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Abstract 
 

This thesis investigates the synthesis and performance of various stimuli-responsive materials 

with the aim of obtaining a suitable material for flow control in microfluidic platforms. 

Therefore, at first a literature review is carried out to choose a material for investigation as well 

as to determine the limitations of current materials so that potential areas where improvements 

can be made are defined. The materials chosen are mainly based on thermo-responsive polymer 

N-isopropylacrylamide. Hence, in the beginning the polymerisation of this polymer is 

investigated in various phosphonium-based ionic liquids to afford novel ionogels with tuneable 

viscoelastic properties that can serve as robust platforms for incorporation of stimulus-

responsive entities. Later these ionogels are demonstrated as a novel and suitable platform for 

incorporating functionalised magnetic particles to obtain a magneto-responsive, soft ionogel. 

Photo-responsive gels are obtained by incorporation of spiropyran molecule into the polymer 

matrix. Improvements to the existing formulations are made by incorporation poly-acid in the 

polymer chains which allows the material to be actuated without additional chemicals. 

Moreover, the speed of actuation is improved by engineering a porous microstructure of the 

gels. Finally, as a future outlook, recently discovered, thermo-responsive poly-ionic liquids are 

investigated as potential substrates for novel stimulus responsive poly-ionic liquid gels. All 

these materials have been investigated from the perspective of incorporation into microfluidic 

devices as soft polymeric valves.  
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Aim of this work – chapters overview 

 

There is no doubt that stimulus responsive materials have diverse application potential. This 

work focuses on the development of stimulus responsive materials for valves in microfluidic 

sensors. It is known that fluid handling and the related energy consumption in sensor platforms 

are the dominant cost factors. The inherent robustness, low cost and low energy consumption of 

the stimulus responsive materials make them ideal for autonomous sensor platforms that could 

form networks of smart sensors in the future.  

The ultimate goal in this field would be to synthesise a material that can actuate repeatedly at 

high rate resulting in fast swelling/shrinking/bending of the material. In addition, the material 

should be comprised of components that do not contaminate the sample (e.g. by leaching). 

Obviously the material has to be also mechanically robust to withstand the 

expansion/contraction cycles demanded by valve structures. The following sections explore 

these issues and examine the characteristics of a selection of responsive actuator gels. 

 

Chapter 1 

In the first chapter a general introduction to the concept of stimulus responsive materials is 

given. Thermal, electric, photonic and magnetic types of stimuli are introduced along with their 

mechanism of actuation. 

 

Chapter 2 

Chapter 2 is a published literature review on polymeric soft actuators that have been utilised as 

microfluidic flow controllers (valves, pumps). A comparison of different valve designs is given 

together with their crucial parameters such as power drain, response speed and pressure 

resistance. Materials with various modes of stimulation are presented with emphasis on 

photoresponsive materials. Main drawbacks of current microfluidic actuators and valves are 

highlighted. In the case of the more robust pneumatic and electrothermal/electromagnetic valves 

the issue is high power consumption. On the other hand for the soft polymer photoresponsive 

valves that require low power light sources the actuation times are slow and there are problems 

with reversibility and leaching. 

 

Chapter 3 

Recent reports on ionogels show a growing interest of scientists to form these materials in situ 

for various purposes. ILs can possess properties much different from the conventional solvents 
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used for forming hydrogels. Therefore in Chapter 3 photopolymerisation of NIPAM in a range 

of phosphonium based ILs is studied. As mentioned in Chapter 2 these ILs can have a 

significant effect on the performance of spiropyran-based photoactuators. Chapter 3 investigates 

how changing the anion in trihexyl-tetradecyl phosphonium ILs series influences the rate of 

NIPAM polymerisation, the mechanical properties of the ionogels and their temperature 

responsiveness. The results from this work can be a valuable guide for choosing an appropriate 

IL for the desired application.  

 

Chapter 4 

Magnetic soft actuators, as described in Chapter 1, are either obtained by mixing magnetic 

particles in a polymer matrix, copolymerising them with a hydrogel or by the use of a magnetic 

ionic liquid to form a magnetic ionogel. Chapter 4 demonstrates how all these advantages can 

be combined in one material. Magnetic particles having high magnetic response are coated with 

polymerisation-active groups and incorporated in a poly(NIPAM) gel containing a 

phosphonium based IL (chosen based on findings from Chapter 3). This results in a magnetic 

ionogel where the magnetic particles are covalently bound to the polymer matrix and do not 

leach. Moreover the ionic liquid and the particles used improve the mechanical stability of the 

gel. Lastly, this material can not only be moved by the use of gradient magnetic fields but also 

could be shrunk by oscillating magnetic fields that generate local heating (polyNIPAM’s 

thermoresponsive property). 

 

Chapter 5 

As highlighted in Chapter 2 current spiropyran-based photoresponsive gels require soaking in 

milimolar HCl to activate the photosensitive molecule in the gel. This constitutes a serious 

drawback in potential real life applications of this material. Therefore, in Chapter 5 acrylic acid 

is incorporated into the standard spiropyran/NIPAM hydrogel to provide an internalised source 

of protons allowing the gel to be actuated immediately after swelling in water without the need 

to soak it in HCl. Also because of this internal source of protons the gel can be actuated 

repeatedly demonstrating the first fully reversible photoresponsive spiropyran/NIPAM gel. The 

effect of spiropyran and acrylic acid content on the actuation performance is studied together 

with the resistance towards drying and multiple washings with water. As demonstrated the gels 

show excellent resistance and are capable of photoactuation after 2 months of storage in water.  
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Chapter 6 

The HCl soaking issue of the spiropyran-based photoresponsive gels has been solved in Chapter 

5. However these gels still showed slow reswelling speeds that could limit the operation of these 

materials as microfluidic valves. Chapter 6 investigates the improvements that can occur when 

pores are induced in the gels. Light induced shrinking and reswelling is studied and compared 

between the porous and non-porous gels. The results suggest that in the porous gels the 

reswelling kinetics is no longer determined by the speed of water diffusion but by the 

spiropyran isomerisation kinetics. We believe that through these combinations of 

improvements, the way is now open to exploit these materials more broadly for control of liquid 

movement through their use as a photoresponsive soft actuator valve in microfluidic manifolds.  

 

Chapter 7 

Recently novel monomeric thermoresponsive ionic liquids have been discovered. Since these 

ILs have been polymerised and shown to behave similarly to poly(NIPAM) this chapter 

investigates the possibility to synthesise crosslinked thermoresponsive polyIL gels from these 

novel materials. Thermal characterisation is given together with an overview of the gels 

appearance, behaviour under stimuli and its deviations from standard thermoresponsive gels. 

Potential applications are also briefly discussed. 

 

Future work 

Given the rapid development in the field of stimulus responsive materials, polymers and ILs, 

new concepts arise every day. This final chapter discusses the remaining limitations of the 

presented materials and potential routes for further research in the field and beyond.  
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Chapter 1: Introduction 
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Chapter overview  
 

New generations of chemical sensors require both innovative (evolutionary) engineering 

concepts and (revolutionary) breakthroughs in fundamental materials chemistry, such as the 

emergence of new types of stimuli responsive materials. Intensive research in those fields in 

recent years have brought interesting new concepts and designs for microfluidic flow control 

and sample handling that integrate high quality engineering with new materials.  The following 

two chapters review the recent developments in the fascinating area of stimulus responsive 

materials science, with particular emphasis on photoswitchable soft actuators. Some examples 

of their incorporation into fluidic devices are also presented in Chapter 2. 

 

 

1.1 Stimulus responsive materials 
 

Stimulus responsive materials are synthetic materials that posses the ability to change their 

shape, size, colour, stiffness and many other properties on demand after a given stimulus is 

provided. [1, 2] These materials are often composed of polymers in a form of organic/inorganic 

gels. A gel is an interconnected network of molecules that reaches across the borders of the 

considered volume space. The free volume between the polymolecular structures is filled with a 

separate phase. This can be a gas or a solid but most often it is a liquid. If water is fills the gel it 

is termed hydrogel.  

 

Polymeric gels have been attracting considerable research attention due to their vast application 

possibilities in material science[3, 4], sensors[5], actuators[6, 7] and particularly stimulus 

responsive materials.[1, 8, 9] To possess the property of stimulus responsiveness materials must 

include an entity that behaves differently in the presence/absence of a stimulus. This entity 

might be a functional group on the backbone of the gel network or a separate component added 

together with the gel-filling phase. 

 

Therefore, polymeric gels are a useful platform for incorporating stimulus responsive entities 

and thereby generating stimulus responsive gels.[1, 8, 10] Important applications for stimulus 

responsive gels (often termed smart materials) include drug delivery,[5, 10] sensing,[11] and 

microfluidics.[12-15] They can then be actuated by stimuli induced changes in temperature,[1, 

16] pH,[17, 18] light,[19, 20] or electric[21]/magnetic fields.[22-24] 
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1.1.1 Temperature responsive materials 
 

One of the most popular examples of thermally responsive polymers is poly(N--

isopropylacrylamide) or pNIPAM. It is often used for gel manufacturing and in biomedical 

applications.[10] At the base of thermo-responsiveness of this polymer is the so called lower 

critical solution temperature or LCST. Below this temperature the chains are hydrated with 

water and the polymer is swollen. Above this temperature the hydrogen bonds between solvent 

and the polymer are broken due to the thermal motion and the chains become hydrophobic. This 

results in the coiling up of the chains and shrinking of the gel (Figure 1-1). 

 
Figure 1-1. Schematic of ‘smart’ polymer response with temperature.[10] 
 
This behaviour is common for other polymers containing H-bonding sites for water molecules. 

These are: N,N-diethylacrylamide, poly(N-vinylcaprolactam), poly(ethylene oxide), 

poly(propylene oxide) and copolymers of the latter two. The LCST in copolymers of PEO and 

PPO can be tuned by varying the amounts of the respective monomers in the polymer chain.[10] 

Similar LCST tuning is observed for pNIPAM if it is copolymerised with hydrophobic or 

hydrophilic monomers.[16] 

 

Sun[25] et al. studied the volume transition of PNIPAM with 2 dimensional IR spectroscopy. 

The paper gives a thorough assignment of the IR peaks to the bonds present in the gel. It was 

discovered that the heat induced shrinking of the gel is a multistep or a smooth process while 

the cooling induced swelling exhibits two distinct steps. Authors managed to determine the 

order in which the polymer groups associate or disassociate first. It was proposed that the 

shrinking was induced by hydrogen bonds switching from the bonds between the amide group 

and solvent water to intermolecular hydrogen bonds. Water was expelled in this process. 

However, in the cooling-swelling process water molecules diffused initially between the 

polymer chains and then the hydrogen bonds rearranged from intermolecular to solvent-chain in 

nature. The general schematic of the mechanism is given in Figure 1-2. 
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Figure 1-2. Proposed chain collapse and revival thermodynamic mechanism of PNIPAM hydrogel 
according to 2D cos analysis. Dashed arrows represent the chain collapse and revival directions 
along the backbone of PNIPAM hydrogel networks[25]. 
 

 

1.1.2 Magnetic responsive materials 
 

If one introduces magnetic material into the gel pores the material becomes a magnetic-

responsive gel. Detailed discussion about the different types of magnetism and their impact on 

the actuation performance is beyond the scope of this work. Therefore, the materials presented 

in this paragraph are described as magnetic without the differentiation of ferromagnetic to 

paramagnetic etc.  

The magnetic material can be incorporated into the gel in different forms and ways. The 

magnetic susceptible component can be a liquid as reported by Xie et al.[26] These gels were 

based on PMMA and magnetic ionic liquid 1-butyl-3-methylimidazolium tetrachloroferrate (III) 

or [Bmim][FeCl4]. Unfortunately, the magnetic susceptibility of this material was limited to the 

susceptibility of the Fe (III) ion (0.01-0.001 emu/g)[26] which is significantly lower than 

magnetite (Fe3O4) or metallic iron (8-140 emu/g).[27] Therefore, preferred strategies are to use 

magnetic particles based on magnetite, metallic iron or other metals with high magnetic 

susceptibility. Fuhrer et al.[23] used metallic cobalt nanoparticles coated with polymerisable 

groups to covalently link the particles to the gel network. In this way, a structurally stable gel 

was formed with magnetic particles as crosslinker. The gel responded strongly to magnetic 

fields at 60 % wt of particles (Figure 1-3).  
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Figure 1-3. Elongation of a magnetic hydrogel (60 wt% vinyl functionalized cobalt nanoparticles) 
sticking to a permanent magnet (top) before (a) and after (b) switching on an additional 
electromagnetic field through a solenoid (bottom). 
 

Another option, that is more often used due to its simplicity, is utilising organosilicon 

functionalised polymerisable magnetite particles.[28] The material was cured by means of 2 

photon polymerization. The shapes manufactured were: a spring and a turbine (Figure 1-4). 

 
Figure 1-4. The microturbine actuated by magnetic field [28] 
 

Both shapes were shown to move under magnetic field stimulation with just 2% magnetite 

concentration in the polymeric resin. The magnetite particles were prepared by the standard 

Massart method[29] and then modified by silane coupling chemistry. The surface was 

functionalized with methacrylic groups by means of 3-(trimethoxysilyl)propyl methacrylate. 

This molecule hydrolyses in and aqueous environment to form 3-(trihydroxysilyl)propyl 

methacrylate and its hydroxyl groups condensate with the OH groups present on the surface of 

the magnetite particles.[30] Magnetic particles with such surface polymerisable functional 
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groups could easily be reacted with other monomers to obtain materials with different 

properties.  

Another example of magnetic-responsive gel incorporating polymerisable organosilicon 

magnetic particles was published by Wang et al.[31] In this work (3-mercaptopropyl) 

trimethoxysilane coating works as a chain transfer agent causing the gel network to grow from 

the surface of the particles. An even simpler example demonstrated by Caykara et al.[32] uses 

the standard pNIPAM crosslinked hydrogel. The gel was soaked in a 2:1 molar mixture of FeCl3 

and FeCl2. When this gel was immersed in a base the Massart type reaction took place inside the 

gel pores resulting in a gel filled with magnetic particles. This gel was also shown to respond 

strongly to magnetic fields. 

 

Alternatively, magnetic particles can also be used indirectly to provide stimuli to the material. 

One of the approaches is adopted from hyperthermia treatment. It is known that magnetic 

particles, when placed in an oscillating magnetic field, absorb the field energy and radiate it in 

the form of heat. This is due to the relaxation mechanisms of the magnetic moments and 

domains. The generated heat can be used to locally kill cancer cells.[33] However, in a 

thermoresponsive gel the local heat emitted triggers the magnetically induced LCST transition. 

This type of stimuli setup was used by Satarkar et al.[22] to produce a microfluidic valve that 

opened with applied alternating magnetic field. The disadvantage of these solutions is that the 

generation of magnetic field requires considerable power which at present is typically provided 

by a mains 220V power supply unit.[24] This makes it difficult to scale down such devices for 

autonomous, outdoor applications. 

 

 

1.1.3 Light responsive materials 
 

Light responsive materials are very attractive due to the non-invasive nature of light and 

availability of diverse light sources as stimuli. Two major groups of photoswitchable 

compounds have dominated research into these materials - spiropyrans and azobenzenes. In 

spiropyrans the carbon-oxygen bond is reversibly broken when light with a specific wavelength 

is absorbed. In azobenzenes an isomerisation takes place upon light absorption in which the 

energetically lower trans-isomer switches to cis-orientation.[34, 35] A detailed description of 

spiropyran-based soft actuators their performance and improvements published recently is 

contained in the literature review in Chapter 2. However, historically spiropyran-modified 

polymers were first discovered to exhibit photo-induced viscosity changes. For instance, the 

viscosity of solutions of poly(methylmethacrylate-co-1,3,3-trimethylindolino-6'-nitro-
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8'(methacryloxy)methyl]spirobenzopyran) was reported to decrease by 17% with light 

irradiation at λ > 310 nm.[36] This was ascribed to the polar side groups of the methacrylate 

solvating the opened polar merocyanine form of the photochrome co-monomer. This effect 

decreased as the solvent polarity increased and disappeared in dichloromethane. The optimum 

concentration of the photochrome co-monomer in the polymer was of about 20 mol %. 

 
Figure 1-5. Photostimulated dilation and contraction of poly(acrylamide) gel having pendant 
triphenylmethane leucohydroxide groups (3.7 mol %) with light of wavelength longer than 270 nm 
at 25 "C. Initial pH of external water phase was 6.6. W, is the weight of the gel before 
photoirradiation.[37] 
 

Irie[37] et. al. investigated diphenyl(4-vinylpheny1)-methane leucohydroxide or diphenyl(4-

vinylpheny1)-methane leucocyanide[38] monomers copolymerised with acrylamide. These gels 

showed a photo-induced swelling in water, but once again the swelling was not directly linked 

with the colouration of the photochrome component. It was demonstrated that the disassociation 

of the photochrome produced ions in the gel (Figure 1-5) and the gel swelled because the 

appearance of these ions created an osmotic gradient, leading to increased water uptake. The 

optimum concentration of the chromophore was found to be 2 mol%. Higher chromophore 

concentrations decreased the degree of swelling as the increasing amount of hydrophobic co-

monomer in the backbone made the whole system more hydrophobic and less capable of water 

uptake. 

Regarding the copolymers bearing azobenzene derivative pendant groups, interesting work has 

been published by Zhao et al. [39] The change in azobenzene conformation can have dramatic 

effects on the surrounding environment.[34] The copolymer in (Figure 1-6) was shown to 

exhibit light dependent LCST behaviour. However, in contrast to the spiropyran modified 

pNIPAM, azobenzene modified pNIPAM, increased the LCST by ~5 ˚C after UV light 

irradiation and decreased the LCST with white light exposure. It is interesting that a reverse 

phenomenon is observed for poly(N,N’-dimethylacrylamide) modified with azobenzene. In this 

case the polymer’s LCST dropped by an impressive value of 10 ˚C after UV-Vis irradiation 

(Figure 1-6). 

 



 12 

 

Figure 1-6. Transmittance versus temperature for aqueous solutions (poly(dimethylacrylamide) 
concentration: 2 mg mL) before and after UV light-induced photoisomerization of pendant 
azobenzene groups, as well as absorption spectra upon UV irradiation inducing the 
photoisomerization (solutions diluted to 0.1–0.2 mg mL), with the inset showing the change in 
absorbance of trans azobenzenes[39] 
 

An excellent review by Beharry et al.[34] discusses different derivatives of azobenzenes, the 

mechanisms governing the rate of their isomerisation and their applications in biomolecules. 

Depending on the substituents on the benzene rings of azobenzenes the thermal relaxation times 

can be tuned from hours to milliseconds. The isomerisation of azobenzene results in a change of 

distance between the ends of the molecule. This was exploited in proteins where conformational 

changes allowed switching the activity of the protein “on” and “off”. More recently, Ueki et al. 

demonstrated that azobenzenes, in addition to inducing volume changes in gels containing 1-

ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide, appear to be able to “lock” the 

gel structure in one of the states Figure 1-7.  

 
Figure 1-7.  Shrinking of the thermoresponsive gel copolymerised with azobenzenes. “Locking” of 
the shrunken state in the trans form – no reswelling occurs.[35] 
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The azobenzene photoisomerisation effect was greatly enhanced by Broer et al. through 

incorporation of azobenzenes in liquid crystal structures.[40, 41] This work is described in more 

detail in Chapter 2. 

 

 

1.2 Ionic liquids 
 

Ionic liquids (ILs) are mainly organic compounds (although inorganic components are also 

known) consisting entirely of ions. Historically, ILs are defined as ionic salts having a melting 

point below 100 °C, even though this artificial border between ILs and salts with melting points 

slightly above 100 °C has recently largely been abandoned by researchers active in the field. A 

sub-class of ILs known as room temperature ionic liquids (RTILs) that is, ILs with melting 

points below ca. 25 °C, has attracted special interest. These ILs have many useful properties 

such as electronic and ionic conductivity, rather high thermal stability, negligible vapour 

pressure, and in some cases,  high solvation power.  This last property enables ILs to dissolve 

substances eg. monomers (NIPAM) and crosslinkers (N,N’-methylenebis acrylamide) that are 

difficult to dissolve in conventional molecular solvents.[42] Because it is possible to combine 

numerous anions and cations, the number of potential anion-cation combinations available 

reputedly equates to one trillion (1012) different ILs each having different properties originating 

in from both the cation and anion.[43-45]  ILs are currently attracting considerable attention as 

potentially benign solvents for many areas of chemistry, as well as various electrochemical 

devices[46-53], including rechargeable lithium cells,[54, 55] solar cells,[56-58] actuators[59-61] 

and double layer capacitors (DLCs).[62-64] Ionic liquids based on tetraalkylphosphonium 

cations exhibit greater thermal stability than their tetraalkylammonium based counterparts[65] 

and a range of phosphonium salts are commercially available in large quantities.[66] Reports of 

the utility of ionic liquids prepared from phosphonium cations with anions such as 

hexafluorophosphate ([PF6]-), tetrafluroborate ([BF4]-) and bis(trifluoromethanesulfonimidate) 

([NTf2] -) have appeared in the literature and new ILs are being reported every month.[67]  

 

 

1.3 Ionogels 
 

As RTILs are liquid at ambient conditions, they have been explored for the use in functional 

hybrid materials termed ion-gels or ionogels.[68-70] Currently for applications in materials 

science, there is growing interest in “ionogels”, i.e. polymers with ILs integrated such that they 
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retain their specific properties within the polymer/gel environment. An excellent review by Le 

Bideau et. al.[70] discusses ionogels as a new class of hybrid materials, in which the properties 

of the IL are hybridized with those of various components, which may be organic (low 

molecular weight gelator[71], bio-polymer), inorganic (e.g. carbon nanotubes, silica[72] etc.) or 

hybrid organic–inorganic (e.g. polymer and inorganic fillers)[73]. An ionogel has properties 

arising from both the polymeric network stabilizing the ionogel and the functionalities of the 

contained IL. [2, 42, 74, 75]  They exhibit a wide range of interesting properties, and can be soft 

or hard materials, with high resistance to drying and cracking due to their very low vapour 

pressure. This renders ionogels attractive for application in soft actuators as conventional 

materials often show rapid degradation of performance due to loss of solvent by 

evaporation.[68, 76] Properties such as their very low vapour pressure over a wide temperature 

range render ionogels superior to standard hydro- or organo-gels without imparting the 

properties of the polymeric matrix material.[68] Understandably therefore, in recent years there 

has been an explosion of research in ionogels, which is reflected in several review papers. [2, 

69, 77, 78] 

 

 

1.3.1 Stimulus responsive ionogels 
 

A stimulus responsive polymeric network formed with an IL as the liquid component, rather 

than a conventional molecular solvent, can be termed a “stimulus responsive ionogel”. Several 

examples of this class of material based on different modes of actuation have been reported 

recently.  Magnetic ionogels have been prepared by Xie et al.[26] by filling a poly(methyl-

methacrylate) network with a magnetic IL 1-butyl-3-methylimidazolium tetrachloroferrate (III) 

or [Bmim][FeCl4]. A different approach to prepare magnetic ionogels with magnetic particles 

copolymerised into the polymer structure is presented in Chapter 4. Photoresponsive ionogels 

have also been synthesised by Benito-Lopez et al.[76]. In this example, a spiropyran 

comonomer provides the pNIPAM network with photo actuating properties. The gel 

incorporates ILs based on trihexyl-tetradecyl-phosphonium cation. 

 

Ionogels containing pendant azobenzene and based on poly(benzylmethacrylate)  and 

imidazolium IL [C2mim][NTf2] were reported by Ueki et al. [35] These materials shrank and 

expanded when exposed to light due to the well-known cis/trans-azobenzene photo-induced 

switching behaviour. The actuation appeared to be related to the presence of LCST behaviour in 

the ionogel polymer (Figure 1-8). 
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Figure 1-8. Photoinduced volume phase transition of poly(azobenzenemethacrylate-co-
benzenemethacrylate) gel in [C2mim][NTf 2] at 83 ˚C. The plots show a change in swelling ratios 
under visible light (437 nm) irradiation and UV light (366 nm) irradiation.[35] 
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Abstract 

New generations of chemical sensors require both innovative (evolutionary) engineering 

concepts and (revolutionary) breakthroughs in fundamental materials chemistry, such as the 

emergence of new types of stimuli responsive materials. Intensive research in those fields in 

recent years have brought interesting new concepts and designs for microfluidic flow control 

and sample handling that integrate high quality engineering with new materials.  In this paper 

we review recent developments in this fascinating area of science, with particular emphasis on 

photoswitchable soft actuators and their incorporation into fluidic devices that are increasingly 

biomimetic in nature. 

 

Keywords: stimuli responsive materials, microfluidics, flow handling 
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2.1 Introduction 
 

In a utopian future, water quality will be monitored through large numbers of densely deployed 

sensors that are capable of detecting key quality parameters with exquisite selectivity and 

sensitivity, and of functioning reliably in an autonomous manner for long periods of time 

(years).  The information generated by these sensor networks will be analysed and filtered, and 

key events flagged in real time to key stakeholders (agency enforcement officers, water 

treatment specialists, and the general public).  However, in reality, issues like biofouling and 

surface degradation mean that sensor characteristics change rapidly in real samples, and 

consequently, chemical sensors must be regularly recalibrated to ensure the information they 

send is reliable.  This results in complex and very costly devices that must integrate fluidics, 

standards, and waste storage, as well as sampling and analytical procedures.  Consequently, 

monitoring programmes are dominated by manual grab sampling at a relatively small number of 

locations, with a frequency often restricted to 3 or 4 times per year.  Scale up in terms of 

sampling frequency and number of locations is dictated by cost, and therefore the key to 

significant movement towards the utopian vision is to drive down the cost base of 

environmental monitoring. 

