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Belousov-Zhabotinsky (BZ) reaction-induced mechanical oscillation of pdligopropylacrylamide) (PNIPAM)

gel particles was investigated by the systematic variation of BZ substrate concentrations. The correlation
between the dynamic behavior and substrate concentrations was presented in a ternary phase diagram. Both
oscillatory and steady-state regimes exist on the phase diagram and are separated by a high-frequency oscillation
band. Dependence of oscillation frequency and induction time on the substrate concentrations was also studied.
To achieve size uniformity, these PNIPAM gel particles with covalently bound tris(bipyridyl)ruthenium(Il)
were synthesized via the coordination chemistry between a ruthenium complex and the monodispersed PNIPAM
gel particles bearing bipyridine ligands.

The BelousowZhabotinsky (BZ) reaction is a well-known  Currently, ubiquitous domain defects pose great challenges to
nonlinear dynamic chemical system that exhibits fascinating the fabrication of large colloidal crystai%:34 We envision that
phenomena such as periodic and chaotic temporal oscillations these defects can be annealed by the introduction of controlled
traveling waves, and Turing structur€s. It includes a series  autonomous mechanical oscillations as in the self-oscillating
of metal-ion-catalyzed oxidative reactions of organic substrates, PNIPAM gel particles via the BZ reaction.
such as malonic acid, by an acidified bromate solution. The | js \vell-known that the BZ reaction can exhibit a variety of
complex nature of this system, as well as its profound 4 namic regimes, such as steady state, periodic oscillation, and

significance in understanding the biological oscillators related chaos, in both open and closed systems, depending on reagent
to some basic aspects of life, have attracted extensive attentiontonce'ntrations and a number of exte,rnal factors such as

from both experimentalists and theoreticidn® A detailed
chemical mechanism, the Fiet&K6ros—Noyes (FKN) mech-
anism, was established as the framework for understanding an
modeling the complicated phenomena of this systehRecent
studies of BZ reactions in a variety of microheterogeneous
medial*16.26-23 sych as PDMS-separated BZ compartméfts,
water-in-oil microemulsion$} and catalyst-loaded resin-

exchange bead§,2? have brought insights into the communica- dentify th i ‘tuning knobs' f i bl d
tion and self-organization of large quantities of individual [© identfy the main ‘tuning knobs’ for self-assembly an

relaxation oscillators through the concentration of chemicals in Understand the interplay between the polymer system and the
the external media, mimicking living systems such as ventricular BZ reaction. In this study, we focused our attention on

temperature, speed of agitation, and flowing Pet¥:3540 As
d'shown by Yoshida and his co-workers, factors such as temper-
ature and substrate concentrations not only turn on or off of
the Hopf bifurcatior?”3%414%ut also control the frequency and
magnitude of the mechanical oscillation of the self-oscillating
gel28:30.31.414%or the practical application of the self-oscillating
microgels to colloidal crystal annealing, it is therefore important

cells and neurons. controlling the oscillation dynamics of colloids by varying the
The BZ reaction has been used to induce mechanical BZ substrate concentrations.
oscillation in polymeric systems to mimic biological materi- Since the size uniformity of the colloid particles is essential

