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  1.     Introduction 

 Mechanochromic luminescent materials have attracted much 
attention because of their essential roles in the memory devices, 
sensors, security materials, and informational display areas. [ 1 ]  
Normally, two predominant approaches are applied to obtain 
these materials. One is monitoring the microstructures of the 
molecular assemblies, [ 2 ]  and the other is changing the chemical 
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structures by mechanical stimuli, which 
induces color changes by breaking the 
chemical bonds. [ 3 ]  In recent years, the 
latter approach is appealing to more 
researchers due to the good color stability 
and signifi cant color transformation. [ 3d ]  
Reported achievements of the activa-
tion of mechanoresponsive molecules by 
covalent bonds can be summarized into 
two classifi cations. The fi rst is covalently 
modifying the molecules, especially with 
numerous hetero atoms, to facilitate the 
interactions such as hydrogen bonds, π–π 
stacking, and van der Waals force between 
molecules. These covalent chemical modi-
fi cations require complicated syntheses. 
Moreover, although some molecules are 
elaborately modifi ed, a high (nonquan-
tifi ed) external force is still needed to 
trigger the mechanochromic switches. [ 3d ]  
The second is the crystallization of solid 

molecules. [ 4 ]  Without the need for chemical modifi cations, 
this approach is relatively convenient, but the crystallization of 
solid is constrained by numerous environmental and structural 
effects. A lot of effort will be taken in preparing the crystalline 
solid, thus complicating the strategy and limiting the applica-
tion. Herein, we report an innovative approach for the covalent-
bond-activated mechanoresponsive molecules. The approach 
is characterized by noncovalent chemical modifi cation, low 
external force (0.7 kg for rhodamine-β cyclodextrin ( Rh-βCD ), 
2.2 kg for spiropyran-β cyclodextrin ( SP-γCD )) requirement, 
and convenient preparation. 

 Motivated by the previous fi ndings that  CD  can act as a host 
to interact with guest molecules, we introduce  CD  as a matrix in 
our mechanochromic research.  CD  is well-known for its capa-
bility of forming complex inclusions with small molecules. [ 5 ]  The 
hydroxyl groups of  CD  form strong hydrogen bonds to induce 
host–guest interactions to stabilize the inclusion complex. [ 5c ,   6 ]  
These excellent interactions are the basic elements for mecha-
nochromism. These interactions, along with the easy strategy 
affording the inclusion, prompted us to use  CD  for the mecha-
nochromic study. Herein, Rh and SP were used as model fl uoro-
phores to form supramolecular complexes with  CD s ( Scheme    1  ). 
These two series of molecules are both outstanding environment-
sensitive materials that have weak chemical bonds and undergo 
ring-opening procedures under different stimuli. [ 7 ]  In particular, 
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the derivatives of these two fl uorophores are considered as suc-
cessful examples for realizing mechanochromism by either cova-
lent chemical modifi cations or solid crystallizations. [ 3c,e ]  In this 
study, the two model fl uorophore molecules initially could not 
reach their opening isomers upon shearing under a force of 10 kg. 
The mechanochromism was easily realized for both model mol-
ecules with little external forces (0.7 kg for  Rh-βCD , 2.2 kg for 

 SP-γCD ) by jacketing  CD s. The strategy is easily achievable, 
and the small guest molecules can be readily replaced by other 
chromophore compounds with weak chemical bonds. In this 
way, the mechanochromic materials will match with more mol-
ecules, enduing them with easier writing and erasing properties 
by reducing their external force requirements and then facili-
tating the mechanochromic switches.   
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 Scheme 1.    Supramolecular complex of both  Rh  and  SP  with cyclodextrin toward mechanochromism.
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  2.     Results and Discussion 

