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Summary 

Photonic crystals yield incredible colors, which can be useful for aesthetic or functional 

purposes. However, most of these photonic coatings are static and do not respond to external 

stimuli. The fabrication of stimulus-responsive coatings would open up routes towards various 

applications, such as time temperature indicators and smart windows. In this thesis, we 

prepared temperature responsive reflective coatings based on cholesteric liquid crystalline 

polymers, which consist of a fully crosslinked liquid crystalline network (LCN) interpenetrated 

by a non-crosslinked liquid crystal elastomer (LCE). The coatings shift their reflective 

wavelength dependent on their time-temperature history. The main scope of this thesis is to 

understand the mechanism behind this temperature response. In various experiments we found 

that the expansion difference between LCE and LCN upon heating led to diffusion of the LCE 

out of the network, resulting in winding of the cholesteric pitch and thus a blueshift. Upon cooling 

the LCE diffuses back into the LCN, resulting in unwinding of the cholesteric pitch and thus a 

redshift. Different parameters, such as temperature, thickness and polymerization conditions 

influenced the kinetics of the blue- and redshifting. In addition, we fabricated broadband 

reflective coatings with an increased bandwidth of 200%, which would increase the application 

window of these coatings.   
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Preface 

This document represents my master thesis at the Eindhoven University of Technology 

in the group of Stimuli-responsive Functional Materials and Devices under supervision of Albert 

Schenning and Stijn Kragt. With this thesis I will finalize my master studies Chemical 

Engineering and Chemistry. The main goal of this thesis is to investigate temperature 

responsive reflective coatings based on cholesteric liquid crystalline polymers for potential 

applications such as time-temperature indicators or smart windows. In this research multiple 

techniques are used, such as, but not limited to, Vis-NIR (Near-Infrared) spectrophotometry, 

Polarized Optical Microscope, Differential Scanning Calorimetry and FT-IR spectroscopy.  
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1 Introduction 

Throughout history colors have always played a big role in human life. We often 

recognize objects based on their color and shape, like fruits, vehicles, your favorite sports team 

and the amazing colors of paintings or art objects.1 These colors can be generated in different 

ways, including absorption, reflection, emission, birefringence, scattering, photochromism and 

other mechanisms.2,3 Particularly interesting are materials which dynamically respond to 

external stimuli by changing their coloration. These materials have extensively been studied 

throughout the years and become more important for their potential use in new developments 

concerning energy demands, health care and food safety.4  

Many researchers have been inspired by incredible dynamic structures found in nature. 

Numerous organisms have the ability to dynamically respond to external stimuli from the 

environment by changing their color or shape.5 Organisms continuously respond to temperature 

changes, light intensity and other stimuli. An example is the human skin, which is multi-

responsive in a way that it opens pores and sweats at high temperatures and can even undergo 

color changes into blue, yellow or red as a result of internal distress.6 Other organisms, such as 

chameleons, are known for their ability to change color for camouflage purposes. This adaptive 

and dynamic behavior often arises from the use of hierarchical structuring of complex molecular 

systems.5   

Scientists attempt to mimic those organisms in order to develop ‘smart’ materials. For 

optical materials, often photonic crystals are used. A photonic crystal is an optical medium that 

contains alternating regions of material with different refractive indices in a periodic distribution 

in one, two or even three dimensions.7,8 A one dimensional photonic crystal contains alternating 

layers of low and high refractive index (i.e. a Bragg reflector) and reflects light of a certain 

wavelength depending on the spacing between the layers.9  Photonic crystals can control and 

manipulate the flow of light in multiple ways, which makes them interesting for the use of 

waveguides10,11, reflective coatings or highly reflective mirrors in laser cavities12,13. In the past 

decades, there has been a lot of progress on the fabrication of photonic crystals. Several top-

down methods, including layer-by-layer stacking techniques,14,15 electrochemical etching16,17 

and holographic  lithography18–20 have been developed. For photonic crystals affecting the 

visible light, periodic structures need to be fabricated on the length scale of half the wavelength 

of visible light, ranging from 400/2 (blue) to 700/2 (red), which is challenging for these top-down 

approaches.21 Therefore bottom-up techniques are considered, as for example self-assembly 

of colloidal particles or well-defined block copolymers. The later self-assembles due to phase 

separation of the different chemical polymer blocks. These materials can expel water upon 

temperature increase, which decreases the interparticle distance in the material, leading to 

reflection of lower wavelengths (blue). Moreover, stimulus-responsive materials can be 
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interpenetrated in static colloidal matrices in order to make a responsive material. However, 

these colloidal crystals have the disadvantages of a complex and slow fabrication process, 

limited tunability, slow response to external stimuli and integration issues into devices.12,13  

An alternative type of material which is used as photonic responsive material are liquid 

crystals. For instance, in cholesteric liquid crystals (CLCs) the molecules are arranged in a 

periodical helical fashion. The molecules are anisotropic, leading to different refractive indices 

across the material. This type of order results in a one dimensional photonic material and it 

selectively reflects light of a certain wavelength.9 Because of the liquid-like behavior of liquid 

crystals, they can be stimulus-responsive. Therefore, CLCs are extensively studied for their use 

as stimuli-responsive reflective materials.22    

For many applications it is more convenient to fabricate coatings instead of cells as 

they can be applied to existing substrates and no replacement of already integrated materials 

is required. However, making stimulus-responsive photonic polymer coating remains a 

challenge, due to the higher viscosity of polymers, which makes structuring difficult and limits 

their mobility, which is required to obtain stimulus response.  

In this thesis the focus will be on the development of temperature responsive reflective 

coatings based on CLC polymers and gaining understanding of the mechanism behind the 

temperature response of the coating. The coating consists of a semi-interpenetrating liquid 

crystalline polymer network, in which a non-crosslinked liquid crystalline elastomer (LCE) 

interpenetrates through a liquid crystalline network (LCN). Due to the flexible LCE, the coating 

changes reflective properties upon temperature change, whereas the LCN provides mechanical 

strength and a memory effect for the cholesteric organization within the coating. This thesis 

includes work on the fabrication of two types of reflective coatings: (i) coatings that change their 

reflective wavelength depending on their time-temperature history and (ii) coatings that reflect 

light over a broad wavelength range. These temperature responsive reflective coatings can be 

interesting for applications as time temperature indicators (TTIs) used in food and 

pharmaceutical industry for example.23 Increasing the width of the reflection band and thus 

increasing the reflected light flux of the material, is promising for a huge variety of applications, 

such as smart windows, color filters or switchable mirrors.8,24–27  

In chapter 2 of this thesis, a short introduction will be given about LCs and in particular 

the properties of CLCs. Subsequently, the temperature response of CLCs will be discussed, 

after which the fabrication of broadband reflectors will be explained. Chapter 3 contains the 

materials and methods used to obtain the results (chapter 4), both on temperature responsive 

reflective coatings and broadband reflectors. To finalize, in chapter 5 and 6 conclusions and 

recommendations will be given.  
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2 Theory of liquid crystals 

2.1 Introduction to liquid crystals 

In nature different states of matter can be assigned to materials, depending on their 

atomic arrangement or mobility. The most obvious states of matter are the solid state, the liquid 

state and the gaseous state. However, there are also states, or mesophases, of which the 

boundaries are less clear, as for liquid crystals (LCs). LCs exhibit both liquid- and solid-like 

behavior, since LCs flow like a liquid but possess order like a solid. In 1888, LCs were identified 

for the first time by Friedrich Reinitzer.28,29 P.G. de Gennes and J. Prost defined that an LC is a 

system with liquid-like order in at least one direction and in which there is some degree of 

anisotropy. This definition implies that there are several phases of LCs.30 LCs can be defined 

by looking at their order and arrangement.  

