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2. Polyaniline functionalised micro-capillaries and 
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Polyaniline Nanofibres  

•  reversible acid-base doping-dedoping chemistry 
•  low cost, easy synthesis 

Insulating State 

Blue/Violet Colour 

Conducting State 

Green 

•  environmental stability 

J.X. Huang, S. Viril, B.H. Weller, R.B. Kaner / J.Am.Chem.Soc. 125 (2003), 314-315 
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Polyaniline  coated  micro-capillaries  for  continuous  flow  analysis  of
aqueous  solutions
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h  i  g  h  l  i g  h  t  s

! Microcapillaries  were  coated  with
polyaniline  nanofibres  by  the  graft-
ing  approach.

! Optical  detection  of  aqueous  ammo-
nia  in  continuous  flow  mode  was
achieved.

! The  sensing  platform  can  be easily
regenerated  after  detection.

! Very  small  volumes  of  analytes  are
necessary  for  detection.

! The  nanostructure  of the  coating
guarantees  fast  response  and  regen-
eration  times.

g  r  a  p  h  i  c  a  l  a  b  s  t  r  a  c  t

a  r  t  i  c  l  e  i  n  f  o
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a  b  s  t  r  a  c  t

The  inner  walls  of  fused  silica  micro-capillaries  were  successfully  coated  with  polyaniline  nanofibres
using  the  “grafting”  approach.  The  optical  response  of  polyaniline  coatings  was  evaluated  during  the
subsequent  redoping–dedoping  processes  with  hydrochloric  acid  and  ammonia  solutions,  respectively,
that  were  passed  inside  the  micro-capillary  in  continuous  flow.  The  optical  absorbance  of  the  polyani-
line  coatings  was  measured  and analysed  in  the  wavelength  interval  of  [300–850  nm]  to determine
its  optical  sensitivity  to  different  concentrations  of  ammonia.  It was  found  that  the  optical  properties
of  polyaniline  coatings  change  in response  to ammonia  solutions  in  a wide  concentration  range  from
0.2  ppm  to  2000  ppm.  The  polyaniline  coatings  employed  as a sensing  material  for  the optical  detection
of  aqueous  ammonia  have  a fast  response  time  and  a  fast  regeneration  time  of  less than  5  s at  room
temperature.  The  coating  was  fully  characterised  by  scanning  electron  microscopy,  Raman  spectroscopy,
absorbance  measurements  and  kinetic  studies.  The  response  of the  coatings  showed  very  good  repro-
ducibility,  demonstrating  that this  platform  can be used  for the  development  of micro-capillary  integrated
sensors  based  on  the  inherited  sensing  properties  of  polyaniline.

© 2012 Elsevier B.V. All rights reserved.

∗ Corresponding author at: CIC MicroGUNE, Microtechnologies Cooperative
Research Center, Arrasate-Mondragón, Spain. Tel.: +34 943710212;
fax: +34 943710212.

E-mail addresses: fernando.lopez@dcu.ie, fbenito@cicmicrogune.es
(F. Benito-Lopez).

1. Introduction

Sensors providing continuous, direct and immediate analytical
information are of great interest for many areas of research as such
environmental monitoring [1–6]. In particular, some sectors of the
water industry dealing with the detection and characterisation of
chemical contaminants in surface water, predominantly rely on the
batch sampling technique, where water samples are collected and
analysed in the laboratory. This is mainly due to costs or legal con-
strains around certified methods [7].  Although this technique often

0003-2670/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.aca.2012.11.027
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Fig. 1. Coating protocol of the fused silica micro-capillaries with polyaniline.

Fig. 2. SEM images of the polyaniline coated micro-capillary (A) and silicon wafer (B and C).

(100 !m × 50 !m × 2 cm)  incorporating one inlet and one outlet
was placed on top of a silicon wafer. The obtained micro-channel
(PDMS/silicon wafer) was coated with polyaniline following the
procedure described above. Prior imaging, the PDMS layer was
removed and the silicon wafer containing the polyaniline film was
coated with 10 nm Au layer. The imaging was performed on a Carl
Zeiss EVOLS 15 system at an accelerating voltage of 5.75 kV (Fig. 2B
and C).

3.  Results and discussion

3.1. Polyaniline coatings

3.1.1. Morphological analysis
Fused silica micro-capillaries were covalently functionalised

with polyaniline as described in the experimental section. Scanning
electron microscope (SEM) images showed that using the described

Fig. 3. (A) Raman spectra of PAni functionalised micro-capillary after being filled with a HCl solution 10−2 M (green) and with NH3 aqueous solution 200 ppm (blue) and
(B)  Scheme showing the differences in the chemical structure of polyaniline (two different states: emeraldine salt (ES) and emeraldine base (EB)). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 4. (A) Absorbance spectra and photos of PAni functionalised micro-capillary after being filled with a HCl solution 10−2 M (green) and PAni functionalised micro-capillary
after  being filled with ammonia aqueous solution (blue) and (B) Picture of the UV–Vis flow cell set-up used for UV–Vis characterisation. (For interpretation of the references
to  color in this figure legend, the reader is referred to the web  version of the article.)

polymerisation technique, a 3D arrangement of polyaniline isles,
homogeneously distributed along the micro-capillary walls were
obtained, in which polyaniline is covalently attached to the inner
walls of the micro-capillary (Fig. 2A). For a better visualisation of
the morphology of polyaniline coatings, a flat silicon wafer surface
was coated (Fig. 2B and C) using the same procedure (see Section
2). Fig. 2C shows that the method employed produces nanofibres
that are around 200 nm in diameter and up to several microns in
length. The great advantage of nanofibre structured films (versus
bulk polyaniline) is the high surface area that is exposed to the
target molecules and the very short diffusional path lengths [1,22]
which, coupled with rather thick films, produces enhanced sensi-
tivity and fast response times [32–34].  The covalent attachment
of the nanofibres ensures good mechanical stability of the coating,
moreover no leaching has been observed over a period of three
months of use for lab experiments.

3.1.2. Structural analysis
Raman spectroscopy was used to characterise the chemical

structure of the polyaniline since this technique allows non-
invasive, in situ analysis of the polyaniline coating inside the
micro-capillary. Raman spectroscopy showed that the polyani-
line coating is obtained in its half-oxidised emeraldine state
[35]. In addition, Raman spectroscopy was also employed to
study the changes in the bonding structure of the coatings upon
doping–dedoping, as very distinct signature bands appear for the
quinoid and benzenoid rings, respectively [36,37]. Fig. 3A presents
the Raman spectra of the polyaniline coatings in the region of inter-
est (1000–1800 cm−1) after a solution of hydrochloric acid (HCl)
10−2 M and aqueous solution of ammonia (200 ppm), respectively,
are passed inside the micro-capillary.

When a solution of 10−2 M HCl is passed through the micro-
capillary, polyaniline exists in the doped state, emeraldine salt (ES).
Passing a solution of 200 ppm aqueous ammonia inside the micro-
capillary causes changes in the bonding structure of the material
(Fig. 3B) reflecting the adoption of the dedoped-emeraldine base
(EB) state. Signature bands between 1300 and 1400 cm−1 appear
for the doped material (Fig. 3A – in green). After dedoping of

the polymer with ammonia, these bands are less significant, and
strong bands between 1400 and 1500 cm−1 reflect the dedoped
state (Fig. 3A – in blue). Complete characterisation and assignments
are listed in Table 1.

In particular, in the case of EB, an important peak can be
observed at 1456 cm−1 and is characteristic to C N stretching
vibration of the quinoid units [35,37–40].  Other bands at 1592 cm−1

and 1162 cm−1, are assigned to C C stretching [35,39] and C H
bending modes [35,38], respectively, centred on the quinoid ring.
Another new peak at 1220 cm−1 appears in the spectra of polyani-
line upon dedoping and is assigned to C N stretching vibrations of
the benzenoid units [35,39] (the EB form consists of both C N and
C N bonds). In the case of ES, the most important band appears
at 1346 cm−1 and can be assigned to a C N•+ polaron stretch
[35,39,41,42] while the band at 1170 cm−1 is characteristic to the
C H in-plane bending of the benzenoid ring [35,40]. These studies
have been repeated on the same micro-capillary in similar condi-
tions after a period of two months. Raman spectroscopy indicated
no noticeable changes in the chemical structure of polyaniline (ES
and EB).

