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Abstract

Overheating in miniaturized electronic devices can reduce their useful life, where conven-
tional heat sinks are insufficient. The utilization of ionenes as solid—solid phase change
materials is proposed to enhance thermal dissipation without the risk of leakage. In this
work, a series of imidazolium ionenes with structural modifications in their aromatic
core and aliphatic chain length were synthesized. The synthesis was carried out using the
respective monomers diimidazole and alkyl dibromide, followed by counterion bromide ex-
change using lithium bis(trifluoromethanesulfonyl)imide, with yields over 90% in all cases.
Thermal characterizations showed that all ionenes are heat-resistant, with degradation
temperatures between 421 °C and 432 °C; moreover, they all presented only a solid—solid
transition (Tg) as a phase change, between 59 °C and 28 °C, which varied depending on
the aromatic core used and the length of the aliphatic chain. The obtained ionenes were
introduced into an experimental device with an operating temperature of 40 °C, to be
evaluated as solid-solid phase change materials in heat sinks. These demonstrated an
average decrease in operating temperature of 9 °C compared to the device without ionenes.
On the other hand, the stability of the ionenes was analyzed over 10 thermal cycles at 40 °C
at a heating rate of 5 °C/min. This analysis demonstrated that the ionenes did not present
changes or degradation during the evaluated cycles. These findings demonstrate that
imidazolium ionenes are promising solid-solid phase change materials for use as efficient
and self-repairing heat sinks in compact electronic devices.

Keywords: polyelectrolytes; ionenes; heat sink; SS-PCMs

1. Introduction

Nowadays, electronic devices are undergoing a constant process of miniaturization
and an increase in their operating power [1,2]. Consequently, there is a significant increase
in the amount of heat produced during their operation, which in turn leads to an increase in
the temperature of the device. In some cases, this temperature exceeds its optimal operating
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point, thereby affecting the performance, reliability, and lifetime of various components
of the device, such as CPUs, GPUs, LEDs, and batteries, among others [2,3]. In addition,
the high temperatures generated accelerate device failures, causing irreversible damage
leading to device loss [4]. For this reason, thermal management becomes a crucial point,
especially when working with electronic devices that generate a large amount of heat, such
as CPUs, GPUs, servers, and data centers [5].

Thermal management in electronic devices has traditionally used passive heat sinks,
which do not require external energy and dissipate heat through convection or radiation
due to their large surface area [6]. Additionally, active systems such as fans can be employed
to enhance dissipation [7].

The materials most commonly used as passive heat sinks are copper or aluminum [8].
In addition, polymers have become important for thermal management. Exploration of
the design of passive dissipation devices, such as flexible pulsating heat pipes [9], or
by protecting substrates in high-temperature manufacturing processes, such as during
sintering for flexible solar cells [10], has been conducted.

However, these heat sinks are insufficient or inapplicable in miniaturized devices [5,11].
Passive heat sinks are unable to handle the temperatures generated [12], while active
systems add complexity, size, power consumption, and noise [13,14]. Space constraints have
driven the search for new strategies and materials for optimal thermal management [15,16].

A promising alternative is phase change materials (PCMs) [17]. PCMs store and
release heat during a phase transition (latent heat) [18-20], offering better thermal man-
agement within a specific temperature range and acting as an effective buffer against heat
spikes [21,22]. Integrated into a heat sink, PCMs absorb excess heat during operating cycles,
reducing the temperature and keeping it more stable [23-25]. The stored heat is released
during low-power or idle cycles, preventing the device from overheating [18,26].

Currently, PCMs are classified by their composition (organic, inorganic, and eutectic) [27,28]
and by the phase changes observed (solid-liquid, liquid—gas, and solid—solid) [29,30]. Solid—
liquid phase change PCMs (SL-PCMs) are the most studied due to their high enthalpy
(latent heat) [31,32]. However, their transition to the liquid phase has the disadvantage of
increasing volume and the risk of leakage, which requires the material to be encapsulated;
this adds complexity to their application [33-36].

Considering these limitations, solid-solid phase change materials (SS-PCMs) have
recently received much attention [37-39]. These materials feature a transition between
two solid phases, their main advantage being a more stable phase, eliminating the risk
of leakage and the need for encapsulation [40,41]. This simplifies PCM incorporation,
improves thermal contact, and reduces device complexity. In addition, these materials
possess lower volume variation and higher mechanical stability than SL-PCMs [37,42].

Of the many existing materials, polymers have been widely used as PCMs [43-45].
Poly(ethylene)glycol (PEG) is one of the main polymers under study due to its high latent
heat (melting) enthalpy, low cost, and wide range of melting temperatures, which can be
adjusted according to its molecular weight [46,47]. However, despite its characteristics, its
phase transition is a melting process, so it passes through a liquid state during the operating
temperature. It also has low conductivity and thermal stability [48,49]. Research indicates
that utilizing PEG in conjunction with materials capable of containing it can prevent leaks
and enhance thermal stability. This approach results in a composite that functions akin to
an SS-PCM [44,50,51].

One potential solution to address the limitations of conventional polymers, such as
PEG, involves the use of polyelectrolytes (PEs) as PCMs. Polyelectrolytes are defined as
polymers that contain ionic groups within their structure, either in the main chain (ionenes)
or in the side chains (ionomers). Polyelectrolytes with a melting temperature below 100 °C
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are designated as poly(ionic liquid)s [52,53]. As with non-ionic polymers, ionenos have
been observed to exhibit a glass transition temperature, whereby a phase change occurs
from a crystalline to a rubbery state. This property renders them suitable for utilization as
solid-solid phase change materials (55-PCM) [54]. The primary benefit of polyelectrolytes
as SS-PCMs is their enhanced thermal stability, attributable to the presence of ionic groups,
which enables them to endure a greater number of heating and cooling cycles [55-57].
Furthermore, ionenes with imidazolium, amide, and imide groups [58,59] have exhibited
the capacity for self-healing, a feature that is advantageous in their utilization as PCMs in
scenarios where replacement of components is not feasible.

A characteristic of these materials is that, being polymers, structural modifications
can be made to modulate their thermal properties, such as modifying the type of cation or
anion, the spacing between charges, and the stiffness and flexibility of the chain, among
others [52,60].

Among the cations used for PEs, phosphonium, pyridinium, and imidazolium stand
out [61-63]. The latter are cations formed from imidazole, and their main advantages
over others are their low cost and simplicity of synthesis [64—66]. As for anions, the most
common are halides formed during PE synthesis; however, modification of counterion
can be performed by exchange with anions such as tetrafluoroborate, hexafluorophos-
phate, and bis(trifluoromethanesulfonyl)imide, among others. It is important to note that
the properties of PE may be subject to alteration, depending on the type of counterion
employed [67,68].

In the present work, the synthesis and characterization of imidazolium ionenes with
variations in the length of the aliphatic hydrocarbon chain and in their aromatic core have
been developed. The aim of these structural modifications is to modulate their thermal
properties to obtain efficient solid-solid phase change materials (SS-PCMs). The obtained
SS-PCMs were incorporated into an experimental device and evaluated as heat sinks.

2. Materials and Methods
2.1. Materials and Characterization Techniques

Reagents and solvents were purchased from Sigma Aldrich-Merck (San Francisco,
CA, USA), except lithium bis(trifluoromethane)sulfonimide (LiNTf,), which was obtained
from AK Scientific Inc. (Union City, CA, USA): 1-(3-aminopropyl)imidazole (API); py-
romellitic dianhydride (PMDA); biphenyl-tetracarboxylic acid dianhydride (BPDA); 4,4'-
oxydiphthalic anhydride (ODPA); 1,4-dibromobutane (Cy); 1,8-dibromooctane (Cg); 1,12-
dibromododecane (Cj;); N,N-dimethylformamide (DMF); dimethyl sulfoxide (DMSO);
ethyl ether; acetonitrile; ethanol; methanol; acetone; ethyl acetate; chloroform; and tetrahy-
drofuran (THF).

2.2. Synthesis of Diimidazole Monomers and Ionenes

The synthesis, purification, and characterization of the diimidazole monomers were
performed as described in Arriaza-Echanes et al., 2023 [69]. For the synthesis of the
monomers (Figure S1), 70 mmol of the corresponding dianhydride (PMDA, BPDA, or
ODPA), 147 mmol of 1-(3-aminopropyl)imidazole (API, 5% mol excess), and 45 mL of DMF
were added to a round bottom flask, heating at 130 °C for 24 h.

