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Effect of graft chain number

Figure 5 shows the effect of the graft chain number and the
concentration of PDMA-g-PDLLA on the particle diameter
and the diameter distribution of PDLLA microspheres. As
shown this figure, the particle diameter decreased with
increasing the graft chain number and the concentration of
G, G,, and G; copolymers. Moreover, it was able to
control the particle diameter from 200 nm to 5 um by
altering the graft chain number and the concentration of
PDMA-g-PDLLA, However, as regarding the particle
diameter distribution, they were not correlated. Figure 6
shows the SEM images of PDLLA microspheres using G,
G,, and G; copolymers. In the case with G; copolymer,
large PDLLA microspheres were prepared. In contrast, in
the case with G; copolymer, small PDLLA microspheres
with narrow diameter distribution were prepared. In
addition, in the case with G, copolymer, PDLLA particle
with a bimodal size distribution were prepared. From these
results, it was suggested that the adsorption rate of PDMA-
g-PDLLA on the surface of primary particles was deter-
mined by the kinetic stability of PDMA-g-PDLLA micelles
in the reaction medium. Winnik et al. and Stejskal et al.
reported similar opinions in dispersion polymerization of
styrene and methyl methacrylate using poly(ethylene oxide-
b-styrene) and poly(styrene-b-ethylene-co-propylene) as a
dispersion stabilizer, respectively [11, 21]. The copolymers
with low molecular weight in the micelles can undergo
relatively rapid exchange with unimers because the copol-
ymer acts as a steric stabilizer. In contrast, high molecular
weight copolymers slowly exchange with unimers, causing
the polymerization to take place within the micelles. We
measured the hydrodynamic diameter (R,) of PDMA-g-
PDLLA micelles in xylene/heptane (1:2, v/v) by DLS
measurement. Figure 7 shows the size distributions for the
micelles of G;, Gy, and G; copolymers in xylene/heptane
(1:2, v/v) at 293 K. It was confirmed that the G, copolymer
exhibited a single size distribution and formed larger
micelles than that of G, and G; copolymers because the
longer PDMA segment shows higher solubility in the
solution. In contrast, G, and G; copolymers exhibited a

bimodal size distribution. It was suggested that both peaks
corresponded to the micelles with different Ry, because the
graft copolymer with various graft chain numnber exists in
the synthesis by free radical polymerization. The micelles
of G; copolymer are thermodynamically less stable than
that of G; and G, copolymers because G; copolymer shows
the lowest solubility in the solution. Therefore, the
adsorption capability of PDMA-g-PDLLA on the surface
of primary particles was increased with increasing the graft
chain number.

Effect of graft chain length

Figure 8 shows the SEM images of PDLLA microspheres
prepared using PDMA-g-PDLLA with different graft chain
length. From this figure, the particle diameter was de-
creased with increasing the graft chain length in PDMA-g-
PDLLA. Figure 9 shows the size distribution of G,
copolymeric micelles in xylene/heptane (1:2, v/v) at
293 K. It was confirmed that the micelles of G4 copolymer
showed a similar size to those of G, and G3 copolymers.
This result indicated similar tendency to the effect of the
graft chain number. Thus, it was concluded that the particle
diameter strongly depended on the kinetic stability of
copolymeric micelles in the solution.

Particle formation mechanism

Based on the results in above sections and the proposed
mechanism of anionic dispersion polymerization of styrene
{22, 23], a particle formation mechanism in the dispersion
polymerization of D,L-lactide in xylene/heptane (1:2, v/v) is
proposed as shown in Fig. 10. The graft copolymeric
stabilizer, PDMA-g-PDLLA, forrns micelles in the solution.
D,L-lactide does not swell the micelles and D,L-lactide is
completely soluble in the solution. Therefore, the polymer-
ization of D,L-lactide takes place in the homogeneous
medium until the polymer chains achieve a critical chain
length to precipitate from the medium. After particle nuclei
are formed by the aggregation of precipitated polymer
chains, the graft copolymeric stabilizer adsorbs on the

Fig. 10 Schematic representa- A
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surface of aggregates of particle nuclei to prevent further
aggregation. The process of stabilizer adsorption continues
until all the surface is occupied, and which forms primary
particles. Then the polymerization in the particle goes on
through the monomer diffusion from the medium to the
particle inside (pathway 1). Moreover, we suggested that
the graft copolymeric stabilizer with low solubility in the
medium such as G5 copolymer rapidly exchanged to unimer
state and it captured the precipitated polymer chains in the
micelles before aggregation. Subsequently, further poly-
merization of D,L-lactide takes place within the micelles,
leading to the formation of small particles with narrow size
distribution (pathway 2).

Conclusions

We investigated the effect of molecular structures in the
graft copolymer, PDMA-g-PDLLA, on the particle diame-
ter of PDLLA microspheres prepared by dispersion poly-
merization of D,L-lactide in xylene/heptane (1:2, v/v). The
particle diameters of prepared PDLLA microspheres were
controlled from 200 nm to 5 pm by altering the
concentration and the graft chain number of PDMA-g-
PDLLA. The anchor block having low solubility in the
solution was important for the graft copolymer as a
stabilizer. Such copolymers readily formed micelles in the
solution. Thus, PDLLA microspheres with a wide range of
particle diameter were prepared due to the different kinetic
stability of micelles. In addition, the graft chain number and
length of PDMA-g-PDLLA affect the kinetic stability of
micelles. In conclusion, the particle diameter of PDLLA
microspheres in dispersion polymerization is controllable
by the molecular design of graft copolymeric stabilizer.

@ Springer
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ABSTRACT: To control particle diameter and particle diameter distribution in disper-
sion copolymerization of styrene and sodium polyaspartate macromonomer contain-
ing vinylbenzyl pendant groups, effects of some polymerization parameters, water
contents, initiator concentration, styrene monomer concentration, reaction tempera-
ture, and type of initiator on the particle diameter and the diameter distribution
were investigated. Variation of the water contents from 20 to 80 vol % controls the
resultant particle diameter from 0.066 to 0.47 pm. The diameter increased with
inereasing initiator concentration. This tendency is similar to dispersion polymeriza-
tion system using a nonpolymerizable stabilizer. Particle diameter distribution broad-
ened with increasing styrene monomer concentration, This trend was attributed to
the increase of a period of particle formation. This result indicated that the period of
particle formation affected the resultant particle diameter distribution. Particle di-
ameter distribution was successfully improved (CV = 9.1 from 23.6%) by shortening
of decomposition time of initiator. ©2009 Wiley Periodicals, Inc. J Polym Sci Part A: Polym

Chem 47: 2281-2288, 2009
Keywords:
particle size distribution

INTRODUCTION

Nano- and microparticles immobilized with poly-
mer chains on the surface have been remarked in
recent years. These functmnal particles have been
used for biomedical tools,’ particulate emulsifier,?
catalyst,®® and colloidal crystal.”® Functionaliza-
tion of the polymer chains on the surface can
expand the application of these particles.