Table 1
Assignment of the vibrational bands (cm−1) observed between 1800 and 1000 cm−1

in the Raman spectra (!ex = 785 nm) of PAni functionalised micro-capillary after
being filled with a HCl solution 10−2 M (doped) and PAni functionalised micro-
capillary after being filled with NH3 aqua solution 200 ppm (dedoped).

Wavenumber (cm−1) Assignments References

Doped (HCl) Dedoped (NH3)

1170 1162 C H in-plane bending (Q)  [33,36–38]
–  1220 C N stretching (B) [33,37]

1250 – C N+• stretching (SQR) [33,38]
1346 1346 C N+• stretching (SQR) [33,37,39,40]

–  1416 C C stretching (Q) [33,38]
1506 1456 C N and CH CH stretching (Q) [33,35–38]
1590 1592 C C ring stretching (Q) [33,38]

–  1608 C C ring stretching (B) [33,38]

The benzenoid, quinoid and semiquinone radical units are denoted by B, Q and SQR,
respectively.

Doping dedoping properties 

L. Florea, D. Diamond and F. Benito-Lopez, Anal. Chim. Acta, 2013, 759, 1-7  
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Fig. 5. Continuous monitoring of the absorbance at 827 nm and 600 nm of the PAni coatings while HCl 10−2 M and ammonia (200 ppm) solutions are passed through the
PAni  coated micro-capillary in continuous flow (5 !L min−1). The insets A and B show the response and recovery times of the PAni coatings.

Fig. 6. Absorbance spectra of the polyaniline coatings exposed to different concentrations of aqueous ammonia. Inset A shows the logarithmic dependency of the absorbance
at  600 nm versus ammonia concentration. Inset B shows the linear dependency of the absorbance at 600 nm versus logarithm of ammonia concentration.

used for sensing aqueous ammonia over wide concentration range
(0.2–2000 ppm).

4. Conclusions

A micro-capillary integrated optical sensor suitable for the
detection of aqueous ammonia has been realised by coating

the inner walls of a fused-silica micro-capillary with polyaniline
nanofibres. In this approach, the ammonia solution does not need
to be pretreated prior entering the micro-capillary, for the incoming
optical analysis, as the polymer coating itself acts as the indi-
cator dye. The ability to form nanostructures together with its
intrinsically pH-sensitive property makes polyaniline an excellent
candidate for the fabrication of optical sensors in the visible-near
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used for sensing aqueous ammonia over wide concentration range
(0.2–2000 ppm).

4. Conclusions

A micro-capillary integrated optical sensor suitable for the
detection of aqueous ammonia has been realised by coating

the inner walls of a fused-silica micro-capillary with polyaniline
nanofibres. In this approach, the ammonia solution does not need
to be pretreated prior entering the micro-capillary, for the incoming
optical analysis, as the polymer coating itself acts as the indi-
cator dye. The ability to form nanostructures together with its
intrinsically pH-sensitive property makes polyaniline an excellent
candidate for the fabrication of optical sensors in the visible-near

Ammonia sensing 
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Micro-chip fabrication 
" PDMS is poured onto master mold, cured at 80°C for 1 h and removed from mold. 
 

" PDMS and glass slide are treated with oxygen plasma. 

 
" PDMS and glass slide are brought together. 

L. Yu, C.M. Li, Y. Liu et al. / Lab Chip, 9 (2009), 1243–1247. 

From micro-capillaries to micro-channels 
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Micro-channels  
45µm x 50µm  1000µm x 100µm  500µm x 1000µm  



Fast Response 

L. Florea, C. Fay, E. Lahiff, T. Phelan, N. E. O'Connor, B. Corcoran, D. Diamond and F. Benito-Lopez, Lab Chip, 2013, 13, 
1079-1085.  



pH sensing in continous flow 

Dedoping process 

+ H+ 

- H+ 

Emeraldine Salt (ES) Emeraldine Base (EB) 

L. Florea, C. Fay, E. Lahiff, T. Phelan, N. E. O'Connor, B. Corcoran, D. Diamond and F. Benito-Lopez, Lab Chip, 2013, 13, 
1079-1085.  



pH sensing in continous flow 

L. Florea, C. Fay, E. Lahiff, T. Phelan, N. E. O'Connor, B. Corcoran, D. Diamond and F. Benito-Lopez, Lab Chip, 2013, 13, 
1079-1085.  



HCl 10-2 M NaOH 10-2 M 

Dynamic pH sensing  



pH gradient sensing 
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which are important applications for microfluidics at this
time.

pH determination via colorimetric imaging analysis

It has been shown that the channels respond accurately to
changes in pH when analysed using a spectrophotometer.
However, this work also explored the possibility of performing
colorimetric analysis without the need for specialised instru-
mentation i.e. through the use of a standard digital colour
camera. This has the potential to extend the applicability of
the sensor, for instance, to point of care microfluidic devices
and to low cost diagnostics for the developing world using
mobile phones with integrated digital cameras to capture
analytical information.61 The steps taken to extract colori-
metric information from the captured images are outlined in
detail in the ESI.3
Processing of the images began with the application of a

white balance algorithm. This was possible as the image
setting/scene was relatively similar in each case, and included
a white region specifically for this purpose. As this study took
place in an ambient lighting environment, normalisation of
the images in this way was necessary to compensate for shifts
in ambient light intensity. For further robustness, the Hue
value representing the colour of the channel underwent a
colour normalisation process using two of the array of
invariant reference patches (i.e. the purple and yellow patches
as presented in Fig. S2, ESI3). Next, the average and standard
deviation of the channel’s normalised Hue value across each
of the captured images at corresponding pH unit steps were
calculated (RSD ¡ 2.06%). Following this, a calibration plot of
the camera’s response to different pH solutions was achieved
and a sigmoidal model was applied to the data points, see ESI,3
Fig. S6. It can be seen from the figure that an excellent fit was
achieved (R2 = 0.998, n = 18) and subsequently, the resulting
mathematical model was used to map the camera response to
pH concentration values for gradient analysis.
While the spectrophotometer and camera generate the pH

estimations on the basis of ‘colour’ measurements, the way in
which this is achieved is different for both devices. The
spectrophotometer can generate a calibration plot at any
effective wavelength (i.e. regions of the absorbance spectrum
of the dye that change with pH) within its measurement range.
For this study, the most dominant peak changes were selected;
605 nm and 832 nm, see Fig. 4. In contrast, the camera
measures colour across the entire available spectrum, and
wavelength specific measurements are not possible except
through the rather crude RGB division of the spectrum into
three ‘Red’, ‘Green’ and ‘Blue’ (RGB) channels. When conver-
sion into the HSV colour space is applied, the H (Hue)
component quantitatively represents the most dominant
‘colour’ based on the transformation from the captured RGB
data to the target HSV colour space,46 see Fig. S6, ESI.3
Although, individually, each approach generated good

quality fits to the calibration data, it was important to
establish whether a correlation existed between both detection
methods. One way of achieving this was to compare the
predicted pH at each unit using the derived mathematical
regression models. Fig. S7, ESI3 presents a plot of the predicted
pH using the camera model against the UV-Vis model at 832

nm. Clearly, a linear correlation exists when comparing both
approaches with a good fit resulting (R2 = 0.98, n = 18).
Moreover, the difference in slope between this linear fit and
the ideal slope (slope = 1) is relatively small at 0.021,
suggesting there is little bias or skewness between the two
data sets. The correlation between the camera and the UV-Vis
model at 605 nm was also investigated. Similar accuracies
were achieved with R2 = 0.98 and a difference to the ideal slope
of 0.025. From Fig. S7, ESI3 it can be seen that the goodness of
fit of the correlation decreases above ca. pH 7. This arises from
the increasingly small absorbance (colour changes) occurring
above this value, see Fig. 4 (inset). Despite this, it is interesting
to note that the camera and the spectrometer data remain
reasonably well correlated above pH 7, although the scatter is
understandably greater, see ESI,3 Fig. S7.

