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Protic ionic liquids (PILs) based on N,N’-Dibutyl-1,6-hexanediammonium were successfully synthesized using
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lauric, palmitic, and myristic acids as anionic counterparts for thermal energy storage (TES) materials. The
structural characteristics of the resulting PILs were characterized using FT-IR, *H, and *3C NMR spectroscopy,
which confirmed effective proton transfer and the formation of ionic bonds between the cationic and anionic

species. Thermal properties, including thermal stability were examined using differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). The values for the latent heat of fusion were recorded as 69.73,
88.73, and 98.95 kJ/mol for PIL1, PIL2, and PIL3, respectively. Moreover, the synthesized PILs exhibit thermal
stability up to around 463.15 K. The synthesized PILs showed strong thermal stability and appropriate phase
change temperatures, indicating their suitability as PCMs for TES systems. This study provides insights into the
design and development of novel PILs tailored for efficient and sustainable energy storage applications.
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Introduction

The rise in global energy consumption is primarily
driven by factors such as urbanization, industrial growth,
and population increase [1,2]. In response to pressing
global challenges like climate change and the growing
energy demand, the need for long-term, environmentally
sustainable energy solutions is becoming increasingly
urgent. Currently, over 18% of the world’s energy
consumption is sourced from renewables [3]. Renewable
energy is favored over non-renewable resources due to its
sustainable availability, accessibility, and positive
environmental impact. However, the intermittent nature
of renewable sources like solar and wind energy creates
challenges for their integration, as their variable supply
complicates the assurance of a stable energy output [4].
Thermal energy storage (TES) is a key technology
advancing the goal of a carbon-free future. Achieving a
low-carbon energy system is possible by combining
renewable energy sources with various TES systems that
can reach round-trip efficiencies above 96% [5,6]. TES
significantly contributes to improving sustainability and
energy efficiency by reducing dependence on fossil fuels.
It enables the storage of excess energy when generation
surpasses demand and helps bridge the gap during peak
consumption periods, thus addressing the variability
inherent to renewable energy [7]

TES systems have the capacity to either absorb or
release energy while maintaining a constant temperature,
achieving reduced volume change and lower vapor
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pressure through the utilization of phase change materials
(PCMs), which function as units for latent heat storage
[8,9]. PCMs represent a significant advancement in the
storage of substantial quantities of latent thermal energy,
effectively sustaining a nearly constant temperature
throughout phase transitions, which may include solid-
solid, solid-liquid, liquid-gas or solid-gas transformations
[10]. The efficacy of phase change energy storage is
contingent upon the latent heat of the material, the
temperature range, and various system characteristics. In
this context, liquid to gas transformation typically sustains
the highest energy level. It is essential to acknowledge
that these systems typically necessitate significant
temperature differentials and high pressure, as overall
efficiency is contingent upon the materials employed, the
design, and the specific application requirements. Solid-
liquid phase change is an effective process that conserves
heat during the phase transition and generally facilitates
lower temperature differentials. The latent heat of fusion
is generally lower; however, the system's simplified design
renders it appropriate for low-temperature applications
[11-14].

PCMs are classified into three main categories:
organic, inorganic, and eutectic [15]. Organic PCMs are
further divided into paraffins and non-paraffins. The non-
paraffin group includes a variety of organic compounds
such as fatty acids, esters, alcohols, and glycols [16].
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Inorganic PCMs consist of salt hydrates, molten salts,
metals, or metal alloys, though metals and alloys typically
have melting points too high for passive building
applications [12,17-19]. A eutectic PCM is defined as a
mixture of two or more components that melt and solidify
at the lowest possible melting point for the mixture,
undergoing congruent melting and solidification to form a
mixture of the original crystals during phase change.
Eutectic PCMs can be grouped into three types: inorganic—
inorganic, organic—organic, and organic—inorganic [20,21].
The choice between inorganic and organic PCMs in
thermal energy storage systems depends on their specific
benefits and drawbacks. Inorganic PCMs are
advantageous due to their high latent heat capacity,
relatively greater thermal conductivity, non-toxicity, non-
flammability, and generally lower cost compared to
organic PCMs [22,23]. They show great promise for use in
building construction [24-26], concentrated solar power
plants [27,28], and thermal management of lithium-ion
batteries [29-32], among other applications. However,
latent heat storage materials face challenges related to
the specific PCM used, including issues like phase
segregation, low thermal conductivity, supercooling,
leakage, flammability, and thermal instability. Problems
such as supercooling and phase segregation can be
mitigated by adding thickening or nucleating agents,
arranging thin layers horizontally, or employing
mechanical stirring techniques [33—-36].