Analysis of the component cost base of autonomous analysers we have built (Gen11 and Gen2), 

together with a speculated cost analysis of a future platform based on fully integrated polymer 

actuator valves and pumps are presented in Figure 2-1.  These show clearly for Gen1 and Gen 2, 

that the single greatest contribution to the cost base is the fluidic handling category.  In the first 

generation (Gen1) design, this amounted to over 80% of the total cost of ca. €2,000, and while 

this dropped in the second generation design through good engineering and careful choice of 

components, it was still almost 2/3 of the total component cost of ca. €180. These are accurate 

figures based on platforms that we are currently making. We have also made a ‘concept’ 

integrated analyser with integrated polymer actuator pumps and estimate the total cost to be in 

the region of €20-50 per unit, of which we estimate ca. 50% is costs related to fluid handling 

components. The figures here are more speculative, but there is no doubt that if the fluid 

handling components could be fully integrated into the fluidic system, for example using highly 

automated in-situ photopolymerisation of the key liquid handling components, the unit cost 

would be considerably lower. Furthermore, if the control stimulus for valve actuation/fluidic 

control does not require physical contact (e.g. light, heat, magnetism..) then manufacturing 

would be further simplified, as the fluid handling layer could be produced as an entirely stand-

alone unit. Therefore in this contribution, we will review strategies for making and integrating 

                                                 
1 These are 1st and 2nd Generation versions of fluidic based colorimetric chemical analysers targeting analytes such as 

phosphate, nitrate, pH, COD etc. 
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polymer actuators in microfluidic systems, and speculate on how the field may progress over the 

coming years. 

 

 

Figure 2-1. Analysis of component costs (€) for first generation (Gen1), second generation (Gen2) 
and future ‘concept’ analyser.  Total component cost by category (top) drops from ca. €2,000, to 
under €200, to ca. €20 per unit, respectively. 
 

 

2.2 Polymer actuator valves in microfluidic systems 
 
Valves are one of the most important components within microfluidic systems, since they 

provide directional control of flow and facilitate essential actions, such as sample/standard 

selection and addition of reagents. Some key requirements of an ideal microvalve are; 

− Zero flow resistance in the open position;  

− Zero leakage in the closed position;  

− Infinite tolerance to high pressure in the closed position; 

− Instant response to switching between the open and closed positions  

− Simple routes to fabrication and integration in-situ within the microfluidic system 

− Prepared from readily available and processable materials.  
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Many different types of microvalves have been demonstrated, and while none of these can be 

described as totally satisfactory, they do present significant advances in the realisation of some 

of these ideal characteristics.[1] In most conventional systems a diaphragm is coupled to an 

actuator, powered from an external source, which deflects the diaphragm via a magnetic field, 

high voltage or heating. 

 

 

2.2.1 Magnetically actuated valves 
 
Flow regulation in microfluidic devices by magnetic forces has many advantages, such as 

capability of generating large angular displacement as well as possibility of using very strong 

magnetic force to drive actuation. Satarkar and co-workers developed the nanocomposite 

hydrogel valve, in which magnetic nanoparticles were dispersed in temperature-responsive N-

isopropylacrylamide (NIPAAm) polymer matrix[2] (Figure 2-2). The swelling and collapse of 

the hydrogel nanocomposite can be remotely controlled by application of an alternating 

magnetic field (AMF) at a frequency 293 kHz. The disadvantage of this hydrogel microvalve is 

that its response as reported is sluggish, but this can be improved by moving to smaller valve 

dimensions, as gel processes are typically diffusion driven, and smaller feature sizes reduce the 

diffusion pathlength. Similar oscillating magnetic field actuated valves were prepared by Ghosh 

et al.[3] 

 
Figure 2-2. Scheme presenting the hydrogel nanocomposite valves performance with an AMF. The 
application of the AMF results in the collapse of the hydrogel, leading to the opening of the valve. 
Source: Reproduced from Satarkar et al. (2009) by permission of The Royal Society of Chemistry. 
AMF: alternating magnetic field; LCST: lower critic al solution temperature. 
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2.2.2 Pneumatic valves 
 
Pneumatic microvalves represent another type of fluid handling, however, they require external 

laboratory infrastructure – gas cylinders, computers, ground electricity, for their operation 

which makes it difficult to incorporate them into autonomous monitoring instruments. The 

development of PMMA/PDMS pneumatic valves and pumps for disposable microfluidics was 

reported by Zhang et. al.[4]. Pneumatic microstructures were fabricated by sandwiching a 

PDMS membrane between PMMA fluidic channel and manifold wafers, as in Figure 2-3. Valve 

control was obtained by applying pressure on the pneumatic layer sited in a displacement 

chamber using a computer regulated solenoid. Apart from providing fluid pressure up to 15.4 

mL/s at 60 kPa, the valve seals reliably against forward fluid pressures as high as 60 kPa.  A 

PMMA diaphragm pump was presented based by connecting three valves in series. 

Simultaneously, the fluid flow rate could be accurately controlled from nL to mL per second, 

simply by changing the valve actuation time, the displacement chamber volume, and the applied 

pressure. Go and Shoji presented a three-dimensional in-plane hemisphere PDMS microvalve 

without dead volume and leakage flow.[5] A closing time of 0.1 s and an opening time of 0.5 s 

were obtained by applying a pneumatic pressure of 10 kPa to the PDMS membrane. Even 

though a faster response for closing was possible, it took a longer time to release the membrane 

for opening. 

 

Figure 2-3. (a) Cross-sectional views of a three-layer monolithic PMMA/PDMS membrane valve 
and (b) exploded and assembled illustrations of a single PMMA/PDMS membrane valve. (i) PMMA 
pneumatic wafer, (ii) displacement chamber, (iii) PDMS membrane, (iv) PMMA fluidic wafer, (v) 
pneumatic channel and (vi) fluidic channel. Source: Reproduced from Zhang et al. (2009) by 
permission of The Royal Society of Chemistry. PMMA: poly(methyl methacrylate); PDMS: 
polydimethylsiloxane. 
 

 

2.2.3 Electrothermal valves 
 
In contrast to many other technologies, electrothermally actuated phase change microvalves 

developed by Kaigala et. al. can be readily scalable to smaller dimensions, allowing the 

fabrication of a portable and inexpensive genetic analysis platform.[6] This easily integrated, 
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reusable microvalve technology that can be easily incorporated within standard lab on a chip 

(LOC) technologies is based on the polyethylene glycol polymer (PEG) that exhibits a large 

volumetric change between its solid and liquid phases. The volumetric expansion, thermally 

controlled by applying thin film resistive elements that are patterned with standard 

microfabrication techniques, switches a flexible PDMS membrane between opened or closed 

state between two discontinuous channels (Figure 2-4). The switching time for opening/closing, 

was on the order of minutes, and the microvalve was reported to be leakage-free to a pressure of 

30 psi at a temperature of 50 ˚C in the PEG reservoir. Selvaganapathy et. al. realized normally 

open electrothermally actuated inline microvalve for liquid regulation[7]. The actuation 

mechanism was based on a thermally activated phase change in the Paraffin layer resulting in a 

high volumetric expansion. The microvalve was surface micromachined on top of preformed 

flexible microfluidic channels using a low temperature fabrication process. As the Paraffin was 

heated beyond its melting point using the microheaters underneath them, it undergoes a volume 

expansion, which deflects the flexible diaphragm of the piston, closing the microchannel 

beneath it. Actuation was achieved at power as low as 35 mW with the response times of 15 ms. 

Similar valves opened by melting a polymer with heat provided from a laser were demonstrated 

by Garcia-Cordero et al.[8] These valves were fully integrated into a microfluidic platform and 

are characterised by very low cost. The disadvantage is that they can be used only once. 

 

Figure 2-4. (a and b) Cross-sectional and (c) top views of the microvalve structure. The features in 
the control layer are 70 mm deep while those in the fluidic layer are 90 mm deep. (a) Open state of 
valve and (b) closed state of valve. Source: Reproduced from Kaigala et al. (2008) by permission of 
The Royal Society of Chemistry. 
 

 

2.2.4 Soft polymer valves 
 
Most conventional microvalves coupled to piezoelectric, thermopneumatic, electrostatic or 

electromagnetic actuators require high power consumption, which is highly unfavourable for 

autonomously deployed instruments.  Soft polymer actuators offer an alternative approach that 

is more biomimetic in nature, and in principle can require relatively low energy for actuation. 

For example, hydrogels swell and contract significantly due to water movement into/out of the 
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gel. These volume changes are associated with phase transition behaviour triggered by small 

alterations of certain external stimuli. These materials can respond to a variety of external 

stimuli, such as pH, temperature, or light.  Among these hydrogels, pH responsive materials 

have been the focus of particular attention. By converting chemical energy into mechanical 

work, pH sensitive hydrogels can exhibit both sensing and actuating functions simultaneously. 

For example, for the pH-sensitive hydrogel poly(2-hydroxyethyl methylacrylate-co-acrylic acid) 

or poly(HEMA-co-AA), the movement of water is initiated by the ionization of the polymer 

backbone[9]. Beebe et. al. reported a channel with two strips of poly(HEMA-co-AA) deposited 

along the walls using the laminar flow characteristics to enable polymer precursors to be 

restricted only to the channel wall region (Figure 2-5)[10]. Under conditions of high pH, 

swelling of the hydrogel structures occurred and blocked the channel. As the pH in the sensing 

channel was changed from 11 to 2, the hydrogel contracted to open the flow in the adjacent 

channel. Although swelling and shrinkage of the hydrogel in response to pH change are 

reversible and repeatable, reopening of the channel from the closed state (at which point the 

hydrogel is fully expanded) may limit the use of this design in some applications.  In general it 

is found that the dynamics of reswelling in hydrogels are much slower than contraction, due to 

the inherent asymmetry of diffusion in these materials.[11, 12] 

 

Figure 2-5 (a) Prefabricated posts in a microchannel serve as supports for hydrogel films, 
improving stability during volume changes: (i) a diagram of the hydrogel films around the posts, 
(ii) the actual device after polymerisation of the hydrogel, (iii) the hydrogel films block the side 
channel branch in their expanded state and (iv) the contracted hydrogels allow fluid to flow down 
the side branch. (b) The volume response of two different hydrogels with respect to the pH of the 
surrounding fluid. Top, the fractional change in diameter (fD) of the hydrogels with respect to pH. 
Bottom, images showing a device that directs a fluid stream on the basis of its pH. The hydrogel 
gating the right branch (circles) expands in base and contracts in acid. The hydrogel gating the left 
branch (squares) behaves in the opposite manner (expands in acid and contracts in base). The fluid 
enters from the centre channel at a rate of 0.05 mL min21. At a pH of 7.8, the flow is directed down 
the left branch. At a pH of 4.7, the flow is directed down the right branch. Both hydrogels expand 
to shut off the flow when the pH is changed to 6.7. Scale bars, 300 mm. Source: Reprinted with 
permission from Beebe et al. (2000). Copyright  2000 Nature. 
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Since diffusion is the rate-limiting factor governing the swelling process of hydrogels, the 

response time can be improved by reducing the size of hydrogel microstructures. In order to 

fabricate stable hydrogel actuators with fast response times, hydrogel films were 

photopolymerized using a photomask around prefabricated posts (Figure 2-5a) [10]. At pH 11, 

the films expanded, closing the channel, whereas flushing the channel with solution at pH 2 

resulted in the valves opening, with response time of 12 s.  Based on the valve mechanism 

described above, a pH-dependent flow sorter was also demonstrated (Figure 2-5b)[10].  The 

entrance to each branch of ‘T’ channel was gated with hydrogel microstructure that expanded in 

one branch of the channels at high pH and contracts in low pH, whereas a hydrogel of different 

composition in another branch exhibited an inverse behaviour. In this way, the microfluidic 

device directed the flow to the appropriate branch, depending on the pH of the solution. 

 

Figure 2-6. Fabrication and operation of a biomimetic valve based on a bistrip hydrogel. (a) Bistrip 
hydrogel is patterned by simultaneous photopolymerisation. (b) The anchor of the valve is formed 
using a non-responsive hydrogel. (c) When exposed to basic solution, the bistrip hydrogels expand 
and curve to form a normally closed valve. (d) The bistrip valve is pushed open to allow the flow in 
one direction (from left to right). (e) The flow is restricted in the opposite direction. (f) When 
exposed to acidic solutions, the valve is deactivated, returning to the permanently open state. Scale 
bars represent 500 mm. Source: Reproduced from Yu et al. (2001). Copyright American Institute of 
Physics 
 

Yu et. al. [13] presented a biomimetic bistrip valve capable of directional flow control in 

response to changes in the local fluid environment[14]. The valve structure is similar to the 

venous valve, consisting of a pair of pH sensitive poly(HEMA-co-AA) hydrogel strips 

overlapped by the pair of pH-insensitive strips (Figure 2-6). When exposed to high pH, 

dissimilar expansion to adjacent hydrogel strips caused the valve to bend during swelling, thus 

forming a normally closed check valve allowing only forward flow of pressure above the 

threshold value. If low pH solution enters the channel, the pH sensitive strips shrink, allowing 

both forward and backward flow. In comparison to traditional microfluidic valves where 

actuation occurs very rapidly, here the activation and deactivation times are quite slow, at 6 and 

3 minutes respectively. However, this slow operating valve can be successfully applied in drug 

delivery and bioassay devices, where timescales for events can be of the order of hours. 
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However, in order to handle biological cells and proteins, manipulation of fluids with neutral 

pH is desired. In order to minimize the complexity of fully polymeric integrated fluidic circuits 

(IFC), all electronically controllable components should ideally be made with one type of 

hydrogel. This can be achieved with poly(N-isopropylacrylamide) (PNIPAAm), one of the best-

known temperature-sensitive multifunctional hydrogels. At a temperature above the lower 

critical solution temperature (LCST) of 32 oC PNIPAAm chains undergo rapid and reversible 

entropy driven phase transition from extended hydrated coils to collapsed hydrophobic globules 

that precipitate in water.[15, 16] The temperature-sensitive PNIPAAm hydrogel, which is 

typically controlled by electronic heating elements, has been used widely for fabrication of not 

only the standard elements of liquid handling, such as microvalves [17-19] and micropumps 

[20], but also specific active components such as chemostat valves  and chemical sensors [21]. 

Although robust valves with fast response to external stimuli and successful performance of 

repeated “open-close” cycles have been reported , their transition temperature (slightly above 30 
o C causes shrinkage and valve opening) is too low for some applications, such as on-chip PCR, 

for which the valves must remain closed at much higher temperatures. Frechet et. al. realized 

thermally actuated valves by crosslinking NIPAAm with N-ethylacrylamide (NEAAm), for 

which the LCST can be adjusted within a wide temperature range to meet the specific 

requirements of some applications[22]. In order to avoid valve displacement during operation, 

the microchannels were vinylized to enable covalent attachment of the photopolymerized gels. 

As a result, a 5 mm long poly(NIPAAm-co-NEAAm) (1:1 molar ratio) valve holds pressure up 

to 18 MPa without noticeable dislocation, leakage or structural damage in closed mode. 

Although the authors demonstrated the versatility of the valve and its ability to perform well 

under conditions typical of numerous microfluidic processes, displaying actuation times in the 

range of 1-4 s, there is still the need for thermoelectrical elements to implement temperature 

control.  What is more, application of heat induced phase transition is not suitable for samples 

containing heat sensitive materials, such as protein and cells. 

 

 

2.3 Micropumps in fluidic systems 
 
In contrary to widely researched and tested microvalves, there is not much interest in hydrogel-

based electronically controllable micropumps. Richter et. al.[20] presented diffusion 

micropump (Figure 2-7a), which peristaltic operation provides a continuous and relatively 

homogeneous pumping. The flow rate obtained for this device is 2.8 ± 0.35 µl min-1, with the 

maximum flow rate of pumping stroke determined by the shrinking kinetics of the hydrogel. 

This process is strongly dependent on the heating power of the heating meanders in addition to 

the properties of the elastic PDMS membrane. The higher the pressure of the membrane 
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(directly proportional to its increasing thickness), the faster actuator shrinks.  On the other hand, 

the increase of membrane thickness significantly influences the reload time of the pump and 

decreases the maximum swelling volume of hydrogel.  

 

Figure 2-7. (a) Schematic set-up and operating principle of diffusion micropump and (b) 
displacement micropump. Source: Reproduced from Richter et al. (2009) by permission of The 
Royal Society of Chemistry. 
 
However, this kind of micropump is unsuitable for some applications. For example, some 

solvents can destroy the hydrogel structure, particles cannot pass the actuation chamber, since 

the monolithic PNIPAAm actuator is placed directly in the pump chamber, or the pumping 

pressure can be not sufficient enough. Another pump described by this group based on 

displacement (Figure 2-7b), provides higher performance (flow rate of 4.5 ul min-1 and a back 

pressure of 1.28 kPa) based on a hydrogel actuator separated from the process medium by a 

movable membrane. Inexpensive design, simple control and soft lithographic fabrication makes 

these hydrogel pumps a significant advance towards the realisation of disposable microfluidic 

components.  

 

 

2.4 Photoswitchable polymer actuators 
 
In recent years, the range of applications for lab-on-a-chip systems has significantly increased 

due to several promising aspects, such as smaller sample and reagent volume consumption and 

less wastage produced, which is cost-effective and environmental friendly. Since it is possible to 

place many microfluidic architectures in a relatively small area, it enables complex sample 

processing operations with rapid analysis times to be performed, due to the large increase in the 

surface area to volume ratio associated with reduction in dimensions.  Because of the numerous 

advantages offered by the microscaled channels, the concept of microfluidic “lab on a chip” has 

triggered significant effort in development of materials and their employment in miniaturized 
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devices. In particular, switchable materials offer intriguing possibilities and the potential to 

integrate sophisticated functions in a simple overall design. Because of their relative ease of 

fabrication and simple control, stimuli responsive materials integrated with microfluidic 

manifolds could significantly advance the development of fully integrated microfluidic systems. 

Smart engineering of analytical fluidic devices can generate improvements up to a limit, beyond 

which new, robust and smart materials are needed for further progress.[23] One of the most 

attractive strategies to implement fluid manipulation on integrated microfluidic platforms is 

light irradiation, which allows not only for non-contact operation but also independent and 

remote manipulation of multiple fluids. Photoresponsive polymer materials have been studied 

by many research groups, and many polymers and polymer gels functionalized with azobenzene 

[24-26], leukochromophore [23, 24], and spirobenzopyran [25, 26] have been examined. Valves 

can be controlled with IR[27], blue [28, 29] or white [30, 31] light.   

 

 

2.4.1 IR-responsive materials 
 
The performance of microvalves based on the volumetric change due to infrared (IR) light 

illumination was reported by Lo et. al.[27] They presented an IR-light responsive hydrogel 

based on thermo-responsive pNIPAAm hydrogels incorporating glycidyl methacrylate 

functionalized graphene-oxide (GO–GMA). The valve operates in two states – closed, adopted 

when the IR source is turned off, and opened, adopted when the IR source is turned on, due to 

absorbance of the IR light by the GO–GMA sheets, which triggers the hydrogel to contract, 

allowing for fluidic flow. The performance of the hydrogel microvalve is shown in Figure 2-8. 

When the infrared light is switched off, the heat is dissipated to the surrounding environment, 

and the hydrogel absorbs water, expanding its volume and blocking the microchannel again. 

 

Figure 2-8. A microvalve made of GO–GMA IR-responsive hydrogel. Top views of the microvalve 
are on the left. Respective images taken under a microscope are on the right. (a) GO–GMA 
hydrogel microvalve before actuated by IR irradiation (OFF state) and (b) after exposure to IR 
light (ON state). Source: Reproduced from Lo et al. (2011) by permission of The Royal Society of 
Chemistry. IR: infrared; GO–GMA: glycidyl methacryl ate functionalised graphene-oxide. 
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2.4.2 Spiropyran-based photocontrolled soft actuators. 
 
One of the first reports of a spiropyran monomer copolymerised with vinyl monomers to obtain 

a photoresponsive polymer was published by Smets[32] et. al. in 1978. The author synthesised a 

crosslinker consisting of two connected spiropyran molecules each having one vinyl group 

attached. They showed that the spiropyran-crosslinked poly-bisphenol-A-pimelate or 

polyethyleneglycol tere/isophthalate rubbers contracted as the sample is irradiated with light, 

and the spiropyran opened into a merocyanine form. Furthermore, they showed that the opening 

of the spiropyran and consequential colour change was not directly linked with the polymer 

contraction. Figure 2-9 shows that when the samples are exposed to light in the range 290 nm < 

λ < 400 nm the polymer does not contract significantly, but colouration appears. Illuminating 

the sample with the light above 472 nm wavelength produces a rapid contraction reaching a 

maximum when the light wavelength matches the merocyanine absorption wavelength. 

 

Figure 2-9. Left: Colouration/contraction of spiropyran cross-linked rubbers under UV and visible 
light illumination. Right: Contraction (—) and absorption (…) spectra of photochromic rubbers. 
Source: Reprinted from Smets et al. (1978). Copyright  1978 IUPAC. UV: ultraviolet. 
 

Therefore, the authors claimed that[32]: 

− The irradiation wavelength dependence of the contraction corresponds closely with the 

absorption spectrum of the merocyanine. 

− The rates of ring opening/closure in the spiropyran ↔ merocyanine equilibrium do not 

control the rates of dilatation/contraction. The contribution of ring opening/closure is of 

secondary importance, except for the initial formation of the merocyanine. 

− The isomerisation between different open merocyanine forms forces conformation 

changes in the neighbouring polymer units and this results in shrinkage 



 34 

Another report from the same group claimed that the viscosity of solutions of 

poly(methylmethacrylate-co-1,3,3-trimethylindolino-6'-nitro-

8'(methacryloxy)methyl]spirobenzopyran) can also be altered with light irradiation λ > 310 

nm.[33] This is ascribed to the polar neighbouring methacrylate groups solvating the polar 

merocyanine form of the photochrome co-monomer. This effect decreases as the solvent 

polarity is increased and disappears in dichloromethane.  

In more recent work, on spiropyran (1 mol %) copolymers of pNIPAM, by Sumaru[34] et al 

presented an actuation mechanism based on the lower critical solubility temperature (LCST) of 

poly(N-isopropylacrylamide)[16] and the fact that it changes depending on the chromophore 

state. Figure 2-10 shows the copolymer used in this study, and the effect of switching. When the 

copolymer is immersed in an acidic (0.26 mM HCl) solution the spiropyran part of the polymer 

changes to the open merocyanine form, and becomes protonated. When this polymer is 

irradiated with light at 422 nm, which matches the absorbance of the protonated merocyanine 

form, the polymer chains collapse and the proton is released. A correlated change in both 

absorbance at 422 nm and ionic conductivity is observed. 

 

Figure 2-10. Chemical structure of poly(spiropyran-co-NIPAAm) (pSPNIPAAm) and 
characteristics of its components: pNIPAAm main chain and spirobenzopyran side chain. Source: 
Reprinted with permission from Sumaru et al. (2004). Copyright 2004 American Chemical Society. 
pNIPAAm: poly( N-isopropylacrylamide). 
 
In a parallel publication Sumaru[35] investigated this system further. Solutions of pNIPAM-co-

acrylated spiropyran were analysed at acidic, basic and neutral pH with respect to the 

temperature and light induced precipitation of the polymer. The following observations were 

reported:  

− The protonated merocyanine (MC-H+) pNIPAM copolymer absorbs at 422 nm. The 

uncharged merocyanine copolymer absorbs strongly at 530 nm and weakly around 

370nm.  

− Without light irradiation the acidified pNIPAM solution becomes turbid around 32 ˚C 

however the turbidity increase is not significant due to the remaining protonated MC-H+ 

chromophores that stabilise the polymer 
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− With light irradiation at 422 nm (absorption band of MC-H+) the acidified polymer 

solution becomes turbid at 29 ˚C and increases with increasing temperature. Also the 

absorption intensity at 422 nm is decreasing as the merocyanine chromophore reverts to 

the spiropyran form 

− A significant turbidity increase is also observed when the same sample is kept at 31.5 

˚C in the dark and then irradiated with 422 nm light 

− Little precipitation is observed when the pNIPAM solutions are neutral or basic due to 

the fact that at these conditions the chromophore is mostly in the spiropyran (SP) form 

These results suggest that the status of the SP⇔MC equilibrium in the copolymer chain, which 

is controlled by light irradiation, changes the hydrophobic-hydrophilic character of the whole 

polymer, leading to changes in the LCST. The system works best in acidic pH because under 

these conditions, the equilibrium predominantly favours the formation of MC. Based on this 

work of Sumaru, it seems that the LCST is lowered as the equilibrium shifts towards the closed-

hydrophobic SP form. This implies that the hydrophilic merocyanine form raises the entire 

copolymer’s LCST.  However, it should be noted that the opposite effect  has been reported by 

Ivanov et al.[36] In this case, a 10 ˚C downward swift of the LCST was reported when the 

sample was irradiated with UV light in deionised water, and the merocyanine absorption at 450 

nm became apparent. However, Ivanov used a spiropyran molecule functionalised with a 

methacryloyl group through the indoline nitrogen linker, in contrast with Sumaru, who acrylated 

the spiropyran through the 6-hydroxybensopyran group. 