Gradient pH measurements

The main advantage of the digital camera over the spectro-
meter lies in its ability to rapidly generate spatially distributed
information. This should enable the camera to dynamically
track changes in pH along the entire length of the fluidic
channel. To test this thesis, the microchannel was filled with a
pH 3 solution and a second solution of pH 6.5 was introduced
at one end, as described in the experimental section and ESI.3
The solutions were allowed to diffuse until a pH gradient
visually appeared whereupon an image was captured (Fig. 5).
Following the image processing and data extraction as

described above, the images were white balanced and the Hue
values at each localised point normalised with respect to the
colour reference patches, as described previously for the
calibration process. Using the calibration model derived from
the sigmoidal regression analysis, the localised Hue values
were mapped to their corresponding pH concentrations and a
plot of pH concentration over the length of the channel was
derived. To reduce noise, a smoothing algorithm based on the
Savitzky–Golay filter62 was applied to the data set. For both
Fig. 5b and c, labels are present to denote discrete points along

Fig. 5 (a) Images showing a pH gradient along the microfluidic channel
reflected in the changing colour of the PAni coating; the red box shows a
magnified section in (b), which also identifies specific locations (1–4) highlighted
in (c). (c) Plot of the pH gradient along the flow channel generated from the
image. The grey line is the raw data from the analysis; the red line has been
smoothed using the Savitzky–Golay algorithm.

This journal is ! The Royal Society of Chemistry 2013 Lab Chip, 2013, 13, 1079–1085 | 1083
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pH gradient sensing 

L. Florea, C. Fay, E. Lahiff, T. Phelan, N. E. O'Connor, B. Corcoran, D. Diamond and F. Benito-Lopez, Lab Chip, 2013, 13, 
1079-1085.  



Study of diffusion process 



Study of diffusion process 



Study of diffusion process 



!   Replace the glass layer with glass-ITO -> electro-chemical  
     sensing of redox active species  

!   Self-diagnostic for continuous flow device 

!   Simple and fast photometric method to measure pH 
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2. Spiropyran polymeric brushes functionalised micro-
capillaries 

!  ON/OFF sensing 
!  solvent sensing 
!  metal ion sensing 

8 
?



A : Spiropyran SP (closed, colorless) B : Merocyanine MC (open, colored) 

Spiropyran 



!%"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.

1150 Macromol. Mater. Eng. 2012, 297, 1148–1159
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Our Approach 

•   polymer brushes 
•   high loading of spiropyran molecule 
•   3D arrangement 
 

- spiropyran molecule 

Micro-capillary : Convenient platform for rapid analysis and detection 

Advantages 

•   act as a mechanical support for the optically sensitive layer 
•   represents an optical waveguide structure 
•   suitable for real-time continuous flow analysis 
•   requires very small volume of analyte 
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Spiropyran polymeric brushes in micro-capillaries 

Silanisation 

Attachment of the catalyst  
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Spiropyran polymeric brushes in micro-capillaries 
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Solvatochromic Proprieties 

The colour of the MC form depends on the difference in polarity between 
the photo-excited MC form and the conjugated zwitterionic ground state  

!   The absorption band of MC form undergoes a hypsochromic (blue) 
shift in solvents of increasing polarity (negatively solvatochromism). 

 U.I. Minkin / Chem. Reviews,104 (2004) 2751-2776. 
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Solvent Sensing. The solvatochromic properties of SP-R
monomer and poly(SP-R) brushes were tested using six
solvents of differing polarities: toluene (relative polarity (p′ =
0.099)),22 THF (p′ = 0.207),22 acetone (p′ = 0.355),22 ACN
(p′ = 0.460),22 EtOH (p′ = 0.654),22 and MeOH (p′ =
0.762).22

As previously described, the colored MC form is well-known
to undergo solvatochromism.21,29,39,40 Solvatochromism refers
to a strong dependence of the UV−vis absorption bands of a
compound on the polarity of the solvent medium. This
typically manifests as changes in the position, and intensity of
the absorption bands of the molecule when measured in
different solvents. These changes are caused by intermolecular
interactions between the solute and the solvent, modifying the
energy gap between the ground and excited state of the
absorbing species. The color of the MC form depends on the
difference in polarity between the photoexcited MC form and
the conjugated zwitterionic ground state. The colored MC form
is highly conjugated and characterized by a strong polar
character, due to its zwitterionic structure, which strongly
contributes to the electronic distribution of the ground state. As
a consequence, the ground state of the MC form is stabilized in
polar solvents relative to the excited state, leading to larger
energy gap than in nonpolar solvents. In nonpolar solvents, the
energy difference between the ground and the excited state is
much lower, because of the high energy level of the ground
state. As a result, as the polarity of the solvent increases, the
maximum absorbance shifts to shorter wavelengths, higher
frequency (hypsochromic or blue shift). When, for instance, a
solution of SP-R (10−3 M) is irradiated with UV light in
MeOH, EtOH, ACN, acetone, THF, and toluene (Figure 2),
the solution shows a strong color change from pink to blue.
This color disappears after irradiation of the solution with white
light, since the MC form reverts to the nonsolvatochromic SP
form, and the solution becomes colorless. This behavior shows
that the SP-R monomer inherits the photochromic and
solvatochromic properties of the reactant SP1, well-known for
its solvatochromic properties.21,29,39,40

As seen from Figure 3, the absorbance spectra of the
monomer open form (MC−R) shows that the λmax of MC-R
undergoes red and blue shifts depending on the solvent
polarity. Among the solvents analyzed, the lowest λmax value
was found in the presence of MeOH (540 nm). This value
increases to 552 nm in EtOH, 568 in ACN, and 574 nm in
acetone, which indicates a significantly more nonpolar
environment. The highest values are observed for THF (587
nm) and toluene (609 nm) (Figure 3). In the absorbance
spectra of the MC-R in toluene a shoulder around 565 nm is
clearly defined. This can be attributed to the presence of MC

aggregates which are known to form in certain nonpolar
solvents under UV-irradiation.7,41 In general two types of
aggregates have been identified: J-aggregates which have
parallel arrangement and present a shift to longer wavelengths,
while H-aggregates have a head to tail arrangement of the MC
dipoles and the spectra are shifted to shorter wavelengths.5

Analyzing the absorbance shifts presented by the MC-R
isomer in the six different solvents, it was observed that they are
in perfect agreement with the Reichardt’s empirical ET(30)
polarity scale described in the “Solvents and Solvent Effects in
Organic Chemistry”.22 This scale is based on the solvent-
dependent spectral shifts experienced by pyridinium N-
phenoxide betaine dye ET(30) and has been shown to take
into consideration both the polarity and the hydrogen bond
donating acidity of the solvent.22 The absorption λmax of the
MC-R in different solvents was found to give good linear
correlations with the normalized ET(30) (R

2 = 0.97), similarly
with other reported spiropyran derivatives29 (Figure 4). Good
correlation between the solvatochromic behaviors of the two
was expected as both merocyanines and ET(30) are
meropolymethines dyes. The negative slopes of the plots
indicate that in polar solvents, the ground state of the MC form
is stabilized relatively to the excited state (lower wavelengths
means larger energy gap between the ground and excited state)
while the linear fit implies that there is a hydrogen bond
contribution to this effect.29

When the six different solvents are passed through the
microcapillary functionalized with SP-R polymeric brushes at a

Figure 2. Pictures of six vials (left) containing a solution of the SP-R monomer (10−3 M) when irradiated for 20 s with UV light in different solvents
and after irradiation with white light for 20 s (right).

Figure 3. Absorption spectra of the SP-R monomer (10−3 M) solution
in MeOH, EtOH, ACN, acetone, THF, and toluene after UV and
white light irradiation.
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flowrateof0.5μLmin−1followedbytheexposureofthe
microcapillarytoUVlight(20s),thecolorofthemicro-
capillarychangesaccordingtothepolarityofthesolvent,from
red(highlypolar)towardblue(highlynonpolar),followinga
similarbehaviortotheSP-Rmonomersolutions(Figure5).

Moreover,whenthemicrocapillaryisexposedtowhitelight
irradiation(20s),itreturnstotheinitialcolorlessspiropyran
form,Figure5-bottom.Thisdemonstratesthatinthepolymer
brushstructures,whicharedenselypackedwithspiropyran
moieties,thereisnoevidenceofsterichindranceofthe
characteristicSPtoMCphotoswitchinginresponsetoUVand
whitelightirradiation,andthatthemerocyanineunitmaintains
itssolvatochromicpropertiesintact.
UV−visspectraofthepolymerbrushesweretakenusingthe

setupdescribedintheSupportingInformation,SchemeS1,
permittinginsituspectroscopiccharacterizationofthecoatings
insidethemicrocapillary.Wheninthemerocyanineform,the
polymercoatingsshowanabsorbancebandwithaλmaxof558
nmwhenthesolventisMeOH,565nminthecaseofEtOH,
567nmforACN,571nmforacetone,575nmforTHF,and
576nmfortoluene(Figure6).Therefore,thepoly(SP-R)
coatingsindicatenegativesolvatochromism,similartothat
shownbytheSP-Rmonomerinsolution.Theseabsorption

bandsdisappearafterirradiationofthemicrocapillarywith
whitelightfor20sduetointerconversiontothenon-
solvatochromicspiropyranform.Thisprocessiscompletely
reversible,implyingthattheplatformcanbeswitchedbetween
sensingandnonsensingmodesentirelyusinglight.

