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materials over the last decades.[1–3] The 
most interesting building block for 
photonic materials is represented by 
monodisperse colloids, which can be pre-
pared by an inexpensive and convenient 
bottom-up process, for instance, by the 
Stöber process (SiO2)[4,5] or means of 
emulsion polymerization (organic and/
or hybrid particles). As a result, particle-
based films from these materials typi-
cally feature iridescent reflection colors 
caused by Bragg diffraction of visible 
light.[6–9] Reviews dealing with self-assem-
bled photonic materials and applica-
tions thereof are given by Galisteo-López 
et  al.[10] and other authors.[11–14] In gen-
eral, the mechano-responsiveness in soft 
materials attracted tremendous attention 
for various sensing applications in the 
past.[15–19] So-called elastomeric polymer 
opals consist of well-defined (concerning 
size and form) particles with diameters 
typically in the range of 200–350  nm 
embedded in a soft matrix. Such particle-

based films can be fabricated to prepare reversibly stretch-
tunable materials showing remarkable color changes due to a 
variation of the 111 (200) plane spacing of the colloidal crystal 
structure.[20–22] The distance between the underlying spheres 
can also be triggered and modulated by external triggers such 
as organic solvents, pH value, light, magnetic field or combi-
nations thereof.[23–29] Advances in the field of stimuli-respon-
sive opal materials have been reviewed,[30,31] while very recently 
Chen and Hong reported on the mechanochromism of struc-
tural-colored materials.[32] In general, the lack of mechanical 
strength in soft polymer-based opal films and hydrogels can 
be overcome by subsequent crosslinking strategies of the soft 
matrix after the film preparation. As a result, excellent optical 
performance can be combined with a fully reversible mecha-
nochromic behavior[33–35] after the particles’ precise arrange-
ment in such elastomeric opal films by combinations of 
melting and shear-ordering methods.[14,36–38] Current invisible 
photonic crystal patterns have been developed successfully 
to allow images to appear in several different ways, such as 
selective chemical wetting,[39] magnetic field manipulation,[40] 
and mechanical stretching.[41–43] With the scalable fabrication 
of these stimuli-responsive photonic crystals, such materials 
are well suited for application in chemical sensing and anti-
counterfeiting devices, for document authentication, secret 
information encoding, and a variety of other opportunities.

In this work, the preparation and fabrication of elastomeric opal films 
revealing reversible mechanochromic and pH-responsive features are 
reported. The core–interlayer–shell (CIS) particles are synthesized via step-
wise emulsion polymerization leading to hard core (polystyrene), crosslinked 
interlayer (poly(methyl methacrylate-co-allyl methacrylate), and soft poly(ethyl 
acrylate-co-butyl acrylate-co-(2-hydroxyethyl) methacrylate) shell particles fea-
turing a size of 294.9 ± 14.8 nm. This particle architecture enables the applica-
tion of the melt-shear organization technique leading to elastomeric opal 
films with orange, respectively, green brilliant reflection colors dependent 
on the angle of view. Moreover, the hydroxyl moieties as part of the particle 
shell are advantageously used for subsequent thermally induced crosslinking 
reactions enabling the preparation of reversibly tunable mechanochromic 
structural colors based on Bragg’s law of diffraction. Additionally, the CIS par-
ticles can be loaded upon extrusion or chemically by a postfunctionalization 
strategy with organic dyes implying pH-responsive features. This convenient 
protocol for preparing multi-responsive, reversibly stretch-tunable opal films 
is expected to enable a new material family for anti-counterfeiting applica-
tions based on external triggers.

Photonic structural materials have received significant atten-
tion, and they have been studied and engineered as candidates 
for display technologies, sensors, and as anti-counterfeiting 
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In the present study, we present a convenient approach for 
combining structurally colored elastomeric opal films featuring 
pH-responsive dyes as part of the soft opal matrix. The hard 
core/soft shell particles were designed using starved-feed emul-
sion polymerization, which was tailored for: i) the convenient 
melt-shear organization, that is, shear-induced ordering of the 
particles, ii) subsequent thermally induced crosslinking strat-
egies for gaining access to mechanochromic features, and 
finally, iii) the incorporation of organic dyes or dye-function-
alized copolymers as matrix additives. The optical properties 
were investigated upon the application of external triggers such 
as mechanical stress and pH-responsiveness. These materials 
are promising for applications related to security and sensing.

