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Graphic abstract 

 

 
The nanofibers of carbazole-based benzoxazole derivative have enhanced emission 

and exhibited an isothermal reversible mechanochromism. Moreover acetic acid vapor 

may selectively act as stabilizer and developer to retain the information given by 

mechanical force.    
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A carbazole-based D-π-A benzoxazole derivative was found to self-assemble into long fibers and 
possessed enhanced emission because of the presence of J-aggregate. These fibers exhibited distinct 
responses to volatile acid vapors. Strong acid, such as HCl and TFA vapors would destroy the molecular 
packing in fiber and induced the color change in fluorescence. On the other hand, fibers had no response 
to HOAc vapor as weak acid. Moreover, the fibrous film exhibited an isothermally reversible 10 

piezofluorochromism. Its blue fluorescence converted to blue-green one upon mechanical force stimulus 
and then was restored spontaneously at room temperature. More importantly, the response of fibrous film 
to HOAc vapor was controlled by mechanical stimulus. The colorless ground film could easily absorb 
HOAc vapor and emitted orange fluorescence. Moreover, such colored film could not self-heal, but get 
back to colorless and blue emission upon heating. Thus, acetic acid vapor may selectively act as stabilizer 15 

and developer to retain the information given by mechanical force. These results show that stimuli 
response of organic nanofibers could be adjusted and controlled by mechanical stimulus, and vice versa. 

Introduction 

Stimulus-active organic functional materials have gained 
considerable attention from scientists.1 These materials can 20 

change their physical or chemical characteristics upon exposure 
to particular external stimuli (e.g., heat, electricity, light, force, 
magnets and other chemical stimuli). Among these materials, 
attention is given to organic molecules with strong emissions in 
solid state as new functional materials in electronics, photo 25 

devices, and solid lasers.2 These strong emissive fluorophores are 
also used as smart materials to selectively detect chemical regents 
such as explosives,3 organic amines,4 acidic gases,5 metal ions,6 
and oxygen.7 The responsive characteristics of the fluorophores 
to these chemical regents are strongly affected by fluorophore 30 

morphologies. For example, self-assembled fluorescent fibers 
used as sensing materials to detect explosives and organic amine 
require small diameter to obtain large surface area. Only ultrathin 
polymer films have rapid responses and low detection limits to 
explosive vapor because vapor molecules are easy to absorb and 35 

diffuse in thin films.8     
Solid state emission reflects the molecular structure and 
arrangement in the solid state.9 Molecular orientation and 
intermolecular interaction are perturbed by mechanical forces 
such as shearing, grinding, tension, or hydrostatic pressure.10 40 

Thereafter, a drastic emission color change presents 
piezofluorochromism (PFC). Several types of organic molecules 
that exhibit PFC behavior have been designed and synthesized. 
Numerous studies have suggested that tetraphenylethene, 
triphenylethene, and 9,10-bis-vinyl anthracene derivatives or D– 45 

 
Scheme 1. the molecular structures of C1CVB, C1CVB-H and C1CVBH. 

π–A emissive molecules contribute to fluorescence changes under 
pressure.11 Because external force stimuli can change the 
morphologies and stacking model of organic molecules, we 50 

attempt to determine whether PFC materials exhibit different 
responses to another stimuli before and after force stimuli, or 
whether extra stimulus regulates the PFC behavior of materials. 
Herein, we used a D-π-A benzoxazole derivative, namely, 
C1CVB,12 which exhibited an isothermally reversible 55 

piezofluorochromism, to study how extra stimuli affect its PFC. It 
was found that molecules can self-assemble into long fibrous 
aggregates in solvents and exhibit aggregation-induced emission. 
The nanofibers may selectively respond to volatile acid vapors 
according to their acidities. HCl and TFA vapors as strong acid 60 

induced color change in fluorescence, but the fibers did not 
respond to HOAc vapor. More importantly, the ground film 
changed the emission color from blue-green to orange when 
exposed to HOAc vapor. Moreover, HOAc-dyed ground film 
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hold dyed state. This difference in sensing behavior is explored, 
and the result suggests that the sensing properties of functional 
materials to external stimuli are significantly adjusted by another 
stimulus, and vice versa. 