36
Theshift

oftheλmaxintheabsorptionspectraofthepolymerbrushes
comparedtothatofthemonomerinsolutionismostlikelydue
tothelocalenvironmentaleffectsthatarerelatedtothe
immobilizationofthespiropyranmoiety

42
andtotheswelling

effectofthepolymerbrushedwheninpresenceofdifferent
solvents.

43
Itcanbeexplainedtakingintoaccountthecompact

organizationofspiropyranunitsinthepolymerbrushes,
whereintheconformationofasinglespiropyranmoietyisnot
onlyinfluencedbythesolventbutalsobytheneighboring
spiropyranunitsthatmaybepresentintheirpolarmerocyanine
form.Thelowerdynamicrangeoftheλmaxinthecaseof
polymericbrushescomparedwiththeSPinsolutionismost
probablyduetothearchitectureofthecoatingandcanbe
explainedbytakingintoconsiderationtwofactors:themuch
higherconcentrationofspiropyranunitsinsidethepolymeric
brushescomparedwiththesolutionaswellassterichindrances
insidethecoating,thatrestrictstheconformationalfreedomof
thespiropyranmoiety.Nevertheless,theshiftsinthe
absorptionλmaxofthepoly(SP-R)coatingsarealso,inthis
case,ingoodagreementwiththeReichardt’sempiricalET(30)
polarityscale,showingreasonablygoodlinearcorrelations
betweentheabsorptionλmaxofthepoly(SP-R)coatingsandthe
normalizedET(30),justlikeinthecaseofSP-Rsolutions(R2>
0.95;Figure7).
Theseresultsindicatethatpoly(SP-R)coatedmicrocapillary

couldbeusedforthedetectionofsolventsofdifferentpolarities
basedonthecolor(absorptionλmax)ofthemicrocapillaryafter
UVirradiation.Thisisthefirsttimesuchamicrocapillary
integratedpolaritysensorhasbeenreported,capableof
performingincontinuousflowmode.Moreover,thissensing
behaviorcanbeswitchedon/offremotelybyusinglight,either
alongtheentirelengthofthemicrocapillary,oratpatterned
locationsusingappropriatemasks.

36
Inaddition,thesecolor

changescouldbeeasilyquantifiedusingdigitalimage
processingtechniques

44,45
orbysimplevisualobservation.

KineticsofPhotoinducedRing-Opening.Asthesystem
describedinSchemeS1(SupportingInformation)allowsin
situmonitoringofthering-openingprocessofthepoly(SP-R)

Figure4.LinearcorrelationbetweenReichardt’sempiricalET(30)
polarityscalefactorandtheabsorptionλmaxofSP-Rmonomeric
solutions(10−3M)indifferentsolvents.

Figure5.Picturesofthepoly(SP-R)coatedmicrocapillarywhen
irradiatedfor20swithUVlightwhiledifferentsolventsarepassed
throughthemicrocapillaryincontinuousflow(0.5μLmin−1)and
afterirradiationwithwhitelightfor20s.

Figure6.Absorptionspectraofthepoly(SP-R)functionalized
capillarywhenMeOH,EtOH,ACN,acetone,THF,andtolueneare
passedthroughthemicrocapillary,afterUVandwhitelightirradiation.
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flow rate of 0.5 μL min−1 followed by the exposure of the
microcapillary to UV light (20 s), the color of the micro-
capillary changes according to the polarity of the solvent, from
red (highly polar) toward blue (highly nonpolar), following a
similar behavior to the SP-R monomer solutions (Figure 5).

Moreover, when the microcapillary is exposed to white light
irradiation (20 s), it returns to the initial colorless spiropyran
form, Figure 5-bottom. This demonstrates that in the polymer
brush structures, which are densely packed with spiropyran
moieties, there is no evidence of steric hindrance of the
characteristic SP to MC photoswitching in response to UV and
white light irradiation, and that the merocyanine unit maintains
its solvatochromic properties intact.
UV−vis spectra of the polymer brushes were taken using the

setup described in the Supporting Information, Scheme S1,
permitting in situ spectroscopic characterization of the coatings
inside the microcapillary. When in the merocyanine form, the
polymer coatings show an absorbance band with a λmax of 558
nm when the solvent is MeOH, 565 nm in the case of EtOH,
567 nm for ACN, 571 nm for acetone, 575 nm for THF, and
576 nm for toluene (Figure 6). Therefore, the poly(SP-R)
coatings indicate negative solvatochromism, similar to that
shown by the SP-R monomer in solution. These absorption

bands disappear after irradiation of the microcapillary with
white light for 20 s due to interconversion to the non-
solvatochromic spiropyran form. This process is completely
reversible, implying that the platform can be switched between
sensing and nonsensing modes entirely using light.36 The shift
of the λmax in the absorption spectra of the polymer brushes
compared to that of the monomer in solution is most likely due
to the local environmental effects that are related to the
immobilization of the spiropyran moiety42 and to the swelling
effect of the polymer brushed when in presence of different
solvents.43 It can be explained taking into account the compact
organization of spiropyran units in the polymer brushes,
wherein the conformation of a single spiropyran moiety is not
only influenced by the solvent but also by the neighboring
spiropyran units that may be present in their polar merocyanine
form. The lower dynamic range of the λmax in the case of
polymeric brushes compared with the SP in solution is most
probably due to the architecture of the coating and can be
explained by taking into consideration two factors: the much
higher concentration of spiropyran units inside the polymeric
brushes compared with the solution as well as steric hindrances
inside the coating, that restricts the conformational freedom of
the spiropyran moiety. Nevertheless, the shifts in the
absorption λmax of the poly(SP-R) coatings are also, in this
case, in good agreement with the Reichardt’s empirical ET(30)
polarity scale, showing reasonably good linear correlations
between the absorption λmax of the poly(SP-R) coatings and the
normalized ET(30), just like in the case of SP-R solutions (R2 >
0.95; Figure 7).
These results indicate that poly(SP-R) coated microcapillary

could be used for the detection of solvents of different polarities
based on the color (absorption λmax) of the microcapillary after
UV irradiation. This is the first time such a microcapillary
integrated polarity sensor has been reported, capable of
performing in continuous flow mode. Moreover, this sensing
behavior can be switched on/off remotely by using light, either
along the entire length of the microcapillary, or at patterned
locations using appropriate masks.36 In addition, these color
changes could be easily quantified using digital image
processing techniques44,45 or by simple visual observation.

Kinetics of Photoinduced Ring-Opening. As the system
described in Scheme S1 (Supporting Information) allows in
situ monitoring of the ring-opening process of the poly(SP-R)

Figure 4. Linear correlation between Reichardt’s empirical ET(30)
polarity scale factor and the absorption λmax of SP-R monomeric
solutions (10−3 M) in different solvents.

Figure 5. Pictures of the poly(SP-R) coated microcapillary when
irradiated for 20 s with UV light while different solvents are passed
through the microcapillary in continuous flow (0.5 μL min−1) and
after irradiation with white light for 20 s.

