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Tunable Photonic Materials via Monitoring Step-Growth 
Polymerization Kinetics by Structural Colors
Ellen P. A. van Heeswijk, Lanti Yang, Nadia Grossiord,* and Albertus P. H. J. Schenning*

The functional and responsive properties of elastomeric materials highly depend 
on crosslink density and molecular weight between crosslinks. However, tedious 
analytical steps are needed to obtain polymer network structure–property rela-
tionships. In this article, an in situ structure–property characterization method 
is reported by monitoring the structural color change in a photonic elastomeric 
material. The photonic materials are prepared in a two-step polymerization 
process. First, linear chain extension occurs via Michael addition. Second, photo-
polymerization ensures crosslinking, resulting in the formation of an elastomeric 
photonic network. During the first step, the step-growth polymer process can be 
monitored by following the photonic reflection band redshift, allowing to program 
the molecular weight between the crosslinks. During network formation, the 
crosslink density, chain length between crosslinks, and the colors are “frozen in.” 
These processes can be locally controlled creating both single-layered multicolor 
patterned and broadband reflective coatings at room temperature. The scal-
ability of the coating process is further demonstrated by using a gravure printing 
technique. Additionally, the final coatings are made responsive toward specific 
solvents and temperature. Here the modulus, response, and color of the coating 
are controlled by tuning the crosslink density and molecular weight between 
crosslinks of the elastomeric material.
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In particular, the combination of the ani-
sotropic nature of liquid crystals (LCs) and 
the flexibility of elastomer networks have 
proven to be an excellent combination for 
shape memory films,[1,2] soft actuators,[3–7] 
and stimuli-responsive materials.[8–12] 
Having control over the polymerization 
reaction by controlling crosslink density 
and molecular weight between crosslinks 
is highly desired to create optimal func-
tionality, flexibility, and strength in the 
material.[13–19]

In recent studies, liquid crystalline 
elastomer films are frequently pre-
pared with siloxane oligomers or by 
Michael addition chain extension reac-
tions.[20] Especially the latter, involving 
Michael addition, has received a lot 
of interest recently, due to the large 
variety of reactive mesogens that are 
available.[1–5,8,13,14,21,22] By controlling 
the network formation, a large variety 
of stimuli-responsive shape and color 
changing materials with desired func-
tional properties can be obtained.[23]

Stimuli-responsive photonic materials that are able to 
change their color are appealing for applications such as sen-
sors, energy-saving windows, and security labels.[24–27] Using 
the cholesteric liquid crystalline (Ch-LC) phase, structural color-
ation causes reflection of a specific wavelength similar to Bragg 
reflectors. These photonic materials are well known for their 
ability to respond to environmental factors such as tempera-
ture and humidity. For the creation of color contrast in a single 
layer, Ch-LC materials are typically first illuminated through a 
mask after which they are heated to affect the helical twisting 
power (HTP) or to above the cholesteric to isotropic phase tran-
sition temperature.[28,29] However, reports about the responsive 
behavior of elastomeric multicolored polymer coatings remain 
scarce.[11]

LC elastomers with well-defined responsive properties 
require a specific oligomeric chain length, needing addi-
tional polymerization and analysis steps for the oligomers 
before the coatings are formed. In this article, a method is 
reported that gives in situ feedback for thiol–acrylic Michael 
addition polymerization kinetics by structural coloration. 
Using this approach, oligomers are prepared during the 
coating process, avoiding the need for prepolymerization 
before coating application. Moreover, both single-layered 
multicolor patterned and broadband coatings are formed at 
room temperature (RT), without the requirement for addi-
tional heating, and the scalability of the coating process is 

1. Introduction

Elastomeric polymers have been investigated intensively over 
the past years for the creation of stimuli-responsive materials. 

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. This is an open access article under the terms of the 
 Creative Commons Attribution-NonCommercial License, which permits 
use, distribution and reproduction in any medium, provided the original 
work is properly cited and is not used for commercial purposes.
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further demonstrated using a gravure printing technique. 
Additionally, photonic elastomer Ch-LC coatings are made 
dual-responsive toward specific solvents and temperature 
in which responsiveness and color are controlled by tuning 
the crosslink density and molecular weight between the 
crosslinks.

