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Mechanochromic Polymers that Turn Green upon the 
Dissociation of Diarylbibenzothiophenonyl: The Missing Piece 
toward Rainbow Mechanochromism 
Kuniaki Ishizuki, Hironori Oka, Daisuke Aoki, Raita Goseki, and Hideyuki Otsuka*[a] 

Abstract: Mechanochromic polymers, i.e., polymers sensitive to 
mechanical impact, promise great potential for applications in 
damage sensors. In particular, radical-type mechanochromic 
polymers, which produce colored radical species in response to 
mechanical stress, may enable not only the visualization of 
mechanical stress, but also its quantitative evaluation by 
electron paramagnetic resonance analysis. In this work, a 
radical-type mechanochromic polymer that exhibits a color 
change from white to green upon dissociation of a 
diarylbibenzothiophenonyl moiety at the mid-point of a 
polystyrene chain is presented, and its mechanochromic 
behavior examined. Mechanochromic materials that show a 
variety of colors (‘rainbow colors’) in response to mechanical 
stress were prepared by simply mixing radical-type 
mechanochromic polymers of primary colors. 

Mechanoresponsive materials have recently received increasing 
interest.[1–4] In particular, mechanochromic polymers, which 
exhibit color changes upon exposure to mechanical stress, have 
attracted much attention in the field of materials science, as 
they are able to detect damage in materials, thus potentially 
preventing serious accidents by providing the chance to easily 
identify damaged parts and replace or repair them.[4-18] The 
main strategy for the design of mechanochromic polymers 
involves the incorporation of mechanochromophores, i.e., 
optically mechanoresponsive moieties, into polymer chains. A 
variety of mechanochromic polymers have been developed 
since Sottos and co-workers reported the first mechanochromic 
spiropyran unit embedded in poly(methyl acrylate), which 
endows this commodity plastic with mechanochromic 
properties.[4] However, the combinatorial generation of color in 
mechanochromism remains challenging, as the number of 
molecules able to act as mechanochromophores is still limited. If 
color-controlled mechanochromism could be realized, it would 
be possible to detect damage and even recognize both the type 
and intensity of the mechanical stimulus via differences in the 
resulting colors.[19–22] Since such a mechanoresponsive behavior 
is mainly limited to small molecules, the development of 
macromolecules, e.g., polymers, with mechanochromic 
properties is highly desirable, as it would allow the facile design 

