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研究成果の概要（和文）：架橋ポリアクリレートと発光性銅錯体を用いた機械的刺激応答性材料を開発し、その
メカニカルセンサーとしての潜在性の高さを明らかにした。この系の発光強度は、100% 以下の歪みと 0.1 MPa 
以下の応力に対して、敏感かつ可逆的に変化し、発光を CCD カメラでとらえることにより、ストレス分布図が
得られることを実証した。
また、ピリジノファン Cu(I)(NHC) 錯体の結晶が摩擦発光を示すことを見出した。詳細な研究により、圧電性と
非圧電性の両方の結晶が摩擦発光を示すことを明らかにした。さらにアモルファスの PMMA フィルムと混合し、
その表面を擦っても摩擦発光が観測されることを実証した。

研究成果の概要（英文）：We developed mechanoresponsive material with photoluminecent Cu(I) complex 
and cross-linked polyacrylate and demonstrated that the system has great potential as mechanical 
stress sensor. The reversible and sensitive change of photoluminescence intensity is observed in 
response to applied mechanical stress of less than 0.1 MPa at less than 100% strain. The stress 
distribution map was obtained by monitoring the photoluminescence intensity by CCD camera. 
The pyridinophane Cu(I)(NHC) complexes show intense triboluminescence by grinding the crystals, even
 in air. Both piezoelectric (centrosymmetric) and non-piezoelectric crystals of pyridinophane Cu(I)
(NHC) complex exhibit triboluminescence. Furthermore, amorphous PMMA films containing 1 wt% of the 
Cu(I) complex showed triboluminescence. The reported examples of triboluminescence of Cu(I) 
complexes have been extremely limited. Our study gives important insight into the mechanism and 
design of triboluminescent Cu(I) materials.

研究分野： mechanoresponsive polymers

キーワード： mechanophore　mechanoresponse　polymer　copper
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令和

研究成果の学術的意義や社会的意義
The academic significance arises from development of a new concept of using conformational dynamics 
in photoluminescent complexes to create new fast and reversible mechanophores for mechanoresponsive 
polymers. Triboluminescent films can be used for conversion of mechanical energy to light. 

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

Prior to starting this project, my 

studies of the conformational dynamics 

of the N4-pyridinophane ligand have 

shown that this complex can adopt a 

variety of conformations in metal 

complexes (Scheme 1).[1,2] I have 

shown that N4-pyridinophane in metal 

complexes can adopt several 

conformations, which can interconvert 

rapidly and easily depending on the 

metal (Scheme 2). This gave rise to the idea of the general proposal to utilize this property 

for the stimuli-responsive materials, where conformational change caused by 

mechanoactivation will trigger changes in reactivity or optical/magnetic properties. Prior to 

application to this funding, I have shown that this ligand can be used in combination with 

copper(I) to form luminescent Cu complexes,[3,4] which, when incorporated into 

polyurethane chain, give rise to the reversible and fast mechanical stress sensing material.[5] 

Thus, when the polyurethane film containing Cu iodide complexes with N4 ligand was 

elongated, photoluminescent intensity increased, and then decreases after film relaxation, 

over 10 cycles. However, this originally published system suffered from low stability in air 

and lack of sensitivity (the response could be seen after the film was elongated 4-fold or more).  

Thus, the key scientific question in the original proposal was whether we can utilize the 

reversible conformational dynamics of metal complexes to create stimuli-responsive 

materials that have enhanced reversibility and fast response.  

This approach is different from other approaches commonly used in the literature that 

typically utilize organic-based mechanophores that undergo covalent chemical bond 

scission/formation when mechanical stress is applied, leading to slow or irreversible response. 

In our approach, we utilize highly reversible and facile conformational dynamics of transition 

metal complexes which is expected to lead to fast and reversible response. 
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２．研究の目的 

We aimed to create new mechanoresponsive materials that show fast and reversible property 

change in response to mechanical force. This property can be emission of light, 

photoluminescence intensity, color etc. We propose that mechanical force can affect 

conformational dynamics of metal complexes leading to different spectroscopic or 

photophysical properties. The final goal is to create materials that will show improvement 

over existing organic mechanophores in terms of sensitivity and reversibility.  

