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ABSTRACT: We show experimentally that chemical and mechanical self-oscillations in g & Ak ! / K
Belousov—Zhabotinsky hydrogels are inherently asynchronous, that is, there is a detectable 3 E ??\M / ! ’ yfi\
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applications; however, so far, it has not been quantified or reported systematically. Here, ©

we provide a comprehensive qualitative and quantitative description of the chemical-to-

mechanical delay, and we propose to explain it as a consequence of the slow nonequilibrium swelling—deswelling dynamics of the
polymer material. Specifically, standard hydrogel pieces are large enough that transport processes, for example, counterion migration
and water diffusion, cannot occur instantaneously throughout the entire gel piece, as opposed to previous theoretical considerations.
As a result, the volume response of the polymer to a chemical change may be governed by a characteristic response time, which leads

to the emergence of delay in mechanical oscillation. This is supported by our theoretical calculations.

B INTRODUCTION

Smart polymer materials that are nonliving yet exhibit complex
“life-like” or biomimetic behaviors have been the focus of
intensive research over the past decades, in the quest to broaden
our understanding of how living systems function and how life
could have emerged.'™* One branch of such smart materials is
the extensively studied Belousov—Zhabotinsky (BZ) self-
oscillating hydrogels, first synthesized in the 1990’s by Yoshida
et al,” that are capable of exhibiting a rich variety of physical—
chemical and biomimetic behaviors®™ and show great promise
as potential soft actuators, drug delivery systems, and other
applications.'”"" They demonstrate spontaneous periodic
swelling—deswelling changes known as chemomechanical self-
oscillation, reminiscent of the rhythmic beating of cardiac cells,
by utilizing the well-known BZ chemical reaction. A key reactant
of this reaction, a metal catalyst (in this case, a ruthenium tris
bipiridyne complex), is covalently bound to the polymer chain as
a pendant group, while participating in the redox oscillation
(changing between Ru**/3* states). As a result, all periodic redox
changes of these groups lead to rising and falling in polymer
charge density, which in turn induces excess counterion
migration and osmotic pressure changes and prompts water to
enter or leave the polymer network, making it swell or deswell.

Depending on the size, composition, and other parameters of
BZ hydrogel systems, a rich variety of temporal and spatial
behaviors may be observed. Chemical wave propagation, a
phenomenon in excitable nonlinear systems such as the BZ
reaction, readily emerges in self-oscillating hydrogels as well,

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

provided that the size of the gel is large enough (several
millimeters).'” By controlling the exact shape and size of gel
samples, various two-dimensional patterns have been shown to
evolve over time."” On the other hand, when samples are cut to
small pieces (typically sub-millimeter, smaller than the wave-
length of the propagating chemomechanical wave), another type
of behavior, isotropic volume oscillation, becomes possible, that
is, the gel swells and deswells homogeneously in all spatial
directions."*

Although BZ hydrogels have been studied for over two
decades now, there are still critical questions regarding their
underlying physical—chemical mechanism and behavior that
remain open until today, yet should be explored in order for
potential future applications such as soft actuators to be realized.
The mechanism of self-oscillation has been discussed to some
extent in the framework of a chemical oscillation coupled to a
mechanical response, that is, C—M coupling (see e.g., study by
Sasaki et al."”). Coupled oscillations are abundant in natural
systems, when two or more periodic processes interact and
influence each other, and the roles of leading and following
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oscillations may not always be straightforward.'® Since BZ gels
are fundamentally stimuli-responsive materials, in such systems,
itis trivial that changes in the chemical environment are required
in order for the hydrogel to undergo volume changes; therefore,
C—M coupling here is primarily driven by the chemical reaction.
Stimuli-responsive hydrogels of other types and compositions
have also been successfully synthesized and shown to produce
similar swelling—deswelling self-oscillation in chemical reactions
other than the BZ such as pH-oscillators, supporting this
assessment regarding leading and following roles.”'® However,
experimental evidence has also been found for chemo-
mechanical self-oscillation in a nonoscillatory chemical reaction,
where interestingly the dynamics emerge from the enhanced
size-change mechanical feedback of the hydrogel."”

