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in optical properties upon application of 
mechanical stimuli such as scratching or 
grinding, promises applications for force 
sensors.[20–36] Emission changes of coordi
nation complex crystals,[24] polymeric micro
crystals,[30] and organic fluorophores,[31–36] 
have been correlated to an applied force or 
pressure for new anticounterfeiting techno
logies[23–28] and biological stress probes.[29]

Force sensing via mechanofluoro
chromic activity has been reported at the 
micro/nanoscales by direct measurement 
of emission changes upon in situ applica
tion of varying amounts of mechanical 
stimulus.[24,30,31,33–36] Yet, one issue that 
remains to be explored is the recovery of 
the material. Emission changes, correlated 
with applied force, are induced by morpho
logical changes in the material.[20–50] This 
means that subsequent sensing events, 
after the initial application of force, necessi
tate recovering the original morphology—a 
process not so straightforward as this usu
ally requires thermal annealing,[38] solvent 
fuming,[25,27] or recrystallization.[20–22,37] 
Selfrecovery, the spontaneous return to 

the initial state (of absorption, emission and morphology) of the 
scratched/ground material under ambient conditions, has been 
observed in derivatives based on Au(I) complexes,[28] pyrene,[39,40] 
anthracene,[41,42] tetraphenylethene,[43,44] indolylbenzothiadiazole,[45] 
triphenylamine,[46] boroncoordinated βdiketonate complexes,[47] 
and hexathiobenzene.[48] However, many MFCactive materials 
are left unexplored for multipleuse force sensing applications, 
not only due to the complexity of instrumentation required for 
such studies,[24,30,31,33–36] but also due to the lack of molecular 
design leading to reversibility[40] and a clear understanding of 
mechanism of selfrecovery.[30,45]

Among the multiple classes of mechanofluorochromic (MFC) compounds 
reported in recent years, simple donor–acceptor molecules involving 
oligooxyethylene N-substituted diphenylamine connected to a dicyanovinyl 
group by a thienyl spacer constitute a specific class of mechano-stimulable 
smart materials with a unique combination of properties including turn-on 
mechanofluorochromism with red-light photoluminescence emission, 
turn-off second harmonic generation, and self-recovery in ambient conditions. 
While the dynamics of the MFC processes of thin films of these materials 
have already been investigated, the correlation of the behavior observed 
at the macroscale with elemental processes taking place at the micro- and 
nanoscopic scales remains largely unexplored. In this work, atomic force 
micro scopy (AFM) coupled with wide-field and confocal optical microscopies 
is used to investigate the turn-on/recovery MFC behavior of microcrystals 
and nanostructures. It is shown that the red light photoluminescence of 
microcrystals and nano-objects can be turned-on by contact AFM and that the 
intensity of light emission is linearly correlated to the applied nominal force. 
Recovery is associated with a decrease in emission intensity, which can be 
reactivated again by subsequent contact scans. These results thus pave the 
way toward the development of micro-/nanoscale recoverable force-sensing 
technologies based on this particular class of smart molecular materials.
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1. Introduction

Stimuli responsive materials[1] constitute functional building 
blocks of next generation devices: a wide variety of new technolo
gies, ranging from sensors[2–6] to molecular electronics[7–11] and 
multilevel security devices,[12] rely on changes in optical properties 
upon application of stimuli. Light,[7–11] heat,[10,13–15] solvent (and 
its vapor),[16–18] and mechanical forces,[2,6,19–22] modify the struc
ture of materials at the (supra)molecular level to effect changes in 
both absorption and emission properties. Among these stimuli
responsive processes, mechanofluorochromism,[20–50] the change 
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Recently, mechanofluorochromic films based on a family 
of diphenylamine compounds functionalized with πextended 
thiophene and dicyanovinyl groups and Nsubstituted with 
oligooxyethylene groups were developed.[23,50] Freshly pre
pared red films emitted red light and spontaneously evolved 
to clear films with partly quenched emission. Mechanical 
scratching, heating, or solvent fuming of clear films reactivated 
their red color and emission.[23,50] Then, activated red films 
spontaneously recovered the clear state again without external 
stimulation at room temperature. This selfrecovering step 
was associated with the formation of Htype aggregates with 
πstacked aromatic rings that typically display aggregation
caused quenching of emission.[23,50] Furthermore, the length 
of oligooxyethylene chain was found to modulate the kinetics 
of recovery and molecular packing structure of the material.[50] 
These compounds provide another example of strongly dipolar 
chromophores, containing pendant electronically inert groups, 
having electronic properties invariant in solution but pack to 
drastically different motifs in the solid state, leading to distinct 
electronic and optical properties.[51,52]

