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Abstract 
 

Unravelling the Photo-embossing 
Mechanism of Fluorinated 
(meth)Acrylates 

 

 
 
It has been shown that marine biofouling is a problem in naval industries. A 
possible solution to this problem could be surface relief structures in 
combination with omniphobic materials. Fluorinated (meth)acrylates are 
found to be suited for these applications as they are hydrophobic and can 
be made omniphobic when structured and infused with a fluorinated oil. 
Photo-embossing proved to be an effective way in making surface relief 
structures using these materials.  
This study focusses on surface relief structures and how they are made 
using photo-embossing. In this study, experimental work was combined with 
a mathematical model to validate and improve each other. 
A static model based on previous work done by Leewis was used as a 
starting point for the creation of the model. The new model was compared 
to the model of Leewis. It showed similar result, but there are still some 
discrepancies. Parameters of the molecules used in this study were then 
implemented in the static model. The results showed that the model was 
able to predict which monomer diffuses to which area, but the volumes 
obtained did not agree to literature. Improving the static model to a dynamic 
model using time and place dependencies is advised and a start to this 
model is given. 
This dynamic model implements diffusion coefficients and reaction rates, 
among others. These were determined using Raman confocal spectroscopy 
and photo-differential scanning calorimetry. The results look promising, but 
are in need of a more systematic and larger study. 
Raman confocal spectroscopy was also used to monitor the polymerization 
aspects of these monomers. It proved a useful, fast and non-invasive 
method. This results into being able to look at the polymerization in an in-
situ manner. Duplicating results proved to be difficult. A reason for this could 
be that the creation of samples is handwork and thus differences between 
samples can easily be made. 
Validating the model with experimentally generated surface relief structures 
was also done and characterized with white-light interferometry.
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1 Introduction 

The unwanted colonization of marine organisms on surfaces submerged in (sea)water, marine 
biofouling, has huge environmental and economic impact on the world we live in1. Not only can 
invasive species carried by vessels disrupt a local ecosystem, but also the costs to keep a ship 
running are increasing because of these marine organisms. This increase in cost is a result of 
an increase in hydrodynamic drag and of necessary periodic maintenance and cleaning of the 
ship’s hull2. The increased drag results in a higher fuel consumption and higher CO2 emissions. 
These economic and environmental effects all determine the need of a way to prevent these 
organisms from settling on ships, buoys or other marine structures. 
 
Currently, the market leader in the field of antifouling are paints that are based upon biocides. 
These biocides (e.g. copper oxides) are very effective because they impede the growth of 
and/or kill a large variety of marine organisms. The downside is leaking of these heavy metals 
into the sea and thus the environmental effects on the long term of these paints is uncertain2,3. 
Currently, the industry is trying to move away from these biocides with metals, and look towards 
more eco-friendly alternatives. These include biocides based on organic polymers4 and surface 
relief structures5–10. The latter can be further subdivided into hydrophobic11 and hydrophilic12 
surfaces. Both have their advantages and disadvantages, but all rely on the detachment of 
these micro-organisms instead of killing them. 
 
Surface relief structures used for antifouling properties can be further subdivided into static and 
dynamic structures. Static relief structures rely on decreasing the surface area for an organism 
to settle. This decreases the settlement of certain organisms. The problem with these structures 
is the fact that there is a whole range of fouling organisms, with sizes ranging from micrometres 
up until centimetres. Large structures may deter the bigger organisms, but the smaller ones will 
just settle in between the structures. If the structures are too small, the smaller organisms may 
not settle anymore, but the bigger ones will not notice the decrease in surface area and still 
settle. One could think of combining small structures and large structures to get the best of both 
worlds. 
 
Another way to deter a larger scale of sizes of organisms is to use a dynamic surface. These 
surfaces rely on switching of a surface when exposed to an external trigger. The theory behind 
is that the marine organisms cannot keep up with these changing surfaces and lose adhesion 
to these surfaces. 
 
As mentioned above, these surface relief structures can also be subdivided into their surface 
energies. This property is also an important design parameter in determining what could work 
for antifouling applications. These materials are looking into the preference of the organisms 
they want to deter. Some organisms prefer hydrophobic surfaces and some prefer hydrophilic 
surfaces. There are also organisms known that are able to change their preference to suit the 
specific surface. Combining best of both worlds, a coating which has omniphobic (i.e. both 
hydrophobic as lyophobic (i.e. oil-repelling)) properties could be a solution 
  
Combining hydrophobic surfaces with surface relief structures have already shown promising 
results13. Yao et al. used fluorinated acrylates, which are hydrophobic, to create a polymer 
network, that was made omniphobic (i.e.  being able to repel organic and inorganic liquids) by 
infusing fluorinated oils in the network by adding surface relief structures. These materials are 
of great interest not only in the field of marine biofouling, but also in medical applications14. 
These antifouling properties stem from their low surface energies, their stability, their unreactive 
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properties and their application as a coating. Using materials which prevent or reduce the 
attachment of marine organisms on ships would be a solution to the problem. The organisms 
would either fail attaching themselves to these surfaces, or would be released due to the 
hydrodynamic shear generated by a sailing ship4.  
 
Yao et al. already showed promising results in antifouling using fluorinated acrylates and 
Kommeren et al. already showed that these fluorinated acrylates can be easily patterned using 
a modified photo-embossing process15. Different types of patterns can be created. There are 
possibilities in fabricating a pattern that decreases the fouling on the hull while also decreasing 
the hydrodynamic drag on a ship. This would be of great interest for shipping companies around 
the world. Being able to control the size and shape of these structures is paramount in the 
antifouling capabilities of the materials. A certain control over these structures is already there, 
but there is still room for improvement.  
 
In this study, determining which parameters influence the aspect ratio of the surface relief 
structures is paramount. An important part of this study is the model that is going to be used. In 
a model, many parameters can be adjusted to find the optimal conditions for creating the highest 
surface relief structures. The model used in this study is based upon work done by Leewis16–18. 
He used similar molecules in his study and was able create a model that described his 
experimental data. Combining the work of Leewis and using the materials used by Kommeren 
et al15, the goal is to create a model that is able to predict what influence certain parameters 
have on the resulting surface structures and, in the end, verify the model experimentally. 
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2 Theoretical Background 

2.1 Photo-embossing 

2.1.1 Classical photo-embossing 

A cost-effective and facile way of creating of surface relief structures is photo-embossing. The 
classical way of photo-embossing involves a two-step mechanism19–25. It involves mixing a 
polymer binder, a monomer and a photo-initiator. After applying the mixture to a substrate, the 
glassy mixture is exposed to UV light through a photomask. This produces immobile radicals in 
the system. After the exposure to UV light, the sample is heated up above the glass-transition 
temperature Tg. This increases the mobility of the radicals and monomers and will start the 
polymerization in the irradiated areas. Subsequently, a flood exposure and thermal treatment is 
done to complete polymerization. Figure 1 schematically shows the traditional photo-
embossing process. 
 

 
Figure 1: Schematic representation of the traditional photo-embossing process21. 

 
The creation of surface relief structures via photo-embossing is mainly dependent on 
polymerization induced diffusion25. When polymerization starts, depletion of material in the 
irradiated areas induce a net flux of unreacted material to these irradiated areas. This flux 
increases the density in the irradiated part. The possibilities in shape of surface structures is 
nearly unlimited via this method. Parameters that determine the height of the surface structures 
include diffusion coefficients, reaction rates, surface energies and pitch length of the photomask 
used.  
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2.1.2 Photo-embossing 

The photo-embossing used in this study is slightly different compared to the classical photo-
embossing. The materials used here are liquid at room temperature, so when the monomers 
are irradiated with UV light, polymerization starts immediately. Diffusion of monomers to either 
the illuminated or dark areas happens during polymerization. Therefore there is no need for an 
additional heating step to induce mobility in the system. 

2.2 Fluorinated (meth)acrylates 
The materials considered here are so-called fluorinated acrylates and methacrylates. When a 
network of these materials is formed, they can be infused with fluorinated oils to create 
fluorogels15. It has been shown that fluorogels are interesting because of their ability to repel 
both organic and inorganic liquids (e.g. water, hydrocarbons or blood)13,26. It has also been 
shown that these materials lend themselves for the creation of surface relief structures with the 
photo-embossing technique15. These structures, in combination with the properties of the 
materials are supposed to enhance the ability of repelling different types of liquids 

2.3  Modelling 
Modelling can be an interesting method of representing physical and chemical processes in a 
logical and objective way. A model can quickly provide information on a process without the 
need to do the actual experiments, which can be tedious and time consuming. This facilitates 
in handling large amounts of experiments in a limited amount of time. 
 
All models reflect, in essence, reality in a simplified manner. Using a model to describe an 
elaborate and complex process involves making assumptions. These assumptions determine 
how well the model is going to describe and predict reality. 
 
The model presented here is based on work previously done by Christian M. Leewis16,18. Leewis 
used similar materials and the model he proposed was able to predict the experimental data. 

2.3.1 Theory 

The model of Leewis is based on the Flory-Huggins theory27, which was developed to describe 
mixtures of polymers and/or solvents. In the present project, the liquid monomers function as a 
solvent for the polymer, in the illuminated areas. The resulting expressions of the Flory-Huggins 
theory represent the chemical potentials of monomers in mixtures with and without the presence 
of polymer. It also considers the degree of crosslinking of the polymer in relation to the swelling 
behaviour of a polymer in solution. This is of importance in the illuminated areas where swelling 
of the polymer network occurs. These chemical potentials can thus be used to determine 
whether the liquid monomers flow to the illuminated or the dark areas. 
 
Several models have already been proposed that treat diffusion of monomers during 
polymerization28,29. These models predict that the most reactive monomer always migrates 
towards the illuminated areas. Leewis has shown that this is not always the case17. 
 
In this section, a static model including the equations and assumptions will be discussed. 
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To replicate the system used in the experiments, a mixture of two monomers is used. This 
results in three components that need to be considered: the two monomers and the resulting 
co-polymer. Following the Flory-Huggins theory, the chemical potentials 𝜇1

𝑖𝑙𝑙𝑢𝑚 and 𝜇2
𝑖𝑙𝑙𝑢𝑚 of 

monomers 1 and 2 in the illuminated area are given by the following expressions27: 
  

𝜇1
𝑖𝑙𝑙𝑢𝑚 − 𝜇1

0 = 𝑘𝑇 [

𝑙𝑛(𝜑1
𝑖𝑙𝑙𝑢𝑚) + 1 − 𝜑1

𝑖𝑙𝑙𝑢𝑚 −
𝜈1

𝜈2
𝜑2

𝑖𝑙𝑙𝑢𝑚 −
𝜈1

𝜈𝑝
𝜑𝑝

𝑖𝑙𝑙𝑢𝑚 +                                                                                  

(𝜒12𝜑2
𝑖𝑙𝑙𝑢𝑚 + 𝜒1𝑝𝜑𝑝

𝑖𝑙𝑙𝑢𝑚)(𝜑2
𝑖𝑙𝑙𝑢𝑚 + 𝜑𝑝

𝑖𝑙𝑙𝑢𝑚)𝜈1 − 𝜒2𝑝𝜈1𝜑2
𝑖𝑙𝑙𝑢𝑚𝜑𝑝

𝑖𝑙𝑙𝑢𝑚 + 𝜈1
𝑛𝑒

𝑁𝑝
(

1

𝜑𝑝
𝑖𝑙𝑙𝑢𝑚 −

𝜑𝑝
𝑖𝑙𝑙𝑢𝑚

2
)

]      (2. 1)  

 

𝜇2
𝑖𝑙𝑙𝑢𝑚 − 𝜇2

0 = 𝑘𝑇 [

𝑙𝑛(𝜑2
𝑖𝑙𝑙𝑢𝑚) + 1 − 𝜑2

𝑖𝑙𝑙𝑢𝑚 −
𝜈2

𝜈1
𝜑1

𝑖𝑙𝑙𝑢𝑚 −
𝜈2

𝜈𝑝
𝜑𝑝

𝑖𝑙𝑙𝑢𝑚 +                                                                                  

(𝜒12𝜑1
𝑖𝑙𝑙𝑢𝑚 + 𝜒2𝑝𝜑𝑝

𝑖𝑙𝑙𝑢𝑚)(𝜑1
𝑖𝑙𝑙𝑢𝑚 + 𝜑𝑝

𝑖𝑙𝑙𝑢𝑚)𝜈2 − 𝜒1𝑝𝜈2𝜑1
𝑖𝑙𝑙𝑢𝑚𝜑𝑝

𝑖𝑙𝑙𝑢𝑚 + 𝜈2
𝑛𝑒

𝑁𝑝
(

1

𝜑𝑝
𝑖𝑙𝑙𝑢𝑚 −

𝜑𝑝
𝑖𝑙𝑙𝑢𝑚

2
)

]      (2. 2)  

 
Here, 𝜇1

0 and 𝜇2
0 are the chemical potentials of pure monomer 1 and 2, 𝜑1, 𝜑2 and 𝜑𝑝 are the 

volume fraction of monomer 1, monomer 2 and the polymer respectively. Volume fractions 
always add up to unity so: 𝜑1

𝑖𝑙𝑙𝑢𝑚 + 𝜑2
𝑖𝑙𝑙𝑢𝑚 + 𝜑𝑝

𝑖𝑙𝑙𝑢𝑚 = 1 and  𝜑1
𝑑𝑎𝑟𝑘 + 𝜑2

𝑑𝑎𝑟𝑘 = 1. 𝜈1, 𝜈2 and 𝜈𝑝 
represent the number of segments of monomer 1, 2 and the polymer molecules respectively. 
This is defined in the Flory-Huggins model. One can interpret these number of segments as the 
size of a molecule compared to the smallest one in the system. One should not confuse these 
segments with a monomer-unit in a polymer chain, a segment is a volume unit. 𝜒𝑖𝑗 is the Flory-
Huggins interaction parameter, which accounts for the interaction between segments i and j. 
The total number of segments of the (dry) polymer is represented by 𝑁𝑝 and 𝑛𝑒 represents the 
effective number of internal chains (i.e. between two crosslinks) which corresponds to twice the 
effective number of crosslinks27. 𝑛𝑒 𝑁𝑝⁄ can thus be regarded as twice the crosslink density. The 
last term of equation 2.1 and 2.2 can be derived, when it is assumed that swelling of the polymer 
is only allowed in the z-direction30,31. 
 
Interestingly, when one takes certain assumptions (i.e. no interaction, 𝜒𝑖𝑗 = 0, no crosslinking, 
𝑛𝑒 = 0, and molecules with equal length, 𝜈1 = 𝜈2), the equation for the chemical potential 
simplifies to the one that describes the chemical potential of ideal gases: 𝜇 = 𝑘𝑇 ln 𝑐. This 
means the volume fractions are equal to concentrations. 
 
A very important point that should be taken into consideration is the fact that the Flory-Huggins 
theory is only valid when rod-shaped molecules are considered, and it seizes to be valid when 
more spherical molecules are used. 
 
