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Presentation letter 

This graduation report represents the work that is performed during the second project belonging to the 
graduation project of Anouk Scheers. The first project lasted for 5 months and is fully described in the mid-
term report. This first project aimed to make dual water and temperature responsive cholesteric liquid 
crystalline polymer films by incorporation of poly-(N-isopropylacrylamide) (pNIPAAm). 

The second project lasted for 3 months and aimed to make invisible but humidity readable inkjet-printed 
photonic patterns in cholesteric liquid crystalline polymer coatings. This graduation report describes the 
details and an article-like format was chosen to represent the results.  
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Invisible yet humidity readable inkjet-
printed photonic patterns in cholesteric 
liquid crystalline potassium salt polymer 
coatings 

 

This report describes the fabrication of humidity responsive photonic paper based on cholesteric liquid 
crystals. Patterns of different colours can be made using different alkaline solutions as ink. Upon drying the 
photonic coating the pattern disappears and it can be made visible again by wetting with water. After acid 
treatment the coating can be reused and a different pattern can be written in the film. Writing the pattern can 
be performed using a sponge or by inkjet printing. The hidden pattern also becomes visible upon breathing, 
making this photonic paper suitable for anti-counterfeit purposes. 

Introduction 

Photonic paper has recently become of prevalent 
interest in research.1 Applications of photonic 
paper can be found in labelling, decorative 
applications and anti-counterfeit.2,3 Photonic 
paper requires a photonic structure of which the 
reflection band can selectively be tuned to create 
a colour contrast with the surrounding area to 
make letters or patterns.4 Chiral nematic or 
cholesteric liquid crystals (CLC) are particularly 
suitable for this application. 

CLC is a liquid crystalline phase, which is obtained 
by adding a small amount of a chiral compound 
(dopant) to the nematic LC phase.5,6 This dopant 

induces the stacking of the rod-like molecules in a 
helical fashion. Cholesteric liquid crystalline 
materials are of great interest since they have the 
ability to reflect light.7 Figure 1a,b shows a 
schematic representation of the reflection of light 
by a cholesteric liquid crystal. Only light of a 
specific wavelength and with the same handedness 
as the helical pitch of the CLC is reflected by the 
CLC; all other light is transmitted. The colour of the 
reflected light can be calculated using Equation 1. 

 

Equation 1 

𝜆𝐵 = �̅� ∙ 𝑃 ∙ 𝑐𝑜𝑠𝜃 

 

Figure 1: a) CLCs reflect circularly polarised light with the same handedness as the handedness and helical pitch of the CLCs. The 
pitch influences which wavelength, and thus colour, is reflected. b) Typical transmission and reflection spectrum of a CLC.  
c) Possible colour changes in CLC polymer coatings: decreasing pitch gives a blue-shift, increasing pitch results in a red-shift and loss of 
molecular order in the system results in disappearance of the green reflection. Adapted from Mulder et al.7 

a 
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Herein, λB is the Bragg reflection wavelength or 
the selective reflection band (SRB); �̅�  is the 
average refractive index; P is the helical pitch, 
which is the length of one full 360° rotation of the 
director; and θ is the angle of the incident light.5,7,8 

Reactive mesogens can be polymerised to freeze 
the chiral nematic structure in a polymer network.3 
In a polymer network in which the helical structure 
of the chiral nematic phase is frozen in, the pitch 
length can be changed by swelling or shrinking this 
polymer network. Swelling of a CLC polymer 
network increases the pitch, which enlarges the 
reflection wavelength yielding a red shift of the 
reflection band (Figure 1c). Shrinking the polymer 
network leads to a decrease in pitch, so a blue 
colour shift. This phenomenon has been used 
extensively to create optically responsive systems 
which are amongst others humidity9,10; 
temperature11 or pH12 sensitive or electrically 
switchable.13  

Patterned CLCs are described in literature in 
which the colour difference of the pattern is 
realised by changing the pitch of the material using 
embossing techniques,11 changing the swelling 
rate of the material by controlling the crosslink 
density,1,2 or by photopatterning the film.14 These 
materials can be used as photonic paper.  

Photonic patterns that only become visible after 
wetting have been reported. This is achieved by 
varying the crosslink density of the network, 
resulting in faster swelling of the less crosslinked 
areas (see Figure 2).15 A similar technique has been 
described in literature, but for photonic paper 
containing chiral nematic mesoporous polymers.2 

Acid treatment (HCl) results in an increase in 
crosslink density, a decrease in surface methylol 
groups, and thus a decrease in hydrophilicity; 
whereas formaldehyde treatment (CH2O) results in 
an increase in surface methylol groups, thus an 
increase in hydrophilicity. The latter results in an 
increase in swelling, making a pattern visible. A 
different method to make a static pattern is with 
photolithography of a system containing photonic 
crystals.16 A colour change of the untreated area is 
obtained by exposing the system to HCl or NH3 
vapour. Acidic vapour gives an additional red shift 
of the system and basic vapour results in a blue 
shift. The two described systems use solvents or 
vapours to create a colour contrast, showing a 
hidden pattern. These systems are, however, not 
reusable; it is not possible to erase the hidden 
pattern.  