lonic liquids (ILs) are a class of molten salts composed
of organic cations paired with inorganic or organic anions,
typically exhibiting melting points below 100 °C. ILs are
categorized into two main groups based on their
structural characteristics: protic ILs (PILs) and aprotic ILs
(AlLs). PILs are formed through a Brgnsted acid-base
reaction involving the transfer of a proton from a Brgnsted
acid to a Brgnsted base, leading to the formation of ionic
species - cations and anions - that interact via electrostatic
forces. This synthetic approach is considered one of the
simplest and most cost-effective methods for producing
PILs, owing to its single-step nature, solvent-free
conditions, and high efficiency. PlLs are recognized as
functional materials used in a wide range of applications
and are being investigated as PCMs for TES. The utilization
of specific types of ILs in thermal storage systems
represents an innovative approach. Within this context,
critical properties such as thermal stability are typically
examined comprehensively using thermogravimetric
analysis techniques. Research on the use of PILs as PCMs
is relatively scarce in existing literature. The following is a
summary of studies on this subject .

Mokhtarpour et al. characterized bis(2-
hydroxyethyl)ammonium, 2-hydroxyethylammonium,
and tris(2-hydroxyethyl)Jammonium palmitate ILs as PCM
functioning within the temperature spectrum of 30-100
°C. The synthesized ILs exhibited an energy storage

capacity ranging from 123.2 to 158.9 J/g [37].
Mokhtarpour et al. carried out a synthesis of three distinct
ionic liquids in a subsequent study published in 2024. The
examination of the structural and thermal features of the
materials, capable of storing an impressive 171.12 J/g of
energy while maintaining 99.5% thermal stability, was
conducted with meticulous attention to detail [38]. In a
subsequent investigation released by the group within the
same year, tris(2-
hydroxyethyl)Jammonium,bis(2hydroxyethyl)ammonium,
and 2-hydroxyethylammonium laurate ionic liquids were
assessed as phase change materials [39]. A recent study
from 2023 examined the synthesis and thermophysical
properties of dialkylammonium-based ILs utilized as solid-
solid PCMs. The synthesized ionic liquids demonstrated
promise for application as PCMs in TES systems at
temperatures beneath 45 °C [40]. Faraji et al. synthesized
compounds including lactate anions which serve as PCMs
in the context of PlLs. The synthesized ILs have been
asserted to possess high thermal stability along with
appropriate physical and chemical properties for TES [41].
PIL/PCM composites were synthesized utilizing tris(2-
hydroxyethylammonium) ionic liquid in conjunction with
lauric, palmitic, and stearic acids, serving as energy
storage materials [41]. The research published in 2025
examined the thermal properties of PILs synthesized using
hexanoate, acetate, and glycolate anions alongside
diethanolammonium  and  monoethanolammonium
cations [42].

In light of the advantages of PILs outlined above, this
study aims to comprehensively investigate the potential
of PILs as TES materials. The synthesis and structural
characterization of PILs were carried out, and their
thermal energy storage capacity and thermal stability
were thoroughly examined using DSC and TGA analysis.
Based on the obtained data, the latent heat storage
capacity and thermal behavior of PIL-based PCMs were
evaluated, demonstrating their suitability for sustainable
and high-efficiency energy storage applications. This
approach is intended to make a significant contribution to
the development of next-generation materials for future
TES systems.

