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The use of mechanofluorochromic (MFC) molecular materials as mechanical stress probes is challenging since quantitative 

studies of this phenomenon remain rare. The most common approach to quantify the fluorescence response of MFC 

materials involves a diamond anvil cell. However, this requires high isotropic pressures, which are far from ordinary 

conditions. We report here the design of a setup able to apply anisotropic mechanical stimuli such as pure unidirectional 

compression and shear stress, both controlled in intensity. A well-known MFC compound, DFB-H, was submitted to pure 

compression or shearing while simultaneously recording fluorescence movies. DFB-H crystals were found to be responsive 

to both types of stimuli but subsequent data analysis revealed higher sensitivity to shearing than to pure compression. 

Indeed, fluorescence colour change was detected by colorimetric analysis and linked to the intensity of applied force to 

estimate a threshold. DFB-H MFC response was observed for pressures in the order of tens of MPa whereas only few kPa 

were enough to induce MFC response by shearing. This novel setup, combined with a colorimetric analysis, is a promising 

approach for quantification of MFC response at the macroscale and for future development of mechanical stress probes. 

Introduction 

Luminescent materials sensitive to external stimuli are an emerging 

class of smart materials due to their potential applications in optical sensors 

and devices. 1,2 Among them, mechanofluorochromic (MFC) materials 

exhibit a modification of their fluorescence properties upon an external 

mechanical stimulus (grinding, bending, shearing…). 3 This phenomenon is 

generally attributed to changes in molecular packing and can be reversible 

either spontaneously at room temperature or upon specific action such as 

heating or solvent fuming. 4 Thus, the possibility to follow fluorescence 

modifications by non-invasive spectroscopic measurements makes them 

good candidates for mechanical stress probes. 5 Such mechanosensors can 

be used for surface mapping, 6 mechanical printing, 7 anticounterfeiting 8 

and data storage 9–11. In addition to organic conjugated molecules 12 and 

metal coordination complexes, 13 MFC polymers 14 and polymer composites 
15 have also been developed.  

Most of the time, MFC response is evidenced only qualitatively by 

grinding the molecules obtained as powder into a mortar. However, to 

design efficient sensors based on these materials, it is crucial to quantify 

their response to mechanical stimulation. As a result, the force applied on 

the sensor can be deduced from its modification of fluorescence colour or 

intensity. Recently, quantitative studies of MFC behaviour have been 

performed at the nanoscale through atomic force microscopy (AFM) on 

polydiacetylene (PDA) thin films 16 and Pt(II) complex 10 crystals, as well as 

difluoroboron β-diketonate complex 17 and conjugated polymer 

nanoparticles. 18,19 These studies have shown that forces ranging from nN to 

µN are required to induce morphological modifications responsible for the 

fluorescence response. Concerning PDA, a correlation between force and 

fluorescence intensity has even been evidenced. 16 On the other hand, MFC 

phenomenon has also been investigated at the macroscale by applying 

hydrostatic pressure to molecular materials using a diamond anvil cell (DAC) 

setup. This technique is widely used to get insights into the mechanisms that 

govern MFC behaviour thanks to its potential for coupling with in situ 

characterizations (Raman scattering, 20,21 IR, 22 X-ray diffraction, 22–24 UV-

visible absorption 21,22 and fluorescence spectroscopy 20–24). 25 In DAC, MFC 

response is caused by pressures ranging from hundreds of MPa to tens of 

GPa depending on the system. 20–26 However, a given compound sometimes 

exhibits either enhanced 20 or opposite 27 fluorescence spectra shifts when 

submitted to DAC experiment compared to mortar grinding. These different 

behaviours may be driven by the nature of the mechanical stimuli: the first 

one being an isotropic compression while the second is an anisotropic 

pressure coupled with a shear stress. Studies where MFC compounds are 

submitted to unidirectional compression manually, 28 via hydraulic press 29,30 

or indentation 6 reveal that stresses in the order of MPa to tens of MPa are 

required to observe MFC response. Sagawa et al. have attempted to semi-

quantitatively estimate the fluorescence change triggered by spatula 

scratching with a force gauge. 31 Nevertheless, to the best of our knowledge, 

no other quantitative study of the fluorescence response to anisotropic 

force has been reported at the macroscale since the aforementioned 

examples. 
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Herein, we propose a new method to assess the type and intensity of 

