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We developed a series of cross-linked polyrotaxane (C-PLR)-based aerogels using hexamethylene diisocyanate
(HDI) as a crosslinker. These aerogels were subsequently used as support materials for the encapsulation of poly
(ethylene glycol) (PEG), resulting in stable and leakage-proof PCM composites with high enthalpies. The pore
morphology was characterized using scanning electron microscopy (SEM). The excellent compatibility between
the aerogels and PEG resulted in PCMs with outstanding anti-leakage properties. We characterized the phase
change behavior of the material using a DSC, including phase change latent heat, supercooling, heat loss, and
cycling stability. It is particularly noteworthy that these PCMs exhibited impressive cycle stability and an ultra-
high latent heat of 182.34 J g™! . We further designed a simple thermal management model to illustrate the heat
regulation function of the PCM. The results showed that maintained much lower temperatures than those
without PCM protection. In summary, this work introduces a novel aerogel-encapsulated PEG technique using
crosslinked PLR aerogels. This encapsulation allows for a homogeneous integration of the support material and
PCM work substance in molten and solid states. It presents a new and effective strategy for shape-stabilized, PEG-
based PCMs to prevent leakage during phase transition.

1. Introduction

Phase change materials (PCMs) have garnered significant attention
in recent years due to their potential in thermal energy storage appli-
cations [1-3]. These materials can absorb and release large amounts of
latent heat during phase transitions, making them crucial for enhancing
energy efficiency in various sectors, including building temperature
regulation [4,5], electronic device cooling [6-8], and renewable energy
systems [1,9,10]. Among the various PCMs, poly (ethylene glycol) (PEG)
stands out due to its favorable thermal properties, non-toxicity, and
chemical stability [11-14]. However, one of the primary challenges
associated with PEG and other PCMs is leakage during phase transitions,

which limits their practical application and performance.

To address these issues, researchers have explored various support
materials and encapsulation techniques to enhance the shape stability
and anti-leakage properties of PCM [15,16]. Our previous reports
demonstrated that polyrotaxane (PLR) is an ideal support material for
PEG in creating leakage-proof PCMs, due to its main chain chemical
structure being identical to that of the PEG work substance [17-19]. The
advanced PCMs for encapsulating PEG, fabricated using PLR as supports,
can be easily extruded and remolded, providing a technical premise and
convenience for large-scale applications. These composites have high
phase change enthalpies (116.1-162.2 J/g) and very high enthalpy ef-
ficiency (>100 %) [18].
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The development of high enthalpy is a very important focus for phase
change materials. Although the PLR system is an ideal carrier, there is
still much room for improvement in phase change enthalpy. Aerogel
encapsulation is a highly efficient method for preparing high enthalpy
PCMs [20-22]. PLR aerogels, with their chemical structure, low density,
and high porosity, emerge as promising candidates. However, initial
attempts revealed that pure PLR foams tend to collapse during PEG
absorption, making it difficult for the PCM to retain its shape. This issue
likely arises from high porosity, imperfect cyclodextrin crystallization,
and thermoplastic nature of PLR [23,24].

In this study, we anticipate that PLR aerogel alone will exhibit
excellent absorption potential, while the PEO chains within PLR will
ensure optimal compatibility between the foam and the PCM working
substance. Utilizing hexamethylene diisocyanate (HDI) as a cross-
linking agent, we will employe a one-step chemical cross-linking
method to develop a series of cross-linked network PLR aerogels,
without the need for additional support materials. Our objective is to
create a novel PCMs support material with high encapsulation ratio,
high enthalpy value as well as the enthalpy efficiency, robust shape
stability, and anti-leakage properties, capable of effectively encapsu-
lating PEG and preventing leakage.

2. Experimental section
2.1. Materials and methods

Poly (ethylene oxide) (PEO) with a weight-average molar mass of
1 x 10° g mol~! and o-cyclodextrin (a-CD, 98 %) were purchased from
Meryer and used as received. Polyethylene glycol (PEG) with a weight-
average molar mass of 6000 g mol~! was obtained from West Asia
Chemical Technology (Shandong) Co., Ltd. 1,6-diisocyanatohexane
(HDI, >99.0 % (GC)), Stannous octoate (92.5-100.0 %), n-Hexane
(>99 % (GC), ACS reagent), and dichloromethane (DCM, suitable for
HPLC, >99.8 %) were purchased from Sigma Aldrich and used without
any treatment. Deionized water was made in the laboratory.