We propose that there is a yet largely unexplored but certainly
prevalent and significant basic feature of chemomechanical self-
oscillation in BZ gels that not only shines new light on its
fundamental physical—chemical mechanism but also could have
potentially far-reaching consequences for future applications of
the material. An extensive review, conducted by our group, of
published experimental graphs showing the corresponding
chemical and mechanical oscillations of BZ gels, reveals a
consistent small degree of asynchronicity, specifically, volume
change appears to be delayed with respect to chemical shifts (see
Table 1 for examples where this was observed). To paraphrase,

Table 1. Examples from Previous Studies Where a Delay is
Observable between Chemical Change and Mechanical
Response in Self-Oscillating Hydrogels

Publication Figure

Yoshida et al. (1995)*
Yoshida et al. (2000)"*

Figure 3
Figures 2, 4, and §

Yoshida et al. (2003)** Figure 3
Sasaki et al. (2003)"° Figures 1-3
Zhang et al. (2012)** Figure 3

the mechanical response of the hydrogel to chemical stimuli is
clearly not instantaneous but only follows after a detectable lag.
To the best of our knowledge, this chemical—mechanical delay
has only been mentioned once before,'” but no detailed
quantitative characterization or compelling theoretical explan-
ation was offered for the phenomenon. However, should BZ
hydrogels be considered for advanced soft actuators or other
applications, such a delay would be a critical factor in the device’s
response time. Therefore, in this study, we intend to fully
quantify the emerging chemical—mechanical delay experimen-
tally in modern self-oscillating hydrogels and hypothesize that it
conclusively results from the slow nonequilibrium swelling—
deswelling dynamics of the polymer network, for which we
provide supporting theoretical results from modeling calcu-
lations.

B EXPERIMENTS

Materials and Hydrogel Preparation. Self-oscillating hydrogel
samples were prepared following the procedure developed by Masuda
et al.>> We note that this is a relatively more recent two-stage synthesis
method than the original BZ gel used by most studies and has a number
of advantages in terms of using less harsh polymerization conditions
and providing better control over the catalyst concentration in the
polymer network. In the first stage, a NIPAAm (N-isopropylacryla-
mide)-based copolymer hydrogel is prepared with added primary
amine pendant groups, provided by NAPMAm (N-3-(aminopropyl)-
methacrylamide) monomers; these pendant groups then serve as

reactive sites in the second stage for the introduction of the metal redox
catalyst, in this case, the bis(2,2"-bipyridine) (1-(4'-methyl-2,2'-
bipyridine-4-carbonyloxy)-2,5-pyrrolidinedione)ruthenium(II) bis-
(hexafluorophosphate) complex or Ru(bpy);-NHS for short (see
Figure 1). Choosing the NIPAAm/NAPMAm ratio enables the tuning
of metal catalyst concentration in hydrogel samples since the ruthenium
complex succinimidyl ester can only bind to the NAPMAm amine
groups.

For our experiments, 0.5—1.0 mm sheets of poly(NIPAAm-co-
NAPMAm) gels were prepared first by radical copolymerization, using
NIPAAm (Sigma-Aldrich, purified by recrystallization from toluene/
hexane before use) and NAPMAm (Polysciences Europe, used without
purification), with S, 10, and 20 mol % NAPMAm/NIPAAm monomer
ratios; the N,N’-methylenebisacrylamide cross-linker and TEMED and
APS reagents were also purchased from Sigma-Aldrich. The basic
hydrogel was then washed with water for 2 days; then, the solvent was
gradually exchanged to dimethyl sulfoxide (DMSO) (Fisher) over the
course of several days. In order to introduce the ruthenium(II) complex
groups into the polymer network, hydrogel sheets were cut up into
smaller pieces and then immersed in a 70 mM solution of Ru(bpy);-
NHS (Trylead Chemical Technology Co Ltd., China) in DMSO and
left to react for 24 h. The aim of applying Ru(bpy);-NHS in excess is to
ensure that all NAPMAm amine groups of the polymer become
saturated with the metal catalyst, thus obtaining S, 10, and 20% relative
catalyst concentrations. Next, the gel pieces were washed with DMSO
for a day; then, the solvent was gradually exchanged back to water, after
which the BZ gels were ready for experiments.

Methods. Experiments were performed at 20 + 0.2 °C in a Clifton
unstirred water bath, freshly after gel preparation was finished.
Swelling—deswelling self-oscillation was recorded using a Dino-Lite
AM4113ZT USB microscope, connected to a Raspberry Pi computer
and operated by custom-written Python codes, taking a time-lapse
image series with a 10 s sampling rate. In order to initiate oscillation,
hydrogel pieces, cut to 0.5—1.0 mm size, were immersed in a catalyst-
free BZ mixture of 0.700 M HNOj3, 0.084 M malonic acid, and 0.104 M
NaBrOj, freshly prepared for each experiment. Such small gel sizes were
chosen in order to elicit consistent isotropic swelling—deswelling
behavior across all hydrogel compositions. When samples were placed
in the outer solution, time lapse recording was initiated and continued
for several hours.

