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Preparation of Nanocapsules Containing Phase Change
Materials by Miniemulsion Polymerization

Keun Jin Oh', Dae-Su Kim', Jae Heung Lee” 1, Kil-Yeong C]‘l(}i:, and Changjin Lee”

ABSTRACT

Polystyrene nanocapsules containing octadecane as a core material were prepared by mini-
emulsion polymerization. The morphology and size of the nanocapsules were measured
with varying the surfactant concentration, content of initiator, core/shell ratio and content of
comonomer. The morphologies of the prepared nanoparticles were examined by a scanning
electron microscope, a transmission electron microscope and the core material was eonfirmed
by a differential scanning calorimeter. The particles below 70 nm in diameter were formed at
a high surfactant concentration. The size of the nanoparticles was not significantly affected
by the initiator content. With increasing the core/shell ratio and polar comonomer content,
the particle size and its distribution were increased.
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Introduction

The contrel of the morphology of small
particles has been an Important field in
polymer science, especially in latex parti-
cles because of having potential applica-
tions such as drug delivery svstem (DDS),
paper coatings, inorganic encapsulation,
cosmetics, ete."* Technology has devel-
oped such that a wvariety of structured
latex particles are available including core-
shell, microdomain, and interpenetrating
network particles. These advanced tech-
nologies have been based on a deepening
understanding the thermodvnamic and
the kinetic aspects of emulsion polvme-

rization. This ability to control a particle
morphology has enhanced significantly the
range of physical properties available in a
variety of application areas such as or-
ganic and inorganic encapsulations.
Nanocapsules are generally considered
as spherical, hollow structures with an
average diameter smaller than 1 um_l’-"ﬁ:
Recently 20 nm size hollow particles have
been made by using a cationic surfactant
through microemulsion pt}l}.—'mcriz;}l.ianm
To keep a stable dispersion, the capsule
surface is stabilized by surface charges or
by ad=orption of an amphiphile. The po-
tential value of nanccapsules has been
discussed for a wvariety of pharmaceutical
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applications, such as a medium for cont-
rolled release of calcitonin,'® for peroral
administrations of insulin.'” or as a part
of blood substitutes."™™ J. M. Kurner and
colleagues prepared the inert phosphores-
cent nanospheres as markers for optical
assays with using a coprecipitation phe-
nomenocn. which is very simple method, ™
Hollow latex particles can play a role as
synthetic pigments, which contribute to
the opacity of coatings by scattering light
and improve the gloss of paper coat-
ings.“z'm

The storage of thermal energy as latent
heat represents an attractive option to
thermal energy storage and thermal energy
insulator. A phase change material(PCM)
is able theoretically to change state at a
constant temperature and therefore store
large quantities of energy. PCM s
generally used after encapsulating with
urea, urethane. or melamine through in-situ
polymerization for preventing leak and
reducing contamination. Sizes of PCM
capsules available commercially are ze-
nerally in the range of 1100 ym.

Small capsules, especially nanoccapsules,
would pass readily through walls and
reduce light scattering, giving great ad-
vantages in medical applications, electrical/
electronic and optic  industries. Achieved
technologies thus will be useful for DDS
{drug delivery swystem), high-resolution
electronic inks, etc. The method for the
synthesis of nanocapsules described below
is based on the principle of miniemulsion
using the differences of interfacial tension
(golubility) and the phase-separation pro-
cess during polymerization te cbtain naneo
capsule morphology.

Miniemulsions are stable, submicron (50
~500 nm) sized dispersions prepared by
highly shearing a syvstem including mon-
omer, water, surfactant and co-surfactant
(highly water-insoluble) which is suppre-
ssing Ostwald ripening of droplets."*"

To obtain the small droplets later chang-
ed inte nanoccapsules by  miniemulsion
polvmerization, it is so important to
make a stable starting situation, small
primary droplet with a narrow droplet
size distribution, by using high shearing
tools. The encapsulation process initially
involves nucleating a droplet, well-mixed
hydrocarbon-monomer-initiator mixture,
being phase-separated during the polym-
erization. The phase- separated polymer
is considered the polymerization loci for
making nanocapsules.

