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ABSTRACT: Poly(polyethylene glycol methyl ether
methacrylate) as novel solid-solid phase change materials
(PCMs) for thermal energy storage was prepared via the
facile bulk polymerization of polyethylene glycol methyl
ether methacrylate and was characterized by Fourier
transform infrared, *C-NMR, X-ray diffraction, differential
scanning calorimetry, and thermogravimetric analysis meas-
urements. Based on the results, it is indicated that the poly
(polyethylene glycol methyl ether methacrylate) as novel

PCM showed solid—solid properties with suitable transition
temperature, high transition enthalpy, and good thermal
stability, which was apt to crystallize due to the flexibility of
long polyether side chain. This novel PCMs have advantages
for the potential application in energy storage. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 125: 1377-1381, 2012
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INTRODUCTION

In recent years, phase change materials (PCMs) have
become one of the most attractive functional materi-
als," because they can store and release thermal
energy in large quantities at nearly constant tempera-
ture during the phase change process.* Therefore, the
PCMs have been widely used in energy-saving con-
struction,’ recovery of waste heat,® and smart textiles.”

During the melt process of solid-liquid PCMs, the
PCMs need to be encapsulated to prevent leakage.
Therefore, polymeric solid-solid PCMs were well
developed due to their attractive advantages.®'!
Two kinds of polymeric solid-solid PCMs have been
reported. One kind is solid-liquid PCMs/polymeric
supporting material composites.'**® The other is
synthesized polymeric PCMs, which were mainly
obtained by grafting or crosslinking solid-liquid
PCMs—polyethylene glycol (PEG) onto polymers.'*
The second approach is advantageous in the devel-
opment of covalent bond between solid-liquid PCM
and polymer, which endows with excellent solid-
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solid performance. However, the graft reaction is
difficult when the molecular weight of PEG is over
1000 owing to the reduction of reactivity and steric
hindrance effect. Here, we present new materials
and facile approach to overcome the limitations of
previous methods by the bulk polymerization of
polyethylene glycol methyl ether methacrylate.

Polyethylene glycol methyl ether methacrylates
(mP, ‘m’ means monomer) are kind of polymerizable
monomers,'”"” which are easy to form homopoly-
mers or copolymers. At the same time, they have the
similar structure and good crystallinity as PEG.
Therefore, the novel solid-solid PCMs developed in
this work are the poly(polyethylene glycol methyl
ether methacrylates) (PP), which were obtained by
the bulk polymerization of polyethylene glycol
methyl ether methacrylates (mP). The long polyether
side chain (PEG chain) is used as working substan-
ces for the heat storage, and the polymeric main
chain restricted the free movement of suspended
polyether; hence at temperatures above the polyeth-
ylene glycol methyl ether methacrylate phase melt-
ing transition, the whole system always remains in
the solid state. Therefore, the PP has high transition
enthalpy and good solid-solid properties.

EXPERIMENTAL
Materials

Polyethylene glycol methyl ether methacrylate
(mP11, M,, = 1100; mP20, M,, = 2080, from Aldrich),
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Figure 1 The synthetic route of PP.

benzoyl peroxide (BPO) was recrystallized from
methanol.

Synthesis of PP(EGMA)

PP11 and PP20 were prepared by free-radical bulk
polymerization of mP11 and mP20, respectively. The
polymerization was conducted at 80°C for 2 h and
0.9 wt % BPO was used as initiator. The polymers
were obtained by washing several times with ace-
tone and were further purified by Soxhlet extraction
for 72 h with acetone. They were finally dried
overnight in a vacuum oven at 70°C and 5 mbar
until constant weight. The yields were 82 and 86%,
respectively.

Characterization of PP(EGMA)

The FTIR Spectra were recorded on a Nicolet Nexus
870 from 400 to 4000 cm ' with a resolution of
2 em ! using film and nujol mull methods, which
were used to confirm the polymerization of polyeth-
ylene glycol methyl ether methacrylate.