This selfrecovering mechanofluorochromic activity led us to 
explore the material as a multipleuse force sensor. We chose 
to focus on the mechanofluorochromism of the compound 
2((5(4((2methoxyethyl)(phenyl)amino)phenyl)thiophen2yl)
methylene)malononitrile (1, Figure 1a) for practical reasons. 
The autorecovering step (from red to clear) of films fabricated 
from this compound was indeed shown to be in the scale of 
≈10 h,[50] i.e., longer than our experimental timescales, allowing 
us to characterize the films despite their dynamic nature. Due 
to the suspected polymorphic nature of the films,[50] we decided 
to perform microscopy experiments to identify the morphology 
of the micro/nanostructures responsible for mechanofluoro
chromism. Therefore, we investigated the mechanofluoro
chromism of the material at the microscale with two aims: 
1) from a basic point of view, to trace the macroscale behavior to 
properties of the micro/nanostructures and; 2) from a techno
logical point of view, to demonstrate a proofofconcept for this 
material as a microscale multipleuse force sensor.

In this paper, we first present the macroscale mechanofluoro
chromic activity of the films before delving into the microscale 
by a coupled fluorescence and atomic force microscopy (AFM) 
study. The fluorescence microscope with widefield and confocal 

modes allowed to interrogate changes in emission properties 
of the films at the microscale upon mechanical stimulation. 
The AFM served not only to probe the topography of the films 
(via tapping mode scans) at the microscale, but also as minute 
mechanical stimulation (via contact mode scans). We attempt to 
characterize the emitting species responsible for the mechano
fluorochromic activity. Once this is established with a constant 
nominal force, we show that the response of the material varies 
with changing vertical nominal force applied. With this, we demon
strate in the last part that the mechanofluorochromic behavior of 
the material can lead to a recoverable microscale force sensor.

2. Results and Discussion

2.1. Macroscale Mechanofluorochromism

The synthesis of 1 was previously reported.[50] In this section, 
we recall some of its previously reported properties[50] and pre
sent additional data relevant to the current study. Solutions of 1 
in tetrahydrofuran (THF) showed a red color (λmax = 490 nm or 
2.54  eV) and emitted in the red region of the visible spectrum 
centered at 620 nm (2.00 eV) with a quantum yield of 0.06 (Figure 
S1, Supporting Information). Timedependent density functional 
theory calculations reproduced these transitions in absorption 
and emission: calculated absorption energy = 2.44 eV (4% error 
vs experimental λmax); calculated emission energy = 2.25 eV (13% 
error). Calculations further showed that the S0 ⟶ S1 absorption 
is a purely HOMOLUMO transition. HOMO and LUMO maps 
(Figure S2, Supporting Information) showed the reported charge
transfer character of the compound.[50]

Dropdeposition of solutions of 1 in THF resulted in 
red films. This spontaneously evolved to a clear color after 
14 hours at room temperature.[50] The emission maximum 
of the red films shifted to the red (λmax,em  = 670  nm) with a 
lower quantum yield (Ф = 0.048  ± 0.002) relative to the solu
tion state. Upon evolution, the emission of the clear films was 
slightly quenched (Ф = 0.035 ± 0.003) accompanied by a slight 
blueshift of emission (λmax,em = 660 nm) (Figure 1b). Mechan
ical stimulation via scratching reactivated the red color and 
brighter redshifted emission of the films. Thermal annealing 
and solvent fuming were also found to effect the activation of 

Figure 1. a) Structure of 1 from which films were fabricated. b) Mechanofluorochromic behavior of films. Scratching caused a reversible redshift and 
increase in emission of the films (λexc = 400 nm).
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the red state. Then, in a selfrecovering manner, the resulting 
red film returned to its clear state again without application of 
any external stimuli.

From the solution state to the red and clear states of the 
material, the slight decrease in emission quantum yield indi
cated aggregation induced quenching. This was also observed 
in suspensions of the compound in THFwater systems.[50] 
In typical triphenylamine derivatives, three phenyl rings twist 
around the N atom due to steric hindrance, preventing the for
mation of aromatic π–π interactions so that emission enhances 
upon aggregation.[22,38,54] The two phenyl rings and one meth
oxyethyl chain in 1 did not present enough steric hindrance 
around the N atom to prevent π–π stacking interactions, leading 
to the observed extent of emission quenching.

