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ARTICLE INFO ABSTRACT

Keywords:

Mechanochromic materials are studied as optical probes for mechanical stress in self-diagnostic devices. They
rely on mechanoresponsive components undergoing structural changes (e.g. bond cleavage, conformational
change, supramolecular rearrangement) upon application of a mechanical force. Depending on the active
component, the state-of-the-art approaches face significant limitations: scarce optical changes, difficulty in
detecting low stresses and deformation, response limited to specific deformation modes, and some lack scal-
ability. This study proposes the use of mechanoluminochromic copper (I) iodide-based hybrid coordination
polymers as a scalable and universal solution to achieve mechanoluminochromism across various polymer types
and sensitivity to all deformation modes. [(Cul)3-Br-pyl, is used as additive for developing highly sensitive
mechanoluminochromic polymeric materials responding to both in-plane and out-of-plane mechanical stresses,
including tensile, compression, impact, and scratching. The strong and persistent mechanoluminochromic
response is found to linearly correlate to the strain (under tensile deformation) and to the force (under impact),
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Stress sensing

Hybrid coordination polymers
Smart materials

independent from the additive concentration, and tunable by the polymer matrix features.

Introduction

Monitoring the impact of mechanical stresses on the integrity of
polymer-based materials and devices is crucial for preventing structural
failure. Mechanochromic polymers, whose optical properties change
with mechanical stress, offer a promising solution to this challenge
[1-3]. Current mechanochromic polymers primarily rely on incorpo-
rating chromogenic units (often called “mechanophores”) in polymeric
matrices that feature strong variations of their optical properties upon
mechanical stress. These chromophores are characterized by either a
cleavable covalent bond or intermolecular interactions that affect their
optical properties when modified. Among the possible optical varia-
tions, changes in the emission spectrum, occurring in ratiometric
mechanoluminochromic (MLC) materials, are desirable owing to the
sensitivity of luminescence (as compared to absorbance), and to the
absolute nature of ratiometric intensity [4-16].

* Corresponding author.
E-mail address: c.gualandi@unibo.it (C. Gualandi).

https://doi.org/10.1016/j.mattod.2025.11.034

However, state-of-the-art approaches present significant drawbacks:
covalent inclusion of mechanophores often requires lengthy synthesis
[17-24], whereas physical dispersion of mechanophores is subject to
time and temperature-dependent aggregation, thus making the MLC
response scarcely controllable. Moreover, for both approaches, the
response is often observed only with tensile stresses [9,25-28]. Addi-
tionally, since both approaches rely on bond/interaction ruptures, high
stresses/strains are often required to obtain a detectable response,
limiting their practical application [3,20-22,29-32].

Here, we propose the use of hybrid coordination polymers (HCPs) as
additives in polymeric matrices, representing a new approach for
obtaining MLC materials characterized by a high sensitivity and repro-
ducibility to various types of mechanical stresses (i.e., tensile,
compression, impact and scratch), in a broad range of conditions and
forces. In particular, copper (I) halide-based hybrid coordination poly-
mers (CuX-based HCPs) offer several advantages, like diverse structures,
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environmental stability, ease of synthesis, and tunable photophysical
properties [33-47]. In addition, compared to other mechanoresponsive
compounds based on noble and rare earth metals [16], Cu-based HCPs
are less toxic and cheaper, with their precursors being more abundant in
nature. These materials exhibit intriguing mechanoluminochromic
behavior caused by stress-induced alterations of bond lengths
[35,48-50]. These optical and stimuli-responsive properties make HCPs
promising for developing industrially scalable additive-based MLC ma-
terials [33]. In addition, since the mechanism behind their mechano-
luminocromism is based on small bond-length alterations, HCPs are not
expected to suffer flaws typical of additive-based MLC materials, such as
time-dependent response and high strain response threshold [41].

Results and discussion
HCP mechanoluminochromism

[(Cul)3-Br-pyly, (Fig. 1a), firstly synthesized by S. Masahara et al.
[51], was chosen for our investigation because of its structural features,
namely a double [Cupl] chain and the presence of unsupported
cuprofilic interactions [52], which are crucial for the mechanochromism
of this family of materials [33]. Furthermore, its colorless nature makes
it a versatile filler for applications in the realm of mechanolumino-
chromic coatings and polymer masterbatches without affecting aestethic
properties. Albeit two polymorphs of [(Cul)3-Br-pyl, are currently
deposited in the Cambridge Structural Database (CSD), one with an
orthorhombic [51] and one with a monoclinic [53] lattice, all synthetic
conditions employed in this work reproducibly yielded the ortho-
rhombic phase. The compound has been synthesized both as single
crystal, through triple-layer crystallization, and as polycrystalline
powder via slurry (Fig. S1 and Table S1). The phase nature of the bulk
powder product and its purity were confirmed by comparison of the
experimental powder diffraction pattern (PXRD) with the one calculated
based on its single crystal structure (Fig. S2). The particle dimensions
distribution was also assessed via scanning electron microscopy (SEM)
(Fig. 1b(@), 1b(ii), Fig. S3, and Fig. S4). Particles were found to be
needle-shaped, with a long axis (L) of roughly 3 pm and a diameter (&)
below 2 pm.

