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ABSTRACT: This study was focused on the synthesis of
monodisperse poly(n-butyl methacrylate-co-methyl meth-
acrylate) submicrospheres via soap-free emulsion poly-
merization and on their characterization. The glass-
transition temperatures of poly(n-butyl methacrylate) and
poly(methyl methacrylate) were approximately 25 and
110�C, respectively. Therefore, submicrospheres with
different glass-transition temperatures could be obtained
through the variation of the copolymer composition. In
addition, relationships between the monomer feed concen-
tration (M0) and the Mark–Houwink constant (a) for the
copolymer submicrospheres were proposed. The molecular
weights of the copolymer submicrospheres decreased
sharply with an increase in the weight fraction of n-butyl

methacrylate. On the contrary, the particle diameter
increased linearly from 277 to 335 nm with an increase in
the weight fraction of n-butyl methacrylate. The a values
decreased with an increase in M0, and this indicated that
the branched structures of the copolymer submicrospheres
were easily obtained when M0 was higher than 0.11 g/mL
of water. Consequently, the results of this study are
expected to provide useful information for the synthesis of
monodisperse copolymer submicrospheres by soap-free
emulsion polymerization. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 120: 2945–2953, 2011
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INTRODUCTION

Monodisperse polymer particles have attracted con-
siderable attention because they have potential appli-
cations in various fields such as colloid science, optics,
and biotechnology.1–7 Monodisperse polymer par-
ticles have also been used to prepare advanced materi-
als such as photonic crystals.8–14 The unique photonic
bandgap in photonic crystals prevents the propaga-
tion of electromagnetic waves in a particular
frequency range through the crystal structure.9,12

Monodisperse polymer particles have been synthe-
sized by different polymerization processes, including
emulsion polymerization,15 dispersion polymeriza-
tion,16,17 suspension polymerization,18 and soap-free
emulsion polymerization.19–22 Among these, soap-free
emulsion polymerization is the simplest method for
synthesizing self-assembled monodisperse polymer
particles that can be used in photonic crystals.

Ou et al.23 synthesized monodisperse polymer
spheres with different particle diameters and
proposed different mechanisms for the nucleation
process occurring during the polymerization reac-
tion. They obtained microspheres (270–750 nm) via
soap-free emulsion polymerization with styrene,
potassium persulfate (KPS), and water (H2O) in a
polar or nonpolar solvent or in the presence of a
hydrophilic comonomer. Gu et al.19 and Nagao
et al.20 synthesized monodisperse particles of differ-
ent sizes by soap-free emulsion polymerization in a
pH-controlled system. On the other hand, for the
synthesis of monodisperse copolymer submicro-
spheres to be used in photonic crystals, Zhang
et al.24 and Gu et al.25 proposed a rapid soap-free
emulsion polymerization process in which mono-
mers are polymerized at the boiling point of the
solvent. In this method, the sizes of the monodisperse
copolymer submicrospheres can be well controlled.
Furthermore, a few studies have reported the synthe-
sis of monodisperse copolymer submicrospheres with
various glass-transition temperature (Tg) values.
The quantitative analysis of monodisperse copoly-

mer submicrospheres with different particle dia-
meters and Tg values in the synthesis of composite
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polymer matrices would be an interesting topic of
research. For example, methyl methacrylate (MMA)
and n-butyl methacrylate (nBMA) can be copoly-
merized to obtain polymers with various Tg values.
Theoretically, it has been stated that Tg of a random
copolymer prepared from nBMA and MMA can be
varied according to the Fox equation:26

1

Tg
¼ WnBMA

Tg;PnBMA
þ WMMA

Tg;PMMA
(1)

where W is the weight fraction of a given mono-
mer and Tg is the glass-transition temperature of a
given homopolymer or copolymer [the Tg values
of poly(n-butyl methacrylate) (PnBMA) and poly-
(methyl methacrylate) (PMMA) are 26.3 and 116�C,
respectively].

