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Abstract: Despite recent extensive studies on mechanochromic 
luminescence (MCL), rational control over the magnitude of the 
emission-wavelength shift in response to mechanical stimuli remains 
challenging. In the present study, a two-component donor–acceptor 
approach has been applied to create a variety of organic MCL 
composites that exhibit remarkable emission-wavelength switching. 
Dibenzofuran-based bis(1-pyrenylmethyl)diamine and typical organic 
fluorophores have been employed as donor and acceptor dyes, 
respectively. Outstanding wide-range MCL with an emission-
wavelength shift of over 300 nm has been achieved by mixing the 
diamine with 3,4,9,10-perylenetetracarboxylic diimide. 
Unprecedented two-step MCL in response to mechanical stimuli of 
different intensity has also been realized for a two-component mixture 
with 9,10-anthraquinone. Fluorescence microscopy observations at 
the single-particle level revealed that the segregation and mixing of 
the two-component dyes contribute to the stimuli-responsive 
emission-color switching of the MCL composites. 

Introduction 

Solid-state reversible color switching of photoluminescence 
induced by a mechanical stimulus is referred to as 
mechanochromic luminescence (MCL). This phenomenon is 
attracting increasing attention on account of its diverse potential 
applications, including force sensors, rewritable data storage, and 
security inks.[1,2] The MCL of crystalline compounds is typically 
attributed to the alteration of the steric and electronic states of the 
luminescent molecules due to the amorphization of the crystal 
structure in response to a mechanical stimulus (Figure 1a). The 
original crystalline state can usually be recovered from the 
mechanically induced amorphous state by heating or exposure to 
solvents. From a practical perspective, purely organic MCL dyes 
have advantages in terms of processability and low toxicity. 
Moreover, it would be desirable that the emission spectra of the 
initial and mechanically altered states do not overlap. Although 

the majority of hitherto reported MCL dyes are purely organic 
compounds, the shifts in their maximum emission wavelengths 
are generally narrower than those of organometallic MCL 
dyes.[2l,3] Specifically, the MCL shift is less than 100 nm for most 
reported organic MCL dyes.[4] Obtaining wide-range MCL using 
purely organic fluorophores thus remains a challenging task. 

Another emerging challenge in the development of organic 
MCL dyes is the realization of stepwise emission-color switching 
in response to mechanical stimuli of different intensity. This type 
of MCL dyes would be applicable to advanced detection systems 
for mechanical stimuli. Previous reports on stepwise MCL have 
involved the occasional discovery of crystalline dyes that exhibit 
successive emission-color changes upon gentle grinding followed 
by strong grinding.[5] The general mechanism of this typical two-
step MCL has been based on a crystal-to-crystal transition upon 
gentle grinding followed by a crystal-to-amorphous transition 
upon strong grinding. Even though a ring-opening reaction 
induced by strong grinding has been shown to be an efficient 
trigger for the second emission-color change for some two-step 
MCL dyes,[6] detailed rational guidelines for the design of organic 
dyes with two-step MCL properties have not yet been established.  

Herein, we report a two-component donor–acceptor strategy 
to rationally control the MCL shift. A useful approach to achieve 
wide-range MCL is the use of Förster resonance energy transfer 
(FRET) from the donor to the acceptor dye. Although a few two-
component systems utilizing FRET to control the MCL shift of 
organic dyes have been reported, these previous examples 
require two organic MCL dyes.[6c,7] Recently, we have reported 
that the MCL shift of pyrenylthiophene derivatives can be tuned 
by mixing them with N,N′-dimethylquinacridone (DMQA), which 
does not exhibit MCL properties.[8] In the present study, a series 
of organic non-MCL dyes has been used as acceptor dyes to 
control the MCL properties of dibenzofuran-based bis(1-
pyrenylmethyl)diamine 1 (Figure 1b). Most remarkably, a large 
MCL shift of over 300 nm was achieved by combining 1 with a far-
red emissive organic dye. Single-particle-level observations using 
fluorescence microscopy revealed that the transition between  
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Figure 1. Schematic illustration of a) typical single-component MCL and b) the 
two-component MCL reported in this work. 

segregated crystals and an amorphous mixture is responsible for 
the wide-range MCL of the two-component dyes based on the 
FRET mechanism. Furthermore, two-step MCL based on the 
mechanical-stimulus-induced formation of charge-transfer (CT) 
complexes has been achieved for the first time. In sharp contrast 
to the recently reported CT-based bicolor MCL systems,[9] the 
stepwise emission-color change in this work has been realized via 
the combination of monomer-to-excimer switching and excimer-
to-exciplex switching. 

