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Abstract In this study, monodispersed spherical particles
of poly(acrylonitrile) were synthesized via dispersion
polymerization in compressed liquid dimethyl ether using
2,2′-azobisisobutyronitrile (AIBN) as an initiator and five
kinds of surfactants: PDMS-g-pyrrolidonecarboxylic acid
(Monasil PCA™), PDMS modified surfactants, SS-
5050K™, KF-6017™, poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,
10,10,10- heptadecafluorodecyl acrylate), and poly(3,3,
4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl
methacrylate). Using Monasil PCA as a surfactant, uniform
and spherical polymer particles were generated. The size of
the microsphere particles was reduced via an increase in the
concentration of Monasil PCA and a reduction in the
monomer concentration. Increases in the concentration of
AIBN resulted in a broad distribution of microspheres.
Reaction temperature and pressure did not exert significant
effects on the size and size distribution of the polymer
particles.
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Introduction

Poly (acrylonitrile) (PAN) microspheres are an interesting
polymer for engineering applications, including enzyme
immobilization, carbon sources, separation processes, and
pigments [1–6]. In order to generate the spherical PAN
particles, many research groups have developed dispersion
polymerization techniques, largely due to the simplicity of
such methods [7–9].

Some groups have developed methods in which organic
solvents employed traditionally by the polymer industry
can be utilized. The use of such common organic solvents,
though, has been associated with several problems, includ-
ing waste treatment and product separation disadvantages.

In the past decade, DeSimone and others have developed
a dispersion polymerization technique involving the use of
supercritical carbon dioxide, which has been recognized as
an attractive replacement for general solvents [10–13]. This
is also an appealing approach because carbon dioxide is an
inexpensive, non-toxic, non-flammable, and environmen-
tally benign substance. However, supercritical carbon
dioxide evidences low solubility for high molecular weight
or polar monomeric materials because of its low dielectric
constant and lack of dipole moment when used as a
medium. In addition, the use of supercritical carbon dioxide
requires high pressure for dispersion polymerization. This
causes the necessary apparatus to be quite costly. In an
effort to circumvent these issues, we have attempted to
apply dimethyl ether (DME) to the polymerization medium
[14, 15].

DME is a volatile organic compound (VOC), which is
flammable, non-toxic, and eco-friendly [16, 17]. A variety
of monomers can be dissolved in the compressed liquid
phase of DME due to its chemically polar property (μ=1.3
Debye) [18]. Therefore, it is possible to conduct polymer-
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ization in compressed liquid DME under milder conditions
than can be utilized in the supercritical carbon dioxide
approach. Our research group has successfully developed a
dispersion polymerization method using N-vinylcarbazole
[14] and 2-hydroxyethyl methacrylate [15] in compressed
liquid DME as a solvent.

In this study, the dispersion polymerization of acryloni-
trile was conducted in compressed liquid DME in order to
manufacture spherical polymer particles with changing
surfactant types, surfactant concentrations, initiators, mono-
mers, and polymerization pressures.

Experiment

Materials

DME (purity of 99.99%) was acquired from LG Chem.
Acrylonitrile (min 99%) was purchased from Aldrich. 2,2′-
Azobisisobutyronitrile (AIBN; min 98%) was purchased
from Junsei Chemical and purified via recrystallization
from methanol. PDMS-g-pyrrolidone carboxylic acid

(Monasil PCA), SS-5050K, and KF-6017 were all obtained
from Uniquema, Nihon Emulsion, and Shin-Etsu Silicone,
respectively. 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptade-
cafluorodecyl acrylate (HDFDA) and 3,3,4,4,5,5,6,6,7,7,
8,8,9,9,10,10,10-heptadecafluorodecyl methacrylate
(HDFDMA) were purchased from Aldrich. Poly(3,3,4,4,
5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl acrylate)
(poly(HDFDA)) and poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,
10,10,10-heptadecafluorodecyl methacrylate)(poly
(HDFDMA)) were prepared via solution polymerization in
supercritical carbon dioxide at 70 °C and a pressure of
300 bar [19]. Figure 1 shows the chemical structure of
Monasil PCA, SS-5050K, KF-6017, poly(HDFDA), and
poly(HDFDMA).