Figure 6. Absorption spectra of the poly(SP-R) functionalized
capillary when MeOH, EtOH, ACN, acetone, THF, and toluene are
passed through the microcapillary, after UV and white light irradiation.
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Solvent Sensing. The solvatochromic properties of SP-R
monomer and poly(SP-R) brushes were tested using six
solvents of differing polarities: toluene (relative polarity (p′ =
0.099)),22 THF (p′ = 0.207),22 acetone (p′ = 0.355),22 ACN
(p′ = 0.460),22 EtOH (p′ = 0.654),22 and MeOH (p′ =
0.762).22

As previously described, the colored MC form is well-known
to undergo solvatochromism.21,29,39,40 Solvatochromism refers
to a strong dependence of the UV−vis absorption bands of a
compound on the polarity of the solvent medium. This
typically manifests as changes in the position, and intensity of
the absorption bands of the molecule when measured in
different solvents. These changes are caused by intermolecular
interactions between the solute and the solvent, modifying the
energy gap between the ground and excited state of the
absorbing species. The color of the MC form depends on the
difference in polarity between the photoexcited MC form and
the conjugated zwitterionic ground state. The colored MC form
is highly conjugated and characterized by a strong polar
character, due to its zwitterionic structure, which strongly
contributes to the electronic distribution of the ground state. As
a consequence, the ground state of the MC form is stabilized in
polar solvents relative to the excited state, leading to larger
energy gap than in nonpolar solvents. In nonpolar solvents, the
energy difference between the ground and the excited state is
much lower, because of the high energy level of the ground
state. As a result, as the polarity of the solvent increases, the
maximum absorbance shifts to shorter wavelengths, higher
frequency (hypsochromic or blue shift). When, for instance, a
solution of SP-R (10−3 M) is irradiated with UV light in
MeOH, EtOH, ACN, acetone, THF, and toluene (Figure 2),
the solution shows a strong color change from pink to blue.
This color disappears after irradiation of the solution with white
light, since the MC form reverts to the nonsolvatochromic SP
form, and the solution becomes colorless. This behavior shows
that the SP-R monomer inherits the photochromic and
solvatochromic properties of the reactant SP1, well-known for
its solvatochromic properties.21,29,39,40

As seen from Figure 3, the absorbance spectra of the
monomer open form (MC−R) shows that the λmax of MC-R
undergoes red and blue shifts depending on the solvent
polarity. Among the solvents analyzed, the lowest λmax value
was found in the presence of MeOH (540 nm). This value
increases to 552 nm in EtOH, 568 in ACN, and 574 nm in
acetone, which indicates a significantly more nonpolar
environment. The highest values are observed for THF (587
nm) and toluene (609 nm) (Figure 3). In the absorbance
spectra of the MC-R in toluene a shoulder around 565 nm is
clearly defined. This can be attributed to the presence of MC

aggregates which are known to form in certain nonpolar
solvents under UV-irradiation.7,41 In general two types of
aggregates have been identified: J-aggregates which have
parallel arrangement and present a shift to longer wavelengths,
while H-aggregates have a head to tail arrangement of the MC
dipoles and the spectra are shifted to shorter wavelengths.5

Analyzing the absorbance shifts presented by the MC-R
isomer in the six different solvents, it was observed that they are
in perfect agreement with the Reichardt’s empirical ET(30)
polarity scale described in the “Solvents and Solvent Effects in
Organic Chemistry”.22 This scale is based on the solvent-
dependent spectral shifts experienced by pyridinium N-
phenoxide betaine dye ET(30) and has been shown to take
into consideration both the polarity and the hydrogen bond
donating acidity of the solvent.22 The absorption λmax of the
MC-R in different solvents was found to give good linear
correlations with the normalized ET(30) (R

2 = 0.97), similarly
with other reported spiropyran derivatives29 (Figure 4). Good
correlation between the solvatochromic behaviors of the two
was expected as both merocyanines and ET(30) are
meropolymethines dyes. The negative slopes of the plots
indicate that in polar solvents, the ground state of the MC form
is stabilized relatively to the excited state (lower wavelengths
means larger energy gap between the ground and excited state)
while the linear fit implies that there is a hydrogen bond
contribution to this effect.29

When the six different solvents are passed through the
microcapillary functionalized with SP-R polymeric brushes at a

Figure 2. Pictures of six vials (left) containing a solution of the SP-R monomer (10−3 M) when irradiated for 20 s with UV light in different solvents
and after irradiation with white light for 20 s (right).

Figure 3. Absorption spectra of the SP-R monomer (10−3 M) solution
in MeOH, EtOH, ACN, acetone, THF, and toluene after UV and
white light irradiation.
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Solvatochromic Proprieties 
!  In solution 

!  Polymeric brushes 
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!   Self-diagnostic for continuous flow device 

!   Solvent detection and divalent metal ion detection  
in micro-capillaries 

!   Sensing behaviour can be switched on/off remotely  
     using light 
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4. Photo-actuators for micro-valve applications in 
microfluidics 

 



 Spiropyran  a = 1   

NIPAAm   b = 100 

MBAA   c = 2 

Spiropyran –pNIPAAM photo-actuators 
 

[1] Sugiura et al., Sens. Act. A, 140 (2007) 176–184  
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•  Size: 120-170 µm [1] 
•  Shrinking:   to 68% of initial size after 120 s 
•  Maximum shrinking: to 52 % of initial size [1] 
•  Necessary time for reswelling: > one hour 

Drawbacks 
 
•  Gels are soaked in 0.5 mM HCl overnight 
•  Operating only in acidic environment 
•  Suitable for single-use only 

[1] Sugiura et al., Sens. Act. A, 140 (2007) 176–184  

 Spiropyran  a = 1   

NIPAAm   b = 100 

MBAA   c = 2 
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Spiropyran –pNIPAAM photo-actuators 
 



Self-protonating hydrogels 
 

$%"

B. Ziolkowski, L. Florea, J. Theobald, F. Benito-Lopez and D. Diamond, Soft Matter, 2013, 9, 8754-8760.  
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on-demand patterned channels for microuidic systems.9 In the
case of valves, typically the acidied swollen gel containing MC-
H+ blocks the channel until it is exposed to white light,
whereupon shrinking of the gel is induced, and the channel
opens.4 For the generation of photo-patterned channels, a
planar sheet of photoresponsive gel is placed under a micro-
uidic chip inlet/outlet system having no channels. Irradiation
with light through a mask triggers shrinking only along the
exposed lines resulting in formation of channels between pre-
formed external uid inlets and outlets.9

In these valve systems the shrinking times of the gels are
usually relatively fast (from several seconds up to several
minutes)4,7 However, the reswelling time and consequently valve
closing time is much slower, up to several hours, which is not
ideal for fast uid handling and valve operations.4,7 Satoh et al.
recently reported gels with improved actuation behaviour,
through control of the spiropyran opening and closing
kinetics.10,15 This was demonstrated by attaching different elec-
tron donating/withdrawing substituents to the spiropyran mole-
cule and then copolymerising it with N,N-dimethylacrylamide.
The resulting derivatives showed (in most cases) improved
protonation rates compared to non-functionalised spiropyran.15

The best performing modied spiropyran molecules were then
incorporated into poly(NIPAM) gels and these showed different
speeds of reversible gel shrinking.10 The “fastest” gel was shown to
fully contract within 10 min and re-swell back to !95% of the
original size within 10 min. However, when comparing results
between groups, it should be noted that these gels were in the
form of 300 mm diameter rods, as the dimensional scale of the
entity obviously has a signicant impact on the overall diffusion
kinetics of water into and/out of the gel.

Improvements in the physical robustness of the photo-
switchable gels were also reported by using ionogels in place of
the original spiropyran/poly(NIPAM) hydrogels.16 There are two
advantages arising from this approach. Firstly, the tendency of
conventional hydrogels to crack and ake when stored in air
does not occur, due to the low vapour pressure of ionic liquids
and their ability to plasticise the gel polymer structure.17

Secondly, the spiropyran isomerisation kinetics (and conse-
quently the ionogel actuation kinetics) can be strongly inu-
enced by the ionic liquid used to form the ionogel.16,18

Despite the enormous potential of these photoresponsive
actuators, they have not as yet been broadly exploited in
microuidic devices due to signicant performance limitations
arising from:

(1) The need to expose the gel to a strongly acidic solution
(typically pH3 HCl) in order to generate the photoresponsive
MC-H+ species.

(2) The rather slow recovery of contracted gels to the swollen
form aer use (can take many minutes or even hours).

Together, these constraints have a signicant negative
impact on the range of practical applications of these actuators,
essentially limiting their use to “single shot” disposable
microuidics, and to chemistries that will not be affected by the
release of protons into the external solution during shrinkage of
the gel. In this work, we address these issues by incorporating
acrylic acid (AA) co-monomer into the structure of the

poly(NIPAM)-co-spiropyran hydrogels, to act as an internalised
proton donor/acceptor. We report the light induced shrinking
behaviour of the gels for different amounts and ratios of AA to
BSP in poly(NIPAM) and suggest gel composition range within
which these actuation characteristics are optimal.

