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Summary 

Responsive Photonic Coatings Based On Semi-Interpenetrating 

Polymer Networks 

Responsive photonic polymer coatings, which dynamically change color upon 

fluctuations in the environment, are appealing for applications, such as decorative 

paints, sensors, security features and smart windows. However, the fabrication of such 

coatings is hampered by the lack of easily processable and programmable polymers. 

Typically, these coatings require solvents or deformation steps to trigger their 

response (chapter 1). This thesis describes responsive photonic coatings based on 

semi-interpenetrating polymer networks (semi-IPNs), in which a non-crosslinked liquid 

crystal elastomer (LCE) interpenetrates through a liquid crystalline network (LCN). The 

reactive mesogens, which after photopolymerization form the LCN, provide the ability 

to align the material using conventional coating techniques, such as blade coating and 

flexographic printing, and tune the optical and responsive properties, whereas the LCE 

provides a non-volatile thermally switchable liquid crystal medium. By varying the 

coating formulation and processing conditions the response of the photonic semi-IPN 

coatings can be programmed.  

By combining a chiral LCN with an achiral LCE coatings are prepared which reversibly 

decrease their reflectivity with temperature (chapter 2). Upon heating above the 

cholesteric-to-isotropic transition temperature (TCh-I), the LCE loses cholesteric order 

and reflectivity is decreased. The color and degree of reflectivity change can be 

programmed by the concentration of chiral LCN. In addition, hierarchical surface 

topographies can be fabricated by polymerization induced diffusion, which change 

reversibly from elevations to indentations upon heating. 

In chapter 3 we decreased the crosslink density of the semi-IPN with respect to the 

coatings described in chapter 2 by using chiral monoacrylates and achiral diacrylates 

to form the LCN. These coatings show a reversible blue shift upon heating above the 

TCh-I, as the LCE is now able to diffuse out of the LCN, thereby increasing the chiral 

concentration in the remaining network. The color change can be programmed by the 

thickness, curing light intensity and crosslink density, which allows for the fabrication 

of multi-color changing images by photolithography. 
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In addition, the cholesteric photonic structure can be engineered in three dimensions 

to fabricate polarization dependent images (chapter 4). By using a dichroic 

photoinitiator and illumination with linear polarized light, a cholesteric stratification 

process takes place in which chiral LCN accumulates periodically every half a pitch 

length of the original cholesteric structure, resulting in a distorted helix photonic 

structure. Coatings prepared this way show super-reflectivity, a linear polarized light 

dependency and reflect both handedness of circularly polarized light. By localizing the 

stratification using a photomask the helical structure can be engineered in three 

dimensions, resulting in images that change contrast upon changing the polarization 

state of light. 

Furthermore, this thesis shows that uniaxial aligned nematic semi-IPNs can be used as 

a temperature-responsive polarization converter (chapter 5). By programming the 

thickness and birefringence change upon heating of the semi-IPN, a coating is 

prepared which reversibly changes from a full-wave to a half-wave plate upon crossing 

the nematic-to-isotropic transition temperature. By placing this coating between two 

cholesteric polarizers of same handedness, an optical device, which reversibly 

increases its reflectivity for a programmed wavelength range upon heating, is 

obtained. 

Our findings emphasize the versatility of semi-IPNs as responsive photonic coatings 

that do not require solvents or deformation steps. These semi-IPN coatings can fulfil 

some of our urgent societal needs in the field of temperature sensing, anti-counterfeit 

labelling and energy saving smart windows considering technological and scaling-up 

challenges (chapter 6).  
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___________________________________________________________________________________________ 

ABSTRACT 

Photonic polymer materials which dynamically change color upon variations in the 

environment are interesting for a wide range of applications, including sensors, (re-) 

writable paper, anti-counterfeit labels and adaptive energy saving windows.  

Particularly interesting are environment-responsive photonic polymer coatings as they 

are compatible with large scale fabrication techniques, can be programmed in a 

modular fashion and are lightweight. This chapter provides an overview of man-made 

temperature-responsive photonic polymer coatings and describes the aim of this 

thesis: the fabrication of responsive photonic polymer coatings. 

___________________________________________________________________________________________ 

This chapter is partly reproduced from E. P. A. van Heeswijk, A. J. J. Kragt, N. Grossiord, 

A. P. H. J. Schenning, Chem. Commun. 2019, 55, 2880. 
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1. General introduction 

In nature and human life, colors play a major role. Due to colors we can amongst others 

recognize our favorite sports team, make beautiful art, indicate danger or attract 

attention.[1] Over the past decades there is a growing interest for materials which 

dynamically change color upon variations in the environment, such as temperature, 

humidity and light. Such materials can be used to monitor certain changes or 

autonomously regulate processes depending on the environmental conditions, which 

is particularly of interest for sensors, rewritable paper, anti-counterfeit labels and 

adaptive energy saving windows.[2–10]  

As a source of inspiration, nature provides a library of colored materials which respond 

to environmental triggers. For instance, chameleons, cephalopods, the blue damselfish 

Chrysiptera cyanea and various beetles change their coloration for camouflage, 

regulation of internal processes and communication.[11–15] Colors originate from the 

interactions of materials with light, including absorption, reflection, emission and 

scattering processes.[1,7] Appealing are iridescent structural colors, arising from 

photonic structures, of which the color changes as the viewing angle changes.[3,7,9,14,16] 

Environment-responsive color changes may arise from a modulation in such photonic 

structure.  

Photonic structures are periodically nano-structured materials with alternating 

refractive indices, which can be one, two or three dimensional. Due to constructive 

interference of light reflected at the boundaries of a refractive index change, light of a 

specific wavelength is reflected according to Bragg′s law. Well-known examples of 

photonic structures are one dimensional distributed Bragg reflectors and three 

dimensional colloidal photonic crystals (Figure 1.1A and B).[5,7,9,14] In addition, 

cholesteric liquid crystals (CLCs) are of particular interest. By adding a chiral dopant to 

a liquid crystalline material the molecular directors of consecutive liquid crystalline 

planes are rotated with respect to each other in a periodic helical fashion (Figure 1.1C). 

This helical structure results in a periodic directional variation of the extraordinary (ne) 

and ordinary (no) refractive indices of the liquid crystal material, giving rise to selective 

reflection at normal incidence according to 

 𝜆 =  �̅� ∙ 𝑝       (eq. 1.1)   

 ∆𝜆 =  𝛥𝑛 ∙ 𝑝      (eq. 1.2) 

in which λ and Δλ are the reflective wavelength and band width, respectively, �̅� the 

average refractive index, Δn the birefringence (ne - no) and p the length of a full rotation 
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of the molecular plane, called the pitch. In addition, only circularly polarized light with 

the same handedness as the helical structure is reflected, which limits the reflection of 

unpolarized light to 50%.[18–20]  

 

The reflected wavelength of a photonic structure depends on the refractive index 

mismatch and periodicity within the structure. A modulation of the refractive index or 

periodicity in response to an environmental stimulus thus results in a structural color 

change. In addition, refractive index matching or a collapse of the photonic structure 

will result in disappearance of structural color.[5,7,9,14] For instance, a CLC will show a 

structural color change when the pitch expands (red shift) or contracts (blue shift) or 

when there is a cholesteric-to-isotropic phase transition (color-to-colorless transition, 

Figure 1.2).[21] Particularly industrially relevant are environment-responsive photonic 

polymer materials that can be processed to a coating or film as they are compatible 

with large scale fabrication methods. This chapter describes efforts to fabricate 

photonic polymer coatings that are able to change structural coloration with 

temperature fluctuations as this covers also the main part of this thesis. 

 

2. Temperature-responsive photonic coatings  

Inorganic materials have been extensively used for the fabrication of temperature-

responsive photonic coatings, as they are available in a wide refractive index range, 

Figure 1.1. Examples of photonic materials reflecting a specific wavelength of light: (A) 

A one dimensional distributed Bragg reflector, showing the principle of constructive 

interference, (B) A three dimensional colloidal photonic crystal and (C) one period (pitch) 

of a CLC, which reflects only one handedness of circularly polarized light of a specific 

wavelength. Reproduced from references 16 and 17. 
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can be processed on a large scale with uniform thickness control and are mechanically 

stable.[3,14,22,23] Their environment-responsive structural color change is typically in the 

order of nanoseconds, but is usually limited to 100 nm shifts at most, since they rely 

on minor refractive index modulations.[3,23] 

In contrast, environment-responsive photonic polymers can have larger structural 

color changes, as they can change refractive index, periodicity and/or undergo phase 

transitions upon fluctuation of the environmental conditions. In addition, polymers can 

be processed at lower temperatures with existing coating and printing methods, 

properties can be programmed in a modular fashion and polymers possess lower 

densities compared to inorganic materials.[24,25] 

Irreversible as well as reversible temperature-responsive photonic polymer coatings 

can be prepared by various methods. By mechanical deformation, temperature-

responsive shape memory coatings can be prepared showing only one-way responsive 

behavior. Reversibly responsive coatings can be achieved by using hydrogel or block 

copolymers of which the swelling strongly depends on the temperature of the solvent 

Figure 1.2. Structural color changes in CLCs. By changing the periodic pitch the 

reflective color can blue- or red shift, while a transition to isotropic results in a color-to-

colorless shift. Reproduced from reference 21. 
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or cholesteric liquid crystal elastomers or droplets that reversibly reorganize upon 

temperature fluctuations. 

 

2.1. One-way temperature-responsive photonic polymer coatings 

Shape memory polymers are attractive to prepare one-way, irreversible temperature-

responsive photonic materials. Shape memory polymers can fix a temporary shape and 

recover to their original shape upon heating. For instance, 3D inverse opal structured 

glassy polymers, such as polyurethane-co-tripropylene glycol diacrylate, can be 

embossed above the glass transition temperature (Tg = 86 °C) and cooled below the 

Tg to freeze in a temporary, non-colored disordered state. Upon heating above the Tg, 

the original shape and photonic structure recovers in approximately 200 s, resulting in 

a colorless-to-color transition.[26] A similar effect can be obtained using glassy 

cholesteric liquid crystal network (LCN) polymers. By embossing a cholesteric LCN 

above Tg (ranging from 40 to 60 °C) and subsequently cooling, the cholesteric pitch 

can be compressed, resulting in a blue shift from 580 to 550 nm. Upon subsequent 

heating above the Tg, the cholesteric pitch restores to its original size in the order of 

minutes, resulting in a red shift.[27] By surface deformation using a corrugated stamp 

also a temperature-induced colorless-to-color transition can be obtained.[28] These 

materials may be of interest as time-temperature integrators to monitor the cold chain 

of food and pharmaceuticals as the color change is irreversible. By fabricating a semi-

interpenetrating cholesteric LCN coating the glass transition temperature can be 

broadened (i.e. ranging from 10 to 54 °C). After embossing, these films display multiple 

highly stable colors within the Tg range. The relaxation behavior of the embossed film 

can be mathematically described revealing that, for example, complete recovery of the 

color when stored at 20 °C is estimated to take more than 30 million years (Figure 

1.3).[29]  

In another study a hot-pen was used to locally evaporate a hydrogen bonded chiral 

dopant from an LCN coating. After the coating was locally heated to 160 °C for 30 min, 

the reflection band in the heated areas was irreversibly shifted from 615 nm to 525 

nm, revealing a readable written pattern. To increase resolution and reduce the time 

needed for the evaporation process, the coating was irradiated with a laser beam (700 

mW·cm-2) for 25 s, for which the local heating was enough to evaporate the chiral 

dopant showing a green to orange contrast with excellent resolution.[30] These coatings 

could be interesting as writable photonic paper. 
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2.2. Two-way temperature-responsive photonic polymer coatings 

2.2.1. Hydrogels and block copolymers 

Although the intrinsically irreversible temperature-responsive behavior is sought after 

for applications as time-temperature indicators and writable photonic paper, most 

envisioned applications, such as real-time sensors and thermochromic paints or 

windows, require a reversible color change. Gels (resp. hydrogels) can be used as 

Figure 1.3. (A) Schematic representation of embossing a shape memory cholesteric LCN 

polymer above Tg while cooling below Tg to compress the cholesteric pitch and induce 

a blue shift. Upon heating above the Tg, the pitch restores due to a shape memory of 

the network. (B) Images of the embossed area after maintaining the indicated 

temperature for 7 h. Scale bars are 1 mm. (C) The corresponding transmission spectra 

after maintaining the indicated temperature for 7 h. (D) Red shifts (Δλt) of the embossed 

area measured at different temperatures over time normalized to red shift observed at 

75 °C (Δλ
max

). Reproduced from references 27 and 29.  
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responsive materials that can reversibly swell and de-swell in solvents (resp. water 

specifically) as function of temperature. A well-known temperature-responsive 

hydrogel is poly(N-isopropylacryl-amide) (PNIPAM), which becomes more 

hydrophobic upon increasing the surrounding temperature above the so-called lower 

critical solution temperature (LCST, Figure 1.4A). Monodisperse highly charged 

spherical PNIPAM particles were prepared by dispersion polymerization and organized 

in a 3D photonic structure surrounded by water. Below the LCST (ca. 32 °C), PNIPAM 

particles were hydrated and swollen, and able to diffract light, whereas the PNIPAM 

hydrogel particles contracted and expelled water above the LCST, increasing thereby 

the films refractive index mismatch and reflection band intensity (Figure 1.4B).[31] 

When PNIPAM particles are trapped inside a porous polystyrene matrix and can freely 

change their volume inside the pores, their organization is disturbed when they shrink 

and an approximately 3-fold decrease in reflection band intensity was observed upon 

increasing the temperature from 15 to 40 °C (Figure 1.4C).[32]  

In closed-packed neutralized PNIPAM particles, an order-disorder transition led to a 

reversible non-opaque to opaque transition upon crossing the LCST (26 to 34 °C). Since 

these particles lack Coulombic repulsion forces, they cannot maintain their periodic 

photonic structure upon shrinkage and collapse resulting in an opaque state (Figure 

1.4D).[33] By connecting closed-packed PNIPAM particles with a covalent crosslinker 

they could be stabilized (Figure 1.4E).[32,34,35] Upon heating, these particles could 

maintain their structural order before collapsing, which leads to a blue shift upon 

heating to 31 °C followed by an opaque state upon subsequent heating to 50 °C. In 

addition, since the network restores its original conformation elastically, the initial 

color was restored within 10 s, which was 1000 times faster compared to a non-

crosslinked assembly.[34] Crosslinked closed-packed PNIPAM particles blue shifted 

from 700 to 400 nm upon heating from 1 to 25 °C, which was accompanied by an 

approximately 6-fold intensity increase, due to an enhanced refractive index 

mismatch.[35] A similar response was observed for inverse opal PNIPAM hydrogels 

(Figure 1.4F). For fabricating this polymer, a pre-hydrogel monomer solution was 

added to a 3D photonic structure made from 210 nm silica spheres. After 

polymerization of the monomer solution the template was removed, via etching, and 

an inverse opal photonic structure with periodically arranged voids surrounded by a 

hydrogel polymer matrix was left. This photonic PNIPAM hydrogel showed a 200 nm 

blue shift accompanied by an intensity increase.[31,36] Inverse opal photonic structures 
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could also be fabricated using top-down lithography. HEMA-based inverse opal 

structures were fabricated using interference lithography, which showed a blue shift 

of 120 nm, accompanied by a reflection band intensity cut when going from 25 to 50 

°C due to a decreased air cavity volume fraction.[37]  

 

A hydrogel that blue shifts over the entire visible range, from 800 to 450 nm, upon 

heating from 23 to 49 °C was obtained by fabrication of a 1D distributed Bragg 

reflector via layer-by-layer stacking of a non-responsive polymer and a responsive 

hydrogel (e.g. PNIPAM). To have a good balance between processing time and 

reflectivity a stack of 11 layers was prepared.[38] To reduce the number of layers 

required to get a decent reflection band, the refractive index contrast between the 

layers was enhanced by intercalating inorganic layers or doping polymer layers with 

Figure 1.4. (A) Structure of PNIPAM. Below LCST the PNIPAM particle is hydrated and 

swollen, whereas above LCST the particle expels water and shrinks. (B) Closed-packed 

highly charged PNIPAM particles maintain their periodic structure above LCST resulting 

in a reflection band increase. (C) Freely shrinking PNIPAM particles embedded in a 

porous polymer lose their periodic structure above LCST resulting in a decrease in 

reflection band intensity. (D) For neutralized closed-packed PNIPAM particles the 

periodic structure collapses above LCST resulting in transition to an opaque state. (E) 

Crosslinked closed-packed PNIPAM particles maintain their periodic structure when 

shrinking above LCST resulting in a blue shift. (F) Inverse opal PNIPAM structures also 

maintain their periodic structure above LCST resulting in a blue shift.  
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inorganic particles, such as TiO2 or ZrO2.[39,40] Besides a less labor intensive process, 

doping with inorganic particles also provides a way for the fabrication of all-gel Bragg 

reflectors consisting of PNIPAM and PNIPAM doped with inorganic particles. All-gel 

Bragg reflectors might be desirable for the mechanical properties as well as the speed 

of mass transport of large polar molecules for chemical or biological sensing 

applications compared to the use of brittle and hydrophobic non-hydrogel polymers, 

such as poly(para-methyl-styrene).[40] By increasing the crosslinking time of hydrogel-

based Bragg stacks from 0 to 3 minutes, the swelling behavior of the gel was reduced, 

resulting in a blue shifted reflection band from 609 to 532 nm. Using this effect, 

photonic paper with a pre-written pattern could be made using photolithography. The 

pattern appeared when submerging the hydrogel in water and erases upon drying. 

