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ABSTRACT 

Recently a novel thermochromic poly(lactic acid) (PLA)-composite material was presented. Depending on temperature 
the incorporated anthocyanidin dye was found to be present either in its neutral or anionic anhydrobase form. A reversi-
ble formation of PLA-dye complexes triggered by conformational changes of the polymer backbone was proposed to 
explain this thermochromic effect. In order to study the influence of the dye structure on the PLA-dye complex forma-
tion and on the thermochromic properties of the PLA-composite material a variation of the anthocyanidin dye structure 
was investigated. The results indicate that a hydroxyl group in 3’-position of the anthocyanidin dye resulting in the 
presence of adjacent hydroxyl groups is mandatory for the PLA-anthocyanidin dye complex formation and thus for the 
occurrence of thermochromism. 
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1. Introduction 

Thermochromic polymers can be subclassified into three 
groups: 1) polymers which are thermochromic them- 
selves [1-6]; 2) polymers which become thermochromic 
by the incorporation of a thermochromic dopant [7-11]; 3) 
polymers which become thermochromic by the interac- 
tion between the polymer matrix and the incorporated 
additive system [12-14]. Whereas polymers of the first 
and the second group are frequently described in litera- 
ture only a few examples of the third group were re- 
ported so far. The thermochromic polymer classes of this 
group were developed by creating specific function by 
design strategies. This concept bears a high potential for 
a purposive development of novel thermochromic poly- 
mer materials. 

A current example is the development of the first non- 
toxic thermochromic polymer material [13]. Starting from 
cyanidin chloride, an anthocyanidin dye, a novel ther-
mochromic polymer-composite was created in which 
depending on temperature the dye was found to be either 
present in its wine red colored neutral or in its violet col- 
ored anionic anhydrobase form. This composite consists 
of poly(lactic acid) (PLA), dodecyl gallate, hexadecanoic 
acid and cyanidin chloride. The structural change of the 
dye was explained by reversible formation of PLA-dye 
complexes triggered by conformational changes of the 

polymer backbone as displayed in Figure 1.  
In detail the following mechanism was proposed: in 

the polymer melt and in the mobile amorphous phase of 
the glass state the polymer backbone is sufficiently flexi- 
ble to form multiple H-bonds with the hydroxyl groups 
of the dye. The detection of the violet colored anionic 
anhydrobase form indicates PLA-dye complexes. In- 
duced by the presence of solid hexadecanoic acid rich 
domains the mobile amorphous phase of the glass state 
transforms into a rigid amorphous phase. This transfor- 
mation is accompanied by a destabilization of the PLA- 
dye complexes and a change of the dye structure into its 
wine red colored neutral anhydrobase form occurs. 

Although this model provides a phenomenological de- 
scription of the mechanism the role of the molecular 
structure of the anthocyanidin dye on the formation of 
PLA-dye complexes was not clarified in detail.  

Anthocyanidins are natural colorants which occur in a 
wide variety of flowers and fruits [15,16]. The general 
structure of anthocyanidins is displayed in Figure 2.  

Up to now, 23 different anthocyanidins were identified. 
The most common of them are pelargonidin, cyanidin, 
peonidin, delphinidin, petunidin and malvidin which dif- 
fer in the substitution pattern of the B-ring including the 
number of hydroxyl and methoxy groups. Especially the 
number and position of hydroxyl groups can be expected  
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Figure 1. Mechanism of the thermochromic effect. 
 

 

Figure 2. General structure of anthocyanidins. 
 
to effect the complex formation between the anthocya- 
nidin dye and PLA. The present work studied this influ- 
ence.  

2. Experimental 

2.1. Materials 

Pelargonidin chloride (Phytoplan), delphinidin chloride 
(Phytoplan), dodecyl gallate (Sigma-Aldrich), hexade- 
canoic acid (Sigma-Aldrich) and the poly(lactic acid) 
PLA 4060D (Natureworks) were purchased from com- 
mercial suppliers. The PLA 4060D was dried for at least 
12 h at 45˚C immediately before use. All other materials 
were used as received.  