Results and Discussion 

Preparation and MCL properties of 1 

During our study on dibenzofuran-based C2-symmetric 
diamine derivatives,[10] dibenzofuran-based bis(1-
pyrenylmethyl)diamine 1 was synthesized in five steps from the 
known precursor dibenzo[b,d]furan-4,6-diyldimethanol (2: 
Scheme 1).[11] The Mitsunobu azidation of 2 by treatment with 

triphenylphosphine, diisopropyl azodicarboxylate (DIAD), and 
diphenylphosphoryl azide (dppa) in THF at –20 °C for 26 h gave 
diazide 3 in 59% yield. The reduction of the azide groups of 3 in 
the presence of 5% palladium on carbon (Pd/C) under hydrogen 
atmosphere in ethyl acetate at room temperature for 21 h afforded 
diamine 4 in 77% yield. Nosyl (Ns: 2-nitrobenzenesulfonyl) groups 
were then introduced by the reaction of 4 with NsCl in the 
presence of Et3N in THF at room temperature for 22 h to give 5 in 
59% yield. Pyrenylmethylation of 5 was carried out by mixing 5 
with 1-(bromomethyl)pyrene in the presence of K2CO3 in DMF at 
60 °C for 1.5 h to afford 6 in 98% yield. The removal of Ns groups 
by the reaction of 6 with thiophenol and aqueous KOH solution in 
CH3CN at 50 °C for 45 min afforded 1 in 74% yield. 

Powdered samples of 1, obtained by cooling a hot toluene 
solution of 1, exhibited blue emission with a maximum emission 
wavelength (lem) of 433 nm (Figure 2a). The fluorescence 
quantum yield (FF) of the blue emission was 0.05. Powder X-ray 
diffraction (PXRD) analysis showed that the powdered samples of 
1 were aggregates of microcrystals (Figure 2c). Upon grinding 
with a spatula, the emission color of crystalline 1 changed to blue-
green (lem = 487 nm, FF = 0.30), and the mean fluorescence 
lifetime (<t>) increased from 2.1 ns to 3.8 ns (Figure 2b and Table 
S1). The original blue emission color (lem = 427 nm) can be 
restored upon heating the ground sample to 150 °C on a hotplate. 
The grinding/heating process is fully reversible and could be 
repeated more than five times (Figure S1a). 

The MCL of 1 was attributed to a typical crystalline-to-
amorphous phase transition, which is triggered by mechanical 
grinding and reversed by heating. The differential scanning 
calorimetry (DSC) thermogram of crystalline 1 showed one 
endothermic peak, which represents the melting point of 1 (Tm = 
173 °C; Figure 2d). Additionally, a broad exothermic peak that 
corresponds to the cold-crystallization transition (Tc = 92 °C) and 
a subsequent endothermic melting peak were observed in the 
DSC thermogram of the blue-green emissive ground 1. PXRD 
analyses of the MCL of 1 revealed that the intensity of the 
diffraction pattern of crystalline 1 was significantly decreased after 
grinding and recovered after heating (Figure 2c). 

A single crystal of 1 suitable for X-ray crystallography could 
not be obtained from various conditions using a variety of solvents. 
However, based on the observed emission wavelength and 
vibrational structure as well as the increased FF and <t> values 
upon grinding, the blue and blue-green emission of the crystalline  

 

Scheme 1. Synthesis of dibenzofuran-based bis(1-pyrenylmethyl)diamine 1.
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Figure 2. a) Fluorescence (FL) spectra of crystalline, ground, and heated 
samples of 1 (lex = 365 nm). b) Fluorescence decay profiles of crystalline and 
ground 1 recorded at the single-particle level (lex = 405 nm). Bandpass filters 
were used [blue dots: crystalline 1 (417–430 nm); light blue dots: ground 1 (510–
560 nm). The black lines indicate multi-exponential curves fitted to the time 
profiles. c) Photographs under UV light (lex = 365 nm) and PXRD patterns of 
crystalline, ground, and heated samples of 1. d) DSC scans of crystalline and 
ground samples of 1. Tm and Tc values are noted near the corresponding peaks.  

and ground samples correspond to the monomer and excimer 
emission of the pyrenyl group.[10a,12]  

Wide-range MCL of two-component dyes 1/DMQA, 1/FS, and 
1/PTCDI 

Two-component dyes were prepared using a 1:1 molar 
mixture of MCL compound 1 and typical commercially available 
organic luminescent dyes that do not change the emission color 
after amorphization by grinding (Figures S2 and S3). Equimolar 
mixtures of 1 and the appropriate luminescent dye in 
dichloromethane were evaporated under reduced pressure, and 
the residues were dried at 140 °C. The MCL properties of the as-
prepared two-component dyes were examined via manual 
grinding with a spatula. 