PC-NMR spectra of mP1l and mP20 were
recorded on a Bruker AVANCE 400 spectrometer
(400 MHz); Solid-state '*C magic angle spinning
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Figure 2 FTIR spectra of mP11 FILM (a), mP11 NUJOL
MULL (b) and PP11 NUJOL MULL (c).
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(MAS) NMR spectra of PP11 and PP20 were
recorded at 100.5 MHz on the Varian Infinityplus-
400 spectrometer using a 4 mm ceramic probe and
spinning speed of 8 kHz.

DSC and TGA were performed in nitrogen atmos-
phere by using a Perkin—-Elmer DSC7 DSC module
at a heating rate of 5°C/min. XRD patterns of the
samples were obtained using an X-ray diffractometer
(D/max-1IIA, Japan). The thermal conductivity of
mP20 and PP20 were measured using DRL-III
Thermal conductivity tester.

RESULTS AND DISCUSSION
Synthesis and FTIR spectroscopy analysis of PP

PP was obtained by bulk polymerization of mP. This
polymerization process was carried out by a simple
heating process under the presence of BPO (Fig. 1),
which was used as initiator. Therefore, the prepara-
tion of PP was facile, and the polymerization
reaction was characterized by FTIR spectroscopy
method.

Figure 2a and b show the FTIR spectra of mP11
by the film method and nujol mull method, respec-
tively, and the FTIR spectrum of PP11 is shown in

CHy
3
H,C==C 2
! H  H,
0=C—0—C —C —0—}—CH,
4 505 % 6
1
4 2
@ | ¢ L
5
1 b 2
4 2
(b) ‘

200 180 160 140 120 100 80 60 40 20
ppm

Figure 3 13C NMR spectra of mP11 (a) and mP20 (b).
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Figure 4 13C MAS NMR spectra of PP11 (c) and PP20 (d).

Figure 2(c) by nujol mull method. It was clear from
the Figure 2 that C=C stretching vibration
(1635 cm™') in mP disappeared when PP was
obtained, which showed the polymerization reaction
took place. The peak of C—O—C stretching peak at
1110 cm ™' was not obviously changed, when the PP
was formed.

13C-NMR analysis of mP and PP

To verify further the FTIR analysis results, the '*C-
NMR and "*C MAS NMR analysis was performed.
Figures 3 and 4 show the '>C-NMR spectrum of mP
and the ">C MAS NMR spectrum of PP, respectively.
All chemical shifts were expressed in parts per mil-
lion (d) relative to the solvent signal. The chemical
shifts of C atom in mP (d1 = 127.0, d2 = 135.7, d3 =
17.4, d4 = 169.5, d5 = 69.6, d6 = 58.1) and PP (d1’, d3'
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Figure 5 The DSC curves of mP11, mP20, PP11 and
PP20. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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TABLE I
Transition Temperature and Transition Enthalpy of mP
and PP
Phase
transition
Sample  (70°C AH,, (J/g) AH.(/g) T, (C) T.(°C)
mP11 . 138.0 138.1 32.5 20.2
mP20 ' 156.5 141.2 51.5 26.7
PP11 9.7 94.5 35.8 14

118.6 447 14.4

PP20 m 132.5

T, melting temperature; T, crystallization temperature;
AH,,, heat latent of fusion; AH,, heat latent of crystallization.

= 1720, d2' = 46, d4' = 178-179, d5' = 72, d6' = 60)
could be clearly observed. The analyses results of the
*C-NMR and "°C MAS NMR spectrum verify further
prove that PP has been successfully prepared.

DSC thermal analysis and solid-solid
performance of PCM

Figure 5 presents the thermal characteristics of mP
and PP in the heating and subsequent cooling in
between —20°C and 80°C at the rate of 5°C min .
From the DSC curves of mP and PP, the endother-
mic and exothermic enthalpy values were given in
Table I. mP had high transformation enthalpy of
156.5 ]J/g. The phase change enthalpy of PP copoly-
mer reached 132.5 J/g, which meant that its endo-
thermic and exothermic capacity had been weakened
after polymerization. The enthalpy reduction may be
attributed to partial suppression of the arrangement
and orientation of the long polyether side chain,
while the PP still had higher heat storage capacity
over 132 J/g compared with some other solid-solid
PCMs reported in previous works.'*'®

