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Mechanochromic luminescent (MCL) materials have attracted growing attention owing to their potential
applications in sensing, display, and security technologies. Although crystalline MCL materials have been
the most intensively investigated, quantitative evaluation of their mechanical-stimuli-responsiveness
remains challenging, particularly in powdered form. Herein, a custom-built apparatus is developed to
monitor real-time emission color changes in crystalline powders of MCL materials under quantitatively
controlled grinding stimuli. Time-dependent emission spectra obtained using this apparatus are analyzed
using two newly defined parameters kproq and kcony. These parameters allow for quantitative comparison
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of the mechanical-stimuli-responsiveness of a series of organic and organometallic MCL materials
with diverse structures and provide insights into their underlying mechanisms. Load-dependent
DOI: 10.1039/d5tc03324a measurements further suggest that mechanical force lowers the activation barrier for the collapse of the

crystal structure. This methodology offers a general strategy for evaluating powdered MCL materials and
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1. Introduction

Stimuli-responsive luminescent materials have attracted increased
attention for next-generation optoelectronic and sensing techno-
logies owing to their ability to convert external stimuli into optical
signals."” Among various types of stimuli, mechanical force is
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contributes to the rational design and development of advanced MCL systems.

especially important because it is ubiquitous in both natural and
artificial environments, serves as a practical input signal for
devices, and often needs to be detected or visualized. Mechano-
chromic luminescence (MCL) materials, which exhibit reversible
changes in their solid-state photoluminescence color in response
to mechanical stimuli, are promising candidates for applications
such as pressure sensors, rewritable optical storage, and wearable
devices.> A wide variety of MCL materials have been developed,
including organic and organometallic crystals,*™® liquid crystals,”
and polymers.® Among these, crystalline organic and organo-
metallic compounds have been the most extensively studied.
Their MCL behavior is typically evaluated by manually grinding
powdered samples using a spatula or a mortar and pestle, which
is an inherently qualitative approach. Given the increasing
number and structural diversity of reported MCL materials, their
mechano-responsive behaviors are expected to vary significantly.
This clearly indicates the need for a quantitative methodology to
evaluate and compare the responsiveness of powdered MCL
materials to mechanical stimulation. Establishing such a meth-
odology would accelerate the rational design and development of
MCL systems.

Mechanical stimuli applied to crystalline materials include
grinding, compressing, and smashing, which correspond to
anisotropic pressure, isotropic pressure, and tensile force,
respectively.” Tensile testing and compression testing are
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widely used as standard methods to evaluate the mechanical
strength of metals and polymers, both in academic research
and industrial applications. However, these tests are not sui-
table for quantitatively evaluating how powdered samples
respond to grinding stimuli. Notably, some crystalline MCL
materials respond differently to grinding and compressing
stimuli.'® Therefore, a suitable method is required to quantita-
tively evaluate the responsiveness of crystalline MCL materials
to grinding-type mechanical stimuli.

Several approaches have been reported to evaluate the
mechanical-stimuli-responsiveness of crystalline MCL materi-
als. Atomic force microscopy (AFM) has been employed to
probe local mechanical responses of individual crystals at the
nanoscale."” While valuable for examining surface deformation
or local force-response behavior, AFM has limited capability in
capturing differences in responsiveness arising from variations
in crystal faces, particle size, or morphology, even within the
same compound. From a practical perspective, evaluating the
average responsiveness at the bulk level is preferable, since
differences in the responsiveness of individual crystals are
averaged out in bulk samples. To apply quantitative mechanical
stimuli at the bulk-level, methods such as ball milling or
manual grinding with a force gauge have been used."” However,
these approaches are unsuitable for real-time monitoring of
luminescence changes, thereby hindering detailed quantitative
analysis of MCL behavior. A notable previous study demon-
strated real-time monitoring of mechanoresponsive emission
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color changes using a custom-built setup, where quantitative
grinding stimuli were applied by a pestle and analyzed via
image processing, and the same instrumentation was applied
to additional compounds.”® While this image-processing
approach can determine the threshold required to trigger an
emission-color change, defining general and quantitative para-
meters for the progression of spectral change and the propen-
sity for structural conversion would provide deeper insight into
the responsiveness of diverse crystalline MCL materials to
grinding stimuli.