  2.1.     Synthesis and Characterization of CD Complex Inclusions 

 The selected Rh was synthesized according to a method given 
in the literature. [ 3b ]  Extremely stable SP was synthesized and 
discussed in our previous work. [ 7a ]  This SP was proved to be 
a good pH sensor and could not undergo ring-opening proce-
dure unless under strong external stimuli. They were specially 
selected by guaranteeing that they cannot change colors upon 
heavy shearing (10 kg). The complex inclusions  Rh-βCD  and 
 SP-γCD  were conducted and confi rmed by nuclear magnetic 
resonance spectroscopy ( NMR ), mass spectrometry ( MS ), Fou-
rier transform infrared spectroscopy ( FTIR ), thermogravimetric 
analysis ( TGA ), and X-ray diffraction ( XRD ). Detailed structural 
characterizations are presented in Figures S1–S10 in the Sup-
porting Information. Particularly,  γCD  was chosen as the  SP  
inclusion matrix because  βCD  cannot fi t  SP  very well. As shown 
in Figure S5 and S7 in the Supporting Information, the  1 H-NMR 
spectrum of  SP-βCD  presents no characteristic peak for  SP , and 
the peak of  SP-βCD  in the electrospray ionization-time of fl ight 
mass spectrometry (ESI-TOF) spectrum is quite weak, indicating 
that  SP  and  βCD  can hardly form a complex. Only a tiny part of 
 SP  can be involved in the cavity of  βCD , and  SP  can be washed 
out with acetone (Figure S11, Supporting Information). In other 
words,  SP  matches better with  γCD  than with  βCD .  

  2.2.     Supramolecule Mechanochromism in Film State 

 Because the molecules are more orderly arrayed in the fi lm 
state than in the initial powder state, the samples of complex 
inclusions were fabricated into fi lms on a quartz plate. Two 
methods can be used: One method is to dissolve the complex 
inclusions in dimethyl sulphoxide (DMSO) or  N , N -dimethylfor-
mamide (DMF), and the solution is then dropped on the quartz 
plate and dried at 40 °C under vacuum overnight to form a thin 
fi lm on the quartz plate ( Figure    1  A). The other method is to 
physically mix  SP  or  Rh  powder with  CD  powder, the mixture 
is dissolved in DMSO or DMF, and the solution is dropped on 

the quartz plate and then dried at 40 °C under vacuum over-
night to afford the fi lm state sample (Figure  1 B). In order to 
achieve good mechanochromic performance, the sample needs 
to be rigidly dried. The grinding of the fi lm state samples was 
performed in auto-grinding equipment (Figure S12, Supporting 
Information).  

 As expected, upon shearing of the fi lm state samples, the 
complex inclusions of  Rh-βCD  and  SP-γ CD  showed new 
colors, but neither of the isolated fl uorophores did. Upon 
shearing, the color changed from nonfl uorescence to orange 
for  Rh-βCD  ( Figure    2  A) and from nonfl uorescence to reddish 
orange for  SP-γ CD  (Figure  2 B). By heating at 110 °C for sev-
eral minutes (30 min for  Rh-βCD ) and (60 min for  SP-γ CD ), 
these complex inclusions recovered to their original colors. 
Figure  2 A,B shows the fl uorescence changing of  Rh  and  SP  by 
grinding, for both the pre- and the postcomplex. These mech-
anochromic phenomena imply that  Rh-βCD  and  SP-γ CD  are 
promising mechanochromic materials and inspire us to pursue 
further explorations.  

 To evaluate the effect on a quantitative level, we placed the 
fi lm state samples in auto-grinding equipment (Figure S12, 
Supporting Information), which can grind the sample at a 
certain controllable force. In Figure  2 C, the original emission 
band centered at 420 nm indicates a typical feature of the closed 
form of  Rh . [ 8 ]  Upon shearing under a force of 10 kg, no new 
peak is observed in the infrared region, indicating the absence 
of ring-opening procedure under this external stimulus. A sim-
ilar phenomenon was observed in the mechanochromic test 
on  SP . The emission band after grinding (10 kg) overlaps well 
with the original  SP  emission band, as shown in Figure  2 E. The 
results in Figure  2 C,E suggest that both of the isolated fl uoro-
phores  Rh  and  SP  cannot present mechanochromism proper-
ties even at a force of 10 kg before complexing. The superiority 
of the  CD  system was demonstrated by using it to jacket  Rh  
and  SP . The optical properties of  Rh-βCD  and  SP-γCD  change 
upon shearing. As shown in Figure  2 D, for a fi lm state sample 
of  Rh-βCD  ground at a force of only 0.7 kg, in addition to 
the emission peak at 420 nm for  Rh , a new peak at around 
578 nm appears. This new peak is attributed to the emergence 
of the ring-opening form of  Rh-βCD  (Figure S13A, Supporting 
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 Figure 1.    Two casting methods for preparation of fi lm state samples: A) Complex inclusion  Rh-βCD  or  SP-γCD ; B) physically mixing  SP  or  Rh  with  CD  
powder.
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Information), and the intensity of this peak increases with the 
increase of external force. 