３．研究の方法 

As a method of attachment of mechanophore to the polymer, we considered two possibilities. 

One was previously explored by our group and it is attachment of the mechanophore, N4 

ligand or corresponding metal complex, to the linear polymer chain (Scheme 2, (i)). Another 

possibility that we explored in this project 

was utilization of the N4-complex as the 

cross-linker (Scheme 2, (ii)). This could give 

additional advantages as we anticipated 

that such system show improved 

sensitivity as more mechanical force will be 

transmitted to a less flexible linker rather 

than to linear, long polymer chain. This was 

indeed confirmed by our experiments in 

this project.  

When selecting metals for forming metal 

complexes, our first target was copper(I) 

complexes because they show 

photoluminescent properties that can be 

easily monitored by a variety of methods. 

 

 



Our additional purpose was to make stable copper(I) luminophores, because copper(I) 

complexes often decompose under air. To achieve this goal, we planned to use N-heterocyclic 

carbene (NHC) complexes of copper. 

We also targeted other metals such as Co, Ni etc which could show changes in other properties 

such as color (or UV-vis absorbance spectrum in the visible or near-IR region, in general).  

 

４．研究成果 
In the first part of our study, we synthesized a series of [(N4)Cu(NHC)]X complexes (Scheme 

3, Figure 1) as model compounds to study their photophysical properties and air stability. All 

complexes were brightly emissive and showed good air stability in solid state and polymer 

films.  

Their photophysical properties 

were studied in solid state, 

solution and blended in PMMA 

films (Table 1). This study showed 

that stability and air stability of 

these complexes make the 

potential targets to use as cross-

linkers in elastomers. We then 

synthesized an acrylate-

functionalized version of the 

ligand, which was incorporated as 

a cross-linker in polybutylacrylate 

films (Scheme 4). After that, the 

ligand was metalated by 

treatment with a common 

Cu(NHC) precursor. The resulting 

cross-linked, elastomeric 

polybutylacrylate films were 

luminescent. When the films were 

stretched, we observed increase in 

photoluminescence intensity. 

When the film was then released, 

the intensity was decreased. This 

response was repeatable and 

could be reproduced up to 30 

cycles or longer. The emission 

intensity could be detected 

spectroscopically using fiber-optic 

compact spectrometer. We could 

also observe directly changes in 

emission intensity by simply 

using a CCD camera to record the 

images under UV light irradiation. 

The important finding in this 

study was that the cross-linked 

showed superior sensitivity as 

compared to previously published 

mechanoresponsive polymers 

with traditional mechanophores 

and our system showed 

measurable response even at less 

than 50% elongation and 0.1 MPa 

of stress. NMR study of fluxional 

conformational behavior of these 

complexes allowed to formulate a hypothesis that the mechanism of mechanoresponse is 

based on reversible suppression of fluxionality of the ligand. 

 

 

 
Figure 1. ORTEP of the cationic parts of complexes 

Cu1 (a), Cu2 (b), Cu3 (c), and Cu4a (d) at 50 % 

probability level according to single crystal XRD data. 

 

Table 1. Photophysical property of [(N4)CuI(NHC)]X 

complexes in CH2Cl2 

Complex R PLQY  

[s] 

kr 10-

4[s-1] 
knr 10-4 

[s-1] 

Cu1 Me 0.06 8.20 0.732 11.5 

Cu2 nPr 0.19 7.59 2.50 10.7 

Cu3 iPr 0.30 9.98 3.00 7.01 

Cu4a tBu 0.72 18.0 4.00 1.56 

 



To summarize, in this first study we have shown that using [(N4)Cu(NHC)]X complexes as 

cross-linker, we were able to achieve mechanoresponsive elastic material showing reversible 

changes in emission intensity in response to stretching/release. This finding can be 

eventually important for mechanical stress detection and mechanical stress mapping using 

imaging methods in elastic materials, rubbers etc. Based on this study, one publication in 

Chemical Communications and a patent were published.[6,7]  

While studying model [(N4)Cu(NHC)]X complexes, we serendipitously found that these 

complexes show triboluminescence in the crystalline state when the crystals are crushed with 

a metallic spatula or a glass 

rod. The bright visible light 

emission was observed even 

under air in ambient light. 