of materials with properties fit for that purpose. Herein, we report 
preliminarily work on the combinatorial generation of color with 
mechanochromic polymers by mixing three different 
mechanochromic polymers that exhibit differently colored 
radicals in response to mechanical stimuli of similar magnitude. 
The ultimate advantage of radical-type mechanochromic 
polymers is not only the qualitative visualization of the 
mechanical stress, but also its quantitative evaluation by 
electron paramagnetic resonance (EPR) spectroscopy, both in 
solution and the solid state. We have already reported two 
radical-type mechanochromic polymers that bear 
diarylbibenzofuranone (DABBF) or tetraarylsuccinonitrile (TASN) 
moieties (Figure 1a, b).[7,23–27] Homolytic cleavage of the central 
carbon–carbon bond in the DABBF and TASN units in response 
to mechanical stress affords arylbenzofuranone (blue) and 
diarylacetonitrile radicals (pink), respectively. In these molecular 
systems, the regeneration of the carbon–carbon bonds via 
coupling reactions of the generated radicals has also been 
confirmed. Remarkably, the mechanoresponsiveness of the 
DABBF and TASN mechanochromophores was strongly 
enhanced after the incorporation in polymer chains. Since the 
two radical-type mechanochromophores display different colors, 
we envisioned that the development of a green radical-type 
mechanochromophore would complete the set of three primary 
colors, which would allow a subsequent development of rainbow 
mechanochromism. Maeda et al. have reported that the 
arylbenzothiophenonyl (ABT) radical, generated from 
diarylbibenzothiophenonyl (DABBT; Figure 1c) by homolytic 
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Figure 1. Chemical structures of (a) DABBF, (b) TASN, and (c) DABBT 
before and after applying mechanical stress. 
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cleavage in response to mechanical stress, exhibits green 
color.[28,29] We thus focused on the DABBT skeleton and 
designed DABBT derivatives for the insertion in a polymer chain. 
Since the responsiveness of mechanochromophores can be 
amplified upon incorporation in a polymer chain, a DABBT-
centered polymer seemed an appropriate prospective for a 
mechanochromic material exhibiting green color upon exposure 
to mechanical stress. In this work, DABBT was employed as the 
mechanochromophore for a green-colored mechanochromic 
polymer, given that this color represents the missing piece 
toward the development of rainbow mechanochromism. A 
rational combination of such colored radical-based 
mechanochromic polymers, all of which are sufficiently stable in 
air to be easily handled, could potentially allow the control of the 
mechanochromism, the generation of a spectrum of colors, and 
a quantitative evaluation of mechanical stress. 
          To incorporate the DABBT skeleton into a polymer chain, 
a DABBT derivative with two hydroxy groups (DABBT-diol; 
Scheme 1) was designed and synthesized in eight steps from 
ethyl-2-(4-methoxyphenyl)acetate (Scheme S1). The product 
was fully characterized by 1H NMR, 13C NMR, and IR 
spectroscopy, as well as mass spectrometry measurements, the 
results of which support the successful synthesis of DABBT-diol 
(Figures S19–S21). To investigate whether DABBT-diol could 
act as a green mechanophore, shear forces were applied to 
DABBT-diol at room temperature in air. The pale-yellow 
DABBT-diol powder turned to yellow/green after grinding 
(Figure 2a). EPR studies of the powder before and after grinding 
in a ball mill (30 Hz, 20 min) revealed a strong signal after 
grinding, while only a weak signal was observed before grinding 
(Figure 2c). The g value (2.005) confirmed that DABBT-diol 
undergoes, in response to the shear forces, a homolytic bond 
cleavage under concomitant formation of green radicals. To 
obtain further insight into the dissociation behavior of DABBT-
diol, variable-temperature EPR and UV-vis spectroscopy 
measurements were carried out in solution. Based on the results 
of the EPR analysis and a van’t Hoff plot (Figure S30–S32), the 
bond dissociation energy of the central C–C bond in DABBT-
diol (87.9–92.0 kJ/mol) was estimated to be very similar to 
those of DABBF (85.4–104.8 kJ/mol)[27] and TASN (92.9 
kJ/mol).[25] High-temperature (70 ºC) UV-vis measurements of a 
1,4-dioxane solution of DABBT-diol revealed an absorption 
maximum at 452 nm, whose complementary color is green, 
demonstrating good correlation with the observed 
mechanochromism in the bulk. On the other hand, DABBF and 
TASN derivatives display absorption maxima at 640 and 543 nm, 
whose complementary colors are blue and pink, respectively 
(Figure S33). 
           Prior to the incorporation of DABBT-diol into a polymer 
chain, two ethynyl groups were added to DABBT-diol by 
reaction with 5-hexynoyl chloride to afford DABBT-dialkyne. 
Since mechanochromic polymers with relatively high glass 
transition temperatures (Tg) prevent the recombination of the 
activated radicals obtained upon cleavage of the 
mechanochromophore, polystyrene was selected as the matrix 
polymer to which the DABBT skeleton was attached.[25,26] In the 
presence of CuBr as a catalyst, a click reaction of azide-
terminated polystyrene (Mn = 6 kDa, PDI = 1.18) and DABBT-
dialkyne afforded the corresponding linear polymer with a 
DABBT unit in the middle of the chain as a white powder (PS-
DABBT-PS; Scheme 1). PS-DABBT-PS was characterized by 
1H NMR spectroscopy and gel permeation chromatography 