Three series of ionenes were prepared [69] (Figure 1). For this purpose, 4.0 mmol
of diimidazole monomer (DI-PMDA, DI-OPDA, or DI-BPDA), 4.0 mmol of dibromide
derivative (Cy4, Cg, or C12), and 20 mL of DMF were added to a high pressure tube (60 mL),
which was sealed and left for 24 h at 100 °C under stirring. Then, 8.4 mmol of lithium
bis(trifluoromethanesulfonyl)imide (LiNTf,, 5% excess) was added, and the reaction was
again left for 24 h at 100 °C. After this time, the reaction mixture was dropped into 200 mL
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of distilled water, causing precipitation of the ionene. Subsequently, the solid obtained
was isolated by filtration, washed thoroughly with water, and dried at 60 °C. Ionenes
were purified by reprecipitated, dissolving them in acetonitrile and adding water dropwise
(Figure S2).
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0-C12 [ODPA-API-C 1,] [NTF}: ‘R=Cop

Figure 1. Structure of the synthesized ionenes grouped according to the dibromide monomer used.

2.3. Characterization

FTIR-ATR (ZnSe) spectra were recorded on a Spectrum Two (Perkin Elmer, Waltham,
MA, USA) spectrophotometer over the range of 450-4000 cm~ 1. 1H, 13C, 19F, DEPT-135°,
COSY, HSQC, and HMBC NMR spectra were carried out on a 500 MHz instrument Bruker
Avance (Bruker Corporation, Karlsruhe, Germany) using DMSO-d, as solvent and TMS
as internal standard. For the solubility tests, 50 mg of ionene and 0.5 mL of the solvent
were added to a glass test tube and shaken for five minutes at room temperature. The
crystallinity of the polymers was determined by polarized light microscopy, using a Motic
BA310Pol microscope equipped with a 20X optical objective. The ionenes were deposited
on a glass slide and heated to 100 °C for 5 min, then allowed to cool and observed under
the microscope. Additionally, the ionenes were prepared by the solvent-casting method,
dissolving 100 mg in 1 mL of acetone, and allowed to dry at room temperature and observed
under the microscope. Thermal stability of the ionenes was evaluated using a TGA-50
SHIMADZU thermogravimetric analyzer (Shimadzu, Columbia, MD, USA). Analysis was
performed using a temperature range of 30-800 °C, under nitrogen atmosphere, and a
heating ramp of 20 °C/min; the maximum degradation speed temperatures (T4) were
determined from the peaks of the first derivative of the TGA curve (DTGA). The glass
transition temperature (Tg) of the ionenes was determined using a TA Instruments DSC Q20
differential scanning calorimeter (Hiillhorst, Germany). The measurements were from —50
to 250 °C at a speed of 10 °C/min, with a nitrogen atmosphere with a flow of 50 mL/min.
The results were analyzed using TRIOS software 5.7 from TA Instruments, OriginPro 8.5,
and MestReNova 14.2. The self-healing test was performed by thermoforming 1 g of
ionenes into a square shape (1.5 x 1.5 cm, thickness of 2.6-3.3 mm), cutting it, and heating
it on a Teflon plate at 100 °C for 1, 5, and 10 min to evaluate the cut repair.
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2.4. Evaluation of Ionenes as Heat Sinks

To evaluate the performance of the ionenes as heat sinks, an experimental device was
constructed as shown in Figure 2. This device consisted of two sections: a structural section
to contain and thermally insulate the ionenes and an electronic section for temperature
control and measurement and data collection.

Power source

Structural
section

Electronic section

Power source

Electronic section

Figure 2. Experimental device for testing ionenes as heat sink materials. (A) Photograph and
(B) illustration of the experimental device.

The structural section of the device was fabricated from four acrylic panels (insulating
material) and an AA1100XX aluminium plate (conductive material). Figure 3 shows the
diagram of the dimensions of each structural panel. Furthermore, it can be observed that
the structure has a space to deposit the material to be analyzed, which is in direct contact
with the aluminum plate during the evaluation (Figure 3C).
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Figure 3. Schematic of the experimental device setup. (A-D) These correspond to the parts that form

the structural section of the experimental device and (E) This corresponds to the assembly of the
structural section of the experimental device, indicating the order of the parts (A-D).

An Arduino Mega 2560 microcontroller (Arduino, Ivrea, Italy) was responsible for
temperature data acquisition, reading time recording, and runtime control. Temperature
measurement was performed with three type K-type thermocouples with a measurement
range between 0 to 800 °C and an accuracy of 0.1 °C, and one type K-type thermocouple
as a control. A 12W PTC heating plate, capable of reaching a maximum temperature of
120 °C, was used as the heat source. Additionally, an adjustable LM317 power supply (28 V;
2 A/220 V) was integrated for the operation of the heating plate.

The specifications and technical diagrams of the experimental system are found in
Figures S3 and S4. The code used for Arduino is available on GitHub https:/ /github.com/
KrugerGK/SS-PCMs-heatsink.

Once the experimental system was assembled, 2.5 g of each ionene was dimensioned
as a 3 X 3 cm square section, and these were deposited in the experimental system. The
measurements were carried out in two stages: In the first, the sample was heated until
a constant temperature of 40 °C was achieved for a period of 30 min (1800 s), with the
aim of simulating an electronic device in operation. Subsequently, in the second stage, the
heat supply was suspended, allowing the system to cool naturally for 60 min (3600 s). All
measurements were performed in triplicate. This procedure allows the evaluation of heat
sink performance under controlled conditions.
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3. Results and Discussion
3.1. Synthesis and Structural Characterization of lonenes

During the synthesis, it was observed that increasing the length of the aliphatic chain
length of the dibromide used increased the solubility of the ionenes formed in the reaction
medium. Thus, ionenes with aliphatic chains of 8 or 12 carbon atoms were soluble in
the reaction medium, while those with four methylene units partially precipitated. This
fact was attributed to the spacing of the ionic (cationic) groups in the main chain, which
decreases the ionic character of the chain, favoring dipolar interactions between the material
and the solvent. Finally, the ionenes were isolated and purified, with a synthesis yield
of 91% to 97% and a purification yield of 89% to 93%. This latter process allowed for the
removal of shorter chains formed during the polymerization.

Structural characterization of the purified ionenes was performed by FI-IR and NMR
(*H, 13C, F, DEPT-135°, COSY, HSQC, and HMBC) spectroscopy, and the spectra recorded
are shown in Figures 55-513. As an example, Figure 4 shows the FI-IR spectrum of the
P-Cg, indicating the main signals observed. In all FT-IR spectra, the bands corresponding
to C-H stretching of sp® and sp? carbon atoms are identified between 3150 and 2800 cm !,
the carbonyl atoms signals of the imide group (C=0) between 1770 and 1710 cm ™!, the
C=N signal of imidazolium groups at 1450 cm !, the C-N bonds belonging to the imide
and imidazolium group at 1390 and 1170 cm !, and the imide ring substitution between
728 and 740 cm~!. Along with the aforementioned signals, the asymmetric and symmet-

I and

ric stretching bands of the SO, groups were observed at approximately 1345 cm™
1130 cm ™!, respectively, a signal corresponding to the asymmetric stretching of the CF;
unit at 1220 cm ™!, and finally, at 1050 cm ™!, the signal corresponding to the S-N-S moi-
ety. These latter signals refer to the presence of the bis(trifluoromethanesulfonyl)imide
(NTf,) counterion exchanged for the respective bromide ions during the second part of the

ionene synthesis.
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Figure 4. FT-IR spectrum of P-Cg ([PMDA-API-C8] [NTf,]).

All "H NMR spectra of the ionenes showed a singlet near 9.1 ppm, which integrates
for 2H. This signal, shifted downfield relative to the other observed signals, was consistent
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with the deshielding effect of the imidazolium nitrogen atoms on the methylene group
located between them (H1). Signals centered between 8.3 ppm and 7.5 ppm were assigned
to the aromatic hydrogen atoms of the arylimide core and the imidazolium ring. In addition,
between 4.3 and 1.2 ppm, signals corresponding to the aliphatic hydrogens of each ionene
were observed, which were assigned using both 'H spectra and COSY, HMBC, and HSQC
spectra. Noteworthy here is the presence of two triplet signals shifted further downfield
than the rest of these signals. These signals were attributed to the hydrogen atoms adjacent
to the imidazolium group, which strongly deshields them. Figure 5A shows the 'H NMR
spectrum of P-Cg as an example.
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'H NMR P-C4 (DMSO-dj, 500 MHz) b4
@
=
o
] Moo ® OWWUNNT ONO MMOMEOWONNONMNDOYORN
o] NARRR®N NOANE=MOVOeYMNNNN=GRRNRNRN
@ ONNNNKN TTTTTTMMOMMOO NN NN NN ot
| - —_— N N et
o m o ® WOV NN T ANV M MeuOON NOOWD Y <
= o BRRRNR NANN === VOVLLY NAN== OBRNRKN N
o @ NNNNN TeT TET MEMOMN NNNNN -
4 5
23 J=73Hz 10 J=e7Hz 1 12,13
J=T2Hz JA\\J 7.1 Hz ‘k
92 908382 785 780 775 43 41 360 360 225 216 19 18 17 14 13 12
8 (ppm) 3 (ppm) 8 (ppm) b(num) 8 (ppm) 3 (ppm) 8 (ppm) 3 (ppm)
5 14
FiC
FiC )
[ ™ L
x \ —$—cr,
o
11 13
10 12 "
H,0