This article presents the synthesis of monodisperse
copolymer submicrospheres by soap-free emulsion
polymerization and their characterization. The com-
positions, weight-average molecular weight (Mw)
values, Tg values, morphologies, particle diameters,
and particle size distributions of the copolymer sub-
microspheres prepared under various reaction con-
ditions [the weight fraction of nBMA with respect to
MMA and the monomer feed concentration (M0)]
were determined. Furthermore, the distinct relation-
ships between the characteristics of the copolymer
particles and the synthesis conditions were investi-
gated and used to obtain polymer spheres with
different physical properties that could be employed
in various fields. Therefore, the results of this study
are expected to provide useful information for
the synthesis of monodisperse copolymer submicro-
spheres by soap-free emulsion polymerization.

EXPERIMENTAL

Materials

The MMA monomer (Showa, Okinawa, Japan) and
nBMA monomer (Showa) were purified by vacuum
distillation and stored at 4�C until use. KPS (Showa)
was used as an initiator for polymerization without
purification. H2O was subjected to reverse osmosis
and deionized (DI) for an electric resistance higher
than 18 MX cm.

Polymerization method

Copolymer submicrospheres with various Tg values
were prepared via soap-free emulsion polymeriza-
tion. A typical polymerization procedure was as
follows: 90 mL of DI H2O was added to a three-
necked flask equipped with a reflux condenser and
a mechanical stirrer. After deoxygenation with nitro-
gen for 30 min, KPS (0.0873 g) was added to the

flask under stirring. Subsequently, the six various
weight fractions of nBMA with respect to MMA
(10 g in total) and the six M0 values (P0 and P0.5 se-
ries) were used as shown in Table I. The tempera-
ture of the synthetic solution was increased to 70�C
for 24 h under a continuous nitrogen purge at an
impeller speed of 400 rpm. After the polymerization
process was completed, the copolymer submicro-
spheres were purified with DI H2O to remove
impurities by a centrifugal technique.

Measurements

Proton nuclear magnetic resonance (1H-NMR) spec-
tra (500-MHz Avance, Bruker, Karlsruhe, Germany)
were recorded with CDCl3 as the solvent in 5-mm
NMR tubes. The residual 1H signal in CDCl3 was
used as the reference in all the spectra.
The Mw values were determined via gel permea-

tion chromatography/differential viscometry (GPC–
VIS; TDA 300 and T50A, Viscotek, Houston, Texas).
The instrument consisted of a pump, three 300-mm
mixed columns (model KF-805L, Shodex, Tokyo,
Japan), a differential refractive-index detector, and a
differential pressure viscometer mounted in series.
Data were collected and analyzed with Viscotek’s
TriSEC gel permeation chromatography software
package. The GPC–VIS system was operated at 40�C
with tetrahydrofuran as an eluent at 1 mL/min. The
samples were prepared at a concentration of
15 mg/mL. A molecular weight calibration curve
was obtained with polystyrene standards.

TABLE I
Synthesis Conditions for Soap-Free

Emulsion Polymerization

Sample
code

Weight fraction
of nBMA

M0

(g/mL of H2O)
nBMA
(g)

MMA
(g)

P0 0 0.11 0 10
P0.1 0.10 0.11 1 9
P0.25 0.25 0.11 2.5 7.5
P0.5 0.50 0.11 5 5
P0.75 0.75 0.11 7.5 2.5
P1 1 0.11 10 0
P0-11 0 0.11 0 10
P0-17 0 0.17 0 15
P0-22 0 0.22 0 20
P0-28 0 0.28 0 25
P0-33 0 0.33 0 30
P0-44 0 0.44 0 40
P0.5-11 0.5 0.11 5 5
P0.5-17 0.5 0.17 7.5 7.5
P0.5-22 0.5 0.22 10 10
P0.5-28 0.5 0.28 12.5 12.5
P0.5-33 0.5 0.33 15 15
P0.5-44 0.5 0.44 20 20

The conditions were as follows: 90 mL of DI H2O,
0.0873 g of KPS, a reaction temperature of 70�C, and a
reaction time of 24 h.
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The Tg values were determined with a DSC 7 dif-
ferential scanning calorimeter (PerkinElmer, Wal-
tham, Massachusetts). The samples were kept at
200�C for 10 min, and then they were cooled quickly
to �15�C from the melt of the first scan. The Tg val-
ues were obtained as the inflection points of the heat
capacity jump at a scan rate of 10�C/min from �15
to 160�C during the second scan. All measurements
were conducted in a nitrogen atmosphere.

