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Presentation letter 
 

In this research, the incorporation of spiropyran into a hydrogel to generate light-responsive 

materials is described. Due to the incorporation of spiropyran, upon exposing this soft material to 

light, the hydrophilicity of the gel can be changed due to the isomerization of this molecule. This 

results in the swelling and shrinking of the gel by the uptake and release of water. These 

responsive hydrogel materials are of particular interest for implementation in microfluidic 

applications, as it allows remote actuation in completely sealed devices. A fundamental study was 

carried out to control the swelling and shrinkage and a new light responsive gel was fabricated.  

Here two methods are described for achieving these responsive hydrogels. Light-responsive 

properties were endowed upon the hydrogel by co-polymerization of a spiropyran mono-acrylate. 

The effect of different gel compositions is investigated on the isomerization kinetics and the 

macroscopic volume changes. However, at first the hydrogels were made with UV-

polymerization. Due to the absorption of the UV-light by the spiropyran during the polymerization, 

the UV-polymerization is less efficient and reproducible. Reproducible samples were obtained 

using thermal polymerization and a systematic study on the influence of acrylic acid on the 

swelling behavior of the gel was carried out. For these hydrogels reversible and reproducible 

volume changes were observed, and the isomerization kinetics are very similar for the different 

compositions. The results of the systematic study show that more acrylic acid in the gel leads to a 

bigger gel in the swollen state, while the shrunken state is not strongly dependent on the acrylic 

acid concentration. Enhancing the isomerization rate of spiropyran to merocyanine by illumination 

of deep-UV light was not successful, because both the spiropyran and merocyanine absorb the 

deep-UV light resulting in an equilibrium between the isomers. 

For making a novel light responsive hydrogel, mechanochemical actuation was explored. In 

this work, a spiropyran di-acrylate was incorporated into the hydrogel network. Due to the uptake 

of water in the hydrogel, the pressure inside the gel increases leading to the rupture of the spiro 

carbon-oxygen bond, resulting in isomerization to merocyanine. UV-Vis results show that the 

spiropyran di-acrylate is able to isomerize to the open-ring form merocyanine. The merocyanine 

is able to undergo ring-closure in the network by using visible light, but the isomerization rate is 

slower than for the spiropyran mono-acrylate. The recovery to merocyanine occurs 

spontaneously, but is slow. This recovery rate can be improved by illuminating the gel with deep-

UV light. For the macroscopic hydrogel disks, similar trends are observed. The volume changes 

in these hydrogels were smaller than for the spiropyran mono-acrylate as expected and the 

recovery can be accelerated by UV-light. When light and temperature actuation are combined, 

two states are obtained which can be switched with visible and UV light respectively. 
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Preface 
This document represents the work for the graduation project of Menno Houben in the group 

of Organic Functional Materials and Devices at Eindhoven University of Technology (TU/e). This 

thesis is written to conclude my Master of Science education.  

The main objective of this study was to develop responsive hydrogel materials that can be 

incorporated in microfluidic applications. In this work I present new insights of spiropyran 

incorporated responsive hydrogel materials. These insights can be used to further improve the 

properties of these hydrogel materials to eventually be implemented in microfluidic devices.  

During this graduation project I had the opportunity to gain knowledge about the photo and 

mechanical response of spiropyran as well as organic synthesis and various characterization 

techniques. Last but not least I got myself familiar with the SFD group and their research projects 

on stimuli responsive materials. 

 

Menno Houben, May 2016  
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Goal of research 
 

The goal of this research is to optimize the current light responsive hydrogels by investigating 

the effect of different composition of gels on the kinetics and the photo-induced volume changes 

of the gel. Furthermore, we want to explore novel light responsive hydrogels by incorporating a 

spiropyran di-acrylate into a hydrogel network. The goal is to show that the spiropyran di-acrylate 

is able to isomerize in the hydrogel network due to the pressure in consequence of the swelling of 

the hydrogel. It is desired that the isomerization is reversible, therefore the isomerization of the 

merocyanine back to spiropyran in the hydrogel network is studied using visible light as a 

stimulus.  
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1 Introduction 

Responsive materials have been an attractive field of research in recent years.
1
 These 

materials change their properties by exposure to an external stimulus, e.g. light, temperature, 

pH or mechanical stress. Upon exposing the material to one of these stimuli, the properties of 

the system change, resulting in a change of functional properties of the material.
1,2

  

These materials are interesting for microfluidic applications, as actuation of the material by 

light, mechanically or a combination, allows manipulation of the fluid in completely sealed units 

without changing the chemical environment i.e. there is no immediate contact between the 

actuating stimulus and the material, which is beneficial for sensing applications using 

microfluidics.
3–5

 Furthermore it allows for precise and localized actuation. Stabilizing the various 

states of the system (bistability) is appealing, as it allows alteration of the materials properties 

without having a continuous stimuli, allowing a decrease in energy consumption to actuate 

these materials. We consider the system bistable when no dimensional changes are observed 

in a desired time-span, unless exposed to a stimulus. This will open up opportunities for 

widespread applications of cheap and low energy consuming microfluidic devices. Especially 

microfluidic valves require fast and reversible switching between two stable states in order to 

work efficiently.
2
 Figure 1 shows an artist impression of such a system, however this system 

need constant illumination to keep the valve open, therefore this system is not bistable yet.  

 

 
Figure 1: A schematic representation of photo-actuation of a valve in a microfluidic device.

2
 

 

As for valve applications large changes in dimensions are desired, hydrogel materials are of 

interest. To achieve light responsive properties in a hydrogel, photochromic molecules can be 

used.
2,6,7

 In recent years, interest has been growing in the use of poly (N-isopropylacrylamide) 

(pNIPAM) as responsive gels as the transition temperature (LCST) between swollen and shrunk 

is in range with the human body temperature. When copolymerized with a photochromic 

derivative, the gel can exhibit similar chemical behavior and contract/swell by light.
2,6,8,9

 These 

photochromes interact with light through a photoreaction, e.g. isomerization, cleavage or 

dimerization, resulting in a change of materials properties. Especially photoisomerization is of 

interest, because these processes are often repeatable and reversible.
10

 Many photochromes 

have been studied that are known to show photoisomerization e.g. azobenzene, stilbene and 

spiropyrans.
9,11,12

 However, hydrogels are sensitive to changes in dipole moment. Therefore, 

spiropyran is of particular interest, since the photoisomerization allows large changes in dipole 

moment, where the molecule switches between the hydrophobic spiropyran (Figure 2b) and a 

more hydrophilic merocyanine (Figure 2a).  

Due to the difference in hydrophilicity between the spiropyran isomers, switching between 

the isomers in an aqueous medium allows for repeatable swelling and shrinking of the gel 

containing this photochromic dye due to uptake and the release of water. Spiropyran derivatives 

can isomerize within the hydrogel to the most stable hydrophilic merocyanine isomer (McH
+
) in 

an acidic environment, resulting in swelling of the hydrogel. By co-polymerizing acrylic acid as 

co-monomer in the hydrogel network, an internal proton donor is incorporated, therefore a 

swollen state of the hydrogel can be achieved in water at neutral pH and removes the need for 
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an external acidic environment.
6
 The photoisomerization process is reversible, the merocyanine 

isomer can be switched back to the ring-closed hydrophobic spiropyran form using visible light, 

resulting in the shrinking of the gel. In this research project different gel compositions are used 

to study its effect on the actuation rate and stability.
9
 

 
Figure 2: Protonated merocyanine, causes the gel to swell(left) isomerizes to the spiropyran form, causing the gel to 

shrink (right).  

 

The second method of actuating the material is mechanochemical actuation. 

Mechanochemical transduction enables very important biological processes such as the sense 

of touch, hearing, balance and muscle contraction.
13,14

 The default mechanochemical reaction 

of bulk polymers is unselective bond scission and leads to material damage or failure. Rational 

molecular design of synthetic materials can be an alternative such that mechanical stress 

favorably alters the material properties. By incorporating a mechanophore into the material, the 

material can be made mechanoresponsive. A mechanophore is a molecule that can be 

activated using mechanical force, resulting in a variety of responses ranging from 

isomerizations to precise bond siccions.
15

 Many different mechanophores have been studied, 

but in this research spiropyran is the mechanophore of choice. In previous studies a spiropyran 

diacrylate is incorporated into a PMMA network, showing a visible detection of mechanical 

stress, as shown in Figure 3.
13,16,17

 

 

 
Figure 3: Schematic diagram of spiropyran incorporated PMMA. State A represents the initial state, while state B 

represents the state after mechanical stress, resulting in a isomerization of spiropyran to merocyanine.
13,16
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In this work the possibility of spiropyran as a mechanophore is studied in order to make a 

new type of light responsive hydrogel. Due to the uptake of water in the hydrogel after 

shrinking, the pressure inside the gel increases leading to the rupture of the spiro carbon-

oxygen bond, resulting in a higher merocyanine content, which will increase the overall 

hydrophilicity of the gel. This will lead to an even larger uptake of water and should mean a self-

reinforcing effect is established. This study attempts to show that a spiropyran di-acrylate is 

able to isomerize due to mechanical stress in consequence of the swelling of the hydrogel 

network in an aqueous medium. To achieve reversibility and dual responsiveness light can be 

used as a second stimuli to induce the isomerization of merocyanine to spiropyran.  
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2 Theory 

Molecular switches are more and more popular these days for generating novel dynamic 

compounds. Dynamic materials have several advantages over static materials, e.g. changing 

appearance
2
, hydrophilicity

9
, contact angle

18
 and surface topography’s

19
 upon exposure to an 

external stimulus. These preferred properties of the material can be obtained by reversible 

isomerization of the dynamic compound. This allows for a whole new set of smart materials 

that can have many uses, e.g. “smart” windows for energy efficient buildings, self-healing 

coatings, but also for lithography purposes.
9,20

 Many dynamic materials have been studied, 

azobenzenes
21

, stillbenes
22

, spiropyrans
23

, diarylethenes
24

 and many others, for making 

dynamic-responsive systems. All of these dynamic compounds have their own advantages 

and disadvantages. 

