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In recent years, with the progress of techniques to
prepare monodisperse fine polymer particles, various
colloidal polymer particles are being used for practical
applications, such as surface coatings,'™ cosmetics,*”’
surface modifiers for photo films,® and carriers for
virus diagnosis.>”!3 The sizes of the polymer colloidal
particles prepared so far lie in the range from 10 nm—
10 um depending on the method employed, which
includes emulsion polymerization,'* microemulsion
polymerization,'>!® miniemulsion polymerization,'’
soap-free polymerization,'®!° dispersion polymeriza-
tion,?? seed polymerization,?' and suspension poly-
merization.??

Among these methods, microemulsion polymeriza-
tion is the most commonly-used technique to prepare
polymer colloids with diameters <100 nm and narrow
size distributions.!>!® Such small polymer particles
are desirable for surface coatings because it takes only
a short time for film formation and the particles can
penetrate easily into porous substrates producing a
film with good optical and mechanical properties.'
For pharmaceutical applications, colloidal polymer
particles are expected to be used as a long-circulating
drug delivery vehicle because particles smaller than
~100nm can be prevented from being detected by
the human body’s reticuloendothelial system.'> How-
ever, a disadvantage of the microemulsion polymer-
ization is that one has to use a large amount of a
surfactant and a cosurfactant, i.e., nearly comparable
amounts of a surfactant and a monomer may be nec-
essary to be used. This often creates a problem of
the purity of final products.

In order to overcome this disadvantage, reactive
surfactants are often used.?*?* These surfactants have
a reactive group being able to react with a growing

polymer chain during radical polymerization, result-
ing in a covalent incorporation of surface active mole-
cules into the polymer chain. Another possibility to
surmount this disadvantage is to use polymeric am-
phiphiles in place of conventional surfactant mole-
cules.”>3 Although no covalent bonding is formed
between the polymer amphiphile and resulting poly-
mer particle, the polymer amphiphiles are strongly
anchored to the surface of resulting particles through
hydrophobic interactions. A number of studies using
various amphiphilic block copolymers have demon-
strated that they act as a powerful stabilizer in emul-
sion polymerization.”’ In aqueous emulsion polymer-
ization, hydrophobic block sequences can anchor
onto the particle surface while the hydrophilic blocks
extend into the water-phase and create a hydrophilic
shell.

Recently, the use of block copolymer micelles as
a seed for emulsion polymerization has been pro-
posed.?’2° With the seed polymerization, it may be
possible to control the final number of the particles,
and hence the size of the particles, whereas in the case
of emulsion polymerization with use of conventional
surfactants, the particle size depends on many param-
eters and thus the size can not easily be predicted.

Comparing to amphiphilic block copolymers, am-
phiphilic random copolymers are much easier to
synthesize, and one can choose a much wider range
of monomers for their synthesis. Therefore, it should
be worthy testing amphiphilic random copolymers
for seed polymerization. There is a general trend for
amphiphilic random copolymers to form micelle-like
aggregates on the nanometer scale in aqueous solu-
tion due to mainly intramolecular hydrophobic associ-
ations, the association properties depending strongly
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Chart 1. Amphiphilic Polymers Used.

on the macromolecular architectures.’* Although there
are some studies on the emulsion polymerization us-
ing amphiphilic random copolymers,®2%3 much more
efforts are being made with block copolymers because
of their well-defined structures.

In the present study, we have developed a method
to prepare polystyrene nanoparticles using amphiphil-
ic random copolymer micelles as seeds in free-radical
polymerization of styrene in aqueous media.

EXPERIMENTAL

Materials

The amphiphilic polymers used in the present study
are random copolymers of sodium acrylate (NaAA)
and methacrylate substituted with HO(CH,CH,0),-
Ci2Hys (DEnMA) (NaAA/DEnMA(x) in Chart 1,
where x denotes mol % DEnMA content). These am-
phiphilic polymers were synthesized and their asso-
ciative properties were characterized according to
the methods reported elsewhere.’**> According to
the method, x is determined by the molar fraction of
DEnMA in the copolymerization®> and n is deter-
mined from that of HO(CH,CH,0),C;,H,5 commer-
cially supplied.

These polymers form micelles in dilute aqueous so-
lutions due to intramolecular associations of dodecyl
groups. As the polymer concentration is increased,
however, they tend to associate in an intermolecular
fashion and form micelles with larger sizes.