When N,N′-dimethylquinacridone (DMQA), fluorescein (FS), 
or 3,4,9,10-perylenetetracarboxylic diimide (PTCDI) were used as 
the acceptor dye, the MCL shifts of the resulting two-component 
mixtures were significantly larger than that of 1 (Figure 3a–c). For 
example, the two-component dye 1/DMQA exhibited a bicolor 
MCL transition between violet (lem = 403 nm) and orange (lem = 
617 nm) emission under UV light (lex = 365 nm) in response to 
grinding and heating to 135 °C (Figures 3a and S5a). Notably, the 
shift in the maximum emission wavelength in this MCL process is 
greater than 200 nm (Dlem = 214 nm). This MCL process is fully 
reversible at least five times (Figure S1b) and is independent of 
the evaporation rate and solvent used to prepare 1/DMQA (Figure 
S4). 

PXRD and DSC measurements suggested that the MCL of 
the two-component dye 1/DMQA originates from phase 
transitions between segregated crystalline dyes and a mixed 
amorphous state. The PXRD pattern of violet-emissive 1/DMQA 
showed intense diffraction peaks that corresponded to a 
superposition of those of 1 and DMQA (Figure 4a). The DSC 
thermogram of violet-emissive 1/DMQA exhibited one 
endothermic peak at 171 °C (Figure 4b). This temperature was in 
good agreement with the melting point of 1, although the mixture 
of solids often induces cryoscopy. As the melting point of DMQA 
(286 °C, decomp.) is above 200 °C, only the 1 fraction in 1/DMQA 

 

Figure 3. Chemical structures of the luminescent dyes and photographs of the 
MCL of the two-component organic dyes composed of 1 and the luminescent 
dyes. DMQA: N,N′-dimethylquinacridone; FS: fluorescein; PTCDI: 3,4,9,10-
perylenetetracarboxylic diimide; PER: perylene; AQ: 9,10-anthraquinone. 

 

Figure 4. a) PXRD patterns of as-prepared, ground, and heated samples of 
1/DMQA. PXRD patterns of DMQA and crystalline 1 are shown for comparison. 
b) DSC thermograms of as-prepared and ground samples of 1/DMQA. Tm and 
Tc values are noted near the corresponding peaks. 
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should be liquefied at this temperature. These results suggest that 
1 and DMQA both exist as independent crystals in violet-emissive 
1/DMQA. In the orange-emissive ground 1/DMQA, the intensity 
of the PXRD pattern decreased significantly (Figure 4a). The DSC 
thermogram of ground 1/DMQA showed a broad exothermic cold-
crystallization transition peak (Tc = 97 °C), followed by the 
endothermic melting point of 1 (Tm = 170 °C; Figure 4b). 
Accordingly, the orange-emissive samples of 1/DMQA should 
exist in an amorphous state, and the segregated crystalline state 
was recovered from the amorphous state upon heating. After 
heating ground 1/DMQA to 135 °C, the superimposed PXRD 
patterns of 1 and DMQA were again observed, which can confirm 
the formation of segregated crystals of 1 and DMQA. The 
regrinding of the heated sample afforded almost the same 
fluorescence spectrum, PXRD pattern, and DSC thermogram as 
those of the initial ground sample (Figures S8a, S9a, and S10a). 

Similarly, the two-component mixture 1/FS exhibited a wide-
range MCL (Dlem = 181 nm) transition between violet (lem = 407 
nm) and orange (lem = 588 nm) emission (Figures 3b and S5b). 
Most remarkably, the emission wavelength of the two-component  
dye 1/PTCDI bathochromically shifted by 340 nm from violet (lem 
= 406 nm, FF = 0.02) to far-red (lem = 746 nm, FF = <0.01) 
(Figures 3c and 5). DSC and PXRD measurements suggested 
that the MCL of 1/FS and 1/PTCDI is due to phase transitions 
between segregated crystals and the mixed amorphous state, as 
in the case of 1/DMQA (Figures S6a, S6b, S7a, and S7b).[13] 

 

Figure 5. Fluorescence spectra showing the wide-range MCL of 1/PTCDI. 

