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a b s t r a c t

Polyethylene Glycol (PEG)-based flexible phase change materials have broad and practical application
value in thermal management of flexible electronic devices. Considering the typical application cases and
safety of phase change materials (PCMs), in this work, we grafted molecular nanoparticles, POSS, with
both hydrophobic and flame retardant functions to the surface of PLR sheets through amidation reaction.
The successful grafting of POSS has been fully verified by Fourier-transform infrared spectroscopy, energy
dispersive spectroscopy and surface contact angle. The formation of the cross-linked structure and the
introduction of POSS make the phase change latent heat of the phase change material slightly decrease
from 102.4 J g�1 to 94.4 J g�1, but there is still a high retention rate. It is worth pointing out that the PCMs
have excellent shape stability and leakage resistance, cycle stability, and shape memory performance (Rf-
99%, Rr-99%). The introduce of cross-linked structure and POSS significantly enhanced the Young’s
modulus and tensile strength of the PCM. The surface POSS functionalization endowed the PCM with
significantly enhanced hydrophobicity. Specifically, the contact angle of the material was significantly
increased from 71� for PLR to 123� for POSS-PLR, and it also had enhanced fire safety with pHRR
reduction by 18.4% and THR reduction by 19.1%.
© 2023 Kingfa Scientific and Technological Co. Ltd. Publishing services by Elsevier B.V. on behalf of KeAi

Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nowadays, the demand for energy and the consumption of fossil
fuels continues to grow, especially in countries with rapid eco-
nomic development. Furthermore, the environmental and human
health consequences of greenhouse gases and pollutants released
by the transportation industry are significant, necessitating the
development of new and renewable energy sources [1,2]. Designing
new energy storage materials and efficient utilization is imperative
for promoting sustainable development and alleviating environ-
mental pollution [3]. Thermal energy is one of the main energy
types employed in domestic industrial applications, constituting up
to 70% of global energy consumption [4]. Phase change materials
(PCMs) store/release isothermal energy during the phase change
process and show a high heat storage capacity. They can be
employed in various applications such as thermal energy storage,
thermal management of electronics [5], regulation of building
in).
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temperature, while simultaneously increase the thermal comfort
for humans [6,7], and battery thermal management systems [8].
Organic PCMs including paraffinwax, fatty acids, fatty alcohols, and
glycols are pertinent in the “high technology” area [9]. Among of
them, flexible PCM is a key property to utilize PCMs for thermal
management of advanced electronic devices, the human body, and
many other applications. Therefore, it is highly desired to develop
PCMs that possess the flexibility to be explored for widespread
applications [10,11].

In the previous work, it is reported the Polyrotaxane (PLR) based
smart PCM [12], PLR based high performance PCM with high latent
heat and adjustable phase transition temperature [13]. The re-
searchers further introduced the water-soluble flame retardant to
improve the fire safety of the PCMs [14,15].

PLR-based PCMs are water soluble [16]. Like most PEG-based
PCMs, PLR-based PCMs are difficult to use in wet conditions, or
moisture tends to make them ineffective. Thermal management
components, both in construction and in electronics, require a
certain degree of moisture/water resistance. For conquering the
risk of accidental humidification and water leakage, to further
ensure the normal operation of electronic devices, moisture
sevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
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absorption resistance is very important in electronic applications.
We intend tomodify the surface of PLR based PCM sheet to enhance
its moisture resistance. Compared with the homogeneous intro-
duction of modifiers, surface modification saves the modifier con-
tents, and can also maximize the retention of the properties of the
PCM bulk and maintain a higher proportion of latent heat of phase
transition. This also facilitates the first shaping of the material to
obtain the desired sample size and shape.

Polyhedral oligomeric silsesquioxanes (POSS), a class of hybrid
molecules with an inorganic silicon oxygen cage, which can
generally improve thermal stability andmechanical properties [17].
As a typical hydrophobic modifier [18e20], POSS is also an excellent
flame retardant modifier [21e23]. Considering the necessity of
moisture resistance in practical application of PCM, as well as the
hydrophobicity and flame retardancy of POSS itself, in this work, we
intend to modify the surface of PCM by chemical means by coating
POSS. The successful introduction of POSS is expected to improve
the mechanical properties, moisture resistance and combustion
safety of the material to a certain extent.

