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ABSTRACT: Core-shell type carboxylated particles form a flocculated structure in aque-
ous suspension with neutralization of carboxyl groups. Rheological behaviors of the
suspension have been studied at various temperatures, and microstructures of the
suspension have been discussed from the rheological behaviors and SAXS measure-
ments. At 25°C, G9 is larger than G0 in all v regions, and G9 is almost independent of
v, and the diffraction peak is detected by SAXS. These results mean that a three-
dimensional network of interconnected lattice-like flocculated structure is formed. With
increasing temperature, v dependency of G9 becomes stronger and distance of the
particles of the structure does not changed. These mean the network linkage is dis-
rupted partially by thermal motion, and the interconnected lattice-like flocculated
structure changes to an isolated lattice-like one with increasing temperature. With
increasing the degree of neutralization, an isolated structure changes to an intercon-
nected three-dimensional structure decreasing the thermal motion just like decreasing
temperature. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 79: 1627–1633, 2001
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INTRODUCTION

The “soft sphere,” which is composed of a rigid
spherical particle “hard sphere” and an adsorbed
polymer layer, is stabilized by repulsive forces
and attractive forces in the suspension, but the
attraction is not as strong as to cause a perma-
nent bond between the particles. As a result,
these particles made metastable structures that
are disrupted by shear fields and recover within a
reasonable experimental time scale. The metasta-
ble structures affect the rheological behavior of
the suspension of the soft spheres,1–9 while in the

suspension of noninteracting hard spheres no
structure is made, and the rheological behaviors
are dominated by Brownian dynamics.10–13 The
soft-sphere suspensions studied are about poly(m-
ethyl methacrylate) particles with adsorbed poly-
(hydroxystearic acid) dispersed in hydrocarbon
medium,2–5 and polystyrene particles with ad-
sorbed poly (ethylene oxide) in aqueous medi-
um.7–9

A core-shell structured latex particle consisted
of mantle core polymer and shell polymer is a
kind of soft-sphere. Aqueous suspension of car-
boxylated core-shell particles that contain a car-
boxyl groups in a shell polymer indicates shear
thinning flow in relatively low concentration with
addition of base.14–17 The rheological behavior is
sensitive to the microstructure of the suspension,
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making it a useful probe for the microstructure.
Steady shear measurements at relatively large
stresses give the strength of the microstructure,
while dynamic oscillatory shear measurements at
small deformations elucidate the dynamics of the
unperturbed microstructure. In our previous
works, it was found by dynamic oscillatory shear
measurements that there is a flocculated struc-
ture that indicates elastic response and is dis-
rupted by large stresses.18–20 Moreover, it was
elucidated from the small-angle X-ray scattering
method the flocculated structure is ordered.

In this article, rheological behaviors of aqueous
suspension of a carboxylated core-shell particle
have been investigated at various temperatures,
and microstructures of the suspension have been
measured by small-angle X-ray scattering mea-
surements.

EXPERIMENTAL

Materials

Methyl methacrylate (MMA), n-butyl acrylate (n-
BA) allyl methacrylate (AMA), methacrylic acid
(MAA), 2-hydroxyethyl acrylate (HEA), potas-
sium persulfate (KPS) as an initiator, sodium do-
decyl sulfate (SDS) as an emulsifier, and 2-dim-
ethylaminoethanol (DMAE) as a neutralizer were
all reagent grade obtained from Wako Junyaku,
and used without further purification. Deionized
water with a conductivity of ca. 1 mmho/cm was
use in all the experiments.