2 2 2 de o g & )
8 5] 8 88 & & 8 8
~ o~ b T T - - - @
100 95 90 85 80 75 7.0 65 6.0 55 50 a5 40 3.5 3.0 25 2.0 15 10 05 0.0
8 (ppm)
g
13C NMR P-Cz (DMSO-d,;, 500 MHz) 3
&)
=
) ® o Twoun o
< 3o TN - 20 almwung
] ~ 0 NGO ®©N QO o M w0
) Rs] NRER @ O R
- - e - - T T NANNN
® o < n o n o o o n o <
N 0 o oS 6 N © O < g oo W
(] ™ ~N ~N - -t T < © ~N NN ~N
a9 & 8 S = ' ,
| I S o
14 5
8 1 23 9 0 4 6 11\ / 13
i \ ¥
e — . ; ; — .
137 136 123 122 121 120 119 118 117 50 48 46 35 30 20 28 26 25
5 (ppm) 3 (ppm) N 5 (ppm) 5 (ppm)
i'N" 3
2 14
21°%45 § g9 7 e
FLC—8 = \ ~— & \=0

-7 T 7T T T T T T —T—— T —T——
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
8 (ppm)

Figure 5. NMR spectra of P-Cg ([PMDA-API-C8] [NTf,]) in DMSO-ds. (A) 'H and (B) '3C.
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In the case of the 1C NMR spectra, all the expected signals for the non-equivalent
carbon atoms present in the respective ionenes were observed and, similar to what was
observed in the 'H NMR spectra, the difference between the aromatic and aliphatic signals
was appreciated. Furthermore, at low field, the carbonyl carbons of the arylimide core
stood out with a shift close to 167 ppm. Aromatic carbon atoms were visualized between
144 ppm and 113 ppm and, in the case of aliphatic nuclei, between 48 ppm and 25 ppm.
Moreover, among the signals of the aromatic carbon, two signals (120 ppm and 118 ppm)
were observed, which were assigned as the carbon atoms of the NTf, counterion. Figure 5B
shows the 3C NMR spectrum of P-Cg as an example.

Finally, the presence of a fluorine atom from the NTf, counterion was confirmed
by 'F NMR analysis. In the resulting spectra, a signal near —78.7 ppm was observed,
which corroborated the presence of the CF; unit and that the counterion exchange process
was effective.

3.2. Properties of lonenes
3.2.1. Solubility

Solubility tests were carried out with the solvents described in Table 1 to determine
which solvents are suitable for the characterization and processing of ionenes. From these
results, it can be seen that the samples are soluble in aprotic solvents of high polarity, such
as DMSO, DMF, acetonitrile, and also in acetone. Meanwhile, they remained insoluble in
protic polar solvents such as water, ethanol, and methanol, and in low polarity solvents
such as THEF, ethyl acetate, chloroform, and ethyl ether.

Table 1. Ionene solubility test results.

Solvent

P-C4

P-Cs P-Cq B-C4 B-Cg B-Cq2 0-C4 0-Cs 0-Cq2

Water
DMSO
DMEF
Acetonitrile
Acetone
Ethanol
Methanol
Ethyl acetate
THF
Chloroform
Ethyl ether

+

+/—
+/—

+ + + +
+ + + +
+ + + +
+ o+ + +
+ 4+ +
+ 4+ +
+ + + +

+ o+ o+ o+

+: Soluble, —: Insoluble, +/—: Partially soluble.

These results show significant progress in the structure—solubility relationship of this
type of material, as they are soluble in highly volatile solvents, such as acetone, a low-cost
reagent that enables their processing through techniques such as solvent casting. This
property is particularly promising for future applications such as additive manufacturing,
inkjet printing, or spray coating, where the use of a volatile, low-cost solvent is crucial for
depositing thin, uniform layers of material on heat sinks or other electronic components,
especially when compared to solvents such as DMSO and DMF. Importantly, solubility
was reduced in protic polar solvents, which are often used to dissolve materials with
similar characteristics, such as ionic liquids or other ionenes [70], especially when they
have small counterions such as bromides or chlorides [68,71]. This fact is consistent with
the hydrophobic characteristics and size of the NTf, counterion, which neutralizes the
imidazolium cation while blocking its interaction with the hydroxyl groups of protic polar
solvents. As for the performance of the low polarity solvents, it was expected that they
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P-C,

Polarized light Light Polarized light Light Polarized

would not be able to dissolve this series of ionenes due to the significant difference in
their interactions. In this sense, while ionenes have groups that confer dipolar, ionic, and
charge transfer complexes interactions, these solvents have mainly low polarity dipolar
and London dispersion interactions.

3.2.2. Crystalline Structure

The crystallinity of the ionenes was observed using polarized light microscopy. In
Figure S14, the photographs obtained for each ionene were recorded both with and without
polarized light. It was determined that when the ionenes were exposed to polarized light,
the resulting images appeared black or dark. This finding indicates that all ionenes were
predominantly amorphous materials. This allows us to infer that the synthesized ionenes
could undergo a solid—solid phase transition, also known as a glass transition. As they
do not exhibit significant regularity (crystallinity), it is less likely that they will undergo a
solid-liquid transition (melting).

The formation of crystalline structures in a material was influenced by various factors,
including its molecular structure, as well as parameters such as time, temperature, con-
centration, pressure, and the method of processing [72,73]. For this reason, the possibility
of generating crystalline structures of each ionene using the solvent-casting method was
evaluated. The ionenes were dissolved in acetone, then deposited on a glass slide, and
finally, the solvent was allowed to evaporate at room temperature. Following desiccation,
the ionenes were analyzed once more by means of polarized light microscopy. It was
determined that only the P-series was capable of forming crystalline structures (Figure 6).

P_C8 P-Clz
light
% g

R

Figure 6. Evaluation of the crystalline structure of P-series ionenes using solvent casting.

It is believed that the aromatic core influences the ability of the P-series ionenes to form
crystalline structures. As the smallest of the three studied, the aromatic core of this series
may cause the chains to extend to avoid charge repulsion. Furthermore, the aromatic core
was conducive to 7— stacking due to its rigid, flat structure, which exhibits a lower degree
of freedom and consequently generates greater order. This suggests that these materials
have the ability to form crystalline structures under defined conditions, which could be of
interest for other applications.

3.2.3. Thermal Properties

Thermal stability was determined by thermogravimetric analysis in a nitrogen atmo-
sphere, as shown in Figure 7A. The main parameters recorded from these analyses are
summarized in Table 2. From these analyses, all the synthesized ionenes were determined
to be thermoresistant with onset decomposition temperature (Tonset) between 421 °C and
432 °C, while the weight loss of 5% and 10% of the materials occurs between 365-427 °C
and 415440 °C, respectively. Furthermore, the temperature of the maximum degradation
rate (T41) of ionenes was found to be between 453 and 491 °C. Furthermore, it was noted
that the B- and P-series ionenes exhibited a secondary maximum degradation temperature
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(Tq2). This process can be linked to the degradation of the aromatic core. While the ionenes
of the O-series do not exhibit Ty, it is possible that the degradation of the aromatic core
is occurring at a temperature close to Tq;. This breakdown is favored by the presence
of oxygen in the diphenylether group (Figure 7B). From these results, it was observed
that, despite structural modifications in the nature of the aromatic core or the progressive
increase in aliphatic length chain promoted by the dibrominated compounds, the ionenes
did not show significant differences in their decomposition temperatures. This fact shows
that the thermoresistance of these materials can be attributed to the presence of charged or
ionic groups, such as the imidazolium cation and the NTf, anion, which provide strong
ionic interactions that absorb much of the heat applied during the analysis.

(A (3 ——
80
{|——P-C 4 . P'C4

04| P-Cq L\: P-Cq

s | P-C,, 3 P-C,,

2 —B-<C, 5 ||—B-C

2 4
= 404 B-C, = B-C,
B-C,, B-C,,
204|— OC, 0-C,
| o-C, 0-Cy
5 0-C,, . O-C,,
l ‘ICI)O l 2(I)0 l 360 . 4(I)O l S(I)O 4 B(I)O l 7(IJO l 800 ' 1CI)0 ' 2CI)O I 360 l 4CI)O ' 560 ' 6(I)0 ' 7(I)O ' 800
Temperature (°C) Temperature (°C)
Figure 7. Thermograms of the ionenes. (A) TGA and (B) DTGA.
Table 2. Summary of thermal parameters from thermogravimetric analysis.