Results and discussion  5 

C1CVB as colorless needle-like crystal was synthesized by a 
one-step Knoevenagel reaction (Scheme S1)13 and is 
characterized by elemental analysis, NMR, FT-IR, and MS. The 
peaks at 8.08 and 7.15 ppm in the 1H NMR spectra ascribed to 
the vinyl group protons have a large coupling constant of 16.2 Hz, 10 

thus indicating that the vinyl group exhibits a transformation. 
This finding may be confirmed by a single-crystal structure (vide 
infra). C1CVB easily dissolves in CH2Cl2, benzene, toluene, THF 
and DMF, but has low solubility in cyclohexane, hexane, and 
polar alcohols at room temperature.  15 

The solutions are weak emissive under excitation. The 
fluorescence quantum yield (ΦF) in toluene is 0.01. The ΦFs in 
other solvents are also low (Table S1). The average lifetime is 
0.95 ns (Fig. S1) in toluene, and the radiative (Kr) and 
nonradiative (Knr) rates are 0.012 and 1.4 ns−1, respectively. 20 

Small Kr and large Knr indicate that the excited molecules are 
mainly deactivated through the nonradiative process. The 
intramolecular rotation of single bonds and cis-trans 
isomerisation of double bond should be responsible to low ΦF.14 

 25 

Fig. 1 Absorption and emission spectra of C1CVB in CHCl3 (2 × 10−4 M) 
upon additional TFA (a and b) and acetic acid (c and d); λem = 370 nm. 

C1CVB is used as a sensor to detect H+ because the benzoxazole 
moiety can bind a proton to form a cation.15 Fig. 1a shows that 
the absorption band of C1CVB in CHCl3 exhibits a continuous 30 

bathochromic shift when TFA is added, and a new peak appears 
at 445 nm. This peak results in a solution color change from 
yellowish to yellow. The isobestic point is observed at 415 nm, 
thus implying a reactive equilibrium of two components. The 
blue emission band at 447 nm upon excitation at 370 nm 35 

gradually decreases when TFA is added and an enhanced green 
emission band emerges at 511 nm (Fig. 1b). Furthermore, the 
fluorescence spectra of C1CVB are more sensitive than the 
absorption spectra. For example, the fluorescence of the CHCl3 
solution is reduced by almost 70% in the presence of a 2-fold 40 

TFA. A 10-fold TFA almost quenches the emissive peak at 447 
nm, but the original absorption ascribed to free C1CVB is still 
obvious at the same TFA concentration (Fig. S2). The increase in 
solvent polarity induced by TFA addition is responsible for high 
sensitivity of fluorescence spectrum to TFA because polarity 45 

sovlent can quench the emission of ICT molecule. Considering 
the new absorption at 445 nm and the existence of one isobestic 
point, TFA protonated C1CVB in CHCl3 to form a cation 
(C1CVBH) (Fig. S3). 1H NMR spectra before and after adding 
TFA were measured and compared to further understand the 50 

interaction between C1CVB and TFA. Evident downfield shifts 
were observed for all protons, particularly the benzoxazole ring 
and vinyl group when TFA was added. For example, the 
resonance peaks for H1 and H2 at 8.01 and 7.11 ppm shifts to 
8.38 and 7.22 ppm, respectively (i.e., shifts of 0.11 and 0.37 ppm). 55 

This result suggests that the proton binding of C1CVB ascribes to 
the protonation of the nitrogen atom in the benzoxazole unit, thus 
reducing the electron density around all protons and causing 
downfield shifts in the NMR spectra.13,16 The protonation truth 
also reveals strong acidity of TFA.  60 

  

Fig. 2 Fluorescence spectra of C1CVB film upon exposure to (a) TFA 
and (b) acetic acid (saturated) vapors. Inset is SEM image of film. 

What will happens if a weak acid such as acetic acid (HOAc) 
is added? The color of the C1CVB CHCl3 solution was still 65 

yellowish even after addition of 50 equiv. HOAc. Only a slight 
decrease in absorbance is observed when HOAc was added (Fig. 
1c), and no shift was observed for the absorption band. The 
addition of HOAc did not change the fluorescent color either. Fig. 
1d shows that the emissive intensity only continues to decrease 70 
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when HOAc is added gradually. This spectral change illustrates 
that HOAc cannot protonate the nitrogen atom of C1CVB to 
form a cation. Moreover, adding 5 equiv. HOAc into the C1CVB 
CDCl3 solution induces a downshift of all protons, but the shifts 
are smaller than those when TFA is present (Fig. S3). For 5 

instance, the signals for H1 and H2 shift to 8.04 and 7.14 ppm, 
respectively, meaning a down-field shift of 0.03 ppm for the two 
protons. These spectral changes suggest a hydrogen bond 
complex (C1CVB-H) of C1CVB and HOAc because HOAc has 
weak acidity. These results clearly illustrate that C1CVB in the 10 

solution state has different responses to TFA and HOAc because 
of distinct protonated abilities to C1CVB. Therefore, C1CVB in 
solid state is expected to hold distinct responsive behaviors to 
TFA and HOAc vapors. 

