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First example of a non-toxic thermochromic polymer
material - based on a novel mechanism

Arno Seeboth,* Detlef Lotzsch and Ralf Ruhmann

Until now, all thermochromic materials have contained at least one toxic or carcinogenic component which
is @ major shortcoming for their application especially in medical or food technology products. This paper
describes the development of the first non-toxic and non-carcinogenic thermochromic polymer material.
The material consists of the biopolymer poly(lactic acid) (PLA), a natural dye of the anthocyanidine class,
a gallate derivative and a fatty acid. The origin of the observed thermochromic effect is a
conformational change of the polymer backbone which reversibly triggers the formation of polymer-
dye complexes. Accordingly thermochromism represents an immanent property of the novel polymer
material. The presented results establish a novel mechanism to realize the visualization of temperature
changes in a way detectable by the human eye without any kind of auxiliary and provide a new
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Introduction

The field of chromogenic materials especially the development
of novel thermochromic sensor materials is moving more and
more into the focus of applied research. Although thermo-
chromism is a rare phenomenon, it appears in a wide range of
material classes, e.g. liquid crystals, organic/inorganic single
molecules or complexes respectively.' However, until now, all
known thermochromic materials contain at least one toxic or
carcinogenic component which is essential for the effect and
cannot be substituted by a non-toxic substance. To cite only a
few examples, heavy metal salts,** leuco dye systems"*® which
even can contain bisphenol A, derivatives of diazapentalene,’
polythiophenes®® or polydiacetylenes.'*"* Probably, this is the
most important hindrance for their application as temperature
sensors in medical or food technology products like serum and
blood-packaging.

The target of the present work was to address this deficiency
by developing a novel thermochromic polymer containing only
non-toxic components. Its thermo-optical switching effect
should be easily detectable by the human eye. Moreover, the
thermochromic thermoplastic polymer was aimed to be
processable by extrusion technology and thus moldable to films
and injection molded plastic articles. Poly(lactic acid) (PLA) was
selected as a matrix polymer for filling these technological
requirements and being a polymer of the future.'* Its molecular
structure is displayed in Fig. 1.
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approach for the development of thermochromic materials.

Anthocyanidins (see Fig. 1) were selected as a dye class with
the potential to exhibit thermochromic switching effects. They
are mostly responsible for the coloration of flowers and fruits
with shades ranging from red to blue. Changes in the molecular
structure of the anthocyanidin dye depending on the chemical
surroundings are the origin of these color effects. In aqueous
solution variations of the pH-value, the formation of chelate
complexes, self-association, copigmentation and intra-
molecular sandwich-type stacking were identified as molecular
mechanisms which all cause structural changes of the antho-
cyanidin dyes.””"” Although no example of thermochromism
based on anthocyanidin dyes has been reported so far, the wide
range of color influencing mechanisms make this dye class a
promising candidate for the creation of thermochromic effects.

Two mechanisms are known to create thermochromism of
functional dyes in organic systems: (i) reversible formation of
aggregates in leuco dye-developer-solvent systems to trigger a
ring-opening ring-closing mechanism of the leuco dye®** and
(ii) influencing the proton equilibrium of indicator dyes
embedded in polymer networks.' In the second case the
polymer network is a crucial part of the thermochromic system
and thus thermochromism becomes an immanent property of

Anthocyanidins

R, - Ry = -H, -OH, -OCHj

Fig. 1 Molecular structures of PLA (left) and anthocyanidins (right).
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the polymer material whereas in the case of embedding leuco
dye-developer-solvent systems in a polymer matrix the matrix
has no influence on the thermochromism.****

Experimental
Materials

The anthocyanidin dye cyanidin chloride (from Rosa centifolia,
purity > 97%) was purchased from Phytoplan. Dodecyl gallate
and hexadecanoic acid were purchased from Sigma-Aldrich and
the poly(lactic acid) PLA 4060D was purchased from Nature-
works. PLA was dried at 45 °C for 12 h before used. All other
chemicals were used as received.