Important claims in Sumaru’s papers[37, 38, 40] are as follows:  

− No protonation at the tertiary amine of spirobenzopyrans with electron-withdrawing 

substituents in the closed-ring form was detectable by NMR even at acidic 

conditions.[34] 

− The open merocyanine form of the chromophore used by Sumaru has a pKa ≈ 6-7 and is 

not strong enough base to remove protons from water molecules[35] 

Aditionally, Krüger et al[37] shows that the LCST can be shifted as much as by 20 ˚C in 

acrylamide copolymerised with monomers containing azobenzenes.[37] Here, a similar 

explanation for the phenomena seen by Sumaru[37, 38] is also suggested. 

To optimise the actuation of spiropyran functionalised pNIPAM polymers one needs to consider 

not only changes happening at the chromophore modified units, but also the contraction and 

swelling processes throughout the entire pNIPAM polmer. It is well known that pNIPAM 

collapses from an expanded coil to a compact globule form when heated above ~ 32 ˚C and the 

opposite happens when cooled down. Wang[11] et al showed that there is a particle diameter-

temperature hysteresis when pNIPAM is precipitated and left to reswell (Figure 2-11). 
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Figure 2-11. Temperature dependence of the average hydrodynamic radius (Rh) of the pNIPAAm 
chains in the coil-to-globule (heating) and the globule-to-coil (cooling) transitions, respectively. 
Source: Reprinted with permission from Wang (1998). Copyright 1998 American Chemical Society. 
pNIPAAm: poly( N-isopropylacrylamide). 
 

The authors claim that the pNIPAM chains collapse above the LCST and form intrachain 

hydrogen bonds that make the resulting globule difficult to dissolve once the temperature 

decreases.[11] Moreover, according to Sun[12] et al., during heating the backbone chains 

collapse first, the side isopropyl groups react next and then water is expelled last. On the other 

hand, during cooling the globule swells once water becomes again a sufficiently good solvent 

for the polymer chains and diffuses in between the collapsed pNIPAM chains. After the water 

has diffused into the polymer network the intrachain hydrogen bonds break and the side chains 

reswell first and then the backbone follows.[11, 12] 

 

Figure 2-12. Reswelling kinetics of macroporous and conventional pNIPAAm hydrogels. NHV-50 
cellulose modified macroporous hydrogel, NV-50 macroporous hydrogel and N 22 standard 
hydrogel. Source: Reprinted with permission from Wu et al. (1992). Copyright 2003 Wiley. 
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On a macroscopic scale, one way to increase the speed of reswelling of pNIPAM hydrogels is to 

modify the morphology of the bulk material and increase the polymer surface area in contact 

with water. An effective way of using the inherent LCST pNIPAM property to make 

macroporous hydrogels was developed by Wu et al. [41] In this work the NIPAM is 

polymerised and crosslinked above its LCST with and without hydroxypropyl cellulose. As a 

result NIPAM polymerised in its precipitated state and a porous network was formed in which 

swelling/deswelling ratio and rates were significantly higher than for the conventional hydrogel. 

The cellulose additive improved the gel performance even further (Figure 2-12). 

Although all those approaches improve the characteristics of pNIPAM-spiropyran system little 

has been done to optimise the fundamental phenomenon at the very core of the actuation 

process. Satoh et al.[38] prepared spiropyran monomers with different electron donating and 

electron withdrawing groups and demonstrated that the spiropyran opening in HCl can be 

drastically improved by certain substituents on the pyran-benzene ring (Figure 2-13).  

 

Figure 2-13. Left: Time course of the absorbance of the MC-H+ in polymers 6a–6e after stopping 
the light irradiation. The measurements were performed in 2 mM HCl at 25 ˚C. The values of the 
absorbance before the light irradiation were normalised to be 1.0 for comparison. Right: 
Substituents for different chromophore monomers prepared (a–e). Source: Reproduced from Satoh 
et al. (2011) by permission of the PCCP Owner Societies. MC-H +: protonated merocyanine. 
 
With this approach it was demonstrated that pNIPAM-spiropyran hydrogels can collapse and 

reswell within 15 min.[39] However, the authors themselves admit that the “fastest” hydrogels 

did not return to the original size. This was ascribed to photo-induced decomposition of the 

polymer.  As for other systems mentioned above, the LCST driven collapse of the gel is rather 

fast but the reswelling of the gel is comparatively slow and problematic.[28] This is because the 

actuation of the pNIPAM-spiropyran gel is a two-step process. For the shrinking the protonated 

merocyanine has to be first isomerised to the hydrophobic SP form. This increase in the 

hydrophobicity of the chain induces its collapse and water ejection.[28, 35] The reverse process 

is more difficult as after conversion of SP to the charged MC form, protonation occurs followed 
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by diffusion of water into the collapsed polymer globules before the chains can reorder and 

swell.[11, 12] A manifold with microvalves made from such material was demonstrated by 

Sagiura et al (Figure 2-14).[28] The maximum pressure the pSPNIPAAm gel microvalves could 

withstand was determined to be 30 ± 6.6 kPa.  At pressures in excess of this, the gels deformed 

and leakage occurred.  

 

Figure 2-14. (a) Independent control of multiple poly(spiropyran-co-NIPAAm) (pSPNIPAAm) gel 
microvalves by means of local light irradiation: (i) a solution containing blue dye was introduced 
into the main microchannel; (ii) blue light was locally irradiated to the right-side poly(spiropyran-
co-NIPAAm) (pSPNIPAAm) gel microvalve; (iii) the right-side microvalve was opened after 18 s of 
blue light irradiation; (iv) blue light was locally  irradiated to the centre microvalve; (v) the centre 
microvalve was opened after 30 s of blue light irradiation; (vi) blue light was locally irradiated to 
the left-side microvalve; (vii) the left-side microvalve was opened after 24 s of blue light irradiation 
and (viii) after light irradiation, the chambers were filled with the blue dye solution (for 
interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of the article). (b) Simultaneous control of multiple poly(spiropyran-co-NIPAAm) 
(pSPNIPAAm) gel microvalves by means of temperature change: (i) a solution containing blue dye 
was introduced into the main microchannel at 23 ˚C, (ii) temperature was raised by dipping the 
microchip into hot water. All of the microvalves were opened within 5 s after temperature rise to 46 
˚C and (iii) 10 s after temperature rise. Source: Reprinted with permission from Sugiura et al. 
(2007). Copyright  2007 Elsevier. 
 

A similar approach was presented by Benito-Lopez et al.[30, 31]. However, in this case, an 

ionic liquid (IL) was incorporated within a poly(N-isopropylacrylamide) polymer matrix 

copolymerised with acrylated benzospiropyran. Using various IL components within the gels 

allows the kinetics of valve actuation to be controlled, and the IL mediates the rate of 

protonation/deprotonation and movement of counterions and solvent (water). Different ionogels 

were photo-polymerised in situ in the channels of a poly(methyl methacrylate) (PMMA) 

microfluidic platform. After immersion for 2 h in 0.1 mM HCl aqueous solution, in which the 

ionogel exhibits a rapid swelling effect due to protonation of the polymer backbone, the rate of 
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photo-induced shrinking due to dehydration of the ionogel was measured. The required light 

intensity is so low that low cost LEDs can be employed for successful valve actuation. Results 

showed that trihexyl-tetradecylphosphonium dicyanamide based ionogel produced the fastest 

valve-opening kinetics, opening 4s after light irradiation (Figure 2-15). Although it is possible 

to reuse the valves several times, the time to re-close the ionogel valve is relatively long (ca. 30 

min) and requires re-immersion in an acidic solution.  

 

Figure 2-15. Performance of the ionogel microfluidic valves: (a) microvalves closed; the applied 
vacuum is unable to pull the dyes through the microchannels. (b) White light is applied for the time 
specified in each picture. (c) ‘no I.L.’ valve is first to actuate followed by ionogels incorporating 
dicyanamide [dca], (d) toluenesulfonate [tos], (e) dodecylbenzenesulphonate [dbsa], (f) 
bis(trifluoromethanesulfonyl)amide [NTf2], all valves are open. Numbers and arrows indicate when 
the channel is filled with the dye because of microvalve actuation. Source: Reproduced from 
Benito-Lopez et al. (2010) by permission of The Royal Society of Chemistry. LED: Light Emitting 
Diode. 
 

An innovative approach to microfluidics incorporating photoresponsive pSPNIMAAm 

hydrogels was described by Sugiura et. al[29] The group demonstrated on-demand formation of 

microchannels with arbitrary pathways using micropatterned light irradiation of (initially 

planar) hydrogel sheets. After light irradiation through an appropriately designed mask, a 

microchannel between adjacent inlet/outlet ports spontaneously formed under the irradiated 

area, allowing for fluid flow between a designated input and output and the channels rapidly 

became filled with reagent within a few minutes of illumination (Figure 2-16). The effect was 

repeated for several channel configurations – straight, bent or serpentine. What is more, the 

authors demonstrated independent and parallel flow control in a polydimethylsiloxane (PDMS) 

microchannel network by micropatterned light irradiation of photoresponsive microvalves 

prepared from the same 200 µm thick hydrogel sheet.  As a result of light irradiation, the gel in 

the irradiated area adjacent to the through-holes shrank, thus opening the valve within several 

minutes. 
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Figure 2-16. On-demand formation of microchannels with arbitrary pathways in the universal 
microfluidic system by micropatterned light irradia tion. White arrows indicate the flow direction 
of a fluorescently labelled latex bead suspension. (a) Microchannel formation by micropatterned 
light irradiation of the poly(spiropyran-co-NIPAAm)  (pSPNIPAAm) hydrogel sheet. (b) Latex bead 
suspension flow through the microchannel after irradiation. Flow of the coloured latex bead 
suspension from the inlet to the upperleft- side outlet is slightly visible. (c)–(h) Three consecutive 
sequences of micropatterned light irradiation and microchannel formation. Source: Reproduced 
from Sugiura et al. (2009) by permission of The Royal Society of Chemistry. 

 
 

2.4.3 Azobeznene based polymeric actuators 
 

Another interesting class of photoactuated materials is based on azobenzenes[40-44]. These 

molecules are in a trans configuration in the ground state but when irradiated with UV light they 

isomerise to the cis orientation.[40, 45] The structural reorganisation of the molecule and the 

attached chains can have a significant macroscopic effect on the host material.[40] This 

phenomenon was greatly enhanced by D. Broer’s group by incorporation of azobenzenes in 

liquid crystal structures.[46, 47] When the azobeznene molecule isomerises to the cis form 

under UV light there is an increase in disorder resulting in shrinkage along the direction of the 

liquid crystal structure and expansion in the perpendicular direction. When the white light is 

used the molecules and the polymer return to the initial state.[47] This shows a reversible and 

quick photoactuation of the polymeric material (Figure 2-17).  

The speed of actuation and strength of this material must be emphasised. The films reach 70 % 

of the maximum deformation within 7 seconds and take the same to return to the original shape 

while having over 1 GPa of elastic modulus. This material is therefore much suitable to generate 

mechanical work and displace fluids than considerably softer gels. Coupled with biomimetic 

approaches such as artificial cilia[46] these azobenzenes-ordered materials open new 

perspectives in microfluidic and lab-on-a-chip devices. The field of photomechanical actuators 

containing azobenzenes is covered in a review by Barrett et al.[40] 
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Figure 2-17. (a) Bending of films under UV light 0, 8, 16, 24 and 32 s of UV exposure, respectively. 
(b) Return of the film to the original shape under white light shown after 0, 4, 8, 12 and 20 s, 
respectively. The white bar corresponds to 5 mm in length. The UV intensity was roughly 10 
mW/cm2. Source: Reprinted with permission from Harris et al. (2005) by permission of The Royal 
Society of Chemistry. UV: Ultraviolet. 
 

Table 2-1. Approximate ranges for the characteristics of microvalves.  
 

Actuator type 
Energy 

requirement 

Applied 
Pressure 

(kPa) 

Actuation 
time 

Generated 
deflection or 

volume change 

Measured 
flow  

(µl min-1) 

References 

Pneumatic 0.04–0.5 W 20-230 <25 s 3.5 -150 µm 
3·103 - 
1·106 

[48-50] 

Magnetic gels 59.5 kA/m - <13 min - 0.2 - 100 [2, 48] 

Chemically 
responsive gels 

None - 
12 s – 30 

min <200 µm 10-150 [10, 52, 53] 

Thermoresponsive 
gels 

0.2-0.4 W - 1 - 9 s <30 % 1 - 50 [22, 54] 

Spiropyran based 
photoactive gels 

1-20 
mW/cm2 

3.4-69 30 s -1hr <60 % 30± 6.6 [32, 34, 56] 

Azobenzene 
based photoactive 

polymers 
10mW/cm2 - <15 s 

100 m-1 
(curvature[45]) - 

[45] 

  

 

2.5 Conclusions 
 
Table 2-1 summarises the features of the presented classes of actuators. There are many exciting 

developments happening in materials chemistry that one can only ‘touch the surface’ in a review 

paper of this type. The potential range of stimuli responsive materials is virtually unlimited, and 

this, coupled with new deposition techniques that offer unsurpassed control of feature offer a 

tremendously rich research landscape for science to explore. The potential benefits to society 

emerging from this research are truly enormous.  Perhaps the great issue of biofouling will 
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finally be put to rest, opening up new opportunities in long-term implantable chem/bio-sensors 

that can monitor, report, and ultimately control the levels of key biomarkers.  Similarly, reliable 

low cost sensors could open the way to environmental monitoring on a massive scale. Stimuli-

responsive polymers could form the basis of new generations of biomimetic sensing based on 

polymer pumps and valves incorporated in microfluidic platforms much more reminiscent of 

our own circulation systems.  The convergence of technologies that facilitate the control of 

micro/nano-structured surfaces coupled with these new materials is a powerful combination – 

materials chemistry now must be recognised as the core foundation underpinning these exciting 

possibilities. 
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Abstract 

N-isopropylacrylamide was photo-polymerised in a range of phosphonium based ionic liquids 

(ILs). The curing behaviour of polymer-IL solutions (linear pNIPAM) and ionogels (crosslinked 

pNIPAM) were studied using rheometry, differential scanning calorimetry and gel permeation 

chromatography. It was found that the IL not only influences the mechanical properties of the 

ionogel and the rate of polymerisation but also the lower critical solution temperature (LCST) of 

the resulting pNIPAM ionogels. Ionogels made in trihexyl-tetradecyl phosphonium 

dicyanamide show an order of magnitude smaller ratio of loss/storage moduli (mechanical tanδ) 

compared to that of trihexyl-tetradecyl phosphonium chloride while showing a twice higher UV 

polymerisation rate. These ionogels exhibit also different LCSTs with xP-Cl having the lowest 

(15.5 ˚C) and xPi-Tos displaying the highest at 32.2˚C. Finally, temperature ramp rheology 

scans of the water swollen ionogels showed that upon the LCST transition the moduli of the 

polymer network increases and this increase is more rapid in the P-DCA and P-Tos than in the 

other formulations. 

 

Keywords: ionic liquids; ionogels; NIPAM; viscoelastic properties 
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3.1 Introduction 
 

Poly(N-isopropylacrylamide), (pNIPAM) gels are widely used in microfluidic applications as 

flow controllers and actuators,[1-5] drug delivery systems and bioassays.[6-10] A particularly 

attractive feature of pNIPAM is its lower critical solution temperature (LCST), which is 

typically in the range of 30-35 oC.[10, 11] Below this temperature the polymer chains are 

solvated by water molecules while above this temperature, the LCST the polymer chains 

collapse and precipitate. A gel made out of this material will therefore expel water and shrink 

above the LCST or swell and expand below this transition temperature due to water uptake.[12] 

However, the dependency of this behaviour on water uptake and release is its greatest 

disadvantage, as evaporation leads to loss of its mechanical properties. Consequently, actuators 

based on these hydrogels must be kept in an aqueous environment in order to maintain their 

physical integrity.  Other solvents are therefore required to overcome this disadvantage.  Ionic 

liquids (ILs) are currently attracting considerable attention as potentially benign solvents for 

many areas of chemistry, as well as various electrochemical devices[13-20], including 

rechargeable lithium cells,[21, 22] solar cells,[23-25] actuators[26-28] and double layer 

capacitors (DLCs).[29-31] This interest in ILs can be attributed to the many favourable 

properties such as low volatility, electrochemical, thermal stability, and high ionic conductivity 

- all of which can be tailored through careful choice of cation and anion.[32, 33] Ionic liquids 

based on tetraalkylphosphonium cations have been demonstrated to exhibit greater thermal 

stability than their tetraalkylammonium based counterparts[34] and a range of phosphonium 

salts are commercially available in large quantities.[35] Reports of the utility of ionic liquids 

prepared from phosphonium cations with anions such as hexafluorophosphate ([PF6]
-), 

tetrafluroborate ([BF4])
- and bis(trifluoromethanesulfonimidate) ([NTf2]

-) have appeared in the 

literature.[36] Currently for applications in materials science, there is growing interest in 

‘ionogels’, i.e. polymers with ILs integrated such that they retain their specific properties within 

the polymer/gel environment. An excellent review by Bideau et. al.[37] discusses ionogels as a 

new class of hybrid materials, in which the properties of the IL are hybridized with those of 

various components, which may be organic (low molecular weight gelator[38], polymer[39]), 

inorganic (e.g. carbon nanotubes, silica)[40] or hybrid organic–inorganic (e.g. polymer and 

inorganic fillers).[41] 

One particular and useful application that would benefit from the afore-mentioned advantages of 

both poly(NIPAM) and ILs is the area of microfluidic valves.[42] Conventional microfluidic 

pNIPAM hydrogels are susceptible to drying and the choice of solvent for their synthesis is 

limited.[10] On the other hand, ILs offer properties that can be tailored by changing the 

anion/cation combinations.[43] They also exhibit negligible vapour pressure at room 

temperature, and when used in NIPAM microfluidic valves, these qualities of ILs result in a 
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very robust system.[8] For example NIPAM easily dissolves in a range of phosphonium based 

ILs and their negligible vapour pressure keeps the reaction volume constant during 

polymerisation. At the same time a gel made with these rather hydrophobic ILs can still swell 

with water producing a functioning microfluidic structure in which the hydrophobic IL is 

retained, which allows the material to maintain its IL-mediated properties. Therefore, the 

pNIPAM- phosphonium IL system is a very attractive platform for microfluidic flow control 

and stimulus responsive materials.[8, 44] 

We have published several papers on various phosphonium-based ILs, and their use in 

ionogels.[7, 8, 45-47] Some of these materials were used in microfluidic applications as valves 

and have been shown to open with white light irradiation when benzospiropyran (a photo-

responsive molecule) is copolymerised as pendant group in the poly(N-isopropylacrylamide) 

backbone. The gel valves exhibited different response times depending on the IL used for their 

preparation, which was explained in terms of solvation of the benzospiropyran by the ILs and 

their polarity[8]. However, during further investigation it was noticed that the mechanical 

strength of the ionogels and their UV curing rates were noticeably different depending on the IL 

used. Ueki et. al.[48, 49] reported that ILs can drastically influence polymer sol-gel transitions 

and LCST behaviour. Polymerisation kinetics have also been reported to depend strongly on the 

IL used as a solvent for polymerisation.[50, 51] Moreover, it is known that the gel swelling time 

and therefore the valve operation speed is proportional to the mechanical modulus of the gel 

network and the friction of the network with the internal liquid.[52] Therefore, more insight into 

the polymerisation properties of NIPAM-phosphonium IL system and mechanical/actuation 

characteristics of the resulting ionogels would be highly valuable in order to fully understand 

the behaviour of these perspective soft polymer actuators. 

This current study reports the differences in mechanical properties observed for pNIPAM 

polymers and gels prepared in a range of phosphonium based ILs together with the resulting 

differences in the LCST behaviour of the material. The majority of the ILs tested in this work 

correlate with the ones previously reported as light triggered ionogel valves[8]. The monomer-

IL mixtures have been tested for mechanical moduli in real time during the UV-initiated 

polymerisation process. The resulting pNIPAM polymers have been analysed with gel 

permeation chromatography (GPC). The photo-polymerisation process has also been 

investigated with differential scanning calorimetry (DSC). The observed differences in 

polymerisation rate, its impact on the mechanical properties and LCST behaviour are discussed. 
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3.2 Experimental 
 

3.2.1 Materials 
 

N-isopropylacrylamide 98% (NIPAM), N,N’-methylenebisacrylamide 99% (MBIS) and 

dimethoxyphenylacetophenone 98% (DMPA) were obtained from Sigma Aldrich, Ireland and 

used as received. trihexyl-tetradecylphosphonium chloride ([P6,6,6,14][Cl]), methyl-

triisobutylphosphonium tosylate ([P1,4,4,4][Tos]), Trihexyl-tetradecylphosphonium dicyanamide 

([P6,6,6,14][DCA]), trihexyl-tetradecylphosphonium toluenesulfonate ([P6,6,6,14][Tos]) and  

trihexyl-tetradecylphosphonium dodecylbenzenesulphonate [P6,6,6,14][dbsa] were supplied by 

Cytec® (Ontario Canada) and purified as described in Appendix A.  

Table 3-1 Abbreviations and compositions of samples used in this study 
 

Sample 

abbreviation 

IL 

(1.2 mL) 

NIPAM 

[mmol] 

MBIS 

[mmol] 

DMPA 

[mmol] 

P-Cl [P6,6,6,14][Cl] 3.53 - 0.07 

xP-Cl [P6,6,6,14][Cl] 3.53 0.18 0.07 

P-DCA [P6,6,6,14][DCA] 3.53 - 0.07 

xP-DCA [P6,6,6,14][DCA] 3.53 0.18 0.07 

P-NTf2 [P6,6,6,14][NTf 2] 3.53 - 0.07 

P-Tos [P6,6,6,14][Tos] 3.53 - 0.07 

xP-Tos [P6,6,6,14][Tos] 3.53 0.18 0.07 

Pi-Tos [P1,4,4,4][Tos] 3.53 - 0.07 

xPi-Tos [P1,4,4,4][Tos] 3.53 0.18 0.07 

P-dbsa [P6,6,6,14][dbsa] 3.53 - 0.07 

xP-dbsa [P6,6,6,14][dbsa] 3.53 0.18 0.07 

     

 

3.2.2 Sample preparation 
 

pNIPAM ionogels were prepared by mixing 400 mg of NIPAM (3.53 mmol) with 5 mol % 

MBIS, 2 mol % DMPA and 1.2 mL of the IL (crosslinked samples). The MBIS is not added in 

the non-crosslinked samples. The mixture was heated to 50 ˚C and sonicated for 5 min until a 

transparent solution was observed. Found in Table 3-1 is a list of abbreviations and 

compositions of the mixtures studied. The chemical structures of the ILs used are shown in 

Scheme 3-1. xP-Cl, xP-DCA, xP-Tos, xPi-Tos, xP-dbsa were also placed on Teflon moulds and 

polymerised for 60 min with a 30 Watt, 365 nm Blacklite UV lamp placed 20 mm from the 

mould. The moulds were 15 mm diameter circles 1 mm deep. The UV light intensity at the 
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mould surface was measured with a Lutron UV-340A UV probe and was 950 µW/cm2.  

 

For Gel Permeation Chromatography (GPC) measurements the non-crosslinked samples taken 

from the rheometry-UV-curing experiments were washed 2 times with diethyl ether and dried at 

room temperature overnight. Diethyl ether was found to be most suitable for the samples studied 

because it dissolves the IL present in the sample but precipitates the linear pNIPAM. However, 

the Pi-Tos sample had to be fully dissolved in acetone and then the polymer precipitated by 

adding diethyl ether as the [P1,4,4,4][Tos] IL does not dissolve in diethyl ether. 

 

Scheme 3-1 Structures of ILs and the corresponding abbreviations used in this study 
 

 

3.2.3 Rheometry 
 

3.2.3.1 UV–polymerisation 
An Anton-Paar MCR301 rheometer equipped with a CP50 cone measuring tool was used to 

measure the evolution of mechanical properties during polymerisations. The rheometer also had 

a bottom glass plate transparent to UV light above 350 nm. The polymerisation mixture, 

(volume = 1.1 mL), was placed onto the bottom glass plate and pressed with the 50 mm cone 

measurement tool with a gap of 208 µm. A house-built array of 9 LEDs (XSL-365-5E, Roithner 
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Lasertechnik Austria) was placed 40 mm under the glass plate. The LEDs had an emission 

wavelength peak at 365 nm and an average optical output power of 4 mW each. The UV light 

intensity was measured with a Lutron UV-340A UV probe and was found to have a light 

intensity of 1100 µW/cm2. This was measured at the top of the rheometer glass plate where the 

polymerisation happens. To monitor the curing and mechanical properties of ionogels in real 

time, rheometry measurements were taken over a course of ninety minutes. The UV light was 

switched on after three minutes twenty seconds (20th measurement point). The storage and loss 

moduli were analysed at 0.1 % strain and 1 Hz oscillation frequency and plotted versus time. 

Data points were collected every 10 seconds.  

 

 

3.2.3.2 LCST transitions 
The 15 mm ionogel circles polymerised in Teflon mould were immersed in deionised water and 

equilibrated for 7 days. The swollen ionogels were then analysed for changes in the modulus 

during a temperature step program. All the swollen ionogels were analysed in oscillation mode 

with a parallel plate PP15 tool 15 mm diameter at 0.05 % strain and frequency of 10 Hz. The 

data points were collected every second and the following temperature ramp was applied: 5 

minutes at 25 ˚C, ramp to 45 ˚C (20 ˚C/min) and isotherm for 10 min, thereafter ramp to 25 ˚C 

(20 ˚C/min) and isotherm for 10 min. Because the water-swollen ionogels shrink during LCST 

transition, the instrument was set to adjust the gap according to 1N normal force on the sample. 

