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Abstract

A series of novel hyperbranched polyurethane copolymer (HB-PUPCM) using hyperbranched polyester as chain exten-
der was prepared via a two-step process. The phase transition behaviors and morphology of the HB-PUPCM films were
investigated using differential scanning calorimetry (DSC), dynamic mechanical thermal analysis (DMA), thermo-gravi-
metric analysis (TGA), wide-angle X-ray diffraction (WAXD), polarizing optical microscopy (POM) and tapping-mode
atomic force microscopy (AFM). HB-PUPCM was proven to a good polymeric solid–solid phase change heat storage
material.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Material scientists predicted a prominent role of
intelligent materials in the future. In the last few
years, this concept has found growing interest as a
result of the rise of a new class of materials. They
are so-called phase change materials (PCM). PCM
are the materials using latent heat to store energy.
In recent years, as energy crisis is becoming more
and more serious, PCM are attracting lots of atten-
tion, a great number of organic, inorganic, poly-
meric and eutectic PCM have been studied [1–6].
Polyethylene glycol (PEG) has been considered a
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promising phase-change material for thermal energy
storage and temperature control because of its rela-
tively large heat of fusion, congruent melting behav-
ior, noncorrosiveness, and wide melting point range
[7]. However, PEG is a classical solid–liquid phase
change substance, which must be packaged in spe-
cial sealed containers to prevent its leakage in the
melting state. Thus the high cost of properly pack-
aging PEG restricted its industrial application in
the field of thermal energy storage material. Poly-
meric solid–solid PCM are fairly recently developed
functional PCM, which exhibited many desirable
characteristics, e.g. no liquid or gas generating,
small volume change, no recipient needed to seal
them in, being processed into arbitrary shape, even
used as a system material directly [7–11], thus it
could simplify techniques and reduce cost greatly.
.
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Chemically cross-linking PEG with high-density
polyethylene or encapsulating PEG to make a
form-stable particle could retard the flow ability of
phase-change material in its molten state [12,13].
But this would simultaneously reduce its heat of
fusion and thermal conductivity, with a consequent
decrease in the thermal storage and temperature
control capabilities of the phase-change material.

Recently new polyurethane systems with hyper-
branched polymers attracted an increasing attention
[14–16]. They offer an opportunity of modification
of the structure of the synthesized materials in a
controlled way. However, to the best of our knowl-
edge, PCM polyurethane with hyperbranched poly-
ester as chain extender has never been reported.

In the present paper, the preparation, structural
features of the hyperbranched polyurethane with
hyperbranched polyester as chain extender and the
mechanism of its solid–solid phase change are
studied.
2. Experimental

2.1. Materials

Boltorn�H20 (Second generation, Mw = 1750
g/mol, hydroxyl number equals 470–500 mg KOH/g,
Sweden) was purchased from Perstorp Specialty
Chemicals, dried at 60 �C under vacuum for over-
night prior to use; Polyethylene glycol (PEG,
Mn = 6000, from Shantou Guanghua Chemical
Reagent Co. Inc., China) was degassed and dried
in a round flask under high vacuum (20 Pa) at
100–120 �C for 3–4 h; 4,4 0-diphenylmethane diisocy-
anate (MDI, from Wanhua Chemical Reagent Co.
Inc, China) was heated to 60 �C and kept at temper-
ature for 2 h and then filtered through a heated fil-
ter. N,N-dimethylformamide (DMF, from Shantou
Guanghua Chemical Reagent Co. Inc., China) was
dried by 5 Å molecular sieve for 24 h followed by
distillation before use.
2.2. Synthesis of HB-PUPCM

The synthesis route for HB-PUPCM is shown in
Scheme 1. The feed ratios for the resulting HB-
PUPCM are summarized in Table 1. The general
procedure is as follows: Different amounts of dehy-
drated PEG and excess of MDI in freshly distilled
DMF were mixed with stirring in a thermostatic
oil-bath at 80 �C under vacuum for 3 h. A predeter-
mined of Boltorn�H20 was dissolved in dried DMF
and added to the mixture. After stirring for another
2 h, the reaction mixture was cast in glass pan. Cur-
ing was conducted at 80 �C for 24 h, after which the
polymer films with a thickness of 0.2–1.0 mm were
obtained. The samples were kept in vacuum at room
temperature for two weeks before testing.
2.3. Characterization

Dynamic mechanical thermal analysis (DMA)
was carried out by Rheometric Scientific DMTA
V device with single point bending of 2 mm thick
strip at a frequency of 1 Hz and heating rate of
4 �C/min from 0 to 100 �C.