als2425Yoshida and his co-workers reported the development for crystallization?*~46 we prepared the PNIPAM particles with
of a self-oscillating gel composed of stimuli-responsive poly- covalently bound Ru(bipy)catalyst using an approach different
(N-isopropylacrylamide) (PNIPAM) polymer with grafted Ru- from that of Yoshida and his co-worket®'(Figure 1). First,
(bipy)s moiety as the BZ cataly38:26-3! It was found that the  uniform gel particles of poly(NIPAMzo-vmbipy) were prepared
chemical oscillation induced a periodic volume oscillation in by emulsion polymerization. The bipyridyl groups were then
the PNIPAM gel. This discovery stimulated our interest in the converted into Ru(bipg)by a subsequent reaction witis-Ru-
study of colloidal interactions coupled with BZ oscillations, with  (bipy),Cl,. Both confocal scanning laser microscopy (CSLM)
the long-term goal being to control colloidal self-assembly. and UV—vis spectroscopy convincingly supported the conver-
sion of bipyridyl moiety into Ru(bipy) via coordination
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cheng@chemail.tamu.edu. chemistry. The fluorescence confocal microscopy showed
T Texas A&M University. discrete poly(NIPAMeo-Ru(vmbipy)(bipy}) particles with
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Figure 1. Scheme for the preparation of uniform PNIPAM particles 20 - J
with covalently bound Ru(bipy)catalyst via coordination chemistry. -
The uniform poly(NIPAMeo-vmbipy) gel particles, as represented by 0 N L g A X ' : R
the checked spheres, are prepared by emulsion polymerization.
Subsequent coordination witlis-Ru(bipyxCl, converts the bipy ligand g 200 400 B0 800
group into Ru(bipy) moiety. Time (sec)
size uniformity of the colloidal particles was confirmed by 80

dynamic light scattering (DLS) measurement and reflectance I ('b) ' |
confocal microscopy. The DLS measured polydispersity (PDI) '
are below 14% for the PNIPAM particles with and without 7B i

loaded catalyst, demonstrating good monodispersity for both & - 685 nm 1
particles!” We foresee that this approach can be utilized for ‘Zg 70 F T e Ty
preparation of uniform polymer gel particles with different sizes = s snie t i 570 nm i
and various catalytic metal centers. = = =
The BZ reactions conducted using these catalytic PNIPAM & 60 - A
gel particles, together with BZ substrates malonic acid (MA) & : 460 nm 1
and sodium bromate, were monitored by use of -tiNé = 2

spectroscopy. The transmittance of the mixed solutions in the
190-856 nm wavelength range was measured continuously in
an episodic data capture mode. Figure 2a corresponds to a BZ
reaction in which periodic oscillations were observed. The . L . L - L - L
oscillations in transmittance at 460 and 685 nms reflect the 0 100 200 300 400
chemical oscillation of the Ru(bipykxatalyst between the Ru- Time (sec)

(I) and Ru(lll) states, Whergas the oscillations at the. Isosbestic Figure 2. Temporal oscillations in UVvis transmittance for the Ru-
wavelength 570 nm are attributable to the conformation change (hiny), catalyzed BZ reactions. (a) Experiment in which the poly-
of the PNIPAM polymers® For the control experiment using  (NIPAM-co- Ru(vmbipy)(bipy}) gel particles were used. The trans-

a free Ru(bipyy*" complex and PNIPAM polymers with no  mittance oscillations at 570 nm are solely due to the mechanical
grafted catalyst, we observed no oscillations at 570 nm in spite oscillation of the polymers. (b) Control experiment in which discrete
of the regular oscillations at 460 and 685 nms (Figure 2b). This E}U(Igg’gﬁ ‘iﬁg“p'gi( ?S?Piﬂf}ﬂ\ﬂ(%ﬂgim)r(‘& Coga'e;t'y;’rct’i‘é?sscaﬂ'yﬂ
observation confirms that the_oscﬂlatlons at 570 nm for t_he thgugh chemigal )é)scillations were otFJ)syervepc}/at %GOpand 685 nms, no
PNIPAM polymer gels truly arise from the mechanical oscil- | ochanical oscillations were observed at 570 nm.

lation of the gel particles induced by the BZ reaction.