It is known that heterogeneous polymerization
with macromonomer, such as emulsion copolymer-
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ac.jp)
Journal of Polymer Science: Part A: Polymer Chemistry, Vol. 47, 2281-2288 (2009)
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200

colloids; dispersion polymerization; macromonomers; particle nucleation;

2,9-18 1,2,13-21

ization or dispersion copolymerization,
is a one-pot method for preparing particles immo-
bilized with polymer chains on the surface. In this
polymerization system, macromonomer plays a
role of not only a dispersion stabilizer but a como-
nomer. Therefore, prepared particles secure high
stability and functionality derived from macromo-
nomer chains immobilized onto the surface. Poly
(ethylene oxide) (PEO) macromonomer has been
used in almost all studies on the heterogeneous
polymerization. X'~ 131%2! However, the functionali-
zation of PEO chains is difficult owing to the
chemical stability of ethylene oxide units.

We  synthesized sodium  polyaspartate
(PAspNa) macromonomer with vinylbenzyl
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Figure 1. Chemical structure of VBA-PAspNa.
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pendant groups (VBA-PAspNa; Fig. 1) as a poly-
merizable stabilizer in dispersion polymeriza-
tion.?? Since poly(suecinimide) (PSI), precursor of
PAspNa, reacts with various amine compounds
without any coupling agent, PAspNa derivatives
with various functional pendant groups are easily
designed.?®> 28 Therefore, dispersion copolymeriza-
tion with VBA-PAspNa is promising to prepare
polymeric particles with polymer chains function-
alized as desired on the surface. Submicron sized
polymeric particles with broad diameter distribu-
tion were obtained by dispersion copolymerization
of styrene with VBA-PAspNa in a mixture of etha-
nol and water.??

Adequate ranges of particle diameter in each
application fields are different. In addition, mono-
disperse particles are required for many applica-
tions. Therefore, to apply the functional particles
produced by dispersion copolymerization with
VBA-PAspNa for various application fields, the
extension of the control range of particle diameter
and improvement of the diameter distribution are
important. Many studies about the effects of poly-
merization parameters on the particle diameter
and the distribution in dispersion polymerization
have been reported by researchers!®15:18-21,27-37
However, there are relatively few studies which
discuss the formation mechanism of polydisperse
particles in dispersion polymerization in detail.
Paine proposed the model of particle formation in
dispersion polymerization.33 In this model, poly-
disperse diameter distribution results from new-
born particle formation and/or coalescence of the
particles after stable particle formation. These
phenomena result in changes of particle number
and diameter distribution of the particles during
polymerization. Thus, the investigation of time
courses of the particle number and the diameter
distribution in dispersion copolymerization is
important for elucidation of the formation mecha-
nism of polydisperse particles. In our best knowl-

edge, however, there is no study which discusses
about polydispersity of the particle diameter in
the term of the time courses of the particle num-
ber and the diameter distribution. ‘

In this article, the effects of polymerization pa-
rameters such as water contents in media, initia-
tor concentration, styrene monomer concentra-
tion, reaction temperature, and type of initiator
on the particle diameter and the diameter distri-
bution were examined. Moreover, time courses of
the particle number and the diameter distribution
during polymerization were investigated with
changing the polymerization parameter, which
was found to affect the diameter distribution.

EXPERIMENTAL

Material

Styrene, 2,2'-azobisisobutyronitrile (AIBN), 2,2'-
azobis(2,4-dimethylvaleronitrile) (ADVN), 4--
butylpyrocatechol and ethanol were obtained
from Wako Pure Chemical Industries. Styrene
was purified by distillation under reduced pres-
sure. AIBN and ADVN were purified by recrystal-
lization from ethanol. 4-t-Butylpyrocatechol was
used without purification. Water was purified by
a Millipore Milli-Q purification system.

Synthesis of PAspNa Macromonomers

VBA-PAspNa was synthesized by the reaction
between PSI and vinylbenzylamine (VBA) and
the hydrolysis reaction with sodium hydroxide.
The detailed synthesis procedure was described in
our previous article.?? A vinyl group fraction of
VBA-PAspNa used in this study was fixed at
10 mol %. Weight-average molecular weight (M)
and the distribution (My/M,) of the PSI was
29,700 and 2.9, which were measured by gel per-
meation chromatography (GPC) with polystyrene
standard.

Dispersion Copolymerization

Dispersion copolymerization was carried out in a
reactor equipped with a reflux condenser and a
magnetic stirrer, and which was placed in an oil
bath equipped with a temperature control. A typi-
cal procedure for dispersion copolymerization of
styrene with VBA-PAspNa is presented below:
0.107 g of AIBN and 1.34 g of styrene were dis-
solved in ethanol 27 mL, and it added into the
aqueous solution containing of 0.05 g VBA-
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POLYMERIZATION WITH POLYASPARTATE MACROMONOMER 2283

PAspNa 18 mL. The mixture was polymerized in
the reactor at 343 K for 6 h under nitrogen atmos-
phere.

Measurements and Characterization

The diameter and the diameter distribution of
particles were measured by scanning electron mi-
croscopy (SEM, Hitachi S-4700). The number-
average particle diameter was obtained by count-
ing 200 particles in SEM photographs. Coefficient
of variation (CV) of the particle diameter was
calculated from the following equation:

CV(%) =
Standard derivation (um)

Number — average particle diameter (um) x 100

(1)

Styrene monomer conversion was calculated
from the unreacted styrene monomer concentra-
tion measured as follows: Small amount of sam-
ples withdrawn at different polymerization inter-
vals was added to methanol with 4-t-butylpyroca-
techol to terminate polymerization. This solution
was centrifuged at 30,000 rpm for 15 min to pre-
cipitate and collect polymers, and unreacted sty-
rene concentration in the supernatant was meas-
ured by high-performance liquid chromatography
(TOSOH SC-8010 system) with a UV-VIS detec-
tor (UV-8010, 4 = 254 nm) with the mixture of
methanol/water = 7/3 (vol/vol) as an eluant. The
column was a TSK-Gel ODS-80Ts QA (150 x 4.6
mm, TOSOH). The flow rate and the column tem-
perature were 0.8 mL/min and 313 K, respec-
tively. Particle number was calculated from the
particle diameter and the styrene monomer con-
version.