Ionene Tonset (°C) 2 Tso, (°C) P T1o% (CC) P Tg1 CC) € Tgp (CO) € Rgoo (%) 4
P-C4 426 424 436 462 618 2.98
P-Cg 430 426 438 464 614 1.01
P-Cq» 432 424 440 468 626 1.18
B-Cy4 424 427 438 467 606 2.83
B-Cg 427 427 438 473 618 2.52
B-Cq» 421 365 415 491 561 0.01
0-C4 427 425 435 459 - 24.7
0-Cg 429 419 429 453 - 18.1
0-Cq» 428 417 428 459 - 19.8

2: Temperature at which degradation of ionene begins. P: Temperature at which 5% and 10% weight is lost,
respectively. ©: Temperature at which material is degraded in one and/or two stages, respectively. 4: Percentage
of residual material at 800 °C.

Despite the non-oxidizing atmosphere used in the analysis, the residue values at
800 °C (Rggg) for the PMDA- and BPDA-derived ionene series are low (<3%), whereas the
polymers formed from ODPA show substantially higher values (~20-25%). This could
be explained by the incorporation of the C-O-C bond, which increases the polarity of the
aromatic core and incorporates a higher C-O bond energy (351 KJ/mol) with respect to
C-C (347 K] /mol) [74]. While the diphenylether group may be favoring the initial rupture
of the aromatic core, as mentioned in the observations on the degradation temperature,
the higher energy required for bond rupture could be generating non-volatile residues at
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the temperature used in the analysis. In future work, the formation of these non-volatile
groups in the residues will be determined using techniques such as GS mass, EDS, and
XRD, among others, to determine the nature of these compounds. This information will
facilitate the proposal of structures with better thermal resistance.

The thermal resistance results were of great importance for the application of these
ionenes as SS-PCMs in heat sinks incorporated into electronic devices, given that these heat
sinks usually operate at temperatures not exceeding 100 °C. Moreover, the small variation
in these values opens up the possibility of modulating other thermal properties through
structural modifications while maintaining their high thermal stability.

In order to use these ionenes as SS5-PCMs, it is necessary to determine the presence
of a solid-solid transition, in this case, a glass transition. For this reason, all ionenes
were analyzed by differential scanning calorimetry (DSC). Figure 8 shows the heating and
cooling curves of all ionenes, where it was observed that all ionenes have a glass transition
temperature (Tg) and no melting or crystallization point in the temperature range studied
(=50 °C to 250 °C). Modification of the aromatic core, by the incorporation of a second ring,
should result in biphenyl o diphenylether moieties, increasing the aromatic content in the
polymer chain, causing the P-series ionenes to exhibit a lower Tg compared to the B- and
O-series (Table 3). When comparing these last two series of ionenes, a difference in Tg was
observed; B-series exhibits higher values compared to O-series. This is due to the higher
stiffness and lower number of degrees of freedom presented by the biphenyl moiety in
contrast to the aromatic rings linked by the oxyether function.

(A) Heating Curve (B) Cooling Curve
o ) = o
ﬁ/ —_— e l y P-Cg
«— Tg=289°C Tg=201°C —
- —
m o
g  Tg=501°C B-C4 § _/_E’if'_o_c’,\‘/' BC,
% +«—Tg=467°C E Tg=391°C —
o o
= © Tg =32.9°C
o «Tg=419°C 3 : —
T T
\/ Tg=53.9°C 0-C, Tg=467°C —, 0-Cy
«Tg=39.1°C Tg=316°C —
~Tg=343°C Tg=264°C —
T I I T I T I T I T I T T | T | T I T I T I T I T
-20 0 20 40 60 80 100 120 -20 0 20 40 60 80 100 120
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Figure 8. Heating and cooling curves obtained from the DSC analysis of the ionenes. (A) Heating
curve and (B) Cooling curve.

When considering the effect of the aliphatic chain contributed by the dibromide
monomer on Tg, it was observed that there is a decrease in this parameter with increasing
methylene units. This is due to the incorporation of flexible moieties with more degrees of
freedom and to the increase in the spacing between charges within the chains. Furthermore,
regardless of the aromatic core of the ionenes, it was observed that increasing the aliphatic
chain length by 4 carbon atoms (from 4 to 8) produces an average decrease in Tg of 13 °C,
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while a further increase in the chain from 8 to 12 carbon atoms produced an average
decrease in Tg value of 4.5 °C.

Table 3. Main parameters obtained from DSC analysis of the ionenes.

Heating Curve Cooling Curve
Ionene Ty O Cp (J/g°O) AHrtg (J/g) Ty °O) Cp (J/g°O) AHrtg (J/g) ATg (°C)
P-Cy 46.9 0.247 3.74 40.0 0.258 2.89 6.9
P-Cg 33.1 0.248 4.08 28.1 0.319 3.63 5.0
P-Cq» 28.9 0.229 3.42 20.1 0.317 241 8.8
B-C4 59.1 0.222 411 51.0 0.220 2.99 8.1
B-Cs 46.7 0.249 3.99 39.1 0.299 3.39 7.6
B-Cq2 419 0.281 5.00 329 0.362 444 9.0
0-C4 53.9 0.243 3.24 46.7 0.247 2.23 7.2
0-Cs 39.1 0.307 3.87 31.6 0.341 3.37 7.5
0-Cy2 343 0.294 451 26.4 0.333 3.28 7.9

Tg: glass transition temperature. Cp: specific heat capacity. AHrtg: enthalpy glass transition. ATg: difference
between Tg obtained by heating and cooling (supercooling temperature).

Given the way in which Tg decreased in relation to the increase in aliphatic chain
length, it can be inferred that the contribution of these chains decreases drastically after
eight carbon atoms. This phenomenon can be attributed to the fact that the initial increase
in carbon atoms (from C4 to C8) causes a significant disruption in the packing of the chains
and increases the free volume, resulting in a decrease in Tg. In contrast, the change from
8 to 12 carbons exerts a comparatively minor influence on the mobility of the polymer
chain, resulting in a stabilization of the Tg, which is evident as a reduced decrease in the
Tg value. This effect is comparable to that observed in other polymeric materials, in which
the increase in chain length does not vary their thermal properties since they cease to
depend on length and depend only on the type of group and its chemical properties [75,76].
In addition, the supercooling temperature of the ionenes was also determined, with an
average value of 7.5 °C between the heating and cooling Tg. This variation is close to the
values sought for materials applied in heat dissipation, which present a supercooling of
5 °C, being paraffins (pure or mixtures) generally used for this application [77].

As for the glass transition enthalpies (AHtyg), these did not show large variations with
respect to the structural modifications developed, with AHrg values of 3.24 to 5.00 ] /g and
2.23 to 4.44 ]/ g for heating and cooling, respectively. Furthermore, the low values observed,
compared to the enthalpies of fusion exhibited by PCMs such as paraffin (200-220 ] /g),
are mainly due to the difference in the thermal phenomena studied. While Tg uses heat to
produce changes or movements in the polymer chain, fusion uses heat to break crystalline
domains, thus requiring much more energy (heat). Although this result may seem negative,
it actually opens the opportunity to propose other structural modifications that could
improve or increase the enthalpy values in the glass transition. Such as the incorporation
of longer chains that could favor a certain degree of ordering, which would generate an
increase in intermolecular interactions such as London dispersion forces, generating an
increase in the enthalpy value. Maintaining a balance between increasing the degree of
order without reaching fusion.

Along with thermal analyses, self-healing tests were performed on all ionenes. For this
purpose, the ionenes were thermoformed into squares, which were then cut longitudinally
and subsequently heated on a Teflon plate. Figure 9 shows images of the ionenes with the
cut at room temperature and heated at 100 °C for 1, 5, and 10 min. It is observed that all
ionenes show some degree of repair after 1 min of heating, either because of the partial
decrease in separation generated by the cut or because the size of the cut begins to reduce.
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P-C,
T, =46.9
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Likewise, it is appreciated that the repair of the cut consists of the union of the sections
separated by the cut and not by the displacement or flow of the material. Finally, after
10 min of heating, all ionenes were self-repaired. This self-repair capability is attractive
for materials inside electronic devices since, in case of breakage of the device by impact,
cutting, or vibration, they can self-repair, maintaining their functionality.

P-Cy, B-C, B-Cg B-Cy; 0-C, 0-C; 0-C;5

Tg=331 T,=289 T,=59.1 T,=467 T,=419 T,=539 T,=391 T,=343

Figure 9. Photographs obtained during the ionene self-healing test.