The key idea of this work is the generation of
solid-solid phase change of PP in which the free

TABLE II
Thermal Properties of PP20 Under Thermal Cycling
Thermal
cycling number  AH,, (J/g) AH.(/g) T, (CC) T.(°C)
0 132.5 118.6 447 14.4
50 126.6 127.2 48.5 14.4
100 127.5 128.3 47.7 16.4

Tpn, melting temperature; T, crystallization temperature;
AH,,,, heat latent of fusion; AH,, heat latent of crystallization.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 XRD spectra of mP20 and PP20.

movement of the long polyether side chain is
restricted by the polymeric main chain structure,' at
temperatures above the mP phase melting transition,
the whole system always remains in the solid state.
PP is heated in a piece of glass directly, no liquid is
observed in the heating process and still appear
white, even if the temperature is up to 70°C. It indi-
cates that the PP11 and PP20 kept solid state during
the temperature range of transition (from the Table
I). It can be concluded that PP has a good energy
storage effect and solid—solid performance.

Thermal cycling test of PCM

In this experiment, PP20 was chosen to test its
thermal reliability after 50 and 100 times thermal
cycling. Thermal properties after thermal cycling
were showed in Table II. After repeated 50, 100
times of thermal cycling, the melting temperatures
of PP20 changed by 3.8 and 3.0°C, and the crystalli-
zation temperature changed by 0.0 and 2.0°C,
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Figure 7 TGA (left) and DTGA (right) curves of mP and PP.

available at wileyonlinelibrary.com.]
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TABLE III
XRD Parameter of mPEGMA and PPEGMA Samples
Type of phase Crystallinity
Samples change 20 (°) D (nm) (%)
mP20 Solid-liquid 19.1 4.6 86.1
PP20 Solid—solid 19.1 4.6 78.7

respectively. The latent heat of melting changed by
4.5% and 3.8%, whereas the latent heat of crystalliza-
tion changed by 7.2% and 8.2%, respectively. The
results showed the temperature had a little change,
It also could be seen that the solid-solid composite
PCM had good thermal reliability in terms of the
latent heat value.

XRD analysis of PCM

Figure 6 presents powder X-ray diffraction (XRD)
patterns of the prepared samples from mP20 and
PP20. The data is summarized in Table IIl. Sharp and
intense diffraction peaks at 19.14° and 23.28° were
observed for the fresh mP20 and PP20 samples, indi-
cating that the mPEG on the support was present in
the crystalline state. It is obviously seen that pure mP
and PP show diffraction angle, crystal plane distance
and the degree of crystallization are nearly the same.
The crystallization of mP in the PP was disturbed by
the polymeric main chain, which results in the crys-
tallinity decreases. These results imply that crystal
structure of mP does not changed during the synthe-
sis, and PP still has good crystalline properties.

Thermal stability analysis and Thermal
conductivity of PCM

The thermal stability of mP and PP were determined
by TGA and differential thermogravimetric analysis
(DTGA). The corresponding results are shown in Fig-
ure 7. According to Figure 7, the thermal stability is

essentially the same for all four materials.
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Corresponding to the degradation process, the sharp
weight loss within the temperature around 390°C is
ascribed to the decomposition of the ethylene glycol
side chains’ degrading. Therefore, the TGA results
indicate that the novel solid—solid PCMs will have a
broad applicable temperature range for its good heat-
resistant performance. The thermal conductivity of
mP20 and PP20 are 0.287 W m™' K' and 0.228 W
m ' K, respectively. The decrease of the thermal
conductivity was most likely because of the new poly-
meric main chain structure covering the ethylene gly-
col chains.

CONCLUSIONS

In summary, PP as novel PCMs for thermal energy
storage was successfully obtained by the facile bulk
polymerization of mP. The structure and properties
of PP have been extensively investigated. IR, '*C-
NMR and *C MAS NMR spectra indicate that the
polymerization of mP takes place. The analysis
results of DSC, XRD, and TGA indicate that PP is
solid-solid PCMs with good thermal stability and
has large enthalpy value (132 ]J/g). Therefore, PP has
extensively potential applications for thermal energy
storage and temperature control.
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