force that has to be applied to a macroscopic powder of a difluoroboron β-

diketonate complex (DFB-H) to observe an MFC response. These boron 

complexes are well known for their intense solid-state fluorescence as well 

as their polymorphism. 32,33 DFB-H was selected for this study because it 

shows a high fluorescence quantum yield in the solid state, and a large 

emission spectral shift upon mechanical stimulation. Its photophysical 

properties have been previously described by our group. 34 An instrumental 

setup able to apply either unidirectional compression or shearing in a 

quantitative manner while recording fluorescence images was designed for 

this purpose and allowed us to better understand the response of this 

compound to mechanical stimuli. We developed an automatic data 

processing method based on colorimetric analysis to enable the two-

dimensional detection of fluorescence colour change as a function of 

applied mechanical stress. This strategy provided quantitative insights into 

the magnitude of unidirectional compression or shear force necessary to 

induce the MFC phenomenon for this compound. 

Results and discussion 

As-synthesized DFB-H (see structure in Figure 1A) powder emits a cyan 

blue fluorescence with a maximum emission at 458 nm. After grinding in a 

mortar, a yellow fluorescent powder is obtained with a maximum emission 

at 530 nm (Figure 1B, C). This large bathochromic shift of 2970 cm-1 

corresponds to a crystalline to amorphous phase transition, as evidenced in 

a previous study of our group by PXRD data obtained before and after 

grinding the DFB-H powder. 34 However, using a mortar to manually grind 

MFC powders does not provide quantitative information on the intensity of 

the applied force. Furthermore, it does not allow concluding about the type 

of mechanical stimulation (compression or shearing) to which DFB-H is 

sensitive. 

Hence, a specific setup was designed in order to apply a controlled 

mechanical stimulus to a powder sample while simultaneously observing its 

fluorescence response (Figure 2A). DFB-H crystals exhibiting blue 

fluorescence are deposited on a glass-window. A cylindrical pestle can apply 

either a vertical compression via a linear motor or a compression combined 

with a rotation resulting in a shearing thanks to an additional rotation 

motor. DFB-H powder is irradiated through the other side of the glass-

window with a UV light at 365 nm. A CCD camera equipped with a lens 

allows to record fluorescence pictures (in RGB colour space) every two 

seconds by means of a mirror placed at 45° under the observation window. 

A sensor (load cell) located on top of the mechanical system records vertical 

force and torque values every second. Consequently, in the movie 

generated at the end of the experiment (Figure 2B, C, Supporting Movie S1), 

each fluorescence picture is associated with well-defined force and torque 

values. Both constant vertical force and compression ramp force 

experiments can be implemented with this setup while the pestle can also 

rotate. 41 tests were performed on DFB-H crystalline material, including 8 

unidirectional pure compressions without rotation as listed in Table S1. The 

rest of the tests consists of shearing experiments: 9 compression ramps and 

24 constant force experiments coupled with rotation. The complete list of 

compression ramps and constant force experiments are listed in Table S2. 

Figure 2B shows snapshots of a movie corresponding to a pure compression 

experiment. As expected, on the first picture, the deposited DFB-H crystal 

emits blue fluorescence before any force is applied. The crystal stays blue 

until t = 33 s but, when it is further compressed, the yellow amorphous 

phase appears in its center, indicating that DFB-H is sensitive to pure 

compression. In the case of the shearing experiment (Figure 2C), the pestle 

starts applying a compression ramp from 0 N to 70 N associated with a 

rotation starting from 20 N. Between 0 N and 20 N, no fluorescence colour 

change is observed. As soon as the rotation starts, the emissive material is 

spread on the substrate as shown in the pictures at 176 s and 350 s. More 

significantly, yellow fluorescence appears progressively along with the 

pestle rotation, meaning that DFB-H is sensitive to shear stress. Moreover, 

due to a shear intensity increasing with the pestle radius, the crystals 

located under the external area of the pestle turned yellow before the ones 

located at the center. 

