
Chinese Chemical Letters 35 (2024) 109850

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Novel high-temperature thermochromic polydiacetylene material and

its application as thermal indicator

Zhiqing Ge, Zuxiong Pan, Shuo Yan, Baoying Zhang, Xiangyu Shen, Mozhen Wang∗,
Xuewu Ge∗

Key Laboratory of Precision and Intelligent Chemistry, Department of Polymer Science and Engineering, University of Science and Technology of China, Hefei

230026, China

a r t i c l e i n f o

Article history:

Received 5 February 2024

Revised 31 March 2024

Accepted 1 April 2024

Available online 2 April 2024

Keywords:

Polydiacetylene

High-temperature thermochromism

Melting behavior

π-π interactions

a b s t r a c t

The design and synthesis of organic high-temperature reversible thermochromic materials is one of

the difficult issues in the field of organic chromic materials. In this paper, four diacetylene monomers

named DBA-PCDA, TBA-PCDA, DBE-PCDA and TBE-PCDA, each containing multiple diacetylene units, were

synthesized from 10,12-pentacosadiynoic acid (PCDA) through the amidation or esterification reactions,

using 4,4′-diaminobiphenyl, 1,3,5-tris(4-aminophenyl)benzene, 4,4′-dihydroxybiphenyl, and 1,3,5-tris(4-

hydroxyphenyl)benzene as bridging units. The effects of functional groups that can form hydrogen bond

and π-π interactions on the solid-state polymerization properties of monomers and the thermochromic

properties of the corresponding PDAs were investigated. The results show that only DBA-PCDA and TBA-

PCDA, which contain functional groups that can form hydrogen bonding interactions, can be polymer-

ized under 254-nm UV irradiation. The corresponding poly(DBA-PCDA) exhibits reversible thermochromic

property even heated up to 200 °C, showing a potential application in the field of high-temperature

thermal indicator above 100 °C. This work provides a new perspective to the development of PDA with

high-temperature reversible thermochromic property.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Reversible thermochromic materials have extensive and impor-

tant applications in the field of intelligent temperature indication

[1–6]. Generally, thermochromic materials include inorganic and

organic categories. Compared with inorganic thermochromic mate-

rials, organic reversible thermochromic materials have the advan-

tages of wide temperature range, high sensitivity and easy process-

ing [7], but limited by the structural characteristics of organic com-

pounds, usually have low color-changing temperatures (commonly

lower than 100 °C) and poor thermal stability at high temperature.

Until now, the development of high-temperature organic reversible

thermochromic materials remains a challenging issue in this field.

Polydiacetylene (PDA) is a class of conjugated organic polymers

with alternating ene–yne units on the backbone. When exposed

to external stimuli such as heat [8–10], electric current [11–14],

ions [15–17], biomolecules [18,19], PDA will gradually change from

blue to red, therefore, it has become one of the research hotspots

in the field of responsive color-changing materials in recent years.

PDAs can be easily synthesized via solid polymerization of di-

acetylene monomers under the irradiation of 254-nm UV light
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for several minutes, and their properties are closely related to

the chemical and aggregation structure of the monomers [20,21].

Numerous studies have shown that the introduction of aromatic

and/or the hydrogen-bond-forming groups into the monomer

molecule can change the intermolecular interaction and the spatial

arrangement of monomers, and further affect the polymerization

properties of monomers and the thermochromic temperature of

the corresponding PDAs. 10,12-Pentacosadiynoic acid (PCDA) is

a most commonly diacetylene monomers, and poly(PCDA) ob-

tained by photo-initiated solid polymerization will undergo an

irreversible blue-to-red color change at 65 °C. However, Zhang

et al. [22] obtained a new diacetylene monomer (Bip-DA) through

the reaction between PCDA and 4′–hydroxy-4-biphenylcarboxylic
acid. The blue polymerization product poly(Bip-DA) changes to red

at 90 °C, but it can change back to blue when cooled to 20 °C. Lee
et al. [23] obtained a diacetylene monomer (Bis-PCDA-pH) con-

taining two diacetylene units through the esterification reaction

between PCDA and hydroquinone. The thermochromic tempera-

ture of the corresponding poly(Bis-PCDA-pH) could be raised to

100 °C, the color returns to blue after cooling. Phollookin et al.