Herein, we have developed a new apparatus that enables real-
time monitoring of emission color changes in powdered MCL
materials under quantitatively controlled grinding stimuli. In
contrast to previously reported setups using a pestle, this system
applies grinding stimuli via vertical loading and horizontal
rotation to a sample sandwiched between two glass plates.
Time-dependent emission spectra obtained using this setup
were analyzed using two mechanical-stimuli-responsiveness con-
stants established in this study, which enable evaluation of the
progression of spectral change and the propensity for conversion
from the initial crystalline state to another emissive state. These
parameters were determined for eight organic and organome-
tallic crystalline MCL materials 1-8 with diverse structures
(Fig. 1), realizing quantitative comparison of their responsive-
ness to grinding stimuli. Furthermore, through load-dependent
experiments, we demonstrate that structural transformation
becomes more pronounced under stronger mechanical stimuli.
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Fig. 1 Structures of MCL compounds 1-8 investigated in this study.
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2. Materials and methods
2.1. Materials

All crystalline MCL materials 1-8 were prepared following
previously reported procedures.?¢"°>!* Their MCL properties
were essentially the same as those reported in the literature,
although slight deviations in the maximum emission wave-
lengths of crystalline or ground samples were observed.

2.2. Apparatus

A schematic diagram, photographs, and engineering drawings
of the custom-built apparatus developed for applying quantita-
tive grinding stimuli are shown in Fig. 2a-c and Fig. S1. The
apparatus mainly consists of two parallel flat glass substrates,
a metal plate, a rotating stage, and a stepping motor (Fig. 2a).
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Powdered samples are sandwiched between the two glass
substrates. One of the glass substrates (outer diameter
40 mm, thickness 4 mm; OPB-40C04-P, OptoSigma) is mounted
on the rotating stage (KS421-60, Suruga Seiki), and the other
(outer diameter 25 mm, thickness 3 mm; OPB-25C03-P, Opto-
Sigma) is fixed to the metal plate. The rotation speed of the
stage is controlled by a stepping motor controller (D92, Suruga
Seiki) connected to a handy terminal (D700, Suruga Seiki). The
metal plate itself provides a vertical load of 2.4 N and moves
smoothly along the vertical axis, guided by two vertical shafts
and two linear bearings. Additional pairs of metal weights
(2.4 N each) can be mounted onto the metal plate to increase
the total vertical load. By adjusting both the vertical load and
the rotation speed, mechanical stimuli equivalent to grinding
can be quantitatively applied to the powdered samples (Fig. 2b).
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Fig. 2 (a)-(c) Apparatus for applying quantitative grinding stimuli to powdered samples. (a) Side view of the simplified schematic diagram.
(b) Photograph showing the rotating stage. The metal plate is uncovered from the top. (c) Photograph taken from a diagonal angle. (d) Photograph
of the powdered sample under 365 nm UV light, viewed through the observation window (left). Schematic representation of the measurement points on
the sample (right). (e) Brief explanation of the responsiveness constants kprog and Keony- (f) and (g) Schematic illustration explaining the definitions of the
progress ratio Xprog based on the emission-color change (f) and the conversion ratio x.on, based on the structural change (g).
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Changes in emission color induced by this mechanical stimu-
lus can be monitored in real time through an observation
window at the top of the apparatus (Fig. 2c), using a com-
mercial miniature fiber-optic spectrometer (FLAME-S-XR1-ES,
Ocean Optics) equipped with a reflection probe (R400-7-SR,
Ocean Optics), a 365 nm LED light source (LSM-365A, Ocean
Optics), and an LED light controller (LDC-1, Ocean Optics).