Carboxylated Core-Shell Particle

The carboxylated core-shell particle was obtained
by semicontinuoous two-stage feed emulsion po-
lymerization.21–24 The equipment used was a 1-L
four-neck reactor, fitted with a reflux condenser, a
mechanical stirrer, a nitrogen inlet, and a drop-
ping funnel, and kept in a water bath. The poly-
merization temperature was 80°C. The monomer
composition is presented in Table I. Crosslinked
core polymer was synthesized from MMA, n-BA,
and AMA, and linear shell polymer was from
MAA, HEA, n-BA, and MMA. Weight ratio of
monomers of core polymer/shell polymer was 100/
29.5. KPS and SDS were added at 0.2 and 0.3 wt
%, respectively, based on total monomers. The
first stage mixture was fed into a flask, which was
then purged with nitrogen gas and heated to
80°C. After polymerization at 80°C for 1 h to

obtain conversion of 95% or more, the second-
stage feed mixture was added at constant rate
over 1.5 h, and the flask was then maintained at
80°C for an additional 5 h. It was confirmed by a
light-scattering measurement and electron micro-
scope observation that the first-stage feed mono-
mers formed polymer seed particles and that the
second-stage feed monomers were polymerized
without forming additional new particles. The
particle was passed through a glass filter to re-
move coagulum. The diameter of core of the par-
ticles in diluted suspension (0.1 wt %) measured
with a dynamic light-scattering equipment (Ot-
suka Electronics ELS-800) was 90 nm. The diam-
eter of the entire particle was 180 nm as calcu-
lated fully neutralized by DMAE. The amount of
carboxyl groups is 2.14 mmol per shell polymer.

Rheogical Measurements

Rheological behaviors of a fully neutralized 20 wt
% aqueous suspension (pH 5 8.5) of carboxylated
core-shell particle were examined at 25, 45, and
65°C. Relative viscosity was measured from shear
rate ġ 5 1 3 1022 s21 to 1 3 103 s21. Storage
modulus G9 and loss modulus G0 were measured
from strain amplitude g 5 1 3 1022% to 5 3 102%
at 1 3 101 rad z s21, and from angular frequency
v 5 1 3 1022 rad z s21 to 1 3 102 rad z s21 in a
linear region. Recovery time of G9 was estimated
with skipped from g 5 5 3 102% (nonlinear re-
gion) to 1 3 1021% (linear region) at 1 3 101 rad z
s21. A rheometer (Rheometrics ARES) was
equipped with a coni-cylinder (quette) fixture.
About the suspensions with different degree of
neutralization, viscoelastic measurements car-
ried out in same way.

Small-Angle X-ray Scattering Measurements

Microscopic structures of aqueous suspension of
carboxylated core-shell particle were estimated

Table I Monomer Composition of Core-Shell
Particle

Weight

First Stage
(Core Part)

Second Stage
(Shell Layer)

MMA 47 24
n-BA 50 38
AMA 3
MAA 18
HEA 20
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by small-angle X-ray scattering, SAXS, measure-
ments. Condition of the SAXS measurements was
shown in Table II. Radial distribution function of
the suspension was derived from Fourier trans-
form of intensity. Distance of center to center of
the particles in the lattice-like flocculated struc-
ture was evaluated from the first peak position by
the Bragg equation.25,26

RESULTS AND DISCUSSION

Viscosity of the Suspension at Various
Temperatures

In Figure 1, relative viscosity h of the fully neu-
tralized suspension is plotted against the shear
rate ġ at 25, 45, and 65°C. With increasing tem-
perature, h in all ġ region and degree of shear
thinning from 1 3 1022 s21 to 1 3 100 s21 region
decreased. These suggest the microstructure of
the suspension changes with temperature.

Viscoelastic Behavior and Microstructure
of the Suspension

In Figure 2, storage modulus G9 and loss modulus
G0 of the suspension are plotted against strain
amplitude g of 1 3 101 rad z s21 at 25°C. G9 and G0
stay constant up to a critical strain gc (4%) and G9
is larger than G0 in g , gc. These results mean
that a flocculated structure that indicates elastic
response is in the suspension. With increasing g
in g . gc, G9 decreases monotonously, because of
disruption of the flocculated structure by shear
fields, G0 decreases after going through a maxi-
mum. The maximum peak in G0 suggests that the
flocculated strcture is a lattice-like structure,19,20

because the maximum peak is caused by increas-
ing the size of lattice-like structure with large
stress.27 The lattice-like flocculated structure is a
metastable structure because G9 recovers imme-
diately when g decreases, as shown in Figure 3.