2. Experimental

2.1. Materials and methods

Polyethylene oxide (PEO) with a weight average molar mass of
9 � 105 g mol�1, a-Cyclodextrin (a-CD, �99.8%), Hexamethylene
Diisocyanate (HDI, �99.0% (GC)), Tin(II) 2-ethylhexanoate, and n-
Hexane were both purchased from Sigma Aldrich and used as
received. Deionized water is made in our laboratory. Amino-
propylIsobutyl POSS (POSSeNH2) was purchased from Hybrid and
without further treatment.

Synthesis of polyrotaxane (PLR). Polyrotaxane was synthesized
according to the report elsewhere [24] Typically, PEO (3 g) was
dissolved in H2O (80 mL) at 80 �C, and then a-CD with 20% mass
ratio was slowly added. After stirring for overnight at room tem-
perature, the reactionmixturewas cooled down and kept at 4 �C for
72 h to yield the corresponding inclusion complex solutions.

Preparation of PEO PLR films. The aqueous PLR was casted
directly into 10 � 10 cm2 Polytetrafluoroethylene mold. After
evaporation at room temperature for 72 h, the flexible films were
obtained with thickness at about 0.1 mm. The films then further
dried in vacuum oven at 50 �C for additional 24 h.

Crosslinking and POSS surface coating. HDI (10mL)wasmixed
in n-hexane (90 mL) with 2 drops of Tin (II) 2-ethylhexanoate. The
PLR thin sheet was immersed into the solution at 60 �C overnight.
The sheet was washed 3 times by pure n-hexane (after drying in
vacuum oven at 45 �C for additional 24 h, c-PLR was obtained) and
immersed into saturated POSS solution (in n-hexane) directly. The
reaction system was kept at 60 �C overnight. The POSS coated PLR
sheet was washed 3 times by pure n-hexane and dried in vacuum
oven at 45 �C for 24 h, giving rise to POSS-PLR sample.

X-ray diffraction (XRD) patterns of the films were obtained in
reflection mode using a X’PERT-PRO diffractometer with Cu Ka
(l ¼ 0.1542 nm) and Ni filter.

Attenuated Total Reflection-Fourier Transform Infrared
(ATReFTIR) spectra of the films were recorded from 500 cm�1 to
4000 cm�1 with a 4 cm�1 resolution (32 scans) using correspond-
ing instruments (Jasco FT/IR-6100) at room temperature.

Energy dispersive spectroscopy (EDS) were carried out on the
apparatus (SEM, EVO MA15, Zeiss) and FIB-FEG SEM dual-beam
microscope (FIBFESEM) (Helios NanoLab 600i, FEI). Prior to the
observation, the conductive gold layer was sprayed.

Differential scanning calorimetry (DSC) analysis was per-
formed for each film (5e10 mg) using a TA-Q200 in a N2 atmo-
sphere (50 mLmin�1). The crystallinity (4c%) were calculated in the
2

second heating run from �40 �C to 100 �C at heating rate of 10 �C
min�1 by the equation [17]:

4c%¼ DHm

uiDH0
m
� 100% (1)

where, DHm (J g�1) represented the measured enthalpies of
melting,DH0

m (J g�1) was themelting enthalpy for a 100% crystalline
material and ui (%) was the fraction of the component i in the
sample. The value taken for DH0

m of PEO was 196.4 J g�1 [25]
Cycle stability test. Sample POSS-PLR was selected for 80 cycles.

Both heating and cooling procedures were used to test at 10 �C
min�1 to calculate the change of exothermic and endothermic heat
as well as the enthalpy efficiency and phase change temperatures.

Thermogravimetric analysis (TGA) of the films was performed
using a TGA in both N2 and air atmosphere from 25 �C to 700 �C at
10 �C min�1 using a TA-Q50 instrument. All the samples are tested
when it is freshly fabricated.

