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The synthesis of spherical particles was attained by the direct self-assembly of poly[2-(perfluorooctyl)ethyl acrylate-random-acrylic
acid], P(POA-r-AA), and by the indirect self-assembly poly[POA-random-2-(dimethylamino)ethyl acrylate], P(POA-r-DAA), with
dicarboxylic acids in supercritical carbon dioxide (scCO2). The copolymers formed spherical particles with hundreds of nanometer
diameters in a heterogeneous state at pressures lower than the cloud point pressure. The formation of spherical particles was also
dependent on the temperature. The formation of spherical particles could be optimized through varying the solvent quality by the
manipulation of the CO2 pressure and temperature for the different copolymer compositions. The dynamic light scattering and
1H NMR studies demonstrated that the nanospheres had the micellar structures consisting of the CO2-philic POA shells and the
CO2-phobic AA or DAA cores including the main chain cores. The nanospheres produced the superhydrophobic surfaces based
on the water-proof shells of the POA units.

1. Introduction

Micro- and nanosized polymer particles have many indus-
trial applications, such as coating [1], painting [2], cosmetics
[3], adhesives [4, 5], and drug carriers [6, 7]. These spherical
particles are often prepared by heterogeneous polymeriza-
tions of suspension polymerization [8, 9], dispersion poly-
merization [10–12], and emulsion polymerization [13–15].
While such heterogeneous polymerizations have merits in
the simple procedure and particle size control, the poly-
merizations include problems in taking dozens of hours to
produce spheres and disposing the waste solvents.

Molecular self-assembly is also important to prepare
spherical particles and has advantages over the heteroge-
neous polymerizations in the spontaneous and environmen-
tally benign reactions through noncovalent bond interaction.
The self-assembly in supercritical carbon dioxide (scCO2)
has both the benefits combining its energy-saving reaction
and its environmental benefits of being nontoxic, odorless,
spontaneous, and volatile. The benefits also include the

industrial utilities of being recyclable and having mild crit-
ical conditions (31.1◦C, 73.8 bar). There have already been
publications on the self-assembly in scCO2; the micellization
of block copolymers, such as polystyrene-block-poly(1,1-di-
hydroperfluorooctyl acrylate) [16], poly(vinyl acetate)-block-
poly(1,1,2,2-tetrahydroperfluorooctyl acrylate) [17], poly
(vinyl acetate)-block-poly(1,1-dihydroperfluorooctyl acry-
late) [18–20], and poly(2-hydroxyethyl methacrylate)-block-
poly(1,1-diethylsilabutane) [21], and the self-assembly of
surfactants, such as ammonium carboxylate perfluoropol-
yether [22], bis(1H, 1H, 5H-octafluoro-n-pentyl) sodium
sulfosuccinate, and the hybrid di-chained sulfate [23]. The
self-assembly of these block copolymers and surfactants in
scCO2 produced spherical micelles having the perfluoroalkyl
or alkylsilyl shells and the hydrocarbon or ionic cores
(Scheme 1).

We found a novel and convenient method to prepare
nanospheres through the direct and indirect self-assembly
of random copolymers in scCO2 [24–26]. This paper
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Scheme 1: The self-assembly of the block copolymers and surfactants in scCO2.

Table 1: The P(POA-r-TBA) copolymers.

Feed ratio
Time (min) Yield (%) Mna Mw/Mna Compositionb

POA TBA POA TBA

0.90 0.10 30 91 66,000 6.77 0.89 0.11

0.80 0.20 45 88 78,000 6.16 0.80 0.20

0.70 0.30 120 88 72,000 5.91 0.67 0.33

0.60 0.40 40 82 57,000 6.78 0.60 0.40
a
Estimated by GPC based on poly(methyl methacrylate) standard.

bEstimated by 1H NMR.

describes the preparation of nanospheres by the self-
assembly of random copolymers containing the CO2-philic
2-(perfluorooctyl)ethyl acrylate (POA) units.