RESULTS AND DISCUSSION

Effect of Water Contents in Medium

The polarity of medium significantly affects the
diameter of the particles prepared by dispersion
polymerization. 22337 When oligomers have
larger molecular weight than the critical value for
precipitation, these are precipitated and coagu-
lated to form particle nuclei. The particle nuclei
subsequently coagulate among each other and the
number of particle nuclei decreases until enough
stabilizers adsorb to stabilize them. Yielding a
large number of particle nuclei results in the
decrease in the diameter of final particles. The
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Figure 2. Effect of water ‘contents in the media on
particle diameter (O) and CV (A). [Styrene] = 29.8
g/L, [Initiator] = 8 wt %-monomer.

critical value for precipitation strongly depends
on the solubility of oligomers in the medium. In
addition, since polarity of medium also affects the
solubility of dispersion stabilizers, it determines
their adsorption behavior and stability. Therefore,
the polarity of medium is a principal parameter
affecting resultant particle diameter in dispersion
polymerization.

The solvents used in this study were a mixture
of ethanol and water because the ratio of the sol-
vent controls the polarity of the medium. Water
contents of the standard condition was 40 vol %.
Dispersion copolymerization was carried out in
the media with different water contents was car-
ried out to examine the effect of the water con-
tents on the particle diameter and CV. Styrene
monomer was not completely solved in the media
with more than 60 vol % of water, and the poly-
merization occurred in the heterogeneous system.
Effect of the water contents in media on the parti-
cle diameter and CV is shown in Figure 2, Particle
diameter was significantly decreased with
increasing water contents. Variaticn of the water
contents from 20 to 80 vol % facilitates the control
of particle diameter from 0.066 to 0.47 pm. The
decrease in diameter with increasing water con-
tents is explained as follows: (1) Increasing water
contents induces further formation of particle
nuclei because the solubility of polystyrene in
water is lower than that in ethanol. (2) Since
PAspNa is insoluble in ethanol and soluble in
water, the solubility of VBA-PAspNa is enhanced
with increasing water contents. Thus, the PAspNa
chains on the surface of particle nuclei provide
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Figure 3. Effect of initiator concentration on parti-
cle diameter (O) and CV (A). [Styrene] = 7.5 g/L,
ethanol/water = 3/2.

high dispersion stability to the particle nuclei and
prevent from coagulating, resulting in the forma-
tion of a large number of particle nuclei.

Diameter distribution of the particles prepared
in water-rich media was slightly broader than
that prepared in ethanol-rich media. When dis-
persion copolymerization in water-rich solvents is
considered, the particle diameter distribution is
supposed to be monodisperse because of the high
dispersion stability. However, this result indicated
opposite tendency to our prediction. Therefore the
polymerization was probably occurred in hetero-
geneous phase.

Effect of Initiator Concentration

Effect of initiator concentration on the diameter
and the CV of particles obtained is shown in Fig-
ure 3. As seen in this figure, the particle diameter
increased with increasing initiator concentration
as the follow equation:

dp = [Initiator]®°

Many researchers have reported that a particle
diameter increased with increasing initiator con-
centration in dispersion polymerization with
homopolymer as a nonpolymerizable dispersion
stabilizer.2%29:82:3637 This behavior is explained as
follows. The molecular weight of polystyrene
formed is decreased by termination reactions with
increasing initiator concentration. In dispersion
polymerization using homopolymer as a disper-

sion stabilizer, free radicals generated in the solu-
tion abstract the hydrogen atoms from the homo-
polymer chain during polymerization. Graft poly-
merization of monomer from these radical sites
occurred and led to produce the graft copolymers
which adsorb onto the particles. The graft copoly-
mers with shorter polystyrene segment are
formed at higher initiator concentration, which
make it more soluble in the medium and thus less
effective as a stabilizer. This leads to low number
of particle nuclei and large particles. Since VBA-
PAspNa is a macromonomer containing multiple
vinyl groups in the side chains, we can imagine
that the stabilization mechanism of VBA-PAspNa
is similar to that of homopolymer. Thus, the effect
of initiator concentration on the polymerization
behavior using VBA-PAspNa was corresponding
to that using homopolymer.

Effect of Styrene Monomer Concentration

Effect of styrene monomer concentration on parti-
cle diameter and CV is shown in Figure 4. Particle
diameter was almost constant regardless of sty-
rene monomer concentration in dispersion copoly-
merization with VBA-PAspNa, CV of the resultant
particles increased with increasing styrene-mono-
mer concentration. In the conventional dispersion
polymerization of styrene, the particle diameter
increases with increasing feed monomer concen-
tration.?®%° Styrene monomer in a medium acts
as a good solvent for the polymer, polystyrene,
formed in dispersion polymerization. Thus, at
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Figure 4. Effect of styrene monomer concentration
on particle diameter (O) and CV (A). [Initiator] =
8 wt %-monomer, ethanol/water = 3/2.
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high styrene monomer concentration, large par-
~ ticles are produced as described in the above
section. However, dispersion copolymerization of
styrene with VBA-PAspNa showed a different
tendency.

Paine proposed that polydisperse diameter dis-
tribution resulted from newborn particle forma-
tion and/or coalescence of the particles after ini-
tial particle formation. In this model, broadening
of the diameter distribution involving increase in
the particle number is due to the newborn particle
formation, and that involving decrease in the par-
ticle number is due to the coalescence of the par-
ticles. To clarify the reason why the diameter dis-
tribution was broadened with increasing styrene
monomer concentration, the time course of parti-
cle number and CV in dispersion copolymerization
with different monomer concentrations were
investigated. The results are shown in Figure
5(a,b). In all of the polymerization conditions, CV
increased with polymerization time and then
reached on almost constant value. Particle num-
ber also increased from the beginning of polymer-
ization and then decreased to a constant value.
The period of increase in CV and particle number
indicated that particle nucleation continues to
occur in this period. Since the newborn particles
are smaller than the old particles, the CV was
enhanced by the newborn particle formation.
Decrease of particle number after the maximum
value is probably caused by coagulation of the
particles. The particles formed at initial polymer-
ization stage grew to increase the surface area of
particles. The increase of surface area advanced
the coagulation of particles, and this led to
decrease the particle number.

