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Abstract

This thesis investigates the synthesis and perfoceaf various stimuli-responsive materials
with the aim of obtaining a suitable material fdow control in microfluidic platforms.
Therefore, at first a literature review is carrmg to choose a material for investigation as well
as to determine the limitations of current maters that potential areas where improvements
can be made are defined. The materials chosenargynbased on thermo-responsive polymer
N-isopropylacrylamide. Hence, in the beginning theymperisation of this polymer is
investigated in various phosphonium-based ionigidig to afford novel ionogels with tuneable
viscoelastic properties that can serve as robuatfopins for incorporation of stimulus-
responsive entities. Later these ionogels are dstraied as a novel and suitable platform for
incorporating functionalised magnetic particlesotitain a magneto-responsive, soft ionogel.
Photo-responsive gels are obtained by incorporaifospiropyran molecule into the polymer
matrix. Improvements to the existing formulatioms anade by incorporation poly-acid in the
polymer chains which allows the material to be atdd without additional chemicals.
Moreover, the speed of actuation is improved byire®ging a porous microstructure of the
gels. Finally, as a future outlook, recently dise@d, thermo-responsive poly-ionic liquids are
investigated as potential substrates for novel udtim responsive poly-ionic liquid gels. All
these materials have been investigated from thgppetive of incorporation into microfluidic

devices as soft polymeric valves.



Aim of this work — chapters overview

There is no doubt that stimulus responsive matehalve diverse application potential. This
work focuses on the development of stimulus respensaterials for valves in microfluidic

sensors. It is known that fluid handling and thatesl energy consumption in sensor platforms
are the dominant cost factors. The inherent rolegstlow cost and low energy consumption of
the stimulus responsive materials make them idgahfitonomous sensor platforms that could

form networks of smart sensors in the future.

The ultimate goal in this field would be to syntisesa material that can actuate repeatedly at
high rate resulting in fast swelling/shrinking/bergl of the material. In addition, the material
should be comprised of components that do not ountte the sample (e.g. by leaching).
Obviously the material has to be also mechanicatiybust to withstand the
expansion/contraction cycles demanded by valvectstreis. The following sections explore

these issues and examine the characteristicsadéetion of responsive actuator gels.

Chapter 1

In the first chapter a general introduction to tmmcept of stimulus responsive materials is
given. Thermal, electric, photonic and magnetiet/pf stimuli are introduced along with their

mechanism of actuation.

Chapter 2

Chapter 2 is a published literature review on p@simsoft actuators that have been utilised as
microfluidic flow controllers (valves, pumps). Amparison of different valve designs is given
together with their crucial parameters such as podrmain, response speed and pressure
resistance. Materials with various modes of stitioia are presented with emphasis on
photoresponsive materials. Main drawbacks of carrercrofluidic actuators and valves are
highlighted. In the case of the more robust pneimaaid electrothermal/electromagnetic valves
the issue is high power consumption. On the otlaedHor the soft polymer photoresponsive
valves that require low power light sources theiaion times are slow and there are problems

with reversibility and leaching.

Chapter 3

Recent reports on ionogels show a growing intesestientists to form these materials in situ

for various purposes. ILs can possess propertiehrdifferent from the conventional solvents

2



used for forming hydrogels. Therefore in Chaptgh8topolymerisation of NIPAM in a range
of phosphonium based ILs is studied. As mentionedChapter 2 these ILs can have a
significant effect on the performance of spiropyba@sed photoactuators. Chapter 3 investigates
how changing the anion in trihexyl-tetradecyl phusgum ILs series influences the rate of
NIPAM polymerisation, the mechanical properties the ionogels and their temperature
responsiveness. The results from this work can vewable guide for choosing an appropriate

IL for the desired application.

Chapter 4

Magnetic soft actuators, as described in Chapteard,either obtained by mixing magnetic
particles in a polymer matrix, copolymerising thesth a hydrogel or by the use of a magnetic
ionic liquid to form a magnetic ionogel. Chapteddmonstrates how all these advantages can
be combined in one material. Magnetic particlesighigh magnetic response are coated with
polymerisation-active groups and incorporated in paly(NIPAM) gel containing a
phosphonium based IL (chosen based on findings fetapter 3). This results in a magnetic
ionogel where the magnetic particles are covalemtlynd to the polymer matrix and do not
leach. Moreover the ionic liquid and the partidsed improve the mechanical stability of the
gel. Lastly, this material can not only be movedthyy use of gradient magnetic fields but also
could be shrunk by oscillating magnetic fields tlynerate local heating (polyNIPAM's

thermoresponsive property).

Chapter 5

As highlighted in Chapter 2 current spiropyran-loaplotoresponsive gels require soaking in
milimolar HCI to activate the photosensitive moliecin the gel. This constitutes a serious
drawback in potential real life applications ofstimaterial. Therefore, in Chapter 5 acrylic acid
IS incorporated into the standard spiropyran/NIPAirogel to provide an internalised source
of protons allowing the gel to be actuated immetyahfter swelling in water without the need

to soak it in HCI. Also because of this internalim® of protons the gel can be actuated
repeatedly demonstrating the first fully reversipletoresponsive spiropyran/NIPAM gel. The

effect of spiropyran and acrylic acid content oa #ttuation performance is studied together
with the resistance towards drying and multiple hirags with water. As demonstrated the gels

show excellent resistance and are capable of pttott#on after 2 months of storage in water.



Chapter 6

The HCI soaking issue of the spiropyran-based phspmnsive gels has been solved in Chapter
5. However these gels still showed slow reswelipgeds that could limit the operation of these
materials as microfluidic valves. Chapter 6 invggties the improvements that can occur when
pores are induced in the gels. Light induced simmland reswelling is studied and compared
between the porous and non-porous gels. The resuligest that in the porous gels the
reswelling kinetics is no longer determined by t@eed of water diffusion but by the
spiropyran isomerisation kinetics. We believe thd#itrough these combinations of
improvements, the way is now open to exploit thresgerials more broadly for control of liquid

movement through their use as a photoresponsivastfator valve in microfluidic manifolds.

Chapter 7

Recently novel monomeric thermoresponsive ioniaitlg have been discovered. Since these
ILs have been polymerised and shown to behave aimito poly(NIPAM) this chapter
investigates the possibility to synthesise crokslinthermoresponsive polylL gels from these
novel materials. Thermal characterisation is givegether with an overview of the gels
appearance, behaviour under stimuli and its dewiatfrom standard thermoresponsive gels.

Potential applications are also briefly discussed.

Future work

Given the rapid development in the field of stinmuh@sponsive materials, polymers and ILs,
new concepts arise every day. This final chaptecudises the remaining limitations of the

presented materials and potential routes for fumdsearch in the field and beyond.



Chapter 1: Introduction



Chapter overview

New generations of chemical sensors require botiovative (evolutionary) engineering
concepts and (revolutionary) breakthroughs in fumelstal materials chemistry, such as the
emergence of new types of stimuli responsive nalgerintensive research in those fields in
recent years have brought interesting new conaapisdesigns for microfluidic flow control
and sample handling that integrate high qualityiregying with new materials. The following
two chapters review the recent developments inféiseinating area of stimulus responsive
materials science, with particular emphasis on ggwitchable soft actuators. Some examples

of their incorporation into fluidic devices are @igresented in Chapter 2.

1.1 Stimulus responsive materials

Stimulus responsive materials are synthetic mdsetlzat posses the ability to change their
shape, size, colour, stiffness and many other ptiegseon demand after a given stimulus is
provided. [1, 2] These materials are often compagqublymers in a form of organic/inorganic
gels. A gel is an interconnected network of molesuhat reaches across the borders of the
considered volume space. The free volume betweaepdlymolecular structures is filled with a
separate phase. This can be a gas or a solid ttaften it is a liquid. If water is fills the gl

is termed hydrogel.

Polymeric gels have been attracting consideralsieareh attention due to their vast application
possibilities in material science[3, 4], sensors[a¢tuators[6, 7] and particularly stimulus

responsive materials.[1, 8, 9] To possess the prppé stimulus responsiveness materials must
include an entity that behaves differently in thesgnce/absence of a stimulus. This entity
might be a functional group on the backbone ofgblenetwork or a separate component added

together with the gel-filling phase.

Therefore, polymeric gels are a useful platform ifaorporating stimulus responsive entities
and thereby generating stimulus responsive gel8,[10] Important applications for stimulus
responsive gels (often termed smart materialsudeldrug delivery,[5, 10] sensing,[11] and
microfluidics.[12-15] They can then be actuatedshynuli induced changes in temperature,[1,
16] pH,[17, 18] light,[19, 20] or electric[21]/magtic fields.[22-24]



1.1.1 Temperature responsive materials

One of the most popular examples of thermally raespe polymers is poly(N--
isopropylacrylamide) or pNIPAM. It is often usedr fgel manufacturing and in biomedical
applications.[10] At the base of thermo-responsdgsnof this polymer is the so called lower
critical solution temperature or LCST. Below th&mperature the chains are hydrated with
water and the polymer is swollen. Above this terapge the hydrogen bonds between solvent
and the polymer are broken due to the thermal matral the chains become hydrophobic. This

results in the coiling up of the chains and shngkof the gel (Figure 1-1).
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Figure 1-1. Schematic of ‘smart’ polymer response ith temperature.[10]

This behaviour is common for other polymers corntagjrH-bonding sites for water molecules.
These are: N,N-diethylacrylamide, poly{-vinylcaprolactam), poly(ethylene oxide),
poly(propylene oxide) and copolymers of the latien. The LCST in copolymers of PEO and
PPO can be tuned by varying the amounts of theeotise monomers in the polymer chain.[10]
Similar LCST tuning is observed for pNIPAM if it isopolymerised with hydrophobic or

hydrophilic monomers.[16]

Sun[25] et al. studied the volume transition of PNIPAM with 2 dinsional IR spectroscopy.
The paper gives a thorough assignment of the IRgptathe bonds present in the gel. It was
discovered that the heat induced shrinking of thleigya multistep or a smooth process while
the cooling induced swelling exhibits two distirsteps. Authors managed to determine the
order in which the polymer groups associate orsdisaiate first. It was proposed that the
shrinking was induced by hydrogen bonds switchnognfthe bonds between the amide group
and solvent water to intermolecular hydrogen bonlfater was expelled in this process.
However, in the cooling-swelling process water rooles diffused initially between the
polymer chains and then the hydrogen bonds reagthfigm intermolecular to solvent-chain in

nature. The general schematic of the mechanisines gn Figure 1-2.
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Figure 1-2. Proposed chain collapse and revival themodynamic mechanism of PNIPAM hydrogel
according to 2D cos analysis. Dashed arrows repragethe 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 getegothe material becomes a magnetic-
responsive gel. Detailed discussion about the rgiffietypes of magnetism and their impact on
the actuation performance is beyond the scopeisfnbrk. Therefore, the materials presented
in this paragraph are described as magnetic withloaitdifferentiation of ferromagnetic to

paramagnetic etc.

The magnetic material can be incorporated into gakin different forms and ways. The
magnetic susceptible component can be a liquicpsrted by Xieet al[26] These gels were
based on PMMA and magnetic ionic liquid 1-butyl-&ttrylimidazolium tetrachloroferrate (l11)
or [Bmim][FeCl]. Unfortunately, the magnetic susceptibility ofstimaterial was limited to the
susceptibility of the Fe (lll) ion (0.01-0.001 em)i26] which is significantly lower than
magnetite (Fg,) or metallic iron (8-140 emu/q).[27] Thereforeefarred strategies are to use
magnetic particles based on magnetite, metallio io0 other metals with high magnetic
susceptibility. Fuhreet al]23] used metallic cobalt nanoparticles coated waittlymerisable
groups to covalently link the particles to the getwork. In this way, a structurally stable gel
was formed with magnetic particles as crosslinldre gel responded strongly to magnetic
fields at 60 % wt of particles (Figure 1-3).



Figure 1-3. Elongation of a magnetic hydrogel (60 #6 vinyl functionalized cobalt nanoparticles)
sticking to a permanent magnet (top) before (a) andafter (b) switching on an additional
electromagnetic field through a solenoid (bottom).

Another option, that is more often used due to sitwplicity, is utilising organosilicon
functionalised polymerisable magnetite particléd.[Zhe material was cured by means of 2

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

10pm 10pm

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

Both shapes were shown to move under magnetic fitfdulation with just 2% magnetite
concentration in the polymeric resin. The magnaqtideticles were prepared by the standard
Massart method[29] and then modified by silane togpchemistry. The surface was
functionalized with methacrylic groups by means3eftrimethoxysilyl)propyl methacrylate.
This molecule hydrolyses in and aqueous environmentform 3-(trihnydroxysilyl)propyl
methacrylate and its hydroxyl groups condensath thié OH groups present on the surface of
the magnetite particles.[30] Magnetic particleshws#tuch surface polymerisable functional



groups could easily be reacted with other monontersobtain materials with different

properties.

Another example of magnetic-responsive gel incapog polymerisable organosilicon
magnetic particles was published by Waag al[31] In this work (3-mercaptopropyl)
trimethoxysilane coating works as a chain tranafgnt causing the gel network to grow from
the surface of the particles. An even simpler eXardemonstrated by Caykaeh al[32] uses
the standard pNIPAM crosslinked hydrogel. The ga$woaked in a 2:1 molar mixture of FeCl
and FeGl. When this gel was immersed in a base the Magatreaction took place inside the
gel pores resulting in a gel filled with magnetargcles. This gel was also shown to respond

strongly to magnetic fields.

Alternatively, magnetic particles can also be uisglirectly to provide stimuli to the material.
One of the approaches is adopted from hyperthetre@ment. It is known that magnetic
particles, when placed in an oscillating magnea#tdf absorb the field energy and radiate it in
the form of heat. This is due to the relaxation haetisms of the magnetic moments and
domains. The generated heat can be used to lok#lllcancer cells.[33] However, in a
thermoresponsive gel the local heat emitted trigglee magnetically induced LCST transition.
This type of stimuli setup was used by Sataetaal[22] to produce a microfluidic valve that
opened with applied alternating magnetic field. Tieadvantage of these solutions is that the
generation of magnetic field requires considergloier which at present is typically provided
by a mains 220V power supply unit.[24] This makedifficult to scale down such devices for

autonomous, outdoor applications.

1.1.3 Light responsive materials

Light responsive materials are very attractive doiethe non-invasive nature of light and
availability of diverse light sources as stimuliwd@ major groups of photoswitchable
compounds have dominated research into these mlaterspiropyrans and azobenzenes. In
spiropyrans the carbon-oxygen bond is reversibbkén when light with a specific wavelength
Is absorbed. In azobenzenes an isomerisation falkes upon light absorption in which the
energetically lower trans-isomer switches to ciemation.[34, 35] A detailed description of
spiropyran-based soft actuators their performanu@ ienprovements published recently is
contained in the literature review in Chapter 2.wdger, historically spiropyran-modified
polymers were first discovered to exhibit phototindd viscosity changes. For instance, the

viscosity of solutions of poly(methylmethacrylate-t,3,3-trimethylindolino-6'-nitro-
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8'(methacryloxy)methyl]spirobenzopyran) was repmbrttdo decrease by 17% with light
irradiation atA > 310 nm.[36] This was ascribed to the polar gidmups of the methacrylate
solvating the opened polar merocyanine form of phetochrome co-monomer. This effect
decreased as the solvent polarity increased amghpkared in dichloromethane. The optimum

concentration of the photochrome co-monomer irptilgmer was of about 20 mol %.
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Figure 1-5. Photostimulated dilation and contractiom 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. W, is the weight of the gel before
photoirradiation.[37]

Irie[37] et. al. investigated diphenyl(4-vinylpheljymethane leucohydroxide or diphenyl(4-
vinylphenyl)-methane leucocyanide[38] monomers boperised with acrylamide. These gels
showed a photo-induced swelling in water, but caxgain the swelling was not directly linked
with the colouration of the photochrome compon#émntias demonstrated that the disassociation
of the photochrome produced ions in the gel (Figiv®) and the gel swelled because the
appearance of these ions created an osmotic gtatkading to increased water uptake. The
optimum concentration of the chromophore was fotmde 2 mol%. Higher chromophore
concentrations decreased the degree of swellitheagncreasing amount of hydrophobic co-
monomer in the backbone made the whole system mahephobic and less capable of water

uptake.

Regarding the copolymers bearing azobenzene desvaéndant groups, interesting work has
been published by Zhaat al. [39] The change in azobenzene conformation cae kdaamatic
effects on the surrounding environment.[34] Theatpmper in (Figure 1-6) was shown to
exhibit light dependent LCST behaviour. However,ciontrast to the spiropyran modified
PNIPAM, azobenzene modified pNIPAM, increased th@SIT by ~5 °C after UV light
irradiation and decreased the LCST with white lighkposure. It is interesting that a reverse
phenomenon is observed for pdlyN-dimethylacrylamide) modified with azobenzene this
case the polymer's LCST dropped by an impressiveevaf 10 °C after UV-Vis irradiation
(Figure 1-6).
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Figure 1-6. Transmittance versus temperature for ageous solutions (poly(dimethylacrylamide)
concentration: 2 mg mL) before and after UV light-nduced photoisomerization of pendant
azobenzene groups, as well as absorption spectra arp UV irradiation inducing the
photoisomerization (solutions diluted to 0.1-0.2 mgnL), with the inset showing the change in
absorbance of trans azobenzenes[39]

An excellent review by Beharrgt al[34] discusses different derivatives of azobenzeties
mechanisms governing the rate of their isomerinasiod their applications in biomolecules.
Depending on the substituents on the benzene oinggsobenzenes the thermal relaxation times
can be tuned from hours to milliseconds. The isisagon of azobenzene results in a change of
distance between the ends of the molecule. Thisewpleited in proteins where conformational
changes allowed switching the activity of the piroten” and “off”. More recently, Ueket al.
demonstrated that azobenzenes, in addition to ingumlume changes in gels containing 1-
ethyl-3-methylimidazolium bis(trifluoromethanesutid) amide, appear to be able to “lock” the
gel structure in one of the states Figure 1-7.
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Figure 1-7. Shrinking of the thermoresponsive getopolymerised with azobenzenes. “Locking” of
the shrunken state in the trans form — no reswellig occurs.[35]

12



The azobenzene photoisomerisation effect was greathanced by Broeet al. through
incorporation of azobenzenes in liquid crystal anees.[40, 41] This work is described in more

detail in Chapter 2.

1.2 lonic liquids

lonic liquids (ILs) are mainly organic compounddti{augh inorganic components are also
known) consisting entirely of ions. Historically,d are defined as ionic salts having a melting
point below 100 °C, even though this artificial tder between ILs and salts with melting points
slightly above 100 °C has recently largely beemdbaed by researchers active in the field. A
sub-class of ILs known as room temperature iomaidis (RTILS) that is, ILs with melting
points below ca. 25 °C, has attracted special estefThese ILs have many useful properties
such as electronic and ionic conductivity, ratheghhthermal stability, negligible vapour
pressure, and in some cases, high solvation powkis last property enables ILs to dissolve
substances eg. monomers (NIPAM) and crosslinkers’{iMethylenebis acrylamide) that are
difficult to dissolve in conventional molecular genhts.[42] Because it is possible to combine
numerous anions and cations, the number of poteatimn-cation combinations available
reputedly equates to one trillion ¢fdifferent ILs each having different propertiesgorating

in from both the cation and anion.[43-45] ILs atgrently attracting considerable attention as
potentially benign solvents for many areas of clstryj as well as various electrochemical
devices[46-53], including rechargeable lithium s¢l4, 55] solar cells,[56-58] actuators[59-61]
and double layer capacitors (DLCs).[62-64] loniqulds based on tetraalkylphosphonium
cations exhibit greater thermal stability than thetraalkylammonium based counterparts[65]
and a range of phosphonium salts are commerciadlifedle in large quantities.[66] Reports of
the utility of ionic liquids prepared from phosplam cations with anions such as
hexafluorophosphate ([PFg]tetrafluroborate ([BF4)] and bis(trifluoromethanesulfonimidate)

(INTf2]") have appeared in the literature and new ILs anegareported every month.[67]

1.3 lonogels

As RTILs are liquid at ambient conditions, they @adeen explored for the use in functional
hybrid materials termed ion-gels or ionogels.[6§-Turrently for applications in materials

science, there is growing interest in “ionogels, polymers with ILs integrated such that they
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retain their specific properties within the polyrigedl environment. An excellent review by Le
Bideau et. al.[70] discusses ionogels as a nevs dihybrid materials, in which the properties
of the IL are hybridized with those of various campnts, which may be organic (low
molecular weight gelator[71], bio-polymer), inorgafe.g. carbon nanotubes, silica[72] etc.) or
hybrid organic—inorganic (e.g. polymer and inorgafiilers)[73]. An ionogel has properties
arising from both the polymeric network stabilizittge ionogel and the functionalities of the
contained IL. [2, 42, 74, 75] They exhibit a widege of interesting properties, and can be soft
or hard materials, with high resistance to dryimgl &racking due to their very low vapour
pressure. This renders ionogels attractive for iegigbn in soft actuators as conventional
materials often show rapid degradation of perfomeardue to loss of solvent by
evaporation.[68, 76] Properties such as their Y@nyvapour pressure over a wide temperature
range render ionogels superior to standard hydro-organo-gels without imparting the
properties of the polymeric matrix material.[68] démstandably therefore, in recent years there
has been an explosion of research in ionogels,hnikiceflected in several review papers. [2,
69, 77, 78]

1.3.1 Stimulus responsive ionogels

A stimulus responsive polymeric network formed wdth IL as the liquid component, rather
than a conventional molecular solvent, can be tdrenéstimulus responsive ionogel”. Several
examples of this class of material based on difitereodes of actuation have been reported
recently. Magnetic ionogels have been prepareXieyet al.[26] by filling a poly(methyl-
methacrylate) network with a magnetic IL 1-butylvi@thylimidazolium tetrachloroferrate (lII)
or [Bmim][FeClj]. A different approach to prepare magnetic ionsgeith magnetic particles
copolymerised into the polymer structure is presgnh Chapter 4. Photoresponsive ionogels
have also been synthesised by Benito-Lopez et6dl.[lh this example, a spiropyran
comonomer provides the pNIPAM network with phototuating properties. The gel

incorporates ILs based on trihexyl-tetradecyl-phaspum cation.

lonogels containing pendant azobenzene and basedooby(benzylmethacrylate) and

imidazolium IL [C2mim][NTf2] were reported by Uelet al. [35] These materials shrank and
expanded when exposed to light due to the well-kneig/trans-azobenzene photo-induced
switching behaviour. The actuation appeared tcelaad 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 [@im][NTf ;] at 83 °C. The plots show a change in swelling riais
under visible light (437 nm) irradiation and UV light (366 nm) irradiation.[35]
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Abstract

New generations of chemical sensors require botioviative (evolutionary) engineering

concepts and (revolutionary) breakthroughs in fumelstal materials chemistry, such as the
emergence of new types of stimuli responsive materintensive research in those fields in
recent years have brought interesting new conaapdsdesigns for microfluidic flow control

and sample handling that integrate high qualityireering with new materials. In this paper
we review recent developments in this fascinatirgp af science, with particular emphasis on
photoswitchable soft actuators and their incorponainto fluidic devices that are increasingly

biomimetic in nature.

Keywords: stimuli responsive materials, microflasli flow handling
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2.1 Introduction

In a utopian future, water quality will be monitdrthrough large numbers of densely deployed
sensors that are capable of detecting key quabiarpeters with exquisite selectivity and
sensitivity, and of functioning reliably in an antmous manner for long periods of time
(years). The information generated by these semstwvorks will be analysed and filtered, and
key events flagged in real time to key stakehold@gency enforcement officers, water
treatment specialists, and the general public).wéler, in reality, issues like biofouling and
surface degradation mean that sensor characterisiange rapidly in real samples, and
consequently, chemical sensors must be regulaciglibeated to ensure the information they
send is reliable. This results in complex and vaogtly devices that must integrate fluidics,
standards, and waste storage, as well as samptichgamalytical procedures. Consequently,
monitoring programmes are dominated by manual gaalpling at a relatively small number of
locations, with a frequency often restricted to r34otimes per year. Scale up in terms of
sampling frequency and number of locations is tectaby cost, and therefore the key to
significant movement towards the utopian vision tes drive down the cost base of

environmental monitoring.

