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Mechanochromic molecules have attracted significant attention owing to their potential in the
development of pressure sensors. However, relatively few studies have investigated the detailed
mechanisms of the mechano-responsive nature and the quantitative visualization of mechanical forces.
Herein, we report a square-planar platinum complex possessing triethylene glycol chains that exhibits
mechanocromic behavior in the amorphous phase. Its mechanochromic nature was established using

a combination of spectroscopic techniques, powder X-ray diffraction analyses, and computational
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Accepted 17th June 2025 chemistry techniques. The continuous changes in emission intensity allowed the platinum complex to be
used as a mechanical force sensor, where the output signals were readable using a luminescence
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Introduction

A remarkable feature of mechanochromic molecules is their
ability to manifest unique mechano-responsive properties that
can visualize mechanical forces to be changes in absorption and
emission colors, which allows for the production of pressure
sensors and data storage carriers."®* Mechano-responsive prop-
erties have been determined to result from alterations in molec-
ular bonds or supramolecular structures induced by mechanical
forces.”* To date, the vast majority of studies on mechanochro-
mic molecules have demonstrated qualitative color changes in
response to mechanical forces.” Thus, aside from a quantitative
discussion of the mechanisms of color change, there remains
a pivotal requirement for additional mechanochromic molecules
that can quantitatively visualize mechanical forces. Recently,
a few studies investigated mechanochromic molecules that can
be used to quantitatively visualize the mechanical forces within
polymer films.*?® Accordingly, it is worth developing
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and triethylene glycol chains for the creation of mechanochromic material.

mechanochromic molecules capable of quantitatively visualizing
mechanical forces to expand their scope.

Square-planar platinum(un) complexes exhibit strong lumi-
nescence emissions from a metal-to-ligand charge transfer
(MLCT) excited state.*® Appropriately designed square-planar
platinum(n) complexes form self-assembled constructs
through intermolecular Pt-Pt and/or m— stacking interactions,
resulting in luminescence emission from a metal-metal-to-
ligand charge transfer (MMLCT) excited state.***> The emis-
sion color of the assembled platinum(u) complexes is deter-
mined by the Pt---Pt distance;**** accordingly, the energetic
inputs generating Pt---Pt distance changes afford emission
color change of the platinum complexes.****** In light of these
reports, we envisage that Pt complex-based mechanochromic
molecules would display continuous changes in their emission
color or intensity in response to mechanical forces, leading to
mechanical force sensors being used as analytical tools.

Our group previously reported the self-assembly of neutral
platinum(u) complexes possessing isoxazole moieties to form
supramolecular assemblies in various solvents.>*” Within
these reports, we documented that the absorption and emission
colors of the platinum(u) complexes were significantly altered
by the solvent polarity, concentration of the platinum
complexes, and solution temperature. The changes in absorp-
tion and emission colors were observed as a result of changing
the Pt---Pt distance within the assembled structure. Therefore,
the Pt---Pt distance of our platinum(n) complex may be altered
by the application of mechanical forces. Herein, we report
a square-planar platinum complex possessing a triethylene
glycol (TEG) side-chain 1 that exhibits mechanochromic
behavior with near-infrared emission, which is rarely reported
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Fig. 1 (a) Molecular structure of platinum complex 1 possessing TEG
chains and 2 possessing decyl chains. Optical images of mechanically
(b) unground (Lunground) and (c) ground (1g,ouna) Powders of 1 showing
the color change induced by the mechanical force.

(Fig. 1a). In addition, the investigation of the mechanochromic
behavior of 1 revealed the key role of the oligo-ethylene oxide
chains in the emergence of its mechano-responsive nature.
Thus, the following findings help to deepen our understanding
of mechano-responsive molecules.

