
 Eindhoven University of Technology

MASTER

Programmable optical time-temperature indicator (TTI)

van der Heijden, Danielle A.C.

Award date:
2019

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/0dac1c2d-20b1-4831-9887-cb0349fc6a61


 

 

Programmable Optical Time-
Temperature Indicator (TTI) 

Stimuli-responsive Functional Materials and 
Devices (SFD) 
Department of Chemical Engineering and 
Chemistry 
 
Het Kranenveld 14 
5612 AZ Eindhoven 
The Netherlands 
 
 
Author 
D.A.C. van der Heijden 
 
Committee members 
Prof.dr. A.P.H.J. Schenning 
Prof.dr. D.J. Broer 
Dr. K. Nickmans 
Prof.dr.ir.  I.K. Voets 
 
MSc Thesis 
 
Date 
8 May 2018 
 
 
 

Confidential 



 Technische Universiteit Eindhoven University of Technology 
 

Programmable Optical Time-Temperature Indicator (TTI) 

 

Abstract 
 
The shape memory effect of a cholesteric liquid crystal (CLC) polymer network around its 
glass transition temperature (Tg) was previously used to fabricate a time-temperature indicator 
(TTI) with an optical response.1 The TTI showed a blue-shift of the reflected color after 
mechanically embossing above the Tg (± 50 °C) and subsequently a red-shift of the reflected 
color upon exposure to a temperature above the Tg. This thesis describes the research 
towards a CLC polymeric material that can be used in TTIs suitable for cold chain 
applications. Decreasing the Tg, fabricating sensors with a color change that is clearly visible 
to the naked eye and measuring their response as a function of time and temperature were 
the key aims of this research. The crosslinking density of the network was lowered in order to 
decrease the Tg, which resulted in a Tg around 21 °C – 32 °C. The second approach to lower 
the Tg was by building in a low-Tg main-chain oligomer into the polymer network. This 
approach resulted in Tgs ranging from approximately 19 °C – 32 °C (10 wt% oligomer) to 
approximately -11 °C – 13 °C (80 wt% oligomer), which showed that the Tg could be tuned by 
varying the oligomer content. The observed Tgs were in the target range for cold chain 
applications. Various polymeric CLC materials were made and their optical and mechanical 
properties were characterized. Prototype optical sensors were generated by inkjet printing, 
curing and embossing. The temperature response was measured and this demonstrated that 
there was hardly any response at temperatures below the Tg and that above the Tg, the 
response rate increased with increasing temperature. Flexography was briefly tested as an 
alternative printing method. An alternative ink consisting of CLC polymer flakes dispersed in a 
transparent binder was also briefly investigated. This system offers the possibility to prepare 
ready-made inks and can offer great advantages over common production processes.  
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1 Introduction 

Temperature is one of the most important factors determining the shelf life and safety of 
perishable products. When food is exposed to higher temperatures, the microbial activity 
significantly increases and the remaining shelf life is reduced.2 For fresh fish products for 
example, exposure to unsafe temperatures is the main cause of spoilage. Other causes for 
spoilage are enzyme activity and oxidation and both processes occur more rapidly at higher 
temperatures.3 Since these microbiological risks are one of the main sources of foodborne 
illnesses, improper temperature holding is a hazard for consumer health.2 Therefore, it is 
important that food products, but also for example pharmaceutical products, are maintained at 
a controlled temperature during the entire cold chain. The cold chain is a temperature-
controlled supply chain that ranges from the production site, (e.g. the farmer) to the end user 
(consumer) (see Figure 1). It goes through various stages of storage and transportation and 
the cold temperature should be maintained during all these stages. What temperature should 
be maintained, depends on the product. According to the Australian Institute of Food Safety, 
cold food should be kept below 5 °C, since the temperature range between 5 °C and 60 °C is 
the perfect environment for bacteria to rapidly grow and multiply.4  
 

 
Figure 1: Schematic overview of the various stages of the cold chain. It goes through various stages of storage 

and transportation, during which the cold temperature should be maintained. 
 
The maximum allowable temperature is occasionally exceeded during for example 
transportation and this leads to insecurities about the safety of the products that were being 
transported.5 The complete freight might be thrown away as a precaution, even though part or 
all of it might be unaffected by the higher temperature. This results in an excessive amount of 
food waste around the world. The United Nations have estimated that roughly one third of the 
food produced for human consumption gets wasted each year.5,6 Part of this might result from 
the event that was just described. This number could for example be lowered by better 
temperature control and monitoring, or differentiating between individual products within the 
freight.  
 
This is where intelligent packaging and smart labels come in and can help to reduce the 
amount of food waste. An example of a smart label is the Time-Temperature Indicator (TTI), a 
device capable of irreversibly recording the time-temperature history of a product. A TTI can 
for example warn stakeholders that a significant break in the cold chain occurred and 
temperature abuse took place. Numerous (battery-free) TTI systems that are based on 
different principles are already known. For example based on enzymatic, chemical, 
mechanical, electrochemical or microbiological reactions that result in a color change (or other 
type of contrast) of the label with a temperature dependent rate.7–11 ideally, such a TTI would 
give a distinct color change as is depicted in Figure 2. For the user of the TTI it is an 
irreversible change, which ensures a true time-temperature history recording and that nobody 
can fraud the system. Looking at the enzymatic TTIs, they are well established and since this 
is a biological process, they serve as a good model for the decay of food products. However, 
these systems often require the mixing of two fluids that are separated in different 
compartments. The mixing needs to be homogeneous in order to obtain a homogeneous 
starting color of the TTI, which might cause problems.12 Additionally, they are quite expensive 
to produce, which keeps it from wide implementation. 
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Figure 2: Schematic representation of a TTI that shows a color change from green to red upon exposure to 

unsafe temperatures. 
 
Davies et al. have reported about a cholesteric liquid crystal (CLC) polymer network that 
exhibits the shape memory effect and could possibly be used to fabricate a cheap, easy to 
read and reliable TTI. The CLC polymer network is capable of showing a color change at a 
temperature between 40 °C and 60 °C, which coincides with the glass transition temperature 
(Tg) of the material. Davies et al. have induced the color change by mechanically embossing 
the material, using a spherical stamp with a radius of 8 mm. When the CLC polymeric material 
is heated to above its Tg, the material is compressible and so is the helical pitch of the 
network. This yields a blue-shift of the reflected color for the compressed part of the material. 
The resulting indentation had a radius between 0.2 and 0.25 mm showing a green color, as 
can be seen in Figure 3b. At this point, the TTI is obtained and ready to be used. When the 
material is now heated to above its Tg, it irreversibly returns to its initial state and the material 
regains its original color (Figure 3c). The rate at which the temperature response takes place 
is temperature dependent and the TTI can therefore provide a visual indication of the time-
temperature history of the label.1 
 

 
Figure 3: CLC polymeric film embossed by Davies et al. at 60 °C with a spherical stamp and 2.5 kg load. a) 

Shows the non-embossed film, b) the embossed film and c) the film after heating to 60 °C.1 
 
Another material that shows similar behavior was based on a shape memory polymer 
comprising photonic crystals.13 The material shows a blue-shift of the color by applying a 
pressure on the photonic crystals above the Tg. Similar as to the system reported by Davies et 
al. described above, the color is fixed below the Tg and the material returns to its initial shape 
and color after heating to above the Tg. However, this system is not very suitable for the use 
as TTIs, as the production process of these materials is rather complicated and time 
consuming. Various different steps are involved (including washing), which makes it difficult to 
scale up the production via conventional production methods (e.g. printing). 
 
The system reported by Davies et al. offers possibilities for the use as a TTI, but cannot be 
used for cooled perishable products, since the color change takes place at ≈ 50 °C. The Tg of 
the material determines the temperature at which the sensor changes its color and is 
therefore of great importance. To be able to use the TTI for the aimed application, the 
transition temperature should be decreased to a temperature depending on the product to 
which the TTI gets attached.  
 
In addition to the high transition temperature of the system, embossing was performed with a 
spherical stamp, which resulted in an indentation that could hardly be observed by the naked 
eye. In order to make it suitable as a TTI, the region that changes color should be of larger 
scale and easier to produce. Therefore, it is desired to produce a TTI with a larger region that 
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changes color, for example by printing several small-scaled features and embossing with a 
flat stamp as is shown in Figure 4. 
 

 
Figure 4: Schematic representation of small CLC polymeric features that are mechanically embossed with a flat 

stamp and return to their original color after heating above the Tg of the material. 
 
The main aims of this research were to fabricate TTIs by inkjet printing, curing and embossing 
CLC mixtures, and to adjust the Tg in the range of -10 °C – 25 °C through variations in the 
formulation. For this purpose, several CLC mixtures with varying compositions were prepared 
and the Tg of the polymeric material was investigated. In this thesis, two options to decrease 
the Tg of the material were investigated. The first option was lowering the crosslinking density 
by decreasing the amount of crosslinker that was added. This results in a less rigid network, 
which ensures a higher mobility of the chains and consequently a lower Tg.14–19 The second 
approach was to build in a low-Tg main-chain oligomer into the polymer network. Introducing a 
low-Tg material into the network, will decrease the Tg of the material. A lightly crosslinked LC 
network like this is called a liquid crystal elastomer (LCE), which is a subclass of LC polymer 
networks. LCEs are a class of materials that combine the orientational order of LCs and the 
rubber elasticity of elastomeric materials. The fact that the elastomeric material possesses 
liquid crystalline order makes these materials particularly interesting for the use in actuators 
and sensors.20,21 The optical and mechanical properties of the various polymeric materials and 
samples were thoroughly investigated. Sensors were fabricated by inkjet printing many small 
features close together that can be embossed to show a color change that is clearly visible to 
the naked eye. Inkjet printing was done since this technique is amendable to roll-to-roll 
production and is suitable for scaling up. The temperature response of these sensors was 
measured at different temperatures and the results were analyzed. Briefly, the possibility to 
use a different printing technique (flexography) and a different ink were examined. The 
different ink was based on CLC polymer flakes dispersed in a transparent binder and this 
system offers the opportunity to prepare ready-made inks for easier production of the TTIs. 
The most important results are described in this report. 
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2 Theory 

The underlying theory that is important to understand the working principle and the properties 
of the envisioned TTI are explained in this chapter.  

 Liquid crystals and the cholesteric phase 2.1

The reflective properties of the materials reported by Davies et al. and the envisioned TTIs are 
derived from the cholesteric liquid crystal (CLC) phase. The liquid crystal (LC) phase is an 
intermediate phase of matter between a crystalline solid and an amorphous liquid and shows 
properties of both of these phases. It shows anisotropic properties like a crystalline solid, but 
also has some degree of fluidity like a liquid. A highly geometrically anisotropic shape, such 
as a rod (calamitic LCs) or a disc (discotic LCs), is required for a molecule (mesogen) to 
possess a LC phase.22 The chemical structure of a calamitic LC often consists of a rigid core 
and flexible endgroups on the extremities.23 
 
The LC phase can exist in many different mesophases, among which nematic, smectic and 
cholesteric (or chiral nematic) are the most common. The transitions to these different phases 
are thermally induced for the thermotropic LCs used in this research.22 The specific molecular 
structure determines which mesophases the LCs will go through. A schematic representation 
of these mesophases can be seen in Figure 5. The nematic phase is the simplest mesophase 
in which the mesogens are directed with their long axes aligned along a general axis, which is 
called the director, �̂�. The mesogens possess orientational order, but no positional order. The 
smectic phase on the other hand, exhibits some additional positional order.  
 

 
Figure 5: Schematic representation of the most common LC mesophases. 

 
The cholesteric phase is the chiral equivalent of the nematic phase and can be induced by 
adding a chiral molecule (called a chiral dopant) to the nematic phase. The mesogens are 
aligned as in the nematic phase, however, the director �̂� is helical instead of uniform, with the 
axis of the helix perpendicular to the long axes of the mesogens.24 The length it takes for the 
mesogens to make a full 360° turn is called the pitch (𝑝) of the helix and is dependent on the 
degree of chirality of the chiral dopant (Figure 6). The strength of the chiral dopant is 
quantified by the helical twisting power (𝐻𝑇𝑃) of the chiral dopant. The 𝐻𝑇𝑃 is defined as 

𝐻𝑇𝑃 =  (𝑝𝑐)−1       (Equation 1),  
where 𝑐 is the concentration of the chiral dopant and assuming there is only one enantiomer 
of the chiral dopant present.25  

�̂� 
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Figure 6: Representation of the cholesteric phase, the pitch and the selective reflection of incident light.26 

 
A CLC material can be seen as a multilayer structural material where light is reflected from 
each layer and constructive interference occurs when certain criteria are met.27 The material 
acts as a Bragg’s reflector and therefore selectively reflects certain wavelengths of light, given 
by the Bragg formula:  

𝜆 =  �̅� ∙ 𝑝       (Equation 2).  
Here �̅� is the average refractive index and 𝑝 the pitch.28–30 If the pitch is in the order of 
magnitude of visible light, the material appears with a very bright color to the human eye. The 
color of the material can be tuned by changing the pitch of the network and this property 
allows these materials to be used as attractive labels. If the material is responsive, it can be 
used as an optical sensor for various applications. The pitch can be changed in different 
ways. Prior to forming a polymer network, this can be done by changing the concentration or 
nature of the chiral dopant. Increasing the concentration of chiral dopant or adding a chiral 
dopant with a higher 𝐻𝑇𝑃 value induces a stronger twist and therefore results in a decrease of 
the pitch. Thus, a blue-shift of the reflected light is observed with increasing chiral dopant 
concentration and a red-shift is observed with decreasing chiral dopant concentration. After 
forming a polymer network, the pitch can be changed by pressing the molecules closer 
together or pulling or pushing them further apart.  
 