The color of the letters could be changed by using water of different temperatures 

between 0 and 20 °C as ink (Figure 1.5).[41] 

 

Other temperature-responsive photonic hydrogels rely on reversible hydrogen 

bonding as driving force for thermochromic properties. Gong et al. self-assembled a 

lamellar structure with a periodicity of several hundreds of nanometers of hard 

poly(dodecyl glyceryl itaconate) (PDGI) bilayers and a soft poly(acrylamide) (PAAm) 

network matrix. The parent gel was immersed in an aqueous solution of acrylic acid 

(0.5 M), which associates with the PAAm layer via hydrogen bonding. After 

polymerization of the acrylic acid, an interpenetrating PAAm-PAAc network was 

formed. With increasing temperature from 5 to 40 °C the hydrogen bonds dissociate, 

causing swelling of the soft layer and hence a redshift of the reflection band from 400 

to 700 nm.[42] Hydrogel responsive photonic systems cover the entire visible range and 

Figure 1.5. 1D distributed Bragg reflector based on PNIPAM, which is prewritten by 

illuminating the letters (J, L and U) for 2 minutes with UV light, while the surrounding 

area is not illuminated. The pattern changes color when using water of different 

temperatures as is shown here for 20 and 0 °C. Reproduced from reference 41. 
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are therefore seen as promising for sensors in water environments or rewritable paper 

using water as ink. 

Besides hydrogels, block copolymers can also be used to make temperature-

responsive photonic materials. Polystyrene-block-poly(4-vinylpyridinium methane-

sulphonate) block copolymers were complexed with a hydrogen bonding solvent (3-

n-pentadecylphenol), specific for one of the polymer blocks. Upon heating from 80 to 

134 °C, hydrogen bonds were broken and the solvent became non-specific, which 

induced a decrease in periodicity of the lamellar structure and thus a blue shift from 

530 to 370 nm.[43]  

 

2.2.2. Cholesteric liquid crystal polymers 

CLCs can be used to fabricate reversible temperature-responsive photonic polymer 

coatings without the need of a swelling solvent. A well-established method is the 

encapsulation of low molecular weight cholesteric liquid crystal droplets (typically 

around 5 μm diameter) inside a hard polymer binder, called a polymer dispersed liquid 

crystal (PDLC). The reflectivity of a PDLC is in general shallow and spectrally broad, 

since less of the area actually contain CLC material and the CLC material within the 

droplets take up a random orientation, though alignment can be retained by using 

shear or magnetic fields. The color change and transition temperature of a PDLC can 

be programmed by the CLC composition within the droplet.[44] This concept, first 

patented in 1975 by Robert Parker Research, has been used to fabricate all kinds of 

thermometers, such as forehead strips, color changing labels and mood rings.[45] Such 

PDLCs show great potential for scalability using flexible substrates and roll-to-roll 

processes. Liang et al., showed the successful fabrication of meter-scale temperature-

responsive foils.[46,47] However, although optical contrast was achieved, no aligned 

cholesteric phase was obtained and therefore, this particular system is based on 

scattering instead of photonic reflection.  

Aligned CLC temperature-responsive polymer coatings can be obtained using liquid 

crystalline elastomers (LCEs) able to undergo a phase transition. For instance, side 

chain liquid crystalline polymers (SCLCPs) were prepared with a cholesteric-to-blue 

phase transition at 126 °C. Blue phases are distinct thermodynamic LC phases that 

appear over a narrow temperature range at the cholesteric-to-isotropic boundary of 

chiral LCs.[48] Getting closer to the blue phase the periodicity of the photonic structure 

became smaller and thus a blue shift was observed. Wavelength shifts between 525 
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and 406 nm were obtained this way.[49] Larger shifts are found for LC elastomer 

materials with a smectic-to-cholesteric transition. A smectic LC phase does not support 

the twist deformation of a CLC phase, causing a pretransitional effect upon cooling a 

cholesteric material toward an underlying smectic phase. The cholesteric pitch 

increases rapidly when getting close to the cholesteric-to-smectic transition resulting 

in an enormous red shift.[44] That is why a mixture of an SCLCP with a low molecular 

weight chiral dopant having this transition resulted in a polymer film that shifted 

reversibly from 1250 to 2350 nm upon cooling from 57 to 17 °C.[50] Another material 

having a smectic-to-cholesteric transition was obtained by coating short oligomers of 

reactive LCs. This yielded coatings that could shift between 1195 and 701 nm or 

Figure 1.6. (A) Visible light reflection bands of a CLC oligomer coating before 

crosslinking upon cooling from 55 to 23 °C. (B) Reflection wavelength versus 

temperature showing both cooling and heating cycles. (C) Schematic representation of 

the patterning process. (D) Photographs of coatings with 2 or 5 color ′DIRM′ patterns. 

Reproduced from reference 51. 
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between 754 to 484 nm, covering thereby the entire visible range. By 

photolithographic crosslinking of the oligomers at various temperatures, multi-color 

images could be fabricated (Figure 1.6).[51] These large blue shifts upon heating do 

not only make these materials potentially attractive for decorative and sensing 

applications, but also as, for example, energy saving infrared regulating smart 

windows. Furthermore, these materials can be coated using conventional coating 

techniques, such as blade-coating, which increase their potential for large scale coating 

products.  

 

3. Aim and outline of this thesis 

Temperature-responsive photonic polymer coatings have been explored. However, 

these coatings typically require solvents or deformation steps to induce a 

temperature-responsive photonic effect. Non-crosslinked CLC polymers can be used 

to make temperature-responsive photonic coatings in dry environments based on 

changes in the helical cholesteric structure. However, the fabrication of temperature-

responsive photonic polymer coatings that do not require solvents or deformation 

steps remains a challenge. This thesis aims at fabricating such polymer coatings. 

Responsive photonic coatings based on semi-interpenetrating polymer networks 

(semi-IPNs) are produced, in which a non-crosslinked LCE interpenetrates through an 

LCN. The reactive mesogens, which after photopolymerization form the LCN, increase 

the processability of the coating formulations and allow coating the formulations using 

conventional coating techniques, such as blade coating and flexographic printing. By 

varying the coating formulations and processing conditions a versatile approach is 

achieved toward various responsive photonic coatings that do not require solvents or 

deformation steps.  

Chapter 2 describes polymer coatings which reversibly lose reflectivity with increasing 

temperature. The photonic coatings contain a chiral LCN mixed with an achiral LCE. 

Upon heating above the cholesteric-to-isotropic transition temperature (TCh-I), the LCE 

loses cholesteric organization and reflectivity is lost. By changing the concentration of 

chiral LCN both the reflective color as well as the temperature response can be tuned. 

In addition, these coating formulations could be used to fabricate hierarchical surface 

topographies on the coating surface by polymerization induced diffusion, which 

changed reversibly from elevations to indentations upon heating. 
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Chapter 3 describes photonic coatings that reversibly change color with changing 

temperature. These polymer coatings contain an LCN fabricated from achiral diacrylate 

and chiral monoacrylate mixed with an achiral LCE. Upon changing the temperature 

above and below the TCh-I the LCE diffuses out and into the LCN, resulting in a blue- 

and red shift, respectively. The color change can be programmed by the processing 

conditions and coating formulation, allowing for the fabrication of multi-color 

changing images. 

Chapter 4 describes 3D helix engineered photonic coatings that change contrast upon 

changing the polarization state of light. The coating formulation contains a dichroic 

photoinitiator due to which a cholesteric stratification process takes place upon 

illumination with linear polarized UV light, resulting in a cholesteric helix distortion. 

These distorted helical photonic coatings show super-reflectivity and reflect both 

linear and circular polarized light different compared to regular CLC helices. By local 

stratification using a photomask 3D helix engineered polarization dependent images 

are created. 

Chapter 5 describes optical devices which reversibly increase reflectivity upon heating. 

The device consists of a temperature-responsive wave plate semi-IPN coating between 

two CLC polarizers of same handedness. The polymer coating acts as a full-wave plate 

below the nematic-to-isotropic transition temperature (TN-I), whereas above the 

coating loses birefringence and acts as a half-wave plate, thereby changing the 

handedness of circularly polarized light transmitted by the first CLC polarizer, which is 

then reflected by the second polarizer. This increases the reflectivity in a wavelength 

range specified by the CLC polarizers. 

Chapter 6 provides a technology assessment, in which the technological feasibility and 

challenges to take these responsive semi-IPN photonic polymer coatings to real-life 

applications are evaluated. 
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Chapter 2 | Temperature-responsive photonic polymer 

coatings with changing reflectivities and surface 

topographies 

 
 

 
 

 

 

___________________________________________________________________________________________ 

ABSTRACT 

An easily applied reflective coating based on a semi-interpenetrating polymer network 

composed of a liquid crystal elastomer and a liquid crystal network (> 15 wt%) is 

fabricated. The reflective wavelength of these photonic coatings can be readily 

programmed by the concentration of chiral reactive mesogen dopant that forms the 

network. The coatings show an instant and reversible decrease in reflection band 

intensity with increasing temperature, which can be tuned by the polymer network 

density. In addition, hierarchical surface relief structures are prepared which reversibly 

change with temperature. 

___________________________________________________________________________________________ 

This chapter is partly reproduced from A. J. J. Kragt, D. J. Broer, A. P. H. J. Schenning, 

Adv. Funct. Mater. 2018, 28, 1704756. 
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1. Introduction 

In nature, stimulus-responsive surfaces play a major role. Organisms are protected 

from environmental influences by a multi-responsive and multi-functional skin.[1] 

Mammalian skin, for instance, is able to adopt its topography, color and pore size when 

triggered by light or temperature to regulate internal processes. Other animals, such 

as chameleons or cephalopods, are able to change their coloration for camouflage, 

temperature maintenance and communication.[2] These responsive properties have 

inspired many researchers to fabricate stimulus-responsive coatings for various 

applications, such as smart adhesives, self-cleaning surfaces, sensors and displays.[3–11] 

Responsive surfaces have been fabricated using shape memory polymers, block 

copolymers, hydrogels and cholesteric liquid crystal (CLC) polymers (see Chapter 1). 

However, the fabrication of easily-processable and programmable stimulus-

responsive polymer coatings that change multiple properties, such as reflectivity and 

surface topography, remains a challenge.  

For the fabrication of stimulus-responsive liquid crystal (LC) polymer films, both 

polymer liquid crystalline elastomers (LCEs) and glassy liquid crystalline networks 

(LCNs) have been used.[12–15] Polymer LCEs, which possess flexible main chains, such as 

polysiloxanes, demonstrate a fast response to external stimuli in the order of seconds. 

When macroscopically aligned, such materials also exhibit large dimensional changes, 

which can exceed 400% along the alignment direction, making them interesting as 

actuating polymers. Both stimulus-responsive free standing films as well as LCEs 

confined to a solid substrate have been reported with programmable shapes and 

topographies.[16–28] For CLC elastomers, dimensional changes along the helical pitch 

direction even resulted in changes in reflective color.[29–32] However, simultaneously 

changing both the topography and reflectivity by one stimulus remains a challenge. 

Alignment of LCE polymers is commonly done via mechanically stretching or by 

polymerization in a cell containing alignment layers. Other materials, like 

polysiloxanes, can be knife-coated, but this method requires addition of LC monomer 

to increase the processability.[33,34] 

An alternative route toward forming stimulus-responsive LC coatings is based on the 

in situ photo-crosslinking of oriented LC monomer reactive mesogens (RMs) that form 

more stiff LCNs with in general higher glass transition temperatures (between 40 and 

120 °C).[12,15] These materials are easy to process, since prior to polymerization, the 

monomers have a relatively low viscosity and conventional LC alignment techniques 
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can be used. After polymerization, a non-volatile coating is obtained of which the 

responsive properties can be tuned by the choice of monomers.[15,35–38] In addition, 

patterned surfaces of RMs can easily be fabricated by photoinduced diffusion to create 

structured optical features and surface topographies.[13–15,39–46] Usually, the 

topographical and reflectivity responses are limited due to the high crosslink density 

of these glassy networks, so solvents or low molecular weight LCs are required to 

enhance the response. For example, Stumpel et al. reported on a hydrogen bonded 

LCN in which swelling and deswelling by water resulted in topography and reflectivity 

changes.[47,48] 

In this chapter, we report on responsive coatings based on LC polysiloxanes and 

reactive mesogens, combining the best features of both the LC families to create films 

that change their reflectivity and surface topography by altering the temperature. The 

semi-interpenetrating network (semi-IPN) coating, in which a non-crosslinked LCE 

interpenetrates through a crosslinked LCN, is fabricated by a simple coating technique 

and operates in a dry environment. We tuned the reflective wavelength of the coating 

by the chemical composition of the mixture and locally varied the composition to allow 

geometric patterning of the surface. The polymer coatings respond instantly to 

temperature changes by altering reflectivities and surface topographies. 

 

2. Results and discussion 

2.1. Preparation of the CLC mixture 

We obtained a coating mixture by mixing an achiral non-crosslinked LC polysiloxane 

elastomer 1 (77 wt%) with a chiral diacrylate dopant 2 (21 wt%, mixture M1). To ensure 

good mixing, RMs with a similar mesogenic moiety as the LCE were chosen. 