2. Results and Discussion

A Ch-LC mixture was prepared consisting of 20 wt% dithiol 
1, 7 wt% chiral dopant 2, 70 wt% diacrylate 3, 1 wt% pho-
toinitiator benzophenone (BP), and 2 wt% catalyst tri-
ethylamine (TEA) (Figure 1A). For the formation of the 
elastomeric Ch-LC coatings, a two-step thiol–acrylic poly-
merization mechanism was used after bar coating with the 
Ch-LC mixture, which aligned the LCs uniformly by shear 
alignment.[30] In the first polymerization step, only chain 
extension of the monomers occurs by linear step-growth 
polymerization. Afterward, the linear oligomers are cured 
into a network (Figure 1B). To exclude network formation 
in the first polymerization step, a base-catalyzed polymeriza-
tion mechanism is used. During this polymerization, which 
is often referred to as a Michael addition reaction, diacrylic 
monomers are bifunctional resulting in the formation of oli-
gomers through chain extension. For the second polymeriza-
tion step, in which a network is formed, the oligomers are 
photopolymerized. Radicals formed cause homopolymeriza-
tion of the acrylic endgroups, causing the acrylates to serve 
as crosslinkers.[31]

2.1. Monitoring In Situ Step-Growth Polymerization  
by Structural Color Changes

Remarkably, when the Ch-LC mixtures were coated, a color 
change over time was observed, which is normally not observed 
when solely using free radical polymerization (FRP). However, 
for chiral dopants, inducing the Ch-LC phase, it is known that 
the helical twisting power depends on the surrounding environ-
ment.[32,33] Since this approach allows for linear chain extension 
of the monomer excluding rapid network formation, the chiral 
dopant might be able to respond to its slowly polymerizing 
matrix. In this case, the oligomerization causes a redshift of 
the reflection band (Figure 1), which, according to Equation (1), 
indicates a decrease of the helical twisting power during the 
Michael addition reaction

HTP*
refl

avλ
[ ]

=
n

C
 (1)

In this equation λrefl is the central wavelength of the reflec-
tion band, nav is the average refractive index, HTP is the helical 
twisting power of the chiral dopant in a specific mixture, and 
[C] is the concentration of the chiral dopant.

To study the relation between the Ch-LC reflection band and 
the growing polymer chains, a Ch-LC monomer mixture was 
prepared with an initial blue reflection band. To avoid evapo-
ration of monomers or catalyst during polymerization, the 
monomer mixture was prepared in a cell, and LC alignment 
was obtained using shear. Figure 2A shows the Ch-LC reflec-
tion band of the film at various thiol-Michael addition reaction 
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Figure 1. A) Monomer composition of the Ch-LC mixture used. B) Schematic representation of the two phases of the coating preparation. In step 
1 only chain extension occurs by a base-catalyzed polymerization reaction, n. In step 2 a network is formed by crosslinking the acrylic end groups.
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times and reveals a significant redshift as the reaction pro-
gresses. After 4 h at room temperature, the reflection band has 
shifted from blue (440 nm) to red (650 nm), keeping a good 
LC alignment. Continuing the Michael addition reaction allows 
for a slight additional redshift of the reflection band. However, 
scattering starts to increase and, after a full day of polymeriza-
tion, the Ch-LC alignment becomes focal conic, as visualized 
by the reflection band (Figure 2A). Besides the reflection band, 
the degree of polymerization (DP) and conversion were deter-
mined by gel permeation chromatography (GPC) and nuclear 
magnetic resonance (NMR), respectively. An increase in chain 
length and conversion is clearly observed during the time 
period of the Ch-LC band shift, linking indeed the growing 
polymer chains to the color shift and enabling the ability to pre-
dict the oligomer length based on the structural coloration of 
the film (Figure 2B). Photographs of the films are included to 
show the corresponding colors. In Figure 2C, the DP is plotted 
as a function of the conversion showing a typical step-growth 
kinetic curve, thus indicating the Michael addition reaction. 