Analysis of the component cost base of autonomaalysers we have built (Gehand Gen2),
together with a speculated cost analysis of a éuplatform based on fully integrated polymer
actuator valves and pumps are presented in FiglireThese show clearly for Genl and Gen 2,
that the single greatest contribution to the castlis the fluidic handling category. In the first
generation (Genl) design, this amounted to over 8D%e total cost of ca. €2,000, and while
this dropped in the second generation design thrampd engineering and careful choice of
components, it was still almost 2/3 of the totainpmnent cost of ca. €180. These are accurate
figures based on platforms that we are currenthkingga We have also made a ‘concept’
integrated analyser with integrated polymer actuptonps and estimate the total cost to be in
the region of €20-50 per unit, of which we estimede 50% is costs related to fluid handling
components. The figures here are more speculabive there is no doubt that if the fluid
handling components could be fully integrated it fluidic system, for example using highly
automated in-situ photopolymerisation of the keyuid handling components, the unit cost
would be considerably lower. Furthermore, if theatcol stimulus for valve actuation/fluidic
control does not require physical contact (e.ghtlidieat, magnetism..) then manufacturing
would be further simplified, as the fluid handlilayer could be produced as an entirely stand-

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

! These are 1% and 2™ 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 sigge on how the field may progress over the

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

Fluidics
63%

2.2 Polymer actuator valves in microfluidic systems

Valves are one of the most important componentdimvitnicrofluidic systems, since they
provide directional control of flow and facilitatessential actions, such as sample/standard
selection and addition of reagents. Some key rements 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 closedition;

- Instant response to switching between the operclaséd positions

— Simple routes to fabrication and integration intsitithin the microfluidic system

— Prepared from readily available and processableniag.
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Many different types of microvalves have been destrated, and while none of these can be
described as totally satisfactory, they do presatificant advances in the realisation of some
of these ideal characteristics.[1] In most conwardl systems a diaphragm is coupled to an
actuator, powered from an external source, whidlecks the diaphragm via a magnetic field,
high voltage or heating.

2.2.1 Magnetically actuated valves

Flow regulation in microfluidic devices by magnefiorces has many advantages, such as
capability of generating large angular displacenantvell as possibility of using very strong
magnetic force to drive actuation. Satarkar andvodcers developed the nanocomposite
hydrogel valve, in which magnetic nanoparticles evdispersed in temperature-respongive
isopropylacrylamide (NIPAAmM) polymer matrix[2] (Rige 2-2). The swelling and collapse of
the hydrogel nanocomposite can be remotely coettolby application of an alternating
magnetic field (AMF) at a frequency 293 kHz. Theadivantage of this hydrogel microvalve is
that its response as reported is sluggish, butcdisbe improved by moving to smaller valve
dimensions, as gel processes are typically diffusigven, and smaller feature sizes reduce the
diffusion pathlength. Similar oscillating magnefield actuated valves were prepared by Ghosh
et al[3]

T< LCST
Valveis closed

CAME N
‘Increase in
temperature

 T>LCST: AMF triggered collapse
Valve opens

Hydrogel composite

* ANIE . OFF
Decrease in
temperature

T< LCST : Gel swells back
Valve closes

Figure 2-2. Scheme presenting the hydrogel nanocomgite valves performance with an AMF. The
application of the AMF results in the collapse oftie hydrogel, leading to the opening of the valve.
Source: Reproduced from Satarkar et al. (2009) by grmission 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 af flandling, however, they require external
laboratory infrastructure — gas cylinders, commjtground electricity, for their operation
which makes it difficult to incorporate them intatanomous monitoring instruments. The
development of PMMA/PDMS pneumatic valves and pufigpdisposable microfluidics was
reported by Zhanget. al[4]. Pneumatic microstructures were fabricated bBpdsviching a
PDMS membrane between PMMA fluidic channel and fioédhiwvafers, as in Figure 2-3. Valve
control was obtained by applying pressure on theupratic layer sited in a displacement
chamber using a computer regulated solenoid. Afpam providing fluid pressure up to 15.4
mL/s at 60 kPa, the valve seals reliably againstidiod fluid pressures as high as 60 kPa. A
PMMA diaphragm pump was presented based by comgediiree valves in series.
Simultaneously, the fluid flow rate could be acdtelacontrolled from nL to mL per second,
simply by changing the valve actuation time, thepliicement chamber volume, and the applied
pressure. Go and Shoji presented a three-dimensiopiane hemisphere PDMS microvalve
without dead volume and leakage flow.[5] A clostimge of 0.1 s and an opening time of 0.5 s
were obtained by applying a pneumatic pressureOokRa to the PDMS membrane. Even
though a faster response for closing was posstiieok a longer time to release the membrane

for opening.

Figure 2-3. (a) Cross-sectional views of a threeylar monolithic PMMA/PDMS membrane valve
and (b) exploded and assembled illustrations of arggle PMMA/PDMS membrane valve. (i) PMMA
pneumatic wafer, (ii) displacement chamber, (iii) BMS 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, electrotiadly actuated phase change microvalves
developed by Kaigalat. al. can be readily scalable to smaller dimensiongwatlg the

fabrication of a portable and inexpensive genetialysis platform.[6] This easily integrated,
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reusable microvalve technology that can be easitprporated within standard lab on a chip
(LOC) technologies is based on the polyethylenedalyolymer (PEG) that exhibits a large
volumetric change between its solid and liquid pisa$he volumetric expansion, thermally
controlled by applying thin film resistive elementbat are patterned with standard
microfabrication techniques, switches a flexibleNP® membrane between opened or closed
state between two discontinuous channels (Figute Zhe switching time for opening/closing,
was on the order of minutes, and the microvalve nepsrted to be leakage-free to a pressure of
30 psi at a temperature of 50 °C in the PEG reger8elvaganapathgt. al.realized normally
open electrothermally actuated inline microvalve famuid regulation[7]. The actuation
mechanism was based on a thermally activated piies®e in the Paraffin layer resulting in a
high volumetric expansion. The microvalve was stgfanicromachined on top of preformed
flexible microfluidic channels using a low temperat fabrication process. As the Paraffin was
heated beyond its melting point using the microfysatinderneath them, it undergoes a volume
expansion, which deflects the flexible diaphragmtioé piston, closing the microchannel
beneath it. Actuation was achieved at power asde®5 mW with the response times of 15 ms.
Similar valves opened by melting a polymer withth@avided from a laser were demonstrated
by Garcia-Corderet al[8] These valves were fully integrated into a mftrinlic platform and

are characterised by very low cost. The disadvantathat they can be used only once.

)
—] ——— 9

Open

Flow layer

Closed

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

2.2.4 Soft polymer valves

Most conventional microvalves coupled to piezoelectthermopneumatic, electrostatic or
electromagnetic actuators require high power copsiom which is highly unfavourable for

autonomously deployed instruments. Soft polyméuators offer an alternative approach that
is more biomimetic in nature, and in principle caquire relatively low energy for actuation.

For example, hydrogels swell and contract signifiyadue to water movement into/out of the

27



gel. These volume changes are associated with phasstion behaviour triggered by small
alterations of certain external stimuli. These male can respond to a variety of external
stimuli, such as pH, temperature, or light. Amdhgse hydrogels, pH responsive materials
have been the focus of particular attention. Byveoting chemical energy into mechanical
work, pH sensitive hydrogels can exhibit both segsind actuating functions simultaneously.
For example, for the pH-sensitive hydrogel poly{2hloxyethyl methylacrylate-co-acrylic acid)
or poly(HEMA-co-AA), the movement of water is i@ted by the ionization of the polymer
backbone[9]. Beebet. al.reported a channel with two strips of poly(HEMA-84) deposited
along the walls using the laminar flow charactérsstto enable polymer precursors to be
restricted only to the channel wall region (Fig@é)[10]. Under conditions of high pH,
swelling of the hydrogel structures occurred aratkéd the channel. As the pH in the sensing
channel was changed from 11 to 2, the hydrogelract&td to open the flow in the adjacent
channel. Although swelling and shrinkage of the rbgel in response to pH change are
reversible and repeatable, reopening of the chainoel the closed state (at which point the
hydrogel is fully expanded) may limit the use dbkttesign in some applications. In general it
is found that the dynamics of reswelling in hydidsgere much slower than contraction, due to
the inherent asymmetry of diffusion in these materjill, 12]

i Outflow I

(a) | ~ (b)

Figure 2-5 (a) Prefabricated posts in a microchandeserve as supports for hydrogel films,
improving stability during volume changes: (i) a dagram of the hydrogel films around the posts,
(ii) the actual device after polymerisation of thehydrogel, (iii) the hydrogel films block the side
channel branch in their expanded state and (iv) theontracted hydrogels allow fluid to flow down
the side branch. (b) The volume response of two fifrent hydrogels with respect to the pH of the
surrounding fluid. Top, the fractional change in dameter (fD) of the hydrogels with respect to pH.
Bottom, images showing a device that directs a fldistream on the basis of its pH. The hydrogel
gating the right branch (circles) expands in baseral contracts in acid. The hydrogel gating the left
branch (squares) behaves in the opposite manner @nds in acid and contracts in base). The fluid
enters from the centre channel at a rate of 0.05 mmin21. At a pH of 7.8, the flow is directed down
the left branch. At a pH of 4.7, the flow is directd down the right branch. Both hydrogels expand
to shut off the flow when the pH is changed to 6.7Scale bars, 300 mm. Source: Reprinted with
permission from Beebeet al. (2000). Copyright 2000 Nature.
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Since diffusion is the rate-limiting factor govemgithe swelling process of hydrogels, the
response time can be improved by reducing the dfizeydrogel microstructures. In order to
fabricate stable hydrogel actuators with fast respo times, hydrogel films were
photopolymerized using a photomask around prefateitposts (Figure 2-5a) [10]. At pH 11,
the films expanded, closing the channel, wheraashihg the channel with solution at pH 2
resulted in the valves opening, with response tohd2 s. Based on the valve mechanism
described above, a pH-dependent flow sorter was @dsnonstrated (Figure 2-5b)[10]. The
entrance to each branch of ‘T’ channel was gateld ydrogel microstructure that expanded in
one branch of the channels at high pH and contradtsv pH, whereas a hydrogel of different
composition in another branch exhibited an invdysbaviour. In this way, the microfluidic

device directed the flow to the appropriate bramigpending on the pH of the solution.

Figure 2-6. Fabrication and operation of a biomimdt valve based on a bistrip hydrogel. (a) Bistrip
hydrogel is patterned by simultaneous photopolymesiation. (b) The anchor of the valve is formed
using a non-responsive hydrogel. (c) When exposed basic solution, the bistrip hydrogels expand
and curve to form a normally closed valve. (d) Thistrip 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 deactit, returning to the permanently open state. Scale
bars represent 500 mm. Source: Reproduced from Yet al. (2001). Copyright American Institute of
Physics

Yu et. al. [13] presented a biomimetic bistrip valve capabfedirectional flow control in
response to changes in the local fluid environnigjt[The valve structure is similar to the
venous valve, consisting of a pair of pH sensitpaly(HEMA-co-AA) hydrogel strips
overlapped by the pair of pH-insensitive stripsg(ffe 2-6). When exposed to high pH,
dissimilar expansion to adjacent hydrogel stripssed the valve to bend during swelling, thus
forming a normally closed check valve allowing orityward flow of pressure above the
threshold value. If low pH solution enters the aieinthe pH sensitive strips shrink, allowing
both forward and backward flow. In comparison tadttional microfluidic valves where
actuation occurs very rapidly, here the activatod deactivation times are quite slow, at 6 and
3 minutes respectively. However, this slow opegatialve can be successfully applied in drug

delivery and bioassay devices, where timescalesvents can be of the order of hours.
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However, in order to handle biological cells andteins, manipulation of fluids with neutral

pH is desired. In order to minimize the complextyfully polymeric integrated fluidic circuits

(IFC), all electronically controllable componentsosld ideally be made with one type of
hydrogel. This can be achieved with pdlyiSopropylacrylamide) (PNIPAAm), one of the best-
known temperature-sensitive multifunctional hydiegeAt a temperature above the lower
critical solution temperature (LCST) of 32 PNIPAAm chains undergo rapid and reversible
entropy driven phase transition from extended hdraoils to collapsed hydrophobic globules
that precipitate in water.[15, 16] The temperatgasitive PNIPAAmM hydrogel, which is

typically controlled by electronic heating elemeritas been used widely for fabrication of not
only the standard elements of liquid handling, sashmicrovalves [17-19] and micropumps

[20], but also specific active components suchresrostat valves and chemical sensors [21].

Although robust valves with fast response to exestimuli and successful performance of
repeated “open-close” cycles have been reporteer, transition temperature (slightly above 30
°C causes shrinkage and valve opening) is too lowedme applications, such as on-chip PCR,
for which the valves must remain closed at muchhdigemperatures. Frechett al. realized
thermally actuated valves by crosslinking NIPAAmtlwN-ethylacrylamide (NEAAm), for
which the LCST can be adjusted within a wide terapee range to meet the specific
requirements of some applications[22]. In ordeatoid valve displacement during operation,
the microchannels were vinylized to enable covatgtsichment of the photopolymerized gels.
As a result, a 5 mm long poly(NIPAAmM-co-NEAAmM) (Imolar ratio) valve holds pressure up
to 18 MPa without noticeable dislocation, leakagestructural damage in closed mode.
Although the authors demonstrated the versatilitthe valve and its ability to perform well
under conditions typical of numerous microfluidiopesses, displaying actuation times in the
range of 1-4 s, there is still the need for therexeical elements to implement temperature
control. What is more, application of heat indupd@se transition is not suitable for samples

containing heat sensitive materials, such as prated cells.

2.3 Micropumps in fluidic systems

In contrary to widely researched and tested midk@& there is not much interest in hydrogel-
based electronically controllable micropumps. Richet. al[20] presented diffusion
micropump (Figure 2-7a), which peristaltic operatiprovides a continuous and relatively
homogeneous pumping. The flow rate obtained far tlvice is 2.8 + 0.3al min™, with the
maximum flow rate of pumping stroke determined bg shrinking kinetics of the hydrogel.
This process is strongly dependent on the heatmgep of the heating meanders in addition to

the properties of the elastic PDMS membrane. Tlyhdri the pressure of the membrane
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(directly proportional to its increasing thicknedfe faster actuator shrinks. On the other hand,
the increase of membrane thickness significantlpy@mces the reload time of the pump and

decreases the maximum swelling volume of hydrogel.

Elastic membrane Swelling agent
(@) (b) Heating resistor supply Gauze
ey =S odogeloctuor 224 ouey
SONNANNN ASOONANNANNINNNNNY
L ~— i
Heati d J
eating meanders Inlet valve Pump chamber Outlet valve
Elastic Elastic membrane

Swelling

counter pressure
pressure

Outflow

— Closed inlet valve

load release

Figure 2-7. (a) Schematic set-up and operating praiple of diffusion micropump and (b)
displacement micropump. Source: Reproduced from Ritter et al. (2009) by permission of The
Royal Society of Chemistry.

However, this kind of micropump is unsuitable fanse applications. For example, some
solvents can destroy the hydrogel structure, gasticannot pass the actuation chamber, since
the monolithic PNIPAAmM actuator is placed direcittythe pump chamber, or the pumping
pressure can be not sufficient enough. Another pwegcribed by this group based on
displacement (Figure 2-7b), provides higher perforoe (flow rate of 4.5 ul mihand a back
pressure of 1.28 kPa) based on a hydrogel actsefarated from the process medium by a
movable membrane. Inexpensive design, simple coat soft lithographic fabrication makes
these hydrogel pumps a significant advance towHregealisation of disposable microfluidic

components.

2.4 Photoswitchable polymer actuators

In recent years, the range of applications fordaka-chip systems has significantly increased
due to several promising aspects, such as smalheple and reagent volume consumption and
less wastage produced, which is cost-effectiveamvitonmental friendly. Since it is possible to

place many microfluidic architectures in a relayvemall area, it enables complex sample
processing operations with rapid analysis timeseigerformed, due to the large increase in the
surface area to volume ratio associated with réalu@h dimensions. Because of the numerous
advantages offered by the microscaled channelgaheept of microfluidic “lab on a chip” has

triggered significant effort in development of nrédks and their employment in miniaturized
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devices. In particular, switchable materials ofii@riguing possibilities and the potential to
integrate sophisticated functions in a simple dvetesign. Because of their relative ease of
fabrication and simple control, stimuli responsiweterials integrated with microfluidic

manifolds could significantly advance the developtref fully integrated microfluidic systems.

Smart engineering of analytical fluidic devices gamerate improvements up to a limit, beyond
which new, robust and smart materials are neededufther progress.[23] One of the most
attractive strategies to implement fluid manipwation integrated microfluidic platforms is
light irradiation, which allows not only for non-ctact operation but also independent and
remote manipulation of multiple fluids. Photorespor polymer materials have been studied
by many research groups, and many polymers andngolgels functionalized with azobenzene
[24-26], leukochromophore [23, 24], and spirobenzap [25, 26] have been examined. Valves
can be controlled with IR[27], blue [28, 29] or w[30, 31] light.

2.4.1 IR-responsive materials

The performance of microvalves based on the volumehange due to infrared (IR) light
illumination was reported by Let. al[27] They presented an IR-light responsive hydroge
based on thermo-responsive pNIPAAmM hydrogels immatng glycidyl methacrylate
functionalized graphene-oxide (GO—-GMA). The valyemtes in two states — closed, adopted
when the IR source is turned off, and opened, adophen the IR source is turned on, due to
absorbance of the IR light by the GO-GMA sheetsiciwltriggers the hydrogel to contract,
allowing for fluidic flow. The performance of the/dirogel microvalve is shown in Figure 2-8.
When the infrared light is switched off, the headissipated to the surrounding environment,

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

(a) BeforelR

T

=

(b) After IR

——e— |

—_

I GO-GMA hydrogel
IBA

Figure 2-8. A microvalve made of GO—GMA IR-responsie hydrogel. Top views of the microvalve
are on the left. Respective images taken under a onoscope 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 Loet 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 monomeyotgmerised with vinyl monomers to obtain
a photoresponsive polymer was published by Smdtgf32l.in 1978. The author synthesised a
crosslinker consisting of two connected spiropymolecules each having one vinyl group
attached. They showed that the spiropyran-crosstinkpoly-bisphenol-A-pimelate or
polyethyleneglycol tere/isophthalate rubbers caméeh as the sample is irradiated with light,
and the spiropyran opened into a merocyanine féurthermore, they showed that the opening
of the spiropyran and consequential colour change mot directly linked with the polymer
contraction. Figure 2-9 shows that when the sangole®xposed to light in the range 290 nm <
A < 400 nm the polymer does not contract signifilgariiut colouration appears. llluminating
the sample with the light above 472 nm wavelengttdpces a rapid contraction reaching a

maximum when the light wavelength matches the nyamioe absorption wavelength.
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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 Smetset al. (1978). Copyright 1978 IUPAC. UV: ultraviolet.

Therefore, the authors claimed that[32]:

— The irradiation wavelength dependence of the cotitma corresponds closely with the

absorption spectrum of the merocyanine.

- The rates of ring opening/closure in the spiropywamerocyanine equilibrium do not
control the rates of dilatation/contraction. Thattitution of ring opening/closure is of

secondary importance, except for the initial foiorabf the merocyanine.

— The isomerisation between different open merocyarforms forces conformation

changes in the neighbouring polymer units andrésslts in shrinkage

33



Another report from the same group claimed that thiscosity of solutions of
poly(methylmethacrylate-co-1,3,3-trimethylindoliB&nitro-
8'(methacryloxy)methyl]spirobenzopyran) can alsodttered with light irradiatiori > 310
nm.[33] This is ascribed to the polar neighbourmgthacrylate groups solvating the polar
merocyanine form of the photochrome co-monomer.s Téffect decreases as the solvent

polarity is increased and disappears in dichlorbarss.

In more recent work, on spiropyran (1 mol %) copadys of pNIPAM, by Sumaru[34dt al
presented an actuation mechanism based on the twitieal solubility temperature (LCST) of
poly(N-isopropylacrylamide)[16] and the fact that it chesglepending on the chromophore
state. Figure 2-10 shows the copolymer used insthidy, and the effect of switching. When the
copolymer is immersed in an acidic (0.26 mM HCluson the spiropyran part of the polymer
changes to the open merocyanine form, and becommsnpted. When this polymer is
irradiated with light at 422 nm, which matches #iesorbance of the protonated merocyanine
form, the polymer chains collapse and the protomelsased. A correlated change in both

absorbance at 422 nm and ionic conductivity is nlese

m:n=97:3

spirobenzopyran chromophore

N-isopropylacrylamide light irradiation

less polar environment

polar environment, dark

Figure 2-10. Chemical structure of poly(spiropyraneo-NIPAAmM) (pSPNIPAAmM) and
characteristics of its components: pNIPAAmM main chan and spirobenzopyran side chain. Source:
Reprinted with permission from Sumaru et al. (2004). Copyright 2004 American Chemical Society.
pNIPAAmM: poly( N-isopropylacrylamide).

In a parallel publication Sumaru[35] investigatbis tsystem further. Solutions of pNIPAM-co-
acrylated spiropyran were analysed at acidic, basid neutral pH with respect to the
temperature and light induced precipitation of gudymer. The following observations were

reported:

- The protonated merocyanine (MCYHoNIPAM copolymer absorbs at 422 nm. The
uncharged merocyanine copolymer absorbs strongly3at nm and weakly around
370nm.

- Without light irradiation the acidified pNIPAM sdion becomes turbid around 32 °C
however the turbidity increase is not significanedo the remaining protonated MC-H

chromophores that stabilise the polymer
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- With light irradiation at 422 nm (absorption bantiMC-H") the acidified polymer
solution becomes turbid at 29 °C and increases initteasing temperature. Also the
absorption intensity at 422 nm is decreasing asnd®cyanine chromophore reverts to

the spiropyran form

— A significant turbidity increase is also observedew the same sample is kept at 31.5
°C in the dark and then irradiated with 422 nmtigh

— Little precipitation is observed when the pNIPAMwimns are neutral or basic due to

the fact that at these conditions the chromoplonadstly in the spiropyran (SP) form

These results suggest that the status of the I8E equilibrium in the copolymer chain, which
is controlled by light irradiation, changes the fymhobic-hydrophilic character of the whole
polymer, leading to changes in the LCST. The systawks best in acidic pH because under
these conditions, the equilibrium predominantlydians the formation of MC. Based on this
work of Sumaru, it seems that the LCST is lowergtha equilibrium shifts towards the closed-
hydrophobic SP form. This implies that the hydrdiphinerocyanine form raises the entire
copolymer’'s LCST. However, it should be noted tinat opposite effect has been reported by
lvanov et al[36] In this case, a 10 °C downward swift of theSTwas reported when the
sample was irradiated with UV light in deionisedteraand the merocyanine absorption at 450
nm became apparent. However, lvanov used a spaopymolecule functionalised with a
methacryloyl group through the indoline nitrogarker, in contrast with Sumaru, who acrylated

the spiropyran through the 6-hydroxybensopyran grou
Important claims in Sumaru’s papers[37, 38, 40]eaéollows:

- No protonation at the tertiary amine of spiroberyzaps with electron-withdrawing
substituents in the closed-ring form was detectable NMR even at acidic

conditions.[34]

— The open merocyanine form of the chromophore ugedumaru has a pi¢ 6-7 and is

not strong enough base to remove protons from wmadéecules[35]

Aditionally, Kriger et a[37] shows that the LCST can be shifted as muclyag0 °C in
acrylamide copolymerised with monomers containirgpb&nzenes.[37] Here, a similar

explanation for the phenomena seen by Sumaru[37s 380 suggested.

To optimise the actuation of spiropyran functiosadl pNIPAM polymers one needs to consider
not only changes happening at the chromophore meddifnits, but also the contraction and
swelling processes throughout the entire pNIPAMnmol It is well known that pNIPAM

collapses from an expanded coil to a compact geofarm when heated above ~ 32 °C and the
opposite happens when cooled down. Wanggt1jl showed that there is a particle diameter-

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

The authors claim that the pNIPAM chains collapbeva the LCST and form intrachain
hydrogen bonds that make the resulting globuleicdilif to dissolve once the temperature
decreases.[11] Moreover, according to Sun[@R]al., during heating the backbone chains
collapse first, the side isopropyl groups reacttraad then water is expelled last. On the other
hand, during cooling the globule swells once wastomes again a sufficiently good solvent
for the polymer chains and diffuses in betweendbléapsed pNIPAM chains. After the water
has diffused into the polymer network the intraohaydrogen bonds break and the side chains
reswell first and then the backbone follows.[11], 12

100

=@ NHV-50 J

Water uptake (%)

0 50 100 150 200 250 300

‘Time (min)
Figure 2-12. Reswelling kinetics of macroporous andonventional pNIPAAmM hydrogels. NHV-50

cellulose modified macroporous hydrogel, NV-50 maaoporous hydrogel and N 22 standard
hydrogel. Source: Reprinted with permission from Wuet al. (1992). Copyright 2003 Wiley.
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On a macroscopic scale, one way to increase thelsgfaeswelling of pNIPAM hydrogels is to
modify the morphology of the bulk material and ewse the polymer surface area in contact
with water. An effective way of using the inheren€ST pNIPAM property to make
macroporous hydrogels was developed by ¥ual. [41] In this work the NIPAM is
polymerised and crosslinked above its LCST with athout hydroxypropyl cellulose. As a
result NIPAM polymerised in its precipitated stated a porous network was formed in which
swelling/deswelling ratio and rates were signifityihigher than for the conventional hydrogel.

