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Two design approaches for multifunctional information carriers are introduced. In the first one, quick response (QR) code carriers, which
were composed of poly(ester urethane) (PEU) and microencapsulated thermochromic pigments (T-PIGs), differing in color and color
switching temperature (CST), were prepared. The obtained material systems exhibited machine-readable QR codes at 23 °C and a two-stage
decolorization when heated, culminating in unreadable QR codes at temperatures above the highest CST of the employed T-PIGs. In the
second scenario, information carriers were sealed with a dark, thermochromic PEU layer. As a result, the QR codes were hidden at 23 °C and
became readable upon heating due to color fading. Beyond the characterization of the employed components, preparation methods,
functionality analyses and durability investigations are reported. When heated after thermo-mechanical programming, pronounced shape
memory properties could be verified. The thermo-responsiveness of such multifunctional material systems may qualify them for usage in anti-

counterfeiting applications.

Introduction

After being quasi plastically distorted, shape memory polymers
(SMPs) are able to recover their original shape when an appropriate
external stimulus is applied.*®* Conventionally, the process of
transferring a polymer in a temporary shape is called
“programming”. Therefore, the SMP is heated above a
characteristic phase transition temperature Tan, deformed and
cooled under constraint conditions to the shape fixity temperature.
As a result, the polymer chains are stabilized in a state of low
conformational entropy.* ° Once heated again above Ty, the gain
in entropy drives shape recovering.

The structural prerequisite for shape memory behavior is a
network architecture based on net points which are interconnected
by switching segments. Usually, the net points are formed by
chemical or physical cross-links and determine the permanent shape
of the polymer. In turn, the switching segments are sensitive to
external stimuli and serve as a mobile phase.

Physically cross-linked, phase segregated block copolymers like
poly(ester urethanes) (PEUs) belong to the most promising SMP
families.5'? Depending on the applied programming route,
switching can be accomplished when passing the glass transition
(Tyans = Tg) or the melting transition (Tyans = Tr) Of the polyester
soft segment.’®* * Advantageously, Tyas can be synthetically
adjusted in a wide temperature range by changing the molecular
weight of the soft segment and thereby the crosslink density.’>°
Post-polymerization cross-linking of structural motifs, which are
part of the polymer repeat units, by curing® or electron beam
irradiation®® is another promising way to control the thermal and
mechanical properties of polyurethane SMP systems. Besides that,
temperature-memory effects open the door to precisely set transition
temperatures within a phase transition region without the need of
structural modification.? %

Inspired by potential applications for SMPs such as textiles?* 2

and medical devices,®? fundamental research started focusing on
multifunctional polymers and their composites, which are
characterized by the coexistence of shape memory properties and at
least one further functionality.”® * Fruitful examples of such
polymer systems are electroactive®*® or magnetoactive®** SMP
composites same as biodegradable SMPs***® and color-changing
SMPs.5% 5! |n terms of latter, multifunctionality was verified by Wu
et al. who reported on the synthesis and characterization of a PEU,
in which chromic dye units of tetraphenylethylene were covalently
attached to poly(e-caprolactone), serving as soft segment. As a
result of aggregation and disaggregation phenomena, a memory
chromic behavior could be realized.** Kunzelman et al. performed
pioneering work by integrating excimer-forming fluorescent
chromophores via guest diffusion into a chemically cross-linked
poly(cyclooctene) (PCO) matrix.* In the obtained phase-separated
blends, color changes of the chromogenic dye resulted from self-
assembly or dispersion of dye molecules. Another way to obtain
SMP systems with thermoreversible color changes is to integrate
functional microcapsules containing color-forming components in a
polymer matrix. Following this approach, our group recently used a
two-step process to obtain quick response (QR) code carriers,
characterized by mutually complementing thermochromic and
shape memory properties.>? Therefore, laminate structures were
prepared by solvent casting of thin polymer films doped with
thermochromic pigments (T-PIGs) atop a PEU substrate. After
drying on air, machine-readable QR codes were engraved in the
cover layer. The employed T-PIGs were built up by a mixture of
leuco-dye, a color-developer and a solvent; the coloring
components were microencapsulated in a polymeric shell. Such
systems are known to change their color thermoreversibly due to
electronic interaction between the dye and dye-developer, which is
inhibited upon melting and allowed upon crystallization of the
solvent.®*’
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Herein, we introduce information carriers, which contain two sorts
of T-PIGs, differing in room temperature color and color switching
temperature (CST). Depending on the preparation method, a
mixture of T-PIGs was distributed in the same PEU matrix atop
PEU substrate before QR code carriers were prepared by laser
engraving and cutting or T-PIGs were separately embedded in
different layers atop PEU substrate at which a QR code carrying
bottom layer was completely covered by a continuous layer. The
aim of this work is to investigate their functionality. Here, one focus
was on the thermo-reversibility of color changes and the associated
changes in surface contrast, which were directly affecting the
machine-readability of the QR codes. In a further step,
programming was applied and the shape memory behavior
investigated. Against this background, a discussion of the obtained
results is provided.