In this study. a miniemulsion polyvmer-
ization was investigated to prepare nano-
capsules containing PCM. By the encap-
sulation process, it is possible to prepare
latex particles having highly hyvdrophobes
of PCMs with a facile control of a particle
diameter and morphology. The changes in
particle sizes are mainly investigated with
varving the surfactant concentration, in-
itiator content, core/shell ratio and como
nomer content.

Experimental

Materials

All chemicals and solvents used were of
analytical grade and used without further
purification. The monomers, styvrene and
acrylonitrile (AN), were purchased {rom
Junsei and Acros, respectively. The phase
change material {octadecane, m.p. @ 30°C)
was obtained from Aldrich. Sodium do-
decyl sulfate (SDS)(Fluka) and 2.2'-
azobisisobutyronitrile {AIBNHJunsei) were
used as a surfactant and an initiator,
respectively. Distilled water was of Milli-
@ quality (Millipore, USA- Bedford, MD).

Preparation

The nanoparticles were prepared by
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miniemulsion polymerization. A  3-neck
round bottom flask equipped with a me-
chanical stirrer, thermometer, reflux con-
denser, temperature controller, oil hath
and nitrogen inlet, was used as a poly-
merization reactor. The PCM was stored
in a convection oven at 35°C until use.
The monomers and PCM were mixed and
cooled at room temperature ito prevent
unexpected polvmerization, and then an
initiator was dissolved in the mixture.
The resulting mixture was added to a
solution of different contents of a sur-
factant in water, After the mixture was
stirred for 1 h with a magnetic bar,
miniemulsification was carried out by a
homogenizer (Ultra turax T25, KA La-
botechnik, Germany) at an rpm of about
13000 for 2 min. Prepared miniemulsion
was poured inte the reactor in an oil
bath and stirred with a half-moon blade-
tvpe impeller at 170 rpm. The reaction
temperature was increased to 70°C for 25
min, and kept for 3 h. To complete the
polymerization, the temperature was fi-
nally raised to 80°C for 10 min. and kept
for 1 h. The latex particle was separated

Table 1. Recipe for Nanocapsules Containing PCM

e
Figure 1. Schematic process of encapsulation.

by centrifugation at 5000 rpm for 15 min
after being diluted with ethanol. The par-
ticle was dried under vacuum at room
temperature overnight. A schematic des-
cription of he preparation method is given
in Figure 1., and a recipe for preparing
the nanocapsule is described in Table 1.

Characterization

The sizes of the particles were exam-
ined using scanning electron microscopy
(JEOL, JSM-8700F). A droplet of the
diluted ethanol seclution was dried on a

Sample Styrene(g) |Acrylonitrile(g)| Octadecane(g) | AIBN (wt%)™ | SDS (mM)”
NC-1 15 5 0.73 3.5
NC-2 15 5 0.73 T
NC-3 15 5 0.73 17.5
NC—4 15 5 0.73 35
NC-5B 15 a 0.37 17.5
NC-6 15 5 0.53 VI8
NC-T 15 b 1.46 17.5
NC-8 12.5 7.5 0.73 17.5
NC-8 10 10 0.73 17.5
NC-10 7.5 12.5 0.73 17.5
NC-11 5 15 0.73 17.5
NC-12 14.25 0.7Th 5 0.73 17.5
NC-13 12.75 2.25 5 0.73 17.5
NC-14 11.25 3.75 5 0.73 17.5

al based on monomer content, b} based on water content. ¢) water content is 50 g
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carbon mount and spulter-coated with
platinum. All samples were observed at
an accelerating voltage of 5.0 kV. The
particle diameter was calculated by mea-
suring that of at least 100 particles on
each photograph. The number averase
diameter (Dn) is calculated from the
following equation.™

Dy = EIN; Dy/EN;

where Ni and DX are the number and
diameter of particle 1. respectively.

Transmission electron micreoscopy (Carl
ZEISS, EM912] was used to confirm
whether nanocapsules were successfully
prepared or not. Samples were prepared
by allowing a dreplet in diluted ethanol
solution to dry on a carbon-coated grid.
All  samples were investigated at an
accelerating voltage of 50 kV.