3.3. Characterization of Ionenes as SS-PCMs in Heat Sinks

To evaluate whether the synthesized ionenes have the ability to act as heat sinks, they
were subjected to heating at 40 °C, simulating the maximum operating temperature of a
real mobile device, and their responses were compared with those of the device without
polymer. The working temperature was determined based on the evaluation temperature
of the mobile devices [78]. At temperatures above this, the thermal comfort of the user is
exceeded, and manual use is uncomfortable [79,80]. Moreover, this temperature is similar
to the average Tg of the series of synthesized ionenes that will act as SS-PCMs.

The test was performed by heating the experimental device to 40 °C for 30 min and
allowing it to cool freely for 1 h. Figure S15 shows the results of the tests performed
comparing the heating of the device without PCM (without ionene) versus with PCM (with
ionene) over the analysis time, while Figure 10 summarizes the final operating temperature
reached by the ionenes after 30 min of heating at 40 °C. The use of ionenes as SS-PCM in
the experimental device allowed an average reduction in operating temperature of 9 °C.
P-C4 was the sample that reduced the temperature the least, reaching 32.90 °C, which
corresponds to a decrease of 7.10 °C compared to the device without ionene. On the other
hand, the ionene that reduced the temperature the most was B-C1,, with a final temperature
of 28.67 °C and a temperature reduction of 11.33 °C compared to the device without ionene.
The observed variation in the temperatures obtained can be attributed to the length of the
aliphatic chain. In a chain of 12 carbons, intermolecular interactions are favored, and it is
more energy (heat) that is required to break these interactions. Although this decrease may
be marginal, it is important to consider that, for electronic devices, decreasing the operating
temperature by 1 °C reduces the temperature-related failure rate by 4% [81].

A comparative analysis shows that in the P- and B-series, there is a marked relationship
between the length of the aliphatic chain and the maximum operating temperature. In other
words, the longer the aliphatic section provided by dibromide monomers, the lower the
maximum operating temperature reached by the device. This fact seems to be associated
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with the increased degrees of freedom of this section, which allows it to absorb more energy
(heat), and with the fact that, for these two families, the flexible segment is spaced by a
much longer rigid segment. The latter would be contributing to maximizing the effect of the
aliphatic segment on its heat absorption capacity. However, in order to corroborate this, it is
necessary to extend the family of ionenes studied and incorporate X-ray diffraction analyses
that provide additional information on the crystalline domains and the organization of the
chains in the solid state.
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Figure 10. Final operating temperature reached in the device during heating at 40 °C.

The thermal stability of the ionenes was evaluated during storage and heat release
cycles, emulating their operation as heat sinks. This was performed by calorimetry (DSC)
over a range of 20 °C to 40 °C, the operating temperature interval, with a heating rate
of 5 °C/min, under a nitrogen atmosphere, and for 10 heating—cooling cycles. Figure 11
shows the tests performed with all ionenes, in which no significant variations or additional
thermal phenomena caused by material degradation or changes in the ionenes during
the heat absorption and release processes were observed. This demonstrated the thermal
stability of these materials, at least during the cycles evaluated, given that their decomposi-
tion temperature is well above their operating temperature. However, it is important to
underline that in order to evaluate their long-term behavior, it will be necessary to perform
tests with a larger number of cycles.

This study focuses on the use of ionenes as SS-PCMs in thermal management. It is
therefore essential to acknowledge the limitations of this study. In order to apply these
materials in the field of thermal management, it is essential to conduct long-term studies
to evaluate their thermal stability during heating and cooling cycles. Incorporating these
materials into a real (commercial) electronic device would allow their behavior to be
evaluated under non-simulated conditions. In conjunction with the above, future research
will explore in greater detail the self-healing capacity of these materials and the implications
for their mechanical properties. X-ray diffraction (XRD) analysis will also be used to make
a conclusive correlation between the trends observed in this work regarding the molecular
structure of ionenes and their thermal properties.
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Figure 11. Heat storage—release cycles of the ionenes. Series P (A-C), series B (D-F), and series
O (G-I).

4. Conclusions

Three series of ionenes with variations in aliphatic chain length and aromatic core
architecture were obtained from the polymerization of diimidazolium monomers and linear
dibrominated compounds of 4, 8, and 12 methylene units. By means of an exchange reaction,
the substitution of the bromide counterion by the bis(trifluoromethane)sulfonamide anion
was achieved. Furthermore, the synthesized ionenes proved to be soluble in acetone, which
is an advantage for their processing, as this is a low-cost solvent compared to DMF and
DMSO. The ability to modulate the thermal properties of imidazolium ionenes through
specific structural modifications was demonstrated. It was possible to obtain materials
with a variety of solid—solid transition temperatures (Tg between 28.9 °C and 59.1 °C) by
varying the aromatic core and the length of the aliphatic chain while maintaining their high
thermal stability (T1¢9, between 415 °C and 440 °C). In addition, the ability of ionenes to act
as SS-PCMs in heat dissipation was evaluated, demonstrating that they can decrease the
maximum operating temperature of the device by an average of 9 °C compared to not using
ionenes. The ionenes that were employed demonstrated consistent thermal stability across
a minimum of 10 heating and cooling cycles. This research demonstrated the potential of
ionenes to function as SS-PCMs in the context of heat dissipation for the purpose of thermal
management in electronic devices.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym17131782/s1, Figure S1: Synthesis scheme for obtaining diimidazole
monomers; Figure S2: Synthesis scheme of the ionenes; Figure S3: Dimensions of the structural
part of the experimental setup; Figure S4: Connection diagram of the electronic section; Figure S5:
FT-IR-ATR and 1H, 13C, DEPT 135°, COSY, HSQC, HMBC, and 19F NMR spectra of ionene P-C4;
Figure S6: FT-IR-ATR and 1H, 13C, DEPT 135°, COSY, HSQC, HMBC, and 19F NMR spectra of ionene
P-C8; Figure S7: FT-IR-ATR and 1H, 13C, DEPT 45°, COSY, HSQC, HMBC, and 19F NMR spectra of
ionene P-C12; Figure S8: FT-IR-ATR and 1H, 13C, DEPT 135°, COSY, HSQC, HMBC, and 19F NMR
spectra of ionene B-C4; Figure S9: FT-IR-ATR and 1H, 13C, DEPT 45°, COSY, HSQC, HMBC, and 19F
NMR spectra of ionene B-C8; Figure S10: FT-IR-ATR and 1H, 13C, DEPT 135°, COSY, HSQC, HMBC,
and 19F NMR spectra of ionene B-C12; Figure S11: FT-IR-ATR and 1H, 13C, DEPT 135°, COSY, HSQC,
HMBC, and 19F NMR spectra of ionene O-C4; Figure S12: FT-IR-ATR and 1H, 13C, DEPT 45°, COSY,
HSQC, HMBC, and 19F NMR spectra of ionene O-C8; Figure S13: FI-IR-ATR and 1H, 13C, DEPT
45°, COSY, HSQC, HMBC, and 19F NMR spectra of ionene O-C12; Figure S14: Evaluation of the
crystalline structure of ionenes using polarized light microscopy; Figure S15: Results of the evaluation
of the ionenes as SS-PCMs in heat dissipation.

Author Contributions: Methodology, C.A.-E. and P.A.O.; Software, G.I.K.; Formal analysis, C.A.-E.
and P.A.O.; Investigation, C.A.-E., GIK, B.C.-G., C.A.T,, LS. and P.A.O.; Resources, B.C.-G. and
P.A.O,; Data curation, C.A.-E. and P.A.O.; Writing—original draft, C.A.-E. and P.A.O.; Writing—
review and editing, C.A.-E., G1LK,, B.C.-G., C.A.T,, L.S. and P.A.O,; Visualization, C.A.-E. and P.A.O.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors are gratefully acknowledging the grants TED2021-131170A-100
and CNS2022-135430 funded by MICIU/AEI/10.13039/501100011033 and by the European Union
NextGenerationEU/PRTR, the grant PID2023-1481450A-100 funded by MICIU/AEI/10.13039/
501100011033 and by ERDF/UE, the doctoral scholarship at the Universidad Mayor, the ANID
(Chilean National Research and Development Agency) doctoral scholarship grant N° 21240744, the
Universidad Mayor for the resources provided through the Fondo Puente 2024 bridge fund in its
project 2025013, and the ANID ANILLO ATE240012.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Filipovic, L.; Grasser, T. Special Issue on Miniaturized Transistors, Volume II. Micromachines 2022, 13, 603. [CrossRef] [PubMed]
Kurhade, A.S.; Darade, M.M.; Siraskar, G.D.; Biradar, R.; Mahajan, R.G.; Kardile, C.S.; Waware, S.Y.; Yadav, R.S. State-of-the-Art
Cooling Solutions for Electronic Devices Operating in Harsh Conditions. J. Mines Met. Fuels 2024, 72, 843-861. [CrossRef]
Bailey, C. Modelling the effect of temperature on product reliability. In Proceedings of the Ninteenth Annual IEEE Semiconductor
Thermal Measurement and Management Symposium, San Jose, CA, USA, 11-13 March 2003; IEEE: Piscataway, NJ, USA, 2003;
pp. 324-331.