When a CLC material is illuminated with unpolarized light, only circularly polarized light 
matching the handedness of the helix is reflected.25 The maximum reflectance of a CLC 
polymer network is therefore 50%. In order to obtain the best reflectance and a well-defined 
reflection band, the LCs need to be well aligned to decrease the amount of scattering and to 
get to the maximum achievable reflectance of 50%.  
 
Another interesting property of a CLC material is that it shows iridescence. This means that 
the reflected color depends on the angle of incident light and therefore also on the angle of 
observation. If the angle of illumination is kept constant, the reflected color will undergo a 
blue-shift upon decreasing the viewing angle as illustrated in Figure 7.31,32 It is important to 
take this into account when developing the TTI to make sure the TTI is clear for the user. 
 

 
Figure 7: Illustration of the viewing angle dependency of the color of the CLC material. A smaller angle (b) 

compared to the 90° angle (a) results in a blue shift of the color that is observed by the human eye.  
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 Shape memory effect 2.2

Shape memory materials have the ability to change shape upon the application of an external 
stimulus such as temperature, light and electromagnetic fields.33 This interesting property is 
already used in for example smart textiles and biomedical applications.34,35 These materials 
can be deformed into a temporary shape and only recover the initial shape when they are 
exposed to the appropriate stimulus. The initial shape is given to the material by regular 
processing methods (e.g. injection molding). After processing, the material is given its 
temporary shape and fixed in this shape. This is called programming of the material.36 In 
principle, shape memory polymers should possess both netpoints and reversible segments for 
determining the initially processed shape and temporary shape respectively.36,37 The shape 
memory effect is a result of a decrease in entropy upon deforming the polymer to its 
temporary shape. In the initial shape, the molecular chains have a higher entropy, which is the 
lower energy state. If the stimulus is applied, the chains become softer because the mobility of 
the chains increases and it is possible to deform the material into its temporary shape. It is 
now in a lower entropy (higher energy) state. This state can be conserved if the mobility of the 
chains is suppressed by taking away the stimulus. Since a system always wants to be in the 
state with the highest entropy, it will go back to the initial state when the chains regain their 
mobility upon exposure to the appropriate stimulus.37 The stimulus that is used in this study is 
temperature and it is therefore a thermally induced shape memory effect. The material can be 
given a temporary shape above a certain transition temperature (Ttrans) and irreversibly returns 
to its initial shape when it is heated to above Ttrans again.33 Ttrans can for example be the Tg of a 
material or the melting temperature if this is a reversible transition. In this research, Ttrans is the 
Tg of the material. Figure 8 shows a schematic representation of a shape memory material. If 
the temperature is higher than the Tg of the material, the chains are more flexible (shown in 
red) and the material can be deformed elastically. The material can be fixed in this temporary 
shape by cooling down to below Tg where the chains are immobilized (shown in blue). If the 
material is heated up to above Tg again, the material will recover its initial shape (shown in 
red). 
 

   
Figure 8: Schematic representation of the programming and response of a material that exhibits a thermally 

induced shape memory effect. 

 Polymer networks and the Tg 2.3

The reactive mesogens that are used in this research have acrylate endgroups that are 
polymerized in a free-radical polymerization reaction that is initiated by light. In the presence 
of a crosslinker, a polymer network is formed upon polymerization. The nature of this network 
is of great importance in this research, since this has a great influence on the Tg of the 
material. The Tg is the temperature above which the chains in the polymeric network gain 
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some degree of mobility, resulting from rotation about bonds in the chains, which leads to a 
deformable material.19 The physical properties of the material change drastically above the Tg 
as the material goes from the glassy to the rubbery state. The Tg of a material can be 
influenced by changing the flexibility of the polymer chains. In the glassy region, the thermal 
energy is insufficient to allow segmental motion or rotation about the bonds.38 If the chains are 
given a higher segmental mobility or flexibility, less thermal energy is needed to bring the 
material into its rubbery phase and the Tg occurs at a lower temperature. 
 
Figure 9a shows a schematic representation of the cholesteric order over the length of half a 
pitch. The LCs are aligned along a director as in the nematic phase in each individual layer. In 
each subsequent layer, this director slightly changes its direction and makes a small angle 
with the director of the previous layer. Figure 9b shows an illustration of the polymer network 
within one of these layers. (This is a simplified representation. In reality, the polymer network 
also ranges in-between layers.) The polymer network consists of monoacrylate molecules, 
hydrogen bonding reactive mesogens (OBAs) and diacrylate (chiral dopant) molecules. The 
diacrylate acts as a chemical crosslinker and the OBAs act as physical crosslinkers. This 
polymeric network is a so-called side chain polymer network; the liquid crystalline moieties are 
side chains of the polymer chains. The chains can be given a higher segmental mobility by, 
for example, decreasing the crosslinking density. This is one of the approaches used in this 
research. Decreasing the crosslinking density results in a less rigid network where the chains 
have more mobility and this is known to give rise to a decrease in the Tg.14–19 If the 
crosslinking density is too low however, the material will not ‘remember’ its initial shape. In this 
case there will be no shape recovery because a material needs ‘netpoints’ to exhibit the 
shape memory effect as discussed in section 2.2. 
 

 
Figure 9: Schematic representation of a) the cholesteric order within the material, b) the polymer network of the 

LC mixture and c) the polymer network of the oligomer. 
 
A different approach that is used to decrease the Tg of the material is by building in a low-Tg 
oligomer. A low-Tg LC oligomer was reported in literature by Mulder and Gélébart et al.39,40 
This oligomer was synthesized from the nematic diacrylate RM82 and a dithiol, a flexible 
spacer, in a thiolene reaction. Mulder reported a number average molecular weight of 5800 
g/mol and a polydispersity index of 2.5. The material had a very low Tg of approximately  
-21 °C. The combination of these properties makes this oligomer an interesting material to 
incorporate in the CLC polymer network. The oligomer is a main-chain LC oligomer, which 
means the LC moieties are part of the polymer main chain. A simplified representation of a 
polymer network of the oligomer is given in Figure 9c. Incorporating an oligomer into the LC 



 Technische Universiteit Eindhoven University of Technology 
 

8        Programmable Optical Time-Temperature Indicator (TTI)  

mixture of the network shown in Figure 9b, gives a network that is a combination of the 
networks shown in Figure 9b and c, with the longer oligomer chains running through the 
network.  
 
Over the years, several equations have been developed to predict the Tg-composition 
dependence of a miscible polymer blend. The simplest and most well-known one is the Fox 
equation: 

1

𝑇𝑔,𝑚𝑖𝑥
=  ∑

𝑤𝑖

𝑇𝑔,𝑖
𝑖       (Equation 3) 

Here 𝑇𝑔,𝑚𝑖𝑥 is the Tg of the polymer blend in K, 𝑤𝑖 is the weight fraction of component 𝑖 in the 
mixture and 𝑇𝑔,𝑖 is the Tg of the corresponding component in K. This equation predicts the Tg 
of the polymer blend on the basis of the Tgs and the relative weight fractions of the pure 
components only and is based on volume additivity. The equation does not always describe 
the experimentally observed Tgs very accurately, so the equation is used to give only a rough 
first approximation of the Tg-composition dependence.41,42 

 Dynamic mechanical thermal analysis 2.4

The viscoelastic response of a material can be measured with dynamic mechanical thermal 
analysis (DMTA). This is done by measuring the relaxation behavior of the material as a result 
of applying a small oscillating force to the sample. Several parameters are measured and the 
Tg can be determined from the storage modulus, loss modulus or loss tangent (tan δ) as a 
function of temperature. A typical DMTA plot can be seen in Figure 10.  
 

 
Figure 10: Example of a typical DMTA plot of a polymer.43 

 
The storage modulus represents the elastic or fully recoverable energy during deformation, 
whereas the loss modulus represents the viscous energy or the energy that is dissipated. 
Tanδ is the ratio of the loss to the storage modulus. When the Tg is determined from the 
storage modulus, the temperature is taken at the inflection point where a sudden drop in the 
modulus is observed. When determining the Tg from the loss modulus or tanδ, the 
temperature at the onset or at the peak is taken. The determined Tgs are different for each 
method (also different from differential scanning calorimetry (DSC)), especially for highly 
cross-linked materials that have a broad transition range. According to a document by the 
producer of the DMTA, the loss modulus peak is most closely related to the physical property 
changes that are attributed to the glass transition in polymers.44 Therefore, it is chosen to 
assign this temperature to the glass transition of the material. Because polymers are 
viscoelastic materials and the imposed deformation of the material depends on how fast or 
slow the deformation was applied, the viscoelastic behavior is time dependent. The frequency 
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of the oscillating force of the measurement determines the time interval in which the 
deformation can take place. The glass transition is a molecular relaxation phenomenon and 
the rate depends on temperature, with a higher rate at higher temperatures. At higher 
frequencies there is less time for the deformation to occur and the deformation therefore only 
occurs at higher temperatures. This means that a shift of the Tg towards higher temperatures 
is expected upon increasing the frequency of the measurement.43,45–47 
 
The activation energy of the glass transition can be roughly estimated from the values of the 
Tgs at different frequencies according to a formula that is a different version of the Arrhenius 
law:43  

ln(𝑓) =  
−𝐸𝑎

𝑅𝑇
      (Equation 4) 

Where 𝐸𝑎 is the activation energy in J/mol, 𝑅 is the universal gas constant (8.3145 J/(mol∙K)) 
and 𝑇 is the temperature in K. Plotting the natural logarithm of the frequency against 1

𝑇𝑔
 should 

yield a straight line with a slope equal to −𝐸𝑎

𝑅
. So multiplying the value of the slope with the 

value of the universal gas constant gives an estimation of the activation energy of the glass 
transition. One has to take into account that the Arrhenius law can only be used to give an 
approximation of the activation energy in a relatively narrow frequency range. Other models 
exist to describe the dependency of the Tg on the frequency of the measurement. Two models 
that more accurately describe this dependency are the Vogel-Fulcher-Tammann (VFT) 
relationship and the Williams-Landel-Ferry (WLF) relationship instead of the Arrhenius 
equation. These models take into account the temperature dependence of the activation 
energy.48,49 However, in this thesis the Arrhenius equation is used to give a first approximation 
of the activation energy. 

 CLC polymer flakes 2.5

A different approach to obtain a reflective coating is by making use of CLC polymer flakes or 
particles dispersed in a (transparent) binder. CLC polymer flakes are small fractured pieces of 
a CLC polymer film. A schematic representation of a CLC polymer flake is given in Figure 11a 
and Figure 11b shows an illustration of the flakes in a coating. CLC polymeric flakes have 
been reported in literature before.50–52 The use of CLC polymer flakes for color inks and 
coatings is described and their advantages over coatings made directly from a LC mixture are 
elucidated. It is stated that the CLC polymer flakes maintain many of the optical properties of 
the CLC polymeric film of which they were made. Dispersing the CLC polymer flakes in a 
transparent binder allows for applying the coating at room temperature and an alignment layer 
is no longer needed. Via this method, stable ready-made inks for creating reflective coatings 
can be formulated. Light scattering resulting from the arisen interfaces between the CLC 
polymeric material and the binder should be suppressed as much as possible. This can be 
done by matching the average refractive index of the CLC material with the refractive index of 
the binder in which the flakes or particles are embedded.52 If such a coating is meant to be 
used for the application as a TTI, the CLC material should be temperature responsive, even 
though it is embedded in a binder. So it should still be possible to induce the blue-shift of the 
reflected wavelengths by mechanically embossing the material and the CLC material should 
be able to relax back to its initial state and show a red-shift of the reflected wavelengths. 
 