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

Although all those approaches improve the charisties of pNIPAM-spiropyran system little
has been done to optimise the fundamental phenamahdhe very core of the actuation
process. Satolkt al[38] prepared spiropyran monomers with differergcelon donating and
electron withdrawing groups and demonstrated that dpiropyran opening in HCI can be

drastically improved by certain substituents ongiiean-benzene ring (Figure 2-13).

"1/ b R

6e O” 'NH O” N

08 - |
HN/\)

55 o ba O)\L R
O N O 6,R
04 - —

Absorbance

6a—e
0.2 4 6d R RI
7'f aa H H
0.0 : : ; . i ; b: OCH; H
0 1000 2000 3000 c: H OCH;
Time (s) d NO, H
e: H N02

Figure 2-13. Left: Time course of the absorbance dhe MC-H+ in polymers 6a—6e after stopping
the light irradiation. The measurements were perfomed in 2 mM HCI at 25 °C. The values of the
absorbance before the light irradiation were normaised to be 1.0 for comparison. Right:
Substituents for different chromophore monomers preared (a—e). Source: Reproduced from Satoh
etal. (2011) by permission of the PCCP Owner SocietiglC-H *: protonated merocyanine.

With this approach it was demonstrated that pNIPgpitopyran hydrogels can collapse and
reswell within 15 min.[39] However, the authorsrtiselves admit that the “fastest” hydrogels
did not return to the original size. This was aseti to photo-induced decomposition of the
polymer. As for other systems mentioned aboveLtB8T driven collapse of the gel is rather
fast but the reswelling of the gel is comparativelyw and problematic.[28] This is because the
actuation of the pNIPAM-spiropyran gel is a twogsfrocess. For the shrinking the protonated
merocyanine has to be first isomerised to the hylipbic SP form. This increase in the
hydrophobicity of the chain induces its collapsd amater ejection.[28, 35] The reverse process

is more difficult as after conversion of SP to therged MC form, protonation occurs followed
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by diffusion of water into the collapsed polymebplgliles before the chains can reorder and
swell.[11, 12]A manifold with microvalves made from such matenigds demonstrated by
Sagiuraet al (Figure 2-14).[28] The maximum pressure the pSPMRP4gel microvalves could
withstand was determined to be 30 + 6.6 kPa. Asgures in excess of this, the gels deformed
and leakage occurred.

L

Figure 2-14. (a) Independent control of multiple pty(spiropyran-co-NIPAAmM) (pSPNIPAAmM) gel
microvalves by means of local light irradiation: () a solution containing blue dye was introduced
into the main microchannel; (ii) blue light was loally irradiated to the right-side poly(spiropyran-
co-NIPAAmM) (pSPNIPAAmM) 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 cente
microvalve was opened after 30 s of blue light irrdiation; (vi) blue light was locally irradiated to
the left-side microvalve; (vii) the left-side microvalve was opened after 24 s of blue light irradiatin
and (viii) after light irradiation, the chambers were filled with the blue dye solution (for
interpretation of the references to colour in thisfigure legend, the reader is referred to the web
version of the article). (b) Simultaneous control © multiple poly(spiropyran-co-NIPAAmM)
(pPSPNIPAAM) gel microvalves by means of temperaturehange: (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 weae opened within 5 s after temperature rise to 46
°C and (iii) 10 s after temperature rise. Source: Bprinted with permission from Sugiura et al.
(2007). Copyright 2007 Elsevier.

A similar approach was presented by Benito-Lopeal[30, 31]. However, in this case, an
ionic liquid (IL) was incorporated within a poNfisopropylacrylamide) polymer matrix

copolymerised with acrylated benzospiropyran. Usiagous IL components within the gels
allows the kinetics of valve actuation to be coledy and the IL mediates the rate of
protonation/deprotonation and movement of counter@and solvent (water). Different ionogels
were photo-polymerised in situ in the channels opdy(methyl methacrylate) (PMMA)

microfluidic platform. After immersion for 2 h in.® mM HCI aqueous solution, in which the
ionogel exhibits a rapid swelling effect due totpration of the polymer backbone, the rate of
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photo-induced shrinking due to dehydration of theogel was measured. The required light
intensity is so low that low cost LEDs can be emptbfor successful valve actuation. Results
showed that trihexyl-tetradecylphosphonium dicyaidanbased ionogel produced the fastest
valve-opening kinetics, opening 4s after lightdiedgion (Figure 2-15). Although it is possible

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

min) and requires re-immersion in an acidic solutio

Figure 2-15. Performance of the ionogel microfluidi valves: (a) microvalves closed; the applied
vacuum is unable to pull the dyes through the micrchannels. (b) White light is applied for the time
specified in each picture. (c) ‘no I.L." valve isifst 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 mickalve actuation. Source: Reproduced from
Benito-Lopezet al. (2010) by permission of The Royal Society of Chestry. LED: Light Emitting
Diode.

An innovative approach to microfluidics incorporati photoresponsive pSPNIMAAmM
hydrogels was described by Sugiura et. al[29] Tioeg demonstrated on-demand formation of
microchannels with arbitrary pathways using micttgraed light irradiation of (initially
planar) hydrogel sheets. After light irradiatiorraiigh an appropriately designed mask, a
microchannel between adjacent inlet/outlet portsnsgmeously formed under the irradiated
area, allowing for fluid flow between a designatedut and output and the channels rapidly
became filled with reagent within a few minutesilefmination (Figure 2-16). The effect was
repeated for several channel configurations —gitaibent or serpentine. What is more, the
authors demonstrated independent and parallel dlavtrol in a polydimethylsiloxane (PDMS)
microchannel network by micropatterned light iregdin of photoresponsive microvalves
prepared from the same 2 thick hydrogel sheet. As a result of light iletbn, the gel in
the irradiated area adjacent to the through-hdiean&, thus opening the valve within several

minutes.
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(a) 0 mip (b) 4.9 min (d) 11.2 min

-
‘/Latex flow .

Irradiated area

™~

¢ Ir

Outlets oy

ra

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

2.4.3 Azobeznene based polymeric actuators

Another interesting class of photoactuated materiglbased on azobenzenes[40-44]. These
molecules are in a trans configuration in the gdostate but when irradiated with UV light they
isomerise to theis orientation.[40, 45] The structural reorganisatafnthe molecule and the
attached chains can have a significant macrosceffect on the host material.[40] This
phenomenon was greatly enhanced by D. Broer’s gtyumcorporation of azobenzenes in
liquid crystal structures.[46, 47] When the azolesmn molecule isomerises to this form
under UV light there is an increase in disordeultésy in shrinkage along the direction of the
liquid crystal structure and expansion in the pedoeular direction. When the white light is
used the molecules and the polymer return to thialistate.[47] This shows a reversible and

quick photoactuation of the polymeric material (Fig2-17).

The speed of actuation and strength of this matewst be emphasised. The films reach 70 %
of the maximum deformation within 7 seconds ane tle same to return to the original shape
while having over 1 GPa of elastic modulus. Thidemal is therefore much suitable to generate
mechanical work and displace fluids than considgrabfter gels. Coupled with biomimetic

approaches such as artificial cilia[46] these ammbres-ordered materials open new
perspectives in microfluidic and lab-on-a-chip @eg. The field of photomechanical actuators

containing azobenzenes is covered in a review logeBat al[40]
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Figure 2-17. (a) Bending of films under UV light 08, 16, 24 and 32 s of UV exposure, respectively.
(b) Return of the film to the original shape underwhite light shown after 0, 4, 8, 12 and 20 s,
respectively. The white bar corresponds to 5 mm idength. The UV intensity was roughly 10
mW/cm? 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 characteristis of microvalves.

Ener Applied . .. Generated Measured
Actuator type €19 Pressure " deflection or flow References
requirement time
(kPa) volume change (1l min-1)
i 310 - 48-50
Pneumatic 0.04-0.5W 20-230  <25s 3.5-150um 1.16 [48-50]
Magnetic gels 59.5 KA/m  _ <13 min . 0.2 - 100 (2, 48]
Chemically 12s-30 ) [10, 52, 53]
responsive gels None : min <200um 10-150
Thermg;elssr’ons"’e 02-04W  _ 1-9s <30 % 1-50  [22.54]
Spiropyran based  1-20 3.4-69  30s-1hr <60 % 30+ 6.6 [32.34,56]
photoactive gels mwW/cm2
Azobenzene 100 it
based photoactive 10mw/cnf ) <15s . [45]
(curvature[45])
polymers

2.5 Conclusions

Table 2-1 summarises the features of the presetdedes of actuators. There are many exciting
developments happening in materials chemistrydhatcan only ‘touch the surface’ in a review
paper of this type. The potential range of stimediponsive materials is virtually unlimited, and
this, coupled with new deposition techniques tHégraunsurpassed control of feature offer a
tremendously rich research landscape for scien@xpore. The potential benefits to society
emerging from this research are truly enormousrhdtes the great issue of biofouling will
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finally be put to rest, opening up new opportusitie long-term implantable chem/bio-sensors
that can monitor, report, and ultimately contra thvels of key biomarkers. Similarly, reliable
low cost sensors could open the way to environnhemd&itoring on a massive scale. Stimuli-
responsive polymers could form the basis of neweggions of biomimetic sensing based on
polymer pumps and valves incorporated in microftuilatforms much more reminiscent of
our own circulation systems. The convergence ofirielogies that facilitate the control of
micro/nano-structured surfaces coupled with thesg materials is a powerful combination —
materials chemistry now must be recognised asdhefoundation underpinning these exciting

possibilities.
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Abstract

N-isopropylacrylamide was photo-polymerised in age of phosphonium based ionic liquids
(ILs). The curing behaviour of polymer-IL solutioimear pNIPAM) and ionogels (crosslinked
pNIPAM) were studied using rheometry, differenabnning calorimetry and gel permeation
chromatography. It was found that the IL not onifiiences the mechanical properties of the
ionogel and the rate of polymerisation but alsoltieer critical solution temperature (LCST) of
the resulting pNIPAM ionogels. lonogels made inhdxyl-tetradecyl phosphonium
dicyanamide show an order of magnitude smalleo @itioss/storage moduli (mechanicaldan
compared to that of trinexyl-tetradecyl phosphonthioride while showing a twice higher UV
polymerisation rate. These ionogels exhibit alstedint LCSTs with xP-Cl having the lowest
(15.5 °C) and xPi-Tos displaying the highest at232. Finally, temperature ramp rheology
scans of the water swollen ionogels showed thahupe LCST transition the moduli of the
polymer network increases and this increase is map# in the P-DCA and P-Tos than in the
other formulations.

Keywords: ionic liquids; ionogels; NIPAM; viscoetasproperties

150,000

100,000

Storage modulus [Pa]

50,000

5 75
time [m?n]

a7



3.1 Introduction

Poly(N-isopropylacrylamide), (pNIPAM) gels are widely dsi microfluidic applications as
flow controllers and actuators,[1-5] drug delivesystems and bioassays.[6-10] A particularly
attractive feature of pNIPAM is its lower criticalolution temperature (LCST), which is
typically in the range of 30-38C.[10, 11] Below this temperature the polymer chaime
solvated by water molecules while above this temmpee, the LCST the polymer chains
collapse and precipitate. A gel made out of thisemal will therefore expel water and shrink
above the LCST or swell and expand below this ttiamstemperature due to water uptake.[12]
However, the dependency of this behaviour on wafgiake and release is its greatest
disadvantage, as evaporation leads to loss ofathamical properties. Consequently, actuators
based on these hydrogels must be kept in an aquenii®nment in order to maintain their
physical integrity. Other solvents are therefarquired to overcome this disadvantage. lonic
liquids (ILs) are currently attracting consideralaliéention as potentially benign solvents for
many areas of chemistry, as well as various elebctmical devices[13-20], including
rechargeable lithium cells,[21, 22] solar cells; 23 actuators[26-28] and double layer
capacitors (DLCs).[29-31] This interest in ILs cae attributed to the many favourable
properties such as low volatility, electrochemit¢hérmal stability, and high ionic conductivity
- all of which can be tailored through careful d®bf cation and anion.[32, 33] lonic liquids
based on tetraalkylphosphonium cations have beemmwgrated to exhibit greater thermal
stability than their tetraalkylammonium based ceqparts[34] and a range of phosphonium
salts are commercially available in large quartifghs] Reports of the utility of ionic liquids
prepared from phosphonium cations with anions sash hexafluorophosphate ([&F,
tetrafluroborate ([BH) and bis(trifluoromethanesulfonimidate) ([NJIf have appeared in the
literature.[36] Currently for applications in mdtds science, there is growing interest in
‘ionogels’, i.e. polymers with ILs integrated suttat they retain their specific properties within
the polymer/gel environment. An excellent reviewBigeauet. al[37] discusses ionogels as a
new class of hybrid materials, in which the proigsriof the IL are hybridized with those of
various components, which may be organic (low madkrcweight gelator[38], polymer[39]),
inorganic (e.g. carbon nanotubes, silica)[40] obrity organic—inorganic (e.g. polymer and

inorganic fillers).[41]

One particular and useful application that wouldddg from the afore-mentioned advantages of
both poly(NIPAM) and ILs is the area of microfludialves.[42] Conventional microfluidic
pNIPAM hydrogels are susceptible to drying and theice of solvent for their synthesis is
limited.[10] On the other hand, ILs offer propesti¢hat can be tailored by changing the
anion/cation combinations.[43] They also exhibitgligeble vapour pressure at room

temperature, and when used in NIPAM microfluididvea, these qualities of ILs result in a
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very robust system.[8] For example NIPAM easilysdises in a range of phosphonium based
ILs and their negligible vapour pressure keeps tkaction volume constant during
polymerisation. At the same time a gel made wigsséhrather hydrophobic ILs can still swell
with water producing a functioning microfluidic stature in which the hydrophobic IL is
retained, which allows the material to maintain liismediated properties. Therefore, the
pPNIPAM- phosphonium IL system is a very attractpatform for microfluidic flow control

and stimulus responsive materials.[8, 44]

We have published several papers on various phogghebased ILs, and their use in
ionogels.[7, 8, 45-47] Some of these materials wserl in microfluidic applications as valves
and have been shown to open with white light imddh when benzospiropyran (a photo-
responsive molecule) is copolymerised as pendamipgin the polyii-isopropylacrylamide)
backbone. The gel valves exhibited different respaimes depending on the IL used for their
preparation, which was explained in terms of sadvabf the benzospiropyran by the ILs and
their polarity[8]. However, during further investion it was noticed that the mechanical
strength of the ionogels and their UV curing ratese noticeably different depending on the IL
used. Uekiet. al[48, 49] reported that ILs can drastically inflaenpolymer sol-gel transitions
and LCST behaviour. Polymerisation kinetics hawe d&leen reported to depend strongly on the
IL used as a solvent for polymerisation.[50, 51]rBtver, it is known that the gel swelling time
and therefore the valve operation speed is prapwlito the mechanical modulus of the gel
network and the friction of the network with theemal liquid.[52] Therefore, more insight into
the polymerisation properties of NIPAM-phosphoniuim system and mechanical/actuation
characteristics of the resulting ionogels wouldhioghly valuable in order to fully understand

the behaviour of these perspective soft polymaradots.

This current study reports the differences in madda properties observed for pNIPAM
polymers and gels prepared in a range of phosphobased ILs together with the resulting
differences in the LCST behaviour of the mateiTdle majority of the ILs tested in this work
correlate with the ones previously reported astltghgered ionogel valves[8]. The monomer-
IL mixtures have been tested for mechanical modulreal time during the UV-initiated

polymerisation process. The resulting pNIPAM polysnéhave been analysed with gel
permeation chromatography (GPC). The photo-polysadiin process has also been
investigated with differential scanning calorimet(idSC). The observed differences in

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

3.2.1 Materials

N-isopropylacrylamide 98% (NIPAM), N,N’-methylenea@ylamide 99% (MBIS) and
dimethoxyphenylacetophenone 98% (DMPA) were obthiinem Sigma Aldrich, Ireland and
used as received. trihexyl-tetradecylphosphoniumloricte ([Pse6.14[Cl]), methyl-
triisobutylphosphonium tosylate ([P, 4[Tos]), Trihexyl-tetradecylphosphonium dicyanamide
([Pes614[DCA]), trihexyl-tetradecylphosphonium toluenesaifite ([Res:4[TOS]) and
trihnexyl-tetradecylphosphonium dodecylbenzenesuipb® [Rs¢14[dbsa] were supplied by
Cytec® (Ontario Canada) and purified as describefbipendix A.

Table 3-1 Abbreviations and compositions of samplassed in this study

Sample IL NIPAM MBIS DMPA
abbreviation (2.2 mL) [mmol] [mmol] [mmol]
P-Cl [Ps 6.6.14[CI] 3.53 - 0.07
xP-Cl [Ps 6.6.14[CI] 3.53 0.18 0.07
P-DCA [Ps6.61J[DCA] 3.53 - 0.07
xP-DCA [Ps 6.6.1d[DCA] 3.53 0.18 0.07
P-NT#, [Ps.6.6.1dINTF 5] 3.53 - 0.07
P-Tos [Re6,14[TOS] 3.53 - 0.07
xP-Tos [R6614[TOS] 3.53 0.18 0.07
P-Tos [P.444[ToS] 3.53 - 0.07
xP-Tos [P444[ToS] 3.53 0.18 0.07
P-dbsa [R6,6.14[dbsa] 3.53 - 0.07
xP-dbsa [Re,6.14[dbsa] 3.53 0.18 0.07

3.2.2 Sample preparation

pNIPAM ionogels were prepared by mixing 400 mg dPAM (3.53 mmol) with 5 mol %
MBIS, 2 mol % DMPA and 1.2 mL of the IL (crosslinksamples). The MBIS is not added in
the non-crosslinked samples. The mixture was heaté&® °C and sonicated for 5 min until a
transparent solution was observed. Found in Table i8 a list of abbreviations and
compositions of the mixtures studied. The chemstalctures of the ILs used are shown in
Scheme 3-1. xP-Cl, xP-DCA, xP-Tos, xPi-Tos, xP-dlssee also placed on Teflon moulds and
polymerised for 60 min with a 30 Watt, 365 nm BliétekUV lamp placed 20 mm from the

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

For Gel Permeation Chromatography (GPC) measurantkatnon-crosslinked samples taken
from the rheometry-UV-curing experiments were washe¢imes with diethyl ether and dried at
room temperature overnight. Diethyl ether was fotmde most suitable for the samples studied
because it dissolves the IL present in the sampigiecipitates the linear pNIPAM. However,
the R-Tos sample had to be fully dissolved in acetoné #en the polymer precipitated by
adding diethyl ether as the [P, {[Tos] IL does not dissolve in diethyl ether.
CeHy3
C6H13—P®—C6H,3 ql P-Cl

Cl 4H29
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Scheme 3-1 Structures of ILs and the correspondingbbreviations used in this study

3.2.3 Rheometry

3.2.3.1UV—polymerisation
An Anton-Paar MCR301 rheometer equipped with a CB&fle measuring tool was used to

measure the evolution of mechanical propertiesngysiblymerisations. The rheometer also had
a bottom glass plate transparent to UV light ab88® nm. The polymerisation mixture,
(volume = 1.1 mL), was placed onto the bottom glalate and pressed with the 50 mm cone
measurement tool with a gap of 208 um. A housea-huiby of 9 LEDs (XSL-365-5E, Roithner
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Lasertechnik Austria) was placed 40 mm under tlasglplate. The LEDs had an emission
wavelength peak at 365 nm and an average opti¢plbpower of 4 mW each. The UV light
intensity was measured with a Lutron UV-340A UV Ipgoand was found to have a light
intensity of 110QuW/cn?. This was measured at the top of the rheometes gilate where the
polymerisation happens. To monitor the curing aretimanical properties of ionogels in real
time, rheometry measurements were taken over aseairninety minutes. The UV light was
switched on after three minutes twenty second? (@8asurement point). The storage and loss
moduli were analysed at 0.1 % strain and 1 Hz lasich frequency and plotted versus time.

Data points were collected every 10 seconds.

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

equilibrated for 7 days. The swollen ionogels winen analysed for changes in the modulus
during a temperature step program. All the swoiterogels were analysed in oscillation mode
with a parallel plate PP15 tool 15 mm diameter.86®%0 strain and frequency of 10 Hz. The
data points were collected every second and tHewilg temperature ramp was applied: 5
minutes at 25 °C, ramp to 45 °C (20 °C/min) andhisom for 10 min, thereafter ramp to 25 °C
(20 °C/min) and isotherm for 10 min. Because théewawollen ionogels shrink during LCST

transition, the instrument was set to adjust theazcording to 1N normal force on the sample.
Therefore, the smaller peaks in moduli presenthenplots 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 wase&l using two PSS GRAM analytical
(300 and 100 A, 10 I) columns on an Agilent 1200eseequipped with a Wyatt Optilab rEX
refractive index detector thermostat at 40 °C aWdyatt DAWN HELEOS-II multi angle light
scattering (MALS) detector. Molecular weights arl ®ere calculated from the MALS signal
using the ASTRA software (Wyatt) and a dn/dc vabfie€d.0731 mL/g (PNIPAM) in DMF.
Before analysis, samples were filtered through2audn PTFE filter.
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3.2.5 Thermal Analysis:

Temperature scans were carried out at a heatingigaate of 1°C /min in the range of -80 —
110 °C using a TA Q200 series calorimeter. Thermal sdaglew room temperature were
calibrated with the cyclohexane solid-solid traiositand melting point at —-87.0 °C and 6.5 °C
respectively. Thermal scans above room temperatare calibrated using indium, tin and zinc
with melting points at 156.6, 231.93 and 419.53r&Spectively.

TGA analysis was conducted using a TA Q50 in a ifhgwdry nitrogen atmosphere (50 mL /
min.) between 25 and 800 °C with a heating raté@fC/min. Sample sizes ranged between
10-20 mg. The instrument was calibrated using tn@ecpoints of three reference materials,

Alumel, iron and nickel. Platinum pans were usethese experiments.

3.2.6 Heat of Polymerisation

A Pyris 1 DSC was used to analyse the heat of palgation. This instrument was calibrated
with indium with melting point at 156.6 °C. To dutéy analyse the polymerisation speed a DSC
experiment method was adopted from Achilias et53],[ the difference being a UV-light
photoinitiated polymerisation with an open DSC mtup was employed. The experiments
were performed in isothermal mode at 25 °C. Thepdaupan and a reference pan were covered
with an in-house-made chamber equipped with a hdiolethe same LED array as in the
rheometry experiments. The design of the chamberbeafound in Figure Al and Figure A2
(Appendix A). The LEDs were placed 20 mm from thenple pan, giving a light intensity of
ca. 2500 pWich as measured with the Lutron UV-340A UV-light prob@Vith the
instrumental setup available it was not possiblenédch the UV-intensity used in the rheology
experiments. However, the comparison between sampithin the respective experimental
design is still appliciable. The pans were loadéti the mixture of monomer (~ 20 mg), IL and
the photoinitiator. These mixtures were the sameaised for the polymerisation of linear
pNIPAM in ILs during rheometry. The UV light was gghed on after two minutes and the heat
flow data collected for 15 minutes. When switched the LED array had its own constant
contribution to the heat release recorded by thgument. For this reason the baseline was set
at the thermogram plateau (t = 15 min) at whichnpdine reaction heat release had already
ceased but the LEDs were still on. By doing so,hat contribution of the LEDs was excluded

from the heat flow data. The results presentecaraverage of at least two scans.
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3.2.6.1LCST:
The xP-Cl, xP-DCA, xP-Tos, xHos, xP-dbsa samples polymerised during rheometry

experiments were collected and immersed in deidnmgater for 7 days. These water-swollen
ionogels were dried with a tissue and cut intoles©f 4 mm diameter (ca. 10 mg). These were
placed on aluminium DSC pans and sealed. The LC8llies for these samples were
determined by thermal scans at 5 °C/min with tHieong temperature program: |. Hold at 10
°C for 2 min. Il. Heat from 10 °C to 50 °C then tdmm 50 °C to 10 °C. Cycle Il was done
twice and showed excellent reproducibility. The O0G8Svere determined as the endothermic

peak during heating and exothermic peak duringicgol

3.3 Results and Discussion

3.3.1 Linear pNIPAM

Crosslinked ionogel materials are difficult to stuas polymeric systems mainly because they
do not dissolve. Therefore, a simpler system wasmaxed first. By analysing the linear
polymerisation of NIPAM it was hoped to gain somsight to the effects of the studied ILs on
the polymerisation rates and the mechanical prigsewf the polymers produced. It was
assumed that any influence of the IL on the polysation of linear pNIPAM will be also

present during the formation of ionogels.