 

 

 

 

 

 

 

 

Fig. 1   (A) Structure of DFB-H, (B) pictures of DFB-H as synthesized powder (left) 
and ground powder (right) in a mortar and (C) corresponding normalized 
emission spectra (excitation at 365 nm). 

Fig. 2   (A) Schematic of the setup and first, middle and last frames of the movie for (B) 

a pure compression experiment and (C) a compression ramp experiment with rotation 

(shearing). 
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Following these qualitative observations, DFB-H MFC response to pure 

compression and to shearing was further investigated in a quantitative 

manner via the detection of the fluorescence colour change in the pictures. 

Indeed, each pixel of the experimental movie that turns from blue to yellow 

fluorescence can be considered as transformed and then linked to a 

pressure or to a local shear value, given spatial position and measured force 

or torque value. For this purpose, dedicated automatized data processing 

was developed as follows (Figure S1). Raw experimental fluorescence 

movies are recorded in RGB colour space, but such coordinates are not 

suitable for discriminating the yellow fluorescence from the blue one. 

Hence, our approach consists in using the HSV (Hue, Saturation and Value) 

cylindrical colour space (Figure S2) derived from the RGB one by simple 

mathematical equations reported in SI (Section 3). The hue parameter 

represents the colour tone and can therefore be related to the emission 

wavelength, whereas saturation and value parameters express respectively 

purity and intensity of the colour. HSV colour space turns out to be a 

powerful tool for analytical studies such as pH 35 and ion 36,37 sensing, 

detection of plasmonic nanoparticles 38 and fluorescence measurements 39 

including quantification of MFC response in a polymer matrix 40. Inspired by 

the latter work, we tailored this strategy to our system: indeed, the main 

advantage of HSV colour space obviously lies in the fact that all colour 

information is included within a single parameter, or coordinate, H. 

The data processing is divided in three main steps (Figure S1). The first 

one corresponds to the conversion of movie images from RGB to HSV colour 

space (after removal of the background, see details in SI Figure S3). The 

second step consists in determining a criterion on the H coordinate in order 

to distinguish the newly appearing yellow pixels from the blue ones. 

Histograms of H coordinates corresponding to all the fluorescent pixels of 

the first and last picture of the movie are plotted respectively in blue and 

yellow, as shown in Figure 3. According to the blue histogram, pixels from 

the first picture are characterized by a H coordinate centered around 0.61-

0.62, which is consistent with blue colour in HSV colour space (Figure S4). 

Regarding the yellow histogram, it is worth noting that it shows a higher 

number of fluorescent pixels, which corresponds to the spreading of matter 

during the shearing experiment. More importantly, the new distribution is 

shifted toward lower values of H, corresponding to green colour in HSV 

colour space. This can also be noticed in the last image (bottom inset in 

Figure 3), where most of the pixels exhibit a greenish fluorescence. This is 

caused by the mixing of both blue and yellow DFB-H phases on the same 

pixel, as confirmed by colorimetric analysis of fully ground DFB-H (Figure 

S4). The change undergone by the yellow histogram, compared with the 

initial blue one, appears to be significant enough to enable the 

establishment of a reliable threshold conversion criterion on the H 

coordinates. This threshold HC was defined as followed: 

                   (1) 

with Havg the mean H value of the blue histogram and σ the standard 

deviation. To exclude the vast majority of the blue pixels, a strong constraint 

was chosen with the 3σ parameter. Due to small differences including the 

amount of material deposited and lighting conditions, HC slightly varies in 

each experiment and its value, determined in the range 0.561-0.593, is 

reported for each experiment in Tables S1 and S2. All pixels having a H 

coordinate below this threshold are detected by the code which then edits a 

binarized movie (Figure S1): non-black pixels (value 1) correspond to 

transformed yellow material, whereas the black ones (value 0) are either 

background or initial blue fluorescent DFB-H. This binarization facilitates the 

subsequent identification and counting of pixels that exhibit a fluorescence 

colour shift. 