Data Processing. Image processing and data analysis were
performed using custom-written scripts in Wolfram Mathematica,
using a number of practical in-built tools. In order to reduce the overall
processing time, all images in the time series were first cropped to show
a suitable small section with the gel piece in front of a gray background.
This cutout was analyzed at each time point, pixel by pixel, to
distinguish between pixels belonging to the gel and the background,
based on their RGB values. Due to their different color levels, especially
concerning the blue channel, a threshold could be set to separate gel
and background pixels efficiently and reliably. Further conditions were
also applied for the red and green values to make the separation even
more precise. Once all gel pixels were extracted for each time point,
their green values were averaged and plotted to reveal chemical
oscillations. In small enough gel pieces such as our samples where
isotropic chemomechanical oscillation occurred, the gel color would be
typically fairly uniform across the entire observed surface at a time and
therefore could be safely averaged. Due to the typical red and green
colors of the reduced and oxidized forms of the ruthenium complex,
respectively, a substantial spike in the average green value of the gel was
interpreted as oxidation of the sample (see Figure 2 for an example
cropped image series displaying a typical color change, corresponding
to one oxidation peak).

Similarly, the size change would happen uniformly during isotropic
swelling—deswelling, and therefore, analyzing the apparent 2D surface
of gel samples could reveal mechanical oscillations. After color
thresholding, the number of gel pixels was counted at each time
point to obtain a size value and recalculated to mm? after calibration.
Finally, in order to reduce noise, a Gaussian filter was applied to both
chemical and mechanical oscillation data sets for more precise results.
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Ru(bpy)s-NHS poly(NIPAAm-co-NAPMAm-co-Ru(bpy),NAPMAm) gel

Figure 1. Chemical structure of poly(NIPAAm-co-NAPMAm-co-Ru(bpy) ;NAPMAm) BZ hydrogels, synthesized following the procedure by Masuda
et al.>® Hydrogel preparation is performed in two stages. First, a standard MBAAm cross-linked poly(NIPAAm-co-NAPMAm) hydrogel is synthesized
by radical copolymerization (top left in the figure), which is then gradually transferred into DMSO. Gel pieces are then immersed in Ru(bpy);-NHS
solution in DMSO); triethylamine may be added to aid the reaction, although it is not required. The succinimidyl ester group of Ru(bpy);-NHS reacts
with the primary amine pendant groups of the copolymer backbone; thus, the catalyst covalently binds to the polymer network (full structure on the
right hand side of the figure).

Figure 2. Color change during chemomechanical oscillation in a BZ self-oscillating hydrogel piece (5% catalyst concentration sample). Images have
been cropped and displayed to show one oxidation/swelling peak taking around 9 min. Note that the size change is relatively small and hence not
directly observable visually in these images; however, it is revealed clearly after analysis. These images correspond to the data presented in Figure 3
graphs 1A,B and Figure S, specifically the color/size peaks appearing around 4000 s.
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Figure 3. Time series curves showing examples of chemical and mechanical oscillation in various self-oscillating gel samples. Black curves show
mechanical oscillation and correspond to the gel size change over time, extracted from time lapse image series as the number of pixels belonging to the
gel sample and then recalculated to mm? after image calibration. Green curves show chemical oscillation, revealed by the color change in the gel sample
over time and extracted as the green value of the gel piece (obtained as 0—255 values from images and then normalized to fall between 0 and 1). Graphs
1A,B: mechanical and chemical oscillation, respectively, in a gel sample of 5% catalyst concentration. Graphs 2A,B: mechanical and chemical
oscillation, respectively, in a gel sample of 10% catalyst concentration. Graphs 3A,B: mechanical and chemical oscillation, respectively, in a gel sample

of 20% catalyst concentration.

B RESULTS AND DISCUSSION

Catalyst Concentration-Dependent Gel Behavior. For
all three compositions of BZ hydrogels synthesized (S, 10, and
20% catalyst concentrations), seven to eight samples were
analyzed quantitatively and averaged to investigate their
oscillatory behaviors. Figure 3 shows example sets of chemical
and mechanical time series for each concentration.