[24] obtained a doubly substituted diacetylene monomer (EB-6,8–

19DA) through the reaction between ethylenediamine with 8,10-

nonadecadiynoic acid, and the corresponding poly(EB-6,8–19DA)
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Fig. 1. Schematic of the synthesis of DBA-PCDA, TBA-PCDA, DBE-PCDA and TBE-PCDA.

also has a reversible thermochromic property with a ther-

mochromic temperature of 90 °C. Obviously, the chemical

structure of diacetylene monomers plays a crucial role in the

thermochromic properties of PDAs. However, most of the reported

PDAs with reversible thermochromic properties usually have a

reversible thermochromic temperature lower than 100 °C.
Current research shows that the introduction of multiple di-

acetylene units or special groups that can produce stronger inter-

action (such as hydrogen bond, π-π interaction) into the monomer

structure is conducive to increasing the thermochromic temper-

ature. In this work, four different diacetylene monomers (DBA-

PCDA, TBA-PCDA, DBE-PCDA and TBE-PCDA), each containing two

or three diacetylene units, were synthesized from PCDA through

the esterification and amidation reactions. The effects of functional

groups in diacetylene monomers that can form hydrogen bond and

π-π interactions on the thermochromic properties of the corre-

sponding PDAs were investigated. The results show that the hydro-

gen bonding interactions play a decisive role in the polymerization

of the monomers. The corresponding poly(DBA-PCDA) has a wide

reversible thermochromic temperature range of 80-160 °C, show-

ing a potential application in the field of high-temperature thermal

indicator above 100 °C.
DBA-PCDA and DBE-PCDA containing two diacetylene units,

TBA-PCDA and TBE-PCDA containing three diacetylene units, were

synthesized by esterification and amidation reactions, using PCDA

as the starting reactant (Fig. 1). The detailed synthesis processes

and characterizations including 1H NMR, 13C NMR and HRMS are

shown in Figs. S1-S29. The optical images depicting the corre-

sponding diacetylenes before and after UV irradiation are pre-

sented in Fig. 2. The bridging structures of TBA-PCDA and TBE-

PCDA are 1,3,5-triphenylbenzene structures, whereas those of DBA-

PCDA and DBE-PCDA are biphenyl structures. The presence of the

intermediate conjugated bridging unit leads to π-π interactions

among all four diacetylenes. However, there are amide bonds ca-

pable of forming hydrogen-bonding interactions in DBA-PCDA and

TBA-PCDA, whereas ester bonds are present in DBE-PCDA and TBE-

PCDA.

Fig. 2. Optical images of DBA-PCDA, TBA-PCDA, DBE-PCDA, and TBE-PCDA before

and after UV irradiation.

DBA-PCDA, DBE-PCDA, and TBE-PCDA are white solids at room

temperature, whereas TBA-PCDA appears pale yellow. After the

UV irradiation, DBA-PCDA changed to blue, TBA-PCDA changed

to purple, while DBE-PCDA and TBE-PCDA have little change. The

changes of the Raman spectra of the four monomers before and

after the UV irradiation (Figs. 3a and b) prove the polymerization

of the prepared monomers. The characterization absorption of -

C≡C–C≡C- group at about 2257 cm−1 in DBA-PCDA and TBA-PCDA

disappeared after UV irradiation, and correspondingly, two new

peaks assigned to -C=C- and -C≡C- groups respectively at about

1451 cm−1 and 2082 cm−1 appeared, indicating the polymeriza-

tion of DBA-PCDA and TBA-PCDA molecules. However, the Raman

spectra of DBE-PCDA and TBE-PCDA before and after UV irradiation

were the same, suggesting that topological polymerization did not

occur. The results show that hydrogen-bond interactions play a

more important role in the polymerization ability of diacetylene

monomer than the π-π interactions.

The thermochromic properties and melting behavior of

poly(DBA-PCDA) and poly(TBA-PCDA) are shown in Fig. 4 and

Fig. 5, respectively. Poly(DBA-PCDA) starts to change color at
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Fig. 3. Raman spectra of DBA-PCDA, TBA-PCDA, DBE-PCDA, and TBE-PCDA before

(a) and after (b) 254nm UV irradiation.

Fig. 4. Digital photos at different temperature (a), TGA curve (b) and DSC curve (c)

of poly(DBA-PCDA).

80 °C, but the color would return to blue after be cooled back

to 25 °C. It is impressive that even poly(DBA-PCDA) is heated up to

200 °C, it can still return to blue after be cooled to room tempera-

ture, as shown in Fig. 4a. The TG curve of poly(DBA-PCDA) (Fig. 4b)

also exhibits a high initial decomposition temperature of 248.5 °C,
indicating an excellent thermostability of poly(DBA-PCDA). Com-

pared with the thermochromic behavior (Fig. 4a) and the DSC data

of poly(DBA-PCDA) (Fig. 4c), it can be seen that the reversible ther-

mochromic temperature range of poly(DBA-PCDA) is related to its

melting range. The lowest color change temperature of poly(DBA-

PCDA) is close to the minimum initial melting temperature. At the

same time, as long as the temperature of poly(DBA-PCDA) does

not exceed its maximum melting temperature, it does not melt

completely, and at this time, the polymer chains have a certain

activity, but they have not yet broken away from the crystal lattice.

When it is cooled, the polymer chain conformation may return to

Fig. 6. Optimized geometries of DBA-PCDA (a) and TBA-PCDA (b). (c) SEM images

of DBA-PCDA, TBA-PCDA before and after UV irradiation.

the previous state due to the restriction of the crystal lattice, and

the color of the sample will also change back to blue.