2.2. Preparation and Characterization Methods 

PLA-composites were manufactured by using a twin 
screw extruder ZK 25 T (Dr. Collin GmbH) with co- 
rotating screws (diameter D = 25 mm and length L = 24 
D). The compounding of PLA 4060 with the respective 
additives was carried out under the following conditions: 
sample load: 0.5 kg·h−1, temperature profile: 175˚C/ 
185˚C/185˚C/160˚C/135˚C, screw speed: 20 rpm. 

A laboratory press P200 P/M (Dr. Collin GmbH) was 
used to manufacture flat polymer sheets of the PLA- 
composites with a size of 50 mm × 50 mm × 0.5 mm. 

The Vis absorption spectra were recorded by using a 
Jasco V-670 spectrometer. All spectra were measured 
with a scan speed of 2000 nm·min−1, a bandwidth of 2 

nm and a data interval of 1 nm. A linear baseline correc- 
tion was applied to all spectra. 

A Perkin Elmer DSC 7 was employed for the differen- 
tial scanning calorimetric measurements. These meas- 
urements were performed at a scanning rate of 5 K·min−1 
on samples whose weights ranged between 5 mg and 20 
mg.  

3. Results and Discussion 

Two series of PLA-composites were prepared in analogy 
to the PLA-cyanidin chloride-composites described in 
[13]. Series I consists of the matrix polymer PLA and an 
anthocyanidin dye (a: pelargonidin chloride, b: del- 
phinidin chloride) whereas the composites of series II 
additionally contain dodecyl gallate and hexadecanoic 
acid. These additives were successfully used in the PLA- 
cyanidin chloride-composite material to induce thermo- 
chromism. The compositions of the investigated PLA- 
composites are listed in Table 1. 

The molecular structures of the used anthocyanidin 
dyes differ by only one hydroxyl group each from the 
structure of cyanidin chloride (Figure 3). A homologous 
series with one to three hydroxyl groups on the B-ring 
evolves. The introduction of the hydroxyl groups also 
leads to the presence of adjacent hydroxyl groups in cya- 
nidin chloride and delphinidin chloride, which is an es- 
sential condition for their ability to form chelate-com- 
plexes [15-18]. Increasing number of hydroxyl groups 
and the presence of adjacent hydroxyl groups should also 
stabilize the formation of PLA-dye complexes [19]. This 
assumption becomes already obvious by the different 
colors of the PLA-composites Ia and Ib (see Figure 4). 
The red color of PLA-composite Ia indicates that pelar- 
gonidin chloride is present in its neutral anhydrobase 
form in PLA and that it forms no PLA-dye complexes. 
The violet color of PLA-composite Ib indicates that 
delphinidin chloride forms PLA-dye complexes in which 
it is present in its anionic anhydrobase form. 
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Table 1. Compositions of the investigated PLA-composites. 

PLA- 
composite 

PLA 
Dodecyl 
gallate 

Hexadecanoic 
acid 

Pelargonidin 
chloride 

Delphinidin 
chloride

Ia 75 g   15.2 mg  

Ib 75 g    16.8 mg

IIa 75 g 4 g 4.4 g 15.2 mg  

IIb 75 g 4 g 4.4 g  16.8 mg

 

 

Figure 3. Molecular structures of the investigated antho- 
cyanidin dyes. 
 

 

Figure 4. Photo of samples Ia and Ib. 
 

A thermochromic PLA-cyanidin chloride-composite 
material was obtained by the addition of dodecyl gallate 
and hexadecanoic acid [13]. The PLA-composites IIa and 
IIb differ from this thermochromic composite only by the 
used anthocyanidin dye whereby the molecular concen- 
tration of the dye was kept constant. 

DSC measurements carried out on IIa and IIb show 
that the exchange of the dye has no influence on the 
phase behavior of the PLA-composite materials. Similar 
to the cyanidin chloride containing PLA-composite ma- 
terial, two transitions were detected for IIa and IIb. As an 
example the results of the DSC measurements for IIb are 
displayed in Figure 5. At about 60˚C which corresponds 
to the melting temperature of hexadecanoic acid, a peak 
is observed indicating the presence of separate hexa- 
decanoic acid rich domains. Moreover, at about 45˚C 
which corresponds to the glass transition temperature, a 
step is detected which on aging at room temperature 
slowly transforms into a peak. Conformational changes 
of the PLA backbone within the glass state are the origin 
of this effect leading to a transformation from a mobile 
into a rigid amorphous phase. 