Based on powder Xray diffraction (PXRD) measurements, 
the evolution from the red to the clear state was attributed to 
some solidstate ordering, or even recrystallization, involving the 
formation of Haggregates directed by stacking and Hbonding 
interactions.[50] The clear films displayed sharp diffraction 
patterns that match those predicted from the singlecrystal 
structure, indicating that the former adopts a globally similar 
arrangement (headtotail) as the latter. Scratching the clear 
films decreased the intensity of diffraction peaks, indicative of 
a disruption of this supramolecular structure.[50] These results 
showed that the mechanofluorochromic behavior from the less 
emissive clear state to the more emissive red state is due to a 
transition from an ordered structure, probably crystalline, to an 
amorphous one. Meanwhile, the selfrecovering step (sponta
neous evolution of the red films to the clear state) is ascribed to 
a degree of solidstate ordering such as recrystallization.

We note that the clear state may not be completely crystalline, 
nor the red state completely amorphous. The presence of poly
morphic structures in these films was previously suspected.[23,50]  

The clear state may present incomplete ordering or partial 
recrystallization only while the red state may still contain 
ordered structures (as scratching may not fully disrupt the 
organization of structures). We therefore investigated the films 
via microscopy to further delve into the emission properties at 
the microscale associated with local and quantitative mechan
ical stimulation.

2.2. Microscale Mechanofluorochromism: AFM×Wide-Field 
Microscopy

Microscopy samples were fabricated by dropdepositing solu
tions of 1 (0.5–1.0 mg mL−1 in THF) on previously cleaned glass 
slides. The resulting red films were dried and allowed to evolve 
to the clear state at room temperature overnight. Experiments 
involved an AFM installed on an inverted widefield optical 
microscope. This allowed us to simultaneously probe the 
topography and emission of distinct objects on the sample (see 
experimental details) The AFM tip also served for local stimula
tion of the material via contactmode scans.

Imaging revealed the polymorphic nature of the film: 
we observed a) crystals with dimensions of a few microns 
(Figure 2) and b) rodlike nanostructures (Figure 3). Any prepa
ration resulted in both structures but the latter was favored 
when solvent evaporation was accelerated by drying the sam
ples under vacuum.

Figure  2a shows microcrystals (blue arrows) with darker 
inner parts and emissive edges typical of waveguiding effects 
previously observed in microcrystals of transition metal com
plexes[37] and organic fluorophores.[49] (See Figure S3, Sup
porting Information, for other sample images.) AFM topo
graphy images (Figure 2b) show the flat surface of the crystals, 

Figure 2. a) Wide-field fluorescence images of microcrystals before and after contact-mode scans by the AFM tip (vertical nominal force 100 nN and 
tip velocity 1 µm s−1) show a localized increase in fluorescence signal on the stimulated area marked by a dotted yellow square. Cyan arrows point to 
microcrystals. White box shows the area probed by AFM topography scans on (b). Scale bar = 5 µm. λexc = 480 nm.

Adv. Mater. Interfaces 2022, 9, 2102246



www.advancedsciencenews.com
www.advmatinterfaces.de

2102246 (4 of 10) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

as confirmed by the phase images (Figure S4, Supporting 
Information). Among the ≈50 crystals observed, most were 
rectangular while some had a parallelepiped shape. They vary 
widely in size with lengths 6.6 ± 4.2 µm, widths 2.1 ± 0.7 µm 
and, heights 270 ± 90 nm.

To check the mechanofluorochromic properties, we applied 
mechanical shearing stress by setting the AFM to scan in con
tact mode on an area containing a crystal. (Figure 2a,b, dotted 
yellow square, vertical nominal force 100 nN, tip velocity 
1 µm s−1.) Subsequent fluorescence imaging revealed a dramatic 
emission increase localized on the crystal and on the periphery 
of the sheared region. (Figure  2a, see Figure S5, Supporting 
Information, for difference image.) The contact scan displaced 
some material onto the sides of the stimulated region but a 
simple accumulation of material could not explain the brighter 
signals, localized on the crystal itself. AFM topography images 
(Figure  2b) showed disruption of the flat surface while phase 
images revealed the heterogeneity of the crystal poststimulation 
(Figure S4, Supporting Information). Therefore, the brighter 
emission upon the contact scan is a true OFFON mechano
fluorochromic response—due to morphological changes—not 
just an accumulation of emissive material.