In the case of the pure compression experiments, spreading of 

fluorescent material is limited. Hence, a threshold indicating the stress 

necessary to observe a marked MFC response can be readily identified using 

the ratio between the number of yellow fluorescent pixels and the total of 

fluorescent pixels (blue + yellow) as plotted against the stress applied to the 

crystal (Figure 4 and S5). At low stress values, this ratio slightly decreases 

due to a crushing of the crystal, (leading to a spread of the blue fluorescent 

material) and a concurrent ineffective conversion to the yellow phase. After 

this initial decrease, the ratio then steadily increases up to 20% suggesting 

effective MFC behaviour. The point at which the ratio starts increasing is 

thus defined as the threshold of MFC response. For the 8 pure compression 

experiments, this threshold corresponds to stresses between 13 and 281 

MPa, which is in agreement with the order of magnitude reported in the 

literature for MFC response of other compounds 6,29,41,42. While we cannot 

exclude that, on some of the tested crystals, the presence of defects lowers 

the stress threshold that triggers an MFC response, the dispersion of the 

observed threshold values can probably be largely explained by the fact that 

Fig. 3   Histograms of H coordinate for the first (top inset, blue) and last (bottom inset, 

yellow) pictures of the movie for experiment #14 (see Table S2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4   Ratio of yellow pixels over total of fluorescent pixels (blue + yellow) 
against pure compressive stress for experiment #1 (see Table S1). The 
corresponding snapshots before (left) and after (right) compression are in inset.  
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the DFB-H crystals are anisotropic, 34 which results in some of the crystalline 

faces being more sensitive to compression than others. 

In the case of shearing experiments, the previous method cannot be 

applied because, contrary to compression, the local shear stress on a crystal 

depends on its position under the pestle. As a consequence, once the pixels 

that underwent an MFC response are detected, a third and final step 

consisting of linking them to the local shearing value they were submitted to 

is required. More precisely, on a given snapshot of the binarized movie, only 

the pixels that: (i) turned from black or blue to yellow and (ii) were not 

already detected as yellow in the previous snapshots are counted, and their 

spatial coordinates determined. For each pixel complying with these 

conditions, the shear stress that locally induced MFC response, FN (in Pa), 

can be expressed as a function of the pixel distance to the pestle center r 

and measured torque C following equation (2) (see SI section 7 for details) 

below: 

         
  

           (2) 

with R the pestle radius. 

Then, a graph summarizing all the local shearing values of yellow pixels 

appearing versus time of the movie is plotted (Figure 5C, E). For a given time 

(i.e., snapshot), all the points represent pixels that shifted to yellow for a 

local shear stress readable on the y-axis. These graphs are distributions, 

meaning that black points correspond to a high number of pixels shifting to 

yellow, whereas grey points correspond to a low number of pixels shifting to 

yellow for a given local shear stress. As shown in Figure 5D and 5F, as soon 

as the pestle starts to rotate, the measured torque readily increases. Then, it 

either continues to increase linearly in the case of a compression ramp 

(Figure 5D) or it reaches a plateau as in the case of a constant applied 

vertical compression (Figure 5F). The compression ramp experiments 

allowed us to evaluate the range of applied vertical force needed to detect 

fluorescence change. Then, constant force experiments in this range were 

performed to determine a shearing threshold value. 

In the example Figure 5A-D, when a compression ramp is applied to 

DFB-H powder while the pestle is rotating, MFC response is observed for 

local shear stresses between 0.2 kPa and 95 kPa depending on the position 

of the powder under the pestle and the vertical force applied. According to 

equation (2), the larger the circle radius is, the higher the locally applied 

shearing is. Black points at high (low) local shear stress are thus attributed to 

pixels changing from blue to yellow in the external (central) area of the 

pestle. Moreover, the local shear at which new yellow fluorescent pixels 

appear is increasing with time, which is consistent with the rise of the 

compression force intensity. Overall, for the 9 compression ramps 

performed with the pestle rotating, the local shear stress thresholds 

triggering MFC response are determined to be between 0.2 kPa and 10 kPa. 