When the reactive chiral dopant is replaced by a nonreactive 
chiral dopant, also a redshift of the reflection band is observed 
(Figure S2, Supporting Information). This shows that the red-
shift is caused by the chain growth of the surrounding matrix 
instead of the oligomerization of the chiral dopant itself.

After photopolymerization-induced crosslinking, a redshift 
of the reflection band is no longer observed. Therefore, the 
Ch-LC reflection band can be “frozen in” at any time due to the 
network formation. Using this structural color in situ analytical 
method, the crosslink density and molecular weight between 
crosslinks can be controlled by Michael addition reaction times 
and initial monomer composition.

2.2. Patterned Ch-LC Coatings

With the knowledge obtained above, multicolored patterns were 
formed in a single-layered coating by bar coating (Figure 3A). 
Using a successive masked UV-light illumination, exposed 
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Figure 2. A) Transmission spectra of the Ch-LC reflection band at various times during the base-catalyzed polymerization reaction. Photographs of the 
films are shown in the squares. B) Evolution of the degree of polymerization of the films with respect to the central wavelength of the reflection band. 
Photographs of the films (taken at a 90° angle) are shown in the squares. C) Evolution of the degree of polymerization of the films with respect to 
the conversion showing the typical step-growth kinetics curve. Original GPC chromatograms are included in Figure S1 in the Supporting Information.

Figure 3. A) Schematic representation of the preparation procedure for the patterned photonic coatings. B) Ch-LC triple pattern formed by dual mask 
exposure of a single-layered coating. The blue backgrounds were cured directly after bar coating; the green areas were cured after ≈40 min; and red 
areas were cured after 4 h. C) The triple colored pattern (panel (B)) in front of a window, showing good transmission of the coating indicating good 
alignment of the LCs. D) Photograph of a gravure printed photonic coating showing a Ch-LC green to Ch-LC orange contrast with improved resolution.
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areas of the coating were cured by free radical polymerization, 
while the unexposed areas kept reacting via the thiol-Michael 
addition. Figure 3B shows a triple colored image in which the 
blue background was cured immediately using UV-light (80 s, 
30 mW cm−2) while the green and red areas were cured after 
allowing those areas to linearly polymerize at room tempera-
ture for an additional 40 min and 4 h, respectively. A proper 
alignment of the Ch-LC causes the coating to be transparent for 
wavelengths outside of the reflection band, as is visualized by 
Figure 3C.

To demonstrate scalability of the coatings, multicolor coat-
ings were prepared by gravure printing. The Ch-LC mixture was 
dissolved in cyclopentanone to tune the viscosity and printed 
on a black polyethylene terephthalate (PET) substrate at a speed 
of 0.5 m s−1. The solvent was evaporated and the ink was cured 
by masked light exposure. By adjusting the time between ink 
preparation and printing, a specific network density and there-
fore color can be obtained (Figure S3, Supporting Informa-
tion). Using again a masked UV-exposure step, patterns were 
created, having a Ch-LC color contrast (Figure 3D). The 45 nm 
shift between the reflection band of the butterfly (548 nm) and 
the background (593 nm) was achieved after 30 min of linear 
polymerization between the masked and nonmasked exposure. 
The reflection spectra of the film can be found in Figure S4 
in the Supporting Information, showing well-defined Ch-LC 
reflection bands.

2.3. Broadband Ch-LC Coatings

The control over network formation in the x–y direction can also 
be translated into control of network formation throughout the 
coating thickness (z-direction). By allowing only network for-
mation at the top of the coating, while prohibiting light to pen-
etrate sufficiently to the other side of the coating (i.e., bottom), 
monomers are able to linearly extend at the bottom. There, the 
pitch will redshift gradually due to the Michael addition reac-
tion of the reactive chiral dopant, creating a broad reflection 