In the dark areas, the chemical potential is determined in a similar way as in the illuminated 
areas, only now all terms which represent the polymer are omitted: 
 
𝜇1

𝑑𝑎𝑟𝑘 − 𝜇1
0 = 𝑘𝑇 [𝑙𝑛(𝜑1

𝑑𝑎𝑟𝑘) + 1 − 𝜑1
𝑑𝑎𝑟𝑘 −

𝜈1

𝜈2

𝜑2
𝑑𝑎𝑟𝑘 + 𝜒12(𝜑2

𝑑𝑎𝑟𝑘)2𝜈1]                                            (2. 3) 

 

𝜇2
𝑑𝑎𝑟𝑘 − 𝜇2

0 = 𝑘𝑇 [𝑙𝑛(𝜑2
𝑑𝑎𝑟𝑘) + 1 − 𝜑2

𝑑𝑎𝑟𝑘 −
𝜈2

𝜈1

𝜑1
𝑑𝑎𝑟𝑘 + 𝜒12(𝜑1

𝑑𝑎𝑟𝑘)2𝜈2]                                             (2. 4) 

 
Assuming that the amount of segments of the monomers is far less than that of the polymer, 
𝜈1 ≪ 𝜈𝑝 and 𝜈2 ≪ 𝜈𝑝. Also all interaction parameters are taken zero; 𝜒12 = 𝜒1𝑝 = 𝜒2𝑝 = 0. This 
is a rough assumption, but a reasonable one because the polymer that is being made, is 
solvated in the monomers of the polymer. With these assumptions, equations 2.1 to 2.4 simplify 
to the following: 
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𝜇1
𝑖𝑙𝑙𝑢𝑚 − 𝜇1

0 = 𝑘𝑇 [𝑙𝑛(𝜑1
𝑖𝑙𝑙𝑢𝑚) + 1 − 𝜑1

𝑖𝑙𝑙𝑢𝑚 −
𝜈1

𝜈2

𝜑2
𝑖𝑙𝑙𝑢𝑚 + 𝜈1

𝑛𝑒

𝑁𝑝

(
1

𝜑𝑝
𝑖𝑙𝑙𝑢𝑚

−
𝜑𝑝

𝑖𝑙𝑙𝑢𝑚

2
)]                       (2. 5) 

𝜇2
𝑖𝑙𝑙𝑢𝑚 − 𝜇2

0 = 𝑘𝑇 [𝑙𝑛(𝜑2
𝑖𝑙𝑙𝑢𝑚) + 1 − 𝜑2

𝑖𝑙𝑙𝑢𝑚 −
𝜈2

𝜈1

𝜑1
𝑖𝑙𝑙𝑢𝑚 + 𝜈2

𝑛𝑒

𝑁𝑝

(
1

𝜑𝑝
𝑖𝑙𝑙𝑢𝑚

−
𝜑𝑝

𝑖𝑙𝑙𝑢𝑚

2
)]                       (2. 6) 

𝜇1
𝑑𝑎𝑟𝑘 − 𝜇1

0 = 𝑘𝑇 [𝑙𝑛(𝜑1
𝑑𝑎𝑟𝑘) + 1 − 𝜑1

𝑑𝑎𝑟𝑘 −
𝜈1

𝜈2

𝜑2
𝑑𝑎𝑟𝑘]                                                                             (2. 7) 

𝜇2
𝑑𝑎𝑟𝑘 − 𝜇2

0 = 𝑘𝑇 [𝑙𝑛(𝜑2
𝑑𝑎𝑟𝑘) + 1 − 𝜑2

𝑑𝑎𝑟𝑘 −
𝜈2

𝜈1

𝜑1
𝑑𝑎𝑟𝑘]                                                                             (2. 8) 

2.3.2 Static model 

With the theory described above, it is now possible to set up a static reaction/diffusion model. 
In this model, the system is divided into two areas, an illuminated and a dark area. A certain 
degree of polymerization is chosen beforehand. Taking the reactivity of the two monomers into 
account, one can determine the composition of the polymer. With this, the chemical potentials 
of the two monomers in both the illuminated and the dark area are determined. To determine 
the volume fractions at thermodynamic equilibrium, the mobile monomers are redistributed over 
the illuminated and dark areas by demanding that the chemical potentials have to be equal in 
both areas. This minimizes the total free energy of the system. These new volume fractions can 
then be used to repeat the process by converting some monomer into polymer again. In the 
next paragraph, the procedure will be described in more detail. 

2.3.2.1 Procedure 
 
Before illumination, one starts with a certain volume fraction in both the exposed and unexposed 
area 𝜑1

𝑖𝑙𝑙𝑢𝑚 = 𝜑1
𝑑𝑎𝑟𝑘 and 𝜑2

𝑖𝑙𝑙𝑢𝑚 = 𝜑2
𝑑𝑎𝑟𝑘. The volumes in both areas are also equal: 𝑉𝑖𝑙𝑙𝑢𝑚 =

𝑉𝑑𝑎𝑟𝑘 = 𝑉0. Upon illumination, polymerization starts in the exposed areas. A certain volume of 
monomers is converted into polymer. The reactivity ratio 𝑅1 𝑅2⁄ , where R1 is the reactivity of 
monomer 1 and R2 is the reactivity of monomer 2, together with the volume fractions of available 
monomers 𝜑1

𝑖𝑙𝑙𝑢𝑚 𝜑2
𝑖𝑙𝑙𝑢𝑚⁄  determines the composition of the polymer. 

 

𝜑𝑝
𝑖𝑙𝑙𝑢𝑚 = 𝜑𝑝,1

𝑖𝑙𝑙𝑢𝑚 + 𝜑𝑝,2
𝑖𝑙𝑙𝑢𝑚  𝑤𝑖𝑡ℎ 

𝜑𝑝,1
𝑖𝑙𝑙𝑢𝑚

𝜑𝑝,2
𝑖𝑙𝑙𝑢𝑚

=
𝑅1𝜑1

𝑖𝑙𝑙𝑢𝑚

𝑅2𝜑2
𝑖𝑙𝑙𝑢𝑚

                                                                                    (2. 9) 

 
Here 𝜑𝑝,𝑖

𝑖𝑙𝑙𝑢𝑚 is the volume fraction of polymerized monomer i. In the dark area, 𝜑𝑝
𝑑𝑎𝑟𝑘 = 0 at all 

times. After this, the crosslink density is determined using equation 2.10: 
 
𝑛𝑒

𝑁𝑝

=
1

𝜑𝑝
𝑖𝑙𝑙𝑢𝑚

(𝑓1
𝜑𝑝,1

𝑖𝑙𝑙𝑢𝑚

𝜈1

+ 𝑓2

𝜑𝑝,2
𝑖𝑙𝑙𝑢𝑚

𝜈2

)
−𝑙𝑛(1 − 𝜑𝑝

∗) − 𝜑𝑝
∗

(
1
𝜑𝑝

∗ −
𝜑𝑝

∗

2
)

                                                                        (2. 10) 

 
In this equation, 𝑓1 represents the functionality of monomer 1. This is either zero when monomer 
1 is a mono(meth)acrylate (i.e. non-crosslinking) monomer or 1 if it is a di(meth)acrylate (i.e. 
crosslinking) monomer. The same upholds for 𝑓2. 𝜑𝑝

∗  is the polymer volume fraction, calculated 
from the volume of polymer, assuming a total volume of 𝑉0. 𝜑𝑝

∗  can be calculated with equation 
2.11. 

𝜑𝑝
∗ = 𝜑𝑝

𝑖𝑙𝑙𝑢𝑚
𝑉𝑖𝑙𝑙𝑢𝑚

𝑉0

                                                                                                                                            (2. 11) 

 



 Technische Universiteit Eindhoven University of Technology 
 

13 Unravelling the Photo-embossing Mechanism of Fluorinated (meth)Acrylates 
 

Here 𝜑𝑝
𝑖𝑙𝑙𝑢𝑚 is the volume fraction of polymer, 𝑉𝑖𝑙𝑙𝑢𝑚 the volume of the illuminated section and 

𝑉0 the starting volume. So the crosslink density is calculated using equation 2.10 and then the 
chemical potential of the monomers in both the dark and illuminated areas are determined with 
equations 2.5 to 2.8. 
 
The unreacted monomers are then distributed over the two regions in such a way that the 
chemical potential in the illuminated area for both monomers is equal to the chemical potential 
in the dark area. An important note here is that mass transport is allowed and thus the volumes 
of the two regions will differ. Also it is assumed that the regions are incompressible. Using these 
assumptions, new equilibrium values of φ1

illum, φ1
dark, φ2

illum, φ2
dark, 𝑉𝑖𝑙𝑙𝑢𝑚 and 𝑉𝑑𝑎𝑟𝑘 are found. 

Due to conservation of mass, these values are not independent. This is easily shown when the 
volumes are considered: 𝑉𝑑𝑎𝑟𝑘 = 2𝑉0 − 𝑉𝑖𝑙𝑙𝑢𝑚. This process can be repeated with these new 
values to create a semi-dynamic model. This can be done until the polymer reaches its gelation 
point. After this point, monomer diffusion will be close to zero and the volume is expected to be 
constant. Fixation of the system can be represented by converting the remaining monomer into 
polymer without redistribution over the two regions. A schematic representation of the 
procedure is shown in Figure 2. 

 
Figure 2: A schematic representation of the static model. In step 0, a predetermined amount of monomer is 

converted into polymer according to their reactivity ratio. Step 1 represents the determination of chemical potentials 
and finally in step 2, the monomers are redistributed to re-establish thermodynamic equilibrium. This process can then 
be repeated until the desired conversion is achieved17,18. 

2.3.3 Dynamic model 

The static model can be expanded using time and place dependencies. Incorporating these 
dependencies in the static model, refines the model further towards an even more realistic 
representation of experimental results. This refined model is now regarded as the dynamic 
model. 
 
Similar to the static model described in the previous section, the dynamic model is split up into 
two areas: an illuminated area and a non-illuminated, dark area. Because place and time 
dependencies are considered, both areas are further subdivided into an L amount of individual 
parts. In the dynamic model, the height is directly correlated to the volume of the system (i.e. 
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the system under investigation is considered to be two-dimensional with one of the dimensions 
being constant). The volume is calculated based on three important steps: first, the volume 
change due to reaction. Second, the change in volume due to diffusion resulting from chemical 
potential gradients. And third, the volume change due to a diffusion process that is a result of a 
gradient in surface chemical potential. Combining these three steps results in a change of height 
that is comparable to the height of surface relief structures made in a similar laboratory 
experiment.  

2.3.3.1 Diffusion 
As a basis of the description of diffusion, Fick’s second law of diffusion will be used: 
 
𝜕𝑐

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷

𝜕𝑐

𝜕𝑥
)                                                                                                                                                 (2. 12) 

 
Here is c (m-3) the concentration, t the time (s), x (m) the spatial parameter and D the diffusion 
coefficient (m2s-1). The concentration gradient is often not the driving force behind diffusion. The 
real driving force is a gradient in chemical potential. Using the first law of Fick (2.13), 
conservation of mass (2.14) and the gradient in chemical potential32,33 (2.15), one arrives at the 
general diffusion equation (2.16): 
 

𝐽 = −𝐷
𝜕𝑐

𝜕𝑥
                                                                                                                                                           (2. 13) 

 
𝜕𝑐

𝜕𝑡
= −

𝜕

𝜕𝑥
𝐽                                                                                                                                                         (2. 14) 

 

𝐽 = −
𝐷𝑐

𝑘𝑇

𝜕𝜇

𝜕𝑥
                                                                                                                                                        (2. 15) 

 
𝜕𝑐

𝜕𝑡
=

𝜕

𝜕𝑥
(
𝐷𝑐

𝑘𝑇

𝜕𝜇

𝜕𝑥
)                                                                                                                                               (2. 16) 

 
Here J is the flux of particles (s-1m-2). When volumes are considered, one cannot use 
concentration due to conservation of mass. Thus concentration needs to be replaced by 
volumes. This is the case when the volume is a function of x and/or volume changes are 
allowed. 

2.3.3.2 Diffusion coefficients as a function of polymerization 
During polymerization, the diffusion coefficients of each component changes with time. The 
network that is being formed will hinder the diffusion of monomers to the reactive areas. It has 
been shown in literature that the diffusion coefficient of monomers can easily drop up to five 
orders of magnitude when going from a polymer volume fraction of 0 to 134. 
 
Using the free volume theory35,36, one can express the diffusion coefficient as a function of 
monomer volume fraction: 
 

(𝑙𝑛
𝐷(𝜑𝑚)

𝐷𝑝

)

−1

= 𝐾1 (
1

𝜑𝑚

+ 𝐾2)                                                                                                                   (2. 17) 

 
Here φm is the monomer volume fraction, Dp the monomer diffusion coefficient in the pure 
polymer (i.e. φm = 0), and K1 and K2 are constants described in the free volume theory35,36. 
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2.3.3.3 Surface energy 
A third important parameter regarding the creation of surface structures, is surface energy. 
When monomers are diffusing to a certain area, there is also transport of liquid monomer. If 
swelling occurs in the illuminated areas, the amount of monomers increases in these areas and 
decreases in the dark areas. The remainder of the liquid is expected to redistribute in such a 
way that minimizes the surface of the film. This redistribution originates from a hydrostatic 
pressure difference between the illuminated and dark areas37. However, when looking at a film 
with a thickness in the order of a few tens of micrometers, the difference in hydrostatic pressure 
is so small that it is negligible, and thus it does not need to be considered. Another driving force 
for this redistribution is the surface tension of the film. An adequate description is found in the 
diffusion of solids at a surface. Freund provided a description of the chemical potential of a 
surface38: 
 

𝜇𝑠 = −𝜅𝛾𝜈 = −𝛾𝜈

𝜕2ℎ
𝜕𝑥2

(1 + (
𝜕ℎ
𝜕𝑥

)
2

)

3
2⁄
                                                                                                            (2. 18) 

 
Here, μs is the surface chemical potential, κ the surface curvature39, γ the surface energy and 
ν the molecular volume of the migrating species. Bulk migration, which represents the number 
of migrating species n per unit length in the x-direction is given by: 
 

𝜕𝑛

𝜕𝑡
= −

𝜕

𝜕𝑥
𝐽 =

𝜕

𝜕𝑥
(
𝐷𝑠𝑛

𝑘𝑇

𝜕𝜇𝑠

𝜕𝑥
) =

𝜕

𝜕𝑥

[
 
 
 
 
 

𝐷𝑠𝑛𝛾𝜈

𝑘𝑇

𝜕

𝜕𝑥

(

  
 −

𝜕2ℎ
𝜕𝑥2

(1 + (
𝜕ℎ
𝜕𝑥

)
2

)

3
2⁄

)

  
 

]
 
 
 
 
 

                                                  (2. 19) 

 
This bulk migration only redistributes the total volume since it is assumed that it works on both 
monomers equally. Another way of interpreting this bulk migration, is as a compensating force 
for the intrinsic diffusion (e.g. if monomer A diffuses to the illuminated areas, its diffusion will be 
partially held back due to the redistribution of both monomer A and B to the dark areas). 