 This mechanochromic property was also observed for 
 SP-γCD . As shown in Figure  2 F, a new peak centered at about 
600 nm, which belongs to the ring-opening form of SP  SP-γCD  
(Figure S13B, Supporting Information), begins to appear at a 
force of 2.2 kg, and the fl uorescence intensity increases with 
the increase of external force. In addition, for both  Rh-βCD  and 

 SP-γCD , the mechanochromic switches can be repeated for at 
least fi ve times by grinding and heating (Figure S14, Supporting 
Information). These results show that the jacketing of  SP  or  Rh  
molecules with  CD  can minimize the required external force 
for triggering the mechanochromic switches. Therefore, an 
innovative and convenient way has been developed to achieve 
an effective mechanochromic switch that applies to both  Rh  
and  SP , by complexing with  CD s.  
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 Figure 2.    Mechanochromic test on quartz plate, with reversible color change under both room- and UV-light upon grinding and heating: A)  Rh-βCD  
and B)  SP-γCD . Fluorescence spectra of fl uorophore fi lm with and without grinding: C)  Rh ; D)  Rh-βCD ; E)  SP ; F)  SP-γCD .
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  2.3.     Supramolecule Mechanochromism in Powder State 

 To study the supramolecule effects on the mechanochromism 
of  SP  and  Rh  in the powder state, we put the powder samples 
in diamond anvil cell equipment, which can generate hydro-
static pressures with dozens of gigapascals at room tempera-
ture (Figure S15, Supporting Information). [ 9 ]  As shown in 
 Figure    3  A,C, when the pressure is gradually focused on  Rh  and 
 Rh-βCD , their fl uorescent spectra change in different ways. 
For the initial  Rh  powder, there exists little open form, which 
presents a weak fl uorescent signal between 500 and 600 nm. 
When the external pressure is gradually increased, the fl uores-
cent intensity of  Rh  centered at 580 nm continuously decreases, 
broadens, and redshifts. This fl uorescence change phenom-
enon is attributed to the assembly of  Rh  molecules. Thus, 
the fl uorescence was quenched by the aggregation-caused 
quenching ( ACQ)  effect. [ 10 ]  This result indicates that during 
the focusing of external pressure, none or very little open form 
is generated. In other words, the isolated  Rh  molecules hardly 
perform mechanochromism. Once  Rh  is jacketed with  βCD , 
the discipline changes. As the external pressure is focused 
and gradually increased on the  Rh - βCD  powder, the fl uores-
cent intensity of the  Rh-βCD  powder at 560 nm continuously 
increases until the pressure reaches 1.79 GPa. Therefore, in 

the pressure range 0 to 1.79 GPa, the open form of  Rh-βCD  
generated by pressure gains the support of the  ACQ  effect. 
In the pressure range 2.46 to 9.88 GPa, the fl uorescent inten-
sity of  Rh-βCD  at 560 nm decreases, broadens, and redshifts. 
As the pressure continues to increase (11.84–18.36 GPa), the 
intensity of fl uorescence belonging to the open form of  Rh  
increases again. According to the results of the above pressure 
tests, the supramolecule effect facilitates the triggering of the 
mechanochromic switch of  Rh . This effect was also applied to 
the  SP  system. Similar pressure tests on  SP  and  SP-γCD  were 
performed (Figure 3B,D). For the  SP  powder, as the pressure is 
gradually increased, the fl uorescence intensity at 625 nm con-
tinuously decreases. But for  SP-γCD , the fl uorescence intensi-
ties at 600 nm continuously increase in the pressure range 0 
to 9.97 GPa, suggesting that a relatively large amount of open 
form is generated and that the jacketing of  CD  also facilitates 
the mechanochromism of  SP .  

 The supramolecular mechanochromic system was investi-
gated on one isolated complex inclusion scale fi rst to determine 
the role of microscale host–guest interaction. Because of the 
presence of hydrogen bonds in  CD , the specifi c binding sites 
between  CD  and the fl uorophores need to be analyzed. Thus, 
the geometric conformations of these two complex systems 
were calculated with Gaussian 09. The molecular sizes of  Rh  
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 Figure 3.    Variations of in situ fl uorescent spectra of fl uorophore powder in diamond anvil cell ( DAC ) equipment with pressure: A)  Rh ; B)  SP ; 
C)  Rh-βCD ; D)  SP-γCD .
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and  SP  are shown in the  Figure   4 A,B, respectively. The heights 
of  β-CD  and  γ-CD  are about 7.8 Å (Figure 4C,D). [ 11 ]  The lengths 
of  Rh  and  SP  were calculated to be 15.33 and 
15.29 Å, respectively, and the widths, 10.91 
and 11.38 Å, respectively. The geometric con-
formations of  Rh  and  SP  are much larger 
than those of  β-CD  and  γ-CD , indicating that 
both  Rh  and  SP  are partly included in the 
 CD  cavities. Accurate and intuitive space-
fi lling molecular models of  Rh-βCD  and 
 SP-γCD  complex are presented in  Figure   5 . 
The approximate lowest energy was esti-
mated with Autodock 4.0. [ 12 ]  The results show 
that  Rh  and  SP  can be well included in  βCD  
and  γCD , respectively. Moreover, the groups 
including COOH, OH, and NH 2  are close to 
the OH groups of the  CD s, making it easy to 
form hydrogen bonds. 

