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Self-oscillating gels based on novel catalyst
for the Belousov—-Zhabotinsky reaction
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We report on the synthesis of new Ru(bpy),(phen) catalyst
for the oscillatory Belousov—Zhabotinsky chemical reaction
and on the preparation of novel Ru(bpy),(phen)-based self-
oscillating gels. The synthesized gels exhibit high-amplitude
autonomous mechanical oscillations when the Belousov-
Zhabotinsky reaction proceeds inside these gels.
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Development of self-oscillating polymer gels driven by the
oscillatory Belousov—Zhabotinsky (BZ) reaction is an actively
developing research direction.>? Such self-oscillating gels have
potential application in the design of soft robots and artificial
muscles (actuators).3-® To synthesize self-oscillating gels, most
researchers use ruthenium(ir) tris(2,2"-bipyridyl) complex,
Ru(bpy)s,, as the catalyst for the BZ reaction, when Ru(bpy); part
is covalently bound to or is incorporated into the polymeric
network of the gel.”# When such a gel is immersed in an aqueous
catalyst-free BZ solution (CFBZ), the oscillatory BZ reaction
starts inside the gel generating autonomous periodic redox
transitions of the Ru(bpy)s. These transitions induce in their turn
the periodic changes in the volume of the gel, i.e., mechanical
oscillations. In addition to Ru(bpy);, complexes of Ru™ with
terpyridine ligands are also used to create self-oscillating gels,®
although gels based on them demonstrate low-amplitude
mechanical oscillations. There are other interesting hetero-
ligand Ru® complexes, for example, ruthenium(i)-
2,2'-bipyridine-1,10-phenanthroline-3,8-dicarboxylic  acid.X
However, until now, heteroligand complexes based on bis(2,2'-
bipyridine)(1,10-phenanthroline)ruthenium(it) have not been
used as catalysts for the BZ reaction and even more so, self-
oscillating gels based on them were not created.
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Scheme 1 (a) Synthesis of Ru(bpy),(phen). Reagents and conditions:
i, EtOH, 70 °C, 11 h. (b) Gross scheme of the BZ reaction catalysed in our
case by Ru(bpy),(phen) complex.
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Herein, we report on the synthesis of bis(2,2'-bipyridine)-
(1,10-phenanthroline)ruthenium(it) complex, Ru(bpy),(phen),
its testing as a new catalyst for the BZ reaction, and on the
creation of new self-oscillating gels obtained by copolymerization
of acrylamide derivative of the Ru(bpy),(phen) with
2-acrylamido-2-methylpropanesulfonic acid (AMPS), N-iso-
propylacrylamide (NIPA), and N,N-methylenebisacrylamide
(MBA). First, the Ru(bpy),(phen) complex [Scheme 1(a)] was
synthesized. To test Ru(bpy),(phen) as a catalyst for the BZ
reaction [see Scheme 1(b)], the aqueous solution of all the BZ-
reagents, including the Ru(bpy),(phen) complex, is dispersed in
fluorinated oil with the addition of surfactant (the initial
concentrations of the reagents in the BZ solution are given in
captions to Figure 1). As a result, droplets of the BZ mixture
were obtained [see Figure 1(a)]. These droplets demonstrate an
oscillatory dynamics typical of the BZ reaction [see Figure 1(b)].
This experiment shows that the Ru(bpy),(phen) complex can
serve as the catalyst for the BZ reaction (for all experimental
details, see Online Supplementary Materials).

To incorporate the Ru(bpy),(phen) complex into the polymer
chain, we synthesized its derivative, bis(2,2'-bipyridine)(5-acryl-
amido-1,10-phenanthroline)ruthenium(ir), Ru(bpy),(5-acphen)
(Scheme 2). The acrylamide fragment introduced into the
structure of the Ru(bpy),(phen) complex provides the
copolymerization of the resulting Ru(bpy),(5-acphen) compound
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Figure 1 (a) Snapshots of an isolated BZ droplet (diameter 150 um)
containing Ru(bpy),(phen) in the reduced (dark) and oxidized (light) states.
(b) Space-time plot for oscillations of this BZ droplet (oscillation period is
15 s). Vertical white bars in space-time plot present oxidized states of the
Ru(bpy),(phen), dark bars present the reduced states. Concentrations of the
reagents in the CFBZ solution: [MA]=0.36 M, [NaBrOs] =0.27 M,
[NaBr] =0.07 M, [H,SO,4] = 1.2 M, [Ru(bpy),(phen)] =3 mM. The space-
time plot is built along the line passing through the centre of the droplet.