In other regions of the sample, AFM topography imaging 
(Figure  3a) showed nanostructures having heights less than 
100 nm. These structures are less emissive than the microcrys
tals (sometimes even darker than the sample background) and 
are dotted with bright emissive spots (Figure 3b, Figure S6, Sup
porting Information, for other sample crystals). On widefield 
optical images, they extend over several micrometers in dif
ferent directions but highresolution AFM images (Figure 3a,c) 
show shorter and thinner structures having dimensions 2.3  ± 
0.7 µm in length, 480 ± 150 nm in width, and 40 ± 20 nm in 
height (averaged over ≈20 sample structures).

We likewise checked the mechanofluorochromic activity of 
the nanostructures by performing contact mode scans on the 
region marked by a dotted yellow square on Figure  3b,c (Ver
tical nominal force 100 nN, tip velocity 1 µm s−1). This resulted 

in immense increase of fluorescence signal localized on the 
stimulated area (Figure 3b; see Figure S7, Supporting Informa
tion, for difference image). AFM topography images showed 
displacement of material onto the sides of the area scanned 
(Figure  3c). Phase images confirmed that this accumulated 
material does not present a homogenous structure distinctive 
of the nanostructures prestimulation (Figure S8, Supporting 
Information). The strong emission coincides with AFM tip
induced morphological changes similar to the mechanofluoro
chromic response of microcrystals. These observations are clar
ified in more detail in the next section.

To sum up the AFM and widefield fluorescence microscopy 
experiments, we uncovered at least three morphologies on the 
clear films: 1) microcrystals with bright edges; 2) dark nano
structures; and 3) and disordered bright spots randomly scat
tered around them. The strong emission and disorder of the 
bright spots indicate that they may be equivalent to the amor
phous emissive red films in the macroscale. Both microcrys
tals and nanostructures presented homogenous morphologies 
susceptible to disruption when mechanical stress is applied 
by the AFM tip. Further, in both cases, mere approach of the 
tip, even with application of higher setpoints up to ≈300 nN, 
did not cause localized recovery of emission. The shearing 
force from the lateral motion of the rigid tip was necessary to 
induce changes in emission, unlike in previous studies where 
increasing emission signals where observed upon application 
of compressive stress.[33]

2.3. Microscale Mechanofluorochromism: AFM×Confocal Mode

To gain insights into the mechanofluorochromism at the sub
micron scale, we set the fluorescence microscope in confocal 
mode, allowing the measurement of local spectral signature 
with a spectrograph. (See Experimental Details and Figure S9,  
Supporting Information, for the workflow of a typical 
experiment.)

Figure 3. a) Large scale AFM topography image of nanothreads before contact mode scratching. Scale bar = 5 µm. b) Corresponding wide-field fluores-
cence images of nanothreads before and after contact-mode scan by AFM tip (on the dotted yellow region, 100 nN, tip velocity 1 µm s−1) show localized 
increase in emission intensity on the stimulated area. Scale bar = 5 µm. λexc = 480 nm. Solid white box shows the area zoomed area on (c). c) AFM 
images show changes in morphology before and after contact mode scan on the dotted yellow area. Scale bar = 1 µm.
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High resolution AFM showed the flat topography of an iso
lated microcrystal composed of two domains (Figure 4a). We 
performed two contact scans localized on the surface of the 
crystal (marked by the dotted yellow squares on Figure  4a,  
100 nN vertical nominal force, 1 µm s−1 tip velocity) in order to 
apply welldefined mechanical stress on the crystal. This time, 
we managed to disrupt the local morphology of the crystal 
itself, taking care to keep other regions intact, as opposed 
to Section  2.2 in which the whole piece of the crystal was 
affected. Line profiles show localized damage on the areas 
scanned; untouched areas remained the same (Figure S10, 
Supporting Information). Confocal fluorescence imaging 
(Figure  4b) showed 2 to 3 times higher emission signals of 
the stimulated areas while areas untouched remained the 
same. (See Figure S11, Supporting Information, for difference 
image.)

Higher emission intensities were measured not only where 
material accumulated poststimulation but also on regions 
where no increase in topography was observed. (Figure S10, 
Supporting Information, shows the comparison of line pro
files of topography and confocal images pre and poststimula
tion.) This means that the increase in emission intensity was 
not caused by accumulation of material but due to transitions 
in morphology of the microcrystal upon stimulation. This con
firms results of Section 2.2: a local transition from crystalline to 
amorphous states under mechanical stress accompanied a dra
matic increase of emission signal.