Experimental section
Preparation methods

Desmopan DP 2795A SMP, which is a PEU from Bayer
MaterialScience AG, was used as received. The hard segments were
composed of 4,4’-methylenediphenyl diisocyanate and 1,4-
butanediol as chain extender, whereas the soft segments were based
on poly(1,4-butylene adipate) (PBA). Detailed information
regarding the two-step synthesis process is given in a patent.>® The
raw material was supplied both as pellets, foil®® and injection
molded plaques with dimensions of 126 mm x 52 mm x 2 mm.

Microencapsulated thermochromic pigments (T-PIGs) were
purchased as powder from Sintal Chemie GmbH. The obtained
T-PIGs varied in room temperature color and CST. The T-PIGs
were black, blue and magenta (CST = 43 °C) and orange, green and
magenta (CST =65 °C). Accordingly, they were termed “T-PIG
black-43”, “T-PIG blue-43”, “T-PIG magenta-43”, “T-PIG
organge-65”, “T-PIG green-65” and “T-PIG magenta-65”. The
preparation of thermochromic polymer pastes was carried out as
follows. At first, either 1.25 g of T-PIG or 2.5 g of a 1:1 mixture of
two T-PIGs was suspended in 5ml of N-methyl-2-pyrrolidone
(NMP). After sonication for about 10 min at 23 °C, the dispersed
T-PIGs were added to a solution, in which 5 g of PEU pellets or foil
were dissolved in 15 ml of NMP. The resulting pastes were stirred
for 5 min at 23 °C in order to obtain homogenous dispersions of the
T-PIGs. This way, pastes containing different T-PIG mixtures were
prepared, and their colors at 23 °C could be set by varying the
combination of the individual components (Table 1).

Table 1. T-PIG mixtures, which were used for paste preparation, and the
associated colors of the pastes.

First Second T-PIG color
component component mixture at23°C
T-PIG black-43 T-PIG orange-65 #1 brown
T-PIG blue-43 T-PIG green-65 #2 petrol green
T-PIG magenta-43 T-PIG orange-65 #3 red
T-PIG blue-43 T-P1G magenta-65 #4 purple

Following a solvent cast approach, thin thermochromic polymer
films were prepared by layering the pastes atop glass plates.
Subsequently, a custom-built doctor blade® (Fig. 1) was used to
remove the excess paste and obtain a homogenous layer thickness.

doctor blade

pigment containing PEU paste

substrate

Fig. 1. Schematic setup and functional principle of a doctor blade. The
employed substrate was either glass or PEU.

After solvent evaporation, the thermal and colorimetric properties
of the films were studied. Depending on the selected paste, the
content of T-PIGs inside the PEU films was 20 wt% in case of
pastes containing one sort of T-PIG and 33 wt% when T-PIG
mixtures were used.

The preparation of multifunctional information carriers was
either carried out in two or three steps; accordingly, the obtained
information carriers were denoted as “type 1” or “type 2” QR code
carriers (Fig. 2). In both cases, a solvent cast approach was
followed. This time, the above-mentioned pastes were distributed
by means of a doctor blade (Fig. 1) atop a 2 mm thick PEU plate,
which served as a substrate (stepl in Fig.2). After solvent
evaporation for about 18 h at 23 °C, tightly connected laminate
structures were obtained.

