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ABSTRACT:

Polymeric capsules of a rod-like shape were prepared by depositing a poly(methyl methacrylate) or

polystyrene thin layer onto the surface of calcium carbonate whisker via emulsion polymerization. The obtained core/

shell capsules were also converted to hollow capsules by dissolving the core material in a hydrochloric acid solution.
The average thickness of the outer shell (polymer layer) ranged from 29 to 72 nm. The glass transition temperatures
Ty’s of the outer shell were almost identical to those of the bulk both for the core/shell and hollow capsules in contrast
to the results for ultrathin polymer films, which have been reported to show significantly different 7, from the bulk

value. [DOI 10.1295/polymj.37.434]
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Recently, development of nano-sized capsules and
core/shell particles is a topic of growing interest in
nanotechnology and in biomedical applications to
such as drug delivery system, hyperthermia with
nano-sized magnetic particles, and so forth. Extensive
studies have been done to fabricate core/shell and
hollow capsules by using various techniques such as
micellar formation of block copolymers,'? seed emul-
sion polymerization,>* and layer-by-layer deposition
of polyelectrolytes.® On the other hand, the dynamics
of nano-sized polymers have been revealed to be quite
different from that of a bulk material, which may be
due to anomalous dynamics near an interface and/or
to the confinement effects.”” Moreover, the thermal
property of nano-sized polymers has been revealed
to depend on their geometry: the glass transition tem-
perature T, of a polymer thin film of which the thick-
ness is less than 100 nm depends significantly on the
film thickness,”!' while microspheres of polystyrene
of which the diameter is 40-500 nm exhibit a 7, al-
most identical to the bulk 7,.'>!3 It is intriguing and
important to investigate thermal properties of nano-
sized particles with various geometrical shapes such
as non-spherical capsules.

In this study, we prepared novel core/shell and hol-
low capsules using calcium carbonate whisker with a
rod-like shape as a template. Emulsion polymerization
of methyl methacrylate or styrene was performed in
the presence of calcium carbonate whisker particles,
whereby thin polymer layer of poly(methyl methacry-
late) (PMMA) or polystyrene (PS) was deposited onto
the surface of the calcium carbonate whisker parti-
cles.!* The obtained core/shell particles were further
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converted to hollow particles by removing the core
(calcium carbonate) by treating with hydrochloric
acid. The morphology and thermal property of the
samples thus prepared were investigated by transmis-
sion electron microscopy (TEM) and differential scan-
ning calorimetry (DSC).

EXPERIMENTAL

Preparation of Polymeric Capsules

Methyl methacrylate and styrene were distilled un-
der reduced pressure. Calcium carbonate whisker
(BS-P) was supplied by Maruo Calcium Co. The
whisker was treated with phosphoric acid to produce
very thin layers of calcium phosphate on the surface;
the diameter of the particles ranged from 300 to
600 nm, and their length ranged from 1.0 to 3.0 um.
First, a monomer emulsion mixture was prepared
which consisted of 15g of monomer (methyl metha-
crylate or styrene), 0.14 g of laurylbenzenesulfonic
acid sodium salt, 0.47 g of 2-hydroxymethyl methacry-
late, 0.04 g of methacrylic acid 3-(trimethoxysilyl)-
propyl ester,’” and 3.1g of distilled water. Into a
four-necked flask was placed 12 g of BS-P, 0.228 ¢
of laurylbenzenesulfonic acid sodium salt, and 200 g
of distilled water, and the mixture was heated to
80°C with stirring at 400 rpm. Emulsion polymeriza-
tion was then started by adding peroxodisulfate (1.0-
1.5mL of a 10 wt % aqueous solution) and the mono-
mer emulsion mixture prepared above very slowly to
the flask for 45 min under constant stirring (400 rpm)
at 80°C. The reaction proceeded further for 3h at
80°C, and then, the mixture was cooled to 55°C,
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followed by adding a very small amount of sodium
formaldehydesulfoxylate in order to complete the
polymerization reaction. After the solution was cooled
to 25 °C, particles of BS-P whisker coated by polymer-
ized material (core/shell particles) precipitated sponta-
neously, while polymer particles (microspheres) with-
out the BS-P core still remained suspended. The
precipitate was separated carefully by filtration, wash-
ed with distilled water several times, and dried in
vacuum for 72 h at room temperature.