The powder was ground in a Retsch MM200 ball mill for 5 min at 25
Hz to probe the material response to shear and impact forces. Interest-
ingly, no new peaks emerged in the PXRD pattern of the ground sample
(Fig. 1c), indicating that no change in the crystalline form occurred.
Moreover, the background remained unchanged, indicating no
amorphization. However, peak broadening was observed in the ground
sample, indicating a modification in the microstructure of the crystals
induced by grinding. Such a change was studied by modelling the dis-
tribution of spherical crystallite domains using Rietveld refinement and
whole powder pattern modeling (WPPM) analysis [54]. These results
proved that a decrease in crystallite domain size (D) occurred after
grinding (166.2 + 0.8 for the pristine powder and 15.80 + 0.03 after
grinding), with an overall shift of the lognormal distribution profile
towards lower D values (Fig. 1d and Table S2). This result was mirrored
by a decrease in particle dimensions and a loss of needle-like
morphology observed through SEM micrographs (Fig. 1b(iii) and 1b
(iv)).

Images captured under UV irradiation (1, at 365 nm) showcased a
striking MLC response (Fig. 1e), shifting the emission color from blue to
green upon grinding. This drastic emission color change was mirrored in
the solid-state emission spectra, shifting from a maximum at 440 nm
(pristine material) to 505 nm (ground). The mechanoluminochromism
observed in Cul-based HCP has been ascribed in literature to the pres-
ence of two triplet emitting states located at high (HE) and low energy
(LE), respectively, whose populations is very sensitive to the Cu-Cu
interatomic separation. It has thus been hypothesized that defects
introduced upon grinding, such as dislocations, stacking faults, and
vacancies, can cause a shortening of the Cu-Cu distances [33,37,47],
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inducing a change in the emission from the HE to the LE state, resulting
in a red-shift [55].

The perceived color under white light remained essentially un-
changed (Fig. S5), indicating that grinding did not significantly alter the
absorption properties. Notably, having a response solely in emission
offers significant advantages compared to the absorption-based coun-
terpart, such as no alteration of the aesthetic appearance of the material
and highly sensitive detection.

The mechanoluminochromism was further investigated using
confocal microscopy by analyzing single crystals of [(Cul)3-Br-pyly
before and after the introduction of localized mechanical damages with
a metal spatula (Fig. S6). Images reported in Fig. S6b show how
damaged crystals display green emission only in the fractured region (i.
e., the part affected mainly by defects), whereas the remaining crystal
still displays blue emission.

The powder emission was measured real-time during grinding to
investigate the MLC response of [(Cul)3-Br-pyl, under shear stresses
(Fig. S7 and Video S1). A key aspect of this experiment involved
monitoring the ratiometric emission intensity between the green (Igreen
at 505 nm) and blue (Igy. at 440 nm) emission as a function of the
grinding time (Fig. 1f). As the grinding started, the powder was uni-
formly spread on the plate (as shown in the 5 s image of Fig. 1f). Notably,
the IGreen/Ipwe ratio rapidly increased linearly in the first 20 s, indicating
an instantaneous MLC response upon shear stress application. A plateau
followed, indicating a maximum attainable enhancement in Igreen/Ipie
of approximately 300 % under these deformation conditions. This real-
time analysis underscores the remarkably fast [(Cul)3-Br-pyl, mecha-
noluminochromism, demonstrating its potential for applications
demanding immediate response under mechanical stimuli.

Recrystallization experiments were conducted on the ground powder
to assess the recyclability of the fillers by testing the reversibility of the
MLC response. Specifically, the mechanically damaged powder was
exposed to acetonitrile (MeCN) vapors for 48 h. After this treatment, the
initial blue emission was recovered (Figs. 2a and b), the morphology of
the crystals was almost completely restored (Fig. 2c, Fig. S2-S3, S8-S9),
and the recycled powder retained the MLC response (Figs. 2a and b).
PXRD patterns (Fig. S10) proved that no phase change occurred during
these grinding-recrystallization cycles. Variation in domain size distri-
butions were studied and no significant differences were observed when
comparing the lognormal domain size distribution curves of the ground
and reground powder (Fig. S11, Table S2 and S3), highlighting the
recyclability of the compound. To further assess the chromophore
recyclability, four sequential recrystallization-grinding cycles were
carried out (Fig. S12). The consistent recovery of the emission and
mechanochromic properties after each recycling confirmed the material
reversibility and resilience to repeated grinding and recrystallization.

Mechanoluminochromic response of PVAc/HCP composites

Two MLC materials were prepared using a polyvinyl acetate (PVAc)
matrix and different amounts of [(Cul)3-Br-py]y filler (named 5 wt% and
10 wt%, based on the filler content). PVAc was chosen for composite
preparation due to its typical thermoplastic behavior and high tough-
ness, allowing testing of the composites under different types of me-
chanical loads before sample failure.