As we know, fluorescent nanofibers have been used as 15 

sensing materials to detect explosives and organic amines. The 
thin fibers of C1CVB are easily prepared by ultrasound treatment 
and aging in cyclohexane. The fibrous film is selected to study 
the response of C1CVB to volatile acid vapors. Nanofiber film is 
prepared as follows. The clear hot cyclohexane solution of 20 

C1CVB (3.1 mM) was initially treated in an ultrasonic bath until 
an ivory suspension was observed. A 50 µl suspension was then 
dropped on the silica plate surface. A watch glass was used to 
delay the evaporation of the solvent. After completely removing 
the solvent, the film sample was obtained. An SEM image of the 25 

film shows that C1CVB self-assembles into long fibers with 
diameters of 50 nm to 500 nm (Fig. 2, inset). The fibrous film 
emits strong fluorescence with an absolute fluorescence quantum 
yield of 0.71, which is 26 times more than the solution. The time-
resolved fluorescence spectrum shows that the fiber has a long 30 

fluorescent lifetime (2.3 ns), large Kr (0.32 s–1), and small Knr 
(0.13 s–1). The obvious red shift in the absorption spectrum of the 
fibrous film relative to that in the cyclohexane solution suggests 
the formation of J-aggregation in nanofiber (Fig. S4).17 Therefore, 
the enhanced emission is ascribed to the J-aggregation formation 35 

and restriction of intramolecular rotation.18 

The solution has a favorable response to proton. The behavior 
of fibrous film in response to volatile acid is then studied. The 
colorless film rapidly converted to red when exposed to saturated 
TFA vapor, the fluorescence color changed from bright blue to 40 

red, and emissive intensity decreased. As shown in Fig. 2a, the 
fibrous film has a maximum emission in 452 nm with some 
shoulder peaks, ascribing to vibrational bands. The fluorescence 
is quenched by 48% under TFA vapor of 337 ppm. At this time, 
the film still emits blue fluorescence. Increasing the TFA 45 

concentration will further quench the film emission. The film 
fluorescence is reduced by almost 92% when exposed to TFA 
vapor (2359 ppm), and the film emits a weak red fluorescence. A 
weak new peak at ca. 470 nm in the absorption spectrum is 
observed (Fig. S5a) and the original absorption band is still 50 

present and enough strong. This spectral change indicates that 
C1CVB could bind TFA even in a solid state although all 
molecules didn’t form C1CVBH at this concentration of TFA. 
However, the colorless film maintains its color and blue 
fluorescence when exposed to saturated acetic acid vapor. Fig. 4 55 

shows that HOAc vapor leads to slight decrease in emissive 
intensity. No obvious change in the absorption spectra of film is 
observed after exposure to HOAc vapor (Fig. S5b). Moreover, we 
observed that HCl vapors with strong acidity had the same 
response behavior as that of TFA (Fig. S6a). Therefore, the 60 

different responses of C1CVB fibrous film to TFA and HOAc 

should be attributed to the distinct acidities of TFA and HOAc; 
this result is similar to the phenomenon observed in the solution. 

Molecular arrangements in C1CVB crystal are investigated 
by using single-crystal X-ray analysis to obtain insight into the 65 

different responses of fibrous film to TFA and HOAc. Crystals 
and fibers have the same XRD patterns, indicating their same 
packing model.12 In the rod-like crystal, 1D π–π molecular 
packing occurs wherein the distance between two adjacent 
C1CVB molecules is 3.56 Å and the sliding angle is 34.4° (Fig. 70 

S7a). This result clearly indicates the formation of J-aggregation 
in the crystals, verifying the result from UV-vis spectra.19 Many 
1D J-aggregates are stacked together by intermolecular weak 
interactions (Fig. S7b). This close intermolecular stacking does 
not hold a large space in crystal cell enough to allow HOAc 75 

molecules to diffuse into the fiber interior and form a hydrogen 
complex. Moreover, a few polar benzoxazole groups are exposed 
on the fiber surface because cyclohexane is a nonpolar solvent 
and N atom of benzoxazole moiety locates at the center of whole 
molecule. Thus, only a small amount of HOAc molecules can 80 

absorb on some sites, wherein the nitrogen atoms of benzoxazole 
units are located at the fiber’s surface, to from hydrogen bond 
complexes (C1CVB-H). Consequently, the fluorescence of 
fibrous film is slightly quenched by the HOAc vapor even at a 
high concentration. When TFA and HCl meet with N atoms of 85 