For the fabrication of dye-loaded opal films showing mech-
anochromic properties, core–interlayer–shell (CIS) particles 
were prepared by seeded and stepwise emulsion polymeriza-
tion technique (EP) followed by different processing steps illus-
trated in Scheme 1. To synthesize monodisperse particles, the 
starved-feed mode for emulsion polymerization is mandatory, 
as this technique can be used for tailoring the particle shape 
and size distribution without any secondary particle nucleation. 
In the first step, pristine crosslinked poly(styrene-co-butane-
diol diacrylate) (P(S-co-BDDA)) seeds were synthesized using 
a batch process followed by the continuous addition of either 
S and BDDA to obtain hard core particles. We controlled the 
surfactant amount in the batch process and the monomer con-
tent during the starved-feed mode. Thereby, the core particles’ 

average diameter was adjusted to be 203.2 ± 7.8 nm (according 
to dynamic light scattering (DLS) data). Thus, permitting final 
opal films’ preparation shows a reflection color in the range of 
the visible light. Bragg’s law of diffraction considers both the 
size of the particles and the effective refractive index contrast. 
Crosslinking of the PS cores is needed to avoid particle defor-
mation during extrusion and the melt-shear organization at 
a temperature of 120  °C. Using BDDA as the crosslinker also 
offers the possibility of reinitiating the polymerization via free 
vinylic moieties on the particle surface. Thus, the crosslinked 
interlayer of ≈5  nm containing methyl methacrylate (MMA) 
and allyl methacrylate (ALMA) was introduced. Based on the 
two different reactive sites of ALMA, subsequent anchoring of 
the soft polymer shell material was possible.

Our samples’ specific particle architecture is an essential pre-
requisite for keeping the core particle shape and introducing a 
soft copolymer shell in the next step. Concerning the generation 
of opal films featuring reversible mechanochromic properties, the 
resulting glass transition temperature (Tg) of the corresponding 
shell material should be below room temperature. At the same 
time, the polymer’s stability should be given by the covalent link-
ages of the shell material. The effective refractive index contrast 
between the core and shell material are key factors to enable struc-
tural colors. For this purpose, a combination of ethyl acrylate (EA) 
and n-butyl acrylate (BuA) was used due to their low glass transi-
tion temperatures[44] of Tg(EA) = −22 °C and Tg(BuA) = −56 °C as 
well as their relatively low refractive indices of n(EA) = 1.48 and 

Scheme 1. Top: Stepwise synthesis of elastomeric core–interlayer–shell (CIS) particles via starved-feed emulsion polymerization (see text). Bottom: 
Particle dye loading with different reagents a) pure congo red, b) poly(styrene-co-2-(hydroxyethyl) methacrylate) (P(S-co-HEMA)) functionalized with 
congo red, and c) pure phenolphthalein and homogenization. This is followed by a melt-shear organization of the CIS particles to generate a dye-
loaded opal film.
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n(BuA) = 1.47 compared to the PS core particles (n(PS) = 1.59).[45] 
An additional 2  wt% of 2-(hydroxyethyl) methacrylate (HEMA) 
providing hydroxylic groups for final thermal crosslinking reac-
tions were introduced into the shell material.

To evaluate the successful preparation of tailored particles 
with a core–shell architecture, transmission electron micro-
scope (TEM) measurements were carried out after each syn-
thesis step (Figure  S2, Supporting Information). From these 
images, it can be concluded that well-defined CIS particles were 
prepared starting from 203.2 ± 7.8 nm crosslinked PS cores to 
294.9 ±  14.8 nm (both according to DLS data) core–interlayer–
shell particles (batch no. 1). The corresponding small standard 
deviations (<5%) indicate that monodisperse CIS particles were 
obtained, a key feature for further processing and colloidal 
self-assembly. By these basic prerequisites, we produced highly 
ordered 3D opal films after melt-shear organization.