Single-particle-level observations for the wide-range MCL of 
two-component dyes by fluorescence microscopy 

The wide-range MCL of the two-component dye 1/PTCDI 
was examined at the single-particle level using fluorescence 
microscopy, which provided further evidence that the two-
component MCL originated from the transition between 
segregated crystals and a mixed amorphous state. In the single-
particle-level observation of crystalline 1/PTCDI, which exhibits 
violet emission in the bulk state, both strongly blue-emitting and 
weakly far-red-emitting regions were observed in the particle 
(Figure 6a and 6d).[14] The fluorescence spectra of the blue- and 
far-red-emissive regions were in good agreement with those of 
crystalline 1 and PTCDI recorded at the single-particle level using 
fluorescence microscopy (Figure S11a, S11b, and S11d). These 
results support the fact that 1 and PTCDI formed independent 
crystals in the two-component dye, which was suggested by the 
PXRD analyses. The observation of violet emission in the bulk 
state was attributed to the low emission intensity of the far-red 
luminescence from PTCDI. After grinding the segregated mixture, 

almost homogeneous far-red emission was observed via 
fluorescence microscopy (Figure 6b and 6d). The emission 
spectrum of the ground 1/PTCDI was almost the same as that of 
ground PTCDI (Figure S11c and S11e). Accordingly, the far-red 
emission from 1/PTCDI should not be attributed to the formation 
of an exciplex between the pyrenyl group of 1 and PTCDI. In the 
measurement of heated 1/PTCDI, which was prepared by heating 
a ground sample to 155 °C for 20 min, segregated blue- and far-
red-emissive regions were observed, along with small green-
emissive regions (Figures 6c and S12a). The green emission was 
attributed to amorphous 1, as the same emission spectrum was 
observed for green-emissive ground 1 (Figure S12b). The 
formation of the green-emissive regions can be explained by 
insufficient recrystallization of 1 upon heating. Despite the 
presence of small green-emissive regions, the emission color of 
heated 1/PTCDI was violet in the bulk state. Most of the 
amorphous mixture of 1 and PTCDI should be crystallized 
independently after heating. 

Detailed fluorescence lifetime measurements supported the 
possibility of FRET from 1 to PTCDI in ground 1/PTCDI (Figure 
6e and Table 1). Although PTCDI was virtually non-emissive in 
the bulk crystalline state due to the concentration quenching, far-
red emission attributed to PTCDI was detected in the bulk sample 
of ground 1/PTCDI. The increase in the emission intensity of 
ground 1/PTCDI compared to that of ground PTCDI was attributed 
to energy transfer from 1 to PTCDI in the dispersed amorphous 
mixture. The fluorescence lifetimes of ground samples of 1 and 
1/PTCDI were measured using band-pass filters for the green 
(510–560 nm) and red (663–800 nm) regions. Green-emissive 
ground 1 exhibited two components (t1 = 0.40 ns; t2 = 4.67 ns) in  

 

Figure 6. a–c) Photographs taken and edited with the same conditions, d) 
fluorescence spectra, and e) fluorescence decay profiles recorded at the single-
particle level (lex = 405 nm). a) As-prepared, b) ground, and c) heated samples 
of 1/PTCDI. d) As-prepared (blue line), ground (red line), and heated (blue and 
red dotted lines) samples of 1/PTCDI. e) Bandpass filters were used [blue and 
green dots: ground 1 and ground 1/PTCDI (510–560 nm); red dots: ground 
1/PTCDI (663–800 nm)]. The black lines indicate multi-exponential curves fitted 
to the time profiles. f) Proposed mechanism for the wide-range MCL of 1/PTCDI. 
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Table 1. Fluorescence decay times for ground samples of 1 and 1/PTCDI in the 
green and red regions. 