Regular oscillation tended to expire in a few hours after
initiation (i.e., the moment when gel pieces were immersed in
the catalyst-free BZ solution); therefore, for statistical
comparison, all emerging oscillation peaks in the first 3 h
(10800 s) were analyzed for each sample (time series);
furthermore, since several minutes were required at the
beginning of each experiment to arrange the gel samples in the
solution under the camera, the first 15 min (900 s) were also
excluded from analysis for consistency. Chemical oxidation
peaks and the corresponding isotropic swelling—deswelling were
routinely observed in all compositions; however, differences in
parameters such as the oscillation period, amplitude, and
duration emerged due to the different amounts of ruthenium
complex in the polymer mesh. Samples of 5 and 10% catalyst

concentrations displayed similar behavior as reported originally
by Masuda et al.”* concerning the oscillation period, which kept
increasing over time. In addition, 10% samples were found to
have shorter periods, in other words, faster oscillation, than 5%
samples, which is in good agreement with previous self-
oscillating hydrogel studies.'* Higher catalyst concentration is
also known to cause a larger swelling—deswelling amplitude,***
defined here as the difference between the bottom and the top of
a swelling peak, which was again exhibited by our data in the 5—
10% gels, see Figure 4.

Interestingly, gel samples with 20% catalyst concentration did
not follow these established trends and yielded substantially
disrupted oscillations (see Figure 3 graphs 3A,B, e.g.), with only
one or two isotropic peaks in some samples and no steady
oscillation periods. As illustrated by Figure 4 as well, the
mechanical amplitude of swelling peaks was significantly smaller,
on average, in 20% samples than in 10% ones, which may be
explained due to the overcrowded state of the polymer network.
In the 20% gel samples, that is, in the case of 4:1 = NIPAAm/
NAPMAm molar ratio, each network strand between two
adjacent MBAAm cross-linkers is, on average, composed of 29

D https://doi.org/10.1021/acs.macromol.1c00402
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Figure 4. Mechanical or swelling—deswelling amplitude of various BZ
hydrogels with different ruthenium contents. The catalyst concen-
tration is expressed in %, referring to the relative molar ratio of the
monomer to which the complex is bound (see the synthesis method for
full details). Average results are presented as the mean and standard
deviation from 7 to 8 samples for each catalyst concentration.

NIPAAm and 7.25 NAPMAm monomers. Understanding that
the ruthenium complex only binds to NAPMAm, this would
result in an extremely large number of catalyst complexes for
each network strand, even though it might be suspected that not
all NAPMAm groups may become saturated in such a crowded
mesh.

The average end-to-end distance R, and radius of gyration R,
of a gel network strand can be approximated by those of a free
chain with the same chemical composition in the same solvent.
Since the NIPAAm and NAPMAm monomers have roughly the
same backbone length of I & 0.25 nm, we can estimate the strand
size in a gel composed of these monomers using the Kuhn length
I found in linear poly(isopropylacrylamide) (PNIPAM) in
aqueous solution. Recently, Lopez et al. reported an estimated
Kuhn length J, & 4 & 1 nm for linear PNIPAM by fitting static
and dynamic light scattering (SLS/DLS) data on the chain
hydrodynamic radius and R, to the ideal worm-like chain model,
while previous single-molecule force spectroscopy (SMFS)
experiments rendered a much smaller average value of [, & 0.7
nm, see ref 24 and references therein. Taking the SLS/DLS value
of I ® 4 nm, there are [,/ & 16 NIPAAm monomers per Kuhn
segment in a linear PNIPAM. In the 20% gel samples we used,
the average number of 36.25 NIPAAm/NAPMAm monomers
per strand corresponds to N, & 2.26 Kuhn segments. The
average network strand sizes in the absence of Ru(bpy); groups

