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alized fatty acid-based phase
transition material constructed by solid-phase
molecular self-assembly for thermal management†

Chunda Ji, * Jianbin Huang and Yun Yan

Fatty acids are excellent thermal management materials for thermal storage, release and preventing thermal

runaway. However, the leakage of fatty acids leads to instability and prevents their application in thermal

management. Herein, a stable and visualized fatty acid-based phase transition material P–S/PA was

constructed through solid-state molecular self-assembly strategy from polydiallyldimethylammonium

chloride (PDDA), sodium dodecyl benzene sulfonate (SDBS) and palmitic acid (PA). The electrostatic

interaction between PDDA and SDBS and hydrophobic interaction between PA and SDBS can prevent PA

leakage during phase transition, achieving stability. After 1000 cycles, the changes in the phase transition

enthalpy (DHM, DHC) were less than 1%. The structural similarity also made P–S/PA phase transition

visible, and the transmittance changed significantly from 0% to 68% during phase transition. In addition,

P–S/PA can be remolded by hot-pressing without performance changes, showing temperature

adjustability on varying the fatty acid carbon chain length. Thus, the stable and visualized P–S/PA fatty

acid-based phase transition material constructed by solid-phase molecular self-assembly has promising

application in thermal management.
Introduction

Thermal energy, the energy source of human survival, should be
managed because uncontrolled thermal energy can cause
disasters, such as volcanic eruptions, explosions and battery
res.1–5 Thermal management is the maintenance of the system
temperature by absorbing or releasing thermal energy accord-
ing to demand, which is widely employed in battery,6–9 build-
ings,10,11 solar engineering12 and biomedical13 elds.

Fatty acids are excellent materials for thermal management
due to their phase transition properties.14–16 As phase transition
materials, fatty acids can absorb and release thermal energy by
large quantities of latent heat during the phase transition
process, with constant temperature. The phase transition
temperature and enthalpy increase with the carbon chain
length of fatty acids.17,18 Moreover, fatty acids are commonly
used due to their superior properties, such as non-toxicity, good
chemical and thermal stability and low cost.19

Instability or leakage is the biggest challenge in the appli-
cation of fatty acids as thermalmanagement materials.20–22 Fatty
acids melt into liquids and ow easily above the phase transi-
tion temperature (Fig. S1†), which causes leakage and
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tion (ESI) available. See DOI:

22034
instability. A popular strategy to solve fatty acid leakage is the
preparation of encapsulation materials23–27 such as porous
material28–33 and microencapsulation.34–36 However, the insta-
bility of physical adsorption, tedious preparation and high cost
of the encapsulant materials greatly restrict the application of
fatty acids in thermal management. Therefore, the development
of no-leakage strategies and construction of stable fatty acid-
based phase transition materials are extremely important and
challenging.

Visualization is an important and unnoticed property of
phase transition materials during thermal management.37,38

Thermal management relies on phase transition and has an
energy management scope. Phase transition completion indi-
cates the loss of thermal management ability; consequently,
continuous heat generation will lead to thermal runaway. Thus,
the phase transition should be visualized to alert and prevent
the occurrence of thermal runaway accidents. Therefore, the
molecular structure of encapsulation materials should be
similar to fatty acids for visualization, which is undoubtedly
another major challenge for fatty acid-based thermal manage-
ment materials.

Recently, we developed a strategy of solid-phase molecular
self-assembly39–42 for the large-scale fabrication of supramolec-
ular materials by surfactants and polyelectrolytes through
electrostatic interactions. Surfactants, such as sodium dodecyl
benzene sulfonate (SDBS), have hydrophilic head groups and
hydrophobic long carbon chains, which are similar to the fatty
acid structure, as shown in Scheme 1. For SDBS, on the one
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Construction of P–S/PA fatty acid-based phase transition material by solid-phase molecular self-assembly.
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hand, the hydrophobic long carbon chains can interact with
fatty acids by hydrophobic interaction; on the other hand, the
hydrophilic head groups can combine with the polyelectrolyte
polydiallyldimethylammonium chloride (PDDA) through elec-
trostatic interaction. Thus, stable and visualized fatty acid-
based phase transition materials can be constructed through
solid-phase molecular self-assembly.