Sample Region (nm) t1 (ns)[a] t2 (ns)[a] <t> (ns)[b] 

Ground 1 510–560 0.40 (0.67) 4.67 (0.24) 3.8 

Ground 
1/PTCDI 

510–560 0.11 (0.51) 0.65 (0.47) 0.57 

 663–800 0.09 (0.53) 0.53 (0.46) 0.46 

[a] The coefficient an of the component is shown in parentheses. [b] Intensity-
weighted mean fluorescence lifetime. <t> = (a1t12+a2t22)/(a1t1+a2t2). 

the green region, and its <t> was 3.8 ns. On the other hand, 
ground samples of 1/PTCDI exhibited two components in both the 
green (t1 = 0.11 ns, t2 = 0.65 ns) and red (t1 = 0.09 ns, t2 = 0.53 
ns) regions. Although no rise component was detected in the red 
region of ground 1/PTCDI, the <t> value of the red region (<t> = 
0.46 ns) was comparable to that in the green region (<t> = 0.57 
ns). Since a significant decrease in <t> was observed in the green 
region of 1/PTCDI (<t> = 0.57 ns) compared to that of ground 1 
(<t> = 3.8 ns), a fast energy-transfer process from 1 to PTCDI 
should exist in the far-red-emissive amorphous state (Figure 6f). 
The FRET efficiency is calculated from the ratio of the <t> values 
in the green region of ground 1/PTCDI and ground 1 to be 0.85.  

Single-particle-level observation of 1/DMQA and 1/FS 
revealed that these two-component dyes also form segregated 
crystals and homogeneous amorphous mixtures (Figure S13). In 
these cases, both intense blue emission and weak orange 
emission were found in the heated samples, and homogeneous 
orange emission was observed after grinding.  

Bicolor MCL of two-component dye 1/PER 

A two-component dye consisting of 1 and perylene (PER) 
exhibited bicolor MCL with a small shift (Dlem = 42 nm; Figure 3d). 
The emission color of 1/PER shifted bathochromically from blue-
green (lem = 502 nm) to green (lem = 544 nm) upon grinding. 
Compared to the emission band of 1 (crystalline: lem = 433 nm; 
ground: lem = 487 nm), the blue-green emission of 1/PER was 
shifted bathochromically. Additionally, green emission was 
detected from ground 1/PER in the hypsochromic region relative 
to the emission of crystalline and ground PER (lem = ca. 595 nm; 
Figure S2d).  

The relatively narrow-range MCL of 1/PER compared to 
those of 1/DMQA, 1/FS, and 1/PTCDI may be due to the lack of 
electron-accepting ability of PER and the formation of emissive 
mixtures by 1 and PER. Single-particle-level observation of 
1/PER, which exhibits blue-green emission in the bulk state, 
revealed almost homogeneous blue-green emission (Figure 7a 
and 7d). Similarly, apparently homogeneous green emission was 
observed for the samples after grinding (Figure 7b and 7d). A 
curve-fitting analysis of the fluorescence decay profiles indicated 
that both comprised two emissive components [blue-green: t1 = 
1.42 ns (a1 = 0.68), t2 = 4.18 ns (a2 = 0.37); green: t1 = 0.40 ns 
(a1 = 0.66), t2 = 5.72 ns (a2 = 0.25)] (Figure 7e). On the other hand, 
a rise component was observed for the decay profile of the yellow 
emission from PER [t1 = 0.43 ns (a1 = –0.27), t2 = 15.39 ns (a2 = 
1.00)], which indicates the formation of excimers (Figure 7c, 7d 
and 7e).[15] Based on the significantly longer t value of PER 

compared to the t2 values of blue-green and green-emissive 
1/PER, the emission of 1/PER does not include excimer emission 
from PER. Moreover, in the DSC thermogram of blue-green-
emissive 1/PER (Figure S7c), an endothermic peak was observed 
at 162 °C, which is 11 °C lower than the melting point of 1 (173 °C). 
Unlike for the other two-component dyes, depression of the 
melting point of 1 was caused by the formation of a mixture with 
PER. A PXRD analysis of the MCL of 1/PER indicated typical 
crystal-to-amorphous transitions in response to mechanical and 
thermal stimuli (Figure S6c). However, the peaks attributed to the 
crystals of PER alone were not observed in the diffraction patterns 
of crystalline 1/PER, indicating that once dissolved in 
dichloromethane, PER was not recrystallized independently in the 
presence of 1. 

 

Figure 7. a–c) Photographs, d) fluorescence spectra, and e) fluorescence 
decay profiles recorded at the single-particle level (lex = 405 nm). a) Blue-green 
emissive 1/PER, b) green-emissive 1/PER, and c) yellow-emissive PER. d and 
e) Blue-green emissive 1/PER (blue-green line), green-emissive 1/PER (green 
line), and yellow-emissive PER (yellow line). The black lines indicate multi-
exponential curves fitted to the time profiles. 

