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ABSTRACT: Triallyl isocyanurate (TAIC) was modified by
hydrogen silicone oil (SO) via hydrosilylation reaction, generating
the original TAIC-SO (TS) intermediate. After the cross-linking
polymerization of TS (PTS), the shape-stabilized phase change
materials (PCMs) consisting of n-octadecane and silicone-modified
supporting matrix were first synthesized by an in situ reaction.
Remarkably, the novel three-dimensional PTS network effectively
prevents the leakage of n-octadecane during its phase transition,
solving the prominent problem of solid−liquid PCMs in practical
applications. Moreover, n-octadecane is uniformly dispersed in the
continuous and high-strength cross-linked network, contributing to
excellent thermal reliability and structural stability of PTS/n-
octadecane (TSO) composites. Differential scanning calorimetry analysis of the optimal TSO composite indicates that melting and
freezing temperatures are 29.05 and 22.89 °C, and latent heats of melting and freezing are 130.35 and 129.81 J/g, respectively. After
comprehensive characterizations, the shape-stabilized TSO composites turn out to be promising in thermal energy storage
applications. Meanwhile, the strategy is practical and economical due to its advantages of easy operation, mild conditions, short
reaction time, and low energy consumption.

1. INTRODUCTION

Phase change materials (PCMs) are substances that store and
release thermal energy during the phase change process within a
narrow temperature range.1−3 PCMs have been increasingly
utilized in many fields, such as solar energy storage systems,4,5

vehicle battery energy management systems,6,7 industrial waste
heat utilization,8,9 energy-saving buildings,10,11 and thermal-
regulated textiles.12 According to the aggregation state change,
PCMs are divided into three categories: solid−solid, solid−
liquid, and liquid−gas PCMs.13 Among these three categories,
solid−liquid PCMs (SLPCMs) are most promising for thermal
energy storage and thermal management on account of the high
energy storage capacity, nearly isothermal behavior, and limited
volume variation during phase change.14 However, SLPCMs
change into liquid state and flow easily as temperatures are
beyond their melting points, which significantly hinder their
application on various occasions.15,16

To prevent the leakage and loss during their phase transition,
SLPCMs are usually encapsulated into microcontainers16−18 or
confined in the supporting matrices.19−21 Microencapsulated
SLPCMs with the core−shell structure exhibit excellent thermal
stabilities, but the microencapsulation techniques suffer from
the complicated polymerization processes, which implies
considerable production costs. Accordingly, we have recently

developed an original three-dimensional (3D) cross-linked
polymer network as the supporting matrix to generate shape-
stabilized PCMs efficiently.22−24 In our previous works,
polyethylene glycol (PEG) and fatty acid eutectics were
separately blended with TAIC and conveniently combined
with the novel polymer matrix in situ by the cross-linking
polymerization of TAIC. Compared with PEG and fatty acids,
paraffins are of low cost, chemically inert, and noncorrosive and
showmoderate phase change temperatures and high latent heats
between 200 and 250 J/g.25,26 In this regard, paraffin/polymer
matrix composites will be promising shape-stabilized PCMs.
However, only an amorphous sticky paste was prepared under
the same reaction conditions (Figure S1), mainly caused by the
phase segregation of TAIC oligomer and nonpolar paraffin
during the polymerization process.
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In this work, nonpolar silicone, as the soft segment, was
grafted onto TAIC to mitigate phase separation during the
sample formulation. After cross-linking, the shape-stabilized n-
octadecane composites consisting of silicone-modified support-
ing matrices were first synthesized in situ successfully. The
noteworthy highlights of this work are specified as follows: (i) n-
octadecane is uniformly dispersed in the continuous and high-
strength cross-linked network, contributing to a high latent heat
and great dimensional stability; (ii) the cross-linked polymer
network effectively prevents n-octadecane from leaking when
the temperature is higher than its melting point. On the one
hand, polymer skeleton segments will intertwine with the
octadecane domains, which enhances the interaction between
each other. On the other hand, the free movement of n-
octadecane chains will be restricted in the finite inner space of
the supporting matrix, which also contributes to the excellent
thermal reliability; (iii) the strategy has the advantages of easy
operation, mild conditions, short reaction time, and low energy
consumption, which will be a practicable and economical
technique.