Form stability. The sample was cut into a disc of
13.50 ± 0.05 mm with a cutter. The samples were heated at
different temperatures (30 �C and 80 �C) to detect the form stability
(leakage or shape change).

Tensile test. The tensile test samples were dumbbell-shaped
with dimensions of 75 mm � 5 mm � 0.1 mm, complying with
ISO 527-2 (1996) standard. An Instron 5966 (USA), universal tensile
testing machine was utilized to carry out the tensile tests with a
2000-N load cell and an initial length of 30 mm at a rate of 50 mm �
min�1 test speed. Minimum 3 specimens were tested for each
sample to obtain a reliable average value and standard deviations.

Shape Memory performance. For shape programming and re-
covery, each sample (obtained by hot press) was cut from a filmwith
dimensions 30mm (length)� 2.5mm (width)� 0.1mm (thickness).
During testing, the sample was firstly stretched above the melting
temperature from a preloaded length to a length of 250%. The shape
fixity ratio, Rf, and the shape recovery ratio, Rr, were used to quantify
the shape memory behavior. Rf was related to the fixation of the
temporary shape andwas ameasure of thefix ability of amechanical
deformation. Rr described to what extent the original shape can be
recovered. The percentage of shapefixing, Rf (N), and shape recovery,
Rr (N), were calculated using the following equations [20]:

Rf ðNÞ¼
lf ðNÞ � liðN � 1Þ
lpðNÞ � liðN � 1Þ � 100% (2)

RrðNÞ¼ lpðNÞ � lrðNÞ
lpðNÞ � liðN � 1Þ � 100% (3)

where lp was the length before releasing the applied load, lf was the
length obtained after releasing the applied load, li was the initial
sample length, lr was the final length after heating with no applied
load, and N is the cycle number (3 cycles were included in the tests:
C1, C2 and C3. The concrete process are as follow: (1) the sample
(with length of li) was deformed at 80 �C with strain 250% (lp), (2)
the sample was cooled to room temperature under constant tensile
stress to freeze the extended strain (lp). Subsequently, the applied
stress was released, and the strain remains constant due to the
restrain of crystalline domains (lf); (3) the sample was heated up to
80 �C again, and the extended strain started to recover when the
temperature exceeded Tm of the sample (lr).

Contact angle. The water contact angle (WCA) measurement
was carried out by applying 2 m L of the water droplet onto the
porous PLLA sample surface under ambient laboratory conditions at
room temperature.
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Micro combustion calorimeter (MCC). MCCwas executed in the
facility (MCC-1, FTT) based on the oxygen-depletionmechanism. The
combustionheatwith consuming1 goxygenwasfixed at 13.1 kJwith
4%derivation. Theoxygendepletionwas recordedviaflowmeter and
O2 meter. 5e10 mg sample was heated from 150 �C to 750 �C at
1 K s�1 under nitrogen. The anaerobic thermal-degradationproducts
were mixed with oxygen stream prior to conveying to 900 �C com-
bustion furnace.Heat release rate (HRR,Wg�1) and total heat release
(THR, kJ g�1) were generated by unit-weight sample.