can then be estimated as R, ~ N}/*/, & 6.02 nm and R,~2.46 nm
using the Gaussian chain model®® and R, ~ 5.32 nm and R, ~
1.85 nm using the ideal worm-like chain model.***° If the SMFS
value of [, & 0.7 nm is used instead, each strand would have N ~
12.95 Kuhn segments, giving estimated strand sizes R, & 2.52
nm and R, ~ 1.03 nm using the Gaussian chain model and R, %
2.47 nm and R, ~ 0.97 nm using the ideal worm-like chain
model. On the other hand, the Ru(bpy); complex takes a
spherical shape with an estimated diameter of approximately 1.3
nm, which is of comparable order to the gel strand size. When
there are multiple Ru(bpy); groups attached to the 7.25
NAPMAm monomers on each strand, the excluded volume
interactions between these groups will strongly suppress the
fluctuations of the polymer strands and consequently that of the
entire gel. Therefore, the mechanical oscillation amplitude of the
BZ gels cannot grow monotonically with the increase in catalyst
concentration, even though the electrostatic repulsion and
osmotic effects continuously increase. This can partly explain
the decrease in the mechanical amplitude when the catalyst
concentration is increased from 10 to 20%, as shown in Figure 4.
We also note that the binding of the bulky Ru(bpy); groups to
the NAPMAm monomers might increase the monomer
frictional coefficients and so slightly slow down the relaxation
dynamics of the polymer backbones, which, combined with
significant effects of the friction of the solvent with the polymer
mesh, could lead to a diminished volume response of the gel to
changes in osmotic pressure. It is the complicated interplay
among the excluded volume, effective monomer friction,
polymer elasticity, solvent friction, electrostatic repulsion, and
osmotic pressure which results in a decreased mechanical
oscillation amplitude at high catalyst concentrations.
Chemomechanical Delay. Next, time series for all three
catalyst concentrations were analyzed to investigate the
synchronicity of chemical and mechanical oscillations. In all
samples, the volume (apparent size) change was observed to be
consistently delayed relative to the chemical change, as expected
based on our literature review and preliminary experiments (see
the illustration in Figure S). Full quantitative summary of all
results can be found in Figure 6, which reveals interesting trends
and observations. A significant difference was detected in the
swelling and deswelling delays, that is, the hydrogel’'s mechanical
response to oxidation and reduction, respectively. Deswelling
delays were found to be at least twice as long, on average, as
swelling delays across all 5—20% catalyst concentrations,
indicating that the gels were much slower to respond to

RSRSR
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Figure S. Emergence of chemomechanical CM delay (i.e., delayed mechanical response to the chemical redox change), illustrated by a 5% catalyst
concentration gel sample. Top black curve: mechanical oscillation (gel size change over time). Bottom green curve: chemical oscillation (change in
green value of the gel color over time, obtained as 0—255 values from images and then normalized to fall between 0 and 1). Vertical lines have been
drawn at the starting points of oxidation/swelling (=feet of the peaks) and reduction/deswelling (=top of the peaks) to show the existence of the delay;
red lines correspond to the chemical oscillation, and blue dashed lines correspond to the mechanical oscillation.
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Figure 6. Statistical summary of the chemomechanical CM delay results, in BZ gels with 5, 10, and 20% catalyst concentrations. The catalyst
concentration is expressed in %, referring to the relative molar ratio of the monomer to which the complex is bound (see the synthesis method for full
details). Average results are presented as the mean and standard deviation from seven to eight samples for each catalyst concentration. Comparison is
drawn between swelling and deswelling delays for each concentration, that is, the time required for swelling to start in response to oxidation and

deswelling to start in response to reduction, respectively.

reduction than oxidation. This seems to intuitively correspond
to fundamental BZ dynamics since reduction itself is a slower
process in the reaction system than fast autocatalytic oxidation.

Furthermore, comparing the 5 and 10% ruthenium
concentration samples, it is clear that the higher catalyst content
results in shorter average delays for both swelling and deswelling.
At first, this might be suspected to be a nonspecific consequence
of reaction kinetics, that is, the fact that 10% samples yield faster
oscillations in general (refer back to Figure 3); however, our
analysis shows that the effect is much more substantial than that.
Increasing the catalyst concentration from S to 10% gives a less
than 20% decrease only in the average oscillation period, yet
both swelling and deswelling delays fall by around 60—70%. We
speculate that this is due to the increased electrostatic
interactions causing more intense counterion migration between
the hydrogel and the outer solution: in the 10% composition,
larger numbers of the Ru(bpy);?*/>* pendant group result in
higher charge density on the polymer network (compared to the
5% samples), which then generates a larger difference in the
chemical potential of counterions between the outer solution
and the gel, as it undergoes redox changes. This in turn affects
the chemical potential of water molecules as well, prompting a
larger flux of water between the hydrogel and solution phases
(i.e, it intensifies the hydration process). The magnitude of
volume change is primarily determined by this water flux and the
amount of time the system has for water to flow in and out.
Therefore, it follows that as the water flux increases with the
catalyst concentration, shorter lengths of time will be required
for the same amount of volume change to occur; hence, the
chemomechanical (CM) delays will be shorter as well.

We note the 20% gel samples again fail to follow the
abovementioned trend and both average swelling and deswelling
delays are reasonably longer than in 10% samples. This is again
believed to be a result of the same excluded volume interactions
and overcrowded polymer mesh as explained before with
relation to the decrease in mechanical oscillation amplitude.