The polymerisation of linear polymers / ionogels d# followed with mechanical modulus
analysis and the reaction is considered finisheénmho change in mechanical properties is
observed. For this reason the rheology UV-curingeeinents were done first. In the UV-
curing rheology experiment results shown in Fig8ré a linear polymer is formed as the
monomers photopolymerise in the IL as a solvener&tore, as the polymer chains grow the
viscosity of the respective IL- polymer mixture Miilicrease and this will affect both the loss
and storage moduli. It must be noted here that 2N@&mple gave unusual 1 MPa of elastic
modulus and 0.1 MPa of viscous modulus measured 66 minutes of polymerisation. The
resulting material was opaque, waxy and very briplossibly due to the polymer precipitation
in this relatively hydrophobic R ¢:4[NTf,] IL used for this sample. Due to this precipitatio
and poor mechanical durability the P-NTolymer was not selected for further studies. The
viscous ILs in our study gave higher moduli for teepective polymer-IL solutions compared
to the less viscous ILs. Therefore, we attemptedaimpensate for this by dividing the loss
moduli data by the sample initial loss modulusrigfare all plots start at value 1). The resulting

“relative viscous moduli” curves are shown in Fig&1.
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Figure 3-1. Relative viscous moduli curves during M polymerisation of a) Pi-Tos, b) P-dbsa, c) P-
Cl, d) P-Tos, e) P-DCA. For each curve, the data as normalised by dividing the initial loss
modulus value into the series. The raw data plotsan be found in Appendix A Figure A3.

It can be clearly seen that the slope of theseesuvaries depending on the IL used. Moreover,
the time required for the mixtures moduli to plates different. This suggests that the rate of
polymer forming is different depending on the ILegent in the sample. The Pi-Tos curve
shows the highest slope, followed by P-dbsa, P-CADA P-Tos, with P-Cl having the lowest
initial rate of increasing modulus. (The raw dakatgcan be found in the Appendix A Figure

A3)

Table 3-2. Physiochemical properties of linear poiyers:

Maximum ) Total heat Average ) )
Time to ) ~IL viscosity
heat flow ) released molecular Polydispersity 3
Sample: , reaction peak L ) _
[W-mofl 5 [kJ- mol weight Mn  index (PDI) Pa-g]
s a-s
NIPAM] NIPAM] [g- molY]
P-Tos 1861 16.7 56.4 117 800 1.76 £.36
P-dbsa 1516 17.6 58.4 150 900 2.2 1.8
P-DCA 1315 20.7 60.9 130 600 1.6 0.256
P-Tos 960 21.0 53.4 111 300 1.42 G.96
P-ClI 530 24.8 45.0 62 650 1.56 1.855

4 values measured for this study with the rheomé&iear rate 100 f3); ® Values from reference[54]

It was hypothesized that if the mechanical modeiredop at different rates and stabilise after
different times then after the same UV irradiatione the polymer chains must have different

chainlengths. Table 3-2 shows the GPC analysifN®#PAM samples polymerised for 90 min
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during the rheology UV curing experiment (Figurd)3-All of the samples tested have similar
and rather high final molecular weight for the pAN® with the exception of P-CIl. Therefore,
one can state that under equivalent irradiationditmms, the P-dbsa and P-DCA samples
produce polymers of significantly higher moleculaeight. Whereas with P-ClI, the final

molecular weight is only approximately half thatretibsa.

Samples used in the UV curing rheology experimemgure 3-1) were also UV polymerised in
the DSC to follow the evolved heat of polymerisati®he emitted heat per second is directly
related to the amount of monomers reacting ancetber it can be regarded as the overall
polymerisation kinetics comparison tool. Table 3t®ows that the peak heat flow differs
greatly between the tested samples and ranges thienmighest for PTos, P-dbsa, P-DCA
through P-Tos to P-Cl with the lowest heat peak, i.

P.-Tos > P-dbsa > P-DCA > P-Tos > P-CI

Due to the unknown molar heat of NIPAM polymerisatin the ILs used, the heat flow cannot
be related to reaction rates or the degree of asioreof the sample. However, the average total
heat released expressed per mole of NIPAM anddhk& peat flows are given (Table 3-2). The
results show that the peak reaction heat emisgiiad with the polymerisation speed can vary
up to 3-fold depending on the IL chosen as a medmnNIPAM polymerisation. The time
required for the polymerisation heat generatiomdase is also different depending on the IL
used (Figure A4). Found in Appendix A Table Al ate glass transition ¢J and
decomposition temperaturesy{d of the samples listed in Table 3-1. The heatymimland the
rheology data suggests that, depending on the dested, polymerisation of NIPAM in these
phosphonium-based ILs proceeds at different ratestiaerefore is finished at different times.
Moreover the different ILs used produce polymerdblutions with different viscoelastic

characteristics.

The inherently higher viscosities of these ILs dotduse autoacceleration of the polymerisation
reaction by lowering the termination rate.[50, 53] However, from the heat of polymerisation
data it is clear that viscosity is not the majoteraontrolling factor, as fRe14[dbsa] and
[Pe.6,6.14[Cl] have similar viscosities (1.8 vs. 1.955 Paespectively) but the maximum NIPAM
polymerisation heats generated in these IL systsmsignificantly different (1516 [W/mol] vs.

530 [W/mol] respectively).

Another parameter that has a significant influeocehe polymerisation process is the polarity
of the solvent, in our case, the IL. It has begpored that ILs can greatly speed up the
polymerisation process and increase the final amiwe of monomer due to their polar and
coordinating nature.[50, 51, 56] It has been kndan some time that the molar heat of

polymerisation, and therefore the ease of polyragas, depends on the monomer association
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with the solvent mediufb7] Therefore the polymerisation kinetics of polar mers like
acrylamides may strongly depend on the polarityhefionic liquid. However, the polarity of
ILs is a complex subject of considerable reseandisiown right.[58] Recent work has shown
that in comparison to other ILs, phosphonium-bakedhave relatively low polarity, which
decreases even more with increasing alkyl chaigtlerMoreover, the anion basicity and size
also influences the IL polarity.[58] Based on théssors, one can hypothesize that the higher
polymerisation speed in {R44[Tos] compared to [Es614[T0OS] is due to the shorter alkyl
chains of the [P444 cation, which results in higher overall solvemigrity. Furthermore, the
[Pes.6.614[DCA] IL has a small basic anion compared to thigeo ILs bearing the [} ¢14 cation.
This should increase the IL's polarity significantland is a plausible explanation for the
relatively high total polymerisation heat of NIPANM [Pse6:1J[DCA] compared to eg.
[Pes614Cl] (Table 3-2). The polymerisation of pNIPAM in@® proceeds at the slowest rate
and produces the shortest chains, despite the egifjahighly mobile and polar nature of the
Cl- ion. However previous studies suggest thahenion is very strongly associated with the
[Pes614+ cation, to the extent that the local charge isagy shielded from the external

environment, producing a much more non-polar chhardaban might be expected.[59, 60]

It is reasonable to expect that such variationgh® curing behaviour must surely have
significant implications when the crosslinker isbsequently added to the system to obtain

ionogels.

3.3.2 Crosslinked polymers:

In our previous work[8] it was noticed that pho&pensive phosphonium based ionogels had
different mechanical characteristics, dependingtfan anion used. To some extent, the data
presented for the linear pNIPAM experiments so dan help interpret the results for the

crosslinked ionogels. Gelling should be slowethia xP-Cl and xP-Tos ionogels as these ILs in
the corresponding linear pNIPAM gave the shortéstirs and lowest polymerisation heats
(Table 3-2). When the crosslinker is present, tbe in elastic moduli is a direct indication of

the polymeric network being formed. Therefore ttegagye modulus increase and time to reach

a steady state provides an insight into the geldtinetics.

During the rheology experiments with the crosslihkamples, after the UV light was switched
on the storage modulus quickly overcame the lossutng. The crossover of these two moduli
can be taken as the gelpoint (Table 3-3) as framrttoment the samples show more elastic

than viscous behaviour. After ~90 min of UV-curialy samples except the xP-dbsa exhibit
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similar elastic moduli (Figure 3-2). The moduluatphus 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 theohogels:

Time to . . , IL viscosity | scT  LCST
X Gy G G ) ;

Sample: ~ moduli Tars 25°C during  during
crossover [Pa] [Pa] [Pa] heating cooling

[s] [Pa-sl  pcp e
P-Tos 6 3.06 52 000 65170 0.80 136 32.2 31.9
P-dbsa 35 7.5 200 000 134 000 1.48 18 304 28.7
P-DCA 11 0.946 6770 40400  0.168 0.256 293 274
P-Tos 22 3.53 38 500 47 700 0.81 0%6 30.4 28.7

P-Cl 40 4.17 42700 36700 1.16 1.955 155 8.3

 Values measured for this study with the rheomé8&irear rate 100 f§); ® Values from reference[54];
Gy - loss modulus before curing; G” - loss modulafier 90 min of curing; G’ - storage modulus after
90 min of curing; Tadi- G”/G’ after 90 min of curing
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Figure 3-2. Storage moduli during UV polymerisationof a) xP-dbsa, b) xPi-Tos, ¢) xP-Tos, d) xP-
DCA and e) xP-ClI. UV curing was initiated after 3 ninutes 20 seconds.
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For viscoelastic materials a typical parameter attarising the general mechanical properties is
the ratio of the viscous (loss) to elastic (stojageduli G”/G’ (tand). In the case of linear
pPNIPAM-IL mixtures the number was not so meaningifsilthese systems formed liquid linear
polymer solutions in ILs for which tanis always higher than 1 (loss modulus higher than
storage modulus). However, for the crosslinked esyst this number directly tells how
rubbery/tacky these ionogels are. The higher th&it the “stickier” and “tackier” the material
will be. Table 3-3 shows the key mechanical paransefor the crosslinked samples before and
after polymerisation. As found in the linear polymnsgstems, the IL seems to have a significant
impact on the viscoelasticity of the ionogels. kifedbsa and xP-Cl ionogels are the “tackiest”.
The ta® values of xP-Tos and xFPos ionogels lie between the xP-dbsa and the xR-DC
ionogels, but have very similar @mrespective of the [Rs14" or [Pussq” cation. The xP-
DCA ionogel exhibits the lowest tarand is the most elastic and rubber-like of allithegels

tested.

Taking into account the kinetics data from thedinpNIPAM experiments and the viscoelastic
properties of the ionogel curing it is expected tha xP-DCA will gel more rapidly than other
phosphonium samples tested. This ionogel formskbuidue to a high polymerisation speed
and has a low tanwhich makes it robust. The xP-dbsa produces aarktwith the highest
storage modulus, but the high davalue is consistent with the tackiness of the gmhpwhich
makes it difficult to handle. The xP-Tos and-¥Bs lie somewhere in between with regard to
their strength, tad) and therefore their robustness. In terms of masintegrity, xP-Cl
produces the weakest of all the ionogels. It ig/tacky, and tears relatively easily, due to its

relatively low storage modulus.

Bearing in mind the envisaged application of thesgerials as soft actuators in microfluidic
platforms, a knowledge of viscoelastic propertegmportant not only because of its influence
during fabrication, but also because it largelyed®ines the robustness of the actuator and the
actuation speed. Therefore, since pNIPAM is a tloer@sponsive polymer, experiments were

carried out to determine the LCST actuation behawd these ionogels.

DSC scans reveal that most of the water-swollengets exhibit an LCST between 29 and 32
°C, with the exception of xP-Cl (Table 3-3). Th&e slight asymmetry in the LCST between
the DSC heating and cooling runs as has been egpéotr other pNIPAM polymers in the
literature[61, 62] The xP-DCA, xP-dbsa and xP-Tos ionogels have signjlar LCST values
at ca. 30 °C, whereas the xP-Cl ionogel has anuafiysow transition temperature at 15.5 °C
and the xPi-Tos ionogel has a slightly higher LC&dint at 32.2 °C. The relevant DSC

thermograms can be found in the Appendix, Figure A5

In addition to DSC scans, the LCST transitions wadse analysed using rheometry. During the

LCST transition while heating the water-swollenagels became stiffer. However, the rate of
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stiffening and its magnitude was also found to wdepending on the ionic liquid contained in
the ionogel. Figure 3-3 shows the storage modutasiges during a step temperature program
from 25 °C to 45 °C and back. xP-DCA, xP-dbsa, x®-ibnogels increased their moduli as the
temperature rose above the LCST and returned to dpproximate starting moduli once the
temperature had fallen back below the LCST. Thgdsgincrease in modulus during the LCST
transition (approx. 7-fold) was measured for theD(PA ionogel. In contrast, the xP-Cl ionogel
showed no increase in modulus with increasing teatpee, whereas a significant increase in
the modulus was observed for thei-XBs, with no subsequent relaxation (unlike theeoth
ionogels) upon restoring the temperature td@5However, this latter sample returned to the

original modulus when placed in water overnight.

25°C | 45°C 25°C

100,000

Storage modulus [Pa]
50,000

s . . |
0 5 10 Time [min] 15 20 25

Figure 3-3. Plots of storage modulus versus time dang a temperature step program. The
temperature was raised from 25 °C to 45 °C startingit 5 min and was decreased at 15 min from 45
°C to 25 °C. a) xP-DCA, b) xP-Tos, c) xP-dbsa, dPxTos, e) xP-Cl.

From the DSC data it is clear that, in contrasth® other samples studied, the xP-Cl sample
was always above the LCST at room temperature. dbé&ervation explains why the xP-Cl
sample did not show any modulus changes in thedestyre ramp experiment: As the LCST of
this ionogel was 15.5 °C, then under the experialerdnditions used for the LCST rheology,
the sample was always above its LCST, and no pttesm®ge occurred. Therefore, to investigate
the xP-Cl sample a lower temperature window of Z6°C was used, the results of which can
be seen in Figure A6 Appendix A. This experimendvebd that the xP-Cl also increased its
modulus reversibly during the LCST transition. Heee the magnitude and rate of the

modulus increase in XxP-Cl is the smallest of alshmples tested.

In Figure 3-4 the modulus values were normaliseduiytracting the initial modulus from each
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point of the respective plot. From this it is eastesee that the rate of LCST transition induced
modulus increase is different depending on thegehaomposition. The ionogels with higher
elastic character (lower tarof xP-DCA and xP-Tos) had a faster polymer netwmddulus
response than the xP-dbsa which had a highér tan

100,000

25°C | 45°C 25°C

G'-GO0" [P4]
50,000

(=] T T

0 5 10 Time [min] 15 20 25

Figure 3-4. Plots of storage modulus versus time dag a temperature step program for water
swollen ionogels. The temperature was raised from62’C to 45 °C (20 °C/min) starting at t = 5 min
and was decreased at t = 15 min from 45 °C to 25 °@0 "C/min). a) xP-DCA, b) xP-dbsa, c) xP-Tos
d) xP-Tos. The initial moduli value was subtracted fronthe respective plots.

The sharp peaks found in Figure 3-3 and FigureaBeddue to the instrument readjusting the
normal force on the sample. As the sample shrudkciianged modulus the reaction force of
the sample dropped and the instrument correctedhier (as described in the experimental
section). The degree and frequency of this adjustrigelf gives some insight into the sample
behaviour under stress during the LCST transitdoteworthy is the fact that the speed of gap
shrinking was not correlated with the speed of nhaglincrease for the respective samples (eg.
xP-DCA and xP-dbsa, Figure A7 Appendix A). Moreqvére thickness decrease for all
samples never exceeded 10%. The small dimensiongehauggests that the ILs are not
leaching under pressure. It is interesting to baethe LCST transitions of the polymer chains
can be visualised with the rheometer by analydirgstorage modulus increase and recovery.
These results show that the mechanical and cuhiagacteristics of the ionogels (arising from
the different ILs used) also have an impact onrth€iST triggered polymer network actuation
speed. However, as mentioned previously, in thesegdels the volume change does not
correlate with the modulus change. This conclusaronsistent with other studies that suggest
the chain collapse/revival of pNIPAM and volume mha (water uptake/release) are linked but
not simultaneous processes.[62, 63] These are tamgdiindings with respect to strategies for

systematically optimising formulations for genemgtistimulus-responsive structures (such as
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microvalves for microfluidic systems) based on ¢hiemogels.

3.4 Conclusion

In this study NIPAM monomer was polymerised in aiese of commercially available

phosphonium based ILs. The increase in viscoetaticuli during UV-photopolymerisation

was monitored using a rheometer for samples witth &ithout a crosslinker (MBIS). This,

combined with DSC and GPC analysis showed clederdifices in the mechanical properties,
polymer chain lengths, emitted polymerisation feeat the LCSTs of the resulting materials. It
was demonstrated that changing between phosphdraged ILs changes not only the viscosity
of the polymerisation medium, but also the NIPAMypaerisation speed (in some cases by a
factor of 3) and the resulting ionogel mechanigateelastic properties. Rheometry shows that
when these ionogels are swollen in water, they rgude reversible modulus increase when the
temperature is raised above the LCST. The rateaafulns change differs and appears to be
correlated with the original ionogel @&ralue. The ionogel based on xP-DCA showed a 7-fold

increase in the storage modulus when heated atokEST.

The most “mechanically robust” ionogel was obtairedter 30 minutes of UV curing (1.1
mW/cnt) when [Re61J[DCA] or [P1444[Tos] was used as the solvent/IL, and the “tadkies
ionogel was obtained with {Rs4[dbsa] and [Re614[Cl] (still not fully cured after 90

minutes).

Therefore, bearing in mind the time required foriroy of these ionogels, processability of the
monomer-IL cocktail, the viscoelastic propertiesl dhe speed of the LCST actuation of the
resulting material the jR¢14J[DCA] IL appears to be the optimum choice for tinérofluidic

applications mentioned.
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Abstract

Magnetic ionogels (MIGs) were prepared from orgédans-coated iron oxide nanoparticles, N-
isopropylacrylamide, and the ionic liquid trihexgtradecyl phosphonium dicyanamide. The
ionogels prepared with the silane-modified nandglag are more homogeneous than ionogels
prepared with non-modified magnetite particles. Shane-modified particles are immobilized
in the ionogel and are resistant towards nanoparteaching. The modified particles also
render the ionogels mechanically more stable tharidnogels synthesized with non-modified
nanoparticles. The ionogels respond to externaharent magnets and are therefore prototypes

of a new soft magnetic actuator.

Key words: Magnetic nanoparticles, iron oxide, @imjuids, ionogels, pNIPAM

— pNIPAM O Magnetite lonic Liquid
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4.1 Introduction

Gels have tremendous application potential in neltescience,[1, 2] sensors,[3] actuators,[4,
5] and stimulus responsive materials.[6-8] Histaltic research has focused on organo- or
hydrogels but the recent past has seen a surgebb€ations on ionogels, that is, gels based on
ionic liquids (ILs) instead of molecular solvengJ1] ILs consist entirely of ions and have

useful properties like electric and ionic conduityivrather high thermal stability, and a low

vapor pressure.[12, 13] Finally, the number of ptige anion-cation combinations available

reputedly equates to one trillion ¢fdifferent ILs,[14] theoretically providing accesssa very

large number of different IL properties useful bmth academia and industry.[15]

ILs have been explored as components in functidnddrid materials termed ionogels.
Depending on the nature of the ionogel networkitim®gels can be inorganic (mostly silica-
based) [9, 11, 16-19] or organic.[20-23] The prtipsrof an organic ionogel arise from both the
polymeric network stabilizing the ionogel and thedtionalities of the contained IL.[12, 21, 24,
25]Among others, ionogels resist drying and cracking tb the very low vapor pressure of the
contained IL.[26] lonogels therefore provide a clemlvantage in terms of evaporation
resistance and long term stability for applicatifmm,example as soft actuators, where other gels

lose their solvent by evaporation and thereforelcead fail.[23, 27]

Polymer gels are useful for incorporating stimuhesponsive entities.[6, 7, 28] Stimulus-
responsive gels can be actuated by external stiikelchanges of temperature,[7] pH,[29, 30]
light,[31, 32] and electric[33] or magnetic fielf81-36] Stimulus-responsive gels (often termed
smart materials) have therefore been studied faig dielivery,[3, 28] sensing,[37] and

microfluidics.[38-41] Magnetic soft materials ararficularly attractive for actuation because of

their remote, non-invasive triggering.[39, 42-46]

In an attempt to combine magnetic actuation andatheantages of ILs, magneto-responsive
ionogels have been prepared from iron-based, paaetia ILs.[47, 48] However, the magnetic
susceptibility of these materials and thereforér tlesponse to a magnetic field is fairly low at ~
1 emu/g.[48] The response of magnetic nanopart{ohstead of a magnetic IL) to a magnetic
field is much higher by virtue of their much highraagnetic susceptibility of ~ 60 emu/g.[49]
Magnetic nanoparticles would therefore be intengsibnogel components, similar to magnetic
hydrogels.[35, 40, 50, 51] There is thus an inteireshe development of ionogels combining
the general advantages of ILs with the advantagesagnetic gels. Such materials could be
used in soft actuation under conditions where ogjetrtypes such as hydrogels or organogels

fail, for example because the water or organicestdlevaporate.

The current report therefore describes a new apprtavards magnetic ionogels (MIGs) that

can be actuated with a commercial permanent maghet.ionogels were synthesized via the
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copolymerization of silane-modified iron oxide naadicles with N-isopropylacrylamide (one
of the most popular polymers for responsive gel8f, 50, 52-57]) and the hydrophobic IL
trihexyl-tetradecyl phosphonium dicyanamidegs(B:J[DCA]). The approach is based on the
recognition that iron oxide nanoparticles can belifred with allyltrimethoxysilane (ATMS) or
3-mercaptopropyl  trimethoxysilane (MPTMS). These ated particles can be
(co)polymerized[49] or used for chain transfer dgrcopolymerization with NIPAM.[52] The
choice of the IL is dictated by the fact that thiexyl-tetradecyl phosphonium cation is
hydrophobic and should therefore not leach out ftbenionogel in aqueous environments,[12]
enabling an application of the corresponding iohofe example, in diagnostics in aqueous
media. Moreover, the dicyanamide anion providedltheith one of the lowest viscosities and
lowest melting points compared to ILs based on roti@ons such as chloride, bromide,
tetrafluoroborate, methylsulfate, and others.[18wLviscosities and low melting points are
convenient for dissolving the ionogel componentsd girocessing. Lastly, preliminary
experiments in our laboratory have shown that #g {:4J[DCA] IL imparts ionogels with
optimal mechanical and curing properties in congmariwith other IL anions such as chloride,

tosylate, dodecylbenzylsulphate.

4.2 Experimental

4.2.1 Materials

N-isopropylacrylamide (NIPAM, 98 %), N,N’-methylenisacrylamide (MBIS, 99 %), benzoyl
peroxide (BPO, 75 %), (3-mercaptopropyDtrimethdbyee (MPTMS, 95 %),
allyltrimethoxysilane (ATMS, 98%), iron(lll) chlia@e hexahydrate (>98 %), iron(ll) chloride
tetrahydrate (99 %), tetramethylammonium hydrox{@@AOH, 25 wt% in HO), and
ammonium hydroxide (28 - 30 % in,®) were obtained from Sigma Aldrich (Ireland) arseéd
as received unless stated otherwise. Ethanol (9@r#b)Acetone (99.8 %) were obtained from
Sigma Aldrich Germany. Buffer solutions (pH 7, pploate and pH 4, citric acid/sodium

hydroxide/sodium chloride) were obtained from nemMigge.

Trihexyl-tetradecylphosphonium dicyanamide; {B:4[DCA] was kindly donated by Cytec
Industries and purified as described previoush}:[88 mL of the IL was decolorized by
redissolution in 30 mL of acetone followed by treanht with activated charcoal (Darco-G60,
Aldrich) at 40 °C overnight. Carbon was removed filjration through alumina (acidic,

Brockmann |, Aldrich) and the solvent removed ungszuum at 40 °C for 48 hrs at 0.1 Torr.
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'H NMR &4(400 MHz; CDCY): 2.0-2.3 (8 H, m, Ch), 1.4-1.5 (16 H, m, Ch), 1.2-1.3 (32 H,
m, CHy), 0.79-0.85 (12 H, m, CHi ppm. ES-MS: ESm/z 483 [Re6.1* ES m/z 66 [dca]

The permanent magnets were NdFeB cylinders (MabDrset-S16x15Ni-N35, 16 mm diameter
x 15 mm height) from magnetmonster.de/HKCM Engiimege.k.

4.2.2 Fe;0,4 synthesis

Magnetic particles were prepared according to Ma§sd] FeCk6H,0O (0.008 moles) were
mixed with FeCl4H,O (0.004 moles) in 30 mL of deionised water. Thextare was
mechanically stirred at 600 rpm with nitrogen purlyext, 7 mL of 30 % aqueous ammonia
were rapidly injected. The solution turned blackmediately but was kept stirring for 15
minutes. The particles were collected with a magmet washed three times with deionised
water. To the wet and clean particles 500 of an aqueous 2.79 M tetramethylammonium
hydroxide (TMAOH) solution was added. After shakifg mixture formed a stable ferrofluid
(~0.9 g FeO,/8 mL water) that was used for further functiorediian.