There are different ways to classify LCs, for example, a classification based on the 

process through which the mesophase is achieved.31 They can be classified into thermotropic, 

lyotropic and metallotropic phases. Metallotropic phases consist of both organic and inorganic 

molecules, where thermotropic and lyotropic phases are only formed from organic molecules.32 

The phase transition of thermotropic LCs is influenced by temperature only, where for lyotropic 

also the concentration in a solvent plays a role. For metallotropic phases the parameters 

temperature, concentration and the ratio between organic and inorganic composition are 

relevant for the formation of a mesophase.32 

The thermotropic LCs can further be distinguished, based on their molecular shape, as 

they can be rod-like, disk-like or brick-like, being called calamatic, discotic and sanidic 

Figure 1 Classification of Liquid Crystals based on their shape 

and process33 
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respectively (Figure 1).33–35 The liquid phase of all molecules is by definition isotropic, which 

means that their properties are not directional dependent. LCs, on the other hand, do have 

properties which depend on their orientational direction. In other words, LCs are anisotropic 

because of their shape. A directional dependent property of LCs is the refractive index. Due to 

this, LCs are birefringent, meaning that they have different refractive indices, the extraordinary 

and ordinary refractive index, for different crystallographic directions.  

In addition, LCs can be classified on their ordering in either orientation or position 

(Figure 2). For LCs it holds, as for liquids, that there is no long-range translational order. 

However, the mesophases can be ordered orientationally and positionally. When an LC is 

ordered in an orientational way, all molecules are aligned along one axis, which is called 

nematic (N) (Figure 2a). When the LCs are also ordered in position, there are classified as 

smectic (Sm) phases (Figure 2b and 2c). A special type of the nematic phase, which is 

orientationally ordered, is the chiral nematic phase, also known as the cholesteric (Ch) phase, 

where the nematic LC planes are rotated along a helical axis (Figure 2d). 

 

2.2 Cholesteric liquid crystals 

Cholesteric liquid crystals (CLCs) have the unique ability to self-organize on the 

molecular level in a periodic helical structure and exhibit reflection at a specific wavelength, 

similar to the principles of a Bragg reflector.36,37 Therefore CLC based materials attract a lot of 

attention for several applications, such as tunable lasers, color reflectors and smart windows. 

A CLC is obtained by adding a chiral dopant to a nematic LC. In this way, layers of nematic LCs 

are rotated in molecular direction over the helical axis. The helical structure of CLCs can either 

be right- or left-handed depending on the nature of the chiral dopant.38 The pitch is defined as 

the distance along the axis where the LC planes rotated a complete molecular rotation of 2π 

(Figure 3). Depending on the handedness and the pitch length the structure reflects light of a 

Figure 2 Different phases of Liquid Crystals with A) Nematic, B) Smectic A, C) Smectic C and D) 

Cholesteric phase, defined by their type of ordering.56 

a   b   c   d 
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specific wavelength and circular polarization of the same handedness. Since they only reflect 

light of one handedness, CLC materials have a maximum reflection of 50% of incoming 

unpolarized light. The reflective wavelength (λ) is determined by the pitch (p) and the average 

refractive index (navg) (equation 1).  

𝜆 = 𝑛𝑎𝑣𝑔 ∙ 𝑝   (1) 

The navg is the average of the extraordinary (ne) and ordinary (no) refractive index. The pitch 

depends on the concentration (C) and the helical twisting power (HTP) of the chiral dopant 

(equation 2).  

𝑝 =
1

𝐶∙𝐻𝑇𝑃
   (2) 

 

The bandwidth of the reflection band is given by the difference in refractive indices, also called 

birefringence, and the pitch (equation 3).  

𝛥𝜆 = (𝑛𝑒 − 𝑛𝑜) ∙ 𝑝  (3) 

To get the reflection state, the LCs need to be oriented parallel to the substrate, also known as 

a planar alignment, to have the helical axis perpendicular to the substrate. This planar alignment 

is shown in Figure 3.  

 

 

Figure 3 Helical structure of CLCs which shows reflection based on the pitch length of the helical structure, where 

the CLCs only reflect circular polarized light of the same handedness as the helical structure and transmits circular 

polarized light of the opposite handedness 36,26
 

𝛥𝜆 
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Moreover, CLCs can be made reversibly stimulus-responsive to different external 

stimuli such as temperature, electric field, light, pH and humidity when stabilized by a polymer 

network. The stimuli affect the molecular order of the system, however, it can go back to its 

original state when the stimulus is removed, when in the presence of a stabilizing polymer 

network.37. This property makes CLCs very interesting as smart materials. By changing the 

pitch length, the reflective wavelength of the material can be changed as well (eq. 1).  When 

the pitch length is decreased, this leads to a shift towards the lower wavelength (blueshift). 

Similarly, a shift towards the higher wavelength means that the pitch is increased (redshift) 

(Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

400    500      600        700        800 

100 

 

80 

 

60 

 

40 

 

20 

 

Tr
an

sm
is

si
o

n
 (

%
) 

Wavelength (nm) 

Red shift 

Blue shift 

Smaller pitch 

Larger pitch 
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2.3 Cholesteric liquid crystalline elastomers and 
networks  

For the fabrication of CLC coatings, polymeric LC materials, such as liquid crystalline 

elastomers (LCEs) and liquid crystalline networks (LCNs), are required (Figure 5). Both LCEs 

and LCNs contain LC units (mesogens) which are covalently bound to a polymer backbone.39  

LCEs consist of a flexible polymer chain with the LC units attached to it via a flexible 

spacer. Because of their flexibility, LCEs are very attractive as stimuli-responsive materials. 

Polysiloxanes are often used as backbone for side chain liquid crystal polymers because of 

their high flexibility and low glass transition temperatures.40 The elastic properties make LCEs 

very interesting materials, however, it can be hard to process and align the LCEs because of 

their high viscosity. Obviously, this is a big disadvantage for the use of CLC materials, where 

the alignment is of high importance. 

LCNs also consist of a polymer backbone with LC units covalently bound to it, but have 

a higher crosslink density compared to LCEs. LCNs are formed by photopolymerization of LC 

monomers. As LC monomers, acrylates are by far most used, because of their high rate of 

photopolymerization by using a small amount of free-radical-generating photoinitiator.35 Upon 

photopolymerization with ultraviolet (UV) light, a photoinitiator creates free radicals, which 

induces polymerization of the acrylates to form a network. A big advantage of using LCNs in 

polymer coatings is the processability since the materials are processed in the monomeric state 

and polymerized afterwards. A good alignment can be achieved this way using conventional LC 

alignment techniques.  