 
Figure 11: Schematic representation of the orientation of the cholesteric helix within a) a CLC polymer flake and 

b) a coating of polymeric flakes dispersed in a transparent binder. 
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 Temperature response of the TTI 2.6

It is important to gain information about the temperature response of the TTI to be able to say 
something about the reliability of the system. The rate of the temperature response of the TTI 
is temperature dependent and characterized by measuring the color as a function of time and 
temperature. The color measurements are performed with a colorimeter that measures the 
color in the CIELab color space. This color space is based on one channel for luminance (𝐿) 
and two color channels (𝑎 and 𝑏) (see Figure 12). +𝑎 is the red direction, −𝑎 is the green 
direction, +𝑏 is the yellow direction and −𝑏 is the blue direction. For this system, the biggest 
change is expected to show in the a value, since there is a color change from red to green 
upon embossing and vice versa when the TTI is heated and goes back to its initial state. The 
total visual color change is described by the ∆𝐸 value that is defined as: 

∆𝐸 =  √(𝐿 − 𝐿0)2 + (𝑎 − 𝑎0)2 + (𝑏 − 𝑏0)2   (Equation 5).  
𝐿0, 𝑎0 and 𝑏0 are the 𝐿, 𝑎 and 𝑏 values of the color of the sample before embossing.53 The ∆𝐸 
value approaches zero when the color returns to its initial state. However, this is not the visual 
endpoint of the TTI, since the color appears as red to the human eye before the TTI has fully 
returned to the initial state. Therefore, it is important to determine the visual endpoint for the 
TTI as the first point in time that the TTI appears red to the human eye. 
 

 
Figure 12: Representation of the CIELab color space. 

 
It is expected that the color change will show exponential decay behavior in time. If the color 
change is plotted as a function of storage time, this gives a function of the form:  
 ∆𝐸 =  𝑦0 + 𝑐 ∙ exp (−𝑘 ∙ 𝑡)     (Equation 6),  
where 𝑦0 is the plateau at the final value, 𝑐 a constant that expresses the distance of the initial 
value to the final value 𝑦0, 𝑘 is the response rate constant in min-1 or days-1 (depending on the 
unit of 𝑡) and 𝑡 is the storage time in minutes or days. The activation energy (𝐸𝑎) can be 
determined using the Arrhenius equation:  

𝑘 = 𝐴 ∙ exp (−
𝐸𝑎

𝑅𝑇
)      (Equation 7),  

where 𝐴 is a pre-exponential factor, 𝐸𝑎 the activation energy in J/mol, 𝑅 the universal gas 
constant (8.3145 J/(mol K)) and 𝑇 the storage temperature in K. Taking the natural logarithm 
of the Arrhenius equation yields:  

ln(𝑘) = ln(𝐴) − (
𝐸𝑎

𝑅𝑇
)     (Equation 8) 

and rearranging gives:  
ln(𝑘) =

−𝐸𝑎

𝑅
∙

1

𝑇
+  ln(𝐴)      (Equation 9).  

Plotting ln(𝑘) against 1

𝑇
 gives the Arrhenius plot. The slope of this line is −𝐸𝑎

𝑅
 and therefore 𝐸𝑎 

can be calculated by multiplying the value of the slope with the value of −𝑅. 
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A high activation energy means that the system is highly temperature sensitive and that only a 
slight increase in temperature gives a large change in the response rate of the TTI. In this 
case, a high activation energy and high response rate are desired. The TTI should show 
whether a certain predetermined threshold temperature has been exceeded or not. This 
means that if the TTI is exposed to higher temperatures than is legally allowed, it should 
immediately show a color change to inform the stakeholder about this event. 

 Printing techniques 2.7

Several printing techniques exist and the main industrial printing processes are offset 
lithography, flexography, digital printing (e.g. inkjet), gravure and screen printing. Within this 
research, two different printing techniques were examined. Inkjet printing was the most used 
and researched technique as this technique was present at the university. Flexographic 
printing was only briefly tested to see whether it was possible to use this printing technique for 
printing and aligning the LC mixtures.  
 
With inkjet printing the image is created by depositing small droplets of ink through the 
nozzles of a cartridge that can be filled with ink. The LC mixture can be dissolved in a solvent 
and the solution can serve as ink.  
 
Flexographic printing is a technique where the ink is deposited on an anilox and the excess 
ink is removed with a doctor blade. Small cells are present in the anilox that contain ink and 
this ink is transferred to the photopolymer that is wrapped around the plate cylinder. The 
pattern that is to be transferred onto the substrate is raised in the photopolymer and the raised 
parts pick up the ink from the anilox. The substrate is compressed between the plate cylinder 
with the photopolymer and an impression cylinder and the ink is transferred from the 
photopolymer to the substrate. An illustration of the printing process is shown in Figure 13. 
 

 
Figure 13: Representation of the process of flexography.54 
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3 Experimental 

 Mixture components and preparation 3.1

3.1.1 Mixture components: monomers 

The mixtures that were used in this research were based on the mixture that was used by 
Davies, et al. Figure 14 shows the structural formulas of the used materials. The reactive 
mesogens (3R,3aS,6R,6aS)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((4-(((4-
(acryloyloxy)butoxy)carbonyl)oxy)benzoyl)oxy)benzoate) (LC756) (supplied by BASF) and (2-
methyl-1,4-phenylene bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate)) (RM82) (supplied by Merck) 
act as chiral dopant and chemical crosslinker, respectively. ((2-Benzyl-2-dimethylamino-1-(4-
morpholinophenyl)-butanone-1 (Irgacure 369) (supplied by Ciba specialty chemicals inc.) is 
used as photoinitiator and tert-butylhydroquinone (TBHQ) (supplied by Sigma Aldrich) as the 
inhibitor. 4-methoxyphenyl 4-((6-(acryloyloxy)hexyl)oxy)benzoate (RM105) (supplied by 
Merck) and 4-((6-(acryloyloxy)hexyl)oxy)phenyl 4-methoxybenzoate (C6BP) (supplied by 
SYNTHON chemicals GmbH & Co. KG) are both monoacrylates and were added to decrease 
the crystalline-nematic phase transition. 4-((6-(acryloyloxy)hexyl)oxy)-2-methylbenzoic acid 
(6OBA) and 4-((6-(acryloyloxy)hexyl)oxy)-2-methylbenzoic acid (6OBA-M) (both supplied by 
SYNTHON Chemicals GmbH & Co. KG) act as physical crosslinkers through hydrogen 
bonding. 
 

 
Figure 14: Structural formulas of the mainly used molecules. 
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3.1.2 Mixture components: oligomer 

A low-Tg main-chain oligomer was synthesized as described in literature by Mulder and 
Gélébart et al.39,40 This oligomer was synthesized from the nematic diacrylate RM82 and 3,6-
dioxa-1,8-octanedithiol (DODT), a flexible spacer, (ratio 1.1 : 1) in a thiolene reaction with 
triethylamine (TEA) as a catalyst. After the reaction took place, the solution was washed with 
HCL to remove excess TEA and was afterwards dried to yield the oligomer.  
 

 
Figure 15: Synthesis route of the oligomer, prepared from RM82 and DODT in a thiolene reaction with TEA as a 

catalyst.55 

3.1.3 Mixtures preparation 

Homogenous LC mixtures were obtained by dissolving the components in dichloromethane 
(DCM) or tetrahydrofuran (THF). Then, the solution was filtered with a 0.2 µm or 1.0 µm filter 
to expel all particle contaminations and subsequently the solvent was evaporated to obtain the 
homogenous LC mixture. 

 Fabrication of the polymeric films 3.2

Polymeric films were prepared by either bar coating the LC mixture or filling cells with the LC 
mixture. For most experiments the films were prepared by bar coating, whereas the films were 
made by filling cells for DMTA measurements. After applying the coating by bar coating, the 
coating was photopolymerized to obtain the polymeric film. The polymeric films were made on 
square glass substrates of 30 mm x 30 mm. These glass substrates were cleaned using 
ethanol and an ultrasonic bath and treated in an UV-ozone photoreactor. After cleaning, the 
substrates were spin coated with a polyimide (PI) alignment layer, dried at 110 °C for 10 
minutes and baked at 180 °C for 60 minutes. This PI alignment layer (PI AL1050) has a 0° 
pretilt angle and ensures a planar alignment of the LCs after rubbing on a velvet cloth, since 
the LCs will align with the minor grooves in the PI coating. For bar coating, the mixture was 
brought to the isotropic phase and a small amount of the mixture was disposed on a glass 
substrate. The glass substrate and the LC mixture were then cooled down to a temperature 
below isotropic transition temperature (Tiso) and the mixture was bar coated. A schematic 
representation of the bar coating process is shown in Figure 16. Different layer thicknesses 
can be obtained by adjusting the thickness of the gap between the glass substrate and the 
metal rod. After bar coating, the samples where sometimes heated to above Tiso. This was 
done to obtain a more homogeneous coating, since sometimes stripes were visible as a result 
of the bar coating process. After some time in the isotropic phase, the samples were slowly 
cooled down to a temperature slightly below Tiso. Photopolymerization was carried out under 
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UV light (OmniCure series 2000 EXFO lamp) for 5 minutes in a nitrogen environment to 
reduce oxygen inhibition, at a temperature slightly below Tiso. 
 

 
Figure 16: Schematic representation of the bar coating process of the LC mixtures. 

 
For the DMTA measurements polymeric films were prepared by filling cells with the LC 
mixture. To make a cell, two glass substrates that are coated with an alignment layer and 
rubbed (cleaning and coating occurred as described before) were glued together as is 
depicted in Figure 17a and b. For the mixtures that contained the oligomer a PI alignment 
layer was used, whereas a polyvinyl alcohol (PVA) alignment layer was used for the mixture 
that did not contain oligomer (Mixture 2). The glue contained small glass beads with a 
diameter of 25 µm, to ensure this thickness throughout the film. To fill the cells, the cells were 
put on a hotplate at a temperature above Tiso and the LC mixture is deposited on the glass 
slide. The cell is filled through capillary force in the isotropic phase and once the cell is filled, it 
is cooled down to a temperature slightly below T iso and photopolymerized for 5 minutes under 
UV light in a nitrogen environment. The cells were put in water in a petri dish and pried open 
with a sharp razor blade. The polymeric films that contained oligomer had a rubbery 
appearance and came off of the substrate rather easily. The polymeric films without oligomer 
were much more fragile and therefore the PVA alignment layer was used. PVA is soluble in 
water, which made it easier to take the polymeric films off of the substrate. 
 

  
Figure 17: Steps involved in making a polymeric film within a cell. a) and b) show the gluing of the cell, c) shows 

the filling in the isotropic state, d) is the polymerization step and e) is the opening of the cell. 

 CLC polymer flakes 3.3

Polymeric films were prepared by bar coating the LC mixture and curing the obtained films 
with UV light as described in section 3.2. After obtaining the polymeric coating, the films were 
scraped off of the glass substrate with a razor blade. The polymeric material was 
subsequently grinded in a mortar. This was done in the presence of liquid nitrogen to make 
the films fragile and easier to be crushed. The flakes aggregated in the presence of 
condensed water from the surrounding air and therefore the flakes were dried under vacuum 
at 80 °C in a vacuum oven. The clusters of CLC polymer flakes were dissociated by crushing 
them with a spatula. The flakes were dispersed in a transparent binder using a magnetic 
stirrer and/or an ultrasonic bath. The used binder is known by the name AgiSynTM 2871 
(OPPEOA) (provided by DSM), which is the molecule O-phenylphenoxyethyl acrylate (see 
Figure 18). This is a monofunctional monomer that can be cured by UV light. 1 wt% Irgacure 
819 (see Figure 18) (provided by Ciba specialty chemicals inc.) was added as photoinitiator to 
initiate the polymerization reaction. The obtained dispersion was used to make coatings by 
bar coating on a glass substrate that was pretreated in the UV-ozone photoreactor or black 
biaxially oriented polyethylene terephthalate (PET) foil. The coating was cured by UV light for 
10 minutes at room temperature in a nitrogen environment to prevent oxygen inhibition. 

 

a b c d e glue 
UV light 
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Figure 18: Structural formulas of AgiSynTM 2871 and Irgacure 819. 

 Printing 3.4

3.4.1 Inkjet printing 

Inkjet printing was done with a Fuji Dimatix printer (DMP-2800), using 10 pL droplet size 
cartridges. Each cartridge had 16 nozzles that allowed ink to be printed. The ink consisted of 
a LC mixture that was dissolved in THF. The ratio of mixture to solvent was variable for 
different mixtures and was adjusted to give an appropriate viscosity for printing purposes. 
Printing was done on a PI coated and rubbed glass substrate or rubbed triacetyl cellulose 
(TAC) foil, which is suitable for roll-to-roll processing. The temperature of the printing table 
was set to be slightly below the Tiso of the used mixture. After printing, the samples were put 
on a hot plate for some time to give the LCs time to align and evaporate the solvent. The 
samples turn from scattering white to red. The samples were photopolymerized under UV light 
for 5 minutes in a nitrogen environment at a temperature slightly below Tiso. 
 
Several parameters could be adjusted on the printer. The amount of ink that came out of the 
nozzles could be adjusted by for example changing the voltage and the meniscus point. Also 
the drops per inch (dpi) could be changed, where a higher dpi resulted in more ink deposition. 
Different patterns and sizes could be printed. Full squares were printed, but also patterns with 
small squares and dots. Figure 19 shows the two most used patterns for printing the sensors. 
 

 
Figure 19: Images of the most used patterns for printing the sensors. 