We also measured emission spectra before and after 
mechanical stimulation by the AFM tip. The microcrystals ini
tially emitted in the red with maximum at 630–640 nm. Upon 
AFMtip stimulation, the spectra not only increased in inten
sity but shifted to the red by 10–20 nm as well (Figure 4c; see 
Figure S12a, Supporting Information, for normalized spectra). 
Meanwhile, areas untouched did not show changes in emission 
spectra (Figure S12b, Supporting Information). These observa
tions mirror the mechanofluorochromic behavior of the clear 
films at the macroscale: mechanical stimulation caused both an 
increase and redshift of emission.

For the nanostructures, AFMtip stimulation of two 
1  µm × 1  µm areas (dotted yellow squares) on Figure  5a 
(100 nN, 1 µm s−1) disrupted the threadlike morphology. Con
focal images before and after stimulation confirmed changes in 
topography as probed by the AFM. Figure  5b also shows the 
increase in emission intensity localized on the accumulated 
material. In both stimulation events depicted, material accumu
lates at the periphery of the sheared region. This usually hap
pens on the lateral scanning directions (left or right sides) or on 
the top of the region. In both shearing events, some material 
accumulated on top, lower left, and to right side of the scratched 
region, (Figure 5a, yellow dotted square) which all display rela
tively higher emission signals than the unstimulated areas.

Under confocal microscopy, these nanostructures exhib
ited similar emission spectrum changes as the microcrys
tals. (Figure  5c) Before mechanical stress via the AFM tip, 

Figure 4. a) AFM topography images before and after AFM contact scans (100 nN, 1 µm s−1) show disruption of the crystalline structure upon stimu-
lation. b) Fluorescence confocal images, that correspond well to the topography images, show increase in emission signal poststimulation. White 
circles on (b) show where c) emission spectra were collected. Dotted circles for prestimulation spectra, solid circles for poststimulation. c) Emission 
spectra show the increase in fluorescence and slight redshift of maximum poststimulation. Dotted lines for prestimulated crystals and solid lines for 
poststimulation. Scale bar = 2 µm, λexc = 445 nm.
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we measured weak emission centered at 630  nm on the area 
enclosed by the dotted white circle on Figure  5b. The contact 
scans displaced some amount of material to the right of the 
scanned region, which displayed a ≈10 nm redshift and stronger 
emission (black solid circle, Figure  5b). We note that these 
changes in emission spectra and intensity are independent of 
where the material accumulated postscratching. More impor
tantly, changes in spectral profile upon mechanical stimulation 
discount the possibility that the brighter emission was due to 
a simple accumulation of material (since this would just result 
in the same spectral shape) but to morphological changes at 
the supramolecular level, i.e., from an ordered, probably even 
crystalline, to amorphous states. Lastly, we note that spectra in 
areas without mechanical stimulation showed no significant 
changes in emission spectral profile.

Complete sets of experiments, which include AFM topo
graphy imaging, confocal imaging, and spectral measurements 
before and after tipinduced mechanical stress, were repeated 
several times on other isolated microcrystals and other regions 
containing nanostructures, producing consistent results.  
Figure S14 and S15 (Supporting Information) show other typ
ical examples of localized stimulation on a microcrystal and 
nanostructures respectively.

2.4. Microcrystals toward a Reversible Local Force Sensor

These results indicate that the macroscale behavior of the clear 
films resulted from the microscale mechanofluorochromic 
properties of both microcrystals and nanostructures. Mechan
ical stimulation caused an increase and redshift in fluores
cence signal in both structures. PXRD[50] showed that this was 
due to disappearance of crystalline structures upon macro
scopic grinding; microscopy experiments demonstrated the 

local disruption of ordered structures upon AFMtip induced 
shearing. Differences in emission spectral positions between 
the macroscale clear films (λmax  ≈ 660  nm) and the micro
scale objects (microcrystals at ≈620–630  nm, nanostructures 
at ≈630  nm) could be attributed to the nonhomogeneity and 
thickness of the former. We also note the differences in the 
range of emission intensities of microcrystals and nanostruc
tures: microcrystals have emission intensities at least 5–10 
times higher than the nanostructures. Even if microcrystals and 
nanostructures have similar mechanofluorochromic behavior, 
they probably display polymorphic supramolecular structures.