The preparation method is detailed in the Experimental Section and
depicted in Fig. 3a. PXRD and thermogravimetric analysis (TGA)
confirmed that processing did not alter the filler crystal structure
(Fig. S13 and S14) and that the filler content matched the intended
composition (Table S4). Differential scanning calorimetry (DSC) anal-
ysis examined the thermal transitions of the composites, demonstrating
that the filler slightly increased the glass transition temperature (T)
compared to the pure polymer (Fig. S15 and Table S5). This variation in
the T, is also evident in the mechanical behavior of the composites,
exhibiting improved rigidity compared to the polymeric matrix, with
higher Young’s modulus and lower deformation at break (Fig. S16 and
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Fig. 1. a) quasi-1d structure of an individual chain of [(Cul)3-Br-pyl, (left), crystalline packing of [(Cul)3-Br-pyl, chains viewed along the a-axis (right); b) SEM
micrograph images of pristine (i, ii) and ground [(Cul)3-Br-pyl, (5 min at 25 Hz) (iii, iv); ¢) X-ray powder patterns of pristine (blue), ground (green) and calculated
(grey) [(CuD)3-Br-pyl,; d) Lognormal crystallite domain size distribution of pristine (blue) and ground (green) [(Cul)3-Br-py], determined by WPPM analysis; e)
solid-state emission spectra of pristine (blue) and ground (green) [(Cul)3-Br-pyl, and corresponding images under UV-light (1., at 365 nm); f) Igreen/Ipie VS. time
during real-time grinding of [(Cul)3-Br-pyl, inset shows images under UV light collected during the experiment.
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Fig. 3. a) schematic representation of composite preparation that includes: dissolution of the polymer indichloromethane (DCM), addition of [(Cul)3-Br-py], to the
polymeric solution, casting of the obtained suspension, and dying in oven at 60 °C for 48 h; b) solid-state emission spectra of 5 wt% composite (teal), 10 wt%
composite (fuchsia), and pristine [(Cul)3-Br-pyl, powder (black short dot); images of composites with 5 wt% and 10 wt% [(Cul)3-Br-py], under UV-light (4., at 365

nm) and white light.

Table S6). These observations, as well as SEM micrographs of the
composite section (Fig. S17), suggest good adhesion between the filler
and the matrix [56-58].

The emission spectra and pictures under UV light of the composites
(Fig. 3b) confirmed that the processing and the inclusion in the PVAc
matrix did not alter the emission properties of the HCP. Indeed, the
spectra of the composites were nearly identical to that of the pristine
powder, with a minor green emission enhancement in the 5 wt% com-
posite. This difference likely arises from limited damage introduced to
the crystals during material preparation.

After assessing that the properties of the filler were retained in the
composite, the MLC response of the composites was evaluated under
various mechanical stimuli, namely tensile, compression, and low-
velocity impact.

The MLC response was recorded in real-time during tensile stress—
strain experiments for 5 wt% and 10 wt% composites (Fig. 4a). Since
PVAc displays a high strain-rate dependency, becoming stiffer at higher
strain rates (Fig. S16 and Table S6), the composites were tested at two
different strain rates to assess how this parameter affected the MLC
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behavoiur.

Under UV light, all tested samples showed a blue-to-green shift in
emission (Fig. 4a), while white light images showed minimal variations,
confirming that the optical response primarily regards only the emission
signal. Emission spectra acquired in real-time during tensile tests of 5 wt
% (Figs. 4c and 4d) and 10 wt% samples (Figs. S18) confirmed a red shift
in the emission with increasing strain (Video S2, Video S3).

To quantify the MLC response, the emission intensity ratio Igreen/Ipiue
was plotted as a function of strain (Fig. 4b). For all concentrations and
strain rates, Igreen/Ipne linearly increased in the range 0-75 % strain,
then remained constant. This change of trend may be, at least in part,
ascribed to the experimental set-up. Indeed, the optical fiber of the
compacted spectrometer was fixed on the tensile machine frame while
the specimen was pullet only on one direction. Thus, for high specimen
elongations, the fiber optic pointed on a region close to the grip instead
on its central part. Samples with different concentrations at the same
strain rate showed comparable slopes in the 0-75 % strain region
(Table S7). Conversely, significant differences emerged when comparing
responses at different strain rates. At the highest tested strain rate, the
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Fig. 4. A) schematic representation of the setup employed for the real-time tensile stress—strain MLC characterization, the sample emission spectra were acquired by
exploiting a Thorlabs compact spectrometer coupled to a 365 nm LED lamp as the near-field probe (i); images under UV (4., at 365 nm) and white light of 5 wt% and
10 wt% samples after break (ii); b) Igreen/Ipie as a function of strain for 5 wt% composite deformed at 2.4 %-s~ (light teal squares) and 24 %-s~! (dark teal circles),
10 wt% composite deformed at 2.4 %.s~! (fuchsia triangles) and 24 %-s! (dark fuchsia triangles); solid-state emission spectra at increasing strains of 5 wt%
composite deformed with a crosshead speed of c) 2.4 %-s~' and d) 24 %-s ! ; e) stress—strain curve of SC-2 wt% sample and POM images (5x) at selected strain with
indication of the angle between the strain direction and the long-crystal axis; f) POM images (50x) under UV-light (4., at 365 nm) of pristine and stretched SC-2 wt
% sample.
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linear response region displays the steepest slopes, resulting in an
approximate 80 % increase in Igreen/Ipe Substantially higher than ca.
65 % increase recorded for the samples deformed with a lower strain
rate. Therefore, the MLC response reflects the strain-rate dependency of
the PVAc matrix, suggesting a more efficient stress transfer from the
matrix to the filler as the matrix’s elastic modulus increases with
increasing strain rate. Notably, samples were readily mechanolumino-
chromically responsive as soon as the deformation started, with no
strain threshold for mechanoactivation (Fig. 4b, inset). These results
stand out as a major innovation in MLC-based structural monitoring
thanks to the instantaneous and sensitive response, which, in previously
reported approaches, is typically achieved only at large deformations
[3,71.