Melting behaviors of encapsulated PCMs
were measured by a differential scanning
calorimeter (TA instrument, DSC 2910)
over a temperature range -20°C to 150°C,
at a heating rate of 10°C/min under N:
flow,

Results and Discussion

The effect of surfactant concentration

Miniemulsion polvmerization was per-
formed with varying a surfactant concen-
tration using styrene as a monomer [or a
shell material and octadecane as a core
material. The nanocapsule was success-
fully prepared by dispersion with high
shearing force followed by pelvmerization.
A well-defined spherical structure of the
particle was observed from TEMs as
shown in Figure 2. Dark regions due to
PCM are shown in the center area. The
particle morphologies will be discussed in
more detail in the following section.

Figure 2. TEM photographs of nanocapsules.
{a) NC-1, (b} NC-3
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Figure 3. DSC curves for verifying that nano-
capsules contain octadecane.

Figure 3 shows DSC curves for encap-
sulated PCM nanocapsules prepared in
this study, verifving that the nanocapsules
contain PCM that melts at around 30°C.

To obtain nanosized latex particles by
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)

Figure 4. SEM micrographs of nanoparticles pre-
pared with varying SDS concentrations.
(a) NC-1, (b} NC-2, (c) NC-3, (d) NC-&

miniemulsion polymerization, high concent-
ration of surfactants mav be needed to
reduce an interfacial tension and enhance
the emulsion stability of small mixture
droplets. Therefore, a series of miniemul-
sions were prepared in order to examine
the effects of the surfactant concen-
tration. The changes of morpholegies and
particle sizes (i.e., diameters) of nano-
capsules are shown in Figure 4 and
Figure 5. The particle sizes in Figure 5
were measured from SEMs in Figure 4.
With an increase in the concentration of
[SDS].y (simply the total moles of SDS in
the miniemulsion divided by unit velume
(L) of water) from 3.5 mM to 35 mM, the
average sizes of the particles were reduced
from 175 nm to 70 nm. These results suggest
that there is a strong dependence of the
particle sizes on the surfactant concen-
tration. With decreasing SDS concentra-
tion, the interfacial tension at the droplet/
water interface increases due to a lower
occupation by surfactant molecules. Com-
paring NC-1 with NC-4, it is observed
that the dispersity of particle size for
NC-4 is bigger than that for NC-1. The
increase in the surfactant concentration
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Figure 5, Particle size as a function of SDS con-

centration.

would lead often to bimodal distributions
for those monomer mixtures. In Figure
4(d), it is shown that there are some
smaller particles (10~50 nm) than average
particle size (70 nm). It is thought that
when this miniemulsion was polymerized,
particle formation did not occur predomi-
nantly by monomer droplet nucleation.
This is because the residual concentration
of the surfactant in the water phase
increases at higher surfactant concen—
tration and presumably led to another
mechanism of nucleation {(homogeneous
nucleation). Actually, in miniemulsion po-
lymerization, nucleation could take place
not only in the monomer droplets, but
also in the micelles and in the agqueous
phase (homogeneous nucleation),

The effect of initiator concentration

Another important factor in miniemulsion
polymerization is the concentration of
initiator that not only has a large in-
fluence on the interfacial properties of the
system, but also controls the dynamics of
polymerization and phase separation. Qil-
soluble initiator, for example. AIBN is
partitioned preferentially into a styrene
monomer droplet in the polymerization
system of this study and generates Lhe
free radical In a confined space. AIBN
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fe) (d)

Figure 6, SEM micrographs of nanoparticles pre-
pared with varying initiator contents.
(a) NC-5, (b} NC-6, (¢} NC-3, (d) NC-7

was used as an oil-seluble initiator in
this study. The AIBN content was varied
from 0.37 to 1.46 wt% hased on the monomer
content (see (a) NC-5, (b) NCO-6, l¢) NC-
3 and (d) NC-7 in Figure 6). Particle sizes
are slightly decreased from 103 to 80 nm
with increasing the initiator content as
shown in Figure 7.

From comparing Figure 5 with Figure 7,
it is seemed that the concentration of
surfactant is more effective for changing
the particle size than that of initiator.

The effect of core/shell ratio

The effect of core/shell ratios in the
styrene/octadecane system on the mor-
phologies of the nanosized encapsules was
investigated, IPigure 8§ shows scanning
electron micrographs for the nanocapsules
prepared with varving the core/shell ra-
tios. revealing a significant change in the
morphology of the nancparticle. Keeping
the surfactant concentration at 17.5 mM
and the initiater content at 0.73 wt%,
particles of about 90 nm were obtained as
shown in Figure 8 and Figure 4(c) when
the content of octadecane was less than

ad i F i

Irtiizr 2 rinrd ati
Figure 7. Particle size as a function of initiator
content.