benzoxazole moieties the strong acidity of TFA and HCl causes 
the nitrogen atom to be protonated and transferred into a cation, 
which then destroys the close packing in nanofibers. As a result, 
other TFA or HCl molecules can diffuse into the fiber interior to 
form C1CVBH, which is why a new absorption peak at 470 nm 90 

appeared when the film was exposed to TFA vapor. Such 
hypothesis can be also confirmed by the observation of XRD 
spectra. HOAc vapor did not induce any change in XRD 
spectrum of fibrous film (Fig. S8), but relative weak diffraction 
peaks in XRD pattern were found when fibrous film was exposed 95 

to TFA because C1CVBH weakened the order stacking of 
molecule in nanofibers. Therefore, the fibrous film of C1CVB 
selectively responds to volatile acids according to their acidities. 

HOAc vapor is an awkward stimulus to the fibrous film of 
C1CVB because HOAc cannot diffuse freely into fibers. What 100 

happens if the intermolecular space is large enough or has a large 
amount binding sites (N atoms of benzoxazole moieties)? 
Mechanical stimuli, such as shearing, grinding, rubbing, and 
static pressure, can convert the crystal phase to amorphous solid 
or other crystal phases, which is accompanied by color or/and 105 

fluorescent color changes and loose or close stacking between 
molecules. Thereafter, we examined the influence of mechanical 
stimuli on the responsive behavior of C1CVB to volatile acids.20 

The ground film is used as a sensor material and is prepared 
as follows. First, the fibrous thin film is prepared as shown above, 110 

and then a shear stress is applied using a spatula to form a thin 
film. The colorless fibrous film changes to yellowish even though 
the absorption spectrum of the ground film is similar to the 
fibrous one (Fig. S9a). Moreover, applying mechanical shearing 
to the fibrous film causes a fluorescence color change from blue 115 

to blue-green. Fig. S9b shows that the ground film possesses a 
red-shifted and wide emission band with a maximum at 484 nm. 
Moreover, shearing also induces a decrease in fluorescence 
intensity. The spectral change implies that C1CVB is a 
piezofluorochromic organic molecule.21 The XRD patterns of the 120 

fibrous film show many sharp peaks, thus indicating that the fiber 
is crystalline. By contrast, the ground film becomes amorphous 

Page 4 of 7RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

because of the lack of XRD peaks (Fig. S10).22 No obvious shift 
in the absorption spectra is observed when shearing is applied, 
thus suggesting that π–π interactions still exist in the ground 
sample and that mechanical shearing only promotes disordered 
small pieces wherein π–π interaction is maintained and a large 5 

amount of naked N atoms of benzoxazole units appear. When the 
ground powder was exposed to CH2Cl2 vapor for several seconds, 
the weak blue-green emission rapidly changed to strong blue one. 
This process of fluorescence color change can be repeated many 
times. Moreover, the absorption spectrum and XRD of ground 10 

film restored to original one upon fuming, suggesting that the 
fluorescence change is ascribed to the recovery of crystal state. 
These spectral changes indicate an obviously reversible MFC 
behavior. More importantly, we found that the emission of the 
ground samples recovers spontaneously at room temperature 15 

within 20 min (Fig. S11), meaning a self-healing material.23 This 
charming self-healing property can be explained by differential 
scanning calorimetry (DSC) measurements (Fig. S12). Fibrous 
sample has an endothermic peak at 211 °C, corresponding to 
melting point, and the DSC curve of ground powder displays two 20 

transition peaks. One is melting peak. Another weak and wide 
exothermic peak at 64 °C should be re-crystallization of ground 
powders, indicating that the ground powder existed as metastable 
amorphous phase.24 Low transition temperature is a premise for 
ground film to recover the fluorescence spontaneously. 25 

 
Fig. 3 Fluorescence spectra of ground C1CVB films before and after 
exposure to (a) TFA and (b) HOAc (saturated) vapors. 

 
Fig. 4 Photographic images of fibrous film on a piece of weighing paper 30 

in response to shearing, HOAc vapor, and heating under UV light (365 
nm).  