2. RESULTS AND DISCUSSION

2.1. Structural Characterization of the TSO Compo-
sites. A series of TSO composites were prepared by an in situ
polymerization method, and the corresponding schematic
illustration is presented in Figure 1. All correlative samples
were separately detected to investigate the reaction process and
characterize the structure of TSO. The reaction process was
monitored by 1H NMR measurements to give more convincing
mechanism explanation and to further determine the specific
structure of the original intermediate. The 1H NMR spectra of
TS-1, TS-2, and TS-3 were analyzed and presented in Figure 2
and the corresponding separate spectra of the substrates and
products are listed in Figures S2−S6. Compared with the
spectrum of TS-1, a new set of peaks appeared in the spectrum of
TS-2, marked as Peak2, Peak3, and Peak4, respectively.
Apparently, with the Peak1 coming from Si−H as the reference,
the intensity of these new peaks gradually increased along with
higher reaction temperature. It is obvious that the hydro-
silylation reaction has occurred between TAIC and SO because
the position of the three emerging peaks and the ratio of the

Figure 1. Schematic illustration for the preparation of TSO composites.

Figure 2. (a) 1H NMR spectra of TS-1, TS-2, and TS-3, (b) detailed 1H NMR spectra of TS-3, and (c) magnified image of (a).
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peaks’ area completely match the additive product of −CH
CH2 and Si−H segments. Meanwhile, the remaining prominent

peaks of H signals ranging from δ = 5.0 to 6.5 in the spectrum of

TS-3 were attributed to−the CHCH2 groups of TAIC, which

participated in radical polymerization to form the supporting
matrix subsequently.
In addition, the FT-IR spectra of TS-1, TS-2, TS-3, and PTS

are presented in Figure 3a, and specific states of these samples
are shown in the Supporting Information. For TS-1, the

Figure 3. FT-IR spectra of (a) TS-1, TS-2, TS-3, and PTS and (b) n-octadecane and TSO composites.

Figure 4. (a) XRD patterns of n-octadecane and TSO composites; POM micrographs of (b) n-octadecane and (c) TSO-2 at room temperature.
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absorption peaks at 1682, 1644, and 1410 cm−1 come from
TAIC (Figure S7) and correspond to the CO, CC, and C−
N groups, respectively.23,27 The characteristic absorption peaks
at 2162 and 1030 cm−1 come from SO (Figure S7) and
correspond to the Si−H and Si−O−Si groups, respectively.28,29
For TS-2 and TS-3, the absorption peak at 2162 cm−1 became
increasingly weak as the reaction proceeded. In addition, the
system changed from being a colorless low viscosity liquid to a
milky white high viscosity paste (Figure S8). The above results
proved that hydrosilylation reaction had occurred between
TAIC and SO. The absorption peak of PTS at 1644 cm−1

disappeared, and the sample became solid particles (Figure S8),
indicating that the CC groups of the remaining TAIC reacted
to form a 3D cross-linked network structure (Figure 1). The test
results show that the skeleton material with a three-dimensional
network structure has been successfully prepared.
Figure 3b shows the FT-IR spectra of n-octadecane and TSO

composites. For the pristine n-octadecane, the absorbance bands
appeared at 2958, 2914, and 2848 cm−1, caused by −CH3

asymmetric and symmetric stretching bands.30,31 The absorb-
ance bands at 1472 and 716 cm−1 were attributed to the
symmetric deformation and in-plane rocking vibration of−CH3.
Likewise, the TSO composites exhibited characteristic peaks at

the same positions as those observed from n-octadecane and
PTS. Except for the peak intensity that changed slightly with
different proportions of n-octadecane, the characteristic peak
had no appreciable changes or shifts. The results indicate that n-
octadecane is merely bound by PTS network structure without
any chemical reaction.

2.2. Crystallization Properties of the TSO Composites.
Figure 4a shows the XRD profiles of n-octadecane and TSO
composites. The XRD pattern of PTS, as shown in Figure S9,
suggested that PTS was an amorphous polymer. A series of
strong diffraction peaks at 7.7, 11.5, 15.4, 19.3, 19.8, 23.4, and
24.8° could be observed clearly, which corresponded to the
lattice planes of (002), (003), (004), (010), (011), (102), and
(111) of n-octadecane, respectively. The TSO composites have
diffraction patterns similar to the standard PDF card of n-
octadecane, indicating that n-octadecane retains its original
crystal type after in situ reaction. However, the relative intensity
of the diffraction peaks of pure n-octadecane and TSO
composites changed obviously. The results showed that the
crystallization of n-octadecane in TSO composites was restricted
in a finite inner space of the skeleton structures, and n-
octadecane in TSO composites existed in the form of tiny

Figure 5. Pictures of n-octadecane and TSO composites during the thermal shape stability test.