2.3. Procedure

The specific experimental procedure is as follows. Powdered
samples of crystalline MCL materials (ca. 1 mg) were placed at
the center of the glass substrate and spread with a spatula to a
diameter of ca. 1 cm (Fig. 2d, left). The samples on the substrate
were then heated in an oven to restore the original emission
color, as the emission color can slightly change due to partial
crushing during the spreading process. The substrate with the
sample was mounted on the rotating stage, and the other
glass substrate attached to the metal plate was placed on top
of the sample. The grinding stimulus is applied by rotating
the bottom substrate at a constant angular velocity (Q =
0.05 rad s~ ). At this low rate, frictional heating is expected to
be negligible. Because the path length for one rotation is longer
at larger radii, the stimulus is not homogeneous across the
substrate by design. Therefore, the emission spectra were
recorded at eight radial positions located 3 mm from the center
of the sample (Fig. 2d, right), using the fiber-optic spectrometer
at regular intervals. The probe (acceptance angle ~ 25°) was
positioned 2 mm above the surface of the glass substrate,
corresponding to a probe-sample distance of 5 mm when the
3 mm glass thickness is included. With this geometry, the
collection area is ca. 2.2 mm in diameter, and spectra from this
area were recorded at each position.

2.4. Analysis of mechanical-stimuli-responsiveness

Based on the obtained spectra, the apparent progress of the
emission color change and the intrinsic structural change of
the crystal were analyzed using first-order approximations,
from which the responsiveness constants kprog and keony Were
determined (Fig. 2e).

2.4.1. Responsiveness constant k.., derived from progress
ratio Xpog. TO analyze the responsiveness of emission color
changes to grinding stimuli, the progress ratio xpo, is defined
based on the intensity ratios Ry, and Ry at the maximum
emission wavelengths 4, and Az before and after grinding
(Fig. 2f). The intensity ratios Ra pefore a0d Rg pefore fOr the initial
spectrum before grinding are given by:

IA before
RAA,before = (1)
IA,before + IBﬁbefore
IB before
RB.before = (2)

IA,before + IB,before

where Ip pefore and I pefore Fepresent the emission intensities at
/a and Ag, respectively, before grinding.
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Similarly, the intensity ratios Raaser and Rgpaser for the
spectrum after grinding are defined as:

1A after
RA‘ fer = 57— 3
e 1A7k1ftcr + I after ( )
IB att
RB,afler = ke (4)

]A,after + IBAafter

The progress ratio x,.o, at a given time ¢ is then defined as:

RA,[ - RA,bcforc

RB.[ — RB pefore
Xprog,t = = (5)
RA after — RA,before RBtafter - RB,before

We assume that the progress rate of the spectral change
in response to grinding stimuli depends only on the progress
ratio Xxprog. Specifically, the progress rate decreases as Xprog
increases. Based on this assumption, the progress rate can be
expressed as:

d(1 — xpro
=) (1 ) ©)

Here, kpog is defined as the mechanical-stimuli-
responsiveness constant representing the progress rate of spec-

tral change. The integrated form of eqn (6) is:

1 —
ln(] xpmg,t> = 7kprogt )

— Xprog,0

where Xprog0 and Xprog, represent the progress ratio at initial
time ¢, and any given time ¢, respectively. Assuming Xprog,0 is 0,
kprog can be simplified as:

In(1 — Xprog,e) = —kprogt (8)

Accordingly, a plot of In(1 — xp0g) versus ¢ should yield a
straight line with a slope of —kpog.

2.4.2. Responsiveness constant k.., derived from conver-
sion ratio Xcony. It should be noted that k., is focused on
the ease of emission-color change in response to grinding
stimuli. In other words, the progress ratio x,., used to
determine kpog, does not generally correspond to the conver-
sion ratio X.ony, Which represents the degree of transformation
from the initial crystalline state A to the ground state B (Fig. 2g).
The two ratios become identical (Xprog = Xcony) Only under the
conditions that the absolute emission intensity at the maxi-
mum emission wavelength remains unchanged before and
after grinding (Ia pefore = Ip after); and the intensity ratios at the
two wavelengths A, and g are symmetric (Ra pefore/RE,before =
Rg after/Ra afcer)- If the emission intensity increases substantially
after grinding, a significant spectral change may be observed
even when a small fraction of the crystalline state A is converted
to the amorphous state B (Xprog > Xconv)- Therefore, the ease of
conversion from state A to state B should be described by a
different responsiveness constant k.ony, Which is derived from
the conversion ratio X.on,. Assuming that excited-state energy
transfer from A to B is negligible, the emission intensity at i,