3. Results and discussion

3.1. Synthesis and structure characterization of PLR and PLR-POSS

The synthesis of PLR is reported in the previous study (Fig. 1a)
[12] In order to ensure sufficient hydroxyl groups (active sites) for
POSS reaction, and high latent heat of phase transition, PLR-20 was
designed and synthesized in this work, and then PLR sheet with a
Fig. 1. (a) PLR synthesis route, (b) PLR sheet illustration, (c) c-PLR with surface eNCO groups,
of all the 3 PLRs, and (g) Si mapping of POSS-PLR surface.
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thickness of 0.1 mmwere obtained by solvent casting (Fig.1b). After
cross-linking by HDI (20 wt % in n-hexane) (Fig. 1c) POSS coating
and drying (Fig. 1d) we obtained POSS coated PLR based phase
change materials (POSS-PLR). We first characterized the successful
progress of the crosslinking reaction by gel content, as shown in
Fig. 1e. PLR is fully water soluble. The gel contents of c-PLR and
POSS-PLR were calculated to be 25.35% and 27.84%, respectively.
This indicates that the cross-linking reaction between HDI and
a-CD occurred. Furthermore, we verified by FTIR that the surface
was enriched with active eNCO groups (2265.6 cm�1), as shown in
Fig. 1f and illustrated in Fig. 1c. The signal at 1624.1 cm�1 is the
amide I band, and 1571.3 cm�1 is the amide II band [17] When the
POSS was fully grafted, the eNCO signal disappeared completely,
indicating that the surface eNCO were fully reacted with POSS, and
POSS was successfully introduced onto the surface of the PCM
sample, accordingly. In addition, the SieOeSi signal at 1095.4 cm�1

which is derived from POSS cubic cage and the urea bond at
1687.9 cm�1 appeared, further indicating that the amino group on
(d) POSS-PLR sheet illustration, (e) Gel content results of the 3 samples, (f) FTIR spectra



Fig. 2. (a) XRD curves of sample PLR, c-PLR and POSS-PLR; (b) Nonisothermal DSC curves of all the a samples; (c) melting enthalpies of PCMs at heating rate of 10 �C min�1; (d) form
stability of the samples at different temperatures: (top), room temperature, (bottom) 80 �C for 2 h; and (e) DSC cycle curves of PCMs (sample POSS-PLR).

Table 1
DSC data list of the PLRs.

Samples Tm, peak (oC) Ts (oC) Hm (J g�1) Hs (J g�1) Heat lose (%) Crystallinity (%)

PLR 67.48 38.33 102.40 98.81 3.51 62.57
c-PLR 62.85 45.24 93.81 93.06 0.80 57.32
POSS-PLR 63.75 44.01 94.42 94.22 0.21 57.69

Note: the data were collected based on the curves with heating or cooling rata at 10 �C min�1.
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POSS reacted with eNCO on the surface of c-PLR. Another direct
proof was the uniform EDs Si mapping in Fig. 1g also fully illustrates
the successful introduction of POSS. Based on the gel content re-
sults and equations (1)e(3), we can estimate that the grafting
amount of POSS in POSS-PLR is about 3.1 wt%.

Mcrosslinking

Mcrosslinking þMsoluble
¼Gel contentc�PLR (4)

Mcrosslinking þMPOSS

Mcrosslinking þMsoluble þMPOSS
¼Gel contentPOSS�PLR (5)

Therefore,

POSS %¼ MPOSS

Mcrosslinking þMsoluble þMPOSS
� 100% (6)

where, MPOSS, Mcrosslinking, and Msoluble are the mass of coated POSS,
gel part and the uncross-linked parts of the corresponding sample.
3.2. Phase change and shape memory properties

Fig. 2a shows the XRD curves of PLR, c-PLR and POSS-PLR. The
two strong peaks at 2 theta of 19� and 23� for PEO film are
4

attributed to the (120) and (032) planes, respectively of PEO crys-
tals [26] Fig. 2b shows the nonisothermal melting peaks of PLR-20%
determined at different heating rates. Combined with no difference
in XRD signals and little change in crystallinity detected by DSC (as
listed in Table 1), it can be seen that cross-linking and the introduce
of POSS have no significant effect on the crystallization of PLR. This
is also the reason why the latent heat of phase transition does not
change too much. As shown in Fig. 2c, the latent heat of phase
transition has no difference from the combined XRD signal of PLR
and little change in crystallinity detected by DSC (as listed in
Table 1). Typically, the latent heat slightly decreased from the
102.4 J g�1 to 93.8 J g�1 and 94.4 J g�1 for c-PLR and POSS-PLR,
respectively.

The percentage of heat lose (h, %) was evaluated by equation (7):

h¼DHm � DHs

DHm
� 100 % (7)

where,DHm (J g�1) was the latent heat value of the PCMs, and DHs (J
g�1) is solidification enthalpy.