The hollow capsules were prepared in the following
manner: 3.0g of the powder of core/shell particles
prepared above was dispersed in 75g of distilled
water by gentle sonication, and then, hydrochloric
acid was added with stirring to dissolve the core ma-
terial completely until the pH value became less than
1.0. The mixture was further stirred for 2h, and in-
soluble material was separated by filtration. The sep-
arated material was then washed with distilled water
several times until the pH value of the filtrate became
7.0. The yielded hollow capsules were then dried in
vacuum for 72h at room temperature. As reference
bulk samples, cast films were prepared from 5wt %
chloroform solutions of the hollow samples. The films
were dried under vacuum at 80 °C for 48 h. Molecular
weights of the polymerized materials were measured
by size exclusion chromatography using two 30cm
columns (TOSOH G2500 and G300), and the eluent
was THF (flow rate: 1 mL min~").

Analysis

Morphology and sizes of the obtained polymeric
capsules were examined by using a transmission and
scanning electron microscope Jeol JEM-2000FXII.
Here, the samples were observed directly on micro-
grids without any shadowing. We also performed
wide-angle X-ray diffractometry (WAXD) for the
obtained polymeric capsules by using a Rigaku
RINT2100 equipped with a 2kW Cu Ko source. DSC
measurements were done by using a power compensa-
tion type calorimeter PerkinElmer Pyris Diamond.
The temperature and heat flow were calibrated with
an indium standard. An ice—water bath was used as
a cooling system. All measurements were done in a
nitrogen atmosphere, and typical sample size was
12-20mg for the core/shell samples and 5-7 mg for
the hollow samples. The heating and cooling scans
were done at a scanning rate of 10 Kmin~!. We also
performed DSC measurements of step-scan mode,
which provides information essentially equivalent to
that obtainable by temperature-modulated DSC.!°
From the step-scan measurements, we evaluated the
thermodynamic effect (reversing specific heat) and
kinetic effect such as the hysteresis behavior (enthalpy
recovery at around Tg). In the step-scan measure-
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Table I. Molecular weights of the polymers
deposited on the surface of BS-P

M, M

(kg mol™") (kg mol~")
PMMA 28 173
PS 10 36

ments, we repeated a 2K step of heating that was
achieved with a rate of 5 Kmin~! followed by a tem-
perature holding segment. Detailed conditions for the
step-scan measurements were described elsewhere.!”

RESULTS AND DISCUSSION

Table I shows the molecular weights for the poly-
merized materials prepared in this study. The molecu-
lar weights are lower and their distributions are broad-
er (especially for PMMA) than those reported for
usual emulsion polymerization and theoretical predic-
tions.'®!? The probability of bimolecular reaction be-
tween radicals may be enhanced for our system com-
pared with the polymerization in small micelles (usual
emulsion polymerization): in the former system, poly-
merization proceeds in a relatively large volume near
the surface of the whisker.

Figures 1 and 2 show electron micrographs for the
prepared polymeric capsules of PMMA and PS, re-
spectively. The core part of the core/shell particles
(PMMA/BS-P and PS/BS-P) are contrasted as dark
parts due to the presence of calcium atoms. We see
that the surface of BS-P particle is covered with the
polymer fairly well for both PMMA and PS samples.
This was also confirmed by the DSC results as will be
described later. Yielding such core/shell particles
suggests that in the emulsion, BS-P particles were
preferably incorporated inside the micelle together
with the monomer. As for the hollow samples, we
see no dark core material inside the particles. WAXD
profiles for these hollow samples revealed no diffrac-
tion of calcium carbonate crystallite, thus, we con-
firmed that the core part was removed. This is also
supported by the DSC result (AC, values) as will
be shown later. Figure 3 shows scanning electron mi-
crographs for the obtained hollow capsules. Clearly
we can see a rod-like shape, which indicates that the
hollow capsules have not been collapsed after the
removal of the core.

