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Abstract A novel self-oscillating copolymer was pre-
pared by utilizing Fe(phen); as the catalyst of the
Belousov—Zhabotinsky (BZ) reaction. In this study, 2-
acrylamido-2-methylpropane sulfonic acid (AMPS) was
newly introduced into the copolymer of N-
isopropylacrylamide (NIPAAm) and Fe(phen); as the
H'providing agent for the BZ reaction. The results in-
dicated that the copolymer solution underwent soluble—
insoluble self-oscillation only in malonic acid (MA)
and potassium bromate(KBrOsz) mixture solution, and
the amplitudes were much bigger than those of
poly(NIPAAm-co-Fe(phen);). That is to say, the novel
copolymer succeeds in self-oscillating under acid-free
conditions. Moreover, the oscillating characteristics were
closely related to the content of AMPS in the
copolymer.
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Introduction

Since the first report [ 1] about self-oscillating polymers or gels
(SOPs) which can exhibit spontaneous changes with temporal
or spatiotemporal periodicity without applying any on—off
switching of external stimuli, many types of SOPs that under-
go soluble—insoluble or swelling—deswelling changes have
been developed by Yoshida et al. [2-5]. In general, such sys-
tems are constructed by coupling responsive components with
chemical oscillators. The chemical oscillators serve as the pe-
riodical driving source which exhibit autonomous, reversible,
and periodical change in some factors such as pH value, redox
potential, concentrations of intermediates, and so on. The re-
sponsive components can respond timely and reversibly to the
periodical variation of the oscillating factors generated in the
chemical oscillating reaction and exhibit self-oscillating
behaviors.

For a typical SOP system explored by Yoshida et al., the
Belousov—Zhabotinsky (BZ) reaction is exploited as the driv-
ing source for the similarity with the tricarboxylic acid (TCA)
cycle, a key metabolic process that takes place in living bod-
ies, and the chemical model for understanding several auton-
omous phenomena in biological systems and NIPAAm as the
responsive component. The overall process of BZ reaction is
the oxidation of an organic substrate by an oxidizing agent in
the presence of a metal ion or metal complex catalyst with
high redox potentials, such as cerium ion, ferroin, or rutheni-
um tris(2,2'-bipyridine) (Ru(bpy)s>") under acidic conditions
[6]. While the reaction proceeds, the catalyst undergoes spon-
taneous redox oscillation. The BZ catalyst is firstly modified
with double bond and then copolymerized with the responsive
components by covalently bonds (often Ru(bpy)s>" was used)
which bridge the BZ reaction and the polymer systems.
Generally, the hydrophilicity of the polymer chains increases
in the oxidized Ru(IIl) state and decreases in the reduced
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Fig. 1 The chemical structure of the self-oscillating copolymer chain

Ru(Il) state. Due to the redox oscillation of Ru(bpy)s, the
polymer chains undergo spontaneous soluble—insoluble tran-
sition or swelling—deswelling (for gels) oscillation with the
redox oscillation in the closed solution under constant
conditions.

The traditional SOPs are often composed of a metal
catalyst for the BZ reaction and other responsive compo-
nents. And most of them are the copolymers of NIPAAm
and Ru(bpy); moiety. Therefore, design of new self-
oscillating polymers with unique chemical structures
and excellent performances can be performed as the fol-
lowing two aspects. One way is copolymerization of oth-
er functional components with Ru(bpy)s;. Several new
SOPs have been studied by introduction of other compo-
nents, such as 2-acrylamido-2-methylpropane sulfonic
acid (AMPS), methacrylamidopropyltrimethylammonium
chloride (MAPTAC), acrylic acid (AA), N-
Acryloxysuccinimide (NAS), poly(vinylpyrrolidone)
(PVP), spirobenzopyran, etc. [3, 7—13]. The solubility
of the NIPAAm-co-AMPS-co-Ru(bpy); copolymer chains
is more than that of NIPAAm-co-Ru(bpy);, and the sol-
uble—insoluble self-oscillation can be realized in an acid-
free condition [7]. When the copolymer hydrogel is pre-
pared, a phase-separated structure is obtained and the
amplitude of volume self-oscillation of the hydrogel is
improved significantly [8]. Introduction of MAPTAC en-
ables the self-oscillation behavior under oxidant-free con-
ditions for the strong oxidation ability [9]. By introduc-
ing both AMPS and MAPTAC, self-oscillation of the
copolymer in only MA solution can be realized, just like
fuel-driven machines [10]. More interesting, when AA is

introduced, the occurrence and stop of self-oscillating
behaviors can be controlled by temperature [3].
Spirobenzopyran was also introduced into the
poly(NIPAAm-co-Ru(bpy);) [11] as a photochromic site,
and the copolymer solution shifts to a lower temperature
with isomerization from McH to spirobenzopyran by
photoirradiation. Therefore, photo-regulation of the self-
oscillating motion of the gel was experimentally
demonstrated.