4.2.3 Silane coating of the FgD, nanoparticles

The ferrofluid described above was dispersed inxaume of 125 mL of deionised water and 35
mL of ethanol. This dispersion was purged withagign and sonicated for 5 minutes in an
Erlenmeyer flask. During the last minute of son@a00uL of MPTMS or 150uL of ATMS
were added, respectively, with vigorous stirringpeTflask was sealed with parafiim and left
with magnetic stirring for 3 days. The particlesr&veubsequently precipitated by adding 2 mL
of a pH 7 buffer per 1 mL of the reaction mixtufdwe precipitate was collected with a magnet
and redispersed in 2 mL of acetone. The samplésimvthe remainder of the text, be referred to
as 0-FeO, (unmodified nanoparticles), M-g@, (modified with MPTMS), and A-R©,
(modified with ATMS), respectively. The dispersioak the nanoparticles in §Rs:1J[DCA]
were prepared as follows. 1 mL of a particle disjper in acetone (0-5E@&,, M-Fe0,, or A-
Fe,0,) was mixed with 2 g of [B6:J[DCA]. After sonication, the acetone was removed b
rotary evaporation. The resulting IL-based fernolfuwere dried overnight (room temperature,

20 mBar) yielding dispersions with a particle camteation of ~20 wt%.
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4.2.4 Preparation of magnetic pNIPAM ionogels

pNIPAM gels were prepared (Scheme 4-1 and Sche®)é-mixing NIPAM (500 mg, 0.0044
mol) with 1 mol% of MBIS, 2 mol% BPO and 1.2 mLtbk IL/particle dispersion. The mixture
was heated to 50 °C and sonicated for 5 min uhél golids dissolved and the solution was
homogenous. This mixture was poured into a preded®&flon mould with circular pits
(diameter = 15 mm, depth = 1 mm) which was heateglacing flat on a laboratory hotplate.

The thermostat was set to measure the temperdttire ®p surface of the mould.

SH [
HS =§=o s
>_s_-ocn43 \kl HN)— \K

H;CO OCH; s _s
. ’
Ho OH . 1wao 0765\, BPO, 80 °C 079N,
HO H20/EtOH HO [Pe.6.6,14[DCA] HO
OH —— ~ o —— > o)
HO o o |
OHOH ' O,éi’OH [} - j-OH

o} &i-0
Sion “T\—sH l//_ o M\ sH
HS S
n
o

Scheme 4-1. Preparation of M-ionogels.

The polymerization was done for 15 hours at ca’®@Gt ambient atmosphere. The ionogels

prepared with 0-F©,, M-F&0O,, or A-FgO, particles will be called 0-, A-, and M-ionogels,

respectively.
I HN I
Si=OCHj, )—
HsCO OCH; _si s
HO QM on  Tmao 076N, BPO, 80 °C 075\,
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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 FIN#Rus 470 in ATR mode with a resolution
of 2 cm. The particle/acetone dispersions were placeth@®TR ZnSe crystal and the solvent

was evaporated. Each spectrum is an average @fB@.s

4.2.6 Dynamic light scattering (DLS)

The particles were dispersed in water or acetowktla@ dispersions were diluted with water
until transparent. The DLS intensity distributiondapolydispersity index (PDI) was analyzed
with a Malvern High Precision Particle Sizer usiPlgIMA disposable cuvettes. Dilutions were
adjusted so that the measured scattering intemsty between 200 and 700 counts/sec. The
hydrodynamic radii are averages of 2 experimenté €ansisting of 13 scans of 10 sec/scan.

Data were analyzed with the Malvern Zetasizer saféwackage.

4.2.7 Electron Microscopy

Transmission electron microscopy (TEM) was doneadphilips CM10 with tungsten filament
operated at 80 kV. The nanoparticles were dispersedetone. A drop of the suspension was
deposited on a carbon-coated copper grid, blottéd fiiter paper, and dried in air for 30 min
before microscopy. Scanning electron microscopyMpkvas done on a Hitachi S3400n
operated at 20 kV. EDX spectra were obtained a\20sing an EDAX X-ray detector. Prior to

measurements, all samples were sputter-coatedaviithnm carbon layer.

4.2.8 Mechanical testing

After polymerization the samples were immersed éetane to extract the IL, followed by
soaking in water. Rheology was done on an Anton-R&2R301 with PP15 15 mm parallel
plates. Storage and loss moduli were recorded glarimequency sweep from 100 to 0.01 Hz at

0.1 % strain.
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4.3 Results

Functionalisation of the particles with the silagegonfirmed by IR spectroscopy (FigurelA).
Bands at 3650 - 2960 and 1643 coan be assigned to residual water. A&zeparticles show
further bands at 1631 (C=C stretch), 1421 {@&formation), 1392 and 903 (deformations of
=CH, but also SiOH) and 934 ¢h(C-C stretch).[55] These signals can all be assignethe
allyltrimethoxysilane coating. M-E@, particles show bands at 1411 (Céieformation), 1341
and 1300 (CH deformation), 1237 (ghvist), a shoulder at 1117 (Si-O-Si asymmetrietstr),
and a weak shoulder at 937 tiat can be assigned to uncondensed Si-OH.[563éTbands
arise from the mercaptopropyltrimethoxysilane cwsatiMoreover, the samples show strong
bands at 1000, 1052 (Si-O-Si asymmetric stretc8Y, &d 572 crh (M-F&O,4 and A-FgO,
symmetric Si-O-Si stretch, respectively. This slgogerlaps with Fe-O symmetric stretch
signals).[57] The presence of Si-O-Si bonds cleahgws that the silanes have condensed on

the nanoparticle surface, leading to an organicathglified silica shell on the iron oxide cores.

A

Transmittance / a.u.

T T T T T T
4000 3500 3000 2500 2000 1500 1000 50

Wavenumbers / cm™!

Figure 4-1. (A) IR spectra of functionalized nanopticles, (B) photograph of nanoparticle
dispersions in acetone (identical concentrations, ee experimental for details), and (C)
representative TEM image of MPTMS-coated nanopartites (M-F&Q,).

Table 4-1 and Figure 4-1A show further data of ittee oxide nanopatrticles. Only with the
functionalized nanoparticles, homogeneous and peaest dispersion can be obtained in
acetone (Figure 4-1B). In spite of the transparentythe dispersions obtained with the
functionalized particles, transmission electronroscopy (TEM, Figure 4-1C) shows that the
coated particles are not present as individual partizles but as polydisperse agglomerates
with mean diameters between ca. 160 - 190 nm. iBhfarther confirmed by dynamic light
scattering (DLS), which finds hydrodynamic radiiif0 to 190 nm as well. In summary, DLS,
TEM, and IR spectroscopy show that the particléBpagh not present as single particles, have

been successfully modified with silane/organositioatings rendering them stable in acetone.
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Table 4-1. DLS data of bare and functionalized nanmarticles in acetone.

Sample 0-F®©, M-F;0, A-FeO,

Hydrodynamic radius / nm ---? 162 188

Polydispersity index (PDI) -2  0.167  0.177

a) The samples based on Q;®Bgcould not be measured due to sedimentation ang high turbidity
(Figure 4-1A). However, DLS measurements in waitestéad of acetone) show a hydrodynamic radius
of 46 nm and a PDI of 0.153, indicating that thengkes are relatively uniform, but cannot easily be

dispersed in acetone.

For preparation of the ionogels, the particles vekspersed in acetone (Figure 4-1A) and the IL
was added (see experimental part for details). rAfisetone removal, the nanoparticle/IL
dispersions are viscous brown to black, homogenebuis non-transparent dispersions. The
stability of the dispersions in the IL is difficuth assess due to high viscosity of the IL (slower
sedimentation) and high particle concentrationsasBhseparation was not observed during
processing but the 0-g@,/IL dispersion separates when placed on a magren @ddition of
the monomer/nanoparticle/IL mixture to the prehéab®uld, the mixture containing the A- and
M-Fe;0O, nanoparticles thickens within 5 minutes. The fikdGs (A- and M-ionogel) are dark
brown solids that can easily be removed from thaulthoThe ionogels made with bare

nanoparticles (0-ionogel) are much softer and yédiitl and wrinkle (Figure 4-2).

Figure 4-2. MIGs after removal from the moulds. Dianeter is 15 mm.

The homogeneity and dark brown color of the ionsgétarly shows that all nanoparticle types
are compatible with the hydrophobic IL and the pady matrix. Scanning electron microscopy
(SEM) however shows that the ionogels made with ¢bated particles are much more
homogeneous than ionogels made from {OgeFigure 4-3. The ionogels based on the bare
nanoparticles contain many aggregates as can beradf from the large number of bright
speckles in the SEM images, Figure 4-3A. In contithe ionogels based on the silane-coated
nanoparticles show a rather smooth surface andbiexiiich less particle aggregates or clusters,
Figure 4-3B.
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Figure 4-3. SEM images of (A) 0O-ionogel and (B) Aehogel surfaces. The light spots are
backscattered electrons from inorganic (iron oxidegomponents.

Table 4-2. EDX analysis of ionogels (wt%).

Element C (@] Si P Cl S Fe Total
0O-ionogel
7680+ 13.59 + 445+ 013+ 5.01 +
Mean 950" 650 - 090 001 - 410 1000
A-ionogel
7557+ 785+ 024+ 471+ 013+ 11.50 +
Mean ", 40" 200 003 006 004 - 150 1000
M-ionogel
7064+ 1111 026+ 448+ 031+ 1313+
Mean 1.41 +2.05 0.01 0.28 - 0.01 0.41 100.0

Table 4-3. Typical EDX Fe/P mass ratios vs. seledteegions 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 s further supported by energy dispersive X-spectroscopy (EDXS), which finds

phosphorus and iron signals in the case of theOgels and additional silicon signals in the A-
and M- ionogels. The homogeneity of the samplepgex with the silanised nanoparticles is
further confirmed by EDXS spot or selected aredysisa (Table 4-2). The O-ionogels show
large variations in the Fe/P ratios (that is, thecentration of the phosphonium IL and the iron

oxide nanoparticles is locally very different, Tal-3). This is not the case for the A- and M-
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ionogels. Here we always observe very uniform Feffos indicating that the iron oxide

nanoparticles or small aggregates are evenly bligad in the phosphonium IL.

Figure 4-4 shows that the ionogels strongly resgorekternal magnetic fields. For example, if
an ionogel is immersed in water, it will float fhgeintil a strong magnet comes close to it. Due
to the flexibility of the ionogels, they can adaptthe geometric constraints such as limited
space close to the magnet. In the current caserlogels lie flat at the bottom of the vial until
released by removing the magnet upon which theptattheir initial shape. This demonstrates
that the material can be used as externally tregyeoft actuator.

Figure 4-4. Behavior of the magnetic A-ionogel in amonuniform magnetic field. (A) lonogel far
away from the magnet, (B) close to the magnet, an{C) after increasing the magnet-ionogel
distance again.

To determine whether or not the surface modificatd the nanoparticles has an influence on
the stability of the ionogels (that is, on the rn@emticle/polymer hybrid matrix) we have
removed the IL by a washing process in acetonevatdr. The acetone used for the washing
process was clear in the case of the modified ixide nanoparticles. This indicates that the
silane modification indeed leads to a covalent gliokking with the pNIPAM chains. In
contrast, samples prepared with @@geshow some coloration of the acetone used for wgshi

indicating a poor contact between the polymer &edhianoparticles.

This is consistent with the macroscopic appearasfcéhe extracted polymer/nanoparticle

matrices. The matrix of the 0-ionogel is weak aasilg breaks and crumbles, again indicating a
poor connection between the pNIPAM and the iromexianoparticles. The A- and M-ionogels

appear mechanically more robust. This is furtherficmed by rheology on the same samples,
Figure 4-5. Frequency sweeps show that the gellemath the silanised particles have a
higher storage modulus across all measured fregegeenn the 0.1 — 10 Hz range these
polymer/nanoparticle matrices are roughly 10 tistéfer than those based on the non-modified
particles. This clearly indicates that the coatofgthe particles allows a more crosslinked

polymeric network to be formed.
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Figure 4-5. (A, B) Storage modulus-frequency sweepmnd (C) loss modulus-frequency sweeps of
MIGs after extraction of the IL. Panel (B) is a maglified view of panel (A) in the low storage
modulus region.

4.4 Discussion

MIGs could, for reasons outlined in the introduetibe interesting materials for a wide range of
applications. However, all examples in the literatgo far[47, 48] exhibit a poor response to
external magnets. This causes problems with thppliGability. Mechanically robust ionogels
with a large magnetic susceptibility and a corresiimgly strong response to external magnetic
fields are therefore needed.

The current study clearly shows that magnetite partles coated with a functional silane, (3-
trimethoxysilyl)propylmethacrylate or 3-mercaptopyb trimethoxysilane, are both efficient

crosslinks and valuable magnetic components fosyimhesis of robust MIGs, Figure 4-4 and
Figure 4-5. A key parameter in the ionogel synthésthe dispersion on the nanoparticles (or at
least reasonably small nanoparticle aggregatesiré-ig-1 and Table 1) in a suitable solvent
(here acetone) to yield a homogeneous reactionuneixto prepare the ionogels. Uncoated
nanoparticles are difficult to process and alrepBcipitate before ionogel synthesis (Figure

4-1A) yielding soft and heterogeneous ionogelsyfégi-2 and Figure 4-3,
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Table 4-2 and Table 4-3).

In contrast, the silane coatings are beneficial ther dispersion and immobilization of the
nanoparticles both in the reaction mixture (IL, roorer, and nanoparticles) and the final
ionogels. In spite of this, the particles are nogspnt as single particles and, possibly, the
ionogels could further be improved by using a moealized and softer silanisation process.
TMAOH stabilizes the bare particles during thersgation but it is a strong base which causes
rapid condensation of the alkoxysilanes. Arguattiig is one of the reasons for the formation of
the nanoparticle aggregates observed in TEM and. DA Solution to this problem could
involve a silanisation catalyst that is directlynmobilized on the surface of each individual
particle, similar to an approach Getfal where single silver nanoparticles have been ddaye
immobilizing a peptide on the nanoparticle surfatdch catalyzes alkoxysilane hydrolysis.[58]
In the current case, this would lead to individpalbated magnetic particles and an even more

homogeneous distribution of the nanoparticles énidimogel.

The main reason for the improved homogeneity anchangical stability of the ionogels based
on the modified nanoparticles is certainly that tla@oparticle surface is actively participating
in the polymerization process. The bare @zenanoparticles have no possibility of forming
covalent bonds with the growing polymer chain. Gstesit with literature[49, 58] the silane
coating of the A- and M-R®, enables a covalent bonding between the partiahes the
polymer leading to crosslinked networks (Scheme drtl Scheme 4-2) with improved
mechanical properties. The effective crosslinkirigparticles with the polymer network is
evidenced by a 10 fold increase in the elastic rusd(Figure 4-5). The current approach is
therefore suitable for the synthesis of MIGs andnaiestrates that the choice of the
nanoparticles, the reaction parameters such asr#s|vand especially the surface coating of the
magnetic nanoparticles are key parameters to dahtdvomogeneous and functional MIG is to

be obtained.

45 Conclusions

Magnetite nanoparticles are suitable building béotdr a new class of responsive materials,
magnetic ionogels (MIGs). MIGs are emerging materiar a wide range of applications and
the materials and processes described here shbeléfdare pave the way towards new
multifunctional soft materials based on ionic lidsisuch as soft, magnetically triggered
actuators. Of particular importance is the obsémahat the surface chemistry of the magnetic

nanoparticles governs the macroscopic propertiéiseoionogels.
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Abstract

Up to now, photoresponsive hydrogels and ionogalseth on poly{-isopropylacrylamide)

copolymerised with pendant spiropyran groups regeixposure to external acidic solution
(usually milimolar HCI) to generate the swollen gelor to photo-triggered contraction. This
serious functional limitation has been solved byalpmerising acrylic acid into the gel matrix,
to provide an internal source of protons. Due ® riflative pK values of acrylic acid and the
spiropyran and merocyanine isomers, the protonaimhdeprotonation occurs internally within
the gel and there is no need for an external soofgarotons. Furthermore, the shrinking-

expansion cycles of these gels in deionised wakerepeatable, as protonation throughout the
gel does not rely on movement of protons from aereal acidic solution into the bulk gel. In

contrast to previous formulations, these gels doshow degradation of their photo-induced
shrinking ability after multiple washings in deisad water and repeated switching over a 2

month period.

Keywords: Photoresponsive gel, spiropyran, polyawuator, NIPAM, acrylic acid, hydrogel,

spiropyran
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5.1 Introduction

Stimulus responsive gels are receiving increasiimgignsive attention due to the autonomous
manner in which they respond to changes in theallenvironment.[1] Consequently, they are
often referred to as “smart materials” because ttagyperform functions without the need for
any human input. Examples include materials thgpard to temperature,[2] pH,[3] light,[4]
and magnetic[5] and electric[6] fields. In receatys, interest has been growing in the udé-of
isopropylacrylamide (NIPAM) as a base materialgovducing photoresponsive gels.[7-11] In
general, these gels consist of two stimulus resperentities. First, is the poly(NIPAM) gel
which shrinks when heated above the lower critsmdltion temperature (LCST).[2, 12, 13]
Second is spiropyran (BSP, Scheme 5-1), a molecplato-switch which, in a polar
environment, spontaneously opens to the chargedayenine isomer (MC, Scheme 5-1: step
1). This process can be reversed by illuminatibrtihe MC isomer with white light. The
conversion of BSP to MC is reinforced in acidic maedhrough the formation of the protonated
merocyanine (MC-H Scheme 5-1: step 2). lllumination of MC-Mith visible light causes

regeneration of the SP form, with consequent releds proton[14, 15] (Scheme 5-1).

When a poly(NIPAM) gel incorporating spiropyran tine polymer backbone is exposed to
millimolar aqueous HCI, the benzospiropyran (BSR)laoules spontaneously open to the
positively charged protonated merocyanine (MQ:tccompanied by a yellowing of the gel
due to absorbance by MC-kh the visible spectrum centred between 400 - @®J15] When

this gel is irradiated with white light, the samieoporeversible process happens, with MC-H
spontaneously switching back to the colourless Bfi, releasing a proton in the process.[4,
10] As a consequence the gel becomes more hydoaplod shrinks through expulsion of

water.[4]

AA-H AA”

|
\ MC-H* :

Scheme 5-1. Photochromism and acidochromism of bewepiropyran derivatives
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A potentially important application of this actuati behaviour is the generation of
photoswitchable valves[4] and on-demand patterrrehieels for microfluidic systems[9]. In
the case of valves, typically the acidified swoltgi containing MC-Hblocks the channel until

it is exposed to white light, whereupon shrinkinfy tbe gel is induced, and the channel
opens.[4] For the generation of photo-patternechicbls, a planar sheet of photoresponsive gel
is placed under a microfluidic chip inlet/outlestym having no channels. Irradiation with light
through a mask triggers shrinking only along theamed lines resulting in formation of

channels between pre-formed external fluid inlets$ autlets.[9]

In these valve systems the shrinking times of thls gre usually relatively fast (from several
seconds up to several minutes)[4, 7] However, dwvelling time and consequently valve
closing time is much slower, up to several houtsictvis not ideal for fast fluid handling and
valve operations[4, 7]. Satadt al. recently reported gels with improved actuation xébur,
through control of the spiropyran opening and clgdinetics.[10, 15] This was demonstrated
by attaching different electron donating/withdragvisubstituents to the spiropyran molecule
and then copolymerising it witd, N-dimethylacrylamide. The resulting derivativeswhd (in
most cases) improved protonation rates comparetbitefunctionalised spiropyran.[15] The
best performing modified spiropyran molecules wiben incorporated into poly(NIPAM) gels
and these showed different speeds of reversiblstgeiking.[10] The “fastest” gel was shown
to fully contract within 10 min and re-swell baak +95% of the original size within 10 min.
However, when comparing results between groupghatild be noted that these gels were in the
form of 300um diameter rods, as the dimensional scale of thiy@mbviously has a significant

impact on the overall diffusion kinetics of watata and/out of the gel.

Improvements in the physical robustness of the gavatchable gels were also reported by
using ionogels in place of the original spiropypaty(NIPAM) hydrogels.[16] There are two

advantages arising from this approach. Firstly,témelency of conventional hydrogels to crack
and flake when stored in air does not occur, dubddow vapour pressure of ionic liquids and
their ability to plasticise the gel polymer struetfil7] Secondly, the spiropyran isomerisation
kinetics (and consequently the ionogel actuatiaretits) can be strongly influenced by the

ionic liquid used to form the ionogel. [16, 18]

Despite the enormous potential of these photoresperactuators, they have not as yet been
broadly exploited in microfluidic devices due tasficant performance limitations arising

from:

1. The need to expose the gel to a strongly addiation (typically pH 3 HCI) in order to

generate the photoresponsive MCsidecies
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2. The rather slow recovery of contracted gelshe gwollen form after use (can take many

minutes or even hours).

Together, these constraints have a significant thegampact on the range of practical
applications of these actuators, essentially limgititheir use to “single shot” disposable
microfluidics, and to chemistries that will not béected by the release of protons into the
external solution during shrinkage of the gel. this work, we address these issues by
incorporating acrylic acid (AA) co-monomer into trstructure of the poly(NIPAMEo-

spiropyran hydrogels, to act as an internalisedopralonor/acceptor. We report the light
induced shrinking behaviour of the gels for difftreamounts and ratios of AA to BSP in
poly(NIPAM) and suggest gel composition range withihich 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#i@ethylbenzoyl)
phosphine oxide 97% (PBPO) were obtained from Sigidach, Ireland and used as received.
Trimethyl-6-hydroxyspiro-(2H-1-benzopyran-2,2’'inde) 99% was obtained from Acros
Organics and acrylated as described in the Appdbdix

5.2.2 Gel preparation

For the hydrogel synthesis, typically 200 mg (1 rquivalent) of NIPAM was mixed with 3
mol % equivalent of MBIS and the given amount of AAd spiropyran acrylate (BSP). These
compounds were then dissolved in 5000f 1,4-dioxane/water mixture (4:1 vol:vol). Toigh
mixture 1 mol % equiv. of the photo-initiator (PBP®@as added. This mixture was poured onto
a PDMS mould containing circular pits with variosiges, covered with a glass microscope
slide and polymerised for 30 min under white lighihe white light source used was a Dolan-

Jenner-Industries Fiber-Lite LMI LED lamp with amensity of 780 lumens projected through
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two gooseneck waveguides placed at a distance ofmlf®om the mould. The polymerised gels
were allowed to swell in deionised water that whanged twice with 4 h intervals between
each change. After 24 h the swollen and equilibrafels were cut into 3 mm discs using a

manual puncher. All measurements were performegetsproduced according to this protocol.

White light induced polymerisation of the spiropy@odified polymer using PBPO initiator is
the preferred approach rather than the more usWaphdtopolymerisation. This is because
white light irradiation ensures the BSP is pregametdominantly in the colourless spiropyran
form, minimising any co-absorbance of the inciddight by the merocyanine isomer.
Experiments conducted in our laboratory with otlspiropyran acrylates (particularly the
commonly used -N@derivative[11]) show that under UV irradiation, B&Bnverts to MC,

which absorbs strongly in the visible region artiliits the polymerisation process.

5.2.3 Gel shrinking measurements

To quantify the degree of shrinking, we estimatepbrcent decrease in the diameter of a 3 mm
gel disc relative to the greatest possible degfeshiinkage, which is defined as the difference
in diameter of a gel disc in its most swollen s{atg, and the diameter of the same gel disc in

its most contracted (dried) state,{§l according to expression (5.1), below;

1_|: (d max— dx) :I]Xloo% (5_1)

D%=
0 (d

max min

where D% is the relative percent swelling of thecdiliameter, ,d= measured diameter;.g =
diameter of the fully swollen gel;d = diameter of the fully contracted gel (dried abm
temperature for 3 days). The dried gels had diamétetween 64-67 % of the fully swollen gel.
Therefore, the relative percent of swelling thatsed expresses dimension changes taking place
between fully swollen gel (dx =100 % relative swelling) and the maximally shrenkdried
state (¢in = 0 % relative swelling). Therefore from here ondga unless stated otherwise, %
swelling/shrinking refers to the relative % as defl above. Further details are given in the

Appendix B, Figure B1.

For white light stimulated shrinking measuremetiie, 3mm hydrogel discs were placed in a 5
mm wide and 2mm deep PDMS circular recess fillethwater and covered with a second
PDMS 2 mm thick slide. The imaging was performeshgi@n Aigo GE-5 microscope with a

60x objective lens and the accompanying softwahe. light was provided by a Dolan-Jenner-
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Industrie Fiber-Lite LMI at maximum power (780 lung 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 absogbhebaviour of the spiropyran hydrogels
under different illumination conditions. The absambe spectra were recorded in reflectance
mode using a fibre-optic light guide connected tdManiature Fiber Optic Spectrometer
(USB4000 — Ocean Optics Inc.) and a specially aesligorobe holder (see Appendix B Figure
B2 for the setup details). The light source wasSllLtungsten halogen lamp (white light)
obtained from Ocean Optics Inc. Data from the spemter was processed using Spectrasuite
software provided by Ocean Optics Inc. For clarttye absorbance spectra were smoothed
using Origin software with a Savitzky—Golay algbnt 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 reactars used to produce photoresponsive
poly(NIPAM) gels.