2.1 Spiropyran  

 Spiropyran is unique in this group of dynamic materials, because its three isomers have 

remarkably different properties and can isomerize in response to a broad range of different 

stimuli, e.g. light, temperature, pH, mechanical stress, metal ions and redox potential, making 

them extremely useful for many different applications.
9
 The spiropyran isomers and the 

protonated merocyanine as depicted in Figure 2 have different absorption spectra, leading to 

different colors for the isomers. Spiropyran is optically transparent, because it absorbs 

strongly for wavelengths smaller than 400 nm, while the merocyanine strongly absorbs at 550-

600nm and exhibits a deep-blue color. Due to the planar structure and zwitterionic nature of 

merocyanine this isomer is stabilized in polar solvents resulting in a red shift towards the 

visible region. The merocyanine can be protonated resulting in a positive charged 

merocyanine, which is less stabilized in polar aprotic solvents than the unprotonated 

merocyanine leading to a blue shift. The protonated merocyanine absorbs strongly at ~300 

nm and 420 nm and exhibits a yellow color and can be stabilized in polar protic solvents. 

 
Figure 4: Absorption spectra of spiropyran isomers 1,2 and 3

9
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Besides the color difference, merocyanine has a large electric dipole moment, as it is 

zwitterionic, due to the charge separation in comparison to the spiropyran. This makes the 

merocyanine much more hydrophilic than spiropyran itself. There is also a difference in pKa 

within these isomers, merocyanine has a lower pKa than spiropyran. This can be attributed to 

negative charge on the oxygen atom (Figure 4 isomer 2), which makes the merocyanine more 

acidic favoring the deprotonated merocyanine.
9
 The exact pKa values depend on substituents 

on the spiropyran molecule. 

All these differences in isomers can be linked to the responsiveness to different stimuli. For 

instance treating the spiropyran with either acids or metal ions can induce ring-opening, 

because the merocyanine has a high affinity for protons and metal ions.
9
 These systems can 

be used as a sensor, because the color of the complex depends on the metal ion.
16

 In polar 

environments the isomerization of spiropyran to merocyanine occurs spontaneously in the 

dark, because the charged merocyanine will be stabilized a lot in the polar environment.  

2.2 Mechanism of spiropyran isomerization  

The spiropyran molecule, as depicted in Figure 2, consists of two moieties. The indolene 

moiety, on the left, and the chromene moiety, on the right, are connected via a spiro junction 

and are perpendicular to each other. The spiropyran can isomerize upon different stimuli. 

Thermal isomerization is well-studied
25–27

, but in this research the focus is on photo-

isomerization and on mechano-isomerization. The difference between thermal and 

photochemical isomerization is shown in Figure 5. The advantage of using photochemical 

isomerization over thermal isomerization is that closed systems can be actuated with high 

precision and specific wavelengths. 

 
Figure 5: Mechanism of thermal and photochemical isomerization of spiropyran to merocyanine

9
 

 

In the study of Satoh et al.
28

 a spiropyran is reported where R’ is a proton and R is a nitro-

group. The closed-ring isomer has two absorption bands, one located at a wavelength of 272-

296 nm and corresponds to the π-π* electronic transition in the indolene part of the molecule 

and one at a wavelength of 321-351 nm, which corresponds to the chromene part of the 

molecule. The isomerization of spiropyran to merocyanine can be induced by irradiation of 

UV-light with a wavelength of 365nm.
9
 First of all when spiropyran is irradiated with UV-light 

the Cspiro-O bond will be cleaved heterolytic resulting in cis-merocyanine (Figure 5(5)). A 

rotation around the central C-C bond will result in trans-merocyanine (Figure 5(6)). The final 

merocyanine product of the isomerization will be a hybrid of the resonance forms 6 and 9 in 

Figure 5. The reverse reaction of merocyanine to spiropyran usually occurs spontaneous, but 

can be accelerated by visible light.  
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The mechano-isomerization occurs via a different mechanism. The Cspiro-O bond is a 

critical point in the mechanically induced activation. For this isomerization stress is needed 

over this critical point, this is achieved by substituting polymerisable groups at opposite sides 

of the spiro-link. A mathematic model shows that the 5’ or 6’ position of the indolene and the 7 

or 8 on the chromene side, indicated in Figure 6, give preferential stress over the Cspiro-O 

bond instead of the spiro C-C bond, making these positions the best for linking the spiropyran 

to the polymer matrix.
16

 If stress is applied to the polymer matrix Cspiro-O bond rupture occurs, 

leading to the isomerization to merocyanine. 

 

 

Figure 6: Mechanically induced activation of the spiropyran 

 

Both isomerizations, mechano-chemically and photo-chemically of spiropyran, result in the 

merocyanine isomer. Merocyanine has a planar structure which results in extended π-

conjugation between the indoline and chromene moieties. This increase results in a shift in 

absorption band towards the visible region, as indicated in Figure 4. The exact location of this 

band is determined by the contributions of each resonance form, and by the substituents on 

the spiropyran.
9,28

 Also solvents have effect on the contributions of the resonance forms. The 

energy-gap between the excited and the ground state of the merocyanine is smaller, due to 

the increased stabilization of the resonance form 9 in non-polar solvents compared to 

resonance form 6 in Figure 5. 
29

 Thus increasing the solvent polarity results in a blue-shift of 

the merocyanine band and is called Negative Solvatochromism
30

. Figure 7 shows an example 

of Negative Solvatochromism. 

 
Figure 7: Photograph of a fluorescent dye in different solvents showing negative solvatchromism

31
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2.3 Responsive hydrogels 

 Hydrogel materials are hydrophilic cross-linked polymeric networks that are produced by a 

reaction with one or more monomers.
32,33

 Due to the hydrophilic structure of the hydrogel it 

can retain large amounts of water.
32

 This gives the hydrogel the ability to swell and retain a 

large fraction of the water in its structure, although the hydrogel will not dissolve in water.
33

 

Hydrogels that can undergo a volume phase transition are interesting as stimuli-responsive 

soft materials. Copolymerization of spiropyran with hydrogels has been a topic of interest over 

the last years. This allows the light-responsive properties to be embedded in the hydrogel. 

The spiropyran moiety can be functionalized with acrylate functional groups. These acrylate 

groups are compatible with most polymerization conditions, which is ideal for creating 

responsive spiropyran-bound polymers. Spiropyran can be incorporated into the hydrogel by 

co-polymerizing the spiropyran derivative monomers, where the spiropyran can be either in 

the polymer-backbone or can be a side-chain. In the photo-isomerization method the 

spiropyran is incorporated in the hydrogel as a side-chain. When the spiropyran is covalently 

incorporated in the hydrogel, the hydrogel shows significant dimensional changes upon using 

light as an stimulus. The merocyanine is the most stable isomer in an acidic environment, 

which can be isomerized to the spiropyran using visible light within the hydrogel. This feature 

allows for repeatable swelling and shrinking of the hydrogel due to the hydrophilic and 

hydrophobic state of the merocyanine and spiropyran respectively.
2
  

 

  
Figure 8: Schematic representation of the swelling the hydrogel upon isomerization of A): merocyanine to spiropyran 

and B): spiropyran to merocyanine 

 

Recently interest has been growing in the use of poly(N-isopropylacrylamide), pNIPAM, as 

light-responsive hydrogel containing a spiropyran derivative.
6,8

 Chemical and physical 

modification for the pNIPAM gels results in gels that respond to several stimuli such as light, 

temperature, pH and specific molecules. The photo-induced volume transition of pNIPAM 

reinforces the swelling/shrinking effect from the spiropyran.
8,34

 The isomerization of the 

spiropyran to merocyanine is accelerated in an acidic environment, because the merocyanine 

can be protonated to the more stable isomer McH
+
, thus making use of the following pathway 

as can be seen in Figure 9. In the study of Shiozaki et al.
35

 it was shown that spiropyrans with 

electron withdrawing substituents are able to undergo ring-opening directly to the protonated 

merocyanine at low pH without any UV irradiation. However it is not always desirable to have 

an acidic environment, because many analytical methods require neutral pH.
36

 This is why 

acrylic acid has been incorporated into the hydrogel as an internal proton donor, this system is 

based on the work of Ziółkowski et al.
6
 Due to the relative pKa of acrylic acid and the 

spiropyran and merocyanine isomers, protonation and deprotonation occurs internally within 

the gel, so there is no need for an external acidic environment. This makes that the hydrogel 

can swell and shrink repeatable in water, as the protons come from inside the gel instead of 

the diffusion of protons from the external acidic solution.  

Stabilizing the various states of this system (bistability) is appealing, as it allows alteration 

of the materials properties without having a continuous stimuli, allowing a decrease in energy 

consumption to actuate these materials. We consider the system bistable when no 

hv Dark
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dimensional changes are observed in a desired time-span, unless exposed to a stimulus. This 

allows the gel to be activated on demand. 

 
Figure 9: The pathway for spiropyran isomerization in acidic environment, 1:Spiropyran, 2:Merocyanine, 3:Protonated 

merocyanine (McH
+
) 

 

2.4 Bistable hydrogels 

Bistable materials have received much attention recently.
37,38

 Bistability plays a major role 

in a lot of chemical systems and is the basis of biological phenomena such as cell differentiation 

and cell division.
39

 Bistability is also observed in organic electronic memory devices that use 

charge transfer in a donor-acceptor system.
40

 Not only systems on micro scale, but also 

systems as big as ecosystems can exhibit bistability. Such bistable systems have two 

equilibrium states and can rest in either of the two states depending on initial conditions. 

Another example of a macroscopic system that is interesting for bistability are hydrogels. When 

containing a responsive compound the hydrogel can exhibit significant volume changes using 

different stimuli. This is schematically shown in Figure 10.
41

 It is attractive to implement 

bistability in chemical systems, such as these hydrogels to introduce new functionalities. 

 
Figure 10:Schematic representation of a bistable hydrogel system 
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In the research of ter Schiphorst et al
2
. three different spiropyrans have been tested for the 

ring-opening and ring-closing kinetics. The tested spiropyrans are illustrated In Figure 11. 

 
Figure 11: The three spiropyrans used in the study of ter Schiphorst et al.