To shed light on the microscopic modifications that occur in the
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composite under tensile stress, a composite containing 2 wt% of [(Cul)3-
Br-pyl, single crystals (SC), named SC-2 wt% was prepared as described
in the Experimental Section. These crystals are, in fact, larger compared
to the polycrystalline powder counterpart used for the previous tests and
can thus be easily identified under a polarized optical microscope
(POM). The microscopic rearrangements of the crystals during tensile
stress—strain test were followed in real time (Video S4). In the pristine
sample, the crystals exhibited no significant preferential orientation
(Fig. 4e and S19) and blue emission under UV light (Fig. 4f). However,
right after the application of the stress, the crystals start to progressively
align with the strain direction (Fig. 4e). At high strain, the crystals were
mostly aligned, appeared fractured, and showed a noticeable MLC
response under UV light (Fig. 4f and S19).

Following the intriguing strain-rate dependent mechanochromism

White light

Pristine 0.08 N'ms' 0.6 N-ms™!

Pristine 0.08 N'ms? 0.6 N-ms"

® 5wt%
10 wt%

H—@——

IGreenII Blue
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0.4 T T T 7, T
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o4

Fig. 5. a) images under UV (4., at 365 nm) and white light of pristine 5 wt% and 10 wt% samples and after compression tests performed at various compression rates
(scale bars = 2 mm); b) Solid-state emission spectra of pristine 5 wt% and 10 wt% samples and after compression tests performed at various compression rates; c)
IGreen/IBue @s a function of the compression rate for 5 wt% (teal) and 10 wt% (fuchsia) samples; d) confocal microscopy images of pristine and compressed 10 wt%
samples (magnification: 20, Ze at 401.9 nm, e, at 450 + 25 nm and 525 + 25 nm, objNA: 0.75, pixel size 1.25 pm-px'!).
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observed in tensile tests, the response of the composites to compression
stresses was also explored. Compression tests were conducted up to a
maximum force of 1500 N with varying compression rates (Fig. S$20 and
S21). Images under UV light (Fig. 5a) confirmed a distinct MLC response
across all compression rates while no significant color changes under
white light were observed.

Emission spectra (Fig. 5b) and confocal microscopy images (Fig. 5d)
confirmed that compressed samples exhibit a red-shifted emission
compared to pristine materials. The Igreen/Ipne €mission intensity ratio,
plotted against compression rate (Fig. 5c), revealed no significant dif-
ference in samples bearing different filler concentrations, similar to
what was observed in tensile stress-strain experiments. However, unlike
the latter, the tested compression rates had no measurable influence on
the MLC response, which depended only on the final compression force.
This irreversible and rate-independent response under compression
makes these composites highly attractive for impact damage monitoring
applications.

Mechanoluminochromic characterization was thus performed after
low-velocity impact (in the range c.a. 400-2200 N-ms™') on both
composites after impacts across a broad range of forces (Fig. S22 and
S23a and S23b). As observed in compression experiments, after the
application of impact forces, the emission spectra (reported in Fig. 6a
and Fig. S24) revealed a strong red shift in emission, readily visible in
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the images of the impacted composites under UV light (Fig. 6b).
Furthermore, ratiometric Igreen/Ipie €mission intensity plots displayed a
linear relationship with the applied force for both concentrations
(Fig. 6¢ and Table S8), incrementing the optical signal by ca. 300 % at
the maximum tested force of 2800 N. To better assess the effect of the
filler content, additional composites containing 2.5 wt% and 7.5 wt% of
[(CuD)3-Br-pyl, were tested under low-velocity impact across a broad
range of forces (Fig. S23c and d). As for 5 and 10 wt% PVAc composites,
the application of impact forces revealed a red shift in emission (Fig. S25
a and b) also visible under UV irradiation (Fig. S25c¢) and linearly
correlated to the applied force (Fig. 6¢ and Table S8). As for tensile and
compression experiments, also for low-velocity impacts the MLC
response was found to be independent on the filler concentration.
Finally, confocal microscopy images of the impacted samples
revealed that the mechanoluminochromic filler allows for high-
resolution spatial mapping of the mechanical history of the composite,
further highlighting its potential for damage assessment (Fig. 6d and
Video S5). Interestingly, the evident presence of a blue-emissive region
in the center of the impacted region (Video S5 and Fig. $26) indicates
that the MLC response is the result of a combination of stress (i.e
bending, compression, and shear) rather than just homogeneous (hy-
drostatic) pressure. This special feature is of exceptionally high value in
materials designed for shockwave sensing and monitoring [59].

