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Background  
•  p(NIPAAm)	
  based	
  hydrogels	
  that	
  incorporate	
  a	
  spiropyran	
  

photochromic	
  unit	
  

•  Drawback:	
  These	
  hydrogels	
  func@on	
  only	
  in	
  acidic	
  condi@ons	
  (HCl,	
  pH~3)	
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Background  

•  Recent	
  work:	
  co-­‐polymerised	
  Acrylic	
  Acid	
  inside	
  p(NIPAAm)	
  in	
  the	
  
hydrogel	
  	
  

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).
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The photoresponsiveness and the self-protonating stability

were also tested versus drying cycles. Three fully swollen gel 5-1
samples were contracted under white light, dried for 48 hours at
room temperature, re-swelled in DI water, and their photo-
induced shrinking measured again. This drying/reswelling cycle
was then repeated twice and impressive reproducibility of the
photo-shrinking behaviour was evident (Fig. 7). In contrast, gel 0-1,
aer initially swelling in 1 mM HCl, showed drastically impaired
actuation behaviour aer one drying/reswelling cycle in DI water,
and had effectively lost its photo-actuation ability aer the second
cycle (Fig. 7). This result conrms that, in contrast to the standard
gels, the AA-modied gels do not need to be exposed to HCl to
induce reswelling aer photo-induced contraction, and can be
repeatedly recycled through contraction/expansion in DI water.

The effect of washing with water on the gel actuation
behaviour was also examined. The Gel 5-1 samples were fully
swollen in DI water, shrunk with white light and then kept in
fresh DI water for 24 hours in the dark. Then the light induced
shrinking was measured again, and the procedure repeated 4
times. Similar measurements were performed on the Gel 0-1
samples which were initially pre-soaked in 1 mM HCl to induce
MC protonation. The photos in Fig. 8 show that Gel 5-1 can
undergo light induced shrinkage even aer re-swelling 3 times
in fresh DI water (i.e. no exposure to HCl). In contrast, Gel 0-1
loses its photoresponsive character aer two washes. Simulta-
neously, Gel 0-1 adopts an increasingly reddish colour (le
column, Fig. 8A), indicative of a tendency to preferentially form
the unprotonated MC isomer rather thanMC-H+, due to the loss
of protons from the gel during washing. The behaviour of Gel 5-
1 is strikingly different, as it retains the yellow colour of the
protonated MC-H+ form in the swollen state (le column,
Fig. 8B). Aer 4 wash cycles, the pH of the external bathing
water of equilibrated gels was 5.8 for both 5-1 and 0-1 gels,
which was equivalent to the pH of the fresh DI water. This,
coupled with the theoretical pH values within the gel discussed
earlier, suggests that AA modication of the gels creates a pH
buffering effect within the gel.

Mechanism of gel protonation/deprotonation

The MC-H+ copolymer used in this study has been reported to
have a pKa value in the range of 6–7.22 On the other hand, closed
form of a BSP molecule has been reported to have pKa of 2.3.23

Considering these values with respect to acrylic acid, (pKa ¼
4.2), when these functionalities are co-immobilised within a gel,
in the absence of light, acrylic acid will spontaneously protonate
MC to MC-H+ (Scheme 1, steps 2 and 3), driving the conversion
of BSP to MC in the process (step 1). Hence the gel will become
populated with equal numbers of MC-H+ and –COO" ions,
considerably increasing the gel hydrophilicity in the process,
and triggering gel swelling due to water ingress. This was also
conrmed by a set of 5-0 gels placed in solutions of pH from 1–
6.5. These gels kept a constant size until the pH increased above
pH 4 crossing the pKa value of acrylic acid. Between pH 4 and 6
the deprotonation of the –COOH groups took place and resulted
in the increased gel swelling (Fig. S3, ESI†). Conversely, when
MC-H+ is converted to the BSP (very weak base) form under
white light, the protons released migrate back to the acrylate
anions in the polymer, as they are now the strongest base
present (Scheme 1 step 3). Protonation of the acrylate –COO"

anions and simultaneous formation of uncharged BSP induces
a much more hydrophobic gel character, and water is expelled.
Therefore, during swelling and contraction cycles, protons
migrate between these sites, as shown in Fig. 3. Furthermore,
this proton exchange is internalised within the gel, with no
requirement for an external proton source (i.e. pH 3 HCl
bathing solution). In addition, the shorter (internalised) diffu-
sional pathways for bulk proton transfer within the AA-modied
gels produces a more efficient system in terms of the overall

Fig. 7 Light induced shrinking of 0-1 (top) and 5-1 (bottom) gels after 2 repeat
cycles of drying and reswelling in DI water. Gel 0-1 was initially protonated by pre-
soaking in 1 mM HCl for 2 h, whereas Gel 5-1 was pre-soaked in DI water. The X-
axis indicates minutes under white light irradiation. Error bars are standard
deviations for 3 samples.

Fig. 8 Light induced shrinking and re-swelling (in the dark) cycles for (A) Gel 0-1
0% AA, 1% BSP-A (left) and (B) Gel 5-1 5% AA, 1% BSP-A (right). For each re-
swelling cycle fresh DI water was used in all cases. Cycles are numbered 1-4.
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•  Advantage:	
  These	
  hydrogels	
  func@on	
  in	
  water.	
  
(B.Ziolkowski et al, Soft Matter,2013,9,8754-8760) 
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Background 

•  Changing the polymerisation solvent can control the 
hydrogel morphology. 

4	
  

(Zhang et. al, Langmuir, Vol 18, No. 7, 2002, 2538-2542) 
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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).
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Hydrogel fabrication 
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microscope à  
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Hydrogel microstructure  

200 mg NIPAM 
5 mol % Acrylic acid  
1 mol % acrylated-Spiropyran 
3 mol %MBIS 
1 mol% PBPO 
Polymerization solvent 

5mm 

m 200µm 
m 100µm 

1mm 
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Polymerisation solvent:  
 
 

THF :Water  



4:1 THF: DI Water 
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THF:Water  

2:1 THF: DI Water 1:1 THF: DI Water 
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Multiple irradiation cycles 
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SEM Imaging 
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4:1 THF: Water 

2:1 THF: Water 
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Rheology, Curing tests 
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Polymerisation solvent:  
 
 

Dioxane :Water  
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4:1 Dioxane: DI Water 
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Dioxane:Water 

2:1 Dioxane: DI Water 1:1 Dioxane: DI Water 



0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 100 200 300 400 500 600 700 800 900 

Sh
rin

ki
ng

 (%
) 

Time (s) 

1:1 Dioxane:water polymerisation solvent 

2:1 Dioxane:Water polymerisation solvent 

4:1 Dioxane:Water polymerisation solvent 

16	
  

1st  irradiation cycle 

n = 3 Dark 
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Multiple irradiation cycles 
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4:1 Dioxane: Water 
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Rheology, Curing tests 
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Polymerisation solvent:  
 
 

Acetone :Water  
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4:1 Acetone: DI Water 

Acetone :Water 

21	
  

2:1 Acetone: DI Water 1:1 Acetone: DI Water 
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1st  irradiation cycle 

n = 3 
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Multiple irradiation cycles 

Dark 



SEM Imaging  
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Rheology, Curing tests 
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Solvent comparison 
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Conclusion  

•  Successful demonstration of how different 
polymerisation solvents effect the 
morphology of the hydrogel. 

•  Possibility to control the photo-actuation of 
the hydrogels by varying the polymerisation 
solvent. 

•  Providing faster and repeatable shrinking 
and reswelling kinetics. 
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