3.4.2 Flexography 

The printing technique flexography was tested at IGT Testing Systems in Almere. Tests were 
performed with different mixtures on black biaxially oriented PET as substrate. The printer that 
was used to conduct these tests can be seen in Figure 20. Cyclopentanone was used as the 
solvent and several mixtures (amongst which also mixtures that are not described in this 
thesis) were printed. Different patterns were printed, ranging from full rectangles to small 
pixels. The prints were cured by exposing them to high intensity UV light for only a few 
seconds. As mentioned earlier, the mixtures described in this thesis need to be cured in 
nitrogen environment to prevent oxygen inhibition. It was not possible to perform the curing 
step in nitrogen environment in this lab, so prints that were made from the mixtures described 
in this thesis could not be cured. 

Irgacure 819 AgiSynTM 2871 
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Figure 20: Printer used at IGT Testing Systems in Almere to test flexography. 

  Embossing 3.5

Embossing experiments on the polymeric films were performed with a Daca Tribotrack 
mechanical press, consisting of a static table and a dynamic press to which a rigid sphere is 
attached. Both are temperature-controlled. The dynamic press is pressed down by putting a 
weight on the stamp. The weight is removed when the aimed color change has taken place. 
 
Printed samples were embossed with a KBA-Metronic hpdSYSTEM nano (Figure 21). The 
apparatus pushes down a brass stamp of 30 by 15 mm on the sample that is placed beneath 
it. This device allows the user to adjust the pressure, temperature and time during 
compression of the sample.  
 

 
Figure 21: The KBA-Metronic hpdSYSTEM nano that was used for embossing the inkjet printed samples. 

 
A schematic representation of the embossing process of an inkjet printed sample is shown in 
Figure 22.  
 

 
Figure 22: Schematic representation of small CLC polymeric features that are mechanically embossed with a flat 

stamp and return to their original color after heating above the Tg of the material. 
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 Temperature response and kinetics 3.6

The temperature response is measured by measuring the color of the samples with a X-Rite 
i1 Pro colorimeter. The TAC foil is transparent, so a piece of black paper is placed at the back 
of the sample to ensure the background is the same for every measurement. The calorimeter 
is placed on top of a sample (with black background) and gives the corresponding Lab values. 
This measurement is repeated at different temperatures and at different times after 
embossing to record the temperature response. The obtained data can be used to calculate 
the color change and in the end to generate an Arrhenius plot and estimate the activation 
energy as is discussed in more detail below. 
 
Part of the measurements of the temperature response has been performed by Dr. Marianna 
Giannoglou, Dr. Theofania Tsironi and professor Petros Taoukis in Greece. Samples made 
from Mixture 1 (section 4.1.1) were sent to Greece by shipping them packed in dry ice, to 
make sure the colors would not change during transportation. The temperature response has 
been measured at ten different temperatures: 0 °C, 2.5 °C, 5 °C, 10 °C, 15 °C, 20 °C, 25 °C, 
30 °C, 35 °C and 40 °C during 40 days of storage. During the experiments the samples were 
stored isothermally in high-precision low-temperature incubators. For each temperature, two 
samples were adhered to a glass plate to be able to maintain the temperature during the short 
measurements. The Lab values were measured at different times and were used to determine 
the kinetics of the temperature response. 
 
The color change was found to be best described by normalized a values:  

𝑛𝑜𝑟𝑚(𝑎) =  
(𝑎) − (𝑎)𝑚𝑖𝑛

(𝑎)𝑚𝑎𝑥− (𝑎)𝑚𝑖𝑛
     (Equation 10),  

because the initial color was not exactly the same for all samples. Here 𝑛𝑜𝑟𝑚(𝑎) represents 
the color of the TTI, (𝑎) the measured 𝑎 value, (𝑎)𝑚𝑖𝑛 the minimum 𝑎 value of the embossed 
samples and (𝑎)𝑚𝑎𝑥 the maximum 𝑎 value of the unembossed samples. 𝑛𝑜𝑟𝑚(𝑎) was then 
plotted as a function of storage time and the results were fitted using software. This resulted in 
an exponential function of the form:  

𝑛𝑜𝑟𝑚(𝑎) =  𝑦0 + 𝑐 ∙ exp (−𝑘 ∙ 𝑡)     (Equation 11),  
where 𝑦0 is the 𝑛𝑜𝑟𝑚(𝑎)𝑓𝑖𝑛𝑎𝑙 plateau, 𝑐 a constant that expresses the distance of 
𝑛𝑜𝑟𝑚(𝑎)𝑖𝑛𝑖𝑡𝑖𝑎𝑙 to 𝑛𝑜𝑟𝑚(𝑎)𝑓𝑖𝑛𝑎𝑙 = 𝑦0 (𝑐 =  𝑛𝑜𝑟𝑚(𝑎)𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑛𝑜𝑟𝑚(𝑎)𝑓𝑖𝑛𝑎𝑙), 𝑘 is the response 
rate constant in days-1 and 𝑡 is the storage time in days. A slightly different version of the 
Arrhenius equation was used:  

𝑘 =  𝑘𝑟𝑒𝑓 ∙ exp [
−𝐸𝑎

𝑅
∙ (

1

𝑇
−

1

𝑇𝑟𝑒𝑓
)]     (Equation 12).  

Where 𝑘𝑟𝑒𝑓  is the response rate constant at a reference temperature (𝑇𝑟𝑒𝑓) of 30 °C, a 
temperature in the middle of the range of measured temperatures. Rearranging equation 9 
yields the equation that was used to create the Arrhenius plot:  

ln(𝑘) =  −
𝐸𝑎

𝑅
∙ (

1

𝑇
−

1

𝑇𝑟𝑒𝑓
) + ln (𝑘𝑟𝑒𝑓)    (Equation 13). 

 
The visual endpoint of the TTIs was found to correspond to a normalized 𝑎 value of 0.6, based 
on the opinion of 6 persons. 
 
Temperature response measurements were also performed in Eindhoven. These experiments 
were slightly different, since the equipment that is present in Eindhoven, differs from the 
equipment used in Greece. The samples were put in the fridge at 3 °C and on a hotplate or 
Linkam temperature controlled microscope stage at five different temperatures: 21 °C and  
26 °C (hotplate), 14 °C, 30 °C and 35 °C (Linkam). The temperatures of the hotplates were 
not very stable and ranged somewhere between the aimed temperature and one or two 
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degrees above or below. To be able to compare the results with the results from Greece, the 
same analysis was performed on the obtained data.  

 Characterization 3.7

Various devices were used to characterize the LC monomer mixtures, the polymeric films and 
printed samples. A Leica M80 microscope was used to obtain pictures of the printed and 
embossed samples. A Leica DM2700M polarization optical microscope (POM) was used to 
obtain pictures of the different phases of the mixtures and of the polymeric films. DSC 
measurements were performed on all monomer mixtures and polymeric materials with a TA 
Instruments Q1000 calorimeter. The phase transition temperatures were taken from the 
second cooling cycle performed at 10 °C/min and the Tg data were taken from the second 
heating cycle performed at 10 °C/min. DMTA characterization measurements were performed 
with a TA Instruments DMA Q800. These measurements were used to determine the Tgs and 
the mechanical properties of the materials as a function of temperature and at different 
frequencies. The measurements were performed in tension mode on a freestanding film with 
a thickness of 25 µm, width of 5.3 mm and a variable height (on average around 10 mm). The 
scan rate was chosen to be 3 °C/min. The transmission spectra were measured with a 
Shimadzu MPC-3100 spectrophotometer. Conversion of the acrylate end groups was 
characterized by Fourier transform infrared (FTIR) spectrometry using the attenuated total 
reflectance (ATR) method. Surface profiles were obtained using a Bruker Dektak XT and a 
Fogale nanotech zoomsurf 3D interferometer was also used to measure the height of printed 
samples.  
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4 Results and discussion 

 TTI based on reactive mesogens 4.1

The first approach to lower the Tg of the polymeric material was to decrease the crosslinking 
density by removing the diacrylate from the system as it was used by Davies et al. The 
corresponding mixtures were used to fabricate prototype sensors and measure their 
temperature response. 

4.1.1 Mixture characterization 

The mixtures shown in  Table 1 were prepared as described in the experimental section and 
the phase behavior was characterized using differential scanning calorimetry (DSC) and 
polarization optical microscopy (POM). The mixtures contained a chiral dopant to induce the 
cholesteric phase, a monoacrylate, two mesogens that physically crosslink together, a 
photoinitiator and an inhibitor. 
 
 Mixture 1 Mixture 2 

LC 756 3.9 4.0 

C6BP 67.2 0.0 

RM105 0.0 67.7 

6OBA 13.5 13.7 

6OBA-m 13.5 13.7 

Irgacure 369 0.7 0.7 

Inhibitor 0.2 0.2 

 Table 1: Compositions (wt%) of Mixture 1 and Mixture 2. 
 
The temperatures at which phase transitions took place were determined by DSC (Supporting 
Information (SI), Figure 62 and Figure 63) and can be seen in Table 2. No crystallization 
occurred on the timescale of the DSC measurement. When the mixtures were left at room 
temperature, however, eventually crystallization was observed in the sample jar. 
 
 T (°C) 
Mixture 1 N 42 I 
Mixture 2 N 43 I 

Table 2: Phase transition temperatures for Mixture 1 and Mixture 2. Abbreviations: N = nematic and I = isotropic. 
 
To characterize the present phases, POM experiments were performed on the mixtures. For 
this purpose, a LC mixture was heated to the isotropic phase, which showed a black field 
under crossed polarizers. The mixture was subsequently slowly cooled down until a phase 
transition was observed. Figure 23a and b show a representative image of Mixture 1 at 38 °C 
and Mixture 2 at 40 °C, respectively. In these images, a Schlieren texture can be 
distinguished which is characteristic for the nematic phase. Since a chiral dopant is added, 
this is likely to be a cholesteric phase and this is desired since this phase gives the bright 
reflection that is wanted as described in section 2.1. Photopolymerization of the mixture 
should occur in the cholesteric phase and therefore should be carried out below T iso. 
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Figure 23: POM images of a) Mixture 1 at 38 °C, b) Mixture 2 at 40 °C, c) a polymeric film of Mixture 1 and d) a 

polymeric film of Mixture 2. 
 
Polymeric films were prepared by bar coating the LC mixtures and subsequently 
photopolymerizing the coatings via the procedure that is described in the experimental 
section. This is done to be able to characterize the thermal and optical properties of the 
polymeric materials. Figure 24 shows the measured transmission spectra of polymeric films 
prepared from Mixture 1 and Mixture 2. The polymeric film of Mixture 1 showed a high 
transmission and a clear reflection band centered around 620 nm that reached to about 60% 
transmission. The color is on the border between orange and red. The high transmission was 
attributed to the fact that there were only large domains present, as was confirmed by a POM 
experiment (Figure 23c). The polymeric film of Mixture 2 showed a somewhat lower 
transmission compared to the transmission of the polymeric film of Mixture 1. The reflection 
band was also centered around 620 nm and reached to about 55% transmission. The slightly 
lower transmission was attributed to the formation of smaller domains rather than a 
monodomain as can also be seen in the POM image of the polymeric film shown in Figure 
23d. 

 
Figure 24: Transmission spectra of the polymeric films of Mixture 1 and Mixture 2. 

 
DSC measurements were performed on the polymeric films of both mixtures to determine the 
Tgs of the materials. The Tg was determined with the aid of TA Universal Analysis software 
and was 21 °C – 32 °C for the polymeric film of Mixture 1 and 16 °C – 30 °C of the polymeric 
film of Mixture 2 (SI, Figure 64 and Figure 65). Compared to the Tg of 40 °C – 60 °C for the 
prepared material by Davies et al., this a decrease of approximately 25 °C. This decrease in 
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Tg is attributed to the decrease in crosslinking density. In these mixtures, the only chemical 
crosslinker that was present was the chiral dopant, and 6OBA and 6OBA-m acted as physical 
crosslinkers. No RM82 was added to the mixture, which resulted in a lower crosslinking 
density and a higher flexibility of the chains in the polymer network. 
 
A DMTA measurement was performed on a polymeric film made from Mixture 2. This 
measurement revealed that the storage modulus of the material was approximately 2.6 GPa 
in the glassy state and approximately 0.5 MPa in the rubbery state. For comparison, the 
storage modulus for the material used by Davies et al. was approximately 1 GPa in the glassy 
state and 50 MPa in the rubbery state. The storage modulus in the rubbery phase is an order 
of magnitude lower, which means the material is embossed more easily. The big difference 
between the storage moduli in the glassy and rubbery phase is favorable for the processing 
and the working of the TTI. Above the Tg, the material is very soft and can be deformed more 
easily, whereas the material will be very rigid below the Tg as is needed to stay in the 
temporary shape after deformation and cooling down. The DMTA measurements were also 
used to determine the Tg of the polymeric material. As discussed in section 2.4 there are 
several ways to determine the Tg from DMTA data. Taking the temperature at the maximum of 
the loss modulus (at a frequency of 1 Hz) resulted in a Tg of approximately 36 °C (see Figure 
25). 