2.3.3.4 Procedure 
Just like in the description of the static model, being able to predict which monomer flows to the 
illuminated areas, it is necessary to determine the chemical potentials in both illuminated and 
dark areas. In the static model, the grating pitch λ was split up into two parts: a dark part with 
only liquid monomer and an illuminated part which consisted of monomer and polymer. In the 
dynamic model, the grating pitch λ, with one dark and one illuminated area, is split up into L 
amount of parts each with a length Δx. The volume V of one part is given by hΔxΔy in which h 
is the height of said part. Δy remains constant during the simulation and thus can be given an 
arbitrary value. Calculating the chemical potential of each part is done in a similar manner as it 
was done in the previous section using equations 2.5-2.8.  
 
At t = 0, the volume in each region is equal: V(x,0) = Vinitial. The next step is setting up equations 
which determine the volume change due to reaction. One thing to keep in mind is that this 
volume change only occurs in the illuminated area because the reaction only occurs in that 
area. The following equations represents the volume due to reaction: 
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𝑉𝑚,𝑖(𝑥, 𝑡 + 𝛥𝑡) = 𝑉𝑚,𝑖(𝑥, 𝑡) − 𝑅𝑖𝑉𝑚,𝑖(𝑥, 𝑡)𝛥𝑡                                                                                              (2. 20) 
 
𝑉𝑝,𝑖(𝑥, 𝑡 + 𝛥𝑡) = 𝑉𝑝,𝑖(𝑥, 𝑡) + 𝑅𝑖𝑉𝑚,𝑖(𝑥, 𝑡)𝛥𝑡                                                                                                (2. 21) 
 
In these equations, Vm,i(x,t) is the volume of monomer i at position x and time t. Vp,i(x,t) is the 
volume of polymerized monomer i at position x and time t. Ri is the reaction rate constant of 
monomer i in s-1. In each part with length Δx, the monomer chemical potential is calculated 
using equations 2.5-2.8 while still assuming that the interaction parameters play no role in 
polymerization (i.e. χij = 0 for all i,j) and that the size of each segment of monomer are smaller 
than that of the polymer (i.e. 𝜈1 ≪ 𝜈𝑝 and 𝜈2 ≪ 𝜈𝑝). 
 
In the regions where there is polymer (i.e. the illuminated areas), 𝑁𝑝 =

𝑉𝜑𝑝

𝜈𝑠𝑒𝑔𝑚𝑒𝑛𝑡
, where Np 

represents the total number of segments of the (dry) polymer and 𝜈𝑠𝑒𝑔𝑚𝑒𝑛𝑡 is the volume of a 
segment in the polymer in m3. Using these statements and combining with equations 2.5-2.8, 
results in the following equations which represents the chemical potentials of monomers 1 and 
2 for a position x and time t: 
 

𝜇1(𝑥, 𝑡) − 𝜇1
0 = 𝑘𝑇 [𝑙𝑛(𝜑1(𝑥, 𝑡)) + 1 − 𝜑1(𝑥, 𝑡) −

𝜈1

𝜈2
𝜑2(𝑥, 𝑡) + 𝜈1

𝑛𝑒(𝑥, 𝑡)𝜈𝑠𝑒𝑔𝑚𝑒𝑛𝑡

𝑉(𝑥, 𝑡)𝜑𝑝(𝑥, 𝑡)
(

1

𝜑𝑝(𝑥, 𝑡)
−

𝜑𝑝(𝑥, 𝑡)

2
)]         (2. 22) 

 
𝜇2(𝑥, 𝑡) − 𝜇2

0 = 𝑘𝑇 [𝑙𝑛(𝜑2(𝑥, 𝑡)) + 1 − 𝜑2(𝑥, 𝑡) −
𝜈2

𝜈1
𝜑1(𝑥, 𝑡) + 𝜈2

𝑛𝑒(𝑥, 𝑡)𝜈𝑠𝑒𝑔𝑚𝑒𝑛𝑡

𝑉(𝑥, 𝑡)𝜑𝑝(𝑥, 𝑡)
(

1

𝜑𝑝(𝑥, 𝑡)
−

𝜑𝑝(𝑥, 𝑡)

2
)]         (2. 23) 

 
For regions without polymer (i.e. the dark areas), the last term is zero, and the expressions 
reduce to: 
 
𝜇1(𝑥, 𝑡) − 𝜇1

0 = 𝑘𝑇 [𝑙𝑛(𝜑1(𝑥, 𝑡)) + 1 − 𝜑1(𝑥, 𝑡) −
𝜈1

𝜈2

𝜑2(𝑥, 𝑡)]                                                         (2. 24) 

 
𝜇2(𝑥, 𝑡) − 𝜇2

0 = 𝑘𝑇 [𝑙𝑛(𝜑2(𝑥, 𝑡)) + 1 − 𝜑2(𝑥, 𝑡) −
𝜈2

𝜈1

𝜑1(𝑥, 𝑡)]                                                         (2. 25) 

 
Assuming an immobile polymer, the chemical potential of polymer does not need to be 
considered. Calculating the amount of internal chains ne as a function of place and time when 
using two monomers is done using equation 2.26: 
 

𝑛𝑒(𝑥, 𝑡) =
𝑉(𝑥, 𝑡)

𝜈𝑠𝑒𝑔𝑚𝑒𝑛𝑡

(𝑓1
𝜑𝑝,1(𝑥, 𝑡)

𝜈1

+ 𝑓2

𝜑𝑝,2(𝑥, 𝑡)

𝜈2

)
−𝑙𝑛 (1 − 𝜑𝑝

∗(𝑥, 𝑡)) − 𝜑𝑝
∗(𝑥, 𝑡)

(
1

𝜑𝑝
∗(𝑥, 𝑡)

−
𝜑𝑝

∗(𝑥, 𝑡)

2
)

                          (2. 26) 

 
This equation is similar to equation 2.10, only modified to take into account the time and place 
dependencies. Again, fi is either unity if monomer i is a crosslinking monomer (i.e. a 
di(meth)acrylate) or zero if monomer i is a non-crosslinking monomer (i.e. a 
mono(meth)acrylate). φp,1 and φp,2 are the volume fractions of polymerized monomer 1 and 2 
respectively. This results in 𝜑𝑝 = 𝜑𝑝,1 + 𝜑𝑝,2. 
 
As stated before, the diffusion coefficients for monomer 1 and 2 are a function of the polymer 
volume fraction φp as shown in equation 2.17. Rewriting this equation results in equation 2.27: 
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𝐷𝑖(𝑥, 𝑡) = 𝐷𝑖(0)𝑒𝑥𝑝 (−
1

𝐾1(1 + 𝐾2)
) 𝑒𝑥𝑝 (

1

𝐾1 (
1

1 − 𝜑𝑝(𝑥, 𝑡)
+ 𝐾2)

)                                                (2. 27) 

 
Here Di(x,t) is the diffusion coefficient of monomer i at place x and time t, Di(0) the diffusion 
coefficient of pure monomer i (i.e. no polymer, φp = 0). K1 and K2 are parameters coming from 
the free volume theory35,36. 
 
Discretizing equation 2.16 results in an equation which describes the volume as a function of 
diffusion coefficients and of chemical potential. This discretization results in equation 2.28 while 
keeping in mind that due to conservation of mass, Vm,i is used instead of c. 
 

𝑉𝑚,𝑖(𝑥, 𝑡 + 𝛥𝑡) = 𝑉𝑚,𝑖(𝑥, 𝑡) + 𝛥𝑡

(

 
 
 
 

𝐷𝑖(𝑥, 𝑡)𝑉𝑚,𝑖(𝑥, 𝑡)

𝑘𝑇(𝛥𝑥)2
[𝜇𝑖(𝑥 − 1, 𝑡) − 2𝜇𝑖(𝑥, 𝑡) + 𝜇𝑖(𝑥 + 1, 𝑡)] +

1

2

𝐷𝑖(𝑥 − 1, 𝑡)𝑉𝑚,𝑖(𝑥 − 1, 𝑡)

𝑘𝑇𝛥𝑥
[𝜇𝑖(𝑥 − 1, 𝑡) − 𝜇𝑖(𝑥, 𝑡)] +

1

2

𝐷𝑖(𝑥 + 1, 𝑡)𝑉𝑚,𝑖(𝑥 + 1, 𝑡)

𝑘𝑇𝛥𝑥
[𝜇𝑖(𝑥 + 1, 𝑡) − 𝜇𝑖(𝑥, 𝑡)] )

 
 
 
 

       (2. 28) 

 
The next step is determining the surface chemical potential μs by using equation 2.18. This 
equation needs to be discretized first as well before it is usable. This results in equation 2.29: 
 

𝜇𝑠(𝑥, 𝑡) = −𝛾𝜈𝑠𝑒𝑔𝑚𝑒𝑛𝑡

[
 
 
 
 1
(𝛥𝑥)2 [ℎ(𝑥 − 1, 𝑡) − 2ℎ(𝑥, 𝑡) + ℎ(𝑥 + 1, 𝑡)]

(1 + (
1
𝛥𝑥

[ℎ(+1, 𝑡) − ℎ(𝑥 − 1, 𝑡)])
2

)

3
2⁄

]
 
 
 
 

                                               (2. 29) 

 
In this equation, h equals the height of the mixture and γ is the surface tension of the mixture. 
 
Discretizing equation 2.19 and keeping in mind conservation of mass (i.e. n is replaced by Vm,i) 
results in equation 2.30 which shows the change of total volume due to total mass transport. 
 

𝑉𝑚,𝑖(𝑥, 𝑡 + 𝛥𝑡) = 𝑉𝑚,𝑖(𝑥, 𝑡) + 𝛥𝑡

(

 
 
 
 

𝐷𝑠(𝑥, 𝑡)𝑉𝑚,𝑖(𝑥, 𝑡)

𝑘𝑇(𝛥𝑥)2
[𝜇𝑠(𝑥 − 1, 𝑡) − 2𝜇𝑠(𝑥, 𝑡) + 𝜇𝑠(𝑥 + 1, 𝑡)] +

1

2

𝐷𝑠(𝑥 − 1, 𝑡)𝑉𝑚,𝑖(𝑥 − 1, 𝑡)

𝑘𝑇𝛥𝑥
[𝜇𝑠(𝑥 − 1, 𝑡) − 𝜇𝑠(𝑥, 𝑡)] +

1

2

𝐷𝑠(𝑥 + 1, 𝑡)𝑉𝑚,𝑖(𝑥 + 1, 𝑡)

𝑘𝑇𝛥𝑥
[𝜇𝑠(𝑥 + 1, 𝑡) − 𝜇𝑠(𝑥, 𝑡)] )

 
 
 
 

     (2. 30) 

 
A summary of the previous explanation in a step-by-step fashion can be found in Figure 3. A 
schematic representation is shown in Figure 4. 
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1: Conversion of monomer to polymer in illuminated areas. Using equations 2.20 and 2.21 to determine new 
volumes.

2: Determine the crosslink density using equation 2.26.

3: Calculate the chemical potential of both monomers using equations 2.22-2.25.

4: Calculate the diffusion coefficients as a function of polymer volume fraction using equation 2.27.

5: Calculate the new volumes of the monomers in the illuminated and dark areas due to diffusion because of a 
gradient in chemical potential and diffusion coefficients using equation 2.28.

6: Determine the surface chemical potential using equation 2.29.

7: Determine the new volumes due to the diffusion process according to the gradient in surface chemical 
potential using equation 2.30.

 
Figure 3: A flow chart representing the dynamic model in a step-by-step fashion. 

 

 
Figure 4: Schematic representation of the dynamic model. Each step is explained in Figure 3. 
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2.4 Diffusion theory 
Being able to fully understand the reaction/diffusion mechanism of photo-embossing, it is 
necessary to determine the diffusion coefficients of the monomers that are used in the 
experiments. A method on how this is done, will be elaborated on in the Experimental section. 
 
The system that is being used, consists of two liquid monomers. The diffusion of monomer i can 
be described by the general diffusion equation given in Equation 2.16. Modifying this equation 
to volume fractions, results in 2.31: 
 
𝜕𝜑𝑖

𝜕𝑡
=

𝜕

𝜕𝑥
(
𝐷𝑖𝜑𝑖

𝑘𝑇

𝜕𝜇𝑖

𝜕𝑥
)                                                                                                                                       (2. 31)  

 
The total volume is constant for all x. The chemical potentials of the two monomers are given 
by Equations 2.22 and 2.23. These can be simplified because there is no polymer present. 
Also the interaction parameters χij are assumed zero. 
 
μ1 − μ1

0 = kT [ln(φ1) + 1 − φ1 −
ν1

ν2

φ2]                                                                                                  (2. 32) 

 
𝜇2 − 𝜇2

0 = 𝑘𝑇 [𝑙𝑛(𝜑2) + 1 − 𝜑2 −
𝜈2

𝜈1

𝜑1]                                                                                                    (2. 33) 

 
Filling this into the diffusion equation 2.31, taking 𝜑2 = 1 − 𝜑1 and carrying out the differentiation 
of μi to φi: 
 
𝜕𝜑1

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐷1(𝜑1) (1 + 𝜑1 (

𝜈1

𝜈2

− 1))
𝜕𝜑1

𝜕𝑥
]                                                                                              (2. 34) 

 
𝜕𝜑2

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐷2(𝜑2) (1 + 𝜑2 (

𝜈2

𝜈1

− 1))
𝜕𝜑2

𝜕𝑥
]                                                                                             (2. 35) 

 
We can now describe the diffusion in terms of two effective intrinsic diffusion coefficients Deff 
that both are a function of φ1.  
 
𝜕𝜑1

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐷1

𝑒𝑓𝑓(𝜑1)
𝜕𝜑1

𝜕𝑥
]  𝑤ℎ𝑒𝑟𝑒 𝐷1

𝑒𝑓𝑓
= 𝐷1 (1 + 𝜑1 (

𝜈1

𝜈2

− 1))                                                      (2. 36) 

 
𝜕𝜑2

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐷2

𝑒𝑓𝑓(𝜑1)
𝜕𝜑2

𝜕𝑥
]  where 𝐷2

𝑒𝑓𝑓
= 𝐷2 (1 + (1 − 𝜑1) (

𝜈2

𝜈1

− 1))                                           (2. 37) 

 
Because both diffusing species are liquids, no volume change is allowed. So diffusion is best 
described by intrinsic diffusion of the monomers and a transfer of total volume by bulk flow37. 
Looking at it in this way, any excess migration of one monomer is compensated by this bulk 
flow. This results in a constant volume for all x. If the bulk flow is not considered, local build-up 
of material would occur and this is not allowed because of the liquid nature of the monomers. 
One can now describe the diffusion mechanism using only one diffusion coefficient: the mutual 
diffusion coefficient for a constant volume DV. This can be derived as being a linear combination 
of the two effective intrinsic monomer diffusion coefficients at a certain volume fraction φ137. 
 
𝐷𝑉(𝜑1) = 𝜑1 (𝐷2

𝑒𝑓𝑓(𝜑1) − 𝐷1
𝑒𝑓𝑓(𝜑1)) + 𝐷1

𝑒𝑓𝑓(𝜑1)                                                                                 (2. 38) 
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As can be seen in Equation 2.38, the mutual diffusion coefficient DV is a function of 𝜑1, 𝐷1
𝑒𝑓𝑓 

and 𝐷2
𝑒𝑓𝑓. It is assumed that the order of magnitude of the diffusion coefficients of the monomers 

considered here, do not differ. Therefore DV is assumed to be a linear function of φ1, D1 and D2: 
 
𝐷𝑉(𝜑1) = 𝜑1(𝐷2(𝜑1) − 𝐷1(𝜑1)) + 𝐷1(𝜑1)                                                                                               (2. 39) 
 
If the values of D1 and D2 becomes too large, such an approximation may become too 
inaccurate.  
 