- 507 -



Mendeleev Commun., 2022, 32, 507-509

Ru(bpy),(5-acphen) —

a [Ru(bpy),(5-acphen)] = 10 mmol dm~3
b [Ru(bpy),(5-acphen)] = 15 mmol dm
¢ [Ru(bpy),(5-acphen)] = 20 mmol dm=3

Scheme 2 Reagents and conditions: i, CH,=CHC(O)CI, TMEDA, THF,
10 °C, 20 h; ii, Ru(bpy),Cl,, EtOH, 70 °C, 11 h; iii, N-isopropylacrylamide
(NIPA), N,N'-methylenebisacrylamide (MBA), (NH,),S,05, TMEDA;
iv, NIPA, MBA, CH,=CHC(O)NHC(Me),CH,SO3;H (AMPS), (NH,),S,0g,
DMSO, H,0, 65 °C, 1 h.

with other acrylamide derivatives, for example, NIPA and/or
MBA. Copolymerization of Ru(bpy),(5-acphen) complex with
NIPA and MBA afforded gel 1 in which Ru(bpy),(5-acphen)
serves as a catalytic fragment, NIPA as a monomer forming a
polymer chain, and MBA as a cross-linker.

To test the properties of gel 1, the latter was synthesized in the
form of a transparent homogeneous microsphere [Figure 2(a)],
which was immersed in the aqueous CFBZ solution. The
concentrations of BZ reagents in the CFBZ solution were the
same as those used previously® for testing gels based on the
Ru(bpy); complex. In the aqueous CFBZ solution, gel 1 exhibits
oscillatory behavior [see Figure 2(b)]. The microsphere diameter
increases when Ru(bpy),(phen) fragment exists in the oxidized
state and decreases when it is in the reduced state. The amplitude
of mechanical oscillations is small, about 0.5%, if the diameter
of the microspheres is recorded, and about 1.5% if we measure
volume changes.

To increase the amplitude of mechanical oscillations, we used
the fact that gels with a microphase-separated structure
exhibit more significant mechanical oscillations than gels with a
homogeneous structure.!%*2 To synthesize such a micro-
phase-separated gel, we copolymerized Ru(bpy),(5-acphen)
simultaneously with three different monomers: AMPS, NIPA,
and MBA. Chemical structure of the synthesized microphase-
separated gel 2a is presented in Scheme 2. Gel 2a contains about
10 mmol dm=2 of Ru(bpy),(5-acphen). A piece of gel 2a which
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Figure 2 Oscillations of pieces of gels in the CFBZ solution with
the following concentrations: [MA]=0.063M, [NaBrOjz]=0.084 M,
[HNO3] = 0.9 M. (a), (¢), (e), (g) Snapshots of pieces of gels 1, 2a, 2b, and
2c¢, respectively, in the shrunken state (left snapshot) (reduced state of the
catalyst) and in the swollen state (right snapshot) (oxidized state of the
catalyst). (b) Space-time plot of the top edge of the microsphere of gel 1
taken along the diameter. (d), (f), (h) Space-time plots of the oscillations of
gels 2a, 2b, and 2c, respectively. Space-time plots are obtained at 450 nm,
where Ru(bpy),(5-acphen) has the maximum absorption and taken along
the lines indicated by the white arrows. Period of the oscillations T/s = (b) 55,
(d) 67, (f) 195, (h) 300. Vertical white (dark) bars in the space-time plot
present the oxidized (reduced) state of the catalyst.

is opaque [see Figure 2(c)] exhibits pronounced self-oscillatory
behavior in the CFBZ solution [see Figure 2(d)] becoming
lighter (darker) in the oxidized (reduced) state of the catalyst.
Accordingly, gel 2a expands (shrinks) when the catalyst exists in
the oxidized (reduced) state; the mechanical oscillations of the
gel coincide with the chemical ones. The changes of the linear
(volume) size of the piece of gel 2a is about 5 (15)%.