 Generally, when guest molecules are incor-
porated in the  CD  cavity, the  XRD  patterns 
of these complexes should be clearly distinct 
from those obtained by the superimposition 
of the pattern of each component. [ 5d ]  The 
 XRD  results of  Rh ,  βCD , the physical mixture 
of  Rh  and  βCD  (1:1, mol/mol), and the com-
plex inclusion are shown in  Figure    6  A. It is 
clear that the diffractogram of the inclusion 
complex is different from the pattern of the 
physical mixture, which is the superposition 
of the individual patterns of  Rh  and  βCD . A 

similar phenomenon is observed in the  XRD  
results of  SP ,  γCD , the physical mixture of 
 SP,  and  γCD  (1:1, mol/mol), and  SP-γCD  
(Figure  6 B). Moreover, similar results are 
observed in the  TGA ,  FTIR , and derivative 
thermogravimetric analysis ( DTG ) results, 
further confi rming the formations of complex 
inclusions. The types of complex inclusions 
were confi rmed by electrospray ionization 
mass spectrometry and matrix-assisted laser 
desorption/ionization time of fl ight mass 
spectrometry ( MALDI-TOF-MS ). [ 13 ]  The 
peaks observed at m/z 900 (double charge) 
and 1803 for  SP-γCD  (Figure  6 C) indicate 
one fl uorophore in one fl uorophore- CD  com-
plex inclusion.    

 Rotating-frame Overhauser-effect spec-
troscopy ( ROESY ) was used to verify the 
geometric position of the fl uorophore in 
the  CD  cavity in the complex ( Figure    7  ; 
Figure S16, Supporting Information). [ 5b ]  The 
 ROESY  spectrum of an equimolar complex 
of  βCD  and guest  Rh  molecules display clear 
nuclear Overhauser-effect ( NOE ) correlations 
between the H-2 protons of  βCD  and the 
methyl protons of the diethylamino groups 
in  Rh , and the  NOE  correlation between the 
H-4 protons of  βCD  and the bottom aromatic 
protons of  Rh , suggesting the formation of 

 Rh-βCD  complex inclusion. The  ROESY  spectrum of  SP-γCD  
displays three main clear  NOE  correlations. The fi rst is the 
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 Figure 5.    Probable hydrogen bonds connecting A)  βCD  with  Rh  and B)  γCD  with  SP ; Space-
fi lling molecular models of 3D conformations of C)  Rh-βCD  and D)  SP-Γcd .

 Figure 4.    Geometric conformations of A)  Rh ; B)  SP ; C)  βCD,  and D)  γCD .
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correlation between the H-1 protons of  γCD  and the aromatic 
protons on the N-position of the indole part, the second is the 
correlation between OH-3 and the aromatic protons on naph-
thalene, and the third is the correlation between H-2 of  γCD  
and the phenolic hydroxyl of  SP . These three  NOE  signals also 
suggest a true formation of  SP-γCD  complex inclusion. These 
correlations present the conformations of  Rh-βCD  and  SP-γCD , 
and the results are well consistent with the calculation confor-
mations shown in Figure  5 . Moreover, the phenolic hydroxyl 
signal indicates the formation of hydrogen bonds between  CD  
and  SP . According to these results,  Rh  or  SP  is accommodated 
in the cavity of  CD , as shown in Scheme  1 .  

