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Abstract—Nanocapsules containing hexadecane and Fe;O, magnetic nanoparticles as core materials and
polystyrene as shell were produced in a new method through emulsifier-free miniemulsion polymerization
using 2,2'-azobis(2-amidinopropane) dihydrochloride (V-50) as a water-soluble initiator. The effect of some
parameters such as the amounts of Fe;O, and initiator on morphology of resulting nanocapsules was studied.
Transmission electron microscopy showed that the products had latex particles having a size range of about
300—1300 nanometer and both magnetic nanocapsules with core—shell morphology and solid particles. The
phase transition temperature and phase transition heat of the produced capsules were determined by differ-
ential scanning calorimetric analyses. Thermal properties of the latex were compared with those of magnetic-
particles-free latex and with those of latex free of both magnetic particles and hexadecane. Thermogravimet-
ric analysis was also used to confirm the encapsulation and to determine the amounts of hexadecane and

Fe;0,4 within the capsules.

INTRODUCTION

In the Ilast decades, polymeric nanocapsules
(core—shell particles) with encapsulated liquid or solid
materials have caused increasing attention due to the
widespread applications of such nanocapsules as con-
trolled and persistent drug delivery systems in pharma-
ceutical products [1, 2], protecting light-sensitive ma-
terial devices [3], functional textiles, liquid crystals,
adhesives, insecticides, cosmetics, food, catalysis,
spice and dye dispersion industries [4—10].

Among several techniques for the preparation of
core—shell particles like two-stage seeded emulsion
polymerization [11], interfacial polymerization [12]
and solvent evaporation [13], the miniemulsion proc-
ess has proven to be highly efficient for the encapsula-
tion of solid and liquid materials [14].

Miniemulsion polymerization is therefore particu-
larly attractive for the encapsulation reaction of any
compound that can be satisfactorily suspended into
the monomer phase [15, 16]. In the present work, we
report our preliminary investigations of the prepara-
tion of nanocapsules with core (Fe;O, magnetic nano-
particles and hexadecane)-shell (polystyrene) mor-
phology. Magnetic polymeric particles have been sug-
gested for a variety of applications, especially in
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biological field, such as cell separation [17], site-spe-
cific drug delivery [18, 19], and tissue engineering [20]
and nucleic acids concentration [21].

Among the magnetic materials with suitable prop-
erties, magnetite is the only one that has so far been al-
lowed for use in humans. It is the only magnetic mate-
rial which is known to be biocompatible, without rele-
vant toxicity in the applied dosing range [22]. It has
been shown that magnetite nanoparticles produce
enough heat in an alternating magnetic field to be ap-
plied in hyperthermia treatment [23].

To improve the properties of the magnetite nano-
particles with regard to iron leakage and aggregation or
coagulation, the magnetic nanoparticles can be effi-
ciently encapsulated in a hydrophobic polymer shell
[24, 25]. This encapsulation ensures that the shell is
not washed off in hydrophilic media, which would re-
sult in sedimentation and aggregation of the magnetic
core particles. At the same time, high magnetite con-
tents and uniform distribution of magnetite in the
polymer can be achieved [25]. The polymer chosen for
encapsulation in the studies discussed here is polysty-
rene, because it is cheap, well-known and can easily be
functionalized by copolymerization [26].

Nanocapsule size is usually smaller than 103 na-
nometer [27]. The approach to the synthesis of nano-
capsules described below is based on the principle of
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Fig. 1. TEM micrographs of the used Fe;O,4 nanoparticles.

emulsifier-free miniemulsion polymerization. Up to
now, this kind of process has not been used for the
preparation of magnetic nanocapsules.

In this work, encapsulation of magnetite nanopar-
ticles and hexadecane with polystyrene was carried out
using a new method based on emulsifier-free mini-
emulsion polymerization in the presence of 2,2'-azo-
bis(2-amidinopropane) dihydrochloride (V-50) as a
cationic ionizable water-soluble initiator and magnet-
ic polymeric nanocapsules were synthesized and char-
acterized by TEM, DSC and TGA.

EXPERIMENTAL PART
Materials

The styrene and hexadecane were purchased from
Merck Chemical Co. The styrene was purified by dis-
tillation under vacuum. The initiator, 2,2'-azobis(2-
amidinopropane) dihydrochloride as V-50 was sup-
plied by Organic Acros Co., stored at 4°C and used
without further purification. The water was twice dis-
tilled. Oleic acid-coated magnetite nanoparticles with
an average diameter of about 10 nm (Fig. 1) and con-
taining 21.79 wt % of oleic acid were produced in our

Table 1. Recipes used in emulsifier-free miniemulsion
polymerization

B[ s [ 1ot o o, A
M1 6 6 0.2 0.05
M2 6 6 0.2 0.2
M3 6 6 0.2 0.3
M4 6 6 0.2 0.5
R1 6 6 0.1 0.3
R2 6 6 0.15 0.3
\% 6 6 0.2 0
K 6 0 0.2 0
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lab according to Reference [28], via coprecipitation of
Fe*3 and Fe*? ions in the presence of ammonium hy-
droxide and oleic acid.