We propose that CM delays may arise from the interplay
among the diffusion rate-limited gel-solvent mixing process,

chemical reaction oscillation, and gel volume fraction change,
provided that we assume a nonequilibrium nature in the
swelling—deswelling response, as opposed to the already existing
theoretical considerations in the literature.”” >’ Previously, BZ
gels have been described to have different equilibrium swelling
ratios in their fully reduced and oxidized states (see, for instance,
the systematic study by Masuda et al. for the newer type of
poly(NIPAAm-co-NAPMAm-co-Ru(bpy);NAPMAm) BZ
gelsB), which results in volume changes when the chemical
environment shifts between these redox states. We assert that
although this is an adequate macroscopic explanation for the
phenomenon, it does not capture the full picture of the
underlying physical—chemical processes. Even though these
particular BZ gel systems in question tend to have relatively long
oscillation periods (on the scale of 10—20 min, depending on
reactant concentrations and temperature), the length of time
required for ~1 mm?® gel samples to become fully reduced or
oxidized would be comparable to these periods or even longer.

Therefore, we postulate that the hydrogel may not reach its
equilibrium volumes during chemomechanical oscillation, and
our physical—chemical interpretation of CM delays is based on
this hypothesis. Although reactants and products diffuse freely
between the gel and the outer solution, the chemical reaction is
strictly confined to the polymer network due to the immobilized
ruthenium complex groups. The volume of hydrogel samples is
relatively very small compared to the large reservoir of outer
solution (typically around or less than 1 mm? gel pieces in 100
mL of solution), however, still large enough that diffusion within
the gel and between the two phases is not instantaneous. When
changes in the chemical environment prompt increases or
decreases in the osmotic pressure, the system is being driven
toward equilibrium volume every moment; however, it cannot
reach it before the redox state changes again and shifts the
equilibrium. Since chemical oscillation is fundamentally a
nonequilibrium phenomenon, a volume change will only be
able to chase after it. The appearance of detectable delays follows
directly from this: for instance, close to the top of oxidation
peaks, the ionic strength is high due to the Ru(bpy);** groups,
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which prompts water to enter the polymer mesh; when
reduction takes over, ionic strength remains still comparatively
high for a short while that drives more water in. Only after a
significant proportion of the catalyst groups has become reduced
and the ionic strength has fallen below a threshold will the
hydrogel network become hydrophobic enough to repel some of
its water content and cause it to deswell; hence, a time difference
between chemical and mechanical peaks will appear.

Theoretical Description. Here, we present a phenomeno-
logical theoretical model to describe the C—M delay behavior of
BZ gel samples that are of sufficiently small sizes and so undergo
homogeneous (isotropic) swelling—deswelling oscillations.
Previous experiments have observed uniform oscillations in
various responsive BZ gel samples with lateral sizes ranging from
0.5 mm to around 1 mm,">"*** but generating traveling waves in
relatively larger samples.”””" The sample sizes used in our
experiments fall well into the isotropic oscillation regime.

Our model is adapted from the theoretical framework
developed by Yashin et al. for describing the self-oscillation
behavior of BZ gels’’ >’ by introducing a delayed response
mechanism of the gel volume change in the chemical reaction, to
replace the original assumption of instantaneous response. In
the theoretical work of Yashin et al,, the Oregonator model
originally developed for describing BZ reactions in simple
solutions”' was modified to take into account the effect of gel
swelling/deswelling on the reaction kinetics. For a BZ gel with
the polymer volume fraction ¢ and so the solvent volume
fraction 1 — ¢, the modified Oregonator model in the
dimensionless form was mathematically written in terms of
two dimensionless variables, 4 and v, measuring the concen-
trations of the reagent in solution (X = [HBrO,] in our system)
and oxidized catalyst covalently bound to the polymer
backbones (Z = [M,] = [Ru(byp),**]), respectively

du ___uw dg

& 1-¢ a T ) (1)
v _vdp

" _¢dt + eG(¢, u, v) @

where the first terms on the right hand side (RHS) of the
equations describe the concentration variation due to the
swelling/deswelling of the gel. The reaction rate functions F and
G are

F(p, u,v) = (1 = ¢)'u —u

PPt X Ol
PO = =y @)

G, u,v) = (1 — ) u— (1 - ) (4)

where f is the stoichiometric factor representing the number of
bromide ions produced when two oxidized metal ions are
reduced. It is treated as a model parameter. The dimensionless
parameters g and € are defined in the original Oregonator model
using the concentrations of reactants, that is, [BrO3], [all
oxidizable organic species] and [H*], and the five rate constants
used in the three original reaction rate equations.”>"