For practical reasons, we chose to test microcrystals for force 
sensing since the more pronounced displacement of mate
rial on nanostructures may prevent quantitative experiments. 
We tested the correlation between fluorescence increase and 
applied force as measured by the nominal setpoint of the AFM 
tip during contact scans. A 1 µm × 1 µm region was chosen on a 
crystal extending longer than 10 µm and a constant tip velocity 
of 1 µm s−1 was applied for the AFM contact scans of varying 
forces. Applying vertical forces ranging from 50 to 150 nN did 
result in varying increases in fluorescence (Figure  6a,b). The 
fluorescence recovery was calculated as the difference between 
the emission signal of the stimulated region before and after 
the contact scan. Between 50 and 70 nN, we measured a con
stant level of recovery. Increasing from 70 to 120 nN resulted 
in a linear increase in fluorescence recovery (R2  = 0.983). 
Above 120 nN, no further increase in fluorescence recovery was 
observed. (Figure 6a)

In another experiment, we performed the same series of 
contactmode scans on another crystal and the same depend
ence between fluorescence recovery and force was observed 
(Figure S16, Supporting Information). The correlation was 
likewise linear (R2  = 0.865) on the same range of 70–120 nN 
while no further evolution was observed below and above this 

Figure 5. a) AFM topography images show morphology changes before and after stimulation via AFM contact mode. Yellow dotted squares show the 
region scanned (vertical nominal force 100 nN). b) Fluorescence confocal images before and after stimulation showing increase of fluorescence. In both 
(a) and (b), the white dotted circle and the black solid circle indicate the regions where emission spectra were collected before and after stimulation 
respectively, shown on (c). All scale bars correspond to 1 µm scale. Note a slight shift between the AFM and confocal images. The circles may serve 
to mark this shift, as they mark the same areas pre- and postshearing. λexc = 445 nm.
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range. Three response regimes were observed in both cases: (1) 
a finite range of forces in which a linear response was observed; 
(2) below this range in which the emission recovered did not 
vary with force; and (3) above this range in which saturation 
was observed. In the linear response regime, the direct corre
lation between emission changes and applied nominal force 
corresponds to a linear extent of morphological disruption of 
the material upon scratching. The higher emission signals 
must be due to higher amounts of accumulated material upon 
shearing. Below this regime, the nominal force applied did 
disrupt the morphology but the amount of material displaced 
did not significantly depend on the nominal force applied. 
Above the linear regime, the higher forces did displace more 
material (as can be seen on Figure S19, Supporting Informa
tion, vs Figure 6b) but after a certain amount/height of mate
rial displaced, the emission signal did not increase further; the 
material seemed to stack over the localized area so the emit
ting species at the bottom of the accumulated material would 
be covered by others. Any additional material concentrated over 
a localized point would not contribute to the emission signal.

We recall that although we observed varying emission recov
eries by changing the vertical nominal force (contact mode set
point), the material is responsive to lateral shearing force and 
not compressive stress applied vertically. Figure  6a invokes 
an indirect correlation since the lateral shearing force (also 

referred to as friction force) is directly proportional to the ver
tical normal force (setpoint) by the friction coefficient μ: Flateral = 
μFnormal.[35] However, given the technical difficulties involving 
calibration and tip variabilities regarding lateral force measure
ments,[35,53] with articles demonstrating such only recently,[35] 
we chose to simply report the emission recovery dependence 
versus the vertical nominal force (setpoint) instead of Flateral.

To check whether the spontaneous return of the scratched 
red films in the macroscale to the clear state could be observed 
at the microscale, we followed the evolution of fluorescence 
intensity collected under the microscope for several hours on 
each of the spots on Figure  6b. Figure  6c plots the emission 
signal as a function of time poststimulation for the spots cor
responding to 120 nN, 100 nN, and 80 nN. (See Figure S17, 
Supporting Information, for the other forces.) Within 1–2 h, 
fluorescence signal decreased to a level between 50–70% of the 
initial recovered fluorescence. Beyond this time scale, no sig
nificant changes in emission signal were observed. In another 
experiment, the evolution of emission signal after poststimula
tion was followed 3–5 d poststimulation and no more changes 
were detected (Figure S18, Supporting Information).