UV light (A, at 365 nm)

1000 N 1500 N 2000 N

White light

UV light (A, at 365 nm)

1000 N 1500 N 2000 N

White light

100 pm

2000 N

2800 N

Fig. 6. a) solid-state emission spectra of pristine 5 wt% sample and after impact test at various forces; b) images under UV (4, at 365 nm) and white light of pristine
5 wt% and 10 wt% samples and after impact test at various forces (scale bars = 2 mm); ¢) Igreen/Ipie @s a function of impact force for 2.5 wt% (light blue), 5 wt%
(teal), 7.5 wt% (purple), and 10 wt% (fuchsia) samples; d) confocal microscopy images of pristine and impacted 10 wt% samples (magnification: 20x, A, at 401.9 nm,

Jem at 450 + 25 nm and 525 + 25 nm, objNA: 0.75, pixel size 1.25 pm-px1).
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The PVAc/HCP composites also showed mechanochromism under
scratching (Video S6) and bending (Video S7), demonstrating that these
materials can sense any kind of mechanical deformation and high-
lighting, perspectively, the broad range of possible applications.

Emission spectra recorded six months following mechanical impact
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revealed no significant changes compared to those obtained immedi-
ately post-deformation (Fig. S27), underscoring the long-term stability
of the MLC response. The persistency of the MLC response was further
evaluated by subjecting PVAc 5 wt% samples impacted with a 2000 N
force to sequential cooling to 10 °C and heating to 60 °C. As shown in
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Fig. 7. Solid-state emission spectra of pristine and impacted composites containinig 5 wt% of [(Cul)3-Br-py], dispersed in: a) PCL, b) PU, ¢) PC and d) Epoxy; e)
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Fig. S28, the MLC response has some dependency on the temperature
but upon returning the sample to room temperature, the response fully
recovered, demonstrating the reversibility and persistence of the MLC
behavior under thermal stimuli. We suggest that the reversible spectral
changes observed upon varying the temperature are ascribable to slight
and fully reversible lattice variations, in particular Cu-Cu separations,
thus impacting both the energies and relative populations of the emis-
sive excited states. Such mechanisms are currently under investigation
and will be the subject of future works.

Additionally, the stability of the MLC response was tested under
accelerated aging conditions by maintaining both pristine and impacted
5 wt% PVAc composites at 60 °C and 100 % relative humidity for 24 h.
Comparison of the corresponding emission spectra and MLC response
(Fig. S29) revealed that the response was preserved in the impacted
samples, and no detectable changes occurred in the pristine material,
further attesting the durability of the system under harsh environmental
conditions.

Following the promising recyclability observed for the powdered
material, the chemical recyclability of PVAc 5 wt% composite was also
investigated. Scratched films were treated with acetonitrile using a
cotton swab, as shown in Video S8. Remarkably, within one minute of
application, the original blue emission was fully restored, and the
scratch, clearly visible under UV irradiation prior to treatment, was no
longer detectable. Notably, the MLC response of the film remained intact
following this recycling process, indicating full functional recovery.

Role of the polymer matrix on the mechanoluminochromic response in
HCP-based composites

The mechanoluminochromic response of PVAc/[(Cul)3-Br-pyl,
composites prompted further exploration of the MLC potential of [(Cul)
3-Br-pyl, as a versatile filler in various polymeric matrices. Polymers
with different thermomechanical properties were selected to systemat-
ically evaluate the influence of the matrix properties on the MLC
response. Specifically, these included a semicrystalline polymer with a
low Tg (polycaprolactone, PCL), a thermoplastic elastomer (poly-
urethane, PU), an amorphous polymer with a high T, (polycarbonate,
PC), and a crosslinked epoxy-based resin with a high T, (Fig. S30 and
Table S9).

As described in the Experimental Section, all composites were pre-
pared with a nominal [(Cul)3-Br-pyl, content of 5 wt% and subjected to
low-velocity impact tests. Emission spectra were collected for each
composite before and after impacts across a range of forces. Consistent
with the behavior observed in PVAc-based composites, all materials
exhibited a distinct MLC response characterized by a red-shift in the
emission spectra following impact (Fig. 7a-d). This shift was visually
apparent under UV illumination of the impacted areas (Fig. 7e). More-
over, ratiometric plots of Igreen/Ipne €mission intensity demonstrated a
linear correlation with the applied force (Fig. 7f and Table S10).
Notably, comparisons across different polymeric matrices revealed that
matrices with higher T, values, such as PC and the epoxy-based resin,
exhibited a more pronounced MLC response under impact. In contrast,
matrices with lower T, values, such as PCL and PU, showed a lower
response (Table S10). This behavior is likely ascibed to the differing
energy dissipation mechanisms of the matrices. In softer matrices, the
kinetic energy from impact is dissipated through matrix deformation,
reducing the stress transferred to the filler. Conversely, stiffer matrices
ensure better energy transfer to the filler, resulting in a stronger MLC
response. These findings underscore the critical role of matrix properties
in modulating the performance of MLC composites based on this
technology.