Characterization methods

Differential scanning calorimetric measurements were carried
out by using a Perkin Elmer DSC 7. Heat flow and temperature
were calibrated with indium. The sample weights ranged
between 5 mg and 20 mg. Heating and cooling runs were per-
formed at a scanning rate of 5 K min~". For aging experiments
the polymer composite samples were cooled down from 80 °C to
0 °C at a rate of 5 K min~ " and then stored at room temperature
for a defined time period.

Absorption spectra were measured over the range of 400 nm
to 800 nm with a Jasco V-670 spectrometer.

A field emission scanning electron microscope (SEM) (JEOL
JSM-6330F) with a digital image processing equipment was used
to take images of the freeze fractured surface of a PLA
composite. For the sample preparation the PLA composite was
frozen in liquid nitrogen, fractured and afterwards coated on
the surface with a 10 nm thick platinum film by sputter
deposition.

A twin screw extruder ZK 25 T (Dr Collin GmbH) with co-
rotating screws (diameter D = 25 mm and length L = 24D) was
used to prepare the polymer composites under the following
conditions: sample load: 0.5 kg h™!, temperature profile:
175 °C/185 °C/185 °C/160 °C/135 °C, screw speed: 20 rpm.

Rectangular flat polymer sheets (5 cm x 5 cm) with a
thickness of 0.5 mm, 1 mm or 2 mm respectively were prepared
using a laboratory press P200 P/M (Dr Collin GmbH). The sheets
were pressed at a temperature of 160 °C with a pressure of
100 bar.

Results and discussion

All used additives, dodecyl gallate (E312), fatty acids (E570) and
anthocyanidin dyes (E163) are approved food additives in
Europe and are practically non-toxic. Poly(lactic acid) is also
recognized to be non-toxic and safe for use in food-contact.™

In nature anthocyanidins are found in many different forms.
A representative of this dye class is cyanidin chloride.’®"” In
aqueous solution three different colored species of cyanidin
occur: the flavylium ion, the neutral form of the anhydrobase
and the anionic form of the anhydrobase.”” Molecular struc-
tures of these three species and the pH-ranges in which they are
stable are displayed in Fig. 2.
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Fig. 2 Molecular structures of the different species of cyanidin in aqueous
solution.

Since the polymer composites are aimed to be prepared by
melt blending, a sufficient stability of the dye during the
extrusion process is a precondition for its selection. To verify
the suitability of cyanidin chloride, a mixture of the dye and PLA
4060D was compounded on a twin-screw extruder. During the
extrusion process the dye was dissolved in the polymer matrix
and a deep violet colored PLA was obtained. Obviously the dye
withstands the performed extrusion process and thus it was
selected for the present study. The visible spectrum of cyanidin
chloride in PLA 4060D is shown in Fig. 3a curve (I).

As can be seen in Fig. 3a an absorption peak with a
maximum at 560 nm occurs in the spectrum indicating the
presence of the anionic anhydrobase form. Apparently a
complex formation between PLA and cyanidin takes place by
H-bonding stabilizing the anionic anhydrobase form. PLA is
known to build up intermolecular interactions via H-bonding
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Fig.3 Absorption spectra (a) and photographs (b) of cyanidin chloride in PLA (1)
(c=0.213mg 9’1, T=20°Cand d =2 mm)and in dodecyl gallate (Il) (c=0.213
mg g~', T = 100 °C and d = 1 mm for the spectrum and 2 mm for the

photograph).
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with OH groups. The polyester functions as a proton acceptor as
for example with hyperbranched poly(ester amide)** and
catechin.”

Multiple examples of complex formation between gallates
and organic dyes are described.>**® Therefore, dodecyl gallate
was selected to investigate the appearance of an aggregation/
disaggregation equilibrium in binary mixtures with cyanidin
chloride. The visible spectrum of cyanidin chloride in dodecyl
gallate is shown in Fig. 3a curve (II).

