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Main Objective 
 
•  Design, synthesis, development and deposition of materials for 

organic bioelectronics.  
 
This includes: synthesis and use of novel functionalised materials, synthesis and supply 
of new polymer materials, organic semiconductor based on solutions, nanomaterials for 
production of nanodevices with a diagnostic role. Compatibility with devices and large 
scale manufacturing techniques will be considered. 
 
Task 1A. Novel organic materials and polymers (POLYMAT, DCU, UNIBA) 
 
•  Testing and integration of light activated polymer valves (DCU). 
•  Development of nanostructured conducting polymers and nanocomposites 
(POLYMAT, DCU).  
•  Development and provision of biocompatible organic ionogels (DCU).  
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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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Fig. 1. Chemical structure of (A) the phosphonium cation and the anions selected for the ionogel formulation – dicyanoamide [dca]− (left), chloride [Cl]− (middle) and
bis(trifluoro-methanesulfonyl)-imide [NTf2]− (right); (B) the crosslinked pNIPAAm ionogel functionalised with acrylated spiropyran. (C) Schematic illustration of the surface-
attached  polymer network reversibly swelling/contracting in one dimension away from the substrate due to movement of protons (H+), counter ions (A−) and water in/out
of  the gel.

Microscope GE-5 and VHX-2000 3D Keyence Digital Microscope.
The percent variation in ionogel microstructure height, %H, is
defined as

%H = Ht − H0

H0
× 100 (1)

where Ht is the height of the ionogel microstructure at time t
and H0 is the height before immersion in 1 mM HCl solution. The
kinetics of swelling was investigated by placing the [P6,6,6,14][NTf2],
[P6,6,6,14][dca] and [P6,6,6,14][Cl] ionogel samples in a dark environ-
ment in 1 mM HCl aqueous solution, and taking digital images every
20 min  for 140 min. A single exponential model (Eq. (1)) [22] was
used to estimate the swelling rate constants:

%H = a × (1 − e−kswt) + b (2)

where %H is the percentage swelling, a is a scaling factor, ksw is the
first order rate constant (s−1), b is the baseline offset and t is time
(s).

The kinetics of the gel shrinking was evaluated by irradiating
the disc-shaped ionogels with the white light coming from the Aigo

Digital Microscope GE-5 for 30 min. Pictures were taken with the
same microscope after 1, 3, 5, 10, 15, 20, 25 and 30 min  of exposure.
The shrinking rate constants were estimated using the following
exponential decay model (Eq. (2)):

%H = a × e−ksht + b (3)

where %H is the percentage swelling (calculated in the same man-
ner as for Eq. (1)), a is a scaling factor, ksh is the first order rate
constant (s−1), b is the baseline offset and t is time (s).

All measurements were carried out at 21 ◦C. In order to mea-
sure the height change of the microstructures while swelling and
shrinking, the glass slide with photopatterned ionogels was  placed
perpendicularly to the lens. In order to get a sharp focus, the glass
slides were cut as close to the microstructures as possible (ca.
500 !m).

SEM studies were performed using a Carl Zeiss EVOLS 15 Scan-
ning Electron Microscopy system at an accelerating voltage of
26.11 kV. Gold sputtering of all ionogels was performed on a
Polaron® SC7640 Auto/Manual High Resolution Sputter Coater.
All ionogels were coated under the following conditions: voltage

M. Czugala et al. / Sensors and Actuators B 194 (2014) 105– 113 109

Fig. 3. (A) Swelling kinetics of pSPNIPAAm large disc ionogels in 1 mM HCl in the dark and (B) kinetics of shrinking induced by white light irradiation at 21 ◦C (n = 3).

of the anion of the IL), which is the opposite that might be pre-
dicted on the basis of water uptake capacity of the pure ILs, which
was reported previously as 0.7%, 3.1%, 8.0%, w/w, respectively [26].
The reason for this difference in trend is not clear at this point, but
it may  lie in the way the ions interact with the gel polymer chains,
and the impact of these interactions on IL nano-domain structure
[27,28].

In [P6,6,6,14][Cl], the [Cl]− anions are very closely associated with
the [P6,6,6,14]+ cations, to an extent wherein the charge is effec-
tively shielded from the local environment, conveying a much
more hydrophobic character to this ionic liquid than might be
expected [29]. Consequently, the ionogels incorporating this IL do
not swell to anything like the same extent as the gels incorporat-
ing [P6,6,6,14][NTf2], and [P6,6,6,14][dca], as the ions in these latter
ILs are less strongly associated, and therefore more free to exert
their charged nature on their surrounding environment. Further-
more, in [dca]−, the negative charge is extensively delocalised from
the nitrogen across the whole molecule through ! conjugation,
reducing its impact compared to [NTf2]− [30,31].