DLS measurements (Figure S3, Supporting Information) of 
the diluted particle dispersions further confirm these results 
showing a narrow size distribution as well as an increasing 
hydrodynamic diameter for the CIS particle synthesis starting 
from 203.2 ± 7.8 nm crosslinked PS cores to 294.9 ± 14.8 nm CIS 
particles (299.1 ± 27.3 nm for batch no. 2), which is also proved 
by the brilliant reflection color of the dried particle dispersion. 
All obtained data on particle size were in good agreement with 
theoretical expectations to monomer consumption and polymer 
yield (see the Experimental Section). The use of two batches is 
merely attributed to the polymer amount needed to fabricate 
several opal films. Before the processing experiments, the CIS 
particles’ thermal properties, especially for the shell material, 
were verified by using differential scanning calorimetry (DSC) 
measurements to evaluate both the monomer incorporation 
and tailoring of the processing parameters depending on the 
glass transition temperature of the shell material. In Figure S4 
(Supporting Information), a glass transition temperature of 
−11.3 °C (−11.4 °C for batch no. 2) for the final material P(S91-co-
BDDA9)@P(MMA90-co-ALMA10)@P(EA88-co-BuA10-co-HEMA2) 
is shown, making these elastomeric polymer particles suitable 

for the preparation of reversibly stretchable, soft opal films fea-
turing structural colors.

Before analyzing the full optical properties the CIS material 
was further processed to incorporate different dyes. The lyo-
philized pure particle mass was mixed with two different dyes, 
namely, phenolphthalein (P) and congo red (CoR) as well as 
with a congo red-functionalized copolymer to obtain a homoge-
neous and processable material. To the three different core/shell 
particle masses, a blocked oligo isocyanate crosslinker (Crelan 
EF403) was added before processing in a micro extruder (Experi-
mental Section).

As illustrated in  Scheme  1 (bottom), pure congo red (a), 
a P(EA-co-HEMA) copolymer functionalized with congo red 
(b), and pure phenolphthalein were selected as dyes. The 
postfunctionalization of the copolymer with congo red and 
polymer characterization are described in the Supporting 
Information. The extrusion strands were subjected to the 
melt-shear organization technique to prepare the respective 
dye-loaded opal films. As described in the Introduction, by 
this method, freestanding photonic crystals were obtained. 
Within the present study, during the shear-induced self-
assembly, the crosslinked PS core particles were arranged 
into a face-centered cubic lattice surrounded by the dye-
loaded soft polymer matrix, which stemmed from the cova-
lently attached shell material, as described in previous litera-
ture.[38,46,47] To achieve a reversibly tunable mechanochromic 
response and simultaneously avoid an inelastic behavior of 
the obtained opal films upon stretching, the opal films were 
treated at 190 °C. Thereby, we induced a thermal crosslinking 
reaction between the PHEMA-containing shell material’s 
hydroxyl moieties and the Crelan EF403. In the congo red-
loaded opal films, both the amine moieties of the dye and the 
hydroxy groups of the dye-functionalized PHEMA copolymer 
will be capable of covalently immobilizing the dye in the 
shell-forming polymer chains. As a result, the dye’s signifi-
cant leakage is avoided if desired for the application as anti-
counterfeiting material.

Figure 1. A) UV–vis reflection and transmission spectra of the dye-loaded opal film. B,C) Corresponding photographs from different angles of view.
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In the following, we investigate the optical properties of the 
dye-loaded opal films and the mechanochromic response of 
the herein produced crosslinked films. All original opal films 
featured almost the same yellow-orange reflection color, which 
agrees with the corresponding UV–vis measurements showing 
a Bragg peak at λ = 588 nm at an angle of view of 90° (Figure 1).

Two different CIS particle batches were synthesized. 
The particles’ hydrodynamic diameter from batch no.  1 is 
294.9 ± 14.8 and 299.1 ± 27.3 nm for batch no. 2 (both according 
to DLS data). The small redshift of the photonic bandgap from 
588 to 630  nm belonging to the dye-containing copolymer 
aligns with the use of two different particle batches. The 
reflection colors are induced by the surface parallel (111)-lat-
tice planes of hexagonally arranged PS cores embedded in 
the matrix of P(EA88-co-BuA10-co-HEMA2) featuring an effec-
tive refractive index contrast of Δn  ≈ 0.12 between the core 
(nPS = 1.59) and shell (nCopolymer ≈ 1.47) material. Moreover, the 
presence of congo red within the opal film was characterized 
by UV–vis measurements in transmission mode (Figure  1, 
red curve). To demonstrate the mechanochromic properties, 
strain-dependent UV–vis measurements were carried out by 
characterizing the stop-band shift while applying strain up to 
ε = 67%.
Figure 2 exemplifies this behavior for the opal film con-

taining the congo red functionalized copolymer of P(EA-co-
HEMA). All spectra were recorded at an incident angle of 90° 
in reflection mode using a normal incidence, keeping the light 
spot constant. Figure 2 shows the reflection spectra and the cor-
responding photographs from the original opal film compared 
to the material after stretching.