2
 

  

In this research the spiropyrans were also incorporated into hydrogels. First the 

isomerization kinetics of merocyanine to spiropyran were measured upon white light 

illumination. Figure 12, blue line shows that spiropyran 3 has the fastest ring-closing kinetics, 

but the slowest ring-opening kinetics.  

 

 
Figure 12: Left: Isomerization of McH

+
 to Sp of the surface attached hydrogel during 300 s irradiation with white light. 

Right: Isomerization of Sp to McH
+
 of the surface attached hydrogel during 1800 s in the dark.

2
 

 

In the present work spiropyran 3 was selected for further investigation, because this 

spiropyran has the fastest ring-closing kinetics. As mentioned earlier spiropyrans with electron 

withdrawing substituents are able to undergo ring-opening directly to the protonated 

merocyanine in the very low pH range without any UV irradiation, indicated in Figure 13, blue 

line. Therefore in order to get a bistable system a precise balance between acrylic acid and 

spiropyran has to be found to ensure that spiropyran does not spontaneously isomerize into 

merocyanine, but the acid can still protonate the merocyanine. The isomerization of 

spiropyran back to merocyanine can be induced with UV light. A system is obtained where the 

spiropyran follows the pathway depicted in Figure 13 following the red lines. This creates a 

bistable system where two wavelengths of light are used to switch between the swollen and 

the shrunk state.  
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Figure 13: Pathway of the spiropyran desired for bistability 

 

In the research of Ziółkowski et al.
6
, they studied the influence of acrylic acid and spiropyran 

content, (Figure 11, spiropyran 3), on the swelling behavior of pNIPAM hydrogels. First of all 

they performed experiments on gels containing 1% spiropyran and 0 to 5% acrylic acid. They 

show that upon increasing the acrylic acid content the relative shrinkage increases, when 

exposed to visible light for 20 minutes. These gels also show full reversibility after 1 hour in 

darkness. Table 1 shows the swelling values for the different gel compositions tested in this 

research. Next they performed experiments on gels containing 5% acrylic acid and 1 to 3% 

spiropyran. They suggest that there is an optimum spiropyran content of ca. 1-2% which in both 

cases showed the most relative shrinkage. However for the hydrogel with 2% spiropyran did not 

show full recovery after 1 hour in darkness. Increasing the spiropyran content to 3% reduces 

the relative shrinkage, but more importantly it shows no recovery at all after 1 hour of darkness. 

This gel composition is very interesting for bistability, therefore the 5% AA and 3% spiropyran 

gel composition will be the starting point for the current research. The gels have been named 

according to the convention “ gel [Amount of AA mol%] – [Amount of Sp mol%]”, for instance 

the 5-3 has 5 mol% AA and 3 mol% Sp. 

Table 1: Swelling values for different gel compositions after 20 white light and after 1 hour in darkness.
6
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2.5 Mechano-isomerization of hydrogels 

The new method of creating a responsive hydrogel is by incorporating force-activated 

mechanophore in the hydrogel network as crosslinkers.
13,17

 The used mechanophore is a 

spiropyran di-acrylate. The main difference with the previous explained photo-chemical 

system is that the spiropyran di-acrylate will be used as a crosslinker instead of being a side-

chain in the case of the mono-acrylate. The differences between the systems are indicated in 

Figure 14. 

 
 

Figure 14: Top: Schematic representation of the isomerization in the mechano-chemical system where the spiropyran 

is used as a crosslinker In this system no acrylic acid is present. Bottom: Schematic representation of the 

isomerization in the photo-chemical system, where the spiropyran is in the side-chain and another crosslinker is used 

to crosslink the hydrogel (green lines). In this system acrylic acid is incorporated in the hydrogel. 
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In the mechano-chemical system no acrylic acid is present, this is why the non-protonated 

merocyanine is formed after isomerization, while in the case for the photo-chemical acrylic 

acid is present and after isomerization the protonated merocyanine is formed. In the end both 

systems result in the swelling of the hydrogel by isomerizing the spiropyran to the open-ring 

structure merocyanine, but the isomerization is triggered by different stimuli. In the mechano-

chemical system the stimuli for isomerization is mechanical stress. If enough stress is applied 

on the spiro C-O bond then this bond will rupture leading to the open-ring isomer. In literature 

it is described that instead of pulling on the sample, solvent swelling can also be used to 

induce the mechanical isomerization In this study they show that when PMMA samples are 

swollen in solvent, they observe a visible color change from transparent to purple, indicating 

the isomerization from spiropyran to merocyanine.
17

 In our system the ability of the hydrogel 

to swell is used to generate the stress on the spiro bond. The initial swelling of the hydrogel 

should be to such extent that some of the spiropyran di-acrylates will ring-open, leading to the 

overall increase of the hydrophilicity of the hydrogel. Subsequently the hydrogel will swell 

even more, which increases the merocyanine content again, thus increasing the hydrophilicity 

of the hydrogel even further. As a result of this a self-reinforcing effect is established. The 

merocyanine in this network can undergo ring-closing under influence of visible light.
13

 This 

way a reversible system is obtained. 

This study attempts to show that a spiropyran di-acrylate is able to isomerize due to 

mechanical stress in consequence of the swelling of the hydrogel network in an aqueous 

medium. To achieve reversibility and dual responsiveness light can be used as a second 

stimuli to induce the isomerization of merocyanine to spiropyran. 
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3 Experimental Section 

3.1 Materials & equipment  

All chemicals and reagents were obtained from commercial sources unless stated 

otherwise and used without further purification. The UV-photo initiator 1-[4-(2-Hydroxyethoxy)-

phenyl]-2-hydroxy-2-methyl-1-propane-1-one (Irgacure 2959) was purchased from Chiba 

Speciality Chemicals. All other chemical were purchased from Sigma-Aldrich.  

 
1
H NMR spectra were measured using a Varian Mercury 400 MHz spectrometer using 

CDCl3 as solvent and tetramethylsilane (TMS) as internal standard. The splitting patterns are 

assigned as: s, singlet; d, doublet; t, triplet; m, multiplet; dd, double doublet. The Matrix-

Assisted Laser Desorption Ionization Time of Flight (MALDI ToF) mass spectrometry was 

performed using a Biosystems Voyager-De Pro spectrometer with α-cyano-4-hydroxycinnamic 

acid or trans-2-[3- (4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile as a matrix.  

 

Sample polymerization was carried out using an Omnicure S2000 Exfo UV-lamp at a 

distance of 30 cm for both film and disk preparation. At this distance the power is 33 mW/cm
2
 

 

The UV-Vis measurements were performed on a Perkin Elmer Lambda 750 UV-Vis-NIR-

spectrophotometer equipped with a 150mm integrating sphere containing a lead sulfide (PbS) 

and photomultiplier tube (PMT) detector. The actuation of the hydrogel films were carried out 

using a Dolan-Jenner Industries Fiber-Lite LMI LED lamp at full power (780 lumen max) at 1 

cm of sample. The swelling and shrinking of the hydrogel disks were measured using the 

Leica Optical Microscope M80. The actuation of these disks were performed using a Dolan-

Jenner Industries Fiber-Lite LMI LED lamp at full power (780 lumen max) at 4 cm of the disks. 

The area of the disks was measured using ImageJ software. The same magnification was 

used for all measurements, so that direct comparison is allowed.  

 

3.2 Spiropyrans 

 

Figure 15: Synthesis of spiropyran with ester at 6’ position (3)  
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Figure 16: Synthesis of spiropyran di-acrylate (6) 

3.3 Synthesis of spiropyran mono-acrylate 

3 was synthesized according to the procedure of Suzuki et al.
42

 1’,3’,3’-trimethyl-6-
hydroxyspiro(2H-1-benzopyran-2,2’-indoline) (1) (2.05 g, 6.98mmol) and triethylamine (1.1 
mL, 7.9mmol) were dissolved in anhydrous dichloromethane under a nitrogen atmosphere 
and cooled down to 0°C whilst stirring. Acryloyl chloride (2) (1.0 mL, 12.15mmol) was added 
slowly to the reaction mixture. After 2.5 h the solvent was removed in vacuo, followed by an 
extraction (Dichloromethane-water). The residue was purified by column chromatography on 
silica gel with chloroform as eluent to give (3) as a brown powder in 55% yield (1.33 g, 
3.83mmol). In order to avoid premature polymerisation of the compound a small amount of 
tert-butylhydroquinone (TBHQ) was added.  

1
H NMR (400 MHz, CDCl3): δ=7.18 (td, J = 7.6, 1.2 Hz, 1H, CH Ar), 7.10 – 7.05 (m, 1H, 

CH Ar), 6.88 – 6.77 (m, 4H, CH Ar), 6.70 (d, J = 8.4 Hz, 1H CH Ar), 6.58 (dd, J = 17.3, 1.3 Hz, 
1H, Acryloyl-H), 6.53 (d, J = 7.7 Hz, 1H, CH Ar), 6.30 (dd, J = 17.3, 10.4 Hz, 1H, Acryloyl-H), 
5.99 (dd, J = 10.4, 1.3 Hz, 1H, Acryloyl-H), 5.72 (d, J = 10.2 Hz, 1H, ), 2.73 (s, 3H, NCH3), 
1.31 (s, 3H, CCH3), 1.16 (s, 3H, CCH3). MALDI-ToF MS: m/z calcd for C22H21NO3 (M+H)

+
 : 

348.15, found: 348.36.  