It was found that the both periods in which CV
and particle number increased were extended and
therefore these final values increased with
increasing styrene monomer concentration. This
means that the particle nucleation period was
prolonged with increasing’ styrene monomer con-
centration. The time courses of the amount of
unreacted styrene and the CV of particle diameter
at a different styrene monomer concentration are
shown in Figure 5(b,c). From these results, the
CV was gradually increased when styrene
remained in the system. This indicated that new-
born particles were produced as long as styrene
monomer was available for polymerization. In
general, since particle nuclei after the initial par-
ticle nucleation are instantly captured by the
growing particles, no formation of newborn par-
ticles occurs during polymerization.>”3" However,
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Figure 5. Time courses of (a) particle number, (b)
CV, and (c) unreacted styrene amounts in dispersion
copolymerization with various concentration of sty-
rene monomer: [Styrenel= 14.9 g/L, (A, - - -), 29.8 g/LL
(O, ), 44.7 g/L (O, —), 59.6 g/L (O, — - ~). The
lines indicate the times for maximum values of the
particle number and CV during polymerization.

Figure 5 implies that capturing particle nuclei by
the growing particles is difficult. The surface of
particles prepared with VBA-PAspNa would be
significantly covered with PAspNa chains at the
initial polymerization stage. During dispersion
polymerization, styrene oligomers are generated
in solution. The oligomers are precipitated and
coagulate among each other to form particle
nuclei. Graft copolymers are also generated in the
solution and adsorb to the particle nuclei to stabi-
lize them. Therefore, stabilizer chain density on
the particle surface increases with progress with
polymerization.® The low solubility of VBA-
PAspNa in the ethanol-rich solvent leads to fast
adsorption of VBA-PAspNa onto the particle
surface. It seems that sufficient surface coverage
of PAspNa chains prevents from capturing parti-
cle nuclei The no dependency of styrene
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concentration on particle diameter is also ex-
plained by the decrease in the number-average
particle diameter along with the small newborn
particle formation.

Effect of Reaction Temperature and
Type of Initiator

As mentioned above, the long period of particle
nucleation gives rise to broader particle diameter
distribution in dispersion copolymerization with
VBA-PAspNa. To reduce the CV of the prepared
particles, the nucleation time needs to be short-
ened. Radical generation relates to the particle
nucleation. Thus, the period of particle formation
expects to decrease by fast decomposition rate of
initiator. The decomposition rate of initiator
depends on the reaction temperature and the mo-
lecular structure. To demonstrate the effect of ini-
tiator decomposition rate on the particle diameter
distribution, dispersion copolymerization with dif-
ferent reaction temperatures and initiators were
carried out. Reaction temperature was varied
from 3833 K to 353 K. AIBN or ADVN was used as
an initiator. The decomposition rate is faster at
higher temperature. In addition, the half-life time
of ADVN, ~36 min at 343 K, is shorter than that

205

of AIBN, ~340 min at 343 K. The effects of reac-
tion temperature on the particle diameter and the
CV of particles with ATBN and ADVN are shown
in Figure 6(a). Figure 6(b) shows SEM images of
the particles prepared with AIBN at 343 K and
with ADVN at 353 K. These results indicated that
the elevation of reaction temperature increased
the particle diameter and decreased the CV. In
addition, large particles with narrow diameter
distribution were obtained by using ADVN. The
increase of the particle diameter by fast decompo-
sition rate of initiator might be similar to the phe-
nomenon at high initiator concentration.

As expected, dispersion copolymerization with
ADVN at high temperature produced particles
with low CV. The time courses of particle number
and CV of particles prepared by dispersion copoly-
merization at different reaction temperatures are
shown in Figure 7. These results showed that the
period of increase in particle number and CV, the
period of particle nucleation, was shorter at
higher reaction temperature. Likewise, the time
courses of particle number and CV of particles
prepared by dispersion copolymerization with
using AIBN or ADVN are shown in Figure 8.
When using AIBN, the CV increased until 60 min.
Conversely, when using ADVN, the CV was

Journal of Polymer Science: Part A: Polymer Chemistry
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almost constant after 45 min, and the particle
number was almost constant during polymeriza-
tion.

From these results, the polymerization using a
fast-decomposing initiator at high temperature
improves the diameter distribution of the par-
ticles obtained owing to the short particle forma-
tion period. The optimization of polymerization
condition (reaction temperature: 343353 K, ini-
tiator: AIBN—ADVN) successfully reduced the
CV of the particles to 9.1 from 23.6% [Fig. 6(b)].

CONCLUSIONS

In dispersion copolymerization of styrene with
VBA-PAspNa in a mixture of ethanol and water,
polymerization parameters such as water con-
tents in media, initiator concentration, styrene
monomer concentration, reaction temperature,
and type of initiator affected the particle diameter
and the diameter distribution. The particle diame-
ter greatly decreased and CV slightly increased
with increasing water contents in the media. Par-
ticle diameter increased with increasing initiator
concentration. The period of increase of CV and
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Figure 7. Time courses of (a) particle number and
(b) CV in dispersion copolymerization at different
reaction temperature: 333 K (A, - - -), 343 K (O, -~ ),
353 K ([, — ~ -). The lines indicate the times for
maximum values of the particle number and CV dur-
ing polymerization.
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Figure 8. Time courses of (a) particle number and
(b) CV in dispersion copolymerization with AIBN (O,
------ ), ADVN ([3, — ~ ~) as an initiator. The lines indi-
cate the times for maximum values of the particle
number and CV during polymerization.

particle number, namely, the period of particle for-
mation increased with increasing styrene mono-
mer concentration, From this result, we found
that the particle diameter distribution in the final
particles was determined by the nucleation pe-
riod. Monodispersity of the particles can be
improved by shortening of the decomposition time
of initiator, which is determined by the reaction
temperature and the molecular structure.
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ABSTRACT: Monodisperse poly(p,L-lactide) (PDLLA) microspheres were prepared by
dispersion polymerization of p,L-lactide in xylene/heptane (1/2, v/v) with poly[(dodecyl
methacrylate)-co-(2-hydroxyethyl methacrylate)] (P(DMA-co-HEMA)) as a dispersion
stabilizer. P(DMA-co-HEMA) containe hydroxy groups, which act as an initiation
group for pseudoanionic dispersion polymerization. The best coefficient of variation
(CV) values concerning particle diameter distribution and the particle diameter of
obtained PDLLA microspheres were 3.7% and 5.3 um, respectively. The particle di-
ameter decreased with increasing concentration of P(DMA-co-HEMA) and HEMA
maintained low CV (<10%) values. As a result, monodisperse PDLLA microspheres
ranging from 1.3 to 5.3 ym were obtained. In addition, it was found that monodis-
perse PDLLA microspheres were obtained by sufficient capture of growing polymers
and monomers in the particle growth stage. Therefore, the HEMA concentration in
P(DMA-co-HEMA) strongly affecting the capturing capability is the most important
factor. ©2009 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 47: 5230-5240, 2009