Conclusions

This study demonstrated the successful development of novel MLC
composite materials based on the incorporation of a copper(I) halide
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hybrid coordination polymer ([(Cul)3-Br-pyl,) in various polymer
matrices. The synthesized HCP exhibited a fast and sensitive MLC
response under impact and shear forces, shifting its emission from blue
to green. When incorporated into PVAc, the MLC properties of the filler
were successfully transferred to the composite, showing a highly sensi-
tive and reproducible MLC response, shifting its emission color from
blue to green upon applying various mechanical stresses, including
tensile strain, compression, and impact. Under tensile stress, the com-
posites exhibit a linear correlation between the applied strain and the
MLC response for strain below 75 %. Notably, this response was proven
to be unaffected by the concentration of the filler and strain-rate
dependent, highlighting its potential in applications requiring precise
mapping of the mechanical response. The composite showed a remark-
able response against compression and impact forces, independent from
both the filler concentration and the compression rate. The MLC
response in impact tests was found to be linearly correlated to the force
applied, over a broad range of forces. Additionally, the composites
retained their optical properties over time and after temperature vari-
ations, demonstrating excellent stability and persistence of the MLC
response. This result, combined with the high sensitivity, addresses a
key limitation of current mechanochromic materials, which often suffer
from time-dependent responses or require high stresses/strains to
trigger any response. Finally, by varying the polymeric matrix, it was
possible to prove the versatility of ([(Cul)3-Br-pyl, as mechanolumi-
nochromic filler. The comparative study revealed that the extent of the
MLC response is closely tied to the thermal and mechanical character-
istics of the matrix. Specifically, matrices with higher T, values, such as
polycarbonate (PC) and epoxy-based coating, exhibited more pro-
nounced MLC shifts compared to softer matrices like polycaprolactone
(PCL) and polyurethane (PU). This distinction underscores the role of
energy dissipation mechanisms in determining the effectiveness of stress
transfer from the matrix to the filler. These findings pave the way for
developing novel mechanoluminochromic composites active under
different deformation modes and highlight the importance of selecting
appropriate matrix materials to optimize the desired mechanolumino-
chromic response, opening exciting avenues for stress and damage
sensing applications, structural health monitoring, and security
marking.

Experimental section
Materials

Acetonitrile (MeCN), Dichloromethane (DCM), 3-Bromopyridine
(3Br-py), Copper lodide (Cul), and Acetone were purchased from
Merck and used without further purification. Polyvinyl acetate (M, 500
000 g-mol™!) (PVAC), poly[4,4-methylenebis(phenyl-isocyanate)-alt-
1,4-butanediol/di(propyleneglycol)/poly caprolactone] (PU), Poly-
caprolactone (M,, 80 000 g~mol’1) (PCL) were purchased from Merck.
Polycarbonate (PC) was purchased from Sigma Aldrich. Water-based
epoxy resin (Epoxy) was kindly provided by Renner Italia.

Synthesis of [(Cul)3-Br-pyl, powder

In a 10 mL vial, 1 mmol of Cul was suspended in 1 mL of MeCN, and
1.5 mmol of 3Br-py was added (Fig. 2a). The yellow suspension was
magnetically stirred at 600 rpm. After 1 h, the slurry color turned white.
After 24 h, the reaction was stopped, and to remove any traces of
unreacted reagents, the dispersion was transferred to a 15 mL vial with
10 mL of MeCN. The dispersion was centrifuged at 300 rpm for 30 s and
left for 1 min to allow the sedimentation of [(Cul)3-Br-pyl, powder. The
supernatant, containing the solubilized unreacted reagents, was then
removed. This procedure was repeated three times. Residual traces of
MeCN were then removed through repeated washings of [(Cul)3-Br-pyl,
powder with acetone. A final washing step was then performed with
DCM to facilitate residual solvent evaporation. The final product was
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obtained as a white powder with a yield of 78 %.
Grinding of [(Cul)3-Br-py], pristine powder

200 mg of [(Cul)3-Br-pyl, pristine powder were ground in a Retsch
mm200 vibrating ball mill for 5 min at 25 Hz using a 5 mL agata jar and
an agata ball with a 7 mm diameter.

Recycling of [(Cul)3-Br-pyl, ground powder

200 mg of [(Cul)3-Br-pyl, pristine powder were ground in a Retsch
mm?200 vibrating ball mill for 5 min at 25 Hz using a 5 mL agata jar and
an agata ball with a 7 mm diameter. This powder was then placed in a 5
mL open vial inserted in a larger 10 mL vial containing 2 mL of MeCN.
The 10 mL vial was kept at room temperature for 48 h with the lid on to
saturate the environment with MeCN vapors.

Synthesis of [(Cul)3-Br-pyl, single crystals

[(CuD)3-Br-pyl, single crystals were prepared via triple-layer crys-
tallization. The system was prepared by dispensing on the bottom of a
test tube 1 mL of a 0.4 M solution of Cul in a Kl(5q) saturated solution. On
top of the Cul solution, a layer of ethanol (1 mL) was added dropwise as
a buffer solvent. Lastly, 1 ml of 3-Br-py solution in acetone (0.4 M) has
been added dropwise on top of the ethanol layer. After 24 h, colorless
single crystals were obtained at the bottom of the test tube.

