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Report:

SAXS studies were conducted on triblock copolymer gels with a mid-block consisting of a polyelectrolyte. 
The polymer gel was placed in a pH oscillating environment in a custom-built continuously stirred tank 
reactor which allowed for the simultaneous collection of SAXS and optical microscopy of the gel piece.

Figure 2a illustrates our experimental equipment. A nylon cell was fitted with 2 sets of orthogonal windows 
such that the macroscopic size of the gel could be captured by an inspection microscope and the synchrotron 
x-ray beam could be used to perform real-time SAXS. The pH was recorded using a combined microelectrode 
(Mettler Toledo) at a frequency of 0.33 Hz.  SAXS images were typically collected at 60 seconds per frame 
for a maximum of 256 frames. Our Landolt pH-oscillator is based on a bromate/sulfite/ferrocyanide reaction 
and has a room temperature period of 25 minutes with a range of 3.1<pH<7.0. The optimum flow rate for 
reliable oscillations was found to be 29 l s-1 for each reactant with concentrations: [SO3

2-] = 0.3 M, [BrO3
-] = 

0.26 M, [Fe(CN)6
4-] = 0.08 M, [H2SO4] = 0.04M.

The time-course of the macro and molecular length-scales of a polymethacrylic acid based triblock gel are 
shown in Figure 1a (i) and (iii), respectively.  As the pH oscillates the gel flips from expansion to contraction 
as it passes pH 5.5 (the pKa of polymethacrylic acid)(Figure 1c).  The gel continues to expand, through mass 
transport of solvent, throughout the whole 10 minute period at high pH, contraction proceeds at the same rate 
and there is a period of constant length prior to expansion.  The molecular size, as determined by the 
separation of the hydrophobic clusters, closely tracks the sample size.  A plot of the time-course of the
relative sizes, at the 10 nm and 1mm length scales, and when converted into relative expansion (Figure 1b)
demonstrates that this self-assembling material affinely changes shape in responsive to its chemical 
environment over many cycles.  That is, the serial addition of many molecular length changes is ultimately 
translated into the macroscopic length change.



Figure 1 (a) The response of the 
macroscopic structure (gel-length)(i), and 
gel morphology (SAXS d-spacing)(iii) to 
the variation in pH (ii) induced by the 
bromate-sulfite-ferrocyanide oscillating 
reaction.  (b) Time course of the relative 
size change for the morphology (―) and 
the macroscopic size (―) (dt/dt=0). (c) The 
rate of expansion (d/t, ) plotted with 
the pH (―) during the time-course of one 
oscillation.

The specific power of the polymethacrylic acid gel was measured by making the gel do work against a soft 
cantilever (0.47 N/m) whilst being driven by the oscillating reaction. Contemporaneous with these 
experiments the molecular orientation and relaxation of the structure was measured by SAXS, see Figure 2a.  
The deflection of the cantilever is measured by using the deviation of a laser beam reflected from a mirror 
attached to the cantilever. Thus the molecular structure, macroscopic deformation and force could all be 
measured simultaneously.  Figure 2b is an AFM tapping mode phase-image of the collapsed block copolymer 
film and the insets are the (i) FFT of the morphology as measured separately by AFM and (ii) the SAXS 
patterns of the film under tension in the liquid cell. That the cantilever spring deforms the molecules is 
apparent from the SAXS patterns and the deformation changes systematically with the pH.  Figure 2c is a plot 
of the time-course of the pH, length of the gel, l, the force, f, on the cantilever spring and the derived quantity 
the specific power, Ps.  Work w = f X l and power P = w/t so P= f X v = f X (dl/dt) where t is time and v is 
velocity.  The specific power is the power per unit mass obtained by normalising to the mass of the swollen 
gel and provides a lower boundary estimate of Ps = 20 mW kg-1

Figure 2 (a) A schematic diagram of the 
experimental apparatus for simultaneously 
measuring pH morphology and force 
generation. (b) An AFM micrograph of 
the dry polymer structure with inserts 
showing the FFT of the structure (i) and 
the SAXS patterns of the stretched (ii) gel. 
(c) The response to the variation in pH (i) 
of the gel-length (ii) and the force acting 
on the cantilever (iii) to the specific power 
generated (iv) by the gel.

In order to place the mechanical performance of our system in context, the specific power generated by our 
device can be compared to the performance of various cellular engines and an automobile engine ~ 300 W 
kg-1.  The calculations of specific power are based on the molecular weight of the smallest unit, this favours 
the molecular motors and polymerisation based engines which are more powerful than the cellular structures 
in which they are found, and can be seen in the comparison between myosin at 20 kW kg-1and striated muscle 
at 200 W kg-1.  