Therefore, the smaller peaks in moduli present on the plots are due to the instrument adjusting 

the pressing force on the sample.  

 

 

3.2.4 Gel Permeation Chromatography (GPC): 
 

GPC analysis using DMF (0.1 M LiBr) as eluent was done using two PSS GRAM analytical 

(300 and 100 Å, 10 l) columns on an Agilent 1200 series equipped with a Wyatt Optilab rEX 

refractive index detector thermostat at 40 °C and a Wyatt DAWN HELEOS-II multi angle light 

scattering (MALS) detector. Molecular weights and PDI were calculated from the MALS signal 

using the ASTRA software (Wyatt) and a dn/dc value of 0.0731 mL/g (PNIPAM) in DMF. 

Before analysis, samples were filtered through a 0.2 µm PTFE filter. 
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3.2.5 Thermal Analysis: 
 

Temperature scans were carried out at a heating/cooling rate of 10 oC /min in the range of -80 – 

110 oC using a TA Q200 series calorimeter. Thermal scans below room temperature were 

calibrated with the cyclohexane solid-solid transition and melting point at –87.0 °C and 6.5 °C 

respectively. Thermal scans above room temperature were calibrated using indium, tin and zinc 

with melting points at 156.6, 231.93 and 419.53 °C, respectively.  

TGA analysis was conducted using a TA Q50 in a flowing dry nitrogen atmosphere (50 mL / 

min.) between 25 and 800 °C with a heating rate of 10 °C/min. Sample sizes ranged between 

10-20 mg. The instrument was calibrated using the curie points of three reference materials, 

Alumel, iron and nickel. Platinum pans were used in these experiments. 

 

 

3.2.6 Heat of Polymerisation 
 

A Pyris 1 DSC was used to analyse the heat of polymerisation. This instrument was calibrated 

with indium with melting point at 156.6 °C. To directly analyse the polymerisation speed a DSC 

experiment method was adopted from Achilias et al.[53], the difference being a UV-light 

photoinitiated polymerisation with an open DSC pan setup was employed. The experiments 

were performed in isothermal mode at 25 ˚C. The sample pan and a reference pan were covered 

with an in-house-made chamber equipped with a holder for the same LED array as in the 

rheometry experiments. The design of the chamber can be found in Figure A1 and Figure A2 

(Appendix A). The LEDs were placed 20 mm from the sample pan, giving a light intensity of 

ca. 2500 µW/cm2 as measured with the Lutron UV-340A UV-light probe. (With the 

instrumental setup available it was not possible to match the UV-intensity used in the rheology 

experiments. However, the comparison between samples within the respective experimental 

design is still appliciable. The pans were loaded with the mixture of monomer (~ 20 mg), IL and 

the photoinitiator. These mixtures were the same as used for the polymerisation of linear 

pNIPAM in ILs during rheometry. The UV light was switched on after two minutes and the heat 

flow data collected for 15 minutes. When switched on, the LED array had its own constant 

contribution to the heat release recorded by the instrument. For this reason the baseline was set 

at the thermogram plateau (t = 15 min) at which point the reaction heat release had already 

ceased but the LEDs were still on. By doing so, the heat contribution of the LEDs was excluded 

from the heat flow data. The results presented are an average of at least two scans. 
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3.2.6.1 LCST: 
The xP-Cl, xP-DCA, xP-Tos, xPi-Tos, xP-dbsa samples polymerised during rheometry 

experiments were collected and immersed in deionised water for 7 days. These water-swollen 

ionogels were dried with a tissue and cut into circles of 4 mm diameter (ca. 10 mg). These were 

placed on aluminium DSC pans and sealed. The LCST values for these samples were 

determined by thermal scans at 5 ˚C/min with the following temperature program: I. Hold at 10 

˚C for 2 min. II. Heat from 10 ˚C to 50 ˚C then cool from 50 ˚C to 10 ˚C. Cycle II was done 

twice and showed excellent reproducibility. The LCSTs were determined as the endothermic 

peak during heating and exothermic peak during cooling. 

 

 

3.3 Results and Discussion 
 

3.3.1 Linear pNIPAM 
 

Crosslinked ionogel materials are difficult to study as polymeric systems mainly because they 

do not dissolve. Therefore, a simpler system was examined first. By analysing the linear 

polymerisation of NIPAM it was hoped to gain some insight to the effects of the studied ILs on 

the polymerisation rates and the mechanical properties of the polymers produced. It was 

assumed that any influence of the IL on the polymerisation of linear pNIPAM will be also 

present during the formation of ionogels. 

The polymerisation of linear polymers / ionogels can be followed with mechanical modulus 

analysis and the reaction is considered finished when no change in mechanical properties is 

observed. For this reason the rheology UV-curing experiments were done first. In the UV-

curing rheology experiment results shown in Figure 3-1 a linear polymer is formed as the 

monomers photopolymerise in the IL as a solvent. Therefore, as the polymer chains grow the 

viscosity of the respective IL- polymer mixture will increase and this will affect both the loss 

and storage moduli. It must be noted here that P-NTf2 sample gave unusual 1 MPa of elastic 

modulus and 0.1 MPa of viscous modulus measured after 60 minutes of polymerisation. The 

resulting material was opaque, waxy and very brittle, possibly due to the polymer precipitation 

in this relatively hydrophobic [P6,6,6,14][NTf 2] IL used for this sample. Due to this precipitation 

and poor mechanical durability the P-NTf2 polymer was not selected for further studies. The 

viscous ILs in our study gave higher moduli for the respective polymer-IL solutions compared 

to the less viscous ILs. Therefore, we attempted to compensate for this by dividing the loss 

moduli data by the sample initial loss modulus (therefore all plots start at value 1). The resulting 

“relative viscous moduli” curves are shown in Figure 3-1. 
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Figure 3-1. Relative viscous moduli curves during UV polymerisation of a) Pi-Tos, b) P-dbsa, c) P-
Cl, d) P-Tos,  e) P-DCA. For each curve, the data was normalised by dividing the initial loss 
modulus value into the series. The raw data plots can be found in Appendix A Figure A3. 
 
It can be clearly seen that the slope of these curves varies depending on the IL used. Moreover, 

the time required for the mixtures moduli to plateau is different. This suggests that the rate of 

polymer forming is different depending on the IL present in the sample. The Pi-Tos curve 

shows the highest slope, followed by P-dbsa, P-DCA and P-Tos, with P-Cl having the lowest 

initial rate of increasing modulus. (The raw data plots can be found in the Appendix A Figure 

A3) 

Table 3-2. Physiochemical properties of linear polymers: 

Sample: 

Maximum 

heat flow 

[W·mol-1 

NIPAM] 

Time to 

reaction peak 

[s] 

Total heat 

released 

[kJ·mol-1 

NIPAM] 

Average 

molecular 

weight Mn 

[g·mol-1] 

Polydispersity 

index (PDI) 

IL viscosity 

25˚C 

[Pa·s] 

Pi-Tos 1861 16.7 56.4 117 800 1.76 1.36a 

P-dbsa 1516 17.6 58.4 150 900 2.2 1.8b 

P-DCA 1315 20.7 60.9 130 600 1.6 0.256b 

P-Tos 960 21.0 53.4 111 300 1.42 0.96a 

P-Cl 530 24.8 45.0 62 650 1.56 1.955b 

a) Values measured for this study with the rheometer. (Shear rate 100 [s-1]); b) Values from reference[54] 

 

It was hypothesized that if the mechanical moduli develop at different rates and stabilise after 

different times then after the same UV irradiation time the polymer chains must have different 

chainlengths. Table 3-2 shows the GPC analysis of pNIPAM samples polymerised for 90 min 



 56 

during the rheology UV curing experiment (Figure 3-1). All of the samples tested have similar 

and rather high final molecular weight for the pNIPAM with the exception of P-Cl. Therefore, 

one can state that under equivalent irradiation conditions, the P-dbsa and P-DCA samples 

produce polymers of significantly higher molecular weight. Whereas with P-Cl, the final 

molecular weight is only approximately half that of P-dbsa.  

 

Samples used in the UV curing rheology experiment (Figure 3-1) were also UV polymerised in 

the DSC to follow the evolved heat of polymerisation. The emitted heat per second is directly 

related to the amount of monomers reacting and therefore it can be regarded as the overall 

polymerisation kinetics comparison tool. Table 3-2 shows  that the peak heat flow differs 

greatly between the tested samples and ranges from the highest for Pi-Tos, P-dbsa, P-DCA 

through P-Tos to P-Cl with the lowest heat peak, i.e. 

Pi-Tos > P-dbsa > P-DCA > P-Tos > P-Cl 

Due to the unknown molar heat of NIPAM polymerisation in the ILs used, the heat flow cannot 

be related to reaction rates or the degree of conversion of the sample. However, the average total 

heat released expressed per mole of NIPAM and the peak heat flows are given (Table 3-2). The 

results show that the peak reaction heat emission linked with the polymerisation speed can vary 

up to 3-fold depending on the IL chosen as a medium for NIPAM polymerisation. The time 

required for the polymerisation heat generation to cease is also different depending on the IL 

used (Figure A4). Found in Appendix A Table A1 are the glass transition (Tg) and 

decomposition temperatures (Tdec) of the samples listed in Table 3-1. The heat analysis and the 

rheology data suggests that, depending on the anion tested, polymerisation of NIPAM in these 

phosphonium-based ILs proceeds at different rates and therefore is finished at different times. 

Moreover the different ILs used produce polymer-IL solutions with different viscoelastic 

characteristics.  

The inherently higher viscosities of these ILs could cause autoacceleration of the polymerisation 

reaction by lowering the termination rate.[50, 51, 55] However, from the heat of polymerisation 

data it is clear that viscosity is not the major rate controlling factor, as [P6,6,6,14][dbsa] and 

[P6,6,6,14][Cl] have similar viscosities (1.8 vs. 1.955 Pa·s, respectively) but the maximum NIPAM 

polymerisation heats generated in these IL systems are significantly different (1516 [W/mol] vs. 

530 [W/mol] respectively).  

 

Another parameter that has a significant influence on the polymerisation process is the polarity 

of the solvent, in our case, the IL. It has been reported that ILs can greatly speed up the 

polymerisation process and increase the final conversion of monomer due to their polar and 

coordinating nature.[50, 51, 56] It has been known for some time that the molar heat of 

polymerisation, and therefore the ease of polymerisation, depends on the monomer association 
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with the solvent medium.[57] Therefore the polymerisation kinetics of polar monomers like 

acrylamides may strongly depend on the polarity of the ionic liquid. However, the polarity of 

ILs is a complex subject of considerable research in its own right.[58] Recent work has shown 

that in comparison to other ILs, phosphonium-based ILs have relatively low polarity, which 

decreases even more with increasing alkyl chain length. Moreover, the anion basicity and size 

also influences the IL polarity.[58] Based on these factors, one can hypothesize that the higher 

polymerisation speed in [P1,4,4,4][Tos] compared to [P6,6,6,14][Tos] is due to the shorter alkyl 

chains of the [P1,4,4,4] cation, which results in higher overall solvent polarity. Furthermore, the 

[P6,6,6,14][DCA] IL has a small basic anion compared to the other ILs bearing the [P6,6,6,14] cation. 

This should increase the IL’s polarity significantly, and is a plausible explanation for the 

relatively high total polymerisation heat of NIPAM in [P6,6,6,14][DCA] compared to eg. 

[P6,6,6,14][Cl]  (Table 3-2). The polymerisation of pNIPAM in P-Cl proceeds at the slowest rate 

and produces the shortest chains, despite the apparently highly mobile and polar nature of the 

Cl- ion. However previous studies suggest that the Cl- anion is very strongly associated with the 

[P6,6,6,14]+ cation, to the extent that the local charge is greatly shielded from the external 

environment, producing a much more non-polar character than might be expected.[59, 60] 

It is reasonable to expect that such variations in the curing behaviour must surely have 

significant implications when the crosslinker is subsequently added to the system to obtain 

ionogels. 

 

 

3.3.2 Crosslinked polymers: 
 

In our previous work[8] it was noticed that photoresponsive phosphonium based ionogels had 

different mechanical characteristics, depending on the anion used. To some extent, the data 

presented for the linear pNIPAM experiments so far can help interpret the results for the 

crosslinked ionogels. Gelling should be slower in the xP-Cl and xP-Tos ionogels as these ILs in 

the corresponding linear pNIPAM gave the shortest chains and lowest polymerisation heats 

(Table 3-2). When the crosslinker is present, the rise in elastic moduli is a direct indication of 

the polymeric network being formed. Therefore the storage modulus increase and time to reach 

a steady state provides an insight into the gelation kinetics. 

During the rheology experiments with the crosslinked samples, after the UV light was switched 

on the storage modulus quickly overcame the loss modulus. The crossover of these two moduli 

can be taken as the gelpoint (Table 3-3) as from this moment the samples show more elastic 

than viscous behaviour. After ~90 min of UV-curing all samples except the xP-dbsa exhibit 
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similar elastic moduli (Figure 3-2). The modulus plateaus at 40 min for the xP-DCA. However, 

a steady state is not reached for other samples. 

 

Table 3-3. Rheological and LCST properties of the ionogels: 

 

Sample: 

Time to 
moduli 

crossover  
[s] 

G0’’  

[Pa] 

G’’  

[Pa] 

G’  

[Pa] 
Tanδ 

IL viscosity 

25˚C 

[Pa·s] 

LSCT 
during 
heating 

[˚C] 

LCST 
during 
cooling 

[˚C] 

Pi-Tos 6 3.06 52 000 65 170 0.80 1.36a 
32.2 31.9 

P-dbsa 35 7.5 200 000 134 000 1.48 1.8b 30.4 28.7 

P-DCA 11 0.946 6 770 40 400 0.168 0.256b 
29.3 27.4 

P-Tos 22 3.53 38 500 47 700 0.81 0.96a 30.4 28.7 

P-Cl 40 4.17 42 700 36 700 1.16 1.955b 15.5 8.3 

a) Values measured for this study with the rheometer. (Shear rate 100 [s-1]); b) Values from reference[54]; 
G0’’ - loss modulus before curing; G’’ - loss modulus after 90 min of curing; G’ - storage modulus after 
90 min of curing; Tanδ - G’’/G’ after 90 min of curing 

 

 

Figure 3-2. Storage moduli during UV polymerisation of a) xP-dbsa, b) xPi-Tos, c) xP-Tos, d) xP-
DCA and e) xP-Cl. UV curing was initiated after 3 minutes 20 seconds.  
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For viscoelastic materials a typical parameter characterising the general mechanical properties is 

the ratio of the viscous (loss) to elastic (storage) moduli G’’/G’ (tanδ). In the case of linear 

pNIPAM-IL mixtures the number was not so meaningful as these systems formed liquid linear 

polymer solutions in ILs for which tanδ is always higher than 1 (loss modulus higher than 

storage modulus). However, for the crosslinked systems this number directly tells how 

rubbery/tacky these ionogels are. The higher the tanδ is, the “stickier” and “tackier” the material 

will be. Table 3-3 shows the key mechanical parameters for the crosslinked samples before and 

after polymerisation. As found in the linear polymer systems, the IL seems to have a significant 

impact on the viscoelasticity of the ionogels. The xP-dbsa and xP-Cl ionogels are the “tackiest”. 

The tanδ values of xP-Tos and xPi-Tos ionogels lie between the xP-dbsa and the xP-DCA 

ionogels, but have very similar tanδ irrespective of the [P6,6,6,14]
+ or [P1,4,4,4]

+ cation. The xP-

DCA ionogel exhibits the lowest tanδ and is the most elastic and rubber-like of all the ionogels 

tested.  

Taking into account the kinetics data from the linear pNIPAM experiments and the viscoelastic 

properties of the ionogel curing it is expected that the xP-DCA will gel more rapidly than other 

phosphonium samples tested. This ionogel forms quickly due to a high polymerisation speed 

and has a low tanδ which makes it robust. The xP-dbsa produces a network with the highest 

storage modulus, but the high tanδ value is consistent with the tackiness of the ionogel, which 

makes it difficult to handle. The xP-Tos and xPi-Tos lie somewhere in between with regard to 

their strength, tanδ, and therefore their robustness. In terms of physical integrity, xP-Cl 

produces the weakest of all the ionogels. It is very tacky, and tears relatively easily, due to its 

relatively low storage modulus.  

Bearing in mind the envisaged application of these materials as soft actuators in microfluidic 

platforms, a knowledge of viscoelastic properties is important not only because of its influence 

during fabrication, but also because it largely determines the robustness of the actuator and the 

actuation speed. Therefore, since pNIPAM is a thermo-responsive polymer, experiments were 

carried out to determine the LCST actuation behaviour of these ionogels. 

DSC scans reveal that most of the water-swollen ionogels exhibit an LCST between 29 and  32 

˚C, with the exception of xP-Cl (Table 3-3). There is a slight asymmetry in the LCST between 

the DSC heating and cooling runs as has been reported for other pNIPAM polymers in the 

literature.[61, 62]  The xP-DCA, xP-dbsa and xP-Tos ionogels have very similar LCST values 

at ca. 30 ˚C, whereas the xP-Cl ionogel has an unusually low transition temperature at 15.5 ˚C 

and the xPi-Tos ionogel has a slightly higher LCST point at 32.2 ˚C. The relevant DSC 

thermograms can be found in the Appendix, Figure A5.  

 

In addition to DSC scans, the LCST transitions were also analysed using rheometry. During the 

LCST transition while heating the water-swollen ionogels became stiffer. However, the rate of 
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stiffening and its magnitude was also found to vary depending on the ionic liquid contained in 

the ionogel. Figure 3-3 shows the storage modulus changes during a step temperature program 

from 25 ˚C to 45 ˚C and back. xP-DCA, xP-dbsa, xP-Tos ionogels increased their moduli as the 

temperature rose above the LCST and returned to their approximate starting moduli once the 

temperature had fallen back below the LCST. The biggest increase in modulus during the LCST 

transition (approx. 7-fold) was measured for the xP-DCA ionogel. In contrast, the xP-Cl ionogel 

showed no increase in modulus with increasing temperature, whereas a significant increase in 

the modulus was observed for the xPi-Tos, with no subsequent relaxation (unlike the other 

ionogels) upon restoring the temperature to 25 oC. However, this latter sample returned to the 

original modulus when placed in water overnight.  

 

Figure 3-3. Plots of storage modulus versus time during a temperature step program. The 
temperature was raised from 25 ˚C to 45 ˚C starting at 5 min and was decreased at 15 min from 45 
˚C to 25 ˚C. a) xP-DCA, b) xP-Tos, c) xP-dbsa, d) xPi-Tos, e) xP-Cl. 
 

From the DSC data it is clear that, in contrast to the other samples studied, the xP-Cl sample 

was always above the LCST at room temperature. This observation explains why the xP-Cl 

sample did not show any modulus changes in the temperature ramp experiment: As the LCST of 

this ionogel was 15.5 ˚C, then under the experimental conditions used for the LCST rheology, 

the sample was always above its LCST, and no phase change occurred. Therefore, to investigate 

the xP-Cl sample a lower temperature window of 5 – 25 oC was used, the results of which can 

be seen in Figure A6 Appendix A. This experiment showed that the xP-Cl also increased its 

modulus reversibly during the LCST transition. However, the magnitude and rate of the 

modulus increase in xP-Cl is the smallest of all the samples tested. 

In Figure 3-4 the modulus values were normalised by subtracting the initial modulus from each 
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point of the respective plot. From this it is easier to see that the rate of LCST transition induced 

modulus increase is different depending on the ionogel composition. The ionogels with higher 

elastic character (lower tanδ of xP-DCA and xP-Tos) had a faster polymer network modulus 

response than the xP-dbsa which had a higher tanδ. 

 

Figure 3-4. Plots of storage modulus versus time during a temperature step program for water 
swollen ionogels. The temperature was raised from 25 ˚C to 45 ˚C (20 ˚C/min) starting at t = 5 min 
and was decreased at t = 15 min from 45 ˚C to 25 ˚C (20 ˚C/min). a) xP-DCA, b) xP-dbsa, c) xP-Tos 
d) xPi-Tos. The initial moduli value was subtracted from the respective plots. 
 

The sharp peaks found in Figure 3-3 and Figure 3-4 are due to the instrument readjusting the 

normal force on the sample. As the sample shrunk and changed modulus the reaction force of 

the sample dropped and the instrument corrected for this (as described in the experimental 

section). The degree and frequency of this adjustment itself gives some insight into the sample 

behaviour under stress during the LCST transition. Noteworthy is the fact that the speed of gap 

shrinking was not correlated with the speed of modulus increase for the respective samples (eg. 

xP-DCA and xP-dbsa, Figure A7 Appendix A). Moreover, the thickness decrease for all 

samples never exceeded 10%. The small dimension change suggests that the ILs are not 

leaching under pressure. It is interesting to see that the LCST transitions of the polymer chains 

can be visualised with the rheometer by analysing the storage modulus increase and recovery. 

These results show that the mechanical and curing characteristics of the ionogels (arising from 

the different ILs used) also have an impact on their LCST triggered polymer network actuation 

speed. However, as mentioned previously, in these ionogels the volume change does not 

correlate with the modulus change. This conclusion is consistent with other studies that suggest 

the chain collapse/revival of pNIPAM and volume change (water uptake/release) are linked but 

not simultaneous processes.[62, 63] These are important findings with respect to strategies for 

systematically optimising formulations for generating stimulus-responsive structures (such as 
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microvalves for microfluidic systems) based on these ionogels. 

 

 

3.4 Conclusion 
 

In this study NIPAM monomer was polymerised in a series of commercially available 

phosphonium based ILs. The increase in viscoelstic moduli during UV-photopolymerisation 

was monitored using a rheometer for samples with and without a crosslinker (MBIS). This, 

combined with DSC and GPC analysis showed clear differences in the mechanical properties, 

polymer chain lengths, emitted polymerisation heat and the LCSTs of the resulting materials. It 

was demonstrated that changing between phosphonium based ILs changes not only the viscosity 

of the polymerisation medium, but also the NIPAM polymerisation speed (in some cases by a 

factor of 3) and the resulting ionogel mechanical viscoelastic properties. Rheometry shows that 

when these ionogels are swollen in water, they undergo a reversible modulus increase when the 

temperature is raised above the LCST. The rate of modulus change differs and appears to be 

correlated with the original ionogel tanδ value. The ionogel based on xP-DCA showed a 7-fold 

increase in the storage modulus when heated above its LCST.  

The most “mechanically robust” ionogel was obtained after 30 minutes of UV curing (1.1 

mW/cm2) when [P6,6,6,14][DCA] or [P1,4,4,4][Tos] was used as the solvent/IL, and the “tackiest” 

ionogel was obtained with [P6,6,6,14][dbsa] and [P6,6,6,14][Cl] (still not fully cured after 90 

minutes).  

Therefore, bearing in mind the time required for curing of these ionogels, processability of the 

monomer-IL cocktail, the viscoelastic properties and the speed of the LCST actuation of the 

resulting material the [P6,6,6,14][DCA] IL appears to be the optimum choice for the microfluidic 

applications mentioned.  
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Abstract  

Magnetic ionogels (MIGs) were prepared from organosilane-coated iron oxide nanoparticles, N-

isopropylacrylamide, and the ionic liquid trihexyl-tetradecyl phosphonium dicyanamide. The 

ionogels prepared with the silane-modified nanoparticles are more homogeneous than ionogels 

prepared with non-modified magnetite particles. The silane-modified particles are immobilized 

in the ionogel and are resistant towards nanoparticle leaching. The modified particles also 

render the ionogels mechanically more stable than the ionogels synthesized with non-modified 

nanoparticles. The ionogels respond to external permanent magnets and are therefore prototypes 

of a new soft magnetic actuator. 

 

Key words: Magnetic nanoparticles, iron oxide, ionic liquids, ionogels, pNIPAM 
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4.1 Introduction 
 

Gels have tremendous application potential in materials science,[1, 2] sensors,[3] actuators,[4, 

5] and stimulus responsive materials.[6-8] Historically research has focused on organo- or 

hydrogels but the recent past has seen a surge of publications on ionogels, that is, gels based on 

ionic liquids (ILs) instead of molecular solvents.[9-11] ILs consist entirely of ions and have 

useful properties like electric and ionic conductivity, rather high thermal stability, and a low 

vapor pressure.[12, 13] Finally, the number of potential anion-cation combinations available 

reputedly equates to one trillion (1012) different ILs,[14] theoretically providing access to a very 

large number of different IL properties useful for both academia and industry.[15] 

ILs have been explored as components in functional hybrid materials termed ionogels. 