In all cases, we did not observe a complete return to the 
original emission of pristine microcrystals. AFM imaging did 
not show morphological changes poststimulation (Figure S19,  
Supporting Information). Nevertheless, the decrease in 

Figure 6. a) Dependence of fluorescence recovery (difference in emission signal before and after contact scans) of the stimulated area regions versus 
vertical nominal force. b) Wide-field fluorescence image of microcrystal stimulated with varying nominal force. Scale bar = 2 µm. c) Evolution of fluo-
rescence signal poststimulation. d) Evolution of signal poststimulation followed by two more cycles of stimulation. For (c) and (d), lines are drawn 
as guide to the eye only.
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fluorescence signal was sufficient to deduce rearrangement of 
molecules at the supramolecular level, even in the solid state. 
This fluorescence quenching could be interpreted as a self
recovering step from the highly emissive (amorphous) phase to 
the less emissive (ordered) structures.

We therefore attempted multiple AFMtip shearing events 
over the same area, each followed by 1hour recovery time in 
between. Three shearing events were performed (Figure  6d). 
With each shearing, emission intensity significantly increased 
and then spontaneously decreased after 30 min. These results 
illustrate that the microcrystals display a similar recovery 
behavior as films at the macroscale: subsequent spontaneous 
recovery followed scratching cycles. We note differences in the 
recovered signal upon each shearing event due to possible tip 
contamination. Although we checked whether the tip could 
deposit material onto an empty spot (Figure S20, Supporting 
Information), we could not exclude this possibility over mul
tiple shearing events over the material. In addition, the local
ized nature of the measurements (and shearing) makes the 
experiments technically delicate: ideally, the stimulation should 
be performed on exactly the same area, otherwise, discrepan
cies due to local differences in the amount of the material and 
accumulation might cause slight deviations in the recovered 
signal. Nevertheless, these results show a proofofconcept for a 
quantitative multipleuse force sensor at the microscale without 
thermal annealing.

3. Conclusion

Using a coupled AFM and optical microscope, we have linked the 
reversible macroscale mechanofluorochromic behavior of films 
of an organic luminescent compound to the microscale behavior 
of microcrystals and nanostructures. Microscopy demonstrated 
that the disruption of ordered and weakly emissive structures 
led to a redshifted highly emissive amorphous phase. This emis
sive phase could also spontaneously return to the lessemissive 
state at the microscale. Lastly, fluorescence enhancement upon 
stimulation correlated well with varying minute forces as low as 
50 nN, with linear quantification from 70–120 nN. These results 
present a proofofconcept demonstration of the material as a 
recoverable force sensor at the microscale.

Theoretically, resolution corresponding to the thickness 
(and morphology) of the tip could be achieved, with detection 
limits governed by the brightness of the emitting material. 
We note that although we attempted to vary the force applied 
on the material by changing a nominal setpoint applied verti
cally, the material is responsive to shearing forces applied lat
erally since emission changes (both increase upon shearing 
and decrease upon healing) are mostly visible on the displaced 
material. No emission changes were observed when the tip was 
simply approached on the sample, even with higher setpoints. 
In addition, for a realworld force sensor, the system must be 
adapted to all types of forces. The current study complements 
other studies that correlate emission changes due to varying 
compressive[24,33] forces. To advance this material toward a 
realworld force sensor, it would be necessary to investigate, 
and eventually control, the formation of the nanothreads/
microcrystals. This would lead to microcrystals of reproducible 

sizes, emission properties, and fluorescence increase upon 
mechanical stress. The influence of the type of force, such as 
scratching, shearing, or compression, may be studied as well 
using different geometries and stiffness of tips. The effect of 
different AFM contact mode scan parameters other than the 
setpoint such as scanning speed, scanning direction, and other 
tip parameters (force constant, sensitivity, etc.) should be tested 
as well. This could be standardized by directly measuring lat
eral sheering force from contact mode scans, which was dem
onstrated recently by friction force microscopy.[35]

Mechanofluorochromic materials have been greatly studied 
at the macroscale. How (supra)molecular structures and inter
actions relate to changes in photophysical properties and mor
phologies have been widely elucidated.[20–22] With interest from 
both basic and technological perspectives, these experiments 
on mechanofluorochromism can be pushed down to the micro 
and nanoscales. As the current study illustrates, these can have 
a great impact on the design of novel mechanofluorochromic 
molecular systems, instrumentation techniques, and nextgen
eration force sensors/quantification devices.

