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1. The MGS reaction in the continuous flow stirred-tank reactor (CSTR) 

1.1  Feed solution and flow conditions 

Methylene glycol stock solution (0.200 M) was diluted from 36% formaldehyde solution (AnalaR 

NORMAPUR, BDH Prolabo) at least 16 h prior to use and kept in a dark bottle at room temperature.  

Na2SO3 (Reag.Ph.Eur., BDH Prolabo) stock solution (0.200 M) was prepared with precooled ( ~5 °C) water 

and kept in an ice bath. This maintained sufficient stability of its titer for 13–14 h (overnight). 

Stock solutions of sulphuric acid (0.200 N ≡ 0.100 M) and sodium hydroxide (0.0200 M) were diluted from 

respective normal solutions (a.r., Molar Chemicals, Hungary). All the solutions were made with single 

distilled water. 

The CSTR (45 mL) was fed by 5 precision piston pumps (Pharmacia P500) (4 stock solutions + water) at 

320 mL/h (420 mL/h in a certain chemomechanical experiment). The stock solutions had a constant flow 

rate of 40 mL/h each, except for NaOH where the sum of the NaOH + water streams was constant 

200 mL/h. This maintained an average residence time of chemicals in the CSTR at 8.44 min. (The residence 

time was shorter, 6.43 min, in a certain chemomechanical experiment, thus flow rates of 60 mL/h (×3) 

and 240 mL/h, respectively, were applied).  

Reaction-diffusion-mechanics experiments under flow run several days long and require the 

careful stabilization of the experimental parameters in order to obtain a stable operation with regular 

period. Not all of them is straightforward. Previous papers on the MGS reaction [1–3] reported the 

problem of stabilizing the sulphite/bisulphite stock solution over extended time. Sulphite ions are oxidized 

(here by oxygen) orders of magnitude slower than hydrogen sulphite ions, therefore only a sulphite stock 

solution and, separately, a sulphuric acid stock solution were fed, and  these two were premixed in 

stoichiometric ratio in flow in a 1 mL volume stirred container, just before entering the reactor. The idea 

of this technique was introduced with the iodate–sulphite–thiosulphate reaction. [4–5]  

The sulphite/bisulphite ratio, used as control parameter to find the proper induction time where 

the chemomechanical oscillations arise, was set by the controlled feed of a dilute NaOH solution. 

 

The weak base, N-methyldiethanolamine (MDEA, Aldrich, 99%), added in the CSTR, served to 

imitate the buffering effect of the functional groups in the network that provide the pH-responsiveness 

of the gel. MDEA was 50% neutralized with sulphuric acid to set the pH of its stock solution between that 

of the flow-state and thermodynamic sate of the MGS reaction. 

 

[MG]0  and [S]0  denote the respective concentrations of methylene glycol and bisulphite ions in 

the CSTR after mixing and prior to any reactions. 
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1.2   The effect of buffering and the effect of the reactant ratio on the bistability  

 

A B 

  

Figure S1 Bistability of the MGS reaction in a CSTR. Open symbols: flow-state; full symbols: thermodynamic state.  

A) Shrinking of the bistable region and nearing of the two distinct chemical states to each other when buffering with 

a weak base, N-methyldiethanolamine (MDEA), pKa = 8.52. Feed conditions: [MG]0 = 51 mM; [S]0 = 50 mM; MDEA 

degree of neutralization: 50%. Residence time 8.44 min; temperature 30.0 °C. B)  Effect of the [MG]0 /[S]0 reactant 

ratio on the width of the bistability at constant [S]0 and [MDEA]0. 
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Figure S2  A) The buffering effect of MDEA on the width of the bistability domain and on the pH at the stability 

limits of the two distinct chemical state branches. B) Effect of the reactant ratio on the width of the bistability domain 

and on the pH at the stability limits of the two distinct chemical state branches. 
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2. Synthesis of the pH-responsive gels 

 

The chemicals 

• N-tert butylacrylamide (NTBA, Acros),  

• N-isopropylacrylamide (NIPA, Aldrich, 97%), 

• N,N’-methylenebisacrylamide (Bis, Fluka, purum), 

• N-[3-(dimethylamino)propyl]methacrylamide (DMAPrMAA, Aldrich, 99%),  

• N,N,N’,N’-tetramethylethylenediamine (TEMED, Amiresco, ultra pure), 

• sodium sulfite (BDH Prolabo, Reag.Ph.Eur.), 

• potassium persulfate (KPS, Reachim) 

were used as received. 

 

The polymer network of the gels was synthesized by free-radical crosslinking copolymerization initiated 

either by TEMED /KPS or by sodium sulfite/KPS redox couple.  As solvent, tert-butanol/water mixtures of 

the ratios from 8:4 to 6:4 (v/v) were used.  

Thin cylindrycal gel filaments used in chemomechanics were synthesized in glass capillaries of 1.00 mm 

inner diameter. The gel filaments for the swelling tests (kinetics and equilibrium) described below were 

synthesized in glass capillaries of 1.50 mm inner diameter.  