Furthermore it can be shown that increasing the strain leads 
to a constant blueshift of the Bragg peak until the reflection 
color almost wholly disappeared. This behavior can also be seen 
visually. These results further prove that the intense structural 
color was more dominant based on the highly ordered particle 
domains inside the opal film. While stretch-tuning the opal 
film, the reflection color changed from orange to yellow, over to 
green, until it disappears (Figure 2B). Moreover, this behavior 
is fully reversible, and upon relaxation of the opal film to its 

initial shape, the pristine reflection color could be observed. 
Detailed combined mechanical and optical characterization 
after the application of thermally induced crosslinking proto-
cols has been described in a previous study.[35] The other opal 
film samples, containing pure phenolphthalein and pure congo 
red, showed a similar optical response, as confirmed by UV–vis 
data.

Both dyes, congo red and phenolphthalein, could be 
extracted from the opal film simply by using a sessile drop on 
top of the film surface. In comparison, opal films featuring the 
dye-containing copolymer crosslinked inside the opal matrix 
were not prone to a dye leakage (Figure  3). The extraction of 
phenolphthalein could be observed immediately after setting 
the water drop on the opal film surface. However, the extrac-
tion of congo red was slower, possibly because of the increased 
sterical hindrance of the molecule and stronger interaction with 
the film material.

To further investigate the leakage of the dyes, a piece of 
each opal film (1  cm2) was inserted into 8  mL of water for at 
least 15 h. Afterwards, the final dye-loaded water residues were 
characterized by UV–vis measurements to detect whether the 
dyes were extracted or stayed inside the opal film under these 
treatments (Figure S5, Supporting Information). As can be 
concluded from Figure S5 (Supporting Information), pure 
phenolphthalein, as well as congo red, could be detected in 
the water-based residues showing absorption bands at 555 nm 
(phenolphthalein)[48] and 510  nm (congo red),[49] which is in 
good agreement with the literature. In contrast, the opal film’s 
residue within the dye-containing copolymer did not show any 
absorption signal, demonstrating the chemical incorporation of 
the copolymer inside the opal film matrix. All these observed 
properties make the materials applicable for different sensor 
strategies, where the stimuli can either be used separately for a 
specific kind of safety feature or in combination resulting in a 
double safety functionality. Furthermore, the mechanochromic 
behavior of these freestanding opal films can be tailored by sev-
eral parameters (e.g., core particle size, core–shell ratio, and 
crosslinking density), and the resulting reflection colors can 
be controlled. Within the present work, additional features for 

Figure 2. a) Strain-dependent UV–vis reflection spectra of the opal film containing the dye-loaded copolymer of P(EA-co-HEMA) and b) corresponding 
photographs of the opal film while stretching from ε = 0% to ε = 27%.
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these elastomeric opal films can be conveniently introduced by 
incorporating organic dye molecules, which again can feature a 
pH-responsive performance, interesting for optical sensors or 
the fabrication of double safety anti-counterfeiting materials.

In conclusion, an efficient protocol for the preparation of 
anti-counterfeiting materials based on elastomeric opal films 
featuring mechanochromic properties was demonstrated 
within this work. Stepwise emulsion polymerization led to 
monodisperse CIS particles consisting of crosslinked PS cores 
(d  =  203.2  ±  7.8  nm) and a soft shell of P(EA88-co-BuA10-co-
HEMA2). Subsequent processing using extrusion enabled the 
incorporation of two organic dyes, that is, phenolphthalein and 
congo red, and a dye-containing copolymer as well as a thermal 
crosslinker (Crelan EF403). According to Bragg’s law of diffrac-
tion, we used the melt-shear organization technique and sub-
sequent thermal treatment to prepare elastomeric mechano-
chromic opal films featuring angle-dependent reflection colors. 
UV–vis measurements allowed for measuring the evaluation of 
the strain-induced change of the Bragg peak maximum as well 
as the detection of the different dyes.

Moreover, the extraction behavior was evaluated by setting a 
water droplet on the surface of the dye-loaded opal films. The 
extraction duration of the pure dyes, phenolphthalein, and 

congo red, depends on the molecule size, polarity and the inter-
action with the polymer matrix. Thus, the extraction of phenol-
phthalein was faster than the extraction of congo red. In the case 
of the dye-loaded copolymer containing opal film, there was no 
extraction residue since the copolymer is incorporated within 
the opal film matrix. For that reason, we envision the herein 
investigated dye-containing and stretchable opal films as prom-
ising candidates for anti-counterfeiting and sensing materials.