Zhang, T.; Mo, Z.; Xu, X,; Liu, X.; Chen, H.; Han, Z.; Yan, Y;; Jin, Y. Advanced study of spray cooling: From theories to applications.
Energies 2022, 15, 9219. [CrossRef]

Nadjahi, C.; Louahlia, H.; Lemasson, S. A review of thermal management and innovative cooling strategies for data center.
Sustain. Comput. Inform. Syst. 2018, 19, 14-28. [CrossRef]

Savitha, Y.L.; Nanjundappa, C.E.; Shivakumara, I.S. Marangoni convection in a dielectric fluid layer with an AC electric field and
nonuniform volumetric heat source due to incident radiation. Heat Transf. 2023, 52, 4529-4546. [CrossRef]

Kumar, C.A.; Kumar, PM. Review on electronics cooling systems. Adv. Nat. Appl. Sci. 2017, 11, 271-280.

Rahman, M.A.; Hasnain, S.M.; Paramasivam, P.; Ayanie, A.G. Advancing thermal management in electronics: A review of
innovative heat sink designs and optimization techniques. RSC Adv. 2024, 14, 31291-31319. [CrossRef]


https://www.mdpi.com/article/10.3390/polym17131782/s1
https://www.mdpi.com/article/10.3390/polym17131782/s1
https://doi.org/10.3390/mi13040603
https://www.ncbi.nlm.nih.gov/pubmed/35457908
https://doi.org/10.18311/jmmf/2024/45374
https://doi.org/10.3390/en15239219
https://doi.org/10.1016/j.suscom.2018.05.002
https://doi.org/10.1002/htj.22869
https://doi.org/10.1039/D4RA05845C

Polymers 2025, 17, 1782 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ordu, M.; Der, O. Polymeric materials selection for flexible pulsating heat pipe manufacturing using a comparative hybrid
MCDM approach. Polymers 2023, 15, 2933. [CrossRef]

Baiju, K.G.; Nandanwar, M.N.; Jayanarayanan, K.; Kumaresan, D. Numerical modelling and simulation of heat sink assisted
thermal sintering of titania film on polymer substrates for the fabrication of high-performance flexible dye sensitized solar cells.
Chem. Eng. Res. Des. 2022, 181, 209-219. [CrossRef]

Rakshith, B.L.; Asirvatham, L.G.; Angeline, A.A.; Raj, ].A.PS,; Bose, ].R.; Princess, PJ.B.; Gautam, S.; Mahian, O.; Ribatski,
G.; Wongwises, S. Cooling of power electronic devices using rectangular flat heat pipes with externally and internally cooled
condenser regions. Appl. Therm. Eng. 2024, 236, 121474. [CrossRef]

Zahid, I.; Farhan, M.; Farooq, M.; Asim, M.; Imran, M. Experimental investigation for thermal performance enhancement of
various heat sinks using A1203 NePCM for cooling of electronic devices. Case Stud. Therm. Eng. 2023, 41, 102553. [CrossRef]
Ibrahim, A.; Salem, M.; Kamarol, M.; Delgado, M.T.; Desa, M.K.M. Review of active thermal control for power electronics:
Potentials, limitations, and future trends. IEEE Open J. Power Electron. 2024, 5, 414-435. [CrossRef]

Abedrabboh, O.; Kog, M.; Biger, Y. Sustainability performance of space-cooling technologies and approaches. Energy Sources Part
A Recovery Util. Environ. Eff. 2022, 44, 9017-9042. [CrossRef]

Ersoy, K. Review of Electronic Cooling and Thermal Management in Space and Aerospace Applications. Eng. Proc. 2025, 89, 42.
Italia, R. An Analysis of Heat Dissipation Techniques in Power Electronics. J. Eng. Appl. Sci. Technol. 2023, 5, 1-6.

Zhang, X.; Yu, C.; Zhang, C. Advances in latent heat storage technology for electronic cooling. Renew. Sustain. Energy Rev. 2025,
215, 115614. [CrossRef]

Martinez, ER.; Borri, E.; Kala, S.M.; Ushak, S.; Cabeza, L.F. Phase change materials for thermal energy storage in industrial
applications. Heliyon 2025, 11, e41025. [CrossRef]

Pielichowska, K.; Pielichowski, K. Phase change materials for thermal energy storage. Prog. Mater. Sci. 2014, 65, 67-123. [CrossRef]
Nejat, P; Fekri, Y.; Jomehzadeh, F. Phase change material (PCM) as the smart heat-storing concept: A brief review. Ann. Mar. Sci.
2022, 6, 34-38.

McCord, M.R.Y,; Baniasadi, H. Advancements in form-stabilized phase change materials: Stabilization mechanisms, multifunc-
tionalities, and applications-a comprehensive review. Mater. Today Energy 2024, 41, 101532. [CrossRef]

Cheng, P; Tang, Z.; Gao, Y.; Liu, P; Liu, C.; Chen, X. Flexible engineering of advanced phase change materials. iScience 2022,
25,104226. [CrossRef] [PubMed]

Nandan, R.; Arumuru, V.; Das, M.K. PCM-based heat sink for thermal management of electronic chips. In Handbook of Thermal
Management Systems; Elsevier: Amsterdam, The Netherlands, 2023; pp. 703-725.

Husainy, A.S.; Funde, A.M.; Sonalkar, A.B.; Mulla, S.I.; Gote, R.S. Review on PCM heat sink for electronic thermal management
application. Asian Rev. Mech. Eng. 2023, 12, 9-14. [CrossRef]

Ali, HM.; Arshad, A.; Jabbal, M.; Verdin, P.G. Thermal management of electronics devices with PCMs filled pin-fin heat sinks: A
comparison. Int. |. Heat Mass Transf. 2018, 117, 1199-1204. [CrossRef]

Afaynou, I; Faraji, H.; Choukairy, K.; Arshad, A.; Arici, M. Heat transfer enhancement of phase-change materials (PCMs) based
thermal management systems for electronic components: A review of recent advances. Int. Commun. Heat Mass Transf. 2023,
143, 106690. [CrossRef]

Lawag, R.A.; Ali, H.M. Phase change materials for thermal management and energy storage: A review. J. Energy Storage 2022,
55, 105602. [CrossRef]

Huang, J.; Luo, Y.; Weng, M,; Yu, J.; Sun, L.; Zeng, H.; Liu, Y.; Zeng, W.; Min, Y.; Guo, Z. Advances and applications of phase
change materials (PCMs) and PCMs-based technologies. ES Mater. Manuf. 2021, 13, 23-39. [CrossRef]

Nazir, H.; Batool, M.; Osorio, EJ.B.; Isaza-Ruiz, M.; Xu, X.; Vignarooban, K.; Phelan, P.; Inamuddin; Kannan, A.M. Recent
developments in phase change materials for energy storage applications: A review. Int. |. Heat Mass Transf. 2019, 129, 491-523.
[CrossRef]

Shchukina, E.M.; Graham, M.; Zheng, Z.; Shchukin, D.G. Nanoencapsulation of phase change materials for advanced thermal
energy storage systems. Chem. Soc. Rev. 2018, 47, 4156-4175. [CrossRef] [PubMed]

Barbi, S.; Barbieri, F; Marinelli, S.; Rimini, B.; Merchiori, S.; Bottarelli, M.; Montorsi, M. Phase change material evolution in
thermal energy storage systems for the building sector, with a focus on ground-coupled heat pumps. Polymers 2022, 14, 620.
[CrossRef]

Elshaer, A.M.; Soliman, A.M.A.; Kassab, M.; Hawwash, A.A. Boosting the thermal management performance of a PCM-based
module using novel metallic pin fin geometries: Numerical study. Sci. Rep. 2023, 13, 10955. [CrossRef]

Adnin, RJ; Lee, H.S. Advancing Thermal Energy Storage: Synthesis and Thermal Performance of Silica-Encapsulated Paraffin
PCMs. Molecules 2025, 30, 1698. [CrossRef]