3.3.2. Percentage height change of ionogels upon swelling
The ionogels based on [P6,6,6,14][dca], [P6,6,6,14][NTf2] and

[P6,6,6,14][Cl] in the shape of large discs were kept in 1 mM HCl
aqueous solution in the dark for 140 min  at room temperature
to study the time required to reach the photostationary state.
All studied ionogels reached a steady-state swollen form after
approximately 80 min  and therefore, the shrinking behaviour was
evaluated after soaking the ionogels microstructures in 1 mM HCl
solution for 120 min, to be sure that they reached photostationary
state, as explained before. As the ionogel is essentially anhydrous
at the initial state, the chemical potential drive for water absorp-
tion into the IL is large, but despite this, there are significant
differences in the degree of expansion between the phosphonium-
based ionogels at the photostationary state. Values of %H for

large disc ionogels microstructures at the photostationary state
were 128 ± 8%, 58 ± 2% and 20 ± 3% for [NTf2]−, [dca]− and [Cl]−,
respectively (Fig. 3A). As shown in Fig. 4 and Table S2, the same
degree of swelling applies for all kinds of photopatterned micro-
structures. Depending on the shape of the microstructures, the
%H of [P6,6,6,14][NTf2], ionogels is in the range of 109–180%, fol-
lowed by [P6,6,6,14][dca] ionogels (40–58%) and finally [P6,6,6,14][Cl]
ionogels reaching just 20–27%. Although [P6,6,6,14][NTf2] is rather
hydrophobic IL [26], the [NTf2]− anion can still re-arrange to accom-
modate a high amount of water within ionogel, thus resulting in the
largest increase in %H (Figs. 3A and 4). The %H order again follows
increasing charge delocalisation from [Cl]− < [dca]− < [NTf2]−. The
weakly basic [NTf2]− anion exhibits an extensive charge delocalisa-
tion within the S–N–S backbone [NTf2]− anion [32], and as a result
it has a less affinity to nucleation sites in the p(SPNIPAAm) poly-
mer  backbone. As a consequence, the polar groups of the polymer
and the [NTf2]− anions are more free to interact with water, and
[P6,6,6,14][NTf2] ionogels therefore draw a higher amount of water
into the polymer matrix, resulting in the fastest and largest %H. In
contrast, the [Cl]− anion charge is highly localised, and interaction
with the polymer backbone is much stronger [29]. Consequently,
the [Cl]− anions and the polar groups on the polymer backbone are
less free to interact with water molecules, and therefore the small-
est percentage change in %H therefore occurs with [P6,6,6,14][Cl]
based ionogels. The charge delocalisation of [dca]− anion is inter-
mediate between the [NTf2]− and [Cl]− anions used in this study,
which is reflected in the intermediate extent of swelling observed
with the corresponding [P6,6,6,14][dca] ionogel.

The trend in the degree of swelling in the ionogels may  also
be related to the contrasting cavities as the preparation IL was
varied. SEM micrographs of the [P6,6,6,14][NTF2], [P6,6,6,14][dca] and
[P6,6,6,14][Cl] ionogel surfaces clearly show that the type of IL has
significant influence on the morphology of the resulting material
before and after hydration (see Supporting Information, Fig. S6). In

Czugala et al., $%&'. Act. B, 2013, DOI 10.1016/j.snb.2013.12.072. 
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Fig. 6. Ionogel small discs: (a) [P6,6,6,14][NTf2], (b) [P6,6,6,14][dca] and (c) [P6,6,6,14][Cl] after photopolymerisation (left); swelling in 1 mM HCl solution for 2 h (middle) and
shrinking upon white light irradiation (right).

once water has reached the previous bulk layer. As a consequence,
if the bulk region is made larger, the overall time for diffusion to
establish a steady state throughout the entire structure becomes
increasingly longer. Therefore, the effective rate constant for the
structure changes with the bulk-to-surface ratio, but the funda-
mental processes involved are the same. This phenomenon clearly
supports our findings, that the fastest water diffusion dependent
swelling process occurs for ring-shaped ionogels, followed by small
disc, large disc and line microstructures, see Fig. 5.