Experimental
General

All solvents were commercial reagent grade and were used
without further purification. Luminescence and excitation
spectra were measured using a JASCO FP-6500 spectrometer.
Infrared (IR) spectra were recorded on a JASCO FT/IR-4600
spectrometer. PXRD patterns were measured using Smart Lab
(Rigaku Inc.) with Cu Ka. radiation (A = 1.5418 A) at a scanning
rate of 2.0° min ", an applied voltage of 40 kV, and a current of
50 mA. NMR spectra were recorded on a Bruker APEX 400 MHz
and Ascend 700 MHz spectrometers. Chemical shifts are quoted
as parts per million (ppm) relative to residual chloroform (6 =
7.26 and 77.0 for "H and "*C, respectively). Differential scanning
calorimetry (DSC) analysis was conducted on a SEIKO instru-
ment Inc., EXSTAR6000 (DSC6200 TG/DTA6200). The DSC
curves were recorded at a heating rate of 15 °C min~". Melting
points were determined using a Yanagimoto micro melting
point apparatus, which were uncorrected. ESI-Mass spectra
were reported with a Thermo Fisher Scientific LTQ Orbitrap XL.
Elemental analyis was performed on a Perkin-Elmer 24001l
elemental analyzer. Recycling preparative GPC-HPLC separa-
tions were carried out on a JAI LC-5060 system using preparative
JAIGEL-2.5HH and 2HH columns in series. Previously synthe-
sized 1 was used in this study; purity data and detailed experi-
mental procedures are provided in our previous paper.>
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Scheme 1 Synthesis of platinum complex 2.

Synthesis of complex 2

To a solution of 3 (120 mg, 0.17 mmol) and (6-phenyl-2,2’-
bipyridine)platinum (4) chloride (80 mg, 0.17 mmol) in dry
CH,Cl, (13 mL) and dry DMF (8 mL) was added dry NEt; (190
pL, 0.9 mmol). The resulting solution was deoxygenated by
bubbling nitrogen for 30 min, and then Cul (7 mg, 3 pmol) was
added. After being stirred at room temperature for 21 h under
an argon atmosphere in the dark, the reaction mixture was
quenched with a portion of water. The resulting mixture was
extracted with CH,Cl,. The organic layer was washed with
saturated aqueous NaCl, dried over anhydrous Na,SO,, and
concentrated in vacuo. The residue was separated by column
chromatography on silica gel (5% methanol in CH,Cl,, eluent),
followed by the purification using gel permeation chromatog-
raphy to give the desired product 2 (101 mg, 53%) as an orange
solid (Scheme 1): m.p. 265-268 °C; "H NMR (700 MHz, CDCl5):
69.24 (d, 1H, J = 4.7 Hz), 8.08 (s, 1H), 8.06 (s, 2H), 8.05 (d, 1H, J
=7.0 Hz), 7.98 (d, 1H, J = 7.4 Hz), 7.90 (d, 1H, J = 8.0 Hz), 7.84-
7.80 (m, 5H), 7.62-7.60 (m, 2H), 7.56 (d, 1H, J = 8.0 Hz), 7.37 (d,
1H, J = 7.4 Hz), 7.23 (t, 1H, J = 6.8 Hz), 7.09 (t, 1H, ] = 6.8 Hz),
7.00 (d, 4H, J = 8.4 Hz), 6.89 (s, 2H), 4.02 (t, 4H, J = 6.6 Hz), 1.82
(m, 4H), 1.48 (m, 4H), 1.37 (m, 4H), 1.34-1.26 (m, 20H), 0.89 (t,
6H,J = 7.1 Hz) ppm; ">*C NMR (176 MHz, CDCl;) 6 169.4, 165.8,
162.7, 160.7, 158.0, 154.5, 151.8, 146.7, 141.8, 138.9, 138.8,
138.5, 131.7, 130.5, 130.4, 128.2, 128.0, 127.7, 124.6, 124.0,
122.5, 121.3, 119.4, 118.5, 117.5, 114.9, 109.5, 104.9, 98.0, 77.2,
77.0, 76.8, 68.1, 31.9, 29.6, 29.6, 29.4, 29.3, 29.2, 26.0, 22.7,
14.1 ppm; HRMS (ESI') caled for [CeHeeN4O4Pt + H|" m/z
1126.48048, found m/z 1126.47930; anal. caled for
CeoHesN,O,Pt: C 66.0, H 5.91, N 4.97, found C 65.84, H 5.83, N
4.87%.