Experimental

Materials

PILs with three distinct chain lengths were synthesized
without the necessity of additional precursor purification
using fatty acids and N,N’-Dibutyl-1,6-hexanediamine
(Sigma Aldrich, purity 299%). Merck Company supplied
the lauric acid (Ci2H240,, purity = 99%), myristic acid
(C14H280,, purity = 99%), and palmitic acid (CigH320,,
purity > 99%) utilized. Methanol (technical grade),
selected as the solvent, was sourced from Tekkim
Chemicals.
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Figure 1. Schematic of the PILs

Synthesis

N,N’-Dibutyl-1,6-hexanediamine (1.00 g, 4.38 mmol)
was dissolved in methanol, followed by the gradual
addition of lauric acid (1.75 g, 8.76 mmol), myristic acid
(2.00 g, 8.76 mmol), or palmitic acid (2.25 g, 8.76 mmol) in
methanolic solution. The resulting mixture was stirred
continuously in an ice bath for 24 hours. Subsequently,
methanol was removed under reduced pressure. The
obtained compounds were then dried in a vacuum oven
at 60 °C for 48 hours to eliminate residual moisture
formed during the reaction. Finally, the dried products
were sealed with laboratory parafilm to prevent moisture
contamination.

Method

The structural characterization of PILs was carried out
using Fourier transform infrared spectroscopy (FT-IR) and
nuclear magnetic resonance (*H and *3C NMR) techniques.
FT-IR spectra were recorded on a JASCO FT-IR-4700
spectrometer (Japan) equipped with an attenuated total
reflectance (ATR) accessory over a wavenumber range of
4000-400 cm™. The !H and ¥C NMR analyses were
performed using a Bruker AVANCE IlI 400 MHz
spectrometer with deuterated chloroform (CDCls) as the
solvent. Chemical shifts were reported in parts per million
(ppm) relative to tetramethylsilane (TMS) as an internal
reference.

Thermal properties, including phase transition
temperatures, melting and crystallization enthalpies, and
total enthalpy, were determined by differential scanning
calorimetry (DSC) using a Perkin Elmer Jade instrument
calibrated with an indium standard. Measurements were

(palmitic acid)
2 C45H3,COOH ~—~NH,

Ao

HN—~"~ PIL3

®
@0_,/(0

CysH34

Oy O@

CysH34

conducted under a nitrogen atmosphere (flow rate of 60
mL/min) over a temperature range of 293.15 to 393.15 K
(the temperature ranges below and above the melting
and solidification temperatures of the synthesized PILs),
employing a heating and cooling rate of 5 °C/min. Thermal
stability, = decomposition behavior, and onset
temperatures of weight loss were evaluated via
thermogravimetric analysis (TGA) using a Seteram TG-
DTA/DSC analyzer. The instrument was calibrated with
calcium oxalate and operated in a static air atmosphere
over a temperature range of 308.15 to 773.15 K (thermal
decomposition temperature range of the synthesized
PILs) at a heating rate of 10 °C/min. The thermal reliability
of the synthesized PCMs was assessed through 1000
thermal cycles using a BIOER TC-25/H thermal cycler. Each
cycle consisted of heating and cooling between 293.15
and 393.15 K. Following thermal cycling, FT-IR and DSC
analyses were repeated to verify both chemical and
thermal stability.

Result And Discussion

Spectroscopic Characterization of the PILs

The structural properties of PILs formed by the
protonation of N,N’-Dibutyl-1,6-hexanediamine with
lauric, palmitic, and myristic acids were comprehensively
evaluated using FT-IR and H/*3C NMR spectroscopic
techniquies. FT-IR  spectroscopy is a valuable
spectroscopic technique for elucidating the structural
characteristics of salts. The FT-IR spectra of the PILs and
lauric acid are presented in Figure 2. Additionally, the
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characteristic absorption bands of the functional groups
for all PILs are summarized in Table 1. The distinctive
ammonium bands, corresponding to asymmetric and
symmetric stretching vibrations, appear in the 3200-2500
cmregion. The asymmetric vas(NH2*) stretching vibration
was observed as a medium-intensity band near 3025 cm"
!, whereas the symmetric vs(NH2*) stretching vibrations
exhibited a broad band around 2372 cm™. The absorption
band detected at approximately 1532 cmis attributed to
the N-H bending vibrations of the salts. The asymmetric
and symmetric absorption bands of the carboxylate anion
(COO) were identified at approximately 1629 cmand
1397 cm™, respectively. The band observed near 1107 cm’

“

! corresponds to the stretching vibration of the C-N-C
moiety in the cation. Moreover, the aliphatic C-H groups
exhibited asymmetric and symmetric stretching vibrations
at approximately 2919 cm™ and 2850 cm™, respectively.
When compared to the spectra of free acids, the FT-IR
spectra of the salts displayed considerable variations.
Notably, the characteristic C=0 stretching band observed
around 1696 cm™ in free fatty acids was absent in the salt
compounds. Furthermore, the presence of the -NH,* and
-COO" absorption bands in the salts provides definitive
evidence of salt formation.