Styrene was distilled under reduced pressure prior
to use for polymerization. The other reagents were
used as received.

Seed Polymerization

The amphiphilic random copolymer was first dis-
solved in pure water and the aqueous solution was
heated at 90°C for 30min to effect complete dis-
solution.*® No electrolysis is added in the system.
The polymer aqueous solution and a predetermined
amount of styrene were placed in a three-neck,
round-bottom flask equipped with a reflux condenser
and an Ar inlet. The reaction mixture was stirred with
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a magnetic stirring bar under an Ar atmosphere at
70 °C for 30 min, followed by the addition of an aque-
ous solution of potassium persulfate (KPS). The reac-
tion mixture was kept at 70 °C for 12 h. The Ar blan-
ket was maintained during the polymerization. The
resulting polystyrene colloidal suspension was highly
stable; it stayed as such even after 500d without any
sign of flocculation. A representative example for
the polymerization is as follows: Styrene (25 mL)
was added to a solution of 100 mg NaAA/DEnMA(x)
in 500 mL water, and the mixture was purged with Ar
at 70 °C under stirring for 30 min. To this stirred mix-
ture, a small amount of an aqueous solution contain-
ing 50 mg of KPS was added. At given time intervals
during the polymerization, ~2 mL samples were with-
drawn for analysis. To these samples, 1 mg of 4-tert-
butylcatechol was immediately added to stop the poly-
merization. The polymerization mixture was washed
with n-hexane three times to remove styrene mono-
mer. Then, the aqueous layer was transferred into a
wide-opened vial, and the vial was placed in an oven
at 60°C until water was evaporated to dryness. The
conversion of styrene was determined gravimetrically
from the weight of resulting polystyrene.

Characterization of Polystyrene Particle Size

The particle size was measured using a dynamic
light scattering spectrometer (Otsuka Electronics Pho-
tal ELS8000) equipped with a 10mW He-Ne laser
operating at 4 = 633 nm. All sample solutions were
diluted with aqueous NaCl in order to disturb the cou-
lomb interaction among particles. The ionic strength
of the sample solution was kept at 0.01. All measure-
ments were conducted at 25 °C.

The morphology of the polystyrene particles was
observed by a field emission scanning electron micro-
scope (FE-SEM) (Hitachi S-4300SE/N). Samples for
SEM observations were prepared as follows: A small
amount of a polystyrene colloidal solution was placed
into a wide-opened vial, and the solution was air-dried
at 60°C in an oven. The residual solid was scattered
on a carbon tape attached on a stage and coated with
Pt-Pd by a vacuum vapor deposition technique.

RESULTS AND DISCUSSION

Figure 1 shows the result of the time-conversion
experiment. The polymer we used in this experiment
was NaAA/DE2MA(3). As we see in Figure 1, the
percent conversion of styrene increases with polymer-
ization time, reaching a saturation level of ~93% at
ca. 300min. Then the polymerization slows down
considerably, the conversion eventually reaching 99%
20h after the polymerization was started (data not
shown). In Figure 1, the time evolution of the size
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of resulting polystyrene particles is also presented. The
diameter of the particle determined by DLS increases
with time and reaches a maximum size of ~200nm
when the conversion reaches the saturated level.
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Figure 1. Monomer conversion (open circles) and the particle
size determined by DLS (closed triangles) plotted as a function of

time for polymerization of styrene (initial concentration, 45 g/L)
in the presence of 0.2 g/L NaAA/DE2MA(3).

(a1)

Figure 2 represents SEM images and the distribu-
tions of the particle diameters determined by DLS
for the polystyrene particles formed at polymerization
times of 38, 195, and 415 min. It is clearly seen that
the particles are unimodal and the mean size of the
particles increases with polymerization time.

Figure 3 shows a relationship between the conver-
sion and the mean volume of the particle calculated
from the diameter as (47/3) x (diameter/2)?. The
mean volume of the resulting particles increases al-
most linearly with the monomer conversion. This
means that the number of the polystyrene particles
is kept constant during the polymerization. Thus, it
can be concluded that a certain number of ‘juvenile’
particles are formed at the initial stage of the polymer-
ization, and the particles grow in size as the polymer-
ization proceeds with no further new particles being
created during the polymerization process. This is
characteristic of the seed polymerization where mi-
celles of the amphiphilic copolymer act as seeds,
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Figure 2. SEM images of polystyrene particles (a;_3) and the particle size distributions measured by DLS (b;_3) for samples obtained at
different polymerization times, (a; and b;) 38 min, (a; and by) 195 min, and (a3 and bz) 415 min; the initial concentration of styrene is 45 g/