The diameter of the obtained capsules and the
thickness of the outer shell (polymer thin layer) are
listed in Table II. The average values reported in this
table were obtained by sampling of a few hundreds of
particles. The values of the standard deviations for
both the diameter d and thickness of the outer polymer
shell [ are quite large indicating that considerable
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Figure 1. Transmission electron micrographs for (a) PMMA/
BS-P core/shell capsules, and (b) PMMA hollow capsules. The
shell part (PMMA) is pointed by an arrow in (a).

distributions exist. We can see that for all the samples,
[ is less than 100 nm. Note that the diameter for the
core/shell capsules is greater than that for the corre-
sponding hollow capsules. This suggests that some
structural relaxation or stress release in the polymeric
layer occurred when the core material was removed.
Note also that [ increases when the core material is re-
moved. This may be explained qualitatively by a sim-
ple geometric postulate that the smaller the diameter
of a tube is, the larger must be its thickness, if the total
mass is preserved. However, the data listed in Table II
are not quantitatively consistent with the above con-
sideration, i.e., the expected [ values are 54 nm for
PMMA hollow and 69nm for PS hollow. This may
be due to the large distributions in sizes as indicated
by the large standard deviation values.

Table III shows T, and AC, values obtained from
the step-scan mode of DSC. T, was evaluated as the
mid-point temperature, and AC, was evaluated as
the heat capacity jump at the evaluated 7,. The stand-
ard deviations for 7, and AC, values in this table
were estimated to be at most 2.0K and 0.02J g~ ! K™,
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(a)

(b)

Figure 2. Transmission electron micrographs for (a) PS/BS-P
core/shell capsules, and (b) PS hollow capsules.

(b)

Figure 3. Scanning electron micrographs for (a) PMMA hol-
low capsules, and (b) PS hollow capsules.

respectively, by executing multiple measurements.
PMMA/BS-P and PMMA hollow show 7, values
very similar to the bulk value, and this is also the case
for PS/BS-P and PS hollow samples. Note also that
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Table II. Diameter of the polymeric capsules and thickness
of the outer shell

d? o’ I o

(nm) (nm) (nm) (nm)
PMMA/BS-P 414 118 38 15
PMMA Hollow 322 112 72 32
PS/BS-P 443 154 29 11
PS Hollow 244 41 33 9

aDiameter of the capsule including outer shell. ®Standard de-
viation for d. “Thickness of the outer shell. 9Standard deviation
for [.

Table III. T, and AC, values obtained from the step-scan

mode of DSC
T, AC,
(°0) Jg'K™h
PMMA/BS-P 122 0.087
PMMA Hollow 121 0.290
PMMA Bulk 120 0.280
PS/BS-P 101 0.036
PS Hollow 99 0.283
PS Bulk 97 0.289

AC, values of the hollow samples are almost identical
to their bulk values, indicating that the core materials
have been removed almost completely. Considering
that the thickness of PS shell of the hollow capsule
is 33nm, the above result of 7, may be surprising
which is remarkably different from that for PS free-
standing thin films: reduction in 7, of at most several
tens of K from the bulk value has been reported for PS
free-standing thin films of 30 nm in thickness.’ On the
other hand, T, has been reported to increase from the
bulk value for PMMA thin films formed on a silicon
oxide substrate, which has been interpreted to be
due to a strong interaction with the substrate at the in-
terface.!’"** PMMA/BS-P and PMMA hollow show
almost the same T, (bulk T,), thus, for PMMA/BS-
P, T, may not be influenced by the interface between
PMMA and BS-P.