Keywords: colloids; dispersion polymerization; micelles; monodisperse polylactide

microspheres; stabilization

INTRODUCTION

Heterogeneous polymerization for preparing poly-
meric particles is mainly classified as emulsion,

dispersion,” and suspension polymerization.® Dis-
persion polymerization, which facilitates the prep-
aration of microparticles with narrow diameter
distribution in a single step, has attracted atten-
tion for biomedical and chemical applications
such as coatings, inks, adhesives, and diagnosis
carriers.“® The degree of success in each applica-
tion depends on the particle diameter and diame-
ter distribution. Therefore, it is important to
understand the role of the dispersion stabilizer

Correspondence to: T. Ono (E-mail: tono@cc.okayama-u.
ac.jp)
Journal of Polymer Science: Part A: Polymer Chemistry, Vol. 47, §230-5240 (2009)
© 2009 Wiley Periodicals, Inc.
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and how to control the particle diameter and
diameter distribution using the dispersion
stabilizer.

Dispersion polymerization is carried out in a
reaction medium that dissolves monomers, but
not polymers. Polymerization confinues in the
reaction medium until the critical molecular
weight of a polymer chain for solubility is reached,
and then the precipitated particles are stabilized
using the dispersion stabilizer. When using poly-
styrene-b-poly(ethylene glycol), which contains
both soluble and insoluble polymer segments in a
medium, as a dispersion stabilizer, Winnik and
coworkers showed the existence of micelles com-
prised of several hundred molecules of a diblock
copolymer and micellar clusters corresponding to
the aggregation of tens of micelles in aqueous
solution from dynamic light scattering measure-
ments.”® Moreover, in free radical polymerization,
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as the dissociation of an initiator is relatively
slow, the duration of chain initiation is prolonged.
Thus, the particle formation period in free radical
dispersion polymerization with a diblock copoly-
meric stabilizer is complex. In contrast, in-situ
polymerized graft copolymers are used during dis-
persion polymerization of styrene.®! There are
precursor polymers that contain active sites for
chain transfer of radicals such as hydroxypropyl
cellulose, poly(acrylic acid), and polyvinylpyrroli-
done (PVP). As micelle formation of these poly-
meric stabilizers is negligible at the initial stage
of polymerization, it would be promising to pre-
pare monodisperse polystyrene microspheres. In a
previous study, El-Aasser and coworkers prepared
polystyrene microspheres with narrow diameter
distribution by anionic dispersion polymerization
using polystyrene-b-polybutadiene and sec-butyl-
lithium as a dispersion stabilizer and an initiator,
respectively.’? During this anionic dispersion po-
lymerization, all initiator was consumed by 1~-2%
of monomer.'® Therefore, it is a favorable condi-
tion for understanding the role of the dispersion
stabilizer.

Biodegradable polymeric microspheres have
been recently developed for chemical materials
such as coatings, inks, adhesives, and controlled
drug delivery systems.**7 A typical biodegrad-
able polymer, polylactide (PLA), exhibits good me-
chanical properties, biodegradability, and biocom-
patibility for use in those areas.’**° Slomkowski
and coworkers reported that PLA microspheres
with narrow diameter distribution, and a coeffi-
cient of variation (CV) of 12%, were prepared by
dispersion polymerization of lactide in 1,4-diox-
ane/heptane (1:4, v/u) using poly(dodecyl acry-
late)-g-poly(e-caprolactone) as a dispersion stabi-
lizer.?¥"2® We also reported that poly(p,L-lactide)
(PDLLA) microspheres with narrow diameter dis-
tribution and a CV of 12.5%, were prepared by
dispersion polymerization of p,l-lactide in xylene/
heptane (1:2, v/v) using copolymer grafting PLLA,
poly(dodecyl methacrylate)-g-polylactide, as a dis-
persion . stabilizer.>**®* However, monodisperse
PDLLA microspheres with a CV < 10%, have not
been obtained.

We have synthesized polyl(dodecyl methacry-
late)-co-(2-hydroxyethyl methacrylate)] (P(DMA-
co-HEMA)) containing hydroxy groups, which act
as an initiation group for pseudoanionic
dispersion polymerization, leading to the forma-
tion of the PDLLA-grafted copolymer, P(DMA-
co-HEMA)-g-PDLLA.  Consequently, P(DMA-
co-HEMA) brought about monodisperse PDLLA
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microspheres by pseudoanionic dispersion poly-
merization of Dp,L-lactide.?® The advantage of
P(DMA-co-HEMA) was the formation of a graft
copolymer in situ. Omi et al. reported that the
addition of a small amount of L-ascorbic acid (AA)
provided monodisperse polystyrene microspheres
during dispersion polymerization with PVP as a
dispersion stabilizer.?” AA acted as an antioxi-
dant, and the oxidized form of AA takes part in
the abstraction of a hydrogen atoms from PVP. As
a result, monodisperse polystryrene microspheres
were prepared by promoting the grafting of PVP.
Therefore, the grafting of a dispersion stabilizer
produced in situ is the most important factor in
preparing monodisperse polymeric microspheres
by dispersion polymerization. P(DMA-co-HEMA)
contains initiation points of polymerization, and
the number of points are controllable. Therefore,
we expect there exists an optimal graft chain
number in a grafted copolymeric stabilizer for pre-
paring monodisperse PDLLA microspheres. We
investigated the role of P(DMA-co-HEMA) in the
control of particle diameter and diameter distribu-
tion during dispersion polymerization and sug-
gested a solution for preparing monodisperse
PDLLA microspheres.

EXPERIMENTAL

Materials

p,L-Lactide (Purac) was purified by recrystalliza-
tion from toluene. 2-Hydroxyethyl methacrylate
(HEMA), dodecyl methacrylate (DMA) (Wako
Pure Chemical Industries, Ltd.), and tin(II) 2-eth-
ylhexanoate (Aldrich) were purified by distillation
under reduced pressure.?®*® Xylene and heptane
(dehydrated-grade) (Wako Pure Chemical Indus-
tries, Litd.) were stored in a glove box filled with
argon gas. Other reagents (Wako Pure Chemical
Industries, Ltd.) were used as received.