Polymerization apparatus and procedure

A schematic diagram of the polymerization apparatus is
provided in previous work [14, 15]. Dispersion polymeri-
zation of acrylonitrile was conducted in a 30-ml SUS 316
reactor. The reaction pressure was measured using a
Bourdon tube pressure gauge (WIKA, type 213.53.063,

(a) 

(b) 

(c) 

(d) 

 (e) 

Fig. 1 Chemical structure of
a Monasil PCA, b SS-5050K,
c KF-6017, d poly(HDFDA),
and e poly (HDFDMA)
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accuracy class 1.0). The reaction temperature was measured
using a K(CA) type thermocouple and indicator (Hanyoung
Electronics Inc. Model DX-7; accuracy 0.05 °C).

The reactant consists of the desired quantity of acrylo-
nitrile as a monomer, AIBN as an initiator, and a surfactant
such as poly(HDFDMA), poly(HDFDA), Monasil PCA,
SS-5050K, and KF-6017, all of which were introduced to
the reactor. After assembling the reactor, the reactor was
purged with DME. The reactor was placed in an ice water
bath and cooled to below 10 °C, then filled with DME
using a small high-pressure bomb. The reactor was heated
to the desired temperature, followed by the final pressuri-
zation or desired pressure. As the monomer, initiator, and
surfactant were dissolved in compressed liquid DME, the
mixture constituted a homogenous phase at the beginning
state of polymerization. As time elapsed, the mixture within
the reactor became hazy and eventually turned into a
polymer.

Polymerization was conducted at the desired temperature
and desired pressure for 24 h with stirring. After comple-
tion of the polymerization, the reactor was cooled to below
10 °C. The solution phase was separated into two phases—
vapor and liquid. DME was vented from the vapor phase
through two glass traps. In order to prevent the exhaust of
unreacted monomer to the atmosphere during DME vent-
ing, the glass traps were filled with methanol. The polymer
particles were washed with methanol or hexane in order to
remove the unreacted monomer and remaining surfactant.
The final polymer particle was then dried in vacuo at room
temperature.

Polymer characterization

Particle morphology was characterized using a field
emission scanning electron microscope (FE-SEM; Jeol
5410LV). The number-average particle size and the particle
size distribution (PSD) were assessed with an image
analyzer (TDI Scope Eye™ ver 3.1) with FE-SEM images.
The number-average particle diameter (Dn) and the weight-

average particle diameter (Dw) were calculated via the
following equation:

Dn ¼
PN

i¼1
di

N

Dw ¼
PN

i¼1
d4iPN

i¼1
d3i

where di is the diameter of particle i, and n is the total
number of particles measured in the SEM images. The PSD
indicating the polydispersity index is defined as Dw/Dn.

Results and discussion

Effect of the surfactant type

The surfactant plays a significant role in successful
dispersion polymerization. The surfactant should be dis-
solved in the solvent to perform its functions properly. Prior
to performing the dispersion polymerization, the phase
behavior of the surfactant and DME binary mixture systems
were assessed to determine whether the mixture systems
were in homogenous phase. The experiments were con-
ducted with typical variable volume cells at surfactant
concentrations of 5.0±0.5 wt.% and at temperatures from
40 °C to 80 °C [20]. In accordance with the phase behavior
data, the surfactants and DME binary mixture systems were
found to be in homogeneous phase at 70 °C and 20 bar
[15]. In addition, acrylonitrile was dissolved in DME under
identical conditions (70 °C and 20 bar).