Depending on the nature of the ionogel network the ionogels can be inorganic (mostly silica-

based) [9, 11, 16-19] or organic.[20-23] The properties of an organic ionogel arise from both the 

polymeric network stabilizing the ionogel and the functionalities of the contained IL.[12, 21, 24, 

25] Among others, ionogels resist drying and cracking due to the very low vapor pressure of the 

contained IL.[26] Ionogels therefore provide a clear advantage in terms of evaporation 

resistance and long term stability for application, for example as soft actuators, where other gels 

lose their solvent by evaporation and therefore crack and fail.[23, 27]  

Polymer gels are useful for incorporating stimulus responsive entities.[6, 7, 28] Stimulus-

responsive gels can be actuated by external stimuli like changes of temperature,[7] pH,[29, 30] 

light,[31, 32] and electric[33] or magnetic fields.[34-36] Stimulus-responsive gels (often termed 

smart materials) have therefore been studied for drug delivery,[3, 28] sensing,[37] and 

microfluidics.[38-41] Magnetic soft materials are particularly attractive for actuation because of 

their remote, non-invasive triggering.[39, 42-46]  

In an attempt to combine magnetic actuation and the advantages of ILs, magneto-responsive 

ionogels have been prepared from iron-based, paramagnetic ILs.[47, 48] However, the magnetic 

susceptibility of these materials and therefore their response to a magnetic field is fairly low at ~ 

1 emu/g.[48] The response of magnetic nanoparticles (instead of a magnetic IL) to a magnetic 

field is much higher by virtue of their much higher magnetic susceptibility of ~ 60 emu/g.[49] 

Magnetic nanoparticles would therefore be interesting ionogel components, similar to magnetic 

hydrogels.[35, 40, 50, 51] There is thus an interest in the development of ionogels combining 

the general advantages of ILs with the advantages of magnetic gels. Such materials could be 

used in soft actuation under conditions where other gel types such as hydrogels or organogels 

fail, for example because the water or organic solvent evaporate.  

The current report therefore describes a new approach towards magnetic ionogels (MIGs) that 

can be actuated with a commercial permanent magnet. The ionogels were synthesized via the 
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copolymerization of silane-modified iron oxide nanoparticles with N-isopropylacrylamide (one 

of the most popular polymers for responsive gels[7, 36, 50, 52-57]) and the hydrophobic IL 

trihexyl-tetradecyl phosphonium dicyanamide ([P6,6,6,14][DCA]). The approach is based on the 

recognition that iron oxide nanoparticles can be modified with allyltrimethoxysilane (ATMS) or 

3-mercaptopropyl trimethoxysilane (MPTMS). These coated particles can be 

(co)polymerized[49] or used for chain transfer during copolymerization with NIPAM.[52] The 

choice of the IL is dictated by the fact that the trihexyl-tetradecyl phosphonium cation is 

hydrophobic and should therefore not leach out from the ionogel in aqueous environments,[12] 

enabling an application of the corresponding ionogel, for example, in diagnostics in aqueous 

media. Moreover, the dicyanamide anion provides the IL with one of the lowest viscosities and 

lowest melting points compared to ILs based on other anions such as chloride, bromide, 

tetrafluoroborate, methylsulfate, and others.[12] Low viscosities and low melting points are 

convenient for dissolving the ionogel components and processing. Lastly, preliminary 

experiments in our laboratory have shown that the [P6,6,6,14][DCA] IL imparts ionogels with 

optimal mechanical and curing properties in comparison with other IL anions such as chloride, 

tosylate, dodecylbenzylsulphate. 

 

 

4.2 Experimental 
 

4.2.1 Materials  
 

N-isopropylacrylamide (NIPAM, 98 %), N,N’-methylenebisacrylamide (MBIS, 99 %), benzoyl 

peroxide (BPO, 75 %), (3-mercaptopropyl)trimethoxysilane (MPTMS, 95 %), 

allyltrimethoxysilane  (ATMS, 98%), iron(III) chloride hexahydrate (>98 %), iron(II) chloride 

tetrahydrate (99 %), tetramethylammonium hydroxide (TMAOH, 25 wt% in H2O), and 

ammonium hydroxide (28 - 30 % in H2O) were obtained from Sigma Aldrich (Ireland) and used 

as received unless stated otherwise. Ethanol (96 %) and Acetone (99.8 %) were obtained from 

Sigma Aldrich Germany. Buffer solutions (pH 7, phosphate and pH 4, citric acid/sodium 

hydroxide/sodium chloride) were obtained from neoLab Migge.  

Trihexyl-tetradecylphosphonium dicyanamide [P6,6,6,14][DCA] was kindly donated by Cytec 

Industries and purified as described previously:[53] 20 mL of the IL was decolorized by 

redissolution in 30 mL of acetone followed by treatment with activated charcoal (Darco-G60, 

Aldrich) at 40 °C overnight. Carbon was removed by filtration through alumina (acidic, 

Brockmann I, Aldrich) and the solvent removed under vacuum at 40 °C for 48 hrs at 0.1 Torr. 
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1H NMR δH(400 MHz; CDCl3): 2.0-2.3 (8 H, m, CH2), 1.4-1.5 (16 H, m, CH2), 1.2-1.3 (32 H, 

m, CH2), 0.79-0.85 (12 H, m, CH3) ppm. ES-MS: ES+ m/z 483 [P6,6,6,14]
+ ES- m/z 66 [dca]-.  

The permanent magnets were NdFeB cylinders (Magnet-Disc S16x15Ni-N35, 16 mm diameter 

x 15 mm height) from magnetmonster.de/HKCM Engineering e.k.  

 

 

4.2.2 Fe3O4 synthesis 
 

Magnetic particles were prepared according to Massart.[54] FeCl3•6H2O (0.008 moles) were 

mixed with FeCl2•4H2O (0.004 moles) in 30 mL of deionised water. The mixture was 

mechanically stirred at 600 rpm with nitrogen purge. Next, 7 mL of 30 % aqueous ammonia 

were rapidly injected. The solution turned black immediately but was kept stirring for 15 

minutes. The particles were collected with a magnet and washed three times with deionised 

water. To the wet and clean particles 500 µL of an aqueous 2.79 M tetramethylammonium 

hydroxide (TMAOH) solution was added. After shaking the mixture formed a stable ferrofluid 

(~0.9 g Fe3O4 /8 mL water) that was used for further functionalisation. 

 

 

4.2.3 Silane coating of the Fe3O4 nanoparticles 
 

The ferrofluid described above was dispersed in a mixture of 125 mL of deionised water and 35 

mL of ethanol. This dispersion was purged with nitrogen and sonicated for 5 minutes in an 

Erlenmeyer flask. During the last minute of sonication 200 µL of MPTMS or 150 µL of ATMS 

were added, respectively, with vigorous stirring. The flask was sealed with parafilm and left 

with magnetic stirring for 3 days. The particles were subsequently precipitated by adding 2 mL 

of a pH 7 buffer per 1 mL of the reaction mixture. The precipitate was collected with a magnet 

and redispersed in 2 mL of acetone. The samples will, in the remainder of the text, be referred to 

as 0-Fe3O4 (unmodified nanoparticles), M-Fe3O4 (modified with MPTMS), and A-Fe3O4 

(modified with ATMS), respectively. The dispersions of the nanoparticles in [P6,6,6,14][DCA] 

were prepared as follows. 1 mL of a particle dispersion in acetone (0-Fe3O4, M-Fe3O4, or A-

Fe3O4) was mixed with 2 g of [P6,6,6,14][DCA]. After sonication, the acetone was removed by 

rotary evaporation. The resulting IL-based ferrofluids were dried overnight (room temperature, 

20 mBar) yielding dispersions with a particle concentration of ~20 wt%.  
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4.2.4 Preparation of magnetic pNIPAM ionogels  
 

pNIPAM gels were prepared (Scheme 4-1 and Scheme 4-2) by mixing NIPAM (500 mg, 0.0044 

mol) with 1 mol% of MBIS, 2 mol% BPO and 1.2 mL of the IL/particle dispersion. The mixture 

was heated to 50 °C and sonicated for 5 min until the solids dissolved and the solution was 

homogenous. This mixture was poured into a preheated Teflon mould with circular pits 

(diameter = 15 mm, depth = 1 mm) which was heated by placing flat on a laboratory hotplate. 

The thermostat was set to measure the temperature at the top surface of the mould.  

 

Scheme 4-1. Preparation of M-ionogels. 
 

The polymerization was done for 15 hours at ca. 80 °C at ambient atmosphere. The ionogels 

prepared with 0-Fe3O4, M-Fe3O4, or A-Fe3O4 particles will be called 0-, A-, and M-ionogels, 

respectively. 

 

Scheme 4-2. Preparation of A-ionogels.  
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4.2.5 FT-IR spectroscopy 
 

IR spectra were recorded on a Thermo Nicolet FT-IR Nexus 470 in ATR mode with a resolution 

of 2 cm-1. The particle/acetone dispersions were placed on the ATR ZnSe crystal and the solvent 

was evaporated. Each spectrum is an average of 30 scans. 

 

 

4.2.6 Dynamic light scattering (DLS) 
 

The particles were dispersed in water or acetone and the dispersions were diluted with water 

until transparent. The DLS intensity distribution and polydispersity index (PDI) was analyzed 

with a Malvern High Precision Particle Sizer using PMMA disposable cuvettes. Dilutions were 

adjusted so that the measured scattering intensity was between 200 and 700 counts/sec. The 

hydrodynamic radii are averages of 2 experiments each consisting of 13 scans of 10 sec/scan. 

Data were analyzed with the Malvern Zetasizer software package. 

 

 

4.2.7 Electron Microscopy 
 

Transmission electron microscopy (TEM) was done on a Philips CM10 with tungsten filament 

operated at 80 kV. The nanoparticles were dispersed in acetone. A drop of the suspension was 

deposited on a carbon-coated copper grid, blotted with filter paper, and dried in air for 30 min 

before microscopy. Scanning electron microscopy (SEM) was done on a Hitachi S3400n 

operated at 20 kV. EDX spectra were obtained at 20 kV using an EDAX X-ray detector. Prior to 

measurements, all samples were sputter-coated with a 10 nm carbon layer. 

 

 

4.2.8 Mechanical testing 
 

After polymerization the samples were immersed in acetone to extract the IL, followed by 

soaking in water. Rheology was done on an Anton-Paar MCR301 with PP15 15 mm parallel 

plates. Storage and loss moduli were recorded during a frequency sweep from 100 to 0.01 Hz at 

0.1 % strain.  
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4.3 Results  
 

Functionalisation of the particles with the silanes is confirmed by IR spectroscopy (Figure1A). 

Bands at 3650 - 2960 and 1643 cm-1 can be assigned to residual water. A-Fe3O4 particles show 

further bands at 1631 (C=C stretch), 1421 (CH2 deformation), 1392 and 903 (deformations of 

=CH2 but also SiOH) and 934 cm-1 (C-C stretch).[55] These signals can all be assigned to the 

allyltrimethoxysilane coating. M-Fe3O4 particles show bands at 1411 (CH2 deformation), 1341 

and 1300 (CH deformation), 1237 (CH2 twist), a shoulder at 1117 (Si-O-Si asymmetric stretch), 

and a weak shoulder at 937 cm-1 that can be assigned to uncondensed Si-OH.[56] These bands 

arise from the mercaptopropyltrimethoxysilane coating. Moreover, the samples show strong 

bands at 1000, 1052 (Si-O-Si asymmetric stretch), 587 and 572 cm-1 (M-Fe3O4 and A-Fe3O4 

symmetric Si-O-Si stretch, respectively. This signal overlaps with Fe-O symmetric stretch 

signals).[57] The presence of Si-O-Si bonds clearly shows that the silanes have condensed on 

the nanoparticle surface, leading to an organically modified silica shell on the iron oxide cores. 

 

Figure 4-1. (A) IR spectra of functionalized nanoparticles, (B) photograph of nanoparticle 
dispersions in acetone (identical concentrations, see experimental for details), and (C) 
representative TEM image of MPTMS-coated nanoparticles (M-Fe3O4).  
 

Table 4-1 and Figure 4-1A show further data of the iron oxide nanoparticles. Only with the 

functionalized nanoparticles, homogeneous and transparent dispersion can be obtained in 

acetone (Figure 4-1B). In spite of the transparency of the dispersions obtained with the 

functionalized particles, transmission electron microscopy (TEM, Figure 4-1C) shows that the 

coated particles are not present as individual nanoparticles but as polydisperse agglomerates 

with mean diameters between ca. 160 - 190 nm. This is further confirmed by dynamic light 

scattering (DLS), which finds hydrodynamic radii of 160 to 190 nm as well. In summary, DLS, 

TEM, and IR spectroscopy show that the particles, although not present as single particles, have 

been successfully modified with silane/organosilica coatings rendering them stable in acetone.  
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Table 4-1. DLS data of bare and functionalized nanoparticles in acetone.  
 

Sample 0-Fe3O4 M-F3O4 A-Fe3O4 

Hydrodynamic radius / nm --- a) 162 188 

Polydispersity index (PDI) --- a) 0.167 0.177 

    
a) The samples based on 0-Fe3O4 could not be measured due to sedimentation and very high turbidity 

(Figure 4-1A). However, DLS measurements in water (instead of acetone) show a hydrodynamic radius 

of 46 nm and a PDI of 0.153, indicating that the samples are relatively uniform, but cannot easily be 

dispersed in acetone. 

 

For preparation of the ionogels, the particles were dispersed in acetone (Figure 4-1A) and the IL 

was added (see experimental part for details). After acetone removal, the nanoparticle/IL 

dispersions are viscous brown to black, homogeneous, but non-transparent dispersions. The 

stability of the dispersions in the IL is difficult to assess due to high viscosity of the IL (slower 

sedimentation) and high particle concentrations. Phase separation was not observed during 

processing but the 0-Fe3O4/IL dispersion separates when placed on a magnet. Upon addition of 

the monomer/nanoparticle/IL mixture to the preheated mould, the mixture containing the A- and 

M-Fe3O4 nanoparticles thickens within 5 minutes. The final MIGs (A- and M-ionogel) are dark 

brown solids that can easily be removed from the mould. The ionogels made with bare 

nanoparticles (0-ionogel) are much softer and easily fold and wrinkle (Figure 4-2). 

 

Figure 4-2. MIGs after removal from the moulds. Diameter is 15 mm. 
 

The homogeneity and dark brown color of the ionogels clearly shows that all nanoparticle types 

are compatible with the hydrophobic IL and the polymer matrix. Scanning electron microscopy 

(SEM) however shows that the ionogels made with the coated particles are much more 

homogeneous than ionogels made from 0-Fe3O4, Figure 4-3. The ionogels based on the bare 

nanoparticles contain many aggregates as can be inferred from the large number of bright 

speckles in the SEM images, Figure 4-3A. In contrast, the ionogels based on the silane-coated 

nanoparticles show a rather smooth surface and exhibit much less particle aggregates or clusters, 

Figure 4-3B.  
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Figure 4-3. SEM images of (A) 0-ionogel and (B) A-ionogel surfaces. The light spots are 
backscattered electrons from inorganic (iron oxide) components. 
 
Table 4-2. EDX analysis of ionogels (wt%).  
 

Element C O Si P Cl S Fe Total 

0-ionogel 

Mean 
76.80 ± 

9.20 
13.59 ± 

6.50 
- 

4.45 ± 
0.90 

0.13 ± 
0.01 

- 
5.01 ± 
4.10 

100.0 

A-ionogel 

Mean 
75.57 ± 

4.40 
7.85 ± 
2.90 

0.24 ± 
0.03 

4.71 ± 
0.06 

0.13 ± 
0.04 

- 
11.50 ± 

1.50 
100.0 

M-ionogel 

Mean 
70.64 ± 

1.41 
11.11 
±2.05 

0.26 ± 
0.01 

4.48 ± 
0.28 

- 
0.31 ± 
0.01 

13.13 ± 
0.41 

100.0 

 

Table 4-3. Typical EDX Fe/P mass ratios vs. selected regions of the samples.  
 

Location on sample 0-ionogel A-ionogel M-ionogel 

1 0.28 2.83 3.00 

2 0.97 2.36 2.82 

3 3.44 2.14 3.00 

 

SEM is further supported by energy dispersive X-ray spectroscopy (EDXS), which finds 

phosphorus and iron signals in the case of the 0-ionogels and additional silicon signals in the A- 

and M- ionogels. The homogeneity of the samples prepared with the silanised nanoparticles is 

further confirmed by EDXS spot or selected area analysis (Table 4-2). The 0-ionogels show 

large variations in the Fe/P ratios (that is, the concentration of the phosphonium IL and the iron 

oxide nanoparticles is locally very different, Table 4-3). This is not the case for the A- and M-
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ionogels. Here we always observe very uniform Fe/P ratios indicating that the iron oxide 

nanoparticles or small aggregates are evenly distributed in the phosphonium IL.  

 

Figure 4-4 shows that the ionogels strongly respond to external magnetic fields. For example, if 

an ionogel is immersed in water, it will float freely until a strong magnet comes close to it. Due 

to the flexibility of the ionogels, they can adapt to the geometric constraints such as limited 

space close to the magnet. In the current case the ionogels lie flat at the bottom of the vial until 

released by removing the magnet upon which they adopt their initial shape. This demonstrates 

that the material can be used as externally triggered soft actuator. 

 

Figure 4-4. Behavior of the magnetic A-ionogel in a nonuniform magnetic field. (A) Ionogel far 
away from the magnet, (B) close to the magnet, and (C) after increasing the magnet-ionogel 
distance again.  
 

To determine whether or not the surface modification of the nanoparticles has an influence on 

the stability of the ionogels (that is, on the nanoparticle/polymer hybrid matrix) we have 

removed the IL by a washing process in acetone and water. The acetone used for the washing 

process was clear in the case of the modified iron oxide nanoparticles. This indicates that the 

silane modification indeed leads to a covalent crosslinking with the pNIPAM chains. In 

contrast, samples prepared with 0-Fe3O4 show some coloration of the acetone used for washing, 

indicating a poor contact between the polymer and the nanoparticles.  

This is consistent with the macroscopic appearance of the extracted polymer/nanoparticle 

matrices. The matrix of the 0-ionogel is weak and easily breaks and crumbles, again indicating a 

poor connection between the pNIPAM and the iron oxide nanoparticles. The A- and M-ionogels 

appear mechanically more robust. This is further confirmed by rheology on the same samples, 

Figure 4-5.  Frequency sweeps show that the gels made with the silanised particles have a 

higher storage modulus across all measured frequencies. In the 0.1 – 10 Hz range these 

polymer/nanoparticle matrices are roughly 10 times stiffer than those based on the non-modified 

particles. This clearly indicates that the coating of the particles allows a more crosslinked 

polymeric network to be formed. 



 78 

 

Figure 4-5. (A, B) Storage modulus-frequency sweeps and (C) loss modulus-frequency sweeps of 
MIGs after extraction of the IL. Panel (B) is a magnified view of panel (A) in the low storage 
modulus region. 
 

 

4.4 Discussion 
 

MIGs could, for reasons outlined in the introduction, be interesting materials for a wide range of 

applications. However, all examples in the literature so far[47, 48] exhibit a poor response to 

external magnets. This causes problems with their applicability. Mechanically robust ionogels 

with a large magnetic susceptibility and a correspondingly strong response to external magnetic 

fields are therefore needed.  

The current study clearly shows that magnetite nanoparticles coated with a functional silane, (3-

trimethoxysilyl)propylmethacrylate or 3-mercaptopropyl trimethoxysilane, are both efficient 

crosslinks and valuable magnetic components for the synthesis of robust MIGs, Figure 4-4 and 

Figure 4-5. A key parameter in the ionogel synthesis is the dispersion on the nanoparticles (or at 

least reasonably small nanoparticle aggregates, Figure 4-1 and Table 1) in a suitable solvent 

(here acetone) to yield a homogeneous reaction mixture to prepare the ionogels. Uncoated 

nanoparticles are difficult to process and already precipitate before ionogel synthesis (Figure 

4-1A) yielding soft and heterogeneous ionogels (Figure 4-2 and Figure 4-3,  
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Table 4-2 and Table 4-3).  

In contrast, the silane coatings are beneficial for the dispersion and immobilization of the 

nanoparticles both in the reaction mixture (IL, monomer, and nanoparticles) and the final 

ionogels. In spite of this, the particles are not present as single particles and, possibly, the 

ionogels could further be improved by using a more localized and softer silanisation process. 

TMAOH stabilizes the bare particles during the silanisation but it is a strong base which causes 

rapid condensation of the alkoxysilanes. Arguably, this is one of the reasons for the formation of 

the nanoparticle aggregates observed in TEM and DLS. A solution to this problem could 

involve a silanisation catalyst that is directly immobilized on the surface of each individual 

particle, similar to an approach Graf et al. where single silver nanoparticles have been coated by 

immobilizing a peptide on the nanoparticle surface which catalyzes alkoxysilane hydrolysis.[58] 

In the current case, this would lead to individually coated magnetic particles and an even more 

homogeneous distribution of the nanoparticles in the ionogel.  

The main reason for the improved homogeneity and mechanical stability of the ionogels based 

on the modified nanoparticles is certainly that the nanoparticle surface is actively participating 

in the polymerization process. The bare 0-Fe3O4 nanoparticles have no possibility of forming 

covalent bonds with the growing polymer chain. Consistent with literature[49, 58] the silane 

coating of the A- and M-Fe3O4 enables a covalent bonding between the particles and the 

polymer leading to crosslinked networks (Scheme 4-1 and Scheme 4-2) with improved 

mechanical properties. The effective crosslinking of particles with the polymer network is 

evidenced by a 10 fold increase in the elastic modulus (Figure 4-5). The current approach is 

therefore suitable for the synthesis of MIGs and demonstrates that the choice of the 

nanoparticles, the reaction parameters such as solvents, and especially the surface coating of the 

magnetic nanoparticles are key parameters to control if a homogeneous and functional MIG is to 

be obtained.  

 

 

4.5 Conclusions 
 

Magnetite nanoparticles are suitable building blocks for a new class of responsive materials, 

magnetic ionogels (MIGs). MIGs are emerging materials for a wide range of applications and 

the materials and processes described here should therefore pave the way towards new 

multifunctional soft materials based on ionic liquids such as soft, magnetically triggered 

actuators. Of particular importance is the observation that the surface chemistry of the magnetic 

nanoparticles governs the macroscopic properties of the ionogels.  
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Abstract 

Up to now, photoresponsive hydrogels and ionogels based on poly(N-isopropylacrylamide) 

copolymerised with pendant spiropyran groups require exposure to external acidic solution 

(usually milimolar HCl) to generate the swollen gel prior to photo-triggered contraction. This 

serious functional limitation has been solved by copolymerising acrylic acid into the gel matrix, 

to provide an internal source of protons. Due to the relative pKa values of acrylic acid and the 

spiropyran and merocyanine isomers, the protonation and deprotonation occurs internally within 

the gel and there is no need for an external source of protons.  Furthermore, the shrinking-

expansion cycles of these gels in deionised water are repeatable, as protonation throughout the 

gel does not rely on movement of protons from an external acidic solution into the bulk gel. In 

contrast to previous formulations, these gels do not show degradation of their photo-induced 

shrinking ability after multiple washings in deionised water and repeated switching over a 2 

month period. 

 

Keywords: Photoresponsive gel, spiropyran, polymer actuator, NIPAM, acrylic acid, hydrogel, 

spiropyran 
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5.1 Introduction 
 

Stimulus responsive gels are receiving increasingly intensive attention due to the autonomous 

manner in which they respond to changes in their local environment.[1] Consequently, they are 

often referred to as “smart materials” because they can perform functions without the need for 

any human input. Examples include materials that respond to temperature,[2] pH,[3] light,[4] 

and magnetic[5] and electric[6] fields. In recent years, interest has been growing in the use of N-

isopropylacrylamide (NIPAM) as a base material for producing photoresponsive gels.[7-11] In 

general, these gels consist of two stimulus responsive entities. First, is the poly(NIPAM) gel 

which shrinks when heated above the lower critical solution temperature (LCST).[2, 12, 13] 

Second is spiropyran (BSP, Scheme 5-1), a molecular photo-switch which, in a polar 

environment, spontaneously opens to the charged merocyanine isomer (MC, Scheme 5-1: step 

1).  This process can be reversed by illumination of the MC isomer with white light. The 

conversion of BSP to MC is reinforced in acidic media, through the formation of the protonated 

merocyanine (MC-H+, Scheme 5-1: step 2).  Illumination of MC-H+ with visible light causes 

regeneration of the SP form, with consequent release of a proton[14, 15] (Scheme 5-1).   

When a poly(NIPAM) gel incorporating spiropyran in the polymer backbone is exposed to 

millimolar aqueous HCl, the benzospiropyran (BSP) molecules spontaneously open to the 

positively charged protonated merocyanine (MC-H+), accompanied by a yellowing of the gel 

due to absorbance by MC-H+ in the visible spectrum centred between 400 - 500 nm.[15] When 

this gel is irradiated with white light, the same photoreversible process happens, with MC-H+ 

spontaneously switching back to the colourless BSP form, releasing a proton in the process.[4, 

10]  As a consequence the gel becomes more hydrophobic and shrinks through expulsion of 

water.[4]  

 
Scheme 5-1. Photochromism and acidochromism of benzospiropyran derivatives 



 87 

 

A potentially important application of this actuation behaviour is the generation of 

photoswitchable valves[4] and on-demand patterned channels for microfluidic systems[9]. In 

the case of valves, typically the acidified 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 microfluidic 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 fluid 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 fluid 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 electron donating/withdrawing substituents to the spiropyran molecule 

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 modified 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 µm diameter rods, as the dimensional scale of the entity obviously has a significant 

impact on the overall diffusion kinetics of water into and/out of the gel. 

 

Improvements in the physical robustness of the photoswitchable 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 flake 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 consequently the ionogel actuation kinetics) can be strongly influenced 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 microfluidic devices due to significant performance limitations arising 

from: 

1. The need to expose the gel to a strongly acidic solution (typically pH 3 HCl) in order to 

generate the photoresponsive MC-H+ species. 
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2. The rather slow recovery of contracted gels to the swollen form after use (can take many 

minutes or even hours). 

 

Together, these constraints have a significant negative impact on the range of practical 

applications of these actuators, essentially limiting their use to “single shot” disposable 

microfluidics, 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. 