A different approach to make patterned 
photonic paper is with redox dyes as ink, which can 
be erased by heating the system (see Figure 3)17; 
or using hygroscopic salt solutions as ink, which can 
be erased by washing with water.4 Although these 
systems are rewritable, they are not stimuli 
responsive, meaning that hiding the pattern is not 
possible. 

The described systems show patterns that are 
either always visible and rewritable, or the pattern 
becomes visible after swelling the system with a 
solvent, but the system itself is not rewritable. It 
would be interesting to create a system in which 
the pattern can be hidden and that is also 
rewritable. 

Figure 2: Top: Patterns made in siloxane-containing 
photonic paper by changing the crosslink density or degree 
of hydrophobisation. Dry samples have a uniform colour and 
no pattern is visible. Bottom: The samples have been placed 
in water for 5 minutes to reveal the patterns. This system is 
reversible. Adapted from Xuan et al.15 

Figure 3: Patterns can be printed on a TiO2/methylene 
blue/hydroxyethyl cellulose film using a photomask and UV 
irradiation. The exposed areas become white and the 
unexposed area retain the original blue colour of the system. 
The pattern is erased by heating, which enables the film to be 
reused. Adapted from Wang et al.17 
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This research project aims to make a system in 
which a pattern becomes visible after wetting and 
disappears upon drying the system. Furthermore, 
the system needs to be rewritable. Such a system 
could be used for anti-counterfeit or decorative 
purposes. The previously described calcium ion 
sensor of Moirangthem et al. is used for this 
purpose.18 This photonic polymer film is able to 
bind different ions with different hydration 
capacities, resulting in a difference in degree of 
swelling of the polymer network when wetted. This 
swelling causes reflection of different colours 
depending on the ions in the film. The film can be 
made rewritable by restoring the broken 
intermolecular hydrogen bonds between the 
benzoic acid groups by acid treatment.  

 

Experimental section 

Materials 

All reagents and chemicals were commercially 
obtained. 6OBA and 6OBAm were obtained from 
Synthon. RM105 and RM257 were obtained from 
Merck. Chiral dopant (R)-(+)-3-methyladipic acid, 
3-(trimethoxysilyl)propyl methacrylate, 1H, 1H, 2H, 
2H-perfluorodecyltriethoxysilane and hydroxides 
KOH, LiOH, NH4OH and Ca(OH)2 were purchased 
from Sigma-Aldrich. NaOH was obtained from 
Acros Organics and Photoinitiator Irgacure 651 was 
obtained from Ciba Specialties Chemicals. All used 
solvents were obtained from Biosolve. 

 

Experimental methods 

Spin coating was performed on a Karl Suss RC6 
spin coater. Photopolymerisation was performed 
by the collimated EXFO Omnicure S2000 (48 mW 
cm-2 intensity in the range of 320-390 nm). 
Reflection IR spectra were recorded on a Varian-
3100 FT-IR spectrometer with slide-on ATR crystal 
(Ge). UV-Vis spectroscopy was performed on a 
Perkin Elmer UV-VIS/NIR Spectrometer Lambda 
750 or a Shimadzu UV-3102 PC spectrometer or a 
Leica DM6000 M microscope which was connected 
to a Leica CTR6000 with Ocean Optics HR2000+ 
High-Resolution Spectrometer. Height profile 

measurements were performed on a DektakXT 
BRUKER. Salt solutions were printed using a 
Dimatix Materials Printer DMP-2800 from Fujifilm. 

 

Glass functionalisation 

Glass plates of 3 x 3 cm were washed and 
sonicated for 30 minutes in ethanol. The glass 
plates were dried using nitrogen and subsequently 
treated in a UV-ozone photoreactor (Ultra Violet 
Products, PR-100) for 20 minutes.  

Methacrylated glass plates 
A solution of 10 mL H2O, 10 mL isopropyl alcohol 

and 0.2 mL trimethoxysilane propyl methacrylate 
was spin coated at 3000 rpm for 45 seconds on the 
clean and functionalised glass plates. After spin 
coating the glass plates were baked at 100 °C for at 
least 10 minutes. 

Perfluoro modified glass plates 
A solution of 10 mL methanol and 0.1 mL 1H-1H-

2H-2H-perfluorodecyltriethoxysilane was spin 
coated at 3000 rpm for 45 seconds on the clean 
and functionalised glass plates. After spin coating 
the glass plates were baked at 100 °C for at least 10 
minutes. 

 

Cholesteric liquid crystal mixture 

This mixture consists of the following 
compounds: chiral dopant R-(+)-3-methyladipic 
acid (MAA) (16.33 wt%); polymerisable benzoic 
acid derivatives 6OBA (16.33 wt%) and 6OBAm 
(16.33 wt%); mono- and di-acrylate monomers 
RM105 (27 wt%) and RM 257 (23 wt%), 
respectively; and photoinitiator Irgacure 651 (1 
wt%). A total of 500 mg of this mixture is dissolved 
in 2 mL tetrahydrofuran. 

 

Standard sample preparation 

method 

20 μL of the dissolved monomer mixture was 
placed on a methacrylated glass plate. It was 
heated at 75 °C for 15 minutes to evaporate the 
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THF. A perfluoro glass plate was placed on top and 
the system was rubbed ten times. Polymerisation 
was performed in EXFO for 600 seconds and only 
after the polymerisation the perfluoro glass plate 
is removed. The obtained sample is blue-green. 