The diffusion of a two-monomer system can thus be described by Fick’s second law with the 
mutual diffusion coefficient DV that is a function of 𝜑1: 
 
𝜕𝜑1

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐷𝑉(𝜑1)

𝜕𝜑1

𝜕𝑥
]                                                                                                                                                                   (2. 40) 

 
𝜕𝜑2

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐷𝑉(𝜑1)

𝜕𝜑2

𝜕𝑥
]                                                                                                                                                                   (2. 41) 

2.5 Raman confocal spectroscopy 
Raman confocal spectroscopy was chosen in this study for its special characteristics. Most 
importantly is that it is a non-invasive technique. This is of importance because of the interest 
in the polymerization of the materials used here. One would like to minimize the influence of 
other parameters while doing a systematic study. Raman confocal spectroscopy is also user-
friendly, requires easy sample preparation and offers decent spatial resolution of about 2µm. 
One important characteristic of Raman is that it can be used on liquid and solid samples. That 
makes it a suitable technique because the monomers are liquid at room temperature and after 
polymerization, the polymer will be a solid. So being able to measure both states of matter with 
one apparatus, facilitates comparing results. 
Raman uses a monochromatic beam (e.g. a laser) to excite the targeted sample. The excited 
sample will scatter light in an elastic and inelastic way. The spectrum obtained from the inelastic 
scattered light, is the result of the change of polarizability of a molecular bond. This polarizability 
is characteristic for certain bonds and thus can be used to identify which bonds are present in 
the system. A schematic setup of a Raman spectroscope is shown in Figure 5. 

 
Figure 5: A typical setup used in Raman spectroscopy40. 
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2.6 Interferometry 
Interferometry is a family of techniques where (electromagnetic) waves are superimposed which 
causes interference. This interference provides information on the sample of interest. The type 
of interferometry used in this study is called white light interferometry which uses light to 
measure 3-D structures. This technique is suited to quickly determine the height of the surface 
structures formed in this study. It also is a non-contact technique which makes it more suitable 
for the polymer under investigation as the polymer can be quite soft. The principle behind the 
technique is as follows: light is being shined upon the sample and some of the light will be 
reflected back. Because light can be considered as a wave, when two parallel waves hit a 
sample which has structures on them, one of the waves can be reflected later than the other 
one. This creates a phase difference between these two waves. This difference results in 
interference between these two waves which can either be destructive or constructive. These 
interferences can then be converted into a 3-D profile of the surface using dedicated software. 

  
Figure 6: A schematic setup of a white light interferometer41. 

2.7 Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) is a technique often used to characterize transitions of 
pure compounds or mixtures of compounds. These transitions can be realized using different 
stimuli (e.g. heat, (UV) light). It is often used to determine the operating window of processing 
of liquid crystals. In this study, photo-differential scanning calorimetry (p-DSC) is used to 
determine reaction rates of monomer mixtures under influence of UV light. The theory behind 
p-DSC is as follows: the sample of interest (containing a photo-initiator and a 
monomer(mixture)) is placed in the p-DSC as well as a reference. Both are illuminated under 
the same, constant, conditions. The photo-initiator present, will initiate polymerization of the 
monomers. This polymerization results in a heat difference between the sample and the 
reference. This heat is directly proportional to the number of reacted (meth)acrylate double 
bonds in the system42. Integrating the area underneath the exothermic peak of the p-DSC 
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spectra, one can then calculate the conversion of the (meth)acrylate double bonds using the 
following equation43: 
 

𝐶 =
𝛥𝐻𝑡

𝛥𝐻0
𝑡ℎ𝑒𝑜𝑟𝑦                                                                                                                                                      (2. 42) 

 
Here, C is the conversion of the double bonds, Δ𝐻𝑡 is the reaction heat at time t and Δ𝐻0

𝑡ℎ𝑒𝑜𝑟𝑦 
is the theoretical reaction heat for complete conversion of the double bonds44.  
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3  Experimental 

3.1 Materials 
The materials used here consists of a monoacrylate, 1H, 1H, 2H, 2H-perfluorodecylacrylate 
(PFDA, Sigma-Aldrich), a dimethacrylate, a perfluoropolyether dimethacyrlate (PFPE-DMA, 
Fomblin MD-40, Solvay Solexis) and a photo-initiator, 2-hydroxy-2-methylpropiophenone 
(Darocur 1173, BASF Schweiz AG). Figure 7 shows the used monomers and photo-initiator. 
 

 
Figure 7: a: 1H, 1H, 2H, 2H-perfluorodecylacrylate (PFDA); b: perfluoropolyether dimethacrylate (PFPE-DMA or 
Fomblin MD40); c: 2-hydroxy-2-methylpropiophenone, Darocur 1173 (D1173); 

 
The standard mixture that was used consisted of 49,6vol% PFDA, 49,7vol% PFPE-DMA 1:1 
volume ratio) and 0,7vol% D1173 (0,47wt% of photo-initiator in the mixture). 

3.2 Sample preparation 
Glass samples of 3x3 centimeters were used as substrates. To enhance the adhesion and 
achieve covalent attachment of the polymer layer to the substrates, the glass was activated and 
functionalized using the following method: the glass substrates were submerged in 2-propanol 
and put into a ultrasonic bath for 10 minutes. Afterwards, the substrates were dried and cleaned. 
The substrates were then treated with UV-ozone (Ultra Violet Products, PR-100) for 20 minutes 
to activate the surface. Afterwards, the substrates were spincoated for 30 seconds at 3000rpm 
with a solution containing 2wt% 3-(trimethoxysilyl) propyl methacrylate (Sigma-Aldrich) in a 1:1 
mixture of distilled water and 2-propanol. As a final step, the substrates were cured at 110˚C 
for 10 minutes. Figure 8 shows a schematic representation of substrate preparation process. 
 

 
Figure 8: Schematic representation of substrate preparation process; 
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Figure 9: Schematic representation of the method for photo-embossing of liquid monomers. (a) The cell is capillary 

filled with the liquid monomer mixture. (b) The cell is irradiated via the mask using a 365nm LED and subsequently (c) 
a flood exposure is done via the substrate to polymerize the remaining monomers. (d) The photomask is then removed, 
leaving a fluoropolymer with the surface relief structures on the substrate. 
 
The photo-embossed films were prepared in home-made cells using the substrates described 
above and, as the top of the cell, a soda-lime glass chromium oxide photomask which has 
micron-sized lines on there in different pitches. These two halves were glued together using a 
glue with 28µm silica beads added which functioned as a spacer between the glass substrate 
and the photomask. 
The cell is then filled with the mixture using capillary forces. The next step involves illumination 
via the photomask to induce polymerization in the exposed areas. After the initial exposure, the 
sample is flipped onto the mask and a flood exposure is done via the glass substrate to 
polymerize the remaining monomers. As a last step, the mask is removed and the surface relief 
structures are revealed. Figure 9 schematically represents the creation of surface relief 
structures using photo-embossing with liquid monomers.  
The illumination is done with a light emitting diode (LED). The particular LED used here is a 
M365L2 from Thorlabs which emits UV light with a wavelength of 365nm ± 10nm. This LED is 
used in conjunction with a four-channel LED driver and hub (DC4100 and DC4100-HUB 
respectively, Thorlabs).  
The first illumination is done with variable intensities ranging from 2mW/cm2 up to 10mW/cm2 

and different exposure times. The second illumination is always done with a maximum intensity 
of 10mW/cm2 for 5 minutes. 
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3.3 Modelling 

3.3.1 Static model 

The theory behind the model as discussed in Section 2.3.1 and 2.3.2, is being implemented 
using the R2016b version of MATLAB® from MathWorks. The first step involves solving 
Equations 2.1-2.4 using Equation 2.6 and 2.7. This results in values for the chemical potentials 
of monomer 1 and 2, 𝜇1

𝑖𝑙𝑙𝑢𝑚, 𝜇1
𝑑𝑎𝑟𝑘, 𝜇2

𝑖𝑙𝑙𝑢𝑚 and 𝜇2
𝑑𝑎𝑟𝑘. 

 
After determining the chemical potentials of monomer 1 and 2 in both areas, the average 

chemical potential, 𝜇1
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 and 𝜇2

𝑎𝑣𝑒𝑟𝑎𝑔𝑒, is calculated using 𝜇𝑖
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

=
𝜇𝑖

𝑖𝑙𝑙𝑢𝑚+𝜇𝑖
𝑑𝑎𝑟𝑘

2
. The values 

of the average chemical potential of monomer 1 and 2 are then used as a starting point in the 
determination of the volume fractions after thermodynamic equilibrium in step 2 of the proposed 
system. 
 
To calculate the volume fractions after thermodynamic equilibrium, a non-linear system solver 
is needed because there are seven unknowns (φ1

illum, φ1
dark, φ2

illum, φ2
dark,  φ𝑝

illum, φ𝑝,1
illum and 

φ𝑝,2
illum red.) that need to be determined. This non-linear system solver solves a problem 

specified by 𝐹(𝑥) = 0 for x, where 𝐹(𝑥) is a function that returns a vector value. Seven equations 
were set up to accommodate the seven unknowns that were predetermined. The MATLAB 
solver then finds a combination of values for these seven unknowns which all agree with the 
model. 
 
Difference in computing power between the time where Leewis did his simulations, and the 
present day can be of influence in the results from this study. So a margin of error with a 
maximum of 5% was proposed to verify the current model with the model postulated by Leewis. 

3.3.2 Dynamic model 

Using the 2016b version of MATLAB® from MathWorks, the model as discussed in Section 
2.3.3.4 was implemented. Because the dynamic model incorporates time and place 
dependencies, the calculations were done in a similar way as was proposed in theory. All 
calculations were done in each of the L amount of parts with a length Δx. The grating pitch λ = 
L∙Δx, was put at 200 µm and L was put at 20. The length of one part Δx, was thus determined 
to be 10 µm. 

3.4 Characterization 
Raman confocal spectroscopy was used to determine inhibition and conversion times. Also the 
influence on the inhibition time of the photo-initiator concentration was determined using Raman 
spectroscopy. 
 
The spectroscope used was a Horiba Olympus BX40 Raman fibre microscope, using an oil 
immersion objective (Olympus UplanApo, 100x/1.35). Measurements were located in the centre 
of the sample for 120 seconds. 
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4 Results and Discussion 

4.1 Static model 
Table 1: The starting parameters as proposed by Leewis17.  

Variable 𝝋𝟏
𝒊𝒍𝒍𝒖𝒎 𝝋𝟐

𝒊𝒍𝒍𝒖𝒎 𝝋𝒑
𝒊𝒍𝒍𝒖𝒎 𝝋𝒑,𝟏

𝒊𝒍𝒍𝒖𝒎 𝝋𝒑,𝟐
𝒊𝒍𝒍𝒖𝒎 𝝋𝟏

𝒅𝒂𝒓𝒌 𝝋𝟐
𝒅𝒂𝒓𝒌 𝑽𝒊𝒍𝒍𝒖𝒎 𝑽𝒅𝒂𝒓𝒌 

Input 0.45 0.40 0.15 0.05 0.10 0.50 0.50 1.00 1.00 
 
Table 1 shows the starting parameters for modelling as proposed by Leewis16,17. These starting 
conditions include that the volume fraction of polymer is 0.15. Monomer 1 contributes 0.05 of 
this volume fraction and monomer 2 contributes 0.10. The polymer thus consists out of 33.3% 
monomer 1 and 66.7% of monomer 2. Furthermore, the starting conditions also include the 
presumption that the volumes of both the illuminated and dark areas are equal at the start.  

4.1.1 Comparing models: Monomers of same length, different 
functionality 

This example uses two different monomers: monomer 1 has a segment size, 𝜈1 = 1 , a 
functionality, 𝑓1 = 0 (i.e. non-crosslinking monomer) and a reactivity 𝑅1 = 1. Monomer 2 has a 
segment size, 𝜈2 = 1 , a functionality, 𝑓2 = 2 (i.e. crosslinking monomer) and a reactivity         
𝑅2 = 2. 
 

Table 2: Results for example 1 when using the starting parameters described above. 𝜇𝑖
𝑖𝑙𝑙𝑢𝑚corresponds to the 

chemical potential of monomer i in the illuminated areas. 𝜇𝑖
𝑑𝑎𝑟𝑘 corresponds to the chemical potential of monomer i in 

the dark areas. 𝜇𝑖
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 corresponds to the average chemical potential of the dark and illuminated areas. 

Variable 𝝁𝟏
𝒊𝒍𝒍𝒖𝒎 𝝁𝟐

𝒊𝒍𝒍𝒖𝒎 𝝁𝟏
𝒅𝒂𝒓𝒌 𝝁𝟐

𝒅𝒂𝒓𝒌 𝝁𝟏
𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝝁𝟐

𝒂𝒗𝒆𝒓𝒂𝒈𝒆 
Leewis’ model -0.640 -0.758 -0.693 -0.693 -0.666 -0.721 
New model -0.640 -0.758 -0.693 -0.693 -0.666 -0.721 
Difference (%) 0 0 0 0 0 0 

 
Table 2 indicates that the model that has been used in this study, can replicate the results from 
the model created by Leewis. This shows that the model proposed in this study is capable of 
doing the same calculations as the model of Leewis. The average chemical potential, 𝜇1

𝑎𝑣𝑒𝑟𝑎𝑔𝑒  
and 𝜇2

𝑎𝑣𝑒𝑟𝑎𝑔𝑒, are the values used by Leewis and are not calculated. When calculated using 

𝜇𝑖
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

=
𝜇𝑖

𝑖𝑙𝑙𝑢𝑚+𝜇𝑖
𝑑𝑎𝑟𝑘

2
, a slight deviation of 𝜇1

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 and 𝜇2
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 occurs. This will be further 

explained later in this section. 
 
The average chemical potentials 𝜇1

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 and 𝜇2
𝑎𝑣𝑒𝑟𝑎𝑔𝑒  from Table 2 are used to determine the 

volume fractions after thermodynamic equilibrium. The results can be found in Table 3. 
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Table 3: The values of interest after thermodynamic equilibrium has set in. A slight deviation is found between the 
model of Leewis and the model proposed in this study. 