At given concentrations u and v, the equilibrium volume
fraction of polymers ¢ is determined by the condition of zero net
osmotic pressure IT in the gel

II= 1_[mix + Helastic =0 (5)

The osmotic pressure contribution due to the mixing between
the polymer network and solvent is given by”’

Y1

mix

=—¢ — In(1 - _ 2 *
T ¢ —In(1 = @) = x(P)p™ + x*v ©

where kg is the Boltzmann constant, T is temperature, and v, is
the volume of a polymer monomer. The first three terms on the
RHS of eq 6 are from the standard Flory—Huggings (FH) theory
with the FH parameter y(¢) = y, + y1¢) where y,, is temperature-
dependent and y, is a constant. The coupling between the BZ
reaction and gel dynamics is modeled by the last term on the
RHS of eq 6 with y* > 0 which describes the hydrating effect of
the oxidized catalyst on the swelling of the gel.”” The
contributions of the electrostatic interactions between the
catalyst ions and the translational entropy of free counterions to
the osmotic pressure are neglected in their model.

In the absence of external forces, the gel samples of sufficiently
small sizes can be considered to swell/deswell uniformly in all
three dimensions. The Flory model for gel elasticity then gives
the elastic osmotic contribution

1/3
Helasticvl = cw i _ i
kBT o ¢0 24’0 (7)

where ¢ is the number density of elastic strands in the polymer
network and ¢, is the polymer volume fraction in the
undeformed state. For sufficiently small BZ gel samples, the
transport of the solvent in and out of the gel region is considered
to be instantaneous. The equilibration of the osmotic pressure I
is also assumed to take place instantaneously at any moment of
time. Equations 1, 2, and S can then be solved together to
provide the time-dependent values of u(t), v(t), and ¢(t) for
describing the self-oscillation behavior of the BZ gels.”” >

In the abovementioned theoretical framework, the polymer
volume fraction ¢ was assumed to change with the chemical
reaction instantaneously via the coupling term in the osmotic
pressure Il ;... The mixing of the solvent with the gel network
is however a rate-limited diffusion process depending on many
factors such as the compositions of the polymer and solvent
which determine the interactions and frictions between different
species and the interfacial features between the gel and
surroundin§ solvents that vary with the gel volume
change.29’32’ ® The characteristic time of the gel-solvent mixing
or also called the interdiffusion process has been experimentally
shown to interplay with the period of chemical oscillations to
affect the amplitude of swelling—deswelling oscillations of cubic
BZ gel samples with a side length of about 0.5 mm."**” This
mixing process also contributes to the delayed response of the
gel volume change to the chemical reaction, as observed in our
experiments. The microscopic picture of the mixing kinetics may
be investigated by well-designed experiments or computer
simulations at the atomic level. Below, we introduce a simple
phenomenological description of such a delayed mechanical
response. A more realistic and quantitative model can be
developed later based on the understanding of the microscopic
mechanisms of the delayed responses.

For a BZ gel with a polymer volume fraction ¢(f,) at time t,,
the condition of zero net osmotic pressure in eq 5 predicts a
polymer volume fraction ¢h;q at t, + Ot after a time interval ot.
Assuming a delayed mechanical response to the osmotic
pressure change, the volume fraction of the gel undergoes a
smooth transition from ¢(t,) to ¢y, instead of an abrupt jump.
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Figure 7. Theoretical calculation results showing the emergence of chemical—mechanical delay. The green curve denotes the time-dependent change
in the concentration of v(t), that is, chemical oscillation, and the black curve denotes the change in dimensionless polymer volume A*(t) = ¢bo/h(t), that
is, mechanical oscillation. For effective comparison with experimental curves, the first 3 h (10800 s) are plotted. CM delays in both the swelling and
deswelling responses are clearly visible in the calculated curves; furthermore, they also capture the observed experimental trends where the swelling

delay is much shorter than the deswelling delay.