More than 100 particle diameters were measured
for each reacted solution with field emission scan-
ning electron microscopy (FESEM; model S80, Hita-
chi, Tokyo, Japan) to determine the morphology,
number-average diameter (dn), volume-average di-
ameter (dv), standard deviation (r), and coefficient
of variation of the particle size distribution (Cv):

19,20

dn ¼
X

nidi=
X

ni

� �
(2)

dv ¼
X

nid
3
i =
X

ni

� �1=3
(3)

r ¼
X

ðdi � dnÞ2=
X

ni

� �1=2
(4)

Cv ¼ r

dn
� 100 (5)

where ni is the number of particles with diameter di.
Furthermore, the number of polymer particles (NP)
was calculated as follows:27

NP ¼ 6Wis=qpdv
3

(6)

where Wis is the weight of polymer particles per
reaction volume and q is the density of the polymer
(PMMA ¼ 1.19 g/cm3, PnBMA ¼ 1.05 g/cm3),
which was determined from various compositions to
be between 1.05 and 1.19 g/cm3.

RESULTS AND DISCUSSION

Characterization of the submicrospheres

Copolymer submicrospheres were synthesized with
different weight fractions of nBMA. The compositions,
Mw values, Tg values, morphologies, particle dia-
meters, and particle size distributions of the obtained
copolymer submicrospheres were determined. The

Figure 1 1H-NMR spectrum (500 MHz) of copolymer submicrospheres in the P0.5 series.
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compositions of the copolymers were determined
with 1H-NMR measurements. A typical 1H-NMR
spectrum of the copolymer submicrospheres (P0.5) is
shown in Figure 1. The spectrum shows the characte-

ristic peaks and integration areas corresponding to
poly(n-butyl methacrylate-co-methyl methacrylate).
The signals centered at 3.93 (integration area ¼ 1.00)
and 3.57 ppm (integration area ¼ 2.12) correspond to
the methylene and methyl protons adjacent to the
ester oxygen of nBMA and MMA units, respectively.28

Furthermore, the final copolymer composition was
calculated with the aid of integration areas, and the
weight fraction of nBMA units in the copolymer was
determined to be 0.5. These results indicate that the
initial monomer ratio was consistent with the compo-
sition of the final copolymer.
Table II shows the Mw values of copolymer sub-

microspheres with various weight fractions of nBMA.
The PMMA (P0) and PnBMA (P1) values were 66.5 �
104 and 42.6 � 104 g/mol, respectively. The Mw values
of the copolymer submicrospheres decreased sharply
with an increase in the weight fraction of nBMA.
In soap-free emulsion polymerization, the weight

fraction of nBMA is an important parameter that
helps control Tg of the copolymer submicrospheres
and thus determines their applicability in different
fields. In this study, copolymer submicrospheres
with various weight fractions of nBMA were mea-
sured by differential scanning calorimetry (DSC), as
shown in Figure 2 and Table II. Apparently, with an
increase in the weight fraction of nBMA from 0 to 1,
the Tg values of the copolymer submicrospheres
decreased from 116 to 26.3�C. Thus, monodisperse
copolymer submicrospheres with various Tg values
were successfully prepared by soap-free emulsion
polymerization. Figure 3 shows the plots of the
experimental Tg values (determined by DSC) and
theoretical Tg values (calculated with the Fox equa-
tion) against the weight fractions of nBMA. The

TABLE II
Properties of the Copolymer Submicrospheres

P0 P0.1 P0.25 P0.5 P0.75 P1

Mw � 104

(g/mol)
66.5 60.5 53.2 50.2 44.0 42.6

Tg (
�C) 116 103 91.9 58.4 43.6 26.3

dv (nm) 277 283 298 317 335 356a

Cv (%) 2.92 2.71 2.69 2.58 2.43 —
NP � 1015

(m�3)
7.76 7.49 6.33 5.14 4.29 2.91a

a Theoretical data from Figure 5 obtained with a linear
equation.