No influence of the crystal size (Figure S7) on the shearing thresholds was 

observed, as evidenced in Table S2. Despite the fact that the threshold 

values are spanning a large range, they remain far below the stresses 

measured in pure compression (no rotation of the pestle). These values 

being measured systematically at the beginning of the compression ramps 

(low vertical forces), we decided to record a series of experiments 

combining rotation of the pestle with a constant applied compression, which 

results in a constant measured torque during the experiment. Typical 

snapshots of such an experiment are depicted in Figure 5G and 5H. In this 

experiment, the MFC response is induced by local shear stresses ranging 

from 9.3 kPa to 59.7 kPa, depending only on the position of the crystal 

under the pestle. Moreover, the points representing these pixels shifting to 

yellow are concentrated in different areas of given local shear ranges (blue, 

green and yellow lines) which can be assigned to different circular bands (or 

“donuts”) of fluorescent material drawn respectively in the corresponding 

snapshot (Figure 5H). 

All other constant force experiments (summarized in Table S2) exhibit a 

behaviour similar to the experiment described in Figure 5E-H. Although the 

distribution shape of local shear sometimes slightly varies owing to 

differences in powder initial deposition, the same tendencies are observed. 

In that way, the shearing thresholds derived from Figure 5E provided 

relevant information to quantify more precisely the MFC phenomenon for 

DFB-H. The shearing threshold was systematically defined as the lowest 

local applied shear at which a pixel was detected as yellow (Figure S8) and 

its values are reported in Table S2. This analysis yielded an order of 

magnitude of shearing stress required to observe the DFB-H MFC response, 

which lies between 0.03 kPa and 9.3 kPa. These thresholds are far below the 

ones determined for pure compression (in the order of MPa), indicating that 

DFB-H is much more sensitive to shearing than to pure compression. 

According to Krishna et al., who performed nanoindentation studies on DFB 

avobenzone, applying an indentation with a certain angle to the molecular 

Fig. 5   (A, G) Initial and (B, H) final images of 2 movies, (C, E) plot of local shear at fluorescence shift and (D, F) corresponding applied compression and measured torque versus 

movie time for (left, A, B, C, D) a compression ramp (experiment #14) and (right, E, F, G, H) a constant compression experiment (experiment #36). 
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planes induces better slipping between them than applying an indentation 

perpendicular to the crystal plane.43,44 Thus, our results—that show a higher 

threshold in compression that in shearing—are consistent with their study 

of the mechanical properties of DFB derivatives. 

 

To analyse further the dispersion of our results, we looked at the torque 

measured during these shearing experiments, which significantly varies from 

one experiment to another depending on the contact area between the 

DFB-H powder and the pestle. However, the torque measured remains 

almost constant during the whole experiment, meaning that the local 

shearing applied on a crystal is also constant and only depends on its 

position under the pestle. For the 24 constant force experiments, the 

shearing threshold was plotted against the torque value at the 

corresponding time (Figure 6). First, the plot exhibits a clear trend: the value 

of the shearing threshold increases along with the applied torque. Since the 

setup cannot apply torques lower than 0.002 Nm with good accuracy, the 

absolute shearing threshold at which DFB-H shows MFC may be below 0.03 

kPa, which represents the intrinsic sensitivity of the MFC material to 

external shear stress. 

Then, since we are interested to know the shearing stress to apply to 

obtain an MFC response that could be detected by the naked eye and taking 

into account that the torque varies from one experiment to another but 

remains constant during one given experiment, we looked at the amount of 

material transformed during one experiment. For this, the ratio of yellow 

pixels over the total number of fluorescent (yellow + blue) pixels was 

determined for the last snapshot of each experiment, similarly to the pure 

compression experiments (Table S2). By looking at the last snapshot and 

associated binarized picture of each experiment, we considered that MFC 

response is visually detectable when the final ratio of yellow pixels is at least 

