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ABSTRACT: Quantitative and anisotropic mechanochromism of polydiacetylene over nanoscale distances 

remains unaddressed even after 50 years of extensive research. This is because its anisotropic structure on 

substrates necessitates the application of both vertical and lateral forces (shear forces) to characterize it, 

whereas atomic force microscopy, which is the usual technique used to investigate nanoscale forces, is only 

capable of quantifying vertical forces. In this study, we address this lacuna by utilizing quantitative friction 

force microscopy that measures lateral forces. Our data confirm that polydiacetylene reacts only to lateral 

forces, F//, and disprove the previously-claimed hypothesis that the edges of the polymer crystals exhibit 

higher force sensitivity than the rest of the crystal. In addition, we report a correlation between 

mechanochromism and thermochromism, which can be attributed to the fact that both work and heat are 

different means of providing the same transition energy. 
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Polydiacetylene (PDA) is a class of mechanochromic polymers, including non-amphiphilic and amphiphilic 

ones with hydrophobic (e.g. alkyl1, aryl2) chains on one end, and a hydrophilic headgroup (e.g. -COOH3,    

-NH24, -ester5) or other moieties (e.g. aryl6, 7-, etoxisilane8-, urethane7-, isocyanate9-groups) on the other 

end, that was initially reported in the late 1960s.10 It is known to change color and become fluorescent when 

it is exposed to heat,11 pH variation,12 adsorption of ions13, and other molecules.14, 15 Over the years, its 

monomer assembly, polymerization process, polymer structure, and mechanochromic properties have been 

characterized based on measurements via the Langmuir-Blodgett technique,16 electron paramagnetic 

resonance (EPR),17 X-ray crystallography,18 UV-VIS,19 fluorescence,20 infrared (IR),21 Raman 

spectroscopy,22 nuclear magnetic resonance (NMR),23 scanning tunneling microscopy (STM),24 atomic 

force microscopy (AFM),25 fluorescence microscopy26 and electrical conductivity.27 The experimental 

results, together with theoretical works28, have provided a mechanistic model of PDA, which identifies the 

torsion in its backbone to be the origin of its force sensitivity, although a lack of separation between the 

single-polymer and the aggregate-induced effects makes it difficult to clarify its intrinsic properties. 

However, despite extensive research, the most fundamental characteristic of PDA mechanochromism —

the variation of its optical properties as a function of quantitative and anisotropic external forces at 

nanoscale — has not been investigated. Certain studies have utilized macroscopic and microscopic 

stretch,25, 29 macroscopic scratching,30 tuned oscillatory devices,31 compression using the Langmuir–

Blodgett trough,32 and rheometers33, in addition to other qualitative methods such as grinding34, to 

characterize PDA mechanochromism. AFM studies, which measure the correlation between applied forces 

and the induced fluorescence in PDA,25, 35 have provided the most detailed insights into PDA 

mechanochromism over nanoscale distances. Burns et al. concluded that the application of lateral forces on 

the substrate (shear forces) is essential to activate PDA fluorescence25. Recently, Polacchi et al. reported 

the quantitative correlation between PDA fluorescence and applied forces.35 Although these works provided 

preliminary accounts of PDA mechanochromism over nanoscale distances, they quantitatively studied only 

vertical forces, and treated the more important lateral forces qualitatively. This is primarily because 
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standard AFM cannot be used to quantify forces parallel to the substrate. This hinders the quantitative study 

of anisotropic PDA mechanochromism. 

In this study, we couple quantitative friction force microscopy, which enables lateral force quan-

tification, with fluorescence microscopy (Figure 1a) to quantitatively investigate the anisotropic 

mechanochromism of PDA over nanoscale distances. The utilization of this experimental technique was 

partially enabled by our recent identification of an error source in quantitative friction force microscopy 

over the nanonewton range.36 Using this setup, we answer the following open questions in the field — is 

PDA mechanochromism truly anisotropic? Is force sensitivity at the edges of the crystals different from 

that in their bulk? Is there a correlation between thermochromism and mechanochromism?  

 

Fabrication of PDA films. PDAs were deposited on glass coverslips by the vertical transfer of diacetylene 

monomers via the Langmuir–Blodgett method, followed by UV crosslinking. These samples were placed 

on an inverted fluorescence microscope coupled with a quantitative friction force microscope. The 

quantitative friction force microscopy was calibrated using the wedge calibration method developed by 

Ogletree et al.37 and improved by Varenberg et al.38 Previously, we had experienced an amplification of 

errors when this wedge calibration method was applied at nanonewton force ranges. However, we had 

identified the origin of the error and had provided a method to avoid this inaccuracy.36 We used the hover 

mode, in which the AFM tip remains in contact with the sample only on the way (trace) and hovers over it 

on the way back (re-trace), avoiding contact with the surface. This enables the unidirectional application of 

lateral forces to the PDA sample only once corresponding to each scanning line, thereby avoiding 

complications in the interpretation of the obtained data. 