4. Experimental Section
Macroscale Characterization: Absorption spectra were recorded on 

a Cary 5000 spectrophotometer from Agilent Technologies. Emission 
spectra and quantum yields were measured on a Fluorolog-3-221 from 
Horiba Jobin Yvon. For quantum yield measurement of solid samples, 
an integrating sphere (Quanta-ϕ) from Horiba Jobin Yvon using the 
method developed by de Melo and co-workers was employed.[55] In 
this set-up, film samples were fabricated directly on previously cleaned 
quartz substrate.

Microscopy: For wide-field imaging in Section  2.2, the microscopy 
set up involving a coupled AFM and optical microscope as previously 
described[30,32] was used. For force-fluorescence correlations, 
(Section  2.4) fluorescence recovery was calculated as the difference in 
emission intensity before and after stimulation. Error bars indicate the 
heterogeneity of emission signal taken over the stimulated area.

In both cases, AFM images were acquired with a JPK NanoWizard-3 
instrument. The head of the AFM was installed on an inverted optical 
microscope (Nikon, Eclipse Ti-U). AFM topography was recorded in 
tapping mode under ambient conditions. Silicon cantilevers (Nanosensors, 
PPP-NCHR, tip height ≈10 µm, tip radius curvature < 10 nm, force constant 
≈40 N m−1, length = 125  µm) were used after calibration of their spring 
constant using a thermal noise procedure included in the JPK software. 
Image analysis was performed using the JPK analysis software. During 
stimulation, AFM tip was set to contact mode. A contact scan on an empty 
space was performed poststimulation to ensure that the tip did not pick-up 
the material (Figure S20, Supporting Information).

Wide-field imaging (Section 2.2): the sample was excited at 480 nm by 
a LED light source (Lumencor, Spectra X) and the signal was collected 
by an objective lens (Nikon 60X/0.95 ON Plan Apo λ) separated from 
the incident excitation beam by a dichroic filter set (LF488/LP-B-000, 
Semrock) and sent to an EMCCD camera (Andor iXon Ultra 897).

Confocal and Hyperscan mode (Section 2.3): A typical experimental 
workflow involving confocal imaging, hyperspectral scans, and AFM tip 
stimulation is illustrated on Figure S9 (Supporting Information). First, a 
confocal image (labeled “Confocal 1a”) was taken to locate the sample 
of interest followed by a hyperspectral scan (Hyperscan 1). A second 
confocal image (Confocal 1b) was taken to ensure that the sample stayed 
in place and degradation was minimal. Then, AFM imaging with the tip 
in tapping and contact modes were performed. Then, another cycle of 
confocal imaging (Confocal 2a), hyperspectral scan (Hyperscan 2), and 
confocal imaging (Confocal 2b) was performed to interrogate differences 
in emission signal and spectral shape poststimulation.
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Confocal mode images were collected by following system on the 
Nikon microscope (same objective) with Di02-R442 dichroic filter and 
BLP01-R458-25 emission filter (Semrock). The sample glass slide was 
moved with piezo actuators stage (P545-3C7, Physik Instrumente) 
pixel by pixel. For each pixel (integration time is 1 ms),  a  Laser diode 
(OBIS 445 nm LX 75 mW, Coherent) was turned on and the fluorescence 
signal was recorded with an APD (SPCM-AQRH-W5, Excelitas). For 
these experiments a fixed pinehole of 100 µm  diameter was used. A 
homemade software was realized with Labview in order to synchronize 
Laser diode, piezo stage and APD for each pixel. The 2D picture was 
then reconstructed with all the pixels recorded.

Hyperspectral scans were done with the same confocal set up. 
A flip mirror was use to send light to APD for confocal mode or CCD 
spectrograph for hyperspectral mode (Acton SP2356 with Spec-10 400Br/
LN-eXcelon CCD detector, Princeton Instrument). The spectrograph 
slit was fixed to 200 µm  which represent a resolution of less than  
5 nm.  The  integration  time  was 1 s for hyperspectral experiment. The 
same Labview software was use to record the 2D picture. All the spectra 
were record with WinSpec software (Princeton Instrument). Another 
Labview software for analysis was used to make the reconstruction of the 
2D picture with the spectra recorded taking into account the information 
of pixel position.

Confocal 1b (prestimulation) and Confocal 2a (poststimulation) were 
compared to show the mechanofluorochromic response upon AFM 
contact scans. In some images, this caused an increase in emission so 
much that it was necessary to lower the laser power lest the detector 
gets saturated. To achieve meaningful comparisons, the emission signal 
on Confocal 1b was normalized to that of Confocal 2a.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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