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Introduction

Phase change materials (PCMs) are one of the most
important functional materials that can absorb, store, and
release large amounts of latent heat over a defined tempera-
ture range when undergoing phase or state changes, and
have attracted great attention from both scientific and indus-
trial communities.' The bulk PCMs cannot easy to handle
in practical application because of the supercooling problem
and interfacial combination with the circumstance materi-
als, although they can provide high latent heat. Encapsula-
tion of functionally active materials in hollow microspheres
is an attractive way of storing. It can protect these active
materials from reaction towards the outside environment
when required for fulfilling appropriate applications. There-
fore this method may offer a solution to these problematic
limitations.

Polypyrrole (PPy) is not only an important component of
conjugated polymers due to its usability in a wide range of
applications, but also one of the most studied conducting
polymers because of its higher conductivity and better envi-
ronmental stability in the conductive (oxidative) state than
any other conducting polymer. PPy can be easily prepared
by chemical oxidative and electrochemical polymerization.
In a chemical oxidative polymerization, (NH,),S,0s, H,O,,
and many kinds of salts containing transition metal ions,
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e.g., FeCl; or CuCl,, are generally used as oxidants. It is
important to improve the process ability, conductivity, and
environmental stability of PPy for the wide range of appli-
cations in various fields.*

PCMs have been synthesized using n-octadecane as a
core and polyurea as a shell by many researchers.”” The
techniques used to synthesize the PCMs, however, have sig-
nificant drawbacks of being expensive, time-consuming due
to the multi-step procedure and low electrical or thermal
conductivities. To best of our knowledge, there were no reports
on the synthesis of PCM-PPy core-shell nanocapsules by
Fe**-catalyzed oxidative polymerization in the literature.® In
this work, we have proposed a facile method for preparing
PCM-PPy core-shell nanocapsules via Fe*"-oxidative poly-
merization in miniemulsion system. This facile method includes
a FeCly/H,0, (catalyst/oxidant) combination system as oxi-
dants.

Results and Discussion

A scheme for the formation of PCM-PPy core-shell nano-
capsules is given in Scheme I. The fabrication was performed by
Fe**-catalyzed oxidative polymerization in miniemulsion
system.’” In this polymerization, long chain alkane or alco-
hol is usually used as the hydrophobic material. The PCM
(n-octadecane) used in this work is a long chain alkane, which
was utilized as hydrophobic core material. The PCM-PPy
droplets and cetyl alcohol were dispersed in an aqueous
medium under vigorous agitation. Other water-soluble com-
ponents, such as sodium dodecyl sulfate (SDS), 1-dodecanol,
H,0, and FeCl; are dissolved in the aqueous phase. Pyrrole
(Py) monomer of PCM-PPy core-shell droplets was poly-
merized by the Fe*'-catalyzed oxidative polymerization in
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Scheme 1. A schematic illustration for the preparation of PCM-
PPy nanocapsules.
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Figure 1. Detailed reaction mechanism of PCM-PPy nanocapsules
via Fe**-catalyzed oxidative polymerization.

the aqueous medium.

Figure 1 shows a proposed mechanism for the Fe**-cata-
lyzed oxidative polymerization of Py during the formation
of PPy shell. As polymerization proceeds, Py oligomer chains
continue to grow up by the oxidation reaction with Fe** at
the surface of pre-existing droplets and consequently, PPy
becomes the shell of the core-shell nanocapsules. Mean-
while, Fe*" ions are regenerated by H,0O, and the shell is
replenished by diffusing Py monomers from the inner-core
phase. During the polymerization, the oxidative polymer-
ization takes place at the nanocapsule surface. The enrich-
ment of Fe** ions at the capsule surface can be rationalized
by the ionic attraction between sulfate (OSO;-) groups and
Fe** ions. Eventually, PPy gradually solidifies on the shell
portion and become hard shell. Consequently, PCM-PPy core
shell nanocapsules can be successfully formed.*'*!!

We present scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of the PCM-
PPy microcapsules prepared by using Fe**-catalyzed oxida-
tive miniemulsion polymerization in Figure 2(a)-(d). In the
preparation, PCM was varied from 10 to 40 wt% per Py
monomer. All samples showed more than 95% Py conversion,
measured by gravimetric method. The PCM-PPy nanocap-
sules had spherical morphology and they were well dispersed
in aqueous medium. The TEM images for corresponding
samples were illustrated in each SEM image. As shown in
the insets of Figure 2(a)-(d), the shell and core parts of the
nanocapsules show different contrast, confirming core-shell
morphology. The proportion of encapsulated PCM has an
effect on nanocapsules size. Gradually inner PCM was
increased PCM-PPy core-shell nanocapsules was bigger than
few ratio PCM samples. This is due to the presence of PCM core
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Figure 2. SEM and TEM (inlet) images of PCM-PPy nanocap-
sules prepared with ratio control of PCM weight percent. PCM
ratio (per Py monomer) and particle size of the PCM-PPy nano-
capsules: (a) 10 wt%, 830 nm; (b) 20 wt% 912 nm; (c) 30 wt%,
950 nm; and (d) 40 wt%, 1150 nm. (e-h) each was particle size dis-
tribution.

material in the core part of the PCM-PPy core-shell nano-
capsules. Figure 2(e) the particle size distributions of the
PCM-PPy nanocapsules seem quite broad. The number aver-
age sizes of the individual PCM-PPy core-shell nanocap-
sules significantly increased from 470 to 1150 nm.

