 5
Interaction energies of ILs.
ILs Ey, (kcal/ Ecation (kcal/ Eanion (kcal/ Ig (kcal/
mol) mol) mol) mol)”
[EtPIPZ] -336509.49 -217400.70 -119095.05 -13.74
[For]
[EtPIPZ] -385830.56 -217400.70 -168417.30 -12.56
[Prop]
[EtPIPZ] -410491.69 -217400.70 -193078.43 -12.56
[But]
[EtPIPZ] -435146.54 -217400.70 -217739.56 -06.28
[Pent]

 Standard computational uncertainty associated with calculated interaction
energies is estimated to be + 3 kcal/mol based on the typical accuracy of DFT
methods for molecular interaction energies.

of intermolecular interactions, molecular structure and ion mobility,
rather than interaction energy alone. The RDG results complement the
experimental findings and demonstrate that variations in alkyl chain
length significantly influence the intermolecular interactions and
consequently, physicochemical properties of synthesized PILs[41].

The Frontier Molecular Orbital (FMO) analysis depicts the electronic
stability and is crucial for exploring the individual parameters in energy
storage and related applications. FMO analysis gives insights into the
energy of the highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals, and the difference between the energies
of HOMO and LUMO (AE=LUMO-HOMO). The HOMO-LUMO energy
gap gives important insights into the electronic stability and charge-
transfer characteristics of the system. Molecules with a smaller
HOMO-LUMO gap (AE=LUMO-HOMO) exhibit a high degree of polar-
izability[95]. The HOMO and LUMO energies, along with the
HOMO-LUMO gap for the aforementioned four RTILs, are given in
Figure 24. The value of AE is found to be 5.96 eV, 5.95 eV, 5.94 eV, and
5.95 eV for [EtPIPZ][For], [EtPIPZ][Prop], [EtPIPZ][But], and [EtPIPZ]
[Pent], respectively. The smaller values of AE indicate that the syn-
thesised ILs have a high degree of polarizability[96,97].
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The DFT results show that all the synthesized PILs possess similar
electronic structure, with HOMO-LUMO energy gaps of in between 5.94-
5.96 eV, indicating high electronic stability and low chemical reactivity.
In contrast, the experimental density, viscosity, and ionic conductivity
exhibit systematic variations with increase in alkyl chain length, as
discussed in the experimental section. These variations are attributed to
differences in molecular packing, free volume and intermolecular in-
teractions rather than to changes in electronic structure of the ionic
pairs. Therefore, alkyl chain elongation predominantly influences the
thermophysical and transport properties of the PILs while preserving
their electronic characteristics of the ionic pair[42,43].

The molecular electrostatic potential (ESP) analysis of the ETPIPZ-
based ILs gives insights into the distribution of electron-deficient re-
gions (positive potential) and electron-rich regions (negative potential).
The ESP surface maps identify the electron-rich and electron-deficient
regions based on a color-coded scale where the negative electrostatic
potential is represented by red colour, whereas the positive potential is
indicated by blue colour, and the intermediate regions are green in
colour [98,99]. The calculated ESP surface ranges were found to be
-5.274 € to +5.274 e for [EtPIPZ][For], -5.266 e to +5.266 e for
[EtPIPZ][Propl, -5.246 e? to +5.246 e for [EtPIPZ] [But], and -5.327
e? to +5.327 €2 for [EtPIPZ][Pent]. The mapped ESP surfaces of
ETPIPZ-based ILs are shown in Figure 25, and it is clearly visible that the
electron-rich regions (red) are localised on the oxygen atoms of the
carboxylate moiety, whereas the electron-deficient regions (blue and
green) are localised over the protonated nitrogen centre of the
ethyl-piperazine cation. This distribution supports the presence of strong
electrostatic interactions between the carboxylate anion and piper-
azinium cation in these ILs [100,101].