Gel code (11101 oy a?rfl::::\te ﬁr:ii ;rr;]t:)all(tyoo]r '[\ler)l\l/]l S[C’J‘Ii‘]e nt
[mol%]  [mol %]
0-0 0 0 3 1 1.77 500
0-1 0 1 3 1 1.77 500
-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 hydrogessetl. The AA content was varied along
with that of BSP-acrylate to determine the ratiatthrovides optimal actuation behaviour, in

terms of extent and rate of photo-induced shrinKirtge gels have been hamed according to the
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convention “gel[amount of AA mol%]-[amount of BSP+A0l1%]" eg. gel 2-1 has 2 mol% AA
and 1 mol% BSP-acrylate, all relative to NIPAM.

The initial experiments on light induced shrinkingre performed using the 0-1 gels (Table
5-1), which did not contain AA. These gels, wheaceld in DI water and in darkness, swell
naturally and turn red (Figure 5-1a) upon sweliimdjcating spontaneous conversion of BSP to
the unprotonated MC form (Scheme 5-1, step 1),icuefl by the absorbance band centred
around 560 nm.

0.8 -
0.714Y o a) 0-1 gel in darkness

1 b) 5-1 gel in darkness
0.6 c) 5-1 gel after irradiation

0.5

0.4 -

0.3

Absorbance [a.u]

0.2

0.1+

0.0

. . : .
500 600 700 800

wavelength [nm]
Figure 5-1. UV-Vis spectra and associated colourd @% BSP-A gels. a) 0% AA, 1% BSP gel in DI

water in darkness, b) 5% AA, 1% BSP gel in DI watelin 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 @gl.5-1) the samples also swell in darkness in
deionised water, but adopt a yellow colouratiorerafieveral minutes (Figure 5-1b) due to an
absorbance band centred around 480 nm, which ractesistic for the protonated MC-Horm

of the spiropyran. All these gels, when in the MQWC-H* form, become decolourised under
white light due to isomerisation back to the BSBrfpas confirmed by the disappearance of
bands at 560 and 480 nm, respectively. Figure Belvs this happening for gel 5-1, which
spontaneously adopts the MC-fbrm in the absence of light (Figure 5-1b), anderés to the
BSP form when irradiated with white light (Figurel6).
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Interestingly, under white light the MC isomer pgasin gel 0-1 reverts to the initial BSP form,
but minimal shrinking is induced, similar to theabk poly(NIPAM) discs that do not contain
any BSP (Figure 5-2). However, samples from theeshatch (gel 0-1) pre-soaked in 1mM HCI
exhibit a yellow colour characteristic of the pruabed MC form (MC-H), and shrink
considerably (down to 80 % relative swelling) undite light as previously reported for such
systems.[4, 10, 16] This suggests that the shmnkih these gels is induced more by the
combined deprotonation of MC-Hand conversion to BSP, rather than the conversidiC to

BSP on its own (i.e. deprotonation of MC-i4 inherent to the shrinking mechanism).

A small but discernable shrinkage of the poly(NIPAMank gel under white light irradiation
(Gel 0-0, Figure 5-2 and Figure 5-4) occurs becadhedight source used to actuate the gels,
although a ‘cold’ LED source, induces a small degoé heating of the gel and surrounding
water due to absorption of incandescent radiatioifact, the temperature rose from the initial
18°C to 22°C during the 20 min period of measuremEnerefore, because poly(NIPAM) gels
are thermoresponsive and have been shown to shligiktly even at temperatures several

degrees below the actual LCST[12, 13, 19] a slightperature induced shrinkage in the blank
poly(NIPAM) gels occurs.
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Figure 5-2. Shrinking of gels containing 1% spiropyan and varying amounts of acrylic acid. Error
bars are standard deviations, note that in some cas 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 shripkexperiments performed on gels
containing 1% BSP and 0 to 5% AA. The first obstorais that the gels incorporating AA
function remarkably well without the need for prewaking in HCl. When placed in DI water
and in darkness, a yellow colouration of the AA-ified gels can be observed after 5-10
minutes, indicating spontaneous formation of MCad, by implication, an equivalent number
of deprotonated -COQgroups. A schematic of this equilibrium within tigel is shown in
Figure 5-3. Moreover, the shrinking of the 1-1 geboth faster and greater in extent than for
the equivalent non-AA modified 0-1 gel pre-equitited in HCI (30% versus 20%, respectively,
Figure 5-2). Gel 5-1 shrinks most, reaching 50%tre swelling after 20 min of irradiation
with white light.

less hydrophilic more hydrophilic
HN o] HN o]
vb 2t X ytoz2b X
0% TOH o "o 0”7 To°
spontaneous in H,O
A -
white light ‘
[ \[/ O | oH
-7
HN.__O N

transition state

Figure 5-3. Schematic representation of the protomxchange taking place in the gels between the
acrylic acid and the spiropyran together with the &ect 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 rasp@, and gels made from this polymer
have been shown to swell when the acid is deprtgdrna the acrylate anion, and shrink when

reprotonated to the uncharged form.[20] During lthet-induced deprotonation of the MC-H
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protons are liberated (sometimes referred to ad pmp reaction).[14] and these re-protonate
the acrylic acid groups and increase the exteshonhkage (Figure 5-2). These results show that
the incorporation of AA into these gels simplifig® actuator operation by removing the need

to use an external HCI bathing solution to prime gkl prior to photo-induced shrinking.

5.3.2 Influence of BSP content on gels

Intuitively it might be assumed that increasing Bf&P-acrylate content in the gel formulation
will increase the rate and extent of the photo-agetbactuation effect. However, the results in
Figure 5-4 suggest that there is an optimum BSReoorof ca. 1-2 mol % (gels 5-1 and 5-2)
which in both cases produces ~50 % relative shtmkHowever, increasing the BSP content in
the polymer to 3 % (gel 5-3) reduces the relathvén&ing extent to ~20 %.
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Figure 5-4. Shrinking of gels containing varying arounts of spiropyran. Best fit (black) are for eye
guidance. Error bars are standard deviations, notehat in some cases they are obscured by the
marker. (n=6)

Another optimisation aspect of these gels is tsavedling rates. When the gels (Table 5-1) had
adopted their steady-state contracted form undéeuilght irradiation, they, were kept for 1
hour in the dark and their diameters measured agaia resulting data (Table 5-2) shows that
all gels with 1% BSP ie. 1-1, 2-1, 5-1 shrink maiéh 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 standat deviations (s) for gels in Table 5-1 after 20 min

under white light and after 1h in the dark (n=4)

Gel 2_0 min . 60 min
(Vis. light) (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% thenextf shrinkage also increases with
increasing amount of AA (gels 2-2 and 5-2). Howeteese formulations do not re-swell fully
within the one-hour period, reaching only ~83% tie&a swelling. For formulation 5-3, the

extent of shrinkage is reduced relative to gel @& it re-swells only to ~76 % within one

hour. This suggests that there is an optimum cdretéom of BSP in the polymer for both light-

induced shrinking and the re-swelling kinetics. sSThian be explained by the fact that BSP,
regardless of the isomerisation state, is a rathgrophobic molecule, and at higher
concentrations in the gel, it reduces the overglrdphilicity, making it a less attractive

environment for water uptake, and hence the acatifect is impaired.

Relative swelling %

Figure 5-5. Extent of relative swelling upon whitdight irradiation for 20 min as a function of gel

composition. AA% — acrylic acid content; BSP-Acryldae% — spiropyran content; both expressed as
molar % relative to NIPAM.
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The extent of photo-induced shrinking of the gelssus their composition can be seen in Figure
5-5. This shows that the shrinking extent is mas@u for gels with AA % ca.3 %, and for
BSP-acrylate % in the range 1-2% (all mol% relatwdIPAM). In order to ensure maximum
protonation of the MC isomer, a molar excess of Wil be required. From Figure 5-5, the
maximum actuation effect coincides with the bluat@hu region, and this in turn depends on

the population of protons migrating between the &@ AA sites (Figure 5-3).

Assuming 100 % conversion of monomers during polysadion of the gels, and given the pK
of AA[21] to be 4.2, the local pH within the gels$liMbe ca. 2.8 for gel 1-1, and ca. 2.5 for gel 5-
1. Therefore, it is reasonable to expect the lpehbf gels containing 1 - 5 % AA to be ca. pH
3, which coincides with the acidic conditions rdapdrpreviously to swell non-AA containing
gels.[4, 7, 9, 10, 16] Therefore, in order to pdeveffective photoactuation without affecting
the overall gel hydrophilicity unduly, and to ensuhere is a reasonable molar excess of AA
over BSP groups, we selected 1 % BSP-acrylate @6(Gel 5-1) for further study.

5.3.3 Gel photoactuation stability studies

A critical property of these gel photo-actuatorthisir stability over a series of actuation cycles.
In DI water, Gel 5-1 contracted to about 75% reatswelling within 5 min of white light
irradiation and subsequently re-swelled back taiado90% within 20 min in darkness. This

process was repeated 4 times using the same samgpleas found to be reproducible over a
series of actuation cycles (Figure 5-6).
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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) aml 5-1 (bottom) gels after 2 repeat cycles of drying
and reswelling in DI water. Gel 0-1 was initially potonated by pre-soaking in 1mM HCI for 2 h,
whereas Gel 5-1 was pre-soaked in DI water. The Xxs indicates minutes under white light
irradiation. Error bars are standard deviations for 3 samples.

The photoresponsiveness and the self-protonatiagilisy were also tested versus drying
cycles. Three fully swollen gel 5-1 samples werat@xted under white light, dried for 48
hours at room temperature, re-swelled in DI wadad their photo-induced shrinking measured
again. This drying/reswelling cycle was then repdéatvice and impressive reproducibility of
the photo—shrinking behaviour was evident (Figufé).5In contrast, gel 0-1, after initially
swelling in 1mM HCI, showed drastically impaired t@ation behaviour after one
drying/reswelling cycle in DI water, and had effeely lost its photo-actuation ability after the
second cycle (Figure 5-7). This result confirmst tiva contrast to the standard gels, the AA-
modified gels do not need to be exposed to HCInttuce reswelling after photo-induced

contraction, and can be repeatedly recycled thraaglraction/expansion in DI water.

The effect of washing with water on the gel actratiehaviour was also examined. The Gel 5-
1 samples were fully swollen in DI water, shrunkhmvhite light and then kept in fresh DI
water for 24 hours in the dark. Then the light iceldl shrinking was measured again, and the
procedure repeated 4 times. Similar measurements performed on the Gel 0-1 samples
which were initially pre-soaked in 1 mM HCI to inciMC protonation. The photos in Figure
5-8 show that Gel 5-1 can undergo light inducedn&hage even after re-swelling 3 times in
fresh DI water (i.e. no exposure to HCI). In costy&sel 0-1 loses its photoresponsive character
after two washes. Simultaneously, Gel 0-1 adoptsareasingly reddish colour (left column,

Figure 5-8A), indicative of a tendency to preferalht form the unprotonated MC isomer rather
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than MC-H, due to the loss of protons from the gel duringhiag. The behaviour of Gel 5-1
is strikingly different, as it retains the yellowlour of the protonated MC-Hform in the
swollen state (left column, Figure 5-8B). After 4ash cycles, the pH of the external bathing
water of equilibrated gels was 5.8 for both 5-1 @ritlgels, which was equivalent to the pH of
the fresh DI water. This, coupled with the theloadtpH values within the gel discussed earlier,

suggests that AA modification of the gels creatpsiduffering effect within the gel.

5.3.4 Mechanism of gel protonation/deprotonation

The MC-H" copolymer used in this study has been reportéve a pKvalue in the range of 6

— 7[22]. On the other hand, closed form of a BSRemde has been reported to have, pK
2.3.[23]. Considering these values with respectatoylic acid, (pk = 4.2), when these
functionalities are co-immobilised within a gel, the absence of light, acrylic acid will
spontaneously protonate MC to MC-K5cheme 5-1, steps 2 and 3), driving the conversfo
BSP to MC in the process (step 1). Hence, thevijfebecome populated with equal numbers
of MC-H" and -COOQons, considerably increasing the gel hydrophiliégh the process, and
triggering gel swelling due to water ingress. Gansely, when MC-His converted to the BSP
(very weak base) form under white light, the pretoeleased migrate back to the acrylate
anions in the polymer, as they are now the strdnbase present (Scheme 5-1 step 3).
Protonation of the acrylate —CO@nions and simultaneous formation of uncharged BSP
induces a much more hydrophobic gel character, vaatbr is expelled. Therefore, during
swelling and contraction cycles, protons migrateveen these sites, as shown in Figure 5-3.
Furthermore, this proton exchange is internalisétiimvthe gel, with no requirement for an
external proton source (i.e. pH 3 HCI bathing sohjt In addition, the shorter (internalised)
diffusional pathways for bulk proton transfer withihe AA-modified gels produces a more
efficient system in terms of the overall actuatlwehaviour, rather than depending on proton
transfer from an external acidified bathing solnti&inally, the operational pH range of the gel

actuation effect is dramatically extended.

In the AA-modified polymers, the protons preferaltyi reside on the MC groups when they are
present (in the dark) and preferentially on the @C@roups in the absence of MC (i.e. when
MC is converted to BSP under white light irradiajioas proposed in Figure 5-3. As long as
there is no stronger base competing for the fretops, the charge neutrality rule ensures the
population of protons in the gel is essentially semed. However, this does mean that the
mechanism will breakdown at pH > ca. 7.0, due ®ititreasing 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 ke@0iml vials filled with DI water for over 2
months. Even though the water was changed 5 timesgdthis time, the randomly selected 5-1
and 2-2 gel samples were found to retain their@ihmduced shrinking ability. For example: the
extent of shrinking for gel 5-1 decreased by ont 2bsolute shrinking (20 % initially vs. 18%
after 2 months). This demonstrates that these flations are much more stable compared to
the standard NIPAM:0-BSP-A gels. These improvements will greatly broadee potential
scope for applications of these materials as, upte, they have required repeated exposure to
acidic conditions (at least pH 3) to induce re-$wgland the photoactuation property. For
example, the ability to repeatedly photoactuatseh®A-modified gels in DI water up to about
pH7 will open up multiple applications in the ctial and environmental areas, and should
dramatically simplify the design of microfluidic sgms incorporating these actuators for
control of liquid movement.[24]
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5.4 Conclusions

Copolymerising acrylic acid into the pNIPAM gel®iad) with acrylated spiropyran provides an
effective way to mediate the proton exchange thatetpins the swelling/contraction
mechanism of these gel actuators. In the darkgefespontaneously swell due to water ingress
accompanying the formation of protonated MCHy proton transfer from AA groups to MC.
The rate and extent of photo-induced shrinkingribamced compared to known spiropyran
modified gels that do not contain AA groups, andehi be primed by exposing to pH 3 HCI to
induce swelling. Furthermore, these new gels ekhdfiroducible light-induced shrinking even
after several drying/reswelling/washing cycles, &md months storage in DI water. This level
of robustness has not been achieved for such gehtacs before, and should dramatically

broaden their applicability, for example in ara&e photo-controlled valving in microfluidics.
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6.1 Introduction

Photoresponsive gels based on N-isopropylacrylaauidiespiropyran have been investigated in
recent years.[1-5] These gels actuate on the fallgwprinciple. A spiropyran-acrylate
photoswitch molecule is incorporated into disopropylacrylamide thermoresponsive
hydrogel. The photoswitch can exist in two isonmnfs, the hydrophobic, closed spiropyran
(BSP) and the more hydrophilic open merocyaninemf@viC) that can also become protonated
(MC-H"). When such gels are placed in a milimolar HClusoh, the photoswitch
spontaneously switches from BSP to MC-Hhe gel swells and becomes yellow. When this gel
is irradiated with light of the wavelength of thiesarption of the protonated MC*Heg. white
LED light) the MC-H reverts back to the more hydrophobic and colosrSP form. As a
consequence the hydrophilicity of the material ¢emnand the gel shrinks.

Applications of this material were demonstratedrésrofluidic light-actuated valves[2] or on-
demand photo-patterned microfluidic channels.[3Mdeer, the materials employed in these
studies suffered from several drawbacks. First,gekeneeds to be immersed in HCI to be
photoresponsive. Second, after the contractiontsiegel needs to be reswollen in HCI if it is
to be shrunk again. These limit the applicatiorciically to only one-shot devices[5]. Lastly,

the shrinking and reswelling speeds are still nastawv for satisfactory performance.

Improvements in the gel reswelling kinetics repdrtereviously by the modification of
substituents on the photoswitch molecule[6] butabthors pointed out that the gels composed
of the fastest photoswitch molecules were not stpt]l This was attributed to the reactive

methoxy groups — the same groups that gave thecmieléhe fastest opening kinetics.

In our recent paper we have demonstrated thateheraly limiting HCI soaking step can be

avoided by copolymerisation of acrylic acid intesk gel structures.[7] It was shown that these
gels self-protonate in deionised water and candbgated repeatedly even after being washed
many times with water or dried and reswollen. Hoerethe reswelling speeds for the 3mm gel

disks were still around 60 minutes.

In this work we attempt to improve the reswellirgformance of the gels by inducing porosity
into the poly(NIPAM) gels. It has been demonstrateat poly(NIPAM) gels shrink and re-
swell significantly faster if they are porous[8-Ijerefore, we have used poly(ethylene glycol)

of two molecular weights as a pore forming agemt @mbined it with our previously reported
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spiropyran-NIPAM-acrylic acid gels to produce papphotoresponsive and self protonating
soft hydrogel actuators. The porosity is analyseth canning Electron Microscopy, the

photo-induced size shrinking and reswelling of ¢je¢s is measured together with the UV-Vis
spectra of the reswelling gels. The propertieshefrhaterials and their impact on the actuation

properties are discussed.

6.2 Experimental

6.2.1 Materials

N-isopropylacrylamide 98% (NIPAM), acrylic acid 99¢A8A) (180-200 ppm MEHQ as
inhibitor), N,N-methylenebisacrylamide 99% (MBIS), phenylbis(8,4trimethyl benzoyl)
phosphine oxide 97% (PBPO), poly(ethylene glycoly M2000 g/mol and Mw = 20 000 g/mol
were obtained from Sigma Aldrich, Ireland and ussdreceived. Trimethyl-6-hydroxyspiro-
(2H-1-benzopyran-2,2’indoline) 99% was obtainednfréAcros Organics and acrylated as

described previously.[7]

6.2.2 Gel preparation

For the hydrogel synthesis, typically 200 mg (1 mgliv.) of NIPAM was mixed with 3 mol%
equiv. of MBIS and the given amount of AA and spian acrylate (BSP). These compounds
were then dissolved in 500L of 1,4-dioxane/water mixture (4:1 vol:vol) in vahi a given
amount of PEG was previously dissolved.. To thistane 1 mol % equiv. of the photo-initiator
(PBPO) was added. The full sample compositionsbeafound in Table 6-1. This mixture was
poured onto a PDMS mould containing circular piithwarious sizes, covered with a glass
microscope slide and polymerised for 30 min undeiterMight. The white light source used was
a Dolan-Jenner-Industries Fiber-Lite LMI LED lamjitlwan intensity of 780 lumens projected
through two gooseneck waveguides placed at a distah 10 cm from the mould. The light
intensity measured with a Multicomp LX-1309 lighetar was ~30 kLux. The polymerised gels
were allowed to swell in deionised water that whanged 3 times with 4 h intervals until no
colouration of the supernatant could be observetmd¥al of the PEG porogen was confirmed

by Raman spectroscopy (Appendix C). After 24 hgiwellen and equilibrated gels were cut
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into 3 mm discs using a manual puncher. All measerdgs 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 L] 500 500 500

6.2.3 Gel shrinking measurements

For white light irritation and shrinking measurensethe hydrogels were placed in a 5 mm wide
and 2mm deep PDMS mould filled with water and cedewith another PDMS 2mm thick
slide. The imaging was done with an Aigo GE-5 micape using a 60x objective lens and the
accompanying software. The light was provided yodan-Jenner-Industrie Fiber-Lite LMI at
maximum power through two waveguide goosenecksepglae cm from the sample. The

swelling ratio “d” was calculated using equatiof:6.

d
d=—*
i, (6.1)

where,dX —measured diametedO —is the diameter of a fully swollen gel

6.2.4 SEM

The hydrogel samples were first swollen in DI watien frozen with liquid nitrogen and
subsequently freeze-dried using a Labconco freeee-dnodel 7750060. The samples were
kept for 24 hours at 0.035 mBar pressure and temtyner of -40 °C.
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The freeze-dried hydrogels were cut in half to edvilie cross section and imaged using
scanning electron microscopy (SEM) performed on al Ceiss EVOLS 15 system at an
accelerating voltage between 14.64-17.78 V. Samplee placed onto silicon wafers and
coated with 10 nm of gold layer prior to imaginguring the imaging process, the stage was

tilted at an angle between 0-15° for better imagihthe cross section of the hydrogels.

6.2.5 Rheology

Rheology measurements on the DI water equilibratedples were carried out with an Anton
Paar MCR 301 rheometer using a PP15 parallel ptaik15 mm diameter. The amplitude
sweep tests were done at 1 Hz frequency and a héonca of 0.1 N. The frequency sweeps
were done at 0.1 % strain from 100 Hz to 0.1 Hz@mwinal force of 0.1 N.

6.2.6 UV-Vis spectroscopy

UV-Vis spectroscopy was used to study the colotitkespiropyran hydrogels under different
illumination conditions. The absorbance spectraewercorded in reflectance mode using a
fibre-optic light guide connected to a Miniaturdo&i Optic Spectrometer (USB4000 — Ocean
Optics) and a specially designed probe holder (Balties in the ESI). The light source was a
LS-1 tungsten halogen lamp (white light) obtaineanf Ocean Optics, Inc. Data from the
spectrometer was processed using Spectrasuiteaseftprovided by Ocean Optics Inc. For
clarity, the absorbance spectra recorded were $radaising 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 polgason of NIPAM gel a porous network

is formed because the PEG polymer chains are oowyspace without taking part in the
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polymerisation process. In comparison to the blgels that are transparent at all times, the
porous gels are partially transparent after polysaéion and turn completely opaque after
equilibrating in water. This observation often ditnges the first indication of pores present in
the gel. After the synthesis, the PEG porogen eaedsily washed out from the gels by soaking
in deionised water as confirmed by Raman spectmsioFigure C 1 (Appendix C).

After equilibration and washing with DI water sormethe gels were freeze dried. The SEM
images of cross sections of the freeze-dried gaisbe seen in Figure 6-1. One can notice that
even for the samples without the PEG porogen a-lg@estructures are formed as previously
shown by others.[9, 10] This is expected for fregred samples as the sublimated water leaves
empty spaces behind and allows imaging the get &sin its hydrated/swollen state. In our
case, the size of features in the blank gel vasigsificantly with smaller pore-like features
being in the range of ~2 - an (Figure 6-1a). Photos of the 2k gel reveal muohlker pore
features formed compared to the blank. Here thiufeasize is typically < 2am Figure 6-1b.
This might allow easier water passage in and oth®fgel with respect to the non-porous gel
due to a higher surface/volume ratio. Finally, thleotos of 20k gels reveal the most

homogenous and clear porous character of all tee Géven the magnification of the photo in

Figure 6-1c one can speculate that the pores aten<ih diameter.

Figure 6-1. SEM images of freeze dried gels: a) geith 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 rhaaical stability of gels compared to their
non-porous equivalents. In the case of the abole the fact that the freshly polymerised
porous gels swell more in DI water (30 % in diametkean the blank gels (20 % in diameter)
results in the decreased mechanical strength opdheus gels (Figure 6-2). Despite the lower
modulus of the porous gels and smaller linear aksiic region (Figure 6-2a) compared to the
blank, the porous gels still possess mechanicaluthadthin the typical range (~f0Pa)
reported for swollen hydrogels.[11]
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6.3.3 Light induced shrinking and reswelling of the gels
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Figure 6-3. Light induced shrinking and reswellingin the dark for poly(NIPAM)-co-BSP-A-co-AA
porous gels.

The light induced shrinking of these gels is adagrocess than reswelling, as we have reported
previously,[7] and appears to be slightly affedbgdhe presence of pores (Figure 6-3). In fact,
the volume decrease is smaller for the poroustbals for the blank gel. This can be explained
by the fact that, as mentioned earlier, the pogmis swell more when placed in water after the

polymerisation than the blank gels. In turn, tlésuits in a lower overall concentration of BSP
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in the gel/water. As reported previously, the B®Rtent has a significant effect on the speed
and degree of shrinking of these gels.[7] Moreowethe more swollen gels, a smaller mass of
polymer has to expel a higher mass of water tolhrélae same shrinking ratio as the blank. On
the other hand, significant differences betweenblhek and porous gels were observed during
the reswelling part of the experiment (Figure 68te that the blank gels need more than an
hour to re-swell to their initial state and the Bing ratio increase is almost linear with time. In

contrast the porous gels reached 97% of the imtéaheter within 20 minutes after the light has

was switched off i.e., in the dark.