Experimental Section
Synthesis of PS@P(MMA85-co-ALMA15)@P(EA88-co-BuA10-co-HEMA2) 

CIS Particles: The CIS particles were synthesized starting from the 
polystyrene (PS) core particle dispersion (particle size 203.2 ±  7.8 nm, 
synthesis see the Supporting Information) in a 250  mL double-wall 
reactor with a stirrer and a reflux condenser under a nitrogen atmosphere 
at 75 °C. For this purpose, 27.39 g of the PS core dispersion and 28.17 g 
deionized water were filled into the reactor and stirred at 300 rpm. The 
starved-feed emulsion polymerization was initiated by the addition of 
0.006 g sodium disulfite (NaDS), 0.069 g sodium persulfate (NaPS), and 
0.006 g NaDS (each component was dissolved in 5 g of deionized water). 
After 15  min reaction time, a monomer emulsion (ME1) consisting 
of 0.007  g sodium dodecyl sulfate (SDS), 0.014  g Dowfax 2A1, 0.61  g 
methyl methacrylate (MMA), 0.068 g allyl methacrylate (ALMA), and 3 g 

Figure 3. Photographs of the opal films containing three different dyes: A) initial state, B) with a water droplet for extraction (in case of phenolphthalein: 
pH = 11), and C) water residues after opal film treatment. Cutouts of the opal films shown in (A) and (B) correspond to piece sizes of 1 cm2.
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deionized water was continuously added with a flow rate of 0.3 mL min–1 
using a rotary piston pump. After the complete addition of ME1 and an 
additional 20  min stirring at this temperature, the polymerization was 
reinitiated by adding 0.011 g NaPS. After an additional 10 min, a second 
monomer emulsion (ME2) containing 0.057 g SDS, 0.046 g Dowfax 2A1, 
0.08  g potassium hydroxide (KOH), 12.69  g ethyl acrylate (EA), 1.44  g 
butyl acrylate (BuA), 0.29  g 2-(hydroxyethyl) methacrylate (HEMA), 
and 18.8 g deionized water was added continuously with a flow rate of 
0.3 mL min–1 using a rotary piston pump. After the complete addition of 
ME2 the reaction was kept at a constant temperature for an additional 
45  min, resulting in a solid content of the CIS particle dispersion of 
19.24 wt%. The average hydrodynamic diameter of the final CIS particles 
was 294.9 ± 14.8 nm, determined by DLS. According to the same protocol 
described above, a second batch (batch no. 2) of PS@P(MMA85-co-
ALMA15)@P(EA88-co-BuA10-co-HEMA2) was synthesized starting with 
the same PS core particles, as used before. The average hydrodynamic 
diameter of the final CIS particles of batch no. 2 was 299.1 ± 27.3 nm, as 
determined by DLS with a solid content of 12.37 wt%.

Particle Processing and Dye-Loaded Opal Film Preparation: For 
the preparation of dye-loaded elastomeric PS@P(MMA85-co-
ALMA15)@P(EA88-co-BuA10-co-HEMA2) opal films, the obtained CIS 
particles were first lyophilized. In general, three opal films were prepared 
to contain different kind of dye reagents: a linear P(EA-co-HEMA) 
copolymer postfunctionalized with congo red (dye no. 1) (the polymer 
was synthesized by free radical polymerization, see the Supporting 
Information for specifications), pure congo red (dye no. 2), and pure 
phenolphthalein (P, dye no. 3). For homogenization of the particle 
mass, 3.22 g of the precursor powder (batch no. 1 was used for dye no. 
1 and batch no. 2 for dye no. 2 and no. 3) was mixed with 0.282 g Crelan 
EF403 and either 100 mg of the different dye reagents in a micro extruder 
(HAAKE Minilab II 350, Thermo Scientific) at 120  °C and 130  rpm. For 
opal film formation, a 1.6  g portion of the elastomeric dye-containing 
polymer mass was covered with two polyethylene terephthalate (PET) 
foils (Mylar A75, DuPont) and inserted into a Collin laboratory press P 300 
E (Dr. Collin, Ebersberg, Germany). During the melt-shear organization, 
the particle mass was formed into opal discs of ≈4  cm in diameter at 
120 °C, 5 bar, and a holding time of 3 min. For subsequent crosslinking 
reaction, the obtained freestanding opal films were separated from the 
PET foils and treated in an oven at 190 °C for at least 10 min.

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