The heat lose and DHm were also listed in Table 1. As shown in
Table 1, the PCMs exhibited a relatively high-phase change enthalpy
(94.4 J g�1) (Fig. 2c). The percentage of heat loss for POSS-PLR be-
tween endothermic and exothermic cycles was quite low (<3.51%),



Fig. 3. (a) The sheet images to show its flexibility: the sample can be curled, folded and bent; (b) schematic diagram of shape memory test procedure, and (c) the Rf and Rr testing
results (3 cycles (C1, C2 and C3) for each sample.

Fig. 4. (a) The illustration for the mechanical enhancement mechanism, (b) Young’s modules, (c) Tensile strength, and (d) elongation at break.
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Fig. 5. (a) Water droplet with Methyl Orange on PLR surface, (b) Water droplet with
Methyl Orange on POSS-PLR surface, (c) Contact angle results of sample PLR
(WCA ¼ (71 ± 2)�), and (d) Contact angle results of sample POSS-PLR
(WCA ¼ (123 ± 3)�).

Fig. 6. (a) TGA curves obtained in N2 atmosphere, (b) DTG curves (in N2) of samples PLR, c-P
and POSS-PLR.
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which indicated the crosslink and POSS introduce will not induce
the heat loss of PEO in PCMs.

The photos of pure PEO and PLRs using hot plate treatment at
different temperature are shown in Fig. 2d. All the PLRs showed no
significant changes in appearance. In addition, no leakage was
observed during the entire heating process even when the tem-
perature reached 80 �C, which was much higher than the phase-
transition temperature of PLR (Tm, peak ¼ 67.5 �C). These results
indicate that the PLRs have excellent form stabilities. This is mainly
because when PLR is crosslinked, the micro crystallization or micro
aggregation of a-CD plays a role in the physical crosslinking point,
so that the shape of the sample can be greatly maintained.

The PCMs films had clear melting and crystallization tempera-
tures in the heating and cooling processes, respectively, and had
good cycle performance (Fig. 2e) after 80 cycles. The PLR films are
therefore regarded as high-performance form-stable phase change
materials for thermal energy storage. As shown in Fig. 3a, it is
clearly depicted that the samples can be curled, folded and bent,
which indicates the POSS-PLR has ultra-high flexibility.

The examination of heat-induced shape memory properties
focused on a uniaxial force of stretching to a specified percent
elongation using the procedure as shown in Fig. 3b. Fig. 3c showed
the values for strain fixity (Rf) and strain recovery (Rr) for each
sample within 3 cycles, namely, C1, C2 and C3. As it can be seen, the
LR and POSS-PLR; (c) MCC curves, and (d) pHRR and THR values of samples PLR, c-PLR



Table 2
TGA results and MCC parameters.

Samples Tmax,1 (oC) Tmax,2 (oC) Char residue
at 600 �C (%)

pHRR (kW m�2) THR(MJ m�2)

PLR 319.3 364.0 1.8 765.2 48.7
c-PCR 316.2 367.6 3.9 663.6 43.2
POSS-PLR 315.5 369.4 3.7 621.1 39.4
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Rf is with ~99% of the initial strain after unloading of the stress, and
the Rr is with ~99% of the strain recovering instantaneously.
Notably, its ultra-high flexibility, remolding ability and excellent
shape memory properties provide a convenient way for the intel-
ligent heat treatment packaging of electronic devices or some other
items.

3.3. Mechanical properties

In PLR, a-CD forms crystallites that act as physical cross-linking
points [27], Therefore, PLR also has higher tensile strength and
Young’s modulus. When POSS is introduced, the cyclodextrins will
be cross-linked through chemical bonds to enhance the interaction
between PLRs. It has the effect of enhancing modulus and strength
(Fig. 4a). Specifically, as shown in Fig. 4b, the Young's modulus of
PLR (obtained by solvent casting) was about 1178.5 MPa, which
increased significantly to 1360.2 MPa after HDI cross-linking. The
significant increase in modulus may be due to the rivet effect of
cyclodextrin in the PLR as shown in Fig. 3a, and cyclodextrin is the
physical steric hindrance that contributes to the resistance to
deformation. In the cross-linking system, the cyclodextrin is linked
by the HDI reaction, and its resistance to deformation is signifi-
cantly improved. The tensile strength of PLR increased from
23.86 MPa to 26.25 MPa (Fig. 4c). With the introduction of POSS
surface, both Young's modulus and tensile strength were slightly
improved on the basis of c-PLR. After the material is modified by
cross-linking and POSS coating, the elongation at break decreases
while the modulus and strength are enhanced (Fig. 4d).