 

 

5.2 Experimental 
 

5.2.1 Materials 
 

N-isopropylacrylamide 98% (NIPAM), Acrylic Acid 99% (AA)   (180-200 ppm MEHQ as 

inhibitor), N,N’-methylenebisacrylamide 99% (MBIS), Phenylbis(2,4,6-trimethylbenzoyl) 

phosphine oxide 97% (PBPO) were obtained from Sigma Aldrich, Ireland and used as received. 

Trimethyl-6-hydroxyspiro-(2H-1-benzopyran-2,2’indoline) 99% was obtained from Acros 

Organics and acrylated as described in the Appendix B.  

 

 

5.2.2 Gel preparation 
 

For the hydrogel synthesis, typically 200 mg (1 mol equivalent) of NIPAM was mixed with 3 

mol % equivalent of MBIS and the given amount of AA and spiropyran acrylate (BSP). These 

compounds were then dissolved in 500 µL of 1,4-dioxane/water mixture (4:1 vol:vol). To this 

mixture 1 mol % equiv. of the photo-initiator (PBPO) was added. This mixture 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 projected through 
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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. After 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-modified 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 derivative[11]) show that under UV irradiation, BSP converts to MC, 

which absorbs strongly in the visible region and inhibits the polymerisation process.  

 

 

5.2.3 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 defined 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 contracted (dried) state (dmin), according to expression (5.1), below;  

D%= 1−
d max− dx( )

dmax − dmin( )























x100%            (5.1) 

where D% is the relative percent swelling of the disc diameter, dx = measured diameter; dmax = 

diameter of the fully swollen gel; dmin = diameter of the fully contracted gel (dried at room 

temperature for 3 days). The dried gels had diameters between 64-67 % of the fully swollen gel. 

Therefore, the relative percent of swelling that is used expresses dimension changes taking place 

between fully swollen gel (dmax =100 % relative swelling) and the maximally shrunken, dried 

state (dmin = 0 % relative swelling). Therefore from here onwards, unless stated otherwise, % 

swelling/shrinking refers to the relative % as defined above. Further details are given in the 

Appendix B, Figure B1.  

 

For white light stimulated shrinking measurements, the 3mm hydrogel discs were placed in a 5 

mm wide and 2mm deep PDMS circular recess filled with water and covered with a second 

PDMS 2 mm thick slide. The imaging was performed using an Aigo GE-5 microscope with a 

60x objective lens and the accompanying software. The light was provided by a Dolan-Jenner-
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Industrie Fiber-Lite LMI at maximum power (780 lumens) through two waveguide goosenecks 

fixed at a distance of 10 cm from the samples. 

 

 

5.2.4 UV-Vis Spectroscopy 
 

UV–Vis spectroscopy was used to study the absorbance behaviour of the spiropyran hydrogels 

under different illumination conditions. The absorbance spectra were recorded in reflectance 

mode using a fibre-optic light guide connected to a Miniature Fiber Optic Spectrometer 

(USB4000 – Ocean Optics Inc.) and a specially designed probe holder (see Appendix B Figure 

B2 for the setup details). The light source was a LS-1 tungsten halogen lamp (white light) 

obtained from Ocean Optics Inc. Data from the spectrometer was processed using Spectrasuite 

software provided by Ocean Optics Inc. For clarity, the absorbance spectra were smoothed 

using Origin software with a Savitzky–Golay algorithm on a total of 3648 data points per 

spectrum, and an averaging window of 50 data points. 

 

 

5.3 Results and discussion 
 

Table 5-1. 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 
[µL] 

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 

 

Table 5-1 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 
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convention “gel[amount of AA mol%]-[amount of BSP-A mol%]” eg. 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 

5-1), which did not contain AA. These gels, when placed in DI water and in darkness, swell 

naturally and turn red (Figure 5-1a) upon swelling indicating spontaneous conversion of BSP to 

the unprotonated MC form (Scheme 5-1, step 1), confirmed by the absorbance band centred 

around 560 nm. 

 
Figure 5-1. 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 for 20 min.  
 

When acrylic acid is incorporated into the gel (eg. gel 5-1) the samples also swell in darkness in 

deionised water, but adopt a yellow colouration after several minutes (Figure 5-1b) due to an 

absorbance band centred around 480 nm, which is characteristic 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 confirmed by the disappearance of 

bands at 560 and 480 nm, respectively. Figure 5-1 shows this happening for gel 5-1, which 

spontaneously adopts the MC-H+ form in the absence of light (Figure 5-1b), and reverts to the 

BSP form when irradiated with white light (Figure 5-1c). 
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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 contain 

any BSP (Figure 5-2). However, samples from the same batch (gel 0-1) pre-soaked in 1mM HCl 

exhibit a yellow colour characteristic 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, Figure 5-2 and Figure 5-4) 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 LCST[12, 13, 19] a slight temperature induced shrinkage in the blank 

poly(NIPAM) gels occurs. 

 
Figure 5-2. 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=6) 
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5.3.1 Influence of AA content on gels with 1 % BSP  
 

Figure 5-2 shows the results of photoinduced shrinking experiments performed on gels 

containing 1% BSP and 0 to 5% AA. The first observation is that the gels incorporating AA 

function remarkably well without the need for prior soaking in HCl. When placed in DI water 

and in darkness, a yellow colouration of the AA-modified gels can be observed after 5-10 

minutes, indicating spontaneous formation of MC-H+ and, by implication, an equivalent number 

of deprotonated -COO- groups. A schematic of this equilibrium within the gel is shown in 

Figure 5-3. Moreover, the shrinking of the 1-1 gel is both faster and greater in extent than for 

the equivalent non-AA modified 0-1 gel pre-equilibrated in HCl (30% versus 20%, respectively, 

Figure 5-2). Gel 5-1 shrinks most, reaching 50% relative swelling after 20 min of irradiation 

with white light.  

 
Figure 5-3. 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 5-1). 
 

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+ 



 94 

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 (Figure 5-2). These results show that 

the incorporation of AA into these gels simplifies the actuator operation by removing the need 

to use an external HCl bathing solution to prime the gel prior to photo-induced shrinking. 

 

 

5.3.2 Influence 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 

Figure 5-4 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 %. 

 
Figure 5-4. 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=6) 
 

Another optimisation aspect of these gels is the reswelling rates. When the gels (Table 5-1) 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 5-2) shows that 

all gels with 1% BSP ie. 1-1, 2-1, 5-1 shrink more with increasing amount of AA and reswell to 

~100% after one hour storage in darkness.  
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Table 5-2. Swelling values [relative %] and standard deviations (s) for gels in Table 5-1 after 20 min 
under white light and after 1h in the dark (n=4) 
 

Gel 
20 min 

(Vis. light) 
60 min 

(in darkness) 

0-0 87.85 ± 1.18% 97.44 ± 1.60% 

1-1 67.33 ± 1.85% 100.45 ± 0.64% 

2-1 59.37 ± 4.26% 96.48 ± 1.34% 

5-1 49.10 ± 4.73% 97.35 ± 1.93% 

2-2 61.31 ± 5.20% 83.69 ± 1.27% 

5-2 45.50 ± 5.33% 82.69 ± 3.33% 

5-3 77.22 ± 1.12% 76.44 ± 1.46% 

 

When the BSP 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.  

 
Figure 5-5. Extent of relative swelling upon white light irradiation for 20 min as a function of gel 
composition. AA% – acrylic acid content; BSP-Acrylate% – spiropyran content; both expressed as 
molar % relative to NIPAM. 
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The extent of photo-induced shrinking of the gels versus their composition can be seen in Figure 

5-5.  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 Figure 5-5, 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 (Figure 5-3).  

Assuming 100 % conversion of monomers during polymerisation of the gels, and given the pKa 

of AA[21] 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. pH 

3, which coincides with the acidic conditions reported previously to swell non-AA containing 

gels.[4, 7, 9, 10, 16]  Therefore, in order to provide effective photoactuation 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. 

 

 

5.3.3 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 (Figure 5-6). 

 
Figure 5-6. Alternating light (5 min) and dark (20 min) cycles for the 5-1 gel. in DI water (n=3) 
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Figure 5-7. 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 1mM 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. 
 

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 (Figure 5-7). In contrast, gel 0-1, after initially 

swelling in 1mM HCl, showed drastically impaired actuation behaviour after one 

drying/reswelling cycle in DI water, and had effectively lost its photo-actuation ability after the 

second cycle (Figure 5-7). This result confirms that, in contrast to the standard gels, the AA-

modified gels do not need to be exposed to HCl to induce reswelling after 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 Figure 

5-8 show that Gel 5-1 can undergo light induced shrinkage even after re-swelling 3 times in 

fresh DI water (i.e. no exposure to HCl). In contrast, Gel 0-1 loses its photoresponsive character 

after two washes. Simultaneously, Gel 0-1 adopts an increasingly reddish colour (left column, 

Figure 5-8A), indicative of a tendency to preferentially form the unprotonated MC isomer rather 
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than MC-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 (left column, Figure 5-8B). After 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 modification of the gels creates a pH buffering effect within the gel.  

 

 

5.3.4 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 = 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 5-1, 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.  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 5-1 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 Figure 5-3.  

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) 

diffusional pathways for bulk proton transfer within the AA-modified gels produces a more 

efficient system in terms of the overall actuation behaviour, rather than depending on proton 

transfer from an external acidified bathing solution. Finally, the operational pH range of the gel 

actuation effect is dramatically extended. 

In the AA-modified polymers, the protons preferentially reside on the MC groups when they are 

present (in the dark) and preferentially on the –COO- groups in the absence of MC (i.e. when 

MC is converted to BSP under white light irradiation), as proposed in Figure 5-3. As long as 

there is no stronger base competing for the free protons, the charge neutrality rule ensures the 

population of protons in the gel is essentially conserved.  However, this does mean that the 

mechanism will breakdown at pH > ca. 7.0, due to the increasing presence of competing OH- 

ions. 
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Figure 5-8. 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. 
 

During this study some of the samples were kept in 20 ml vials filled with DI water for over 2 

months. Even though the water was changed 5 times during this time, the randomly selected 5-1 

and 2-2 gel samples were found to retain their photo-induced shrinking ability. For example: the 

extent of shrinking for gel 5-1 decreased by only 2 % absolute shrinking (20 % initially vs. 18% 

after 2 months). This demonstrates that these formulations are much more stable compared to 

the standard NIPAM-co-BSP-A gels. These improvements will greatly broaden the potential 

scope for applications of these materials as, up to now, they have required repeated exposure to 

acidic conditions (at least pH 3) to induce re-swelling and the photoactuation property.  For 

example, the ability to repeatedly photoactuate these AA-modified gels in DI water up to about 

pH7 will open up multiple applications in the clinical and environmental areas, and should 

dramatically simplify the design of microfluidic systems incorporating these actuators for 

control of liquid movement.[24] 
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5.4 Conclusions 
 

Copolymerising acrylic acid into the pNIPAM gels along with acrylated spiropyran provides an 

effective way to mediate the proton exchange that underpins the swelling/contraction 

mechanism of these gel actuators. In the dark, the gels spontaneously swell due to water ingress 

accompanying the formation of protonated MC-H+ by proton transfer from AA groups to MC.  

The rate and extent of photo-induced shrinking is enhanced compared to known spiropyran 

modified gels that do not contain AA groups, and have to be primed by exposing to pH 3 HCl to 

induce swelling. Furthermore, these new gels exhibit reproducible light-induced shrinking even 

after several drying/reswelling/washing cycles, and two months storage in DI water. This level 

of robustness has not been achieved for such gel actuators before, and should dramatically 

broaden their applicability, for example in areas like photo-controlled valving in microfluidics.  
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6.1 Introduction 
 

Photoresponsive gels based on N-isopropylacrylamide and spiropyran have been investigated in 

recent years.[1-5] These gels actuate on the following principle. A spiropyran-acrylate 

photoswitch molecule is incorporated into an N-isopropylacrylamide thermoresponsive 

hydrogel. The photoswitch can exist in two isomer forms, the hydrophobic, closed spiropyran 

(BSP) and the more hydrophilic open merocyanine form (MC) that can also become protonated 

(MC-H+). When such gels are placed in a milimolar HCl solution, the photoswitch 

spontaneously switches from BSP to MC-H+, the gel swells and becomes yellow. When this gel 

is irradiated with light of the wavelength of the absorption of the protonated MC-H+ (eg. white 

LED light) the MC-H+ reverts back to the more hydrophobic and colourless BSP form. As a 

consequence the hydrophilicity of the material changes and the gel shrinks.  

 

Applications of this material were demonstrated as microfluidic light-actuated valves[2] or on-

demand photo-patterned microfluidic channels.[3] However, the materials employed in these 

studies suffered from several drawbacks. First, the gel needs to be immersed in HCl to be 

photoresponsive. Second, after the contraction step the gel needs to be reswollen in HCl if it is 

to be shrunk again. These limit the application practically to only one-shot devices[5]. Lastly, 

the shrinking and reswelling speeds are still rather slow for satisfactory performance. 

 

Improvements in the gel reswelling kinetics reported previously by the modification of 

substituents on the photoswitch molecule[6] but the authors pointed out that the gels composed 

of the fastest photoswitch molecules were not stable.[4] This was attributed to the reactive 

methoxy groups – the same groups that gave the molecule the fastest opening kinetics.   

 

In our recent paper we have demonstrated that the severely limiting HCl soaking step can be 

avoided by copolymerisation of acrylic acid into these gel structures.[7] It was shown that these 

gels self-protonate in deionised water and can be actuated repeatedly even after being washed 

many times with water or dried and reswollen. However, the reswelling speeds for the 3mm gel 

disks were still around 60 minutes.  

 

In this work we attempt to improve the reswelling performance of the gels by inducing porosity 

into the poly(NIPAM) gels. It has been demonstrated that poly(NIPAM) gels shrink and re-

swell significantly faster if they are porous[8-10] Therefore, we have used poly(ethylene glycol) 

of two molecular weights as a pore forming agent and combined it with our previously reported 
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spiropyran-NIPAM-acrylic acid gels to produce porous, photoresponsive and self protonating 

soft hydrogel actuators. The porosity is analysed with Scanning Electron Microscopy, the 

photo-induced size shrinking and reswelling of the gels is measured together with the UV-Vis 

spectra of the reswelling gels. The properties of the materials and their impact on the actuation 

properties are discussed. 

 

 

6.2 Experimental 
 

6.2.1 Materials 
 

N-isopropylacrylamide 98% (NIPAM), acrylic acid 99% (AA)   (180-200 ppm MEHQ as 

inhibitor), N,N’-methylenebisacrylamide 99% (MBIS), phenylbis(2,4,6 trimethyl benzoyl) 

phosphine oxide 97% (PBPO), poly(ethylene glycol) Mw = 2000 g/mol and Mw = 20 000 g/mol 

were obtained from Sigma Aldrich, Ireland and used as received. Trimethyl-6-hydroxyspiro-

(2H-1-benzopyran-2,2’indoline) 99% was obtained from Acros Organics and acrylated as 

described previously.[7]  

 

 

6.2.2 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 µL of 1,4-dioxane/water mixture (4:1 vol:vol) in which a given 

amount of PEG was previously dissolved.. To this mixture 1 mol % equiv. of the photo-initiator 

(PBPO) was added. The full sample compositions can be found in Table 6-1. This mixture 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 projected 

through two gooseneck waveguides placed at a distance of 10 cm from the mould. The light 

intensity measured with a Multicomp LX-1309 light meter was ~30 kLux. The polymerised gels 

were allowed to swell in deionised water that was changed 3 times with 4 h intervals until no 

colouration of the supernatant could be observed. Removal of the PEG porogen was confirmed 

by Raman spectroscopy (Appendix C). After 24 h the swollen and equilibrated gels were cut 
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into 3 mm discs using a manual puncher. All measurements were performed on gels produced 

according to this protocol.  

 

Table 6-1. Compositions of samples tested 
 

  Blank gel 2k gel 20k gel 

AA [mol %] 5 5 5 

BSP [mol %] 1 1 1 

MBIS [mol %] 3 3 3 

PBPO [mol %] 1 1 1 

NIPAM [mg] 200 200 200 

PEG 2k [mg] - 400 - 

PEG 20k [mg] - - 200 

Solvent [µL] 500 500 500 

 

 

6.2.3 Gel shrinking measurements 
 

For white light irritation and shrinking measurements the hydrogels were placed in a 5 mm wide 

and 2mm deep PDMS mould filled with water and covered with another PDMS 2mm thick 

slide. The imaging was done with an Aigo GE-5 microscope using a 60x objective lens and the 

accompanying software. The light was provided by a Dolan-Jenner-Industrie Fiber-Lite LMI at 

maximum power through two waveguide goosenecks placed 5 cm from the sample. The 

swelling ratio “d” was calculated using equation 6.1:  

0d

d
d x=  (6.1) 

where, −xd measured diameter; −0d is the diameter of a fully swollen gel 

 

6.2.4 SEM 
 

The hydrogel samples were first swollen in DI water, then frozen with liquid nitrogen and 

subsequently freeze-dried using a Labconco freeze-drier, model 7750060. The samples were 

kept for 24 hours at 0.035 mBar pressure and temperature of -40 ˚C.  
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The freeze-dried hydrogels were cut in half to reveal the cross section and imaged using 

scanning electron microscopy (SEM) performed on a Carl Zeiss EVOLS 15 system at an 

accelerating voltage between 14.64-17.78 V. Samples were placed onto silicon wafers and 

coated with 10 nm of gold layer prior to imaging. During the imaging process, the stage was 

tilted at an angle between 0–15° for better imaging of the cross section of the hydrogels. 

 

 

6.2.5 Rheology 
 

Rheology measurements on the DI water equilibrated samples were carried out with an Anton 

Paar MCR 301 rheometer using a PP15 parallel plate tool 15 mm diameter. The amplitude 

sweep tests were done at 1 Hz frequency and a normal force of 0.1 N. The frequency sweeps 

were done at 0.1 % strain from 100 Hz to 0.1 Hz and normal force of 0.1 N.  

 

6.2.6 UV-Vis spectroscopy 
 

UV–Vis spectroscopy was used to study the colours of the spiropyran hydrogels under different 

illumination conditions. The absorbance spectra were recorded in reflectance mode using a 

fibre-optic light guide connected to a Miniature Fiber Optic Spectrometer (USB4000 – Ocean 

Optics) and a specially designed probe holder (Schematics in the ESI). The light source was a 

LS-1 tungsten halogen lamp (white light) obtained from Ocean Optics, Inc. Data from the 

spectrometer was processed using Spectrasuite software provided by Ocean Optics Inc. For 

clarity, the absorbance spectra recorded were smoothed using Origin software using Savitzky–

Golay algorithm. 

 

 

6.3 Results and Discussion 
 

6.3.1 Porous poly(NIPAM)-co-BSP-A-co-AA gels 
 

When a PEG solution is used as a medium for polymerisation of NIPAM gel a porous network 

is formed because the PEG polymer chains are occupying space without taking part in the 
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polymerisation process. In comparison to the blank gels that are transparent at all times, the 

porous gels are partially transparent after polymerisation and turn completely opaque after 

equilibrating in water. This observation often constitutes the first indication of pores present in 

the gel. After the synthesis, the PEG porogen can be easily washed out from the gels by soaking 

in deionised water as confirmed by Raman spectroscopy in Figure C 1 (Appendix C).  

 

After equilibration and washing with DI water some of the gels were freeze dried. The SEM 

images of cross sections of the freeze-dried gels can be seen in Figure 6-1. One can notice that 

even for the samples without the PEG porogen a pore-like structures are formed as previously 

shown by others.[9, 10] This is expected for freeze-dried samples as the sublimated water leaves 

empty spaces behind and allows imaging the gel as it is in its hydrated/swollen state. In our 

case, the size of features in the blank gel varies significantly with smaller pore-like features 

being in the range of ~2 - 5 µm (Figure 6-1a). Photos of the 2k gel reveal much smaller pore 

features formed compared to the blank. Here the feature size is typically < 2 µm Figure 6-1b. 

This might allow easier water passage in and out of the gel with respect to the non-porous gel 

due to a higher surface/volume ratio. Finally, the photos of 20k gels reveal the most 

homogenous and clear porous character of all the gels. Given the magnification of the photo in 

Figure 6-1c one can speculate that the pores are <1 um in diameter.  

 

Figure 6-1. SEM images of freeze dried gels: a) gel with no porogen used; b) 2k gel; c) 20k gel 
  

6.3.2 Mechanical stability of the gels 
 

It is well known that porosity often lowers the mechanical stability of gels compared to their 

non-porous equivalents. In the case of the above gels the fact that the freshly polymerised 

porous gels swell more in DI water (30 % in diameter) than the blank gels (20 % in diameter) 

results in the decreased mechanical strength of the porous gels (Figure 6-2). Despite the lower 

modulus of the porous gels and smaller linear viscoelastic region (Figure 6-2a) compared to the 

blank, the porous gels still possess mechanical moduli within the typical range (~104 Pa) 

reported for swollen hydrogels.[11] 
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Figure 6-2. a) Storage modulus vs. shear stress of the gels during a strain amplitude sweep 
(frequency 1 Hz); b) Frequency sweep for the same gels (amplitude 0.1 %). 
 

 

6.3.3 Light induced shrinking and reswelling of the gels 
 

 
Figure 6-3. Light induced shrinking and reswelling in the dark for poly(NIPAM)-co-BSP-A-co-AA 
porous gels. 
 

The light induced shrinking of these gels is a faster process than reswelling, as we have reported 

previously,[7] and appears to be slightly affected by the presence of pores (Figure 6-3). In fact, 

the volume decrease is smaller for the porous gels than for the blank gel. This can be explained 

by the fact that, as mentioned earlier, the porous gels swell more when placed in water after the 

polymerisation than the blank gels. In turn, this results in a lower overall concentration of BSP 
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in the gel/water. As reported previously, the BSP content has a significant effect on the speed 

and degree of shrinking of these gels.[7] Moreover, in the more swollen gels, a smaller mass of 

polymer has to expel a higher mass of water to reach the same shrinking ratio as the blank. On 

the other hand, significant differences between the blank and porous gels were observed during 

the reswelling part of the experiment (Figure 6-3). Note that the blank gels need more than an 

hour to re-swell to their initial state and the swelling ratio increase is almost linear with time. In 

contrast the porous gels reached 97% of the initial diameter within 20 minutes after the light has 

was switched off i.e., in the dark.  

Surprisingly, the different molecular weight of pore forming PEGs used did not affect the 

reswelling speed between the porous gels. The UV-Vis spectroscopy measured on the same gels 

show that the kinetics of BSP opening and protonation is similar (Figure 6-4a) but seems to 

depend slightly on the initial swelling of the gels. After applying an exponential growth model  

tkeAy ⋅−⋅=  (6.2) 
where y – absorbance Figure 6-4a / swelling Figure 6-4b; A – preexponential factor; k – rate 

constant [s-1]; t – time [s] 

it was possible to determine the first order kinetic rate constants for both the reswelling and 

absorbance data. From these calculations one can conclude that the blank has the higher rate 

constant of 2.53 x 10-3 [s-1] while the porous gels have BSP reprotonation kinetic constants of 

2.44 x 10-3 [s-1] and 1.25 x 10-3 [s-1] for the 20k and 2k gel respectively. On the other hand, the 

reswelling kinetics shown in Figure 6-4b reveal that the non-porous gel reswelling speed (k ~ 2 

x 10-4 [s-1]) is an order of magnitude slower than the porous gels (k ~ 1.6 x 10-3 [s-1]). Given the 

fact that for the non-porous gels the protonation kinetics is an order of magnitude higher than 

the reswelling kinetics one can presume that in this case the reswelling is a diffusion limited 

process.  

 

Figure 6-4. a) Normalised absorbance (at 480 nm) kinetic curves of the BSP re-protonation in DI 
water after 20 min white light irradiation; b) Reswelling of the gels during the re-protonation 
process in DI water after 20 min white light irradiation. 
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However for the porous gels, the reswelling kinetic constants values are much closer to the 

protonation rate values (~1-2.5 x 10-3 [s-1]). Bearing in mind the fact that the reswelling speed 

does not seem to depend on the pore size, it is speculated that in the case of the porous gels the 

reswelling is no longer diffusion limited but dependant on the rate constant of BSP -> MC-H+ 

reaction.  

These results suggest that the presented material can function not only as a reversible 

photoactuator as demonstrated previously[7] but has a potential to be used as a fast “on/off” 

microfluidic soft actuator valve. 

 

6.4 Conclusions 
 

In standard spiropyran containing poly(NIPAM) photoresponsive gels the light induced 

shrinking is faster than the re-swelling (several minutes vs 1-2 hours). By using PEG porogens 

in our recently published acrylic acid modified spiropyran/NIPAM gels it was possible to 

produce porous photoresponsive gels that not only had reversible photoactuation property but 

also significantly faster reswelling kinetics (by a factor of 3) than the non-porous blank. The 

spiropyran opening kinetics measured along with the size swelling kinetics suggest that when 

pores are present in the gel the reswelling is no longer limited by water diffusion but by the 

spiropyran opening kinetics. These findings provide the basis for development of novel 

photoresponsive soft actuators for fast on/off microfluidic flow control. 
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Abstract 

 

So far all reports on the novel class of thermoresponsive poly ionic liquids (LCST polyILs) have 

been dealing with linear polymers. Therefore it has been proposed to synthesise covalently 

crosslinked hydrogels based on two monomeric LCST ILs to afford a material with properties 

similar to the well known thermoresponsive poly(N-isopropylacrylamide) hydrogels. Two 

monomeric LCST ILs: Tetrabutylphosphonium styrenesulfonate and tributyl-hexyl 

phosphonium 3-sulfopropylacrylate have been copolymerised with crosslinkers of varying 

length to afford the first ever thermoresponsive poly(ionic liquid)-based hydrogels. 