Absorption measurements for IIa at various tempera- 
tures ranging from 20˚C to 70˚C are shown in Figure 6. 
In contrast to the analogous cyanidin chloride containing  

 

Figure 5. DSC curves of the delphinidin chloride containing 
PLA-composite IIb after 15 min and after 1 week of aging 
at room temperature. 
 

 

Figure 6. Temperature dependence of the visible absorption 
of the pelargonidin chloride containing PLA-composite IIa 
measured on heating (sample thickness 0.5 mm). 
 

 

Figure 7. Temperature dependence of the visible absorption 
of the delphinidin chloride containing PLA-composite IIb 
measured on heating (sample thickness 0.5 mm). 
 
PLA-composite no thermochromic effect is observed. In 
all states one absorption peak with a maximum of about 
530 nm is detected indicating the presence of the neutral 
anhydrobase form. Exchanging pelargonidin chloride by 
delphinidin chloride (IIb) results in a fundamental change 
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of the optical properties. As displayed in Figure 7 the 
PLA-composite now exhibits thermochromic properties. 
Below the glass transition temperature an absorption 
peak with a maximum at about 545 nm is detected. On 
heating above the glass transition temperature the ab- 
sorption peak at about 545 nm vanishes and a new ab- 
sorption peak at about 575 nm is observed. This change 
is caused by a structural rearrangement of the dye from 
its neutral into its anionic anhydrobase form and indi-
cates formation of PLA-dye complexes above the glass 
transition temperature. 

The results of the colorimetric investigations of the 
PLA-composites Ia, Ib, IIa and IIb as well as those of the 
dodecyl gallate solutions of the anthocyanidin dyes are 
summarized in Table 2. For comparison the respective 
results for cyanidin chloride are also displayed. 

The similarity between cyanidin chloride and del- 
phinidin chloride can be clearly observed. Both dyes ex- 
hibit different colors in dodecyl gallate and in PLA (se- 
ries I), but do not show thermochromism in these matri- 
ces. This effect is called solvatochromism [20,21]. 
Moreover, thermochromism occurs in the PLA-compos- 
ites (series II) for both dyes. After the rigid amorphous 
phase is formed, the color of the glass state differs from 
the color above the glass transition temperature. 

In contrast to the dyes with adjacent hydroxyl groups 
pelargonidin chloride shows neither solvatochromism nor 
thermochromic effects in the investigated matrices. 

In addition to those on the B-ring, all dyes bear three 
more hydroxyl groups on the benzopyran moiety. Hence 
the overall number of hydroxyl groups increases only 
slightly from 4 (pelargonidin chloride), to 5 (cyanidin 
chloride), to 6 (delphinidin chloride). It is reasonable to 
expect that not the overall number of hydroxyl groups 
but the presence of adjacent hydroxyl groups in cyanidin 
chloride and delphinidin chloride is the reason for the 
observed solvatochromic and thermochromic effects. 

4. Conclusion 

The influence of the molecular structure of anthocyanidin 
 
Table 2. Wavelengths (nm) of absorption maxima in the 
visible range of various anthocyanidin dyes in a) dodecyl 
gallate, b) PLA and c) PLA-composite. 

Wavelengths (nm) of absorption maxima in the matrix

Dye Dodecyl 
gallate 

PLA  
(series I) 

PLA-composite 
(series II) 

Pelargonidin  
chloride 

530 530 530 

Cyanidin  
chloride 

540 560 530/560 

Delphinidin  
chloride 

545 575 545/575 

dyes on their ability to show thermochromism in a tai- 
lored PLA-composite material (series II) has been inves- 
tigated. Only in case of anthocyanidin dyes bearing a 
hydroxyl group in 3’-position thermochromism has been 
observed. Obviously, the presence of adjacent hydroxyl 
groups in the anthocyanidin dye structure is mandatory 
for the effect.  
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