This journal is © The Royal Society of Chemistry 2025
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and Ag at a given time ¢ (I, and I ) can be expressed as:

RA after
IAJ = IAﬁbefore X (1 - xconvm) + IB,after X X Xconv,t (9)
RBﬁaﬂer

RB.before

R (1 - xconv,t) + [B,ufter X Xeonv,t (10)
A ,before

[B,t = ]A,before X

The intensity ratio at 1, and 1y at time ¢ (R, and Rg ) are
then given by:

IAt
Ry, =——"— 11
A IA,r + IB,: ( )
1
Ry, =—>' (12)
IAJ + IB,r

Substituting eqn (9) and (10) into eqn (11) yields:

C + DXconv,s
Ry, = oot
A+ Bxconv,t

where the coefficients are defined as:

a=(1+

RA after RBbefore
B= (1 + -] X IB,afler —( 14+ IA,before
B,after RA,before

RB,before

X IA,before
RA‘before)

C= IA,before

_ RA‘after

D X IB,aftcr - IAbefore

N RB,after
Rearranging eqn (13), the conversion ratio Xcony, at time ¢ can
be determined by:

C*AXRA‘,

T h (14)
BX Rp,—D

Xconv,r =
As in the case of kg, We assume that the conversion rate from
the state A to B depends only on the amount of unconverted
crystalline state A. The mechanical-stimuli-responsiveness con-
stant k..o, Which describes the ease of conversion, is then
expressed as:

ln(l - xconv,t) = _kconvt (15)

3. Results and discussion
3.1. Responsiveness constant kp.,, of various MCL crystals

Mechanical stimuli applied during grinding can be divided into
static pressure in the vertical direction and shear force in the
horizontal direction. To apply these two types of forces in a
controlled and reproducible manner, we developed a custom-
built apparatus specifically designed for powdered MCL crys-
tals. In this setup, the sample is sandwiched between two
parallel glass substrates: the bottom substrate is mounted on
a rotating stage, and the top one is fixed to a metal plate that
provides vertical pressure. Static pressure is applied through
the weight of the metal plate and can be increased by adding

This journal is © The Royal Society of Chemistry 2025
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metal weights. Shear force is introduced by rotating the stage,
which moves the lower glass substrate relative to the fixed
upper one and shears the sample sandwiched between them.

Initially, [(C¢FsAu),(u-1,4-diisocyanobenzene)] (1) was
selected as a model compound to evaluate the mechanical-
stimuli responsiveness of the emission color using the devel-
oped apparatus, since its crystalline powder exhibits qualita-
tively high sensitivity to manual grinding. Under UV light
irradiation (365 nm), the powdered crystals of 1 exhibit blue
emission with a maximum emission wavelength (l.n,) at
440 nm (Fig. 3a-c). Upon amorphization by grinding, the
emission color changes to yellow (Ae;, = 548 nm). The original
crystallinity and blue emission are restored by heating the
ground sample at 100 °C.

Crystalline powders of 1 were sandwiched between two glass
substrates in the apparatus, and quantitative grinding stimuli
were applied using the weight of the metal plate and the
rotation of the stage (Movie S1). The resulting emission
changes were monitored through the observation window
located at the top of the apparatus (Fig. 3a). The torque of the
grinding stimuli depends on the distance from the center and
the slight difference in the amount of the sample, which results
in inhomogeneous changes of the sample. To minimize varia-
tions arising from sample inhomogeneity, emission spectra
were recorded from eight radial positions in the sample at
specified time intervals (0, 5, 15, 25, 50, 75, 100, 125, 150, 200,
300 s) (Fig. S2). For selected time points (0 s, 25 s, 100 s, 300 s),
the spectra obtained at these eight positions are shown in
Fig. 3b. The intensity of the blue emission gradually decreased,
while that of the yellow emission increased over time. These
spectral changes indicate that the MCL behavior of 1 originates
from a transition between two distinct emissive states A and B.
This observation is consistent with the previous report,*
in which the blue and yellow emissions of 1 were assigned
to emissions from an intraligand-localized n-n* excited state
and a ligand-to-Au-Au bond charge-transfer excited state,
respectively.