Surprisingly, only using longer chain crosslinkers resulted in stable hydrogels that would not 

crack during swelling. Thermal DSC analysis revealed that the crosslinking of the LCST ILs 

results in significant broadening (~40 ˚C) of the endothermic LCST peak compared to the linear 

polymer solutions (~10 ˚C). Consequently the volume phase transition actuation of the 

hydrogels also occurs over a broader temperature range (~40 ˚C). This behaviour has been 

attributed to the lack of freedom for the bulky ionic polymer chains in the crosslinked state and 

explains the ineffectiveness of the shorter crosslinkers. 

 

Keywords: LCST, ionic liquid, hydrogel, thermoresponsive 
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7.1 Communication 
 

Ionic liquids (ILs) – organic salts that exhibit melting points below ca. 100 ˚C are a widely 

known and continuously developing class of materials.[1] The main advantages of these 

materials include low vapour pressure and the possibility to tune the properties of the IL by 

alternating the structures of the constituent cations and anions. These features make them 

particularly useful for synthesis of ionogels[1] and stimuli responsive materials.[2]  

Gel materials (in which a crosslinked polymeric network is filled with an IL phase) combine the 

characteristics of the polymer with those of the IL, often resulting in new hybrid materials with 

interesting properties.[1-3] These include appearance of Lower Critical Solution Temperature 

(LCST) of the gel network that allows shrinkage of the gel when the temperature is raised above 

the LCST.[3] Also the ability to tune mechanical,[4] photoresponsive,[5] and magnetic[6] 

ionogel properties has been reported. 

Moreover a subgroup of ILs wherein either the cation or anion is also a monomer and can be 

polymerised to form macromolecular ILs is also rapidly growing.[7] These monomeric and 

polymeric ILs have also attracted significant attention due to the possibility of having the 

properties of macromolecules and ILs integrated in one network. These include polyIL 

electrolytes and sorbents, and electroactive materials.[8]  

Recently a new and fascinating class of thermo-responsive ILs has been reported.[9, 10] These 

ILs are miscible with water at room temperatures but when heated, they phase separate, much 

like thermoresponsive polymers such as N-isopropylacrylamide.[11] Such temperature-sensitive 

behaviour opens up new possibilities for using these ILs as functional fluids e.g. for reversible 

protein extraction.[10, 12] Interestingly, out of many different cation/anion combinations, the 

majority of the thermo-responsive ILs reported are based on variations of phosphonium cations, 

such as tetrabutyl or tributyl-hexyl phosphonium [10, 12, 13] The most common anions 

employed to make LCST ILs thus far have been derivatives of benzenesulfonic acid. A 

particularly interesting development was to use 4-styrene sulfonate as an anion[14]. This 

combination of cation and anion produced a monomeric IL that displayed LCST behaviour.[14] 

This IL was then polymerised to form the first ever thermo responsive poly IL. This polyIL 

when dissolved in water precipitated when heated above the LCST and re-dissolved when 

cooled below the LCST. Consequently, other monomeric ILs based on sulfopropylmethacrylate 

anion and tributyl-hexyl phosphonium cation [13] or C3-C6 sulfoalkyl anion and tributyl-4-

vinylbenzyl phosphonium cation[15] have been reported.  

A common property of these LCST polymeric ILs is that their LCST depends on the 

concentration of the polyIL in water.[13, 15, 16] This phenomenon allows easy tuning of the 

LCST of these materials. As the concentration of the IL in water increases the LCST decreases. 

Moreover, addition of salts such as KBr[16] or phosphate buffer[13] can alter the LCST higher 
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or lower, respectively, behaviour that is attributed to the salt’s cosmotropicity.[13] The LCST of 

these materials can also be tuned using the standard route which involves copolymerisation of 

the responsive monomer with a hydrophobic comonomer. For example, when 

tetrabutylphosphonium 4-vinylsulfonate was copolymerised with 30% tributyl-

hexylphosphonium 4-vinylsulfonate, the LCST was shown to decrease from 60 to 40 ˚C (at the 

same polymer concentration).[14] This thermoresponsive behaviour make these ILs and 

poly(ILs) very promising candidates for a new group of stimulus responsive polyionic materials 

such as, for example, reversible graphene solution stabilisers.[16]  

 
Scheme 7-1. Structures and abbreviations of the monomeric ILs used in this study 
 

Therefore, it has been proposed that these thermoresponsive monomeric ILs can be polymerised 

into a hydrogel to form thermoresponsive poly IL hydrogels. Ideally these materials should 

behave similarly to the well known thermoresponsive poly(N-isopropylacrylamide) (NIPAAm) 

hydrogels, but with modification of properties due to the presence of the IL component. These 

materials could open new approaches to the production of polyIL-based stimulus responsive 

gels, with potential applications as, for example, microfluidic flow controllers and actuators, 

controlled absorb, release and delivery materials etc. 

The following work investigates the preparation and the thermal and actuation properties of 

crosslinked thermoresponsive polyILs using two monomeric LCST ILs. We have synthesised 

the known tetrabutylphosphonium styrenesulfonate (P-SS)[14] and the new tributyl-hexyl 

phosphonium 3-sulfopropylacrylate (P-SPA) (Scheme 7-1) with the aim of photopolymerising 

these monomers with various crosslinkers such as N,N’-methylenebisacrylamide (MBAAm), 

poly(ethylene glycol) diacrylate Mn = 256 (PEG256), poly(ethylene glycol) diacrylate Mn = 

700 (PEG700) and poly(propylene glycol) diacrylate Mn = 800 (PEG800) to form 

thermoresponsive gels. Since these monomeric ILs are liquid at room temperature and, like 

most ILs, have high solvating ability, they are miscible with organic initiators and crosslinkers, 

allowing easy handling of the mixtures, via moulding and subsequent photopolymerisation. 
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Initial gels were prepared with P-SS and 5 mol% of MBAAm as the crosslinker (details of IL 

and gel synthesis found in Appendix D). These gels when placed in DI water at room 

temperature swelled enormously (more than ~400 % in diameter) in less than 2 hours and the 

material disintegrated in the process (Figure D1a). The same swelling behaviour occurred with 

10% MBAAm. Therefore, 5% PEG256 was used as another type of crosslinker but yielded 

same excessive swelling and cracking as occurred with MBAAm.  

Table 7-1. Monomeric ILs and crosslinkers used to produce hydrogels with their respective 
appearances after swelling for 4 hours in DI water at room temperature. 

 
 

From our experience with standard poly(NIPAAm) hydrogels, generally speaking at 10 mol% 

MBAAm and PEG256 crosslinker, the material is very tightly crosslinked and can swell in 

water not more than 20 % in diameter. Bearing this in mind it was suspected that, in the case of 

our monomeric ILs, the crosslinking was not efficient. Conversion of vinyl groups during 

polymerisation was confirmed by the disappearance of characteristic vinyl bands at ~1630 cm-1 

in Figures D2 and D3 Appendix D. Given this, it was hypothesised that steric hindrance might 

have been responsible for the ineffective crosslinking. Therefore, longer chain crosslinkers were 

used. When both P-SS and P-SPA were crosslinked with 5 % of PPO800 and the gel placed in 

DI water observable swelling occurred but stopped after 60 minutes reaching ~146 % of the 

initial diameter. These gels were quite stiff in their hydrated forms but did not crack during 

swelling and were relatively easy to handle (Figure D1b). Similar behaviour was observed when 

PEG700 was used with P-SS and P-SPA. A summary of the outcomes of these experiments can 

be found in Table 7-1. It must be noted that PPO800 is hydrophobic in nature and immiscible 

with water. It is miscible in the monomeric IL but above 9 mol% of this crosslinker the resulting 

gel becomes opaque during the swelling process. Thermal analysis was performed on the water-

swollen gels to determine their LCST behaviour. DSC scans were conducted on the poly(IL) 

gels to observe the LCST endothermic peak during heating.  
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As previously mentioned, polyILs have been reported to manifest concentration dependant 

LCST behaviour.[13, 15] Therefore, it was hypothesised that the LCST of the gel could be 

controlled via the amount of crosslinker used. This was based on the phenomenon that the 

crosslinker amount in polymers (among other factors) dictates the maximum swelling of the 

network and therefore the polymer concentration in the solvent swollen gel. It was assumed that 

in our case, higher crosslinker concentrations should produce a lower LCST for the water 

swollen gel. Consequently, the P-SS monomeric IL was polymerised with 3 different 

concentrations of crosslinker. It was found that gels prepared with 5 % PPO800 displayed the 

highest LCST (52.6 oC) compared to 7 and 8% PPO800 (46.1 and 42.9 oC) respectively (Table 

7-2). The swelling of these gels (in diameter and weight) is also lower for the higher crosslinker 

content which further confirms previous assumptions. 

Table 7-2 Crosslinker content used for the P-SS gels and the resulting gel swelling and LCST 
characteristics 
 

PPO 800 
content 

[mol %] 

Swollen gel 
polymer 

concentration 

[wt %] 

Swelling 

[% initial 
diam.] 

Gel DSC 
LCST peak 

[˚C] 

5 26 46 52.6 

7 32 39 46.1 

8 34 34 42.9 

 

What is striking about the DSC results of the crosslinked gels (Appendix D, Figure D4) is the 

broadness of the LCST peaks (~40 oC). When P-SPA gel (5 % PPO800) is compared to a linear 

poly(P-SPA) solution in water (1:1 by weight, Figure 7-1) one can see that the LCST of the 

linear polymer solution is much sharper (10 oC) and that the LCST DSC peak becomes broad 

once the polyIL is crosslinked.  

These broad DSC peak distributions can be caused by a broad chain length distribution and 

crosslinking inhomogenities due to the free radical polymerisation used to make these gels. 

Based on the general knowledge that RAFT polymerisation allows more even chain length 

distribution[17] and reports that RAFT agents used to make poly(NIPAM) gels improve their 

LCST behaviour[18, 19] we added 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid as 

a RAFT agent (monomer: RAFT ratio 50:1) to the P-SPA 5 mol% PPO800 system. The 

resulting gels had the same broad DSC thermal characteristics as the gel without the RAFT 

agent (Figure D5). 

Therefore, in light of these results, this broadening of the LCST peak after crosslinking the 

polyIL is suspected to be caused by the decreased level of freedom the bulky polyIL has in the 
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gel. This DSC thermal response broadening after crosslinking also manifests itself in the 

temperature induced volume transition of the gels. 

 
Figure 7-1. DSC scans of P-SPA gel crosslinked with 5 mol% PPO 800 and P-SPA linear polymer 
solution in DI water 1:1 weight %.  
 

Figure 7-2 shows the temperature induced shrinking behaviour of two gels with the highest 

swelling (and presumably highest shrinking degree): P-SPA and P-SS both crosslinked with 5 % 

of PPO800 diacrylate. When these gels are subjected to heating, they do not shrink as is typical 

with thermoresponsive gels eg. poly(N-isopropylacrylamide). This means that the shrinking 

behaviour does not take place suddenly at one particular temperature. Rather, these polyIL gels 

shrink gradually over ~40 ˚C as the temperature increases (Figure 7-2). At the same crosslinker 

concentration, the P-SPA gel appears to be slightly more hydrophobic than P-SS, which results 

in the former shrinking to a greater extent at lower temperatures.  

 
Figure 7-2. Temperature induced shrinking profiles of P-SS and P-SPA both crosslinked with 5 mol 
% of PPO800.  
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This unusual thermal shrinking behaviour could have interesting applications in scenarios that 

demand a continuous change in the material volume over a temperature range, rather than an 

abrupt phase change. For example, in microfluidics, these gels may have potential as 

temperature controlled flow regulators, since their volume can be varied over a temperature 

range in order to control the extent by which flow in a microfluidic channel is impeded 

To conclude, a new and fascinating family of thermoresponsive monomeric ILs have been used 

to synthesise first ever thermoresponsive polyIL hydrogels. These monomeric ILs have been 

photopolymerised with crosslinkers of varying length to show that only long chain crosslinkers 

allow the material to swell in water without cracking and disintegrating. The LCST of these gels 

decreases with increasing gel crosslinker concentration, which is in accordance with previously 

reported LCST concentration dependence of these materials. However, the thermal behaviour of 

these materials did not mirror the similar linear systems reported. Instead, the crosslinked 

polyILs display a significant broadening of the temperature range over which the LCST 

behaviour occurs. Consequently, the gels shrink over a wide temperature range compared to 

typical thermoresponsive polymeric gels. This is attributed to the lack of freedom that the bulky 

and highly charged polymer backbone experiences in the crosslinked hydrogel state. 
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8.1 Thesis summary 
 

This thesis presented research undertaken in selected key areas of the fascinating field of 

stimulus responsive materials. Given the vast application possibilities of these materials the 

presented investigations were mainly focused on the properties that could allow implementation 

of said material in microfluidic systems as valves. Chapter 1 presented a general introduction 

into different classes of stimulus responsive materials, their advantages and disadvantages 

focusing on thermo, electric, light and magnetic responsive materials. A more detailed look at 

photoresponsive materials together with potential areas for improvement was presented in 

Chapter 2. In addition, different microfluidic valving solutions including magnetic and 

photoresponsive valves were also discussed in Chapter 2.  

Due to the increased interest in making stimuli responsive materials in the presence of ionic 

liquids, Chapter 3 investigated one of the most popular polymers used to produce stimulus 

responsive gels in this environment. Key fundamental aspects of N-isopropylacrylamide in a 

range of phosphonium ILs were investigated in this chapter. It has been demonstrated that the 

anion of the hydrophobic [P6,6,6,14]
+ cation can have a significant effect on the polymerisation 

kinetics, LCST and viscoelastic properties of the resulting ionogel. Ionogels made with 

[P6,6,6,14][DCA] were shown to have most elastic mechanical properties. Moreover, it was shown 

that the [P1,4,4,4][Tos] allowed the NIPAM to polymerise 3 times faster than in [P6,6,6,14][Cl]. The 

[P6,6,6,14][Cl] IL was also been shown to decrease the poly(NIPAM)’s LCST from the standard 

~30 ˚C to 15 ˚C. Even more interestingly [P6,6,6,14][DCA] ionogels swollen in water exhibited 

stiffening (7-fold modulus increase) when heated over their LCST (29 ˚C), but with minimal 

shrinking. These findings not only show that materials with unexpected properties can be made 

by combining known polymers with known ILs, and this allows the resulting ionogel properties 

to be tuned depending on the desired application. 

In Chapter 4, knowledge from Chapter 3 was utilised to synthesise a magnetic ionogel. NIPAM 

and [P6,6,6,14][DCA] were chosen as they had been shown (Chapter 3) to give the ionogels the 

best elastic properties. Magnetic stimulus is non-invasive and therefore attractive for 

microfluidic valving as the valve could be operated from outside of the manifold with minimum 

impact on the fluidics. To prevent leaching the magnetic particles providing the magnetic 

susceptibility were coated with allyl and mercapto groups to allow the particles to be 

copolymerised into the ionogel structure. Due to the crosslinked magnetic particles, these 

ionogels showed improved mechanical properties and high dispersion homogeneity compared to 

the uncoated particles. Fast bending and actuation was achieved for these ionogels in water by 

using a permanent magnet, although electromagnets could be used to either actuate the gel by a 

gradient field or induce heating and shrinking through an oscillating magnetic field. 
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Magnetic stimuli are non-invasive and offer a unique new level of stimulus apart from the 

standard thermal or electric. However, generating magnetic stimulus can require considerable 

amounts of energy if electromagnets are used. On the other hand powerful neodymium 

permanent magnets cannot be switched off. Since electromagnetic radiation in the form of light 

can be generated using considerably smaller amounts of energy (eg. 1 V LED diodes) 

photoresponsive gels were investigated in this thesis. Recent reports on spiropyran in 

poly(NIPAM) gels showed that these materials shrink after applying white light stimulus but 

they have to be immersed in millimolar HCl for the actuation to take place. This serious 

limitation was solved in Chapter 5 by incorporating an internal source of acid in the gel in the 

form of copolymerised acrylic acid. These modified gels were shown to swell and protonate in 

DI water. Since the protons reside either on the photochrome molecule or on the acrylic acid the 

reprotonation is spontaneous and allows the gels to be actuated by light repeatedly as 

demonstrated. Washing with DI water and storing the gels for 2 months did not reduce the 

material’s self-protonating ability and the performance. This improvement now allows this 

material to be used as a microfluidic reversible valve for applications that require pH in the 

range of 2 - 7. 

Despite the satisfactory reversible photoactuation behaviour of the gels in Chpater 5 they still 

required about an hour to reswell. Therefore, in Chapter 6 the speed of reswelling was 

investigated and improved. By incorporation of PEG porogen in the monomer mixture prior 

polymerisation the resulting gels exhibited a highly porous structure. This morphology was 

demonstrated to significantly improve the reswelling speed of the self-protonating spiropyran 

photoresponsive gels due to the reduced average diffusion pathways related to the increased 

surface area/volume ratio. The kinetic constant of reswelling was increased by an order of 

magnitude compared to the non-porous gels (~0.0015 [s-1] for porous, ~0.0002 [s-1] non-porous) 

and the data presented suggested that the reswelling kinetics in the porous gels was no longer 

limited by water diffusion but by the spiropyran isomerisation kinetics. Therefore, it can be 

speculated that these formulations have been optimised to their limits. Without altering the 

speed of spiropyran isomerisation or decreasing the feature size it will be difficult to achieve 

faster polymer actuation.  

Research to find “faster” spiropyran molecules for these gels has been undertaken already [1, 2] 

but the molecules synthesised, though faster, were regarded as unstable. For this reason 

investigation for a new material as a replacement for the poly(NIPAM) backbone was 

investigated in Chapter 7. The recent discoveries of LCST ionic liquids quickly led to the 

synthesis of polymeric ionic liquids with LCST behaviour. Chapter 7 investigated if these 

materials can be crosslinked to form hydrogels similar to poly(NIPAM) hydrogels. It was 

demonstrated that in contrast to the linear polyILs that exhibit the typical sharp LCST 

behaviour, these crosslinked gels had a very broad LCST DSC peak. This results in the gels 

shrinking gradually as the temperature is increased. This unexpected behaviour was attributed to 
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the bulky and highly charged structure of the mer-units in the polymer chains. When spiropyran 

was incorporated into the polyIL gel structure a negligible photochromic effect with white light 

was observed. There were two explanations suggested for this: lack of isomerisation mobility of 

the spiropyran due to the bulky nature of the polymer chains or IL interactions with the 

spiropyran stabilising it in the open form. The first explanation might be supported by the fact 

that short chain crosslinkers (MBIS. PEG256) were ineffective and only longer chain 

crosslinkers (PEG700, PPO800) could crosslink these monomeric ILs into gels.  

 

 

8.2 Future outlook 
 

Having brought improvements to the properties of the materials presented there are still areas 

where further enhancements can be made. The following paragraphs discuss some potential 

routes for further investigations of the materials presented so far, as well as some more 

ambitious ideas based on recent discoveries in materials science.  

 

Figure 8-1. Temperature dependence of transmittance at 500 nm for a PBzMA solution in 
[Cnmim][NTf 2]. (yellow square): [C1mim][NTf 2]; (red circle): [C 2mim][NTf 2]; (green inverted 
triangle): [C 4mim][NTf 2]; (blue triangle): [C 6mim][NTf 2]. [Cnmim] represents the 1-alkyl-3 
methylimidazolium cation.[3] 
 

Considering the NIPAM-based ionogels, experiments in our laboratory have shown that the 

polymerisation of NIPAM proceeds generally faster in imidazolium ionic liquids and gives even 

higher distortions of the LCST behaviour. Therefore, one could carry out a parallel study where 

same anions as in Chapter 3 are used but an imidazolium cation is chosen instead of the 

phosphonium. This way a broader understanding of the interactions between NIPAM, ILs and 

the system’s LCST can be obtained. Polymers normally not exhibiting LCST can exhibit such 
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behaviour in the presence of ionic liquids.[4] Therefore, different ILs could be used not only to 

tune the poly(NIPAM)’s LCST but also to induce LCST behaviour in polymers. Figure 8-1 

shows that a poly(benzylmethacrylate) exhibits LCST behaviour in an imidazolium IL and this 

LCST is dependant on the length of the alkyl chain on the IL molecule. Shifts in the LCST can 

also be realised by a standard route of copolymerising monomers of different lypophilicity 

(Figure 8-2). All this is possible without the presence of water, making these systems IL-only 

with all the benefits of the IL low vapour volatility, thermal stability etc. 

 

Figure 8-2. Temperature dependence of transmittance at 500 nm for a PBzMA solution in 
[C2mim][NTf2]. The transmittance of 100% indicates that the solution is a single-phase one 
(transparent), while that of 0% indicates that it is phase-separated (turbid). Inset shows the 
comparison of the turbidity measurements forBzMA copolymers with St orMMA.(red circle): 
PBzMA homopolymer, (Mn)28 300 g/mol, Mw/Mn ) 2.76); (yellow diamond): P(BzMA-co-St) (1.6 
mol %) (Mn ) 19 100 g/mol, Mw/Mn ) 2.34); (green square): P(BzMA-co-St) (8.7 mol %), (Mn ) 13 
100 g/mol, Mw/Mn ) 1.88); (blue inverted triangle): P(BzMA-co-MMA) (5.1 mol %), (Mn ) 21 600 
g/mol,Mw/Mn)2.22); (black triangle): P(BzMA-co-MMA) (10 mol %), (Mn ) 21 500 g/mol, Mw/Mn 
) 2.15).[3] 
 

The photoresponsive gels demonstrated in Chapter 5 and Chapter 6 have been optimised to 

some extent, but still possess limitations. Protonation of the spiropyran-NIPAM system will 

always depend on the pKa of the open merocyanine and the surrounding availability of protons. 

One cannot alter the electronic structure of the molecule to induce faster isomerisation without 

compromising the stability.[2] Given this, it is reasonable to look for alternative derivatives of 

spiropyran or other molecules that have faster isomerisation kinetics. As the pKa of the 

spiropyran/merocyanine currently limits these systems to pH < 7 one could also speculate to 

utilise alternative photoswitch systems where the change of hydrophilicity is not accompanied 

by pH changes. Azobenzenes might provide a solution to this problem.  
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A recently published photoresponsive ionogel briefly discussed in Chapter 1 is based on a 

poly(benzylmethacrylate) copolymerised with 3 mol% azobenzeneacrylate.[5] This gel exhibits 

shrinking under visible light irradiation and swelling under UV light irradiation at 83 ˚C (Figure 

8-3). This behaviour is believed to be possible due to the interactions of the azobenzene, the 

benezene pendant rings on the polymer chains and the presence of the hydrophobic imidazolium 

Ntf2 ionic liquid. This demonstrates that polymers that normally do not posses LCST can exhibit 

such behaviour when combined with ILs. Bearing in mind the almost unlimited combinations of 

cations and anions one can speculate that almost any polymer can be made into an ionogel that 

will exhibit a desired LCST or USCT (upper solution critical temperature) behaviour. This area 

of research is gaining increased attention due to the exciting possibilities to engineer the 

properties of ionogels for non-volatile and robust actuator applications and beyond.[3] Although 

azobenzene has been tested in the LCST ionogel system it would be very interesting if similar 

only-IL-containing light responsive ionogels with spiropyran could be synthesised. Having an 

ionogel with a tuneable actuation temperature or light responsiveness but filled with a non-

volatile IL presents great advantages over the current actuator gels. It must be noted here that 

the photoresponsive spiropyran based ionogels reported so far [6] would still require to be 

soaked in aqueous HCl. Therefore, they are not pure ionogels. 

 
Figure 8-3. Light induced swelling and shrinking of a poly(benzylacrylate)-co-
poly(azobenzeneacrylate) ionogel in 1-ethyl-3-methylimidazolium bis(trifluoromethane 
sulfonyl)amide ([C2mim][NTf 2]) at 83 ˚C. 
 

Similarly, azobenzene acrylate copolymer gel systems have certain limitations. For example, 

experiments in our laboratory have shown that the presence of azobenzene comonomer in the 

polymerisation mixture inhibits the polymerisation. Using linear polymerisation of NIPAM or 

N,N-dimethylacrylamide with azobenzene acrylate, conversions only up to ~60 % and ~40 % 

can be achieved when using 5 and 7 mol% of azobenzene comonomer, respectively. This is in 
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line with previous reports showing that azobenzenes can inhibit polymerisation.[7] Moreover, 

azobenzenes absorb strongly in the same range as most UV and Vis photoinitiators (350 - 450 

nm) rendering photopolymerisation, so useful in microfluidic gel actuator system, impossible. 

Therefore, it is suggested that azobenzenes may be more suited as thin film liquid crystal 

actuators. In such an arrangement, they have been shown to bend reversibly within several 

seconds.[8] This thin film crystal actuator approach operates on a bimetallic strip principle 

(Figure 8-4) and allows generation of forces higher than human muscles and in this respect they 

are significantly superior to the hydrogel approach. [9] 

 

Figure 8-4. Ilustration of the working principle of a diarylethene cocrystal that converts light into 
mechanical work. [9] 
 

Another very interesting field where actuators are developing is the magnetic materials area. 

