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  2. Spiropyran-Based Polymers

Most protocols for the incorporation of SP units into
polymer matrices generally involve polymerisation of
derivatised SP monomers or copolymerisation of these
species with compatible monomeric units, where the SP
moiety can be introduced as side chain or as a part of the
main polymer chain.[9,10,15,16,20,33,36,50,61–63] Othermethods
include non-covalent doping/entrapment of SP derivatives
within various polymer matrices[24,32,34,35] or functionali-
sation of pre-formed polymers with SP pendant groups.[45]

A number of examples of SP-based polymer most often
present in recent literature are described in Table 1 and
comprise a series of homo- and co-polymers obtained
through various polymerisation techniques: radical poly-
merisation, atom-transfer radical polymerisation (ATRP),
ring-opening metathesis polymerisation (ROMP) and
photo-polymerisation, among others. Other types of poly-
mers in which the SP is included as a pendant group post
polymerisation or simply used as a dopant are also

presented. Table 1 gives an overview of polymers contain-
ing SP where the emphasis is on their structure. SP
polymeric systems can be used for a variety of applications,
showing that by combining the key advantages of the SP
moiety with the smart engineering of SP-based polymers,
newmaterialswithdesignedmacroscopicproperties canbe
obtained. Various types of SP polymers have been designed
in order to acquire photo-control over specific character-
istics of the material like permeability towards different
analytes, wettability, sensing behaviour, actuation and
electrical properties or to visualise mechanical stress.
The following sections will discuss specific SP polymeric
systems based on their photo-modulated properties.

3. Photo-Modulated Wettability

The wettability of surfaces depends on both, the surface
chemistry and the surfacemorphology, in particular, on the
micro-structures of the surface. Having the possibility to

Scheme 1. Reversible structural transformations of SP derivatives in response to external inputs such as light, protons and metal ions.
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these microstructures exhibit reversible photoisomerization upon light
irradiation in the solid-state. To our knowledge, such structures and
behaviour have not been reported previously, and they are distinctly
different from ‘‘quasicrystals’’ and larger-sized aggregates because of
their high degree of organization at the microscopic level, morpholo-
gical complexity, facile solvato-morphological control, and lack of
residual amorphous material. This study provides the first direct
measurement of the structural, spectroscopic, and photochromic
properties of such SP-COOH microstructures.

The self-assembledmicrostructures are prepared as described in the
ESI.† Depending on the final EtOH volume percent (V%) in the water–
EtOH mixture (15%, 20%, 25%), three different types of microstruc-
tures are obtained, namely SP-COOH 15%, SP-COOH 20% and
SP-COOH25%, respectively. Thesemicroscopic structures are produced
predominantly in the MC and MC-H+ form (indicated by their reddish
colour) and remain stable within the aqueous solution most likely due
to the stabilization of individual structures in such a highly polar
environment. Previously, aggregation of MC derivatives was always
observed due to photo-induced formation ofMCunits surrounded by a
non-polar environment. This caused spontaneous association ofMC in
order to minimize the overall energy of the system.13,16,17 In the
case presented here however, these conditions are not satisfied, no
spontaneous association is observed, and the turbidity of the solution
exhibits good homogeneity (ESI,† Fig. S2). Following this, 10 mL of the
SP-COOH EtOH–water dispersion (15%, 20% and 25% EtOH, respec-
tively, prepared as described in the ESI,† Section S3) was poured in a
Petri dish (5.5 cm OD) in order to ensure high surface area for the
liquid/air interface and exposed to daylight for 2 min.