In this work, a stable and visualized fatty acid-based phase
transition material P–S/PA was constructed through solid-state
molecular self-assembly strategy from PDDA, SDBS and pal-
mitic acid (PA) (Scheme 1) for thermal management. The elec-
trostatic interaction and hydrophobic interaction can prevent
PA leakage during phase transition, achieving stability. The
structural similarity between PA and SDBS leads to the visuali-
zation of P–S/PA phase transition with obvious transmittance
change. In addition, P–S/PA can be remolded by adjusting the
temperature. The construction of the stable and visualized P–S/
PA phase transition material by solid-state molecular self-
assembly can prevent fatty acid leakage and reduce thermal
runaway disaster, showing promising application in thermal
management.
Results and discussion
Structural characterization

Fatty acid-based phase transition material P–S/PA was con-
structed by solid-phase molecular self-assembly from PDDA,
SDBS and PA. PDDA (0.1 mol L−1, 10 mL) and SDBS
(0.1 mol L−1, 10 mL) heated to 70 °C, separately. Then, PA (0.5 g)
was gradually added to SDBS solution with constant stirring to
be emulsied. Next, PDDA solution was poured into the SDBS/
PA solution, and the precipitates were formed immediately,
which were collected by centrifugation. Finally, the fatty acid-
based phase transition material P–S/PA was prepared by
mechanical pressing, as described in Scheme 1.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 1a shows the photograph of P–S/PA, and the PA content
can be measured by TGA, as shown in Fig. 1b. Here, P–S/PA is
denoted as P–S/PAx, where x represents the molar ratio of PA to
SDBS, and the PA content in P–S/PA2.0 is∼60 wt%. The structure
of P–S/PA was characterized by two-dimensional (2D) wide-
angle X-ray scattering (WAXS) (Fig. S2†). Bragg diffraction
peaks, corresponding to distances of 35.1 Å, 29.1 Å, 17.8 Å, 14.9
Å and 11.7 Å, were observed (Fig. 1c), indicating the presence of
lamellar structures in P–S/PA. The thickness was determined to
be 35.1 Å and 29.1 Å, approximately two times the length of
extended SDBS and PA molecule (Fig. S3†), respectively. SDBS
and PA molecules were assembled into bilayers in P–S/PA
because of the hydrophobic interaction (as shown in Scheme
1). The SEM images of P–S/PA are displayed in Fig. 1d. The P–S
surface is compact and at, while P–S/PA has a rough surface
and sharp edges due to the PA crystallization. Moreover, the
crystals become more uniform due to the emulsication of
SDBS, compared with pure PA (Fig. S4†). The results also indi-
cate that SDBS has similar structure to PA.

Thermal performance and stability

Thermal performance, storage or release of energy (melting
enthalpy DHM, crystallization enthalpy DHC, melting tempera-
ture TM and crystallization temperature TC) during heating and
cooling, is an important indicator for thermal management
applications. The thermal performance of P–S/PA was investi-
gated through DSC, and the heating curves are shown in Fig. 2a
(cooling curves, Fig. S7†). As the PA content increases, there are
obvious melting peaks, which proves the phase transition and
existence of thermal management capability of P–S/PA. The
DHM and DHC of P–S/PA are shown in Fig. 2b and increase with
the PA content. The thermal performances are summarized in
Table 1. It is worth noting that the TM and TC of P–S/PA
increases with the PA content and is close to that of pure PA.
The encapsulated P–S can affect the PA thermal performance in
P–S/PA. The long carbon chains of SDBS participate in the
RSC Adv., 2024, 14, 22028–22034 | 22029
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Fig. 1 (a) Photograph of P–S/PA; (b) TG curves, (c) one-dimensional curves of WAXS and (d) SEM images of P–S/PA with different PA contents.