The gel cylinders were washed in 2:1 and 3:2 (v/v) ethanol/water mixtures, and stored in a 0.5 M 

ammonium acetate solution in a mixture of ethanol/water. The gels were collapsed in this solution at 

room temperature, and the rigid filaments could be cut, manipulated, and glued to a support. For more 

details see our previous works. [6–8] 

 

Table S1 Molar amounts in one batch 

 GEL G-N GEL S-N GEL S-F 

tert-butanol/water (v/v) 7.2 : 4 7 : 4 3 : 2 (≡ 6 : 4) 

solvent volume 12.9 mL 11.0 mL 11.0 mL 

NTBA 1.000 mmol 1.000 mmol 1.000 mmol 

NIPA 9.000 mmol 9.000 mmol 9.000 mmol 

Bis 0.0500 mmol 0.0503 mmol 0.0408 mmol 

DMAPrMAAm 0.1575 mmol 0.1525 mmol 0.1525 mmol 

TEMED 0.200 mmol - - 

Na2SO3 - 0.164 mmol 0.164 mmol 

KPS 0.100 mmol 0.075 mmol 0.075 mmol 

pH response: gradual (flat) sharp sharp 

swelling kinetics: normal normal 

↓↓↓↓ 

chemomechanics 

“fast” 
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3. The sharpness of the size-changes as a function of  pH 

3.1  The role of the initiator pair 

Two major changes had to be made in the chemical composition of the network compared to the 

previous ones used with the acid clock-reactions. 

1. H+-binding functional group: The tertiary amine N-[3-(dimethylamino)propyl]methacrylamide 

(DMAPrMAA) was used in 1.5% n/n of total monomers to maintain a shrinking response when the 

pH changes from 8 to 9. [9–10]  

2. Initiator pair: TEMED is a commonly used component with potassium persulfate (KPS) to initiate 

free-radical polymerization in aqueous solution. At the same time, DMAPrMAA and TEMED are 

both tertiary amines, and they might be present in a comparable amount in the network because 

TEMED radicals are incorporated at chain start or termination. DMAPrMAA gels initiated by 

TEMED (Fig.S3, coloured lines) did not give a similar sharp pH-response (that is, within 1–1.5 pH 

units) that we have had in our previous works for gels operational in different pH-regions below 

pH 7. Even by optimizing the temperature to get a maximum size-change, the transition from 

swollen to shrunken spread over more than 2 pH units. This finding indicates that functions of 

somewhat different base strengths are present in the network, that is, amine functions on TEMED 

and the DMAPrMAA comonomer are not identical and have the consequence of producing a pKb 

distribution. This problem was overcome by omitting TEMED and using the inorganic sulphite ion 

as reducing agent. [11] This necessary change together with a slight adjustment of the amount of 

the crosslinker resulted in a sharp swollen to shrunken transition, that is to 40% of the initial 

diameter, within 1.25 pH units (from pH 8.00 to 9.25). 

 

 
Figure S3 Sharpness of the swelling/shrinking transition as a function of pH. Radius 

of cylindrical gels (R0 = 0.750 mm at synthesis) in swelling equilibrium in Britton-

Robinson buffers with [Na+]tot = 50 mM. For gel compositions see Table S1. 
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3.2 The sharpest pH-size response vs. temperature – The role of the neutral monomers 

In order to have a large enough swelling-shrinking response closer to room temperature, a more 

hydrophobic neutral comonomer NTBA was added to NIPA in 10% n/n (Fig.S4). [12] 

 

A B 

  
Figure S4 Radius of cylindrical gels (R0 = 0.750 mm at synthesis) in swelling equilibrium in Britton–Robinson 

buffers with [Na+]tot = 50 mM. Monomer compositions as in TableS1 A) GEL S-N  B) GEL S-F with no NTBA. Dotted 

lines are swelling/deswelling curves at 29 °C taken 1h after changing the temperature. 

 

4. Gel with “fast” swelling-shrinking kinetics – The role of the solvent 

composition [13] 

 

Figure S5 Radius of cylindrical gels (R0 = 0.750 mm at synthesis) in swelling equilibrium in Britton–Robinson buffers 

with [Na+]tot = 50 mM. “Fast” gel (gel S-F) of the same monomer composition as the “normal” gel in Fig.S4A. Dotted 

black lines are swelling/deswelling curves at 29 °C taken 1h after changing the temperature. 
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The rate of swelling and shrinking of gels is limited by the transport of the swelling medium and 

the collective motion of the network chains. Higher rates can be obtained by microstructured 

(macroporous) gels that contain denser and looser regions on the microscale. They behave like a sponge 

and expel water relatively unhindered from their inner core through their pore system. These gels can be, 

e.g., scaffolds of lightly crosslinked microgels [14] or, simpler, so called microphase-separated porous 

structured gels. To obtain such gels, microphase separation should occur during the polymerization, so 

that dense domains of aggregates are fixed by crosslinking and loosely connected by several longer 

network chains. [15–16] These latter ensure an excellent elasticity up to high degrees of deformation 

without rupture. 