band throughout the thickness of the overall coating. Using 
this approach, a gradient in the pitch and thus a single-layered 
broad Ch-LC reflection band can be formed. Using again a dual 
light exposure approach, the coating was initially exposed to 
UV-light with a low intensity (0.4 mW cm−2) for 45 s, in order 
to create a (partial) network at the illuminated side (i.e., top) of 
the coating. The remaining monomers/oligomers were allowed 
to react via the Michael addition reaction for at least 4 h. Finally, 
the coating was fully cured for 300 s using UV-light with a high 
(30 mW cm−2) intensity (Figure 4A). Figure 4B shows the wid-
ening of the reflection band. The black line in the figure corre-
sponds to the narrowband formed after the coating was directly 
cured into a network using high-intensity UV light. The red 
line corresponds to the broadband formed after the dual light 
exposure, broadening the reflection band from 120 to 400 nm. 
A scanning electron microscopy (SEM) image of the cross sec-
tion of the coating (Figure 4C) shows that the small pitches are 
indeed formed at the air interface, on the right-hand side, and 
that the pitch size gradually increases along the cross section of 
the coating, as expected.

2.4. Elastic Modulus and Stimuli Responsiveness  
of the Ch-LC Coatings

To analyze the responsive behavior of the coatings formed, a 
patterned coating was prepared on glass, revealing red flowers 
on a blue background. The elastic modulus of both the red and 
blue areas was determined by atomic force microscopy (AFM; 
Figure 5). A relatively homogeneous modulus mapping image 
was obtained with a normal modulus distribution. The mean 
modulus for the high-crosslinked blue areas was 702 MPa and 
for the low-crosslinked red areas 147 MPa, showing a clear stiff-
ness difference between the two areas.

Due to the increased flexibility of the elastomeric network 
formed with respect to an LC network polymerized by solely 
homopolymerization of acrylates, the final coatings are able 
to reversibly swell and deswell with several solvents such as 

Adv. Funct. Mater. 2020, 30, 1906833

Figure 4. A) Schematic representation of the preparation procedure for the broadband coatings. B) Transmission spectra of coatings, directly cured 
(black), and unmasked dual exposure (red) showing band widening of the Ch-LC reflection band. C-i) SEM image of a cross section of the broadband 
coating with the air interface at the right side. C-ii) Enlarged image of the dashed rectangle showing the smaller pitches present in the coating.
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acetone. A more detailed table of swelling and nonswelling sol-
vents is provided in Table S1 of the Supporting Information. 
Swelling of the coating leads to expansion of the cholesteric 
helix (e.g., pitch), which in turn results in a redshift of the 
Ch-LC reflection band (see Equation (1)) in which the respon-
siveness and color are controlled by the crosslink density and 
molecular weight between the crosslinks. The flower disap-
pears when soaked in acetone, which is fully reversible when 
the coating is dried. Due to the swelling of the coating, the 
reflection band shifts toward the infrared, making the pattern 
invisible to the human eye. Due to the denser network forma-
tion in the blue region, the wetted coating remained slightly 
blue. Different designs can also cause a change in visible colors 
(blue–red) or the appearance of a pattern when the initial reflec-
tion band is located in the UV regime (Figure S5, Supporting 
Information). Movies of the responsive films are provided in 
Movies S1–S4 (Supporting Information) as well. The swelling 
and deswelling can be repeated at least ten times (Figure S6, 
Supporting Information).

Besides the responsiveness toward solvents, the reduced 
crosslink density also caused enough flexibly for the coating to 
reversibly change color when the cholesteric to isotropic phase 
transition temperature was reached. This effect was visualized 
by the loss and reappearance of color at elevated temperatures 
(Figure 6). Heating the coating to 150 °C, the reflection band of 
areas that have the largest average molecular weight between 
crosslinks (yellow–red) disappears first. Increasing the tem-
perature further, areas with a smaller average molecular weight 
between crosslinks disappear as well. As is shown in Figure 6, 
blue areas, which possess the lowest molecular weight between 
crosslinks, do not fully lose their reflection band even at 250 °C. 
The relationship between molecular weight before crosslinking, 
the crosslinking itself, and the temperature response is added to 
the Supporting Information (see section “Temperature Respon-
siveness of the Coating” and Figures S7 and S8 in the Supporting 
Information), showing the ability to lower the Ch-LC to isotropic 
transition temperature from about 200 to 150 °C as a result of a  
4 h Michael addition reaction before crosslinking the coating.