&

type 1 type 2

Fig. 2. Preparation scheme for QR code carriers (side view above and top
view below). Type 1 QR code carriers were prepared by solvent casting of a
first T-PIG containing PEU layer atop pristine PEU (step 1), laser engraving

of a QR code pattern and cutting (step 2). To prepare type 2 QR code
carriers, the aforementioned steps were applied and a surface-sealing layer
containing T-PIG black-43 was deposited before cutting (step 3).

In a second step, a QR code (version 1, error correction level L)%
carrying the encoded information “http://www.bam.de” was
generated,%? engraved in the pigment-containing PEU layer and
type 1 QR code carriers were prepared by laser ablation and cutting
with a 30 W CO, laser (step 2 in Fig. 2). By standard, the edge
length of the QR code symbols was 14 mm at a quiet zone width of
1 mm. In order to ensure a sufficiently high surface contrast at
23 °C between the pigment-containing regions and the PEU
substrate, a laser ablation depth of (120 £ 5) um was selected.

The preparation of type 2 QR code carriers was realized in three
steps (Fig. 2). In contrast to the above-described route, PEU pastes
containing only one sort of T-PIG (CST =65 °C) were selected in
step 1 (Fig. 2). After laser engraving a QR code pattern into the
cover layer (step 2 in Fig. 2), an information carrier with a machine-
readable QR code was obtained as an intermediate form.
Adjacently, the QR code carrying site of the information carrier was
sealed with a paste containing T-PIG black-43 (step 3 in Fig. 2). In
a final step, QR code carriers were cut out and dried on air for 36 h
at 23 °C.
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Characterization methods

The shape and size distribution of the T-PIGs was studied with a
scanning electron microscope (SEM). The employed Zeiss Gemini
Supra 40 device operated at an extra high tension of 10 kV. In order
to ensure that the surface of T-PIGs was electrically conductive, a
few nanometers thin carbon layer was deposited atop the
microcapsules by means of a sputtering system. The size
distribution of the T-PIGs was determined from scanning electron
micrographs using the software program ImageJ.®

Differential scanning calorimetry (DSC) was used to study
solvent cast PEU films. The films had a uniform thickness of
(65 * 5) um and were either composed of PEU or PEU, which was
loaded with one sort of T-PIG or mixtures therefrom. The
measurements were conducted three days after film preparation
with a DSC 7020 from Seiko Instruments. Initially, a sample,
weighing approximately 5 mg, was sealed in an aluminum pan,
before it was placed inside the calorimeter. The sample was cooled
down to —90 °C and heated to 90 °C, before cooling and heating
were repeated. All measurements were carried out with cooling and
heating rates of 10°Cmin’. For some of the obtained
thermograms, a melting peak deconvolution was carried out with
the Lorentz fit function of Origin 8.5.1 software.

The surface contrast of the QR code carriers was determined at
different temperatures. Therefore, heating was applied and color
photos were taken. Later, the pictures were converted into grayscale
histograms by using the analysis program ImageJ. From these
images the Michelson contrast Cy,,%* which is defined as the relation
between the difference and the sum of the highest and lowest
luminance L. and L.y, differing in grayscale value, was
calculated. For this purpose, the T-PIG containing areas and laser-
ablated regions (PEU substrate) of the QR code carriers were
considered. In detail, Cy, was determined for five different subzones
within the QR code area (top left, top right, center, bottom left and
bottom right) and adjacently averaged. The maximum deviation
from the mean value was determined and set as error.

The programming of information carriers was carried out with an
MTS Insight 10 electromechanical testing system, which was
equipped with a Thermcraft thermochamber. In accordance with the
geometry of the QR code carriers, the recently introduced
compressive deformation-determinated functionalization method
was selected.®® In the course of programming, a QR code carrier
was positioned in the center between two pressure plates and an
initial force of —10 N was applied to assure that the sample did not
change position. Adjacently, the information carrier was heated
with 4.3 °C min™' to 80 °C and thus above the DSC melting peak
offset temperature of the PBA phase, which was close to 50 °C.%
After 5min at 80 °C, the QR code carrier was loaded with a
crosshead displacement rate of 0.5mmmin* until a maximum
force Fay Of 2.25 kN was achieved. In order to fix the temporary
shape, Fmsx Was maintained during cooling with 5.3 °C min™* to
—20 °C and thus below the DSC crystallization offset temperature

of the PBA phase transition (=—10 °C).®® After 5 min at —20 °C,
programming was finalized by unloading with a rate of
0.5kN min™™. In a last step, the QR code carrier was heated to
23 °C.