2. Materials and Methods

2.1. Instrumentation. The 1H NMR measurement was con-
ducted using a Varian 300 FT NMR spectrometer. The gel

permeation chromatography (GPC) was performed using
a Tosoh GPC-8020 instrument equipped with a DP-8020
dual pump, a CO-8020 column oven, and an RI-8020
refractometer. Two polystyrene gel columns, Tosoh TSKgel
GMHHR-M, were used with hexafluoroisopropanol (HFIP)
as the eluent at 40◦C. The cloud point measurements were
performed with a Nekken variable volume view cell (with
a window made of tempered glass) equipped with an Eyela
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Scheme 2: A schematic of the experimental variable volume view cell.
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Scheme 5: Synthesis of the P(POA-r-DAA) random copolymers.

Table 2: The P(POA-r-AA) copolymers.

Composition
Yield (%) Mna Sample name

POA AA

0.89 0.11 84 110,000 9/1

0.80 0.20 98 97,000 8/2

0.67 0.33 89 72,000 7/3

0.60 0.40 98 84,000 6/4
a
Estimated by GPC based on poly(methyl methacrylate) standard.

Table 3: The P(POA-r-DAA) copolymers.

POA/DAA Mna Mw/Mna Tm (◦C)

9/1 58,000 10.95 60.3

8/2 55,000 8.37 55.3

7/3 50,000 7.35 47.8
a
Estimated by GPC based on poly(methyl methacrylate) standard.

CCA-1110 cooler and a Nihon Seimitsu Kagaku NP-D-321
personal pump. The scanning electron microscopy (SEM)
measurements were made using a JEOL JSM-6300 electron
microscope. The Pt coating was performed using a Sanyu
Denshi SC-701C-MC quick cool coater. Light scattering

measurements were performed with a Photal Otsuka Elec-
tronics ELS-8000 electrophoretic light scattering spectro-
photometer equipped with a system controller, an ELS
controller, and an He-Ne laser operating at λ = 632.8 nm.

2.2. Materials. POA was purchased from Daikin Chemical
Co. Ltd. and was deinhibited by passage through an alu-
mina column. tert-Butyl acrylate (TBA) was purified by
distillation under reduced pressure over calcium hydride. 2-
(Dimethylamino)ethyl acrylate (DAA) was distilled under
reduced pressure over calcium hydride. Hexafluorobenzene
to be used as a solvent for 1H NMR and light scattering mea-
surements was also distilled over calcium hydride. Azobi-
sisobutyronitrile (AIBN) was recrystallized from methanol.
Extrapure perfluoroazelaic acid (PA), perfluorosuccinic acid
(Psuc), maleic acid (Ma), succinic acid (Suc), glutaric acid
(Glu), and azelaic acid (Az) were used without further
purification.

2.3. Synthesis of P(POA-r-AA). POA (4.60 g, 8.88 mmol),
TBA (481 mg, 3.75 mmol), and AIBN (21 mg, 0.128 mmol)
were placed in an ampule. After the contents were degassed,
the ampule was sealed in vacuo. The polymerization was
carried out at 50◦C for 2 h and was terminated by cooling
with liquid nitrogen. The reaction mixture was dissolved
in 40 mL of hexafluorobenzene and was poured into 1 L
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Table 4: Contact angles (CAs) on the surface coated with the nanospheres.

Acid Paza Glua PSuca Mab Sucb Azb Nonec Noned

CA (◦) 165.3 171.5 170.0 165.5 164.7 171.0 161.5 96.5
a
Acid/DAA = 0.5. bAcid/DAA = 1.0. cTreated in scCO2. dThe cast film prepared from a solution in hexafluorobenzene under atmosphere.
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Scheme 6: A schematic of the formation of the nanospheres.

of methanol to precipitate a polymer. The polymer was
collected and was dried in vacuo for several hours to
obtain P(POA-r-TBA) (4.44 g). The P(POA-r-TBA) (2.00 g)
was dissolved in HFIP (60 mL). Concentrated hydrochloric
acid (2 mL) was added to the copolymer solution at room
temperature, and the solution was refluxed for 3 h. After
the solution was cooled to room temperature, it was
concentrated to one-third of its original volume with an
evaporator. The residual solution was poured into hexane
(1 L) to precipitate a polymer. The polymer was purified by
reprecipitation from hexafluorobenzene (5 mL) into hexane
(500 mL). The resulting polymer was dried in vacuo for 5 h
to obtain P(POA-r-AA) (1.76 g).