MAA is removed by heating the sample at 160 °C 
for 30 minutes. The sample is blue. 

Subsequently the sample is treated with 1 M KOH 
in water ~20 minutes (until the entire sample was 
uniformly green) and carefully washed with water. 
After drying the sample is blue. 

 

Ink formulation 

Different solutions of hydroxide salts were 
prepared in water to function as ink. The following 
solutions have been used: 1.0 M KOH, 0.5 M KOH, 
0.25 M KOH, 0.1 M KOH, 1.0 M NaOH, 1.0 M LiOH, 
and 1.0 M NH4OH. A saturated solution of Ca(OH)2 
was prepared, which, according to literature, 
contains a concentration of 0.025 M. 

 

Inkjet printing 

Fujifilm Dimatix Materials Cartridges, 10 pL are 
used. Filling the cartridge with salt solution is 
performed using a filter of Acrodisc 13 mm Syringe 
Filter with 0.2 µm Supor Membrane. 

Printing settings 
Pattern settings: Drop spacing of 40 µm, layer 

count of 12. 

Substrate settings: Thickness of 1500 µm, no 
heating, no vacuum. 

Cartridge settings: The Jetting Waveform 
consists of four segments: 

1. Level: 0 % 
Slew Rate: 0.65 
Duration: 3.584 µs 

2. Level: 100 % 
Slew Rate: 0.93 
Duration: 3.712 µs 

3. Level: 67 % 
Slew Rate: 0.60 
Duration: 3.392 µs 

4. Level: 40 % 

Slew Rate: 0.80 
Duration: 0.832 µs 

Overall Waveform Duration Scaler: 1.00 and 
Width 11.520 µs with Maximum Jetting Frequency 
2.0 kHz. 

Jetting voltage of 18.00 Volts and Tickle Control 
disabled. 

No heating of the cartridge, meniscus Vacuum 
setpoint of 4.0 inches H2O, using 6 jets to print and 
a cartridge print height of 0.250 mm. 

No cleaning cycle at beginning, during or at the 
end of printing. While idle the “Purge 2.0 Blot Spit” 
program is run every 1000.0 seconds. 

 

Results and discussion 

Designing the background of the 

photonic paper 

Samples were prepared with the cholesteric 
liquid crystal mixture (Scheme 1) as previously 
described by Moirangthem et al.18 This mixture 
consists of di- and monoacrylate mesogens RM257 
(23 wt%) and RM105 (27 wt%), respectively; 
benzoic acid derivatives 6OBA (16.33 wt%) and 
6OBAm (16.33 wt%) are able to bind with different 
metal ions; non-reactive chiral dopant R-(+)-3-
methyl adipic acid (MAA, 16.33 wt%) induces the 
chiral nematic liquid crystalline phase; and 
photoinitiator Irgacure 651 initiates the 
photopolymerisation. 

After photopolymerisation the non-reactive 
mesogen MAA is removed by evaporation to 
obtain a porous polymer network. Figrue 4a shows 
the UV-Vis spectra of the polymer film before and 
after removal of MAA and Figure 4b shows 
photographs belonging to these different states. 
By removing the MAA from the polymer network 
the reflection wavelength shifts from 500 nm to 
420 nm, giving a colour shift from green to blue. By 
removing the MAA the position of the reflection 
band decreases by 16 %, corresponding to the 16 
wt% of MAA which was initially present in the 
monomer mixture. 
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The obtained polymer film has some pores but 
remains hydrophobic and, as such, is not able to 
absorb or bind water. Water absorption is required 
for swelling of the film, which increases the pitch 
and yields a colour change of the swollen area. To 
obtain a hydrophilic film the system is treated with 
1 M KOH for 10 to 20 minutes. This treatment is a 
very strong base treatment which breaks the 
intermolecular hydrogen bonds between the 
carboxylic acid groups. Subsequently, potassium 
carboxylate salt groups are expected to be formed.  

The UV-Vis spectra belonging to this initial KOH 
treatment are also shown in Figure 4a. When 
wetting the porous CLC polymer film the position 
of the reflection band shift from 440 nm to 530 nm, 
indicating an increase in pitch and thus swelling of 
the film. This swelling is caused by water 
absorption; therefore, the system is now 
hydrophilic. Figure 4b shows photographs of the 
polymer network after the KOH treatment in dry 
(blue) and wet (green or orange) state. Initially, the 
CLC polymer film becomes green after KOH 
treatment, but if the treatment is continued for 
longer time an orange film can be obtained. The 
orange film does, however, show some wrinkling. 
This indicates that the system has swollen a lot, 
which is unfavourable since this can cause some 
damage to the film. Furthermore, the wrinkling 
could indicate the cleavage of the ester bonds in 
the polymer network. This is plausible since 1.0 M 
KOH solution is a strong base solution. 

Fabrication of the potassium salt film is 
furthermore confirmed by IR spectroscopy (SI 1). 

Analysis of the IR spectra shows the disappearance 
of the vibration belonging to the intermolecular 
hydrogen bonds (1680 cm-1) and the appearance of 
an asymmetric and a symmetric (1550 cm-1 and 
1385 cm-1, respectively) stretching vibration 
belonging to the benzoate salt. 