This caused rapid switching of the EtOH–water bulk phase from a
reddish to a light yellow colour, due to the switching of the remaining
dissolved MC/MCH+ to SP/MCH+ forms in response to day light (ESI,†
Fig. S3B and Scheme S1). This process was accompanied by sponta-
neous assembly of aggregates at the air/liquid interface. The proposed
mechanism for this process relies on the fact that, as the polarity of the
bulk liquid phase decreases (due to the switching of the polar MC unit
to the less polar SP form), MC solid structures start to aggregate, due to

their polar nature. Another important observation is that evaporation of
EtOH from the surface facilitates the movement of these structures
towards the liquid/air interface. This process was very rapid, and a
continuous aggregation film forms at the interface within minutes.
A video showing this spontaneous assembly can be seen in ESI,†
Video S1 and Fig. S5, for the case of SP-COOH 25%. Very similar
behaviour was found to occur with all the other solutions studied
(Fig. S6 and S7, ESI†). However, the morphology of the obtained
structures and their dimensions were different and very dependent
on the percentage of water used. Scanning electronmicroscopy images
of these structures (Fig. 1) show that the morphology of the assembled
structures vary in form from ribbon-like shapes in the case of SP-COOH
15% (Fig. 1, left) to daisy-shaped structures composed of flat crystals in
the case when SP-COOH 25% is used (Fig. 1, right). The structures
obtained for SP-COOH 20% resemble the daisy-like shape of SP-COOH
25%, but the terminations of the units are hyper branched and twisted
(Fig. 1, centre). These structures appear to be reasonably homogeneous
across the entire aggregated film obtained at the liquid–air interface
and closely maintain their morphology with great reproducibility from
structure to structure as well as from solution to solution (Fig. S8–S10,
ESI†). Analysis of the diameter of the individual self-assembled struc-
tures shows that by varying the water content of the liquid phase,
structures with average diameters from B24 mm (SP-COOH 15%) to
B71 mm(SP-COOH25%) can be easily achieved (Fig. S8–S10, ESI†). For
SP-COOH 15% and 20%, the width of the fiber-like structures is about
300 nm while for the SP-COOH 25% the width of the flat crystal-like
structures is about 5 mm (at the central point), thickness about 200 nm
or less, and they are partially transparent (Fig. 1, right).Moreover, it was
found that themorphology of the photochromic structures is not overly
dependent on the concentration of the SP-COOH in the final solution,
but is greatly related to the water/EtOH ratio. In fact, identical
morphologies were obtained for structures formed using different
SP-COOH concentrations and after different times (12 h to several
months), as long as the water/EtOH ratio was kept constant. It should
be appreciated however, that there are limits to the water/EtOH ratios
in which such complex, highly symmetrical structures are obtained.

Fig. 1 Scanning electron microscopy images of spiropyran self-assembled microstructures obtained at the air–liquid interface when the liquid phase is SP-COOH 15%
(left), SP-COOH 20% (centre) and SP-COOH 25% (right), respectively. The figures on the bottom show particular details of each type of microstructures.
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contain any BSP (Fig. 2). However, samples from the same batch
(gel 0-1) pre-soaked in 1 mM HCl exhibit a yellow colour char-
acteristic of the protonated MC form (MC-H+), and shrink
considerably (down to 80% relative swelling) under white light
as previously reported for such systems.4,10,16 This suggests that
the shrinking of these gels is induced more by the combined
deprotonation of MC-H+ and conversion to BSP, rather than the
conversion of MC to BSP on its own (i.e. deprotonation of MC-
H+ is inherent to the shrinking mechanism).

A small but discernable shrinkage of the poly(NIPAM) blank
gel under white light irradiation (Gel 0-0, Fig. 2 and 4) occurs
because the light source used to actuate the gels, although a
‘cold’ LED source, induces a small degree of heating of the gel
and surrounding water due to absorption of incandescent
radiation. In fact, the temperature rose from the initial 18 !C to
22 !C during the 20 min period of measurement. Therefore,
because poly(NIPAM) gels are thermoresponsive and have been
shown to shrink slightly even at temperatures several degrees
below the actual LCST12,13,19 a slight temperature induced
shrinkage in the blank poly(NIPAM) gels occurs.