Yang, Z.L.; Walvekar, R.; Wong, W.P.; Sharma, R.K.; Dharaskar, S.; Khalid, M. Advances in phase change materials, heat transfer
enhancement techniques, and their applications in thermal energy storage: A comprehensive review. |. Energy Storage 2024,
87,111329. [CrossRef]


https://doi.org/10.3390/polym15132933
https://doi.org/10.1016/j.cherd.2022.03.013
https://doi.org/10.1016/j.applthermaleng.2023.121474
https://doi.org/10.1016/j.csite.2022.102553
https://doi.org/10.1109/OJPEL.2024.3376086
https://doi.org/10.1080/15567036.2022.2127979
https://doi.org/10.1016/j.rser.2025.115614
https://doi.org/10.1016/j.heliyon.2024.e41025
https://doi.org/10.1016/j.pmatsci.2014.03.005
https://doi.org/10.1016/j.mtener.2024.101532
https://doi.org/10.1016/j.isci.2022.104226
https://www.ncbi.nlm.nih.gov/pubmed/35521541
https://doi.org/10.51983/arme-2023.12.1.3640
https://doi.org/10.1016/j.ijheatmasstransfer.2017.10.065
https://doi.org/10.1016/j.icheatmasstransfer.2023.106690
https://doi.org/10.1016/j.est.2022.105602
https://doi.org/10.30919/esmm5f458
https://doi.org/10.1016/j.ijheatmasstransfer.2018.09.126
https://doi.org/10.1039/C8CS00099A
https://www.ncbi.nlm.nih.gov/pubmed/29658558
https://doi.org/10.3390/polym14030620
https://doi.org/10.1038/s41598-023-37639-3
https://doi.org/10.3390/molecules30081698
https://doi.org/10.1016/j.est.2024.111329

Polymers 2025, 17, 1782 19 of 20

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Salunkhe, P.B.; Shembekar, P.S. A review on effect of phase change material encapsulation on the thermal performance of a
system. Renew. Sustain. Energy Rev. 2012, 16, 5603-5616. [CrossRef]

Palacios, A.; Navarro-Rivero, M.E.; Zou, B.; Jiang, Z.; Harrison, M.T.; Ding, Y. A perspective on Phase Change Material encap-
sulation: Guidance for encapsulation design methodology from low to high-temperature thermal energy storage applications.
J. Energy Storage 2023, 72, 108597. [CrossRef]

Fallahi, A.; Guldentops, G.; Tao, M.; Granados-Focil, S.; Van Dessel, S. Review on solid-solid phase change materials for thermal
energy storage: Molecular structure and thermal properties. Appl. Therm. Eng. 2017, 127, 1427-1441. [CrossRef]

Usman, A.; Xiong, F; Aftab, W.; Qin, M.; Zou, R. Emerging solid-to-solid phase-change materials for thermal-energy harvesting,
storage, and utilization. Adv. Mater. 2022, 34, 2202457. [CrossRef]

Zhi, M,; Yue, S.; Zheng, L.; Su, B.; Fu, J.; Sun, Q. Recent developments in solid-solid phase change materials for thermal energy
storage applications. J. Energy Storage 2024, 89, 111570. [CrossRef]

Raj, C.R,; Suresh, S.; Bhavsar, R.R.; Singh, V.K. Recent developments in thermo-physical property enhancement and applications
of solid solid phase change materials: A review. J. Therm. Anal. Calorim. 2020, 139, 3023-3049. [CrossRef]

Li, X,; Yang, W.; Li, C.; Deng, J.; Huang, Q.; Jia, W.; Mao, Y.; Zou, Y.; Wu, Y,; Tian, ].; et al. Flexible solid-solid phase change
material with zero leakage via in-situ preparation for battery thermal management. Innov. Energy 2024, 1, 100034. [CrossRef]
Chen, X,; Liu, C.; Aftab, W. Advanced solid-solid phase change thermal storage material. Nano Res. Energy 2024, 3, €9120103.
[CrossRef]

Liu, C,; Xiao, T.; Zhao, J.; Liu, Q.; Sun, W.; Guo, C.; Ali, HM.; Chen, X.; Gu, Y. Polymer engineering in phase change thermal
storage materials. Renew. Sustain. Energy Rev. 2023, 188, 113814. [CrossRef]

Guo, X.; Wei, K; Ni, T.; Shi, W,; Dai, C.; Zhao, Z.; Gu, Z. Preparation and performance analysis of polyethylene glycol/epoxy
resin composite phase change material. J. Energy Storage 2024, 88, 111525. [CrossRef]

Liu, J.; Zhu, X,; Dai, ].; Yang, K.; Wang, S.; Liu, X. Integration of sustainable polymers with phase change materials. Prog. Mater.
Sci. 2025, 151, 101447. [CrossRef]

Paberit, R.; Rilby, E.; Gohl, J.; Swenson, J.; Refaa, Z.; Johansson, P,; Jansson, H. Cycling stability of poly (ethylene glycol) of
six molecular weights: Influence of thermal conditions for energy applications. ACS Appl. Energy Mater. 2020, 3, 10578-10589.
[CrossRef]

Bejan, D.; Cojocariu, N.; Chereches, E.I; Minea, A.A. Studies on several mixtures of PEG based phase change materials for heat
transfer Applications: An experimental approach. J. Mol. Lig. 2025, 429, 127652. [CrossRef]

Kou, Y.; Wang, S.; Luo, J.; Sun, K; Zhang, J.; Tan, Z.; Shi, Q. Thermal analysis and heat capacity study of polyethylene glycol
(PEG) phase change materials for thermal energy storage applications. J. Chem. Thermodyn. 2019, 128, 259-274. [CrossRef]
Zhao, Y,; Liu, T.; Wei, Z,; Yuan, A.; Chen, Y,; Jiang, L.; Lei, J.; Fu, X. Polymeric phase change material networks based on
multi-telechelic polyethylene glycol-derived multimer structures for thermal energy storage. Chem. Eng. |. 2023, 462, 142164.
[CrossRef]

Marcos, M.A.; Cabaleiro, D.; Guimarey, M.].; Comufias, M.].; Fedele, L.; Ferndndez, J.; Lugo, L. PEG 400-based phase change
materials nano-enhanced with functionalized graphene nanoplatelets. Nanomaterials 2017, 8, 16. [CrossRef]

Kim, A.; Wert, N.A.; Gowd, E.B.; Patel, R. Recent progress in PEG-based composite phase change materials. Polym. Rev. 2023, 63,
1078-1129. [CrossRef]

Bara, J.E.; O’'Harra, K.E. Recent advances in the design of ionenes: Toward convergence with high-performance polymers.
Macromol. Chem. Phys. 2019, 220, 1900078. [CrossRef]

Hotton, C.; Sakhawoth, Y.; Rollet, A.L.; Sirieix-Plénet, J.; Tea, L.; Combet, S.; Sharp, M.; Hoffmann, I.; Nallet, F; Malikova, N.
Ion-specific effects in polyelectrolyte solutions: Chain—chain interactions, chain rigidity and dynamics. Comptes Rendus Chim.
2024, 27, 1-13. [CrossRef]

Chattopadhyay, J.; Pathak, T.S.; Santos, D.M. Applications of polymer electrolytes in lithium-ion batteries: A review. Polymers
2023, 15, 3907. [CrossRef]

O’Harra, K.; Kammakakam, I.; Shinde, P.; Giri, C.; Tuan, Y.; Jackson, E.M.; Bara, J.E. Poly (ether ether ketone) Ionenes: Ultrahigh-
Performance Polymers Meet Ionic Liquids. ACS Appl. Polym. Mater. 2022, 4, 8365-8376. [CrossRef]

Wanghofer, F.; Wolfberger, A.; Wolfahrt, M.; Schlogl, S. Cross-Linking and Evaluation of the Thermo-Mechanical Behavior of
Epoxy Based Poly (ionic Liquid) Thermosets. Polymers 2021, 13, 3914. [CrossRef]

Shin, J.C.; Kim, T.Y.; Choi, U.H.; Lee, M. Pyrrolidinium-Based Polyurethane Ionenes: Influence of Counterions, Chain Extenders,
and PEG Blocks on Thermal Properties and Ion Conduction. ACS Appl. Polym. Mater. 2025, 7, 3067-3074. [CrossRef]

Li, J.; Yang, L.; Zhang, H.; Ji, X. Self-healing composite solid electrolytes with enhanced Li+ transport and mechanical properties
for safe lithium metal batteries. Chem. Eng. J. 2022, 438, 135418. [CrossRef]

