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This study explores the mechanochromic behavior of dinuclear aluminum-based triple-stranded
helicates with various halogenated substituents. Mechanical grinding induces distinct color changes, with
powder X-ray diffraction confirming phase transitions between crystalline and amorphous states. In the
crystalline phase, the helicates adopt a more twisted conformation that limits m-conjugation, producing

Received 23rd December 2025, monomeric yellow emission. In contrast, in the amorphous phase, this twist relaxes and the n-conjugated

Accepted 27th March 2026 system is extended, yielding orange emission. The original emission properties can be restored through
DOI: 10.1039/d5tc04488; solvent treatment, demonstrating the reversible nature of this mechanochromic behavior. These results
demonstrate a mechanochromic mechanism governed by reversible torsion-angle changes and highlight

rsc.li/materials-c aluminum-based helicates as promising responsive luminescent materials.
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Introduction

Mechanochromism, the phenomenon in which molecules or mate-
rials exhibit visible color changes in response to mechanical stimuli,
has attracted significant research interest owing to its promising
applications in sensors, displays, and optical devices.'* This phe-
nomenon typically arises when external forces alter the crystal
structure or intermolecular interactions within a material, leading
to changes in electronic states and luminescence properties
(Fig. 1(a)). Thus, mechanochromic materials, such as organic dyes
and metal complexes that display color and emission changes in
response to external stimuli such as grinding, stretching, and
compression, are increasingly recognized as next-generation func-
tional materials."*™"®

Traditionally, most mechanochromic materials comprise
complexes of precious metals, including platinum and gold."*>°
Although these materials offer exceptional photophysical properties,
the reliance on precious metals poses challenges owing to resource
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Fig. 1 (a) Mechanochromism induced by phase transitions between crystalline
and amorphous states. (b) Schematic illustration of an aluminum-based dinuc-
lear triple-stranded helicate (ALPHY), emphasizing that the mechanochromic
response originates from changes in the ligand torsion angle of the helical
structure (-C—N-N=—=C-) upon mechanical grinding and subsequent solvent-
mediated recovery as the origin of the mechanochromic response.

limitations, high costs, and environmental impact. To address these
issues, research efforts have shifted toward alternative materials
based on more abundant and cost-effective elements such as zinc
and copper.”’*' Among such elements, aluminum stands out as an
earth-abundant and inexpensive metal ion, making it a promising
candidate for sustainable material development. The most well-
known example, AlQ; (tris(8-hydroxyquinoline)aluminum), has been
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reported to exhibit mechanochromism,* but such examples are
exceedingly rare and offer untapped potential for further exploration.

Recently, our group has focused on dinuclear triple-stranded
helicates containing main-group elements as a new class of
luminescent dyes.**® Specifically, we have investigated aluminum-
based helicates (ALPHY), which exhibit strong absorption and
photoluminescence properties. Variations in the torsion angle of
the ligand (-C—N-N—C-) can modulate the 7-conjugation length,
enabling multicolor emission. Taking advantage of the flexibility of
the ALPHY skeleton, we hypothesized that changes in the aggregated
solid state could induce variations in the torsion angle of the ligand,
thereby inducing a mechanochromic response in the complex
(Fig. 1(b)). To test this postulate, we synthesized a series of ALPHY
derivatives and evaluated their optical properties in the solution,
crystalline, and amorphous states.

In this study, we focus on derivatives exhibiting mechanochro-
mism arising from the highly constrained torsion angles of the
ligand in the crystalline state. During the course of this research, we
discovered that these helicates exhibit reversible color and emission
changes in response to grinding or treatment with solvents. We
investigated this mechanochromic behavior in detail using single
crystal X-ray structure diffraction (SCXRD), powder X-ray diffraction
(PXRD), and optical property evaluations to understand the struc-
ture-property relationships. Although mechanochromism has been
reported for aluminum complexes such as AlQs, the present study
presents the first observation of mechanochromism in helical
aluminum complexes and demonstrates a direct, reversible
torsion-angle mechanism in such systems.

Results and discussion

We utilized a series of dinuclear aluminum-based triple-
stranded helicates: Me, H, Cl, and Br, as shown in Fig. 2(a).
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Complexes Me, H, and Br were synthesized according to an
established method,**® whereas the synthesis of complex Cl
was newly developed in this study. 4-Chloro-1H-pyrrole-2-
carbaldehyde (1) was synthesized through the chlorination of
pyrrole-2-carboxaldehyde using N-chlorosuccinimide in chloro-
form, with a yield of 27%. Compound 1 was then reacted with
hydrazine monohydrate to produce compound Lg in 30%.
Subsequently, compound 1 was reacted with aluminum chlor-
ide (AICl;) in the presence of triethylamine to obtain Cl in 28%.
Cl was obtained as a racemic mixture of the (M)- and (P)-
enantiomers, as discussed hereinafter. These new compounds
were identified through nuclear magnetic resonance (NMR)
and mass spectrometry analyses (Fig. S1-S7 and Tables S1-S2).