Lauric acid
PIL1
' | "
%T PIL2 i V\N \
PIL3 W
4000 3‘.’:00 2000 1000 400
Wavenumber [cm!]
Figure 2. FT-IR spectra of precursors and PILs
Table 1. FT-IR spectrum data of PILs
v, cm-1 PIL1 PIL2 PIL3
(NH2+)asy, sym 3026, 2362 3022, 2364 3022, 2381
Aliph. (C-H)asy, sym 2921, 2851 2919, 2851 2918, 2850
(COO-)asy, sym 1630, 1395 1629, 1397 1629, 1397
Aliph. (C-N-C) 1106 1107 1108

The chemical shifts, multiplicities, and coupling constants
of the PILs are presented in Tables 2 and Table 3,
respectively, and contribute to the detailed interpretation
of the *H and *3C NMR spectra. The numbering of proton
and carbon atoms in the salt structures is shown in Tables
2 and 3. Additionally, the H and 3C NMR spectra of the
corresponding PILs are provided in Figures S1-S8.

The structural characteristics of the PIL synthesized via
protonation of N,N’-Dibutyl-1,6-hexanediamine were
comprehensively  investigated using H NMR
spectroscopy. The broad NH proton signal observed at
1.04 ppm in the free amine shifted downfield to
approximately 9.00 ppm upon protonation (Table 2),
strongly supporting successful proton transfer and the
formation of the cationic species.
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Table 2. *H NMR spectral data of the PILs. Chemical shifts (8) reported in ppm and J values in Hz.

23 f@356 1 N2 O o 2 C: 8-19; PIL1
1/\/\H/VV\/@\/\/ O\ﬁ/\R C: 8.21: PIL2
2 o) C: 8-23; PIL3
cationic moiety anionic moiety
N,N’-Dibutyl-1,6-hexanediamine PIL1 PIL2 PIL3
- 0.82 0.86 0.84 0.86
(t, 6H, 3Jun 7.3) (t, 6H, 3Jun 7.0) (t, 6H, 3Jn 6.7) (t, 6H, 3Jun 6.7)
o 7 1.24 1.35 1.36 1.34
! (m, 8H) (m, 8H) (m, 8H) (m, 8H)
eV 1.37 1.64 1.63 1.64
! (m, 8H) (m, 8H) (m, 8H) (m, 8H)
2.49 2.74 2.75 2.74
H4,5
(t, 8H, 3Jhn 7.2) (g, 8H, 3lhn 6.2) (g, 8H, 3ln 7.1) (g, 8H, 3Jun 6.5)
" 2.13 2.14 2.14
(t, 4H, 3Jun 7.6) (t, 4H, 3Jun 7.6) (t, 4H, 3Jun 7.6)
1.54 1.55 1.54
H10 (m, 4H) (m, 4H) (m, 4H)
1.23 1.23 1.23
(m, 32H) (m, 40H) (m, 48H)
H11-H18 H11-H20 H11-H22
0.89 0.90 0.90
(t, 6H, 3Jun 7.5) (t, 6H, 3Jun 7.3) (t, 6H, 3Jun 7.3)
H19 H21 H23
1.04
NH (sb, 2H) i i i
. 8.91 9.16 9.09
-NH;
(sb, 4H) (sb, 4H) (sb, 4H)

Characteristic proton resonances corresponding to the
carboxylate anion clearly indicate the preservation of the
anionic structure throughout the protonation process.
Moreover, the significant downfield shift of the nitrogen-
bond methylene protons (H4 and H5) from 2.49 to
approximately 2.74 ppm reveals substantial decreases in
electron density and notable changes in the local
environment induced by protonation. Additionally, the
absence of signals corresponding to the R-COOH protons
of the fatty acids, typically observed around 11-12 ppm in
IH NMR spectra, confirms the complete deprotonation of
the carboxylic acid groups and successful conversion to
the anionic form. These findings provide critical insights
into the structural verification of both the cationic and
anionic components of the PIL, thereby confirming the
effectiveness of the synthetic approach.