The other way is exploration of new BZ catalysts. Except
for Ru(bpy);, many other metal ions or their complexes can
also serve as the BZ catalysts, such as Ce*", Mn?",
Fe(phen);>*, Fe(bpy)s, and so on. Some of them have been
recently exploited for the design of SOPs. Hara et al. [14, 15]
demonstrated that Ru(bpy); catalyst could be substituted by
Fe(bpy);. Although the utilization of iron greatly lowers the
cost for preparing the BZ reaction catalyst, the soluble—insol-
uble self-oscillating amplitude is smaller than that of
Ru(bpy)z-based copolymer. Another typical example is pre-
sented by the self-oscillating gel actuator driven by ferroin.
We modified 1,10-phenanthroline with a double bond and
obtained iron(5-acrylamido-1,10-phenanthroline) bis(1,10-
phenanthroline) (for simplicity, it is abbreviated as
Fe(phen);.) monomer and then copolymerized with
NIPAAm to get the linear copolymer [16]. Both the redox
potential and transmittance oscillate spontaneously in homog-
enous system. Arimura et al. [17] also obtained
poly(NIPAAm-co- Fe(phen)z) gel. When the gel is immersed
into the BZ reaction solution, a redox oscillation of ferroin can
be observed and the gel can exhibit 7 % swelling/deswelling
variation in the gel length.

The self-oscillating mechanisms involving Ru(bpy)s,
Fe(bpy);, and Fe(phen); copolymers or gels are based on the
hydrophilic/hydrophobic transition of BZ catalyst moieties.
Different from these systems, the coupling of Ru(I)(tpy),
and the BZ reaction has been paid much attention as it pro-
vides a new approach to autonomous viscosity oscillation by
dynamic interaction upon redox stimuli [18, 19]. When the Ru
ion is in the oxidized Ru(Ill) state, it forms a mono-complex
(Ru(tpy)’") with a single terpyridine ligand, while in the re-
duced Ru(Il) state, it forms a biscomplex (Ru(tpy),”").
Although the amplitude of viscosity oscillation in this exper-
iment is still small for practical applications, larger amplitude
can be expected by control of the molecular weight.

Table 1 The amounts of

reactants in each prepared Samples ~ NIPAAm(g)  AMPS(g)  5-AM-phen(g)  AIBN(g)  FeSO,7H,O(g)  phen(g)
copolymer
P100-0 5.0 0 0.2 0.01 0.21 04
P90-10 4.5 0.5 0.2 0.01 0.21 04
P50-50 2.5 2.5 0.2 0.01 0.21 04
P20-80 1.0 4.0 0.2 0.01 0.21 04
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It was demonstrated that the Fe(phen); moiety could be
employed as the metal catalyst in the BZ reaction. However,
the amplitudes both of the soluble—insoluble oscillation for
linear copolymer and the swelling—deswelling change for gel
were still smaller than Ru(bpy);-based ones. In the present
study, AMPS was introduced into the copolymer chain and
several copolymers were prepared containing different
AMPS. The autonomous redox potential and absorbance os-
cillations derived from the hydrophilic/hydrophobic transition
of copolymer chains coupled with the BZ reaction were
investigated.

Experimental
Materials

N-isopropylacrylamide (NIPAAm), azo-bis-isobutyronitrile
(AIBN), and 2-acrylamido-2-methylpropane sulfonic acid
(AMPS) were brought from Shanghai Zhongqin Chemical
Industry and used without further purification. Ethanol, di-
chloromethane, and methanol (Tianjin Guangfu Fine
Chemical Industry Research institute, Tianjin, China) and
FeSO4-7H,0, malonic acid (MA), KBrOsz, H,SOy,
Cey(SOy)3, and Ce(SOy), were used. All the reagents men-
tioned above were analytical reagents and used as received. 5-
acrylamido-phenanthroline (5-AM-phen) was synthesized by
us. The deionized water was used throughout the experiments.

Preparation of poly(NIPAAm-co-AMPS-co-Fe(phen);)

The self-oscillating copolymers (Fig. 1) with different compo-
sitions were synthesized as follows: 5-AM-phen(0.20 g),
NIPAAm, and AMPS (total 5.0 g, their ratios are listed in
Table 1) were dissolved in ethanol (25 g). The mixture was
poured into a 250 mL three-neck, round-bottom flask
equipped with a stirrer, a condenser, and a nitrogen gas inlet.
The copolymerization reaction was performed at 80 °C for 6 h
under N, bubbling. The obtained copolymer (0.10 g) was
dissolved in dichloromethane, and the solution of Fe(Il) in
methanol was added dropwise with stirring at room tempera-
ture for 30 min. Finally, the solution of phenanthroline in
ethanol was added dropwise with stirring at room temperature
for 1 h. The resultant sample was dialyzed with ethanol for
2 months while changing ethanol frequently, and then dia-
lyzed with water for 2 weeks by daily changes of water.
Finally, the sample was freeze-dried.