Differential scanning calorimetry (DSC) of the
resulting TPU was carried out using a 2920 TA
Instrument. Samples (ca. 10 mg) were sealed in alu-
minum pans and measurements were performed in
nitrogen atmosphere at a heating rate of 10 �C/
min in the temperature range of �50 to 150 �C. In
the first scanning, the sample was heated to
150 �C, kept at this temperature for 5 min, and
cooled to �50 �C. In the second scanning, the sam-
ple was heated again to 250 �C, and the second scan
was recorded. The crystallinity (Xc) of the sample
was calculated according to the heat of fusion of
the second heat run:

X C;PEG ð%Þ ¼
DHm-PEG

DH 0
m-PEG � SSC%

� 100; ð1Þ

where DH 0
m-PEG ¼ 197 J/g is for the 100% crystalline

PEG according to Hu et al. [17].
Thermo-gravimetric analysis (TGA) was carried

out in Dupont TGA 2950 at a scanning rate of
20 �C/min from 25 �C to 500 �C.

Wide-angle X-ray diffraction (WAXD) was
employed for studying the phase morphology by
using a Philip PW 1710 at 30 kV and 20 mA.
WAXD studies were carried out with samples of
1 mm thickness and with Bragg’s angle 2h from
ca. 10 to 50� at the rate of 3�/min.

An observation of polarizing optical microscopy
(POM) was performed on a Leitz Laborlux 12POL
microscope equipped with a video camera. The sam-
ple was placed between a microscope glass and a
cover slip and heat with a Leitz 350 hot stage.

Tapping-mode atomic force microscopy (AFM)
was used to visualize the images of PU on a DI
Nanoscope IIIa AFM, Micro-fabricated cantilevers
or silicon probes (Nanoprobes, Digital Instruments)



Scheme 1. Synthesis of HB-PUPCM.

Q. Cao, P. Liu / European Polymer Journal 42 (2006) 2931–2939 2933
with 125 lm long cantilevers were used at their fun-
damental resonance frequencies, which typically var-
ied from 270 to 350 kHz depending on the cantilever.
Cantilevers had a very small tip radius of 5–10 nm.
The AFM was operated at ambient with a double-
vibration isolation system. Extender electronics were
used to obtain height information simultaneously.
The lateral scan frequency was about 1.5 Hz.



Table 1
Synthesis parameters for HB-PUPCM with different
compositions

Soft segment
(Mn, g mol�1)

Chain
extender

[NCO]/[OH]a SSCb (wt.%)

PEG6000 H20 1.00 90
PEG6000 H20 1.00 80
PEG6000 H20 1.00 70
PEG6000 H20 1.00 60

SSC: Soft segments content.
a Feed molar ratio of isocyanate groups to hydroxyl groups.
b Calculated according the feed weight ratio: [SSC% = WPEG/

(WMDI + WH20 + WPEG)] · 100.
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3. Results and discussion

3.1. Investigation of thermal property

Fig. 1 shows the DMA curves of a sample HB-
PUPCM with 80% PEG soft segments content
(SSC%). The peak in the tand curve and the rapid
shift of the E 0 curve indicate that melting has
occurred, where the enthalpy is 118.1 J/g according
to DSC measurement (Table 1). In contrast with
pure PEG, PEG in HB-PUPCM does not change
to the liquid state even at a temperature much
higher than the melting point of pure PEG. The
DMA curve shows that PEG segments in the HB-
PUPCM remain in the solid state even when the
temperature rises to 100 �C, over 33 �C above the
melting point of pure PEG. These features imply
that the hard segment domain served as skeleton
which restricts the free movement of the soft PEG
Fig. 1. Storage modulus (E0) and tand of HB-PUPCM with va
segments at temperature above PEG’s melting
point, so that HB-PUPCM still keep in solid state.

Fig. 2 shows the DSC traces of pure PEG6000
and HB-PUPCM. The DSC measurement of HB-
PUPCM with 80% SSC shows heat absorption at
about 66.39 �C, in the heating cycle, indicating that
there is a phase transition having taken place. This
should be a solid–solid phase transition, since the
sample has not melted to a liquid at that time, as
indicated by the DMA analysis above.

Five HB-PUPCM samples with different SSC%
were analyzed using DSC. The relationship between
the phase transition temperature, the enthalpies, the
XC and the soft segment contents are summarized in
Table 2. The enthalpies calculated from DSC plots
decrease with decreasing soft segment content.
HB-PUPCM samples are copolymer where only
PEG segments are crystalline, it is possible that
the DHm decreases with the decreasing of PEG%;
but the crystallinity of PEG segments in the copoly-
mer does not change much. At the same time, we
could find that the changes of phase transition tem-
peratures have the similar rules as the enthalpies.
The phase transition temperatures fall down as the
weight percentages of PEG decline. The reason is
discussed as follows. The hard segment in HB-
PUPCM can destroy the perfection of the crystalli-
zation. So the defects of crystal lattices increased
with the increase of the hard segment, which cause
the crystals can be damaged at lower temperature.