More interestingly, when the ground film was exposed to 
TFA and HCl vapor, the film color rapidly converted from 
colorless to orange, and a fluorescence color change from strong 35 

blue to weak red was observed. Furthermore, TFA or HCl vapor 
at low concentrations induce an obvious transformation in 
fluorescence color (Fig. 3a and S6b). When the TFA 
concentration is 337 ppm, the ground film converts the 
fluorescence color from blue-green to green. The maximum 40 

emissive peak shifts to 532 nm. It should be noted that several 
shoulder peaks below 525 nm may be from the molecular 
emission in crystal state. The increased TFA concentration 
further quenches film fluorescence, and the emissive peak 
gradually red shifts. A red emissive band with a maximum of 603 45 

nm is observed as the concentration becomes as high as 1348 
ppm. When the HCl vapor was used as a stimulus, the 
fluorescence color changed from green to orange at a low 
concentration of 228 ppm, and a red emission (λem = 606 nm) was 
observed at a high concentration of HCl vapor (Fig. S6b). 50 

Furthermore, an obvious color change was observed for the 
ground film when exposed to TFA or HCl vapor. A new 
absorption band with a maximum of 427 nm appeared and the 
original absorption band disappeared (Fig. S13a), thus indicating 
that C1CVB transforms into C1CVBH. These spectral changes 55 

in the ground film when exposed to TFA and HCl clearly 
illustrates that C1CVB molecules can easily bind protons relative 
to the fibrous film because many naked binding sites exist in 
ground film. 

When a ground film was selected as the sensing film to 60 

evaluate its response to acetic acid, a rapid and obvious color 
change from blue-green to yellow in fluorescence was found. The 
maximum emissive peak is at 547 nm (Fig. 3b). The yellowish 
ground darkens in color when exposed to saturated HOAc vapor. 
The absorption spectrum of ground film after exposure to HOAc 65 

vapor is similar to fibrous film (Fig. S13b). Moreover, some 
diffraction peaks appeared after fuming by HOAc vapour (Fig. 
S10), suggesting that HOAc does not promote C1CVBH 
formation and the fuming of HOAc vapor induced many 
molecules in ground film to recrystallize and form order 70 

aggregates.25 At the same time, there exist a significant number of 
C1CVB-H because of the existence of a large amount of naked 
binding sites in ground film. Thus, the distinct responsive 
behavior of C1CVB films to HOAc vapor is caused by different 
stacking manners between sensing molecules. This result also 75 

reveals that the response of a sensing material to external 
stimulus can be controlled by other stimuli. 
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Fig. 5 Schematic of patterned films in response to TFA vapor at a low 
concentration and HOAc. 

The fibrous film exhibits different features in response to volatile 
acid vapor under external mechanical force stimulus. Thus, 5 

volatile acid vapor can adjust the piezochromism of these fibrous 
films. Fig. 4 shows that a blue-green fluorescent pattern is easily 
obtained by writing with a stainless steel bar. The pattern exhibits 
a poor contrast to blue fluorescent background because of the 
small spectral shift after grinding. An orange fluorescent pattern 10 

is observed when the patterned film is exposed to saturated 
HOAc vapor. The fluorescent background remains blue because 
HOAc as a weak acid is absorbed preferentially on the C1CVB 
molecules in the patterned region (Fig. 5). Thus, HOAc vapor can 
be an alternative approach to realize a high contrast 15 

piezofluorochromism in fluorescent color. Additional, it was 
found that HOAc-dyed pattern did not disappeared spontaneously 
at room temperature even after several days or upon fuming by 
organic solvents. So, HOAc vapor may be regarded as stabilizer 
and developer to retain the information of pattern. It is notable 20 

that HOAc-dyed pattern may be erased through heating for 30 
min at 100 °C, and recovered film can be used repeatedly (Fig. 
4). When saturated TFA vapor acted as an assistant stimulus, the 
whole fibrous film became red (Fig. S14) because a large amount 
of C1CVBH formed. However, exposing the patterned film to 25 

TFA vapor with a low concentration (i.e., 1000 ppm for 2 s) 
caused a yellow pattern, emitting orange fluorescence, and an 
unpatterned background is still colorless and has a blue emission. 
This phenomenon is because the naked C1CVB molecules 
quickly bind TFA molecules relative to those in the fibers (Fig. 5). 30 

Conclusions 

A carbazole-based benzoxazole derivative may self-assemble into 
long fibers and has enhanced emission. The fibrous film exhibited 
piezofluorochromism and changed its fluorescence from blue to 
blue-green by grinding. Moreover, ground film could self-heal 35 

and restored blue fluorescence spontaneously at room 
temperature because of low recrytallization temperature. The 
nanofibers did not respond to HOAc vapor. However, the ground 
film changed the emission color from blue-green to orange when 
exposed to HOAc vapor because a large amount of naked binding 40 

sites existed after grinding. HOAc-dyed ground film held dyed 
state until heating at a high temperature was applied. The results 
show that the material response to stimuli can be adjusted by 
other stimuli, and one may regulate material features by applying 
multiple stimuli. 45 
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