Quantitative analysis of the emission spectra obtained
under controlled grinding stimuli revealed the ease of emission
color change in 1 through the determination of the responsive-
ness constant kproe. The maximum emission wavelengths of 1
were 440 nm (4,) and 548 nm (4p) for the initial blue-emissive
state A and the ground yellow-emissive state B, respectively
(Fig. 3c). The intensity ratios Ryso,pefore/Rsas, before aNd Raso aster/
Rs4g after Were 0.836:0.164 and 0.065:0.935, respectively. Based
on these values, the progress ratio xpg was calculated for
all spectra (Table S1). A time-dependent plot of the averaged
Xprog Values measured at eight points is shown in Fig. 3d.
In addition, values of In(1 — x,0,) Were plotted against time ¢
(Fig. 3e). The plot exhibits linear behavior up to 150 s, after
which the data deviates from the straight line as xpoe appro-
aches a plateau around 0.8. Contrary to the assumption that the
responsiveness of spectral change to grinding stimuli depends
solely on Xxprog, the actual responsiveness of 1 appears to
decrease as the amorphous region expands. In other words,
the responsiveness of the crystalline material is most accurately

J. Mater. Chem. C
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Fig. 3 (a) Photographs of 1 after certain time duration observed from the top window under UV light irradiation (365 nm). (b) Normalized emission
spectra of 1 measured at eight points of the loaded sample at t = 0, 25, 100, and 300 s. (c) Normalized emission spectra of 1 in the initial crystalline (blue
solid line) and ground amorphous (red solid line) states. (d) Time course of the averaged progress ratio xp0g Of 1. Each point represents the average of
eight observation points, and error bars represent the standard error. (e) Plots of In(1 — xgog) versus t for three independent experiments of 1.

reflected in the initial linear region. The mechanical stimuli-
responsiveness constant ke was thus determined from the
slope of the linear fit up to 150 s, giving a value of 7.7 X
107 s '. The same experiment was repeated twice under
identical conditions, yielding kg values of 6.7 x 10~° and
8.1 x 107% s~ ", Averaging the results of the three experiments
provided a kprog,ave value of 7.5 x 107> s~ for 1.

To investigate the relationship between structure and
responsiveness, the mechanical-stimuli-responsiveness con-
stants Kk, Of additional organic and organometallic MCL

materials 2-8 with diverse molecular structures were deter-
mined using the same experimental protocol as that applied
for 1 (Table 1, Tables S2-S8 and Fig. 4a, Fig. S3-518). Time-
dependent emission spectra of 2-8 under quantitatively con-
trolled grinding stimuli were recorded using the custom-built
apparatus. Based on the characteristic patterns of spectral
change during grinding, these compounds were classified into
two categories: compounds 2 and 3 exhibited a clear decrease
in one emission band accompanied by an increase in another
(Fig. S3 and S4), while compounds 4-8 showed a gradual

Table 1 Maximum emission wavelengths, intensity ratios, and mechanical-stimuli-responsiveness constants of 1-87

Compound ;LAb [nm] ;LBC [1’11’1’1] RA,before/RB,befored RA,after/RB,aftere kprog,ave [1073 Sil] IB,after/IA,beforef kconv,ave [1073 S71]
1 440 548 83.6:16.4 6.5:93.5 7.5 5.4 2.7
2 461 548 93.5:6.5 12.9:87.1 2.4 0.3 5.1
3 419 481 83.2:16.8 8.8:91.2 2.8 3.3 1.3
4 551 588 54.8:45.2 44.7:55.3 1.2 4.8 0.3
48 551 588 54.8:45.2 44.7:55.3 3.2 4.8 1.0
4" 551 588 54.8:45.2 44.7:55.3 8.5 4.8 3.7
5 455 471 57.5:42.5 37.8:62.2 2.1 1.1 2.0
6 583 625 54.9:45.1 38.3:61.7 3.5 1.6 2.7
7 590 650 65.2:34.8 27.0:73.0 3.1 0.7 4.2
8 498 567 70.9:29.1 14.7:85.3 2.5 3.1 1.3

