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ABSTRACT: Despite an increasing number of studies that have investigated mechanochemical effects in polymers, the 
number of polymers whose fluorescence characteristics change upon exposure to mechanical stress is still limited. We 
here report the investigation of a mechanofluorophore based on an aliphatic ester of 2-(2’-hydroxyphenyl)benzoxazole. 
The free benzoxazole displays green photoluminescence, which is associated with an excited state intramolecular proton 
transfer (ESIPT) process, whereas aliphatic esters of this compound emit blue light. When poly(methyl acrylate) PMA 
containing an esterified benzoxazole mechanophore at the center of each chain molecule was exposed to ultrasound, a 
significant reduction of the molecular weight and pronounced changes of the photoluminescence emission and UV-Vis 
absorption spectra were observed. The optical changes and the fact that the time-traces for molecular weight decrease 
and formation of the ESIPT capable species mirror each other indicate that the mechanophore is preferentially cleaved 
upon sonication and that such cleavage restores the 2-(2’-hydroxyphenyl)benzoxazole motif. The concept of mechanical 
activation of ester-protected ESIPT dyes, and more broadly of other hydroxyl group carrying fluorophores that change 
their emission properties upon ester formation and cleavage, should be general and allow access to a range of other 
mechanofluorophores. 

Mechanoresponsive polymers promise to be practically 
useful, as they enable functions such as mechanically 
activated catalysis,1 release of small molecules,2 self-
strengthening,3 and mechanically switchable electrical 
conductivity.4 Much of the research on mechanorespon-
sive polymers has been focused on the investigation of 
mechanochromic materials, in which deformation events 
cause a change of the absorption and/or emission color.5-7 
Such materials are useful for fundamental research and 
also as damage or structural failure indicators.8,9 Several 
strategies have been devised to create mechanochromic 
materials, including the use of aggregachromic dyes that 
are blended into polymers and dispersed upon defor-
mation,10-12 rupturing microcapsules,13-15 photonic struc-
tures,16,17 and the insertion of so-called mechanophores 
into macromolecules.18 The latter approach was first used 
by Moore and co-workers to create mechanochromic 
polymers,19 and has since been exploited in many polymer 
types and architectures, and in connection with a range of 
“mechanochromophores”, i.e., mechanically labile motifs, 
which change their optical characteristics upon activa-
tion.20-22 Spiropyrans which transform into colored mero-
cyanines is are the most widely used motifs to create 
mechanically induced absorption color changes, whereas 
dioxetane, tetraarylsuccinonitrile, cinnamoyl dimers, 
diaminodiphenyl-methane, anthracene maleimide ad-
ducts, and rhodamine, which function by homolytic 

cleavage, retro Diels-Alder reaction, and ring opening 
reaction, are known to change their fluorescence charac-
teristics upon mechanochemical modification.20,23-27 
Here we show a possibly broadly applicable approach to 
design photoluminescence changing mechanophores that 
relies on cleaving a weak ester bond coupled to a fluoro-
phore, which changes its emission properties upon ester 
formation and cleavage. As a first example, we used a 
derivative of the photoluminescent 2-(2’-hydroxyphenyl)-
benzoxazole, whose luminescence in non-polar environ-
ments is associated with an excited state intramolecular 
proton transfer (ESIPT).28,29 Kocher et al. demonstrated 
that the fluorophore’s green ESIPT emission can be 
switched off by esterification with aromatic acids, where-
as derivatization with aliphatic esters shifts the emission 
to blue.30 The ester’s C–O bonds are relatively weak, and 
this was previously exploited to use aromatic esters of 2-
(2’-hydroxyphenyl)benzoxazole as latent fluorophores, 
which can be activated by photochemical ester cleavage.30 
Speculating that a similar effect could also be achieved by 
way of mechanochemical activation, we devised a hither-
to unknown benzoxazole featuring two hydroxyl groups 
(1), used the latter to incorporate the motif into a 
poly(methyl acrylate) (PMA) backbone, and tested the 
dissociation of the polymer-embedded mechanophores  
by exposing solutions of these molecules to ultrasound. 
This frequently used technique relies on the fact that the 



 

collapse of cavitation bubbles induces high shear forces, 
which stretch the polymer chains whose length is above a 
specific cutoff to a point where chemical bond cleavage 
occurs.31 Gratifyingly, when the benzoxazole-containing 
polymer (Bz-PMA) was sonicated, the molecular weight 
decreased and the emission color changed, in a manner 
that is consistent with ester-bond cleavage and restora-
tion of the ESIPT process. 