In contrast, poly(TBA-PCDA) also shows reversible ther-

mochromic behavior in a temperature range of about 60-100 °C
(Fig. 5a). The UV–vis spectra of poly(TBA-PCDA) at 25 °C and 60 °C
in Fig. S30 (Supporting information) also prove the different light

absorption, corresponding to the different color of poly(TBA-PCDA)

at this two different temperature. When it is heated to 110 °C, it
will not change back to the initial purple any more. This reversible

thermochromic behavior is also in accord with its melting behav-

ior detected by DSC (Fig. 5b), which shows that the onset melting

temperature of poly(TBA-PCDA) is 61.5 °C, and the maximum melt-

ing temperature is only 118.1 °C.
The above results indicate that reversible thermochromic be-

havior of PDA is determined by its melting behavior, which is

closely related to the chemical structure of the monomer. It is

not that the more polar functional groups and diacetylene units,

the higher the thermochromic temperature. In general, the higher

the regularity and symmetry of the molecular structure, the more

perfect the crystallization and the higher the melting point. Figs.

6a and b show the optimized geometries for DBA-PCDA and TBA-

PCDA molecules respectively calculated by density functional the-

ory (DFT). The results revealed that the benzene ring units of the

conjugated structures in both two diacetylene molecules are not

perfectly coplanar. The dihedral angles in the bridging unit of DBA-

PCDA and TBA-PCDA molecules are 36.8° and 39.1° respectively,

indicating that the molecular arrangement of TBA-PCDA may not

be as regular as that of DBA-PCDA, which will cause more spatial

misalignment when molecules aggregate and crystallize (Fig. S31

in Supporting information), so the perfection degree of the crystal-

lization of TBA-PCDA will be worse than that of DBA-PCDA, and the

melting point of TBA-PCDA will be relatively low. Fig. 6c exhibits

the crystalline morphologies of DBA-PCDA and TBA-PCDA before

and after UV irradiation. It can be seen that DBA-PCDA is an ag-

gregate of two-dimensional sheet-like solids, while TBA is an ag-

gregate of one-dimensional fibrous solids with a much smaller size

Fig. 5. Digital photos at different temperature (a) and DSC curve (b) of poly(TBA-PCDA).
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Fig. 7. (a) Schematic of the preparation of patterned poly(DBA-PCDA) thermal indicator and the optical images of the thermal indicator at 25 °C and 100 °C. (b) Reversible

thermochromic process of the patterned poly(DBA-PCDA). (c) The CR values of poly(DBA-PCDA) at 25 °C and 100 °C in each heating-cooling cycle.

(Fig. 6c and Fig. S32 in Supporting information). Due to the solid

polymerization mechanism, poly(DBA-PCDA) and poly(TBA-PCDA)

nearly present the same morphologies with their corresponding

monomers.

The unique characteristics of in-situ polymerization make the

prepared PDA materials be highly flexible in pattern design

for the application of high-temperature thermal indicator. Take

the poly(DBA-PCDA) as an example (Fig. 7). Firstly, DBA-PCDA

monomer was deposited on filter paper, then custom mask plate

was placed on the filter paper, and finally, a poly(DBA-PCDA) ther-

mal indicator with specific pattern can be easily obtained by shin-

ing UV light for a few minutes (Fig. 7a). When the poly(DBA-PCDA)

thermal indicator was put on a hot stage of 100 °C, an visible color

change will occur within 1 second, and the whole pattern turned

red after 5 s (Fig. 7b). Upon removing the heat source, the red pat-

tern quickly turned back to blue after 5 s. In addition to the high

sensitivity, the reversible thermochromic poly(DBA-PCDA) thermal

indicator also has excellent thermal stability and reusability, the CR

values have little change even after 7 cycles (Fig. 7c).

In summary, four novel diacetylene monomers containing

multiple diacetylene units were successfully synthesized from

PCDA through the amidation or esterification reactions, using

4,4′-diaminobiphenyl, 1,3,5-tris(4-aminophenyl)benzene, 4,4′-
dihydroxybiphenyl, and 1,3,5-tris(4-hydroxyphenyl)benzene as

bridging units. The effects of functional groups that can form

hydrogen bond and π-π interactions on the solid-state polymer-

ization properties of monomers and the thermochromic properties

of the corresponding PDAs were investigated. The results show that

the hydrogen-bonding interactions between monomer molecules

play a more important role in the polymerization ability of diacety-

lene monomer than the π-π interactions. The effective combina-

tion of hydrogen-bonding and π-π interactions allows the pre-

pared PDA to have a high melting point and a wide melting range,

resulting in reversible thermochromic PDA materials with excellent

sensitivity and reusability that can be used at close to 200 °C.
This work provides a theoretical and practical guidance for the

development of high-performance reversible thermochromic PDA

materials and high-temperature thermal indicator above 100 °C.
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