2.2. Preparation of C-PLR

PEO (5 g) was dissolved in 150 mL of H-0 at 80 °C overnight. a-CD
was then slowly added at mass ratios of 10 %, 20 %, and 30 %, to prepare
sample 10 %PLR, 20 %PLR and 30 %PLR, respectively. After stirring
overnight at room temperature, the reaction mixture was cooled down
and stored in the refrigerator at 4 °C for 72 h to yield the corresponding
inclusion complex solutions. The solutions were then transferred to
several containers and freeze-dried. The resulting porous materials were
placed in a solvent mixture (v/v=10/1) of n-hexane and hexamethylene
diisocyanate, with stannous octoate (0.5 wt%) as the catalyst. After 48 h,
the HDI-crosslinked C-PCR was taken out and washed with n-hexane.
The wet aerogels were then dried in the vacuum oven at temperature of
55 °C for 24 h, to generate sample C-10 %PLR, C-20 %PLR, and C-30 %
PLR (See Table 1 for the key parameters for the aerogels).

2.3. Preparation of C-PCMs
Finally, molten PEG was adsorbed into crosslinked PLR aerogels at

Table 1
Porosity and gel contents of crosslinked PLR aerogels.

Samples Bulk density p (§/  paerogel (8/ Porosity Gel content
cm3) cm3) (%) %

C-10 % 1.41 0.128+0.002 90.9 97.2+0.2
PLR

C-20 % 1.41 0.131+0.004 90.7 98.1+0.1
PLR

C—30 % 1.42 0.144+0.001 90.6 98.940.1
PLR
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80 °C in a vacuum oven. The pristine PLR aerogels (without crosslinking
treatment) were also used to absorb PEG to prepare the PCMs and served
as the references (see Table 2 for more details).

2.4. Characterizations

(1) Gel content. We used excess DCM to soak the resulting cross-
linked PLR aerogels and then calculate the gel content of the aerogels
according to the following formula (1):

Gel content% = mﬂ x 100 % (@D)]
o

where m is the initial mass, and mg is the mass after DCM immersion.
(2) Porosity. The porosity of the C-PLR aerogels can be calculated
using formula (2) [25]:

P =P aerogel

Porosity% = x 100 % (2)

where p represent the bulk density of aerogel and p,,,; is the density
of aerogel.

(3) PEG loading. The loading capacity was used to determine the PEG
content adsorbed in C-PCMs. Typically, the C-PCMs were weighed
before (m1) and after (m2) PEG adsorption. At least three samples of each
film were analyzed. The loading capacity was calculated using the
following equation:

loading% — % %100 % ®3)

2
(4) Morphology. Scanning electron microscope (SEM, Hitachi S-
4800) was used to observe the surface morphology of PCMs and cross
section morphology after adsorption of PEG. The samples were heated at
80 °C for 3 h to detect the leakage and shape change. The weight loss
after heat treatment were calculated using the following equation:

loading% — % %100 % )

where, my is the initial weight of form stable PCM and m; is the weight of
the PCM after heat treatment.

(5) Phase change performance and cycle stability. Differential scanning
calorimetry (DSC) analysis was performed for each film (5-10 mg) using
a TA-Q200 in a Ny atmosphere (50 mL min~'). Generally, the samples
were heated from 30 °C to 100 °C at a speed of 10.00 °C min~!; then
cooled to 30 °C at the same speed; lastly heated to 100.00 °C at 10.00 °C
min~!. Cycle-stability test. The sample C-PCM-10 % was selected for
45 cycles. Both heating and cooling procedures were used to test at 10 °C
min~! from 30 °C to 100 °C. To calculate the change of exothermic and
endothermic heat as well as the enthalpy efficiency and phase change
temperatures.

(6) Thermal conductivity. Thermal conductivity measurements were
performed using a thermal constants analyzer (TPS2500 S, Hot Disk) at
room temperature. Reported results demonstrate the average of three
measurements for each sample (with thickness of ~4 mm) to ensure
repeatability.

3. Results and discussion
3.1. Preparation of the C-PLR aerogel and PEG encapsulation

In previous reports, we know that polyrotaxane itself is also a phase
change material with good comprehensive properties. [17] To achieve a
higher phase change heat storage capacity, we utilize PLR to prepare
aerogels, specifically the reference samples PLR-10% and PLR-30% in
this study. These aerogels are designed to serve as support materials for
loading additional PEG working substances. However, their inherent
thermoplasticity and high porosity lead to challenges in maintaining
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Table 2

DSC results for key parameters of Phase change materials.