 
Figure 25: DMTA analysis (1 Hz) of a polymeric film of Mixture 2. 

 
DMTA analysis was performed at different frequencies (0.1, 1, 3 and 10 Hz) and the results 
were used to estimate the activation energy of the glass transition. The formula ln(𝑓) =  

−𝐸𝑎

𝑅𝑇
, 

that was described in section 2.4, was used for this purpose. ln (𝑓) was plotted against 1

𝑇𝑔
, 

which yields an Arrhenius plot and the activation energy can be estimated from the slope of 
the line through these data points. The values used for this calculation are taken from the 
maxima at the loss modulus peaks and are shown in Table 3. The resulting Arrhenius plot is 
shown in Figure 26. 
 
Frequency 

(Hz) 
Tg (°C) 

0.1 33.9 
1 35.9 
3 39 
10 39.6 

Table 3: Tg values of the polymer network of Mixture 2 at different frequencies derived from the DMTA analysis.  
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Figure 26: Arrhenius plot generated from the data of the DMTA analysis. 

 
The slope of this line is equal to −𝐸𝑎

𝑅
 = 67887.95 kJ/(mol∙K) and the estimated activation 

energy of the glass transition is 552.23 kJ/mol, which is a rough approximation. 

4.1.2 Sensor fabrication by inkjet printing and embossing 

As was mentioned in section 3.4.1, patterns consisting of small features that are placed close 
together were printed to generate the sensors. This was done to be able to emboss the 
samples with a flat stamp rather than with a spherical stamp as was done by Davies et al. 
This resulted in a color change of a larger scale that could be easily observed by the naked 
eye. 
 
Inkjet printing occurred to be slightly easier with Mixture 1 and therefore, sensors were 
prepared by inkjet printing this mixture. Mixture 1 was dissolved in THF with a ratio of 1:1.2 
and the obtained solution was used as ink. This ink was printed on rubbed TAC foil as 
substrate. The temperature of the printing table was 40 °C and the temperature of the 
cartridge was 28 °C. Two prints can be seen in Figure 27 on the left. The method of inkjet 
printing was not very reliable, since the printing was not reproducible. This will be discussed in 
more detail in section 4.3.2. Curing of the samples was done by illuminating them with UV 
light under nitrogen atmosphere. The curing temperature had a large influence on the color of 
the sample and this is discussed in Appendix A. The optimal curing conditions were curing for 
5 minutes at 31 °C in nitrogen environment. 
 

 
Figure 27: Microscope images of prints made from Mixture 1, before embossing (left) and after embossing (right). 
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Subsequently the printed samples were embossed. Various experiments with the KBA-
Metronic hpdSYSTEM nano were performed to find appropriate embossing conditions. In 
these experiments, the embossing time, temperature and pressure were varied. If a too high 
temperature was used, the printed dots came off of the substrate. This happened around  
50 °C for this mixture. Also the TAC foil deformed, since the Tg of the TAC foil is ≈ 50 °C. The 
optimal embossing temperature appeared to be 43 °C. This temperature was low enough to 
make sure the TAC foil did not deform and high enough to ensure sufficient mobility of the 
polymer chains in the network for it to deform. When embossing 6 of the prints as shown in 
Figure 27 at the same time at 43 °C, 200 seconds and a pressure of 6 bar resulted in a color 
shift to green. The samples after embossing are shown in Figure 27 on the right. Embossing 
will be discussed in more detail in section 4.3.2. 
 
As discussed in section 2.1, the cholesteric phase shows iridescence. In this system, this was 
observed when the viewing angle was changed. When viewed from a 90° angle, the material 
had a red color, whereas a blue-shift of the color occurred upon decreasing the viewing angle 
and the material appeared green. Of course, this is of importance for the application as a TTI. 
It should be clear to the user when the sensor is green and when it is red. Therefore, it should 
be clear that the sensor needs to be viewed from a right angle, or the viewing angle 
dependency should be overcome. 

4.1.3 Temperature response 

A batch of sensors was prepared as described in the previous section in order to evaluate the 
temperature response using industry standard colorimetry equipment (see experimental). The 
temperature response was measured in Greece and the results will be summarized. The 
measurements were performed as was discussed in section 3.6. The Tg of the material was 
21 °C – 32 °C and therefore no response was expected at temperatures below the lower limit 
of the Tg. No response was measured at temperatures below 20 °C and at 20 °C the sensor 
started to respond slowly. The average response of two sensors at 20 °C and 25 °C and  
30 °C (reference temperature), 35 °C and 40 °C is presented in Figure 28a and b respectively. 
The response rate constants and the values of 𝑦0 are estimated by fitting the data and the 
values are shown in Table 4. 
 

 
 Figure 28: Response of the strips during storage at a) 20 °C and 25 °C and b) 30 °C, 35 °C and 40 °C. 
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Temperature 
(°C) 

𝒌 (days-1) 𝒚𝟎 

20 0.090 0.351 
25 0.177 0.850 
30 1.601 0.925 
35 15.077 0.955 
40 56.528 1.303 

Table 4: Parameters estimated by fitting the data in Figure 28. 
 
Based on these data, an Arrhenius plot (Figure 29) was generated to estimate the activation 
energy of the labels from the slope of the line. The activation energy was calculated to be 
303.9 kJ/mol, which is a rather large value. This indicates that the influence of temperature is 
larger than the influence of time.  

 
Figure 29: Arrhenius plot based on the data in Table 4. 

 TTI based on a low-Tg oligomer 4.2

In the previous section, the crosslinking density was decreased by removing the diacrylate 
RM82. Since this approach had its limits, a different approach was investigated. A low-Tg 
oligomer was synthesized and used to examine the possibility of using this in the envisioned 
TTI. 

4.2.1 Oligomer characterization 

An oligomer was synthesized within the group from RM82 and 3,6-dioxa-1,8-octanedithiol 
(DODT) in a thiolene reaction with triethylamine (TEA) as a catalyst (see section 3.1.2). This 
resulted in an oligomer with a very low Tg, that could be incorporated in the CLC network to 
lower the Tg. Several techniques were used to characterize the synthesized oligomer. A GPC 
measurement was performed to characterize the size and size distribution of the oligomer. 
From the measurement (SI, Figure 86) can be estimated that the oligomer was not 
monodisperse, since monomer, dimer and other lengths were still present. It was therefore 
rather an oligomer mixture of different lengths. It was estimated that about 11% monomer was 
left in this batch of oligomer mixture, about 16% dimer and 15% trimer. The rest of the 
prepared oligomer (58%) contained four or more repeating units. POM was used to determine 
whether the oligomer mixture gave a nematic phase. Figure 30a shows a POM image of the 
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oligomer mixture and the defect texture seemed to match the typical texture of a nematic 
phase. Therefore it was concluded that the oligomer mixture had a nematic phase, which was 
expected, since all building blocks of the oligomer gave a nematic phase. It is also desired, 
since the aim is to have a temperature stable cholesteric phase. The DSC measurement (SI, 
Figure 66) shows that the oligomer had a transition from nematic to isotropic around 78 °C 
measured in the cooling cycle, and a Tg of -31 °C – - 26 °C measured in the heating cycle. 
 
To find the influence of forming a polymer network of the oligomer mixture on the Tg of the 
material, a polymeric film of the oligomer mixture was fabricated. This was done by preparing 
a mixture that contained only the oligomer mixture, 0.9 wt% photoinitiator and 0.3 wt% 
inhibitor. This mixture was bar coated and the coating was subsequently photopolymerized by 
exposing it to UV light for 5 minutes in nitrogen environment. A DSC measurement was 
performed on the resulting polymeric film and showed that the material had a Tg of -16 °C –  
-5 °C (SI, Figure 67). A POM image was taken of this polymeric film and can be seen in 
Figure 30b. This image shows a defect line in the film. 
 

 
Figure 30: POM images of a) the oligomer mixture and b) the polymeric film made from the oligomer mixture. 

4.2.2 Sensor fabrication and response 

The first sensor based on the low-Tg oligomer was fabricated by preparing the mixture in 
Table 5. This mixture only contained the oligomer, a chiral dopant to induce the cholesteric 
phase and a photoinitiator and inhibitor. 
 
 FS-Ol 95% 
LC 756 4.1 
Oligomer 95.1 
Irgacure 369 0.6 
Inhibitor 0.2 

Table 5: Composition (wt%) of mixture FS-Ol 95%, where FS stands for first sensor and Ol for oligomer. 
 
The mixture was characterized with POM (Figure 31a) and DSC (SI, Figure 68). The POM 
image shows the Schlieren texture which is characteristic for the nematic phase. The phase 
was thought to be cholesteric, since a chiral dopant was added to the mixture. The DSC 
measurement showed a phase transition from nematic to isotropic at 72 °C, which is close to 
Tiso of the pure oligomer mixture. A polymeric film was prepared by bar coating the mixture 
and subsequently photopolymerizing the obtained coating. A POM image of the polymeric film 
can be seen in Figure 31b and shows small domains, which was likely to result in a low 
transmission. A DSC measurement was also performed on the polymeric material and it 
showed that the material had a Tg of -23 °C – -6 °C (SI, Figure 69), which is comparable to the 
Tg of the pure oligomer. 
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Figure 31: POM images of a) the monomer mixture at 50 °C and b) the polymeric film made from mixture FS-Ol 

95%. C) Transmission spectrum of the polymeric film made from mixture FS-Ol 95%. 
 
Figure 31c shows the transmission spectrum measured for this polymeric film and, in 
agreement with the POM image, it showed a low transmission which is attributed to scattering. 
The reflection band is centered around 590 nm, which is in the orange region. This polymeric 
film was used to obtain the first sensor and this was done by embossing the film with a Daca 
Tribotrack mechanical press with a spherical stamp. This resulted in a spherical indentation 
with a blue color in the center and a green ring around it (see Figure 32). Since the material 
had a very low Tg, it was expected that the indentation would disappear at room temperature. 
Figure 32 shows that this is indeed the case, as the indentation almost disappeared after 15 
minutes at room temperature. 
 

 
Figure 32: First sensor based on the low-Tg oligomer. After 15 minutes at room temperature, the indentation 

almost disappeared. 

500 700400 600 800

45

50

55

60

65

70

75

80

85

90

95

Tr
an

sm
is

si
on

 (%
)

Wavelength (nm)

c 



 Technische Universiteit Eindhoven University of Technology 
 

27        Programmable Optical Time-Temperature Indicator (TTI)  

 Combining the low-Tg oligomer with the 4.3
reactive mesogen mixture 

The responsive material fabricated from the low-Tg oligomer discussed in the previous 
section, had a very low Tg of approximately -23 °C – -6 °C. This made it a very interesting 
material to combine with the earlier discussed reactive mesogen mixture (section 4.1), to see 
if it would be possible to achieve transition temperatures in the range between the Tgs of the 
reactive mesogen mixture and the low-Tg oligomer. 

4.3.1 Mixture characterization 

The low-Tg oligomer was added to the reactive monomer mixture in different amounts. The 
mixtures shown in Table 6 were prepared as described in the experimental section and the 
phase behavior was again characterized using DSC and POM. The mixtures varied in the 
amount of oligomer that was added and covered a range from 10 wt% oligomer to 60 wt% 
oligomer. The amount of oligomer that was added was subtracted from the amount of 
monoacrylate. The remaining part of the mixture was kept the same as for Mixture 1 and 
Mixture 2. 
 
 
 

RM-Ol 
10% 

RM-Ol 
20% 

RM-Ol 
40% 

RM-Ol 
60% 

LC 756 4.0 4.1 3.9 4.0 
RM105 58.3 48.4 28.5 8.7 
Oligomer 10.0 19.6 39.7 59.4 
6OBA 13.4 13.6 13.5 13.6 
6OBA-m 13.5 13.5 13.6 13.5 
Irgacure 369 0.7 0.6 0.7 0.6 
Inhibitor 0.2 0.1 0.2 0.1 

Table 6: Compositions (wt%) of several of the used mixtures, where RM stands for reactive mesogen and Ol for 
oligomer. 
 
The temperatures at which the transitions took place were determined by DSC measurements 
(SI, Figure 70 until Figure 73) and can be seen in Table 7. No crystallization occurred on the 
timescale of the DSC measurement. 
 
 T (°C) 
RM-Ol 10% N 44 I 
RM-Ol 20% N 47 I 
RM-Ol 40% N 41 I 
RM-Ol 60% N 54 I 

Table 7: Phase transition temperatures of the mixtures shown in Table 6. Abbreviations: N = nematic and I = 
isotropic. 
 