Two-step MCL of two-component dye 1/AQ 

Uniquely, when the acceptor dye 9,10-anthraquinone (AQ) 
was mixed with 1, the resulting two-component dye exhibited two-
step MCL in response to mechanical stimuli of different intensity 
(Figure 3e). A 1:1 molar mixture of 1 and AQ in dichloromethane 
was evaporated and dried under heating. The resulting two-
component dye 1/AQ showed a blue emission band (lem = 429 
nm) with vibrational structures (Figure 8a). Upon gently grinding 
1/AQ with a spatula, the intensity of the structured emission band 
at approximately 430 nm decreased significantly, and a broad 
emission band appeared (lem = 490 nm). The intensity of the 
gentle grinding was measured using a digital force gauge, which 
indicated a force of 5 N cm–2 (Table S2). Further strong grinding 
(11 N cm–2) induced a significant bathochromic shift to give 
orange emission (lem = 583 nm) (Table S2). The original blue-
emissive state was recovered from the orange-emissive state 
upon heating to 135 °C. 

The DSC thermograms and PXRD patterns of 1/AQ indicated 
that the segregated crystals of 1/AQ initially change to a mixture 
of crystalline and amorphous phases upon gentle grinding and 
subsequently transition to a homogeneous amorphous state after 
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strong grinding (Figures S6d and S7d). The blue-emissive 1/AQ 
showed an endothermic peak at 168 °C in its DSC thermogram 
and superimposed diffraction patterns of 1 and AQ in the PXRD 
analysis. Accordingly, we concluded that 1 and AQ form 
independent crystals in the blue-emissive 1/AQ. An endothermic 
peak was observed at 164 °C for the blue-green-emissive 1/AQ 
prepared by gentle grinding of the initial crystalline sample. 
Additionally, the intensity of the diffraction peaks in the PXRD 
pattern of gently ground 1/AQ was weaker than that of crystalline 
1/AQ. Therefore, it is reasonable to assume that a fraction of the 
crystalline 1/AQ was transformed into an amorphous state in 
response to gentle grinding. The amorphization of 1 and AQ by 
strong grinding was supported by the significantly decreased 
intensity of the diffraction peaks in the PXRD patterns of strongly 
ground 1/AQ, which showed a broad exothermic Tc peak at 
approximately 88 °C in its DSC thermogram. The intensity of the 
diffraction patterns was recovered after heating ground 1/AQ to 
135 °C. The MCL transition between blue and blue-green-
emissive states could be repeated by gentle grinding and heating 
to 90 °C, whereas the initial and orange-emissive states were 
reversible by strong grinding and heating to 135 °C (Figures S1d, 
S1e, S8c, S9c, S9d, S10c, and S10d). 

Based on the single-particle level observations and 
fluorescence lifetimes measured using fluorescence microscopy, 
the origins of the blue, blue-green, and orange emission in the 
two-step MCL of 1/AQ were assigned to emission from monomer 
1, excimer 1, and charge-transfer (CT) complexes of 1 and AQ, 
respectively (Figure 8). Almost homogeneous emission was 
observed for all three states of 1/AQ, even at the single-particle 
level (Figure 8a–e). The decay curves of the three states were 
well fitted by a double-exponential function, and a significant 
increase in <t> was observed for the gently ground sample (Table 
2; heated: 2.2 ns; gently ground: 5.7 ns; strongly ground: 2.5 ns). 
The bulk FF of 1/AQ also increased slightly after gentle grinding 
(heated: 0.05; gently ground: 0.06; strongly ground: 0.02). These 
results suggest that the emission-color change upon gentle 
grinding can be attributed to the MCL of 1 induced by the partial 
amorphization of 1/AQ (Figure 8f). Although a PXRD analysis 

confirmed the crystallinity of gently ground 1/AQ (Figure S6d), the 
blue-green emission should originate from the amorphous surface 
of the crystalline particles. In fact, the emission color of crystalline 
1 changed to blue-green upon gentle grinding (5 N cm–2), which 
corresponds to the intensity required for the first emission-color 
change of 1/AQ (Table S2). Considering the low FF of AQ in the 
solid state (FF < 0.01), it is reasonable to conclude that only the 
MCL of 1 with a relatively high FF (crystalline: 0.05; ground: 0.30) 
should be observed. On the other hand, the emission band of 
1/AQ induced by strong grinding (lem = 583 nm) was observed at 
considerably longer wavelength compared to those of crystalline 
and ground AQ (lem = ca. 525 nm; Figure S2e). As pyrene 
derivatives and anthraquinone derivatives are known to form CT 
complexes,[16] this bathochromic shift after strong grinding can be 
explained by emission from CT complexes between electron-
donating 1 and electron-accepting AQ formed by the 
amorphization of 1 and AQ (Figure 8f). 