To follow the thermo-reversibility of color changes and to
investigate the shape recovery behavior, programmed information
carriers were gradually heated in the thermochamber from 23 to
70 °C, before they were cooled to 23 °C. In those temperature
regions, in which distinct changes in color and shape occurred,
namely around the CST of the T-PIGs and the melting transition of
the PBA phase, heating and cooling steps of 2°C were
implemented. In the other regions, temperature intervals of 3 °C
were chosen. In every case, the holding time at the different
temperatures was 5 min. In parallel to temperature variation, color
photos were taken using a Nikon D90 with macro objective. In
order to ensure comparable conditions, the distance between the
camera and the information carrier, the aperture, exposure time,
focal length, 1SO settings and white balance were set to be constant
during the whole picture series. During shape recovering, the
evolution of distorted QR code areas was followed with the image
analysis program ImageJ. In scaled photographs, which were taken
at different temperatures, the areas of the QR codes were obtained
through manually fitting polygons to their boundary edges (Fig. 3).
Temperature-dependent changes in QR code area were calculated as
the difference AA=A;—A, with Aybeing 256 mm?. For error
determination, the standard deviation was calculated for three
measurements, which were carried out on the same QR code carrier.

22.5 mm
16 mm

22.5 mm

Fig. 3. Schematic illustration of a QR code carrier in the permanent shape

(a) and after programming (b). The red lines surround those surface areas,

which were considered when investigating shape memory properties. The

state of the QR code carrier on the left largely corresponds to the recovered
state.

The machine-readability of freshly prepared, programmed and
recovered QR code carriers was investigated with a Samsung
Galaxy S 19300 smartphone, equipped with the software ‘“Barcode
Scanner” version 4.7.0 from ZXing.%® Commonly, the QR codes
were scanned at 23, 50 and 70 °C. Thus, temperatures below,
between and above the CSTs of the employed T-PIGs were
selected.

For durability investigations, type 1 and type 2 QR code carriers
were prepared and temperature cycled in a Thermcraft
thermochamber for N =100 times between 23 and 70 °C. The
selected heating and cooling rates were 20 °C min™".

This journal is © The Royal Society of Chemistry [year]
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Results and discussion

Initially, the T-P1Gs, which were differing in color at 23 °C and in
color switching temperature (CST), were examined. As suggested
by ATR-FTIR investigations, their polymeric shells were composed
of melamine resin (ESI Fig. S1). Subsequently, scanning electron
microscopy was used to further examine the T-PIGs. Here, all
T-PIGs were characterized by similar size distributions and mean
particle sizes; two sorts of T-PIGs are exemplarily shown in
Figure 4.

counts (%)
=

counts (%)
=)

0
0123456738910
diameter (um)

0012345678910
diameter (um)
Fig. 4. Scanning electron micrographs of T-PIG blue-43 (a) and T-PIG
magenta-65 (b) and the corresponding size distributions of the
microcapsules.

Due to the similarities in shape and chemical structure, homogenous
mixtures of two T-PIGs could be easily formed and a good
dispersion be realized in polymer pastes, which were then used to
prepare solvent cast PEU films (ESI Fig. S2). The thickness of
films, containing either one sort of T-PIG or mixtures of two
T-PIGs, could be set in between (30 £5) and (150 +5) um (ESI
Fig. S3) by means of a doctor blade (Fig.1). By varying the
mixtures of the T-PIGs (Table 1), polymer systems with different
room temperature colors (brownish, petrol greenish, reddish and
purplish) could be obtained (ESI, Fig. S2).