On the contrary, because of its high crosslink density, the responsiveness of the coating 

is limited and this makes it less suitable as stimulus-responsive CLC material. Therefore, from 

an application point of view, it is best to combine LCNs with LCEs, to get the properties of both 

by having a good processable and responsive LC coating. In such a coating, the LCN will also 

provide a memory effect for the cholesteric organization upon removal of the stimulus and 

provides mechanical strength, which makes the coating more suitable for applications where it 

is exposed to environmental influences.38,41 
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2.4 From small to broadband reflectors 

The width of the reflection band of a CLC is limited by the birefringence of LC materials 

(§ 2.2, equation 3), which is for typical nematic LCs less than 0.3.1 This leads to a reflection 

band of less than 100 nm in the visible spectrum.35,36 For applications in which a specific color 

should be reflected, such as in a TTI, this is beneficial. However, for other applications 

broadening of the reflection band is required. For instance, an energy saving IR reflecting 

windows can only be effective when it reflects a large part of the IR radiation of the solar 

spectrum, which extends over the region of 700 nm to 1 mm. However, more than half of the IR 

solar spectrum lies between 700 and 1100 nm.38  

In order to make a broadband reflector, the coating needs to reflect light of different 

wavelengths. Just increasing the birefringence of the material can lead to synthetic 

complexities, high viscosity, poor stability both chemically and thermally, and also color defect 

of CLC material.36 Therefore other methods are considered, in which a CLC coating containing 

multiple different pitches is fabricated. For this, a gradient of the chiral dopant concentration has 

to be present throughout the thickness of the material. 

Several methods have been used to create a pitch gradient in CLC materials.26,41–43 

One is to make use of a UV absorbing dye. This absorption results in a UV intensity gradient 

over the thickness of the sample, where less light will reach the lower parts and almost all of 

the light reaches the upper layer. In this way there will be more radicals formed in the upper 

parts of the coatings, where acrylates will polymerize faster to form a network. This induces 

diffusion of the yet unreacted acrylates from the lower parts towards the upper parts. When 

these acrylates are chiral, there will be a gradient in chiral moieties over the thickness of the 

coating, having a higher chiral acrylate concentration at the upper part, which creates a smaller 

pitch. At the lower parts, a lower chiral acrylates concentration is present, leading to a larger 

Figure 5 Liquid Crystal Network (LCNs) and Liquid Crystal Elastomers (LCEs) both containing a polymer 

backbone with LC units attached to it29 
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pitch (Figure 6). In this way, a gradient is created throughout the thickness of the coating and 

different pitch lengths are obtained. 

Figure 6 Schematic overview of gradient induced in a coating by using a UV absorbing dye 
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3 Materials and Methods 

3.1 Materials  

The reactive mesogens, 4-(4-(6-(S)-acryloyloxy-3-methylhexyloxy)benzoyloxy)-4'-(S)-2-

methylbutylbiphenyl (RM-1),4-methoxyphenyl 4-((6-(acryloyloxy)hexyl)oxy)benzoate (RM-2), 1-

(4-(3-acryloyloxypropyloxy)benzoyloxy)- 4-(4-methoxybenzoyloxy)benzene (RM-4), 1,4-

phenylene bis(4-(((R)-6-(acryloyloxy)-3-methylhexyl)oxy)benzoate) (RM-5) and  2-methyl-1,4-

phenylene bis(4-((11-(acryloyloxy)undecyl)oxy)benzoate) (RM-11) were received from Philips 

research Laboratory Materials. The other reactive mesogens, 2-methyl-1,4-phenylene bis(4-(3-

(acryloyloxy)propoxy)benzoate) (RM-3) and 2-methyl-1, 4-phenylene bis(4-((6-

(acryloyloxy)hexyl)oxy)benzoate) (RM-6), were purchased from Merck. The liquid crystal 

polymers (LCP), LCP1 and LCP2 were purchased from Synthon Chemicals GmbH & Co. The 

photoinitiator, 2,2-dimethoxy-1,2-diphenylethanone (Irgacure 651) and 2-(2H-benzotriazol-2-

yl)-4,6-ditertpentylphenol (Tinuvin 328) were obtained from Ciba Specialty Chemicals Inc. The 

surfactant, (2-(N-ethylperfluorooctanesulfonamide)ethyl methacrylate) was purchased from 

BOC sciences. The polyimide, Optmer AL 1051, used for the alignment layer was obtained from 

JSR Micro. The solvents, tetrahydrofuran (THF) and toluene, were purchased from Biosolve 

B.V.  
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Figure 7 Molecular structures of molecules used to fabricate reflective coatings 
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3.2 Methods 

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

toluene or tetrahydrofuran (THF) (50 wt %) using a moving plate for at least 1 hour. Toluene 

was used for the mixtures containing LCP1, whereas THF is used for the mixtures with LCP2 

or a combination of LCP1 and LCP2. 

Rubbed polyimide substrates. For the preparation of rubbed polyimide substrates, glass 

substrates of 3 x 3 cm2 were used. These were cleaned by sonication in ethanol for 30 minutes, 

followed by UV-ozone treatment (PR-100, Ultra Violet Products) for 20 minutes. The glass 

substrates were spin-coated with polyimide using a Karl Suss CT62 spin coater by rotating at 

1000 rpm for 5 seconds, followed by 5000 rpm for 45 seconds. Afterwards, the substrates were 

put on a hot plate at 100 °C for at least 15 minutes and then put in an oven at 180 °C for 1.5 

hours. In order to create planar orientation, the substrates were rubbed over a velvet cloth.  

Coating preparation.  For the coating preparation, an RK printcoat instruments K control coater 

was used. First the mixtures were applied on the rubbed glass substrates and heated for 45 

minutes to 100 °C (for toluene) or 80 °C (for THF) to evaporate the solvent. To create a 

homogeneous coating a 10 µm gap of a 4-sided applicator (10 to 25 µm gaps, ZFR 2040, 

Zehntner) was used. The temperature was set just below the cholesteric to isotropic transition 

temperature of the used mixture. The gap applicator is pushed forward automatically over the 

mixture with a speed of around 1 cm/s. Photopolymerization of the coating was performed at 

40 °C for 10 minutes in a nitrogen box using EXFO Omnicure S2000 lamp. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Coating preparation by using blade coat method and a polymerization step to polymerize the acrylates 

and form the LCN 

Bladecoat T < Tch-I 

Photopolymerization 
with UV light  

LC mix          Evaporation of the solvent 
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Polarized optical microscopy (POM). POM images were taken using a Leica CTR6000 polarized 

optical microscope, equipped with a Leica DFC 420C camera. The temperature was controlled 

using a Linkam temperature control stage. The angle between the crossed polarizers is 90 

degrees.  

Differential scanning calorimetry (DSC). DSC curves were measured with a DSC Q1000 from 

TA instruments. A rate of 5 °C/min was used for both heating and cooling ramps between -50 

°C and 120 °C. For the measurement 3 cycles were measured, where the second cycle is used 

for determining the transition temperature. 

Vis-NIR spectrophotometry. Temperature controlled Vis-NIR (Near-Infrared) measurements 

were performed on a UV-3102 PC Schimadzu equipped with a Linkam temperature control 

stage and on a Perkin Elmer Lambda 750 UV-Vis-NIR.  

Thickness measurements. For thickness measurements, a Fogale Nanotech Zoomsurf 3D 

interferometer was used. 