2.4. Synthesis of P(POA-r-DAA). POA (1.64 g, 3.16 mmol),
DAA (0.198 g, 1.38 mmol), and AIBN (7.4 mg, 0.0451 mmol)
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Figure 1: Plots of the experimental cloud points of the copolymers
with POA/AA of 6/4 (•), 7/3 (�), 8/2 (�), and 9/1 (�) at each
temperature versus the CO2 density.

were placed in ampule. After the contents were degassed,
the ampule was sealed in vacuo. The polymerization was
carried out at 60◦C for 10 min and was terminated by cooling
with liquid nitrogen. The reaction mixture was dissolved in
hexafluorobenzene and poured into hexane to precipitate a
polymer. The precipitate was dried in vacuo for several hours
to obtain P(POA-r-DAA) (0.994 g).

2.5. Cloud Point Measurement. The cloud-point measure-
ment was performed with a variable volume view cell
(Scheme 2). P(POA-r-AA) (30 mg) was placed in the cell,
then CO2 liquefied with a cooler was added to it. The cloud
point was defined as the point at which the contents of the
cell turned opaque, indicating precipitation of the polymer
from solution.

2.6. Preparation of Particles in ScCO2. P(POA-r-AA) (POA/
AA = 7/3, 30 mg) was placed in the variable volume view
cell, then liquid CO2 was added to it. The solution was
stirred at 3620 psi and 45.0◦C for 10 min. The pressure of
the homogeneous solution was reduced until the cloud point
(3059 psi) was reached by volume expansion. The pressure
was further reduced to 2759 psi, and the heterogeneous
solution was sprayed into a plastic bag made of polyethylene
to collect the polymer particles (29 mg).

2.7. SEM Measurement. The polymer particles were put on
a carbon adhesive tape and were subjected to SEM measure-
ment after coated with Pt.
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Figure 2: SEM images of the polymer particles obtained from the copolymers in scCO2 at 45◦C and the cloud point pressure −300 psi.
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Figure 3: Scattering intensity distribution of the hydrodynamic
diameter of P(POA-r-AA) with a 7/3 POA/AA ratio in hexafluoro-
benzene at 25◦C and θ = 90◦. (copolymer) = 8.00 g/L.

2.8. Contact Angle Measurement. The surfaces completely
covered with the nanospheres were prepared on a carbon
adhesive tape attached to a slide glass. The contact angles

were measured by dropping water (10 μL) on the nano-
sphere-coated surface at ambient temperature. The surface
on the cast film of the copolymer was prepared directly on a
slide glass from a copolymer solution in hexafluorobenzene.

2.9. Light Scattering Measurements. P(POA-r-AA) (24 mg)
was dissolved in 3 mL of hexafluorobenzene and was sub-
jected to light scattering at 25◦C at θ = 90◦.

3. Direct Self-Assembly through
Hydrogen Bond

The P(POA-r-AA) random copolymers were obtained by
the hydrolysis of P(POA-r-TBA) prepared by the radical
polymerization (Scheme 3). The hydrolysis of P(POA-r-
TBA) was carried out in HFIP using concentrated hydrochlo-
ric acid under reflux for 3 h. The characterizations of the
P(POA-r-TBA) and P(POA-r-AA) copolymers are listed
in Tables 1 and 2. The molecular weight distributions of
P(POA-r-AA) could not be estimated due to the very broad
distribution.

The P(POA-r-AA) copolymers completely dissolved in
scCO2. Figure 1 shows the CO2 density at the cloud points
plotted versus temperature. The CO2 density at the cloud
points decreased as the temperature increased, indicat-
ing that the solubility of the copolymers increased with
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Figure 4: 1H NMR spectra of P(POA-r-AA) with a 7/3 POA/AA
ratio in the presence (a) and absence (b) of CF3COOH. Solvent:
C6F6 including C6D6.

the increasing temperature. And further, the copolymer with
a higher AA ratio had a lower solubility, suggesting that
the hydrogen bonding based on the AA units prevented the
copolymer from dissolving in scCO2.