Experimental
Materials

N-Isopropylacrylamide 98% (NIPAM), Acrylic Acid 99% (AA) (180–
200 ppm MEHQ as inhibitor), N,N0-methylenebisacrylamide 99%
(MBIS), phenylbis(2,4,6 trimethyl benzoyl) phosphine oxide 97%
(PBPO) were obtained from Sigma Aldrich, Ireland and used as
received. Trimethyl-6-hydroxyspiro-(2H-1-benzopyran-2,20 indo-
line) 99% was obtained from Acros Organics and acrylated as
described in the ESI.†

Gel preparation

For the hydrogel synthesis, typically 200 mg (1 mol equiv.) of
NIPAM was mixed with 3 mol% equiv. of MBIS and the given
amount of AA and spiropyran acrylate (BSP). These compounds
were then dissolved in 500 mL of 1,4-dioxane–water mixture
(4 : 1 v/v). To this mixture 1 mol% equiv. of the photo-initiator
(PBPO) was added. This cocktail was poured onto a PDMS
mould containing circular pits with various sizes, covered with a
glass microscope slide and polymerised for 30 min under white
light. The white light source used was a Dolan-Jenner-Industries
Fiber-Lite LMI LED lamp with an intensity of 780 lumens pro-
jected through two gooseneck waveguides placed at a distance
of 10 cm from the mould. The polymerised gels were allowed to
swell in deionised water that was changed twice with 4 h
intervals between each change. Aer 24 h the swollen and
equilibrated gels were cut into 3 mm discs using a manual
puncher. All measurements were performed on gels produced
according to this protocol.

White light induced polymerisation of the spiropyran-
modied polymer using PBPO initiator is the preferred
approach rather than the more usual UV-photopolymerisation.
This is because white light irradiation ensures the BSP is
present predominantly in the colourless spiropyran form,
minimising any co-absorbance of the incident light by the
merocyanine isomer. Experiments conducted in our laboratory
with other spiropyran acrylates (particularly the commonly used
–NO2 derivative11) show that under UV irradiation, BSP converts
to MC, which absorbs strongly in the visible region and inhibits
the polymerisation process.

Gel shrinking measurements

To quantify the degree of shrinking, we estimate the percent
decrease in the diameter of a 3 mm gel disc relative to the
greatest possible degree of shrinkage, which is dened as the
difference in diameter of a gel disc in its most swollen state
(dmax) and the diameter of the same gel disc in its most con-
tracted (dried) state (dmin), according to expression (1), below;

D% ¼
!
1#

!
ðdmax # dxÞ
ðdmax # dminÞ

""
& 100% (1)

This journal is ª The Royal Society of Chemistry 2013 Soft Matter, 2013, 9, 8754–8760 | 8755
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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.

Inuence 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-modied gels can be observed aer 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 modied 0-1 gel pre-
equilibrated in HCl (30% versus 20%, respectively, Fig. 2). Gel 5-
1 shrinks most, reaching 50% relative swelling aer 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 simplies the actuator operation by removing
the need to use an external HCl bathing solution to prime the
gel prior to photo-induced shrinking.

Inuence 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% aer 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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content is increased to 2 mol% the extent of shrinkage also
increases with increasing amount of AA (gels 2-2 and 5-2).
However, these formulations do not re-swell fully within the
one-hour period, reaching only !83% relative swelling. For
formulation 5-3, the extent of shrinkage is reduced relative to
gel 5-2, and it re-swells only to !76% within one hour. This
suggests that there is an optimum concentration of BSP in the
polymer for both light-induced shrinking and the re-swelling
kinetics. This can be explained by the fact that BSP, regardless
of the isomerisation state, is a rather hydrophobic molecule,
and at higher concentrations in the gel, it reduces the overall
hydrophilicity, making it a less attractive environment for water
uptake, and hence the actuation effect is impaired.

The extent of photo-induced shrinking of the gels versus
their composition can be seen in Fig. 5. This shows that the
shrinking extent is maximised for gels with AA% $ ca.3%, and
for BSP-acrylate% in the range 1–2% (all mol% relative to
NIPAM). In order to ensure maximum protonation of the MC
isomer, a molar excess of AA will be required. From Fig. 5, the
maximum actuation effect coincides with the blue plateau
region, and this in turn depends on the population of protons
migrating between the MC and AA sites (Fig. 3).

Assuming 100% conversion of monomers during polymeri-
sation of the gels, and given the pKa of AA21 to be 4.2, the local
pH within the gels will be ca. 2.8 for gel 1-1, and ca. 2.5 for gel
5-1. Therefore, it is reasonable to expect the local pH of gels

containing 1–5% AA to be ca. pH3, which coincides with the
acidic conditions reported previously to swell non-AA contain-
ing gels.4,7,9,10,16 Therefore, in order to provide effective photo-
actuation without affecting the overall gel hydrophilicity
unduly, and to ensure there is a reasonable molar excess of AA
over BSP groups, we selected 1% BSP-acrylate and 5%AA (Gel
5-1) for further study.

Gel photoactuation stability studies

A critical property of these gel photo-actuators is their stability
over a series of actuation cycles. In DI water, Gel 5-1 contracted
to about 75% relative swelling within 5 min of white light
irradiation and subsequently re-swelled back to around 90%
within 20 min in darkness. This process was repeated 4 times
using the same sample and was found to be reproducible over a
series of actuation cycles (Fig. 6).

Fig. 4 Shrinking of gels containing varying amounts of spiropyran. Best fit
(black) are for eye guidance. Error bars are standard deviations, note that in some
cases they are obscured by the marker. (n ¼ 6).

Table 2 Swelling values [relative%] and standard deviations (s) for gels in Table
1 after 20 min under white light and after 1 h in the dark (n ¼ 4)

Gel
20 min
(vis. light) s

60 min
(in darkness) s

0-0 87.9% 1.2 97.4% 1.6
1-1 67.3% 1.9 100.5% 0.6
2-1 59.4% 4.3 96.5% 1.3
5-1 49.1% 4.7 97.4% 1.9
2-2 61.3% 5.2 83.7% 1.3
5-2 45.5% 5.3 82.7% 3.3
5-3 77.2% 1.1 76.4% 1.5

Fig. 5 Extent of relative swelling upon white light irradiation for 20 min as a
function of gel composition. AA% – acrylic acid content; BSP-acrylate% – spi-
ropyran content; both expressed as molar % relative to NIPAM.

Fig. 6 Alternating light (5 min) and dark (20 min) cycles for the 5-1 gel in DI
water (n ¼ 3).
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content is increased to 2 mol% the extent of shrinkage also
increases with increasing amount of AA (gels 2-2 and 5-2).
However, these formulations do not re-swell fully within the
one-hour period, reaching only !83% relative swelling. For
formulation 5-3, the extent of shrinkage is reduced relative to
gel 5-2, and it re-swells only to !76% within one hour. This
suggests that there is an optimum concentration of BSP in the
polymer for both light-induced shrinking and the re-swelling
kinetics. This can be explained by the fact that BSP, regardless
of the isomerisation state, is a rather hydrophobic molecule,
and at higher concentrations in the gel, it reduces the overall
hydrophilicity, making it a less attractive environment for water
uptake, and hence the actuation effect is impaired.

The extent of photo-induced shrinking of the gels versus
their composition can be seen in Fig. 5. This shows that the
shrinking extent is maximised for gels with AA% $ ca.3%, and
for BSP-acrylate% in the range 1–2% (all mol% relative to
NIPAM). In order to ensure maximum protonation of the MC
isomer, a molar excess of AA will be required. From Fig. 5, the
maximum actuation effect coincides with the blue plateau
region, and this in turn depends on the population of protons
migrating between the MC and AA sites (Fig. 3).

Assuming 100% conversion of monomers during polymeri-
sation of the gels, and given the pKa of AA21 to be 4.2, the local
pH within the gels will be ca. 2.8 for gel 1-1, and ca. 2.5 for gel
5-1. Therefore, it is reasonable to expect the local pH of gels

containing 1–5% AA to be ca. pH3, which coincides with the
acidic conditions reported previously to swell non-AA contain-
ing gels.4,7,9,10,16 Therefore, in order to provide effective photo-
actuation without affecting the overall gel hydrophilicity
unduly, and to ensure there is a reasonable molar excess of AA
over BSP groups, we selected 1% BSP-acrylate and 5%AA (Gel
5-1) for further study.

Gel photoactuation stability studies

A critical property of these gel photo-actuators is their stability
over a series of actuation cycles. In DI water, Gel 5-1 contracted
to about 75% relative swelling within 5 min of white light
irradiation and subsequently re-swelled back to around 90%
within 20 min in darkness. This process was repeated 4 times
using the same sample and was found to be reproducible over a
series of actuation cycles (Fig. 6).