In order to confirm core/shell morphology of the nano-
capsules, n-octadecane in core part was extracted by using
petroleum ether prior to SEM analysis and the SEM images
were illustrated in Figure 3. As shown in Figure 3(a)-(d), the
nanoparticles shriveled as a result of empty cores (n-octade-
cane) and thin sheath (PPy).

Figure 4 shows DSC curves of the PCM-PPy core-shell
nanocapsules upon heating/cooling cycles. Energy storage/
release capacities of the PCM-PPy core-shell nanocapsules
and encapsulation efficiency were calculated by DSC analysis
program. The integration of DSC curve for PCM 30% sam-
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Figure 3. SEM images of PCM-PPy nanocapsule sheaths after
dissolusion in petroleum ether.
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Figure 4. DSC curves of PCM-PPy core-shell nanocapsules.

ple upon heating from10 to 150 °C at two cycles revealed
that the latent heat of PCM-PPy nanocapsules are approxi-
mately 33.3 J/g (usually, this should indicate crystallization
enthalpy).

The encapsulation efficiency (%, EE) of the PCM-PPy
nanocapsules is expressed as:

EE (%)=WAi x 100(%) (1)

WOXAHO

s

Where AH, is the crystallization enthalpy of nanocapsules,
AH, is the crystallization enthalpy of pure n-octadecane, W,
is the weight of n-octadecane encapsulated, 17, is the weights
of n-octadecane and Py monomer in the feed. The EE and
AH, of the nanocapsules were 2.84%, 4.2 J/g at 10 wt% of
PCM, 10.64%, 5.31 J/g at 20 wt% of PCM and 34.7%, 14.83
J/g at 30 wt% of PCM, respectively. The EE values of PCM-
PPy nanocapsules were summarized in Table I. The EE and
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Table 1. Encapsulation Efficiency of the PCM-PPy Nanocap-
sules

PCM Weight Percent per Pyrrole  Encapsulation Efficiency

(wt?o) (%0)
10 2.87
20 10.64
30 30.83
40 23.59

AH, of the nanocapsules were increased with increase of
amount the PCM weight from 10 to 30 wt%.'>'* The results
would imply that the colloidal stability of PCM-Py droplets
was maintained during the oxidative polymerization up to
30 wt% of PCM. The factors that would be noticeable can
be thermodynamic aspect concerned with interfacial tension
between PCM and shell polymer. Interfacial tension between
oil droplets and water phase is reduced during polymeriza-
tion." Therefore, the polymer can be separated from the oil
droplet containing PCM. The possibility of encapsulation
has been predicted from spreading coefficients and interfa-
cial tensions.

Regarding electrical conductivity of the nanocapsules, sheet
resistance (€¥/sq) was measured by using standard four-point
probe technique at 20 °C. As seen in the Figure 5, sheet
resistance of the PCM-PPy nanocapsules slightly increased as
PCM proportion increased from 0 to 30 wt%, i.e., the larger
amount of PCM in the PCM-PPy nanocapsules resulted in
the higher sheet resistance of the PCM-PPy nanocapsules.
When the content of the PCM was increased from 10 to 30
wt%, the encapsulation efficiency was also increased. How-
ever, PCM 40 wt% or more in the presence of excess of PCM
does not go to the core of the nanocapsules. Excess PCM
acts as a kind of insulator between nanocapsule. When the
PCM weight percent was 40 wt% more, sheet resistance also

-
L]

-
-
"

-
o
L

Sheet Resistance (x10" Q /square)
w

B T T T T T
0 10 20 30 40

n-Octadecane (wt%)

Figure 5. The sheet resistance of PCM-PPy nanocapsules con-
trolled by PCM ratio control.
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dramatically increased. It showed that PCM was not com-
pletely encapsulated and was located on the PCM-PPy
nanocapsules surface and caused increased sheet resistance.
When the PCM weight percent was 0, 10, 20, 30 and 40%,
the sheet resistivity of the corresponding PCM-PPy core
shell nanocapsules was 3.4x10°, 6.9x10°, 8.6x10°, 4.7x107,
and 7.1x10" /sq, respectively.

In summary, we demonstrated that the PCM-PPy core-shell
nanocapsules were successfully prepared by using Fe**-cat-
alyzed oxidative polymerization by miniemulsion process
in aqueous medium. The morphology of particle was con-
firmed by SEM and TEM analyses. The particle size distri-
bution and the heat capacity of PCM-PPy nanoparticle were
analyzed by DLS and DSC, respectively. When the concen-
tration of PCM core material was increased from 10 to 30
wt%, the encapsulation efficiency of the PCM-PPy nano-
particles was increased, but it was decreased when it was 40
wt% and above. The sheet resistivity of HCI-doped nano-
capsules was 107 Q/sq at 30 wt% PCM concentration. This
new strategy is universal for the synthesis of many other
conjugated materials and this approach suggests a new syn-
thetic direction for the PCM-conducting polymer core-shell
nanocapsules by oxidative miniemulsion polymerization.
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