Characterization
FT-IR spectroscopy The samples were dried at 60 °C under

vacuum for FT-IR measurement. The FT-IR spectroscopy was
obtained on a Model FTS-3000 spectrometer
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Fig. 2 The FT-IR spectra of the prepared copolymers (a P90-10, b P50-
50, ¢ P20-80)

(DIGILABGON, USA) and recorded over the range of 500—
4000 cm ™' by KBr pellet method.
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Measurement of transmittance self-oscillation
The solution was mixed as measurement of potential self-
oscillation and stirred until its color began to change between
red and light blue at room temperature, then the transmittance
\
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deionized water. Reduced and oxidized copolymer solutions vJLLA
were prepared by adding 4 mM Ce,(S0,4); and 4 mM o
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were carried out using a UV-Vis spectrophotometer (Beijing 1400 1200 1000 800 600 400 200 0
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0.5 mol L"), KBrO; (7.0 mL, 0.07 mol L"), H,SO,
(6.00 mL, 0.7 mol L™"), and copolymer solution (2.0 mL,
0.4 wt%) was placed in the reactor at 25 + 0.1 °C. A CHI-
832 electrochemistry analyzer (Shanghai Chenhua Instrument
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through two Pt electrodes (Rex, 213, China) as the working
electrode and the auxiliary electrode and a Hg,SO, reference
electrode to record the potential changes.
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Table 2  The atomic contents of each element in the copolymers

Name P100-0 P90-10 P50-50 P20-80
Cls 74.91 72.95 61.06 47.28
Ols 13.91 14.14 23.66 18.85
Nls 10.72 10.7 9.16 23.26
Fe2p 0.47 0.68 0.32 0.74
S2p 1.53 5.8 9.16

self-oscillation was measured. A wavelength of 398 nm was
also used because of being the isosbestic point of the reduced
and oxidized states of the copolymer chain. The time course of
the transmittance at 398 nm was monitored using the UV-Vis
spectrophotometer (TU-1901, Beijing Purkinje General
Instrument Co., Ltd).

Results and discussion
FT-IR spectroscopy analysis

The FT-IR spectra of the copolymer P90-10 (a), copolymer
P20-80 (b), and copolymer P50-50 (c) are shown in Fig. 2. It
can be seen that the FT-IR spectra are similar. The absorption
peaks around 1540 and 1450 cm™ ! attribute to the C=N
stretching vibration and the C=C stretching vibration, respec-
tively. The C-H bending vibration absorption peaks appear at
855 and 730 cm . These are the characteristic absorption
peaks of phen ring. The absorption peaks at 2975, 2927, and
2866 cm ' attribute to the stretching vibration -CH(CHj),
group in NIPAAm and the bending vibration of it appears near
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Fig. 5 Typical oscillation waveforms of redox potential of copolymers
under the acid-free conditions (a P100-0, 5 P90-10, ¢ P50-50, d P20-80).
The common conditions are as follows: [copolymer], = 0.40 wt%,
[KBrOs]p = 0.05 mol/L, [MA]y = 0.15 mol/L, and temperature:25 °C

1375 cm™". The characteristic absorption peaks of -SO5H are
observed at 1230, 628, and 520 cm ' [16]. These observations
clearly indicate that the poly(NIPAAm-co-AMPS-co-
Fe(phen);) were prepared successfully.

"H NMR spectroscopy analysis

The "H NMR spectra of the copolymer P90-10, copolymer
P20-80, and copolymer P50-50 are similar for only different
ratios of monomer. Therefore, the "H NMR spectrum of co-
polymer P20-80 was chosen to analyze the chemical structure
in the Fig. 3. The singlet at § = 4.61 was the solvent peak of
D,0. The signals for 1,10-phenanthroline rings were observed
between 7.12 and 8.55 ppm [17]. Due to the substituents, the
steric hindrance, and the shielding effect, the chemical shift
moved to the low field slightly. The singlet at § = 1.18 attrib-
uted to the hydrogens of two methyl in AMPS. The peaks at
0 =15.25-6.11 were from three hydrogens on the double bond
of carbon atoms. The hydrogen in the group -SO3zH ex-
changed with the deuterohydrogen (D) in the solvent D,O
namely H-D exchange, so the spectral peak could not be
displayed. In addition, the hydrogen connected with the nitro-
gen atom suffered from shielding effect of steric hindrance
group -C(CH;),CH,SO3H could not exchange with the
deuterohydrogen(D), which displayed a singlet at 6 = 3.42
[20].