Variable 𝝋𝟏
𝒊𝒍𝒍𝒖𝒎 𝝋𝟐

𝒊𝒍𝒍𝒖𝒎 𝝋𝒑
𝒊𝒍𝒍𝒖𝒎 𝝋𝒑,𝟏

𝒊𝒍𝒍𝒖𝒎 𝝋𝒑,𝟐
𝒊𝒍𝒍𝒖𝒎 𝝋𝟏

𝒅𝒂𝒓𝒌 𝝋𝟐
𝒅𝒂𝒓𝒌 𝑽𝒊𝒍𝒍𝒖𝒎 𝑽𝒅𝒂𝒓𝒌 

Leewis’ model 0.446 0.422 0.132 0.044 0.088 0.513 0.486 1.138 0.861 
New model 0.446 0.422 0.132 0.044 0.088 0.514 0.486 1.139 0.861 
Difference (%) 0 0 0 0 0 0.2 0 0.1 0 

 
It is shown the model proposed here adequately predicts the same results as the model of 
Leewis does. The only deviation occurs at the volume fraction of monomer 1 in the dark area 
and the volume of the exposed area. These deviations could be due to the rounding of numbers 
during calculations. However, these deviations are so minor (0.2% and 0.1%) and thus deemed 
negligible. 
 
It has been previously stated that the average chemical potential of monomer 1 and 2, 𝜇1

𝑎𝑣𝑒𝑟𝑎𝑔𝑒  
and 𝜇2

𝑎𝑣𝑒𝑟𝑎𝑔𝑒, provided by Leewis, are slightly different than the calculated values. When using 

𝜇𝑖
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

=
𝜇𝑖

𝑖𝑙𝑙𝑢𝑚+𝜇𝑖
𝑑𝑎𝑟𝑘

2
 to calculate the potential, 𝜇1

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 becomes -0.667 which is still well 
within a margin of error of 5% (i.e. 0.2% difference between averages). 𝜇2

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 becomes              
-0.726 which is a difference of 0.7% compared to the values that Leewis used in his model. The 
differences may appear small, but when using these values to determine the volume fractions 
after thermodynamic equilibrium, the following is obtained: 
 

Table 4 Using the calculated averages, a larger deviation occurs between the two models. 
Variable 𝝋𝟏

𝒊𝒍𝒍𝒖𝒎 𝝋𝟐
𝒊𝒍𝒍𝒖𝒎 𝝋𝒑

𝒊𝒍𝒍𝒖𝒎 𝝋𝒑,𝟏
𝒊𝒍𝒍𝒖𝒎 𝝋𝒑,𝟐

𝒊𝒍𝒍𝒖𝒎 𝝋𝟏
𝒅𝒂𝒓𝒌 𝝋𝟐

𝒅𝒂𝒓𝒌 𝑽𝒊𝒍𝒍𝒖𝒎 𝑽𝒅𝒂𝒓𝒌 
Leewis’ model 0.446 0.422 0.132 0.044 0.088 0.513 0.486 1.138 0.861 
New model 0.441 0.416 0.143 0.048 0.095 0.515 0.485 1.05 0.95 
Difference (%) -1.1 -1.4 8.3 9.1 8.0 0.4 -0.2 -7.7 10.2 

 
As can be seen in Table 4, all values of the new model differ from the values predicted by 
Leewis’ model. Some deviate more than others, but the volumes in the illuminated and dark 
area deviate significantly. These deviations (-7.7% for 𝑉𝑖𝑙𝑙𝑢𝑚 and 10.2% for 𝑉𝑑𝑎𝑟𝑘 red.) are 
higher than the proposed maximum of 5% margin of error. The volume fractions of the polymer 
and its constituents also deviate significantly from the proposed 5%. It is hard to determine what 
the cause is of this deviation and whether the model Leewis used is correct or the model 
proposed in this study. Also, the software used by Leewis is older and Leewis may have used 
a different type of solver and combinations of equations in his model. The lack of knowledge on 
how the model of Leewis is built up, makes it difficult to find the underlying problem. Another 
possibility is that there are multiple solutions to this problem, meaning that multiple combinations 
of values fit the model. This would suggest both the results from Leewis and the results from 
the new model could be correct. 
 
This large deviation in results, indicates how sensitive the model is to slight variations in, in this 
case, calculated averages. Therefore it is important to realize that the model might be too crude 
and thus not adequate in describing the system. Further investigation and revisiting the theory 
is desired to adapt and optimize the model. 
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4.1.2 New model with fluorinated monomers 

In the previous section, it has been shown that the new model can accurately reproduces values 
calculated by the model proposed by Leewis. Here, the model will be used to calculate volume 
differences of fluorinated monomers using the same approach as above. 
 
The system under investigation in this study is a mixture of a mono-acrylate (f1 = 0) and a 
dimethacrylate (f2 = 1). An approximation of the size νi was done based upon the molecular 
weights of both monomers. The mono-acrylate, PFDA, has a molecular weight of 518 g/mol and 
the dimethacrylate, PFPE-DMA (MD40), has a molecular weight of approximately 4200 g/mol. 
By using the molecular weights, it was assumed that MD40 is 8 times larger than PFDA. This 
is a rough approximation, but the static model was not intended to quantify exact volume or 
height changes. The static model gives an idea on which monomers diffuse where and a rough 
approximation on the height differences between the illuminated and dark area. The relative 
reactivities of the monomers are R1 = 1.7 for monomer 1 and R2 = 1 for monomer 2. These 
values are calculated using the data obtained from the p-DSC experiments which results are 
treated in Section 4.3. Table 5 shows the starting parameters of the initial calculations of the 
new model set up in this study based upon the theory provided by Leewis17. 
 

Table 5: Starting parameters of initial calculations of the model proposed in this study based upon the theory 
provided by Leewis. 

Variable 𝝋𝟏
𝒊𝒍𝒍𝒖𝒎 𝝋𝟐

𝒊𝒍𝒍𝒖𝒎 𝝋𝒑
𝒊𝒍𝒍𝒖𝒎 𝝋𝒑,𝟏

𝒊𝒍𝒍𝒖𝒎 𝝋𝒑,𝟐
𝒊𝒍𝒍𝒖𝒎 𝝋𝟏

𝒅𝒂𝒓𝒌 𝝋𝟐
𝒅𝒂𝒓𝒌 𝑽𝒊𝒍𝒍𝒖𝒎 𝑽𝒅𝒂𝒓𝒌 

Input 0.405 0.445 0.15 0.095 0.055 0.50 0.50 1.00 1.00 
 
As can be seen in Table 5, a polymer volume fraction of 0.15 is chosen to be able to compare 
results with the model of Leewis. This provides information whether the model is able to 
calculate similar results using different monomers. The polymer consists out of 0.095 monomer 
1 and 0.055 monomer 2. This corresponds to 63.3% monomer 1 and 36.7% monomer 2. It has 
to be highlighted that this already differs from the calculations made by Leewis where the 
polymer is made up out of more monomer 2 than 1. This is due to the difference in reactivities 
of the monomers used in this study compared to the monomers used by Leewis. 
 

Table 6: Results for the new model when using the starting parameters described in Table 5. 𝜇𝑖
𝑖𝑙𝑙𝑢𝑚corresponds to 

the chemical potential of monomer i in the illuminated areas. 𝜇𝑖
𝑑𝑎𝑟𝑘 corresponds to the chemical potential of monomer i 

in the dark areas. 𝜇𝑖
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 corresponds to the average chemical potential of the dark and illuminated areas. 

Variable 𝝁𝟏
𝒊𝒍𝒍𝒖𝒎 𝝁𝟐

𝒊𝒍𝒍𝒖𝒎 𝝁𝟏
𝒅𝒂𝒓𝒌 𝝁𝟐

𝒅𝒂𝒓𝒌 𝝁𝟏
𝒂𝒗𝒆𝒓𝒂𝒈𝒆  𝝁𝟐

𝒂𝒗𝒆𝒓𝒂𝒈𝒆 
New model -3.495 -0.363 -4.1931 -0.256 -3.844 -0.309 

 
Table 6 shows the results of filling in the starting parameters shown in Table 5 into the new 
model. As can be seen, the chemical potential of monomer 1 in the illuminated area is higher 
(i.e. less negative; closer to zero) in the illuminated area and the chemical potential of monomer 
2 is higher (i.e. less negative; closer to zero) in the dark area. This indicates that the volume 
fraction of monomer 1 is too high in the illuminated area and the volume fraction of monomer 2 
is too high in the dark area. So diffusion to the dark area is expected for monomer 1 and vice 
versa for monomer 2. Redistributing the monomers using the average chemical potentials 
𝜇𝑖

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 results in Table 7: 
 

Table 7: Redistribution of monomers according to the average chemical potentials 𝜇𝑖
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 showing all important 

parameters. 
Variable 𝝋𝟏

𝒊𝒍𝒍𝒖𝒎 𝝋𝟐
𝒊𝒍𝒍𝒖𝒎 𝝋𝒑

𝒊𝒍𝒍𝒖𝒎 𝝋𝒑,𝟏
𝒊𝒍𝒍𝒖𝒎 𝝋𝒑,𝟐

𝒊𝒍𝒍𝒖𝒎 𝝋𝟏
𝒅𝒂𝒓𝒌 𝝋𝟐

𝒅𝒂𝒓𝒌 𝑽𝒊𝒍𝒍𝒖𝒎 𝑽𝒅𝒂𝒓𝒌 
New model 0.440 0.393 0.167 0.105 0.062 0.461 0.539 0.900 1.100 



 Technische Universiteit Eindhoven University of Technology 
 

30 Unravelling the Photo-embossing Mechanism of Fluorinated (meth)Acrylates 
 

Counterintuitively, the model shows an increase of monomer 1 in the illuminated area and an 
increase of monomer 2 content in the dark area while, based on the chemical potentials, it was 
expected to be the other way around. Also the volume fraction of the polymer has increased 
after redistribution. This is due to the decrease of volume in the illuminated area. This decrease 
of volume is unexpected as literature on photo-embossing of surface relief structures claim an 
increase of height, and thus volume, in the illuminated areas19,20,24,25,45–47. These results all 
provide evidence that the static model is not suited in describing the photo-embossing process 
of the fluorinated monomers used in this study. So a comparison between the parameters of 
the monomers Leewis used and the monomers in this study may prove some insights into the 
differences between the results of Leewis and the results gotten from the model proposed in 
this study. 
 

Table 8: Comparison between the model proposed by Leewis and the model described in this study. The table 
shows the monomer parameters which are dependent on the materials used. 

Parameters Leewis’ model New model 
f1 0 0 
f2 1 1 
ν1 1 1 
ν2 3 8 
R1 1 1.7 
R2 2 1 

 
Table 8 compares the parameters fi, νi and Ri for the model proposed by Leewis and the one 
described in this study. These parameters are all dependent on the materials chosen in each 
study. The parameters f1 and f2 are the functionalities of monomer 1 and 2 respectively. If fi = 0 
the monomer is a mono(meth)acrylate while fi = 1, the monomer is a di(meth)acrylate. νi is the 
relative size of the monomer compared to each other. As can be seen, the crosslinking 
monomer (i.e. monomer 2 with f2 = 1) used in this study has a larger size ν than the one used 
by Leewis. This affects crosslink density and the chemical potentials. Another clear difference 
are the reactivities of the monomers. Leewis claimed that his crosslinking monomer has a 
reactivity that is twice as large as his mono-functional monomer. He based this upon the fact 
that his crosslinking monomer has two reactive (meth)acrylate groups compared to his acrylate 
monomer which only has one reactive group. Using the results of the p-DSC, reactivities were 
found for PFDA and PFPE-DMA that were different than those of Leewis. The reactivity of PFDA 
(i.e. mono-acrylate) was determined to be 1.7 times the reactivity of PFPE-DMA (i.e. 
dimethacrylate) while Leewis postulated a ratio of 1:2 mono-acrylate:di(meth)acrylate. 
Combining these two differences could be the reason as to why the model described here does 
not predict the expected results. 
 
Although the new model was not completely satisfactory, it has to be highlighted that it was able 
to predict correctly which of the monomers diffuses to the illuminated areas; the PFDA as was 
experimentally proven by Kommeren et al.. It is possible some assumptions, made in the theory 
of the model, are not sufficient enough to accurately calculate the change in volumes of the 
different areas. It is therefore advised to revisit the theory and refine the model further. 
 
Time and place dependencies are not taken into account in the static model. To further optimize 
the results of the model, these dependencies need to be considered. To do this, a different 
model was created namely the dynamic model. This model does implement time and place 
dependencies and can predict different surface relief structures when using different 
combinations of input parameters. These parameters include diffusion coefficients, reaction 
rates and surface tensions.  
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4.2 Diffusion 
To be able to describe a dynamic model, several parameters of the monomers are needed. 
These include diffusion coefficients, reaction rates and surface tensions. Here, we show a novel 
way of determining the diffusion coefficients using Raman confocal spectroscopy. These 
diffusion coefficients can then be used in the dynamic model to more accurately describe the 
shape and height of surface relief structures made by photo-embossing. 
 
 A sample was prepared as described in Section 3.5 and analysed. The spectra were used to 
determine the diffusion coefficients. The peaks of interest were determined to be ~725 cm-1 for 
the mono-acrylate, PFDA and ~825 cm-1 for the di(methacrylate), PFPE-DMA. Figure 11 shows 
such a spectrum. The monomers were allowed to diffuse into each other for 20 seconds. As 
can be seen, the peak of PFDA at 725 cm-1 is going down when moving from -275 µm to 225 
µm and the peak of PFPE-DMA at 825 cm-1 is inversely going up. What is also evident is the 
fact that the peak at 825 cm-1 never becomes truly 0. This is because PFDA contains similar 
groups to PFPE-DMA and thus a similar peak was expected. During calculations, this was taken 
into account. At a certain point during the measurements, the intensity of both peaks is equal. 
This point will be regarded as the origin, x = 0. Using this point as a reference, and converting 
the height of the peak to volume fractions, a diffusion profile can be made which shows how far 
both monomers diffused into each other. The resulting graph was fitted using Equations 2.40-
2.41 with the following boundary conditions: 
 
𝜑1(−∞, 𝑡) = 1 
𝜑1(∞, 𝑡) = 0 
𝜑1(𝑥, 0) = 1 for 𝑥 < 0                                                                                                                                       (4. 1) 
𝜑1(𝑥, 0) = 0 for 𝑥 > 0 

𝜑1(0,0) =
1

2
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Figure 11 Result of a scan over the horizontal distance of a sample. Only the peaks of interest are shown here. The 

monomers were allowed to diffuse into each other for a total of 20 seconds. 
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The fit is described by the following error function profile for 𝜑1(𝑥, 𝑡)37,48: 
 

𝜑1(𝑥, 𝑡) =
1

2
[1 + 𝑒𝑟𝑓 (

𝑥

2√𝐷𝑣𝑡
)]                                                                                                                     (4. 2) 

 
In this equation, x is regarded as the position x with respect to the position where both volume 
fractions are equal (i.e. 𝜑1 = 𝜑2 = 0.5). DV is the mutual diffusion coefficient as described by 
Equation 2.39 and t is the diffusion time. As stated in the theory of diffusion, a bulk flow is 
compensating excess diffusion of monomer to one side. This results in a symmetric diffusion 
profile with its center at x = 0.  
 
The curve-fitting toolbox of MATLAB 2016b was used to fit Equation 4.2 using the mutual 
diffusion coefficient DV as a fitting parameter. Figure 12 shows some of the data of the diffusion 
experiments. In here, the squares and circles represent the data points from the peaks of the 
Raman spectra and the solid line is the fitted Equation 4.2. Further results can be found in the 
Appendix. 