3.4 Synthesis of spiropyran di-acrylate 

6 was kindly provided by Ghislaine Vantomme and synthesized according to the procedure 

of Douglas et al.
13

 The crude product was purified by column chromatography on alumina 

oxide with an eluent gradient from 20-80 v/v% ethylacetate-heptane to 30-70 v/v% 

ethylacetate-heptane. The solvent is evaporated and the product is a brown/reddish powder. 
1
H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 2.6 Hz, 1H), 7.91 (d, J = 2.6 Hz, 1H), 6.98 (d, J = 

10.4 Hz, 1H), 6.86 (dd, J = 8.3, 2.4 Hz, 1H), 6.79 (d, J = 2.3 Hz, 1H), 6.45 (d, J = 8.3 Hz, 2H), 
6.32 (d, J = 1.0 Hz, 1H), 5.92 (m, 1H), 5.91 (d, 1H) 5.74 (m, 1H), 5.51 (m, 1H), 2.64 (s, 3H), 
2.07 (m, 3H), 1.69 (m, 3H), 1.24 (s, 3H), 1.21 (s, 3H). 
MALDI-ToF MS: m/z calcd for C27H26N2O7(M+H)

+
 : 491.18, found: 491.21.  
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3.5 Hydrogel mixtures 

For the fabrication of the mono-acrylate hydrogels using photo-polymerization, a 2:1 

dioxane:water mixture [0.5 g/ml] was prepared containing 91 mol% NIPAM, 2% N,N’-

methylenebisacrylamide (MBIS), 1 mol% Irgacure 2959, 5 mol% acrylic acid and either 1 or 3 

mol% Sp (3). When 3 mol% Sp is added the corresponding NIPAM is only 89 mol%. The gels 

have been named according to the convention “gel [Amount of AA mol%] – [Amount of Sp 

mol%]”, for instance the 5-3 has 5 mol% AA and 3 mol% Sp, all relative to NIPAM. 

 
Figure 17: Materials used for preparing the hydrogel mixtures using photo-polymerization containing spiropyran 

mono-acrylate.  

 

Table 2: Used compositions for the spiropyran mono-acrylate mixtures for photo-initiation 

Name compound Mixture 5-1 (mol%) Mixture 5-3 (mol%) 

SP-monoacrylate 1 3 

NIPAM 91 89 

Acrylic acid 5 5 

MBIS 2 2 

Igracure 2959 1 1 

 

For the fabrication of the spiropyran diacrylate hydrogel the same method is used, but in 

this case the spiropyran diacrylate is a crosslinker itself, so no extra crosslinker in the form of 

N,N’-methylenebisacrylamide(MBIS) is added to the mixture.  

 

 

 
Figure 18: Materials used for preparing the hydrogel mixtures using photo-initiation containing spiropyran di-acrylate. 
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Table 3: Used compositions for the spiropyran di-acrylate mixtures for photo-initiation 

Name compound Mixture 5-2 (mol%) Mixture 0-2 (mol%) 

SP di-acrylate 2 2 

NIPAM 92 97 

Acrylic acid 5 0 

MBIS 0 0 

Igracure 2959 1 1 

For the fabrication of the hydrogels using thermal initiation again almost the same method 

is used, but instead of using Irgacure 2959 as photo-initiator, APS and TEMED will be used as 

thermal initiator. 

 
Figure 19: Materials used for preparing the hydrogel mixtures using thermal initiation containing spiropyran mono-

acrylate 

 

Table 4: Used compositions for the mixtures for thermal initiation 

Name compound Mixture 5-1  Mixture 1-1 Mixture 0.2-1  Mixture 5-3 

SP mono-acrylate 1 1 1 3 

NIPAM 90.75 94.75 95.55 88.75 

Acrylic acid 5 1 0.2 5 

MBIS 2 2 2 2 

APS 0.25v% 0.25v% 0.25v% 0.25v% 

TEMED 1v% 1v% 1v% 1v% 

 

For the fabrication of the spiropyran di-acrylate hydrogel with thermal initiation, the 

following mixture is used.In this case the Irgacure 2959 is replaced with APS and TEMED. 

Also no acrylic acid is present in this mixture. For this mixture only one composition is made. 

 

Figure 20: Materials used for preparing the hydrogel mixtures using photo-initiation containing spiropyran di-acrylate. 
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Table 5: Used compositions for the spiropyran di-acrylate mixtures for thermal-initiation 

Name compound Mixture 0-2 (mol%) 

SP di-acrylate 2 

NIPAM 96.5 

Acrylic acid 0 

MBIS 0 

APS 0.5 

TEMED 1 

3.6 Preparation surface attached hydrogels  

To monitor the isomerization kinetics, thin hydrogel films are attached to a coated glass 
slide, using a 25 µm cell. 3x3 cm

2
 glass substrates were cleaned in ethanol by sonification for 

15 minutes and dried by nitrogen flow. These substrates are activated in the UV-Ozone 
photoreactor for 30 min. The methacrylate glass is created by spincoating 3-(trimethoxysilyl)-
propyl methacrylate solution (1% v/v solution in 1:1 water-isopropanol) on the activated glass 
for 15 seconds at 3000 rpm. This is followed by curing at 100°C for 10 min. The fluorinated 
glass substrates are made with the similar procedure, but using 1H,1H,2H,2H-perfluorodecyl-
triethoxysilane solution (1% v/v in ethanol). One methacrylate coated glass slide, to ensure 
attachment of film, and one fluorinated glass slide, for easy removal of the top glass, are 
taped together using 25 µm thick pressure sensitive adhesive. This creates a cell in which the 
hydrogel mixture can be polymerized. The cell is filled by capillary forces and is polymerized 
using an UV EXFO lamp for 10 min, or by thermal polymerization at room temperature. The 
fluorinated glass was removed and the film is placed in deionized water for 24 hours to ensure 
a fully hydrated state.  

3.7 Preparation of the hydrogel disks using photo-initiation 

To study the swelling/shrinking behavior of the light-responsive hydrogel, disks were 
prepared using a glass cell. This glass cell consists of a glass slide with a 172 µm spacer 
covered with a coverglass. On top of this cover glass is a mask of an array 3x4 holes. The cell 
was filled and was polymerized for 2 min for the spiropyran mono-acrylate and 7.5 min for the 
spiropyran di-acrylates under a UV EXFO lamp. The result of the mask is hydrogel disks of 
172 µm thick. The disks were removed from the cell and were allowed to swell overnight in 
deionized water. Subsequently a cell is made for investigation of the swelling/shrinking 
behavior under a microscope. This cell consists of a non-functionalized glass slide spaced 
with 3 layers of 86 µm and is finished with a coverglass. This way the hydrogel disks can 
easily be illuminated and studied with microscopy. It is assumed that the isomerization 
kinetics in the surface attached film is similar as the isomerization kinetics in the hydrogel 
disks.  

3.8 Preparation of hydrogel disks using thermal initiation 

A hydrogel film was prepared in a glass cell of 172 μm using thermal initiation. This 

hydrogel film was dried overnight. From this hydrogel film discs were punched using a die with 

a diameter of 1,2 mm. The disks were removed from the cell and were allowed to swell 

overnight in deionized water. Subsequently a cell is made for investigation of the 

swelling/shrinking behavior under a microscope. This cell consists of a non-functionalized 

glass slide spaced with 3 layers of 86 µm and is finished with a coverglass. This way the 

hydrogel disks can easily be illuminated and studied with microscopy. It is assumed that the 

isomerization kinetics in the surface attached film is similar as the isomerization kinetics in the 

hydrogel disks.   
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4 Results & Discussion 

4.1 Hydrogels of spiropyran mono-acrylate using UV-photoinitiator 

The research of the Ziółkowski et al.
6
 is used as a starting point to study the influence of 

acrylic acid on the kinetics and the photo-induced volume changes. In their research a range 

of hydrogel compositions are tested for the shrinking and swelling behavior of hydrogel disks. 

Two compositions were of particular interest, the 5-1 and 5-3 hydrogel. The gels have been 

named according to the convention “ gel [Amount of AA mol%] – [Amount of Sp mol%]”, for 

instance the 5-3 has 5 mol% AA and 3 mol% Sp. The 5-1 hydrogel shows large shrinkage and 

almost full recovery in 1 hour. The 5-3 hydrogel shows less shrinkage, but no recovery at all 

after 1 hour.
6
 The latter is promising for bistability, because no recovery after 1 hour indicates 

that no dimensional changes occur, so when the merocyanine is isomerized to spiropyran it 

stays relatively long in the spiropyran form. Therefore these two compositions are used as a 

starting point in this research.  

4.1.1 Photoswitching of surface attached hydrogels 

To study the isomerization of McH
+
 to Sp, the hydrogel was attached to a glass slide. 

These glass slides were placed inside a custom fabricated quartz-based cuvette (SI). This 

cuvette was filled with water to allow direct contact of the hydrogel with the water. Hydrogel 

containing spiropyran mono-acrylate showed a strong absorbance maximum at a wavelength 

of 426 nm, which is agreement for previous reported protonated merocyanine substituted 

linear pNIPAM polymers
2
, for the 5-1 hydrogel compositions as shown in Figure 21. 

 

 
Figure 21: UV-Vis spectra of the surface attached hydrogels, hydrogel 5-1 (a) 10 min UV photo-polymerization time, 

(b) 5 min UV photo-polymerization time 

  

The large absorbance can be explained by the polymerisation time. The film in Figure 21a 

was UV-polymerized for 10 min, while the film in Figure 21b is UV-polymerized for only 5 min. 

The large absorbance difference between the two films indicates that for longer 

polymerization times more protonated merocyanine is present, either more spiropyran 

monomer is incorporated for longer times or less acrylic acid is incorporated into the hydrogel 

than for shorter polymerization times. Therefore the ratio of the monomers in the feed may 

differ from the generated hydrogel. This might be caused due to the light not fully penetrating 

through the sample during the polymerization, resulting in different incorporation of monomers 

each time. 
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Figure 22:Estimation of light penetration at 365 nm inside a sample used for UV-photo-polymerization 

 

Figure 22 shows an estimation of the light penetration inside a sample based on the 

absorption wavelengths of spiropyran, during UV-polymerization. This figure indicates a rapid 

decrease of transmission through the sample, which results in the light not fully penetrating 

the sample, therefore the UV photo-polymerization is less efficient and reproducible. To 

confirm that the composition of the generated hydrogel is different from the feedstock two 

hydrogel films are made from the same monomer solution and measured in an acidic 

environment to ensure that all spiropyran is converted to protonated merocyanine.  