Figure 2. (a) DABBT-diol and (b) PS-DABBT-PS before and after grinding. 
(c) EPR spectra of DABBT-diol and PS-DABBT-PS before and after 
grinding. 
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Scheme 1. Synthesis of DABBT-dialkyne and PS-DABBT-PS. 
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(GPC). The 1H NMR spectrum of PS-DABBT-PS (Figure S27) 
exhibits the characteristic signals of the DABBT skeleton, while 
the GPC profile shows a unimodal peak, whose molecular 
weight is approximately twice that of the precursor (the azide-
terminated polystyrene; Figure S28), indicating the successful 
synthesis of PS-DABBT-PS (Mn = 11 kDa, PDI = 1.13). The 
mechanochromic properties of PS-DABBT-PS were 
preliminarily evaluated by a grinding test (30 Hz, 20 min). After 
grinding, a color change from white to green was clearly 
observed (Figure 2b). The incorporation of polystyrene did not 
only result in a color change of the corresponding DABBT 
derivative from yellow to white before grinding, but also from 
yellow/green to bright green after grinding. Although the green 
color of the ground polymer was stable even after one day, the 
color immediately vanished and returned to white upon heating 
beyond the Tg of PS-DABBT-PS (90 ºC) (Figures S29 and S34), 
or upon addition of a good solvent such as THF, which 
increases the molecular mobility. An EPR analysis of PS-
DABBT-PS showed that the radical content increased with 
grinding (g ≈ 2.005) in a similar fashion to that of ground 
DABBT-diol (Figure 2c). These results clearly confirm the 
mechanical selective scission of the central C–C bond of the 
DABBT unit at the center of the polymer chain. The dissociation 
ratio of DABBT in PS-DABBT-PS after grinding (~8.2%) was 
estimated to be more than 40 times that of DABBT-diol (0.2%), 
clearly demonstrating the enhancement of the mechanochromic 
properties after incorporation into the polymer chains.[30–33] In 
general, PS-DABBT-PS was found to exhibit a behavior that is 
similar to that of other mechanochromic polymers bearing 
DABBF and TASN units as mechanochromophores.[25,26] 
          Polystyrene-based mechanochromic polymers bearing 
TASN and DABBF units that connect their polymer chains (PS-
DABBF-PS: Mn = 11 kDa, PDI = 1.14; PS-TASN-PS: Mn = 12 
kDa, PDI = 1.10) were synthesized in a similar manner using the 
corresponding TASN and DABBF derivatives.[25,26] The three 
radical-type mechanochromic polymers, PS-DABBT-PS, PS-
DABBF-PS, and PS-TASN-PS were mixed and ground by ball 
milling (30 Hz, 5 min). As shown in Figure 3, the mixture 
containing PS-DABBT-PS and PS-DABBF-PS (1:1, w/w) 
exhibited a color change from white to dark green after grinding, 
which is a color that is different to those of the individual 
polymers. This color change can be explained by the fact that 
the individual polymers in the mixture absorb light of different 
wavelengths and reflect or transmit other colors, as observed in 
the case of colored paint. Similarly, the mixture of PS-DABBT-
PS and PS-TASN-PS (1:1, w/w) underwent a color change from 
white to orange, while a mixture of PS-DABBF-PS and PS-
TASN-PS (1:1, w/w) exhibited a color change from white to 
purple. Furthermore, the color of a mixture of all three polymers 
(1:1:1, w/w/w) changed after grinding from white to beige, the 
analogue of black when working with colored paint. These color 
changes were also observed after grinding the 
mechanochromophores themselves, i.e., the DABBT, DABBF, 
and TASN derivatives without the polymer chains, showing the 
corresponding color changes derived from the dissociation of the 
mechanochromophores after grinding under similar conditions. 
Such a rainbow mechanochromism may potentially be applied to 
a wide variety of polymeric materials. 
          In conclusion, a novel mechanochromic polymer that 
exhibits the green color of ABT radicals in response to shear 
forces was successfully synthesized from DABBT. The 
mechanochromic properties of DABBT were amplified upon 

incorporation of polymer chains with a relatively high Tg. Rational 
combinations with other mechanochromic polymers showed 
different colors in response to similar shear forces, and thus 
allowed the development of rainbow mechanochromism by 
simply mixing these polymers. Since the mechanochromophores 
can be inserted in different polymer chains, we intend to report 
in the near future the application of such high-performance 
materials with rainbow mechanochromism and defined 
mechanical properties in damage sensors able to discriminate 

Figure 3. Photographs of PS mixtures containing DABBF, TASN, and 
DABBT before (top) and after (bottom) grinding. 
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both the type and intensity of mechanical stimuli by the resulting 
color. 

Acknowledgements 

This work was supported by KAKENHI grants 17H01205 (H.O.) 
and 15K17907 (R.G.) from the Japan Society for the Promotion 
of Science (JSPS) and the ImPACT Program of the Council for 
Science, Technology, and Innovation (Cabinet Office, 
Government of Japan). We thank Prof. Takashi Ishizone (Tokyo 
Institute of Technology, Japan) for his help with the variable-
temperature UV-vis measurements. 

Keywords: polymer reactions • chromism • mechanochemistry • 
mechanochromism • radical 

[1] A. L. B. Ramirez, Z. S. Kean, J. A. Orlicki, M. Champhekar, S. M. 
Elsakr, W. E. Krause, S. L. Craig, Nat. Chem. 2013, 5, 757–761. 

[2] R. T. M. Jakobs, R. P. Sijbesma, ACS Macro Lett. 2013, 2, 613–616. 
[3] C. E. Diesendruck, B. D. Steinberg, N. Sugai, M. N. Silberstein, N. R. 

Sottos, S. R. White, P. V Braun, S. Moore, J. Am. Chem. Soc. 2012, 
134, 12446-12449. 

[4] D. A. Davis, A. Hamilton, J. Yang, L. D. Cremar, D. V. Gough, S. L. 
Potisek, M. T. Ong, P. V. Braun, T. J. Martínez, S. R. White, J. S. 
Moore, N. R. Sottos, Nature 2009, 459, 68–72. 

[5] M. Li, W. Liu, Q. Zhang, S. Zhu, ACS Appl. Mater. Interfaces 2017, 
9, 15156–15163. 

[6] J. Li, C. Nagamani, J. S. Moore, Acc. Chem. Res. 2015, 48, 2181–
2190. 

[7] K. Imato, T. Kanehara, T. Ohishi, M. Nishihara, H. Yajima, M. Ito, A. 
Takahara, H. Otsuka, ACS Macro Lett. 2015, 4, 1307–1311. 