Haring, M.; Grijalvo, S.; Haldar, D.; Saldias, C.; Diaz, D.D. Polymer topology-controlled self-healing properties of polyelectrolyte
hydrogels based on DABCO-containing aromatic ionenes. Eur. Polym. ]. 2019, 115, 221-224. [CrossRef]


https://doi.org/10.1016/j.rser.2012.05.037
https://doi.org/10.1016/j.est.2023.108597
https://doi.org/10.1016/j.applthermaleng.2017.08.161
https://doi.org/10.1002/adma.202202457
https://doi.org/10.1016/j.est.2024.111570
https://doi.org/10.1007/s10973-019-08703-w
https://doi.org/10.59717/j.xinn-energy.2024.100034
https://doi.org/10.26599/NRE.2023.9120103
https://doi.org/10.1016/j.rser.2023.113814
https://doi.org/10.1016/j.est.2024.111525
https://doi.org/10.1016/j.pmatsci.2025.101447
https://doi.org/10.1021/acsaem.0c01621
https://doi.org/10.1016/j.molliq.2025.127652
https://doi.org/10.1016/j.jct.2018.08.031
https://doi.org/10.1016/j.cej.2023.142164
https://doi.org/10.3390/nano8010016
https://doi.org/10.1080/15583724.2023.2220041
https://doi.org/10.1002/macp.201900078
https://doi.org/10.5802/crchim.326
https://doi.org/10.3390/polym15193907
https://doi.org/10.1021/acsapm.2c01312
https://doi.org/10.3390/polym13223914
https://doi.org/10.1021/acsapm.4c03748
https://doi.org/10.1016/j.cej.2022.135418
https://doi.org/10.1016/j.eurpolymj.2019.03.044

Polymers 2025, 17, 1782 20 of 20

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

O'Harra, K.E.; Kammakakam, I; Bara, J.E.; Jackson, E.M. Understanding the effects of backbone chemistry and anion type on the
structure and thermal behaviors of imidazolium polyimide-ionenes. Polym. Int. 2019, 68, 1547-1556. [CrossRef]

Zhu, M,; Yang, Y. Poly (ionic liquid) s: An emerging platform for green chemistry. Green Chem. 2024, 26, 5022-5102. [CrossRef]
Li, X.; Drockenmuller, E.; Stiernet, P.; Zhang, W.; Yuan, J. Poly (1, 2, 4-triazolium) s as the rising generation of functional poly
(ionic liquid) s. Prog. Polym. Sci. 2025, 165, 101969. [CrossRef]

Yang, B.; Yang, G.; Zhang, Y.M.; Zhang, S.X.A. Recent advances in poly (ionic liquid) s for electrochromic devices. . Mater. Chem.
C 2021, 9,4730-4741. [CrossRef]

Troger-Miiller, S.; Liedel, C. Sustainable polyimidazolium networks as versatile hydrogel materials. ACS Appl. Polym. Mater. 2019,
1, 2606-2612. [CrossRef]

Atta, AM.; Al-Lohedan, H.A.; Ezzat, A.O. Synthesis and application of geminal dicationic ionic liquids and poly (ionic liquids)
combined imidazolium and pyridinium cations as demulsifiers for petroleum crude oil saline water emulsions. J. Mol. Liq. 2021,
325,115264. [CrossRef]

Corzo, B.A.; Herndndez-Martinez, H.; Aldeco-Pérez, E.J.; Cardenas, J.; Lara, V.; Olvera, L.I. Functionalized Imidazolium Ether-
Free Polymer Backbones with Ion Transport Channels and Catalytic Activity. ACS Mater. Au. 2025, 5, 508-521. [CrossRef]
[PubMed]

Alcalde, E; Dinares, I.; Ibafiez, A.; Mesquida, N. A simple halide-to-anion exchange method for heteroaromatic salts and ionic
liquids. Molecules 2012, 17, 4007—4027. [CrossRef] [PubMed]

Lopez, C.G.; Matsumoto, A.; Shen, A.Q. Dilute polyelectrolyte solutions: Recent progress and open questions. Soft Matter 2024,
20, 2635-2687. [CrossRef]

Arriaza-Echanes, C.; Velazquez-Tundidor, M.V.; Angel-Lépez, A.; Norambuena, A Palay, EE.; Terraza, C.A.; Tundidor-Camba, A;
Ortiz, P.A.; Coll, D. Ionenes as Potential Phase Change Materials with Self-Healing Behavior. Polymers 2023, 15, 4460. [CrossRef]
Zhuo, Y.; Cheng, H.L.; Zhao, Y.G.; Cui, H.R. Ionic liquids in pharmaceutical and biomedical applications: A review. Pharmaceutics
2024, 16, 151. [CrossRef]

Gulati, A.; Douglas, ].E; Matsarskaia, O.; Lopez, C.G. Influence of counterion type on the scattering of a semiflexible polyelec-
trolyte. Soft Matter 2024, 20, 8610-8620. [CrossRef]

Fernandez-d’Arlas, B.; Baumann, R.P; Poselt, E.; Miiller, A.]. Influence of composition on the isothermal crystallisation of
segmented thermoplastic polyurethanes. CrystEngComm 2017, 19, 4720-4733. [CrossRef]

Muthukumar, M. Trends in polymer physics and theory. Prog. Polym. Sci. 2020, 100, 101184. [CrossRef]

Luo, Y.R. Comprehensive Handbook of Chemical Bond Energies; CRC Press: Boca Raton, FL, USA, 2007.

Yang, Y.; Zou, X.; Ye, H.; Zhu, W.; Dong, H.; Bi, M. Modified group contribution scheme to predict the glass-transition temperature
of homopolymers through a limiting property dataset. ACS Omega 2020, 5, 29538-29546. [CrossRef] [PubMed]

Angel-Lopez, A.; Norambuena, A.; Arriaza-Echanes, C.; Terraza, C.A.; Tundidor-Camba, A.; Coll, D.; Ortiz, PA. Development of
Novel Phase-Change Materials Derived from Methoxy Polyethylene Glycol and Aromatic Acyl Chlorides. Polymers 2023, 15, 3069.
[CrossRef] [PubMed]

Liu, L.; Niu, J.; Wu, J.Y. Preparation of stable phase change material emulsions for thermal energy storage and thermal management
applications: A review. Materials 2021, 15, 121. [CrossRef]

Ahmed, T.; Bhouri, M.; Groulx, D.; White, M.A. Passive thermal management of tablet PCs using phase change materials:
Intermittent operation. Appl. Sci. 2019, 9, 902. [CrossRef]

Ungar, E.; Stroud, K. A new approach to defining human touch temperature standards. In Proceedings of the 40th International
Conference on Environmental Systems, Barcelona, Spain, 11-15 July 2010; p. 6310.

Goo, B.; Kim, D.S. impact of Contactless Apoptosis-inducing RF on Temperature of Human Skin Surface and Subcutaneous layer
as well as porcine Histology: A pilot Study. Med. Lasers 2016, 5, 29-33. [CrossRef]

Emam, M.; Ookawara, S.; Ahmed, M. Thermal management of electronic devices and concentrator photovoltaic systems using
phase change material heat sinks: Experimental investigations. Renew. Energy 2019, 141, 322-339. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/pi.5825
https://doi.org/10.1039/D4GC00202D
https://doi.org/10.1016/j.progpolymsci.2025.101969
https://doi.org/10.1039/D0TC05672C
https://doi.org/10.1021/acsapm.9b00491
https://doi.org/10.1016/j.molliq.2020.115264
https://doi.org/10.1021/acsmaterialsau.4c00154
https://www.ncbi.nlm.nih.gov/pubmed/40385953
https://doi.org/10.3390/molecules17044007
https://www.ncbi.nlm.nih.gov/pubmed/22469595
https://doi.org/10.1039/D3SM00468F
https://doi.org/10.3390/polym15224460
https://doi.org/10.3390/pharmaceutics16010151
https://doi.org/10.1039/D4SM00874J
https://doi.org/10.1039/C7CE01028A
https://doi.org/10.1016/j.progpolymsci.2019.101184
https://doi.org/10.1021/acsomega.0c04499
https://www.ncbi.nlm.nih.gov/pubmed/33225185
https://doi.org/10.3390/polym15143069
https://www.ncbi.nlm.nih.gov/pubmed/37514458
https://doi.org/10.3390/ma15010121
https://doi.org/10.3390/app9050902
https://doi.org/10.25289/ML.2016.5.1.29
https://doi.org/10.1016/j.renene.2019.03.151

	Introduction 
	Materials and Methods 
	Materials and Characterization Techniques 
	Synthesis of Diimidazole Monomers and Ionenes 
	Characterization 
	Evaluation of Ionenes as Heat Sinks 

	Results and Discussion 
	Synthesis and Structural Characterization of Ionenes 
	Properties of Ionenes 
	Solubility 
	Crystalline Structure 
	Thermal Properties 

	Characterization of Ionenes as SS-PCMs in Heat Sinks 

	Conclusions 
	References