Miniemulsion Polymerization

The procedure for preparation of magnetic nano-
capsules with core (Fe;O, magnetic nanoparticles and
hexadecane) — shell (polystyrene) morphology via
emulsifier-free miniemulsion polymerization was as
follows.

Various amounts of hydrophobic Fe;O, magnetic
nanoparticles, were dispersed in 6.00 g of styrene
monomer and these mixtures were sonicated for 50 s to
obtain a homogenous dispersion. The resultant stable
oil-based dispersion was added to 100 mL of double
distilled water containing various amounts of 2,2'-azo-
bis(2-amidinopropane) dihydrochloride (V-50) as an
initiator and 6 g of hexadecane. Then the mixtures
were sonicated again at 90% output (400 W) for 15 min
under argon. During sonication, the temperature of
the mixture increased up to around 70—80°C and to
prevent the evaporation of the mixture contents, the
container was equipped with a condenser. After that,
the miniemulsion obtained was polymerized in water
bath at 70°C for 6 h. The used recipes for the emulsi-
fier-free miniemulsion polymerizations are given in
Table 1 (experiments M1—M4 and R1—R2).

Experiments V and K corresponded to emulsifier-
free miniemulsion polymerization of styrene contain-
ing no magnetite and emulsifier-free miniemulsion
polymerization of styrene free from magnetite and
hexadecane, were carried out to compare them with
M -series experiments. A CEM 902A ZEISS transmis-
sion electron microscope was used. Samples were pre-
pared by placing a droplet (1 pL) of polymer disper-
sion, along with a droplet of water, on a copper grid
covered by formvar foil (200 mesh), dried and ana-
lyzed. Thermal properties of the dried samples were
analyzed by TGA (TGAQS50, TA Instruments) and
DSC (DSCQI100, TA Instruments) at 20°C/min and
10°C/min for heating rate, respectively, under inert
gas of Ar.

RESULTS AND DISCUSSION

Magnetic nanocapsules with core (Fe;O, magnetic
nanoparticles and hexadecane)—shell (polystyrene)
morphology were prepared via emulsifier-free mini-
emulsion polymerization method using a cationic wa-
ter soluble initiator (V-50).

Based on the theories and experimental data, a suc-
cessful polymer encapsulation of iron oxide particles
via miniemulsion polymerization requires these parti-
cles to be well dispersed in the monomer before emul-
sification to be accommodated within the droplets.
Since Fe;O, nanoparticles are hydrophilic and styrene
is a hydrophobic monomer, the polarity difference be-
Ne 2
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Fig. 3. TEM micrographs of the latexes produced in Exp. M3 (A, B) and M2 (C, D).

tween them makes it difficult to disperse iron oxide
nanoparticles in styrene without aggregation and
phase separation. To improve dispersion, a surface
treatment with oleic acid was performed to increase
the hydrophobicity of the Fe;O, nanoparticles. The
average particle size of magnetite prepared in the
present study was about 10 nm, which has been esti-
mated by TEM (Fig. 1).

The processes of preparing the magnetic nanocap-
sules proceed via three stages as described in Experi-
mental Part. To examine the effect of various amounts

BBICOKOMOIJIEKVJIAPHBIE COEAMHEHUA  Cepus A

of magnetite and initiator on the morphology of the
magnetic nanocapsules, a series of miniemulsions
were prepared. The hexadecane level was kept con-
stant while the amounts of magnetite and initiator
were changed (0.05, 0.2, 0.3, 0.4, and 0.5 g for mag-
netite and 0.1, 0.15, and 0.2 g for initiator). Subse-
quent polymerization of the prepared miniemulsion
led to production of opaque light brown latex and
showed significant encapsulation of hexadecane and
Fe;0, within the capsules. TEM micrographs of the
latex particles obtained from these experiments
Ne 2
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Fig. 4. TEM micrograph of the capsule produced in
Exp. M1.

showed that the products had a size range of about
300—1300 nm and contained both magnetic capsules
with core—shell morphology and PS solid particles as
it is shown in Fig. 2. All particles are spherical in
shape. The magnetite particles are visible as dark spots
inside the spherical polystyrene capsules.

The TEM micrographs show that the encapsula-
tion of the magnetic iron oxide in the polymeric cap-
sules is complete; neither free magnetite nanoparticles
nor magnetic-free polystyrene capsules were observed
in Exp. M4 while TEM micrographs of Exp. M1—M3
showed that there were some polymeric capsules
which did not have any magnetite (Figs. 3, 4). It may
be related to incomplete dispersion of the magnetite
within the styrene monomers.

MOHAMMAD MADANI u ap.

To measure the size of the particles, a number of
about 100 latex particles (from the TEM micrographs)
were counted to calculate the d, as number average
(Zn,d,/Zn;) where d;is diameter of latex particles and »;
is the number of polymer particle with d; in diameter
[29]. For M4 and M2 latexes, the d, are 612 nm and
484 nm, respectively.