[8] A. D. N. Celestine, B. A. Beiermann, P. A. May, J. S. Moore, N. R. 
Sottos, S. R. White, Polymer 2014, 55, 4164–4171. 

[9] Y. Chen, R. P. Sijbesma, Macromolecules 2014, 47, 3797-3805. 
[10] X. Fang, H. Zhang, Y. Chen, Y. Lin, Y. Xu, W. Weng, 

Macromolecules 2013, 46, 6566–6574. 
[11] Y. Chen, A. J. H. Spiering, S. Karthikeyan, G. W. M. Peters, E. W. 

Meijer, R. P. Sijbesma, Nat. Chem. 2012, 4, 559–562. 
[12] M. M. Caruso, D. A. Davis, Q. Shen, S. A. Odom, N. R. Sottos, S. R. 

White, J. S. Moore, Chem. Rev. 2009, 109, 5755–5798. 
[13] S. Cho, J. Kim, C. Chung, Sensors Actuators B 2008, 134, 822–825. 
[14] A. Pucci, F. Di Cuia, F. Signori, G. Ruggeri, J. Mater. Chem. 2007, 

17, 783–790. 
[15] B. R. Crenshaw, C. Weder, Chem. Mater. 2003, 15, 4717–4724. 
[16] K. Oda, S. Hiroto, H. Shinokubo, J. Mater. Chem. C 2017, 5, 5310–

5315. 
[17] T. Kobashi, D. Sakamaki, S. Seki, Angew. Chem. Int. Ed. 2016, 55, 

8634–8638. 
[18] F. Verstraeten, R. Göstl, R. P. Sijbesma, Chem. Commun. 2016, 52, 

8608–8611. 
[19] T. Wang, N. Zhang, J. Dai, Z. Li, W. Bai, R. Bai, ACS Appl. Mater. 

Interfaces 2017, 9, 11874–11881. 
[20] Z. Zhao, T. Chen, S. Jiang, Z. Liu, D.-C. Fang, Y. Q. Dong, J. Mater. 

Chem. C 2016, 4, 4800–4804. 
[21] X. Meng, G. Qi, X. Li, Z. Wang, K. Wang, B. Zou, Y. Ma, J. Mater. 

Chem. C 2016, 4, 7584–7588. 
[22] Y. Zhang, K. Wang, G. Zhuang, Z. Xie, C. Zhang, F. Cao, Chem.-

Eur. J. 2015, 21, 2474–2479. 
[23] K. Imato, J. Natterodt, J. Sapkota, R. Goseki, C. Weder, A. 

Takahara, H. Otsuka, Polym. Chem. 2017, 10, 2115–2122. 
[24] T. Kosuge, K. Imato, R. Goseki, H. Otsuka, Macromolecules 2016, 

49, 5903–5911. 
[25] T. Sumi, R. Goseki, H. Otsuka, Chem. Commun. 2017, 53, 11885–

11888. 
[26] H. Oka, K. Imato, T. Sato, T. Ohishi, R. Goseki, H. Otsuka, ACS 

Macro Lett. 2016, 5, 1124–1127. 
[27] K. Imato, A. Irie, T. Kosuge, T. Ohishi, M. Nishihara, A. Takahara, H. 

Otsuka, Angew. Chem. Int. Ed. 2015, 54, 6168–6172. 
[28] Y. Mori, N. Yamada, M. Kanazawa, Y. Horikoshi, Y. Watanabe, K. 

Maeda, Bull. Chem. Soc. Jpn. 1996, 69, 2355–2359. 
[29] L. Kalb, B. Bayer, Ber. Dtsch. Chem. Ges. 1913, 46, 3879–3885. 
[30] S. L. Potisek, D. A. Davis, N. R. Sottos, S. R. White, J. S.Moore, J. 

Am. Chem. Soc. 2007, 129, 13808–13809. 
[31] M. J. Kryger, A. M. Munaretto, J. S. Moore, J. Am. Chem. Soc. 2011, 

133, 18992–18998. 
[32] G. J. Price, P. F. Smith, Polymer 1993, 34, 4111–4117. 
[33] C. R. Hickenboth, J. S. Moore, S. R. White, N. R. Sottos, J. Baudry, 

S. R. Wilson, Nature 2007, 446, 423–427. 

 

10.1002/chem.201800194

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 
 
 
 

 
COMMUNICATION 

Rainbow mechanochromism: A 
mechanochromic polymer that 
exhibits green color upon the 
dissociation of a 
diarylbibenzothiophenonyl unit at the 
mid-point of its polymer chain is 
presented. Rainbow 
mechanochromism was achieved by 
mixing three different radical-type 
mechanochromic polymers that 
exhibit blue, pink, and green color 
upon exposure to shear forces. 
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