P(DMA-co-HEMA) Synthesis

The synthesis of P(DMA-co-HEMA), C, in Table 1,
is described as a typical example of synthesis.
DMA (7.9 g, 381.18 mmol), HEMA (81 mg, 0.62
mmol), and dehydrated toluene (24 ml) were
placed into a round-bottom reactor. After nitrogen
was added to remove oxygen, the reactor was
immersed in an oil bath at 358 K. Dehydrated tol-
uene dissolved in benzoyl peroxide (BPO) (304
mg, 1.25 mmol) was added to initiate polymeriza-
tion. Polymerization was conducted for 3 h.
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Table 1. Molecular Svructure of P(DMA-co-HEMA)

Frema Nugpma

Code M, Mo/My (mol %) (units)
H; 8,200 2.16 0.0 0.0
G 16,900 2.42 0.9 0.6
Co 16,300 2.48 1.3 0.8
Cs 18,200 2.44 2.3 1.7
Cy 17,000 2.24 4,1 2.9

Afterward, the reaction mixture was poured into
excess methanol to remove the remaining DMA
and HEMA. After purification, the obtained poly-
mer was dried under reduced pressure at 313 K.

PDLLA Microspheres Preparation

PDLLA microspheres were prepared according to
a typical preparation procedure of PDLLA micro-
spheres shown in Scheme 1. p,1-lactide (500 mg,
3.47 mmol) was added into dehydrated xylene/
heptane (1:2, v/v) (17 mL) dissolved in P(DMA-co-
HEMA). The solution was stirred at 120 rpm with
a magnetic stirrer. Dehydrated xylene/heptane
(1:2, v/v) (3 mL) dissolved in stannous 2-ethylhex-
anoate (475 mg, 0.12 mmol) as a catalyst was pre-
pared. This was added into the solution using a
syringe, and polymerization was conducted at
368 K for 3 h. After polymerization, the reaction
solution was poured into excess cold heptane. The
solution was centrifuged for 3 min at 6000 rpm,
and the collected microspheres were redispersed

0

into heptane. This solution was filtered to
collect the prepared microspheres. During poly-
merization, aliquots of the sample were
periodically withdrawn through a syringe for
intermittent characterization of the polymeriza-
tion progress.

Characterization

The chemical structures of the synthesized poly-
mers were confirmed with *H NMR (AL300 SC-
NMR, JEOL) using CDClg as a solvent. The
weight-averaged molecular weight (M) and the
polydispersity index (M,/M,) of the synthesized
polymers were measured using gel permeation
chromatography (HLC 6 8120, Tosoch, GPC)
equipped with a refractive index detector based
on polystyrene standards with tetrahydrofuran as
an eluent. A scanning electron microscope (8-
4700, Hitachi, SEM) was used to study the mor-
phology of PDLLA microsphers, particle diameter,
and diameter distribution, Dynamic light scatter-
ing measurement (FPAR-1000, Otsuka Electron-
ics Co., DIS) was carried out at 293 K using a
He-Ne laser with a wavelength of 633 nm to
determine the hydrodynamic diameter (&),) of the
micelles of P(DMA-co-HEMA) and P(DMA-co-
HEMA)-g-PDLLA in xylene/heptane (1:2, v/v).
The mean hydrodynamic diameter was evaluated
using the cumulant method. The conversion of
D,1-lactide was measured using high-performance
liquid chromatography (LC-6A, Shimazu, HPLC)
with methanol/water (1:49, v/v) as an eluent and
a UV-detector at 216 nm.

Sn(oe), ,

ﬁﬁ%’ e

P{OMA-co-HEMA)

XylenefHeplane = 1/2(v\V), 8BBK, 3 h

Scheme 1. Preparation of PDLLA microspheres.
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Figure 1. Size distributions of P(DMA-co-HEMA) in xylene/heptane (1:2, v/v); (a) H
(By, = 1.1 and 8.6 nm), (b) C; (R, = 1.2 and 8.6 nm), (c) Cz (Ry, = 1.3 and 8.8 nm), (d) C;
(B, = 1.3 and 7.4 nm), and (e) C4 (R}, = 7.9 nm), [P(DMA-co-HEMA)] = 10 g/L.

RESULTS AND DISCUSSION

P(DMA-co-HEMA) Synthesis

P(DMA-co-HEMA) was successfully obtained by
free radical copolymerization of DMA and HEMA
using BPO as an initiator. The analytical results
of synthesized copolymers are summarized in
Table 1. To investigate the effect of the molecular
structure of P(DMA-co-HEMA) on the particle
diameter and diameter distribution of PDLLA
microspheres, five kinds of P(DMA-co-HEMA)
with different HEMA concentrations were synthe-
sized. The 'H NMR spectrum of P(DMA-o-
HEMA) showed peaks at 3.9 ppm (COOCH, for
DMA unit) and at 4.1 ppm (COOCH; for HEMA
unit). Furthermore, there were no peaks detected
around 5.6 and 6.1 ppm (double bond for
DMA and HEMA) in the spectrum. Therefore,
P(DMA-co-HEMA) was finally identified. The
fraction of HEMA units in P(DMA-co-HEMA),
Fygma, was calculated by the integration ratios
corresponding to 3.9 ppm (COOCH, for DMA
unit) and 4.1 ppm (COOCH,, for HEMA unit) in
the *H NMR spectrum.
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This was defined by the following equation:

_Ammma
(Apma +AmEma)

where Aypma and Apya denote the peak areas of
COOCH,, for HEMA and DMA units in the 'H
NMR spectrum of P(DMA-co-HEMA), respec-
tively. The number of HEMA units in P(DMA-co-
HEMA), Nugma, is defined as follows:

Fupmas =

anpolymer :
(Mo Dy £24 + M rEMa)

where My copolymer, Mo pMa, and My HEMA denote
the number-averaged molecular weight of
P(DMA-co-HEMA), DMA, and HEMA, respec-
tively.

Nypma =

DLS Measurement of P(DMA-co-HEMA)

DLS measurements clarified the presence of
P(DMA-co-HEMA) micelles, as shown in Figure 1.
P(DMA-co-HEMA) exhibited a bimodal size distri-
bution based on unimers and polymeric micelles
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um

Figure 2. SEM images of PDLLA microspheres prepared by dispersion polymeriza-
tion using P(DMA-co-HEMA) with different HEMA concentrations; (a) C; (dp =
5.3 um, CV = 8.7%), (b) C; (dp = 4.5 um, CV = 4.9%), (¢) C; (dp = 3.2 ym, CV =
13%), and (d) Cy4 (polydispersity), [P(DMA-co-HEMA)} = 1.0 g/L.

in xylene/heptane (1:2, v/v) when using H;, C;,
Cq, and Cz (rvefer Table 1). The mean hydrody-
namic diameter (Ry) of unimers and polymeric
micelles were about 1.3 and 8.0 nm, respectively.
In addition, most of the P(DMA-co-HEMA) were
in a unimer state in the solution. In contrast,
when using C,;, P(DMA-co-HEMA) exhibited a
single size distribution based on the polymeric
micelles in the solution. This result indicated that
the formation of polymeric micelles was induced
by the existence of hydroxy groups in P(DMA-co-
HEMA), which showed a low affinity to the
medium. Winnik and coworkers reported that the
large molecular weight block copolymers showed
the presence of micellar aggregates in methanol,
which might induce the polydispersity of the
particles during dispersion polymerization.®
Therefore, it was assumed that the HEMA con-
centration in P(DMA-co-HEMA) affecting micelle
formation should be a contributing factor to pre-
pare monodisperse PDLLA microspheres during
dispersion polymerization of p,L-lactide.