FT-IR spectroscopy. FT-IR (Fourier-Transform Infrared) spectroscopy was done on a Varian 

FT-IR 3100 Excalibur Series. 
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4 Results and discussion 

4.1 Proposed mechanism of temperature 
responsive coating 

4.1.1 Characterization  

In this research, temperature responsive coatings were prepared by blade coating and 

photopolymerization of the following mixture (mix A): LCP1/RM-1/RM-
6/photoinitiator/surfactant in 77/16/5/1/1 wt%. The transition temperatures of LCP1, the 

mixture and the coating were measured using DSC (table 1) and phases were assigned by 

POM images and literature. The POM images of the mixture and the coating both showed a 

clear cholesteric texture. DSC data of mix A showed one transition peak at 59 °C in the heating 

cycle, indicating that it is a homogeneous mixture without noticeable phase separation. The 

transition temperature is mainly determined by LCP1, which becomes isotropic at 58 °C. The 

DSC data of the coating, coating A1, showed a main peak around 48 °C in the heating cycle 

and 45 °C in the cooling cycle. Additionally, it contains two minor peaks around 56 °C in the 

heating and 31 °C in the cooling cycle, which might be an indication for phase separation. The 

DSC spectra and POM images are shown in Appendix I.  

Table 1 DSC results of heating cycle (and cooling cycle) of LCP1, mix A and coating A1, with G = glassy, Ch = 

cholesteric, I = isotropic, N = nematic, Sm = Smectic. Transition temperatures are in °C 

Sample Transitions 
LCP144 
 

G                        SmC                     SmA                          I              
        -10 (-12)                21 (16)                  58 (56)  

Mix A G                          Ch                        I          
        -17 (-18)                59 (58) 

Coating A1* G                          Ch                        I                        
        -9 (-11)                  48 (45) 

* two minor peaks around 56 (heating) and 31 (cooling) 

The shear force applied during blade coating and the alignment layer at the substrate 

forces the molecules to orient parallel to the substrate to have the cholesteric helical axis 

perpendicular to the substrate, resulting in a reflective state. A schematic representation of the 

coating is shown in Figure 9. The concentration of chiral dopant was chosen to have the 

reflection band in the near-IR region, around 800 nm, shown by transmission spectra of coating 
A1 (Figure 10). The thickness of coating A1 was about 14 μm. 
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Figure 9 Schematic representation of the coating, consisting of an LC elastomer and acrylates, which after 

polymerization forms an LCN 

Figure 10 Transmission spectrum of coating A1 with a reflection band around 800 nm 
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4.1.2 Temperature response of the coating  

The temperature response of the coating can be described by the position and intensity 

of the reflection band. Initially, the central wavelength of the reflection band at 21 °C was at 800 

nm. Then we heated to coating to above its transition temperature, to 67 °C, and a decrease in 

reflection band intensity from 40% to 18% is observed (step 1, Figure 11). The loss in reflection 

band intensity has to do with LCP1 becoming isotropic, similar to earlier reported coatings of 

this kind.45 That still a part of the reflection is maintained, is due to the stabilizing effect of the 

LCN on the cholesteric organization. When the coating is kept at this temperature (67 °C), it 

gradually shifts towards the blue in approximately 3.5 hours, from 800 nm to 500 nm (step 2, 

Figure 11).  The end point for the shift is chosen to be at around 500 nm, because in this case, 

it does not interfere with the absorbance of the decomposed photoinitiator.46 Important to note 

is that when the temperature of the coating is kept at 67 °C even longer, it can shift further than 

500 nm.  

 Upon cooling down the sample to 38 °C, below its transition temperature, the coating 

gains more scattering and the reflection band intensity is going from 17% to 24% (step 3, Figure 

11). Over time at this temperature (38 °C) the reflection band shifts back towards the red, going 

from 500 nm to 700 nm in about two weeks (step 4, Figure 11). We also observed a peak 

broadening during this cooling step from ca. 500 nm to 560 nm, where the transmission spectra 

clearly showed that the shoulder of the peak at 500 nm disappeared at 600 nm.  

Equation 1 and 2 (§ 2.2) were used to calculate a HTP of the chiral dopant and resulted 

in a value of 4.3 μm-1. Assuming that the HTP and refractive index (n) stay constant during the 

4 

Figure 11 Transmission spectra of coating during heating (67 °C) and cooling (38 °C) 
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heating step, it is calculated that the remaining cholesteric phase should contain only about 4 

mol% of elastomer and decomposed photoinitiator, which implies that almost all of the 

elastomer is out of the network after blueshifting.    

During the blue- and redshift the reflective wavelength of the coating can be frozen by 

cooling to room temperature. Photographs taken at various moments in time during heating (67 

°C) and cooling (38 °C) nicely showed the various colors that can be obtained depending on 

the time-temperature history (Figure 12). Corresponding transmission spectra are shown in 

Appendix II. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The coatings prepared in this research have the incredible ability to change its color 

upon exposure to specific time temperature histories. The reflection band of these coatings shift 

over the visible region of the spectrum, which makes them interesting materials for a variety of 

applications, such as chemical sensors, TTIs or for aesthetic purposes. Since it is a coating and 

not a cell, it can be applied to existing substrates, so they do not need to be replaced. 

In order to improve and be able to tune the temperature responsive coating, we first 

need to understand the mechanism behind the temperature response. Therefore the coating 

will be extensively investigated by looking at different parameters, such as temperature, 

thickness and expansion.  

Heating over time, at 67 °C 

       start  1 h                     2 h            3.5 h (end) 

Cooling over time, at 38 °C 

              2.5 h         19.5 h  144.5 h           548.5 h 

Figure 12 Images the color change of the coating during heating and cooling 
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4.1.3 Kinetics and temperature influence on blue- and redshift  

If we take a closer look to the responsiveness of the coating, it is important to quantify 

the kinetics of the blue- and redshift.  For this, the central wavelength of the reflection band was 

plotted versus the time (Figure 13). From this plot, it was possible to fit the data and obtain a 

rate constant k. For the fit the exponential decay formula was used: 

𝜆 =  𝜆𝑒𝑛𝑑 + ∆𝜆 ∙ 𝑒−𝑘∙𝑡   (4) 

where λ is the central wavelength, λend the asymptote or the final wavelength, Δλ the difference 

between start and end point, k the rate constant and t the time in hours. The data of the blueshift 

at 67 °C was fitted with this exponential function and the following formula was obtained: 𝜆 =

 441 + 342 ∙ 𝑒−0.45∙𝑡 (R-square = 0.998). The decay rate for the blueshift at 67 °C is 0.45 hour-1. 

As indicated in the previous paragraph (§ 4.1.2), the blueshift can get further than 500 nm, when 

we keep it at 67 ° for a longer time. The formula shows that the extrapolated end point of the 

blueshift was around 440 nm.  

The same was done for the redshift at 38 °C. This resulted in the formula, 𝜆 =  693 −

183 ∙ 𝑒−0.02∙𝑡 (R-square = 0.990), meaning that the rate constant was 0.02 hour-1 and the end 

point of the shifting was at 693 nm and. Compared to the kinetics of the blueshift, with a rate 

constant of 0.45 hour-1, this rate constant of the redshift is way slower. The exponential fit also 

shows that the reflection band does not fully shift back to its initial wavelength of 800 nm.  