Thermal conductivity (W/(meK))

Loading (%) Enthalpy Extent of Heat loses
(%)

Solidification enthalpies

J/g)

Melting Enthalpy (J/g)

Ts, oneset
Q)

Tm, oneset
Q)

Samples

supercooling

efficiency

(%)

(9]

0.2292
0.2877
0.3306

2.96
2.22
3.84

12.06
11.19
11.22

110.33

176.94 93.79

182.34

45.80
46.19

57.86
57.38
57.22

C-PCM—10 %

102.65

90.86
90.94

160.68

164.33

C-PCM—20 %

97.43

150.11

156.12

46.00

C-PCM—30 %

Note: the extent of supercooling and heat lose were both calculated according to the first cycle in DSC results.

Materials Today Communications 44 (2025) 112092

structural integrity, resulting in significant collapse when they absorb
PEG6K in its molten form. Consequently, this study focuses on
employing a classic polyurethane cross-linking method using HDI to
reinforce the aerogel, with the goal of creating more stable
three-dimensional support frameworks. Fig. 1(a) illustrates the prepa-
ration process of HDI-crosslinked PLR (C-PLR). In this process, HDI re-
acts with the hydroxyl groups on PLR to form urethane bonds, creating a
cross-linked three-dimensional network that enhances the self-standing
capacity during PEG absorption. PLR consists of cyclic a-CDs, threaded
onto a linear polymer chain, which often contains hydroxyl groups. The
cross-linking  process includes the following steps: (1)
Isocyanate-Hydroxyl Reaction: reactive isocyanate groups (-NCO) of
HDI react with the hydroxyl groups (-OH) on the cyclic molecules or the
linear polymer chain of the PLR, forming wurethane linkages
(-NH-CO-0-); (2) Formation of cross-links: Each HDI molecule can react
with two hydroxyl groups, either on the same or different PLR mole-
cules, resulting in a network of urethane bonds that cross-link the PLR
chains.

The density, porosity and gel content results of the C-PLR aerogels
after cross-linking are presented in Table 1. We found that all the C-10 %
PLR, C-20 % PLR, and C-30 % PLR samples have similar porosity,
reaching up to 90 %. This is primarily due to the fact that the porosity is
largely determined by the concentration of the polymer used in prepa-
ration. Using Eq. (1), we calculated the gel content of the cross-linked
aerogels. Specifically, we observed that the overall gel content is very
high, exceeding 97 %. Furthermore, we noted a relatively smooth
increasing trend in gel content among the C-10 % PLR, C-20 % PLR, and
C-30 % PLR samples. This can be attributed to the probabilistic increase
in the number of cross-linking points formed by cyclodextrins. Conse-
quently, samples with higher cyclodextrin content demonstrate a more
complete cross-linking network.

The crosslinked aerogels were obtained and then impregnated with
molten PEG under vacuum conditions to achieve PEG loading. For
comparison, we also prepared non-crosslinked PLR-10 %, PLR-20 %, and
PLR-30 % samples loaded with PEG using the same method. The phys-
ical appearance of these samples is shown in Fig. 2(a). The non-
crosslinked aerogels underwent significant shape collapse during the
PEG absorption process. However, after crosslinking modification, the
samples retained their original size and shape even after PEG absorption,
as shown in Fig. 2(b). This clearly demonstrates that the crosslinking
modification significantly improves the size stability of PLR aerogels
when encapsulating PEG. Furthermore, based on Eq. (3), we can
calculate the loading capacity of C-PLR-PCM samples, and the corre-
sponding results are listed in Table 2. As can be seen, all the loading can
exceed 90 %.

Fig. 3(a) illustrates the process of preparing C-PCMs by adsorbing
and encapsulating PEG6K into C-PLR aerogel using vacuum-assisted
impregnation. SEM observations (Fig. 3(b, ¢, d, Y, ¢/, and d") reveal a
well-developed network and robust skeleton structure formed by the
reaction between diisocyanate and hydroxyl groups. Changes in cyclo-
dextrin concentrations do not notably affect the aerogel morphology.
Regarding post adsorption and encapsulation of PEG, SEM images show
a uniform morphology with PEG filling the porous network structure,
indicating effective integration between the skeleton structure and PEG
without visible phase separation. Notably, some cracks are visible in
Fig. 3(d)’. This may be due to the limited amount of small PEG molecules
filling the spaces between the microstructural units of the crosslinked
aerogel. Upon cooling and crystallization, the crystallized PEG has a
higher density compared to its molten state. As a result, after solidifi-
cation, some space is released, leading to the formation of cracks.