Inuence of AA content on gels with 1% BSP

Fig. 2 shows the results of photoinduced shrinking experiments
performed on gels containing 1% BSP and 0 to 5% AA. The rst
observation is that the gels incorporating AA function remark-
ably well without the need for prior soaking in HCl. When
placed in DI water and in darkness, a yellow colouration of the
AA-modied gels can be observed aer 5–10minutes, indicating
spontaneous formation of MC-H+ and, by implication, an
equivalent number of deprotonated –COO" groups. A sche-
matic of this equilibrium within the gel is shown in Fig. 3.
Moreover, the shrinking of the 1-1 gel is both faster and greater
in extent than for the equivalent non-AA modied 0-1 gel pre-
equilibrated in HCl (30% versus 20%, respectively, Fig. 2). Gel 5-
1 shrinks most, reaching 50% relative swelling aer 20 min of
irradiation with white light.

Poly(acrylic acid) polymers are themselves pH responsive,
and gels made from this polymer have been shown to swell
when the acid is deprotonated to the acrylate anion, and shrink
when reprotonated to the uncharged form.20 During the light-
induced deprotonation of the MC-H+ protons are liberated
(sometimes referred to as a pH jump reaction)14 and these re-
protonate the acrylic acid groups and increase the extent of
shrinkage (Fig. 2). These results show that the incorporation of
AA into these gels simplies the actuator operation by removing
the need to use an external HCl bathing solution to prime the
gel prior to photo-induced shrinking.

Inuence of BSP content on gels

Intuitively it might be assumed that increasing the BSP-acrylate
content in the gel formulation will increase the rate and extent
of the photo-induced actuation effect. However, the results in
Fig. 4 suggest that there is an optimum BSP content of ca. 1–2
mol % (gels 5-1 and 5-2) which in both cases produces #50%
relative shrinking. However, increasing the BSP content in the
polymer to 3% (gel 5-3) reduces the relative shrinking extent to
#20%.

Another optimisation aspect of these gels is the reswelling
rates. When the gels (Table 1) had adopted their steady-state
contracted form under white light irradiation, they, were kept
for 1 hour in the dark and their diameters measured again. The
resulting data (Table 2) shows that all gels with 1% BSP i.e. 1-1,
2-1, 5-1 shrink more with increasing amount of AA and reswell
to #100% aer one hour storage in darkness. When the BSP

Fig. 2 Shrinking of gels containing 1% spiropyran and varying amounts of
acrylic acid. Error bars are standard deviations, note that in some cases they are
obscured by the marker. (n ¼ 6).

Fig. 3 Schematic representation of the proton exchange taking place in the gels
between the acrylic acid and the spiropyran together with the effect of light
irradiation; Y:Z:X refer to the mol% of BSP, poly(NIPAM), and acrylic acid in the
formulation (see Table 1).

This journal is ª The Royal Society of Chemistry 2013 Soft Matter, 2013, 9, 8754–8760 | 8757
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Photo-responsive hydrogels 

White light 

Spontaneous in H2O 



glass slide 
spacer (PSA, PSA/PMMA) 
glass slide 

monomer cocktail 

mask 

Microstructures preparation 
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•  Circular masks of 
1mm diameter. 

•  Hydrogel height : 
60µm.  

•  Polymerisation time: 
10-20 seconds. 

 

Micro-patterned hydrogels 
Hydrogel microstructures covalently 
attached to glass substrates were photo-
polymerised through micro-patterned 
masks using white light.  
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Photo-responsive hydrogels 
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Photo-responsive hydrogels 
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Photo-responsive hydrogels 
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1st irradiation cycle 
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4:1 THF: Water 

2:1 THF: Water 

1:1 THF: Water 
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250um   

250um gel disks polymerised 
around pillar using mask 
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Micro-valve fabrication and working principle 
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Surfactant-driven vehicles 

Chemotactic Droplets 



Controlled-release of surfactants 



Video 1  
Chemoattractant: HCl soaked Gel 

Speed X 4 



Video 2: 
Chemoattractant: Solution of HCl 

Speed X 2 



Video 3 
Chemoattractant: NaCl crystals 

Speed x 4 
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Multiple Chemotactic Droplets 

Speed X 2 



Electro-activated chemopropulsion  

Speed X 4 



1 cm Speed x 4 

Speed ≈ 100 µm s-1 

Photo-activated chemopropulsion  
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Speed ≈ 4000 µm s-1 
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