“ Static pressure from the vertical direction was applied by metal plate (2.4 N). Shear force in the horizontal direction was applied by rotating glass
plate at Q = 0.05 rad s~'. » Maximum emission wavelength of initial crystalline sample. © Maximum emission wavelength of manually ground
sample. ¢ Intensity ratio of the emission at 1, and 2 before grinding. ® Intensity ratio of the emission at 2, and /g after grinding. / Intensity ratio
of the emission at 1, before grinding and 4y after grinding. ¢ Two additional weights (2.4 N x 2) were used. " Four additional weights (2.4 N x 4)
were used.

J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2025
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bathochromic shift in their emission maxima (Fig. 4b-e and
Fig. S5-S9).

The spectral changes observed for the difluoroboron
complex 2% and pyrenylthiophene 3'%* indicated a two-state
transition behavior similar to that of 1 (Fig. S3 and S4). In both
cases, the emission intensity from the initial crystalline state
gradually decreased, while that from the amorphous state
increased. Since both 2 and 3 are known to exhibit monomer
emission in the crystalline state and excimer emission in the
amorphous state,’'*? the observed spectral changes can be
rationalized by the absence of emissive intermediate states
between the crystalline and amorphous states. From the slopes
of linear fits to plots of In(1 — xp.g) versus time, the average
mechanical-stimuli-responsiveness constants kprogave Were
estimated as 2.4 x 10 s~ ' for 2 and 2.8 x 10 * s for 3
(Fig. 4a, Fig. S17b, ¢, S18b, c, and Table 1).

In contrast, compounds 4-8 showed a continuous bath-
ochromic shift in emission maxima in response to grinding
(Fig. 4b-e and Fig. S5-S9). According to previous reports, the
emission-color change of Cu,l, cluster complex 4 arises from
local distortions in the crystal lattice that affect Cu-Cu
distances.®? For tetramide 5, the emission shift has been
explained by the deviation of H-type columnar stacking.*
In addition, the mechanoresponsive emission changes in
donor-rn-acceptor-type compounds 6* and 7,"*¢ as well as the
heteroaromatic donor-acceptor-type compound 8,'*” have been
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rationalized by planarization of molecular conformation and
enhanced intermolecular interactions among polar molecules
upon amorphization. These mechanistic interpretations
account for the gradual spectral shifts of crystalline 4-8, as
the emission wavelengths of these MCL materials depend on
the extent of the crystal structure destruction. Although the
shifts in emission maxima were continuous, X, values were
calculated from the intensity ratios R, and Rg at the maximum
emission wavelengths of the initial and ground states. The
kprog,ave values were obtained from the slopes of linear fits to
the plots of In(1 — Xprog) versus time (4: 1.2 x 10> s~ 5 5: 2.1 x
10254 6:3.5x10 °s 5 7:31%x10 %5 8:25x%x103s 1
Fig. 4a, Fig. S17d-h, S18d-h, and Table 1). Among these,
6 exhibited the highest responsiveness, followed by 7. These
quantitative results are consistent with qualitative sensitivities
observed under manual grinding and demonstrate that ko is
a reliable quantitative metric for comparing the emission-
color responsiveness of structurally diverse crystalline MCL
materials.

3.2. Responsiveness constant kcony Of various MCL crystals

To quantitatively evaluate how readily the crystal structure of
MCL materials collapses upon mechanical stimulation, the
conversion rate constant k.ony was determined for compounds
1-8. This analysis reinforces the previous discussion on kprog
by offering a more direct metric of structural disruption.
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Fig. 4 (a) Plots of In(1 — xprog) Versus t for 1-8. (b) Normalized emission spectra of 8 in the initial crystalline (blue solid line) and ground amorphous (red
solid line) states. Maximum emission wavelengths 4, (498 nm) and /g (567 nm) are denoted by dotted lines. (c) Time course of the averaged progress ratio
Xprog Of 8. Each point represents the average of eight observation points, and error bars represent the standard error. (d) Photographs of 8 after certain
time duration observed from the top window under UV light irradiation (365 nm). (e) Normalized emission spectra of 8 measured at eight points of the