In conclusion, a porous hydrophilic CLC polymer 
coating is prepared which can be used to make 
photonic patterns. The initial KOH treatment is 
required to ease the responsiveness of the later 
described printed features. This hydrophilic 
polymer film is used as starting position for all later 
performed experiments. 

 

Blue and red ink 

The above described CLC polymer potassium salt 
film is blue when dry and becomes green upon 
wetting. Making a pattern visible on this film 
requires ink that stays blue upon wetting or 
becomes red after wetting. Obtaining a red colour 
is first tried by inkjet printing different 
concentrations of KOH on the coating. All inks give 
an additional red shift and result in a pattern that 
is visible for the naked eye (see SI 2a). Applying 
higher concentrations, thus more potassium and 
hydroxide ions, yields a larger red shift (see SI 2a), 
which indicates that the material swells more, thus 
binds more water. Printing higher concentrations 
furthermore has the advantage that the printing 

Scheme 1: Chemical structures of the compounds used to make a chiral nematic film: chiral dopant R-(+)-3-methyl adipic acid (MAA); 
nematic di- and mono-acrylate RM257 and RM105, respectively; polymerisable benzoic acid derivatives 6OBA and 6OBAm; and 
photoinitiator Irg651. 



 

 

6 

droplets coalesce, giving a nice and continuous 
feature. 

The influence of using different hydroxide salts 
was tested and the obtained data is shown in 
Figure 5a (see SI 2b for corresponding UV-Vis 
graphs). The bars indicate the maximum shift in 
position of the reflection band that can be 
obtained by applying these salts to the hydrophilic 
polymer film. Treating the polymer film for a 
second time with potassium hydroxide results in an 
additional red shift of the position of the reflection 
band of 56 nm (Figure 5b). The presence of only 
one reflection band indicates full conversion to the 
benzoate salt. Sodium and lithium both give a red 
shift of 19 nm; calcium gives a blue shift of 42 nm 
(Figure 5c); and ammonium gives the maximum 
blue shift of 71 nm. The IR spectra belonging to this 
experiment (see SI-2c) show characteristic 
benzoate salt vibrations (1550 cm-1 and 1385 cm-1) 
for all ions investigated except for ammonium. The 
IR spectrum belonging to the ammonium 
hydroxide treated film shows reappearance of the 
peak belonging to vibrations of the intermolecular 
hydrogen bonds, indicating that the former 
hydrophilic polymer film is restored partially to its 
hydrophobic state. This recovery suggests that 

ammonium hydroxide acts as an acid instead of a 
base. 

 

Sponge-writing 

The TU/e logo consists of two colours: red and 
blue. Writing this logo on the hydrophilic polymer 
potassium salt film can be performed using KOH 
ink for the red colour and Ca(OH)2 ink for the blue 
colour. To write the TU/e logo on a hydrophilic film, 
four different features were cut from a sponge. The 
letters T, U and e of the sponge were dipped in 1.0 
M KOH solution to create red coloured features. 
The excess of ink was removed and the sponge 
stamps were placed carefully on the film. The slash 
was dipped in saturated Ca(OH)2 solution to obtain 
a blue feature. This stamps was also placed on the 
film. After 10 minutes the sponge stamps were 
removed and the film was carefully rinsed with 
water. The result is shown in Figure 6a for the dry 
(left) and wet (right) state of the film. It should be 
noted that the used hydrophilic polymer 
potassium salt film contains some defects as a 
result of phase separation of MAA in the monomer 
mixture. Also the film thickness is not uniform, 
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which results in the thinner parts being fully 
converted to the benzoate salt and becoming 
green after wetting; whereas the thicker areas are 
partially converted to the benzoate salt and appear 
red after wetting. The parts printed with KOH 
appear more red than the background in the wet 
state and the slash appears blue, which is as 
expected. It is noticed that the written pattern is 
still visible in the dry state, especially the parts that 
were written with KOH solution. Since the used 
KOH solution has a much higher concentration 
than the used Ca(OH)2 solution, a lot more 
potassium ions might be deposited on the film 
when compared to the calcium ions. This could 
result in the formation of potassium salt in the 
polymer network, which gives the observed white 
colour. Furthermore, it is observed that on the 
right side of the sponge written logo something like 
a circle is written instead of the letter e. Here it 
should be mentioned that the small hole in the 
letter e was not cut out of the sponge, but the 
upper and lower part were indeed separated. In 
the written feature this is not visible any more due 
to some spreading of the potassium containing ink 
when the sponge stamp was placed on the surface 
of the film. Furthermore, this feature is almost 
transparent. This indicates disappearance of the 
reflection band as a result of loss of order in the 
system. This loss of order indicates that hydrolysis 
of the ester bonds in the polymer network 
occurred. For the letter T, which is nicely red, this 
was not the case, as indicated by the measured IR 
spectrum. At higher wavelength (3300 cm-1) no 
peak is present that would indicate the formation 
of alcohol or phenol groups. 