Structural analysis of PILs via *C NMR spectroscopy
has demonstrated that protonation predominantly occurs
at the nitrogen center, leading to significant shifts in the
chemical environments of carbon atoms directly bonded

to nitrogen. The protonation process alters the electronic
structure of the molecule, which is reflected in the 3C
NMR spectrum as general upfield (lower ppm) shifts.
These findings confirm the successful protonation of the
N,N’-Dibutyl-1,6-hexanediamine and, consequently, the
formation of the targeted PIL. The spectral analysis also
clearly revealed the structural integrity of the anionic
moiety within the system. The signal observed around
~180 ppm (Table 3) corresponds to the carboxyl carbon,
confirming the conversion of palmitic acid to its
carboxylate form. Meanwhile, the characteristic cluster of
signals around 14-38 ppm, attributed to the methylene
groups in the aliphatic chain, indicates the chemically
homogeneous nature of the hydrocarbon backbone.
Terminal methyl and a-carbon atoms (C9), which are more
susceptible to environmental influences, exhibited more
distinct and separate signals. The obtained data strongly
supports the preservation of structural integrity for both
the cationic and anionic components after synthesis,
affirming the successful formation of the intended PILs.
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Table 3. '3C NMR spectral data of the PILs. Chemical shifts (8) reported in ppm.

H
23 495 7 2 o 9 . 8-19:
/\/\u o \n/\R C: 8-21; PIL2
z o) C: 8-23; PIL3
cationic moiety anionic moiety
N,N’-Dibutyl-1,6-hexanediamine PIL1 PIL2 PIL3
C1 13.99 13.84 13.85 13.85
C2 20.51 20.36 20.36 20.37
Cc3 32.34 29.00 28.95 29.04
Cc4 50.08 48.16 48.18 48.20
C5 49.81 48.03 48.04 48.08
C6 30.27 26.72 26.71 26.72
Cc7 27.37 26.64 26.63 26.69
C8 180.23 180.17 180.19
Cco 38.04 38.00 38.03
Ci10 26.58 26.58 26.62
Cl1 29.48 29.49 29.49
29.79 29.80 29.79
(C12-C13) (C12) (C12)
29.81 29.85 29.80
(C14) (C13-Cc17) (C13)
29.84 29.92 29.84
(C15) (C18) (C14-C19)
29.92 32.05 29.93
(C16) (C19) (C20)
32.04 22.81 32.05
(€17) (C20) (C21)
22.80 14.23 22.81
(c18) (C21) (C22)
14.21 14.22
(C19) (C23)

Investigation of Thermal Behavior of PILs

DSC is the most widely used technique for evaluating
the TES properties of PCMs, as it provides reliable data for
assessing key parameters such as melting-solidification
temperatures, enthalpies of phase transition, subcooling,
total enthalpy, and specific heat capacity. The DSC
thermograms of the synthesized PlLs, along with the
thermal data derived from the analysis, are illustrated in
Figure 3 and Table 4. Furthermore, Table 4 presents the
melting and freezing temperatures, as well as the thermal
energy storage capacities, of the pure fatty acids utilized
[43]. The melting temperatures of lauric, myristic, and
palmitic acid were recorded at 315.29, 325.59, and 333.60
K, respectively, in agreement with the literature [44]. The
solidification temperatures were measured 315.35,
325.64, and 333.03 K, respectively [44]. The energy
storage capabilities of fatty acids were determined during
both the melting and solidification processes. The melting
enthalpies of lauric, myristic, and palmitic acids were
190.12 J/g (38.08 kJ/mol), 210.70 J/g (48.12 ki/mol), and
221.42 J/g (56.78 ki/mol), respectively, and the
solidification enthalpies were 194.23 J/g (38.91 kJ/mol),
212.65 J/g (48.55 kJ/mol), and 226.56 J/g (58.09 ki/mol),
respectively, and are consistent with the values reported
in the literature [45]. As the chain length of the molecule
increased, so did the melting temperatures and energy
storage capacities of fatty acids.