 
Scheme 1: Synthesis of N-(2,5-dimethoxyphenyl)-2-methoxy-
benzamide, 2-(2-hydroxyphenyl) benzoxazol-5-ol (1), the 
benzoxazole radical polymerization initiator (2), and the 
benzoxazole-containing PMA (Bz-PMA). i) Et3N, THF, 0°C, 
30 min., 92%; ii) Pyridine, HCl, 200°C, 1 h, 64%; iii) Et3N, 
THF (dry), r.t., overnight, 33%; iv) Cu(0), Me6TREN, DMSO, 
r.t., overnight. 

The choice of Bz-PMA  (Scheme 1) as a first testbed was 
guided by the fact that in order to be preferentially acti-
vated, mechanophores must be placed near the center of 
the macromolecules, where they experience the highest 
force,21 and that PMA has previously been used in a range 
of mechanochemical studies.32-34 Thus, our synthetic route 
started with the Schotten-Baumann reaction between 2,5-
dimethoxyaniline and 2-methoxy-benzoyl chloride, which 
afforded (2,5-dimethoxy-phenyl)-2-methoxy-benzamide 
in good yield (92%). The treatment of this product with 
pyridine hydrochloride at 200°C induced the ring closing 
reaction and deprotection of the methoxy group and 
afforded 2-(2-hydroxyphenyl) benzo[d]oxazol-5-ol (1) in 
appreciable yield (64%). Finally, 2-(5-((2-bromo-2-
methylpropanoyl)oxy)benzo[d]oxazol-2-yl)phenyl-2-
bromo-2-methyl propanoate (2) was prepared via the 
double esterification of 1 with α-bromoisobutyryl bromide 
(33% yield). This specific modification was devised, be-
cause the α-bromoisobutyryl groups can serve to initiate 
atom transfer radical polymerization from both ends of 
the Bz motif, which places one mechanophore at the 
center of each macromolecule. Further, prior work30 sug-
gested that aliphatic (as opposed to aromatic) ester 
groups would keep the mechanophore emissive in the 
polymer-tethered form (but with a different emission 
color than the unmodified compound), so that the mech-
anoresponse would not be a turn-on effect (as would be 
expected for aromatic esters), but an emission color 
change. This is advantageous since a ratiometric signal is 
produced, which renders the system self-calibrating.13  

The mechanophore-containing initiator 2 was employed 
for the supplemental activation reducing agent (SARA) 
atom transfer radical polymerization (ATRP) of methyl 
acrylate in DMSO, with Cu(0) and tris[2-(dimethylamino) 
ethyl]amine (Me6TREN) as catalytic system. The Bz-PMA 
thus made had a number-average molecular weight (Mn) 
of 108.5 kg/mol and a dispersity (Ð) of 1.19. The polymer 
thus fulfills the requirements for ultrasound-induced 
chain-scission experiments, as the threshold Mn for sono-
chemical activation of neat PMA is lower (87 kg/mol33) 
and this threshold is known to drop further upon incor-
poration of a mechanophore.35 To carry out control exper-
iments, a Bz-free PMA (107.2 kg/mol, Ð = 1.13) was used as 
reference.34 In order to interpret the photophysical prop-
erties of Bz-PMA and the anticipated cleavage products, 
the model compounds 2-(2-hydroxy-phenyl) ben-
zo[d]oxazol-5-yl acetate (3) and 2-(5-
acetoxybenzo[d]oxazol-2-yl)phenyl acetate (4) were pre-
pared in addition to 1, 2,  and Bz-PMA (Chart 1).  

 
Chart 1: Structure of the different benzoxazole derivatives 
synthesized and used to elucidate the optical properties of 
the benzoxazole systems. 