loaded sample at t = 0, 100, 200, and 300 s.
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As detailed in Section 2.4.2, the determination of k.., requires
the emission intensities of both the initial crystalline state A
and the fully ground state B. Therefore, their emission spectra
were recorded under the same conditions as those used in the
kprog measurements (Fig. S19). From these data, the intensity
ratios at the emission maxima of states A and B (I after/Ia before)
were obtained for 1-8 (Table 1).

In the case of gold complex 1, a significant increase in
emission intensity was observed after grinding (Issgafcer/
Lisopefore = 5.4, Fig. 5a). Based on this value, the conversion
ratio X.ony at each time point was calculated from the same
time-dependent emission spectra used to determine Kyroq
(Fig. 5b and Table S1). By applying linear fitting to the plots
of In(1 — Xeony) Versus time, keony values of 2.7 x 1077,
2.3 x 1072 and 3.0 x 10" ° s~ were obtained from three
independent experiments (Fig. 5c), and the averaged value
Keonv,ave Was 2.7 x 10~ s~* (Fig. 5d).

The same procedure was applied to determine the kcony,ave
values for crystalline MCL compounds 2-8 (Fig. 5d, Fig. S20,
S21 and Table 1, Tables S2-S8). For compounds 4-8, which
showed gradual bathochromic shifts in emission maxima upon
grinding, intermediate emissive states likely exist between the
crystalline state A and the fully ground state B. Nevertheless,
kconv,ave Was calculated under the assumption that the intensity
ratios R, and Ry, reflect the conversion ratio Xconv, Notably,
the order of kcony values differed from that of k., largely due
to differences in the intensity ratios Ip agcer/Ia before- FOT €xample,
while gold complex 1 exhibited the highest kyroq (7.5 x 107° s77),
the k.ony Of 1 was the third highest (2.7 x 1073 s~ 1), comparable to
that of D-n-A-type compound 6 (2.7 x 10> s~ ). The high kpyog Of
1 can thus be attributed primarily to its relatively high tendency

View Article Online
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toward amorphization (keny = 2.7 x 107> s7%), and further
enhanced by the substantial increase in emission intensity upon
grinding (I54s afeer/Lsao,pefore = 5-4)-

The relationship between structural collapse and kcony
was further examined using powder X-ray diffraction (PXRD)
data. Manual grinding of compounds 3 and 5-8 resulted in
significant amorphization, as previously reported by PXRD
analyses."”¢'* The second highest keony (4.2 x 107> s7*) of 7
suggests high structural fragility, while lower k.o values (1.3 x
107 s7") of 3 and 8 indicate greater resistance to amorphiza-
tion. Although the emission intensity of 7 decreased after
grinding (Isso,atter/I500,before = 0.7), this compound still exhibited
the third highest kp.,; among the compounds studied, high-
lighting that the high k.., can compensate for intensity loss in
determining kprog.

In contrast, 2 and 4 retained significant crystallinity after
grinding, as confirmed by PXRD analyses.”"*” Nevertheless, 2
showed the highest keony (5.1 x 107% s7%), likely because the
emission observed after grinding originates from lattice defects
formed within the crystalline phase. In this case, the high kcony
does not imply full amorphization but rather a high sensitivity
of the crystal structure to defect formation sufficient to alter the
emission properties. Conversely, the lowest k.ony of 4 (1.3 X
1073 s ) reflects a relatively robust crystal structure. Although
the emission intensity of 4 significantly increased after grind-
ing (Isgs after/Iss1,before = 4.8), the low keony accounts for the
lowest kpr0g among the compounds examined.