Furthermore, a photoinitiator 5 (1 wt%) and a perfluoro surfactant 6 (1 wt%) were 

added to be able to photopolymerize and align the mixture at the coating-air interface, 

respectively (Figure 2.1A). Investigation of the mixture prior to photopolymerization 

by differential scanning calorimetry (DSC) and polarized optical microscopy (POM) 

revealed a glass transition temperature at -23 °C and a cholesteric-to-isotropic 

transition temperature (TCh-I) at 47 °C, which are close to the transition temperatures 

of the LCE (Figure 2.1A).[49] 

Viscosity measurements showed that the mixture has a large increase in viscosity at 

the phase transition when cooling from the isotropic (ca. 10 Pa·s) to the cholesteric 

phase (ca. 60 Pa·s).[49] In addition, in the cholesteric phase, the mixture shows a shear 
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thinning behavior, most likely caused by realignment and suppression of the 

cholesteric order. At the high shear rates used during the coating application (ca. 1000 

s-1, vide infra), the viscosity is low (<6 Pa·s) and thus the material will flow nicely 

underneath the gap of the blade coater, which is required for obtaining a 

homogeneously planar aligned CLC coating.[50] 

2.2. Coating preparation 

To induce planar alignment, we applied the mixture on a glass substrate modified with 

a thin rubbed polyimide coating. We coated the CLC mixture using an automatic blade 

coater at a substrate temperature of 45 °C, just below the TCh-I of the mixture (Figure 

2.1B). After application, the coating was UV-cured. Fourier-transform infrared 

spectroscopy (FT-IR) showed full conversion of the acrylate reactive groups.[49] The 

final coating has a thickness of about 16 µm. DSC of the polymerized coating showed 

a similar TCh-I as the nonpolymerized mixture (44 °C).[49] The orange-red colored 

coating reflects left circularly polarized (CP) light of 662 nm at room temperature 

(Figure 2.2A). Transmission electron microscopy (TEM) images of the cross section of 

the coating shows a uniform layered morphology with an average pitch of 385 nm 

(Figure 2.2B). The periodicity is perpendicular to the coating thickness and 

Figure 2.1. (A) Components used in the mixtures including their phase transitions.[15,51] 

The numbers represent the transition temperatures in °C. G refers to glassy, SmC to 

smectic C, SmA to smectic A, Cr to crystalline, N to nematic, CLC to cholesteric, and I to 

isotropic. The blue cylinders indicate the mesogenic moiety of the components. (B) 

Schematic drawing of the coating application. 
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homogeneously distributed throughout the whole thickness of the coating.[49] These 

results show the formation of a well-mixed and planar aligned cholesteric semi-IPN, in 

which the LCE homogeneously interpenetrates through the LCN.  

We tuned the reflective wavelength of the semi-IPN coating by varying the 

concentration of chiral diacrylate 2 (25.5 and 14.9 wt% for mixtures M2 and M3, 

respectively). The coatings of M2 and M3 reflect light of 524 and 1004 nm, respectively 

(Figure 2.2C). A plot of the wavelength against the reciprocal of the concentration 

showed a linear relation, indicating proper mixing between the LCN and the polymer 

elastomer (Figure 2.2D).[52] 

 

Figure 2.2. (A) Unpolarized and CP light transmission spectra of a coating of M1 

including a photograph of the prepared film on a black background. (B) TEM of a cross 

section of a coating of M1 including a zoom-in, showing a pitch length. (C) Transmission 

spectra of coatings of M1, M2, and M3. (D) Reflection wavelength versus the reciprocal 

of the chiral diacrylate 2 concentration, showing a linear relationship. 
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It should be noted that during a first heating of the coatings to 120 °C, a blue shift 

occurs (33, 29, 114 nm for the coatings of M2, M1 and M3, respectively).[49] This blue 

shift is attributed to a degree of phase separation between the LCE and LCN, since the 

elastomer wants to expand upon heating more than the LCN and is therefore expelled 

by the network.[49] This led to some shrinkage of the remaining network and thus a 

blue shift of the reflective wavelength (see also Chapter 3, vide infra). In the following 

section, we exclude the first heating and discuss the response of the reflectivity during 

subsequent temperature cycles. 

 

2.3. Temperature-responsive reflectivity 

Upon heating and cooling of coating M1 between 30 and 120 °C, a reversible change 

in both reflection band intensity and width is observed (Figure 2.3A, red curve).[49,53] 

Since the LCE interpenetrates through the LCN, the LCN provides a memory effect to 

assist the elastomer to regain planar alignment after heating above the TCh-I. The 

reduction of the reflection band upon heating to 120 °C as calculated from the area 

under curve of the transmission spectra is 65%, providing a clear optical difference in 

color intensity (Figure 2.3B, red curve). The largest decrease in reflection band 

intensity occurs between 50 and 60 °C, which is just above the TCh-I of the coating. The 

width of the reflection band decreases, especially at the ne-edge of the reflection band, 

suggesting that the mesogenic units are more tilted with respect to the alignment 

below TCh-I.[14]  

We also investigated the temperature responses of coatings M2 and M3 to study the 

influence of the crosslink density. Coatings M2 and M3 show a different behavior in 

the decrease of the reflection band at elevated temperatures (Figure 2.3A and B). 

Again, the largest decrease takes place between 50 and 60 °C. However, the reduction 

of the reflection bands at 120 °C were 49 and 94% for the green and infrared reflecting 

coatings, respectively. A denser network thus provides a stronger anchoring force for 

the LCE to maintain the cholesteric order at elevated temperatures. 

In order to reflect in the visible wavelength regime, while maintaining a low crosslink 

density, we replaced chiral diacrylate 2 by achiral diacrylate 3 and chiral diacrylate 4, 

which has a high helical twisting power (Figure 2.1A). Only a small concentration of 4 

(3.3 and 2.7 for M4 and M5, respectively) was needed to tune the reflective wavelength 

to the visible light regime. We added 3 to a total RM concentration of 15 wt% for both  
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mixtures. After the first temperature cycle, the coatings M4 and M5 reflect at 491 and 

652 nm, respectively, and show a strong decrease in reflection band intensity, similar 

to the previously described coatings. At 120 °C, the reflection band reduction was 62 

and 79% for the coatings M4 and M5, respectively, providing also clear optical 

differences at lower wavelengths within the visible light region (Figure 2.3C-E). These 

Figure 2.3. (A) Transmission spectra of coatings M1, M2, and M3 at 30 and 120 °C. (B) 

Area under curve of the transmission spectra as a percentage of the initial area under 

curve at 30 °C versus temperature.  (C) Transmission spectra of coatings M4 and M5 at 

30 and 120 °C. (D) Area under curve of the transmission spectra as a percentage of the 

initial area under curve at 30 °C versus temperature. (E) Photographs of coating M4 at 

30 and 120 °C on a black background.  
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experiments show that the reflective wavelength and reflectivity response to 

temperature can be tuned separately by the chemical composition.  

We stored coatings of M1, M2, and M3 in an oven at 80 °C for 5.5 months. The coatings 

did not show a decrease in reflection band intensity when measured at room 

temperature nor a shift in reflective wavelength, which reveals that the temperature 

response of the coatings is reversible even after long periods of storage at elevated 

temperatures.[49] 

 

2.4. Temperature-responsive surface topographies by photoinduced diffusion 

We also prepared temperature-responsive surface topographies by polymerization-

induced diffusion.[42–48] The orange-red reflecting mixture M1 was coated and 

illuminated with UV light through a photomask with hexagonally arranged hexagons. 

Due to depletion of the RMs by photopolymerization, diffusion of RMs from the 

nonexposed areas to the exposed areas takes place. Subsequently, the photomask was 

removed and a UV flood exposure was executed, resulting in a fully polymerized film 

with a spatially modulated crosslink density. Visually, the coating shows green 

hexagonally arranged elevations embedded in a red reflecting surrounding (Figure 

2.4A). The color shift of the elevations from red to green is due to the higher 

concentration of chiral dopant 2 in the elevated regions. At room temperature, a 

height difference of 60 nm is found between the elevations and the surroundings. 

Upon heating to 40 °C, the elevations expand less than the surrounding areas, due to 

their higher crosslink density, with an overall effect of surface flattening. When heating 

further to 50 °C, the surrounding areas even become higher than the elevations, which 

then appear as indentations in the coating surface with an average depth of 64 nm 

(Figure 2.4B and C). This temperature-induced surface topography transition from 

elevations to flat to indentations is fully reversible.[49] 

It should be noted that the illumination time during the first illumination is critical for 

the final structure height and topography. When the illumination time is too short, the 

concentration gradient of RMs between the exposed and nonexposed areas is limited, 

which restricts diffusion. When the illumination time is too long diffusion of the 

monomers is also limited due to increasing viscosity during polymerization.[44,49] 

We also prepared temperature-responsive hierarchical surface topographies by dual 

mask exposure. Again, mixture M1 was illuminated through the same photomask.  
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Subsequently, the coating was illuminated through a 75 µm spaced line mask. After 

UV-flood exposure and thermal annealing, this resulted in hexagonally arranged 

patterns of elevations superimposed on top of a line structure. The various areas again 

displayed optical differences.[49] The lines are 620 nm in height, whereas the elevations 

are 36 and 35 nm on the exposed and nonexposed lines, respectively. The smaller 

structure height of the elevations could be explained by the energetic cost derived 

Figure 2.4. (A) Optical microscopy image in reflection mode. The inset shows an optical 

microscopy image of the photomask used (at the same magnification). (B) Surface 

profile at various temperatures, converting from elevations (23 °C) to flat (40 °C) to 

indentations (50 °C). The bar indicates the exposed (□) and nonexposed (■) areas. 3D 

images of the temperature-responsive surface topographies of coating M1 obtained by 

(C) single mask and (D) dual mask photopolymerization induced diffusion. 
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from the generation of new surface area, which would be more for smaller feature 

dimensions keeping the same height.[44] In addition, the ratio of exposed to 

nonexposed area is larger for the line mask compared to the hexagonally arranged 

hexagon mask, so more acrylates are able to diffuse to the lines. Similar to the single 

mask exposure coatings, upon heating, the elevations flatten at 40 °C and turn into 

indentations at 50 °C (62 and 64 nm depth on the exposed and nonexposed lines, 

respectively; Figure 2.4D). The height of the lines also changes with temperature, but 

the changes were small compared to the height of the lines and thus they do not 

appear as indentations at 50 °C. Again, this process is fully reversible. A combination 

of multiple photomasks can thus be used to fabricate hierarchical temperature-

responsive surface topography coatings. 

 

3. Conclusion 

We developed an easily processable and temperature-responsive elastomeric CLC 

material by combining a polymeric elastomer with an LCN (>15 wt%) to create a semi-

IPN coating. The reflective wavelength and reflection band response of these coatings 

were tuned by the chemical composition. Surface topographies were fabricated by 

photoinduced diffusion using single and dual mask exposures. The surface 

topographies of the coatings were responsive to temperature as well. 

These semi-IPN coatings are a novel approach toward producing stimulus-responsive 

coatings. It combines the advantages of both materials: the polymer elastomer 

provides a non-volatile thermally switchable LC medium, while the LCN provides 

tunability of the optical and responsive properties of the system and the ability to align 

the material. This semi-IPN coating principle forms the fundament of the remaining 

chapters described in this thesis. 

 

4. Experimental 

4.1. Materials 

(4-methoxyphenyl 4-(hexyloxy)benzoate)siloxane dimethylsiloxane copolymer (1) was 

purchased from Synthon Chemicals GmbH & Co. (R,R)-1,4-di-(6-acryloyloxy-3-

methylhexyloxy)benzoyloxy)benzene (2) and (1,4:3,6-dianhy-dro-d-glucitol 2,5-di-(4-

(4-(6-acryloyloxyhexyloxy)benzoyloxy)benzoate) (4) were obtained from Philips 

Research lab. 1,4-phenylene bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate) (3) was 

supplied by Merck. 2,2-Dimethoxy-1,2-diphenylethan-1-one (5, Irgacure 651) was 
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purchased from Ciba Specialty Chemicals Inc. 2-(N-ethylperfluorooctanesulfonamide) 

ethyl methacrylate (6) was purchased from Acros. Polyimide (Optmer AL 1051) was 

purchased from JSR Micro. 

 

4.2. Coating fabrication and characterization 

Mixtures. The components were weighed in the desired ratio and subsequently 

dissolved in toluene (50 wt%) using a moving plate for at least 1 h. 

DSC. DSC curves were measured with a DSC Q1000 from TA instruments. A rate of 5 

°C·min−1 was used for both heating and cooling ramps. 

POM. POM images were taken using a Leica CTR6000 polarized optical microscope, 

equipped with a Leica DFC 420C camera. Temperature was controlled using a Linkam 

temperature control stage. 

Viscosity measurements. The viscosities of the mixtures were measured on an Anton 

Paar Physica MCR 501 rheometer using a parallel plate configuration. The 

measurements were carried out starting from the highest measurement temperature 

to the lowest. At temperatures below 50 °C, a waiting time of 3 min was conducted 

before starting the measurement to allow the material to build up its viscosity. The 

measurements were carried out at different shear rates ranging from 10 to 60 s−1. Each 

shear rate was measured for 2 min. 

Substrates. To prepare rubbed polyimide substrates, 3 × 3 cm glass plates were cleaned 

by ultrasonication in ethanol for 30 min and subsequently UV-Ozone treatment (PR-

100, Ultra Violet Products) for 20 min. A polyimide layer was spin coated on these glass 

plates using a Karl Suss CT 62 spin coater by rotating at 1000 rpm for 5 s, followed by 

5000 rpm for 45 s. The polyimide coated glass slides were first placed at 100 °C for 15 

min and subsequently at 180 °C for 1.5 h to ensure thermal annealing. The substrates 

were then rubbed on a velvet cloth. 

Coating fabrication. Coatings were fabricated using an RK printcoat instruments K 

control coater. Mixtures were applied on a rubbed polyimide substrate and placed at 

100 °C for ≈35 min to evaporate the solvent. When the mixtures turned completely 

white at room temperature, it was assumed that all solvent had evaporated. For the 

application of the mixtures, the 10 µm gap of a 4-sided applicator (10–25 µm gaps, 

ZFR 2040, Zehntner) was used, which was automatically pushed forward over the 

mixture with a speed of ≈1 cm·s−1. It is assumed that drag forces during the coating 

procedure caused the coatings to be thicker than the gap used.[51] 
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Photopolymerization of the coatings was done at 40 °C in a nitrogen box using an 

EXFO Omnicure S2000 mercury lamp for 10 min. 

FT-IR. FT-IR was measured on a Varian 670-IR FT-IR spectrometer used in transmission 

mode.  

TEM. The coating for the TEM cross section was applied at 40 °C with a gap of 20 µm 

and a slightly increased speed. After UV-curing, pieces of coating were scratched from 

the substrate using a razor blade. Subsequently, these were embedded in Epofix Cold-

Setting Embedding Resin and microtome cut at −140 °C using a Leica Ultracut EM 

UC7/FC7 equipped with a Diatome 35° diamond knife. TEM images were taken on a 

FEI Tecnai G2. The images were analyzed using ImageJ software.  

Transmission spectra. All transmission spectra were measured on a Shimadzu UV-3102 

PC. Temperature dependent measurements were performed using a Linkam 

temperature control stage. The reported temperatures are the temperatures set on the 

Linkam controller, which differ from the actual temperatures measured on top of the 

substrate using a thermometer probe.[53] The area under curve of the transmission 

spectra was calculated by baselining the spectra and integration, to exclude differences 

in scattering between various spectra. 