In an effort to assess the effects on the chemical struc-
ture of the surfactant, acrylonitrile was polymerized in
compressed liquid DME with fluorine-based polymer sur-
factants, poly(HDFDA) and poly(HDFDMA), and siloxane-
based polymer surfactants, Monasil PCA, SS-5050K, and
KF-6017 under identical reaction conditions at 70 °C and
20 bar. Table 1 shows the data for the polymerization of

Table 1 Effect of the chemical structure of surfactant on the dispersion polymerization of acrylonitrile in compressed liquid DME)

Entry Surfactant Particle size (μm)a PSDb Particle morphology

DPAN1 Monasil PCA 0.40 1.04 Spherical
DPAN2 SS-5050K – – Irregular
DPAN3 KF-6017 – – Irregular
DPAN4 Poly(HDFDA) – – Irregular
DPAN5 Poly(HDFDMA) – – Irregular

Reaction condition: 2.0 g of acrylonitrile, 1.0 wt.% of AIBN, 15.0 wt.% of surfactant, 20±5 bar, 70 °C, 24 h, with stirring
a Determined by FE-SEM
b Particle size distribution
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acrylonitrile in compressed liquid DME using various sur-
factants with 15.0 wt.% (based on the monomer). Figure 2
shows the SEM images of the resultant polymer particles.
In the case of the fluorine-based surfactants, spherical
polymer particles did not accumulate. We assumed that the
poor results were attributable to the inefficient anchoring of
poly(HDFDMA) and poly(HDFDA) to the surfaces of the
PAN particles because the head and tail groups of poly
(HDFDMA) and (HDFDA) are DME-philic. As compared
to the siloxane-based surfactants, monodispersed polymer
particles were manufactured. In the case of KF-6017,
spherical PAN particles were manufactured, but the size
distribution was wider than that observed with Monasil
PCA. When SS-5050K and KF-6017 were used as the
surfactants, uniform microspheres were not generated due

to the weak interaction occurring between the surfactant
and the polymer surface. When Monasil PCA is used, the
uniform microspheres were formed. Monasil PCA has two
directly opposed functional groups, DME-philic and DME-
phobic group. The micelles have the two kinds of strong
interactions, between the surfactant and polymer and
between the surfactant and solvent. Such strong interactions
have a positive effect on the formation of micelle.

Effect of surfactant concentration

As shown in “Effect of the surfactant type”, Monasil PCA
is one of the most suitable surfactants for the production of
the monodispersed PAN microspheres in compressed liquid
DME. The surfactant concentration is the most crucial

(a) (b) 

(c) (d)

(e)

Fig. 2 The SEM images for
the polymer particle synthesized
with changing the surfactant
type, a Monasil PCA, b SS-
5050K, c KF-6017, d poly
(HDFDA), and e poly
(HDFDMA)
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factor in controlling the particle size and PSD. Dispersion
polymerization was conducted at five different concentra-
tions of Monasil PCA. Table 2 and Fig. 3 show the data for
the polymer particles obtained in this work, as well as the

SEM images. Under the experimental conditions using 5
and 10 wt.% surfactant, the particles formed were neither
uniform nor spherical. The amount of surfactant was
insufficient for the micelles to generate the polymer

Table 2 Effect of the Monasil PCA concentration on the dispersion polymerization of acrylonitrile in compressed liquid dimethyl ether

Entry Surfactant concentration (wt.%) Particle size (μm)a PSDb Particle morphology

PAN6 5 – – Irregular
PAN7 10 – – Irregular
PAN8 15 0.40 1.04 Spherical
PAN9 20 0.35 1.01 Spherical
PAN10 25 0.34 1.01 Spherical

Reaction condition: 2.0 g of acrylonitrile, 1.0 wt.% of AIBN, 20±5 bar, 70 °C, 24 h, with stirring
a Determined by FE-SEM
b Particle size distribution

(a)  (b) 

(c)  (d)

(e)

Fig. 3 The SEM images for the
polymer particle synthesized
with changing the Monasil PCA
concentration, a 5, b 10, c 15,
d 20, and e 25 wt.%
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particles. At above 15 wt.%, uniform and spherical particles
were formed. With increases in the surfactant concentration,
the particle size decreased at moderate concentrations, from
15 to 25 wt.%. This result may be explained by the increase
in the amount of surfactant adsorbed on the surface of the
shaped particles. During polymerization, the monomer
was polymerized in the solvent. The polymer chain was
adsorbed in the micelles. Higher surfactant concentrations
yield more micelles in the constant reactor volume during
the dispersion polymerization procedure. More micelles
contain the less weight of monomer in the unit of micelle
due to the limited weight of monomer. In general, the
particle size decreased with increasing surfactant concen-
trations, and more uniform polymer particles are generat-
ed. This general tendency was exploited in this study [7,
11, 21].