 As reported in the literature, [ 2b ,   3e ]  structures with mecha-
nochromic switch are generally well designed to induce inter-
molecular interactions. Thus, the mechanochromism in this 
supermolecular complex system may be due to the interactions 
between  CD  and the fl uorophore. Generally, in  CD  inclusions, 
the molecules are locked by various forces such as hydrogen 

bonding, hydrophobic interaction, and van der Waals force. [ 8 ]  
To evaluate the effect of the leading factor on this supermo-
lecular complex system, the thermodynamic parameters of 
interactions between  CD  and the fl uorophore ( Rh / βCD  and 
 SP / γCD ) were quantifi ed by isothermal titration calorim-
etry ( ITC ). The acquired titration curves and thermodynamic 
parameters are shown in  Figure    8   and Figure S17 in the Sup-
porting Information. As shown in Figure  8 , Δ H  and Δ S  in this 
system are both negative with a measured affi nity constant of 
 K  A  = 1.099 × 10 4   M  −1 , indicating that the strong hydrogen bonds 
play a dominate role in the interaction of  SP / γCD  as well. [ 14 ]  
Besides, similar results were observed for  Rh / βCD  interaction. 
As shown in Figure S17 in the Supporting Information, the 
negative Δ H , positive Δ S , and a high measured affi nity con-
stant (KA = 4.121 × 10 4   M  −1 ) indicate that the strong hydrogen 
bonding accompanied by hydrophobic force is the leading 
factor for  Rh / βCD  interaction. [ 14 ]  In Figure S10 in the Sup-
porting Information, the peaks at about 3300 cm −1  in the  FTIR  
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 Figure 6.    XRD comparison of A)  Rh ,  βCD ,  Rh /  βCD  mix = 1:1,  Rh-βCD , B)  SP ,  γCD ,  SP /  γCD  mix = 1:1,  SP-γCD ; C)  ESI-TOF  of  SP-γCD .
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spectra of both  Rh-βCD  and  SP-γCD  also suggest that strong 
hydrogen bonds exist in these two complex systems. [ 2b ,   15 ]   

 The function of hydrogen bond was initially explored by 
varying the temperature, which is a signifi cant factor affecting 
the hydrogen bonds. With the temperature rising, the hydrogen 
bonds start to break. Therefore, we dropped and dried the sam-
ples ( Rh-βCD  and  SP - γCD ) on quartz plates at different tem-
peratures to monitor the strengths of the hydrogen bonds. 
With the increase of temperature, the samples became harder 
to write. At temperatures above 130 °C, most of the hydrogen 
bonds broke, and the samples did not present obvious mech-
anochromism even upon shearing at a force of 5.6 kg. We 
supposed that the hydrogen bonds, which were provided by 
the stretching of  CD  to specifi c sites of the fl uorophore, were 
involved in locking the fl uorophore, thus triggering mechano-
chromism. Previous reports demonstrated that the force acting 
on both sides of weak chemical bonds can make the mecha-
nochromism more achievable. [ 3c ]  The fl uorophores  Rh  and  SP  
do not have strong hydrogen bond providers and consequently 
cannot focus enough force on the weak chemical bonds of the 
fl uorophores. By complexing  Rh  or  SP  with  CD , numerous 
hydrogen bonds are formed. Besides, the hydrogen bonds 
prefer to complex with hetero atoms such as N and O that are 
readily found on both sides of the weak chemical bonds in  Rh  
and  SP . Considering the geometrical positions of  Rh  and  SP  in 
the  CD  complex system presented in Scheme  1  and Figure  5 , 

the hydrogen bonds were simulated to stretch in the way as 
shown in Figure  5 A,B. The hydrogen bonds provided by the 
large  CD  matrix seize both sides of the weak chemical bonds 
inside the fl uorophore and then tightly lock the fl uorophore, 
strengthening the interactions in one single complex inclusion. 
In this way, the external force is easily focused on the weak 
chemical bonds upon shearing, thus triggering the mechano-
chromic switches. 

 To ensure the essential role of microscale host–guest inter-
actions in facilitating the mechanochromism, we introduced 
different types of  CD  to complex with  Rh  and  SP . Based on 
the geometric conformations of  Rh ,  SP , and different types 
of  CD s (Figure  5 ; Figures S11 and S18, Supporting Informa-
tion) and the above experimental data,  Rh  is best suited to  βCD  
and is partly involved in  αCD .  SP  is best suited to  γCD , worst 
suited to  αCD , and is partly involved in  βCD . We compared 
the mechanochromic performances of different complex inclu-
sions including  Rh-α/βCD  and  SP - α/β/γCD  by the quantitative 
grinding tests. The samples were prepared according to the 
second method in Figure  1 B. For  Rh-αCD , the fl uorescent spec-
trum belonging to its open form can be observed only upon 
grinding at a force of 2.3 kg, much higher than the force of 
0.7 kg for  Rh-βCD  (Figure S19A, Supporting Information). For 
 SP-βCD , the fl uorescent spectrum belonging to its open form is 
generated upon grinding at a force of 5.2 kg, also much higher 
than the force of 2.2 kg for  SP-γCD  (Figure S19C, Supporting 