Analysis of the sponge-written features is 
performed on the letter T and on the slash using IR 
and UV-Vis spectroscopy and height profile 
measurements. The IR spectrum of the letter T 
(Figure 6b, red spectrum) nicely corresponds to the 
IR spectrum of a hydrophilic film that has been 
treated with 1.0 M KOH solution for long time, 
although some differences in peak intensities are 
present. The higher intensities of the characteristic 
potassium benzoate peaks indicate that more 
potassium ions are present in the sponge-written 
sample than in the starting potassium polymer 
film. Analysis of the obtained UV-Vis spectrum 
Figure 6c, red spectrum) shows that the reflection 
band shifted to 587 nm. The reflection band of the 
sample background has been measured as well and 

reflects at approximately 550 nm, so a red shift of 
37 nm is obtained when writing with KOH. Height 
profile measurements (Figure 6d) show hardly any 
change in profile when the system is dry. After 
wetting the system swells and the letter T is 
approximately 1600 nm higher than the 
surrounding area. From these data it can be 
calculated (SI 3) that a change in pitch of 6.3 % and 
a change in height profile of 8.8 % is obtained upon 
wetting the system. These two data points match 
quite reasonably. 

Analysis of the IR spectrum belonging to the slash 
Figure 6b, blue spectrum) shows that the spectrum 
nicely corresponds to the spectrum recorded for a 
hydrophilic film that was treated with Ca(OH)2. The 
position of the reflection band has blue shifted by 
approximately 95 nm to 455 nm. When the pattern 
is dry there is no height difference between the 
slash and the surrounding area (Figure 6e), but 
when the system is wet the surrounding area 
swells more than the slash which results in a height 
difference of approximately 2800 nm. A change in 
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pitch of -17.4 % and a change in height profile of -
15.4 % is obtained upon wetting the system (SI 3). 
As was the case for the potassium ink, these two 
calculated data points belonging to calcium ink 
match quite reasonably. The negative values 
indicate that the pitch decreases.  

 

Breathability 

Making the hidden pattern visible cannot only be 
achieved by soaking the film in water, but also by 
breathing on the film. The response to this type of 
wetting is shown in Figure 7 with on the left 
breathing on the film for the first time and on the 
right a photograph of the system after breathing 
on it for a second time. After breathing on the film 
twice the same response is obtained as after 
soaking the film in water. 
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2
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Inkjet printing 

The before discussed sponge-written features 
are rather large and applying the stamp to the 
films’ surface gives some spreading of the ink, 
which increases the size of the features even more. 
Using inkjet printing smaller and more well-defined 
features can be printed. Furthermore, it is possible 
to print complicated patterns, print different 
colours close to each other, up- or downscale the 
feature size, and printing the same pattern 
multiple times next to each other is also easy. 

The TU/e logo is printed on the potassium salt 
film using inkjet printing. The letters were again 
printed with 1.0 M KOH solution, but the slash was 
first printed with 1.0 M NH4OH and on top of that 
1.0 M NaOH was printed. 

The sample background is, when wet, pink; 
which is not the earlier described green colour (see 
Figure 8a). The sample background was analysed 
with UV-Vis spectroscopy (Figure 8c, green line). 
The spectrum shows two reflection bands, the first 
one around 450 nm and a second one at 540 nm. 
The first reflection band is in the blue part of the 
colour spectrum, which makes it plausible that this 
reflection is the same as the reflection of the 
pristine hydrophobic cholesteric polymer film. This 
reflection should than belong to the bottom part of 
the film, since the initial KOH treatment starts at 
the surface layers and takes some time to reach the 
bottom of the film. The second reflection band at 
540 nm is in the green part of the colour spectrum. 
This reflection than belongs to the surface layers 
which became hydrophilic after the initial KOH 
treatment, and are thus able to bind water and 
subsequently swell. The mixture of these two 
reflected colours is observed as pink. A green film 
could have been obtained by extending the 
duration of the initial KOH treatment.  

Analysis of the IR spectrum belonging to the 
letter T nicely corresponds with the IR spectrum of 
a hydrophilic film treated with KOH solution 
(Figure 8b, red spectrum). The slightly higher 
intensity of the two characteristic salt peaks in the 
spectrum of the printed letter T indicate that more 
potassium is present in the polymer network than 
was the case for the reference sample. The 
corresponding UV-Vis spectrum is shown in Figure 
8c, red line. As expected, a large red shift has 

Breathing 1x Dry Breathing 2x 

Figure 7: Breathing on the film makes the hidden 
pattern visible. 
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Figure 8: a) Photographs of the inkjet printed film. 
Left: dry state; right: wet state. b) IR spectrum belonging 
to the letter T (red, top) and the slash (blue, bottom). c) 
UV-Vis spectra of the background of the film (green), the 
letter T (red) and the slash (blue); all measured on a wet 
film. 
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occurred in position of the reflection band: from 
540 nm to 620 nm. Furthermore, the first reflection 
band at 450 nm disappeared, indicating that the 
applied amount of KOH was enough to also break 
the intermolecular hydrogen bonds in the bulk of 
the film in the printed area. This results in a bright 
red appearance of the letters in the logo. The inkjet 
printed letter T gave a larger red shift than the 
sponge written letter T, which makes the feature 
even better distinguishable from the background. 