An analysis of the absorption spectra confirmed that only AQ 
formed CT complexes with 1 after strong grinding. The absorption 
spectra of the non-MCL dyes were obtained by measuring their 
diffuse reflectance spectra. Significant overlap of the absorption 
band of the non-MCL dye with the emission band of ground 1 was 
observed for all the examined dyes except AQ (Figures 8g and 
S14a). Accordingly, energy transfer from 1 to the guest dyes  

Table 2. Fluorescence decay times for heated, gently ground, and strongly 
ground samples of 1/AQ. 

Sample lem (nm) t1 (ns)[a] t2 (ns)[a] <t> (ns)[b] 

Heated 435 0.50 (0.81) 3.31 (0.19) 2.2 

Gently ground 508 0.52 (0.71) 6.95 (0.22) 5.7 

Strongly ground 599 0.31 (0.69) 3.10 (0.24) 2.5 

[a] The coefficient an of the component is shown in parentheses. [b] Intensity-
weighted mean fluorescence lifetime. <t> = (a1t12+a2t22)/(a1t1+a2t2). 

 

Figure 8. a) Fluorescence spectra of heated, gently ground, and strongly ground bulk samples of 1/AQ (lex = 365 nm). Photographs of b) heated, c) gently ground, 
and d) strongly ground samples of 1/AQ at the single-particle level (lex = 405 nm). e) Fluorescence spectra of heated, gently ground, and strongly ground samples 
of 1/AQ at the single-particle level (lex = 405 nm). f) Proposed mechanism for the two-step MCL of 1/AQ. g) Fluorescence spectrum of ground 1 and solid-state 
absorption spectra of DMQA and AQ. h) Absorption spectra of heated, gently ground, and strongly ground samples of 1/AQ.
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(except in the case of AQ) should occur efficiently after grinding. 
In addition, in the case of 1/AQ, the apparent color under ambient 
light clearly changed from pale-yellow to yellow after strong 
grinding (Figure S15). Absorption spectra of two-component dyes 
before and after grinding were measured using diffuse reflectance 
spectra (Figures 8h and S14b–e). The crystalline samples of the 
two-component dyes exhibited overlapped absorption spectra of 
those of 1 (Figure S14f) and the luminescent dyes (Figure S14a). 
The absorption spectra of the two-component dyes 1/DMQA, 
1/FS, 1/PTCDI, and 1/FS were almost unchanged after grinding 
(Figure S14b–e). In sharp contrast, a new absorption band 
appeared at approximately 450 nm after grinding 1/AQ strongly 
(Figures 8h and S16), which indicates the formation of CT 
complexes between the pyrenyl group of 1 and AQ. 

Proposed mechanisms for the wide-range MCL and two-
step MCL of two-component dyes 

One of the reasons why two-component dyes of 1 with FRET 
acceptors (DMQA, FS, and PTCDI) do not exhibit two-step MCL 
could be rationalized as follows (Figure S17). After gentle grinding, 
a fraction of crystalline 1 and acceptor dyes changes to 
amorphous states. In this partially amorphous state, the energy 
transfer should occur from the excited state of amorphous 1 to 
both crystalline and partially amorphous acceptor dyes. 
Accordingly, blue-green excimer emission from amorphous 1 
should be a minor component in the emission from gently ground 
samples of 1 with FRET acceptors. 