Polymerization induced diffusion. Coatings with surface topographies were prepared by 

illuminating through a mask at 21 °C. For the single mask exposed coating a UV energy 

dose of 34.8 mJ·cm−2 (8.7 mW·cm-2 for 4 s) was used. For the dual mask, exposed 

coating energy doses of 29.9 (4.4 mW·cm−2 for 6.8 s) and 10.2 mJ·cm−2 (16.9 mW·cm−2 

for 0.6 s) were used for the hexagonal- and line mask, respectively. UV-flood exposure 

was done at 40 °C for 10 min. The coatings were thermally annealed at 50 °C to stabilize 

the surface structures.  

Thickness and surface topography measurements. The thickness and surface 

topographies of the coatings were measured using a 3D interferometer (Fogal 

Nanotech Zoomsurf). For temperature dependent measurements, a Linkam 

temperature control stage was used. 
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___________________________________________________________________________________________ 

ABSTRACT 

A new principle is developed to fabricate temperature-responsive, multicolor photonic 

coatings that are capable of changing color. The coating is composed of a non-

crosslinked liquid crystal siloxane-based elastomer that is interpenetrated through an 

acrylate-based liquid crystal network. Discrete temperature changes induce phase 

separation and mixing between the siloxane and the acrylate polymers and change the 

reflective colors correspondingly. The temperature-responsive color change of the 

coatings is programmable by the processing conditions and coating formulation, 

which allows for the fabrication of photopatterned multicolor images. The photonic 

ink is also coated on flexible poly(ethylene terephthalate) films using roll-to-roll 

flexographic printing, making these temperature-responsive, multicolor-changing 

polymer coatings appealing for applications such as responsive color decors, optical 

sensors, and anticounterfeit labels. 

___________________________________________________________________________________________

This chapter is partly reproduced from A. J. J. Kragt, N. C. M. Zuurbier, D. J. Broer, A. P. 

H. J. Schenning, ACS Appl. Mater. Interfaces. 2019, 11, 28172. 
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1. Introduction 

Temperature-responsive color-changing photonic polymer coatings are potentially 

interesting for applications in energy saving, health care, and food safety.[1–3] 

Temperature-responsive structural color-changing materials have been researched 

using shape memory polymers, hydrogels and block copolymers, which typically 

require solvents or deformation steps (see Chapter 1).[4-20] 

Temperature-induced color change has also been achieved using cholesteric liquid 

crystal (CLC) polymers containing low-molecular-weight liquid crystals.[21–30] Recently, 

also an all-polymer material filled in a cell has been used to obtain a temperature-

induced color change. Using crosslinked liquid crystal elastomers (LCEs), a 200 nm red 

shift of the color across the visible spectrum was observed upon heating from 25 to 

200 °C.[31] However, the fabrication of temperature-responsive, multicolor-changing 

photonic polymer coatings remains a challenge. So far, only temperature-responsive, 

multicolor-changing photonic polymers have been reported that needed solvents or 

deformation steps (see Chapter 1).[4,7]  

In chapter 2, we reported reversibly responsive cholesteric coatings based on semi-

interpenetrating networks (semi-IPNs) of non-crosslinked LCEs and purely diacrylate-

based cholesteric LC networks (LCNs). These coatings showed a reversible reflectivity 

decrease upon heating since the LCE loses order. However, these coatings did not 

change color, as the LCE is too much constrained to diffuse out of the LCN and thus 

the periodicity of the helical structure remained unchanged. In this chapter, we 

fabricate multicolor semi-IPN coatings based on siloxane-based LCEs interpenetrating 

through monoacrylate-containing cholesteric LCNs that show a reversible hundreds of 

nanometers blue shift of the color upon heating above the cholesteric-to-isotropic 

transition temperature (TCh‑I = 47 °C, Figure 3.1). The color change is based on the 

diffusion of the LCE out and back into the LCN causing winding and unwinding of the 

helical structure. The temperature-responsive color change can be tuned by changing 

the processing conditions and the coating formulation, allowing fabrication of 

multicolor-changing coatings by photolithography (Figure 3.1). Furthermore, the CLC 

ink can be coated using flexographic printing, making these temperature-responsive, 

multicolor-changing polymers appealing for optical applications. 
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2. Results and discussion 

2.1. Preparation and temperature response of the color-changing photonic 

coatings 

We prepared semi-IPN cholesteric polymer coatings by blade coating and 

photopolymerization of a mixture containing LCE 1 (77 wt%), achiral diacrylate 2 (5 

wt%), and chiral monoacrylate 3 (16 wt%). The addition of monoacrylates reduces the 

crosslink density of the resulting LCN compared to that of previously reported semi-

IPNs containing purely diacrylate based LCNs (see Chapter 2). Furthermore, we added 

Figure 3.1. (A) Components used in the coating formulations. (B) Schematic drawing of 

the fabrication method of patterned temperature- responsive, multicolor-changing 

photonic coatings. (C) Various areas of the image have a distinct temperature-

responsive color change, which can be programmed by the processing conditions and 

coating formulation. 
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photoinitiator 5 (Irgacure 651, 1 wt%) and  surfactant 4 (1 wt%) to photopolymerize 

the acrylates and align the mixture at the coating-air interface, respectively (Figure 

3.1A).  

The non-patterned photonic coatings were cured by a 10 min exposure with a mercury 

lamp at a light intensity of 32 mW·cm-2. The photopolymerized coating had a thickness 

of 14 μm and the TCh‑I was 47 °C upon heating and 42 °C upon cooling as determined 

by differential scanning calorimetry (DSC).[32] The coating reflected in the near-IR 

region (799 nm, Figure 3.2A, black solid line). Upon heating to 65 °C (T > TCh‑I), the 

reflectivity partly vanishes since non-constraint LCE-rich domains lose cholesteric 

order, while some cholesteric order is preserved by the LCN, similar to earlier findings 

(Figure 3.2A, black dashed line, see Chapter 2). When maintaining this temperature, 

the coating immediately shows a color change and gradually blue-shifts from 799 to 

515 nm in 3.75 h (Figure 3.2A, dashed lines, and Figure 3.2B and C). Upon cooling to 

38 °C (just below TCh‑I), the LCE gains order and the reflectivity increases again (Figure 

3.2A, solid blue line). The coating now scatters more than in the initial state, indicating 

that the LCE is less ordered than the initial state. When maintaining the temperature 

at 38 °C, the coating red-shifts back to 706 nm, while reducing scattering, in 

approximately a week (Figure 3.2A, solid yellow and red lines, and Figure 3.2C and D). 

The reflection band does not completely red-shift to the initial reflective wavelength. 

However, after the first heating and cooling cycle, the coating can be blue- and red-

shifted reversibly.[32] During both blue and red shifts, the reflection band first broadens 

and then narrows.[32] 

The blue and red shifts can be fitted with an exponential function  

 𝜆 =  𝜆𝑒𝑛𝑑 + ∆𝜆·𝑒−𝑘·t      (eq. 3.1)   

in which λ is the central reflection wavelength, λend is the asymptote or final wavelength, 

Δλ is the difference between initial and final wavelength, k is the rate constant, and t is 

the time in hours (Figure 3.2B and D, solid lines). The rate constants for the blue and 

red shifts are 0.46 and 0.03 h−1, respectively. To determine the activation energy, we 

measured the rate constants of the blue and red shifts at various temperatures above 

and below TCh‑I, respectively.[32] The temperature directly influences the rate constants 

according to the linear form of the Arrhenius equation 

 ln(𝑘) = ln(𝐴) −
𝐸𝑎𝑐𝑡

𝑅·T
      (eq. 3.2) 

in which A is a pre-exponential factor, Eact is the activation energy, and R is the gas 

constant. This finding suggests diffusion of the LCE out of and back into the LCN 



 

37 

 

during the blue and red shifts, respectively.[33–35] The Eact for the blue and red shifts are 

81 and 148 kJ·mol-1, respectively, which means that the red shift is more sensitive to 

temperature changes compared to the blue shift. This might be explained by a larger 

change in viscosity when changing the temperature below TCh‑I. 

 

2.2. Temperature-responsive color change mechanism 

To shed more light on the mechanism of the temperature response, we analyzed the 

color change of the coatings further by changing the coating thickness, curing light 

intensity, and crosslink density (Table 3.1). For thicker coatings, the color change is 

less and slower.[32] This suggests that the LCE diffuses toward the coating-air interface,  

Figure 3.2. (A) Transmission spectra of the coating at various moments during the blue 

shift at 65 °C (T > TCh‑I, dashed lines) and the subsequent red shift at 38 °C (T < TCh‑I, 

blue, yellow, and red solid lines). (B) Change of the reflection wavelength over time 

during the blue shift at 65 °C. (C) Photographs taken at room temperature of the coating 

during the blue and red shifts showing the change in color. (D) Change of the reflection 

wavelength over time during the red shift at 38 °C. The colors of the lines and data 

points in (A), (B), and (D) indicate the color of the coating at that moment in time. The 

solid lines in (B) and (D) represent the exponential fits. 
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which might also limit the reverse process. Furthermore, the relationship between the  

rate constant and the thickness is not linear.[32] This suggests a Fickian type I or 

anomalous diffusion model, revealing a gradient in the solvent penetration 

front.[34,36,37] In our case, this is most likely an LCE diffusion front, which is in line with 

the initial band broadening observed during the color change.[32]  

When increasing the curing light intensity, the color change is larger and slower.[32] 

Similar to polymer-stabilized liquid crystal systems, increasing the light intensity 

results in a denser packing of individual LCN polymer strands and more bulklike LCE 

domains.[38,39] The larger color change suggests that the degree of phase separation is 

driven by the ability of the LCE to expand. We verified this by filling and polymerizing 

the coating formulation in a cell, in which the possibility to expand is limited. We 

indeed observed no reflection band shift upon maintaining a temperature of 65 °C for 

4 h.[32] The decreased rate constant with more bulklike LCE domains suggests that this 

is not dominated by the ability of the LCE to expand, but mostly by the domain size of 

the LCE as for larger domains there are more enthalpic interactions to overcome to 

diffuse out and back into the LCN. 

When we increase the crosslink density by increasing the diacrylate content (2, Figure 

3.1A), the color change becomes less and faster.[32] With increasing crosslink density, 

the LCE will be more constrained and less able to expand, resulting in a smaller degree 

of phase separation and thus color change. Following the same reasoning as with 

varying the curing light intensity, a smaller non-constraint LCE domain size in this case 

results in an increased rate constant, k. The observed trend is also in line with semi-

IPNs containing purely diacrylate-based LCNs reported in chapter 2, in which the 

crosslink density is even higher and the LCE is too much constrained to diffuse out due 

 k Δλ 

Coating thickness increase ↓ ↓ 

Curing light intensity increase ↓ ↑ 

Crosslink density increase ↑ ↓ 

Table 3.1. Trends found in the temperature-responsive color change when varying 

coating parameters (thickness, curing light intensity and crosslink density). The 

symbol‘↓’means that k slows down or that Δλ is less. The symbol ‘↑’means the 

opposite trend. 
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to which no color change is observed. Furthermore, it is striking that for lower crosslink 

densities the color change is larger than what is theoretically possible based on the 

chiral dopant concentration in the pure LCN (approximately 325 nm). This suggests 

that, besides diffusion of LCE out of the LCN, the network is also compressed, which 

might result in an additional energy barrier to overcome for the LCE to diffuse back 

into the LCN during the red shift. This effect plays a less significant role with higher 

crosslink densities, which aids the increased rate constant for the red shift. 

Altogether, we are able to program the temperature-responsive color change by 

changing the thickness, curing light intensity, and crosslink density (Table 3.1). We 

hypothesize a Fickian type I or anomalous diffusion model in which the diffusion of 

LCE out of the LCN is driven by the ability of the LCE to expand upon heating above 

TCh‑I. This driving force is in the direction of the coating-air interface. The diffusion 

causes a shrinkage of the remaining LCN, which causes winding of the cholesteric pitch 

and a blue shift. Upon cooling below TCh‑I, the LCE orders back into a liquid crystalline 

state with omnidirectional domains. From here, the LCE slowly diffuses back into the 

LCN, thereby gaining planar orientation, unwinding the cholesteric pitch, and causing 

a red shift. The rate with which the LCE diffuses out and back into the LCN is mostly 

dominated by the non-constraint LCE domain size (Figure 3.3). 

 

2.3. Temperature-responsive, multicolor images and flexographic printing 

We used the ability to program the temperature-responsive color change by curing 

light intensity and crosslink density to fabricate multicolor images using 

photolithography (Figure 3.1B and C). We fabricated a patterned coating (8 μm thick) 

by illuminating through a photomask with a semidark clover leaf (0.01 mW·cm-2) and 

a transparent surrounding (2.7 mW·cm-2, inverted photomask compared to drawing in 

Figure 3.1B). Initially both areas are invisible as they reflect in the near-IR region (λ > 

750 nm, Figure 3.4A). As the surrounding is cured at a higher light intensity, the color 

change is larger (Table 3.1). The surrounding area colors orange (λ = 622 nm) upon 

heating to 65 °C for 0.4 h, whereas the clover leaf image stays near-IR reflective (λ = 

693 nm), resulting in a negative of the clover leaf image. Upon cooling to 38 °C, both 

areas red-shift to a near-IR reflective state (λ > 740 nm) in about 22 h and become 

invisible again.[32] Since we used a thin coating and a low curing light intensity to 

fabricate the multicolor image, the color change is relatively small and fast (Table 3.1).  

Besides processing of the coating formulation on glass using blade coating, we also  
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used a roll-to-roll flexographic printing method to coat on a flexible poly(ethylene 

terephthalate) (PET) substrate. We fabricated a multicolor image coating (about 3 μm 

thick) by illuminating through a photomask with a semidark surrounding (0.01 mW·cm-

2) and a transparent clover leaf image (2.7 mW·cm-2, photomask as drawn in Figure 

3.1B). In the initial state, both areas reflect in the near-IR (λ > 750 nm). In addition, the 

surrounding area scatters light due to which there is an optical contrast with the clover 

leaf image (Figure 3.4B). The scattering can be explained by heating of the substrate 

in combination with a too slow polymerization during illumination due to which the 

coating material loses cholesteric organization. As the clover leaf image is cured at a 

higher light intensity, the color change is larger (Table 3.1). Already after 0.05 h at 65 

Figure 3.3. Schematic drawing of the temperature-responsive color-changing 

mechanism. Upon heating above TCh‑I, LCE gradually diffuses out of the LCN toward the 

coating-air interface, causing winding of the cholesteric pitch and thus a blue shift of 

the reflection band. Upon cooling below TCh‑I, almost all LCE gradually diffuses back into 

the LCN, causing unwinding of the cholesteric pitch and thus a red shift of the reflection 

band. This process is reversible. For the sake of clarity, the polymer backbones of the 

LCN and LCE are not drawn. 
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°C, the clover leaf image colors red (λ = 683 nm), whereas the color change of the 

surrounding area is inhibited. Upon cooling to 38 °C, the clover leaf image red-shifts 

back to a near-IR reflective state (λ = 747 nm) within 1 h.[32] Compared to the multicolor 

image on glass, the color change is less due to insufficient amount of cholesteric 

pitches but faster due to the lower thickness (Table 3.1). In a similar way, we fabricated 

multicolor image coatings using a higher curing light intensity, which follow the 

expected trend and show larger color changes.[32] 

In addition to macroscopic multicolor images, we can also fabricate micropatterned 

coatings by polymerization-induced diffusion, which creates areas of different 

Figure 3.4. Photographs of multicolor images and micropatterns at room temperature 

after blue and red shifts (65 and 38 °C, respectively). (A) Coating on glass in which the 

clover leaf image is cured at an intensity of 0.01 mW·cm-2 and the surrounding area at 

2.7 mW·cm-2. (B) Coating on PET in which the clover leaf image is cured at 2.7 mW·cm-2 

and the surrounding at 0.01 mW·cm-2. (C) Optical microscopy image in reflection mode 

of a multicolor micropatterned coating on glass. 
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crosslink densities. During illumination through a 20 μm-spaced line lithographic mask, 

polymerization is initiated in the exposed areas. Since diacrylates have a higher 

reactivity compared to that of monoacrylates, mostly achiral diacrylate 2 diffuses 

toward the exposed areas, which then contain a higher crosslink density and less chiral 

monoacrylate 3 compared to the nonexposed areas. This results in a coating (8 μm 

thick) with IR-reflecting lines for exposed areas and red reflecting lines for nonexposed 

areas (Figure 3.4C). Upon heating to 65 °C, both lines change to a wavelength below 

the visible light regime within 0.25 h (the red reflecting lines already within 0.05 h), 

coming across red, green, and blue in a different pace, and become optically 

indistinguishable. As the crosslink density in the initially IR-reflecting lines is higher, 

the color change is expected to be less (Table 3.1). Upon cooling to 38 °C, the line 

pattern becomes visible again within 46 h, as the initially IR-reflecting lines change 

color to a higher wavelength. 