One absorption peak with a maximum of 535 nm occurs in
the visible spectrum. No indication of a complex formation
between dodecyl gallate and cyanidin was found. Note that the
change of the solvent from PLA to dodecyl gallate leads to a shift
of the absorption peak by about 25 nm. The different absorption
maxima indicate that the dye is present in its neutral anhy-
drobase form in dodecyl gallate solution and not in its anionic
anhydrobase form as in PLA. The observed shift of the
absorption peak is accompanied by a distinct color change as
shown in Fig. 3b. Whereas the solution in PLA appears violet the
dodecyl gallate solution possesses a deep wine red color.

On the basis of this result it can be assumed to obtain a color
change of the cyanidin dye in PLA by the addition of dodecyl
gallate. Balancing the aggregation/disaggregation equilibrium
might lead to the observation of thermochromic effects in
certain concentration ranges. The thermochromic effects are
expected to appear as a continuous shift of the equilibrium
from a low temperature aggregated into a high temperature
disaggregated state. However, even by the addition of 5.2 wt%
dodecyl gallate no change of the color occurred. Since the
neutral form of the anhydrobase is stabilized against the
anionic form by an acidic medium, in the next step an acid was
additionally added. For this purpose the fatty acid hexadecanoic
acid was used. Up to a concentration of about 2.48 wt% hexa-
decanoic acid with respect to the polymer mass, the additive
dissolves in the polymer matrix and no changes of the optical
properties were observed. However, at concentrations above
2.48 wt% the hexadecanoic acid partially separates from the
polymer matrix and a thermochromic as well as a thermotropic
effect occur. At room temperature the polymer composite is
cloudy and has a wine red color. On heating at about 45 °C a
discontinuous color change from wine red to violet takes place
(thermochromic effect). Further heating results in a cloudy to
clear transformation at about 60 °C (thermotropic effect). The
observed thermochromic effect differs strongly from the effect
we expected to obtain. On the one hand the wine red dis-
aggregated state appears as a low temperature state and on the
other hand the switching occurs discontinuously. It can be
concluded that both mechanisms (vide supra) cannot explain
the thermochromic behavior of the sample. To elucidate the
optical switching effects and their origin in more detail,
morphological studies as well as spectroscopic and thermoa-
nalytic investigations were carried out on a polymer composite
consisting of 75 g PLA, 16 mg cyanidin chloride, 4 g dodecyl
gallate and 4.4 g hexadecanoic acid (PLA composite I).

Formation of separate hexadecanoic acid rich domains in
PLA composite I can be seen in the scanning electron micro-
scope (SEM)-picture of a freeze-fractured surface (Fig. 4a and b).

This journal is © The Royal Society of Chemistry 2013

View Article Online

Fig. 4 Scanning electron microscopy pictures of a freeze-fractured surface
of PLA composite | at two different magnifications (scaling: (a) 5 um and (b)
500 nm).

The SEM pictures clearly show that the domains were mostly
homogeneously dispersed in the polymer volume during the
extrusion process. Although phase separation occurs on a
microscopic scale the sample appears homogeneous on a
macroscopic scale (Fig. 4a). This is an essential condition to
realize uniform optical properties. The spherical domains have
a medium diameter of about 300 nm and have a narrow size
distribution (Fig. 4b).

Differential scanning calorimetry (DSC) is an excellently
suited tool to detect the appearance of a separate phase. In
addition it provides information about transition temperatures
and enthalpies. A DSC curve of a polymer composite with a
hexadecanoic acid content slightly below the concentration at
which a separate phase appears (PLA composite II: 75 g PLA, 16
mg cyanidin chloride, 4 g dodecyl gallate and 1.9 g hexa-
decanoic acid) is additionally displayed in Fig. 5a. Comparing
the DSC curves of PLA composite I and PLA composite II with
each other displays changes of the calorimetric properties due
to the formation of the separate domains.