As the diffusion might play a role in the blue- and redshift, temperature should, in this 

case, directly influence the rate of the blue- and redshift according to the Arrhenius equation:  

𝑘 = 𝐴 ∙ 𝑒−
𝐸𝑎𝑐𝑡

𝑅𝑇⁄    (5) 

 

Figure 13 Blue- and redshift of coating with exponential fit 
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where k is the rate constant, A is a pre-exponential factor, Eact the activation energy, R the gas 

constant and T temperature in Kelvin.47  The formula can be rewritten in the linear form:  

ln 𝑘 = ln 𝐴 −
𝐸𝑎𝑐𝑡

𝑅𝑇
   (6) 

so that a linear graph can be obtained by plotting ln (k) versus 1/T.48 We prepared multiple 

coatings and shifted the reflection bands of the coatings at various temperatures, namely 59, 

64 and 67 °C for the blueshift and 25, 32 and 38 °C for the redshift. The rates for the blueshift 

are determined by fitting them with an exponential function (Figure 14). Corresponding rate 

constant values are shown in table 2. The values reveal an evident relationship between 

temperature and rate, with higher temperatures leading to higher rates of shifting.  

The linear fit of ln (k) versus 1/T gave an adjusted R-square of 0.78 (Figure 15). For the redshift 

the fit was better (R-square of 0.97) (Figure 17, table 3). The better fit for the redshift can be 

attributed to a more comparable thickness between the used coatings (vide infra § 4.1.5). 

Nevertheless, the kinetics of both blue- and redshift showed an Arrhenius relationship with 

temperature, verifying that a diffusion mechanism is the rate determining step of the reflection 

band shifting. 

Additionally, we tried to redshift a coating at a temperature of around 7-8 °C, to check 

whether diffusion still takes place at lower temperatures. Transmission spectra showed no shift, 

however, a small peak broadening was observed over a time span of more than a month 

(Appendix III). This indicates that even at low temperatures below room temperature there is 

some temperature response of the coating.  
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Table 2 Fitting values of exponential formula for different coatings during the blueshift 

 λend [nm] Δλ [nm] k [hour-1] d [μm] 
59 °C 519 278 0.059 18.8 
64 °C 405 361 0.264 15.4 
67 °C 441 341 0.452 14.4 

  

Figure 14 Kinetics of different coatings heated at various temperatures (59, 64, 67 °C) and fitted with an 

exponential function 

Figure 15 ln (k) versus 1/T for the blueshift according the Arrhenius equation and 

corresponding linear fit 

 

Blueshift 
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 Table 3 Fitting values of exponential formula for different coatings during the redshift 

 

 λend [nm] Δλ [nm] k [hour-1] d [μm] 
25 °C 735 -276 0.0014 12.0 
32 °C 684 -203 0.0099 14.4 
38 °C 693 -193 0.0201 14.4 

Figure 16 Kinetics of different coatings cooled at various temperatures (23, 32, 38 °C) and 

fitted with an exponential function 

Redshift 

Figure 17 ln (k) versus 1/T for the redshift according the Arrhenius equation and corresponding 

linear fit 
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4.1.4 Proposed mechanism 

On the basis of the temperature dependence of the rate constant, a mechanism for the 

blue- and redshift is proposed. A schematic representation of this mechanism is shown in Figure 

18. The steps resembled here are the same steps indicated in Figure 12 (§ 4.1.2). In step 1, the 

coating is heated above its transition temperature and partly loses reflection band intensity, 

where the reflection intensity drops from 40% to 18% (§ 4.1.2). That the coating only partly 

becomes isotropic might be an indication that at the molecular level the molecules are not 

homogeneously mixed, meaning that some parts are more elastomer-rich, whereas others are 

more network-rich, which constrains the LCE to become isotropic.41,49  

The coating is kept at this temperature and a blueshift is observed (step 2, Figure 18. 

The mechanism behind the blueshift might be attributed to phase separation between the 

elastomer and the network. This might be driven by an expansion difference between the 

elastomer and the network upon heating, whereby the elastomer, which has a higher expansion 

coefficient, is pushed out of the network. When this occurs, the elastomer diffuses away from 

the network, which gives rise to a local increase in chiral dopant concentration, leading to 

winding of the CLC helical structure and thus resulting in a smaller pitch. This type of diffusion 

is not based on a concentration difference, since the content is in equilibrium before diffusion. 

This might indicate that self-diffusion takes place.  

When we cooled down the coating to below its transition temperature an increase in 

scattering was observed (step 3, Figure 18). In this step, the elastomer goes back to its LC 

phase, where the material partly aligns directly with the LCN organization, causing the slight 

increase in reflection band intensity, but mostly forms disordered multi-domains, which causes 

scattering. By keeping the coating at this temperature the reflection band shifts towards the red, 

from approximately 500 to 700 nm. In this step (step 4, Figure 18), it is suggested that the 

elastomer diffuses back into the network, and aligns again with the rest of the system. This 

leads to pitch unwinding due to an increase in chiral dopant concentration, caused by the 

elastomer diffusing back into the network. That it does not fully reach its initial state (reflection 

band at 800 nm) again, could indicate that there is not a complete homogeneous coating after 

cooling. This suggests that the phase separation occurs not on the nano-scale, but on a micro- 

or even macroscale, since the LCE cannot fully diffuse back into the LCN. A logical direction of 

this phase separation would be that the LCE diffuses towards the coating-air interface during 

heating, since the expansion (driving force) is in that direction.  

In the next paragraphs, several experiments are described in order to verify the 

proposed mechanism, which includes investigation of the influence of coating thickness, the 

use of a cell instead of a coating and polymerization conditions on the temperature-response. 
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Figure 18 Proposed mechanism behind temperature response of the reflective coatings: (step 1) LCE partly gets 

isotopic, (step 2) LCE diffuses out of the LCN towards the coating-air interface, (step 3) LCE gets to its LCE phase 

forming  a multi-domain on top and (step 4) LCE diffuses back into the LCN 

T > TCh-I T < TCh-I 
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4.1.5 Influence of coating thickness 

Since we suggested that diffusion takes places towards the coating-air interface, 

diffusion would take longer in a thicker coating, since the diffusion path length is longer. To 

investigate this, we prepared several coatings with a different thickness and measured the 

blueshift kinetics (Figure 19). To determine the influence of the thickness on the kinetics, the 

exponential decay rate was plotted versus the thickness (Figure 20). This plot provided a 

negative linear correlation between thickness and rate, which indeed suggests that the 

elastomer diffuses out of the network towards the coating-air interface.  

Figure 19 Kinetics of blueshift of coatings with a variety in thickness, 

and the exponential fit 

Figure 20 Linear fit of the relation between thickness and rate 
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4.1.6 Temperature response in a cell 

In the proposed mechanism we suggested that the shifting of the coating is related to phase 

separation, which is driven by the difference in expansion between the network and the 

elastomer. Because of this expansion difference, the elastomer will be pushed out of the 

network and diffuses to the top. To verify this part of the mechanism, it was decided to perform 

an experiment with a cell instead of a coating. In a cell the thickness is fixed, so no expansion 

is possible. For the cell preparation, two glass plates coated with polyimide were used and the 

mixture was aligned by shearing the glass plates. The cell was completely sealed with glue to 

prevent oxygen entering the cell.  

At 20 °C, the cell had a reflection band around 1000 nm. Similar to the coatings, we 

heated the cell to 67 °C and kept it at this temperature for 5 hours. Upon heating, the bandwidth 

is narrowed and the scattering decreases, indicating that the LCE partly becomes isotropic 

(Figure 21). However, compared to the coating, the drop in reflection band intensity is limited. 

This might be explained by the given that in the coating the LCE has room to expand, leading 

to discontinuity in the cholesteric organization and thus a decrease in the number of continuous 

pitches. In the cell there is no room to expand, so although the LCE can partly go to isotropic 

the continuity of the cholesteric organization is maintained and so is the reflection band intensity. 