Table 1 Thermal performances of P–S/PA

Melting process
Crystallization
process

PA content
(wt%)TM (°C) DHM (J g−1) TC (°C) DHC (J g−1)

P–S/PA1.0 47.3 2.4 29.2 1.1 33.2
P–S/PA1.5 54.2 26.6 32.8 22.6 42.5
P–S/PA2.0 60.5 107.3 52.7 100.2 61.6
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melting or crystallization behavior of PA, according to XRD
(Fig. 2c). The sharp and intense peaks at 7.36°, 12.3°, 21.5°, and
23.9° are the PA characteristics and they are all observed in P–S/
PA, but the peak intensity has changed, proving that the PA
crystal structure changes. The difference between P–S/PA and
PA is attributed to the similar long carbon chain structure of
SDBS and PA. The long carbon chain of SDBS affects the
arrangement of carbon chains in PA, resulting in differences in
the crystal structure and thermal properties.

Stability, no leakage of fatty acids and no change in the
thermal properties aer multiple thermal cycles are the
prerequisites for thermal management application. Pure PA
melts into owing liquids at 70 °C, which is prone to leakage,
while P–S/PA maintains solid-like properties without owing, as
shown in Fig. 3a. For stability, the thermal properties of P–S/PA
aer multiple thermal cycles were measured. The DSC curves of
P–S/PA aer 1000 thermal cycles are shown in Fig. 3b, and the
thermal performance parameters are summarized in Table 2.
Fig. 2 (a) DSC heating curves of P–S/PAwith different PA contents; (b) me
diagrams of P–S/PA.

22030 | RSC Adv., 2024, 14, 22028–22034
The phase transition enthalpy does not decrease (<1%) aer
1000 thermal cycles (Fig. 3c). This demonstrates the excellent
thermal stability of P–S/PA. In addition, the TG data (Fig. 3d)
also prove that there is no PA leakage aer 1000 thermal cycles.
The hydrophobic interaction of PA and SDBS and the electro-
static interaction between PDDA and SDBS can prevent PA
leakage and achieve the construction of stable fatty acid-based
lting enthalpyDHM and crystallization enthalpyDHC of P–S/PA; (c) XRD

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Photographs of P–S/PA and PA at 25 °C and 70 °C; (b) DSC curves (c) melting enthalpyDHM and crystallization enthalpyDHC and (d) TG
curves of P–S/PA after multiple thermal cycles.

Table 2 Thermal performances of P–S/PA after multiple thermal
cycles

Cycles

Melting process
Crystallization
process

PA content
(wt%)TM (°C) DHM (J g−1) TC (°C) DHC (J g−1)

0 60.5 107.3 52.7 100.2 61.6
100 60.5 107.1 52.8 99.8 61.3
300 60.4 107.5 52.7 99.8 61.4
500 60.3 106.9 52.5 99.5 61.5
800 60.5 107.2 52.5 100.1 61.2
1000 60.2 106.8 52.4 99.6 60.8
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phase transition materials, which is important for thermal
management.

Visualization of phase transition

The visualization of phase transition as a warning is essential in
the actual thermal management process, which can avoid
thermal runaways and reduce safety accidents. Here, a visual-
ized fatty acid-based phase transition material was designed
from PA and SDBS with the structure similar to PA and PDDA.
The transmittance of pure PA changes signicantly during the
phase transition (Fig. S1†); thus, the transmittance of P–S/PA is
measured.

The photographs of P–S/PA at 25 °C (crystallize) and 70 °C
(melting) are shown in Fig. 4a and it is characterized by UV-vis
spectrum (Fig. 4b). Aer melting, the P–S/PA transmittance
© 2024 The Author(s). Published by the Royal Society of Chemistry
changes from 0% to 68% (@600 nm). The phase transition of P–
S/PA is visualized, because of the structural similarity between
SDBS and PA, which can serve as a warning for thermal
management completion. Moreover, the transmittance of P–S/
PA has an obvious change during phase transition aer 100
cycles (Fig. 4c). This indicates that the visualized fatty acid-
based phase transition material P–S/PA is successfully con-
structed through the structural similarity of PA and SDBS.
Temperature adjustability and remolding