 
Figure 23: a: Initial absorption of 2 different hydrogel films with 5-1 composition. b: Absorption of the 2 different 

hydrogel films in 1M HCl 

 

Figure 23b, shows the difference in absorption between 2 hydrogel films with the same 

composition made with UV-photo-polymerization in an acidic environment. In this acidic 

environment all the spiropyran is converted to protonated merocyanine and the absorption is 

expected to be the same for both hydrogel films. However the maximum absorption for these 

hydrogel film differ and can be seen as evidence that the incorporation of spiropyran is not the 

same for both films, therefore the composition in the feed stock is not the same as the 

composition in the generated hydrogel film. 

Using white light polymerization instead of UV-polymerization would be desired for 

comparing the results to the results of Ziółkowski et al.
6
 in more detail. However, the use of 

the initiator in their study (irgacure 819) is challenging, as solubility of this initiator in the used 

solvent mixture dioxane water is poor. To prevent these complications, a different 

polymerization method was tested. This method is thermal initiation with ammonium 

persulfate (APS) as a source of radicals and N,N,N’,N’-tetramethylethylenediamine (TEMED) 
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as accelerator, which is commonly used in gel electrophorese.
43

 In this way the drawback of 

photo-polymerization, the absorption of the light by the spiropyran, can be circumvented. 

Although the hydrogels made with photo-polymerization can’t be reproduced it is still 

interesting to see if it possible to actuate the material using visible light. The work of ter 

Schiphorst et al.
2
 describes that the isomerization of the spiropyran, used in this research, in 

the surface attached hydrogels reaches a photostationary state in 12 seconds upon 

illumination of visible light. In this photostationary state the absorbance of the McH
+
 is close to 

zero indicating a fast isomerization to spiropyran.  

 

 
Figure 24: a: Cycle 1 (solid line) and Cycle 2 (dash-dot line) of photoswitching of hydrogel 5-1, before illumination 

(black line), 20 sec visible light (red lines), 1 hour in darkness (blue lines). b: UV-Vis spectrum of 5-1 film illuminated 

with deep UV light (260-320nm;, before illumination (black line), 20 sec white light illumination (red line), 20 sec UV 

illumination (blue line), 1min UV illumination ( purple line) 

 

To measure the isomerization of McH
+
 to Sp, the surface attached hydrogels were 

illuminated with visible light for 20 seconds. Upon exposure, the absorbance at 420nm 

decreased dramatically, indicating a fast isomerization of McH
+
. After illumination the hydrogel 

was allowed to reswell in the dark for 1 hour. Upon recovery the maximum absorbance is not 

reached, which is common for hydrogels.
33

 Shown by ter Schiphorst et al
2
 it takes more than 

one hour for the spiropyran to fully recover to merocyanine. These cycles were repeated 

twice, as shown in Figure 24a. 

In literature it is mentioned that spiropyran in solution can be isomerized to merocyanine 

using UV light of 365 nm.
9
 To test the possibility to enhance the isomerization rate illumination 

with UV light of 365 nm and deep-UV of 260-320nm will be used. First the films are 

illuminated with visible light to ensure that most of the isomers is in the Sp form (Figure 24b, 

red line). Subsequently the films are illuminated with deep-UV light (260-320nm) for 20 sec 

and 1min (Figure 24b , blue and purple line respectively) to monitor how large the influence of 

the UV-light is.  

If the LED illumination (365 nm) is compared to the recovery (Sp to McH
+
) in the dark (see 

SI), no increase in recovery speed has been observed for the LED illumination. It is clear that 

the LED illumination has no effect on enhancing the recovery rate. However for short 

illumination times (20 seconds) with deep-UV light the recovery rate increases, but for longer 

times(>1 min) the gel shows no recovery anymore. It is suspected that the UV-illumination will 

create an equilibrium between the isomerization from Sp to McH
+
 and back to Sp. To confirm 

this hypothesis, a hydrogel in McH
+
 state is illuminated for 10 min with deep-UV light. 
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Figure 25: The UV-Vis spectrum of 5-1 film; before illumination McH

+ 
state (Black line), 10 min deep-UV illumination 

(red line). The solid lines are cycle 1 and the dotted lines are cycle 2. The 5-1 hydrogel film measured has a large 

thickness, therefore the absorbance is high 

 

Figure 25 clearly indicates a large decrease in absorption, meaning that the deep-UV 

illumination also causes the McH
+
 to isomerize to Sp. This results in an equilibrium between 

McH
+
 and Sp around an absorbance of 0.65. The spiropyran used in this work, depicted in 

Figure 15 (3), is similar to the spiropyran used by Satoh et al.
28

, both have an electron 

withdrawing substituent. Figure 4, the absorption spectrum of the isomers of nitro-spiropyran, 

shows that the protonated merocyanine has also a absorption band in the deep-UV region. 

This is the cause for the isomerization of McH
+
 to Sp upon exposure to deep-UV light of 260-

320 nm. This means both isomers absorb the UV light and a oscillation in isomerization will 

occur and eventually an equilibrium will be established. After exposure to UV light the 

hydrogel films are rested in the dark to see if the equilibrium is stable even with no UV 

illumination. However this is not the case, in darkness the Sp will spontaneously recover to 

the McH
+
 isomer. This means that a bistable system can’t be obtained this way. Before 

studying this further first reproducible samples with the same gel composition are required, 

therefore a switch to thermal polymerization is necessary.  

4.2 Hydrogels of spiropyran mono-acrylate using thermal initiator 

4.2.1 Photoswitching of surface attached hydrogels 

First the 5-1 hydrogel was studied to confirm that the polymerization with thermal initiation 

was successful. The composition of the hydrogel was not changed compared to the hydrogel 

mixture for photo-initiation, only the photo-initiator is switched with APS and TEMED. To test if 

with thermal initiation reproducible sample are obtained, the surface attached hydrogels made 

with thermal initiation are soaked in 1M HCl for 3 hours to ensure that the isomer is in the 

McH
+ 

form. If the McH
+
 content in the samples are the same after soaking, we can assume 

that the samples are reproducible. 
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Figure 26: a: Initial absorption of 3 hydrogel films with 5-1 composition b: Absorption of the 3 hydrogel films with 5-1 

composition in 1M HCl 

 

The thickness of three hydrogel films with a 5-1 composition is measured in the dry state, 

which is 10.45μm, 7.88μm and 6.45μm. The thickness of these films can’t be controlled very 

well using thermal initiation. Using Lambert-Beer’s law, equation 1, we can correct the 

absorption for the different thicknesses of the hydrogel films.  

 

            (1) 

 

Figure 26a , shows no difference between the initial absorption of three hydrogel films with 

5-1 composition after correction with Lambert-Beer. All three films show the characteristic 

absorption peak at 420nm. When these hydrogel films are soaked in an 1M HCl bath the 

absorption of the hydrogel films increases a small amount (Figure 26b). This is agreement 

with previous results.
2
 The difference in absorption is small enough that the incorporation of 

spiropyran can be considered the same for both hydrogel films. From these spectra it is 

possible to determine the merocyanine content of the gel after polymerization, which is 

97.62% for the 5-1 hydrogel composition and is consistent with the results found by ter 

Schiphorst et al.
2
. 

Now that the same amount of spiropyran can be incorporated into the hydrogel, a 

systematic study on the influence of acrylic acid on the swelling kinetics can be conducted. 

The influence of the acrylic acid content is studied in terms of extent of photo-induced 

shrinking and in rate of photo-induced isomerization. The gel compositions of the gels used in 

this systematic study is indicated in Table 6. Three compositions will be tested. First of all the 

5-1 gel, in this case the acrylic acid is present in excess and almost all spiropyran will be in 

the open-ring form after polymerization as seen in previous results. In case of the 1-1 gel, 

acrylic acid and spiropyran are present stoichiometric amounts. The last gel, 0.2-1, the 

spiropyran will be present in excess relative to acrylic acid. 

 

Table 6: Compositions of the gels used for the systematic study 

Gel Code AA [mol%] SP[mol%] 

5-1 5 1 

1-1 1 1 

0.2-1 0.2 1 

 

The thickness of the 1-1 and 0.2-1 film is different and the absorption is corrected using 

Lambert-Beer’s law. As expected the initial absorbance of the protonated merocyanine of the 

1-1 gel is higher than for the 0.2-1 gel. For the 0.2-1 gel there is also a small signal present at 

a wavelength of 550nm indicating that a small amount of non-protonated merocyanine is 

present in the gel which makes sense, because the concentration of acrylic acid is not high 
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enough to fully protonate the merocyanine. When these gel are immersed in a bath of 1M HCl 

the merocyanine content can be determined for these gel compositions and is 89% and 46% 

for the 1-1 and 0.2-1 gel composition respectively. In this acid environment the signal for the 

non-protonated merocyanine for the 0.2-1 gel disappears indicating that protonation occurs.  

 
Figure 27: Absorption of hydrogels initially and in 1M HCl, a: Gel with 1-1 composition b: Gel with 0.2-1 composition 

 

When the hydrogels are exposed to visible light the absorbance decreases significantly what 

points to the isomerization of the protonated merocyanine to spiropyran. The reversibility of 

the isomerization is investigated by multiple cycles of illumination and resting in the dark for 

the different compositions. It should be noted that the film thickness for the 3 hydrogel films 

differ and therefore the absolute absorbance can’t be compared between the films. Figure 28 

indicates that the maximum absorbance does not change upon multiple cycles, therefore this 

system can be considered reversible. 

 
Figure 28: Isomerization cycles of spiropyran for the three different compositions. The absorbance is measured at 426 

nm 

 

 The spontaneous recovery of the spiropyran to the merocyanine will be monitored over 

time using UV-Vis spectroscopy. Figure 29 shows the recovery over time for the different gel 

compositions and it represents the 3
rd

 cycle of actuation. From this spectra the isomerization 

rate coefficient ksp
à

McH can be determined and was found to be 2.52 x 10
-4 

s
-1

 for the 5-1 gel, 

3.63 x 10
-4

 s
-1

 for the 1-1 gel and 4.21 x 10
-4

 s
-1

 for the 0.2-1 gel. The isomerization rate for the 

0.2-1 gel is ca. 1.75 times higher than for the 5-1 gel, but the rates are not significantly 

different. The isomerization rate coefficient found for the 5-1 gel seem to be consistent with 

the research of ter Schiphorst et al.
2
 who found that the isomerization rate for the 5-1 gel was 

2.77 x 10
-4

 s
-1

. These findings suggest that the isomerization rate of spiropyran back to 

merocyanine is not dependent on the acrylic acid content inside the gel. In the next section 
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the swelling behavior of the hydrogel disks with different compositions will be linked to 

molecular behavior just described. 