Results and discussion
Synthesis and mechanochromic behaviors

The platinum complex 1 was synthesized according to the
synthetic pathway described previously.* 1 was dissolved in
dichloromethane (DCM), and hexane was added to the resulting
solution, yielding a yellow precipitate (lungrouna, Fig. 1b).
Lunground €xhibited a discernible color change from yellow to red
upon grinding the powder of 1yngrouna Using a mortar and pestle
(1grouna, Fig. 1c). During the grinding process, 1gouna became
stickier compared to 1upground- The dissolve-in-DCM then
reprecipitate-by-hexane process allowed a color change of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1grouna from red-to-yellow, indicating that 1g;una reverted back
to the original 1yngrouna- Notably, no discernible changes in the
"H NMR spectra were observed between the spectra of yellow-
colored powder 1yngrouna and red-colored powder 1gguna in
CDCl; (Fig. S17). These results indicate that the color change
originated from neither a chemical reaction nor molecular
decomposition; therefore, the molecular arrangement of 1 in
the solid state was primarily responsible for the color change.

Characterization of the luminescence

To determine the emission colors of 1, the solid-state emission
spectra of lynground aNd lgrouna Were monitored. Based on our
previous report,* 1 showed characteristic absorption band at
444 nm in solution; thus, the solution-phase emission spectra
were recorded at an excitation wavelength of 444 nm within the
work. According to the absorption band of 1, the solid-state
emission spectrum 1lupgrouna Was recorded at an excitation
wavelength of 444 nm. 1ungrouna Showed an emission band at
approximately 570 nm with a quantum emission yield (®) of
3.4% (Fig. 2, black line). In contrast, emission bands at
approximately 700 nm (¢ = 2.7%) and 570 nm were observed in
the emission spectrum of 14ouna (Fig. 2, red line). In light of our
previous study, the emission band at approximately 700 nm was
ascribed to the MMLCT emission band derived from Pt-Pt
interactions. This observation suggests that the mechanical
grinding induced the reorientation of the packing structures of
1 in the solid state, resulting in the molecular arrangement with
an appropriate Pt---Pt distance to promote intermolecular Pt-Pt
interactions. Further support for the MMLCT emission was
provided by the excitation spectra of 1unground aNd lgrouna. The
excitation spectrum of 1ynground (Aem = 568 nm) corroborated
that the emission band at approximately 570 nm was derived
primarily from the absorption band at approximately 444 nm,
which is characteristic of w-* and MLCT transitions®* (Fig. 2,
dotted black line). In contrast, the excitation spectrum of 14y4una
(Aem = 710 nm) clearly showed a characteristic MMLCT-
absorption band (approximately 535 nm®?), which supports
the Pt-Pt interactions between molecules (Fig. 2, dotted red
line). To further research the mechanochromic behavior of 1,
the solid-state emission spectra of platinum complexes pos-
sessing decyl side chains 2 (Fig. S2f) were monitored. No

535 570

Normalized Int.

500 600
wavelength / nm

Fig. 2 Solid-state excitation (dashed lines) and emission (solid lines)
spectra®® of 1yngrouna (black lines, Aex = 444 nm, Aem, = 568 nm) and
1grouna (red lines, Aoy = 444 nm, Aem = 710 Nm) at room temperature.
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apparent changes in the luminescence band were observed,
indicating that the TEG chains played a central role in the
mechanochromic behavior.

Mechanisms of the mechanochromic behavior

To detail the mechano-responsive color change, the shear stress
was applied to 1ungrounda- The powder of 1yngrouna Was placed on
the lattice-grooved plate and subjected to the shear stress by the
lattice-grooved plate jig of 12 mm in diameter. Under the
normal force FN of 49.2 + 0.1 N, by applying the strain of 100%
for the sample thickness of 0.136 mm, the resultant shear stress
of 91.7 + 0.7 kPa was given to the sample at a rotational
frequency of 1 Hz for 10 min (MCR-302 Anton Paar Inc.). The
resulting powder displayed a relatively weak MMLCT band,
leading to an inference that the pressing forces within the
grinding process primarily contributed to the emission color
change of 1 (Fig. S31).