Effect of the initiator concentration

The effects of the concentration of initiator on the
dispersion polymerization of acrylonitrile were investigated
using four different concentrations of AIBN. Table 3 and
Fig. 4 show the results of polymerization with 0.5, 1.0, 2.0,
and 4.0 wt.% of AIBN of the monomer. Throughout these
experiments, the bigger and more broadly distributed
polymer particles were formed as the result of an increase
in the initiator concentration. The number of free radicals
and the concentration of the polymer chains increase. As
the aggregation process progresses, larger particles are
formed. However, these larger particles capture less nuclei
or oligo-radicals from the continuous phase due to the
lower total surface area. Thus, the particle size distribution
will be broadened [9].

(a)  (b)

(c)  (d)

Fig. 4 The SEM images for the
polymer particle synthesized
with changing the AIBN con-
centration, a 0.5, b 1.0, c 2.0,
and d 4.0 wt.%

Table 3 Effect of the AIBN concentration on the dispersion polymerization of acrylonitrile in compressed liquid dimethyl ether

Entry AIBN concentration (wt.%) Particle size (μm)a PSDb Particle morphology

PAN11 0.5 0.35 1.01 Spherical
PAN12 1 0.40 1.04 Spherical
PAN13 2 0.40 1.13 Spherical
PAN14 4 – – Irregular

Reaction condition: 2.0 g of acrylonitrile, 0.3 g of Monasil PCA, 20±5 bar, 70 °C, 24 h, with stirring
a Determined by FE-SEM
b Particle size distribution
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In the SEM images of 4 wt.% AIBN concentration
(Fig. 5d), very small polymer particles can be observed near
the larger ones. During polymerization at a high initiator
concentration, the nucleases produced in the late phases of
polymerization were relatively small polymer particle
seeds, which did not grow [22].

Effect of the monomer concentration

The dispersion polymerization was conducted at three
different monomer concentrations. Table 4 and Fig. 5
demonstrate the experimental conditions and the results of
polymerization with 1.0, 2.0, and 4.0 g of acrylonitrile.
With increases in the monomer concentration, the polymer
particle size increases. Due to the higher monomer concen-

tration, longer and more abundant polymer chains are
generated. The monomer concentration affects the initial
solvency of the solvent. Monomer in the solvent functions
as the co-solvent. Increases in the monomer concentration
were shown to result in increases in the solubility of the
oligomers formed. They also formed longer chains prior to
precipitation. In addition, the monomer concentration affects
the solubility of the surfactant. An increase in the concentra-
tion of the monomer increases the surfactant solubility, thus
reducing its adsorption to the growing particles. Both effects
contribute to the observed increase in particle size [7, 23–25].
The PAN particles shown in Fig. 5a did not form a spherical
shape due to an insufficient quantity of monomer—after the
initiator became the nucleus, the growth of the polymer
chain proved too difficult.

Table 4 Effect of the monomer concentration on the dispersion polymerization of acrylonitrile in compressed liquid dimethyl ether

Entry Monomer concentration (g) Particle size (μm)a PSDb Particle morphology

PAN15 1 – – Irregular
PAN16 2 0.40 1.04 Spherical
PAN17 4 0.48 1.03 Spherical

Reaction condition: 1 wt.% AIBN, 15 wt.% Monasil PCA, 20±5 bar, 70 °C, 24 h, with stirring
a Determined by FE-SEM
b Particle size distribution

(a)  (b)

(c)