 
Figure 12: Raman confocal spectroscopy results of diffusion experiments. The squares and circles represent the 

data points and the lines are the fits using Equation 4.2. a) the monomers were allowed to diffuse for 20 seconds into 
each other and b) the monomers were allowed to diffuse for 300 seconds. 
 
Using these fits, the mutual diffusion coefficient DV was determined and are shown in Table 9. 
The Flory-Huggins theory was used to set up the model. In this theory, one of the key aspects 
is the shape of the molecule. This has to be rod-shaped or else the theory would not be valid 
anymore27. Using this assumption, Flory showed that the friction of a molecule is proportional 
to the length of said molecule. Flory also showed that the diffusion coefficient is inverse 
proportional to the friction27. Using this, an expression can be set up that correlates the diffusion 
coefficients of the monomers to their respective lengths in the following manner: 
 
𝐷1 =

𝜈2

𝜈1

𝐷2                                                                                                                                                             (4. 3) 

 
Substituting Equation 4.3 into Equation 2.39, it was then possible to determine the diffusion 
coefficients of each monomer at a volume fraction of 0.5. Because Equation 2.39 states that 
the diffusion coefficients are a function of the volume fraction, an average volume fraction of 0.5 
was used to determine each diffusion coefficient. The results of the calculations can be seen in 
Table 9. 
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Table 9: Mutual diffusion coefficient DV and diffusion coefficients D1 and D2 of monomer 1 and 2 respectively. DV 
is gotten from fitting of the above equation and this value is used to calculate the other diffusion coefficients. 

Time (s) DV ∙10-12 (m2/s) D1 ∙10-12 (m2/s) D2 ∙10-12 (m2/s) 
10 190.7 339.0 43.4 
20 23.2 41.2 5.1 
60 25.7 45.6 5.7 
120 21.4 38.1 4.8 
300 12.4 22.0 2.8 

 
Multiplying DV with time t and plotting this versus t was done to determine an average mutual 
diffusion coefficient DV. This plot can be seen in Figure 13. 
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Figure 13: DVt versus time. The data from 10 and 300 seconds were deemed outliers. The slope of the fit through 
20, 60 and 120 seconds gave an average DV which was used further. 
 
The data from 10 seconds was deemed an outlier. Immediately immobilizing the monomers 
after the desired diffusion time t was reached, is close to impossible. Thus in each sample, the 
monomers have some extra time to diffuse. What this time is, is hard to determine, but it could 
be substantial enough to influence the already short diffusion time of 10 seconds. Also the result 
from 300 seconds was deemed an outlier. Observing this particular set of samples showed 
some artefacts. At certain spots where the monomers initially touched, it seemed as if the PFDA 
was able to penetrate and branch out into the PFPE-DMA. The distance this occurred on was 
much larger (i.e. a few millimetres), compared to the measuring distance. It is not hard to 
imagine diffusion happening from these weird, branch-like artefacts coming from the PFDA side, 
to the PFPE-DMA side. If the laser used by the Raman comes near such an area, the 
composition would be different than the surrounding. This only occurred at 300 seconds and, 
albeit to a smaller degree, 120 seconds. 
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Table 11: Results of p-DSC of the pure monomers. Rp

max is taken to be the top of the peak. Maximum conversion 
is obtained by integration of the heat flow and dividing by the theoretical heats of polymerization. 

Monomer Maximum reaction 
rate Rpmax(s-1) 

Theoretical heat of 
polymerization (kJ/mol) 

Maximum conversion 

PFDA 0.068 84.6 1 
PFPE-DMA 0.039 68.2 0.7 

 
It has to be said that these results come from single measurements only. The reaction rates are 
heavily dependent on the amount of material inside the DSC pan, the concentration of photo-
initiator and the light intensity. Multiple DSC samples of the same mixture were made, but 
because the mixtures used, are liquid at room temperature, it was impossible to weigh them 
before the DSC measurements. The samples were weighed afterwards and thus the initial 
weight could only be estimated based on the final weight of the polymer. For a DSC 
measurement, good heat conduction is of great importance. More material inside a DSC pan, 
means more material that is polymerizing thus more heat is generated. This heat needs to travel 
through the material to the pan before it is detected. If there is too much material in the pan, the 
transfer of heat is inhibited and thus the results are not reliable. To be able to compare one 
monomer to the other, the samples need to weigh the same. If not, deviations occur and thus 
no reliable answer can be given.  
 
The reaction rates were determined using p-DSC and the values can now be used in the static 
model and also used in the dynamic model. 

4.4 Raman confocal spectroscopy 
Raman confocal spectroscopy was used to verify the model at different degrees of 
polymerization. The Raman spectra of the unpolymerized monomers are shown in Figure 15. 
Both monomers have a characteristic group in their structure that helps to distinguish one 
monomer from the other. For the mono-acrylate monomer (i.e. PFDA) the characteristic peak 
corresponds to the CF3 group that is only present in this molecule. This peak is shown at a 
wavenumber of 725  cm-1. In the case of the dimethacrylate crosslinker (i.e. PFPE-DMA, MD40), 
the group of interest is the vibration of the C-O-C bond. This group is only present in this 
monomer and thus can be easily used to identify if PFPE-DMA is present in the polymer. This 
group has its corresponding peak at 825 cm-1. The final peak of interest is the C=C bond in both 
monomers. Because the C=C bond is broken during polymerization to form bonds between the 
monomers, the peak corresponding to this bond can be used as an indicator for conversion. 
The C=C bond is located at 1638 cm-1 in the spectra of both monomers. In Figure 16, the 
Raman spectra of the polymerized monomers are shown. It is clearly shown that the C=C peak 
at 1638 cm-1 has disappeared in both spectra, indicating complete conversion of both 
monomers into polymer. 
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5 Conclusion and Discussion 

The aim of this study was to look into the photo-embossing mechanism of fluorinated 
(meth)acrylates. These materials are of interest in a plethora of different areas including 
antifouling for marine applications and medical applications. It has been shown that the 
antifouling properties can be improved when surface relief structures are used. These structures 
can be created with these materials using a modified photo-embossing technique. The issue 
with these materials is that it proved to be difficult to control the height of these materials.  
 
Determining the parameters that control the polymerization are of importance in controlling the 
height and shape of the surface features. To facilitate finding these parameters, a model was 
used. This model was based on work done by Leewis. A so-called static model, which does not 
take into account any time and place dependencies, was set up to confirm the results of the 
model of Leewis. A margin of error of 5% was proposed to take into account the differences of 
the software used by Leewis and the software used in this study. It has been shown that using 
the same parameters that Leewis used, the new model was able to replicate the results of 
Leewis. Although, taking a closer look at the input parameters used by Leewis, some 
discrepancies were found in the calculations. Taking these differences into account, the results 
of the new model were different compared to Leewis’ model. Multiple outcomes were deviating 
so much that they exceeded the installed 5% margin of error. This can have multiple reasons 
as to why this happened. It could be due to the rounding off of numbers in calculations or that 
Leewis set his model up differently than done in this study. The model seems to work fine, but 
determining which results are correct, is still up for discussion.  
 
The new, verified model was then used with the fluorinated monomers of this study. The 
monomer parameters (i.e. functionality fi, size νi and reactivity Ri) of these monomers are 
implemented and the calculations were done. It seemed that the static model in its current state 
is not able to accurately represent this system using these fluorinated monomers. The volume 
difference in the illuminated area went down, while literature showed it should go up. The model 
was able to predict which monomer diffuses to where. Kommeren et al. already showed that 
the mono-acrylate diffuses to the light while the long, dimethacrylate diffuses to the dark areas. 
This is consistent with what the model predicts. Advised is to revisit theory and the assumptions 
that are made in the theory. This could help in refining the static model in such a way that it is 
able to roughly predict volume differences. 
 
Previously, the static model did not take into account the time and place dependencies of the 
system. This model can thus be further modified to incorporate these dependencies. This so-
called dynamic model, needs further input parameters to function. These parameters include 
diffusion coefficients, reaction rates and surface tensions. In this study, a novel way of 
determining the diffusion coefficients was proposed. Using Raman confocal spectroscopy, it 
was shown that the diffusion coefficient of the PFDA is around 4.04∙10-11 m2/s and the diffusion 
coefficient of PFPE-DMA was determined to be 0.5∙10-11 m2/s. These values are to be expected 
because of the size of each monomer and their viscosities. Raman confocal spectroscopy 
proved to be a suitable technique to measure diffusion coefficients. However, it would be 
advised to do a more systematic study on a larger scale. Due to time restrictions, a small-scale 
systematic study, using 5 different diffusion times, was done. 
 
Furthermore, the reaction rates were determined using photo-differential scanning calorimetry. 
The reaction rate of PFDA was determined to be 0.068 s-1 and of PFPE-DMA was 0.039 s-1. 
These values are similar to those reported by Leewis. The way the measurements were done, 



 Technische Universiteit Eindhoven University of Technology 
 

42 Unravelling the Photo-embossing Mechanism of Fluorinated (meth)Acrylates 
 

do raises some questions. It proved to be difficult to accurately weigh the samples before 
measuring. This is of importance as the mass of the samples influences the measurements due 
to limited heat transfer of the sample to the DSC. Repeating these measurements would be 
advised to accurately determine the reaction rates. 
 
Raman confocal spectroscopy was done to investigate the monomers used in this study. The 
important peaks were determined at 725 cm-1 for the PFDA, 825 cm-1 for the PFPE-DMA and 
at 1638   cm-1 for the C=C bond in the (meth)acrylates. The peak height of the C=C peak is an 
indication of the degree of polymerization. It has been shown that it takes a while before 
polymerization starts and that this inhibition time is photo-initiator concentration dependent. 
Increasing the concentration by 15.6% yields an inhibition time decrease of about 90 seconds. 
Another goal of using Raman confocal spectroscopy was to verify the model at different degrees 
of conversion. However, it proved difficult to replicate results regarding conversion. However, it 
is possible to verify the before and after situation using this technique. 
 
Validation of the model with experimentally generated surface relief structures is also important 
to ensure the model is capable of predicting the shape and size of these structures. Also, the 
resulting surface relief structures verified the results of the conversion graph. The structures 
that were made, were examined using white light interferometry. The results verified the 
conversion graph by having no structures when illuminating for 120s, while structures of up to 
1.8 µm (using a pitch of 20 µm) were made when illuminated for 300s. This could indicate some 
control on the height, but because the results obtained from Raman spectroscopy showed that 
recreating results proved difficult, the choice was made to only look at full conversion both using 
the model and the experimental work. This is also done to be able to compare both model and 
experimental data with more accuracy. 
 
A recommendation and outlook would be revisiting the theory on the modelling part to improve 
on the static model and to create a dynamic model. A design was made in this study, but due 
to lack of time, the dynamic model was not capable of describing and predicting surface relief 
structures. The model can be found in the Appendix. Furthermore, more experimental data on 
diffusion, reaction rates and surface tensions need to be gathered.  



 Technische Universiteit Eindhoven University of Technology 
 

43 Unravelling the Photo-embossing Mechanism of Fluorinated (meth)Acrylates 
 

6 Acknowledgements 

I would like to thank Sander for his daily supervision and guidance during my project. His 
continuous support and belief in the project, made me able to continue and persevere during 
the rough times. I would also like to thank dr. Bastiaansen and prof. Schenning for the 
opportunity they gave me to do my Master thesis in the SFD group. Also for their questions and 
ideas regarding different aspects of the project. Dr. de Jong of the Physics department for his 
involvement in modelling and prof. Sijbesma for taking place in my graduation committee. 
Furthermore, all members of the SFD group for their contribution and insights during my stay 
here. A special mention to my good friend Tom Leenen for his extensive help during modelling 
and his insights on writing of the script used. 
  



 Technische Universiteit Eindhoven University of Technology 
 

44 Unravelling the Photo-embossing Mechanism of Fluorinated (meth)Acrylates 
 

 



 Technische Universiteit Eindhoven University of Technology 
 

45 Unravelling the Photo-embossing Mechanism of Fluorinated (meth)Acrylates 
 

7 References 

1. Yebra, D. M., Kiil, S. & Dam-Johansen, K. Antifouling technology—past, present and 
future steps towards efficient and environmentally friendly antifouling coatings. Prog. 
Org. Coatings 50, 75–104 (2004). 

2. Dafforn, K. a., Lewis, J. a. & Johnston, E. L. Antifouling strategies: History and 
regulation, ecological impacts and mitigation. Mar. Pollut. Bull. 62, 453–465 (2011). 

3. Turner, A. Marine pollution from antifouling paint particles. Mar. Pollut. Bull. 60, 159–
171 (2010). 

4. Krishnan, S., Weinman, C. J. & Ober, C. K. Advances in polymers for anti-biofouling 
surfaces. J. Mater. Chem. 18, 3405 (2008). 

5. Berntsson, K. & Jonsson, P. Analysis of behavioural rejection of micro-textured 
surfaces and implications for recruitment by the barnacle Balanus improvisus. J. Exp. 
… 251, 59–83 (2000). 

6. Brzozowska, A. & Parra-Velandia, F. Biomimicking micropatterned surfaces and their 
effect on marine biofouling. Langmuir (2014). at 
<http://pubs.acs.org/doi/abs/10.1021/la502006s> 

7. Callow, M., Jennings, A. & Brennan, A. Microtopographic cues for settlement of 
zoospores of the green fouling alga Enteromorpha. Biofouling 18, 237–245 (2002). 

8. Vucko, M., Poole, A., Carl, C. & Sexton, B. Using textured PDMS to prevent settlement 
and enhance release of marine fouling organisms. Biofouling 30, 1–16 (2014). 

9. Schumacher, J., Carman, M. & Estes, T. Engineered antifouling microtopographies–
effect of feature size, geometry, and roughness on settlement of zoospores of the 
green alga Ulva. Biofouling 23, 55–62 (2007). 

10. Myan, F., Walker, J. & Paramor, O. The interaction of marine fouling organisms with 
topography of varied scale and geometry: a review. Biointerphases 8, 30 (2013). 

11. Brady Jr., R. F. Clean Hulls Without Poisons: Devising and Testing Nontoxic Marine 
Coatings. J. Coatings Technol. (2000). at <http://www.highbeam.com/doc/1G1-
59245245.html> 

12. Jiang, S. & Cao, Z. Ultralow-Fouling, Functionalizable, and Hydrolyzable Zwitterionic 
Materials and Their Derivatives for Biological Applications. Adv. Mater. 22, 920–932 
(2010). 

13. Yao, X., Dunn, S. & Kim, P. Fluorogel Elastomers with Tunable Transparency, 
Elasticity, Shape‐Memory, and Antifouling Properties. Angew. Chemie … 53, 4418–22 
(2014). 

14. Graham, M. & Cady, N. Nano and Microscale Topographies for the Prevention of 
Bacterial Surface Fouling. Coatings 4, 37–59 (2014). 

15. Kommeren, S., Sullivan, T. & Bastiaansen, C. W. M. Tunable surface topography in 
fluoropolymers using. RSC Adv. 6, 69117–69123 (2016). 

16. Leewis, C. M., De Jong, A. M., Van Ijzendoorn, L. J. & Broer, D. J. Simulations with a 
dynamic reaction-diffusion model of the polymer grating preparation by patterned 
ultraviolet illumination. J. Appl. Phys. 95, 8352–8356 (2004). 