XPS analysis

The XPS method was used to analyze the composition of the
obtained copolymers. The results are shown in Fig. 4. XPS
analysis revealed the existence of carbon, oxygen, nitrogen,
iron, and sulfur in the resulting copolymers. A Fe2p bonding
energy of 707.5 eV and a S2p bonding energy of 165 eV were
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Fig. 6 Typical oscillation waveforms of transmittance self-oscillation of
copolymers under the acid-free conditions (a P100-0, b P90-10, ¢ P50-50,
d P20-80). The experimental conditions are the same as those in Fig. 5
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observed in the three obtained AMPS-containing copolymers.
The two-dimensional element images show that iron and sul-
fur are uniformly dispersed in the copolymers. The atomic
composition of each element in the copolymers is listed in
Table 2. The atomic composition of sulfur is in the range of
1.53-9.16 %, and it was increased with the increasing AMPS
added. These results demonstrated that different AMPS-
containing copolymers were obtained.

The effects of AMPS contents on the self-oscillation

The overall process of the BZ reaction is the oxidation of an
organic substrate such as citric or malonic acid by an oxidizing
agent (bromate) in the presence of metal catalyst under acidic
conditions [21]. During the reaction, the metal catalyst can
change periodically between reduced state and oxidized state
via a single electron transition redox reaction and the organic
acid is oxidized into CO,, H,O, and other products [22]. For
the BZ oscillating chemical system, the concentration of
H,SO, is very important on the parameter. In order to inves-
tigate the effect of AMPS contents on the self-oscillating char-
acteristics, H,SO,4 was substituted with the same volume of
deionized water in BZ system and the results are shown in
Figs. 5 and 6. It can be seen from the figures that no self-
oscillation was observed for P100-0 which was without
AMPS in an acid-free BZ system, whereas the other three
exhibited varied self-oscillation. It was demonstrated that
AMPS was incorporated into the copolymer chain. The -
SOsH contained in the AMPS could supply H" and let the
self-oscillation of the AMPS-containing copolymer chain hap-
pen normally under acid-free conditions.

The higher the concentration of H,SO,4 in BZ system, the
higher the frequency of the oscillations is observed [23]. The
oscillating period and waveform for the poly(NIPAAm-co-
Fe(phen)s-co-AMPS) solutions were much affected by the
copolymer composition from the figures. Two distinct regimes
of oscillation with different amplitudes and periods appeared
for P90-10 and P50-50 in BZ system: long period (2—3 min)
and short period (50-60 s). However, the amplitudes of both
regimes for P50-50 are bigger than those of P90-10 because of
the higher AMPS contained. A stable and regular self-
oscillating waveform was observed in batch and the oscilla-
tion could last several hours as the classical BZ reaction for
P20-80 which was with more AMPS. The various patterns for
different copolymer compositions originated from the com-
plex mechanism of BZ reaction. However, the amplitudes of
redox potential and transmittance self-oscillation decreased
gradually and oscillation disappeared finally until the system
reached the equilibrium state due to consumption of reactants
just like classical BZ reaction. Moreover, the amplitudes of
transmittance self-oscillation for the AMPS-containing copol-
ymers are much bigger in comparison with the
poly(NIPAAm-co-Fe(phen)s), which we studied previously,

@ Springer

and Ru(bpy);-containing smart materials. This is of great ad-
vantage in a variety of applications.

In generally, the nonlinear chemical systems are sensitive
to external conditions, such as temperature and the concentra-
tion of substrates. It is very important to cause self-oscillation
in biological environments for such smart materials, and the
practical scope as bio-machines can be greatly expanded. By
introducing an acid site into the copolymer chain, it was not
necessary to add a strong acid to the surrounding solution.
Thus, this makes it possible to use self-oscillating copolymers
and gels under biological conditions as novel smart materials.

Conclusions

A novel self-oscillating copolymer poly(NIPAAm-co-
Fe(phen);-co-AMPS) which underwent soluble—insoluble
self-oscillation with big amplitude was obtained. The copoly-
mer has three advantageous characteristics. One is to enable
self-oscillation with big amplitude in a BZ system free of
strong acid. The other is to self-oscillate for a long time with-
out intermolecular aggregation among the copolymer chains.
The third is the oscillating parameters controlled by the con-
tent of AMPS in the copolymer. This achievement of self-
oscillation of copolymer chains under acid-free conditions
may lead to their use as biomimetic materials under physio-
logical conditions.
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