Fig. 5 The SEM images for the
polymer particle synthesized
with changing the monomer
concentration, a 1, b 2,
and c 4 g
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Effect of the polymerization temperature

Dispersion polymerization was conducted at three different
polymerization temperatures, 60 °C, 70 °C, and 80 °C.
Table 5 and Fig. 6 show the experimental conditions and
results regarding the polymer particles generated. With the
general organic solvent, increased reaction temperatures led
to increased particle sizes. An increase in temperature
during the dispersion polymerization procedure contributed
to an increase in the critical chain length of the oligo-radical
due to the increase in the solvency of the continuous phase,
the concentration of precipitated oligomer chains, and the
solubility of the surfactant molecules in the continuous
phase [25, 26]. However, when DME was employed as the
reaction medium, the temperature proved not to be a crucial
factor because an increase in temperature under constant

pressure resulted in a reduction in the solvent density and a
reduction in solvency.

Effect of the polymerization pressure

Dispersion polymerization was conducted at five different
pressures. Table 6 and Fig. 7 show the experimental condition
and results of polymerization at 20, 50, 90, 130, and 340 bar.

In the case of supercritical carbon dioxide, the solvent
density and dielectric constant could be readily altered
simply by changing the pressure. This property allows for
explorations of the effects of the solvent on acrylonitrile
polymerization, without the requirement for an added co-
solvent. The solvency of the solvent for the growing
polymer chains increases with increasing pressure. Al-
though increasing pressure induces a reduction in the

 (b)(a) 

(c)

Fig. 6 The SEM images for
the polymer particle synthesized
with changing the polymeriza-
tion temperature, a 60 °C,
b 70 °C, and c 80 °C

Table 5 Effect of the polymerization temperature on the dispersion polymerization of acrylonitrile in compressed liquid dimethyl ether)

Entry Polymerization temperature (°C) Particle size (μm)a PSDb Particle morphology

PAN24 60 0.37 1.01 Spherical
PAN25 70 0.40 1.04 Spherical
PAN26 80 0.39 1.01 Spherical

Reaction condition: 2 g acrylonitrile, 1 wt.% AIBN, 15 wt.% Monasil PCA, 20±5 bar, 24 h, with stirring
a Determined by FE-SEM
b Particle size distribution
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monomer ratio, the particle size increases with increases in
pressure [11]. DME also increases the density with
increasing pressure. However, the change in the density of
compressed liquid DME with changes in pressure is smaller

than that observed when supercritical carbon dioxide is
utilized [27]. Thus, there is no tendency regarding the
results of dispersion polymerization because the monomer
ratio was reduced slightly with increases in the pressure.

(a)  (b)

(c)  (d)

(e)

Fig. 7 The SEM images for the
polymer particle synthesized
with changing the polymeriza-
tion pressure, a 20, b 50, c 90,
d 130, and e 340 bar

Table 6 Effect of the polymerization pressure on the dispersion polymerization of acrylonitrile in compressed liquid dimethyl ether)

Entry Polymerization pressure (bar) Particle size (μm)a PSDb Particle morphology

PAN18 20 0.40 1.04 Spherical
PAN19 50 0.38 1.01 Spherical
PAN20 90 0.39 1.02 Spherical
PAN22 130 0.39 1.04 Spherical
PAN23 340 0.38 1.02 Spherical

Reaction condition: 2 g acrylonitrile, 1 wt.% AIBN, 15 wt.% Monasil PCA, 70 °C, 24 h, with stirring
a Determined by FE-SEM
b Particle size distribution
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Conclusion

Using compressed liquid DME, monodispersed poly(acry-
lonitrile) particles in a size range of 0.35–0.50 μm were
generated via dispersion polymerization at a lower pressure
than was required with supercritical carbon dioxide. The
morphology of the polymer particles was determined
principally by the type of surfactant used. Additionally,
the particle size was controlled by alterations in the
concentrations of the monomer, surfactant, and initiator.
However, the polymerization temperature and pressure
exerted no observable effects on the polymer particle size.
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