However, magnetic responsive materials are not very popular in the field of sensors and fluidics 

due to the high power consumption of electromagnets. Therefore, new concepts must arise to 

utilise the high magnetic forces provided by cheap and strong permanent magnets. One 

futuristic idea is to use a spin crossover phenomenon[10] as an external stimulus to switch the 

material between magnetic and non-magnetic states. This way a material present in a magnetic 

field of a permanent magnet would only be attracted (or repelled) by the magnet if the 

magnetism of the material is switched on. The possibility to switch magnetism on and off has 
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been demonstrated even with light. [11] Therefore one can speculate that an actuator can be 

constructed where the material incorporating the magnetic spin crossover particles is constantly 

within a field of a permanent magnet but it becomes magnetic only under light irradiation and 

consequently affected by the magnet (Figure 8-5). Theoretically such system would require 

relatively low power to support the light source, possibly an LED, as the permanent magnet 

does not require any power input to operate. 

 
Figure 8-5. The principle of operation of an photo-magnetic actuator based on a material exhibiting 
a photo-induced magnetic spin crossover. 
 

Lastly, one should consider extensive research in the field on LCST polyILs discussed in 

Chapter 7. As presented, initial tests have been carried out to mimic the spiropyran-NIPAM 

system using a polyIL that exhibits LCST much like poly(NIPAM) gels. The LCST ILs offer 

higher tunability of the LCST than poly(NIPAM) and therefore could be the basis of a next 

generation of photoresponsive gels. However, obtaining a photoresponsive actuator based on the 

LCST polyILs and spiropyran is not straightforward. The author has investigated LCST polyILs 

based on the monomers in Figure 8-6. 

 

Figure 8-6. Structures of  monomeric ILs that exhibit LCST studied in our laboratory. 
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Incorporation of spiropyran into these gels did not pose a problem and reversible 

photochromism was observed (Figure 8-7). What is surprising is that the when the copolymer is 

dissolved in water the spiropyran comonomer undergoes spontaneous protonation without the 

addition of acid. It has been speculated that the IL polymer might be acidic in nature as the pH 

of the pure polyIL in water was 4.8. Moreover, the polyIL environment has shown to enhance 

the kinetics of spiropyran deprotonation compared to poly(NIPAM) systems (Table 8-1). No 

LCST shift has been observed when the spiropyran is isomerised. This applies to both linear 

polymers and gels. The gels decolourise but no light induced shrinking was observed. However, 

it must be noted that gels based on both [P4,4,4,4][SS] and [P4,4,4,6][SPA] decolourised slightly but 

the ones based on [P4,4,4,6][SPAAm] turned opaque upon decolourisation and the whole process 

happened much faster than in the case of the other gels. Moreover, it would seem that the 

polymerisation of [P4,4,4,6][SPAAm] is slow and yields polymers of low molecular weight. This 

is based on the observation that very little polymer is left after the linear polymer purification 

precipitation step and that similar observations were made for the NIPAM-azobenzene polymers 

discussed above.  

 

Figure 8-7. Photochromism of spiropyran copolymer with [P4,4,4,4][SS]. Work carried our by an 
ENSIACET internship student Stephane Louisia. 
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Table 8-1. Protonation and deprotonation kinetic constants for Poly(NIPAM)-co-BSP and 
Poly([P4,4,4,4][SS])-co-BSP linear polymers in DI water. Work carried our by an ENSIACET 
internship student Stephane Louisia. 

 
Protonation Deprotonation (white light) 

 k [s-1] 

Poly(NIPAM)-co-BSP 7.28 x 10-4 8.59 x 10-3 

Poly([P4,4,4,4][SS])-co-BSP 4.04x x 10-4 1.18 x 10-2 

 

Faced with such challenges in synthesising a LCST polyIL photoresponsive gel, it is proposed 

to use the reliable poly(NIPAM)-co-BSP gel system and interpenetrate it with a polyIL network. 

This interpenetrating network gel (IPN) approach presents several benefits. First, the ionic 

liquid would be permanently immobilised in the gel and will not leach out. Secondly, as the 

photoresponsive character is given by the first poly(NIPAM) network the polyIL network does 

not necessarily need to have the LCST property. The IL cation/anions can also be varied, 

depending on the desired effect on the gel properties. This effect could include tuning the LCST 

of poly(NIPAM) or affecting the equilibrium and kinetics of spiropyran isomerisation. Not to 

mention tuning the overall hydrophilicity/hydrophobicity of the IPN gel. Lastly, interpenetrating 

networks are well known for having superior mechanical properties compared to standard gel 

networks.[12]  

Investigations into the reasons for which the LCST of crosslinked poly IL gels is so broad 

should also be undertaken. The assumption that our photopolymerisation of the pIL gels 

produces an inhomogeneous structure and uneven polymer chains has been dis-proven by using 

RAFT agents to control the polymerisation process. The RAFT chain transfer agent (2-

(Dodecylthiocarbonothioylthio)-2-methylpropionic acid) did not affect the broad distribution of 

the DSC peak of the polyIL gels from Chapter 7. Therefore, more ambitious approach would be 

to prepare sliding ring (SR) crosslinked polyIL gels.[13-15] This advanced polymer chemistry 

technique produces crosslinks that are not fixed to one point in the chain. Such polymer 

networks would allow the release of any molecular stress and therefore mimic a linear polymer 

solution system. 

 

Many new concepts in material science arise every day. The miniaturisation of sensors and 

microfluidic platforms constantly drives the development of stimulus responsive materials for 

both sensing and actuating. In this chapter, only a few ideas for possible further exploration 

were presented. As time passes, many of these concepts will become redundant, for example, as 

disruptive discoveries arise that change our approach to materials synthesis. However, the 

author believes that this work has introduced some exciting knowledge into the field of stimulus 

responsive materials and I hope that it will assist and inspire new research investigations based 

on these fascinating materials.  
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Appendix A:  
 
Mechanical properties and U.V. curing 
behaviour of Poly(N-isopropylacrylamide) in 
phosphonium based ionic liquids. 
 

Electronic Supplementary Information (Chapter 3) 
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A.1 Purification of ionic liquids.  

 

Tetradecyl(trihexyl)phosphonium chloride [P6,6,6,14][Cl] 

Purchased from Cytec Industries. 20 ml of the ionic liquid was decolorized by redissolution in 

30 mL of acetone followed by treatment with activated charcoal (Darco-G60, Aldrich) at 40 oC 

overnight.  Carbon was removed by filtration through alumina (acidic, Brockmann I, Aldrich) 

and the solvent removed under vacuum at 40 oC for 48hrs at 0.1 Torr. 

1H NMR δH(400 MHz; CDCl3): 2.0-2.3 (8H, m, CH2), 1.4-1.5 (16H, m, CH2), 1.2-1.3 (32H, m, 

CH2), 0.79-0.85 (12H, m, CH3) ppm. 

ES-MS: ES+ m/z 483 [P6,6,6,14]
+ ES- m/z, 554, [P6,6,6,14]

+  2.[Cl]-. 

 

 

Tetradecyl(trihexyl)phosphonium dicyanamide [P6,6,6,14][dca] 

Purchased from Cytec Industries; purified according to the procedure for [P6,6,6,14][Cl]. 

1H NMR δH(400 MHz; CDCl3): 2.0-2.3 (8H, m, CH2), 1.4-1.5 (16H, m, CH2), 1.2-1.3 (32H, m, 

CH2), 0.79-0.85 (12H, m, CH3) ppm. 

ES-MS: ES+ m/z 483 [P6,6,6,14]
+ ES- m/z 66 [dca]-. 

 

 

Tetradecyl(trihexyl)phosphonium bis(trifluoromethyl sulfonyl)amide [P6,6,6,14][NTf 2] 

Purchased from Cytec Industries; purified according to the procedure for [P6,6,6,14][Cl]. 

1H NMR δH(400 MHz; CDCl3): 2.0-2.3 (8H, m, CH2), 1.4-1.5 (16H, m, CH2), 1.2-1.3 (32H, m, 

CH2), 0.79-0.85 (12H, m, CH3) ppm. 

ES-MS: ES+ m/z 483 [P6,6,6,14]
+ ES- m/z 279 [NTf2]

-. 

 

 

Tetradecyl(trihexyl)phosphonium dodecylbenzenesulfonate [P6,6,6,14][dbsa] 

Purchased from Cytec Industries; purified according to the procedure for [P6,6,6,14][Cl]. 

1H NMR δH(400 MHz; CDCl3): 7.8 (H, s, CH), 7.44 - 7.40 (2H, m, CH), 2.0-2.3 (7H, m, CH2), 

1.4 -1.8 (24H, m, CH2), 1.16-1.3 (48, m, CH2), 0.69-0.87 (15H, m, CH3)  ppm. 

ES-MS: ES+ m/z 483 [P6,6,6,14]
+ ES- m/z 325 [dbsa]-. 



 127 

 

Tetrabutyl(methyl)phosphonium tosylate [P1,4,4,4][tos] 

Purchased from Cytec Industries; purified according to the procedure for [P6,6,6,14][Cl]. 

1H NMR δH(400 MHz; CDCl3): 3.64 – 3.75 (6H, m, CH2), 2.24 – 2.33 (6H, m, CH2), 2.01 – 

2.07 (6H, m, CH2), 1.06 – 1.18 (12H, m, CH3) ppm. 

ES-MS: ES+ m/z 217 [P1,4,4,4]
+ ES- m/z 171 [Tos]-. 

 

 

Synthesis of Tetradecyl(trihexyl)phosphonium tosylate[P6,6,6,14][tos] 

Tetradecyl(trihexyl)phosphonium chloride (13.5 g, 26 mmol) was added to  50 mL of anhydrous 

acetone. Solid sodium tosylate (5.50 g, 28 mmol) was then added, giving a suspension which 

was stirred at 25 oC for 6 hrs. Precipitated sodium chloride was removed by filtration and the 

solvent removed under vacuum, yielding a yellowish viscous liquid.  The ionic liquid was 

decolorized by redissolution in 30 mL of acetone followed by treatment with activated charcoal 

(Darco-G60, Aldrich) at 40 oC overnight. The carbon was removed by filtration through 

alumina (acidic, Brockmann I, Aldrich) and the solvent removed under vacuum to yield 

tetradecyl(trihexyl)phosphonium tosylate. [P6,6,6,14][tos] as a colourless liquid (11.9 g, 89% 

yield). 

1H NMR δH  (300 MHz; CDCl3): 7.97 (2H, d, CH2), 7.27 (2H, d, CH2), 2.45 (3H, S, CH3), 2.0-

2.3 (8H, m, CH2), 1.4-1.5 (16H, m, CH2), 1.2-1.3 (32H, m, CH2), 0.79-0.85 (12H, m, CH3) ppm. 

ES-MS: ES+ m/z 483 [P6,6,6,14]
+ ES- m/z 171 [Tos]-. 
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A.2 Heat of polymerisation: DSC chamber setup.  

 
Figure A 1. The sample chamber and LED array holder printed with a 3D printer. Design by B.Z. 

 
Figure A 2. In house 3D design of the chamber. The carving on the edge was filled with an O-ring 
for minimising heat noise. Design by B.Z. 
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A.3 UV curing rheology 

 

 

 

Figure A 3. Storage (A) and loss (B) moduli during UV polymerisation of a) Pi-Tos, b) P-dbsa, c) P-
Tos, d) P-Cl, e) P-DCA. 
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A.4 Thermal Analysis of Poly(N-isopropylacrylamide) polymers.  

 

 

 
 
Figure A 4.  A: DSC heat flow curves for the UV-initiated polymerisation of linear pNIPAM in a) 
Pi-Tos, b) P-dbsa, c) P-DCA, d) P-Tos and e) P-Cl.The heat flow is expressed in Watts per mole of 
NIPAM monomer; B: Integrated DSC heat flows for a) P-DCA, b) P-dbsa, c) Pi-Tos, d) P-Tos and 
e) P-Cl. The total heat released is expressed in Joules per mole of NIPAM monomer The UV LEDs 
were switched on after 2 minutes 
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Figure A 5. DCS scans showing the LCST temperature for the water-swollen ionogels: a) xP-Cl, b) 
xPi-Tos, c) xP-dbsa, d) xP-Tos, e) xP-DCA. 

 
Figure A 6. Plots of storage modulus versus time during a temperature step program for water 
swollen ionogels. a) xP-DCA: the temperature was raised from 25 ˚C to 45 ˚C (20 ˚C/min) starting 
at t = 5 min and was decreased at t = 15 min from 45 ˚C to 25 ˚C (20 ˚C/min); b) xP-Cl: the 
temperature was raised from 5 ˚C to 25 ˚C (20 ˚C/min) starting at t = 5 min and was decreased at t 
= 15 min from 25 ˚C to 5 ˚C (20 ˚C/min). 
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Figure A 7. The sample gap during the experiments from Figure 4 and 5. a) xP-Cl, b) xP-DCA, c) 
xPi-Tos, d) xP-Tos,  e) xP-dbsa. 
 

Table A 1. Thermal data of cross linked and non crosslinked phosphonium based samples. Tg 
represents the glass transition temperature and Tdec is the decomposition temperature (onset) of the 
polymers.  
 

Sample Tg (
oC) Tdec (

oC) 

P-NTf2 -58.65 430 

P-dbsa - 421 

P-Tos -59.40 421 

P-DCA -59.52 370 

P-Cl -58.38 361 

xP-NTf2 - - 

xP-Tos -60.28 425 

xP-dbsa - 408 

xP-DCA -58.43 374 

xP-Cl -58.61 370 
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Appendix B:  
 
Self-protonating spiropyran-co-NIPAM -co-
acrylic acid hydrogels as reversible 
photoactuators 
 

Electronic Supplementary Information (Chapter 5) 
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B.1 Synthesis of BSP-acrylate 

 

Acrylation of trimethyl-6-hydroxyspiro-(2H-1-benzopyran-2,2’indoline) (abb. BSP-OH) was 

done as follows. 500 mg of BSP-OH was dissolved in 20 mL of anhydrous dichloromethane in a 

100 mL round bottom flask. The flask was placed in an ethanol bath to which liquid nitrogen 

was poured until bubbling stopped. To such cooled mixture under magnetic stirring, 0.6 mL of 

triethylamide was added followed by 0.2 mL of acryloyl chloride added dropwise. The reaction 

was allowed to stir for 48 hours during which the mixture warmed up to room temperature as 

the ethanol evaporated. The reaction mixture was washed with a saturated solution of NaHCO3 

and deionised water several times to remove the byproducts. The coloured water phase was also 

washed with dichloromethane. The combined organic phases were evaporated on a rotary 

evaporator with an addition of column silica powder. The BSP-acrylate was purified by column 

chromatography using ethyl acetate/hexane 1:8 mixture as the mobile phase. After evaporation 

of the solvent and vacuum drying (0.1 mBar), 400 mg of white powder was obtained. Yield 67 

% 

 

 

B.2 Gel shrinking measurements 

 

Since the cut gel samples are never ideal circles several diameters were measured before the 

light irradiation. Then as the gel shrunk the ratio in shrinking separately for every diameter was 

expressed in percent. The standard deviations were then calculated between the shrinking ratios 

for the given time interval. A calculation of the relative swelling percent example for the 0-0 

blank poly(NIPAM) gel is given below. 

The ratio of the diameter of the dried gel and fully swollen gel is: 

66.0
max

min =
d

d
 

 

The measured shrinking of 3 dimensions of the gel versus the light irradiation in µm is given: 

 0 min 5 min 10 min 20 min 

Diameter 1 3876 3845 3794 3721 

Diameter 2 3526 3484 3464 3433 

Diameter 3 3879 3802 3818 3770 
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For every diameter the swelling ratios are calculated for each time interval and expressed in %: 

 0 min 5 min 10 min 20 min 

Diameter 1 100.0% 98.8% 98.2% 97.4% 

Diameter 2 100.0% 99.2% 97.9% 96.0% 

Diameter 3 100.0% 98.0% 98.4% 97.2% 

 

 

Then for every given time interval the average swelling percent is calculated along with the 

standard deviation: 

 

 0 min 5 min 10 min 20 min 

Average swelling 100.0% 98.7% 98.2% 96.9% 
Standard 
deviation 

- 0.5% 0.2% 0.6% 

 

 

After applying the following formula %100
)(

)(
1

minmax

max ⋅
















−
−

−=
dd

dd
D x  we obtain the 

following relative swelling values.  

 

 0 min 5 min 10 min 20 min 

Average swelling 100% 98.03% 97.27% 95.30% 
Standard 
deviation 

- 0.76% 0.30% 0.91% 

 

 

The standard deviations were multiplied by 5151.1
66.0

11

max

min

==

d

d
 

 

Therefore, the relative swelling percent we use expresses the change in dimensions between the 

fully swollen state and the dried dehydrated state. See  

Figure B 1 below: 
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Figure B 1: Graphical representation of the relative percent of swelling used. Blue represents the 
fully swollen diameter dmax (100 % relative swelling); orange represents the diameter of the dried 
gel dmin (0 % relative swelling); yellow colour is the actuator operating range. 
 

 

B.3 UV-Vis Spectroscopy 

 

Changes in the absorbance spectra of the spiropyran hydrogels under different illumination 

conditions were recorded in reflectance mode using two fiber-optic light guides connected to a 

Miniature Fiber Optic Spectrometer (USB4000 - Ocean Optics) and aligned using an in-house 

made holder (Figure B 2). The in-house-designed holder was fabricated using a 3D printer 

(Dimension SST 768) in black acrylonitrile butadiene styrene co-polymer (ABS) plastic in order 

to minimise interferences from ambient light. The two parts of the holder (one to be placed 

underneath the hydrogel, the other one on top (Figure B 2A) were designed using ProEngineer 

CAD/CAM software package and fixed together to ensure no interferences from ambient light 

(Figure B 2B).   

 

Figure B 2. In house designed holder used for absorbance measurements of the spiropyran 
hydrogels. 
 

dmin 

dmax 



 137 

The light source was a LS-1 tungsten halogen lamp (white light) obtained from Ocean Optics, 

Inc. Data from the spectrometer was processed using Spectrasuite software provided by Ocean 

Optics Inc. For clarity, the absorbance spectra recorded were smoothed using Origin software 

using Savitzky–Golay algorithm. 
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Appendix C:  
 
Porous and self-protonating spiropyran-
based NIPAM gels with fast reswelling 
kinetics 
 

Electronic Supplementary Information (Chapter 6) 
 
 
 



 138 

C.1 Raman spectroscopy of porous gels 

 

The removal of PEG 2000 porogen with 3 water washes was confirmed by Raman spectroscopy 

(Figure C 1). The PEG peaks at 280, 364, 537, 582, 861(C-O-C symmetric stretch), 1233, 1484 

cm-1 all disappear when the porous gel is washed with DI water. 

 

 

Figure C 1. Raman spectra of a) gel 2k swollen and washed with DI water; b) gel 2k right after 
polymerisation and before swelling and washing; c) PEG2000 polymer 
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Appendix D:  

 

Thermoresponsive poly ionic liquid gels 

 

Electronic Supplementary Information (Chapter 7) 
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D.1 Materials 
 

Tetrabutylphosphonium chloride ([P4,4,4,4][Cl]) (Cyphos 443W) and tributyl-hexyl phosphonium 

chloride ([P4,4,4,6][Cl] were supplied by Cytec® (Ontario Canada) and used as received. 

Potassium 3-sulfopropylacrylate (SPA), sodium 4-vinylbenzenesulfonate (SS), poly(propylene 

glycol) diacrylate Mn 800 (PPO800), poly(ethylene glycol) diacrylate Mn 256 (PEG256) and 

700 (PEG700), N,N’-methylenebisacrylamide (MBIS), 2-hydroxy-2-methylpropiophenone 

(HMPP) were all obtained from Sigma-Aldrich and used as received. 

 

 

D.2 Synthesis of [P4,4,4,4][4-styrenesulfonate] (P-SS) and 
[P4,4,4,6][3-sulfopropylacrylate] (P-SPA) 

 

7 g of phosphonium chloride was mixed with 10 g of water and 1.2 molar equivalents of the 

anion salt ([Na][4-styrenesulfonate] for [P4,4,4,4][Cl] or [K][3-sulfopropylacrylate] for 

[P4,4,4,6][Cl]). The mixture was stirred at room temperature for 48 hours. The IL was extracted 

from the water phase by dichloromethane (DCM), the DCM phase was reduced by a rotary 

evaporator and the residual liquid was dried at high vacuum 0.1 mBar for 24 hours at room 

temperature. A final product yield of 97% was obtained. The obtained ILs were stored at 5 ˚C. 

Tetrabutylphosphonium 4-vinylsulfonate will be referred to as P-SS and the tributyl-hexyl 

phosphonium 3-sulfropropylacrylate will be referred to as P-SPA. 

 

P-SS 1H NMR, δH (400 MHz, CDCl3): 0.82-0.85 (t, 12H, CH3), 1.33-1.38 (m, 16H, CH2), 2.07-

2.74 (m, 8H, CH2), 5.16-5.19 (d, 1H, CH), 5.65-5.69 (d, 1H, CH), 6.58-6.65 (q, 1H, CH), 7-27-

7.29 (d, 2H, CH), 7.74-7.76 (d, 2H, CH) ppm. 

 

P-SPA 1H NMR, δH (400 MHz, CDCl3): 0.75-0.79 (t, 3H, CH3), 0.84-0.88 (t, 9H, CH3), 1.19-

1.22 (m, 4H, CH2), 1.38-1.44 (m, 16H, CH2), 2.07-214 (m, 2H, CH2), 2.15-2.24 (m, 8H, CH2), 

2.75-2.79 (m, 2H, CH2), 4.13-17 (t, 2H, CH2), 5.68-5.71 (dd, 1H, CH), 5.93-6.00 (q, 1H, CH), 

6.23-6.28 (dd, 1H, CH) ppm 
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D.3 Gel preparation  
 

The monomeric IL (200 mg) was mixed with the desired amount (mol %) of crosslinker (MBIS, 

PEG 256, PEG700, PPO800) and 1 mol% photoinitiator HMPP. The mixture was stirred and 

poured into a PDMS mould containing 1 mm deep circular pits of diameters 5 and 10 mm. The 

gels were polymerised for 30 min in a UV curing chamber that produced 365 nm UV light 

intensity of 3.5 mW/cm2. After the polymerisation the gels were placed for 1 hour in DI water 

for swelling. All analysis was done on the swollen gels. 

 

D.4 Analytical Techniques 
 

D.4.1 NMR spectroscopy 
The NMR spectra were collected on a Bruker 400 MHz spectrometer at 25 ˚C. Samples were 

dissolved in deuterated chloroform. The spectra were analysed using Bruker TopSpin software. 

 

 

D.4.2 Raman spectroscopy 
Raman spectroscopy was performed using a Perkin Elmer® Raman Station 400F. 

Measurements were taken from 800 to 3200 cm-1 at 20 scans with 2 cm -1. The samples were 

placed directly on a microscope slide covered with aluminium foil.  

 

 

D.4.3 DSC 
A Pyris 1 DSC was used to analyse the heat generated by the gels during the LCST transition. 

Thermal scans below room temperature were calibrated with the cyclohexane solid-solid 

transition and melting point at –87.0 °C and 6.5 °C, respectively. Thermal scans above room 

temperature were calibrated using indium, tin and zinc with  melting points at 156.6, 231.93 and 

419.53 °C, respectively. The water-swollen gels were placed on a tissue to remove excess DI 

water and cut into pieces ca. 10 mg. These were placed on aluminium DSC pans and sealed. The 

LCST values for these samples were determined by thermal scans at 10 ˚C/min with the 

following temperature program: Heat from 0 ˚C to 90 ˚C then cool from 90 ˚C to 0 ˚C. The 

LCSTs were determined as the endothermic peak during heating. 
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D.4.4 Temperature ramp microscopy. 
The swollen gels were cut into squares roughly 3 mm in size. The imaging was performed using 

an Aigo GE-5 microscope with a 60x objective lens and the accompanying software. The gels 

were placed on an aluminium plate resting on a Anton Paar MCR 301 Rheometer peltier holder. 

The plate was filled with DI water and covered with a glass plate to avoid evaporation of water. 

The glass plate was also in contact with the filling water to avoid condensation. Temperature 

was controlled through the rheometer software and was ramped up from 20 ˚C to 70 ˚C by 5 ˚C 

steps. Each step the temperature around the sample was checked with a Fluke 62 Mini IR 

thermometer and gel size measurements were taken once the temperature stabilised. 

 

 

D.5 Swelling behaviour of of P-SS and P-SPA gels 
 

 

 
Figure D1. a) P-SS gel with 10% MBAAm right after polymerisation and after 2 hours of swelling 
in DI water at room temperature; b) P-SPA gel with 5 mol% PPO800 immediately after 
polymerisation and after swelling in DI water at room temperature. 

a 

b 
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D.6 Raman spectroscopy 
 

 

Figure D2. Raman spectra of P-SS and P-SPA monomeric ionic liquids. The 1630 cm-1 bands 
marked with the arrow represent the polymerisable vinyl C=C bond. 
 

 

Figure D3. Raman spectra of two gels: P-SS with 10 % MBAAm and P-SS with 8 % PPO800. The 
dashed line indicates 1630 cm-1 where the polymerisation active C=C band appears in the 
monomers. 
 

-CH=CH2 
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D.7 DSC characterisation 
 

 
Figure D4. DSC scans of water swollen P-SS gels made with different amounts of PPO800 
crosslinker.  
 

 

Figure D5. DSC scans of water swollen P-SPA gels made with 5 mol% PPO800 crosslinker. RAFT 
agent was used in 50:1 monomer-RAFT agent ratio. 
 

 
 