Fig. 4 Shrinking of gels containing varying amounts of spiropyran. Best fit
(black) are for eye guidance. Error bars are standard deviations, note that in some
cases they are obscured by the marker. (n ¼ 6).

Table 2 Swelling values [relative%] and standard deviations (s) for gels in Table
1 after 20 min under white light and after 1 h in the dark (n ¼ 4)

Gel
20 min
(vis. light) s

60 min
(in darkness) s

0-0 87.9% 1.2 97.4% 1.6
1-1 67.3% 1.9 100.5% 0.6
2-1 59.4% 4.3 96.5% 1.3
5-1 49.1% 4.7 97.4% 1.9
2-2 61.3% 5.2 83.7% 1.3
5-2 45.5% 5.3 82.7% 3.3
5-3 77.2% 1.1 76.4% 1.5

Fig. 5 Extent of relative swelling upon white light irradiation for 20 min as a
function of gel composition. AA% – acrylic acid content; BSP-acrylate% – spi-
ropyran content; both expressed as molar % relative to NIPAM.

Fig. 6 Alternating light (5 min) and dark (20 min) cycles for the 5-1 gel in DI
water (n ¼ 3).
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content is increased to 2 mol% the extent of shrinkage also
increases with increasing amount of AA (gels 2-2 and 5-2).
However, these formulations do not re-swell fully within the
one-hour period, reaching only !83% relative swelling. For
formulation 5-3, the extent of shrinkage is reduced relative to
gel 5-2, and it re-swells only to !76% within one hour. This
suggests that there is an optimum concentration of BSP in the
polymer for both light-induced shrinking and the re-swelling
kinetics. This can be explained by the fact that BSP, regardless
of the isomerisation state, is a rather hydrophobic molecule,
and at higher concentrations in the gel, it reduces the overall
hydrophilicity, making it a less attractive environment for water
uptake, and hence the actuation effect is impaired.

The extent of photo-induced shrinking of the gels versus
their composition can be seen in Fig. 5. This shows that the
shrinking extent is maximised for gels with AA% $ ca.3%, and
for BSP-acrylate% in the range 1–2% (all mol% relative to
NIPAM). In order to ensure maximum protonation of the MC
isomer, a molar excess of AA will be required. From Fig. 5, the
maximum actuation effect coincides with the blue plateau
region, and this in turn depends on the population of protons
migrating between the MC and AA sites (Fig. 3).

Assuming 100% conversion of monomers during polymeri-
sation of the gels, and given the pKa of AA21 to be 4.2, the local
pH within the gels will be ca. 2.8 for gel 1-1, and ca. 2.5 for gel
5-1. Therefore, it is reasonable to expect the local pH of gels

containing 1–5% AA to be ca. pH3, which coincides with the
acidic conditions reported previously to swell non-AA contain-
ing gels.4,7,9,10,16 Therefore, in order to provide effective photo-
actuation without affecting the overall gel hydrophilicity
unduly, and to ensure there is a reasonable molar excess of AA
over BSP groups, we selected 1% BSP-acrylate and 5%AA (Gel
5-1) for further study.

Gel photoactuation stability studies

A critical property of these gel photo-actuators is their stability
over a series of actuation cycles. In DI water, Gel 5-1 contracted
to about 75% relative swelling within 5 min of white light
irradiation and subsequently re-swelled back to around 90%
within 20 min in darkness. This process was repeated 4 times
using the same sample and was found to be reproducible over a
series of actuation cycles (Fig. 6).

Fig. 4 Shrinking of gels containing varying amounts of spiropyran. Best fit
(black) are for eye guidance. Error bars are standard deviations, note that in some
cases they are obscured by the marker. (n ¼ 6).

Table 2 Swelling values [relative%] and standard deviations (s) for gels in Table
1 after 20 min under white light and after 1 h in the dark (n ¼ 4)

Gel
20 min
(vis. light) s

60 min
(in darkness) s

0-0 87.9% 1.2 97.4% 1.6
1-1 67.3% 1.9 100.5% 0.6
2-1 59.4% 4.3 96.5% 1.3
5-1 49.1% 4.7 97.4% 1.9
2-2 61.3% 5.2 83.7% 1.3
5-2 45.5% 5.3 82.7% 3.3
5-3 77.2% 1.1 76.4% 1.5

Fig. 5 Extent of relative swelling upon white light irradiation for 20 min as a
function of gel composition. AA% – acrylic acid content; BSP-acrylate% – spi-
ropyran content; both expressed as molar % relative to NIPAM.

Fig. 6 Alternating light (5 min) and dark (20 min) cycles for the 5-1 gel in DI
water (n ¼ 3).
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sample 20 [min] 
(Vis. light) std dev 60 [min] 

(in darkness) std dev 

poly(NIPAM) blank 87.85 % 1.18 97.44 % 1.60 

1 % AA, 1 % BSP-A 67.33 % 1.85 100.45 % 0.64 

2 % AA, 1 % BSP-A 59.37 % 4.26 96.48 % 1.34 

5 % AA, 1 % BSP-A 49.10 % 4.73 97.35 % 1.93 

2 % AA, 2 % BSP-A 61.31 % 5.20 83.69 % 1.27 

5 % AA, 2% BSP-A 
45.50 % 5.33 82.69 % 3.33 

5 % AA, 3 % BSP-A 77.22 % 1.12 76.44 % 1.46 

Shrinking/Reswelling Behaviour  

B. Ziolkowski, L. Florea, J. Theobald, F. Benito-Lopez and D. Diamond, Soft Matter, 2013, 9, 8754-8760.  
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where D% is the relative percent swelling of the disc diameter,
dx ¼ measured diameter; dmax ¼ diameter of the fully swollen
gel; dmin ¼ diameter of the fully contracted gel (dried at room
temperature for 3 days). The dried gels had diameters between
64 and 67% of the fully swollen gel. Therefore, the relative
percent of swelling that is used expresses dimension changes
taking place between fully swollen gel (dmax ¼ 100% relative
swelling) and the maximally shrunken, dried state (dmin ¼ 0%
relative swelling). Therefore from here onwards, unless stated
otherwise, % swelling/shrinking refers to the relative % as
dened above. Further details are given in the ESI, Fig. S1.†

For white light stimulated shrinking measurements, the
3 mm hydrogel discs were placed in a 5 mm wide and 2 mm
deep PDMS circular recess lled with water and covered with a
second PDMS 2 mm thick slide. The imaging was performed
using an Aigo GE-5 microscope with a 60" objective lens and
the accompanying soware. The light was provided by a Dolan-
Jenner-Industrie Fiber-Lite LMI at maximum power (780
lumens) through two waveguide goosenecks xed at a distance
of 10 cm from the samples.

UV-Vis spectroscopy

UV-Vis spectroscopy was used to study the absorbance behav-
iour of the spiropyran hydrogels under different illumination
conditions. The absorbance spectra were recorded in reec-
tance mode using a bre-optic light guide connected to a
Miniature Fiber Optic Spectrometer (USB4000 – Ocean Optics
Inc.) and a specially designed probe holder (see ESI Fig. S2† for
the setup details). The light source was a LS-1 tungsten halogen
lamp (white light) obtained from Ocean Optics Inc. The spectra
were calibrated using the white standard WS-1-SL provided by
Ocean Optics Inc. Data from the spectrometer was processed
using Spectrasuite soware provided by Ocean Optics Inc. For
clarity, the absorbance spectra were smoothed using Origin
soware with a Savitzky–Golay algorithm on a total of 3648 data
points per spectrum, and an averaging window of 50 data
points.

Results and discussion

Table 1 shows the compositions of the hydrogels tested. The AA
content was varied along with that of BSP-acrylate to determine
the ratio that provides optimal actuation behaviour, in terms of
extent and rate of photo-induced shrinking. The gels have been

named according to the convention “gel[amount of AA mol%]#
[amount of BSP-A mol%]” e.g. gel 2–1 has 2 mol% AA and
1 mol% BSP-acrylate, all relative to NIPAM.

The initial experiments on light induced shrinking were
performed using the 0-1 gels (Table 1), which did not contain
AA. These gels, when placed in DI water and in darkness, swell
naturally and turn red (Fig. 1a) upon swelling indicating spon-
taneous conversion of BSP to the unprotonated MC form
(Scheme 1, step 1), conrmed by the absorbance band centred
around 560 nm.