In a next step, the thermal properties of the films were examined
with the aid of differential scanning calorimetry (Fig.5). When
investigating PEU films without fillers, broad endothermic and
exothermic signals with peak temperatures at 54 and 11 °C were
detected and assigned to the melting and crystallization of poly(1,4-
butylene adipate) (PBA).%> ® ¢ Upon integrating T-PIG in the PEU
matrix, the position of the melting signal nearly did not change, but
the crystallization peak temperature decreased from 11 to about
8 °C. Apparently, the pretty high filler contents retarded the
crystallization process by hindering the diffusion of polymer chains
to the growing crystallites. Under isothermal conditions, a similar
behavior is known from other aliphatic polyesters like poly(e-
caprolactone) (PCL), which in the presence of organically modified
clay shows delayed crystallization at higher filler contents.®® In turn,
under non-isothermal conditions, crystal growth is also retarded in
Nylon 6 nanocomposites with high clay contents.%

~— 54 °C?
(1 ,J\

56 °C*

§ / {

omic 58 °C° ofb
_§ gec* 18°C° 5gach 67°C
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3 @
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7C } sacc
43 °c*
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2°c  43°C 85 °C°

4)
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8
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Fig. 5. DSC thermograms of a solvent cast PEU film (1) and solvent cast
PEU films containing 20 wt% of T-PIG blue-43 (2), 20 wt% of T-PIG
magenta-65 (3) and T-PIG mixture #4 (4, also see Table 1). In every single
measurement, the first heating is plotted above the first cooling run. The
signals were denoted as “a” (PBA phase changes), “b” (solvent-related
phase changes) and “c” (phase changes associated with the color-developer).

44 °C°

The remaining DSC signals — some of them were obtained from
peak deconvolution — could be attributed to the melting and
crystallization of the color-developer and the solvent inside the
polymeric microcapsules (Fig. 5). Independent of the employed
T-PIGs, the melting of the solvent occurred at higher temperatures
compared with the corresponding crystallization event. Indeed, both
peak temperatures were separated by 14 °C (T-PIG blue-43) and
13 °C (T-PIG magenta-65), respectively. The reason is that the
formation of crystal nuclei is hindered in polymeric microcapsules;
among others, solvent crystallization is known to be dictated by the
size of the microcapsules.” It is noteworthy that PEU containing
two sorts of T-PIGs shows a thermal behavior, which was expected
from the individually loaded PEU films, thus qualifying T-PIG
mixtures in a PEU matrix for consecutive color changes.

Hereafter, two types of QR code carriers are introduced. Both of
them were characterized by two-step color change capabilities, but
were mostly differing in those temperature regions, in which their
QR codes were decipherable. Typel QR code carriers were
prepared by solvent casting of PEU pastes containing T-PIG
mixtures atop PEU plates, followed by QR code engraving and laser
cutting (Fig. 2). In contrast to an earlier preparation route, in which
the pigment-containing PEU paste was manually distributed atop
the substrate, the layer thickness could precisely be set with the
doctor blade (Fig. 1). From the viewpoint of color saturation, layer
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thicknesses of (65 £ 5) um turned out to be useful and were selected
therefor (ESI, Fig. S4).

The thermochromic behavior of the obtained type 1 QR code
carriers was elucidated by heating from 23 to 70 °C. The selected
T-PIG mixtures exhibited a similar thermochromic behavior in all
QR code carriers investigated (Fig. 6). Typically, two-step color
changes occurred, the first one at around 33 °C and the second one
at about 60 °C. It is noteworthy that at temperatures above 57 °C,
the QR codes became machine-unreadable. During an ensuing
cooling, the colors returned at around 54 and 30 °C, respectively. A
discrepancy between the temperatures of color fading and return is
commonly detected in T-PIGs™ " and associated with the above-
mentioned distinctions in solvent melting and crystallization
behavior.

Fig. 6. Thermochromic behavior of permanent-shaped type 1 QR code
carriers, which were surface-colored with T-PIG mixture #1 (a), #2 (b), #3
(c) and #4 (d). Due to the semicrystalline nature of the PBA phase at 23 °C,
laser-ablated regions were whitish and contrasting the intensely colored
T-PIG containing regions.