SEM observations revealed that the P(POA-r-AA) copo-
lymers self-assembled into spherical particles in scCO2.
Figure 2 shows the SEM images of the particles obtained
from the copolymer solution at 45◦C in a heterogeneous state
at a pressure lower than the cloud point pressure. The images
included spherical particles independent of the POA/AA
ratio. However, the proportion of the spherical particles was
different among the various ratios. The copolymers with
the 9/1 and 8/2 ratios contained some spherical particles of
several micrometers in diameter and a lot of small particles
with nonspecific forms. These copolymers had too low AA
content to aggregate into spherical forms. The copolymer
with the 6/4 ratio also contained both the spherical particles
and the small particles. However, the small particles also
had a spherical shape with several hundreds of nanometer
diameters. It is likely that the intramolecular aggregation is
preferable for the 6/4 sample due to large contribution of
the hydrogen bonding based on the higher AA content. The
copolymer with the 7/3 ratio produced the largest amount
of spherical particles among the copolymers. Based on the
SEM image of the 7/3 sample, the size of the spherical
particles was estimated to be 820 nm on average, and the size
distribution was 1.20 [27]. These SEM images are for the
polymer particles obtained by spraying the heterogeneous
solutions into the atmosphere, based on the assumption that
the shapes of the particles formed in scCO2 are maintained in

35

45

55

10 μm

Temperature (◦C)

Figure 5: SEM images of the polymer particles obtained at 35, 45,
and 55◦C at the cloud point pressure −300 psi.

this atmosphere at ambient temperature by rapidly releasing
the CO2 pressure.

In order to confirm the formation of the particles in
solution, the light scattering measurements of the copolymer
were performed in hexafluorobenzene. Hexafluorobenzene
is similar to scCO2 in having low polarity and the ability
to dissolve fluoropolymers. Figure 3 shows the scattering
intensity distribution of the hydrodynamic diameter of the
particles formed by the copolymer with the 7/3 ratio in
hexafluorobenzene. The intensity distribution was obtained
by a Marquadt analysis of the dynamic light scattering results.
The hydrodynamic diameter of the particles was estimated to
be 600 nm based on the Marquadt analysis. Compared with
the particle size based on the SEM image, the copolymer
formed smaller particles in hexafluorobenzene. This can be
accounted for by the fact that the AA units more tightly
formed the particle cores in hexafluorobenzene than in
scCO2 because of the lower affinity of hexafluorobenzene to
the AA units and also that the particles swelled when rapidly
sprayed into the atmosphere.
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Figure 6: SEM images of the polymer particles obtained at the cloud point pressure +200 (a), ±0 (b), –100 (c), −300 (d), −900 (e), and
−1500 psi (f).

The 1H NMR analysis confirmed that the particles con-
sisted of the POA unit shells and the AA unit cores. The 1H
NMR spectra of the copolymer in the presence and absence
of trifluoroacetic acid are shown in Figures 4(a) and 4(b).
The copolymer showed no aggregation in the presence
of trifluoroacetic acid. The signals based on the methyne
and methylene of the main chain were broadened in the
absence of trifluoroacetic acid, as compared to those in its
presence. This broadening of the signals indicates that the
insoluble AA units and main chains were shielded from
the magnetic field. Consequently, it is expected that the
copolymers formed random copolymer micelles consisting

of the shells of the CO2-philic perfluorooctyl groups and the
cores of the CO2-phobic AA units and main chains when
the copolymers were placed in scCO2 as well as in hexafluo-
robenzene (Scheme 4).

The shapes of the polymer particles were dependent on
temperature based on the formation by hydrogen bonding.
Figure 5 shows the SEM images of the polymer particles
obtained at three different temperatures in the heterogeneous
state. The particles were not completely spherical at 35◦C.
The copolymer could not completely take a spherical shape
because of the low mobility of the copolymer at this low tem-
perature. On the other hand, the copolymer produced large
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Figure 7: SEM images of the polymer particles obtained from the
copolymers with 9/1 and 8/2 POA/AA ratios at 45◦C and the cloud
point pressure −1500 psi.
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Figure 8: SEM images of the polymer particles obtained from the
copolymer with a 6/4 POA/AA ratio at 45◦C and the cloud point
pressure −1500 psi.
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Figure 9: Plots of the experimental cloud points of the copolymers
at each temperature versus the CO2 density.
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Figure 10: Plots of the cloud points of the copolymer with 7/3 of
POA/DAA in the presence of PA at 0.3 and 0.5 of PA/DAA.
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Figure 11: SEM images of the copolymer in the absence and
presence of PA. POA/DAA = 7/3, heterogeneous state.

spherical particles of several micrometers at 55◦C, along with
small particles with hundreds of nanometer diameters. It was
considered that an increase in the mobility of the copolymer
at the high temperature promoted both the intermolecular
aggregation and the intramolecular association.