To further increase the amplitude of mechanical oscillations,
we have synthesized gels 2b and 2c¢ having the same chemical
structure as gel 2a (see Scheme 2), but containing about 15 and
20 mmol dm=2 of Ru(bpy),(5-acphen), respectively. Since gels
2b,c are almost opaque, it is difficult to observe chemical
oscillations in the CFBZ solution by the optical method, but
mechanical oscillations are clearly visible [see Figure 2(e)-(h)].
The periodic changes of the linear (volume) size of the piece of
gel 2b is about 7 (21)%. Oscillatory behavior of self-oscillating
gel 2b is demonstrated in movie ‘Ball of gel 2b’ (see Online
Supplementary Materials, Figure S7, Video sped up 48 times).
For mechanical oscillations of gel 2c, linear and volume changes
are even greater, about 10 and 30%, respectively. The period of
oscillations also increases with an increase in the content of
Ru(bpy),(5-acphen) in the gel (see captions to Figure 2).

In conclusion, we have demonstrated that Ru(bpy),(phen)
heteroligand complex can be used as a catalyst for the BZ
reaction. With this complex, it is possible to prepare self-
oscillating gels demonstrating chemical-mechanical oscillations
under the conditions of the BZ reaction. The changes of the
linear (volume) size of the pieces of self-oscillating gel are about
5-10% (15-30%). Gels with such a large amplitude of
mechanical oscillations can be used in the development of
chemomechanical devices such as self-actuating gel pumps!S or
hydrogel-based motors.'*

Synthetic part of this study was supported by the Russian
Federal Academic Leadership Program Priority 2030 at the
Immanuel Kant Baltic Federal University, while the kinetic part
of the study received financial support from the Russian Science
Foundation (grant no. 22-21-00189). The authors acknowledge
I. G. Mershiev and G. S. Kupriyanova for conducting 'H NMR
studies.

- 508 -



Mendeleev Commun., 2022, 32, 507-509

Online Supplementary Materials 10 I. S. Zenkov, A. A. Yakushev, A. S. Abel, A. D. Averin,
Supplementary data associated with this article can be found A. G. Bessmertnykh-Lemeune and I. P. Beletskaya, Russ. J. Org. Chem,,
in the online version at doi: 10.1016/j.mencom.2022.07.025. 2021, 57, 1398.

11 S. Maeda, Y. Hara, R. Yoshida and S. Hashimoto, Macromol. Rapid
Commun., 2008, 29, 401.

References 12 Y. Murase, S. Maeda, S. Hashimoto and R. Yoshida, Langmuir, 2009,
1 Y. S. Kim, R. Tamate, A. M. Akimoto and R. Yoshida, Mater. Horiz, 25, 483.
2017, 4, 38. 13 K. Yoshimura, Y. Otsuka, Z. Mao, V. Cacucciolo, T. Okutaki,
2 1. L. Mallphanov and V. K. Vanag, Russ. Chem. Rev., 2021, 90, 1263. H. Yamagishi, S. Hashimura, N. Hosoya, T. Sato, Y. Yamanishi and
3 P. Dayal, O. Kuksenok and A. C. Balazs, Langmuir, 2009, 25, 4298. S. Maeda, ci. Rep., 2020, 10, 12834.
4 S. Maeda, Y. Hara, T. Sakai, R. Yoshida and S. Hashimoto, Adv. Mater., ~ 14 K.Wang, J. Ren, S. Yang and H. Wang, Adv. Mater. Technol., 2021, 6,
2007, 19, 3480. 2100158.
5 O. Kuksenok, D. Deb, X. Yong and A. C. Balazs, Mater. Today, 2014, 17,
486.

6 O. Kuksenok, A. Singh and A. C. Balazs, Bioinspiration Biomimetics,
2018, 13, 035004.
7 R.Yoshida, T. Takahashi, T. Yamaguchi and H. Ichijo, J. Am. Chem. Soc.,
1996, 118, 5134.
T. Ueki and R. Yoshida, Phys. Chem. Chem. Phys,, 2014, 16, 10388.
H. Zhou, Y. Yang, G. Xu, W. Chen, W. Zhang, Q. Wang, Z. Zheng and
X. Ding, J. Polym. ci., Part A: Polym. Chem.,, 2015, 53, 2214. Received: 26th January 2022; Com. 22/6794

©

- 509 -