Phase transition temperature (TM, TC) is the basic parameter in
the thermal management process. The thermal management
material with temperature adjustability is excellent and can
meet the requirements of application scenarios. For P–S/PA, the
temperature adjustability is achieved by changing the fatty
acids' carbon chain length (Fig. 5a). Fig. 5b shows the DSC
curves of P–S/fatty acids with different carbon chain lengths.
The TM of P–S/LA is 40.7 °C, while it is 67.5 °C for P–S/SA. Due to
the structure similarity of fatty acids and SDBS, all fatty acid-
based phase transition materials have excellent thermal prop-
erties and stability (Table S1†).

Material damage is inevitable and easily causes leakage or
instability, such as porous encapsulation materials. P–S/PA, the
stable and visualized fatty acid-based phase transition material,
can be remolded aer damage, except for non-leakage due to
the structural similarity of PA and SDBS. Above the TM, P–S/PA
can be remolded under mechanical pressure, as shown in
Fig. 5c, and the thermal properties of P–S/PA do not change
RSC Adv., 2024, 14, 22028–22034 | 22031
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Fig. 4 (a) Photographs of P–S/PA at 25 °C and 70 °C; (b) transmittance of P–S/PA at 25 °C and 70 °C; (c) transmittance (@600 nm) of P–S/PA
after multiple cycles.
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aer remodeling (Fig. 5d and Table S2†). This is benecial to
improve the materials utilization in thermal management
applications.
Thermal management behavior

Thermal storage and release is an intuitive manifestation of
thermal management; the thermal management behavior of P–
S/PA was thus investigated. The sample was placed on a heating
apparatus (75 °C) for thermal energy storage; aer completing
phase transition, it was quickly removed for cooling and
thermal energy release. The heating and cooling processes were
recorded and observed.
Fig. 5 (a) Molecular structures of fatty acids with different carbon chain le
PA; (d) DSC curves of P–S/PA after remolding.

22032 | RSC Adv., 2024, 14, 22028–22034
The temperature of P–S/PA gradually increases from 25 °C to
75 °C and was kept constant at ∼60 °C for 3 min during the
heating process (Fig. 6a). The temperature platform corre-
sponds to the thermal energy storage with P–S/PA solid–liquid
phase transition. During the cooling process, the P–S/PA
temperature reached the platform at about ∼53 °C (TC for P–
S/PA) and the stabilization time was about 2 min, suggesting the
thermal energy release. The temperature of the P–S/PA sample
gradually recovered to the ambient temperature under natural
cooling aer the phase transition. Fig. 6b presents the
temperature–time curves during the thermal storage and
release. The temperature platform is observed, which is the
ngths; (b) DSC curves of P–S/fatty acids; (c) remolding process of P–S/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Real-time IR images of P–S/PA; (b) temperature–time curves of P–S/PA.
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melting and crystalline transition of P–S/PA, respectively. Stable
and visualized fatty acid-based phase transitionmaterial P–S/PA
thus exhibited excellent thermal management performance.

Conclusion

We have reported the construction of a stable and visualized
fatty acid-based phase transition material P–S/PA through the
solid-state molecular assembly from PDDA, SDBS and PA for
thermal management. The electrostatic interaction of PDDA
and SDBS and hydrophobic interaction between PA and SDBS
can prevent PA leakage during phase transition, achieving
stability for thermal management. Aer 1000 thermal cycles,
the phase transition enthalpy changes less than 1%. The
structure similarity between PA and SDBS also makes the P–S/
PA phase transition visible. The transmittance changes signi-
cantly from 0% to 68% during phase transition. In addition, P–
S/PA fatty acid-based phase transition material can be remolded
by hot-pressing, without performance changes, and thus shows
temperature adjustability on varying the fatty acid carbon chain
length change. The construction of stable and visualized P–S/PA
phase transition material by solid-state molecular self-assembly
can prevent the damage caused by thermal runaway, and it
demonstrates excellent application prospects for thermal
management.

Experimental

The experimental details have been provided in the ESI.†
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