Film preparation

PVAc was dissolved in DCM (4 % w/v), and [(Cul)3-Br-pyl,, powder
was dispersed in DCM (2 % w/v). After 5 min stirring at 600 rpm, the
HCP dispersion was added to the polymer solution and cast in a Teflon
petri dish. After 48 h, the films were removed from the petri dish and
placed in a vacuum oven at 60 °C for 6 h to remove solvent residues.
Proper amounts of HCP dispersion were added to the polymer solution
to produce composites with a nominal concentration of [(Cul)3-Br-pyl,
of 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt%. These composites were labeled
2.5 wt%, 5 wt%, 7.5 wt% and 10 wt%, accordingly.

PC films containing 5 wt% of [(Cul)3-Br-py], powder were produced
following the above-described procedure. PU films were obtained in the
same way, but dissolving the polymer in THF. PCL films were obtained
similarly to PU, but the vacuum oven was set at 30 °C. For the prepa-
ration of epoxy-based resin, a dispersion of [(Cul)3-Br-pyl, in the pre-
polymer was prepared. The dispersion was stirred at 600 rpm for 5 min,
after which the crosslinking agent was added. The resulting formulation
was used to brush-coat carbon fiber-based composites. The composites
coated with the mechanoluminochromic coating were cured at 60 °C for
48 h. The resulting coating was produced with a nominal chromophore
concentration of 5 wt%.

To produce PVAc films containing [(Cul)3-Br-pyl, single crystals,
the solution of PVAc in DCM was added with the dispersion of [(Cul)3-
Br-pyl, single crystals and 1 mL of MeCN. The solution was cast and
placed in a vacuum oven, as previously described. The obtained film was
labelled SC-2 wt%.

Characterization techniques

Single-crystal X-ray diffraction data at room temperature were
collected with an Oxford Diffraction X’Calibur S CCD diffractometer
equipped with a graphite monochromator and a CCD detector. Mo — Ka
radiation (A = 0.71073 10\) was used. A single crystal of [(Cul)3-Br-pyl,
was selected and mounted on the diffractometer; the crystal was kept at
293(2) K during data collection. Using Olex2,[60] the structure was
solved with the SHELXT[61] by Intrinsic Phasing and refined on F with
SHELXL[62] refinement package, by full matrix least squares refine-
ment. Hcy atoms were added in calculated positions and refined riding
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on their respective carbon atoms. All non-hydrogen atoms were refined
anisotropically. The program Mercury[63] was used for graphic repre-
sentations. Crystal data and refinement details are listed in Table S1.
Crystallographic data for the structures reported in this paper have been
deposited in the Cambridge Crystallographic Data Centre as supple-
mentary publication No. CCDC 2466496.

X-ray diffraction patterns of powder samples for WPPM analysis
were collected in Bragg-Brentano geometry on a PANalytical Empyrean
automated diffractometer using Cu-Ka radiation (1 = 1.5418 10\) without
a monochromator in the 5 — 80° 20 range. The instrument, operating at
40 kV/40 mA, is equipped with Bragg Bentano HD optics. A PIXcel3D
area detector with 255 active channels with ~3° 20 of coverage was
used for data collection (continuous scan mode, step size 0.0131°;
counting time 68.595 s; incident beam soller slit 0.03 rad, diffracted
beam soller slit 0.02 rad, divergence slit (incident beam) 0.25, anti-
scatter slit (diffracted beam) 0.25.

Microstructural analysis was carried out through diffraction line
profile modelling using TOPAS-Academic Version 7 and the Whole
Powder Pattern Modelling (WPPM) approach. WPPM employs a
fundamental parameter-based description of the microstructure to
generate theoretical line profiles. Within this approach, the observed
line profile is the result of the convolution of various contributions:
instrumental broadening, coherent domain size and shape, and lattice
distortions. Microstructural parameters are extracted via Rietveld
refinement (non-linear least squares fitting) of the experimental pattern.
In this work, WPPM was employed under the assumption that sample-
induced broadening arises exclusively from variations in coherent
domain size, with contributions from lattice strain and anisotropic ef-
fects considered negligible. This modelling strategy, previously applied
with molecular materials [64], enables the tracking of microstructural
evolution across recycling cycles by focusing on changes in domain size
distribution. Crystallites were modelled as equiaxed spherical domains
with a lognormal distribution of diameters, described by the parameters
p and o, obtained via Rietveld refinement (Figs. S4 and S11, Tables S2
and S3).

X-ray diffraction patterns of polymeric films were collected on a
PANalytical X’Pert Pro automated diffractometer equipped with an
X’celerator detector in Bragg-Brentano geometry using Cu-Ka radiation
(1 =1.5418 A) without monochromator in the 5 Xr— 80° 20 range (step
size 0.033°; time/step: 20 s; Soller slit 0.04 rad, anti-scatter slit: 1/2,
divergence slit: 1/4; 40 mAe40 kV).

Images under white light and UV light were collected exploiting a
Canon EOS 1000D equipped with an 18-55 mm lens and a band-pass
filter at 400 nm.

[(Cul)3-Br-pyl, morphology was investigated by SEM analysis using
a Zeiss LEO 1530 FE-SEM operated at 5 kV. Samples were gold sputtered
before the analysis. Average crystal length and diameter were deter-
mined by exploiting ImageJ analysis software (NIH, USA) after
measuring 150 crystals, and the results are given as the center of the
lognormal distribution + standard deviation (SD).