We found that such chemical and mechanical oscillations follows: malonic acid 0.30 M, sodium bromate 0.75 M, and
critically depend on the substrate compositions, as also notednet Ru(bipy)*™ 1 x 104 M. Concentrations of the BZ
by Biosa and Yoshid&“® We were therefore motivated to  substrates were systematically changed by dilution of the original
analyze the concentration dependence of the BZ oscillation in bulk solutions, as detailed in the Supporting Information section.
these catalytic PNIPAM particles. Our subject is a five- The temperature was controlled atZ2 The dynamic behavior
component system composed of water, nitric acid, bromate, of the samples was monitored by UVis spectroscopy. For
malonic acid, and the gel-supported Ru catalyst. In such a the oscillating samples, the frequency and induction time were
system, the concentration of four components can be givenalso analyzed.
independently. To circumvent the difficulty of exploring a four- A ternary phase diagram (Figure 3a) summarizes the con-
dimensional parameter space, we studied the oscillation dynam-centration dependence of the oscillating behavior in this-MA
ics in a three-dimensional subspace by keeping the nitric acid NaBrO;—Ru(bipy) (grafted) system. Each of the three axes on
concentration constant at 0.3 M. We further simplified our the diagram corresponds to a dilution ratio of a BZ reactant
system by applying the following restrictions on the remaining with respect to its original solution. It is clearly shown that the

three independent concentrations, phase diagram can be separated into oscillating and non-
oscillating regions, with the oscillating region mostly located
[MAJ/[MA] ¢ + [NaBrO;l/[NaBrO,], + in the area where the dilution ratio of NaBy@ below 50%.
[Ru-gel)/[Ru-gel}, =1 Moreover, there exists a minimum concentration of the Ru-

(bipy)s catalyst below which no oscillation was observed. A
Here, MA denotes malonic acid, Ru-gel stands for the gel- series of control experiments were conducted in which the
supported Ru catalyst, and the subscript O denotes the originalgrafted PNIPAM polymer suspension was replaced by a Ru-
bulk concentration. The original substrate concentrations are as(bipy)sSO, solution with a similar catalyst concentration. The
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(a) 0.0 10 phase diagram of the latter system was overlaid with that of
. the polymer system (Figure 3a). The dashed line separates the
oscillating and non-oscillating regions for the Ru(bySd,
catalyzed system. Judging from the similarity between the two
phase diagrams, we may conclude that the separation between
the oscillatory and steady-state regimes for the gel-supported
system has the same origin as in the MNXaBrO;-Ru-
2B (bipy)sSOy system. We also found that the oscillation frequency
/z{‘ is discontinuous at the oscillatorgtationary phase boundary,

g

while the oscillation amplitude is continuous, confirming the
Hopf bifurcation scenario (except for at the high NaBrO
concentration). Details of the oscillation amplitude analysis are
included in the Supporting Information. The shrinkage of the
0.2 oscillatory region for the PNIPAM system at high NaBrO

0.9 Wiy D\ A, 01 concentration conditions, relative to the Ru(byS8Qx system,
1.0 an-osciilating_ can be accounted for by colIc_ndaI aggregation _of the polymer
Y————————+—+ 700 gels due to enhanced screening of Coulombic interactions and
0 Gk &= 02 08 05 85 U 9% 0 4D subsequent increase in the van der Waals attraction.
[NaBrOs]/ [NaBrO3]0 The dependence of oscillation frequency on the malonic acid

(MA) and NaBrQ concentrations is plotted in Figures 3, parts
b and c. At constant MA concentrations, it was found that the