Upon examining the DSC analyses of PILs synthesized from
N,N"-Dibutyl-1,6-hexanediamine and fatty acids, it was
observed that there was an increase in the melting
temperatures of the resulting PILs, accompanied by a slight
decrease in their energy storage capacity. The melting
temperature of the lauric acid-based PIL was found to be
354.26 K, whereas the solidification temperature was
recorded at 335.06 K. The enthalpy of the same salt measured
110.85 J/g (69.73 kJ/mol), whereas the solidification enthalpy
was recorded at 102.32 J/g (64.36 kJ/mol). The melting and
solidification temperatures of the myristic acid-based PIL were
determined to be 355.54 K and 338.64 K, respectively. The
enthalpies of melting and solidification were quantified at
129.50 J/g (88.73 kJ/mol) and 112.33 J/g (76.96 kl/mol),
respectively. In palmitic acid-based PIL, the melting and
solidification temperatures were calculated at 360.42 K and
348.54 K, while the energy storage capacities during the
melting and solidification periods were quantified as 133.48
/g (98.95 kJ/mol) and 129.63 J/g (96.09 kl/mol), respectively.
As the chain length increases in the synthesized PILs, the
melting temperatures and melting enthalpies are also
observed to increase. Furthermore, a notable rise in
supercooling temperatures was recorded following the
transition of energy storage materials from fatty acids to salts
with varying chain lengths. The synthesized materials have
potential as novel PCMs for energy storage applications due to
their thermal durability and high energy storage capacity
compared to PCMs based on ionic liquids [46,47].
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Figure 3. DSC curves of PlLs
Table 4. Thermal data of fatty acids and PILs
Melting Melting Freezing .
Material Point Enthalpy Point Fr?Je/zglr!gk‘IIE/nr:‘P:)a:;py
(K) (/g ; ki/mol) (K) ’
Lauric acid [43] 315.29 e 31535 e
Myristic acid [43] 325,59 e 32564 e
Palmitic acid [43] 333.60 zgg.;lg; 333.03 2386'3;5"
PILL 354.26 e 335.06 Y
PIL2 355.54 e 338.64 et
PIL3 360.42 e 34854 o

Thermal endurance of the PiLs

TGA is essential for identifying the maximum
operational temperature of PCMs by preventing chemical
degradation. The onset temperature of degradation is a
key parameter that defines the usable temperature range
of PCMs. Figure 4 and Table 5 illustrate that three distinct
chain lengths of PILs demonstrated a two-step
degradation behavior. The initial decomposition phase of
the lauric acid-based PIL commenced at 462.11 K and
concluded at 575.69 K. The second decomposition phase
commenced at 575.69 K and concluded at 694.78 K. In the
initial phase, 59.57% of the material by mass underwent
decomposition, while 29.04% by mass decomposed in the
subsequent phase. The second salt derived from myristic
acid demonstrated a two-step decomposition pattern,
with 64.73% by mass decomposing between 468.54 and
593.69 K in the initial step, and 27.36% by mass
decomposing between 593.69 and 720.56 K in the
subsequent step. The third salt derived from palmitic acid

exhibited thermal stability within the range of 473.63-
612.98 K during the initial decomposition phase and
612.98-734.46 K during the subsequent decomposition
phase. In the initial decomposition phase, 65.51% of the
material was lost by mass, whereas 31.82% was lost in the
subsequent decomposition phase. In PILs, thermal
decomposition generally begins with the dissociation of
the anion, followed by cationic decomposition [48]. In the
synthesized PILs, the first degradation step belongs to the
anionic part, while the second necking step indicates the
cationic part. Long-chain anions more readily convert to
volatile particles with increasing temperature, while mass
loss in TG increases and the amount of residue decreases.
In all PILs, the source of the remaining mass without
decomposition above 773.15 K is carbon. Thermal analysis
data of PIL1, PIL2, and PIL3 reveal that an increase in
molecular weight corresponds to enhanced thermal
resistance, as observed from PIL1 to PIL3. The generated
materials exhibit thermal resistance suitable for
application in elevated temperature environments.
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Figure 4. TGA curves of PILs

Table 5. TGA data of PILs

Material First degradation temperature Weight loss [%] Second degradation temperature Weight loss [%]
(K) (K)
PIL1 462.11-575.69 59.57 575.69 -694.78 29.04
PIL2 468.54-593.69 64.73 593.69-720.56 27.36
PIL3 473.63-612.98 65.51 612.98-734.46 31.82

Thermal reliability of the PILs

PCMs selected as thermal energy storage materials are
expected to be structurally and thermally stable after repeated
heating-cooling cycles. The structural stability and thermal
reliability of the synthesized PILs were investigated by
repeating FT-IR and DSC analyses after 1000 melting and

freezing cycles. The FT-IR spectra of PCMs were shown in
Figure 5 before and after heat cycling, in comparison. The
forms and locations of peaks do not alter following thermal
cycling. By analyzing the chemical structure of the produced
PCMs after 1000 heat cycles, FT-IR data showed that there is
no deterioration, decomposition, or sublimation.