3.4. Hydrophobicity, thermal stability and fire safety

Fig. 5aed proved the hydrophobicity enhancement by the sur-
face POSS functionalization. Typically, as shown in Fig. 5a and b, the
water droplet stands with different status on the PLR and POSS-PLR
surface. The water contact angles (WCA) of sample PLR
(WCA ¼ 71�), was significantly increased to sample POSS-PLR with
value of 123�.

Thermogravimetric analysis (TGA) and derivative TGA (DTG)
analyses were carried out to determine the thermal stability of the
PCMs. The corresponding results are presented in Fig. 6a and b, and
Table 2. As it can be seen, all the PCMs underwent a two-step
degradation process. The first step involved the degradation of
the a-CD at ~320 �C. The second step occurred at approximately
above 350 �C, which corresponds to the decomposition of the PEO
chain. As it is reported, the decomposition starts earlier, following a
different pathway with more incomplete decomposition and a
Table 3
Tensile parameters.

Samples Young’s
modules (MPa)

Elongation at break(%) Tensile
strength (MPa)

PLR 1178.5 ± 184.9 866.7 ± 76.5 23.9 ± 3.5
c-PCR 1360.2 ± 114.2 674.8 ± 82.4 26.2 ± 4.1
POSS-PLR 1381.1 ± 136.0 603.4 ± 45.9 26.6 ± 6.9
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higher residue [28] The behavior of an earlier start of decomposi-
tion and a higher residue is often found for samples with good fire-
safe performance. This was similar to the ordinary phosphorous
containing modifiers which could reduce the degradation tem-
perature of the PCMs and changed the decomposition history
[29,30] After modification, char of the material increases slightly
(from 1.8% of PLR to 3.7% of POSS-PLR).

MCC was further used to characterize the heat release perfor-
mance of the materials. Fig. 6c presents the MCC curve of all
samples. It can be seen that all the samples also have twomaximum
heat release peaks at ~350 �C (decomposition of a-CD) and 410 �C
(decomposition of PEO). It is found that the peak value of PLR is
gradually shifted earlier compared with PLR, which is consistent
with the results observed in TGA curves (Fig. 6a and b). Most
importantly, the pHRR of PLRs decreased with the introduce of
POSS. For POSS-PLR, the pHRR was decreased by 18.8%, and THR
decreased by 19.1% than that of PLR. The change trend of THR can be
seen intuitively in Fig. 6d. The specific data are listed in Table 3. It is
clear from the results that the fire safety of the modified material is
improved to a certain extent due to the decrease of pHRR and THR.

4. Conclusions

PLR with POSS coating was successfully synthesized. Compared
with the pristine PLR, the thermal stability in the air and tensile
properties of PLR were improved to a certain extent. Typically, the
Young’s modulus and tensile strength of the PLR film are 1178.5
MPa and 23.9 MPa, and remarkably increased to 1381.1 MPa and
26.6 MPa, respectively. The PCMs possess outstanding shape-fixing
and recovery properties (both shape-fixing and recovery ratios are
about 99%). Further with the relatively high phase transition
enthalpy (94.4 J g�1), excellent cycle performance, the PLR films are
therefore promising sustainable and advanced form stable phase
change materials for energy storage. Notably, with the introduction
of surface POSS, the hydrophobicity of the material was signifi-
cantly improved, and its contact angle was significantly improved
from 71� to 123�. In addition, fire safety has also been improved to a
certain extent, with pHRR decreasing by 18.8% and THR decreasing
by 19.1%.
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