17. Leewis, C. M. Formation of Mesoscopic Polymer Structures for Optical Devices : a 
Nuclear Microprobe Study. (2003). 

18. Leewis, C. M., De Jong, A. M., Van IJzendoorn, L. J. & Broer, D. J. Reaction-diffusion 
model for the preparation of polymer gratings by patterned ultraviolet illumination. J. 
Appl. Phys. 95, 4125–4139 (2004). 

19. Adams, N. et al. High-throughput screening and optimization of photoembossed relief 
structures. J. Comb. Chem. 8, 184–191 (2006). 

20. Hermans, K. et al. High aspect ratio surface relief structures by photoembossing. Appl. 
Phys. Lett. 91, 1–4 (2007). 

21. Hermans, K. et al. Highly efficient surface relief formation via photoembossing of a 
supramolecular polymer. Macromol. Chem. Phys. 209, 2094–2099 (2008). 

 



 Technische Universiteit Eindhoven University of Technology 
 

46 Unravelling the Photo-embossing Mechanism of Fluorinated (meth)Acrylates 
 

22. Hughes-Brittain, N. F., Picot, O. T., Dai, M., Peijs, T. & Bastiaansen, C. W. M. Effect of 
polymer binder on surface texturing by photoembossing. Appl. Surf. Sci. 258, 8609–
8612 (2012). 

23. Hughes‐Brittain, N. & Qiu, L. Photoembossing of surface relief structures in polymer 
films for biomedical applications. … Res. Part B … 102, 214–20 (2014). 

24. Perelaer, J., Hermans, K., Bastiaansen, C. W. M., Broer, D. J. & Schubert, U. Photo-
embossed Surface Relief Structures with an Increased Aspect Ratio by Addition of 
Kinetic Interfering Compounds. J. Photopolym. Sci. Technol. 667–670 (2009). 
doi:10.2494/photopolymer.22.667 

25. Sánchez, C. & Gans, B. de. Photoembossing of Periodic Relief Structures Using 
Polymerization‐Induced Diffusion: A Combinatorial Study. Adv. … 17, 2567–2571 
(2005). 

26. Wong, T.-S. et al. Bioinspired self-repairing slippery surfaces with pressure-stable 
omniphobicity. Nature 477, 443–7 (2011). 

27. Flory, P. J. Principles of Polymer Chemistry. Principles of polymer chemistry (1953). 
doi:10.1021/ja01639a090 

28. Nolte, C. F. van N., Nolte, R. J. M., Broer, D. J., Fuhrman, T. & Wendorff, J. H. 
Photoinduced Opposite Diffusion of Nematic and Isotropic Monomers during Patterned 
Photopolymerization. Chem. Mater. 10, 135–145 (1998). 

29. Karpov, G. M., Obukhovsky, V. V., Smirnova, T. N. & Lemeshko, V. V. Spatial transfer 
of matter as a method of holographic recording in photoformers. Opt. Commun. 174, 
391–404 (2000). 

30. Hill, T. L. An Introduction to Statistical Thermodynamics. (1960). 
31. Thomas, N. L. & Windle, A. H. Diffusion mechanics of the system PMMA-methanol. 

Polymer (Guildf). 22, 627–639 (1981). 
32. Adamson, A. W. & Gast, A. P. (Alice P. Physical chemistry of surfaces. (Wiley, 1997). 
33. Atkins, P. W. (Peter W. & De Paula, J. Physical chemistry. (W.H. Freeman and Co, 

2010). 
34. Wopschall, R. H. & Pampalone, T. R. Dry Photopolymer Film for Recording 

Holograms. at <https://www.osapublishing.org/DirectPDFAccess/ECA7A0F3-9477-
13FB-0DF811822C8B3151_17336/ao-11-9-
2096.pdf?da=1&id=17336&seq=0&mobile=no> 

35. Colvin, V. L., Larson, R. G., Harris, A. L. & Schilling, M. L. Quantitative model of 
volume hologram formation in photopolymers. 
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcent
er/pdfcover_test/L-37/949446391/x01/AIP-
PT/JAP_ArticleDL_050317/PTBG_instrument_1640x440.jpg/434f71374e315a556e614
14141774c75?x (1998). doi:10.1063/1.364378 

36. Xia, J. & Wang, C. Holographic Grating Relaxation Studies of Probe Diffusion in 
Amorphous Polymers. J. Polym. Sci. Part B Polym. Phys. 33, 899–908 (1995). 

37. Crank, J. The mathematics of diffusion. Oxford Univ. Press 414 (1975). 
doi:10.1016/0306-4549(77)90072-X 

38. Freund, L. B. Evolution of waviness on the surface of a strained elastic solid due to 
stress-driven diffusion. Int. J. Solids Struct. 32, 911–923 (1995). 

39. Walker, P. M. B. Chambers Science and Technology Dictionary. (1988). 
40. Kamat, P. Spectroscopy Facilities || The Prashant Kamat lab at the University of Notre 

Dame. at <http://www3.nd.edu/~kamatlab/facilities_spectroscopy.html#Pos7> 
41. Tutorial, P. Advancing Measurements by Light Basics of White-Light Interferometry. at 

<http://www.polytec.com/fileadmin/user_uploads/Solutions/Surface_Profiling/Documen
ts/OM_AN_IF0207_E_Basics_WLI.pdf> 

42. Zhang, G. Z., Du, S. H., Wang, J. & Wang, X. C. DIFFERENTIAL SCANNING 
CALORIMETRIC STUDY ON FREE- RADICAL POLYMERIZATION OF gem -
DINITROALKYL ACRYLATES AND METHACRYLATE. 95, 433–436 (2009). 

43. Kardar, P., Ebrahimi, M. & Bastani, S. Influence of temperature and light intensity on 
the photocuring process and kinetics parameters of a pigmented UV curable system. J. 
Therm. Anal. Calorim. 118, 541–549 (2014). 



 Technische Universiteit Eindhoven University of Technology 
 

47 Unravelling the Photo-embossing Mechanism of Fluorinated (meth)Acrylates 
 

44. Flammersheim, H. J., Eckardt, N. & Kunze, W. The deconvolution of DSC-curves in 
the experimental time domain. Thermochim. Acta 187, 269–274 (1991). 

45. Sánchez, C. et al. &lt;title&gt;Polymerization-induced diffusion as a tool to generate 
periodic relief structures: a combinatorial study&lt;/title&gt; Integr. {…} 6136, 61360H–
61360H–12 (2006). 

46. Picot, O. T. et al. Manufacturing of surface relief structures in moving substrates using 
photoembossing and pulsed-interference holography. Macromol. Mater. Eng. 298, 33–
37 (2013). 

47. Hughes-Brittain, N. F., Qiu, L., Wang, W., Peijs, T. & Bastiaansen, C. W. M. 
Photoembossing of surface relief structures in polymer films for biomedical 
applications. J. Biomed. Mater. Res. - Part B Appl. Biomater. 102, 214–220 (2014). 

48. Stokes, R. H. Diffusion in binary liquid mixtures. 890–895 (1952). 
49. Roberts, D. E. Heats of Polymerization. A Summary of Published Values and Their 

Relation to Structure. at 
<http://nvlpubs.nist.gov/nistpubs/jres/44/jresv44n3p221_A1b.pdf> 

 
  



 Technische Universiteit Eindhoven University of Technology 
 

48 Unravelling the Photo-embossing Mechanism of Fluorinated (meth)Acrylates 
 

 



 Technische Universiteit Eindhoven University of Technology 
 

49 Unravelling the Photo-embossing Mechanism of Fluorinated (meth)Acrylates 
 

8 Appendix 

8.1 MATLAB script 

8.1.1 Static model script 

clear all; clc; close all; 

  
%FILL THIS IN 

  
nu1=8; 
nu2=1; 
nup=inf; 

  
f1=1; 
f2=0; 

  
Con=0.15; %conversion 

  
R1=1; 
R2=1.7; 
%ratio between each other; NOT actual reaction rates 

  
phi1_dark=0.5; 
phi2_dark=0.5; 

  
V_illum=1; 
V_initial=1; 

  
%END OF FILLING IN 
R_tot=R1+R2; 

  
phi1_illum=0.5-R1*Con/R_tot; 
phi2_illum=0.5-R2*Con/R_tot; 

  
phip1_illum=R1*Con/R_tot; 
phip2_illum=R2*Con/R_tot; 

  
phip_illum=phip1_illum+phip2_illum; 

  
phip_star=phip_illum*V_illum/V_initial; 

  
neNp=1/phip_illum*(f1*phip1_illum/nu1+f2*phip2_illum/nu2)*(-log(1-

phip_star)-phip_star)/(1/phip_star-0.5*phip_star); 

  
mu1_illum=(log(phi1_illum)+1-phi1_illum-nu1/nu2*phi2_illum-

nu1/nup*phip_illum+nu1*neNp*(1/phip_illum-0.5*phip_illum)); 
mu2_illum=(log(phi2_illum)+1-phi2_illum-nu2/nu1*phi1_illum-

nu2/nup*phip_illum+nu2*neNp*(1/phip_illum-0.5*phip_illum)); 

  
mu1_dark=(log(phi1_dark)+1-phi1_dark-nu1/nu2*phi2_dark); 
mu2_dark=(log(phi2_dark)+1-phi2_dark-nu2/nu1*phi1_dark); 
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global mu 
mu=zeros(2,1); 
mu(1)=(mu1_illum+mu1_dark)/2; 
mu(2)=(mu2_illum+mu2_dark)/2; 

  
global phip_star1 
phip_star1=zeros(1,1); 
phip_star1=phip_star; 

  
x0=ones(7,1)*0.1; 
fun=@static_model_solver; 
opt=optimoptions('fsolve','Algorithm','trust-region'); 
opt.MaxFunEvals=2000; 
opt.MaxIter=500; 
opt.TolFun=1e-10; 
opt.StepTolerance=1e-10; 
opt.FunctionTolerance=1e-8; 

  
a=fsolve(fun,x0,opt) 

  
V_illum1=phip_star/a(3)*V_initial 
V_dark1=2-V_illum1 

8.1.2 Solver 

function F=static_model_solver(x) 
global mu 
global phip_star1 

  
%FILL THIS IN 

  
nu1=8; 
nu2=1; 
nup=inf; 

  
f1=1; 
f2=0; 

  
phip_star2=phip_star1; 
phi1_illum=0.5; 
phi2_illum=0.5; 

  
R1=1; 
R2=1.7; 

  
%END OF FILLING IN 

  
mu_avg1=mu(1); 
mu_avg2=mu(2); 

  
C=R1*phi1_illum/(R2*phi2_illum); 

  
    F=[ (log(x(1))+1-x(1)-nu1/nu2*x(2)-

nu1/nup*x(3)+nu1*1/x(3)*(f1*x(6)/nu1+f2*x(7)/nu2)*(-log(1-
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phip_star2)-phip_star2)/(1/phip_star2-0.5*phip_star2)*(1/x(3)-

0.5*x(3))-mu_avg1); 
        (log(x(2))+1-x(2)-nu2/nu1*x(1)-

nu2/nup*x(3)+nu2*1/x(3)*(f1*x(6)/nu1+f2*x(7)/nu2)*(-log(1-

phip_star2)-phip_star2)/(1/phip_star2-0.5*phip_star2)*(1/x(3)-

0.5*x(3))-mu_avg2); 
        (log(x(4))+1-x(4)-nu1/nu2*x(5)-mu_avg1); 
        (log(x(5))+1-x(5)-nu2/nu1*x(4)-mu_avg2); 
        x(1)+x(2)+x(3)-1; 
        x(4)+x(5)-1; 
        x(3)-x(6)-x(7); 
        x(7)-x(6)/C;]; 

8.1.3 Dynamic model 

clear all; clc; close all;  

  
%Distance 
lambda=200e-6; 
L=20; 
dx=lambda/L; 
dy=1; 

  
% Time loop 
t_end=150; 
dt=5e-3; 

  
% Allocation 
Vm1=zeros(L,1); 
Vm2=zeros(L,1); 
Vp1=zeros(L,1); 
Vp2=zeros(L,1); 
V_initial=zeros(L,1); 
V_total=zeros(L,1); 

  
h=zeros(L,1); 
h(:,1)=29e-6; 
V_initial=h.*dx*dy; 

  
% Step 1 
Vm1_1=zeros(L,1); 
Vm2_1=zeros(L,1); 
Vp1_1=zeros(L,1); 
Vp2_1=zeros(L,1); 

  
% Step 2 
phi1_2=zeros(L,1); 
phi2_2=zeros(L,1); 
phip1_2=zeros(L,1); 
phip2_2=zeros(L,1); 
phip_star=zeros(L,1); 
phip_2=zeros(L,1); 
V_total_2=zeros(L,1); 
phi1_2(:,1)=0.50; 
phi2_2(:,1)=0.50;  
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%Step 3 
ne=zeros(L,1); 

  
mu1=zeros(L,1); 
mu2=zeros(L,1); 
mus=zeros(L,1); 

  
%Step 4 
Dif1=zeros(L,1); 
Dif2=zeros(L,1); 
Ds=zeros(L,1); 

  
%Step 5 
Vm1_5=zeros(L,1); 
Vm2_5=zeros(L,1); 

  
%Step 6 
V_total_6=zeros(L,1); 
h_6=zeros(L,1); 

  
%Step 7 
Vm1_7=zeros(L,1); 
Vm2_7=zeros(L,1); 
V_total_7=zeros(L,1); 

  
phip1_7=zeros(L,1); 
phip2_7=zeros(L,1); 
phi1_7=zeros(L,1); 
phi2_7=zeros(L,1); 
phip_7=zeros(L,1); 

  
% Initialization of VM1 and VM2 
Vm1=phi1_2.*V_initial; 
Vm2=phi2_2.*V_initial; 

  
% Constants 
R1=1.6e-2; R2=2.0e-2; 

  
nu1=3; nu2=3; 
f1=1; f2=1; 

  
D1=1.5e-10; D2=1.5e-10; Ds_ini=-1.5e-8; 

  
M1=134.56; M2=444.33; K1=0.21; K2=0;  
gamma=0.035; nu_seg=134e-6; T=298; k=1.3806e-23; 