The self-assembly of the copolymers into spherical
particles was controlled by the CO2 pressure. Figure 6 shows
the SEM images of the polymer particles produced under
the different pressures. The particles produced at a pressure
higher than the cloud point pressure had nonspecific forms.

CO2 density (g/mL)
0.83 (below CP)

0.85 (at CP)

0.88 (over CP)

CP: Cloud point

1 μm

∗

Figure 12: SEM images of polymer particles obtained from the
heterogeneous state below the cloud point, the state at the exact
cloud point, and the homogeneous state over it. POA/DAA = 7/3,
PA/DAA = 0.5.

Spherical particles were hardly observed in the image. The
particles prepared at the cloud point pressure included
a small amount of spherical parts, however, most of the parti-
cles were still nonspecific. When the pressure was reduced to
100 psi lower than the cloud point pressure, the copolymer
somewhat aggregated into spherical particles. At a pressure
300 psi lower than the cloud point, most of the particles had
spherical shapes. However, it was observed that the spherical
particles partly combined at the cloud point pressure minus
900 psi. Completely spherical and larger-sized particles were



International Journal of Polymer Science 11

35

45

60

1 μm

Temperature (◦C)

Figure 13: SEM images of the polymer particles obtained at 35, 45,
and 60◦C. PA/DAA = 0.5.

produced at the cloud point minus 1500 psi. It was found that
more stable spherical particles were produced at the lower
pressure and that the self-assembly of the copolymer was
controlled through varying the solvent quality manipulated
by the CO2 pressure.

The copolymers with the 9/1 and 8/2 ratios were found
to produce nearly spherical particles at the pressure 1500 psi
lower than the cloud point pressure, although a few spherical
particles were obtained at the cloud point pressure minus
300 psi (Figure 7). The hydrogen bonding interaction among
the AA units increased with the decreasing pressure, thus
the self-assembly of the copolymers into spherical particles
was promoted. At the pressure 1500 psi lower than the cloud
point, the copolymer with the 6/4 ratio formed not only
spherical particles (Figure 8(a)), but also a small amount of
nonspecific aggregates of dozens or hundreds micrometers

0.86

0.84

0.82

0.80

0.78

PA/DAA
0.5

30 40 50 60

C
O

2
de

n
si

ty
 (

g/
m

L)

0.84

0.82

0.8

0.78

0.76

C
O

2
de

n
si

ty
 (

g/
m

L)

0.3
PA/DAA

30 40 50 60

30 40 50 60

POA/DAA

7/3
8/2
9/1

Temperature (◦C)

0.83

0.81

0.79

0.77

0.75

0
PA/DAA

C
O

2
de

n
si

ty
 (

g/
m

L)

Figure 14: Plots of the cloud points of the copolymers with
POA/DAA of 7/3, 8/2, and 9/1 in the absence and presence of PA
at 0.3 and 0.5 of PA/DAA.
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Figure 15: SEM images of the nanospheres obtained from the
copolymers with POA/DAA of 7/3, 8/2, and 9/1. PA/DAA = 0.5,
heterogeneous state.

(Figure 8(b)). Too strong hydrogen bonding at a very low
pressure should have caused a partial second aggregation of
the spherical particles into large nonspecific particles. It was
deduced that the formation of spherical particles could be
optimized by the manipulation of the CO2 pressure for the
different compositions of the copolymers.