It is evident that the SSC% has influence on
phase transition temperature of the soft segments;
rious wt.% of hard segment as a function of temperature.



 

Fig. 2. DSC traces for pure PEG6000 and HB-PUPCM: (a) heating traces; (b) cooling traces.

Table 2
Thermal properties of PEG6000 and HB-PUPCM measured by DSC analysis

Samples Phase transition DHm
a (J/g) Tm

a (�C) DHc
a (J/g) Tc

a (�C) XC (%) T1
b (�C) T2

b (�C)

PEG6000 Solid–liquid 155.1 67.2 152.0 34.6 78.7 – –
90% SSC Solid–solid 138.2 67.0 132.3 33.2 77.9 317.6 399.1
80% SSC Solid–solid 118.1 66.4 115.8 20.4 74.9 318.1 406.5
70% SSC Solid–solid 102.8 62.2 100.9 18.6 74.5 320.3 412.8
60% SSC Solid–solid 91.2 57.5 89.4 7.8 77.1 334.1 418.7

a The data of heating run was obtained according to the second DSC heating scan of HB-PUPCM.
b Peak temperature obtained from DTG curves.
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Table 3
Properties of HB-PUPCM with 100 heating–cooling thermal
cycles

DHm (J/g) Tm (�C) Phase transition

Un-cycled 138.2 67.05 Solid–solid
Cycled 137.8 66.93 Solid–solid
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but the phase transition behavior of crystallites was
less pronounced as decreasing the soft segments of
HB-PUPCM. The samples with higher percentage
Fig. 3. Thermo-gravimetric analysis (TGA) of HB-PUPCM with var
(b) TGA thermogram derivative curves.
of soft segment showed rather more heat of transi-
tion at the melting temperature, suggesting that
more ordered polymer package was obtained at
high percentage of PEG soft segment. Viewing from
the microcosmic level, in the process of phase
transition of HB-PUPCM, with the temperature
increasing, the molecular thermal movement of
PEG soft segment is quickening. It breaks away
from the bandage of intermolecular force. The crys-
talline perfection of PEG has been destroyed. So it
turns into amorphous state. But the amorphous
ious soft segment contents in N2: (a) TGA thermogram curves;
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PEG is connected with the hard segment. It can only
vibrate and rotate, but cannot translate freely. It
shows a special solid–solid phase change behavior.
So we can come to a conclusion that solid–solid
phase change of HB-PUPCM is the soft segment
PEG’s transition from a crystalline solid state to
an amorphous solid state essentially. The energy is
mainly obtained from the heat coursed by entropy
change between the low entropy crystal state and
high entropy amorphous state.

Table 3 shows the thermal properties of HB-
PUPCM with 80 SSC% after undergoing the heat-
ing–cooling cycle 100 times. Being subjected to this
heating and cooling 100 times did not change the
phase-change behavior, enthalpy, and phase-change
temperature of the sample, confirming the thermal
stability of the HB-PUPCM as a solid–solid phase
transition material.

At high temperature, polyurethane underwent
degradation first via decomposition of urethane
bonds, followed by breakage of the soft segment
phase [18,19]. Such degradation process could be
easily monitored by thermo-gravimetric analyses
(TGA) [20]. The thermal stability of PEG based
HB-PUPCM with different SSC% was also investi-
gated by TGA. The TGA thermograms are illus-
trated in Fig. 3 and the results are summarized in
Table 2. The degradation of HB-PUPCM is a
two-step process under the protection of nitrogen.
These degradation processes are clearly demon-
Fig. 4. WAXD profiles of the pure PEG6000 and H
strated in the thermogram derivative curves illus-
trated in Fig. 3(b). It is noted that the first
degradation temperature (T1) and the distinct deg-
radation temperature (T2) of the HB-PUPCM all
increase with decreasing PEG content, and confirm-
ing the thermal stability of the HB-PUPCM.

3.2. Crystalline morphology investigations

To reveal the morphology of HB-PUPCM,
WAXD patterns of pure PEG6000 and HB-
PUPCM are shown in Fig. 4. It is obvious seen that
pure PEG and HB-PUPCM show similar diffraction
curves on which diffraction angle and crystal plane
distance are nearly the same. It implies that they
have the same crystal structure and unit cell type.
In other words, crystal structure of PEG has not
changed by the procedure of polymerization. The
HB-PUPCM shows a lower diffraction peak height
and broader half-width pure PEG, which indicates
that its crystal particles of HB-PUPCM are smaller
and the crystallinity decreases.