5 % (Figure S9C, D). Most of the experiments with a final ratio below 5 % 

(Figure 6, blue points) exhibit lower torque values and provide shearing 

thresholds between 0.03 and 4.6 kPa. In these low-torque experiments, 

although a few scattered pixels are detected as yellow (Figure S9B) MFC 

response is not perceptible to the naked eye when looking at the snapshots 

(Figure S9A). This low conversion rate from blue to yellow phase is likely due 

to an applied stress that is too small to induce the MFC transition for a large 

fraction of the material. In contrast, the majority of experiments with a final 

ratio higher than 5 % (Figure 6, red points) corresponds to higher values of 

torque and the corresponding shearing thresholds fall between 0.5 and 9.3 

kPa. The dispersion of shearing threshold values could be due to variations 

in the amount of crystals deposited as well as in their shapes. Interestingly, 

the system shows good reversibility since the blue phase is recovered upon 

thermal annealing of the sheared sample (Figure S10). Moreover, 

subsequent shearing of the annealed sample gives a shearing threshold 

close to the one determined after the first stimulation (Table S3). Finally, 

with the perspective of using DFB-H as a mechanical sensor, it has been 

impregnated on cellulose paper as the host matrix (Figure S11). The 

resulting DFB-H impregnated papers exhibited MFC response to shearing 

applied with the setup and preliminary experiments revealed shearing 

threshold ranging from 0.04 to 0.5 kPa (Table S3). This study provides, for 

the first time, an order of magnitude of shearing required to observe the 

MFC response of DFB-H at the macroscale. 

Conclusions 

In this work, a setup able to apply an intensity-controlled (i) 

compression or (ii) shearing mechanical stress to an MFC compound, DFB-H, 

was designed in such a way that fluorescence colour change can be 

simultaneously probed. DFB-H crystals were submitted to either pure 

vertical compression or shearing (compression + rotation of the pestle), and 

turned out to be sensitive to both mechanical stimuli. To better understand 

the MFC behaviour of DFB-H, a complete data processing based on 

colorimetric analysis was developed to relate the detected fluorescence 

colour change to the applied stress. This quantitative analysis shows that 

DFB-H is responsive to compression of tens of MPa and to shearing in the 

order of kPa, thus evidencing a much higher sensitivity to shearing than to 

compression. Additionally, threshold values of the mechanical shearing 

stress necessary to allow the phase transition between the blue and the 

yellow phases (0.03-4.6 kPa range, corresponding to the intrinsic sensitivity 

of the material) or to allow visual detection of the colour change (0.5 and 

9.3 kPa range, for a significant conversion of the material) can be properly 

rationalized and determined. This study paves the way for quantification of 

MFC response to anisotropic forces at the macroscale and will be useful for 

applications in MFC-material-based mechanical stress probes. The approach 

reported herein is extremely promising to further investigate other families 

of MFC compounds and gain deeper insights in the MFC phenomenon. 

Experimental section 

The mechanical setup is made of: a linear motor Oriental Motor 

DRL60G-05B4M-KB, a rotation motor Oriental Motor AR46AK-H100-1, a 

force and torque sensor (or load cell) Futek MBA500 FSH00743, a 20 mm-

diameter pestle, a CCD camera Retiga R3 equipped with an objective 

MVL7000 - 18-108 mm EFL, f/2.5 (with a filter Thorlabs FESH0700) and a 

silver mirror Thorlabs PFR14-P01 (25 mm x 36 mm x 1 mm). For all the 

shearing experiments, a piece of weakly auto-fluorescent paper is stuck on 

the pestle via double-sided tape in order to be rough enough to spread the 

analysed powder without scratching the glass. For pure compression 

experiments no paper is used to cover the pestle. The rotation rate was 0.3 

RPM. In the case of a force ramp, vertical force was applied at a speed of 

0.25 N/s. Movies are recorded via Ocular software in “Daylight” mode with 

an exposure time of 300 ms and one frame every 2 s. Vertical force and 

torque values are recorded via the in-house Agnes software of LMS every 

second. 
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Fig. 6   Plot of shearing thresholds determined for each of the 24 constant force 
experiments versus the torque value at the corresponding time. Blue (red) 
markers correspond to experiments with a final ratio of yellow pixels over total 
(yellow + blue) pixels lower (respectively higher) than 5 %. 
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