A comparison of the UV-Vis absorption spectra of com-
pounds 1-4 and Bz-PMA (Figure 1a) shows clearly that 
the  esterification of the hydroxyl group involved in the 
ESIPT process shifts the characteristic absorption band 
observed in 1 and 3 (broad with two peaks between 320 
and 350 nm) by about 30 nm to lower wavelengths (2, 4, 
Bz-PMA). This shift permits to preferentially (but not 
fully selectively) excite the species capable of ESIPT, and 
those that are not. A comparison of the absorption spec-
tra of 1 and 3 shows that esterifying only the OH group 
that is not involved in the ESIPT has a much smaller in-
fluence, although the position of the bands (323 and 336 
nm in the case of 3, 332 and 347 nm in the case of 1) is 
diagnostic for the species at hand (vide infra). Both mole-
cules capable of ESIPT (1 and 3) display, as expected, 
green photoluminescence with an emission maximum of 
ca. 500 nm (Figure 1b) and quantum yields (QY) of 0.071 
and 0.037, respectively. The green emission is absent in 
the other compounds. Intense blue emission with a max-
imum around 355 nm is observed in the case of 4 and Bz-
PMA (QY= 0.14 and 0.21), whereas the initiator 2 displays 
a much weaker blue emission (maximum = 355 nm), con-
sistent with the presence of bromine atoms, which are 
known to stifle radiative processes by way of heavy atom 
effect.36 While one could lament about the fact that the 
quantum yields of the emitters used here are a bit low 
(lower quantum yields are typical for ESIPT processes),37 
the various species display significant spectroscopic dif-



 

ferences, which should be useful to monitor the mechani-
cally induced response of the Bz-PMA. 

  

Figure 1: a) UV-Vis absorption and b) photoluminescence 
spectra of 1, 2, 3, 4, and Bz-PMA. All measurements were 
carried out in 10-5 mol·L-1 THF solutions (in case of Bz-PMA 
the concentration was based on the MA repeat unit) and the 
emission spectra were recorded with excitation at the respec-
tive absorption maximum. The inset in b) shows a magnifica-
tion of the ESIPT region. 

To investigate the mechanochemical activation of the Bz 
motif, dilute THF solutions of Bz-PMA were subjected to 
pulsed ultrasound (10.4 W·m-2) at 0 °C over the course of 
60 min. The effect of sonication was monitored through-
out the course of the experiment by size-exclusion chro-
matography (SEC) and photoluminescence spectroscopy 
of aliquots that were taken at different time intervals. The 
SEC chromatograms of the sonicated Bz-PMA shows the 
expected development, with an initial decrease of the 
population of species corresponding to an Mn of 105 
kg·mol-1 and a concomitant increase of a peak at a lower 
Mn of 59 kg·mol-1, indicating a gradual reduction of the 
polymer’s molecular weight and splitting in the vicinity of 
the chains’ centers (Figure 2a). The SEC traces recorded 
after longer sonication times further show a shoulder 
associated with an even lower Mn of 38 kg·mol-1, which is 
indicative of chains that are sufficiently long to undergo 
two scission events. A plot of the ratio of Mn and the ini-
tial number-average molecular weight (Mn,0) as a function 
of ultrasonication time (Figure 2b, Figure S18) shows an 
exponential decay function to a level of 30% after 60 min. 

A corresponding reference experiment with a mixture of 
the benzoxazole-free PMA and model compound 4 (Fig-
ure 2b, Figure S19, S20) shows a qualitatively similar 
behavior, but the molecular weight decrease is substan-
tially slower and the Mn/Mn,0 curve levels off at only 42%. 
Using the protocol reported by Lee et al.,38 chain scission 
rate constants were determined for the Bz-PMA (k 
=2.8·10-4 min-1 kDa-1) and the control polymer in presence 
of 4 (k = 2.0·10-4 min-1 kDa-1, Figure S21). Thus, the data 
show that the mechanophore-containing polymer Bz-
PMA is more easily cleaved upon exposure to ultrasound 
than the benzoxazole-free reference PMA. 

 
Figure 2: a) Representative size-exclusion chromatograms 
(based on refractive index signals) acquired upon ultrasoni-
cating a THF solution of Bz-PMA (c = 1 mg/mL) for the times 
indicated. b) Evolution of the ratio of the number-average 
molecular weight (Mn) and the initial number-average mo-
lecular weight (Mn,0) after ultrasonicating Bz-MPA and a 
reference system consisting of a concentration-matched 
mixture of PMA and 4 for the time indicated. Data shown are 
averages of N = 3 experiments in 1 mg/mL THF solutions.  