Emission spectra in the solid state were acquired by exploiting a
Thorlabs compact spectrometer (CCS200M, optical fiber with a 200 pm
apical aperture) coupled with a 365 nm LED (ThorLabs SOLIS-365c¢) as
the near-field probe.

Mechanoluminochromic grinding tests were conducted using a
homemade setup composed of a stepper motor connected to a 3D-
printed rotating plate placed on top of a glass petri dish. 100-200 mg
of powder sample were tested employing a 6 rad-s~* rotation speed, and
their emission spectra were acquired at 2 Hz frequency by using the
Thorlabs compact spectrometer coupled with the 365 nm LED. A video
of the experiment was recorded using a 45° mirror placed under the
rotating plate. A schematic representation of the setup employed is re-
ported in Fig. S6.

Confocal microscopy images were collected using a Nikon AIR
confocal microscope system with 20x and 40x magnification, numerical
aperture, NA, respectively of 0.75 and 0.95 of Nikon Plan-Apo objective
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lens. The samples were excited by a continuous wave laser at 405 nm.
The emission of the films was collected at 450 + 25 nm and 525 + 25
nm.

Thermogravimetric analysis (TGA) was performed using a Q500 TGA
thermogravimetric analyzer (TA Instruments). All the analyses were
performed on 5-6 mg samples placed in a platinum pan. The heating
ramp was performed from room temperature to 600 °C at a heating rate
of 10 °C-min~" under nitrogen flow.

Differential Scanning Calorimetry (DSC) was carried out using a
Q2000 DSC apparatus (TA instruments) equipped with a Refrigerated
Cooling System (RCS90). The analyses were performed on 4-6 mg
samples placed inside aluminum pans under nitrogen flow. The samples
under analysis were subjected to two heating scans at a rate of
20 °C-min ! alternated with a fast cooling (quenching).

Polarized optical microscope (POM) images and videos were
collected using a Zeiss Axioscope microscope equipped with a Zeiss
Axiocam 208 color and analyzed with Zen 3.6 software. Samples were
tested in tensile mode under the POM using a Linkam MFS stage
equipped with the LINK software package. Dog-bone-shaped samples
were prepared following ASTM D1708 (gauge length = 14 mm, width =
5 mm, thickness = 0.2-0.3 mm) and were tested in traction mode with a
load cell of 200 N. The crosshead speed was set at 2.4 %-s~'. Crystal
orientation with respect to the strain direction was determined by
measuring the orientation of 150 crystals using ImageJ analysis software
(NIH, USA). The results are given as the average orientation with respect
to the elongation direction + standard deviation (SD).

Stress-strain tests were conducted using an Instron Testing Machine
4465 equipped with the Bluehill universal software package. Dog-bone-
shaped samples were prepared following ASTM D1708 (gauge length =
14 mm, width = 5 mm, thickness = 0.2-0.3 mm) and were tested in
traction mode with a load cell of 100 N. The crosshead speed was set at
either 2.4 %-s~! or 24 %-s~!. For each material, at least 3 samples of
each type were tested. During stress—strain tests, emission spectra were
acquired at 2 Hz frequency by using the Thorlabs compact spectrometer
coupled with the 365 nm LED. A schematic representation of the setup is
reported in Fig. 4a.

Compression tests were conducted using a Instron 8033 servo-
hydraulic testing machine, equipped with a 25 kN load cell.
Rectangular-shaped samples (length = 20 mm, width = 20 mm, thick-
ness = 0.2-0.5 mm) were compressed between a glass fiber reinforced
plate 6 mm thick and a steel indenter with a 12.7 mm hemispherical
steel tip (same indenter shape employed in the low velocity impact test).
Load was applied between 0 to —1500 N, in force control mode with a
half-sinusoidal shape to mimic an elastic impact, at different rates: 0.08,
0.6 and 4.3 N-ms ™. For each MLC concentration and compression rate 3
specimens were tested. A schematic representation of the setup is re-
ported in Fig. S19. Emission spectra of the compressed sample were then
acquired by using the Thorlabs compact spectrometer coupled with the
365 nm LED. At least 10 spectra of the compressed area were recorded
and then averaged exploiting the “acquire and average” feature
embedded in the ThorSpectra software used for the acquisition.

Low-velocity impact tests were performed according to ASTM D7136
standard using a drop-weight tower with a 1.3 kg impactor mass
equipped with a PCB 208C05 load cell and 12.7 mm hemispherical steel
tip (note same geometry of the compression test indenter). The samples
were placed on top of the same glass-fiber reinforced plate employed for
the compression test. Tests were conducted at different nominal
maximum impact forces of 500, 1000, 1500, 2000, and 2800 N by
adjusting the impact height. For each MLC concentration and impact
force, 3 samples of each type were tested.

The same setup was also employed to test [(Cul)3-Br-pyl, based
composite having other polymeric matrices, in this case 3 nominal forces
were chosen (1500, 2500, and 3100 N). A schematic representation of
the setup is reported in Fig. S21.

Emission spectra of both compressed and impacted sample were
acquired by using the Thorlabs compact spectrometer coupled with the
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365 nm LED. At least 10 spectra of the indented area were recorded and
then averaged exploiting the “acquire and average” feature embedded in
the ThorSpectra software used for the acquisition.
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