 Figure 7.    2D NMR ROESY spectrum of  γCD  and  SP  complex.
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Information). For  SP-αCD , even upon grinding at a force of 
5.6 kg, no mechanochromism was observed (Figure S19B, 
Supporting Information). Therefore, the host–guest compl-
exation between the fl uorophore and  CD  matches better, and 
the required external force for triggering the mechanochromic 
switches is lower. In addition, the  Rh  or  SP  was simply dis-
persed in the H-bond to form polymer matrices like polyvi-
nylalcohol, and then the mixtures were dropped on the plate 
and dried overnight under vacuum. No mechanochromism 
were observed after shearing these samples (Figure S20, Sup-
porting Information). These conclusions further support 
the effect of microscale host–guest interaction of  CD  on the 
mechanochromism.  

  2.4.     Macroscale Aggregations 

 During the mechanochromic tests, we found that the fi lm 
state samples of  Rh-βCD  and  SP-γCD  trigger the mecha-
nochromic switches much more easily than the powder state 
samples. Therefore, we suspect that the macroscale aggrega-
tions caused by hydrogen bonding also play a role in facilitating 
the mechanochromism. DMF and DMSO are solvents that 
can break hydrogen bonds and the macroscale aggregations 

of  Rh-βCD  and  SP - γCD . During the preparations of fi lm state 
samples, the initial powder samples were dissolved in DMF 
or DMSO and dried. For the samples to be totally dried, the 
drying procedure needs to last for more than 6 h. According to 
these disciplines, we prepared a fi lm state sample that can dry 
in less than 2 h. This sample has a little residual DMF/DMSO, 
which can break the hydrogen bonds and in turn change the 
macroscale aggregations. Therefore, we compared the mecha-
nochromic-related differences between samples dried for 2 and 
6 h to explore and determine the effect of macroscale aggre-
gations on mechanochromism. In the quantitative mechano-
chromic test on  Rh-βCD  and  SP-γCD , the samples of  Rh-βCD  
dried for 2 and 6 h exhibit mechanochromism behavior under 
forces of 2.3 and 0.7 kg, respectively. For  SP-γCD , the samples 
dried for 2 and 6 h show mechanochromism under forces of 
4.7 and 2.2 kg, respectively. These results confi rm that it is 
much harder for the samples dried for 2 h than for the samples 
dried for 6 h to perform mechanochromism, for both  Rh-βCD  
and  SP - γCD . Therefore, as we suspected, the macroscale aggre-
gations caused by hydrogen bonding also play a role in this 
system. The residual DMF/DMSO in the sample dried for 2 h 
breaks the hydrogen bonds, and the macroscale aggregations 
of  Rh-βCD  and  SP - γCD  make it harder for these complexes to 
trigger the mechanochromic switches. 

 To visually explore the function of hydrogen bonds in 
macroscale aggregations between the complex inclusions, we 
designed a way to break the hydrogen bonds in the  CD  com-
plex inclusions by the addition of NaOH. The three types of 
hydroxyl groups in  CD  are slightly acidic, especially the 2-posi-
tion hydroxyl groups. [ 16 ]  The addition of NaOH increases the 
pH of the complex and turns these three types of hydroxyl 
groups into sodium salts ( Figure    9  A), and in turn destroys most 
of the hydrogen bonds. Once the hydrogen bonds are involved 
in particle aggregation, the morphology of the  CD  complex 
particles will change with the addition of NaOH (Figure  9 B). 
This variation was confi rmed by scanning electron microscope 
(SEM) imaging. Figure  9  shows the morphology variations of 
 Rh-βCD  and  SP-γCD  with the addition of NaOH. The original 
morphology of  Rh-βCD  or  SP-γCD  is that of an ordered con-
tinuous substance (Figure  9 C,E), indicating large scale aggrega-
tions of the complex inclusions. After the addition of NaOH, 
this ordered continuous substance breaks into scattered spot 
adjuncts (Figure  9 D,F). These changes suggest a crucial role of 
hydrogen bonds in gathering the isolated complex inclusions. 
And these scattered spot adjuncts show almost no mecha-
nochromic behavior. In conclusion, the hydrogen bonds not 
only participate in one complex inclusion, but also prompt the 
aggregations of  CD  complex inclusions. These ordered, large-
scale aggregations strengthen the molecular interactions, which 
in turn facilitate the transfer of external force. In this way, the 
force can easily pass on to the next complex inclusion, thus trig-
gering the mechanochromic switches.  