  
% Create animation 
x=linspace(0,lambda/1e-6,L); 
hLine1 = plot(nan,nan);    
hold on 
hLine2=plot(nan,nan); 
hold on 
hLine3=plot(nan,nan); 
hold on 
hLine4=plot(nan,nan); 
hold on 
hLine5=plot(nan,nan); 
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hold on 
hLine6=plot(nan,nan); 
legend('Vm1_7','Vm2_7','Vp1_1','Vp2_1','V_total_7','V_initial') 
axis([0 inf 0 3.5e-10]); 
xlabel('Position \mu m') 
ylabel('Volume') 
Time=0; 

  
for t=1:(t_end/dt) 

         
    for i=1:L 
        %Step 1 
        Vm01=Vm1; Vm02=Vm2; Vp01=Vp1; Vp02=Vp2;       
        if i>5 && i<16 
            Vm1_1(i,1)=Vm01(i,1)-R1*Vm01(i,1)*dt;  
            Vm2_1(i,1)=Vm02(i,1)-R2*Vm02(i,1)*dt;  
            Vp1_1(i,1)=Vp01(i,1)+R1*Vm01(i,1)*dt; 
            Vp2_1(i,1)=Vp02(i,1)+R2*Vm02(i,1)*dt; 
        else 
            Vm1_1(i,1)=Vm01(i,1); 
            Vm2_1(i,1)=Vm02(i,1); 
            Vp1_1(i,1)=Vp01(i,1); 
            Vp2_1(i,1)=Vp02(i,1); 
        end 
    end 

     
    for i=1:L 
        %Step 2 
        V_total_2(i,1)=Vm1_1(i,1)+Vm2_1(i,1)+Vp1_1(i,1)+Vp2_1(i,1); 
        phip1_2(i,1)=Vp1_1(i,1)/(V_total_2(i,1)); 
        phip2_2(i,1)=Vp2_1(i,1)/(V_total_2(i,1)); 
        phi1_2(i,1)=Vm1_1(i,1)/(V_total_2(i,1)); 
        phi2_2(i,1)=Vm2_1(i,1)/(V_total_2(i,1)); 
        

phip_star(i,1)=(phip1_2(i,1)+phip2_2(i,1))*V_total_2(i,1)/V_initial(i

,1); 
        phip_2(i,1)=phip1_2(i,1)+phip2_2(i,1);        

             
        if phip_star(i,1)~=0 
            

ne(i,1)=(V_total_2(i,1)/nu_seg)*(((f1*phip1_2(i,1))/nu1)+(f2*phip2_2(

i,1))/nu2)*((-log(1-phip_star(i,1))-

phip_star(i,1))/(((1/phip_star(i,1))-0.5*phip_star(i,1)))); 
        else 
            ne(i,1)=inf; 
        end 

      
        %Step 3 Chemical potentials 
        if i>5 && i<16 
            mu1(i,1)=k*T*(log(phi1_2(i,1))+1-phi1_2(i,1)-

nu1/nu2*phi2_2(i,1)+nu1*ne(i,1)*nu_seg/(V_total_2(i,1)*phip_2(i,1))*(

1/phip_2(i,1)-0.5*phip_2(i,1)));  
            mu2(i,1)=k*T*(log(phi2_2(i,1))+1-phi2_2(i,1)-

nu2/nu1*phi1_2(i,1)+nu2*ne(i,1)*nu_seg/(V_total_2(i,1)*phip_2(i,1))*(

1/phip_2(i,1)-0.5*phip_2(i,1))); 
        else 
            mu1(i,1)=k*T*(log(phi1_2(i,1))+1-phi1_2(i,1)-

nu1/nu2*phi2_2(i,1)); 
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            mu2(i,1)=k*T*(log(phi2_2(i,1))+1-phi2_2(i,1)-

nu2/nu1*phi1_2(i,1)); 
        end 
            mu1(isinf(mu1))=0; 
            mu2(isinf(mu2))=0; 

         
        %Step 4 Diffusion coefficients 
        Dif1(i,1)=D1*exp(-1/(K1*(1+K2)))*exp(1/(K1*(1/(1-

phip_2(i,1))+K2))); 
        Dif2(i,1)=D2*exp(-1/(K1*(1+K2)))*exp(1/(K1*(1/(1-

phip_2(i,1))+K2))); 
        Ds(i,1)=Ds_ini*exp(-1/(K1*(1+K2)))*exp(1/(K1*(1/(1-

phip_2(i,1))+K2))); 
    end 

     
    %Step 5 Diffusion process 
    Vm01=Vm1; Vm02=Vm2; Vp01=Vp1; Vp02=Vp2;    
    for i=1:L 
        if i>5 && i<16 
            

Vm1_5(i,1)=Vm1_1(i,1)+dt*(Dif1(i,1)*Vm1_1(i,1)/(k*T*(dx^2))*(mu1(i-

1,1)-2*mu1(i,1)+mu1(i+1,1))+0.5*Dif1(i-1,1)*Vm1_1(i-

1,1)/(k*T*dx)*(mu1(i-1,1)-

mu1(i,1))+0.5*Dif1(i+1,1)*Vm1_1(i+1,1)/(k*T*dx)*(mu1(i+1,1)-

mu1(i,1))); 
            

Vm2_5(i,1)=Vm2_1(i,1)+dt*(Dif2(i,1)*Vm2_1(i,1)/(k*T*(dx^2))*(mu2(i-

1,1)-2*mu2(i,1)+mu2(i+1,1))+0.5*Dif2(i-1,1)*Vm2_1(i-

1,1)/(k*T*dx)*(mu2(i-1,1)-

mu2(i,1))+0.5*Dif2(i+1,1)*Vm2_1(i+1,1)/(k*T*dx)*(mu2(i+1,1)-

mu2(i,1))); 
        elseif i>1 && i<6 || i>15 && i<L      
            

Vm1_5(i,1)=Vm1_1(i,1)+dt*(Dif1(i,1)*Vm1_1(i,1)/(k*T*(dx^2))*(mu1(i-

1,1)-2*mu1(i,1)+mu1(i+1,1))+0.5*Dif1(i-1,1)*Vm1_1(i-

1,1)/(k*T*dx)*(mu1(i-1,1)-

mu1(i,1))+0.5*Dif1(i+1,1)*Vm1_1(i+1,1)/(k*T*dx)*(mu1(i+1,1)-

mu1(i,1))); 
            

Vm2_5(i,1)=Vm2_1(i,1)+dt*(Dif2(i,1)*Vm2_1(i,1)/(k*T*(dx^2))*(mu2(i-

1,1)-2*mu2(i,1)+mu2(i+1,1))+0.5*Dif2(i-1,1)*Vm2_1(i-

1,1)/(k*T*dx)*(mu2(i-1,1)-

mu2(i,1))+0.5*Dif2(i+1,1)*Vm2_1(i+1,1)/(k*T*dx)*(mu2(i+1,1)-

mu2(i,1))); 
        elseif i==1 
            

Vm1_5(i,1)=Vm1_1(i,1)+dt*(Dif1(i,1)*Vm1_1(i,1)/(k*T*(dx^2))*(mu1(L,1)

-2*mu1(i,1)+mu1(i+1,1))+0.5*Dif1(L,1)*Vm1_1(L,1)/(k*T*dx)*(mu1(L,1)-

mu1(i,1))+0.5*Dif1(i,1)*Vm1_1(i+1,1)/(k*T*dx)*(mu1(i+1,1)-mu1(i,1))); 
            

Vm2_5(i,1)=Vm2_1(i,1)+dt*(Dif2(i,1)*Vm2_1(i,1)/(k*T*(dx^2))*(mu2(L,1)

-2*mu2(i,1)+mu2(i+1,1))+0.5*Dif2(L,1)*Vm2_1(L,1)/(k*T*dx)*(mu2(L,1)-

mu2(i,1))+0.5*Dif2(i,1)*Vm2_1(i+1,1)/(k*T*dx)*(mu2(i+1,1)-mu2(i,1))); 
        elseif i==L 
            

Vm1_5(i,1)=Vm1_1(i,1)+dt*(Dif1(i,1)*Vm1_1(i,1)/(k*T*(dx^2))*(mu1(i-

1,1)-2*mu1(i,1)+mu1(1,1))+0.5*Dif1(i-1,1)*Vm1_1(i-

1,1)/(k*T*dx)*(mu1(i-1,1)-

mu1(i,1))+0.5*Dif1(1,1)*Vm1_1(1,1)/(k*T*dx)*(mu1(1,1)-mu1(i,1))); 
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Vm2_5(i,1)=Vm2_1(i,1)+dt*(Dif2(i,1)*Vm2_1(i,1)/(k*T*(dx^2))*(mu2(i-

1,1)-2*mu2(i,1)+mu2(1,1))+0.5*Dif2(i-1,1)*Vm2_1(i-

1,1)/(k*T*dx)*(mu2(i-1,1)-

mu2(i,1))+0.5*Dif2(1,1)*Vm2_1(1,1)/(k*T*dx)*(mu2(1,1)-mu2(i,1))); 
        end 
    end 

  
    %Step 6 surface chemical potential 
    for i=1:L 
         V_total_6(i,1)=Vm1_5(i,1)+Vm2_5(i,1)+Vp1_1(i,1)+Vp2_1(i,1); 
         h_6(i,1)=V_total_6(i,1)/dx; 
    end 
    for i=1:L 
         if i>1 && i<L 
            mus(i,1)=-k*T*gamma*nu_seg*((1/(dx^2)*(h_6(i-1,1)-

2*h_6(i,1)+h_6(i+1,1)))/((1+(1/dx*(h_6(i+1,1)-h_6(i-

1,1)))^2)^(3/2))); 
         elseif i==1 
            mus(i,1)=-k*T*gamma*nu_seg*((1/(dx^2)*(h_6(L,1)-

2*h_6(i,1)+h_6(i+1,1)))/((1+(1/dx*(h_6(i+1,1)-h_6(L,1)))^2)^(3/2))); 
         elseif i==L 
            mus(i,1)=-k*T*gamma*nu_seg*((1/(dx^2)*(h_6(i-1,1)-

2*h_6(i,1)+h_6(1,1)))/((1+(1/dx*(h_6(1,1)-h_6(i-1,1)))^2)^(3/2))); 
         end 
    end 

      
%     Step 7 Overal diffusion process due to surface chemical 

potential 
    Vm01=Vm1; Vm02=Vm2; Vp01=Vp1; Vp02=Vp2;   
    for i=1:L 
        if i>5 && i<16 
            

Vm1_7(i,1)=Vm1_5(i,1)+dt*(Ds(i,1)*Vm1_5(i,1)/(k*T*(dx^2))*(mus(i-

1,1)-2*mus(i,1)+mus(i+1,1))+0.5*Ds(i-1,1)*Vm1_5(i-

1,1)/(k*T*dx)*(mus(i-1,1)-

mus(i,1))+0.5*Ds(i+1,1)*Vm1_5(i+1,1)/(k*T*dx)*(mus(i+1,1)-mus(i,1))); 
            

Vm2_7(i,1)=Vm2_5(i,1)+dt*(Ds(i,1)*Vm2_5(i,1)/(k*T*(dx^2))*(mus(i-

1,1)-2*mus(i,1)+mus(i+1,1))+0.5*Ds(i-1,1)*Vm2_5(i-

1,1)/(k*T*dx)*(mus(i-1,1)-

mus(i,1))+0.5*Ds(i+1,1)*Vm2_5(i+1,1)/(k*T*dx)*(mus(i+1,1)-mus(i,1))); 
        elseif i>1 && i<6 || i>15 && i<L  
            

Vm1_7(i,1)=Vm1_5(i,1)+dt*(Ds(i,1)*Vm1_5(i,1)/(k*T*(dx^2))*(mus(i-

1,1)-2*mus(i,1)+mus(i+1,1))+0.5*Ds(i-1,1)*Vm1_5(i-

1,1)/(k*T*dx)*(mus(i-1,1)-

mus(i,1))+0.5*Ds(i+1,1)*Vm1_5(i+1,1)/(k*T*dx)*(mus(i+1,1)-mus(i,1))); 
            

Vm2_7(i,1)=Vm2_5(i,1)+dt*(Ds(i,1)*Vm2_5(i,1)/(k*T*(dx^2))*(mus(i-

1,1)-2*mus(i,1)+mus(i+1,1))+0.5*Ds(i-1,1)*Vm2_5(i-

1,1)/(k*T*dx)*(mus(i-1,1)-

mus(i,1))+0.5*Ds(i+1,1)*Vm2_5(i+1,1)/(k*T*dx)*(mus(i+1,1)-mus(i,1))); 
        elseif i==1 
            

Vm1_7(i,1)=Vm1_5(i,1)+dt*(Ds(i,1)*Vm1_5(i,1)/(k*T*(dx^2))*(mus(L,1)-

2*mus(i,1)+mus(i+1,1))+0.5*Ds(L,1)*Vm1_5(L,1)/(k*T*dx)*(mus(L,1)-

mus(i,1))+0.5*Ds(i+1,1)*Vm1_5(i+1,1)/(k*T*dx)*(mus(i+1,1)-mus(i,1))); 
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Vm2_7(i,1)=Vm2_5(i,1)+dt*(Ds(i,1)*Vm2_5(i,1)/(k*T*(dx^2))*(mus(L,1)-

2*mus(i,1)+mus(i+1,1))+0.5*Ds(L,1)*Vm2_5(L,1)/(k*T*dx)*(mus(L,1)-

mus(i,1))+0.5*Ds(i+1,1)*Vm2_5(i+1,1)/(k*T*dx)*(mus(i+1,1)-mus(i,1))); 
        elseif i==L 
            

Vm1_7(i,1)=Vm1_5(i,1)+dt*(Ds(i,1)*Vm1_5(i,1)/(k*T*(dx^2))*(mus(i-

1,1)-2*mus(i,1)+mus(1,1))+0.5*Ds(i-1,1)*Vm1_5(i-1,1)/(k*T*dx)*(mus(i-

1,1)-mus(i,1))+0.5*Ds(1,1)*Vm1_5(1,1)/(k*T*dx)*(mus(1,1)-mus(i,1))); 
            

Vm2_7(i,1)=Vm2_5(i,1)+dt*(Ds(i,1)*Vm2_5(i,1)/(k*T*(dx^2))*(mus(i-

1,1)-2*mus(i,1)+mus(1,1))+0.5*Ds(i-1,1)*Vm2_5(i-1,1)/(k*T*dx)*(mus(i-

1,1)-mus(i,1))+0.5*Ds(1,1)*Vm2_5(1,1)/(k*T*dx)*(mus(1,1)-mus(i,1))); 
        end 
    end 

     
    for i=1:L 
        V_total_7(i,1)=Vm1_7(i,1)+Vm2_7(i,1)+Vp1_1(i,1)+Vp2_1(i,1); 
        phip1_7(i,1)=Vp1_1(i,1)/(V_total_7(i,1)); 
        phip2_7(i,1)=Vp2_1(i,1)/(V_total_7(i,1)); 
        phi1_7(i,1)=Vm1_7(i,1)/(V_total_7(i,1)); 
        phi2_7(i,1)=Vm2_7(i,1)/(V_total_7(i,1)); 
        phip_7(i,1)=phip1_7(i,1)+phip2_7(i,1); 
        Vm1=Vm1_7; 
        Vm2=Vm2_7; 
        Vp1=Vp1_1; 
        Vp2=Vp2_1; 
        h_7(i,1)=V_total_7(i,1)/dx; 
    end 

        
  %Animation 
  set(hLine1,'XData',x); 
  set(hLine1,'YData',Vm1_7);  
  set(hLine2,'XData',x); 
  set(hLine2,'YData',Vm2_7); 
  set(hLine3,'XData',x); 
  set(hLine3,'YData',Vp1_1); 
  set(hLine4,'XData',x); 
  set(hLine4,'YData',Vp2_1); 
  set(hLine5,'XData',x); 
  set(hLine5,'YData',V_total_7); 
  set(hLine6,'XData',x); 
  set(hLine6,'YData',V_initial); 
  drawnow 
  Time=Time+dt; 
end 

 