Adv. Funct. Mater. 2020, 30, 1906833

Figure 5. A) Photograph of the patterned coating. The dashed boxes indicate the areas used for AFM measurements on high-crosslinking (blue) and 
low-crosslinking (red) areas of the LC coating. B) The modulus mapping image and C) modulus distribution of high-crosslinking area are presented in 
the top row. D) The modulus mapping image and E) modulus distribution of low-crosslinking area are presented in the bottom row.

Figure 6. Patterned coating on glass showing dual responsiveness toward solvents and temperature. The coating was soaked in acetone (left), resulting 
in the disappearance of the pattern. The same coating was heated (right) to 150 and 250 °C showing the reversible disappearance of the first red color 
and subsequently the green color.
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3. Conclusions

An in situ polymer network structure–property characteriza-
tion method is reported, in a Michael addition polymerization; 
kinetics are coupled to structural coloration variations. A two-
step polymerization approach was used, in which the oligomers 
and the network both were formed during the coating deposi-
tion process at room temperature. Initially, monomers were 
linearly chain-extend by the Michael addition reaction causing 
a redshift of the reflection band. Over time, the reaction was 
monitored by the visual color change of the coating. Subse-
quently, the linear chain lengths or desired colors were “frozen 
in” by network formation due to photopolymerization.

With this new method, we have shown the ability to control 
chain extension versus network formation locally by creating 
both patterns with multiple colors (x–y plane) and broadband 
reflecting coatings, widening the reflection band from 120 to 
400 nm (z-plane). Moreover, we demonstrated the ability to scale 
these materials using gravure printing techniques, for which 
the coatings were printed on flexible PET substrates, again 
creating multicolored images. These dual-responsive photonic 
elastomer coatings show a reversible swelling behavior toward 
several solvents, and are able to lose their reflection band at ele-
vated temperatures in a reversible manner. Apart from the coat-
ings shown here, this in situ two-step polymerization approach 
gives a new method to tune functional (optical) and responsive 
properties and opens up potential routes for the fabrication of 
camouflage and anti-counterfeit materials, broadband IR reflec-
tive coatings, and the in situ analyses of prepolymer chain 
lengths.

4. Experimental Section
Materials: 500 µm thick LEXAN 8040T polycarbonate (PC) film was 

kindly provided by SABIC. 36 µm thick biaxial oriented PET substrates 
(Tenolan OCN0003) were purchased from SABIC Snijuni BV. Chiral 
dopant 2 was received from BASF. BP, TEA, 2,2′-(ethylenedioxy)
diethanethiol (1), and liquid crystal 3 were purchased from Merck. The 
solvents 1-methoxy-2-propanol and cyclopentanone were purchased 
from Merck as well. The molecular structures of the monomers, BP 
photoinitiator, and TEA catalyst can be found in Figure 1A.

Methods—Mixtures: The mixtures contained monomer dithiol 1 
(20 wt%), photoinitiator BP (1 wt%), catalyst TEA (2 wt%), and varying 
concentrations of the liquid crystalline monomer 3, and the chiral 
dopant 2. Since the color of the initial coating was inversely proportional 
to the wt% of the chiral dopant (Equation (1)), various mixtures were 
prepared to control the initial structural color of the coating. Initial blue 
coatings contained 7 wt% 2/70 wt% 3. Initial green coatings contained  
5 wt% 2/72 wt% 3. Initial red coatings contained 4 wt% 2/71 wt% 3.

Methods—Ch-LC Cells: A Ch-LC monomer mixture was coated on a 
glass plate at room temperature using a gap applicator with a 30 µm 
gap height. A second glass plate was added on top of the coating to 
avoid evaporation. The glass plates were pressed together and sheared 
to regain proper Ch-LC alignment.