Figure 3 Recovery of storage modulus G9 after large
strain amplitude g at 25°C.

Table II Condition of SAXS Measurement

Target Cu
K b Filter Ni
Voltage, current 50 kV, 300 mA
Angle range 0.015–0.15 deg
Step angle 0.003 deg
Slits Entrance slit 0.015 mm

Receiving slit 0.02 mm
Scatter Slit 0.08 mm
Height limitter 25 mm

Sampling time 50 s (10 s 3 5)

Figure 1 Relative viscosity h plotted against shear
rate g for suspension at 25, 45, and 65°C.

Figure 2 Storage modulus G9 and loss modulus G0 of
the suspension plotted against strain amplitude g of 1
3 101 rad z s21 at 25°C.
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In Figure 4, G9 and G0 are plotted against an-
gular frequency v at 25°C. G9 is larger than G0 in
all region, and G9 and G0 are almost independent
of v. These behaviors result from a gel-like struc-
ture that is a three-dimensional network com-
posed of elastic bondings. From these results it is
found that the lattice-like flocculated structure
which is metastable and gel-like formed in the
suspension at 25°C.

In Figure 5, G9 and G0 of the suspension are
plotted against g at various temperatures. At ev-
ery temperature, G9 and G0 stay constant up to
the critical strain gc (4%) and G9 is larger than G0
in g , gc. These results also noted that all sus-
pensions have the flocculated structure. With in-
creasing temperature, the maximum peak of G0 in
the high g (nonlinear viscoelastic) region de-
creases. This result suggests that the number of

the particles forming the lattice-like flocculated
structure decreases with increasing the tempera-
ture. This hypothesis is supported by the fact that
G9 decreases in all g regions with increasing the
temperature.

In Figure 6, G9 and G0 of the suspension are
plotted against v at various temperatures. With
increasing temperature, G9 and G0 decrease in all
v regions and v dependencies of G9 and G0 become
stronger. At 65°C, viscoelastic behavior between
G9, G0, and v is just liquid like. It is concluded
from g and v dependencies of G9 and G0 that there
is isolated lattice-like flocculated structure in the
suspension at 65°C.

Figure 7 demonstrates a master curve derived
from Figure 6 by applying time–temperature su-
perposition techniques.23,24 Data at different tem-
peratures can be superimposed by horizontal
translation along the log v axis. No further ver-
tical translation reveals that chemical potential

Figure 4 Storage modulus G9 and loss modulus G0 of
the suspension plotted against angular frequency v of
linear region at 25°C,

Figure 5 Storage modulus G9 and loss modulus G0
plotted against strain amplitude g of 1 3 101 rad z s21

for the suspension at 25, 45, and 65°C.

Figure 6 Storage modulus G9 and loss modulus G0
plotted against angular frequency v of linear region for
the suspension at 25, 45, and 65°C,

Figure 7 Master curve of G9 and G0.
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between the particles in the structure does not
change with temperature. Apparent activation
energy that is derived from the Arrenius equa-
tion (1)

(1)

using the shift factors aT and a reciprocal temper-
ature 1/T (Fig. 8) is 130 kJ/mol. This value will
correspond to the depth of potential minimum
between the particles in the lattice-like floccu-
lated structure.

From these results it is found that the meta-
stable lattice-like flocculated structure made of
the carboxylated core-shell particle changes from
three-dimensional network to the isolated one by
the thermal motion with increasing temperature.