The separate hexadecanoic acid rich phase leads to the
occurrence of an additional peak at its melting temperature of
about 60 °C. The position and specific melting enthalpy of the
separate phase correspond very well with the data of pure hexa-
decanoic acid. As the pure PLA 4060D both composites are
amorphous (0% crystallinity). No DSC peak appears within the
temperature range of 100-150 °C which would indicate a sem-
icrystallinity of the PLA polymer matrix. In both DSC curves a
signal at about 45 °C can be seen which belongs to the glass

J. Mater. Chem. C, 2013, 1, 2811-2816 | 2813
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Fig. 5 DSC curves: (a) of PLA composite | and PLA composite Il and (b) of PLA
composite | after 15 min and after 1 week of aging at room temperature.

transition (Ty) of the polymer composites. In comparison to the
pure PLA 4060D the glass transition temperature is lowered by
about 10 K. Another eye-catching effect is the large peak at the
glass transition of PLA composite I which contains separate
hexadecanoic acid rich domains. This peak indicates an
enthalpic relaxation process of the polymer chain conformation
in the glassy state. The mobile amorphous phase in which the
polymer chain conformation is the same as in the liquid state
transforms into the rigid amorphous phase in which the poly-
mer chain is in the equilibrium conformation. Similar effects
were reported for semicrystalline polymers including PLA*>"*°
and for PLA composites containing filler particles.*>* In semi-
crystalline polymers the formation of the rigid amorphous
phase appears at the interface between crystalline and mobile
amorphous regions. In polymer composites containing filler
particles those act as nucleating agents. The enthalpic relaxa-
tion process of the polymer chain conformation takes place at
the filler-polymer interface. With decreasing size of the filler
the interfacial area strongly increases. Hence, the nano-sized
hexadecanoic acid rich domains (d = 300 nm) of the investi-
gated polymer composite effectively induce the formation of the
rigid amorphous phase. In order to study the kinetic of this
relaxation process, aging experiments at room temperature
were carried out. A slow increase of the peak enthalpy with
aging time was found. Even after 1 week no equilibrium state
was reached. The DSC curves measured after 15 min and after 1
week of aging at room temperature are displayed in Fig. 5b.

In summary SEM and DSC prove the formation of hex-
adecanoic acid rich domains with a diameter of about 300 nm
in the thermochromic PLA composite which is accompanied by
a transformation from the mobile amorphous into the rigid
amorphous phase within the glassy state.
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Fig.6 Temperature dependency of the visible absorption of PLA composite I: (a)
original curves on heating, (b) slope corrected curves on heating and (c) ther-
mochromic switching effect, red curve: cold state, violet curve: hot state.

Spectroscopic measurements of the visible absorption of PLA
composite I were performed at various temperatures on heating
(Fig. 6a) and cooling.

Heating the polymer composite from 20 °C to 70 °C results in
the glass transition of the matrix polymer (40-50 °C) followed by
the melting of the hexadecanoic acid rich domains (60-70 °C).

Both transitions lead to a distinct change of the scattering
properties (Fig. 6a). Especially, the melting of the domains leads
to a transformation from a light scattering into a clear state.
This thermotropic effect can be explained by a change of the
refractive index of the hexadecanoic acid rich phase during
melting in analogy to thermotropic matrix-domain systems.*>**
In the solid state the refractive index of the domains differs
from the refractive index of the polymer matrix and thus light
scattering occurs. In the molten state the refractive indices of
domains and the polymer matrix match and the composite
appears clear. In addition to these thermotropic effects, a
thermochromic switching occurs at the glass transition
temperature. This effect becomes easily visible in a baseline

This journal is © The Royal Society of Chemistry 2013
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corrected plot of the absorption spectra (Fig. 6b). Whereas the
absorption peak in the glass phase has a maximum at about
530 nm, above the glass transition temperature an absorption
peak with a maximum at about 560 nm is observed. This ther-
mochromic switching effect corresponds to a structural change
of the cyanidin dye from its neutral into its anionic anhydrobase
form (Fig. 6¢). Hence, the material changes its color from red to
violet and the temperature change becomes visible for the
human eye.