The printed slash is a bit more difficult to analyse 
since two different salt solutions were printed on 
top of each other. The UV-Vis spectrum belonging 
to the blue slash (Figure 8c, blue spectrum) shows 
disappearance of the second reflection band at 540 
nm, but the first reflection band at 450 nm remains 
the same. This could indicate that the NH4OH 
treatment restored the system to its pristine 
hydrophobic state. However, the IR spectrum 
(Figure 8b, blue spectrum) corresponds quite 
nicely with the characteristic spectrum of the 
polymer salt film treated with sodium hydroxide 
and shows the two characteristic salt peaks and the 
absence of the peak belonging to the 
intermolecular hydrogen bonds. So, it is 
contradictory that the intermolecular hydrogen 
bonds are broken, which should allow the system 
to absorb water and swell, but that no swelling is 
measured. 

 

Circularly polarised light 

Since the polymer film is cholesteric, only one 
handedness of light will be reflected by the film. 
For this system a (+)-chiral dopant has been used, 
indicating that right handed helical structures will 
be formed and hence, right circularly polarised 
light will be reflected. Transmission of left handed 
light (Figure 9, left) gives dark films, since no light 
is transmitted. When doing this with right handed 
light, the film is visible and, when wet, the pattern 
is nicely visible (Figure 9, right). 

 

Washing and reusability 

Wetting the patterned films with water 
eventually leads to washing out the ions, especially 

those in the surface layers (SI 4). The frequency 
with which ions get washed out is tested by 
wetting a film with 0.7 mL water and waiting 5 
minutes before removing the water and replacing 
it with new water. Figure 10a shows the position of 
the reflection wavelength as function of the 
washing cycles. An exponential decrease in shift of 
the position of the reflection band is observed. 
After approximately 8 washing cycles no change 
occurs any more. The position of the reflection 
band, however, remains at 507 nm, which is still in 
the green part of the colour spectrum. So, no full 
recovery to the initial blue state of the pristine 
hydrophobic film is obtained by washing the film 
with water. Analysis of this state of the film is 
performed with IR spectroscopy and the spectrum 
is shown in Figure 10b, blue spectrum. The 
benzoate salt vibrations at 1550 cm-1 and 1385 cm-

1 are still present, indicating that not all potassium 
ions are washed out. No full recovery of the 
intermolecular hydrogen bond vibration at 1680 
cm-1 also indicates no full recovery of the polymer 
film. 

Figure 10c shows a photograph of the inkjet 
printed TU/e logo after several times of wetting. 
After wetting the film several times the ions get 
washed out and the colour blue shifts. For the 
sample background this means that the second 
reflection band in the green part of the spectrum 
decreases in intensity, which results in the 
observed blue/green colour. The reflection band of 

Left circularly 
polarised light 

Right circularly 
polarised light 

Dry 

Wet 

Figure 9: Photographs showing the influence of 
circularly. Left: left circularly polarised light; right: right 
circularly polarised light. 
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the KOH-printed letters also blue shifts, resulting in 
a less red and more orange colour 

It is possible to reuse the cholesteric polymer film 
by partially erasing the salt and restoring the 
intermolecular hydrogen bonds using an acid 
treatment. Partial recovery of the film to the initial 
state is achieved by putting the film in 0.5 M HNO3 
solution for 24 hours. IR spectroscopy (Figure 10b) 
shows that after washing a used film with water 
the intermolecular hydrogen bonds are partially 
restored (1680 cm-1) and the intensity of the 
asymmetric and symmetric COO- salt+ vibrations at 
1550 cm-1 and 1385 cm-1, respectively, decrease. 
After the acid treatment the symmetric COO- salt+ 
vibration further decreases and almost full 
recovery is obtained. 

An erased cholesteric polymer film can be reused 
starting with the KOH pre-treatment. A different 
feature can subsequently be printed on this film. 

This reusability is shown in Figure 10c. Before the 
first printing the film was only for short time 
treated with KOH. This short treatment results in a 
blue background colour of the film. A packman was 
printed of which the contour was printed with 
NaOH and the inside was printed with Ca(OH)2. 
During the printing the substrate moved a little, 
resulting in some bleeding of the pattern. After 
erasing the film it was pre-treated with KOH for 
long time, giving the green background colour of 
the film. The contour of the butterfly was printed 
with KOH and the inside with NH4OH. The absence 
of a colour change of the inside of the butterfly 
indicates that the applied amount of ammonium 
hydroxide was too little to replace the K+ in K+COO-

. This is possibly caused by the duration of the 
initial KOH treatment, which led to many 
potassium ions being absorbed by the film. 
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Figure 10: a) Graph showing the relation between the position of the reflection band and the number of washing cycles. This is 
an exponential decrease. b) Normalized IR spectra (reflection mode) of cholesteric polymer film after washing with water (blue) 
or erasing with 0.5 M HNO

3
 (green). c) Photograph of the inkjet printed TU/e logo after several times of wetting. Ions in all areas 

of the film became washed out, resulting in a blue colour shift when compared to the initial film. c) Different features can be 
printed. Left: packman; contour printed with NaOH, inside printed with Ca(OH)

2
. The picture is a bit vague, because the substrate 

moved a little during the printing. Right: butterfly; contour printed with KOH, inside printed with NH
4
OH. 
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Conclusions 