The role of the TEG chains in the mechanochromic behavior
was established by a combination of infrared (IR) spectroscopy
and density functional theory (DFT) calculations. The IR spectra
of lunground and lgouna Were recorded using a JASCO J-1500
spectrometer with an attenuated total reflection (ATR) acces-
sory. lungrouna Showed characteristic IR bands at 764 and
1102 cm ™' (Fig. 3a, black line). Mechanical grinding resulted in
the low-wavenumber shift of the two characteristic peaks to 761
and 1097 cm™ ", respectively (Fig. 3a, red line). To characterize
these bands and their shifts, DFT calculations of monomeric
M1 and dimeric M1-M1°° were performed at the B3LYP/
Lanl2DZ computational level using the 6-31G(d) basis set®
(Fig. 3b-d, S6, S7, Tables S1 and S2t). The raw calculation data
were processed using a scale factor of 0.9614 for B3LYP/6-
31G(d).** Considering that 1gyouna Was densely packed in the
solid state to generate intermolecular Pt-Pt interactions,
dimeric M1-M1 should be suitable for estimating the electric
structure of 1grouna- In contrast, monomeric 1 is a good model
for estimating the electric structure of 1upgrouna because lumi-
nescence measurements of 1yngrouna Provided no evidence of
Pt-Pt interactions. The calculated IR spectrum of monomeric
M1 indicated that the CH out-of-plane bending vibration of the
phenylbipyridine ligand moiety displayed a band at 763 cm ™,
which is in good agreement with the experimentally observed
band at 764 cm™" (Lungrouna). Calculations of dimeric M1-M1
revealed that the CH out-of-plane bending vibration band
emerged in the low-wavenumber region compared to that of
monomeric M1. A low-wavenumber shift was experimentally
observed upon grinding 1; thus, this low-wavenumber shift
supports the inference that the packing structure of 1gouna is
more condensed than that of 1ynground, Which permits inter-
molecular Pt-Pt interactions. Based on the calculations, the
bands at 1102 ¢cm ™" (Lungrouna) and 1097 em™" (1grouna) COITE-
spond to C-O-C asymmetric vibrations.®* The band
(=1100 cm ") was not observed in the IR spectrum of 2, leading
to an inference that the bands were derived from C-O-C
asymmetric vibrations of the TEG chains (Fig. S47). Thus, the
low-wavenumber shift upon grinding suggests that mechanical
grinding induced a conformational change in the TEG chains

RSC Adv, 2025, 15, 21401-21407 | 21403
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(a) Observed IR spectra of 1 nground (black line) and 1g,0ung (red line) and DFT-calculated IR intensities of monomeric M1 (black bar) and

dimeric M1-ML1 (red bar). The calculated frequencies were scaled by 0.9614. The intensities are listed in Tables S1 and S2.1 Calculated structures
of (b) monomeric M1 and (c) dimeric M1-M1 optimized at the B3LYP/Lanl2DZ computational level with the 6-31G(d) basis set for the estimation

of the vibrational mode shown in panel a and Tables S1 and S2.7 (d)
wavenumbers (cm ™) of 1 and M1 (CH out-of-plane bending mode).

from a chain-folded conformation to a fully or partially
extended conformation.®

The phase information of 1 was obtained using solid-phase
powder X-ray diffraction (PXRD). 1uyngrouna €xhibited scattering
in the small-angle region (26 < 10°), suggesting the presence of
large-scale heterogeneous structures. The broad scattering at
approximately 20 = 23° indicates the amorphous nature of
Lungrouna (Fig. 4, black line). Grinding resulted in minimal
changes® in the PXRD pattern (1grouna) (Fig. 4, red line), which
clearly indicated that mechanical grinding did not induce
a phase transition of 1 in the solid state. These results were
obtained for a three-dimensionally aggregated bulk solid of 1;
thus, it can be concluded that the mechanochromic behavior of
1 was driven by a change in the molecular arrangement within
the amorphous phase.

The thermal behaviors of 1yngrouna and 1grouna Were studied
using differential scanning calorimetry (DSC), providing
insights into the mechanism of color change upon grinding.
Lungrouna displayed endothermic peaks at 69.5, 79.3, and 159.4 °
C in the heating run (Fig. 5, black line), whereas the DSC trace of
1grouna Showed endothermic peaks at 75.8, 94.0, 156.8, and
165.4 °C in the heating run (Fig. 5, red line). In addition to the
endothermic peaks, exothermic peaks were observed at 118.7 °C
and 121.2 °C in the bulk solid specimens of 1ungrouna and