POM analysis was performed in the same way as described in section 4.1.1 and confirmed 
that all mixtures gave a nematic phase, which is again likely to be cholesteric because of the 
added chiral dopant. The images that are representative for the phases can be seen in Figure 
33. 
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Figure 33: POM images of mixture a) RM-Ol 10% at 35 °C, b) RM-Ol 20% at 21 °C, c) RM-Ol 40% at 32 °C and 

d) RM-Ol 60% at 40 °C 
 
These mixtures were used to prepare polymeric films by bar coating and photopolymerizing 
the obtained coating as described in the experimental section. During the preparation of these 
polymeric films, it was noted that the viscosity of the mixtures was significantly increased as a 
consequence of the added oligomer. Just as for Mixture 1 and Mixture 2 (section 4.1), the 
polymeric films were used to determine the thermal and optical properties. The transmission 
spectra were measured for all prepared polymeric films and are shown in Figure 34. The 
polymeric film of mixture RM-Ol 60% showed a very low transmission which is attributed to 
scattering because of the formation of small domains. This might be the result of the higher 
amount of oligomer in the mixture that made it more difficult to align. The polymeric films of 
mixtures RM-Ol 10% and RM-Ol 20% show a high transmission and reflection bands centered 
around 605 nm (slightly orange color) and 630 nm (red color) respectively. Especially the 
polymeric film made from mixture RM-Ol 40% gave promising results. It showed high 
transmission, a sharp reflection band around 615 nm and the transmission in the reflection 
band dropped to about 60% which is close to the maximum achievable 50%. The respective 
polymeric film had a bright color and because of good alignment (low scattering), it occurred 
as a transparent film as can be seen in Figure 35. This meant the bar coating conditions were 
closer to optimal for this mixture. For the other mixtures it is thought to be possible to obtain 
polymeric films that show a higher transmission and better defined reflection bands as well, if 
the bar coating process is further optimized. However, the difficulty of aligning the oligomer 
might remain a problem. 

 
Figure 34: Transmission spectra for the polymeric films made from the mixtures shown in Table 6. 
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Figure 35: Picture of the polymeric film made from mixture RM-Ol 40%. 

 
The relative transmission of the spectra can be explained based on the POM images of the 
polymeric films that are shown in Figure 36. The polymeric film made from mixture RM-Ol 
60% showed the most and smallest domains, which resulted in more scattering and a lower 
transmission. The polymeric films made from mixtures RM-Ol 10%, RM-Ol 20% and RM-Ol 
40% showed larger domains and therefore a higher transmission. 
 

 
Figure 36: POM images of the polymeric films made from mixtures a) RM-Ol 10%, b) RM-Ol 20%, c) RM-Ol 40% 

and d) RM-Ol 60%. 
 
DSC measurements were also performed on the polymeric materials to determine the Tgs of 
the materials and find the influence of the oligomer content on the Tg. Assuming the low-Tg 
oligomer is miscible with the rest of the LC monomer mixture, the Fox equation predicts a 
decrease of the Tg upon increasing the weight percentage of oligomer in the mixture. The 
DSC curves can be seen in the Supporting Information (Figure 74 until Figure 77). The 
centers of the Tg ranges of the materials (measured during heating and cooling cycle) are 
plotted as a function of the weight percentages of oligomer in Figure 37. The data point at  
0 wt% oligomer is taken from the Tg result from Mixture 1 and the data point at 95 wt% 
oligomer is taken from the Tg result from mixture FS-Ol 95%. Also the Tg that is predicted by 
the Fox equation is plotted in this graph. This prediction is only a very rough estimation, since 
the way the equation is used here does not really yield a fair prediction. In this prediction one 
component is taken to be Mixture 1 (0 wt% oligomer) and the other component is the pure 
oligomer. However, upon increasing the oligomer content, the ratios within Mixture 1 are not 
kept constant. The oligomer content is increased and the RM105 weight fraction is decreased, 
whereas the weight fractions of the other components in Mixture 1 remain constant. 
Therefore, in reality it cannot be treated as a binary system. 
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Figure 37: Predicted and measured Tgs during the heating and cooling cycle as a function of weight percentage 

oligomer. 
 
Figure 37 shows that the Tg of the polymeric material decreased with an increasing amount of 
oligomer, so the trend that is predicted by the Fox equation is confirmed by the experiments. 
Despite the fact that the Fox equation only provides a very rough estimation of the Tg of the 
polymer blend, the measured Tgs seem to lie more or less in the predicted range.  
 
Polymeric films of the mixtures RM-Ol 40% and RM-Ol 60% were also used to perform a 
DMTA analysis. The results of this analysis at a frequency of 1 Hz can be seen in Figure 38. 
These measurements showed that the polymer network of mixture RM-Ol 40% had a storage 
modulus of approximately 2.8 GPa in the glassy state and approximately 0.7 MPa in the 
rubbery state. For the polymer network of mixture RM-Ol 60% the storage modulus dropped 
from approximately 3.3 GPa in the glassy state to approximately 0.3 MPa in the rubbery state. 
The addition of oligomer appeared to have a bigger influence on the storage modulus in the 
rubbery state than in the glassy state, compared to the material reported by Davies, et al. 
When a higher amount of oligomer was added, the polymer network comprised a higher 
amount of a rubber like material and this led to an decrease in the storage modulus in the 
rubbery phase. 

 
Figure 38: DMTA analysis (1 Hz) of the polymer network of mixtures a) RM-Ol 40% and b) RM-Ol 60%. 
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Again, these measurements were performed at different frequencies (0.1, 1, 3 and 10 Hz) and 
used to estimate the activation energy of the glass transition. The used values for the Tgs are 
derived from the loss modulus peak and are shown in Table 8. 
 
Frequency 

(Hz) 
Tg RM-Ol 40% 

(°C) 
Tg RM-Ol 60% 

(°C) 
0.1 13.3 2.7 
1 22.6 3.3 
3 25.6 7.3 
10 27.1 7.8 

Table 8: Tg values of the polymer networks of mixtures RM-Ol 40% and RM-Ol 60% at different frequencies 
derived from the DMTA analysis. 
 
These values were used to generate the Arrhenius plots as was previously done in section 
4.1.1 and the results can be seen in Figure 39. 

 
Figure 39: Arrhenius plots generated from the data of the DMTA analysis. 

 
The slopes of the lines for mixtures RM-Ol 40% and RM-Ol 60% are -26493.6 kJ/(mol∙K) and  
-51557.7 kJ/(mol∙K) respectively. This yields estimated activation energies of 215.5 kJ/mol 
and 428.7 kJ/mol respectively. More experiments should be conducted to be able to draw 
conclusions based on these measurements. 

4.3.2 Sensor fabrication by inkjet printing and embossing 

First printing experiments were done with mixture RM-Ol 40%, because this mixture gave the 
most promising results when it came to optical properties. It had a red color and showed high 
transmission, which indicates the molecules were well aligned. As mentioned before, the LC 
mixture had a higher viscosity because of the added oligomer and therefore this mixture was 
dissolved in THF in a ratio of 1:2, compared to the earlier ratio of 1:1.2 for Mixture 1. The 
temperature of the printing table was 43 °C and the temperature of the cartridge was 35 °C. 
Figure 40 shows three different prints from this mixture. As can be seen in this figure, printing 
was not very reproducible, since the shape of the prints was not constant. This was mainly 
attributed to fact that the inkjet printing technique was sometimes unreliable. For example, the 
cartridges had 16 nozzles and sometimes these nozzles stopped working during the printing, 
which resulted in deformed prints. Curing of the samples was done by illuminating them with 
UV light for 5 minutes in nitrogen environment. Similar to the previously discussed RM 
mixtures, the curing temperature had a large effect on the color of the polymerized prints. This 
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issue is discussed in Appendix A. It was noted that curing at a lower temperature around  
33 °C resulted in a red color for the polymerized samples and therefore it was chosen to carry 
out the polymerization at this temperature. 
 

 
Figure 40: Prints made from mixture RM-Ol 40%. 

 
To check whether full conversion of the acrylate endgroups took place, both the monomer 
mixture and one single printed and cured dot were characterized with FTIR-ATR. Figure 41a 
shows the measured IR spectrum and Figure 41b and c show this spectra zoomed in on two 
specific ranges to show peaks that are characteristic for acrylate end groups. These 
characteristic peaks are assigned to the double bond (CH=CH) and appear at 1635 cm -1 and 
810 cm-1.56,57 From Figure 41b and c it can be seen that these peaks are present in the 
monomer mixture, but disappeared after curing with UV light. This indicated that all acrylate 
endgroups reacted and full conversion was achieved. 

 
Figure 41: IR spectra of the monomer mixture RM-Ol 40% and a polymerized sample. a) Shows the full scale 

measurement, b) and c) are zoomed in to show different peaks characteristic for acrylate end groups. 
 
After obtaining the prints, again experiments with the KBA-Metronic hpdSYSTEM nano were 
performed to find the optimal embossing conditions. The embossing time, temperature and 
pressure were varied. For the samples made from mixture RM-Ol 40% shown in Figure 42, 
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the embossing conditions were as follows: embossing two prints occurred at 40 °C, during 15 
seconds and with a pressure of 6 bar. The embossing temperature is similar compared to the 
embossing conditions for Mixture 1. Only the time was shorter, since less samples were 
embossed at the same time. As can be seen in Figure 42b, the color of the dots shifted to the 
green region after embossing. 
 

 
Figure 42: Inkjet printed sample of mixture RM-Ol 40% a) before embossing, b) after embossing and c) after 4 

days at room temperature.  
 
The height of the sample shown in Figure 42 was measured before and after embossing and 
after 4 days at room temperature with the Bruker Dektak XT. The results of this measurement 
can be seen in Figure 43.  
 

 
Figure 43: Dektak measurements of the sample shown in Figure 42 a) before embossing, b) after embossing and 

c) after 4 days at room temperature. 
 
In the height profile of the print after embossing, a sudden change in the slope of the profile 
was observed as is indicated by the four straight lines in Figure 43b. Between the points of 
intersection of the lines (area between the dashed lines) is the area that changed color. From 
the measurement it is estimated that an area of about 75% of the individual dot changed 
color. This sudden change in the slope is absent in the measurements before embossing and 
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after 4 days at room temperature and is therefore thought to be characteristic for an 
embossed sample. The height of the individual dots decreased by about 3-4 μm after 
embossing, which is about 9% of the initial height. If there is also a 9% decrease in the value 
of the reflected wavelengths, this would give a blue-shift of ≈ 57 nm, starting from a red color 
(≈ 630 nm). The calculated resulting color is on the border between green and yellow. 
 
Since the shape of the prints was not reproducible, there were also difficulties with the 
reproducibility of the embossing. Additionally, if the prints were embossed too far and the 
color shifted to blue, the prints did not return to their initial state completely. This can also be 
seen in Figure 42c. The blue parts shifted to green upon relaxation, but did not relax to the red 
color. This might be the result of some plastic deformation rather than elastic deformation. 

4.3.3 Temperature response 

A few samples were made in order to investigate the temperature response of the material. 
The temperature response of the inkjet printed samples was measured by recording the 
CIELab values as a function of time at different temperatures: 3 °C, 14 °C, 21 °C, 26 °C,  
30 °C and 35 °C. These measurements were performed with a X-Rite i1 Pro colorimeter. For 
these measurements, the samples were embossed at 40 °C, during 3 seconds and with 4.5 
bar. The samples before embossing, after embossing and after 24 hours at 26 °C and 3 °C 
can be seen in Figure 44a and b respectively.  
 

 
Figure 44: Prints (from left to right) before embossing, after embossing and after 24 hours at a) 26 °C and b) 3 °C. 

 
The print of Figure 44b did not have an as high resolution as the print in Figure 44a, as a 
result of poor reproducibility. This also resulted in a sample that was less homogeneously 
embossed to green. It can be seen that the sample that was left at 26 °C fully recovered to the 
initial state, whereas the print that was kept in the fridge at 3 °C did not change much in color 
after 24 hours. When the prints were heated to 50 °C they returned to their initial state, 
independent of the previous storage temperature. 
 
The color of the samples was measured before embossing, directly after embossing and at 
certain time intervals after embossing. The color of the print was measured three times at 
each time interval and the average value was taken for further calculations. For each time 
interval, the ∆𝐸 value (as explained in section 2.6) was calculated. The ∆E values at the 
different temperatures are plotted against time in Figure 45. In this figure, it can clearly be 
seen that there was a difference in temperature response for different temperatures, where 
the response rate increased with increasing temperature as expected. 
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Figure 45: Temperature response of the prints, measured as the ∆𝐸 value as a function of time. a) Full scale and 

b) zoomed in to show the difference in response for 30 °C and 35 °C. 
 
Also the 𝑛𝑜𝑟𝑚(𝑎) values were calculated for the temperatures 21 °C, 26 °C, 30 °C and 35 °C. 
The values for 3 °C and 14 °C were left out in this calculation, since these samples did not 
seem to reach their end point. Figure 46 shows a plot of the calculated 𝑛𝑜𝑟𝑚(𝑎) values 
against time. It can be seen that the samples all reach approximately the same end point, only 
at different rates. 

 
Figure 46: Temperature response of the prints, measured as the norm(a) value as a function of time. a) Full scale 

and b) zoomed in to show the difference in response for 30 °C and 35 °C. 
 