 

3. Conclusion 

We fabricated temperature-responsive photonic coatings based on semi-IPN networks 

of LCE and monoacrylate-containing cholesteric LCN. The coatings blue- and red-shift 

above and below the TCh‑I (47 °C), respectively, between the near-IR and the visible 

light regimes. We are able to program the color change by varying the coating 

thickness, curing light intensity, and crosslink density. We hypothesize that during the 

blue shift, the LCE diffuses out of the LCN toward the coating-air interface driven by 

an expansion difference between LCE and LCN. During the red shift, the LCE diffuses 

back into the LCN. We used this novel mechanism to make multicolor images and 

micropatterns in which various areas show different temperature-responsive color 

changes. Furthermore, we fabricated temperature-responsive, multicolor-changing 

coatings using roll-to-roll flexographic printing.  

By choosing the right processing conditions, it is possible to program the appearance 

(e.g. positive or negative, color change, and time to change color) of the multicolor 

images and micropatterns at a given temperature, which opens up a versatile approach 

toward many interesting applications of photonic materials where fast (minutes, e.g. 

smart windows, textiles and anticounterfeit labels) or slow (hours or days, e.g. time-

temperature integrators) color changes are required. It is foreseen that the 

temperature response and color change of the photonic coatings can be further 
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programmed by changing the chemical composition of the mixture and fabrication 

methods (see Chapter 6, vide infra). 

 

4. Experimental 

4.1. Materials 

1, 2, 4 and 5 were the same as used in chapter 2. 4'-((S)-2-methylbutyl)-[1,1'-biphenyl]-

4-yl 4-(((S)-6-(acryloyloxy)-3-methylhexyl)oxy)benzoate (3) was supplied by the Philips 

Research lab. 

 

4.2. Coating fabrication and characterization 

Coating fabrication. Mixtures, substrates and coatings were prepared following the 

same procedures as in chapter 2, except that mixtures were coated at 53 °C and the 

speed was varied between ≈1 and 1.25 cm·s−1 to tune the coating thickness. 

Photopolymerization of the coatings was done at 40 °C in a nitrogen environment 

using an EXFO Omnicure S2000 mercury lamp for 10 min with an intensity of 32 

mW·cm-2, unless specified otherwise. The UV intensity was measured using an Opsytec 

Dr. Gröbel Radiometer RM12 with a UVA detector. 

Cell fabrication. A filled alignment cell was prepared by shearing the coating 

formulation between two rubbed polyimide glass plates having UV-curable glue 

(UVS91, Norland Products Inc.) containing 10 μm polystyrene beads (SP-210, Sekisui 

Chemical Co.) on the edges. After curing the coating formulation, the cell was sealed 

with glue to limit the possibility for the material to expand as much as possible. 

Flexographic printing. The coating formulation components were weighed in the 

desired ratio and subsequently dissolved in cyclopentanone (50 wt%) using a moving 

plate for at least 1 h. The coatings were prepared on an IGT F1 printability tester in a 

flexography mode. Biaxially oriented black PET (Tenolan OCN0003, 36 μm thickness) 

was used as substrate. The coated substrates were heated to 40 °C for at least 3 min 

to evaporate the solvent. 

Patterning. Blade-coated and flexographic-printed multicolor coatings were prepared 

by illuminating through a photomask at 40 °C in a nitrogen environment using an EXFO 

Omnicure S2000 mercury lamp. A photomask with a clover leaf image or negative 

clover leaf image was fabricated by printing three layers of the image on a transparent 

overhead sheet. Through the transparent part of the photomask, the intensity was 2.7 

mW·cm-2, whereas through the printed part of the photomask, the intensity was 0.01 

mW·cm-2. After 30 min of illumination through the mask, the entire coating was 
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postcured at 32 mW·cm-2 for 10 min. To generate a 20 μm-spaced line pattern, we 

blade-coated a coating formulation with a di/monoacrylate ratio of 1:8 and illuminated 

the coating through a lithographic mask having 20 μm-spaced lines (I = 13.7       

mW·cm-2 for 0.7 s).[32] After waiting for 1 min, we removed the mask and postcured the 

entire coating (I = 32 mW·cm-2 for 10 min). 

Thickness measurements. The thicknesses of the coatings on glass were measured using 

a three dimensional interferometer (Fogal Nanotech Zoomsurf). For the coatings 

fabricated using flexographic printing, the thickness was measured using a digital 

caliper (Helios Preisser Digimet 1865 510, accuracy 0.001 mm). 

DSC. DSC curves were measured with a DSC Q1000 from TA Instruments. A rate of 5 

°C·min-1 was used for both heating and cooling ramps. 

Transmission spectra. Temperature dependent transmission spectra were obtained 

following the procedures described in chapter 2. The actual temperature at the semi-

IPN coating was measured using a thermometer probe (Comark KM340). The 

transmission and reflection spectra of the patterned coatings were measured on a 

PerkinElmer Lambda 750 UV/Vis/NIR spectrophotometer. For fitting the color changes, 

an exponential function (eq. 3.1) and the first blue and red shift cycles were used. 

Photographs. Photographs of the samples after various exposure times during the blue 

and red shifts were captured at room temperature. The samples were cooled to room 

temperature after which the blue or red shift at 65 or 38 °C, respectively, was 

continued. The red shift of the coatings at room temperature is slow (hours), compared 

to the time it takes to cool down to room temperature and capture a photograph 

(minutes), due to which no observable color change is visible at room temperature in 

the timeframe of minutes.[32] 
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Chapter 4 | 3D helix engineering in chiral photonic 

polymer coatings 

 
 

 
 

___________________________________________________________________________________________ 

Abstract 

3D helix engineered photonic polymers are fabricated by local stratification in a 

photopolymerizable cholesteric liquid crystal. The obtained chiral photonic polymers 

reflect both handedness of circular polarized light and show super-reflectivity. 

Simulations match the experimentally observed photonic properties and reveal a 

distorted helical structure. 3D engineered polymer films can be made that reflect both 

left- and right-handed circular and linear polarized light dependent and exhibit a 

changing color contrast upon altering the polarization of incident light. Hence, these 

3D engineered photonic polymers are of interest for new and emerging applications 

ranging from anti-counterfeit labels and data encryption to aesthetics and super-

reflective films. 

___________________________________________________________________________________________ 

This chapter is partly reproduced from A. J. J. Kragt, D. C. Hoekstra, S. Stallinga, D. J. 

Broer, A. P. H. J. Schenning, Adv. Mater. 2019, 31, 1903120. 
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1. Introduction 

Nature provides a library of complex 3D photonic architectures with unique 

polarization-dependent photonic properties and exceptional decorative functions.[1–8] 

For example, the exocuticle of the beetle Chrysina gloriosa is partly decorated with a 

brilliant metallic color, which selectively reflects left circularly polarized (LCP) light due 

to helicoidally arranged nested arcs.[1,3,9] Other animals, such as the butterfly Papilio 

blumei, show linear polarized (LP) light selectivity on specific parts of their wings.[3,4,10] 

Natural 3D photonic structures have inspired researchers to fabricate complex 

architectures to make products with appealing aesthetics and distinctive polarization-

dependent decorations, such as security features.[3–8,11–20] 

Synthetic photonic structures that only reflect left- or right-handed circularly polarized 

(CP) light are cholesteric liquid crystals (CLCs).[1,3] Due to the helical structure, the 

reflection at normal incidence is not linear polarized light dependent and only 

circularly polarized light with the same handedness as the helical structure is reflected. 

As a result, the reflectivity of unpolarized light is limited to 50% (see Chapter 1).[21–23] 

By helix engineering in the z-direction, along the film thickness, the photonic 

properties of CLCs can be altered. Both handedness of CP light can be reflected by 

helix inversion or wash-and-refill methods in polymer-stabilized low molecular weight 

liquid crystal systems, thereby exceeding the 50% reflection limit of unpolarized 

light.[24–29] For CLC polymers, multilayer stacks can be fabricated consisting of layers 

reflecting the opposite handedness or layers of the same handedness separated by 

half-wave plates.[25,30,31] An LP light dependency can be introduced by stratification of 

chiral and achiral components. This deforms the helical structure and causes a net 

excess of molecules to be oriented in one direction.[32] However, helix engineering in 

three dimensions, both along the helix and in the x–y plane, in a single photonic 

polymer with programmed super-reflectivity and LP light dependency remains a 

challenge. 

In this chapter, we engineered the helical structure of CLC polymers in three 

dimensions. Engineering along the z-direction was done by stratification of a non-

crosslinked LC elastomer (LCE) and a chiral LC network (LCN) on the pitch length scale 

(hundreds of nanometers), while engineering in the x–y plane was achieved by 

photomask exposure, thereby localizing the stratification to a macro-sized region. The 

stratified polymer coatings reflect both handedness of CP light at normal incidence, 

thereby exceeding the 50% reflection limit for unpolarized light of regular CLCs. In 
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addition, the stratified polymer reflects both CP and LP light dependent, whereas the 

non-stratified polymer reflects as a regular CLC. This results in a polarization-

dependent contrast for both circular and linear polarization states of light. By 

simulations, we found that the photonic properties of the stratified polymers originate 

from a distorted helical structure. These 3D helix engineered chiral photonic polymer 

coatings show unique linear and circular polarization features making them appealing 

for applications ranging from security features to super-reflective films. 

 

2. Results and discussion 

2.1. Fabrication of 3D helix engineered chiral photonic polymers 

We prepared CLC coating formulations containing siloxane-based LCE 1, 

photopolymerizable chiral diacrylate 2 and surfactant 4 (1 wt%) as described in chapter 

2, in which we replaced the photoinitiator by dichroic photoinitiator 3 (Figure 4.1A). 

LP UV light in combination with the dichroic initiator and a photomask is used to 

engineer the helical structure of the CLC mixture in three dimensions. After application 

of the mixture using blade coating (coating direction defined at 0°), we illuminated the 

coating with LP UV light (polarization direction at 90°) through a photomask with the 

desired image. The dichroic photoinitiator aligns with the periodic helical structure of 

the CLC and preferably absorbs light polarized in the same direction as the molecular 

orientation. Therefore, polymerization in the exposed areas is mostly initiated when 

the molecular direction of the initiator is the same as the polarization direction, which 

is every half a pitch length.[33] Due to faster consumption of chiral diacrylate 2 in these 

areas, diffusion of 2 toward these areas is induced, thereby creating stratified layers of 

LCN-rich and LCE-rich material, which alternate with a periodicity equal to the length 

of half a pitch of the original cholesteric helix (Figure 4.1B). The periodic compositional 

variation of LCN and LCE gives rise to i) a distortion of the helical structure due to 

localized variation of the chiral dopant concentration and ii) a periodic numerical 

variation of the extraordinary (ne) and ordinary (no) refractive indices.[32,34,35] After LP 

UV light illumination through the photomask, the entire coating is cured with 

unpolarized UV light. This curing process results in a coating in which the areas 

illuminated with LP UV light contain a distorted helical structure, whereas the 

surrounding areas contain a regular CLC helix. Due to distinct polarization-dependent 

photonic properties of these two regions, we could fabricate decorated polymer films 

with a changing color contrast upon altering the polarization of incident light (Figure 

4.1C). 
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Figure 4.1. (A) Components used in the coating formulation. (B) Schematic drawing of 

the fabrication of 3D helix engineered cholesteric polymers.  The yellow color indicates 

homogeneously mixed LCE and diacrylate. For the sake of clarity, the polymer 

backbones of the LCN and LCE are not drawn. (C) Principle of a polarization-dependent 

changing color contrast. 
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2.2. Engineering of chiral photonic polymers along the helical axis 

We first engineered the classic structure of the CLC mixture along the helix axis by 

stratification using LP UV light in combination with the dichroic photoinitiator. We 

illuminated about two-third of the coating with LP UV light (stratified), whereas the 

remaining part of the coating was only illuminated with unpolarized light (non-

stratified). In this experiment, we used a formulation containing 21 wt% chiral 

diacrylate 2. The reflection band of the resulting 25 µm thick stratified coating is 

centered at 677 nm and reflects mostly at the no-edge (659 nm, 72%), so that the 

reflection band has an asymmetric shape (Figure 4.2A). In comparison, the non-

stratified region of the coating reflects only 38% of unpolarized light with a symmetric 

reflection band (Figure 4.2A, dashed line). Due to the stratification process, we observe 

so-called super-reflectivity by exceeding the 50% reflection limit of regular CLCs. In 

addition, the stratified part reflects both handedness of CP light, whereas the non-

stratified part reflects only LCP light (Figure 4.2B). Both regions reflect incoming LCP 

light effectively, albeit the central reflective wavelength (λ) is slightly red-shifted for 

the stratified region with respect to the non-stratified region (687 and 677 nm, 

respectively). The stratified coating reflects about 70% of incoming right circularly 

polarized (RCP) light at the no-edge of the reflection band (649 nm), which is in line 

with the asymmetric shape of the unpolarized light spectrum. The coating also shows 

an LP light dependency of the reflection band with a maximum for light polarized at 

45° and a minimum for light polarized at 135° (Figure 4.2C and D). With LP light at 

45°, the coating reflects 85% at the no-edge (658 nm) of the reflection band, whereas 

with LP light at 135°, the coating reflects 60% at the ne-edge (690 nm), which again is 

in line with the asymmetric reflection band of the unpolarized light spectrum. Such an 

LP light dependency is not observed in the non-stratified region of the coating (Figure 

4.2C and D, dashed lines).  