Figure 2 DSC curves of copolymer submicrospheres with
various weight fractions of nBMA: (a) 0, (b) 0.1, (c) 0.25,
(d) 0.5, (e) 0.75, and (f) 1.

Figure 3 Tg as a function of the weight fraction of nBMA.
Experimental data are compared with (—) those predicted
with the Fox equation (R2 ¼ 0.990).
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theoretical values could be used to predict the exper-
imental values, and the physicochemical properties
of the obtained copolymers could be controlled by
adjustments of the weight fraction of nBMA.29,30

The FESEM micrographs in Figure 4 show the mor-
phologies of copolymer submicrospheres with vari-
ous weight fractions of nBMA. The particles were
uniform and spherical; moreover, the particle dia-
meters of the copolymer submicrospheres were of the
order of several hundred nanometers, and they
increased with the weight fraction of nBMA.
However, the shapes of the copolymer submicro-
spheres when the weight fraction of nBMA was 100%
(P1) could not be confirmed from their FESEM image.
The P1 submicrospheres were easily flattened at
room temperature because of their low Tg (26.3�C).
For an accurate estimation of the particle diameter,
the average diameter of more than 100 particles was
estimated from the FESEM micrographs. The calcu-
lated dv, Cv, and NP values are shown in Table II. The
Cv values of copolymer submicrospheres with vari-
ous weight fractions of nBMA were less than 3.0%,
and this indicated the successful formation of mono-
disperse copolymer submicrospheres by soap-free
emulsion polymerization. The dv values of the co-
polymer submicrospheres increased with the weight
fraction of nBMA. The NP values of the copolymer

submicrospheres were calculated with eq. (6); the
results indicated that NP decreased with an increase
in the weight fraction of nBMA.
Figure 5 shows the relationship between dv and

NP for copolymer submicrospheres with various
weight fractions of nBMA. When the weight fraction
of nBMA was increased from 0 to 0.75, dv increased

Figure 4 FESEM images of copolymer submicrospheres with various weight fractions of nBMA: (a) 0, (b) 0.1, (c) 0.25, (d)
0.5, (e) 0.75, and (f) 1.

Figure 5 (*) NP and (h) dv as functions of the weight
fraction of nBMA. Experimental data are compared with
(—) those predicted with the linear equation.
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linearly from 277 to 335 nm, whereas NP decreased
linearly from 7.76 � 1015 to 4.29 � 1015 m�3. Because
nBMA dissolved to a lesser extent in the aqueous
phase than MMA, the hydrophobicity of the reaction
mixture containing nBMA and MMA increased with
the weight fraction of nBMA. Therefore, in the initial

stages of polymerization, there existed numerous
nucleation sites, so the particle diameter tended to
decrease. Thus, in soap-free emulsion polymeriza-
tion, the particle diameter of the resulting polymers
could be controlled by adjustments of the solubility
of the monomer in the aqueous phase.23

Figure 7 a values of copolymer submicrospheres with
various values of M0: (*) P0 series and (h) P0.5 series.

Figure 6 Mw values of copolymer submicrospheres with
various values of M0: (*) P0 series and (h) P0.5 series.

Figure 8 FESEM images of copolymer submicrospheres with various values of M0 for the P0 series: (a) 0.11, (b) 0.17, (c)
0.22, (d) 0.28, (e) 0.33, and (f) 0.44 g/mL of H2O.
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Effect of M0

In this section, we discuss the properties of copoly-
mer submicrospheres prepared with various M0

values. Figure 6 shows the Mw values obtained for
copolymer submicrospheres with various M0 values.
The Mw values of the microspheres increased with
M0, and this suggested that the gel effect became
more pronounced with an increase in M0.

31 There-
fore, the viscosity of the reaction mixture increased
during polymerization because of the difficulty
involved in the termination step, which was
diffusion-controlled.32 The relationship between the
viscosity of the reaction mixture and the molecular
weight is given by the Mark–Houwink equation:28,33

½g� ¼ KMa (7)

where [g] is the intrinsic viscosity, M is the relative
molecular weight, and K and a are Mark–Houwink
constants that depend on the temperature as well as
the nature of the polymer and the solvent.