 
Figure 29: Recovery of spiropyran to merocyanine in the dark for different compositions 

 

4.2.2 Photoswitching of hydrogel disks  

To determine the volume change in the hydrogels, freestanding hydrogel disks, were 

prepared with an initial diameter of 1 mm and thickness of 172 μm before storing in deionized 

water. The initial size of gel disk was in deionized water was measured as an average of 3 

disks using an optical microscope. The size of these disk is calculated by measuring the 

amount of pixels in a microscope photograph using ImageJ software. The largest disks were 

obtained with the 5-1 gel composition, which had an average size of 3.75 mm
2
. The 1-1 gel 

composition had an average size of 3.46 mm
2
 and the 0.2-1 gel composition 2.89 mm

2
. Not 

only these compositions were tested, but also the 5-3 gel composition is tested, because in 

the work of Ziółkowski et al.
6
 the 5-3 hydrogel disk showed promising results for bistability. 

The initial size of 5-3 gel is the smallest of all the compositions with 2.55 mm
2
. This is 

expected since in the 5-3 gel has more hydrophobic spiropyran leading to less swelling of the 

gel. Interestingly there is a correlation between the amount of McH
+
 and the initial size of the 

hydrogel disk as can be seen in Table 7. The higher the concentration of McH
+
 results in an 

initially bigger gel. As shown by UV-Vis the compositions with more acrylic acid have higher 

concentrations McH
+
 in water, therefore more acrylic acid results in a bigger gel. For hydrogel 

5-3 the concentration McH
+
 in pure water can’t be determined because the concentration of 

spiropyran is so high, all incoming light will be absorbed leading to maximum absorption. 

Based on the UV-Vis data, the penetration depth of visible light in the gel is low, but during 

exposure to visible light the protonated merocyanine isomerizes to spiropyran and the 

penetration depth becomes larger. When most of the protonated merocyanine is isomerized to 

spiropyran the absorption of visible light is low and the light fully penetrates the gel. Hydrogel 

film 5-1 swells the most and therefore has the largest thickness. This is why the isomerization 

rate for this composition is slightly lower, because it takes the visible light longer to fully 

penetrate the gel. 
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Table 7: Properties of the hydrogel disks combined with the surface attached films 

Gel composition Concentration 

McH
+
 in pure water 

Isomerization 

rate 

Initial area/size (mm
2
/mm) 

5-1 97% 2.52 x 10
-4 

s
-1

  3.75 mm
2
, d = 2.19 mm 

1-1 89% 3.63 x 10
-4

 s
-1

  3.46 mm
2
, d = 2.10 mm 

0.2-1 46% 4.21 x 10
-4

 s
-1

  2.89 mm
2
, d = 1.92 mm 

5-3 - - 2.55 mm
2
, d = 1.80 mm 

 

When the hydrogel disks were exposed to visible light, the disks decreased in size. The 

change in area of the gel was tracked using an optical microscope. The same illumination 

times were used as in the work of Ziółkowski et al.
6
, 20 min visible light illumination followed 

by 60 min resting in the dark. After illumination of the disks with 1% spiropyran all disks shrink 

to ca. 80% of their initial size. The minimal size after 20 min illumination was 76, 82 and 84% 

of the initial area for the compositions 5-1, 1-1 and 0.2-1 respectively. This shows that volume 

shrinkage is relatively independent on the gel composition. Upon reswelling the gels in the 

dark all three compositions with 1% spiropyran recover to approximate the initial area. The 5-3 

gel shrinks to ca. 66% of the initial size, and upon reswelling the gel recovers to about 90% of 

the initial area. Ziółkowski et al.
6
 showed in their research that the 5-3 hydrogel shows no 

recovery after 1 hour of darkness. These results are not consistent and no further research is 

done with this gel composition. 

 Figure 30 shows a cycle of illumination and subsequently resting in the dark. From these 

pictures can one see that if less acrylic acid is present the gel will be smaller as well as less 

yellow, which is indicative for a smaller concentration protonated merocyanine and is in 

agreement with the results of the UV-Vis measurements. After illumination the gel becomes 

transparent due to the conversion to spiropyran, but for the 5-1 gel is still a bit yellowish what 

could indicate that small amounts of protonated merocyanine are present. After reswelling in 

the dark all gel regain their yellow color, which is indicative of the presence of protonated 

merocyanine.  

 

Table 8: Swelling values for different gel compositions after 20 min visible light and after 60 min in darkness 

Gel composition 20min visible light 60 min darkness 

5-1 76.3% 95.5% 

1-1 82.3% 98.1% 

0.2-1 84.0% 98.1% 

5-3 66.2% 90.3% 
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Figure 30: Photographs of the hydrogel disks at initial size, after 20min of illumination with white light and 

subsequently recovery in the dark for 60min for each composition 

 

The 5-3 gel has initially an orange color, which is indicative of the presence of more 

spiropyran compared to the 5-1 gel. When this gel is illuminated with visible light, the gel 

becomes more transparent, but still retains some of the initial color, because the 

concentration spiropyran is so high. This means that the isomerization rate of 5-3 gel will be 

slower than the isomerization rate in the 5-1 gel. After reswelling the gel regains its orange 

color. In Figure 31 these results are combined. From this graph can be seen that more acrylic 

acid leads to a bigger gel size in the swollen state, while the shrunk size is not strongly 

dependent on the acrylic acid concentration.  
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Figure 31: Gel size for each composition in each state 

 

To investigate the reversibility of the light induced volume changes of the hydrogels 

multiple cycles of illumination and resting in the dark were performed on the hydrogel disks. In 

addition to the isomerization kinetics not changing, no loss of original size is observed. After 

three cycles of illumination the size of gels are 95, 99, 99 and 89% of the initial area for the 5-

1, 1-1, 0.2-1 and 5-3 gel respectively, which is the same after the recovery of the first cycle. 

This is shown in Figure 32. When absorption measurements (Figure 28) and the optical 

microscope measurements (Figure 32) are compared similar trends are observed. In both 

cases no changes are observed upon multiple cycles of illumination and resting in the dark. 

 

 
Figure 32: Relative shrinking of hydrogel disks of different compositions depicting the macroscopic swelling effects 

upon multiple illumination and relaxation runs 

 

 

  

   

5-3 5-1 1-1 0.2-1
0

1

2

3

4

5

G
e

l 
s

iz
e

 (
m

m
2
)

Gel composition

 Initial

 White light

 Recovery

0 1 2 3
0.7

0.8

0.9

1.0

A
/A

0

Cycles

 5-1

 1-1

 0.2-1



 Technische Universiteit Eindhoven University of Technology 

 

28 Light responsive hydrogels for microfluidic applications  

4.3 Hydrogels of spiropyran di-acrylate using UV-photoinitiator 

Previous studies show that when a spiropyran di-acrylate is covalently incorporated into 

PMMA networks they can be activated by solvent swelling or by mechanical stress.
13,17

 When 

these networks are activated they exhibit a purple color indicating the presence of non-

protonated merocyanine. In this study we would like to test, when the spiropyran di-acrylate is 

incorporated into a hydrogel, if the swelling of the hydrogel is enough to achieve isomerization 

from spiropyran to merocyanine. The spiropyran di-acrylate systems are different in 

composition than the previous spiropyran mono-acrylate systems. Instead of using a 

crosslinker, the spiropyran di-acrylate itself will be incorporated as a crosslinker in the 

hydrogel network.  

4.3.1 Switching of the surface-attached hydrogel 

The composition of the hydrogels containing spiropyran di-acrylate is 5-2, with no other 

crosslinkers added. The 2% spiropyran di-acrylate is chosen to keep the amount of 

crosslinker the same as for the case of the spiropyran mono-acrylate. No other crosslinker is 

added to the monomer mixture, to allow us deeper insight in the mechano-isomerization of the 

spiropyran. Besides, this way we gain control over the amount that the gel can swell by 

adding additional crosslinker. The UV-photo-polymerization of the monomer mixture 5-2 has 

given as expected a hydrogel film, which indicates that the spiropyran di-acrylate can used as 

a crosslinker. The surface attached hydrogel film is submerged in deionized water to monitor if 

the initial swelling of the hydrogel is enough the rupture the spiro C-O bond. The initial 

absorption spectrum of the hydrogel film is depicted in Figure 33 . 

 
Figure 33: Absorption spectrum of surface attached hydrogel film with 2 mol% spiropyran di-acrylate as crosslinker 

(red line). Spectrum of nitro-spiropyran in solution of 2:1 Dioxane: water (black line) 

 

 This hydrogel film shows a high absorption at a wavelength of 540 nm and has the same 

purple-pink color, which indicates the presence of non-protonated merocyanine. Figure 33 

compares the absorption of the nitro-spiropyran di-acrylate in the gel and the nitro-spiropyran 

in solution. Both spectra show the signal at 540nm which is evidence for the presence of non-

protonated merocyanine in the gel. This is confirmed with an absorption measurement in an 

acidic environment. This measurement, shown in Figure 34A, shows a large decrease in 

signal at a wavelength of 540 nm upon increasing the acidity, indicating the protonation of Mc 

to McH
+
.   

400 450 500 550 600 650 700 750 800
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00
 In gel

 In solution

A
b

s
o

rb
a
n

c
e

Wavelength (nm)



 Technische Universiteit Eindhoven University of Technology 

 

29 Light responsive hydrogels for microfluidic applications  

 
Figure 34: Absorption spectra of the surface attached hydrogel film a) with acrylic acid in different acidic 

environments, b) with acrylic acid (black line)and without acrylic acid ( red line) 

 

Figure 34a also suggests that the internal proton donor, the acrylic acid, is not protonating 

the merocyanine. However in the spiropyran mono-acrylate system 5mol% acrylic acid is 

enough to protonate 97% of the spiropyran mono-acrylate, therefore the acrylic acid might not 

be acidic enough to protonate the nitro-spiropyran. Therefore also a hydrogel is tested without 

acrylic acid. Figure 34b shows that in the absence of a proton donor, no difference between 

the initial absorbance of the hydrogel with acrylic acid and the hydrogel without acrylic acid 

was observed.  