L in the presence of 0.2 g/L. NaAA/DE2MA(3).
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Figure 3. Relationship between the mean volume of the parti-
cles and the monomer conversion for the polymerization of sty-
rene (initial concentration, 45g/L) in the presence of 0.2g/L
NaAA/DE2MA(3).

and the grow-up of the particle occurs within the mi-
celles. In this case, adsorbing the polystyrene small
precipitates is more favorable for the grow-up mecha-
nism than absorbing styrene monomer because the
amphiphilic copolymer does not adsorb styrene mono-
mer so much, as we have already mentioned. Never-
theless, after styrene slightly solved in the micelles
turns into polystyrene, it might work as a seed because
of its strong affinity for styrene monomer.

In Figure 1, the intercept of straight line with the
mean volume axis represents the volume of the seed
amphiphilic copolymer. We also tried measuring the
size directly by DLS measurement, but the concentra-
tion of the copolymer is too thin that we could not
obtain the value.

In order to confirm the seed polymerization mecha-
nism, we measured the size of the polystyrene parti-
cles obtained with varying amounts of styrene mono-
mer. In this experiment, we used NaAA/DE2MA(3)
as in the time-conversion experiment.

When NaAA/DE2MA(3) acts as a seed in polymer-
ization, the number of the particles during the poly-
merization should be constant, and hence the particle
diameter (D) can be expressed as

D’ = b[M] + Vs (1)

where b is the constant and Vs is the volume of the
seed particle.

Figure 4 shows the mean volume plotted as a func-
tion of the initial concentration of styrene in the poly-
merization mixture. It can be seen that the volume in-
creases almost linearly as the initial concentration of
the monomer increases. The straight line represents
the best-fitted line based on eq 1. This means that
the number of the particles does not depend on the
concentration of styrene. Note that this data does not
obey Smith-Ewart law,?’ in which the particle number
N is proportional to A%, where A denotes the total

190

—_
=

~ O
— 77—
.
°
°
| I |

Mean volume (xl()ﬁnm3)
5]
T
L ]
1

Il L
60 80
Concentration of styrene (g/L)

()

o
[\
o
N
o

Figure 4. Mean volume of polystyrene particles plotted as a
function of the initial concentration of styrene for polymerization
in the presence of 0.2 g/L. NaAA/DE2MA(3).
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Figure 5. Dependence of the particle mean diameter against
the architectures of additive amphiphilic polymer, recipe: water
50mL, styrene 1mL, KPS 5mg and the amphiphilic polymer
10 mg.

surface area of the particles. Using their assumption,
the particle volume must be proportional to [M]'/?,
but actually not.

The particle size was found to depend strongly on
the architecture of the amphiphilic copolymer. As
can be seen from Figure 5, the particle size is mono-
tonically decreases as the DEnMA content in NaAA/
DEnMA(x) increases. It appears that, comparing the
length of the EO chain (n) in the DEnMA unit for
the copolymers with low DEnMA contents, the parti-
cle size is smaller for the copolymers with longer EO
chains.

Since the formation mechanism is seed polymeriza-
tion, the size of the polystyrene particles are deter-
mined solely from the number of the amphiphilic co-
polymer particles and their sizes, which depends on
the intra- and intermolecular self-association of the
amphiphilic copolymer. Although the reason of the
relation between the particle size and the architecture
of the amphiphilic polymer is still unclear, it must be
brought via the self-association phenomenon, which is
strongly depends on the architecture of the amphiphil-
ic polymers.3*33
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CONCLUSION

Monodisperse colloidal particles of polystyrene
with diameters ranging from 70 to 250 nm were pre-
pared by seed polymerization in water using a poly-
mer micelle formed from a random copolymer of so-
dium acrylate and an EO-based surfactant monomer
(surfmer) as a seed. The mean size of the particle
was dependent on the ratio of styrene to the seed poly-
mer and also on the architecture of the amphiphilic
copolymer, i.e., the content of the DEnMA and the
length of the EO chain in the DEnMA unit. The mean
volume of the resulting particles increases almost lin-
early with increasing monomer conversion, indicating
that the number of the particles is almost constant dur-
ing the polymerization. This is a manifestation of seed
polymerization where the particles grow in size as the
polymerization proceeds due to the buildup of poly-
styrene within the particles.
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