By changing the concentration of chiral diacrylate 2 in the coating formulation, λ can 

be tuned between 537 and 927 nm (Figure 4.3A). All the coatings show an asymmetric 

reflection band with a maximum reflection at the no-edge, where they reflect between 

66 and 73% of incoming unpolarized light, and showed similar polarization-dependent 

properties.[35] For the green and red reflective coatings (25.5 and 21.0 wt% chiral 

diacrylate 2, respectively), the intensity difference between the stratified and non-

stratified regions of the coating is difficult to detect by the human eye. However, the 

coatings reflecting in the near-IR region at 818 and 927 nm (17.1 and 15.1 wt% chiral 



Ch. 4 | 3D helix engineering 

 

54 
 

diacrylate 2, respectively) show a second order reflection peak in the visible light 

regime (416 nm (visible as purple) and 471 nm (visible as blue), respectively), which 

makes the stratified and non-stratified regions of the coating clearly distinguishable 

(Figure 4.3B). 

In addition to the altered reflectivity and polarization dependency of the stratified 

coatings, the reflectivity demonstrates a dependence on film thickness, which is not 

seen in non-stratified chiral photonic coatings for thicknesses >5 µm.[35] Stratified 

coatings of 14, 19, and 25 µm reflect 57, 66, and 72% of incoming unpolarized light at 

their lowest point in the transmission curve, respectively. Thinner stratified coatings 

reflect less RCP and show a larger LP light dependency. In addition, we found that 

coatings stratified with LP UV light parallel to the drawing direction of the coating 

procedure (0°) showed less enhanced photonic properties, but a similar CP and LP light 

dependency compared to coatings cured perpendicular to the drawing direction (90°), 

Figure 4.2. Transmission spectra of the stratified (solid lines) and non-stratified (dashed 

lines) chiral photonic structures for (A) unpolarized light, (B) CP light, and (D) LP light. 

(C) A polar plot of the transmission at 659 nm. 
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except that the maximum and minimum LP light reflection are rotated.[35] The 

difference in photonic properties between coatings stratified with LP UV light parallel 

and perpendicular to the drawing direction might be explained by a shear-induced 

preferential alignment of the LCE backbone along the coating direction, which hinders 

diffusion of diacrylate ordered in this direction, resulting in a less pronounced 

stratification process. 

 

 

 

Figure 4.3. (A) Unpolarized light transmission spectra of stratified chiral photonic 

polymers fabricated from mixtures containing various concentrations of chiral diacrylate 

2. (B) Photographs of the various coatings on a black background. Below the dashed 

lines, the coating is stratified, whereas above the coating is non-stratified. The color 

visible for the stratified part of the coatings reflecting in the near-IR (17.1 and 15.1 wt% 

chiral diacrylate 2) originates from the second order reflection peak. 
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2.3. Simulation of the chiral photonic polymers engineered along the helical axis 

We simulated the structure and the corresponding photonic properties of the stratified 

chiral photonic polymers using an S-matrix method written in MATLAB.[35–41] In the 

script, we used experimentally obtained values for ne and no.[35] We tested the script by 

simulation of a regular CLC medium, which resulted in the expected photonic 

properties.[35] We simulated three different stratification scenarios; i) one in which 

chiral diacrylate 2 accumulates at the center of the high absorption area during the 

stratification process, ii) one in which the diacrylate distributes homogeneously around 

the center of this area, and iii) one in which the diacrylate does not reach the center of 

this area and accumulates around it. We found that only the latter stratification 

scenario simulated photonic characteristics that match the experimentally observed 

properties, meaning that the reflection band is enhanced and asymmetric toward the 

no-edge (Figure 4.4). For phase separation scenarios (i) and (ii) the reflection band is 

also enhanced, but symmetric or asymmetric toward the ne-edge, respectively.[35] The 

specific stratification scenario in which chiral diacrylate 2 accumulates around the 

center of the high absorption areas during the stratification process is thus crucial to 

obtain the photonic characteristics as found experimentally. Due to the accumulation 

of diacrylate around the center of high absorption during the stratification process, 

the helical structure is alternatingly compressed and elongated, due to which it 

describes an elliptical pathway instead of a circular one as in a conventional CLC. 

Therefore, it can be rationalized that the stratified photonic structure reflects elliptical 

polarized light, and thus both handedness of CP light and LP light dependent. In 

addition, the thickness dependency observed experimentally is also supported by 

simulation.[35] Mismatches between simulated and experimental reflection bands 

might be explained by imperfect planar orientation of the LCs in the experimental 

sample. This imperfection decreases transmission outside the reflection band and 

limits the efficiency with which the stratification process can take place and with which 

the photonic structure can build up constructive interference and thus reflectivity. In 

addition, during fabrication, the LP curing light might become slightly rotated or 

elliptically polarized while propagating through the CLC medium. It should also be 

noted that the quarter-wave plate used to generate CP light experimentally is 

optimized for 532 nm, so that at λ of the coating the probing light is somewhat 

elliptical. 



 

57 

 

 
2.4. 3D Helix engineered chiral photonic polymers with CP and LP light dependent 

optical changes 

We fabricated a 3D engineered photonic coating (14 µm) using the green reflecting 

mixture (25.5 wt% chiral diacrylate 2) by first illuminating the sample with LP UV light 

(90°) through a photomask with a clover leaf image (Figure 4.1B). The entire coating 

was subsequently cured with unpolarized light. In this way, the clover leaf image 

contains stratified chiral photonic polymer, whereas the surrounding contains non-

stratified chiral photonic polymer. Therefore, the appearance of the clover leaf image 

is dependent on the polarization state of light (Figure 4.5). With unpolarized light, a 

minor color difference is visible between the clover leaf and the surrounding area, as 

Figure 4.4. (A) Schematic representation of a stratified chiral photonic polymer along 

one pitch length in which chiral diacrylate 2 accumulates around the center of the high 

absorption areas during the stratification process. The color bar indicates the mole 

fraction of chiral diacrylate 2. (B–D) Comparison between the simulated and 

experimental photonic properties of the stratified chiral photonic polymer for (B) 

unpolarized light, (C) CP light, and (D) LP light. 



Ch. 4 | 3D helix engineering 

 

58 
 

the clover leaf reflection band is slightly red-shifted compared to the surroundings (λ 

= 557 and 548 nm, respectively) and the no-edge (540 nm) of the clover leaf is not as 

dominant as for a thick coating.[35] For LCP light, λ of a stratified coating is slightly red-

shifted with respect to a non-stratified coating. Therefore, when viewed with LCP light, 

the clover leaf is visible as orange (λ = 562 nm), whereas the surrounding is still visible 

as green. With RCP light, the clover leaf reflects at the no-edge (λ = 541 nm) and is 

visible as green, whereas the surrounding area does not reflect, so the black 

background becomes visible. The clover leaf shows a rotated LP light dependency with 

respect to the stratified chiral photonic polymers described above (maximum and 

minimum reflection are at 105° and 15° LP light, respectively). This can be explained 

by the birefringence and optical axis of the photomask sheet used, due to which the 

LP UV curing light is rotated or even elliptically polarized before it propagates through 

the coating.[35] With 0° LP light, the clover leaf is visible as orange, since light is mainly 

reflected at the ne-edge (577 nm), whereas the surrounding has no such LP light 

dependency and still reflects green. With 90° LP light, the clover leaf is also visible as 

green, since light is mainly reflected at the no-edge (538 nm) and becomes almost 

Figure 4.5. Photographs of a decorated polymer coating viewed with different 

polarization states of light. The photograph on the left shows the coating viewed with 

unpolarized light. For the other photographs, the polarization states are indicated by 

the arrows (top left/right: LCP/RCP light, bottom left/right: 0°/90° LP light). 
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indistinguishable from the surrounding. These results reveal that it is possible to 3D 

engineer the helical organization in a chiral photonic polymer showing unique 

polarization-dependent optical changes. 

 

3. Conclusion 

In conclusion, we fabricated polarization-dependent decorated coatings by 3D helix 

engineering of chiral photonic polymers. The helical structure of the polymer is locally 

distorted by stratification of an LCE and LCN by illumination with LP UV light through 

a photomask. Simulations match the experimentally observed optical properties in the 

stratified areas and reveal a specific stratification profile in which the chiral diacrylate 

accumulates around the center of the high absorption areas during the stratification 

process resulting in a specific distortion of the photonic structure. The stratified areas 

reflect both handedness of CP light, thereby exceeding the 50% reflection limit for 

unpolarized light of regular CLCs. Furthermore, the stratified chiral photonic polymer 

reflects both CP and LP light differently than regular CLCs, resulting in a changing 

contrast in color of the decorated polymer coating upon changing the polarization of 

incoming light. These polarization-dependent decorated polymers have potential to 

be used in applications where aesthetics and distinctive polarization properties are 

required, such as security features, but also as reflective optical films where super-

reflectivity is needed. The present findings provide a novel method to fabricate bio-

inspired 3D photonic structured polymer coatings with new optical properties. 

 

4. Experimental 

4.1. Materials 

1, 2 and 4 were the same as used in chapter 2. 1-(4″-heptyl-[1,1′:4′,1″-terphenyl]-4-yl)-

2-methyl-2-morpholinopropan-1-one (3) was obtained from Merck.  

 

4.2. Coating fabrication and characterization 

Coating fabrication and stratification process. Mixtures, substrates and coatings were 

prepared following the same procedures as in chapter 2, except that the speed was 

varied between ≈1 and 1.5 cm·s−1 to tune the coating thickness. The coating was 

placed in a nitrogen box at 40 °C and a high contrast linear polarizer for UV 

(PUVD260C35S from LOT- QuantumDesign GmbH) was placed above the coating to 

cover approximately two-third of the coating. The coating was illuminated with an 

energy dose of ≈275 mJ·cm−2 (8.3 mW·cm−2 for 33.1 s) using an EXFO Omnicure S2000 
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mercury lamp. The LP UV light direction was perpendicular (defined as 90°) to the 

coating direction (defined as 0°), unless specified otherwise. Subsequently, after 

waiting for 1 min during which the linear polarizer was removed, the coating was post 

cured for 10 min with a high UV intensity of ≈25 mW·cm−2. 

Decorated coatings. Decorated coatings were prepared in a similar way as described 

above, except that a photomask was placed above the coating during the illumination 

step with LP UV light. The photomask was fabricated by printing a clover leaf image 

on a transparent overhead sheet three times, which ensures blocking most of the light 

(>99%) in the printed areas. 

Transmission spectra. Transmission spectra of the coatings for unpolarized light were 

measured at a Perkin Elmer Lambda 750 UV/Vis/NIR spectrophotometer. For LP light 

transmission spectra and polar plots, this spectrophotometer was equipped with a 

linear polarizer. Transmission spectra with CP light were measured on a Shimadzu UV-

3102 PC equipped with a linear polarizer in combination with a quarter-wave plate. 
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Chapter 5 | Temperature-responsive polymer wave 

plate coatings as tunable polarization converters 
 

 

 

 
 

 

 

___________________________________________________________________________________________ 

Abstract 

A temperature-responsive polarization converter, which reversibly changes from a full-

wave to a half-wave plate upon heating, is developed. The polymer wave plate has a 

controlled thickness and is based on a uniaxial aligned nematic semi-interpenetrating 

network coating containing a specific concentration of a non-crosslinked liquid crystal 

elastomer. Upon heating, the effective birefringence of the wave plate halves without 

changing the thickness. The function of the wave plate is demonstrated by 

sandwiching the tunable polarization converter between two identical right handed 

circularly polarized light reflective films with a wavelength around 770 nm. At low 

temperatures, this optical device reflects 50% of light at 770 nm, whereas at elevated 

temperature 81% is reflected. Such temperature-responsive optical devices have 

potential applications for both aesthetic purposes as well as energy saving windows.  

___________________________________________________________________________________________ 

This chapter is partly reproduced from A. J. J. Kragt, I. P. M. van Gessel, A. P. H. J.  

Schenning, D. J. Broer, Adv. Opt. Mater. 2019, Advanced Online Publication. DOI: 

10.1002/adom.201901103. 
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1. Introduction 

Polarization conversion is a common practice in many optical elements present in, for 

example, displays, antennas and beam splitters.[1–7] A polarization converter that is 

often used is a wave plate; a birefringent element that converts a polarization state by 

inducing a phase shift between orthogonal electric-field components of electro-

magnetic waves. The simplest wave plates have a homogeneous uniaxial birefringence 

(Δn) with a thickness (d) and induce a phase shift between the two orthogonal waves 

according to 

 𝑘 =
𝑑∙𝛥𝑛

𝜆
         (eq. 5.1) 

in which λ is the wavelength and k the induced phase shift divided by 2π.[1,8,9]  

Liquid crystals (LCs) are frequently used as wave plate materials. By programming the 

Δn and d of a uniaxial aligned LC quarter- and half-wave plates can be easily fabricated. 

Also achromatic polarization converters can be obtained by stacking multiple wave 

plates using the principle of retardation compensation or using configurations 

involving twisted nematic LCs.[1,8–18] In addition, wave plates based on non-

polymerized LCs in cells can be switched using electric fields, which among others 

resulted in the billion dollar liquid crystal display industry.[1,19,20] To widen its 

application range it would be appealing to make wave plate films that are responsive 

to other stimuli such as temperature. However, stimuli-responsive polymer wave plates 

have never been reported so far. 

In chapter 2 we discussed responsive reflective LC coatings based on a semi-

interpenetrating polymer network (semi-IPN) composed of a liquid crystal elastomer 

(LCE) and a helical liquid crystal network (LCN). The coatings showed a fast and 

reversible decrease in reflection band intensity with increasing temperature, which 

could be tuned by the polymer network density. In this chapter, we developed 

temperature-responsive polymer wave plate coatings, which reversibly change from a 

full-wave to a half-wave plate upon heating. The wave plate consists of a uniaxial 

aligned nematic semi-IPN in which a non-crosslinked LCE interpenetrates through an 

LCN. Upon heating above the nematic-to-isotropic transition temperature (TN-I) of the 

semi-IPN, the LCE loses order, while some order is maintained by the LCN. Therefore, 

the effective Δn, which is the result of the overall order within the material, decreases. 

We designed the semi-IPN such that the effective Δn halves, while d remains constant, 

thereby changing the polymer film from a full-wave to a half-wave plate. We 

demonstrate its function by sandwiching the temperature-responsive wave plate 
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between two identical cholesteric liquid crystal (CLC) polarizers reflecting right handed 

circularly polarized (CP) light around the λ for which the wave plate is operative (Figure 

5.1). Below the TN-I, the left handed CP light transmitted by the first polarizer is 

effectively not affected by the full-wave plate and thus also transmitted by the second 

polarizer, resulting in an overall reflectivity of 50%. Upon heating above TN-I, the wave 

plate turns into a half-wave plate, which converts the left handed CP light transmitted 

by the first polarizer to right handed CP light, which is then reflected by the second 

polarizer, increasing the overall reflectivity of the optical device to 100%. 

 

 
2. Results and discussion 

2.1. Designing the temperature-responsive polymer wave plate material 

To obtain a semi-IPN coating with the desired optical properties we need a wave plate 

in which dΔn halves upon heating (Figure 5.1). For this reason, we filled LC cells, thereby 

fixing d, with mixtures containing various ratios of LCE 1 and achiral diacrylate 2. 

Furthermore, we added photoinitiator 3 (1 wt%) to be able to photopolymerize the 

diacrylate, which then forms the LCN (Figure 5.2A). After photopolymerization, the 

Figure 5.1. Schematic drawing of the temperature-responsive wave plate sandwiched 

between two identical CLC polarizers. Below the TN-I of the wave plate, the reflectivity of 

the optical device is 50%. Above the TN-I, the reflectivity increases to 100%. 