The energy transfer and the formation of CT complexes in 
solution states were observed at different concentrations (10–

5~10–3 M for energy transfer and >10–3 M for CT formation; 
Figures S18–20). In a chloroform solution (1 = 1.0×10–4 M), the 
intensity of excimer emission from 1 significantly decreased in the 
presence of an equimolar amount of DMQA, which should be 
attributed to the FRET from the long-lived excimer of the pyrenyl 
groups of 1 to DMQA.[17] The decrease in intensity was more 
pronounced at a higher concentration of the mixture of 1 and 
DMQA (1 = 1.0×10–3 M, Figure S18). The emission maximum of 
DMQA shifted in the bathochromic direction at the high 
concentration probably due to the self-absorption of DMQA. 
Moreover, although PTCDI was not fully dissolved in DMF, a 
significant decrease in the emission intensity of 1 and the 
emission from aggregated PTCDI were observed for the 
suspension of 1 (5.0×10–5 M) with PTCDI (1/PTCDI = 1:1 to 1:3) 
in DMF (Figure S19). As shown in Table 1, the contribution of the 
FRET process in the solid state was supported by the decrease 
in the fluorescence lifetime at the excimer region (<t>: ground 1, 
3.8 ns; ground 1/PTCDI, 0.57 ns), although the radiative energy 
transfer by reabsorption may also occur in the solid state from the 
excimer emission of 1 to the FRET acceptors owing to the efficient 
overlaps between the excimer emission band of 1 and the 
absorption bands of the acceptor dyes.[18] In contrast, the CT band 
of 1 and AQ was not prominent in a chloroform solution of the 1:1 
mixture of them even at a concentration of 5.0×10–3 M. A 
significant increase of the CT band was observed in the presence 
of 5 equivalents of AQ (1: 5.0×10–3 M; AQ: 2.5×10–2 M) (Figure 
S20).  

The difficulties associated with forming CT complexes 
compared to those associated with energy transfer from 1 to the 
acceptor dyes can account for the origin of two-step MCL. FRET, 

which requires overlap between the emission spectrum of the 
donor and the absorption spectrum of the acceptor, typically 
occurs when the donor and acceptor dyes are separated by a 
distance of 10 to 100 Å.[19] In contrast, CT complexes are 
generally formed by donor and acceptor rings within the distance 
where the adjacent molecules can form mixed p orbitals (<5 Å).[20] 
Therefore, FRET from 1 to crystalline acceptor dyes should easily 
be occurred upon the partial amorphization of 1 by gentle grinding. 
On the other hand, CT complexes should not be formed between 
amorphous 1 and crystalline AQ, and a strong mechanical 
stimulus is required to form CT complexes of 1 and AQ by the 
sufficient amorphization of both 1 and AQ. 

Conclusions 

In conclusion, the MCL properties of dibenzofuran-based 
bis(1-pyrenylmethyl)diamine 1 were tuned by mixing 1 with a 
variety of non-MCL fluorophores. Most remarkably, wide-range 
MCL with a maximum emission wavelength shift of 340 nm was 
achieved using PTCDI. To the best of our knowledge, this is the 
first example of a two-component organic dye that exhibits an 
MCL shift of over 300 nm. Fluorescence microscopy, as well as 
PXRD and DSC analyses were applied to analyze the two-
component dyes. The results revealed that the MCL of two-
component dyes originates from the transition of segregated two-
component crystals to a homogeneous amorphous state upon 
mechanical stimulation. The segregated crystals could easily be 
prepared and recovered by simply heating the two-component 
mixtures. The recovery of the segregated crystals should be 
facilitated by a small portion of unchanged crystalline phases of 1 
and non-MCL fluorophores. In the cases of DMQA, FS, and 
PTCDI, FRET from 1 to the acceptor dye is promoted by the 
amorphization of 1 after grinding. This strategy can be expected 
to become a general method to control the MCL properties of 
various organic dyes other than 1. Furthermore, the two-
component dye of 1 and AQ showed a two-step emission-color 
change in response to mechanical stimuli of different intensity. A 
mechanism for this two-step MCL was proposed based on the 
stepwise formation of the excimer of pyrenyl groups in 1 upon 
gentle grinding followed by the formation of the exciplex between 
the pyrenyl group and AQ upon strong grinding. The inefficient 
energy transfer process from amorphous 1 to crystalline AQ 
should account for the observation of blue-green excimer 
emission from amorphous 1 in the gently ground state. The 
mechanical-stimulus-induced formation of CT complexes 
represents a promising method for rationally achieving multicolor 
MCL. Materials that exhibit MCL with a large wavelength shift or 
stepwise emission-color change without changing the excitation 
wavelength are expected to find a wide variety of potential 
applications in mechano-sensing technologies. The basic insights 
of this study should thus provide useful guidelines for the design 
of organic materials with specific MCL properties and further 
promote research into the practical applications of organic MCL 
dyes. 
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