Optical measurements of the Me, H, Cl, and Br complexes
were conducted in toluene solution. Absorption peaks were
observed at 358, 390, 405, and 406 nm for Me, H, Cl, and Br,
respectively, whereas the emission peaks appeared at 465 nm,
550 nm, 568 nm, and 566 nm, in the same order (Table 1,
Fig. 3(a, c¢) and Fig. S8, S9, Tables S3, S4). All complexes
exhibited large Stokes shifts, indicating minimal overlap
between the absorption and emission spectra. This behavior
has been reported previously and is attributed to significant
structural relaxation of the ligand in the excited state.*” The
slight differences in the absorption and emission wavelengths
of H, Cl, and Br complexes likely arise from changes in the
electronic state of the ligand, induced by halogen substitution.
In contrast, the absorption and emission wavelengths of the Me
complex exhibited a pronounced blue-shift compared to those
of the other complexes. This shift can be ascribed to steric
hindrance induced by the methyl substituent at the methine
position of ALPHY, which increases the ligand torsion angle of
the ligands and consequently shortens the m-conjugation
length. Consistent with this structural distortion, the Me
complex showed a moderate photoluminescence quantum

(a) Chemical structures of Me, H, Cl, and Br complexes. Only (P)-isomer is shown. (b) Synthesis of (P)-Cl and (M)-CL.

This journal is © The Royal Society of Chemistry 2026
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Table 1 Photophysical properties of all complexes in toluene and in the
crystalline powder state at room temperature

In toluene In the solid state

p b fabs b

e ot em |
Compd. (nm) (nm) PLQY* (ns) (nm) (nm) PLQY™“ (ns)
Me 358 465 0.20 0.78 380 466 0.14 0.51
H 390 550 0.79 3.25 410 561 0.33 1.93
Cl 405 568 0.69 3.28 406 553 0.28 2.58
Br 406 566 0.29 2.12 408 568 0.11 1.11

“ Absorption maxima. ” Emission maxima. ¢ Excited at A2, ¢ Absolute
photoluminescence quantum yields.

yield (PLQY) of 20% in toluene. For comparison, the H and CI
complexes showed high PLQYs of 79% and 69%, respectively,
whereas the Br complex exhibited a moderate PLQY of 29%.
The reduced PLQY of the Br complex suggests that the heavy-
atom effect of bromine promotes intersystem crossing from the
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excited singlet state to triplet state, resulting in non-radiative
decay.*® In contrast, the PLQY of the Cl complex was compar-
able to that of the H complex, indicating that the heavy atom
effect of the chlorine atom does not influence the luminescence
properties of the complex. Optical measurements of the Me, H,
Cl, and Br complexes were carried out in the crystalline,
powdered state (Table 1, Fig. 3(b, d) and Fig. S10, Table S5).
The absorption and emission profiles of all complexes were
similar to those observed in toluene. The emission maxima in
the solid state appeared at 466, 561, 553, and 568 nm for Me, H,
Cl, and Br, respectively; in addition, the PLQYs were 14%, 33%,
28%, and 11%, in the same order, demonstrating that these
complexes act as efficient luminophores. The close similarity
between the photoluminescence behaviors in solution and in
the solid state suggests that the emission most likely originates
from an intrinsic single-molecule excited state rather than from
aggregation-induced emissive species. This result implies that
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Fig. 3 (a) Emission spectra of Me, H, Cl, and Br complexes in toluene (c = 107® M) and (b) in the crystalline powder state. The emission spectra were
recorded upon excitation at the absorption maxima. (c) Photographs of the Me, H, Cl, and Br complexes in toluene solution and (d) in the crystalline
powder state under UV irradiation at room temperature. (e) Crystal structures of Cl. The ellipsoid model represents a 50% probability; the space-filling
model is shown on the right. The CCDC numbers are provided in the SI. In the structure depicted by using the ellipsoid model, carbon (C) atoms are
represented in black, nitrogen (N) atoms in blue, aluminum (Al) atoms in pink, and chlorine (Cl) atoms in yellow-green. Hydrogen atoms are omitted for
clarity. (f) Crystal packing of Cl, where the (P)- and (M)-enantiomers are identified.

This journal is © The Royal Society of Chemistry 2026
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intermolecular interactions in the solid state do not signifi-
cantly affect the emission. This may be attributed to the three-
dimensional (3D) molecular structure of the complexes, which
appears to suppress strong packing effects such as n-n stack-
ing. Consequently, the 3D framework allows the complexes to
retain their inherent molecular-level emission in the solid state.