 



Ch. 5 | Temperature-responsive wave plates 

 

68 
 

effective Δn decreases to 27, 53 and 57% of its initial value upon crossing the TN-I from 

20 to 61 °C for mixtures containing 25.0, 31.5 and 35.0 wt% diacrylate 2, respectively 

(Figure 5.2B). The Δn of the semi-IPNs decreases upon heating as the non-crosslinked 

LCE loses order, which is programmed by the concentration LCN (see Chapter 2). With 

more LCN, the LCE is more constrained and the effective Δn decrease upon heating is 

less. The effective Δn does not decrease to zero as some of the order is preserved by 

the LCN. It should be noted that the initial effective Δn for all semi-IPNs is relatively 

low (0.11) compared to pure LCN systems.[21] Mixing of the LCE thus reduces the 

effective Δn of the material. The effective Δn of the semi-IPN containing 31.5 wt% 

diacrylate 2 approximately halves and thus we selected this mixture to fabricate our 

temperature-responsive wave plate.  

 
2.2. Fabrication of the temperature-responsive polymer wave plate coating 

We blade-coated the temperature-responsive wave plate mixture on a rubbed 

polyimide glass substrate. After photopolymerization, we obtained a semi-IPN coating 

with a TN-I of the LCE-rich domains of 48 °C, which is the same as the transition 

temperature of the pure LCE (see Chapter 2).[22] The coating has a d of 8.4 ± 0.4 μm, 

which remains constant upon heating (Figure 5.3A). The effective Δn of the wave plate 

decreases from 0.092 to 0.042 at a λ of 644 nm, while crossing the TN-I upon heating 

from 22 to 70 °C (Figure 5.3B). The initial effective Δn of the coating is somewhat lower 

compared to the cell, as only one alignment layer is used. We measured the effective 

Δn dispersion at room temperature as a function of λ, which we fitted with a two-

Figure 5.2. (A) Chemical structures of the compounds used to fabricate the 

temperature-responsive wave plate material. (B) Effective Δn against temperature for LC 

cells containing polymerized mixtures with varying concentration diacrylate 2. 
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coefficient Cauchy model (∆𝑛 = 0.069 +   
4930.1

𝜆2 , adj. R-square = 0.99, Figure 5.3C).[23–

26] Using the effective Δn dispersion and equation 5.1, k can be calculated as a function 

of λ, which reveals that we obtained a full-wave plate for a λ of 715 nm (Figure 5.3D). 

We assume that the relative Δn decrease upon heating is similar for all wavelengths. 

As the wave plate reduces its effective Δn approximately to half the initial value, while 

d remains constant, the wave plate turns into a half-wave plate upon heating for 

wavelengths around 715 nm. 

 
2.3. Fabrication of a temperature-responsive optical device 

To demonstrate the function of the temperature-responsive wave plate, we 

sandwiched the wave plate between two identical CLC polarizers reflecting right 

Figure 5.3. (A) d of the coating against temperature for one heating ramp. (B) The 

effective Δn at 644 nm against temperature upon one heating and cooling cycle. (C) The 

effective Δn dispersion of the wave plate. The solid line represents the two-coefficient 

Cauchy fit. (D) A plot of k against λ. The intersect of the dotted lines represent the λ 

(715 nm) where k = 1, meaning a full-wave plate. 
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handed CP light (Figure 5.1). The polarizers reflect 47% of incoming unpolarized light 

at 770 nm.[22,27] The reflectivity of the resulting optical device increases from 50 to 81% 

at a λ of 770 nm upon crossing the TN-I of the wave plate from 26 to 56 °C (Figure 5.4A 

and B). The temperature-responsive optical device does not increase its reflectivity 

from 50 to 100% as depicted in Figure 5.1, because the CLC polarizers reflect somewhat 

less than 50%, the wave plate does not exactly go from a full-wave to a half-wave plate 

at 770 nm and because of losses due to scattering. The optical device is visibly 

transparent regardless of the temperature and the temperature response is completely 

reversible (Figure 5.4C). Upon increasing the angle of incidence of the incoming light, 

the optical device shows a blue shift and reflectivity increase (Figure 5.4D). This can 

Figure 5.4. (A) Transmission spectra of the optical device at various temperatures upon 

heating. (B) Reflectivity of the optical device at 770 nm against temperature averaged 

over one heating and cooling cycle. (C) Reflectivity of the optical device at 770 nm after 

consecutive heating (56 °C, red squares) and cooling (26 °C, blue squares) ramps. (D) 

Transmission spectra at room temperature at various angles of incidence. 
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be explained by the increase of the effective d and decrease of the effective Δn of the 

wave plate and the CLC polarizers reflecting at lower λ and transmitting more 

elliptically polarized light rather than CP light upon increasing the angle of 

incidence.[28–31] Therefore, the wave plate at room temperature will deviate from a full-

wave plate, thereby increasing the reflectivity. The decrease in transmission outside 

the reflection band region can be attributed to the additional interfaces of the CLC-

wave plate-CLC stack with respect to the baseline measurement. Furthermore, the λ of 

the optical device can be programmed by modulation of the CLC polarizers by the 

chiral dopant concentration and changing the thickness of the wave plate 

accordingly.[22] In addition, the wave plate can be sandwiched between broadband CLC 

polarizers.[27] The resulting stack increases its reflectivity around the λ for which the 

wave plate is programmed, similar to narrowband reflecting stacks, but shows an 

altered temperature response for other wavelengths, due to the effective Δn dispersion 

of the wave plate.[22]  

 

3. Conclusion 

We have fabricated a temperature-responsive polymer wave plate, which reversibly 

changes from a full-wave to a half-wave plate upon heating. The wave plate consists 

of a uniaxial aligned nematic semi-IPN with a controlled d. We programmed the 

effective Δn decrease upon heating by the concentration of non-crosslinked LCE, so 

that it halves upon crossing the TN-I of the coating. We have demonstrated its function 

by sandwiching the wave plate between two identical CLC polarizers. Below the TN-I, 

the optical device reflects 50% at the λ for which the polarizers and wave plate are 

programmed as the CP light transmitted by the first polarizer is unaffected by the full-

wave plate and also transmitted by the second polarizer. Above the TN-I, the optical 

device reflects 81% at the programmed λ as the CP light transmitted by the first 

polarizer is now converted by the half-wave plate and reflected at the second polarizer. 

The operating λ and band width of the optical device can be readily programmed in a 

modular way. Furthermore, we anticipate modulation of the transition temperature of 

the optical device by using other LCEs (see Chapter 6, vide infra). Such programmed 

optical devices have potential for use in energy saving smart window applications for 

example.[32–42]  
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4. Experimental 

4.1 Materials 

1, 2 and 3 were the same as used in chapter 2. For the fabrication of the CLC polarizers 

we used the materials as described in literature.[27] 

 

4.2 Coating fabrication and characterization 

Designing the temperature-responsive wave plate material. The LC mixture components 

were weighed in the desired ratio and dissolved in dichloromethane (DCM) or 

tetrahydrofuran (THF, 50 wt%). The mixtures (40 μL) were placed at elevated 

temperatures to evaporate the solvent. Various test mixtures were filled into LC cells 

for planar alignment (5.0 or 7.7 μm thick, Instec) by capillary action overnight at 

elevated temperatures (between 50 and 60 °C) and subsequently cured at 45 °C using 

an EXFO Omnicure S2000 mercury lamp with an intensity of 16 mW·cm-2 for 10 

minutes. 

Coating fabrication. Substrates and coatings were fabricated following the same 

procedures as used in chapter 2, except that the solvent (DCM or THF) was evaporated 

by heating the mixture stepwise to 80 °C preventing the formation of air bubbles and 

a substrate temperature of 53 °C was used. Subsequently, the coated substrate was 

transferred to a hotplate at 50 °C in a nitrogen atmosphere using a pre-heated metal 

plate to prevent the coating to cool down. Here, the coating was cured by UV-light 

having an intensity of 23 mW·cm-2 for 10 minutes using an EXFO Omnicure S2000 

mercury lamp. We used a spot with a d of 9.1 μm for the birefringence and 

birefringence dispersion measurements as well as for the fabrication of the CLC-wave 

plate-CLC stack.  

Fabrication of the CLC-wave plate-CLC stacks. The CLC polarizers were fabricated using 

the procedure as described in literature using 10 μm spaced rubbed polyimide cells.[27] 

CLC-wave plate-CLC stacks were assembled by sandwiching a temperature-responsive 

wave plate between two CLC cells using double sided tape.  

Differential Scanning Calorimetry (DSC). Transition temperatures of the LC mixtures and 

temperature-responsive wave plate coatings were measured using a TA Instrument 

DSC Q2000. Measurements consisted of 3 cycles at a rate of 5 °C·min-1. 

Birefringence and birefringence dispersion measurements. Temperature dependent 

effective Δn values for a λ of 644 nm were measured using a polarized optical 

microscope (Leica DM 2700M) equipped with a Linkam PE95/T95 temperature control 

stage and a compensator crystal. The effective Δn dispersions of the temperature-
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responsive wave plate coatings were measured on a Shimadzu UV-3102 PC UV/Vis/NIR 

spectrophotometer equipped with three sets of crossed polarizers, which operated at 

various λ ranges (400 - 700 nm (Edmund Optics, linear glass polarizing filter), 600 – 

1100 nm (Thorlabs, LPNIRE050-B) and 1050 – 1700 nm (Thorlabs, LPIREA050-C). A 

glass slide in combination with one polarizer was used for the baseline of each 

measurement. The optical axis of the wave plate coating was placed at an angle of 45° 

with respect to the crossed polarizers. Transmission spectra obtained from these 

measurements show maxima and minima from which effective Δn values can be 

obtained according to 

 ∆𝑛(𝜆) =
(

2𝑏−1

2
)∙𝜆

𝑑
                   (eq. 5.2) 

In which Δn(λ) is the effective Δn at the λ were an extreme occurs and b is the peak 

order.[43,44] The obtained effective Δn values were fitted with a two-coefficient Cauchy 

model 

 ∆𝑛(𝜆) = 𝐴 +
𝐵

𝜆2      (eq. 5.3) 

In which A and B are fitting parameters.[23–26]  

Thickness measurements. The thicknesses of the temperature-responsive wave plate 

coatings were measured with an interferometer (Forgale Zoomsurf 3D). 

Transmission spectra. Temperature dependent transmission spectra were obtained 

following the procedures described in chapter 2. Glass slides, equal in number to the 

glass slides of the sample to be measured, were used as baseline. The actual 

temperature at the wave plate coating was measured using a thermometer probe 

(Comark KM340). Angular dependent measurements were performed on a Perkin 

Elmer Lambda 750 UV/Vis/NIR-spectrophotometer equipped with an ARTA accessory 

that utilizes a 60 mm integrating sphere mounted on a goniometer with PMT and 

InGaAs detectors. 
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___________________________________________________________________________________________ 

Abstract 

Potential applications of the responsive photonic coatings as described in this thesis 

are discussed. The technological feasibility and challenges toward these applications, 

such as sensors, anti-counterfeit labels and energy saving windows, are evaluated and 

possible solutions are provided.   

___________________________________________________________________________________________
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1. Introduction 

This thesis describes the fabrication of novel responsive photonic coatings based on 

semi-interpenetrating networks (semi-IPNs), in which a non-crosslinked liquid crystal 

elastomer (LCE) interpenetrates through a liquid crystalline network (LCN). The 

coatings do not require deformation steps or solvents to induce a response, such as 

with photonic shape memory polymers or hydrogels, respectively (see Chapter 1). In 

addition, in contrast to a polymer dispersed liquid crystal systems, the cholesteric 

liquid crystal (CLC) ink formulation can be aligned using conventional coating 

techniques, such as blade coating and flexographic printing, resulting in a continuous 

all-polymeric CLC coating with a relatively bright and narrow spectral selectivity 

without any additional measures to be taken. We programmed the responsive 

properties of these coatings by varying the coating formulations and processing 

conditions, which resulted in coatings with potential interest for various applications, 

such as real-time temperature indicators, time-temperature integrators, anti-

counterfeit labels and energy saving smart windows. In this chapter, the technological 

feasibility and challenges of the presented coatings toward these applications will be 

discussed. 

 

2. Applications and future prospects 

2.1. Real-time temperature indicators 

Photonic films, which indicate the real-time temperature of an object by a visual color, 

have been used in various applications over the years. Well-known products are for 

example mood rings, which change color dependent on the skin temperature of the 

wearer, color changing mugs and cans indicating the temperature of the drink inside 

and easy-to-use forehead thermometer strips.[1,2] For these applications it is desired 

that the photonic films can be programmed in terms of color, response temperature 

and color changing mode (i.e. color-to-colorless- or color-to-color transition). 

The coatings described in chapter 2 might be suitable to fulfill these requirements. We 

showed that the color of the photonic semi-IPN coatings can be easily tuned to any 

desired color by the chiral dopant concentration of the LCN. We also found that the 

response temperatures of the polymerized coatings are close to the transition 

temperatures of the used LCE, regardless of the coating formulations used throughout 

this thesis. This indicates that the response temperature can also be tuned by using 

LCEs with varying transition temperatures. Preliminary results show that this is possible 
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(Table 6.1, vide infra). The coatings in chapter 2 show a programmable, instant color-

to-colorless transition, which is suitable for real-time temperature indicator 

applications. Using a background with a different color as the photonic coating, would 

also allow a color-to-color transition. For instance, a temperature-responsive blue 

reflecting coating on a red background would be perceived as going gradually from 

blue to red upon heating, which can be used as a warning sign on, for example, 

cooking pans and stoves.  

The photonic coatings can be patterned and processed on flexible substrates using 

roll-to-roll methods. We achieved this by coating a green reflecting mixture (see 

Chapter 2) on a black PET substrate using flexographic printing. The coating is partly 

polymerized at a CLC temperature (40 °C) using a photomask to freeze in the 

cholesteric order in the illuminated areas. Subsequently the mask is removed and the 

coating is polymerized at an isotropic temperature (60 °C). At room temperature, the 

coating shows a pattern, whereas at elevated temperatures this pattern is not visible 

(Figure 6.1). These results show that the coating formulations are compatible with 

scalable roll-to-roll methods using flexible substrates and that patterns can be

 

Figure 6.1. A temperature-responsive patterned green reflective coating on a flexible 

PET substrate (15 x 4 cm) fabricated via a roll-to-roll compatible flexographic printing 

method. At room temperature, the pattern is clearly visible, whereas at elevated 

temperature (60 °C) the pattern is not visible. 
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embedded, which opens up routes toward various real-time temperature indicator 

labels. 

 

2.2. Time-temperature integrators 

Monitoring the cold chain of food products during distribution, retail and domestic 

storage, is increasingly important for food safety management.[3,4] Since the quality 

and safety of food is strongly influenced by temperature and storage time, labels that 

change color depending on their time-temperature history would be a cost-effective 

way to individually monitor food products during the entire cold chain. These optical 

time-temperature integrators should be irreversible and programmable in terms of 

color, response temperature and time (activation energy) as each type of food product 

has its own deterioration regulation.[5–8] 

In chapter 3 we described coatings that are potentially interesting for optical time-

temperature integrator applications. The coatings show a color-to-color transition with 

activation energies of 81 and 148 kJ·mole-1. As the activation energies for most food 

products range between 30 and 200 kJ·mole-1, the coatings operate in the right 

regime.[7,8] The degree and kinetics of the color shift can be programmed by the 

processing conditions and coating formulation. In addition, the coating formulations 

can be patterned and processed via roll-to-roll compatible flexographic printing on 

PET, a commonly used substrate in food packaging.[9] To use these coatings as a time-

temperature integrator two challenges have to be overcome, namely the reversibility 

of the color change, which facilitates malpractice, and programming of the response 

temperature, which should be 0 °C, as deterioration happens above this temperature 

for most food products.  