3.2. C-PCMs performance
3.2.1. Shape stability and anti-leakage performance

The photos of C-PCM with varying concentrations of a-CD before and
after heat treatment are shown in Fig. 4. After absorbing PEG6K, the
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Fig. 1. C-PLR aerogel synthesis route: (a) Synthesis of Polyrotaxane, (b) Crosslinking of the PLR aerogel, (c) the illustration of the crosslinked PLR molecular

structure, and (d) Image of typical PLR aerogel.

cross-linked PCMs maintained their morphology well even after being
heated at 80 °C for 3 h. There was almost no deformation, demon-
strating their strong form stability. Furthermore, the weight loss after
heat treatment is 1.24+0.1 %, 1.34+0.1 % and 1.6+0.2 %, which directly
reflects the material’s excellent leakage resistance.

As illustrated in Fig. 5(a) and presented in our previous work [17,
18], in the molten state of the phase change material, both the support
material and the PCM working substance undergo melting. In the so-
lidified state, the main chain of PEO and the PEG working substance may
form a eutectic, as shown in Fig. 5(b). Notably, Fig. 5(c) demonstrates
that the main chain of the PLR support consists of a long PEO chain,
which shares the same chemical structure as the short PEG6K chain.
Unlike traditional inorganic aerogels or polysaccharide aerogels, the
support material forms a homogeneous phase with the PEG working
substances upon melting. This significantly reduces the risk of PEG
leakage.

3.2.2. Phase change performance, cycle stability and thermal conductivity

Melting enthalpy can directly reflect the energy storage capacity of
PCMs. Fig. 6(a) and (b) present the melting and solidification enthalpies,
respectively, based on the heating and cooling curves of DSC data. The
corresponding parameters are provided in Table 2. The melting en-
thalpies for sample C-PCM-10 %, C-PCM-20 % and C-PCM-30 % are
182.34 J/g, 164.33 J/g and 156.12 J/g, respectively. We found here
that the melting enthalpy decreased with the increase of a-CD contents
(gel content), which is mainly because a higher concentration of a-CD
and the higher gel content restrains the mobility of the PLR chain to a
certain extent, giving rise to relative low crystallinity accordingly.
Furthermore, some parameters can be calculated for deeply under-
standing the PCMs, the enthalpy efficiency of PCMs can be determined
by Eq. (5), [26]

AH,
Enthalpy effic iency% = - AH:EG x 100% (5)

where AHm (J/g) is the melting enthalpy of the C-PCMs with varying
concentrations of a-CD, AH pcy (J/g) represents the melting enthalpy of
PEG, which is 176.2 J/g as tested in our previous work, [18] and o (%)
represents the loading of PEG in the C-PCMs with varying concentra-
tions of a-CD. The calculated data can be found in Table 2. We observed
that both C-PCM-10 % and C-PCM-20 % exhibit an enthalpy efficiency
greater than 100 %. This is because the supporting material itself con-
tributes to the phase change latent heat to a certain extent. However,
when the cyclodextrin content reaches 30 % and the gel content is
higher, the mobility of PEO in the aerogel decreases, reducing its
contribution to the phase change enthalpy. As a result, the enthalpy
efficiency is less than 100 %.

The extent of supercooling (AT, °C) was evaluated by the following
equation:

AT = Ty, onset — Ts, onset (6)

where T, onset Tepresents the melting enthalpy, and T onset Tepre-
sents the solidification enthalpy. According to Eq. (6), the extent of
supercooling for C-PCM-10 %, C-PCM-20 %, and C-PCM-30 % is calcu-
lated to be 12.06 °C, 11.19 °C, and 11.22 °C, respectively (Table 2),
indicating that it remains almost unchanged relative to the reference
samples, which are similar as other PLR materials systems.

The percentage of heat lose (7, %) was evaluated by Eq. (6):

n=(AHm — AH s)/AH m x 100% @

where, AH m (J/g) presents the melting enthalpy of the PCMs, and
AH s (J/g) presents the solidification enthalpy. The results are all listed
in Table 2.