3.5. Characterisation of the shrinking behaviour of the ionogel
microstructures

After immersion in HCl aqueous solution, the p(SPNIPAAm)
ionogels have a yellowish colour caused by the formation of
the MC−H+ species. Exposure to white light induces photoiso-
merisation of the MC−H+ form to the closed spirobenzopyran
chromophore SP, resulting in a change of the ionogel colour from
yellow to white. The hydrophobic SP isomer induces the dehydra-
tion of the polymer and thus the shrinkage of the ionogel due to
restructuring of the polymer matrix.

3.5.1. Shrinking rates of ionogel microstructures
The kinetics of the shrinking behaviour of [P6,6,6,14][NTf2],

[P6,6,6,14][dca] and [P6,6,6,14][Cl] ionogels, monitored by white light
irradiation for 30 min, shows that the IL plays an important role in
the ionogel dehydration mechanism, similar to the swelling pro-
cess. Fig. S7, Supporting Information, presents the kinetic curves of
the large disc ionogel microstructures analysed in triplicate, show-
ing that the shrinking process is reproducible for each ionogel and
the related microstructures (see Supporting Information, Table S2).
Under constant white light irradiation, the %H values vs. time were
obtained, and the average values fitted to exponential models (Eq.
(2)), see Fig. 3B. Table 1 lists the shrinking rate constants of the iono-
gels. The largest shrinkage rate was observed for the [P6,6,6,14][NTf2]
ionogel microstructures with ksh = 29 ± 4 × 10−2 s−1, followed by
[Cl]− (9 ± 2 × 10−2 s−1) and [dca]− (8.3 ± 0.9 × 10−2 s−1) based

ionogels. A video of the [P6,6,6,14][NTf2] ring ionogel microstructures
shrinking can be viewed at http://tinyurl.com/d5yvq6l (see Suppor-
ting Information, Fig. S8).

Although stronger light irradiation may  induce a faster iso-
merisation of the protonated merocyanine to spiropyran, the
dehydration of the polymer and subsequent ionogel shrinkage is
not an immediate process since it requires a few minutes to reach
ca. 50% shrinkage of its initial swollen value. [NTf2]− ionogels
reached 50% of their swollen height after 3 min, [Cl]− after 10 min
and [dca]− after 15 min  of irradiation, Fig. 3B. However, it is impor-
tant to mention that when these materials are incorporated within
micro-fluidic manifolds for microvalve applications, only a rela-
tively small percentage of height change is required to open the
valve. Therefore, valves based on these materials in micro-fluidic
channels will typically occur at much shorter timescales (seconds)
[18].

The %H of all the photopolymerised microstructures was  mea-
sured after 30 min  (Figs. 3B and 4) of white light irradiation
following the same protocol described above. In all cases, the
[P6,6,6,14][NTf2] microstructures exhibit the greatest %H reduc-
tion, followed by [P6,6,6,14][dca] and [P6,6,6,14][Cl]. There are several
interesting outcomes arising from these experiments. For all the
ionogels, the water release is clearly dependent on the IL encap-
sulated in the crosslinked p(SPNIPAAm) ionogel. As the ionogel
shrinks, the water and ionic liquid interactions with the polymer
backbone (e.g. hydrogen bonding with pNIPAAm amide groups)
are reduced in favour of increasingly strong polymer–polymer
hydrogen bonding. In turn, the gel adopts more compact format,
which also reduces the free volume available for water to occupy.
This effect is more apparent in ionogels with more hydropho-
bic ionic liquids, such as [P6,6,6,14][NTf2], leading to greater and
faster shrinkage. Our experiments demonstrate that the ionogel
ksh increases with increasing hydrophobicity of the IL. Dehydra-
tion is more favourable for [NTf2]− than for [Cl]− and [dca]−,
since [NTf2]− presents six hydrophobic fluoride groups and con-
sequently, exhibits larger tendency towards dehydration [26]. The
water release process is triggered by MC−H+–SP conversion, during
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Advantages 
 
•  Ever-present liquid phase 
•  Enhanced swelling/shrinking 
•  Improved mechanical properties 
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!  Conductive Matrix 

!  Incorporation of other 
conductive materials  
(conductive polymers) 

2. Development of nanostructured conducting polymers 
and nanocomposites (POLYMAT, DCU).  



)*"

3. Development of biocompatible organic ionogels 

!  Previously demonstrated the application of ILs as 
electrolytes for the development of OECTs for sensing 
glucose [1] and lactic acid [2]. 

!  IL incorporation into a polymeric matrix (an ionogel) to 
achieve a solid-state electrolyte [2]. 

!  Synthesis of biocompatible hydrated choline ionic liquids [3]. 
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