Effect of HEMA Concentration on Particle Size
Distribution

Figure 2 shows SEM images of PDLLA micro-
spheres prepared by dispersion polymerization
using P(DMA-co-HEMA) with different HEMA
concentrations. As shown in Figure 2, monodis-
perse PDLLA microspheres were obtained using
only C; and C,. The best value of CV and the par-
ticle diameter of PDLLA microspheres were 3.7%
and 5.8 um, respectively [Fig. 2(a)]. In contrast,
PDLLA microspheres were not obtained during
dispersion polymerization using H;, which had no
HEMA unit. These results suggested that the
preparation of spherical PDLLA microspheres
require a dispersion stabilizer containing PDLLA
segments to interact with the precipitated par-
ticles. The PDLLA segment in a dispersion stabi-
lizer physically adsorbs on the surface of the
precipitated particles, and the PDMA segment
creates high solubility in the medium. In addition,
the CV increased with increasing HEMA concen-
trations in P(DMA-co-HEMA), and polydisperse
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Figure 3. 'H NMR spectrum of PDLLA micro-

spheres prepared by dispersion polymerization using
P(DMA-co-HEMA) (C,).

PDLLA microspheres were prepared during dis-
persion polymerization using C; and C4 [Fig.
2(c,d)]. In particular, many nanoparticles of
P(DMA-co-HEMA)-g-PDLLA were obtained when
using C, because most monomers were consumed
by the hydroxy groups in P(DMA-~co-HEMA) dur-
ing polymerization. Therefore, we concluded that
there is an optimal HEMA concentration for pre-
paring monodisperse PDLLA microspheres.

Characterization of PDLLA Microspheres

Figure 3 shows the "H NMR spectrum of PDLLA
microspheres prepared by dispersion polymeriza-
tion using C, as a dispersion stabilizer. The
spectrum showed peaks at 1.7 and 5.2 ppm (CHg
and CH for PLA), but no peaks of P(DMA-co-
HEMA)-g-PDLLA were detected. During disper-
sion polymerization of styrene or methyl methac-
rylate using a conventional stabilizer, PVP and
the existence of a graft copolymer on the surface
of particles were confirmed using FTIR and X-ray
photoelectron spectroscopy.2%®! This suggests that
the adsorption of PMOMA-co-HEMA)-g-PDLLA on
the particle surface was weak. In addition, no
peak at 4.1 ppm (COOCH, for HEMA unit) was
__detected in the "H NMR spectrum of P(DMA-co-
“HEMA)g-PDLLA. Therefore, all hydroxy groups
in P(DMA-co-HEMA)reacted, and PDMA-g-
PDLLA was produced in situ. The number-aver-
aged molecular weight of the graft chain
was approx. 14,000. Furthermore, Figure 4 shows
the size distribution of PDMA-g-PDLLA in the
supernatant of the medium after dispersion poly-
merization. The resultant graft copolymer,
PDMA-g-PDLLA, exhibited a single size distribu-
tion based on the polymeric micelles through self-
aggregation. Consequently, it was confirmed that
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Figure 4. Size distribution of P(DMA-co-HEMA)-g-
PDLLA in supernatant of medium afier dispersion
polymerization; [P(DMA-co-HEMA) (C,)] = 1.0 g/L.

hydroxy groups in P(DMA-co-HEMA) played a
key role as an initiation group during polymeriza-
tion of p,1-lactide.

100 ¥ ' LS ' L] ‘[
& 80fF 8 8-
§ eor s B )
g40"8 B8 -
820'8 -
0 | t . t - t
5F A A -
—_ | A O-
E a0 © g
g 3r A ©O O o -
8 zgg p O -
1 -
0. ) 1 : 1 = 1 :-
12/ - o 0o a_
g ¢ o -
A 8 -
S :60 -
8 RO ® R

1 | 1 1 1 |

0 40 80 120

Reaction time (min.)

Figure 5. Dependence of monomer conversion,
particle diameter, and diameter distribution of
PDLLA microspheres on polymerization times,
P(DMA-co-HEMA); C; (A), Cz (O), Cs (O), [P(DMA-
co-HEMA)] = 1.0 g/L.
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Figure 6. SEM images of PDLLA microspheres at 5, 15, 30, and 60 min of disper-
gion polymerization using P(DMA-co-HEMA) with different HEMA concentrations;
(a~d) Cy, (e-h) Cp, (i-1) Cg, [P(DMA-co-HEMA)] = 1.0 g/L..

Time Courses of Particle Growth

The effects of polymerization time on monomer
conversion, the particle diameter and particle di-
ameter distribution on HEMA concentration in
P(OMA-co-HEMA) were investigated for prepar-
ing monodisperse PDLLA microspheres. The
results are shown in Figure 5. From Figure 5, the
CV decreased with increasing polymerization time
when using C; and C,. The decrease in CV was
induced by the capture of growing polymers and
monomers into the particles from a continuous
phase in the particle growth stage.*® In con-
trast, CV did not decrease with increasing poly-
merization time when using Cz. In soap-free poly-
merization, Yamamoto et al. reported that the
rough surface of polystyrene latex particles
became smooth by the addition of styrene mono-
mers in the ‘particle growth stage.3*% We
observed the surface morphology of the particles,
which changed with increasing polymerization
time, using SEM as well as these reports. Figure 6
shows SEM images of PDLLA microspheres at 5,
15, 30, and 60 min of dispersion polymerization
using P(DMA-co-HEMA) with different HEMA

concentrations. C; exhibited the roughest particle
surface at 5 min, becoming smooth at 15 min. In
contrast, the surface became smooth at 60 min
with Cs. These results suggest that the growing
polymers and monomers were not sufficiently cap-
tured into the particles in the particle growth
stage because many monomers were consumed by
the hydroxy groups in P(DMA-co-HEMA) during
polymerization. Therefore, with Cg, the CV did not
decrease due to insufficient capture of growing
polymers and monomers. With C, and C,, mono-
disperse PDLLA microspheres were obtained by
sufficient capture of growing polymers and mono-
mers. In conclusion, the HEMA concentrations in
P(DMA-co-HEMA) strongly affected the capability
of capturing monomers and growing polymers,
and P(DMA-co-HEMA) with 0.9 mol % of HEMA
was the optimal molecular structure.