 In the constrained optimization approach, the effect of an 
applied force is modeled by optimizing the molecular geom-
etry subject to a distance constraint between two atoms. [ 3c ]  
In this study, the constrained geometries simulate external 
force ( COGEF ) method was employed to establish the 
mechanochromic models. [ 17 ]  Related mechanochromic calcula-
tions on Rh were reported previously. [ 3e ]  As shown in  Figure    10  , 

 Figure 8.    A) Heat effects measured by  ITC  in the titration of aqueous 
solutions of  SP  with  γCD ; B) Thermodynamic parameters of the interac-
tions of  SP  and  γCD .
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bond 1 is a relatively weak bond in the  SP  molecule. The  SP  
model was built by simulating the cleavage of bond 1 and cal-
culating the activation energy of fragmentation with  COGEF . 
When bond 1 is gradually stretched from 1.43 Å to the breaking 
point of 1.52 Å, the activation energy increases from 2.43 to 
7.15 kJ mol −1 . Thus, the average minimum external force 
required to induce the breaking of bond 1 of  SP  is 2.41 nN.  

 On the basis of the above results and analyses, a mech-
anism for the mechanochromic switch of this supramo-
lecular system can be proposed. In one complex particle, 
 CD  can provide strong hydrogen bonds to seize both sides 
of the chemical bonds of the fluorophores and tightly lock 
the fluorophores. Hydrogen bonds prompt the aggregation 

of complex inclusions in large ordered arrays among the 
complex particles, thus strengthening the interactions 
between molecules. The isolated uncomplexed small mol-
ecules of  Rh  and  SP  can focus only low external forces on 
the weak chemical bonds upon shearing, which are far from 
enough to induce bond breakage. By complexing  Rh  or  SP  
with the host  CD , these two supramolecular systems were 
built through hydrogen bonds. With the hydrogen bonds, 
the external forces can effectively pass to both sides of the 
weak chemical bonds of the fluorophores to make the bonds 
stretch more easily upon shearing, and mechanochromism 
is achieved.   

  3.     Conclusion 

 Supramolecular mechanochromism was successfully realized 
by jacketing the host  CD  with the guest  Rh  or  SP  molecules. 
This innovative and convenient strategy can make some fl uoro-
phores achieve mechanochromism and thus both easy writing 
and erasing effects. The strong hydrogen bonds provided by  CD  
play a crucial role in these supramolecular mechanochromic 
systems. Because both sides of the weak chemical bonds in the 
 Rh  or  SP  fl uorophores are seized and locked by the hydrogen 
bonds, and the ordered aggregation of complex particles caused 
by the hydrogen bonds enhances the interactions, the weak 
chemical bonds can focus more external force and stretch 
more easily upon shearing. To the best of our knowledge, this 
report is the fi rst to correlate a mechanochromic reaction with 
a supramolecular system. The two supramolecular mecha-
nochromic systems gain an edge over other reported mecha-
nochromic materials for providing not only the noncovalent 
chemical modifi cation, low external force requirement (0.7 kg 
for  Rh-βCD , 2.2 kg for  SP-γCD ), and convenient preparation, 
but also the mechanochromic switches on diverse fl uorophores 
with only one strategy and facile preparation, and are of great 
importance in practical applications. 

  4.     Experimental Section 
  1 H/2D and  13 C-NMR spectra were recorded on a Bruker 400 
(400 MHz  1 H; 100 MHz  13 C) or Bruker 600 (600 MHz  1 H; 150 MHz  13 C) 
spectrometer at room temperature. Mass spectra (MS) were measured 
with a XEVO-G2QTOF (ESI) (Waters, USA). Fluorescence spectroscopic 
studies were performed on a fl uorescence spectrophotometer (Horiba 
Jobin Yvon FluoroMax-4 NIR, NJ, USA). Powder XRD patterns were 
carried out on a D/max2500 VB2+/PC X-ray diffractometer (Rigaku) 
using Cu Kα radiation in the 2 θ  range 5°−40°. FTIR spectra (KBr pellets) 
were recorded on a NEXUS 670 FTIR spectrometer (Nicolet, US). Nano 
ITC (TA Instruments Waters, LLC, UT) was used for ITC experiments.
TGA was recorded on (TA Instruments Waters, USA). MALDI-TOF MS 
were performed on Bruker Daltonics Inc. BIFLEXIII MALDI-TOF mass 
spectrometer. 