3.3. Effect of vertical load

To investigate the relationship between applied vertical load
and mechanical-stimuli-responsiveness, quantitative analysis
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Fig. 5 (a) Emission spectra of 1 in the initial crystalline (blue solid line) and ground amorphous (red solid line) states. Maximum emission wavelengths /s
(440 nm) and Zg (548 nm) are denoted by dotted lines. (b) Time course of the averaged conversion ratio x.on, Of 1. Each point represents the average of eight
observation points, and error bars represent the standard error. (c) Plots of In(1 — xcon\) versus t for three independent experiments of 1. (d) Plots of In(1 — Xprog)
versus t for 1-8. (e) Plots of In(1 — xyrog) Versus t of 4 with different vertical loads. (f) Plots of In(1 — x.on,) versus t of 4 with different vertical loads.
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was performed under the conditions with additional weights
using Cu cluster 4, which exhibited the smallest values for both
kprog and kcony- The vertical load was increased by placing one
or two metal weights (2.4 N each) at both sides of the metal
plate (2.4 N), resulting in a total applied load of 7.2 N and
12.0 N, respectively. Under these conditions, time-dependent
emission measurements were conducted, from which the aver-
aged rate constants kprogave aNd Kcony,ave Were determined to be
32 x 107 s (7.2 N) and 8.5 x 107° s (12.0 N) for prog,aves
and 1.0 x 10> 57" (7.2 N) and 3.7 x 107 % s7' (12.0 N) for
kconv,ave, T€Spectively (Fig. 5e, f, and Fig. S22-525). The higher
kprog values compared to keony reflect the large increase in
emission intensity after grinding (Isss ater/Is51,before = 4.8).

The influence of applied load on the structural transforma-
tion was further evaluated by plotting Ink..n, against the
applied load, which exhibited a linear relationship (Fig. S26).
According to transition state theory, the activation free energy
(AGY) is inversely proportional to the logarithm of the rate
constant (Ink oc —AG?), suggesting that increasing mechanical
load reduces the activation barrier required for crystal structure
collapse. This observation is consistent with the Bell model,"
in which mechanical force lowers AG* as described by the
equation AG*(F) = AG*(0) — F-x'. In this context, the slope of
the Inkeony versus force plot corresponds to xt, providing a
measure of the mechanical sensitivity of the structural trans-
formation. In other words, increasing load indicates how
effectively mechanical force accelerates structural transforma-
tion in crystalline MCL materials.

4. Conclusion

In summary, we have developed a new apparatus capable of
applying quantitative grinding stimuli to powdered MCL mate-
rials while monitoring their emission spectral changes. This
setup allows for the mechanistic differentiation of MCL beha-
vior by determining whether the emission variation originates
from a discrete transition between two emissive states or
from continuous spectral shifts associated with gradual degra-
dation of the crystal structure. To quantitatively evaluate the
mechanical-stimuli-responsiveness of a wide range of crystal-
line MCL materials, two responsiveness constants kprog and
keony were defined. The constant k., represents the apparent
progress of emission spectral change under grinding, whereas
the constant k.., reflects the grinding-stimuli-induced intrin-
sic conversion of the crystal structure to another disordered
state. Notably, comparison between k..,, and PXRD patterns
after manual grinding enabled evaluation of each material’s
tendency to undergo amorphization or defect generation,
which are responsible for the observed luminescence changes.
In addition, a linear correlation between applied load and
In kcony supports a force-dependent reduction in the activation
barrier for structural transformation, consistent with the
Bell model.

The present analysis has focused on materials exhibiting
red-shifted MCL between two states. Regarding applicability to

This journal is © The Royal Society of Chemistry 2025
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other response behaviors, both kpog and kcony can be applied to
blue-shifted responses. For luminescence quenching/enhance-
ment responses, only kcony can be formulated, since kpg is
defined from normalized spectral change. By contrast, multi-
step transitions are challenging and will require an extended
formulation, which should be developed in future work.
Although individual crystallites may respond differently to
mechanical forces, the use of powdered bulk samples under
controlled conditions allows for the determination of averaged
mechanical-stimuli-responsiveness parameters. Considering
that practical applications of MCL materials will require bulk-
scale processing, the quantitative evaluation method estab-
lished in this study provides a foundation for the rational
development of MCL systems with precisely tuned
mechanical-stimuli-responsiveness.
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