4. Indirect Self-Assembly through
Hydrogen Bond

It is possible to induce self-assembly for a copolymer that
shows no self-assembly by itself through hydrogen bond
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Figure 16: Plots of the experimental cloud points of the P(POA-r-
DAA) copolymer in the presence of the dicarboxylic acids at each
temperature. The acid/DAA = 0.5.

interaction with additives. P(POA-r-DAA) random copoly-
mers dissolve in scCO2, however, these copolymers show
no self-assembly in it. The characterizations of the P(POA-
r-DAA) copolymers prepared by radical copolymerization
are listed in Table 3 (Scheme 5). Figure 9 shows the plots
of the cloud points versus the CO2 density. There was a
slight difference in the cloud point among the POA/DAA
ratios of the copolymers. It was found that the solubility
of the copolymers in scCO2 decreased in the presence of
perfluoroazelaic acid (PA). Figure 10 shows the cloud points
of the copolymer with 7/3 of POA/DAA in the absence and
presence of PA at 0.3 and 0.5 as a molar ratio of PA to
the DAA unit. As a result of increasing the amount of PA, the
cloud points were shifted to a higher side of the CO2 density.
The copolymer became less soluble in the presence of PA. The
decrease in the solubility should be caused by hydrogen bond
cross-linking between the amino groups in the copolymer via
the carboxylic groups of PA.

SEM observation demonstrated that the copolymer
formed different shapes in the absence and presence of PA
in scCO2. Figure 11 shows the SEM images of the copolymer
with and without PA. The images were obtained for the
polymer particles produced in the heterogeneous state below
the cloud points. The copolymer took unspecific forms in the
absence of PA. There was a slight difference in the shape at 0.3
as the PA/DAA ratio. On the other hand, the copolymer had
spherical forms at the 0.5 ratio. The size of the particles was
ca. 700 nm. At 0.5 of PA/DAA, all the amino groups interact
with the carboxylic group of PA, so that no free amino
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Figure 17: SEM images of the particles produced by the copolymer in the presence of Glu and Psuc, and photographs of water droplets
placed on the surface coated with the particles.

groups are expected to exist in the copolymer. Therefore,
the nanospheres should be formed by cross-linking between
the amino groups in the copolymer through the electrostatic
interaction with PA (Scheme 6).

We explored the stability of the nanospheres versus
pressure. Figure 12 shows the SEM images of polymer parti-
cles obtained from three different states: the heterogeneous
state below the cloud point, the state at the exact cloud
point, and the homogeneous state over it. The pressure at
the heterogeneous state was 300 psi lower than the cloud
point pressure, while that at the homogeneous state was
500 psi higher. The particles included PA at the 0.5 ratio.
The spherical particles formed in the heterogeneous state
partly changed to unspecific forms as a result of increasing
the pressure to the cloud point pressure. The nanospheres
completely changed to unspecific forms over the cloud point.
These changes were based on the cross-linking by the weak
electrostatic interaction and on an increase in the solubility
of the nanospheres into scCO2 as a result of increasing the
density of CO2. Consequently, the shape of the polymer
particles was dependent not only on the acid concentration
but also on the pressure of CO2.

The spherical shapes of the polymer particles were
independent of the temperature. Figures 13 shows the SEM
images of the polymer particles obtained at 35, 45, and
60◦C at 0.5 of PA/DAA. The particles were prepared in the
heterogeneous states at which the pressures were 300 psi
lower than the cloud point pressure at each temperature.

The polymer particles maintained their spherical shapes at
45 and 60◦C. In addition, the copolymer with PA took
more completely spherical shape with an increase in the
temperature. It may be accounted for by the fact that
the perfluoroalkyl chains extend much more at higher
temperature, resulting in that the copolymer more easily
form spherical particles at the higher temperature.

The POA/DAA ratio in the copolymer affected the cloud
point and size of the nanospheres. Figure 14 shows the
cloud points of three different copolymers with POA/DAA
of 7/3, 8/2, and 9/1 in the presence of PA at 0.3 and
0.5 of PA/DAA. Whereas there was a negligible difference
in the cloud point among the copolymers in the absence
of PA, the copolymers made a marked difference in the
presence of it. This difference was much greater as the
amount of PA increased. The copolymer having a lower DAA
content showed lower cloud point in the presence of PA.
The SEM observation revealed that the copolymer with a
lower DAA content formed smaller nanospheres. Figure 15
shows the SEM images of the nanospheres obtained from
the copolymers with PA at the 0.5 ratio. The size of the
nanospheres decreased as the DAA content decreased. The
copolymer with the 8/2 ratio formed the nanospheres with
ca. 600 nm as the particle size, while the 9/1 copolymer
produced those with 400 nm. The decrease in the size of
the nanospheres with the decrease in the DAA content
may be account for by the fact that the copolymer with
lower DAA content forms a lower degree of cross-linking
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Figure 18: SEM images of the particles produced by the copolymer in the presence of Ma, Suc, and Az, and photographs of water droplets
placed on the surface coated with the particles.