Moreover, contrast determinations were carried out at 23, 50 and
70 °C to follow the temperature dependence of Michelson contrast
Cwm, Which, among others, is an adequate tool to gain information on
the machine-readability of QR codes.” At ambient temperature, the
comparatively highest Cy, values could be detected (Tab. 2). Upon
heating to 50 °C, the T-PIG with the lower CST completely
decolorized and the residual color was determined by the T-PIG
with the higher CST. In this stage, the surface contrast was still
strong enough to read out the QR codes (Cy >0.22). Further

heating to 70 °C resulted in a complete discoloration of the T-PIG
containing regions. Concomitantly, Cy, dropped below a value of
0.1 and the QR codes became indecipherable. This interrelationship
is in accordance with recent investigations on information carriers
containing non-functional dye.”® The thermo-reversibility of
contrast changes and the return of QR code readability could be
verified when cooling the information carriers back to 23 °C. In so
far, selective contrast change capabilities could be detected.

Table 2. Temperature dependence of Michelson contrast Cy of those
thermochromic QR code carriers, which are exhibited in Fig. 6.

CM (a) CM (b) CM (C) CM (d)
23°C 0.79+0.01 036+£0.02 034+0.02 0.62+0.05
50 °C 025+0.02 026+002 022+0.01 0.31+0.04
70°C 0.09+0.01 004001 0.04+0.01 0.07+0.01

In a next step, the shape memory behavior was investigated. First of
all, typel QR code carriers were programmed. The selected
programming method was based on compressive deformation and
recently applied to other information carriers.®® As a result, the
information carriers could be stabilized in thermo-responsive states
and their QR codes were randomly distorted and therefore
indecipherable. A more detailed consideration gave that the QR
code areas were enlarged by about 50% (schematically indicated in
Fig. 3) and the thickness of the information carriers was reduced
from (2.25 £ 0.02) to (1.78 £ 0.02) mm. Subsequently, the thermo-
responsiveness was investigated as exemplified in Figure 7 for a
purplish type 1 QR code carrier. The corresponding changes in QR
code area and Michelson contrast are given in Figure 8.

As deducible from the image series, heating initiated color fading
of the blue component (T-PIG blue-43) before shape recovering set
in. Apparently, the solvent inside the microcapsules of T-PIG
blue-43 started melting at 32 °C (Fig. 5). In turn, shape recovering
was initiated at 42 °C. Since this value was on the outermost region
of the PBA melting signal as detected for solvent cast PEU film
(Fig. 5), shape recovering must have been dominated by the thermal
behavior of the programmed PEU substrate. In fact, this could be
proven by means of a further DSC heating scan on a sample of a
programmed type 1 QR code carrier. In the respective thermogram,
PBA melting was characterized by a broad endothermic signal,
spreading from 30 to 53°C (ESI Fig. S5). At the activation
temperature of the shape memory effect (42 °C), approximately
45% of the PBA crystallites were molten.

This journal is © The Royal Society of Chemistry [year]
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54°CX 50°C~ 45°CV

70°CX 60°CX 58°CX

40°CV 33°CV 31°CV 29°CV 25°C~ 23°CV

Fig. 7. Thermo-responsiveness of a type 1 QR code carrier which was surface-colored with T-PIG mixture #4. Starting with the programmed state, the
information carrier was heated from 23 to 70 °C (image series above) and cooled to 23 °C (image series below). The symbols on the right side of the
temperature values indicate, whether the QR codes were machine-readable or not.

Upon further heating, the QR code pattern rectified and the QR
code became decipherable at 50 °C. Above 60 °C, the magenta
component decolorized. In parallel, the surface contrast decreased
(Cw dropped below a value of 0.1, Fig. 8), which rendered the
10 QR code unreadable. In the overall heating process, the QR code
area decreased from 50.4% at 23 °C to 11.5% at 70 °C (Fig. 8).

L
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—e— heating
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20

Fig. 8. Changes in QR code area AA (top) and Michelson contrast Cy
(bottom), when heating and cooling a programmed type 1 QR code
15 carrier, which was surface-colored with T-PIG mixture #4.