Methods—Patterned Coatings (Bar Coating): Ch-LC monomer mixtures 
were coated on a flexible PC substrate at RT (i.e., 20 °C) using a gap 
applicator with a 30 µm gap height. Patterns in the coatings were made 
by partially curing of the coating using a masked photopolymerization 
with an Omnicure S2000 UV lamp at an intensity of 3 mW cm−2 for 80 s. 
Afterward, the uncured (masked) areas of the coating were allowed to 
react via thiol-Michael addition for 0–180 min. Subsequently, the coating 
was fully cured into a network via photopolymerization (no mask) using 

again the Omnicure S2000 UV lamp at an intensity of 30 mW cm−2 for 
5 min. For the preparation of coatings exhibiting more than two colors, 
additional successive masked photopolymerization steps took place 
before the coating was completely cured. The complete procedure was 
performed at RT.

Methods—Broadband Coating: Ch-LC monomer mixtures were coated 
on a flexible PC substrate at RT using a gap applicator with a 30 µm gap 
height. The coatings were partially cured by an Omnicure S2000 UV source 
at 0.4 mW cm−2 for 45 s. Subsequently, the coating was allowed to react 
further via thiol-Michael addition. After 180 min, the coating was fully cured 
using photopolymerization the same illumination setup at 30 mW cm−2  
for 300 s. The complete coating procedure was performed at RT.

Methods—Gravure Printing: Ch-LC monomer mixtures were dissolved 
in a 1:1 mass ratio in cyclopentanone. The ink was printed at a speed 
of 0.5 m s−1 on flexible PET substrates using an IGT F1 printability 
tester in a gravure printing mode. Afterward, the solvent was allowed 
to evaporate for ≈2 min at 50 °C. The coatings were partially cured by 
masked photopolymerization using an Omnicure S2000 UV source at 
30 mW cm−2 for 40 s. The multicolored coatings were allowed to react 
further via thiol-Michael addition and cured afterward in a second 
illumination step (30 mW cm−2, 300 s). Nonpatterned coatings were 
directly cured for 300 s at an intensity of 30 mW cm−2.

Characterizations: UV–vis spectroscopy was performed on a 
PerkinElmer LAMBDA 750 UV–vis–NIR spectrophotometer equipped 
with a 150 mm intergrading sphere. GPC was performed on a Shimadzu 
Prominence-I LC-2030C high-performance liquid chromatography 
(HPLC) equipped with photodiode array and refractive index detectors. 
Polystyrene (PS) standards and a 1 mL min−1 CHCl3 flow rate were 
used. NMR spectra were recorded on a 400 MHz Bruker AVANCE III 
HD spectrometer with tetramethyl silane used as an internal standard. 
SEM images were obtained from a JEOL JSM-7800F microscope using 
an acceleration voltage of 5 kV, a working distance of 6 mm and high 
vacuum. To obtain a larger SEM image, several SEM images were 
stitched together using a 67% overlap between every image. Cross 
sections of the sample were prepared by cryotomy at −120 °C, 200 nm, 
and 0.2 mm s−1, followed by stabilization at room temperature for at 
least 30 min. Prior to SEM imaging, a Pt/Pd sputter coating of 5 nm 
in thickness was applied with a JEOL 208HR sputter coater. Colorimetry 
measurements were performed on a Gretag Macbeth Color Eye 7000A in 
reflection mode and a small area aperture. To analyze fatigue, droplets 
of acetone or toluene were placed on the substrate and evaporated 
after which the coating was further dried in an oven at 45 °C under 
vacuum for 4 h for acetone and for 65 °C under vacuum overnight for 
toluene. After every cycle a spectrum was measured, AFM analysis 
was performed using a Dimension FastScan AFM system at ambient 
conditions. To understand the nanomechanical properties with LC 
coatings with different crosslinking degree, the modulus of different 
locations of the LC coating was characterized by AFM high-accuracy 
quantitative nanomechanical mapping mode (AFM-HA-QNM) with 
a frequency of 0.7 Hz using an AFM tip with a spring constant of 
43.99 N m−1 (Bruker, RTESPA-300-30). A scan size of 5 µm × 5 µm was 
used for all the samples. The elastic modulus of the sample was fitted 
from the force curve using the Derjaguin–Muller–Toropov (DMT) model. 
A reference PC sample with known modulus (2.6 GPa) was used as a 
reference calibration.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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