Surprisingly, the different molecular weight of poforming PEGs used did not affect the
reswelling speed between the porous gels. The W/sgectroscopy measured on the same gels
show that the kinetics of BSP opening and protonais similar (Figure 6-4a) but seems to

depend slightly on the initial swelling of the getdter applying an exponential growth model

y =A™ (6.2)
where y — absorbance Figure 6-4a / swelling Figisdd; A — preexponential factor; k — rate

constant [8]; t — time [s]

it was possible to determine the first order kinetite constants for both the reswelling and
absorbance data. From these calculations one calude that the blank has the higher rate
constant of 2.53 x 10[s"] while the porous gels have BSP reprotonation tiineonstants of
2.44 x 10° [s"] and 1.25 x 18 [s7] for the 20k and 2k gel respectively. On the oth@nd, the
reswelling kinetics shown in Figure 6-4b reveat ttme non-porous gel reswelling speed (k ~ 2
x 10* [s"]) is an order of magnitude slower than the porgeis (k ~ 1.6 x 18 [s"]). Given the
fact that for the non-porous gels the protonatioetics is an order of magnitude higher than

the reswelling kinetics one can presume that ia taise the reswelling is a diffusion limited

process.
1.001 b PO G
1.0 @ ° P

= o TS "
© AR @ :
= 0.8 oAt g® . . |
8 A 0.95 /
Q ] 1] A @ ‘ e
= mAGY 2 P
506 wa ' B /* .
5 | WA - é ’'s
N ‘Ao’ Sample k [1/s] R2 20904 / Sample k [1/s] R?
2 04 whe = / e
© ‘-“ W Blank  0.00253 0.997 = A 20kgel 000158  0.999
E ® A 20k gel 0.00244  0.983 = 2 ® 2kgel 0.00156  0.999
I i ) / .
= 0.2 ] ® 2kgel 000125 0.996 0.85~=".‘ B Blank  0.000197 0.998
E oW |
cz: 0.0 -

T v T L T L T L T L 1 o'an T L2 T L) T v T 1 T . T L T

0 10 20 30 40 50 0 10 20 30 40 50 60

time [min] time (min)

Figure 6-4. a) Normalised absorbance (at 480 nnkinetic 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 kinetimstants values are much closer to the
protonation rate values (~1-2.5 x1[5"]). Bearing in mind the fact that the reswellingeeg
does not seem to depend on the pore size, it @ikted that in the case of the porous gels the
reswelling is no longer diffusion limited but degamt on the rate constant of BSP -> MC-H

reaction.

These results suggest that the presented materal function not only as a reversible
photoactuator as demonstrated previously[7] butéh@stential to be used as a fast “on/off”

microfluidic soft actuator valve.

6.4 Conclusions

In standard spiropyran containing poly(NIPAM) phesponsive gels the light induced
shrinking is faster than the re-swelling (severaiutes vs 1-2 hours). By using PEG porogens
in our recently published acrylic acid modified repyran/NIPAM gels it was possible to
produce porous photoresponsive gels that not oatl reversible photoactuation property but
also significantly faster reswelling kinetics (byfactor of 3) than the non-porous blank. The
spiropyran opening kinetics measured along withsilze swelling kinetics suggest that when
pores are present in the gel the reswelling isamger limited by water diffusion but by the
spiropyran opening kinetics. These findings provitie basis for development of novel

photoresponsive soft actuators for fast on/off oficidic flow control.
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Abstract

So far all reports on the novel class of thermavasjve poly ionic liquids (LCST polylLs) have
been dealing with linear polymers. Therefore it hagn proposed to synthesise covalently
crosslinked hydrogels based on two monomeric LASTtd afford a material with properties
similar to the well known thermoresponsive poly@epropylacrylamide) hydrogels. Two
monomeric LCST ILs: Tetrabutylphosphonium styreffeste and tributyl-hexyl
phosphonium 3-sulfopropylacrylate have been copehged with crosslinkers of varying
length to afford the first ever thermoresponsivelyfonic liquid)-based hydrogels.
Surprisingly, only using longer chain crosslinkeesulted in stable hydrogels that would not
crack during swelling. Thermal DSC analysis revédleat the crosslinking of the LCST ILs
results in significant broadening (~40 °C) of timelethermic LCST peak compared to the linear
polymer solutions (~10 °C). Consequently the voluptease transition actuation of the
hydrogels also occurs over a broader temperaturgerg~40 °C). This behaviour has been
attributed to the lack of freedom for the bulkyimpolymer chains in the crosslinked state and

explains the ineffectiveness of the shorter crokslis.

Keywords: LCST, ionic liquid, hydrogel, thermoresgive
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7.1 Communication

lonic liquids (ILs) — organic salts that exhibit itiieg points below ca. 100 °C are a widely
known and continuously developing class of matefill The main advantages of these
materials include low vapour pressure and the pibisgito tune the properties of the IL by
alternating the structures of the constituent catiand anions. These features make them

particularly useful for synthesis of ionogels[1dastimuli responsive materials.[2]

Gel materials (in which a crosslinked polymericwik is filled with an IL phase) combine the
characteristics of the polymer with those of thedften resulting in new hybrid materials with
interesting properties.[1-3] These include appeagasf Lower Critical Solution Temperature
(LCST) of the gel network that allows shrinkagetw gel when the temperature is raised above
the LCST.[3] Also the ability to tune mechanicd],[@ghotoresponsive,[5] and magnetic[6]

ionogel properties has been reported.

Moreover a subgroup of ILs wherein either the cato anion is also a monomer and can be
polymerised to form macromolecular ILs is also dhpigrowing.[7] These monomeric and
polymeric ILs have also attracted significant ditem due to the possibility of having the
properties of macromolecules and ILs integratedoire network. These include polylL

electrolytes and sorbents, and electroactive nadsgB]

Recently a new and fascinating class of thermoemesige ILs has been reported.[9, 10] These
ILs are miscible with water at room temperatures\vlien heated, they phase separate, much
like thermoresponsive polymers suchNasopropylacrylamide.[11] Such temperature-sensitiv
behaviour opens up new possibilities for usingehiés as functional fluids e.g. for reversible
protein extraction.[10, 12] Interestingly, out ofany different cation/anion combinations, the
majority of the thermo-responsive ILs reported laased on variations of phosphonium cations,
such as tetrabutyl or tributyl-hexyl phosphoniun®,[112, 13] The most common anions
employed to make LCST ILs thus far have been déves of benzenesulfonic acid. A
particularly interesting development was to usetydeme sulfonate as an anion[14]. This
combination of cation and anion produced a monasrierthat displayed LCST behaviour.[14]
This IL was then polymerised to form the first evleermo responsive poly IL. This polylL
when dissolved in water precipitated when heateovalthe LCST and re-dissolved when
cooled below the LCST. Consequently, other monaeries based on sulfopropylmethacrylate
anion and tributyl-hexyl phosphonium cation [13] ©8-C6 sulfoalkyl anion and tributyl-4-
vinylbenzyl phosphonium cation[15] have been regmbrt

A common property of these LCST polymeric ILs isattitheir LCST depends on the
concentration of the polylL in water.[13, 15, 16}i§ phenomenon allows easy tuning of the
LCST of these materials. As the concentration eflthin water increases the LCST decreases.
Moreover, addition of salts such as KBr[16] or gitwete buffer[13] can alter the LCST higher
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or lower, respectively, behaviour that is attriloute the salt's cosmotropicity.[13] The LCST of
these materials can also be tuned using the stmdate which involves copolymerisation of
the responsive monomer with a hydrophobic comonomEopr example, when

tetrabutylphosphonium  4-vinylsulfonate was copolyised with  30% tributyl-

hexylphosphonium 4-vinylsulfonate, the LCST wasvahado decrease from 60 to 40 °C (at the
same polymer concentration).[14] This thermorespendehaviour make these ILs and
poly(ILs) very promising candidates for a new gradistimulus responsive polyionic materials

such as, for example, reversible graphene solstaiilisers.[16]

\/\E&\/\/ \/\/F(‘B\/\/
©
SO, s(c?;,,

7%

P-SS P-SPA
Scheme 7-1. Structures and abbreviations of the momeric ILs used in this study

=

Therefore, it has been proposed that these thesmonsive monomeric ILs can be polymerised
into a hydrogel to form thermoresponsive poly ILdiggels. Ideally these materials should
behave similarly to the well known thermorespongedy/(N-isopropylacrylamide) (NIPAAm)
hydrogels, but with modification of properties duethe presence of the IL component. These
materials could open new approaches to the pramuaf polylL-based stimulus responsive
gels, with potential applications as, for exampiecrofluidic flow controllers and actuators,

controlled absorb, release and delivery materials e

The following work investigates the preparation dahd thermal and actuation properties of
crosslinked thermoresponsive polylLs using two mmoanc LCST ILs. We have synthesised
the known tetrabutylphosphonium styrenesulfonateSs@14] and the new tributyl-hexyl
phosphonium 3-sulfopropylacrylate (P-SPA) (Schenig With the aim of photopolymerising
these monomers with various crosslinkers suctN&8-methylenebisacrylamide (MBAAM),
poly(ethylene glycol) diacrylate Mn = 256 (PEG25phly(ethylene glycol) diacrylate Mn =
700 (PEG700) and poly(propylene glycol) diacrylatén = 800 (PEG800) to form
thermoresponsive gels. Since these monomeric leslignid at room temperature and, like
most ILs, have high solvating ability, they are citde with organic initiators and crosslinkers,

allowing easy handling of the mixtures, via moutgland subsequent photopolymerisation.
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Initial gels were prepared with P-SS and 5 mol%&AAmM as the crosslinker (details of IL
and gel synthesis found in Appendix D). These gelen placed in DI water at room
temperature swelled enormously (more than ~400 @Wiameter) in less than 2 hours and the
material disintegrated in the process (Figure DThAg same swelling behaviour occurred with
10% MBAAm. Therefore, 5% PEG256 was used as andijpe of crosslinker but yielded

same excessive swelling and cracking as occurrgdMBAAM.

Table 7-1. Monomeric ILs and crosslinkers used to neduce hydrogels with their respective
appearances after swelling for 4 hours in DI wateat room temperature.

P-SS P-SPA
H H
N. N Cracks, Cracks,
Ar ~ \I'I/\\ MBAAm no stable shape, no stable shape,
o 00 excessive swelling excessive swelling
4\[r°~/\0-1'\? PEG 256 Cracks, Cracks,
o) J3 diacrylate no stable shape no stable shape

0
11\7 PEG 700 Stable, transparent  Stable, transparent

2
$

(o) J13 diacrylate gel gel
0
o _)\0 Jl\? PPO 800 Stable, transparent Stable, transparent
/ » e
. gel gel
/\P; 112 diacrylate (up to 9 %mol) (up to 9 Yomol)

From our experience with standard poly(NIPAAmM) logkls, generally speaking at 10 mol%
MBAAmM and PEG256 crosslinker, the material is véghtly crosslinked and can swell in
water not more than 20 % in diameter. Bearingithimind it was suspected that, in the case of
our monomeric ILs, the crosslinking was not effitieConversion of vinyl groups during
polymerisation was confirmed by the disappearariaharacteristic vinyl bands at ~1630 tm
in Figures D2 and D3 Appendix D. Given this, it wagothesised that steric hindrance might
have been responsible for the ineffective crossimKTherefore, longer chain crosslinkers were
used. When both P-SS and P-SPA were crosslinkéd5:m6 of PPO800 and the gel placed in
DI water observable swelling occurred but stoppfter &0 minutes reaching ~146 % of the
initial diameter. These gels were quite stiff irithhydrated forms but did not crack during
swelling and were relatively easy to handle (FigDidv). Similar behaviour was observed when
PEG700 was used with P-SS and P-SPA. A summartyeabtitcomes of these experiments can
be found in Table 7-1. It must be noted that PPQ80®ydrophobic in nature and immiscible
with water. It is miscible in the monomeric IL balbove 9 mol% of this crosslinker the resulting
gel becomes opaque during the swelling processndie@analysis was performed on the water-
swollen gels to determine their LCST behaviour. D&@ns were conducted on the poly(IL)

gels to observe the LCST endothermic peak duriadjrg
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As previously mentioned, polylLs have been repoti@dmanifest concentration dependant
LCST behaviour.[13, 15] Therefore, it was hypotkedi that the LCST of the gel could be
controlled via the amount of crosslinker used. Thes based on the phenomenon that the
crosslinker amount in polymers (among other fagtdistates the maximum swelling of the
network and therefore the polymer concentratiothensolvent swollen gel. It was assumed that
in our case, higher crosslinker concentrations lshpuoduce a lower LCST for the water
swollen gel. Consequently, the P-SS monomeric ILs welymerised with 3 different
concentrations of crosslinker. It was found thds geepared with 5 % PPOS800 displayed the
highest LCST (52.6C) compared to 7 and 8% PPOB800 (46.1 and 42 3espectively (Table
7-2). The swelling of these gels (in diameter amigivt) is also lower for the higher crosslinker

content which further confirms previous assumptions

Table 7-2 Crosslinker content used for the P-SS geland the resulting gel swelling and LCST
characteristics

Swollen gel

PPO 800 polymer Swelling Gel DSC
content concentration [% initial LCST peak
0, H o
[mol %] [wt %] diam.] [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 dinked gels (Appendix D, Figure D4) is the
broadness of the LCST peaks (°@). When P-SPA gel (5 % PPO800) is compared toeali
poly(P-SPA) solution in water (1:1 by weight, Figur-1) one can see that the LCST of the
linear polymer solution is much sharper (@) and that the LCST DSC peak becomes broad

once the polylL is crosslinked.

These broad DSC peak distributions can be causedl ltmpad chain length distribution and
crosslinking inhomogenities due to the free radjpallymerisation used to make these gels.
Based on the general knowledge that RAFT polymioisaallows more even chain length
distribution[17] and reports that RAFT agents ugeanake poly(NIPAM) gels improve their
LCST behaviour[18, 19] we added 2-(Dodecylthiocadtbioylthio)-2-methylpropionic acid as
a RAFT agent (monomer: RAFT ratio 50:1) to the FASF mol% PPO800 system. The
resulting gels had the same broad DSC thermal cteaistics as the gel without the RAFT
agent (Figure D5).

Therefore, in light of these results, this broadgnof the LCST peak after crosslinking the

polylL is suspected to be caused by the decreased of freedom the bulky polyIL has in the
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gel. This DSC thermal response broadening aftesstinking also manifests itself in the

temperature induced volume transition of the gels.

— — poly(P-SPA) solution
poly(P-SPA) gel

Heat flow

T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80
Temperature °C
Figure 7-1. DSC scans of P-SPA gel crosslinked with mol% PPO 800 and P-SPA linear polymer
solution in DI water 1:1 weight %.

Figure 7-2 shows the temperature induced shrinkielgaviour of two gels with the highest

swelling (and presumably highest shrinking degrBe$PA and P-SS both crosslinked with 5 %
of PPO800 diacrylate. When these gels are subjéathdating, they do not shrink as is typical
with thermoresponsive gels eg. pdyicopropylacrylamide). This means that the shrigkin

behaviour does not take place suddenly at onecptatitemperature. Rather, these polylL gels
shrink gradually over ~40 °C as the temperaturesmges (Figure 7-2). At the same crosslinker
concentration, the P-SPA gel appears to be slightdye hydrophobic than P-SS, which results

in the former shrinking to a greater extent at loteenperatures.

A P-SPA 5% PPO800

104 & e P-SS 5% PPO800
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Figure 7-2. Temperature induced shrinking profilesof P-SS and P-SPA both crosslinked with 5 mol
% of PPO800.
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This unusual thermal shrinking behaviour could hiateresting applications in scenarios that
demand a continuous change in the material volunee a temperature range, rather than an
abrupt phase change. For example, in microfluiditese gels may have potential as
temperature controlled flow regulators, since th@lume can be varied over a temperature

range in order to control the extent by which fliova microfluidic channel is impeded

To conclude, a new and fascinating family of themesponsive monomeric ILs have been used
to synthesise first ever thermoresponsive polyldrbgels. These monomeric ILs have been
photopolymerised with crosslinkers of varying ldngt show that only long chain crosslinkers
allow the material to swell in water without craaffiand disintegrating. The LCST of these gels
decreases with increasing gel crosslinker concéoriravhich is in accordance with previously
reported LCST concentration dependence of theseriakst However, the thermal behaviour of
these materials did not mirror the similar linegstems reported. Instead, the crosslinked
polylLs display a significant broadening of the pmrature range over which the LCST
behaviour occurs. Consequently, the gels shrink avevide temperature range compared to
typical thermoresponsive polymeric gels. This tsilaited to the lack of freedom that the bulky

and highly charged polymer backbone experiencteitrosslinked hydrogel state.
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Chapter 8:

Thesis summary and future outlook
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8.1 Thesis summary

This thesis presented research undertaken in edldaty areas of the fascinating field of
stimulus responsive materials. Given the vast apfitin possibilities of these materials the
presented investigations were mainly focused orptbperties that could allow implementation
of said material in microfluidic systems as valv€bhapter 1 presented a general introduction
into different classes of stimulus responsive nialgr their advantages and disadvantages
focusing on thermo, electric, light and magnetispansive materials. A more detailed look at
photoresponsive materials together with potentiglas for improvement was presented in
Chapter 2. In addition, different microfluidic vatg solutions including magnetic and

photoresponsive valves were also discussed in €hapt

Due to the increased interest in making stimulpoesive materials in the presence of ionic
liquids, Chapter 3 investigated one of the mostutappolymers used to produce stimulus
responsive gels in this environment. Key fundameaspects of N-isopropylacrylamide in a
range of phosphonium ILs were investigated in thiapter. It has been demonstrated that the
anion of the hydrophobic fRs14" cation can have a significant effect on the polysation
kinetics, LCST and viscoelastic properties of thesutting ionogel. lonogels made with
[Ps.6.61d[DCA] were shown to have most elastic mechanicapprties. Moreover, it was shown
that the [R444[Tos] allowed the NIPAM to polymerise 3 times fassthan in [Re6,14[Cl]. The
[Pe6,614[Cl] IL was also been shown to decrease the pdigM)’s LCST from the standard
~30 °C to 15 °C. Even more interestingly §R1J[DCA] ionogels swollen in water exhibited
stiffening (7-fold modulus increase) when heatedraweir LCST (29 °C), but with minimal
shrinking. These findings not only show that maiterivith unexpected properties can be made
by combining known polymers with known ILs, andstlilows the resulting ionogel properties

to be tuned depending on the desired application.

In Chapter 4, knowledge from Chapter 3 was utiligedynthesise a magnetic ionogel. NIPAM
and [R¢6,14[DCA] were chosen as they had been shown (Ch&)t¢o give the ionogels the
best elastic properties. Magnetic stimulus is nomasive and therefore attractive for
microfluidic valving as the valve could be operatesin outside of the manifold with minimum
impact on the fluidics. To prevent leaching the neig particles providing the magnetic
susceptibility were coated with allyl and mercagmups to allow the particles to be
copolymerised into the ionogel structure. Due te tirosslinked magnetic particles, these
ionogels showed improved mechanical propertieshégit dispersion homogeneity compared to
the uncoated particles. Fast bending and actuatamnachieved for these ionogels in water by
using a permanent magnet, although electromagoetd be used to either actuate the gel by a

gradient field or induce heating and shrinking tlgio an oscillating magnetic field.
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Magnetic stimuli are non-invasive and offer a ueiquew level of stimulus apart from the
standard thermal or electric. However, generatirmgmetic stimulus can require considerable
amounts of energy if electromagnets are used. @notihher hand powerful neodymium
permanent magnets cannot be switched off. Sinatreteagnetic radiation in the form of light
can be generated using considerably smaller amoointsnergy (eg. 1 V LED diodes)
photoresponsive gels were investigated in this isheRecent reports on spiropyran in
poly(NIPAM) gels showed that these materials shaifter applying white light stimulus but
they have to be immersed in millimolar HCI for thetuation to take place. This serious
limitation was solved in Chapter 5 by incorporateng internal source of acid in the gel in the
form of copolymerised acrylic acid. These modifggls were shown to swell and protonate in
DI water. Since the protons reside either on tr@qathrome molecule or on the acrylic acid the
reprotonation is spontaneous and allows the geldeoactuated by light repeatedly as
demonstrated. Washing with DI water and storing dbés for 2 months did not reduce the
material’'s self-protonating ability and the perfamee. This improvement now allows this
material to be used as a microfluidic reversibleverdor applications that require pH in the

range of 2 - 7.

Despite the satisfactory reversible photoactuatienaviour of the gels in Chpater 5 they still
required about an hour to reswell. Therefore, imitlr 6 the speed of reswelling was
investigated and improved. By incorporation of PRE@ogen in the monomer mixture prior
polymerisation the resulting gels exhibited a hygpbrous structure. This morphology was
demonstrated to significantly improve the reswellspeed of the self-protonating spiropyran
photoresponsive gels due to the reduced avera@ssidii pathways related to the increased
surface area/volume ratio. The kinetic constantesfvelling was increased by an order of
magnitude compared to the non-porous gels (~0.(9"45or porous, ~0.0002 [§ non-porous)
and the data presented suggested that the regyvkiliatics in the porous gels was no longer
limited by water diffusion but by the spiropyraromserisation kinetics. Therefore, it can be
speculated that these formulations have been ggtnto their limits. Without altering the
speed of spiropyran isomerisation or decreasingdhture size it will be difficult to achieve

faster polymer actuation.

Research to find “faster” spiropyran moleculestf@se gels has been undertaken already [1, 2]
but the molecules synthesised, though faster, wegarded as unstable. For this reason
investigation for a new material as a replacemant the poly(NIPAM) backbone was
investigated in Chapter 7. The recent discoverie& @ST ionic liquids quickly led to the
synthesis of polymeric ionic liquids with LCST befaur. Chapter 7 investigated if these
materials can be crosslinked to form hydrogels laimio poly(NIPAM) hydrogels. It was
demonstrated that in contrast to the linear polythat exhibit the typical sharp LCST
behaviour, these crosslinked gels had a very bt@28T DSC peak. This results in the gels

shrinking gradually as the temperature is increasbid unexpected behaviour was attributed to
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the bulky and highly charged structure of the nwtsuin the polymer chains. When spiropyran
was incorporated into the polylL gel structure gliggble photochromic effect with white light
was observed. There were two explanations suggésteélis: lack of isomerisation mobility of
the spiropyran due to the bulky nature of the pealymhains or IL interactions with the
spiropyran stabilising it in the open form. Thesfiexplanation might be supported by the fact
that short chain crosslinkers (MBIS. PEG256) weneffective and only longer chain
crosslinkers (PEG700, PPO800) could crosslink thes@omeric ILs into gels.