The response temperature of the photonic coating can be programmed by using LCEs 

with a lower transition temperature. The polymerized coatings have a lower response 

temperature, showing that this temperature can be programmed by the used LCE 

(Table 6.1). In addition, the coating with LCE 2 shifted irreversibly from 523 to 474 nm 

in approximately 1 h at 41 °C, providing a clear visual color change (Figure 6.2). 

Interestingly, the red shift of the coating is inhibited, possibly due to stronger enthalpic 

interactions within the LCE domains, which are formed during the blue shift, compared 

to LCE 1. These have to be overcome before the LCE can diffuse back in the LCN. These 

results show that the response temperature as well as the reversibility of the system 

can be programmed by the coating formulation. However, for time-temperature  
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Table 6.1. The chemical structures and phase transition temperatures (°C) during 

heating of the LCEs and the corresponding polymerized coatings containing them as 

determined by differential scanning calorimetry. The coating formulations contain the 

RMs used in chapter 3 in similar ratios. G refers to glassy, SmC to Smectic C, SmA to 

Smectic A, N to nematic, CLC to cholesteric and I to isotropic.  

Figure 6.2. Blue shift of a coating containing LCE 2 at 41 °C. The inset shows the 

irreversible color change of the coating. 
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integrator applications concerning food products the transition temperature should 

be decreased more, which would require the synthesis of LCEs with a phase transition 

temperature around 0 °C.  

 

2.3. Anti-counterfeit labels 

The increasing amount of counterfeit goods, such as pharmaceuticals, banknotes and 

electronics, is a billion dollar problem, which may pose severe health risks to 

individuals.[10,11] The devastating nature of counterfeiting requires a continuous search 

for new technologies providing a higher security level than those existing.[12] Among 

these technologies optical variable packaging labels are of interest.[13] For example, 

Fujifilm released such labels (Forge Guard), which visualize full color images with a 

special viewer.[14] 

In chapter 4 we described patterned coatings with a changing color contrast upon 

changing the polarization state of light, which could be interesting for anti-counterfeit 

labeling. As the color contrast of the image changes using multiple viewers generating 

various linear and circular polarization states will result in different color contrasts. This 

feature provides an easy read-out throughout the entire product chain and adds 

additional levels of security compared to, for example, Forge Guard, which only uses 

one special viewer. The label will therefore be difficult to replicate by one not skilled 

in the art. The coatings described in this thesis will be especially interesting for overt 

features with a decorative appeal. Covert features will be challenging, as they require 

exact color matching when viewed with unpolarized light. Furthermore, the coatings 

as presented in chapter 4 are not temperature-stable. Once heated above the 

cholesteric-to-isotropic transition temperature of the coating, the intrinsic photonic 

structure rearranges to a regular cholesteric helical structure, which lacks the specific 

polarization-dependent properties. Improving the thermal stability might be possible 

by increasing the LCN concentration of the semi-IPN photonic coating.      

  

2.4. Energy saving smart windows 

Windows gain popularity in modern building and car architectures. Therefore, the 

development of windows with additional functionalities, such as a privacy state or 

overheating prevention, is an emerging research field.[15–19] Especially, windows which 

autonomously change their transmission to environmental triggers (e.g. temperature), 
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are of special interest to regulate indoor temperatures, while reducing the energy 

consumption required for artificial heating and cooling systems.[20–26]  

In chapter 5 we described an optical device, which reversibly increases its wavelength 

specific reflectivity upon heating. Such a device would be interesting as an 

autonomously energy saving smart window, which is transparent for the visible light 

region regardless of the temperature. However, calculations on the total solar light 

transmittance using the software Optics (Lawrence Berkeley National Laboratory) 

reveal no decrease upon heating. This can be attributed to the increase in transmission 

upon heating outside the reflection band region (< 730 nm), which is caused by a 

minor temperature response of the used CLC polarizers (Figure 5.4). At these lower 

wavelengths, the solar intensity is higher and therefore the decrease in transmission 

within the operative wavelength range of the device is cancelled out. In addition, the 

affected wavelength range is narrow (737 to 815 nm). Broadening of the reflection 

band of the optical device would increase the energy saving potential. Therefore, 

broadening the operative wavelength range of the wave plate using, for example, the 

principles of retardation compensation, is required.[27–38] 

Another achromatic approach involves the use of a temperature-responsive twisted 

nematic material sandwiched between two linear polarizers following the LC director 

(Figure 6.3A). Below the nematic-to-isotropic transition temperature (TN-I) of the 

twisted nematic LC, linear polarized (LP) light transmitted by the first polarizer is wave 

guided and therefore also transmitted by the second polarizer, resulting in a 50% 

overall reflection over the wavelength regime for which the linear polarizers are 

operative. Above the TN-I, the LC loses order and is not able to wave guide the LP light 

transmitted by the first polarizer, which is then reflected by the second polarizer, 

resulting in a 100% overall reflection over the operative wavelength range.  

We proofed the concept by fabricating a twisted nematic semi-IPN LC cell sandwiched 

between two reflective linear polarizers (3M DBEF films) following the LC director. 

Below TN-I (38 °C for the unpolymerized mixture), the resulting achromatic optical 

device transmits between 40 and 50%, whereas above TN-I the transmission decreases 

to around 10% at 69 °C over a wavelength range between 400 and 1100 nm (Figure 

6.3B-D). Such an achromatic optical device would be interesting for thermochromic 

smart window applications, requiring also a certain level of privacy, such as the rear 

side, rear and roof window of a car. Calculations on the visible and solar light
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Figure 6.3. (A) Schematic drawing of an achromatic temperature-responsive optical 

device. The arrows indicate the polarization direction of the polarizers and the travelling 

light. (B) Transmission spectra of the optical device at various temperatures upon 

heating. (C) Transmission of the optical device at 550 nm against temperature averaged 

over one heating and cooling cycle. (D) Photographs of the optical device below the  

TN-I (32 °C) and above the TN-I (63 °C). (E) Visible transmittance (380 – 780 nm, CIE 65 

illuminant spectrum) and solar transmittance (300 – 2500 nm, AM 1.5 spectrum) of the 

optical device at various temperatures. 
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transmittance show a clear contrast between the values at various temperatures 

(Figure 6.3E). In addition, we performed preliminary simulations on the cabin 

temperature of a parked vehicle following procedures described in literature.[19] These 

simulations show that the average maximum cabin temperature of a Tesla S with the 

achromatic optical device applied on the rear and roof windows parked in Amsterdam 

in June reduces with 3.3  and 6.7 °C compared to a standard automotive glass type 

when using the spectra measured at 35 and 69 °C, respectively (Figure 6.3B). These 

results proof the energy saving potential of these thermochromic smart windows. 

However, the reflective appearance and change in tint of the window might not be 

within safety regulations nor accepted by end-consumers. A possible solution would 

be to use absorptive polarizers or a combination of absorptive and reflective polarizers 

with a higher visible light transmittance. 

To obtain an industrially feasible technology the thermochromic windows should be 

fabricated using roll-to-roll methods. It is anticipated that this will be more challenging 

for the twisted nematic configuration described above compared to the uniaxially 

aligned nematic configuration described in chapter 5.  

 

3. Future challenges and considerations 

In the previous section we described various successful attempts to fabricate semi-IPN 

coatings on flexible substrates using a roll-to-roll compatible flexographic printing 

method. The coatings produced via this method are typically about 2 μm thick 

regardless of coating parameters, such as printing speed and pressure. Throughout 

this thesis, we encountered various coatings in which the thickness plays a major role 

in the final performance. Therefore, a roll-to-roll coating technique with a better 

control over thickness, such as knife or slot-die coating, would be more suitable for 

controlling the coating thickness.[39,40] 

Furthermore, the mechanical strength of the semi-IPN coatings should be considered, 

as the coatings are prone to damage (e.g. a fingerprint is left upon touching the 

coating). This is not acceptable for labeling applications and a protective topcoat is 

required. However, for window applications the semi-IPN coating can be placed inside 

the insulating area of a double pane window to circumvent any possible damage to 

the coating. In addition, thermal and light stability should be tested thoroughly to 

meet specifications for certain applications. 
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Lastly, the bill of materials for a typical semi-IPN coating as fabricated in this thesis is 

about €475/m2, assuming a 10 μm thick coating and using the current prices of the 

chemicals at lab-scale quantities. The bill of materials is mainly dominated by the LCE. 

These material costs are acceptable for sensor and anti-counterfeit labels, as the 

materials for a label of 1 cm2 would only cost €0.05. However, for window panels these 

semi-IPN coatings will be too expensive, as the price of current static low-e coating 

products can be as low as €10/m2.[41] The cost of our responsive semi-IPN coating 

material can probably be reduced significantly when scaling up.  

 

4. Conclusion  

The work described in this thesis demonstrates the versatility of semi-IPN materials for 

the fabrication of responsive photonic polymer coatings. These semi-IPN coatings 

have potential for temperature sensing, anti-counterfeit and energy saving smart 

window applications considering various technological and scaling-up challenges. 

Therefore, it is foreseen that responsive photonic coatings provide appealing solutions 

for many of our urgent societal needs. 
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the same. Therefore this thesis is also a bit yours. Thank you! 

Een aantal mensen verdienen een extra woord van dank. Allereerst wil ik mijn 

promotoren Albert Schenning en Dick Broer bedanken. Als promovendus realiseer ik 

me dat ik me gelukkig mag prijzen met jullie als promotoren. Albert, bij jou kon ik altijd 

binnenlopen op het moment dat ik vragen en onzekerheden had over mijn onderzoek. 

Door de extra ′jus′ die jij aan mijn onderzoek wist te geven, konden we de artikelen 

gepubliceerd krijgen in bladen met een hogere impact factor. De efficiëntie en 

vastberadenheid waarmee jij werkt zijn een inspiratie voor mij geweest waar ik veel 

van geleerd heb en wat mijn promotietraject vlot heeft doen verlopen. Dick, jij kwam 

altijd met de beste, vaak simpele en doeltreffende, ideeën voor nieuwe 

onderzoekslijnen. Door jou zijn we op het idee gekomen een dichroische foto-initiator 

in mijn coatings toe te passen en het materiaal te gebruiken als temperatuur-

responsieve wave plate, wat tot twee mooie hoofdstukken in dit proefschrift geleid 

heeft. Ik ben blij dat ik de komende jaren nog jullie steun mag genieten. 

Also I would like to thank my co-promotor Guofu Zhou for being part of my 

committee, but above all for your hospitality during my various trips to Guangzhou. 

These have been a wonderful experience to me. I would also like to thank you for your 

support in the next step of my career. Let's work on a great business future for ClimAd 

Technology! Also I would like to thank my other committee members, Helen Gleeson, 

Jaap den Toonder, Arri Priimägi, Paul Kouwer and Danqing Liu, for your time to judge 

my thesis and take part in my defense.  

Ik wil ook graag Sjoerd Stallinga bedanken voor zijn hulp in het simuleren van de 

fotonische eigenschappen van mijn coatings (hoofdstuk 4). Zonder de basis die jij 
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gelegd hebt in het script, was het me waarschijnlijk niet gelukt de simulatie uit te 

voeren. Uiteindelijk is dit een belangrijk onderdeel van het hoofdstuk geworden. 

Daarnaast wil ik graag Nadia Grossiord bedanken voor haar bijdrage aan het review 

artikel.  

Ook heb ik het geluk gehad samen te mogen werken met gemotiveerde en hard 

werkende studenten. Nadia, Iris, Luuk en Damian, bedankt voor de fijne samenwerking 

en jullie inzet. Jullie hebben me ontzettend veel geholpen in het bedenken en 

uitvoeren van verschillende experimenten beschreven in dit proefschrift. Veel succes 

in jullie verdere carrière. 

Mijn promotie zou er niet hetzelfde uit hebben gezien zonder de geweldige stafleden 

van SFD. Marjolijn, jij bent onmisbaar voor de vakgroep. Ik kon altijd bij je terecht op 

het moment dat er iets geregeld moest worden, zoals weer een visum voor een bezoek 

aan China. Ik wil je met name bedanken voor de leuke evenementen die je voor de 

groep georganiseerd hebt de afgelopen jaren. Hierdoor is SFD een hechte vakgroep 

en is het een fijne werkomgeving. Tom, jij bent nooit te beroerd om mensen te helpen. 

Op het moment dat ik jou materialen gaf die zich niet zomaar lieten bekijken met TEM, 

zocht jij naar oplossingen waardoor dat toch lukte. Een ingewikkelde bestelling van 

weer een nieuw LC siloxaan draaide jij je hand ook niet voor om. Also I would like to 

thank Michael for great research discussions and experimental suggestions. 

Onmisbaar voor een verdediging zijn de paranimfen. Ellen, wij zijn zowat tegelijk ons 

promotietraject ingegaan en daardoor zaten we in hetzelfde schuitje. Met jou kon ik 

altijd sparren over van alles waar je je als promovendus druk om kan maken. Samen 

zijn we ook naar de Smart Coatings conferentie gegaan in Orlando. Buiten dat de 

conferentie interessant was, was het ook gezellig en hebben we kunnen lachen, terwijl 

we alligators bekeken en volledig verbrand het vliegtuig weer in konden. Uiteraard wil 

ik je ook bedanken voor de samenwerking tijdens het schrijven van ons review artikel. 

Davey, met jou heb ik fijne discussies kunnen hebben over hoe we onze 

onderzoeksprojecten tot een succes konden maken. We hebben elkaar regelmatig 

geholpen op de werkvloer met vooral een flinke dosis humor. Uiteraard zal ik onze 

uitvoeringen van Piano man in de Ameezing nooit vergeten. Billy Joel is er niks bij! 

There are a lot of other people I did not mention yet, but who made me feel at home 

the past four years. Therefore, I would like to thank all former and current SFD 

members. Sterre, Alberto, Marc, Arne, Sebastian, Yari, Simon, Sean, Dirk-Jan, Marina, 
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Jeroen (Sol and ′Schippie′), Shajeth, Gilles, Roel, Rob, Fabian, Daniëlle, Eveline, 

Annelore, Diederik and Patri, thank you for discussing the sense and nonsense of life 

at the F.O.R.T. and during breaks. Fabian, bedankt dat je de A50 een stukje dragelijker 

hebt gemaakt. Hitesh, you helped me a lot to shape my research during my first PhD 

year. I will never forget our travel adventure in China. Out of solidarity I will never 

return to Macau again. Promised! Also I would like to thank my Chinese friends, 

Yuanyuan, Wilson, Laurens (yes, I consider you Chinese), Pei, Zixuan, Xiaowen and Wei, 

thank you for the good time and helping me around during my travels to Guangzhou.    

Grote dank gaat ook uit naar mijn ouders en zussen. Ik denk dat we de afgelopen vier 

jaar dichter bij elkaar zijn gekomen. Jullie steun was voor mij een motivatie. Als laatste 

wil ik één persoon in het bijzonder bedanken. Elianne, jij bent altijd een luisterend oor 

voor me, vooral op de momenten dat ik dat het hardst nodig heb. Bedankt voor je 

onvoorwaardelijke steun en liefde. 
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