  Scanning Electron Microscope (SEM) : SEM observation was recorded 
on HITACHI S-4700 (Japan) SEM at an accelerating voltage of 10 kV. 
Samples ( C  = 5 × 10 −4   M ,  T  = 298.15 K) were vacuum sputtered with Pt 
before SEM observation. 

  Synthesis of Rh : After Rh B (1g, 2 mmol) was dissolved in ethanol 
(10 ml), ethylenediamine (2 mL) was added dropwise into the mixture 
and refl ux for 12 h. Ethanol was then evaporated under vacuum. 
The residual mixture was dropped into water. After extracting with 

 Figure 9.    A) The variation in one complex particle after the addition of 
NaOH; B) The variation between complex particles after the addition 
of NaOH.  SEM  images of  Rh-βCD  C) before and D) after the addition 
of NaOH; SEM images of  SP-γCD  E) before and F) after the addition of 
NaOH (C = 5 × 10 −4   M ).
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dichloromethane for three times, the organic layer was collected and 
then evaporated under vacuum, crude product was further purifi ed 
through a short silica gel eluting with ethyl acetate to afford  Rh  as a 
light pink solid (0. 66 g, yield 75%).  1 H NMR (400 MHz, CDCl 3 )  δ  7.89 
(dt,  J  = 7.5, 3.3 Hz, 1H), 7.48–7.40 (m, 2H), 7.12–7.06 (m, 1H), 6.43 
( d ,  J  = 8.8 Hz, 2H), 6.37 ( d ,  J  = 2.5 Hz, 2H), 6.28 ( d ,  J  = 2.6 Hz,1H), 6.26 
( d ,  J  = 2.6 Hz, 1H), 3.33 ( q ,  J  = 7.1 Hz, 8H), 3.21 ( t ,  J  = 6.2 Hz, 2H), 
2.51 ( t ,  J  = 6.2 Hz, 2H), 2.44–2.12 (m, 2H), 1.16 ( t ,  J  = 7.0 Hz, 12H). 
 13 C NMR (101 MHz, CDCl 3 )  δ  168.61, 153.50, 153.29, 148.82, 132.38, 
131.27, 128.70, 128.03, 123.83, 122.76, 108.16, 105.70, 97.73, 64.92, 
44.35, 43.91, and 40.87. ESI-TOF:  m / z  calcd for C 30 H 37 N 4 O 2 , 485.2816; 
found, 485.2921 (M+H + ). 

  Preparation of CD Complex Inclusions   Rh-βCD : After  βCD  (113.5 mg, 
0.1 mmol) was dissolved in warm water (50 °C) until their gain saturate, 
a solution of  Rh  (50 mg, 0.1 mmol) in ethanol (2 mL) was added 
dropwise into the  βCD  aqueous solution. The suspension was vigorous 
stirred at 40 °C for 5 h. Solvent was then evaporated under vacuum. The 
residue solid was washed with little cold water and acetone, and then 
dried at room temperature in vacuo to afford a white complex  Rh-βCD.  

  SP-βCD : After  βCD  (1.135 g, 1 mmol) was dissolved in the mixture 
of water (20 ml) and ethanol (2 ml) at 40 °C, a solution of  SP  (50 mg, 
0.1 mmol) in ethanol (2 mL) was added dropwise into the  βCD  solution. 
The suspension was vigorous stirred at 40 °C for 5 h. The mixture was 
then kept at 4 °C for 20 h. The obtained precipitate was fi ltered out, 
washed with water and acetone, and dried at room temperature in vacuo 
to afford a light pink complex  SP-βCD . 

  SP-γCD : After  γCD  (1.135 g, 1 mmol) was dissolved in the mixture of 
water (20 ml) and ethanol (2 ml), a solution of  SP  (50 mg, 0.1 mmol) 
in ethanol (2 mL) was added dropwise into the  γCD  solution. The 
suspension was vigorous stirred at room temperature for 5 h. The 
mixture was then kept at 4 °C for 20 h. The obtained precipitate was 
fi ltered out, washed three times with 5 mL of cold water–ethanol 
(40% v/v), and dried at room temperature in vacuo to afford a yellow 
complex  SP-γCD .   
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