SAXS Measurements and Microstructure
of the Suspension

SAXS profiles of the suspension at various tem-
peratures are shown in Figure 9. At every tem-
perature, a broad diffraction peak that suggests
liquid-like paracrystal,25,26 is detected, and the
height of the diffraction peak decreases with tem-
perature. As the diffraction peak is generated
from lattice-like flocculated structures, decreas-

ing the height supports strongly that number of
the particles in the lattice-like flocculated struc-
tures decrease with increasing the temperature.
At every temperature, distance of center to center
of the particles of the lattice-like flocculated struc-
ture was about 130 nm. This means the distance
does not change with temperature, and the shell
overlapped each other in the lattice-like floccu-
lated structure (Fig. 10) because the diameter of
the fully neutralized particle is 180 nm and that
of the core is 100 nm.

Rheological behaviors and SAXS profiles clar-
ify the microstructures in the aqueous suspension
made of the carboxylated core-shell particle (Fig.
11). A three-dimensional network of intercon-
nected lattice-like flocculated structure is formed
in the suspension at 25°C [Fig. 11(a)]. With in-
creasing the temperature, the network linkage
disrupted partially by the thermal motion, and
the interconnected lattice-like flocculated struc-
ture changed to the isolated lattice-like floccu-
lated one. The isolated lattice-like flocculated one
exists in the suspension at 65°C [Fig. 11(b)].

Figure 8 Shift factors aT plotted against reciprocal
temperature T21.

Figure 9 SAXS profiles of the suspension at 25, 45,
and 65°C.

Figure 10 Schematic illustration of lattice-like floc-
culated structure of particles.
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Viscoelastic Behavior and SAXS Measurements
at Various Degrees of Neutarization

In Figure 12, G9 and G0 are plotted against g for
various degrees of neutralization at 25°C. With
decreasing the degree of neutralization, G9 de-
creases in all g regions, and the maximum peak of
G0 in the nonlinear viscoelastic region decreases.
These results mean that changing the microstruc-
ture in the suspension with increasing the degree
of neutralization is the same as that with decreas-
ing the temperature. This is supported by G9 and
G0 plotted against v (Fig. 13). With decreasing the
degree of neutralization, v dependencies of G9
and G0 become stronger. Viscoelastic behavior
changes from gel like to liquid like. At every de-
gree of neutralization, the diffraction peak is de-
tected by SAXS measurements, and the height of
the diffraction peak decreases with decreasing
the degree of neutralization (Fig. 14). This sug-
gests that the number of the particles in the lat-
tice-like flocculated structures decreases with de-

creasing the degree of neutralization. The dis-
tance of center to center of the particles of the
lattice-like flocculated structure does not change
with degree of neutralization.

After all, with increasing the degree of neutral-
ization, an isolated lattice-like flocculated struc-
ture changes to a three-dimensional network of
an interconnected lattice-like flocculated one with
decreasing the thermal motion.

CONCLUSIONS

Core-shell type carboxylated particles form a lat-
tice-like flocculated structure in aqueous sus-
pension with neutralization of carboxyl groups.
Microstructures made of the particle in the sus-
pension change with temperature. A three-di-
mensional network of interconnected lattice-like
flocculated structure formed in the suspension at

Figure 11 Schematic illustration of microstructure of
suspension at 25 and 65°C,

Figure 12 Storage modulus G9 and loss modulus G0
plotted against strain amplitude for suspension at de-
gree of neutralization 80, 90, and 100%.

Figure 13 Storage modulus G9 and loss modulus G0
plotted against angular frequency for suspension at
degree of neutralization 80, 90, and 100%.

Figure 14 SAXS profiles of suspension at degree of
neutralization 80, 90, and 100%.
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25°C. With increasing the temperature, the net-
work linkage was disrupted partially by thermal
motion, and the interconnected lattice-like floccu-
lated structure changes to the isolated lattice-like
flocculated one. The isolate lattice-like flocculated
structure exists in the suspension at 65°C.

The microstructure of the suspension with in-
creasing the degree of neutralization is the same
as that with decreasing the temperature.
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