The Me, H, and Br complexes were crystallized from hexane-
CH,Cl, solutions, whereas the Cl complex was obtained from a
hexane-THF solution. The single-crystal structures of the Me,
H, Cl, and Br complexes are shown in Fig. 3(e, f) and Fig. S11.
SCXRD analysis revealed that all four complexes formed race-
mic crystals comprising (P)- and (M)-enantiomers. The crystal
structure of the Me complex contains no solvent molecules,
whereas the H, Cl, and Br complexes appear to include solvent
molecules originating from the recrystallization solvent.
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However, owing to severe disorder, these solvent molecules
could not be assigned and the corresponding structures were
refined using the solvent mask procedure.

The newly obtained Cl complex was separated into (P)- and
(M)-enantiomers by chiral column chromatography. These
enantiomers exhibited mirror-image circular dichroism (CD),
and circularly polarized luminescence (CPL) spectra, with a
|glum| value of 0.003 at an emission wavelength of 550 nm in
toluene, were obtained (for details, see Fig. S15-S21 and Tables
S7-S12). However, because the amount obtained by optical
resolution was insufficient for mechanochemical studies in
the solid state, the subsequent experiments were conducted
using the racemic form. The PXRD patterns of the bulk crystal-
line powders were consistent with those of the single crystal
structures, indicating that the crystalline powders used in the

Treat with
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(a) Photographs of the Cl complex under natural light and under UV irradiation before and after grinding. (b) Diffuse reflectance spectra, (c)

emission spectra, and (d) PXRD patterns for the crystalline powder (black), ground (red) sample, and chloroform-treated and dried sample (orange). (e)
and (f) Emission patterns of Cl under UV light, displaying the letters “"TO" (e) and a star motif (f).
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experiments retained the same packing structure as that of the
single crystals (Fig. S12).

To investigate the mechanochromic properties, the crystal-
line samples were ground using an agate mortar and pestle,
resulting in significant changes in both the coloration and
emission color of the H, Cl and Br complexes (Fig. 4(a)-(c)).
Specifically, grinding caused a change in the color of the
samples from yellow to orange, accompanied by marked red
shifts in the emission maxima: from 561 to 583 nm for H, from
553 to 578 nm for Cl, and from 568 to 599 nm for Br. Upon
addition of chloroform to the ground powders followed by
drying, the original emission color was restored. PXRD mea-
surements revealed that grinding converted the crystalline
samples into amorphous phases, which reverted to the crystal-
line states upon treatment with chloroform (Fig. 4(d)). Similar
reversible behaviors were also observed upon addition of other
organic solvents such as ethanol and ethyl acetate, or upon
exposure to their vapors (Fig. S13). The slight differences in the
emission color and intensity before and after grinding and
solvent treatment are likely attributable to variations in the type
of solvent molecules included in the crystals after recrystalliza-
tion, which may cause subtle changes in the crystallinity. No
emission color change occurred upon adding water to the
ground samples, due to the low solubility of the complexes,
indicating their stability toward water molecules. Furthermore,
the absence of concentration dependence in both emission
spectra and lifetimes (Fig. S14 and Table S6) suggests that
intermolecular interactions, including excimer formation, are
unlikely to play a significant role in the observed emission
behavior.
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Fig. 5 Reversible switching of the emission maximum wavelength (1gm?) of (a) Me, (b) H, (c) Cl and (d) Br complexes during grinding—recovery cycles

with chloroform.
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In contrast, the Me complex did not exhibit mechanochromic
properties upon grinding, most likely due to the steric hindrance
from the methyl substituent at the methine moiety, which
restricts changes in the torsion angles of the ligand. These
results strongly suggest that the torsion angles of the ligand in
the H, Cl, and Br complexes are effectively modulated by inter-
molecular interactions and molecular packing in the crystalline
state (Fig. 5). The excellent mechanochromic properties of the CI
complex enabled the visualization of various letters and draw-
ings. For instance, distinct patterns such as “TO” and even a
“star” motif could be clearly observed (Fig. 4(e and f)). This
demonstrates the potential of these aluminum-based functional
dyes for diverse practical applications.