The DFT results support the experimentally observed thermophysical
trends. Although the HOMO-LUMO energy gaps and ESP distributions
remain nearly unchanged, indicating similar electronic properties across
the synthesised PILs, the interaction energies become less negative and
RDG analysis reveals progressively weaker intermolecular interactions
with increasing alkyl chain length. These computational findings are
consistent with the experimentally observed decrease in density, ionic
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Figure 23. RDG isosurfaces and scatter plots of a) [EtPIPZ][For], b) [EtPIPZ][Prop], c¢) EtPIPZ] [But], and [EtPIPZ][Pent].
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Figure 24. HOMO and LUMO for ILs a) [EtPIPZ][For], b) [EtPIPZ][Propl, c) EtPIPZ] [But], and [EtPIPZ][Pent], calculated at the 6-311 +-+ G (d, p) level of theory.
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Figure 25. ESP Mapping of ILs a) [EtPIPZ][For], b) [EtPIPZ][Prop], c) EtPIPZ] [But], and [EtPIPZ][Pent], calculated at the 6-311 ++ G (d, p) level of theory.

conductivity and increase in viscosity, confirming that the physico-
chemical properties of the synthesised PILs are governed primarily by
structural organisation and intermolecular interactions rather than by
changes in their intrinsic electronic structure.

4. Conclusions

This study presents a systematic evaluation of N-ethyl piperazinium-
based PILs with carboxylate anions of varying chain length, and it re-
veals the influence of subtle structural modifications on the physico-
chemical properties. The acetate and hexanoate-based ILs were solid at
room temperature whereas the formate, propanoate, butanoate and
pentanoate derivatives fall under the category of room temperature
ionic liquids (RTILs). The physical nature of the IL arises from an
intricate balance between the intermolecular forces, ion packing effi-
ciency, molecular symmetry, and entropy. The solid nature of [EtPIPZ]
[Ace] implies the presence of strong hydrogen bonding and hence effi-
cient ionic packing. The liquid nature of [EtPIPZ][For], [EtPIPZ][Prop],
[EtPIPZ][But], and [EtPIPZ][Pent] may arise from the disrupted pack-
ing and higher entropy, while the crystalline nature of [EtPIPZ][Hex]
implies the dominance of van der Waals interactions due to the longer
alkyl chain. Density, viscosity, speed of sound, ionic conductivity, and
refractive index were measured for the four RTILs in the temperature
range 293.15—323.15 K, and volumetric properties such as entropy (S),
lattice potential energy (Upor), free volume (Vp), and molar refraction
(Ry) were computed from experimental density and refractive index
data. An increase in the carboxylate anion chain length is accompanied
by a decrease in the lattice potential energy and sound velocity and a
corresponding increase in molecular volume, entropy, isentropic
compressibility, and free volume, indicating a gradual shift from tightly
associated ionic networks toward more loosely packed liquid structures.
With an increase in the size of anion, the viscosity and ionic conductivity
decrease, thereby indicating the competing influence of bonding and
dispersion forces on ion mobility. However, results indicate that the
physicochemical properties of these protic ionic liquids are influenced
by both the anion structure and the intermolecular interactions within
the liquid. The gradual increase in viscosity with increasing alkyl-chain
length suggests that enhanced dispersion forces and greater resistance to
ion movement are the primary factors governing the transport behav-
iour of this homologous series. The thermal behaviour of the ILs was
evaluated by TGA and DSC. TGA revealed the stability of the ILs up to
the temperature range 373 K - 423 K, beyond which gradual decom-
position commences. Further, theoretical insights into the formation of
four RTILs have been explored by DFT calculations. The ability to tune
the properties of piperazine-based PILs by tuning the carboxylate anion
chain length makes this class of RTILs promising candidates in domains
like solvent systems, electrolyte formulations, separation processes, etc.
that demand tailoring of physicochemical properties.
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Supporting Information

'H NMR and '3C NMR, FT-IR spectra for EtPIPZ- based PILs; TGA and
DTG curves of synthesized ILs, data on molar volume, sound velocity,
isentropic compressibility, free volume, kinematic viscosity, and ionic
conductivity parameters available in tabular format for the studied PILs.
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