with the dicarboxylic acid, providing smaller aggregation
numbers of the nanospheres. The nanospheres obtained
from the copolymers with 8/2 and 9/1 of POA/DAA showed
the same results about the amount of PA and the pressure
of CO2 as those from the copolymers with 7/3. It was
deduced that the size of nanospheres was manipulated by the
POA/DAA ratio in the copolymer.

The self-assembly of P(POA-r-DAA) by other carboxylic
acids was also investigated. Figure 16 shows the plots of
the experimental cloud points of the copolymer at each
temperature for Psuc, Suc, Glu, Az, and Ma. The CO2

density at the cloud points were shifted to a lower density in
the order of Glu > Suc > Ma > Psuc, Az, indicating that the
solubility of the particles formed by the copolymer and the
acids increased in this order.

SEM observations revealed that the solubility of the
particles to scCO2 was dependent on the size and forms of
the particles. Figures 17 and 18 show the SEM images of the
particles produced by the copolymer in the presence of the
respective acids. Glu and Psuc provided spherical particles
at 0.5 of the acid/DAA (Figure 17). Psuc produced smaller
nanospheres than Glu. On the other hand, Ma, Suc, and

Az provided random forms of the copolymer rather than
spherical particles at this ratio (Figure 18). Ma produced
nanospheres at 1.0. Suc and Az also produced spherical par-
ticles at 1.0, however, there were very smaller particles with a
several hundred nanometer size along with the nanospheres.
These three acids had a lower ability to make the copolymer
aggregate into nanospheres because of the weak acidity and
too short or too long chain length. Consequently, there
was a tendency that the solubility of the particles decreased
as the form of the copolymer became spherical from the
random forms. The formation of the smaller particles seems
to increase the solubility of the copolymer.

The nanospheres have the shells composed of the
perfluoroalkyl chains from the POA units and cores of
the DAA units cross-linked through the hydrogen bonding
via the acids. Therefore, the surface on the nanospheres
is expected to have a high water repellence based on the
perfluorinated shell. It was found that the surface coated with
the nanospheres had water contact angles greater than 164◦

(Table 4). The largest contact angle was obtained for Glu at
171.5◦. The nonspecific forms of the particles had a contact
angle at 161.5◦ (Figure 19). The roughness of the surface
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Figure 19: SEM images of the random forms produced by the copolymer and of the surface on the cast films. Also shown are photographs
of water droplets placed on the surface of the random forms produced by the copolymer and of the surface on the cast films.

due to the nonspecific forms made some contribution to
enhancing the hydrophobicity of the surface. On the other
hand, the smooth surface of the cast films showed the small
contact angle.

5. Conclusions

The synthesis of spherical particles was attained by the
direct self-assembly of P(POA-r-AA) and by the indirect
self-assembly of P(POA-r-DAA) with the dicarboxylic acids
in scCO2. The copolymers formed spherical particles with
hundreds of nanometer-diameters in a heterogeneous state at
pressures lower than the cloud point pressure. The formation
of spherical particles was also dependent on the temperature.
The formation of spherical particles could be optimized
through varying the solvent quality by the manipulation
of the CO2 pressure and temperature for the different
copolymer compositions. The dynamic light scattering and
1H NMR studies demonstrated that the nanospheres had the
micellar structures consisting of the CO2-philic POA shells
and the CO2-phobic AA or DAA cores including the main
chain cores. The nanospheres had the superhydrophobicity
based on the water-proof shells of the POA units. This
study demonstrated that the nanospheres prepared by the
self-assembly in scCO2 produced the superhydrophobic
surfaces.
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