The degree of branching can be determined by a
comparison of logarithmic plots of [g] versus M
(Mark–Houwink plots) for polymers with identical
chemical structures. Furthermore, these plots indi-
cate that the value of the slope (a) for highly

branched polymers is considerably less than that for
linear polymers. Normally, a ranges from 0.65 to
0.75 for a linear random-coil polymer in a good
solvent and approaches 0.5 under y conditions. If a
is less than 0.5, the polymer is considered to have a
branched structure.33 The highly branched structure
of a polymer sphere possesses many unique proper-
ties, such as a huge number of modifiable surface
functionalities, lower viscosities, and better solubi-
lity, and these spheres have been found to be poten-
tially useful for drug carriers, volume holographic
storage, and so forth.34,35 Figure 7 shows the a
values calculated by GPC–VIS for copolymer sub-
microspheres obtained with various M0 values. In
the P0 and P0.5 series, the a values decreased with
an increase in M0. Because the molecular density
increased at high monomer concentrations, branch-
ing of the polymer backbone occurred easily during
the polymerization reaction.
Figures 8 and 9 show the morphologies of the

copolymer submicrospheres in the P0 and P0.5
series with various M0 values, respectively. The
images reveal that the particles were uniform and
that the particle diameter increased to several
hundred nanometers. Figure 10 shows the relation-
ship between dv and M0 for the copolymer sub-
microspheres in the P0 and P0.5 series. With an

Figure 9 FESEM images of copolymer submicrospheres with various values of M0 for the P0.5 series: (a) 0.11, (b) 0.17,
(c) 0.22, (d) 0.28, (e) 0.33, and (f) 0.44 g/mL of H2O.

MONODISPERSE COPOLYMER SUBMICROSPHERES 2951

Journal of Applied Polymer Science DOI 10.1002/app



increase in M0, dv for the P0 series increased from
317 to 422 nm, whereas that for the P0.5 series
increased from 277 to 508 nm. dv in the P0.5 series
showed a significant linear increase, whereas that in
the P0 series increased and approached the corre-
sponding equilibrium values. The collision fre-
quency of the particles was thought to increase
with a high M0 value during polymerization, and
large particles formed because of coagulation.
Furthermore, the molecular chains of the polymers
in the P0.5 series became flexible (Tg ¼ 58.4�C) dur-
ing polymerization. Consequently, in the case of the
P0.5 series, coagulation occurred easily with an
increase in M0, and dv linearly increased. However,
the molecular chains of the polymers in the P0
series were not sufficiently flexible (Tg ¼ 116�C);
hence, dv approached the corresponding equilibrium
values. In addition, all the Cv values obtained for
copolymer submicrospheres with different M0 val-
ues were less than 4.0%. These results indicate that
the copolymer submicrospheres in the P0 and P0.5
series were monodisperse, even when M0 was
increased to 0.44 g/mL of H2O during soap-free
emulsion polymerization. Thus, the results of this
study may provide useful information for the syn-
thesis of monodisperse copolymer submicrospheres
with branched structures and different Tg values by
soap-free emulsion polymerization.

CONCLUSIONS

Monodisperse copolymer submicrospheres with
different Tg values were successfully prepared by
soap-free emulsion polymerization. The weight frac-

tions of nBMA played an important role in contro-
lling the various Tg values of the copolymer sub-
microspheres. Tg decreased from 116 to 26.3�C with
an increase in the weight fraction of nBMA and
followed the Fox equation. When the weight frac-
tion of nBMA was increased from 0 to 0.75, the par-
ticle diameter increased linearly from 277 to 335
nm. On the other hand, when M0 was increased to
0.28 g/mL of H2O, the particle diameters in the
P0.5 series showed a significant linear increase,
whereas those in the P0 series increased and
approached the corresponding equilibrium values.
Furthermore, the a values decreased with an
increase in M0. Because the molecular density
increased at high monomer concentrations, the
branched structure of the copolymer spheres
occurred easily during the polymerization.
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