Microphase-separated porous structured gels (at the same time keeping the appropriate pH-

response) were synthesized by tuning the solvent composition for the crosslinking polymerization (gel S-

F in Table S1, Fig.S5). The microstructure of the resulting polymer network depends sensitively on the 

solvent composition.[17–18]  In a so called “good solvent” (here, 2:1 tBuOH/water ratio) the forming 

chains are expanded, well-solvated, the gel is transparent (clear), and the network is homogeneous. The 

quality of the solvent rapidly decreases by increasing the ratio of water in this domain of solvent 

composition, therefore the forming gel is translucent in 7:4 tBuOH/water (gel N) and opaque in 

3:2tBuOH/water (gel F). In the course of polymerization, the initially clear reaction mixture gradually turns 

turbid after about 15 min due to the appearance and aggregation of insufficiently solvated, shrunken 

polymer chains. A porous structure from these heterogeneities forms. An accompanying consequence of 

using a less good solvent is the slight syneresis during the polymerization (the gel volume is somewhat 

lower than that of the pregel solution). Therefore, these gels detach from the glass capillary wall after 

synthesis and can be easily removed. 

 

Swelling of the macroporous gel is facilitated by the fact that water can penetrate inside the 

collapsed gel through the pore system thus the contact area with water is higher than in a conventional 

gel.  The radius–pH curves taken 1 h after changing the temperature to 29°C fall much closer to the curve 

of the equilibrium radius in the case of the “fast” gel S-F in Fig.S5 than for the “normal” gel S-N in FigS4A. 

At the same time, swelling remains much slower than the collapse which is a general observation in pNIPA-

based gels. Supposedly, the hydrophobic interaction between the isopropyl functions in the collapsed 

state is difficult to break during the hydration process.[15] This asymmetry in the kinetics can be observed 

in Fig.S5. The deswelling curve taken 1 h after the temperature increase falls together with the equilibrium 

curve while the reswelling is not yet complete within 1 h for this gel composition. Differences in the 

maximum degree of swelling (FigS4A and FigS5) in equilibrium might be caused by differences in the 

network structure (e.g., shorter network chains through branching and pendant chains) as a result of the 

different initiation. 
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5. Chemomechanical experiments in the CSTR  

The description and sketch of the continuous flow stirred-tank reactor (CSTR) can be found in our previous 

works. [6–8] 

By the careful stabilization of the experimental conditions (especially the above described stabilization of 

the input hydrogen sulphite concentration), steady operation over 36 hours was maintained. The gels did 

not show any degradation over days even under a load exceeding ten times their own weight. 

 

 

4. Imaging 

The changes of the gel characteristics were simultaneously monitored in two ways: (1) A direct view (with 

lateral illumination on a dark background) makes visible the changes in turbidity of the gel. (2) A 

shadowscopic view (projected image on a screen) shows refraction index gradients (e.g., at the 

gel/solution interface) and the changes in the transparency of the gel. 

The direct view images were taken at a resolution of 720 × 480 pixels by a Canon 1100D camera equipped 

with an EF 50 mm f/1.8 II lens and 36 + 12 mm extension tubes. This is a large aperture lens for low-light 

photography and background blur. 

The shadowscopic view image was recorded by a colour industrial USB camera (The Imaging Source DFK 

42AUC03) at 720 × 1272 pixels resolution. 

The two cameras were remote controlled with a timer or operated in time-lapse mode, respectively. 

Images were taken every 10 min. The image stacks were background corrected and contrast enhanced 

using the image processing program ImageJ. For further details see our previous papers. [8] 
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6. Synergistic chemomechanical oscillations with the MGS reaction 

 

 

Figure S6 Synergistic chemomechanical oscillations of the suspended cylindrical gel filament at 28.9 °C 

and constant pH = 6.50 in the CSTR. Snapshots of the four characteristic phases within one period. Feed 

conditions: [MG]0 = [S]0 = 28.60 mM and [NaOH]0 = 2.86 mM; residence time 6.43 min. See ESI Movie2 
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A 

 

 

B 

 

 

                                                                      time →  

 

Figure S7 Synergistic chemomechanical oscillations of the suspended gel filament (R0 = 0.500 mm at 

synthesis) under 0.10 g load. Space-time plots of the periodic changes in (A) length and (B) diameter.  See 

ESI Movie2 
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Table S2 Characteristics of synergistic chemomechanical oscillations of cylindrical gels of the same composition 

and diameter under different mechanical load and reactant concentration 

 Fig.3 Fig.S6–S7 

Mechanical load 0.30 g 0.10 g 

Diameter at synthesis 1.00 mm 1.00 mm 

[DMAPrMAA] at synth. 13.8 mM 13.8 mM 

Ionic strength  

in the reactive solution 
0.065 M 0.074 M 

Residence time in CSTR 8.44 min 6.43 min 

Const. pH in CSTR 6.40 6.50 

Temperature 29.1 °C 28.9 °C 

Period of oscillations 240 min 160 min 

Oscillations min. max. � min. max. � 

Diameter 1.15 mm 1.50 mm –23% 1.15 mm 1.34 mm –14% 

Length 12.4 mm 15.8 mm –22% 17.2 mm 19.0 mm –10% 

approx. average [DMAPrMAA] 

in the hydrogel 
4 mM 9 mM  6 mM 9 mM  
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