Next the isomerization of the merocyanine to the spiropyran in the network is tested by 

illuminating the hydrogel with visible light. Because the spiropyran di-acrylate is attached to 

two sides of the network it will be more difficult to close the merocyanine ring than for the 

system in which the spiropyran was only attached to one side on the network. Therefore the 

hydrogel is illuminated for longer times with visible light. The hydrogel is illuminated for 5 min 

and 20 min with visible light, as shown in Figure 35. The large decrease upon illumination 

indicates that the isomerization of the unprotonated merocyanine to spiropyran in the network 

takes place. As expected the isomerization in this network is slower therefore the longer 

illumination times are needed. For this system it takes 20 min to isomerize from merocyanine 

to spiropyran, while in the system of spiropyran mono-acrylate it only takes 20 seconds to 

isomerize from merocyanine to spiropyran. In this system 2 mol% spiropyran is present, while 

it is only 1 mol% for the spiropyran mono-acrylate system. This means that more light is 

absorbed by the spiropyran during the UV-polymerization than for the mono-acrylate system. 

Therefore a switch to thermal initiation is required to ensure that the incorporation of the 

monomers is the same each time. 

 
Figure 35: Absorption spectra of surface attached hydrogel illuminated with visible light for 5min, (red line) and for 20 

min (blue line), and the initial absorption (black line) 
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4.4 Hydrogels of spiropyran di-acrylate using thermal initiation 

4.4.1 Photoswitching of surface attached hydrogels 

The 0-2 hydrogel made using thermal initiation yielded a surface attached hydrogel film 

that has a purple color, but is not fully transparent. The scattering can be an indication that the 

pressure due the swelling inside the gel is not enough to fully ring-open the spiropyran. This 

results in absorption at higher wavelengths as can be seen in Figure 36. 

 
Figure 36: Initial absorption spectrum of 0-2 surface attached hydrogel film 

 

Upon exposure to visible light for 20 minutes the absorption decreases, indicating the 

isomerization to spiropyran. The spontaneous recovery of spiropyran to merocyanine in the 

dark is monitored over time using UV-Vis spectroscopy. The isomerization appeared to follow 

first order kinetics and seems very slow. After about 15 hours the absorbance doesn’t further 

increase anymore and the spiropyran recovered to 42% of the initial merocyanine 

absorbance. The isomerization rate coefficient was found to be ksp
à

Mc 9.9 x 10
-5

 s
-1

.
 
Multiple 

cycles of actuation are performed. 

 
Figure 37: Absorption spectra of the recovery of spiropyran to merocyanine 

 
Figure 38 shows cycle 2 and 3 of actuation of the spiropyran di-acrylate film. It shows that the 
recovery of the merocyanine in the dark is not fully reversible, as the absorption decreases 
upon each cycle. This is likely caused by the swelling not being strong enough to rupture 
every spiro C-O bond in the network. The isomerization rate coefficient ksp

à
Mc for cycle 2 is 

6.74 x 10
-5 

s
-1

 and for cycle 3 is 7.51 x 10
-5

 s
-1

, which is about the same for all 3 cycles. These 
rates of isomerization are comparable to previously reported rates for nitro-spiropyrans.

28
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Figure 38: a) Cycle 2 of recovery of spiropyran to merocyanine after exposure to 20 min visible light b) Cycle 3 of 

recovery of spiropyran to merocyanine after exposure to 20 min visible light  

 

Figure 39 shows that the both the absorption maximum and minimum decrease upon multiple 

actuation cycles. The absorption minimum decreases, because most likely the scattering 

decreases upon multiple cycles. Nitro-spiropyrans are sensitive to photo-bleaching as shown 

by Arai et al.
44

.They show that the alternating illuminating of spiropyran with visibleand UV 

light results in considerable fatigue of the spiropyran moiety, that leads to a decrease in 

absorption maximum. Photo-bleaching most likely occurs in this system resulting that the 

absorption maximum decreases upon multiple cycles. More research is needed to confirm 

this. 

 
Figure 39: Isomerization and recovery cycles of spiropyran in the surface attached hydrogel upon multiple cycles of 

illumination and resting in the dark. Absorption is measured at a wavelength of 530 nm 

 

To improve the recovery rate of the spiropyran di-acrylate the hydrogel film can be illuminated 

with deep-UV light of 260-320 nm. In this case we don’t expect that an equilibrium will be 

formed between the two isomers as for the system with the mono-acrylate, because in this 

system no protonated merocyanine is present and the non-protonated merocyanine does not 

have a strong absorption signal in the UV-region. Figure 40 shows the recovery of spiropyran 

by using UV illumination. After 1 min of UV illumination we already see an increase in 

absorption indicating the isomerization of spiropyran to merocyanine. After 5 min of UV 

illumination the merocyanine is already recovered 37% of the initial absorbance, while in the 

dark it takes about 1.1 hour to recover to 37% of the initial absorbance making the UV 

recovery 13.2 times faster than recovery in the dark. In the next section the swelling and 

shrinking behavior of the hydrogel discs containing the spiropyran di-acrylate will be 

investigated. 
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Figure 40: Recovery of spiropyran di-acrylate to merocyanine using UV illumination. Initial spectrum (black line). 20 

min white light (red line). 1min UV illumination (blue line). 5min UV illumination (purple line) 

4.4.2 Photoswitching of hydrogel disks containing spiropyran di-
acrylate 

To investigate the volume changes in the hydrogels containing the spiropyran di-acrylate, 

free-standing hydrogel disks were prepared using a manual puncher on a dry hydrogel film 

with a thickness of 86 μm. This dry hydrogel exhibited a deep-purple/black color, which 

indicates the presence of non-protonated merocyanine. The manual puncher had a diameter 

of 1.2 mm, but it was difficult to obtain round and intact hydrogel disks. The gel composition 

that is used for these disks is 0-2, because as shown previously there is no difference in 

merocyanine species if acrylic acid is present in the gel. The initial diameter of these gels are 

measured before storing in deionized water using the optical microscope and is 0.99 mm
2
. 

When these gels are immersed in water they swell about 18% of the dry area. When these 

hydrogels are exposed to visible light, the disks decreased in size. Again same procedure is 

used as for the mono-acrylate, this means 20 min white light illumination subsequently 60 min 

resting in the dark. The minimal size after 20 min illumination is ca. 91% of the initial area. 

Because the spiropyran di-acrylate is now attached at 2 sides of the network, the 

isomerization process is slower as shown with the UV-Vis results. This means that with the 

same illumination time the gel will shrink less as for the case of the spiropyran mono-acrylate. 

Upon reswelling the material in the dark, the gels recover to ca. 92% after 60 min of the initial 

area. When these gels are rested in the dark over the weekend they recover to about 99% of 

the initial swollen area. This confirms that the isomerization process is slow.  
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Figure 41: Photographs of the hydrogel disks at initial size, after 20min of illumination with white light subsequently 

recovery in the dark for 60min and over the weekend for 2 different gels 

 

Figure 41 shows a cycle of illumination and subsequently resting in the dark. It can be seen in 

these pictures that when the gel is illuminated with visible light that the color of the gel 

diminishes slightly. After a weekend in darkness the original color returns. The color of these 

gels are so intense that the light used to isomerize the merocyanine to spiropyran will not fully 

penetrate the gel leading to smaller volume changes. To test for reversibility the gel is 

actuated multiple times. When the gel is actuated for a second cycle, the gel shrinks to 94% of 

the initial area after illumination with visible light. This means that after multiple cycles of 

actuation the amount of shrinkage declines as shown in Figure 42. This means that the 

reversibility of the system is poor. 

 
Figure 42: Relative shrinkage of the disks depicting the decrease in shrinkage upon multiple consecutive illumination 

and relaxation runs 

 

It would be interesting to see if the isomerization speed inside the disk can be enhanced by 

illuminated the gel with UV light instead of resting it in the dark. Instead of resting in the dark, 

the gel is now immediately illuminated with deep-UV light of 260-320nm for 1 min. After the 

UV illumination the gel recovers to 98% of the initial area, which is much faster than for resting 

in the dark. This improvement in recovery is similar to the improvement seen in the absorption 

data, but the effect for the swelling is much stronger. To further assess the influence of the UV 

light, the gel will be shrunk using temperature and visible light, because the volume changes 

induced with only visible light are small. The gel is heated up to 40°C after which it is 
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illuminated with visible light for 20min. The gels shrink to ca 86.1% upon heating to 40°C, after 

which the gel is illuminated and the gel shrinks further to 82.7%. When the gel is heated up to 

40°C, the temperature is above the LCST of NIPAM resulting that the polymer goes from a 

hydrophilic state to a more hydrophobic state causing the gel to shrink.
45

 When the gel is 

illuminated with UV light for 5 min the gel recovers to 87.5%.  

 
Figure 43: Photographs of the hydrogel disks at initial size, at 40 degrees, 40 degrees + 20min of illumination with 

visible light subsequently recovery with 5 min UV light for 2 different gels 

 

Figure 43 shows the photographs of the actuation cycle using elevated temperatures and 

light. When these gels are illuminated at 40 degrees the color becomes brighter indicating the 

isomerization of the merocyanine to spiropyran. When the gel is illuminated with UV light for 5 

min the dark purple color returns indicating the recovery of the merocyanine. Also, upon UV 

illumination the gel swells back to the size when the gel is only immersed in water of 40 

degrees. This is interesting as it would be possible to switch between a shrunk state (40 

degrees + visible light) and a more swollen state ( 40 degrees + UV light). In another actuation 

cycle the gels are heated up to 40 degrees then illuminated with visible light for 20min, but 

instead of directly illuminating it with UV light the gel will be rested in the dark to see if the 

recovery to merocyanine also occurs spontaneously. After 2 hours in the dark no change in 

the size of the gel is observed. When the gels are now illuminated with UV light again no 

increase in the size of the gel is observed, but the color of the gel does return to dark purple. 