Figure 6. SEM images of n-octadecane, PTS, TSO-1, TSO-2, TSO-3, and TSO-4 and the element mappings of TSO-2.
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particles, which lead to a great similarity of the XRD patterns of
TSO and PDF card of pure n-octadecane.
The crystallization properties of n-octadecane and TSO-2

were further characterized by polarized optical microscopy
(POM), and the micrographs are shown in Figure 4b,c. For pure
n-octadecane, the crystal was fibrous and had excellent
crystallization properties. For TSO-2, the continuous black
network skeleton structure showed a phase separation structure,
indicating that n-octadecane was arrested by the network
formation. In addition, the n-octadecane crystal in composites
was subdivided and evenly dispersed, and the crystallization
ability was much lower than that of pure n-octadecane,
attributed to the free growth of n-octadecane crystal inhibited
by the skeleton structure.32 The results above show that PTS can
be used as a shape-setting material for paraffin PCMs.
2.3. Shape-Stabilized Properties of the TSO Compo-

sites. The shape-stabilized properties of n-octadecane and TSO
composites were recorded by a digital camera to investigate the
practicability. As can be seen in Figure 5, the samples showed
different thermal shape stabilities at the same temperature. Pure
n-octadecane transformed into liquid quickly and completely at

100 °C. However, the composites had no obvious change at the
macro level and retained their shapes during the whole test
process. The shape stability of the composites is due to the space
network structure of PTS, which can effectively restrict the free
movement of n-octadecane chains and prevent the melting n-
octadecane from leaking when the temperature is higher than its
melting point. However, a small quantity of n-octadecane leaked
from TSO-1, which exceeded the limit of PTS skeleton’s
carrying capacity. In brief, the TSO composites with shape
stability overcome the disadvantage of serious leakage, superior
to traditional solid−liquid PCMs, and show better practicability
in application.

2.4. Morphologies of the TSO Composites. The surface
morphologies of n-octadecane, PTS, and TSO composites are
shown in Figure 6. n-Octadecane exhibited a uniform and
smooth morphology, and PTS exhibited an irregular and rough
morphology. For TSO composites, all samples had a similar
uniform morphology. Moreover, the uniform distribution of C,
N, and Si elements in TSO-2 could be observed in Figure 6,
which showed that n-octadecane had good compatibility and
dispersibility in the PTS matrix. In addition, with the increase of

Figure 7.DSC curves of n-octadecane andTSO composites during the (a) cooling and (b) heating processes; (c) FT-IR spectra and (d)DSC curves of
TSO-2 before and after the thermal cycling test.
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the PTS content, the connective island structure on the surface
of the composite changed into a spherical convex structure. The
results show that when the mass fraction of n-octadecane is high
(TSO-1), the n-octadecane chains could not be completely
restricted in the cross-linked network structure. Therefore, n-
octadecane in TSO-1 will leak under high temperature after a
long time, as seen in Figure 5.
2.5. Thermal Energy Storage Properties of the TSO

Composites. The differential scanning calorimetry (DSC)
curves of n-octadecane and TSO composites are presented in
Figure 7a,b. The corresponding parameters including initial
crystallization temperature (Toc), crystallization peak temper-
ature (Tc), crystallization enthalpy (ΔHc), initial melting
temperature (Tom), melting peak temperature (Tm), andmelting
enthalpy (ΔHm) are summarized in Table 1. Pure n-octadecane
exhibited suitable phase transition temperature, with Tc of 24.25
°C and Tm of 29.37 °C, and higher phase transition enthalpy,
with ΔHc of 227.93 J/g and ΔHm of 228.21 J/g. When n-
octadecane was incorporated into the PTS network, Toc and Tom

of the composites decreased linearly with the decrease of the n-
octadecane content. It may be explained by the following
reasons. The high thermal conductivity of the PTS skeleton
promotes the rapid melting of n-octadecane in the heating
process.33,34 The thermal conductivity test data are shown in
Table S1. However, the interactions between n-octadecane
chains and PTS are detrimental to the crystallization of n-
octadecane in the cooling process. Using the simple mixing
theory, the relative enthalpy efficiency (η) is calculated via the
following equation35,36

H
H

(%) 100%m
1

m
0η

ω
=

Δ
Δ ×

×

where Hm
0Δ and Hm

1Δ are the melting enthalpies of pure n-
octadecane and composites, respectively. ω is the mass fraction
of n-octadecane in the composites, which is calculated according
to the weight of added materials. By calculation, the η values of
composites are less than 100%. This is mainly due to the
confinement effect of the supporting framework, which would
impart restriction to the movement of n-octadecane chains
through the intermolecular interaction between n-octadecane
and PTS.37−40