The graphs in Figure 45a and Figure 46a were replotted on a semi logarithmic scale in Figure 
47a and b respectively. This figure more clearly shows the differences in response rates at 
different temperatures. It also shows that all prints have reached their endpoint within the time 
of the measurements, as the plots all show a plateau value at the end of the measurement. 
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Figure 47: Semi logarithmic plot of the temperature response of the prints of mixture RM-Ol 40%. a) ∆𝐸 values as 

a function of time and temperature and b) 𝑛𝑜𝑟𝑚(𝑎) values as a function of time and temperature. 
 
Table 9 gives the parameters that are estimated by fitting the data in Figure 46 with Origin. 
These data were used to create an Arrhenius plot to estimate the activation energy. ln(𝑘) was 
plotted against (1

𝑇
−

1

𝑇𝑟𝑒𝑓
) and the slope of the resulting line gave − 𝐸𝑎

𝑅
. The Arrhenius plot can 

be seen in Figure 48. (26 °C was taken as the reference temperature.) 
 
Temperature 

(°C) 
𝒌 (min-1) 𝒚𝟎 c 

21 0.0055 0.83 -0.89 
26 0.0203 1.00 -0.94 
30 0.2018 0.83 -0.66 
35 0.7989 0.83 -0.74 

Table 9: Parameters estimated from fitting the data in Figure 46. 

 
Figure 48: Arrhenius plot based on the data in Table 9. 

 
The slope of this line is -33,321.22. The activation energy was calculated by multiplying this 
number with the value of -R, since the slope is equal to −

𝐸𝑎

𝑅
. So  

𝐸𝑎 = -33,321.22 ∙ -8.3145 = 277,049.26 J/mol = 277.0 kJ/mol. Compared to the activation 
energy for the sensors made from Mixture 1, there is a decrease of about 27 kJ/mol. Again, 
this high value for the activation energy indicates a stronger influence of temperature than that 
of time. 
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Several aspects that are important for this calculation, were not optimal during the 
experiments. The prints and embossing were not the same (because of reproducibility 
issues), which gave varying starting points for the different measurements. Additionally, the 
temperature was not maintained very accurately, because the temperature of the hotplate was 
not stable. The calculated activation energy is therefore only a rough estimation. 

4.3.4 Printing and embossing sensors with mixture RM-Ol 60% 

Printing experiments were also performed with the mixture RM-Ol 60%. The mixture was 
dissolved in THF in a ratio of 1:3 or 1:4. This ratio was higher than for mixture RM-Ol 40%, 
because of the increased viscosity as a consequence of the higher oligomer content. Printing 
was more difficult, likely due to the increased oligomer content, which hampered the 
alignment. Figure 49 shows one of the resulting prints that was made from mixture RM-Ol 
60%.  
 

 
Figure 49: Print of mixture RM-Ol 60%. 

  
Because of the increased oligomer content, it was expected that the polymerized material 
would be softer and embossing would be easier, i.e. that a lower pressure, lower temperature 
and/or shorter duration would be needed. First embossing experiments were performed with 
similar conditions as for mixture RM-Ol 40% (40 °C, 3 bar, 60 seconds). This resulted in a 
shift of the reflected color to blue as can be seen in Figure 50a. The print was heated, but this 
did not completely bring the color back to its initial state (Figure 50b). Only some of the pixels 
slightly changed their color back to green or red, but most pixels kept their blue color. The 
pixels that partly recovered their initial color seemed to be slightly less deformed after 
embossing than the pixels that did not recover their initial color at all. No temperature 
response measurements were performed with this mixture. 
 

 
Figure 50: Print made from mixture RM-Ol 60% a) after embossing and b) after heating. 

4.3.5 Simplifying the mixture 

Since it was possible to fabricate sensors from the mixtures discussed in the previous 
sections, it was proposed to simplify the mixtures by leaving out the physical crosslinkers and 
to try to tune the Tg by changing the ratio of RM82 to oligomer. 
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The mixtures shown in Table 10 were prepared as described in section 3.1.3. After 
preparation, the mixtures were characterized with DSC and POM. 
 
 Ol 50% Ol 60% Ol 70% Ol 80% Ol 100% 
LC 756 4.0 3.9 4.0 4.0 4.0 
RM82 45.6 35.7 25.7 15.9 0.0 
Oligomer 49.5 59.5 69.4 79.2 95.0 
Irgacure 369 0.8 0.8 0.7 0.7 0.7 
Inhibitor 0.2 0.1 0.2 0.2 0.3 

Table 10: Compositions (wt%) of several of the used mixtures, where Ol stands for oligomer. 
 
DSC was used to determine the temperatures at which the phase transitions occur. The 
results are summarized in Table 11 and the corresponding DSC curves can be found in the 
Supporting Information, Figure 78 until Figure 81. 
 
 T (°C) 
Ol 50% N 84 I 
Ol 60% N 66 I 
Ol 70% N 51 I 
Ol 80% N 49 I 

Table 11: Phase transition temperatures of the mixtures shown in Table 10. Abbreviations: N = nematic and I = 
isotropic. 
 
POM analysis confirmed that the mixtures gave a nematic phase that is assumed to be chiral 
nematic, since a chiral dopant was added. The images that were representative for the 
phases can be seen in Figure 51. 
 

 
Figure 51: POM image of mixtures a) Ol 50% at 80 °C, b) Ol 60% at 76 °C, c) Ol 70% at 55 °C, d) Ol 80% at  

40 °C. 
 
Coatings of the mixtures were prepared by bar coating and subsequently photopolymerizing 
the coating to obtain polymeric films. These polymeric films were characterized by POM and a 
Shimadzu MPC-3100 spectrophotometer. The measured transmission spectra of the 
polymeric films are shown in Figure 52.  
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Figure 52: Transmission spectra for the polymeric films made from the mixtures in Table 10. 

 
As can be seen in Figure 52, all spectra show a reflection band, centered around either ≈ 615 
nm (slightly orange color) or ≈ 665 nm (red color). The two mixtures with the lowest amount of 
oligomer show the highest transmission (80 - 100 %), whereas the three mixtures with 70, 80 
and 95 wt% oligomer show a low transmission (50 - 70 %). Again this is attributed to the 
formation of small domains rather than one single domain, which leads to scattering. This was 
confirmed by POM analysis of the polymeric films as can be seen in Figure 53. A possible 
explanation for the lower transmission and higher scattering might be that it is harder to align 
the higher amount of oligomer.  
 

 
Figure 53: POM images of the polymeric films made from mixtures a) Ol 50%, b) Ol 60%, c) Ol 70%, d) Ol 80%, 

e) Ol 100%. 
 
DSC measurements were performed on the polymeric materials to determine the Tgs of the 
materials and find the influence of the ratio of RM82 to oligomer on the Tg of the polymeric 
material. The DSC curves of the polymer networks of mixtures Ol 60%, Ol 70%, Ol 80% and 
Ol 100% can be seen in the Supporting Information (Figure 82 until Figure 85). The centers of 
the Tg ranges of the materials (measured during heating and cooling cycle) are plotted as a 
function of the weight percentage of oligomer in Figure 54. Also the predicted Tg values by the 
Fox equation are shown in this graph. Again, in reality this system could not be described as a 
binary system and the predicted values are only a rough estimation.  
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Figure 54: Measured Tgs during the heating and cooling cycle as a function of the weight percentage oligomer. 

 
As can be seen in Figure 54, the Tg decreased with increasing oligomer content and the Tg 
can be tuned by adjusting the ratio of oligomer to RM82. A higher RM82 content increased the 
stiffness of the polymer network and therefore also the Tg.  

 Alternative printing technique and ink 4.4

Printing appeared to get more difficult with increasing oligomer content, likely due to more 
difficulties to align the mixtures with higher oligomer content. Therefore an alternative printing 
technique was briefly tested to find the possibilities of using this technique for the fabrication 
of the sensors. Also, few experiments were performed to investigate the possibility of 
generating TTIs by dispersing CLC polymer flakes in a transparent binder and fabricating a 
coating of this dispersion.  

4.4.1 Alternative printing technique: flexography 

Figure 55a and b show (uncured) prints that were obtained from printing Mixture 2 and 
mixture RM-Ol 40% with flexography, respectively. It can be seen that the print made from 
Mixture 2 had a brighter red color than the print made from mixture RM-Ol 40%. This was 
likely because it was more difficult to align the oligomer that was present in the latter mixture. 
As was mentioned in section 3.4.2, the prints could not be cured, since it was not possible to 
perform the polymerization in nitrogen environment. Therefore, no further experiments could 
be performed on these prints. The most important conclusion from these experiments was 
that it was possible to align the LCs with this printing technique. Flexography with the tested 
machine was a faster technique than the inkjet printing technique, which can save a lot of time 
during future experiments. Also, flexography is a technique that is highly scalable and using 
this technique might therefore be a next step towards fabricating the TTIs.  
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Figure 55: Prints obtained with flexography of a) Mixture 2 and b) mixture RM-Ol 40%. 

4.4.2 Alternative ink: CLC polymer flakes in a binder 

It is thought that creating a reflective coating by dispersing CLC polymer flakes in a 
transparent binder might be the next step towards obtaining easy to produce and reliable 
TTIs. By using CLC polymer flakes, ready-made inks can be prepared which simplifies the 
production process, as the TTIs can be produced at room temperature and alignment steps 
are no longer required. A first step in investigating the potential of this system with CLC 
polymer flakes was carried out.  
 
CLC polymer flakes were prepared and used to make coatings as described in section 3.3. 
The transparent binder AgiSynTM 2871 is a viscous liquid and the Tg

 of the polymerized 
material is 32 °C.58 Mixture 2 was used to create the flakes. Figure 56a and b show images of 
a resulting coating on black PET foil. From these figures can be seen that the dimensions of 
the flakes range somewhere between 20 µm and 200 µm. The coating was not completely 
smooth, because there were still some clusters of flakes present that caused small elevated 
areas within the coating. It is important to obtain a homogeneous and flat coating for creating 
a reliable sensor. Therefore, it is of great importance that the flakes have approximately the 
same dimensions and that clusters are no longer present. 
 

 
Figure 56: Microscope image of CLC polymer flakes dispersed in a AgiSynTM 2871. 

 
Even though the surface of the coatings was not completely smooth, embossing experiments 
were performed to see if it was possible to induce a blue-shift of the reflected color of the CLC 
polymer flakes. This was done with a flat stamp at a temperature of 34 °C and a pressure of  
6 bar, during 60 seconds. Figure 57a and b show polymer flakes after embossing and after 
heating to 60 °C respectively. It can be seen that a blue-shift of the color occurred upon 
embossing and a red-shift upon heating. Large clusters did not allow the smaller flakes to be 
embossed, due to the increased height of the clusters of flakes.  
  

a b 
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Figure 57: Microscope image of an embossed CLC polymer flake, a) after embossing and b) after heating. 

 
Two possible working principles of a TTI based on the CLC polymer flakes are considered 
here. The principle can rely on the shape memory effect of either the CLC polymeric material 
or the binder. If it is based on the shape memory of the CLC polymeric material, the working 
principle is thought to be more or less the same as for the earlier discussed system. The 
material is heated to above the Tg of the CLC material and is embossed. The reflected color of 
the flakes shows a blue-shift and cooling down to below the Tg will fix the compressed form of 
the flakes. Upon heating the material to above this Tg, the reflected color will show a red-shift 
and the color is the same as before embossing. The binder needs to be in the rubbery state to 
allow the flakes to return to their initial shape. The second principle is based on the shape 
memory effect and the Tg of the binder. In this case, the embedded flakes are also embossed 
above the Tg of the material. However, the coating is now cooled down to below the Tg of the 
binder, but above the Tg of the CLC material. The binder is in its glassy state and keeps the 
flakes from returning to their initial shape. Upon heating the coating to above the Tg of the 
binder, it is in its rubbery phase and the flakes can return to their initial shape and show their 
initial color. The advantage of the second principle is that once a suitable low-Tg CLC 
polymeric material is found, only the Tg of the transparent binder needs to be adjusted to 
obtain a system with a different transition temperature. Whereas for the first principle, for 
every different transition temperature that is required, a lot of research is needed to find a 
suitable CLC polymeric material that shows shape memory behavior, the right color, the right 
Tg, etc. 
 
It is shown here that it is possible to induce a color change of the CLC polymer flakes if they 
are dispersed in a transparent binder. More research is needed to find an easy way for 
preparing the CLC polymer flakes with smaller dimensions and to prevent cluster formation. 
Also more experiments should be performed to fabricate coatings that show a reflection over 
the entire substrate by dispersing a higher amount of flakes in the binder and several binder 
materials should be examined. This will yield a better understanding of the underlying 
principles and will help to find out whether reliable TTIs can be based on this system. 
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5 Conclusions and outlook 

In this research, time-temperature indicators (TTIs) have been fabricated and characterized. 
These TTIs were based on cholesteric liquid crystal (CLC) polymer networks that show shape 
memory behavior. They showed a blue-shift of the reflected color upon mechanical 
embossing above the glass transition temperature (Tg) of the material and a red-shift of the 
reflected color upon exposure to temperatures above the Tg. An important parameter in this 
research was the Tg of the material. The main goals of this research were to find a material 
that is suitable for the envisioned TTIs with a Tg in the -10 °C – 25 °C range, the fabrication of 
prototypes that show a color change on a scale visible to the naked eye and the measurement 
of the temperature response. 
 