Additionally, no blueshift occurred upon heating for 5 hours. It is suggested that in the cell the 

LCE cannot expand, so there is no expansion difference between the LCE and LCN and thus 

a lack of driving force for the diffusion of LCE out of the LCN.  

 

 

Figure 21 Transmission measurements done with Vis-NIR spectrophotometry to 

monitor the reflection band over time 
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Moreover, POM images of the cell were compared with those of the coating. The POM 

image of the cell after heating to 67 °C for 5 hours had a clear blue color with some small white 

regions distributed over the image (Figure 22). The uniform color indicates cholesteric order.33 

The white regions indicate some less aligned regions which cause scattering, which was also 

indicated by the transmission spectra (Figure 21). When we look at the image of the coating, 

we see a clear difference. The image of the coating showed small domains of various colors, 

which is indicative for a multi-domain on top of the coating, whereas the POM image of the 

coating before heating showed a uniform cholesteric texture (Appendix I). This result indicates 

that in the coating the LCE diffuses out of the LCN towards the coating-air interface, which was 

also suggested by the thickness dependence of the kinetics. 

  

4.1.7 Influence of the polymerization conditions 

One of the main components of our proposed mechanism is phase separation. 

Therefore it is important to determine when this phase separation occurs at first. Moreover, it is 

known in literature that due to polymerization, shrinkage of the material can occur, which can 

already lead to phase separation.35 When shrinkage occurs, it is expected that the network is 

suppressed or that phase separation occurs, which both would lead to a blueshift of the 

reflection band. To investigate this, we studied the influence of polymerization on the reflection 

band of the coating. In this experiment the reflection band before and after polymerization was 

measured. Transmission spectra showed only a minor difference between the reflection band 

before and after polymerization, which can be explained by inhomogeneity of the coating itself 

(Figure 23a). Although the DSC of the coating (Appendix I) might suggest some phase 

separation, this is apparently not enough to lead to a change in the reflection band position. 

 To verify that the expansion difference between the LCE and LCN upon heating is the 

driving force for phase separation, the UV-light intensity during polymerization was varied and 

Cell Coating 

Figure 22 POM image of the cell compared to the coating, both after heating to 67 °C for several hours. 
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the blueshift kinetics were investigated. A lower light intensity will result in fewer initiation points 

and thus longer polymer chains will be obtained, so that the LCN can expand more upon 

heating. In this case, there is less difference between the expansion of the network and the 

elastomer, which will result in less phase separation and therefore less blueshift.50,51   

   The coating used in this experiment is polymerized differently than the standard coating, 

which is polymerized for 10 min at 32 mW/cm2. The coating, coating A2, was prepared and 

cured by a slow polymerization of 30 min at 3 mW/cm2 followed by a post cure of 10 min. The 

transition temperature did not change and was still around 49 °C, as well as the reflection band 

at room temperature, which was still 800 nm (Appendix IV).  

 The kinetics of the blueshift upon heating to 67 °C for several hours of coating A2 was 

analyzed and compared with a standard coating of the same thickness (Figure 23b). It is clearly 

shown that the kinetics of the first 10 hours are the same. This indicates that the rate constant 

is not dependent on the expansion difference between the LCN and LCE, but that the expansion 

difference is only the driving force. Consequently, the molecular diffusion rate is the rate 

determining step for the mechanism. Then, after 10 hours the kinetics of coating A2 is slowed 

down, whereas the standard coating still shifts towards the blue. A larger expansion difference 

between the LCE and LCN thus leads to more phase separation and thus a larger blue shift. 

This is in line with our prediction and confirms the conclusion from the experiment in the cell (§ 

4.1.6) that the expansion difference between the LCE and LCN is the driving force for phase 

separation.  

 

 

 

 a      b 

Figure 23 a) Transmission spectra of a coating before and after polymerization, keeping the temperature during 

the measurement at 37 °C and b) Kinetics of two coatings with different polymerization, fast polymerization = 32 

mW/cm2 for 10 min and slow polymerization = 3 mW/cm2 for 30 minutes with a postcure 
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4.2 Tuning the transition temperature of the 
responsive coating 

The coatings described in the previous subchapter 4.1, had a transition temperature 

around 49 °C. For several applications, such as smart windows and TTIs, this transition 

temperature is too high. For smart windows for example, it would be way more convenient to 

have a transition temperature around 20 °C, whereas for TTIs on food products or 

pharmaceutical products it might be even lowered to around 0 °C. Therefore it was decided to 

lower the transition temperature of the mix and the coating by replacing the elastomer by 

another LC elastomer. This LC elastomer, LCP2, has a shorter siloxane backbone and also a 

shorter spacer of carbon atoms attached to the LC unit (Figure 24). In addition, there are no 

dimethylsiloxane groups attached to the backbone. More importantly, it has a transition 

temperature from nematic to isotropic at 17 °C, which makes it a very interesting compound for 

lowering the transition temperature of the coating (DSC spectra in Appendix V).52 Moreover, 

LCP2 is a smaller molecule than LCP1 and therefore a higher mobility of the molecule was 

expected, which will increase the rate constant during blue- and redshifting.  

 

 

A mixture (mix B) was prepared containing the following content: LCP2/RM-1/RM-
2/RM-6/photoinitiator/surfactant in 77/11/5/5/1/1 wt%. In unpublished previous research, the 

same mixture was prepared with LCP1 instead of LCP2. These coatings had a reflection band 

in the IR region around 1300 nm. However, trying to make coatings with mix B did not work out, 

since it was not possible to align the molecules during the coating step. In a second attempt, a 

higher amount of surfactant (2 wt%) was used, which could improve the alignment of the 

molecules by decreasing the surface tension at the coating-air interface. Nevertheless, no 

reflection band was accomplished with this mixture either.  

LCP1  
G -10 SmC 21 SmA 58 I 
 

LCP2 
G   -3 N 17 I 

Figure 24 Molecular structures of LCP1 and LCP2, with transition temperatures (G = glass, SmC = Smectic C, SmA = 

Smectic A and N = Nematic). Cylinders represent the mesogenic units.  
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In mix B, RM-1, RM-2 and RM-6 all have a flexible spacer of 6 carbon atoms, whereas 

LCP2 has a spacer of 3 carbon atoms. This mismatch might be a reason for bad alignment. 

Therefore RM-6 and monoacrylate RM-2 were replaced by RM-3 and RM-4, respectively. No 

chiral dopant with a spacer of 3 was found, so RM-1 was kept the same. Since there was no 

significant difference between the mixtures with a variation in amount of surfactant, it was 

decided to keep the surfactant concentration at 1 wt%. Unfortunately, with this new mixture, no 

cholesteric reflection band was obtained. In a last attempt, the diacrylate was replaced by RM-
11, assuming that a longer RM might induce and improve the alignment of the coating by forcing 

the molecules into a cholesteric order. With this mixture, a very small peak around 900 nm of 7 

% reflection was obtained, which was insufficient for the use as temperature responsive 

reflective coating. 

In literature it was found that the carbon spacer in a side chain LCP has an influence 

on the alignment of the mesogenic units. This is referred to as the odd-even effect, in which the 

mesogenic unit aligns parallel to the polymer backbone when the spacer has an odd amount of 

carbon atoms (positive coupling) and the alignment is perpendicular with an even amount of 

carbon atoms (negative coupling)(Figure 25).53 In the case of LCP2, the molecule has an odd 

spacer of 3 atoms, which means the mesogenic units will align parallel to the polymer backbone. 