2.6. Thermal Reliability and Structural Stability of the
TSOComposites.The thermal properties of TSO-2 before and
after the thermal cycling test were characterized by FT-IR and
DSC, as demonstrated in Figure 7c,d. The overlapping curves of
FT-IR spectra indicated that the thermal cycling test had almost
no influence on the chemical structure of the composite.
According to Table 2, it was noticeable that insignificant changes
occurred to the phase change temperatures and enthalpies after
100 thermal cycles. The phase change temperatures changed by
0.03 and 0.16 °C, and the phase change enthalpies decreased by
0.97 and 0.94%, respectively, after the thermal cycling test. In
summary, the TSO composites have superior thermal reliability,
which can be used as thermal storage materials in practical
applications.

2.7. Thermal Stability of the TSOComposites.TheTGA
curves in Figure 8a,b illustrate the thermal stability of n-
octadecane, PTS, and TSO composites, and the corresponding
TGA data are listed in Table 3. The corresponding DTG curves

Table 1. DSC Data of n-Octadecane and TSO Compositesa

cooling heating

sample ω (%) Tc (°C) Toc (°C) ΔHc (J/g) Tm (°C) Tom (°C) ΔHm (J/g) ΔHm* (J/g) η (%)

n-octadecane 24.25 25.17 227.93 29.37 25.85 228.21
TSO-1 62.32 22.32 24.20 137.52 29.04 24.93 137.99 142.22 97.03
TSO-2 58.75 22.89 23.91 129.81 29.05 24.71 130.35 134.08 97.22
TSO-3 54.40 23.11 23.64 119.95 28.30 24.51 120.65 124.14 97.19
TSO-4 48.94 21.74 23.36 108.03 28.29 24.30 108.78 111.70 97.39

aNote: ΔHm* = Hm
0 ωΔ × .

Table 2. DSC Data of TSO-2 before and after the Thermal Cycling Test

cooling heating

sample Tc (°C) Toc (°C) ΔHc (J/g) Tm (°C) Tom (°C) ΔHm (J/g)

1 cycle 22.89 23.91 129.81 29.05 24.71 130.35
100 cycles 22.92 23.90 128.55 29.21 24.96 129.13

Figure 8. (a) TGA curves, (b) detailed TGA curves at 100−220 °C, and (c) DTG curves of n-octadecane, PTS, and TSO composites.
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are shown in Figure 8c to determine the maximum rate of weight
loss of the samples. Pure n-octadecane exhibited the one-step
thermal degradation process, in which the temperature at the
beginning of degradation was 140.22 °C, and the residue after
decomposition was only 1.32%. PTS exhibited a two-step
thermal degradation process. The minor weight loss was caused
by the vaporization of some volatile components, and the major
weight loss that occurred from 436.84 to 722.75 °C indicated
the higher thermal stability. The degradation of the TSO
composites was also a two-step process. The first degradation
step between 152 and 272 °C can be attributed to n-octadecane.
The decomposition temperature was slightly higher than that of
n-octadecane, indicating that the thermal stability of the material
can be improved through the mutual winding of the n-
octadecane chain segment and the skeleton structure. In
addition, the residual amount of the composites after the first
stage was a little higher than the theoretical value, which might
be related to the part of the carbonized n-octadecane bound by
the PTS network skeleton. The second degradation stage
observed at around 431−669 °C can be ascribed to the
degradation of the polymer chains, as shown in the Supporting
Information. The results above indicate that the composites
have excellent thermal stability under high temperature
conditions.

3. CONCLUSIONS
A class of novel phase change TSO composites has been first
synthesized by an in situ reaction, in which n-octadecane was
selected as a PCM, and the original TS intermediate functioned
as a supporting material by self-crossl-inking. The three-
dimensional PTS network effectively prevented the leakage of
n-octadecane during its phase transition, and the high-strength
cross-linked skeleton also contributed to its great dimensional
stability. Therefore, the TSO composites remained solid even
when heated at 100 °C for a long time and still showed excellent
phase change properties, moderate phase transition temper-
atures below 30 °C, and high latent enthalpies of around 130 J/g.
Moreover, they exhibited excellent thermal reliability due to the
fact that insignificant change occurred to the phase change
temperatures and enthalpies after 100 thermal cycles. Thus,
shape-stabilized TSO composites, prepared through the
practical and economical strategy, are promising PCMs for
thermal energy storage and thermal management.