From the above results, we conclude that the pres-
ent capsules of both PMMA and PS show T, almost
identical to their bulk values. Similar result has been
found for PS microspheres with diameters of less than
100 nm.'? In this respect, the present polymeric capsu-
les show thermal properties similar to a spherical par-
ticle rather than to a thin film, suggesting that the
polymer chain configurations of the capsules are sim-
ilar to those of a microsphere rather than to a thin film.
However, it may be difficult to reconcile the present
results of T, with those obtained for thin films and mi-
crospheres simply by their geometric differences. Fur-
ther investigations on nano-sized polymer materials
with various geometries should be done to resolve this
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Figure 4. DSC traces obtained from the step-scan mode for
(a) PMMA hollow and (b) PS hollow. The solid curves indicate
reversing specific heat, and the dotted curves indicate non-revers-
ing heat flow.

problem.

Figure 4 illustrates DSC traces obtained from the
step-scan mode. Non-reversing heat flow for PMMA
hollow shows a slight endotherm around T, which is
an enthalpy overshoot due to structural relaxation be-
low T, (physical aging). On the other hand, PS hollow
shows a somewhat complicated curve of non-revers-
ing heat flow around T,. The curve may contain exo-
therms for certain structural relaxation during the scan
as well as the enthalpy overshoot (endotherm). Such
structural relaxations are probably associated with a
morphological change from the fine hollow particles
to the bulk state, whereby the large surface area of
the hollow particle is lost. Two or three exotherms
are observed around 7, for PS hollow, but the origin
of this multiple exotherm is not clear. From the total
area of these exotherms, we roughly estimated that
54% of the surface of PS hollow capsules was lost
through these exothermic processes. In this estima-
tion, we used the literature value of 35 x 1073 Jm—2
for the surface free energy of PS at 373K.2! As for
PMMA hollow, such morphological change is not
suggested from the observed DSC trace, but visual ob-
servation revealed that the sample after a DSC scan up
to 200 °C was completely bulk-like (the powder was
apparently melted). It is likely that for PMMA hollow,
the structural relaxation from a hollow capsule to a
bulk state upon heating occurs so slowly that no appa-
rent exotherm is observed. This slow relaxation for
PMMA hollow might be partially due to its higher
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molecular weight than for PS hollow (see Table I).

Surface coverage of the whisker particles with the
polymer shell can be roughly estimated from the di-
mensions of the particles (Table II) and AC, values
(Table IIT). The obtained values are 150% for
PMMA /BS-P, and 120% for PS/BS-P. These values
of exceeding 100% may be because of the broad dis-
tribution of both the layer thickness and dimensions of
the particles as shown in Table II, but the result at
least suggests that the surface of BS-P has been cov-
ered with the polymer shell fairly well. In the present
emulsion polymerization, we added a small amount of
methacrylic acid 3-(trimethoxysilyl)propyl ester and
2-hydroxymethyl methacrylate. These reagents are ex-
pected to couple with hydroxyl groups on the surface
of BS-P that have been treated with phosphoric acid.
With the latter reagent, a condensation reaction may
occur resulting in the formation of (polymer)-Si—-O—
(BS-P) linkage. The molar ratios of the two reagents
with respect to the monomer affect the surface cover-
age of the polymer,'* and in this study, the prepara-
tions were done with the optimized ratios that provide
good surface coverage.

CONCLUSIONS

In this paper, we have demonstrated that polymeric
capsules can be successfully prepared by using calci-
um carbonate whisker as a template core. Hollow par-
ticles can also be prepared by dissolving the core with
hydrochloric acid. The thickness of the outer polymer
shell was very thin (less than 100 nm). DSC measure-
ments have revealed that these very thin polymer shell
materials of both PMMA and PS show T;’s very sim-
ilar to those of the bulk samples. This may be surpris-
ing compared with the results of T, reduction reported
for thin polymer films with similar thicknesses. Di-
mensions (diameter and thickness) of the obtained
capsules in the present study have fairly broad distri-
butions. We are planning to refine the preparation
method in order to yield narrower size distributions.
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