This phenomenon is known 

as triboluminescence, or 

mechanoluminescence, 

which is emission of light 

directly in response to 

mechanical action. The 

difference from 

photoluminescence is that no 

external excitation light 

source is required, and 

mechanical energy is directly 

converted to light. 

Triboluminescent materials 

are thus ultimately 

considered as promising 

components of mechanical 

damage sensors, athletic and 

healthcare devices etc. There 

has been an ongoing 

discussion regarding 

explanation of the 

triboluminescence in 

crystalline materials, which 

generally invokes 

piezoelectric effect and 

requires non-

centrosymmetric crystals to 

 

  

Figure 2. Change of photoluminescence of Cu1-cPBA during stretching. 

 

Table 2. TL properties and space group for crystalline and 

polymer-blended samples. 

[Cu] Counter 

anion 

TL 
(crystal) 
max (nm) 

TL 

(PMMA), 

max (nm) 

Space 

group in 

crystala 

Cu4a PF6 544 526 Pca21 (NC) 

Cu4b OTf 539 530 Pca21 (NC) 

Cu4c TFA 536 536 Pca21 (NC) 

Cu4d BPh4 540 527 Pbca (C) 

Cu5 PF6 536 552 P21/n (C) 

Cu6 PF6 527 543 P212121 

(NC) 

a C: Centrosymmetric, NC: Non-centrosymmetric. 



be present.[8] However, our 

examination of the crystal structures 

of these complexes showed that both 

centrosymmetric and non-

centrosymmetric crystals showed 

triboluminescent properties. This is in 

line with more recent views that 

conclude that non-centrosymmetricity 

is not always required to observe 

triboluminescence.[9]  

This observation led us to examine if 

triboluminescence of these copper 

complexes can be translated into 

polymer state. To our surprise, when 

these complexes were simply 

physically blended with polymer films 

(polymethylmethacrylate, polyvinyl 

chloride, polystyrene), the resulting 

films also showed triboluminescent 

properties when the film was rubbed 

with glass, metal or polymer rod. More 

detailed investigation using powder 

XRD and fluorescent microscopy 

showed that triboluminescence was 

observed in amorphous films and no 

microscrystalline phase was required.  

Further examination of emission 

spectra showed that gas discharge 

peaks are present in the spectra and 

the likely mechanism of emission 

generation involves 

triboelectrification of the polymer followed by discharging of surrounding gas leading to 

excitation of the luminophore.[10, 11]  

As a part of ongoing study on complexes of 

other metals, we examined complexes of N4 

ligand with Ni searching for the complexes 

that would show different coloration while 

having elongated or shortened Ni-N 

distances with amine arms of N4 

pyridinophane ligands. Once such complexes 

are identified, we plan to attach amine arms 

of the N4 ligand to the polymer chain (e.g. as 

cross-linkers). We have found several Ni 

complexes with acac or catecholate ligands 

that show different color depending on the 

strength of Ni-N binding and the Ni-N bond 

length (Table 3). We expect that application 

of mechanical force may perturb Ni-N as the 

weakest bond present in the complex, which 

might eventually lead to the color change in response to mechanical force.  
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Figure 3. Representative images of TL in crystal 

of Cu5 (a), Cu6 (b) and Cu4a (c) under air and 

PMMA film containing 10 wt% of Cu5 (d), Cu6 (e), 

and Cu4a (f) under Ar.  

 

Figure 4. Normalized TL emission spectra of 

complexes Cu5, Cu6, and Cu4a-d (a) in the crystal 

state and (b) in PMMA films (1 wt%) under N2. 

 

Table 3. Axial bond length of N4 Ni(II) 

complexes and its color of the crystals. 

 

Ligand R Ni – Naxi 
(Å) 

color 

acac Me 2.20, 2.18 brown 

tBu 2.30, 2.29 pink 

catecholate Me 2.22 brown 

tBu 2.46, 2.29 red 
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