Effect of P(DMA-co-HEMA) Concentration

P(DMA-co-HEMA), a dispersion stabilizer, plays
an important role in preparing monodisperse
PDLLA microspheres during dispersion polymer-
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10.0um

jzation. P(DMA-co-HEMA) and P(DMA-co-
HEMA)-g-PDLLA adsorb onto the surface of
particles through physical interaction. In fact,
in-situ  produced P(DMA-co-HEMA)-g-PDLLA
acts as a true dispersion stabilizer to form spheri-
cal stable particles and inhibits particle coagula-
tion. Figure 7 shows the effect of P(DMA-co-
HEMA) concentration on the particle diameter
and diameter distribution of PDLLA microspheres
prepared using P(DMA-co-HEMA) with different
HEMA concentrations. From Figure 7, the parti-
cle diameter decreased with increasing P(DMA-
co-HEMA) concentration because a large number
of P(DMA-co-HEMA) molecules adsorbed onto the
large surface area of particles to reduce the
surface energy. In addition, the particle diameter
decreased with increasing HEMA concentration
in P(DMA-co-HEMA) because the adsorption rate
to the surface of particles was larger when using
P(DMA-co-HEMA) with a number of PDLLA
chains, which showed a high affinity to the par-
ticles. In conclusion, the particle diameters of
monodisperse PDLLA microspheres were con-
trolled from 1.8 to 5.3 um by the P(DMA-co-
HEMA) and HEMA concentrations. Figure 8
shows the largest and smallest monodisperse
PDLLA microspheres obtained in this study.

The CV increased with increasing P(DMA-co-
HEMA) concentration when using C; and C,. The
decrease in CV was induced by the capture of
growing chains and monomers into the particles

LDV 12 dmm

Figure 8. SEM images of PDLLA microspheres prepared with different concentra-
tions of P(DMA-co-HEMA); (a) [Cy] = 1.0 g/L (dp = 5.3 ym, CV = 3.7%), (b) [Cs] =

10 g/L (dp = 1.3 ym, CV = 7.7%).
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from a continuous phase in the particle growth
stage. Therefore, with increasing P(DMA-co-
HEMA) concentration, captured monomers in the
particles decreased due to the fact that many
monomers were consumed by polymerization
from the hydroxy groups in P(DMA-co-HEMA).
On the other hand, with Cg, the CV decreased
with increasing P(DMA-co-HEMA) concentration.
This result indicated that more monomers were
consumed by the hydroxy groups in P(DMA-co-
HEMA) during polymerization because Cg had
more hydroxy groups, and hence P(DMA-co-
HEMA)-g-PDLLA quickly formed at the initial
stage. As a result, the anchoring of PMMA-co-
HEMA)-g-PDLLA onto the precipitated particles
inhibited coagulation of precipitated particles at
the stable particle formation stage.

Formation Mechanism of Particles

In general, regardless of the molecular structures
of the dispersion stabilizer, the formation mecha-

nism of particles for dispersion polymerization is
basically the same as the one we proposed.®®%7
Based on the results in the above sections and the
proposed mechanism earlier in the literature for
dispersion polymerization of lactide, the forma-
tion mechanism of particles during dispersion
polymerization of D,i-lactide in xylene/heptane
(1:2, v/v) using P(DMA-co-HEMA) with different
HEMA concentrations is illustrated in Figure 9.
Cy, Gy, and Cg with <2.30 mol % of HEMA exhib-
ited a unimer state in the medium. Therefore,
polymerization occurs in a homogeneous medium,
and then the generated polymer chains grow until
reaching the critical chain length where they pre-
cipitate to form particles. These precipitated
particles are unstable and easily aggregate with
each other. Simultaneously, the graft copolymeric
stabilizer produced in situ, P(DMA-co-HEMA)g-
PDLLA, adsorbs on the aggregates of the precipi-
tated particles, forming stable particles. The
stable particles grow by capturing monomers and
growing polymers into the particles from a
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continuous phase, which results in PDLLA micro-
spheres (Pathway 1). In particular, monodisperse
PDLLA microspheres are obtained by the suffi-
cient capture of growing polymers and monomers
into the particles from a continuous phase in the
particle growth stage when using C, with the low-
est HEMA concentration [Fig. 9(a)l. Moreover,
nanoparticles of P(DMA-co-HEMA)-g-PDLLA are

formed when using C4 with the highest HEMA .

concentration because most monomers are con-
sumed by the hydroxy groups in P(DMA-co-
HEMA) during polymerization (Pathway 2). As a
result, the number of P(OMA-co-HEMA)-g-PDLLA,
which stabilizes PDLLA microspheres in pathway
1, decreases, and polydisperse and larger PDLLA
microspheres are obtained [Fig. 9(b)].

CONCLUSIONS

We developed monodisperse PDLLA microspheres
by dispersion polymerization in xylene/heptane
(1/2, v/v) using P(OMA-co-HEMA) as a dispersion
stabilizer containing hydroxy groups. When using
P(DMA-co-HEMA) with 0.9 mol % of HEMA,, the
best result in the CV of PDLLA microspheres
obtained in this study was 3.7%, and the particle
diameter was 5.3 ym. In addition, by keeping CV
low (<10%), the particle diameter was controllable
from 1.8 to 5.3 um by altering the concentrations
of P(DMA-co-HEMA) and HEMA, which affect the
adsorption of in-situ polymerized P(DMA-co-
HEMA)-g-PDLLA onto the precipitated particles
until stable particles are formed. When monodis-
perse PDLLA microspheres were obtained, the CV
decreased with increasing polymerization time by
the sufficient capturing of growing polymers and
monomers into the particles from a continuous
phase in the particle growth stage. The capturing
depended on the consumption of monomer by poly-
merization from hydroxy groups in P(DMA-co-
HEMA). Therefore, the HEMA concentration in
P(DMA-co-HEMA) strongly affected the capturing
capability, which was the most important factor.
Consequently, preparation of modisperse PDLLA
microspheres and the particle diameter control
were attain-using a new molecular design of a
dispersion stabilizer.
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