4. MATERIALS AND METHODS
4.1. Materials. Triallyl isocyanurate (TAIC) was purchased

from D-Chem Ltd. Hydrogen silicone oil (SO, 41.7 mPa·s, Si−

H: 0.8 wt %) was supplied by Shandong Dayi Chemical Co., Ltd.
n-Octadecane was purchased from Shanghai Macklin Bio-
chemical Co., Ltd. Benzoyl peroxide (BPO) was purchased from
Sinopharm Chemical Reagent Co., Ltd. Karstedt diluent (5000
ppm) was supplied by Shanghai Borje New Materials Co., Ltd.
All substances were used as received without any further
purification.

4.2. Preparation of PTS. In order to explore, 11 g TAIC and
5 g SOweremixed uniformly with stirring in a three-neck round-
bottom flask. At this point, the sample is denoted as TS-1. Then,
Karstedt diluent (0.3% of the mixture weight) was added into
the flask, and the mixture was stirred at 90 °C for 30 min (TS-2).
Subsequently, the temperature was raised to 110 °C and kept for
10min (TS-3). Finally, BPO (2% of the gross weight) was added
into the mixture, which continued to be stirred at 110 °C for 20
min to obtain PTS.

4.3. Preparation of the TSO Composites. 11 g TAIC and
5 g SO were mixed uniformly with stirring in a 100 mL three-
neck round-bottom flask, and the molar ratio of TAIC to
hydrogen of SO was 1.1:1. Then, Karstedt diluent (0.3% of the
mixture weight) was added into the flask, and the mixture was
stirred at 90 °C for 30 min. Subsequently, n-octadecane was
added, and the temperature was raised to 110 °C and kept for 10
min. Finally, BPO (2% of the gross weight) was added into the
mixture, which continued to be stirred for 20 min. The white
powder obtained in the flask was the TAIC-SO/n-octadecane
(TSO) composites. The synthesized composites, with the
content of n-octadecane being 28, 24, 20, and 16 g, were marked
as TSO-1, TSO-2, TSO-3, and TSO-4, respectively.

4.4. Characterizations. The chemical compositions of the
samples were analyzed by Fourier transform infrared spectros-
copy (FT-IR, PerkinElmer, USA) in ATR geometry using a
diamond crystal. The 1H NMR spectra were recorded on a
Bruker AscendTM 400 spectrometer (400MHz). Powder X-ray
diffraction (XRD)was performed on a Rigaku SmartLab 3kWX-
ray diffractometer with Cu Kα radiation (λ = 1.54056 Å, 40 kV,
30 mA, 10° min−1). Sample powders were filled in the sample
cell directly without any treatment, and excess powders were
scraped off to ensure that height of the specimenwas equal to the
surface of the sample cell. There is no compression in the sample
preparation process. The degree of crystallinity of the samples at
room temperature was observed by POM on Olympus BX53M.
The morphology of the samples was examined by scanning
electron microscopy (SEM, ZEISS GeminiSEM 300), and the
composition was determined by energy-dispersive X-ray
spectrometry (EDXS) using the accessory manufactured by
Oxford Instruments. Larger particles for SEM and EDS were
directly sticked on the conductive adhesive without any
treatment. The latent heat was measured via DSC using the
TA Instruments Q20 differential calorimeter at a scanning rate
of 5 °C min−1. The thermal conductivity of the samples was
measured by using a thermal conductivity testing instrument
(LFA 457, NETZSCH). TGAwas performed on a simultaneous
thermal analyzer (ZCT-B TG/DTA) at a heating rate of 10 °C
min−1.
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■ NOMENCLATURE2-COL
TAIC triallyl isocyanurate
SO hydrogen silicone oil
TS-1 mixture of TAIC and SO, and the mass ratio is 2.2:1
TS-2 prepolymer of TAIC and SO (TS-1, Karstedt diluent,

90 °C, 30 min)
TS-3 prepolymer of TAIC and SO (TS-2, 110 °C, 10 min)

PTS polymer of TAIC and SO
TSO PTS/n-octadecane composites
TSO-1 the mass ratio of PTS to n-octadecane is 1:1.75
TSO-2 the mass ratio of PTS to n-octadecane is 1:1.5
TSO-3 the mass ratio of PTS to n-octadecane is 1:1.25
TSO-4 the mass ratio of PTS to n-octadecane is 1:1
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