The C-PCM-10 % sample showed a lower percentage of heat loss
between endothermic and exothermic cycles compared to the other two
samples, suggesting that the smaller amount of HDI crosslinker did not
cause heat loss in the PEG within the PCMs. The PCMs maintained
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2cm

Fig. 2. Images of (a) PLR aerogels and PCMs; (b) C-PLR aerogels and C-PCMs.

[PEG ok

Form-stable
PCM

Fig. 3. (a) process of preparing C-PCMs by adsorbing and encapsulating PEG6K onto C-PLR aerogel with varying concentrations of a-CD; (b, ¢, d) morphology C-PLR
aerogel with varying concentrations of a-CD; (b, ¢, d) C-PCMs with varying contents of «-CD.

distinct melting and crystallization temperatures during the heating and solidification enthalpy, and melting temperature—which remained
cooling processes, indicating strong cycle performance. This is sup- consistent after 45 cycles (Fig. 5¢c, d, and e). Consequently, the C-PCM
ported by the stability of key parameters—melting enthalpy, are regarded as high-performance, form-stable phase change materials
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Before heating

After being heated under 80°C

Fig. 4. Form stability of the samples: C-PCM-10 % (a), C-PCM-20 % (b), C-PCM-30 % (c) before heating, and C-PCM-10 % (a’), C-PCM-20 % (b’) and C-PCM-30 %
(c’) after heating under 80 °C 3 h.
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Fig. 5. (a) A microscopic diagram of the PCM composite in its molten state; (b) A microscopic diagram of the PCM composite at room temperature; (c) A schematic
representation of the chemical structure of the PCM composite.

suitable for thermal energy storage. Notably, in Fig. 5(e), Cycle 1 has a Overall, the thermal conductivity is relatively low, ranging from 0.2292
distinct thermal history, which is why the first heating curve differs to 0.3306 W/(meK). We observed a slight increase in thermal conduc-

significantly from the subsequent cycles. However, after 45 cycles, we tivity as the cyclodextrin content increased. This may be due to the
observed that the remaining cycles overlap almost perfectly, demon- higher density of the supporting material after crosslinking, which
strating the material’s excellent cycle stability. slightly enhances heat conduction.[17]

We also measured the thermal conductivity of the samples without
any additional functional fillers. The results are listed in Table 2.
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Fig. 6. (a) melting and (b) solidification enthalpies of C-PCMs with different a-CD contents at heating rate of 10 °C min -1 ; (¢) DSC cycle curves of C-PCMs (sample C-
PCM-10 %); and (d and e) the cycle performance (including the parameters of enthalpy efficiency, latent heat, melting temperature and solidification temperature) of

C-PCM- 10 % as a typical example.

3.2.3. Thermal management performance

Fig. 7(a) depicts the simulated device setup, featuring an insulation
layer, protective sheet, and PCM arranged from bottom to top. Fig. 7(b)
provides both a schematic and a top-view photograph of two PCM-
equipped devices, illustrating the overall material testing system. In
Fig. 7(c), IR images reveal the behavior of various samples under
different heating durations. After 180 s of heating, the sample without
C-PCM begins to heat up remarkably, while the sample with C-PCM
shows no significant temperature change. The corresponding heating
curves in Fig. 7(d) further confirm that, as heating time increases, the
sample with C-PCM demonstrates markedly better temperature control
compared to both the unprotected sample and a reference sample.[23]
Notably, the protective sheet containing C-PCM maintains a tempera-
ture approximately 12 °C lower than the one without C-PCM. The results
highlight the critical role of phase change enthalpy in managing thermal
loads in electronic devices. The substantial and sustained temperature
difference underscores the effectiveness of PCM in electronic thermal
regulation.

4. Conclusion

HDI cross-linked PLR-encapsulated PEG6K composites with varying

concentrations of a-CD (10 %-30 %) were successfully prepared. The
introduction of the cross-linking agent HDI effectively prevented the
collapse typically associated with pure PLR adsorption of PCM. This
method is simple and efficient. After PCM adsorption, the melting
enthalpy reached 182.34 J/g, while the solidification enthalpy reached
176.94 J/g when the CD content of PLR was 10 %. The PCM maintained
stable melting enthalpy, solidification enthalpy, and melting tempera-
ture. Additionally, the protective sheet containing C-PCM maintained a
temperature approximately 12 °C lower than the one without C-PCM.
These results indicate that C-PCM is a high-performance, form-stable
phase change material suitable for thermal energy storage. Notably, this
work not only advances the design of leakage-proof and shape-stable
PEG-based PCMs but also contributes to the broader field of sustain-
able energy storage solutions.
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