To obtain a deeper insight into the optical property modula-
tion, we carried out time-resolved photoluminescence (TRPL)
measurements for both crystalline and mechanically ground
samples using a streak camera equipped with a polychromator.
The crystalline sample exhibited a single time-resolved emission
profile centered at 550 nm, with no detectable spectral evolution
throughout the decay (Fig. 6(a)). This indicates a single emissive
species with negligible inhomogeneity even in the solid state. In
contrast, the ground sample displayed a red shift on a subnano-
second timescale after photoexcitation (Fig. 6(b)). Global analysis
based on a two-component parallel model revealed at least two
emissive species: a short-lived emission band with a time constant
of 128 ps appearing around 560 nm and a longer-lived band with a
time constant of 747 ps around 580 nm (Fig. S22). Because the
emission energy of ALPHY derivatives is sensitive to the ligand
conformation,® the two emission components observed in the
ground sample might arise from different ligand torsion angles.
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Fig. 6 Two-dimensional plots of TRPL spectra and the normalized spectral slices of the (a) crystalline powder and (b) ground states of CL.

To gain a deeper understanding of the mechanochromic
properties, we compared the torsion angles of the ligand
(-C=N-N=—C-) in the crystal structures with those in the most
stable S, optimized (S, opt) geometries obtained from the DFT-
based structures (Table 2). Note that the S, opt structures
represent the lowest-energy configurations of the isolated
molecules calculated using DFT in vacuo without considering
intermolecular interactions or crystal packing effects. Although
the ground state may not definitively correspond to the S, opt
structure, the state after grinding, in which the intermolecular
interactions are weakened, can be approximated using this
structure. Indeed, for the Cl complex, it is inferred that the
torsion angle of the ligand in the crystalline state (85°) may
approach the S, opt-calculated value of 69° upon grinding.
This reduction in the torsion angle plausibly extended the
n-conjugation, resulting in a red-shift of the absorption and
emission color from yellow to orange. In contrast, for the Me
complex, the torsion angle of the ligand is estimated to change
only slightly (from 94° in the crystalline state to approximately
91° in the S, opt structure), suggesting minimal structural
alteration upon grinding. Because the torsion angle of the
ligand remained nearly unchanged even after grinding and
solvent treatment, the n-conjugation length was not signifi-
cantly altered, which likely accounts for the minimal change in
the emission color.

Finally, time-dependent density functional theory (TD-DFT)
calculations were performed to compliment the spectroscopic

Table 2 Ligand torsion angles of the —C=N—N=C- moiety for Me and
Cl complexes obtained from single-crystal structures and DFT optimized
structures

Compd. Al-Al distance () —C=—N-N=C- torsion angle (deg)
Me Crystal 3.882 93.1 93.4 95.6

So opt  3.843 91.2 91.3 91.3
Cl Crystal 3.876 83.4 85.1 85.8

So opt  3.859 69.0 69.0 69.2

J. Mater. Chem. C

analysis. Specifically, the torsion angle of the ligand was fixed
at 69°, 75°, and 85°, and geometry optimizations were carried
out for each configuration. The absorption spectra were then
simulated at the CAM-B3LYP/6-31G(d,p) level of theory. An
apparent blue-shift in the absorption spectra was observed
with increasing torsion angles (Fig. S23 and Tables S13-515),
indicating that increasing the torsion angle of the ligand
shortens the m-conjugation, thereby suppressing electronic
delocalization throughout the molecule and causing the
absorption band to shift to higher energy. These calculations
thus provide theoretical support proving that torsional defor-
mation of the ligand directly modulates the optical properties
of the complex.

Conclusions

In summary, this study provides a detailed evaluation of the
mechanochromic properties of dinuclear aluminum-based
triple-stranded helicates. Optical measurements and powder
X-ray diffraction analysis revealed that the Cl complex, in
particular, exhibits significant color and emission changes
upon grinding, together with reversible recovery of the original
emission upon treatment with chloroform. Comparison of the
torsion angles of the ligand in the crystalline state with those
obtained from DFT calculations strongly suggests that the
torsion angle of the ligand is larger in the crystalline state
and decreases upon amorphization induced by grinding. This
reduction in the torsion angle alters the n-conjugation, leading
to a change in the emission color. Although helicates have been
known for several decades and research has primarily focused
on constructing and understanding their structures,*™**
luminescent examples rely on lanthanide-based metal ions,
whereas reports on ligand-centered emission are exceedingly
rare; aside from a few zinc complexes,***
virtually nonexistent. The present results reveal mechanochro-
mism arising from reversible changes in the ligand torsion
angle in dinuclear triple-stranded helical aluminum complexes.

most
42,43

such examples are

This journal is © The Royal Society of Chemistry 2026
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These findings provide new insights into the mechanism of
mechanochromism in aluminum complexes and highlight the
potential of luminescent aluminum helicates as responsive
functional materials. The results represent an important step
toward the design of responsive functional materials based on
luminescent aluminum complexes, with promising implica-
tions for next-generation optical devices and sensor applica-
tions. Although racemic samples were used in this study, we are
currently investigating the external stimulus responsiveness of
enantiomerically pure obtained by optical
resolution.

complexes
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