By decreasing the crosslinking density, the Tg was decreased to 21 °C – 32 °C compared to a 
Tg of 40 °C – 60 °C reported in literature by Davies et al. for a similar system.1 The 
mechanical properties of the material were characterized with dynamic mechanical thermal 
analysis (DMTA) and the storage modulus was measured to be approximately 2.6 GPa in the 
glassy state and approximately 0.5 MPa in the rubbery state. The low modulus in the rubbery 
state allows for easy embossing above the Tg, whereas the high modulus in the glassy state 
ensures the fixation of the temporary deformed shape of the material. Sensors were prepared 
by inkjet printing small-scaled features close together on a rubbed triacetyl cellulose (TAC) 
foil. This pattern allowed for embossing with a flat stamp rather than with a spherical stamp, to 
induce the color change on a larger scale. Ideally, the features would be very small and 
placed close together to give it the appearance of a full square. After printing, the prints were 
cured and embossed. The polymerization temperature had an influence on the reflected color 
of the prints, of which the cause is yet unknown. It would be interesting to perform 
experiments to explain the influence of the polymerization temperature on the color and find 
its influence on the Tg of the material. This could be done by performing the polymerization 
step at different temperatures and analyzing the properties of the obtained materials. 
Reproducibility of the prints was poor because of difficulties with the alignment of the LCs and 
the reliability of the inkjet printer. As an alternative for inkjet printing, flexography was briefly 
tested. It was possible to align the LCs with this printing technique and therefore it is 
interesting to perform more experiments to find out if TTIs can be produced with the aid of this 
technique. The temperature response of the inkjet printed sensors was recorded by 
measuring the color of the sensors as a function of time at different temperatures in the 
CIELab color space. There was hardly any response at temperatures below the Tg of the 
material, whereas at temperatures above the Tg of the material, the rate of the color change 
increased with increasing storage temperature. The activation energy was estimated to be 
303.9 kJ/mol at a reference temperature of 30 °C. The high activation energy ensures a low 
response rate below the Tg of the material and a high response rate at temperatures above 
the Tg. It would be interesting to investigate the nanostructure within the pixels with electron 
microscopy and how this structure changes upon embossing and heating the sensor. Since 
the material is very soft, samples should be prepared via cryo-preparation. 
 
By building in a low-Tg main-chain oligomer (Tg ≈ -16 °C – -5  °C) into the polymer network, 
the Tg of the material could be tuned (from 19 °C – 32 °C for 10 wt% oligomer to -5 °C – 22 °C 
for 60 wt% oligomer). According to the Fox equation (Equation 3), adding a higher amount of 
low-Tg material results in a lower Tg of the polymer blend. DMTA measurements were 
performed on the polymeric materials with 40 and 60 wt% oligomer. The results were 
comparable to the results described above and more measurements should be performed to 
find the influence of the oligomer content on the mechanical properties of the material. The 
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oligomer was not monodisperse, it was rather a mixture of different oligomer lengths. It would 
be interesting to perform experiments with more monodisperse oligomers of different lengths 
and analyze the results. Sensors were prepared using these new material formulations 
containing 40 and 60 wt% oligomer, by inkjet printing, curing and embossing. The poor 
reproducibility was a bigger issue here (likely due to the difficulties of aligning and printing the 
oligomer) and this needs to be further investigated and improved by finding the optimal 
printing conditions (viscosity, printer settings, temperature, etc.). The temperature response 
was measured for the TTIs generated from the mixture with 40 wt% oligomer via the same 
method as described above and similar trends were observed, however, the response 
occurred at lower temperatures due to the added oligomer. These mixtures were further 
simplified by decreasing the number of components and the same trend in the Tg as a 
consequence of a varying the oligomer content was noticed (Tg decreased to approximately  
-11 °C – 14 °C for 80 wt% oligomer). 
 
The materials investigated in this research offer opportunities for the use in TTIs for cold chain 
applications if the transition temperature is further decreased and the sensors can be made 
more reproducible and reliable. It could be attempted to further decrease the Tg by 
experimenting with molecules different from acrylates that have an intrinsically lower Tg, such 
as epoxides and oxetanes, and for example including chains with a higher flexibility or longer 
flexible spacers. More experiments could be performed with already tested (inkjet printing and 
flexography) and new printing techniques (e.g. gravure printing) in order to improve the 
reproducibility. 
 
The potential of using CLC polymer flakes was briefly investigated. If CLC polymer flakes are 
used, ready-made inks to obtain reflective coatings can be prepared. This simplifies the 
production process of the TTIs, since it can be carried out at room temperature and alignment 
layers are no longer required. CLC polymer flakes were made from CLC polymeric films and 
dispersed in a transparent binder to obtain new coatings. The flakes had dimensions ranging 
from 20 µm to 200 µm. It was possible to induce a blue-shift of the reflected color of the larger 
flakes in the coatings upon mechanical embossing above the Tg. However, clusters of flakes 
that caused elevated areas within the coating were present and inhibited the embossing of the 
smaller flakes. The reflected color of the embossed flakes showed a red-shift upon heating, 
indicating that they returned to their initial shape. To obtain a smooth coating and be able to 
homogeneously emboss the coating, it is of great importance that the flakes all have 
approximately the same (small) dimensions and clusters of flakes are absent. More research 
should be conducted towards making and characterizing reflective coatings based on CLC 
polymer flakes. Another interesting approach would be to use CLC polymer particles instead 
of flakes for obtaining reflective coatings.52 The advantage of CLC polymer particles over CLC 
polymeric flakes is the low viewing angle dependency, which is a major advantage for the 
application in the envisioned TTI. 
 
Besides the improvements and experiments already mentioned, there are some additional 
things that could be done during future research. Printing sensors with different transition 
temperatures next to each other on a single substrate would give the user more information 
about what temperature the product was exposed to. New LC mixtures that include thiols 
could ensure that polymerization can take place in air and a nitrogen environment is no longer 
required. This would make scaling up easier, since achieving a nitrogen environment on a 
large scale is difficult. It would also be interesting to find out if these sensors could be used to 
indicate the occurrence of other events than temperature abuse. For example, if the red-shift 
of the reflected color could be induced by a softening agent for the polymer, the sensor could 
be used to indicate the presence of this softening agent. This would give the sensor additional 
applications in a different field of interest. 
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The researched materials offer opportunities for the application in TTIs that can be used to 
inform stakeholders about the time-temperature history of for example food of pharmaceutical 
products. This could possibly significantly reduce the amount of food that is wasted each year 
due to temperature abuse in the cold chain. The envisioned TTIs can therefore help to reduce 
one of the major problems that the world is facing nowadays.  
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8 Appendix A: Curing optimization 

As was briefly mentioned before, the color of the prints was very sensitive to the curing 
temperature; a slightly higher or lower temperature could drastically change the color, as can 
be seen in Figure 58. 
 

 
Figure 58: Microscope images of samples made from mixture RM-Ol 40%, cured at a) 42 °C, b) 33 °C, c) 42 °C 

and d) 33 °C. 
 
The samples in Figure 58a and b were prepared on the same day and the samples in Figure 
58c and d were prepared a few days earlier. The mixture and printing conditions were the 
same on both days. All samples were red to the human eye before curing. After curing at a 
temperature slightly below Tiso (± 42 °C) the color changed from red to green in most cases 
(Figure 58c). However, the sample shown in Figure 58a only changed its color to orange. The 
samples cured at a lower temperature (± 33 °C) more or less kept their red color, although not 
as bright as before the polymerization.  
 
The cause for the color change is not fully known yet. An experiment was performed by 
measuring the transmission spectra before and after polymerization at two different 
temperatures. The results of this experiment can be seen in Figure 59. One thing that could 
be noticed from this figure is that upon polymerization, a blue-shift of ≈ 40 – 50 nm occurred. 
On the other hand, a red-shift of ≈ 35 nm occurred upon decreasing the temperature of the 
unpolymerized sample from 42 °C to 33 °C. 

 
Figure 59: Transmission spectra of samples before and after polymerization at two different temperatures. 
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A possible cause for the red-shift of the unpolymerized samples upon decreasing the 
temperature is thought to be crystallization. If crystallization occurs, the crystals might push 
the molecules in the CLC helix apart (increase the pitch), which results in a red-shift of the 
reflected wavelengths. Figure 60 shows an unpolymerized print that was kept at three 
different temperatures for at least one hour at each temperature. It can be seen that at lower 
temperatures, the bright red color disappears as the reflected wavelengths most likely shift 
towards the infrared.  
 

 
Figure 60: Unpolymerized print kept at different temperatures: a) 39 °C, b) 35 °C and c) 32 °C. 

 
Something that is considered to (partially) be the cause of the blue-shift is polymerization 
shrinkage. Densification of the monomers occurs when the monomers are reacting to form 
polymer chains. According to Broer et al. this polymerization shrinkage is usually between 3 
and 8 volume%, depending on the molecular weight and curing temperature.25 Assuming all 
shrinkage occurs along the helix axes of the CLC network, the maximum shift in wavelength 
could be 8 %. The reflection band of the starting material lies around ≈ 637 nm for the sample 
at 42 °C (Figure 58a). This would give a color change of ≈ 51 nm and a reflection band around 
586 nm for the polymerized material. This could explain the blue-shift that is shown in Figure 
59. However, the sample shown in Figure 58c, that was prepared a week before this 
experiment was conducted, had a reflection band around ≈ 540 nm after polymerization at 42 
°C. This sample was not measured before polymerization, but showed a similar color as the 
other unpolymerized samples. For this sample, the remarkably large blue-shift cannot be 
explained by polymerization shrinkage only. This means that there has to be an additional 
cause for the blue-shift.  
 
An experiment with the interferometer was performed to try to determine the influence of 
polymerization shrinkage. The height of one single dot in an inkjet printed sample was 
measured before and after polymerization at 43 °C, 38 °C and 33 °C. Since it was not 
possible to measure the height of one complete dot, it was difficult to measure the height after 
polymerization at the exact same position as before polymerization. The polymerized samples 
are shown in Figure 61. A clear trend in color change upon decreasing the temperature is 
observed. However, there was no clear trend that suggested that more polymerization 
shrinkage occurred at higher temperature. 
 

 
Figure 61: Samples polymerized at a) 43 °C, b) 38 °C and c) 33 °C. 
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The influence on the reflected wavelengths by decreasing the temperature and by 
polymerization counteract each other. When polymerization was carried out at a lower 
temperature, the samples experienced both a red-shift and blue-shift and ended up with a 
reflection band in the aimed red region. Since the blue-shift seemed to be more or less equal 
at all temperatures, the red-shift was thought to be determining for the final color the print. 
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9 Supporting information 

 DSC analysis 9.1

 

 
Figure 62: DSC analysis of Mixture 1. 

 

 
Figure 63: DSC analysis of Mixture 2. 

 

 
Figure 64: DSC analysis of the polymer network of Mixture 1. 
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Figure 65: DSC analysis of the polymer network of Mixture 2. 

 
 

 
Figure 66: DSC analysis of the oligomer. 

 
 

 
Figure 67: DSC analysis of the polymer network of the oligomer. 
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Figure 68: DSC analysis of mixture FS-Ol 95%. 

 
 

 
Figure 69: DSC analysis of the polymer network of mixture FS-Ol 95%. 

 
 

 
Figure 70: DSC analysis of mixture RM-Ol 10%. 
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Figure 71: DSC analysis of mixture RM-Ol 20%. 

 
 

 
Figure 72: DSC analysis of mixture RM-Ol 40%. 

 
 

 
Figure 73: DSC analysis of mixture RM-Ol 60%. 
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Figure 74: DSC analysis of the polymer network of mixture RM-Ol 10%. 

 
 

 
Figure 75: DSC analysis of the polymer network of mixture RM-Ol 20%. 

 
 

 
Figure 76: DSC analysis of the polymer network of mixture RM-Ol 40%. 
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Figure 77: DSC analysis of the polymer network of mixture RM-Ol 60%. 

 
 

 
Figure 78: DSC analysis of mixture Ol 50%. 

 
 

 
Figure 79: DSC analysis of mixture Ol 60%. 
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Figure 80: DSC analysis of mixture Ol 70%. 

 
 

 
Figure 81: DSC analysis of mixture Ol 80%. 

 

 
Figure 82: DSC analysis of the polymer network of mixture Ol 60%. 
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Figure 83: DSC analysis of the polymer network of mixture Ol 70%. 

 
 

 
Figure 84: DSC analysis of the polymer network of mixture Ol 80%. 

 

 
Figure 85: DSC analysis of the polymer network of mixture Ol 100%. 
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 GPC analysis 9.2

 
Figure 86: GPC analysis of the oligomer mixture. 

 

 