8.2 Future outlook

Having brought improvements to the properties ef itiaterials presented there are still areas
where further enhancements can be made. The folipwaragraphs discuss some potential
routes for further investigations of the materigiesented so far, as well as some more

ambitious ideas based on recent discoveries inrraBtecience.
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Figure 8-1. Temperature dependence of transmittanceat 500 nm for a PBzMA solution in
[Comim][NTf,]. (yellow square): [Cmim][NTf,]; (red circle): [C.mim][NTf,]; (green inverted
triangle): [C,miM][NTf ,]; (blue triangle): [Cemim][NTf,]. [C,mim] represents the 1-alkyl-3
methylimidazolium cation.[3]

Considering the NIPAM-based ionogels, experiment®ur laboratory have shown that the
polymerisation of NIPAM proceeds generally fastermidazolium ionic liquids and gives even
higher distortions of the LCST behaviour. Therefanee could carry out a parallel study where
same anions as in Chapter 3 are used but an intigisz@ation is chosen instead of the
phosphonium. This way a broader understanding efinteractions between NIPAM, ILs and

the system’s LCST can be obtained. Polymers noymmalt exhibiting LCST can exhibit such
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behaviour in the presence of ionic liquids.[4] Tdfere, different ILs could be used not only to
tune the poly(NIPAM)’'s LCST but also to induce LC®€&haviour in polymers. Figure 8-1
shows that a poly(benzylmethacrylate) exhibits L&fhaviour in an imidazolium IL and this
LCST is dependant on the length of the alkyl clairthe IL molecule. Shifts in the LCST can
also be realised by a standard route of copolymerismonomers of different lypophilicity
(Figure 8-2). All this is possible without the peese of water, making these systems IL-only
with all the benefits of the IL low vapour volatylj thermal stability etc.
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Figure 8-2. Temperature dependence of transmittanceat 500 nm for a PBzMA solution in
[Comim][NTf2]. The transmittance of 100% indicates tha 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 c@olymers 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 sgare): 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 Chaptand5Chapter 6 have been optimised to
some extent, but still possess limitations. Prdionaof the spiropyran-NIPAM system will
always depend on the pléf the open merocyanine and the surrounding aviliffaof protons.
One cannot alter the electronic structure of théemde to induce faster isomerisation without
compromising the stability.[2] Given this, it isasonable to look for alternative derivatives of
spiropyran or other molecules that have faster éwmation kinetics. As the pKof the
spiropyran/merocyanine currently limits these systdo pH < 7 one could also speculate to
utilise alternative photoswitch systems where thenge of hydrophilicity is not accompanied

by pH changes. Azobenzenes might provide a solttidhis problem.
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A recently published photoresponsive ionogel byieflscussed in Chapter 1 is based on a
poly(benzylmethacrylate) copolymerised with 3 ma%obenzeneacrylate.[5] This gel exhibits
shrinking under visible light irradiation and svied) under UV light irradiation at 83 °C (Figure
8-3). This behaviour is believed to be possible ttuéhe interactions of the azobenzene, the
benezene pendant rings on the polymer chains @angrésence of the hydrophobic imidazolium
Ntf, ionic liquid. This demonstrates that polymers thatmally do not posses LCST can exhibit
such behaviour when combined with ILs. Bearing indrthe almost unlimited combinations of
cations and anions one can speculate that almggt@ymer can be made into an ionogel that
will exhibit a desired LCST or USCT (upper solutioritical temperature) behaviour. This area
of research is gaining increased attention dueheo éxciting possibilities to engineer the
properties of ionogels for non-volatile and robastuator applications and beyond.[3] Although
azobenzene has been tested in the LCST ionogensyistvould be very interesting if similar
only-IL-containing light responsive ionogels withiopyran could be synthesised. Having an
ionogel with a tuneable actuation temperature gintliresponsiveness but filled with a non-
volatile IL presents great advantages over theeotiractuator gels. It must be noted here that
the photoresponsive spiropyran based ionogels tegpao far [6] would still require to be

soaked in aqueous HCI. Therefore, they are notipuaagels.
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Figure 8-3. Light induced swelling and shrinking of a poly(benzylacrylate)eo-
poly(azobenzeneacrylate) ionogel in 1-ethyl-3-methignidazolium bis(trifluoromethane
sulfonyl)amide ([Cmim][NTf ,]) at 83 °C.

Similarly, azobenzene acrylate copolymer gel systéawve certain limitations. For example,
experiments in our laboratory have shown that tlesgnce of azobenzene comonomer in the
polymerisation mixture inhibits the polymerisatidgsing linear polymerisation of NIPAM or
N,N-dimethylacrylamide with azobenzene acrylate, cosieas only up to ~60 % and ~40 %

can be achieved when using 5 and 7 mol% of azobenzemonomer, respectively. This is in
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line with previous reports showing that azobenzearses inhibit polymerisation.[7] Moreover,
azobenzenes absorb strongly in the same range stsxoand Vis photoinitiators (350 - 450
nm) rendering photopolymerisation, so useful inroflaidic gel actuator system, impossible.

Therefore, it is suggested that azobenzenes maydre suited as thin film liquid crystal
actuators. In such an arrangement, they have beemnnsto bend reversibly within several
seconds.[8] This thin film crystal actuator apptoaperates on a bimetallic strip principle
(Figure 8-4) and allows generation of forces highan human muscles and in this respect they

are significantly superior to the hydrogel approd@h
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Figure 8-4. llustration of the working principle of a diarylethene cocrystal that converts light into
mechanical work. [9]

Another very interesting field where actuators deseloping is the magnetic materials area.
However, magnetic responsive materials are not pepylar in the field of sensors and fluidics
due to the high power consumption of electromagniéterefore, new concepts must arise to
utilise the high magnetic forces provided by cheam strong permanent magnets. One
futuristic idea is to use a spin crossover phenamg®] as an external stimulus to switch the
material between magnetic and non-magnetic states.way a material present in a magnetic
field of a permanent magnet would only be attracted repelled) by the magnet if the
magnetism of the material is switched on. The aggi to switch magnetism on and off has
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been demonstrated even with light. [11] Therefone can speculate that an actuator can be
constructed where the material incorporating thgmatc spin crossover particles is constantly
within a field of a permanent magnet but it becommagynetic only under light irradiation and
consequently affected by the magnet (Figure 8-Beofetically such system would require
relatively low power to support the light sourcesgibly an LED, as the permanent magnet

does not require any power input to operate.
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Figure 8-5. The principle of operation of an photomagnetic actuator based on a material exhibiting
a photo-induced magnetic spin crossover.

Lastly, one should consider extensive researchhénfield on LCST polylLs discussed in
Chapter 7. As presented, initial tests have beerniedaout to mimic the spiropyran-NIPAM
system using a polylL that exhibits LCST much lay(NIPAM) gels. The LCST ILs offer
higher tunability of the LCST than poly(NIPAM) anberefore could be the basis of a next
generation of photoresponsive gels. However, oipigia photoresponsive actuator based on the
LCST polylLs and spiropyran is not straightforwarthe author has investigated LCST polylLs

based on the monomers in Figure 8-6.
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Figure 8-6. Structures of monomeric ILs that exhilit LCST studied in our laboratory.
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Incorporation of spiropyran into these gels did nmdse a problem and reversible
photochromism was observed (Figure 8-7). Whatnpr&ging is that the when the copolymer is
dissolved in water the spiropyran comonomer undEgpontaneous protonation without the
addition of acid. It has been speculated that itheolymer might be acidic in nature as the pH
of the pure polyIL in water was 4.8. Moreover, @ylL environment has shown to enhance
the kinetics of spiropyran deprotonation compa@galy(NIPAM) systems (Table 8-1). No
LCST shift has been observed when the spiropyrasoiserised. This applies to both linear
polymers and gels. The gels decolourise but nd ligtuced shrinking was observed. However,
it must be noted that gels based on both JB[SS] and [R 4,4 4[SPA] decolourised slightly but
the ones based onyP, d[SPAAmM] turned opaque upon decolourisation andwhele process
happened much faster than in the case of the gihlsr Moreover, it would seem that the
polymerisation of [RP44d[SPAAM] is slow and yields polymers of low moleauleight. This

is based on the observation that very little polyimdeft after the linear polymer purification
precipitation step and that similar observationsewaade for the NIPAM-azobenzene polymers

discussed above.
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Figure 8-7. Photochromism of spiropyran copolymerith [P 444 4[SS]. Work carried our by an
ENSIACET internship student Stephane Louisia.
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Table 8-1. Protonation and deprotonation kinetic castants for Poly(NIPAM)-co-BSP and
Poly([P4,4,4,4][SS])eo-BSP linear polymers in DI water. Work carried our by an ENSIACET
internship student Stephane Louisia.

Protonation Deprotonation (white light)
k[s]
Poly(NIPAM)-co-BSP 7.28 x 10 8.59 x 1C°
Poly([P, 44 4[SS])-co-BSP 4.04x x 10 1.18 x 1C¢F

Faced with such challenges in synthesising a LC&Yllp photoresponsive gel, it is proposed
to use the reliable poly(NIPAM)e-BSP gel system and interpenetrate it with a pohygtwork.
This interpenetrating network gel (IPN) approaclkesents several benefits. First, the ionic
liquid would be permanently immobilised in the @geld will not leach out. Secondly, as the
photoresponsive character is given by the firsy@dPAM) network the polylL network does
not necessarily need to have the LCST property. [Cheation/anions can also be varied,
depending on the desired effect on the gel prageerfihis effect could include tuning the LCST
of poly(NIPAM) or affecting the equilibrium and letics of spiropyran isomerisation. Not to
mention tuning the overall hydrophilicity/hydrophoity of the IPN gel. Lastly, interpenetrating
networks are well known for having superior mecbahproperties compared to standard gel

networks.[12]

Investigations into the reasons for which the LG8Tcrosslinked poly IL gels is so broad
should also be undertaken. The assumption thatpbotopolymerisation of the plIL gels
produces an inhomogeneous structure and unevemeplghains has been dis-proven by using
RAFT agents to control the polymerisation proceBse RAFT chain transfer agent (2-
(Dodecylthiocarbonothioylthio)-2-methylpropionicidc did not affect the broad distribution of
the DSC peak of the polylL gels from Chapter 7.r€f@re, more ambitious approach would be
to prepare sliding ring (SR) crosslinked polylL ©f13-15] This advanced polymer chemistry
technique produces crosslinks that are not fixedne point in the chain. Such polymer
networks would allow the release of any moleculezss and therefore mimic a linear polymer

solution system.

Many new concepts in material science arise evasy @he miniaturisation of sensors and
microfluidic platforms constantly drives the devaioent of stimulus responsive materials for
both sensing and actuating. In this chapter, onfgva ideas for possible further exploration
were presented. As time passes, many of these psneél become redundant, for example, as
disruptive discoveries arise that change our ambrda materials synthesis. However, the
author believes that this work has introduced sera#ting knowledge into the field of stimulus
responsive materials and | hope that it will asaisd 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)

125



A.1 Purification of ionic liquids.

Tetradecyl(trihexyl)phosphonium chloride [Ps ¢ 6,14[Cl]

Purchased from Cytec Industries. 20 ml of the idigjgid was decolorized by redissolution in
30 mL of acetone followed by treatment with actachtharcoal (Darco-G60, Aldrich) at 20
overnight. Carbon was removed by filtration threwgumina (acidic, Brockmann |, Aldrich)

and the solvent removed under vacuum &iCGir 48hrs at 0.1 Torr.

'H NMR &4(400 MHz; CDC4): 2.0-2.3 (8H, m, Ch), 1.4-1.5 (16H, m, Ch), 1.2-1.3 (32H, m,
CH,), 0.79-0.85 (12H, m, C¥i ppm.

ES-MS: ES m/z 483 [Re6.d" ES m/z, 554, [Res1d* 2.[CI"

Tetradecyl(trihexyl)phosphonium dicyanamide [R ¢ ¢ 14[dCa]
Purchased from Cytec Industries; purified accordanthe procedure for [Rs.14[Cl].

'H NMR ¢4(400 MHz; CDCY): 2.0-2.3 (8H, m, Ch), 1.4-1.5 (16H, m, ChJ, 1.2-1.3 (32H, m,
CH;), 0.79-0.85 (12H, m, C§i ppm.

ES-MS: ES m/z 483 [Re6:]* ES m/z 66 [dca]

Tetradecyl(trihexyl)phosphonium bis(trifluoromethyl sulfonyl)amide [Ps 6 1J[NTT 5]
Purchased from Cytec Industries; purified accordmthe procedure for R 14[Cl].

'H NMR ¢4(400 MHz; CDC}): 2.0-2.3 (8H, m, Ch), 1.4-1.5 (16H, m, Ch), 1.2-1.3 (32H, m,
CH,), 0.79-0.85 (12H, m, CHlppm.

ES-MS: ESm/z 483 [Re614  ES m/z 279 [NTH] .

Tetradecyl(trihexyl)phosphonium dodecylbenzenesulfoate [Ps ¢ 6 14[dbsa]
Purchased from Cytec Industries; purified accordanthe procedure for [Rs14[Cl].

'H NMR ¢4(400 MHz; CDCY): 7.8 (H, s, CH), 7.44 - 7.40 (2H, m, CH), 2.0-2781, m, CH),
1.4 -1.8 (24H, m, CB), 1.16-1.3 (48, m, C§), 0.69-0.87 (15H, m, CHi ppm.

ES-MS: ES m/z 483 [Re6.4" ES m/z 325 [dbsd]
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Tetrabutyl(methyl)phosphonium tosylate [P, 4 4 4[t0S]
Purchased from Cytec Industries; purified accordanthe procedure for [Rs.14[Cl].

'H NMR &4(400 MHz; CDCY): 3.64 — 3.75 (6H, m, Chi 2.24 — 2.33 (6H, m, CHi 2.01 —
2.07 (6H, m, CH), 1.06 — 1.18 (12H, m, Gjippm.

ES-MS: ES m/z 217 [R444" ES m/z 171 [Tos]

Synthesis of Tetradecyl(trinexyl)phosphonium tosylee[Ps ¢ 6,14[t0S]

Tetradecyl(trihexyl)phosphonium chloride (13.5 §,r8mol) was added to 50 mL of anhydrous
acetone. Solid sodium tosylate (5.50 g, 28 mmol} wen added, giving a suspension which
was stirred at 25C for 6 hrs. Precipitated sodium chloride was reeably filtration and the
solvent removed under vacuum, yielding a yellowig$cous liquid. The ionic liquid was
decolorized by redissolution in 30 mL of acetonéofeed by treatment with activated charcoal
(Darco-G60, Aldrich) at 40C overnight. The carbon was removed by filtratibmotgh
alumina (acidic, Brockmann [, Aldrich) and the sl removed under vacuum to vyield
tetradecyl(trihexyl)phosphonium tosylate.; [R14[tos] as a colourless liquid (11.9 g, 89%
yield).

'H NMR ¢, (300 MHz; CDCY): 7.97 (2H, d, Ch), 7.27 (2H, d, Ch), 2.45 (3H, S, Ch}, 2.0-
2.3 (8H, m, CH), 1.4-1.5 (16H, m, CB), 1.2-1.3 (32H, m, Ch}, 0.79-0.85 (12H, m, CH ppm.

ES-MS: ES m/z 483 [Re6:]* ES m/z 171 [Tos]
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A.2 Heat of polymerisation: DSC chamber setup.

TS T g F

Figure A 1. The sample chamber and LED array holdeprinted with a 3D printer. Design by B.Z.

Figure A 2. In house 3D design of the chamber. Thearving 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
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Figure A 3. Storage (A) and loss (B) moduli duringJV 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.
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Figure A 4. A: DSC heat flow curves for the UV-iniiated polymerisation of linear pNIPAM in a)
P-Tos, b) P-dbsa, ¢) P-DCA, d) P-Tos and e) P-Cl.THeat flow is expressed in Watts per mole of
NIPAM monomer; B: Integrated DSC heat flows for a)P-DCA, b) P-dbsa, c) RTos, d) P-Tos and
e) P-Cl. The total heat released is expressed inules 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 temperaturior the water-swollen ionogels: a) xP-Cl, b)
xP;-Tos, c¢) xP-dbsa, d) xP-Tos, e) xP-DCA.
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Figure A 6. Plots of storage modulus versus time ding a temperature step program for water

swollen ionogels. a) xP-DCA: the temperature was ised from 25 °C to 45 °C (20 °C/min) starting
at t = 5 min and was decreased at t = 15 min from54°C to 25 °C (20 °C/min); b) xP-Cl: the
temperature was raised from 5 °C to 25 °C (20 °C/mj 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 experimentgdm Figure 4 and 5. a) xP-Cl, b) xP-DCA, c)
xP;-Tos, d) xP-Tos, e) xP-dbsa.

Table A 1. Thermal data of cross linked and non crsslinked phosphonium based samples. T
represents the glass transition temperature and . is the decomposition temperature (onset) of the
polymers.

Sample T(°C) Taec (°C)
P-NTf, -58.65 430
P-dbsa - 421
P-Tos -59.40 421
P-DCA -59.52 370
P-ClI -58.38 361
XP-NTf, - -
xP-Tos -60.28 425
xP-dbsa - 408
xP-DCA -58.43 374
xP-ClI -58.61 370

132



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-benzgm@an-2,2’'indoline) (abb. BSP-OH) was
done as follows. 500 mg of BSP-OH was dissolve2imL of anhydrous dichloromethane in a
100 mL round bottom flask. The flask was placedinethanol bath to which liquid nitrogen
was poured until bubbling stopped. To such coolédure under magnetic stirring, 0.6 mL of
triethylamide was added followed by 0.2 mL of aogyIchloride added dropwise. The reaction
was allowed to stir for 48 hours during which thixtore warmed up to room temperature as
the ethanol evaporated. The reaction mixture washe with a saturated solution of NaHLCO
and deionised water several times to remove theoldygts. The coloured water phase was also
washed with dichloromethane. The combined orgamiasps were evaporated on a rotary
evaporator with an addition of column silica powdEne BSP-acrylate was purified by column
chromatography using ethyl acetate/hexane 1:8 maixds the mobile phase. After evaporation
of the solvent and vacuum drying (0.1 mBar), 400chghite powder was obtained. Yield 67
%

B.2 Gel shrinking measurements

Since the cut gel samples are never ideal ciredgsral diameters were measured before the
light irradiation. Then as the gel shrunk the ratighrinking separately for every diameter was
expressed in percent. The standard deviations tlwerecalculated between the shrinking ratios
for the given time interval. A calculation of thelative swelling percent example for the 0-0

blank poly(NIPAM) gel is given below.

The ratio of the diameter of the dried gel andyfsiivollen gel is:

G = 066
d

max

The measured shrinking of 3 dimensions of the gedws the light irradiation ipm 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 caleddbr 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 8nglpercent 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 ; 0.5% 0.2% 0.6%
deviation

. : d_—-d .
After applying the following formulaD = {1—{M} [100% we obtain the
(dmax ~ Ynmin
following relative swelling values.
0 min 5 min 10 min 20 min
Average swelling  100% 98.03% 97.27% 95.30%
Staf‘d‘f’“d : 0.76% 0.30% 0.91%
eviation

The standard deviations were multiplied%y]'; = % =15151

d

max

Therefore, the relative swelling percent we usa&sges the change in dimensions between the

fully swollen state and the dried dehydrated staée

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 dn.«x (100 % relative swelling); orange represents theidmeter of the dried
gel dnin (0 % relative swelling); yellow colour is the actator operating range.

B.3 UV-Vis Spectroscopy

Changes in the absorbance spectra of the spirogyydrogels under different illumination

conditions were recorded in reflectance mode usirgfiber-optic light guides connected to a
Miniature Fiber Optic Spectrometer (USB4000 - Océ@tics) and aligned using an in-house
made holder (Figure B 2). The in-house-designedidrolvas fabricated using a 3D printer
(Dimension SST 768) in black acrylonitrile butadiestyrene co-polymer (ABS) plastic in order
to minimise interferences from ambient light. Theotparts of the holder (one to be placed
underneath the hydrogel, the other one on top (Eigu2A) were designed using ProEngineer

CAD/CAM software package and fixed together to easwo interferences from ambient light

(Figure B 2B).

Figure B 2. In house designed holder used for abdmaince measurements of the spiropyran
hydrogels.

136



The light source was a LS-1 tungsten halogen lantyité light) obtained from Ocean Optics,
Inc. Data from the spectrometer was processed &pegtrasuite software provided by Ocean
Optics Inc. For clarity, the absorbance spectramtsd 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)
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C.1 Raman spectroscopy of porous gels

The removal of PEG 2000 porogen with 3 water wastsesconfirmed by Raman spectroscopy

(Figure C 1). The PEG peaks at 280, 364, 537, 882(C-O-C symmetric stretch), 1233, 1484
cm™* all disappear when the porous gel is washed witivaer.

1.5 1 — PEG 2000
—— washed gel 2k
unwashed gel 2k
= 1.0
=)
5,
=
7
3
t 0.5 -
0.0

1600 1400 1‘200 1000 800 600 400 200
Wavenumber [1/cm]

Figure C 1. Raman spectra of a) gel 2k swollen angdashed with DI water; b) gel 2k right after
polymerisation and before swelling and washing; dPEG2000 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[Cl]) (Cyphos 443W) and tributyl-hexyl phosphonium
chloride ([R444[Cl] were supplied by Cytec® (Ontario Canada) amsed as received.
Potassium 3-sulfopropylacrylate (SPA), sodium 4/bienzenesulfonate (SS), poly(propylene
glycol) diacrylate Mn 800 (PPO800), poly(ethylerigcgl) diacrylate Mn 256 (PEG256) and
700 (PEGT700), N,N-methylenebisacrylamide (MBIS), 2-hydroxy-2-methgpiophenone

(HMPP) were all obtained from Sigma-Aldrich anddiss received.

D.2 Synthesis of [P4,4,4,4][4-styrenesulfonate] (P-S&hd
[P4,4,4,6][3-sulfopropylacrylate] (P-SPA)

7 g of phosphonium chloride was mixed with 10 gnafter and 1.2 molar equivalents of the
anion salt ([Na][4-styrenesulfonate] for 4P 4[Cl] or [K][3-sulfopropylacrylate] for
[P4,4.44[Cl]). The mixture was stirred at room temperatéwe 48 hours. The IL was extracted
from the water phase by dichloromethane (DCM), &M phase was reduced by a rotary
evaporator and the residual liquid was dried abhhigcuum 0.1 mBar for 24 hours at room
temperature. A final product yield of 97% was oh¢ai. The obtained ILs were stored at 5 °C.
Tetrabutylphosphonium 4-vinylsulfonate will be meé=®l to as P-SS and the tributyl-hexyl
phosphonium 3-sulfropropylacrylate will be refertedas P-SPA.

P-SS'H NMR, ¢y (400 MHz, CDCY): 0.82-0.85 (t, 12H, CH), 1.33-1.38 (m, 16H, CH}, 2.07-
2.74 (m, 8H, Ch), 5.16-5.19 (d, 1H, CH), 5.65-5.69 (d, 1H, CHE®6.65 (q, 1H, CH), 7-27-
7.29 (d, 2H, CH), 7.74-7.76 (d, 2H, CH) ppm.

P-SPA'™H NMR, ¢4 (400 MHz, CDC}): 0.75-0.79 (t, 3H, CH), 0.84-0.88 (t, 9H, C¥J, 1.19-
1.22 (m, 4H, CH), 1.38-1.44 (m, 16H, CHi, 2.07-214 (m, 2H, C}), 2.15-2.24 (m, 8H, C}),
2.75-2.79 (m, 2H, C}), 4.13-17 (t, 2H, Ch), 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 desiaenount (mol %) of crosslinker (MBIS,

PEG 256, PEG700, PPO800) and 1 mol% photoinitiefldiPP. The mixture was stirred and
poured into a PDMS mould containing 1 mm deep &ircpits of diameters 5 and 10 mm. The
gels were polymerised for 30 min in a UV curing riber that produced 365 nm UV light
intensity of 3.5 mW/crh After the polymerisation the gels were placed¥drour in DI water

for swelling. All analysis was done on the swoltgais.

D.4 Analytical Techniques

D.4.1 NMR spectroscopy
The NMR spectra were collected on a Bruker 400 NBectrometer at 25 °C. Samples were

dissolved in deuterated chloroform. The spectraevamalysed using Bruker TopSpin software.

D.4.2 Raman spectroscopy
Raman spectroscopy was performed using a Perkiner@mRaman Station 400F.

Measurements were taken from 800 to 3200 @n20 scans with 2 cih The samples were

placed directly on a microscope slide covered @itiminium foil.

D.4.3 DSC
A Pyris 1 DSC was used to analyse the heat geebgt¢he gels during the LCST transition.

Thermal scans below room temperature were calibratéh the cyclohexane solid-solid
transition and melting point at —87.0 °C and 6.5 rf&pectively. Thermal scans above room
temperature were calibrated using indium, tin and with melting points at 156.6, 231.93 and
419.53 °C, respectively. The water-swollen gelsenglaced on a tissue to remove excess DI
water and cut into pieces ca. 10 mg. These wereglan aluminium DSC pans and sealed. The
LCST values for these samples were determined bymihl scans at 10 °C/min with the
following temperature program: Heat from 0 °C to "@then cool from 90 °C to 0 °C. The

LCSTs were determined as the endothermic peakglheating.
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D.4.4 Temperature ramp microscopy.
The swollen gels were cut into squares roughly 3imsize. The imaging was performed using

an Aigo GE-5 microscope with a 60x objective lend ¢the accompanying software. The gels
were placed on an aluminium plate resting on a Aftear MCR 301 Rheometer peltier holder.
The plate was filled with DI water and covered watlglass plate to avoid evaporation of water.
The glass plate was also in contact with the fjllimater to avoid condensation. Temperature
was controlled through the rheometer software aasl ramped up from 20 °C to 70 °C by 5 °C
steps. Each step the temperature around the sam@@echecked with a Fluke 62 Mini IR
thermometer and gel size measurements were takentioe 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 plymerisation 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.
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D.6 Raman spectroscopy
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Figure D2. Raman spectra of P-SS and P-SPA monomerionic liquids. The 1630 crit bands
marked with the arrow represent the polymerisable inyl C=C bond.
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Figure D3. Raman spectra of two gels: P-SS with 1% MBAAmM and P-SS with 8 % PPO800. The

dashed line indicates 1630 cth where the polymerisation active C=C band appearsni the
monomers.
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D.7 DSC characterisation
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Figure D4. DSC scans of water swollen P-SS gels neadvith different amounts of PPO800
crosslinker.
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Figure D5. DSC scans of water swollen P-SPA gels dewith 5 mol% PPO800 crosslinker. RAFT
agent was used in 50:1 monomer-RAFT agent ratio.
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