(d} NC-11

Figure 8. SEM micrographs of nanoparticles pre-
pared with varying core/shell ratios.
(a) NC-8, (b) NC-9, (c) NC-10, {d) NC-11

() NC-10

50% . With increasing the core/shell ratio,
the particle size distribution becomes
broader. For the nanocapsules prepared
with more than 50% PCM content in
PCM/styrene, it was difficult to prepare
discrete spherical nanocapsules. On com-
parison of NC-8 and NC-9, the size of the
nanocapsules increased with increasing
the PCM content (see parts {a) and (b} of
Figure 8). When the octadecane content
was T6%. it was very difficult to obtain
the spherical nanocapsule. The increase
of the core content leads to a fragile
shell, that is, its extension to form an
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(@)
Figure 9. SEM micrographs of nanoparticles prepared with varying comonomer contents.
(a) NC-12, (b) NC-13, {c) NC-14

oil-filled capsule, resulting in an obstacle
in obtaining the particle powder by cen-
trifugation,

The effect of comonomer

A promising way to improve the per-
fection of the capsules is the addition of
a comonomer to the shell phase. In terms
of thermodynamics, Terza and Mason pio-
neered the study of the interfacial be-
havior of systems containing various types
of three mutually immiscible liquids.""
They proposed that two immiscible liguid
drops, designated as phase-1 and phase-
3, suspended in a third immiscible liquid,
phase-2, are brought into contact, result-
ing equilibrium configuration is readily
predicted from the interfacial tensions oy
and spreading coefficients, Si=gu-{as+
7). In terms of the convention o202
(5; <0}, pahse-1 is completely engulfed by
phase-3 when S:<{0 and S;>0: no enm
gulfing occurs when S:20 and S3< 0. and
Si. 8., 5340 leads to partial engulfing
and formation of 2-phase drops with three
interfaces the shapes of which can be
calculated. For simplicity it was assumed
that the final equilibrium state is deter-
mined solely by the three interfacial ten-
SIONS, ¢i2 611, 022

Torza and Mason's theory can be applied
to our study especially for this section.

To make more stable nanocapsule, namely,
complete engulfing phase, we can spec
ulate that spreading coefficient, a key
factor in determining the particle mor-
phology, is closely related to interfacial
tension. Let the phase-1 be the octadecane,
the phase-2 be water and the phase-3 be
the styvrene polvmer. We already know
that styrene and octadecane are highly
hydrophobic. Therefore, if styrene polymer
is modified with a more hydrophilic
meiety, o2 is always greater than other
interfacial tension, o7, o032, and thermo
dynamically favorable nanocapsule mor-
phology is obtained. Styrene-AN copoly-
mer is more probable as a shell polymer
compared with polystyrene because it
permits the preparation of core/shell par-
ticle with thinner wall."™ The efficiency
of the encapsulation of the octadecane in
the presence of AN is closely related to
the lowering of the interfacial tensions
and spreading coefficient in this mini-
emulsion system. Figure 9 shows that
with increasing AN concentration, particle
morphology is significantly changed. At
the 5 wt% of the AN in the shell phase,
the morphology shows uniform spherical
particles, but over 15% of AN, the size
and its distribution are considerably large
due to the increased affinity of shell
phase to water phase. Very large parti-
cles of about 1 wm in diameter were
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observed at 25% AN concentration.

Conclusions

In this paper. the synthesis of nano-
capsules containing PCM (octadecane) as
a core material was successfully performed
using miniemulsion pelymerization. The
nanocapsules were prepared from the
mixtures of styrene monomer and PCM
with warying the concentrations of sur-
factant and initiator, core/shell ratio and
comonomer content. In the case of vary-
ing the surfactant, the capsule size was
decreased to below 70 nm when SDS con-
centration was increased. With increasing
an initiator concentration, the particle
size was slightly reduced from about 100
nm to 80 nm. It was difficult to obtain
discrete spherical morphologies for the
nanocapsules with PCM content more
than 50%. With an addition of polar mon-
omer, AN into styrene shell phase, large
particles of about 1 pm in diameter was
obtained by miniemulsion polvmerization.
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