This process can be described mathematically using the logistic
model

1 B i i
o _ Z"{l idl]’ fha 2 P(to)
dt 1(¢ 4 ) y o
T - @a/)r ifop, < t
T idl i o (8)

where 7, is the characteristic response time. The differential eqs
1,2, and 8 are solved numerically to provide u(t), v(t), and ¢(t)
in the presence of delayed mechanical response. At time ¢ = £, +
Ot, the exact solution to eq 8 is
¢idl¢(t0)
B() = | b(t)) + (dy — D(t))e™™'

(i)idl + (d)(to) - ¢id[)e_6/‘[cr

if gy > P(t)

if {/)idl < ‘/)(to) (9)

If 7. >> Ot, the response will be significantly delayed, while if 7,
< Ot the response is essentially instantaneous, as assumed in
previous theoretical models by Yashin et al.”’~*’

In this work, the FH parameters and the volume fraction of
undeformed BZ gel are taken from the literature as y, = 0.338, y,
=0.518, and ¢b, = 0.139.>° We note that the exact values of these
parameters will rely on the compositions of the gel and solutions
and the sample preparation conditions. Varying these values
within the experimentally relevant range will only change the
model calculation results quantitatively but not qualitatively.
The Oregonator model parameters are chosen to be g = 1.32 X
1074 & = 0.0955, and f = 0.5, as guided by the gel sample
parameters used in our experiments. The coupling parameter is
taken to be y* = 0.02. Numerical solution of the theoretical
model using these parameter values produces the self-oscillation
behavior in u, v, and the gel size in reasonably good agreement
with the experimental observations. The average self-oscillation
period, as measured by the peak-to-peak time difference, is given
to be 622 s that is reasonably close to the experimental value.
The C—M delay behavior is semiquantitatively captured using a
characteristic time 7. = 100 s, as shown in Figure 7. Comparing
these modeling results with experimental curves (Figure 3
graphs 1A,B and 2A,B, as well as Figure S), we are able to observe
the same general tendencies: first, the calculated dimensionless
polymer volume shows a prominent initial decrease over the first
few oscillation cycles, which can be also clearly observed in
experimental data sets. Second, there is an asymmetry in the
volume oscillation peaks which correspond to shorter swelling
delays and significantly longer deswelling delays. The asym-

metric kinetics of swelling—deswelling is in good qualitative
agreement with previous theoretical and experimental studies
concerning poly(N-isopropylacrylamide)-type and similar
hydrogels, where it was found that the so-called shrinkage
barrier effect could slow down deswelling, see, for example, refs
32—34. However, we hypothesize that in our dynamic
nonequilibrium system, the kinetics of the BZ reaction have a
much more substantial effect on the asymmetry, since swelling is
triggered by fast autocatalytic oxidation, whereas reduction
leading to deswelling is inherently slower. Furthermore, earlier
measurements of swelling—deswelling kinetics in this specific
polymeric system by Masuda et al.>> did not indicate hindered
shrinkage at all in such small gel pieces. All in all, these
theoretical results indicate that the delayed mechanical response
mechanism to the chemical reactions is needed for under-
standing and theoretically describing the self-oscillation
behavior of the BZ gels.

We note that the theoretical work presented in this and
previous work did not take into account the excluded volume
and electrostatic repulsion effects between the Ru(bpy); groups
or the translational entropy of the charged reactants and
counterions. The usage of the coupling term in eq 6 for
describing the hydrating effect and the logistic model in eq 9 for
the delayed mechanical response is at the phenomenological
level. Microscopic understanding of these dynamic processes
and the underlying mechanisms is still needed.

B CONCLUSIONS

In this study, we have shown experimentally that the
autonomous chemomechanical self-oscillation in BZ hydrogels
has an inherently delayed swelling—deswelling mechanical
response with regard to periodic redox changes. Owing to the
fundamental BZ dynamics, the swelling response to oxidation is
always found to be shorter than the deswelling response to
reduction. The average length of CM delay also highly depends
on the concentration of the catalyst, that is, the covalently bound
Ru(bpy); complex groups. Between S and 10% ratios, the higher
concentration yields shorter delays; however, samples with 20%
catalyst concentration show longer delays and significantly
disrupted oscillations, which may be explained by the excluded
volume interactions between Ru(bpy); groups in the over-
crowded polymer network.

In order to explain the emergence of CM delays, we provided
a nonequilibrium theoretical framework and performed
numerical calculations. Despite having small enough hydrogel
pieces (<1 mm) that went through isotropic swelling—
deswelling, the polymer would not be capable of instantaneous
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mechanical response, that is, the volume change would be
gradual and time-dependent. This model successfully repro-
duced the appearance of chemomechanical delay, as well as the
experimental tendency of shorter swelling and longer deswelling
responses. Our theoretical framework not only builds on
previously published and validated self-oscillating gel models
but also expands them to describe this so far mostly unreported
but nonetheless crucial fundamental physical—chemical behav-
ior of BZ gels. Understanding the source and properties of
chemomechanical delay is essential for any future applications;
therefore, it can aid further research into functional polymers
and potential soft actuators.
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