An overview is given in Table 9. The reason for this might be, because the gel is not directly 

illuminated with UV after illumination with visible light the gel has time for the diffusion of water 

out of the gel, because the interior of the gel is hydrophobic. After UV illumination the 

spiropyran isomerizes to the more hydrophilic merocyanine, but the gel is still quite 

hydrophobic at 40 degrees resulting that the water does not want to go inside the gel.  

Both the macroscopic volume changes of the hydrogel disks and the UV-Vis 

measurements are in agreement and show a slow isomerization rate. The recovery rate of 

spiropyran to merocyanine can be greatly improved by UV illumination. Also the reversibility 

for both the surface attached hydrogels and the hydrogel disks is poor and it is not certain that 

the isomerization mechanism occurs via mechano-chemical isomerization. This is why more 

research is needed on this topic. 
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Table 9: Swelling values of spiropyran di-acrylate disks using temperature and visible light, subsequently rested in the 

dark for 2 hours after which illuminated with 5 min UV light of 260-320 nm 

Gel 40 degrees 40 degrees + 20 min 

visible light 

2 hours darkness 5 min UV light 

Average of 4 

hydrogel disks 

88.4% 83.3% 83.0% 83.9% 
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5 Conclusions 

In this study it was shown that the acrylic acid content in the gel is important for the size of 
the gel in the swollen state, while the shrunk state is not strongly dependent on the acrylic 
acid content. When the absolute sizes of the gels are compared, it can be concluded that 
more acrylic acid leads to a bigger gel in the swollen state. This allows custom tailoring of the 
hydrogel size, important in e.g. microfluidic applications where precise control over the 
dimensions of the gel is required in valve applications. No loss of original size is observed 
after three cycles of illumination indicating the reversibility of the system. Changing the acrylic 
acid content in the hydrogel has no influence on the isomerization kinetics, as the 
isomerization rate was found to be similar for the different gel compositions. Enhancing the 
isomerization rate of spiropyran to merocyanine by illumination of deep-UV light was not 
successful, because both the spiropyran and merocyanine absorb the deep-UV light resulting 
in an equilibrium between the isomers.  

 
In the study of Ziółkowski et al.

6
 the hydrogel disks with a composition of 5-3 show no 

recovery at all, which is interesting for bistability. In this study the disks with 5-3 composition 
showed an average shrinkage to about 66% of the initial size. Upon resting these gels in the 
dark they reswell to 90% of the initial size. These results were not in agreement as found in 
literature, most likely due to variations in the gel compositions caused by difference in 
production method. 
 

Novel light responsive hydrogel networks by the incorporation of a spiropyran di-acrylate 
have been explored. The polymerization of a monomer mixture containing this photo-
responsive crosslinker resulted in a hydrogel film, which means the spiropyran di-acrylate is 
eligible to be used as a crosslinker. The isomerization rate of the spiropyran di-acrylate in the 
network is very slow, but the recovery rate from spiropyran to merocyanine can be improved 
UV illumination. The reversibility of the isomerization was found to be poor due to photo-
bleaching. As for the hydrogel disks similar results were found. In this case it is possible to 
switch between a shrunk state and a more swollen state when temperature and light are 
combined as a stimulus. This allows advanced control over the size of the hydrogel, which is 
desired in applications where the dimensions of the gel are paramount. At the moment, this 
system can’t compete with the current light responsive hydrogel networks in terms of 
isomerization speed and stability/reversibility. Therefore more research is needed to 
characterize and optimize this system.  
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6 Recommendations 

The next step is to optimize the ratio between the acrylic acid and spiropyran in a way that 
two stable states can be formed and is possible to switch between them by looking at the pKa 
of the different isomers and acrylic acid. The internal acidic environment should be able to 
protonate the merocyanine isomer, but it shouldn’t be acidic enough that the protonated 
merocyanine becomes the most stable isomer and spontaneous isomerization occurs. After 
obtaining a bistable system, implementation of these materials in microfluidics is desired. In 
this way a durable, low cost and an easy to manufacture microfluidic device can be made in 
which the flow rate can be easily controlled. These materials are not only interesting for 
microfluidics, but also can be applied in other hydrogel material applications in which 
switching speed and reversibility are the key factor. 
 

As for the spiropyran di-acrylate networks, more research is needed if the mechanism is 
really mechano-isomerization. This can be done by placing the hydrogel in a salt solution. The 
osmotic pressure inside the gel will increase leading to a force over the spiro-bond. If the force 
is large enough the spiro-bond will break and isomerization will occur and the gel will swell. 
Also the possibilities of switching between two stable states using light as well as temperature 
as a stimulus need to be studied in more detail. It would be interesting if a bistable system is 
obtained this way, although it might not be useful for microfluidics it has more possibilities in 
other hydrogel applications. 
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9 Supporting information 

9.1 Characterization of spiropyran mono-acrylate (3) 

 
Figure 44: 

1
H- NMR spectrum of spiropyran mono-acrylate (3) 

 
1
H NMR (400 MHz, CDCl3): δ=7.18 (td, J = 7.6, 1.2 Hz, 1H, CH Ar), 7.10 – 7.05 (m, 1H, CH 

Ar), 6.88 – 6.77 (m, 4H, CH Ar), 6.70 (d, J = 8.4 Hz, 1H CH Ar), 6.58 (dd, J = 17.3, 1.3 Hz, 1H, 
Acryloyl-H), 6.53 (d, J = 7.7 Hz, 1H, CH Ar), 6.30 (dd, J = 17.3, 10.4 Hz, 1H, Acryloyl-H), 5.99 
(dd, J = 10.4, 1.3 Hz, 1H, Acryloyl-H), 5.72 (d, J = 10.2 Hz, 1H, ), 2.73 (s, 3H, NCH3), 1.31 (s, 
3H, CCH3), 1.16 (s, 3H, CCH3).  

 

MALDI-ToF MS: m/z calcd for C22H21NO3 (M+H)
+
 : 348.15, found: 348.36.  

 
Figure 45: MALDI-spectrum of spiropyran mono-acrylate (3) 
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9.2 Characterization of spiropyran di-acrylate (6) 

 
Figure 46:

1
H- NMR spectrum of spiropyran di-acrylate (6) 

 
1
H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 2.6 Hz, 1H), 7.91 (d, J = 2.6 Hz, 1H), 6.98 (d, J = 

10.4 Hz, 1H), 6.86 (dd, J = 8.3, 2.4 Hz, 1H), 6.79 (d, J = 2.3 Hz, 1H), 6.45 (d, J = 8.3 Hz, 2H), 
6.32 (d, J = 1.0 Hz, 1H), 5.92 (m, 1H), 5.91 (d, 1H) 5.74 (m, 1H), 5.51 (m, 1H), 2.64 (s, 3H), 
2.07 (m, 3H), 1.69 (m, 3H), 1.24 (s, 3H), 1.21 (s, 3H). 
 
MALDI-ToF MS: m/z calcd for C27H26N2O7 (M+H)

+
 : 491.18, found: 491.21.  

 

Figure 47: Maldi-spectrum of spiropyran di-acrylate (6) 
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9.3 Custom fabricated quartz cuvette for absorption 
measurements on hydrogel films 

 
Figure 48: a) Custom fabricated cuvette for UV-Vis measurements b) front view c) top view 

 

In Figure 48 the custom fabricated cuvette is shown. In this cuvette the surface attached 

hydrogel films have direct contact with water. The front and back walls of the cuvette are 

made of quartz, while the sides of the cuvette are made of normal glass. Inside the cuvette is 

a groove where the 3x3 surface attached hydrogels can be placed, so they can be measured 

inside the spectrophotometer.  

 

9.4 Recovery of Sp to McH+ using LED illumination of 365 nm 

 
Figure 49: Recovery of Sp to McH

+
 in a 5-1 hydrogel upon exposure to LED illumination of 365 nm. This hydrogel 

contains the spiropyran mono-acrylate. 
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9.5 Fit of the isomerization rate 

 
Figure 50: Cycle of recovery of SP to McH

+
 for a) 5-1 composition b) 1-1 composition c) 0.2-1 composition. It should 

be noted that each surface attached hydrogel film has a different thickness. 

 

For determining the isomerization rate the absorption maximum is plotted against time. The 

data is fitted with the equation in equation 2, where a and b are constants and k is the reaction 

rate coefficient. The fit is calculated by using the method of least squares. The least squares 

are minimized by varying the constants a and b as well as the reaction rate coefficient. This 

way the isomerization rate is determined for each composition and each cycle. 

 

     (2) 

 

 
Figure 51:Fit of absorption data of hydrogel 5-1 a) showing the fit itself b) showing the R

2
 of the fit 

250 300 350 400 450 500 550 600 650
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 0min

 15min

 30min

 45min

 60min

 75min

 90min

 105min

 120min

 135min

 150min

 165min

 180min

250 300 350 400 450 500 550 600 650
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 0min

 15min

 30min

 45min

 60min

 75min

 90min

 105min

 120min

 135min

 150min

 165min

 180min

250 300 350 400 450 500 550 600 650
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00
 0min

 15min

 30min

 45min

 60min

 75min

 90min

 105min

 120min

 135min

 150min

 165min

 180min

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

a b c

0 2500 5000 7500 10000 12500 15000
0.00

0.25

0.50

0.75

1.00

1.25

1.50

D
a
ta

Time (s)

 Data

 Fit

0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

F
it

Data

 Fit

 Trendline

Equation y = a + b*x

Weight No Weighting

Residual Sum of 

Squares

3.66543E-5

Pearson's r 0.99999

Adj. R-Square 0.99998

Value Standard Error

Fit
Intercept 1.35156E-4 0.00108

Slope 0.99972 0.00119

a b



 Technische Universiteit Eindhoven University of Technology 

 

V Light responsive hydrogels for microfluidic applications  

 

9.6 Determination of the gel size 

 

 
Figure 52: Example of the technique used for measuring the area of the hydrogel disks. A) Microscope photograph of 

a hydrogel disk b) the contour of the gel calculated using a local threshold method with the software ImageJ. The 

amount of pixels in this contour are used to calculate the area of the disk.  

 

 

 

 

 

 

 

a b


