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Rheological properties of colloidal dispersions are widely studied
because such dispersions are important in many applications, such
as paints, cosmetics, food, and pharmaceutical formulations. In this
field, polymer colloids are attractive because they can be synthesized
in uniform sizes and surface properties. Also, the sizes and
properties can be controlled and reproduced as a result of contribu-
tions by many researchers over a long period of time.1 In particular,
over the past decade or so, there has been increasing interest in
aqueous stimuli-responsive microgels because of their multiple
functions that may be applied in various applications, including
drug delivery,2 photonic crystals,3 chemical/biological separation,4

templating for inorganic nanoparticle synthesis,5 emulsifiers,6 and
rheological modifiers.7

In contrast to simple stimuli-sensitive microgels such as tem-
perature- and pH-sensitive ones, very recently we reported self-
oscillating microgels.8 Our microgels show an autonomous swelling/
deswelling oscillation that is synchronized with the redox oscillation
of the Belousov-Zhabotinsky (BZ) reaction.9 The microgels are
copolymerized with the tris(2,2′-bipyridine)ruthenium monomer,
denoted Ru(bpy)3, which is the catalyst for the BZ reaction. Thus,
the volume of the microgel oscillates in aqueous solution containing
the substrates for the BZ reaction. In addition, an autonomous
flocculation/redispersion oscillation near the volume phase transition
temperature of the microgels was discovered.10 In general, the
viscosity is related to the effective volume fraction of the microgels
and the status of dispersion (flocculated or not). Thus, these two
types of autonomous oscillation of the microgels should affect the
viscosity in the dispersion. If autonomously oscillating viscosity
of the dispersion is realized, this technology could be applied in
many applications, as have electro- and magnetorheological (ER
and MR) fluids. In particular, the dispersion with autonomously
oscillating viscosity may be used as a micropump, which could
realize next-generation microfluidics devices.

In this communication, we demonstrate a new rheological
property of colloidal dispersions using self-oscillating microgels,
which were synthesized by surfactant-free aqueous precipitation
polymerization as in our previous report.8 The chemical structure
of the microgel is shown in SI Figure 1 in the Supporting
Information. Our previous study revealed that the microgels
obtained by this approach are very monodispersed.8 In this case,
dynamic light scattering (DLS) measurements gave a hydrodynamic
diameter of ∼200 nm for the obtained microgel in a dilute
dispersion (at 25 °C in 1 mM NaCl solution). Before the
self-oscillating study, we checked the temperature dependence of
the hydrodynamic diameters of the reduced Ru(II) and oxidized
Ru(III) states by DLS. From these data, we can estimate the degree

of volume change in the oscillation. In this case, the diameters were
measured to be several tens of nanometers at all temperatures (see
SI Figure 2).

Next, we carried out the BZ reaction using the microgel
dispersions. Malonic acid (MA), sodium bromate (NaBrO3), and
HNO3 were used as substrates for the BZ reaction at a fixed
concentration. Figure 1 shows self-oscillating profiles of viscosity
in microgel dispersions measured at different temperatures. Because
one of the components of the microgel, poly(N-isopropylacrylamide)
(pNIPAm),11 shows a temperature-sensitive property, the diameter
of the microgel decreased as the temperature increased up to the
critical flocculation temperature (CFT) (see SI Figure 2). In this
case, concentrations of microgel (5 wt %) and substrates for the
BZ reaction were fixed.12 Thus, the effective volume fraction of
the microgels should decrease with increasing temperature up to
the CFT. At 20 °C (Figure 1a), autonomously oscillating viscosity
was observed. The waveform of the oscillation is similar to that
detected by optical transmittance as reported previously.8 With
increasing temperature, oscillating profiles with the same waveform
but decreased amplitude were observed up to 22 °C (see SI
Figure 3a). The decrease in amplitude is attributed to the decrease
in effective volume fraction of the microgels at higher tempera-
tures.13 Next, the waveform suddenly changed at 23 °C to include
two peaks per period (Figure 1b). Finally, oscillation was no longer
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Figure 1. Self-oscillating profiles of viscosity in the microgel dispersions.
The microgels were dispersed in aqueous solution containing MA (100 mM),
NaBrO3 (150 mM), and HNO3 (0.5 M). The microgel concentration was 5
wt %. All of the data were taken at a constant shear rate of 132 s-1. The
viscosity was measured at various temperatures: (a) 20 and (b) 23 °C.
Characteristic peaks that emerged at 23 °C are indicated by the arrows in
(b).
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observed at higher temperatures (25 °C), which should be due to
flocculation of the microgels (see SI Figure 3b).

In order to clarify the difference between the two types of
oscillations, representative waveforms observed in Figure 1 were
compared in Figure 2. At 20 °C (Figure 2a), the waveform is the
same as that usually shown by the BZ reaction.14 Thus, the viscosity
in the dispersion is oscillating because of the autonomous swelling/
deswelling oscillation of the microgels; the viscosity is high when
the microgels are in the swollen state, (i), and low when they are
in the deswollen state, (ii). In contrast, the waveform in Figure 2b
has never been previously observed for the BZ reaction. Thus, the
viscosity in the dispersion at 23 °C must be oscillating because of
the autonomous dispersion/flocculation oscillation of the microgels.

In this case, the smaller peak is attributed to simple volume
oscillation of each microgel, (i)-(ii).15 The observed dramatic
change in amplitude is due to flocculation of the microgels, (iii),
wherein the flocs become larger.16 The flocculation continues until
colloidal stability is recovered by swelling, (iv). After that, the
viscosity in the dispersion decreases by redispersion of the
aggregates, which may be redispersed completely when the viscosity
indicates a minimum value. The swelling/deswelling oscillation of
the microgels then starts again. Further evidence for autonomous
dispersion/flocculation oscillation is that the amplitude of the peaks
indicated by the arrows in Figure 1b gradually increases, which is
a typical phenomenon for this oscillation, as observed previously
by optical transmittance (see SI Figure 4).10

In conclusion, we have achieved autonomously oscillating
viscosity in microgel dispersions using self-oscillating microgels.
Although we need more detailed characterization to clarify the
phenomenon, our preliminary data reveal that the oscillating rhythm
and amplitude of the viscosity in the microgel dispersion can be
controlled by two types of oscillation of the microgels. This new
technology may be useful in the development of materials such as
micropump-equipped microfluidic devices.
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Figure 2. Two different types of oscillating waveforms observed at 20
and 23 °C in Figure 1a,b, respectively. The numbers in each oscillating
profile refer to the corresponding cartoons.
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