Upon cooling, the magenta color reappeared at 52 °C, which was
accompanied by a return in surface contrast and QR code
readability. Finally, the purple color reappeared at about 30 °C.
As expected, no significant changes occurred during cooling in
20 the QR code area. The evolution in surface color was confirmed
by temperature-dependent colorimetric measurements (ESI
Fig. S6). As evident in discrepancies regarding the evolution of
all CIELAB values and color differences,” ™ the color of the
T-PIGs depended on whether heating or cooling was applied.”
25 This behavior is in line with our DSC results, where the melting
peaks of the solvent inside the microcapsules of the T-PIGs were

found at higher temperatures compared with the respective
crystallization signals.
To extend our concept of multifunctional information carriers,
30 we followed one further design approach. For this purpose, a
(119 £ 6) um thick PEU layer containing 20 wt% of T-PIG
green-65 was solvent cast atop a PEU plate, before a QR code
was engraved and the QR code side sealed with a PEU layer
containing T-PIG black-43 (Fig 2). The resulting type 2 QR code
ss carrier was microscopically investigated. The cover layer
thickness was (211 + 6) um above laser ablated regions and
(152 £ 6) um in the remaining regions (ESI Fig. S7). In a next
step, the thermochromic behavior was examined (Fig. 9).

70 °C

50 °C
40 Fig. 9. Thermo-responsiveness of a permanent-shaped type 2 QR code

carrier, containing a continous layer of T-PIG black-43 atop a laser-
engraved layer of T-PIG green-65.

23°C

In contrast to those information carriers shown in Figure 6, the
QR code was hidden at 23 °C by the dark sealing layer. Upon
a5 heating to 70 °C, a machine-readable QR code appeared at 44 °C
and disappeared at 62 °C. Upon cooling, the QR code was
readable in between 58 and 32 °C.
In order to find out in how far programming affected the
thermo-responsiveness, a type2 QR code carrier was
so investigated. Figure 10 shows that heating initiated color fading
of the cover layer (T-PIG black-43) whereupon a distorted QR
code became visible before shape recovering set in.
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At temperatures in between 42 and 60 °C, the QR code was in a
machine-readable state. Upon further heating, the green layer
decolorized and the QR code disappeared. During an ensuing
cooling, a machine-readable QR code reappeared at 52 °C and
1 was completely hidden at temperatures below 28 °C. It is
noteworthy, that for type 2 QR code carriers the Michelson
contrast was in general pretty low with maximum values of about

0.2 (ESI Fig. S8). Obviously, the thermochromic top layer was

not completely transparent above the CST of T-PIG black-43,
1s which can be explained with a sensitivity toward light scattering
on the employed microcapsules.”’

Finally, we investigated the durability of our QR code carriers.
Therefore, they were heated to 70 °C and adjacently cooled to
23 °C, before further 99 heating-cooling cycles were carried out
(ESI  Fig.S9). As evidenced by spectrophotometric
measurements, the temperature colors at 23 and 50 °C remained
almost unaffected by thermal cycling (ESI Table S1). Apart from
that, color fading and regaining was found in the same
temperature regions as for freshly prepared information carriers.
25 This demonstrates that reliable color switching could be

accomplished, which assured that those temperature areas, in

which the QR codes were readable, could be retained.

S

Conclusions

Mixing of different sorts of T-PIGs in a PEU matrix established a
a0 fruitful basis to obtain multifunctional material systems with two-
stage, thermoreversible color change capabilities. When studying
the thermo-responsiveness of type 1 QR code carriers, their codes
were visible at ambient temperature and became unreadable at
temperatures above the highest decolorization temperature of the
employed T-PIGs. Following another design approach, type 2 QR
code carriers could be obtained. This time, QR codes were
concealed at room temperature and became decipherable upon
heating in a small temperature region. It is remarkable that after
100 heating-cooling cycles, no significant change in
thermochromic behavior could be detected for both systems.

&

3

S

=}

The verified functionalities add well to our existing portfolio of
security features, which could render information carriers more
difficult-to-copy, thus qualifying them as promising technology
for product authentication and identification. The introduced QR
code carriers can be used in a permanent or programmed state.
Both could act as a deterrent to potential counterfeiters. In
particular, changes in the choice of programming instruments
may offer various modification possibilities.”® Beyond that, the
incorporation of more than two T-PIGs in one and the same
polymer matrix or in multilayer polymer films may enhance the
spectrum of color changes and could be a key to obtain highly
functional information carriers.
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