In addition, a short spacer has a stronger coupling to the backbone compared to a long spacer, 

which might limit the free movement and thus the alignment of the mesogenic units. These 

effects might be an explanation for the inability to align mixtures containing LCP2.  

 

 

 

 

 

 

 

We investigated whether mixing LCP2 with LCP1 would result in well-aligned coatings. 

For this, mixtures with different ratios of LCP1 and LCP2 were prepared (6.6:1, 5.6:1 and 1:1). 

With the mixtures with ratio of 6.6:1 and 5.6:1 no coatings with reflection band were obtained. 

A reflection band was obtained using the mixture containing 1:1 ratio of LCP1 and LCP2. 

However, the coating had a lot of scattering and a weak reflection band intensity (Appendix VI). 

It was, therefore, decided not to continue with LCP2, because with the current coating process 

we were not able to get well-aligned coatings with sufficient reflection bands. 

Negative coupling Positive coupling 

Figure 25 Odd even effect with on the left perpendicular negative coupling and on the right parallel positive 

coupling 
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4.3 Broadband reflector 

Increasing the width of the reflection band of a cholesteric liquid crystalline material is 

interesting for many application, since it increases the reflected light flux of the materials. This 

can be implemented in for example reflective displays, polarizers and even color filters.8,24,27 If 

they can be made stimulus-responsive, there is a high variety of applications for these 

responsive broadband reflectors. For example, smart windows can be considered, which reflect 

most of the IR light of the solar spectrum only at high temperatures, as well as switchable 

mirrors.8,25,26  

In order to create a broadband reflector, the following mixture was coated, containing 

LCP1/RM-5/photoinitiator/Tinuvin 328/surfactant in a ratio of 76.5/20.5/1/1/1 wt%. The 

prepared coating had a reflective wavelength around 600 nm. Upon illumination a UV-gradient 

is induced by a UV-absorber (Tinuvin 328) due to which diacrylates react faster at lamp-side 

and diffuse to this side. However, when the polymerization is too fast, diffusion is limited by the 

increase in viscosity. On the other hand, when too little diacrylates are photopolymerized, the 

gradient is too small, which also limits diffusion. So there has to be a balance between both 

polymerization- and diffusionkinetics. Experiments were performed to find this balance. Those 

results were compared with the bandwidth obtained with flood exposure of 10 minutes at high 

intensity. All acrylates have reacted, as shown by FT-IR measurements (Appendix VII).54  

4.3.1 Influence of the illumination time and intensity   

First, the influence of the light intensity was investigated by curing samples at 40°C for 

60 minutes at different intensities, 0.08, 0.5 and 5 mW/cm2. Every sample is treated by a 

postcure of 10 minutes to ensure full polymerization of the diacrylates. Transmission 

measurements showed an optimum in bandwidth and scattering for the sample with an intensity 

of 0.5 mW/cm2, which was 125 nm compared to 75 nm of the reference sample (Figure 26a).  

Since the sample with the 0.5 mW/cm2 gave the best result in the previous experiment, 

we continued using this intensity while investigating the influence of the curing time. For this 

experiment, we cured the sample for different illumination times (30, 60, 90 and 120 minutes, 

Figure 26b). There is little difference between the coatings using different illumination times, 

which means that probably most of the acrylates were already polymerized within 30 minutes 

or that no diffusion could take place while curing. The biggest reflection band of 125 nm is 

achieved for the sample with 60 minutes of irradiation time.  
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4.3.2 Influence of additional diffusion time  

Since polymerization limits diffusion, a shorter illumination followed by a so called 

‘diffusion time’ instead of a continuous illumination could help in fabricating a broadband 

reflector. The illumination time should be long enough to induce a gradient and thus a driving 

force for diffusion. However, a too long illumination would limit diffusion.  

Several experiments were performed by using different illumination times followed by a 

diffusion time of 60 minutes at 40°C and a postcure. These experiments were done at different 

illumination intensities (0.5 mW/cm2 and 5 mW/cm2). With an intensity of 0.5 mW/cm2, 

illumination times of 6, 15 and 30 minutes were used. The reflection band increases upon 

increasing the illumination time going from a band of 92 to 115 to 135 nm, respectively (Figure 

27a). These results indicate that there is almost no gradient induced at an illumination time of 

6 minutes, but that coatings with illumination times of 15 and even 30 minutes did contain a 

gradient after illumination, which is sufficient as driving force for diffusion, where the latter has 

an even bigger gradient and therefore a broader reflection band. When using a pulse of higher 

intensity (5 mW/cm2) with illumination times of 2 and 5 minutes, another trend is observed. A 

shorter pulse creates a bigger reflection band (135 nm versus 100 nm, Figure 27b). In this case, 

the gradient is already formed within 2 minutes and by illuminating it for 5 minutes, 

polymerization already increased the viscosity too much, limiting the diffusion.  

To see what happens during the diffusion time, we compared two samples made at the 

same intensity (0.5 mW/cm2) cured for 15 minutes, one with and the other without diffusion time. 

Upon including diffusion time, we see a broadening of the band from 105 nm to 135 nm (Figure 

27c). This indicates that during the diffusion time, molecules have the ability to move and create 

different pitches. However, for the sample including diffusion time the scattering is worsened, 

 a      b 

Figure 26 Transmission measurements with a) different intensities (5, 0.5 and 0.08 mW/cm2) and b) different 

illumination times (30, 60, 90, 120 min) at 0.5 mW/cm2 
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which could be due to the fact that the molecules still have a lot of mobility and some might lose 

alignment.  

Afterwards, it was decided to lower the amount of Tinuvin 328 to see if this improves 

the alignment of the coating and therefore lowering the scattering. A mixture was made with 

LCP1/RM-5/Tinuvin 328/photoinitiator/surfactant in 77.5/20/0.5/1/1 wt%, so instead of 1 wt% 

of Tinuvin 328 0.5 wt% was used. The sample was cured for 15 minutes at 0.5 mW/cm2 

followed by diffusion time of 60 minutes and a postcure, all at 40 °C. This coating had a reflection 

band of 150 nm and was the broadest band obtained with this type of curing process. To check 

the influence of Tinuvin 328 on the band broadening we compared the sample with a coating 

of the same composition, cured in the same way but without Tinuvin 328. The one without 

Tinuvin 328 has a reflection band of 80 nm, so by adding Tinuvin 328 to the mixture the band 

is increased almost by 200%, going from 80 nm to 150 nm (Figure 27d). One disadvantage we 

see by using Tinuvin 328 in the mixture is that the scattering is increased as well. This could 

be due to the light absorption of Tinuvin 328, which locally increases the temperature around 

the Tinuvin 328 molecules. Consequently, the molecules can lose alignment and thereby 

increase the scattering. 