On cooling the polymer composite, the sequence of the
phase transition changes due to a supercooling effect of
the crystallization of the hexadecanoic acid rich domains. In the
temperature range between 50 °C and 40 °C the glass transition
of the polymer matrix occurs. On further cooling in between
30 °C and 20 °C the hexadecanoic acid rich domains crystallize.
Again at both phase transitions a distinct change of the light
scattering properties occurs. However, no thermochromic effect
takes place on cooling into the glass state unless the hexa-
decanoic acid rich domains crystallize. Afterwards, the
absorption peak at 560 nm slowly decreases while an absorption
peak at 530 nm appears and slowly increases. It takes a couple
of days until the absorption peak at 560 nm has vanished
indicating the complete transformation of the dye into the
neutral anhydrobase form.

The change of the optical properties correlates with the
appearance and disappearance of the rigid amorphous phase.
On cooling from the polymer melt into the glass state the
mobile amorphous phase is formed. At this transition no
change of the absorption maximum is observed. From the
moment when crystallization of the hexadecanoic acid rich
domains occurs the mobile amorphous phase starts to trans-
form into the rigid amorphous phase and an absorption peak at
530 nm appears. As the portion of the rigid amorphous phase
slowly increases the color continuously changes from violet to
wine red. Both processes require several days before equilib-
rium is reached. On heating above the glass transition
temperature the rigid amorphous phase and the mobile amor-
phous phase transform into the polymer melt. Accompanied
with this transition a discontinuous color change from wine red
to violet occurs. The absorption peak at 530 nm vanishes and
the absorption peak at 560 nm appears.

Two factors might contribute to the observed thermochro-
mic effect: (i) the destabilization of the interaction between PLA
and cyanidin caused by conformational changes of the polymer
backbone during the formation of the rigid amorphous phase
as displayed by way 1 in Fig. 7. It is known, that the strength and
the extent of H-bonding between polyesters and low molecular
weight polyphenols depend on the stereochemical structure of
polyesters.>* The transformation from the more flexible (mobile
amorphous phase) to the more rigid polymer backbone struc-
ture (rigid amorphous phase) in which the PLA polymer chain is
in its equilibrium conformation interferes with the formation of
multiple H-bonding and thus destabilizes the PLA-cyanidin
complex. (ii) An increase of the PLA-PLA interaction occurs in
the rigid amorphous phase. PLA-cyanidin complexes disaggre-
gate accompanied by phase separation as displayed by way 2
in Fig. 7.

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Scheme of thermochromism by interaction between PLA and cyanidin,
way 1: without phase separation, way 2: phase separation.

The described mechanism of a structural change of an
incorporated dye by the formation or disappearance of a rigid
amorphous phase is a novel mechanism of thermochromism.
No similar effect has been described for any other thermo-
chromic material so far.

Conclusions

A non-toxic and non-carcinogenic thermochromic PLA
composite was successfully created by incorporating the natural
dye cyanidin chloride and the additives dodecyl gallate and
hexadecanoic acid into PLA 4060D. Triggered by the formation
of the rigid amorphous phase on cooling and the transition
from the rigid amorphous phase into the molten state at T, on
heating, a color change between a wine red low temperature
state and a violet high temperature state occurs. The immanent
thermochromic effect is based on temperature dependent
structural changes of the cyanidin dye between its neutral and
its anionic anhydrobase form. PLA-cyanidin complex forma-
tion/disaggregation is discussed to be the origin of switching
between different colors in dependence on temperature.

The discussed mechanism for thermochromism initiated a
novel strategy for the development of a new generation of
thermochromic materials. Especially regarding long term and
light stability for temperature sensors without an external
electrical power source and label-sensors working across a
diffusion mechanism."” Advantageously the processing of these
materials uses the well-known and efficient extrusion
technology.
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