Cholesteric liquid crystalline polymer potassium 
salt films were successfully prepared and could 
serve as photonic paper after a KOH pre-
treatment. Different colours can be made by 
varying the concentration of the potassium ink; 
however, for lower concentrations the printed 
features contain untreated spacing between the 
deposited ink droplets. A better way to write or 
print in different colours is by using different 
alkaline solutions as ink. Writing with potassium 
hydroxide gives a maximum red shift of 56 nm, 
sodium- and lithium hydroxide both give a 
maximum red shift of 19 nm, calcium gives a 
maximum blue shift of 42 nm, and ammonium 
hydroxide gives a maximum blue shift of 71 nm. 
Potassium- and calcium hydroxide are the most 
suitable inks to be used. The area where 
ammonium hydroxide is printed is restored to its 
pristine situation. The printed ions can partially be 
washed out by wetting the film with water multiple 
times. Almost full recovery of the film to its pristine 
state can be obtained by treating a patterned film 
with HNO3, enabling the system to be reused. 

Writing on the photonic film could be performed 
using sponge stamps; however, this technique has 
some limitations. First of all, there is no control on 
the amount of ink that has been applied on the 
system. Furthermore, the ink spreads when the 
stamp is placed on the surface of the film. Last but 
not least, downscaling the feature size is limited by 
the sponge. Inkjet printing is a really suitable 
method to apply small and well-defined features 
on the photonic film.  

The hidden pattern becomes visible only after 
breathing on the film and the system reflects only 
right handed polarised light, making this photonic 
paper attractive for applications in anti-counterfeit 
purposes. 

 

Recommendations 

Due to lack of time it was not possible to repeat 
the inkjet printing of the TU/e logo, without 
printing different salts on top of each other. It is 
suggested to perform this experiment again, but 

with only printing one type of ink on each spot. 
Furthermore, the printing settings for the different 
ions should be further optimised. Especially for 
calcium hydroxide the amount of layers that is 
printed could be increased, as only a saturated 
solution with rather low molarity could be used. 
For the stronger bases it is suggested to try to 
decrease the amount of layers that is printed, in 
order to prevent hydrolysis of the ester bonds in 
the polymer network.  

Furthermore, it would be interesting to 
investigate the influence of ammonium hydroxide 
on this system in more detail. It is hypothesised 
that ammonium hydroxide might be suitable to 
erase the ink from the polymer network. 

The size and valency of the used ions influences 
the swelling behaviour of the cholesteric film. To 
obtain a better understanding of the influence of 
the size, caesium hydroxide could be tried to print. 
Another bivalent salt that could be used is 
magnesium hydroxide. 

It could be tried to increase the humidity 
responsiveness of this system by increasing the 
amount of carboxylic acid groups by increasing the 
amount of 6OBA and 6OBAm in the system. A less 
rigid system could be obtained by decreasing the 
crosslink density, which might also enhance water 
responsiveness to get a broader range of colours. 

A system with a non-responsive background 
could also be interesting. This could be obtained by 
skipping the initial KOH treatment. This gives a 
polymer coating that is less responsive to the ink. 
In order to compensate for this, more ink should be 
applied and  

Last but not least, the patterns durability upon 
wetting the system with humidity should be tested 
over multiple cycles. It is expected that the system 
will give the same response every time, but 
diffusion of the ions might occur. 
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SI 1 – The influence of multiple KOH treatments  
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SI 1: IR spectrum in transmission mode of freestanding CLC pristine film (grey), after KOH treatment (blue), and after 2nd KOH 
treatment (green). 

A freestanding film was made. This was done using the standard sample preparation method. The film was 
detached from the glass substrate by heating it in water. The freestanding film was subsequently once or twice 
treated with 1.0 M KOH solution for approximately 20 minutes and the absorbance was measured with IR 
spectroscopy. 

When observing the spectrum of the pristine CLC polymer film the absence of characteristic acrylate peaks 
indicate full conversion. Characteristic acrylate peaks could be found at the following wavenumbers: 1640-
1630 cm-1; 1290-1280 cm-1; 1200-1195 cm-1; 990-980 cm-1 and 970-960 cm-1. 

When comparing the spectrum of the pristine and the once KOH treated film it can be seen that some peaks 
disappear whereas some other appear. The peak at 1682 cm-1 belongs to the vibrations of intermolecularly 
hydrogen bonded acid groups and this vibration disappears after the KOH treatment, indicating that these 
hydrogen bonds are being broken. The appearing peaks at 1548 cm-1 and 1388 cm-1 belong to the asymmetric 
and the symmetric stretching vibration of the potassium benzoate salt, respectively. The broad band around 
3300 cm-1 belongs to O-H vibrations in phenol or alcohol. The appearance of these vibrations indicates that 
hydrolysis of some of the ester bonds in the polymer network occurred. This is possible since the 1.0 M KOH 
is a very strong base solution.  