In order to investigate if the mechanically induced cleav-
age of Bz-PMA occurs indeed at the mechanophore, sam-
ples of ultrasonicated solutions were not only subjected to 
SEC analysis (Figure 2), but also subjected to photolumi-
nescence spectroscopy (Figure 3). In the case of Bz-PMA, 
the intensity of the blue photoluminescence associated 
with the intact mechanophore decreased as a function of 
sonication time, while concomitantly a broad emission 
band centered around 500 nm, characteristic of ESIPT 
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emission, appeared (Figure 3a). These changes, which 
can be visualized using a 450 nm long pass filter (Figure 
3a inset), clearly support the conclusion that ultrasonica- 
 

  
Figure 3: (a) Representative photoluminescence spectra (λex 
= 340 nm) acquired upon ultrasonicating a dilute THF solu-
tion of Bz-PMA (c = 1 mg/mL) for the times indicated. The 
inset shows a picture recorded under illumination with 365 
nm UV light  of the solution before (left) and after 60 min of 
sonication (right) using a 450 nm long pass filter.  (b) Evolu-
tion of the emission intensity recorded at 500 nm (λex = 340 
nm) acquired upon ultrasonicating a dilute THF solution of 
Bz-PMA (c = 1 mg/mL, black squares) and a reference system 
consisting of a concentration-matched mixture of PMA and 4 
(red squares) for the times indicated. 

tion causes preferred cleavage of the ester function and 
restoration of the 2-hydroxy-phenyl moiety. Accordingly, 
the UV-Vis absorption spectrum of the Bz-PMA solution 
after exposure to ultrasound (Figure S22) shows two 
maxima at 335 and 320 nm, which match the positions 
measured for model compound 3. No photoluminescence 
changes were observed upon ultrasonication of a solution 
containing Bz-free PMA and 4 (Figure 3b, Figure S23, 
S24), which confirm that the restauration of the ESIPT 
emission upon ultrasonication of BZ-PMA require force 
transduction via the polymer backbone and that the 
mechanophore is not activated by reaction with products 
formed by unspecific chain scission.18 Gratifyingly, a plot 
of the photoluminescence intensity at 500 nm of a Bz-
PMA solution as a function of sonication time (Figure 3b, 
Figure S25) follows a function that mirrors that of the 

molecular weight decrease (Figure 2b). In addition, the 
blue emission intensity was used to quantify the fraction 
of ester groups cleaved. A plot of the ratio of the photo-
luminescence intensity and the initial photoluminescence 
intensity against the sonication time shows an exponen-
tial decay function, which levels off at 50% (Figure S26) 
suggesting that half of the benzoxazole moieties were 
activated. The facts that this level is somewhat lower than 
the Mn/Mn,0 ratio (vide supra) and that the Mn decays at a 
faster rate than the photoluminescence intensities change 
indicate that the chain scission does not exclusively occur 
through ester cleavage, but also involves some unspecific 
events.  
In summary, we have introduced a new mechanophore 
based on an aliphatic ester of 2-(2’-hydroxy-
phenyl)benzoxazole. When PMA containing this motif 
was exposed to ultrasound, pronounced changes of the 
photoluminescence emission and UV-Vis absorption 
spectra could be observed. Chain cleavage occurs prefer-
entially at the mechanophore and restores the 2-(2’-
hydroxyphenyl)benzoxazole motif with high fidelity. In 
contrast to other mechanofluorochromic polymers that 
display a turn-on or turn-off behavior, the mechanophore 
investigated herein changes its photoluminescence color. 
The ratiometric signal thus produced is advantageous, as 
it is less dependent on experimental conditions (such as 
e.g. excitation intensity). However, the concept should 
also allow creating mechanophores with a turn-on effect, 
as aromatic esters of 2-(2’-hydroxyphenyl)benzoxazole 
were shown to be non-fluorescent.30 We further speculate 
that the concept of mechanical activation of ester-
protected ESIPT dyes, and more broadly of other hydroxyl 
group carrying fluorophores that change their emission 
properties upon esterification and ester cleavage, should 
be general and that the motif presented here is only a first 
representative of a new class of mechanofluorophores. 
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