The crystallization of soft segments was dis-
turbed pronouncedly in the PU, due to the hin-
drance of hard segments [21]. As shown in Fig. 4,
very similar diffraction curves appear for all poly-
urethane with various PEG SSC%, however the
intensity gradually decreases as decreasing the
SSC%. These suggest that the PEG in pure PEG
and HB-PUPCM have same crystal structure. The
B-PUPCM with various soft segment contents.



2938 Q. Cao, P. Liu / European Polymer Journal 42 (2006) 2931–2939
crystallization of PEG segments in the HB-PUPCM
was disturbed by the hard segment, which results in
the crystallinity of PEG segments decreases with the
increasing of percentage of hard segment in the HB-
PUPCM. These results are in good agreement with
the DSC results discussed above.

POM micrographs of pure PEG with Mn of 6000
and HB-PUPCM at 200 magnifications are showed
in Fig. 5(a) and (b). It is observed that both resul-
tant micrographs show obvious cross extinction pat-
terns, which is an indication that both of them are
crystalline and their crystal structures are spherulite.
In other words, crystal structure of PEG has not
changed by the procedure of polymerization. But
the spherulites size of HB-PUPCM is much smaller
than that of PEG, it indicates that the hard segment
confines the crystallization of PEG in HB-PUPCM,
and the crystalline perfection of PEG has been
destroyed.
Fig. 5. POM of samples: (a) PEG 6000 (at room temperature)
(b) HB-PUPCM (at room temperature).
To investigate the morphology in the transition
process, micro-morphology is recorded by POM in
a heating process. Under the transition temperature,
the spherulite has no change with the temperature
increasing; the spherulite starts to be destroyed
when the temperature reaches transition tempera-
ture. At last, the spherulite structure is destroyed
completely, and the visual field of POM is dark,
but no liquid is observed at the heating process,
which is indicated that the PEG soft segment has
been transferred from crystal solid to amorphous
solid. The transition is also proved to be a solid–
solid phase change.

AFM has been proved to be a valuable tool for
evaluating the surface features of the PU materials
and compositions in the surface topography.
Fig. 6 shows AFM images for HB-PUPCM with
70% and 80% PEG SSC respectively. The surface
roughness of both samples is measured and found
Fig. 6. AFM height images of HB-PUPCM films illustrating
surface morphological changes resulting from different SSC%.
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to be 100 nm for (70% SSC) and 50 nm for (80%
SSC). The hard segment domains in (70% SSC)
are larger than that in (80% SSC).

For a moderate force image, the high height cor-
responded to low modulus; therefore, the lighter
height image was richer in polyurethane, while the
darker height image corresponded to the hard seg-
ment. We used a conventional interpretation of
modulus-sensitive height images at light tapping
where the lighter color portions were assigned to
the crystallites of PEG soft segments. The AFM
image reveals the connected PEG soft segment
domains. Importantly, the AFM image of HB-
PUPCM showed the existence of crystallites. This
was in general agreement with the DSC, WAXD
and POM results. The crystallization of the PEG
was disturbed with the increase of hard segment
content in the HB-PUPCM.

In Fig. 6, spherical phases in (70% SSC) can be
observed that separate from the continuous phase.
The spherical phase is attributed to the MDI-H20
aggregate. On the other hand, the AFM micrograph
of the HB-PUPCM with 80% SSC showed a more
continuous structure. Therefore, from the AFM
result, it also can be concluded that the PEG con-
taining segmented polyurethane with low PEG con-
tent forms a spherical morphology (hard segment
domains). On the other hand, a co-continuous mor-
phology forms when the PEG content is high
(P80%).

4. Conclusions

The HB-PUPCM possessed typical solid–solid
phase transition property. The reversible phase
transition between amorphous and crystalline of
the soft PEG segment accounted for the good
energy storage behavior of HB-PUPCM. The hard
segment in HB-PUPCM, severing as skeleton,
restricted the free movement of the molecular chain
of PEG at high temperature, thus HB-PUPCM
could keep its solid state in the transition process-
ing. The latent heats, phase transition, and thermal
stable property of HB-PUPCM could be adjusted
through the control of the proportion of compo-
nents. By changing the weight percentage of PEG,
the HB-PUPCM would have different enthalpies
and different transition temperature. HB-PUPCM
could be used as a new kind of solid–solid phase
change materials for thermal energy storage and
temperature control. It has a great potential for
thermal energy storage applications.
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