When the freestanding film is treated with KOH for a second time, most peak intensities increase. Some 
vibrations became so prevalent that their maximum absorbance could not be measured, which appears as a 
plateau in the spectrum. The two characteristic salt peaks at 1548 cm-1 and 1388 cm-1 both increase in 
intensity, indicating that more potassium ions are present after the second KOH treatment. This increase of 
potassium ions implies that after the first KOH treatment the CLC polymer film was not yet saturated with 
potassium ions. The increase in amount of potassium ion could enable the system to swell more when placed 
in water. The new peaks that appear in this spectrum belong to impurities of trimethoxysilane propyl 
methacrylate. It is not clear where the impurity came from. 
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SI 2a – Printing different concentrations of KOH 
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SI 2a: UV-Vis spectra showing the influence of printing different concentrations KOH. The used CLC films did undergo a KOH pre-
treatment. The lower graph shows the relationship between the concentration and the obtained shift in wavelength. The coloured 
photograph in the middle shows the coating after printing the different concentrations KOH (left 1.0 M, right 0.25 M). The four pictures 
on the right were taken between crossed polarizers and show how the droplets of the different inks are deposited on the polymer 
potassium salt film. 

The coloured picture in the middle shows different concentrations which were printed next to each other in 
lines and indicates the need for a background correction (in spectra indicated as ‘initial’). The film polymer 
potassium salt film is green on the right, indicating full conversion to the benzoate potassium salt, but is blue 
on the left, indicating no full conversion. This is possibly caused by the polymer film being thinner on the right 
hand side than on the left hand side.  
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SI 2b – Different hydroxide salts as ink 
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SI 2b: UV-Vis spectra showing the shift in position of the reflection band when treating the CLC polymer film with different hydroxide 
salts. Concentrations of 1.0 M were used, except for Ca(OH)2, for which a saturated solution was used. The initial reflection band is 
measured after KOH pre-treatment. This KOH pre-treatment was performed for long time which causes only one reflection band to 
appear. All spectra were measured on a wet film.  
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SI 2c – IR spectrum of different hydroxide inks 
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SI 2c: Normalized IR spectra in reflection mode of CLC polymer films which were treated with the different hydroxide salt solutions. 
1.0 M solutions were used, except for Ca(OH)2 for which a saturated solution was used. Before placing the used films in the salt solution, 
the film was pre-treated with KOH. The spectrum of a pristine film (no KOH pre-treatment) is added in grey as a reference. 

The above IR spectra are rather similar for potassium-, sodium-, lithium-, and calcium hydroxide. These 
spectra show the disappearance of the peak belonging to the intermolecular hydrogen bond vibrations (1680 
cm-1) and the appearance of the asymmetric and the symmetric stretching vibration of the benzoate salt (1550 
cm-1 and 1385 cm-1). At higher wavenumber the O-H vibrations in phenol or alcohol groups appear with varying 
intensities, indicating hydrolysis of the esters in the polymer network. The highest intensity is obtained for 
KOH; NaOH and LiOH give about the same intensity and Ca(OH)2 gives the lowest intensity. This is the same 
sequence as for the maximum wavelength shift experiment. 

The spectrum belonging to the ammonium hydroxide treated film corresponds partially with the spectrum 
of the pristine film. This indicates recovery of the film: the bonds broken by KOH pre-treatment were partially 
restored. This shows that ammonium hydroxide actually acts as an acid and not as a base. 
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SI 3 – Correlation between the change in pitch and the amount of swelling  

 Ca2+ Change Sample 
background 

Change K+ 

Lambda (nm) 455  550  585 

Pitch (nm) 303 -64 

-17.4 % 

367 +23 

+6.3 % 

390 

Height (nm) 15,324 -2800 

-15.4 % 

18,124 +1600 

+8.8 % 

19,724 

SI 3: Table showing data from Figure 6c,d,e (bold+italic) and the obtained values using the calculation below (no layout). 

The wavelength is the position of the reflection band belonging to the data shown in Figure 6c. 

The pitch (P) is calculated using:  

𝜆 = �̅� ∙ 𝑃 

     λ = measured wavelength 

     �̅� = 1.5 (assumption) 

 

The number of pitches can be calculated using: 

𝑛 ∙ 𝑃 = 𝐻 

     n = number of pitches 

     H = total height of polymer film sample background 

     H  = h + Δh 

     Δh = measured height difference (Figure 6d,e) 

 This results in the following two equations: 

𝑛 ∙ 303 = 𝐻 − 2800  

𝑛 ∙ 390 = 𝐻 + 1600 

  , which can be solved by substation. This results in: 

    n = 50.57 

    H = 18,124 nm 

 

The percentage change in pitch and height, with respect to the sample background, can now simply be 
calculated. 

When printing potassium ink, after wetting, a change in pitch of 6.3 % is obtained and the corresponding 
change in height is 8.8 %. For calcium ink a change in pitch of -17.4 % and a change in height of -15.4 % is 
obtained. For both inks the percentage changes correspond reasonably. The negative values belonging to 
calcium ink indicate a decrease in pitch.  
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SI 4 – Washing with water 
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SI 4: UV-Vis data belonging to the washing-with-water experiment. When the sample is washed more often, a blue shift in position 
of the reflection band occurs and the intensity of the reflection band increases (decrease in transmission). The latter indicates that the 
system lost order, but that after washing this order is recovered. No full recovery to the initial position of the reflection band of the 
pristine film (450 nm) is obtained.  

 

 