When acrylic acid is incorporated into the gel (e.g. gel 5-1) the
samples also swell in darkness in deionised water, but adopt a
yellow colouration aer several minutes (Fig. 1b) due to an
absorbance band centred around 480 nm, which is character-
istic for the protonated MC-H+ form of the spiropyran. All these
gels, when in the MC or MC-H+ form, become decolourised
under white light due to isomerisation back to the BSP form, as
conrmed by the disappearance of bands at 560 and 480 nm,
respectively. Fig. 1 shows this happening for gel 5-1, which
spontaneously adopts the MC-H+ form in the absence of light
(Fig. 1b), and reverts to the BSP form when irradiated with white
light (Fig. 1c).

Interestingly, under white light the MC isomer present in gel
0-1 reverts to the initial BSP form, but minimal shrinking is
induced, similar to the blank poly(NIPAM) discs that do not

Table 1 Composition and molar ratios of reactants used to produce photoresponsive poly(NIPAM) gels

Gel code AA [mol%] BSP-acrylate [mol%] Cross-linker [mol%] Intiator [mol%] NIPAM [mmol] Solvent [mL]

0-0 0 0 3 1 1.77 500
0-1 0 1 3 1 1.77 500
1-1 1 1 3 1 1.77 500
2-1 2 1 3 1 1.77 500
2-2 2 2 3 1 1.77 500
5-1 5 1 3 1 1.77 500
5-2 5 2 3 1 1.77 500
5-3 5 3 3 1 1.77 500

Fig. 1 UV-Vis spectra and associated colours of 1% BSP-A gels. (a) 0% AA, 1%
BSP gel in DI water in darkness, (b) 5% AA, 1% BSP gel in DI water in darkness, (c)
5% AA, 1% BSP gel in water after irradiation with white light.
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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.

Inuence 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-modied gels can be observed aer 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 modied 0-1 gel pre-
equilibrated in HCl (30% versus 20%, respectively, Fig. 2). Gel 5-
1 shrinks most, reaching 50% relative swelling aer 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 simplies the actuator operation by removing
the need to use an external HCl bathing solution to prime the
gel prior to photo-induced shrinking.

Inuence 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% aer 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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content is increased to 2 mol% the extent of shrinkage also
increases with increasing amount of AA (gels 2-2 and 5-2).
However, these formulations do not re-swell fully within the
one-hour period, reaching only !83% relative swelling. For
formulation 5-3, the extent of shrinkage is reduced relative to
gel 5-2, and it re-swells only to !76% within one hour. This
suggests that there is an optimum concentration of BSP in the
polymer for both light-induced shrinking and the re-swelling
kinetics. This can be explained by the fact that BSP, regardless
of the isomerisation state, is a rather hydrophobic molecule,
and at higher concentrations in the gel, it reduces the overall
hydrophilicity, making it a less attractive environment for water
uptake, and hence the actuation effect is impaired.

The extent of photo-induced shrinking of the gels versus
their composition can be seen in Fig. 5. This shows that the
shrinking extent is maximised for gels with AA% $ ca.3%, and
for BSP-acrylate% in the range 1–2% (all mol% relative to
NIPAM). In order to ensure maximum protonation of the MC
isomer, a molar excess of AA will be required. From Fig. 5, the
maximum actuation effect coincides with the blue plateau
region, and this in turn depends on the population of protons
migrating between the MC and AA sites (Fig. 3).

Assuming 100% conversion of monomers during polymeri-
sation of the gels, and given the pKa of AA21 to be 4.2, the local
pH within the gels will be ca. 2.8 for gel 1-1, and ca. 2.5 for gel
5-1. Therefore, it is reasonable to expect the local pH of gels

containing 1–5% AA to be ca. pH3, which coincides with the
acidic conditions reported previously to swell non-AA contain-
ing gels.4,7,9,10,16 Therefore, in order to provide effective photo-
actuation without affecting the overall gel hydrophilicity
unduly, and to ensure there is a reasonable molar excess of AA
over BSP groups, we selected 1% BSP-acrylate and 5%AA (Gel
5-1) for further study.

Gel photoactuation stability studies

A critical property of these gel photo-actuators is their stability
over a series of actuation cycles. In DI water, Gel 5-1 contracted
to about 75% relative swelling within 5 min of white light
irradiation and subsequently re-swelled back to around 90%
within 20 min in darkness. This process was repeated 4 times
using the same sample and was found to be reproducible over a
series of actuation cycles (Fig. 6).

Fig. 4 Shrinking of gels containing varying amounts of spiropyran. Best fit
(black) are for eye guidance. Error bars are standard deviations, note that in some
cases they are obscured by the marker. (n ¼ 6).

Table 2 Swelling values [relative%] and standard deviations (s) for gels in Table
1 after 20 min under white light and after 1 h in the dark (n ¼ 4)

Gel
20 min
(vis. light) s

60 min
(in darkness) s

0-0 87.9% 1.2 97.4% 1.6
1-1 67.3% 1.9 100.5% 0.6
2-1 59.4% 4.3 96.5% 1.3
5-1 49.1% 4.7 97.4% 1.9
2-2 61.3% 5.2 83.7% 1.3
5-2 45.5% 5.3 82.7% 3.3
5-3 77.2% 1.1 76.4% 1.5

Fig. 5 Extent of relative swelling upon white light irradiation for 20 min as a
function of gel composition. AA% – acrylic acid content; BSP-acrylate% – spi-
ropyran content; both expressed as molar % relative to NIPAM.

Fig. 6 Alternating light (5 min) and dark (20 min) cycles for the 5-1 gel in DI
water (n ¼ 3).
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•  No external proton source 
 



%*"

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,
aer initially swelling in 1 mM HCl, showed drastically impaired
actuation behaviour aer one drying/reswelling cycle in DI water,
and had effectively lost its photo-actuation ability aer the second
cycle (Fig. 7). This result conrms that, in contrast to the standard
gels, the AA-modied gels do not need to be exposed to HCl to
induce reswelling aer 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 aer re-swelling 3 times
in fresh DI water (i.e. no exposure to HCl). In contrast, Gel 0-1
loses its photoresponsive character aer 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). Aer 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 modication 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
conrmed 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-modied
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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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,
aer initially swelling in 1 mM HCl, showed drastically impaired
actuation behaviour aer one drying/reswelling cycle in DI water,
and had effectively lost its photo-actuation ability aer the second
cycle (Fig. 7). This result conrms that, in contrast to the standard
gels, the AA-modied gels do not need to be exposed to HCl to
induce reswelling aer 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 aer re-swelling 3 times
in fresh DI water (i.e. no exposure to HCl). In contrast, Gel 0-1
loses its photoresponsive character aer 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). Aer 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 modication 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
conrmed 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-modied
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.

This journal is ª The Royal Society of Chemistry 2013 Soft Matter, 2013, 9, 8754–8760 | 8759

Paper Soft Matter

Pu
bl

is
he

d 
on

 1
3 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 D

ub
lin

 C
ity

 U
ni

ve
rs

ity
 o

n 
30

/0
8/

20
13

 1
0:

34
:3

6.
 

View Article Online

Reproducible actuation 
•  Comparison between with 5-1 and 0-1 hydrogels  

B. Ziolkowski, L. Florea, J. Theobald, F. Benito-Lopez and D. Diamond, Soft Matter, 2013, 9, 8754-8760.  
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Improved actuation kinetics 
•  5-1 Hydrogel 
•  poly(ethylene glycol) Mw = 2000 g/mol 

 Mw = 20000 g/mol  
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Blank hydrogel 

Porosity control 

20k hydrogel 2k hydrogel 
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Shrinking/Reswelling Behaviour  
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Swelling and protonation kinetics 

kblank  ~ 2.53 x 10-3 [s-1] 
k2k  ~ 1.25 x 10-3 [s-1] 
k20k  ~ 2.44 x 10-3 [s-1] 
  

kblank  ~    2 x 10-4 [s-1] 
k2k  ~ 1.6 x 10-3 [s-1] 
k20k  ~ 1.6 x 10-3 [s-1] 
  



!    Reproducible photo-actuation 

 

!   Self-protonating hydrogels 
 
!   Capable of performing in DI water and neutral pH solutions 
 

!   Porous hydrogels for improved reswelling kinetics 
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Conclusions 

" Novel sensors and actuators  
 
" Advantages of integrating stimuli-responsive materials  
and fluidic functionalities at the microscale  

" Nanostructured materials ensure short diffusion-paths and  
fast response times. 
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