0025 ——F————7——7—— 71— oscillation frequency increases linearly with the NaBrO
L (b) F ' concentration (Figure 3b). However, at fixed NaB@ncentra-
0.020 k [MA]=0.2[MA], ] tions, the oscillation frequency increases monotonically with
| [MAJ=0.4[MA] \ I the MA concentration (Figure 3c). This trend was fit linearly
= : 0 in consistence with a simplified two-variable Oregonator médel.
T 0015} S The correlation between frequency and substrate concentration
& 5 4 reported here bears a similar trend with the findings of Yoshida
= 0.010 % ) and co-workers on the poly(NIPAMe-Ru(bipy)) gel bead28
g [MA]=0.1[MA], with the difference being that a power law relationship was
,_% i 7 found in the latter case. We did not use the power law fitting
0.005 | 2 due to the limited data range. Moreover, it is interesting to note
| that the oscillation frequency keeps increasing toward the
oscillatory—stationary phase boundary and abruptly drops to
0-0000 T 0'1 : 012 : 0'3 : 0'4 s zero across the borderline. The oscillation frequency does not
- ' ’ : ’ ’ vary much for the samples near the boundary (Figure 3c). Hence,
[NaBrO,] / [NaBrO,], a high-frequency band separates the two dynamic regimes.
More interestingly, we observed that the preoscillatory time,
0248 ——F——7——7—7T 7T +T7— i.e., the induction time, is dramatically longer for the gel-
3 . supported system when compared to the conventional non-
0.020 } - polymerized Ru(bipy)system. It is usually £2 min at 22°C
1 i for the Ru(bipy}SOs system, whereas it is 2650 times longer
— 0016 k i for the gel-supported system depending on the substrate
o | i concentrations. We hypothesize that the polymeric matrix affects
g 0012 L i the steric accessibility of the catalytic centers, hence the
s l ] induction time.
% 0.008 k | The dependence of induction time on the MA and NaBrO
= concentrations for the gel-supported system is shown in Figure
i ] 4. Figure 4a shows that the NaBy@oncentration is the
0.004 [- ] predominant factor for determining the induction time at low
— i . . . . . . ] MA concentration (the MA dilution ratio is no greater than

: 2 * : 2 : o 40%). The induction time increases monotonically with the
&Y 9t G2 D4 OF 99 08 OF DB increase in NaBr@concentration, and an approximate expo-
[MA] / [MA], nential correlation can be found. At a fixed NaBrébncentra-
Figure 3. Dynamic behavior of BZ reactions in PNIPAM gel particles ~ tion, the induction time remains almost constant when the
with covalently bound Ru(bipy) (a) A ternary phase diagram for the  malonic acid concentration is below 40% of the original,
BZ-reaction-induced mechanical oscillation of poly(NIPAtd-Ru- whereas it increases abruptly with the change in malonic acid

(vmbipy)(bipy)) gel particles with variation of substrate concentrations. . " . . -
The solid line inside the triangle was added for the guidance of the COncentration beyond that critical point (Figure 4b). A similar

eye to separate the oscillating and non-oscillating regions. The dasheodependenqe of induction time on the NaBr@d malonic acid
line shows the borderline of the oscillatory-steady-state regimes for a concentrations was observed for the cerium catalyzed BZ
control study using non-polymerized Ru(biggP:. (b) Dependence  reactions in bulk systef!®Here, we offer a rather qualitative

of oscillating frequency on the sodium bromate concentration. (C) gynjanation by pointing out the important inhibition effects to
Dependence of oscillating frequency on the malonic acid concentration.

Squares denote samples with [NaBfG= 0.2 [NaBrQJo and stars the HBrG gutocatalysis process. It is known that. bromide
denote samples near the oscillation, non-oscillation boundary. competes with HBr@for bromate and the autocatalysis process
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Figure 4. Dependence of induction time on the BZ substrate
concentrations. (a) Samples with low [MA] ((MA} 0.4[MA]o). Note
that samples at the same [NaB}®@ave different [MA]. (b) Samples
with fixed [NaBrQ;] ([NaBrOs] = 0.2 [NaBrQo).

0.7

would not start until the [Br] drops to a certain critical value.

We assume that an increase in bromate concentration demands

longer time for the reduction of [Bf to the threshold value.

Accordingly, an increase in bromate concentration would lead

to an increase of induction time. At high [M&]BrOs™]o, the
effect of another inhibitor, i.e., the organic radicals, MA

Shen et al.

time on the substrate concentrations were analyzed and tenta-
tively explained by the inhibition effects. This study provides
guidance for tuning induction time and frequency, the two
important parameters in mechanical-oscillation-facilitated col-
loidal assembly.
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