The distribution of the magnetite within the poly-
styrene capsules was quite heterogeneous. Although
the magnetite particles were distributed apparently
uniformly in the starting styrene system, they segregat-
ed and accumulated at one side of capsules during the
miniemulsion preparation or the subsequent polymer-
ization.

The magnetic emulsion is visibly brown and homo-
geneous. When the external magnetic field was applied
to M2 latex, the magnetic latex was separated from the
bulk emulsion. We also investigated the morphology of
the latex particles of the prepared layer of the emulsion
after magnetic separation for M2 latex, as shown in
Fig. 5(A, B). In the layer of the emulsion after magnet-
ic separation, there were only latex particles with
Fe;0, nanoparticles.

To study the effect of initiator concentration on
morphology of the latex, the experiments R1 and R2
were carried out. Polymerization of these miniemul-
sions led to two phase solution: hexadecane and mag-
netite at the oily phase in the top layer and the latex at
the aqueous phase in the bottom layer. The primary
suggestion of the fact would be that there was no signif-
icant encapsulation of hexadecane and Fe;O, within
the capsules. The result was confirmed with TEM mi-
crographs of the R1 and R2 latex. As shown in

Fig. 5. TEM micrographs of the latexes produced in Exp. M2 after magnetic separation (A, B) and of the latexes produced

in R-experiments (C, D).
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Fig. 6. TEM micrographs of the latexes produced in
Exp. V.
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Fig. 8. TGA thermographs of the latexes produced in K, V
and M4 experiments, curves a, b, and ¢, respectively.

Fig. 5(C, D) there was no complete encapsulation;
some of the capsules were defective. This fact may be
related to insufficient amount of initiator for produc-
ing the magnetic capsules.

The best encapsulation of magnetite and hexade-
cane within the PS capsules were obtained in Exp. M4
where the amount of magnetite in the monomer was
0.5 g (8.3% of monomer) and the amount of initiator
was 0.2 g (3.3% of monomer). In M4 latex there were
magnetic PS capsules with high magnetite loading and
solid PS particles.

By decreasing the amount of magnetite from 0.5 g
to 0.05 g the loading of magnetite within the capsules
decreases.

For comparison, TEM micrographs of the Vand K
latexes are shown in Fig. 6 and Fig. 7, respectively.

Thermal properties of the produced latexes were
investigated using DSC and TGA analyses (Table 2).
The magnetite content of the magnetic latex could be
estimated by thermogravimetric analysis under an ar-
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Fig. 7. TEM micrographs of the latexes produced in
Exp. K.
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Fig. 9. DSC thermographs of the latexes produced in K, V
and M4 experiments, curves a, b, and ¢, respectively.

gon atmosphere to minimize the mass increase due to
iron oxidation. Herein, the polymer was completely
decomposed at temperatures above 500°C and the
magnetite content of the magnetic capsules was mea-
sured to be 5.6 wt % for M4 capsules (curve ¢ in Fig. 8).
Curves b and a are TGA thermographs of V and K la-
texes, respectively, and show less than 0.7% residue at
600°C.

In TGA thermographs of the M4 and V latexes
there are two weight losses: the first in the range of
100—250°C, which is related to hexadecane evapora-
tion and shows the proportion of hexadecane in the
capsule (50.76% for M4 magnetic capsules and
52.71% for V capsules) and the second weight loss at
about 300—450°C, which is related to PS destruction.
In curve a, there is only one weight loss for PS decom-
position.

DSC thermographs of the experiments M4, V, and
K Iatexes (curves a, b, and c, respectively) are also giv-
en in Fig. 9. Curves b and ¢ show that the products
Ne 2
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Table 2. Heat of fusion for hexadecane, proportion of hexa-
decane, and residue amount of M4, V, and K latexes

. Heat of fusion Proportion Residue
Experi- of hexadecane
ment for hexadecane in the capsules amounts
in DSC, J/g from TGA, % in TGA, %
M4 94.4 50.76 5.62
\Y 102.2 52.71 0.34
K — — 0.65

have two phase changes: the first for hexadecane melt-
ing over a temperature range of 6—22°C and a latent
heat of fusion 102.2 J/g for V latex and 94.4 J /g for M4
latex (note that the melting point of hexadecane is
about 18°C) and the second small peak at about
100°C, related to the glass transition of polystyrene.
As can be concluded from the heat of fusion in DSC
analyses and the residue up to 300°C in TGA, the
amounts of hexadecane within the M4 capsules are
less than those within the V capsules due to the pres-
ence of magnetite nanoparticles within M4 capsules.

CONCLUSIONS

Stable magnetic nanocapsules with high magnetite
loading were prepared via emulsifier-free miniemul-
sion polymerization. The best encapsulation of mag-
netite and hexadecane within the PS capsules were ob-
tained where the amounts of magnetite and initiator in
monomer were 8.3% and 3.3% of the monomer, re-
spectively. The existence of magnetite and hexadecane
in the capsules was proven by TEM, TGA, and DSC
analyses. The capsules had a size range of about 300—
1300 nanometers in diameter and the magnetite load-
ing was reduced by decreasing the amount of magne-
tite in the starting monomer system.
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