Intensity

Fig. 4 Powder X-ray diffraction (PXRD) patterns of 1yngrouna (black
line) and 1ground (red line).
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Comparison of the experimental and calculated (scaled) vibrational

1grouna, Tespectively. The equilibrium melting point (Ty,) of
polyethylene glycol (PEG) is known to be at approximately 60 °
C.** Accordingly, the broad endothermic peaks of 1yngrouna and
14r0una Observed between 65 and 95 °C can be attributed to the
changes in the molecular arrangement of 1 in the bulk solid
derived from melting of the TEG chains. Moreover, the broad
peak between 65 and 95 °C of 1g0una Was more intense
compared with that of 1yngrouna, Which indicates that the TEG
chains of 1gouna Were packed with higher affinity, forming
conformationally rigid packing structures in the solid state. The
exothermic peak at approximately 120 °C can be rationalized by
the reorientation of the TEG chains. The endothermic peak at
159.4 °C in lyngrouna corresponds to the Ty, of 1. Additionally,
two separate endothermic peaks were observed at 156.9 °C and
165.2 °C. A split DSC peak such as this corresponding to T, is
caused by the reorientation of the molecular arrangement in
bulk. In the case of 145yrma, One corresponds to the Tp, of 1 and
the other is derived from the dissociation of intermolecular Pt-
Pt interactions within the bulk solid of 144una. This consider-
ation is supported by the experimental results shown in Fig. 2.
No Pt-Pt interactions were evidenced in 1ungrouna, Whereas
1grouna Was densely packed through intermolecular Pt-Pt
interactions. Moreover, 2gouna did not show the endothermic

endo.

]
159.4
1é0

T
40 80 120
temperature / °C

Fig. 5 DSC curves of lyngrouna (black line) and 1g0ung (red line)
showing the 1st heating run at a heating rate of 15 °C min~1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Changes in the emission spectra®® of 1 (Aex = 444 nm) in the
solid state. The pressures applied are: (i)—(viii) 0, 5.5, 11, 16, 27, 55, 110,
and 165 MPa, respectively. The blue and red lines represent the first
point and the last point of the measurement, respectively. (b) Plot of
the normalized emission intensity of 1 at 720 nm against the pressure
applied, showing the continuous changes in the emission intensity
upon pressing.

peak at approximately 160 °C characteristic of the cleavage of
Pt-Pt interactions, indicating that grounding did not induce the
formation of Pt-Pt interactions within the powder 2 in bulk
(Fig. S51). These results indicates that the color change of 1 was
driven by the conformational changes of the TEG chains and
square-planar platinum moiety, as well as the reorientation of
the molecular arrangement in bulk by the application of
mechanical forces.

Visualization of the mechanical forces

The mechano-responsive nature of 1 allows the quantification
of mechanical forces using a luminescence spectrometer. The
MMLCT emission band grew upon the application of pressure
(Fig. 6). The plot of the intensity of the MMLCT emission (720
nm) against pressure showed a continuous increase in the
emission intensity, which can be read using a luminescence
spectrometer. The steep increase in the emission intensity in
the pressure range 0-20 MPa was gradually saturated when the
total pressure reached approximately 80 MPa. This observation
highlights the potential of 1 as a pressure sensor in the pressure
range 0-20 MPa.

Conclusions

In summary, we demonstrated that a platinum(u) complex
possessing TEG chains 1 showed a significant change in
absorption and emission colors upon the application of
mechanical forces. Color changes were found to be driven by
a combination of conformational changes within the molecule
and changes in the molecular arrangement in bulk. PXRD
measurements confirmed that a mechano-responsive color
change occurred in the amorphous phase. Moreover, lumines-
cence spectroscopy, IR spectroscopy, and DSC measurements
revealed that the conformational flexibility of the TEG chains
imparted mechanochromic features to the Pt complex. Many
mechanochromic molecules contain oligo-ethylene oxide
chains within the molecular skeleton;*** thus, our detailed
elucidated the mechano-responsive color trans-
formation with the participation of TEG chains in bulk. This

studies
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work underscores the potential benefits of both TEG chains and
square-planar platinum complexes for the creation of mecha-
nochromic materials capable of quantitatively visualizing
mechanical forces. These findings are expected to serve as
a design guide for luminophore/dye-based mechanical force
Sensors.
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