PIL1

PIL1 after thermal cycle

PIL2

PIL2 after thermal cycle

%T

PIL3 after thermal cycle

4000

2000 1000 400

Wavenumber [ecm™]

Figure 5. FT-IR spectra PILs before and after thermal cycling

Moreover, Figure 6 illustrates the DSC curves of the PlLs
prior to and following 1000 thermal cycles, while Table 6
presents the corresponding DSC data for these salts before and
after the thermal cycling process. The DSC results indicate that
there was no notable alteration in the melting and
solidification temperatures of the synthesized protic molten
salts throughout 1000 successive thermal cycles. Conversely,
the phase change enthalpies of phase change materials
exhibited a slight reduction in comparison to their uncycled

counterparts. The alterations in melting enthalpy were
minimal, recorded at 2.67%, 0.05%, and 0.232% for PIL1, PIL2,
and PIL3, respectively. Thermal cycling chemically or physically
disrupts the structure of PCM, reducing the amount of latent
heat (enthalpy) stored or released during the phase change.
This leads to a decrease in the material's heat storage capacity
and melting temperature over time [49,50]. Nonetheless, this
reduction is not significant enough to impact the functionality
of the material in energy storage applications.
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Table 6. Thermal behavior of fatty acids and PILs pre- and post-thermal cycling

Material Mel_tlng Melting Free.zmg Freezing Enthalpy
Point Enthalpy Point (/g ; k/mol)
(K) (/g; ki/mol) (K) &
PILL 354.26 e 335.06 e
PIL1 after thermal cycling 354.82 1g77 379 ' 335.15 283‘51
PIL2 355.54 e 338.64 e
PIL2 after thermal cycling 355.49 18289 gg ' 340.82 1713 fg ’
PIL3 360.42 - 348.54 e
. 133.17; 125.05;
PIL3 after thermal cycling 360.14 98.71 346.49 92.70
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Figure 6. DSC curves of PILs pre- and post-thermal cycling
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Conclusion

In this study, PILs derived from N,N’-Dibutyl-1,6-
hexanediamine and various fatty acids (lauric, palmitic,
and myristic acids) were successfully synthesized and
structurally characterized. FT-IR analysis confirmed the
formation of ionic bonds indicative of effective proton
transfer, while H and 3C NMR spectroscopy provided
detailed insights into molecular structure and
environmental changes upon protonation. The spectral
data demonstrated that the ILs maintain structural
integrity with clear evidence of protonation at the amine
sites and deprotonation of the carboxylic acids. The
melting points of the phase change materials were
documented within the range of 354.26 to 360.42 K, as
determined by DSC analyses. The latent heat of fusion was
found to be 69.73, 88.73, and 98.95 kJ/mol for PIL1, PIL2,
and PIL3, respectively. The TGA results indicated that the
synthesized PILs demonstrated a two-step decomposition
behavior and maintained thermal stability up to
approximately 463.15 K. The findings from both DSC and
TGA analyses indicated that an increase in the chain length
of the PILs corresponded with enhanced latent heat
storage capacity and improved thermal stability.
Following 1000 consecutive thermal cycles at
temperatures ranging from 293.15 to 393.15 K, the
produced PILs underwent structural and thermal testing
once more. The structural stability of the PILs was
confirmed, while the phase change enthalpies of the
PCMs exhibited a minor reduction in comparison to their
non-cyclic counterparts. These findings establish a
comprehensive understanding of the molecular
interactions within the synthesized PILs, supporting their
potential applicability in areas such as thermal energy
storage and green solvents. Future studies focusing on the
physicochemical properties and application performance
of these materials are warranted to further explore their
practical utility.
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