  

 

 

 

 

 

 

 

  

  

        

Figure 27 Transmission measurements of a) Experiments with intensity of 0.5 mW/cm2 and different illumination times (30, 

15 and 6 minutes), b) Intensity of 5 mW/cm2 and different illumination times (2 and 5 minutes), c) Influence of diffusion time on 

broad band and d) Influence of Tinuvin 328  

 c      d 

 a      b 
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5 Conclusion  

To conclude this research, big steps have been made in gaining understanding the 

mechanism behind the temperature response of the prepared reflective coatings. We developed 

temperature responsive CLC polymer coatings, which showed a blueshift over time upon 

heating above the transition temperature and a redshift upon cooling below the transition 

temperature. The kinetics of this blue- and redshift at various temperatures could be fitted with 

the Arrhenius equation, indicating that a diffusion mechanism is determining the rate of the 

wavelength shifts. Based on these results, we proposed a mechanism in which upon heating 

the LCE is diffusing out of the LCN network, leaving locally a higher chiral dopant concentration 

and thus a winding of the cholesteric pitch. Upon cooling the LCE diffuses back into the LCN, 

thereby unwinding the cholesteric pitch. We found a negative linear relationship between the 

thickness and rate constant for both the blue- and redshift, which can be attributed to the longer 

diffusion path length, so indicating that the LCE diffuses towards the coating-air interface. In 

addition, the lack of wavelength shifting of the material in a cell, in which the material is not able 

to expand upon heating, indicates that a difference in expansion between the LCE and the LCN 

is the driving force for phase separation. This was confirmed by a lesser degree of blue shift for 

a sample that was polymerized with a lower UV-light intensity, in which the expansion difference 

between the LCN and LCE is less, resulting in less phase separation. 

For multiple applications, the transition temperature is of high importance. So far we 

were not able to lower the temperature. We tried to coat mixtures containing LCP2, which has 

a transition temperature around room temperature, but no well-aligned coatings were obtained. 

This might be attributed to the shorter spacer length of LCP2, which couples the mesogenic 

unit with the polymer backbone. 

 To broaden the application field of our coatings we broadened the reflection band of 

the coating using polymerization-induced diffusion using a UV-absorber. Coatings with a 

reflection bandwidth of 150 nm (an increase of 200%) were obtained.   
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6 Recommendations 

For future work, more investigation needs to be done to verify the mechanism behind 

the blue- and redshift of these coatings. First and most importantly, TEM images need to be 

obtained in order to visualize the diffusion and phase separation of the elastomer out of the 

network. If a clear layer of elastomer on top can be distinguished after the blueshift, then we 

know for sure that the elastomer diffuses to the coating-air interface. Other experiments that 

could confirm this are investigation of the surface topography and FT-IR spectroscopy before 

and after the blue shift. Another experiment could be to wash away the LCE before and after 

blue shifting and investigate the influence of the network. Before phase separation the LCN 

might collapse, whereas after phase separation the washing will affect the LCN to a lesser 

extent. If washing out the LCE is possible, it might even be possible to diffuse other molecules 

inside the LCN, such as one with an opposite handedness to create a 100% reflector. 

In order to use the coatings as TTIs, it is really important to be able to tune the different 

parameters; namely time, temperature and color. For every food or pharmaceutical product, a 

different label is required. Food products, for instance, have an activation energy differing from 

relatively low activation energies of below 200 kJ/mole to values of approximately 600 kJ/mole.55 

For the coating in this research, the activation energy is around 15-30 kJ/mole, which might be 

too low for some types of food. This can be changed by using a different crosslink density of 

the LCN or a smaller LCE, which will have a higher diffusion rate and might be more temperature 

dependent. A suggestion for such smaller LCP is shown in Appendix (VIII) and has a similar 

structure as used in this research.  

For various applications, such as TTIs and smart windows, the transition temperature 

of the coatings needs to be lowered. This can be achieved by using an elastomer with a lower 

transition temperature, which can also be well aligned during coating application. A suggestion 

for such elastomer can be a cyclic LCP (Appendix IX).  

For the broadband reflectors, the maximum width of reflection band obtained was 150 

nm. However, for smart windows of switchable mirrors, this needs to be an even broader band. 

The current method can still be optimized, but seems to have its limits. Therefore, other methods 

to increase the concentration gradient and thus diffusion need to be considered. A suggestion 

could be to coat a mixture on a substrate containing a photoinitiator.  Upon heating, the 

photoinitiator can diffuse throughout the thickness of the coating, which will create a 

concertation gradient during photopolymerization. Another method could be to make use of 

oxygen curing. Since oxygen slows down the polymerization, the upper layer will be polymerized 

slower than the lower parts where no or little oxygen is present, which will also create a 

polymerization induced concentration gradient.    
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Appendix I 

DSC data and POM images of mix A and coating A1 

 

Figure A1.1 DSC data of mix A 

Figure A1.2 POM image of mix A at 20 °C 
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Figure A1.3 DSC data of coating A1 

Figure A1.4 POM image of coating A1 at 20 °C 
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Appendix II 

Matching tranmission spectra with the photographes taken and shown in Figure 12 (§ 4.1.2) 

Heating at 67 °C 

Cooling at 38 °C 

Figure A2.2 Transmission spectra of coating over time during cooling at 38 °C matching with 

photographs taken of the coating 

Figure A2.1 Transmission spectra of coating over time during heating at 67 °C matching with 

photographs taken of the coating 
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Appendix III 

 

Figure A3.1 Transmission spectra over time of a coating kept at 7-8 °C 
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Appendix IV 

Figure A4.1 DSC spectrum of coating A2 

 

Figure A4.2 Transmission spectrum of coating with different polymerization intensity 
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Appendix V 

DSC data of LCP1 en LCP2 

 

Figure A5.1 DSC data of LCP1 

 

Figure A5.2 DSC data of LCP2 
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Appendix VI 

 

 

 

Figure A6.1 Tranmission spectrum of coating with LCP1:LCP2 in ratio 1:1 
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Appendix VII 

FT-IR measurements were performed to check whether all acrylates have reacted. The 

spectrum of coating (reacted acrylates) is compared with the spectrum of the mixture. The peak 

at 1410 cm-1 disappears for the reacted coating, which is a typical acrylate peak.54   

 

Figure A7.2 FT-IR measurements of reacted coating and unreacted mixture to check whether all acrylates have 

reacted upon photopolymerization 
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Appendix VIII 

An LCP, LCP3, which might be used for TTIs is a similar siloxane molecule as LCP2, however, 

it contains a spacer of 4 carbon atoms instead of 3 carbon atoms. This molecule is smaller than 

LCP1 and therefore is expected to have a better mobility and thus faster kinetics.  

 

Table A8 Transition temperature of LCP3 

 

 

 

 

 

 

 

 

 

 

 

 

Molecule Transitions 
LCP352 
 

G                        N                               I 
            -13 °C                  27 °C                   

Figure A8.1 LCP3 as smaller molecule for different kinetics 
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Appendix IX 

A suggestion for a cyclic LCP with a lower transition temperature is the molecule below, 

containing a cyclic siloxane backbone with 5 LC units attached to it. The transition temperature 

of the molecule is around mix 38°C and in mixture with other RMs even around RT.  

 

Table A9 Transition temperatures of LCE pure, in mix and in coating 

Sample Transitions 
Mix  G                          Ch                          I          

         -12 (-14)                38 (37) 
Coating G                          Ch                        I                        

             2 (1)                  22 (19) 
 

 

 

 

 

 

 

Figure A9.1 Cyclic LCE with lower transition temperature 



 Technische Universiteit Eindhoven University of Technology 

 

60 Temperature responsive reflective coatings based on cholesteric liquid crystalline polymers 

 

Figure 29 DSC data of cyclic LCE in mix LCE/RM-1/RM-6/photoinitiator/surfactant in 77/16/5/1/1 wt% 

 

 

Figure 30 DSC data of cyclic LCE in coating 


