2-5-11. Force-Sensitive Luminescent Probes

Overview

Aluminescent force probe is a molecular system that, when chemically incorporated
into a polymer chain, alters its luminescence signal in response to the force transmitted
through that chain. By tailoring its molecular design, one can control the response force
threshold, luminescence wavelength and lifetime, reversibility of the stress response, and
molecular localization within materials and cells. These probes enable the acquisition of
information on the generation and transmission of weak forces at the molecular level in
fields such as polymer mechanochemistryl!l and cellular mechanobiology.[?! In particular,
understanding force transmission across scales—how forces propagate through molecular
chains in deformed polymeric materials and how they resist fracture—is crucial not only
for advancing knowledge of polymer rheology and material mechanics, but also for

developing tough materials from a synthetic chemistry perspective.

Current Status and Frontiers

Established techniques for visualizing stress and strain at the macroscopic level—
such as high-speed polarized light imaging, X-ray residual stress analysis, digital image
correlation (DIC), and finite element method (FEM) simulations—are valuable for
predicting material failure and assessing safety. Functional materials that exhibit stress-
responsive behavior are also being developed, including those based on nanoparticle
structural colors, cholesteric liquid crystals, and inorganic mechanoluminescent materials.
However, creating tough polymeric materials requires understanding stress concentration
at the molecular level within polymer chain networks—that is, pinpointing the chemical
structural sites of nanoscale stress concentrations that trigger failure.

Optical tweezers and atomic force microscopy (AFM) can directly measure weak
forces acting on isolated molecular chains. Yet, these instruments are limited in analyzing
force transmission within complex, entangled polymer chain networks. Rheometers and
surface force apparatus provide only indirect insights. Consequently, force analysis
methods employing luminescent force probes have recently garnered attention. By
embedding molecules that alter their luminescence in response to weak forces into a
material, researchers can visualize and quantify force generation and transmission within
complex soft matter systems.

Two primary design strategies for luminescent force probes have emerged. The first
involves FRET-based molecular systems capable of detecting forces from a few
piconewtons (pN)up to ~50 pN within cells (Fig. 1, left), overlapping with the extremely

weak forces associated with thermal fluctuations at room temperature. The second
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Figure 1. Force ranges for the nanoscale mechanics.

thresholds—tens of pN to

~100 pN—have been developed, enabling nanoscale force mapping prior to polymer
failure (Fig. 1, middle). Notable examples include systems that modulate luminescence
via conformational changes in flexible luminophores,3! rotaxane-type supramolecular
sliding,[*! and reversible coordination transformations.’] Furthermore, ratiometric
analysis using dual fluorescent probes combined with hyperspectral imaging now allows
quantification of nano-stress concentrations and strain-induced crystallization (SIC) in
polymeric materials,[®] as well as stress relaxation dynamics through a phosphorescence

intensity measurement of single molecules within polymer chain networks.[”]
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Future Perspectives and Directions
Integrating this technology with spray coating and 3D printing will enable quantitative
mapping of strain and stress distributions over large areas and in three dimensions,
advancing the fields of strength of materials and soft robotics. Additionally, this approach
may overcome limitations inherent to inorganic mechanoluminescent materials and
address fundamental challenges in understanding the hierarchical mechanics of tough
polymeric materials, particularly when combined with multiscale simulations.
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