 

The mechanochromism of PDA was observed to be anisotropic over nanoscale distances. PDA 

comprising 5,7-docosadiynoic acid (DCDA) induced the formation of micro-sized crystals with an average 

height of 12.81 ± 1.26 nm on the glass coverslips, as observed via bright field microscopy (Figure 1b) and 
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AFM topology (Figure 1c). These substrates were scanned by AFM at setpoints (vertical forces) of 20, 40, 

60, 80, and 100 nN (Figure 1f). Fluorescence images were captured before and after scanning, and their 

difference (Δ fluorescence) was quantified (Figure 1d). During the scanning, the AFM cantilever was also 

used to apply lateral forces to the PDA, as quantified by the tilt of the tip and the consequent lateral 

deflection of the laser. Quantitative friction force microscopy enabled the measurement of this lateral force 

applied by the tip to the sample at each location, enabling the construction of a complete lateral force map, 

as depicted in Figure 1e. A comparison between the Δ fluorescence, F//, and F⊥ maps confirmed that Δ 

fluorescence is correlated with the lateral forces, F//, rather than the vertical ones, F⊥ (Figure 1d-f). This 

suggests that PDA reacts only to shear forces, as it has been proposed before25.To further compare the 

spatial maps of height, Δ fluorescence, lateral force, and vertical force over nanoscale distances, expanded 

images of the white squares indicated in Figure 1c-f and the cross sections of PDA crystals inside them are 

depicted in Figure 1g. At the edges of the PDA crystals, where the AFM tip entered the object, the lateral 

force was observed to increase by 253 % compared to that in the glass areas (consult the cross sections 

depicted in Figure 1g). In the inner part of the PDA crystal, the measured lateral force was similar to that 

on the glass (consult the cross sections depicted in Figure 1g corresponding to 1 µm < distance < 1.5 µm). 

The friction between the tip and the PDA was frequently observed to be equal to or lower than that between 

the tip and the glass, as is evident from the contrast in Figure 1e. The crystal edges on which high lateral 

force was applied, exhibited high fluorescence intensity, as evidenced by the co-localization of high lateral 

forces and high fluorescence intensity variations under constant vertical forces (Figure 1g). This provides 

further evidence for the fact that the fluorescence in PDA is correlated with the lateral forces, rather than 

the vertical ones, over nanoscale distances, even within a single crystal. Previously, a quantitative link 

between Δ fluorescence and the vertical force, F⊥, had been reported.35  However, the spatial correlation 

between Δ fluorescence and the vertical force, F⊥, over nanoscale distances is observed to be insignificant 

in the data obtained in this study.  
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Figure 1. Characterization of 5,7-docosadiynoic acid (DCDA) Langmuir-Blodgett films by lateral force microscopy coupled 

with fluorescence microscopy. a, A scheme of the experiment. b, Brightfield microscopy image. c, AFM height image. d, 
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Fluorescence increase map. e, Lateral force map. f, Vertical force map. The scale bars show 10 µm. g, Zoom-in images of the 

white squares in images (c-f) and cross-sections along the white dotted arrows. Note that the white arrows in the zoom-in images 

showing the scanning direction are slightly tilted due to the alignment of the AFM images to optical images. These Δ fluorescence, 

Lateral force, Vertical force maps were correlated pixel by pixel and binned to generate plots in h-j; h, Fluorescence increase vs. 

lateral force, i, Fluorescence increase vs. vertical force, j, Lateral force as a function of the applied vertical force. The error bars 

show the standard deviation in each bin. Lateral force microscopy experiments were carried out in contact hover mode, with 

increasing setpoints (i.e. vertical force) after each 100 lines (20, 40, 60, 80 and 100 nN) at 4 µm/s scanning speed. Areas of 50 x 

50 µm were scanned at a resolution of 512 x 512 pixel. 

 

Fluorescence was observed to be directly proportional to lateral forces, whereas it exhibited a pseudo-

correlation with vertical forces because the lateral and vertical forces are related by the friction law. 

To ascertain the origin of this unintuitive correlation between Δ fluorescence and F⊥, we plotted the values 

of Δ fluorescence against those of F// and F⊥ in Figure 1d-f in a pixel-by-pixel manner. This analysis 

required a series of procedures, including the removal of the glass region by identifying the PDA location 

via thresholding, binarization, and spatial superposition of fluorescence images and force maps (consult 

Materials and Methods for further details). As expected, Δ fluorescence was observed to be directly 

proportional to the lateral force, F//, with a slope coefficient of 1.19 × 10-4 nN-1 (Figure 1h). Despite no 

obvious spatial colocalization of their intensity profiles, Δ fluorescence and F⊥ were also observed to be 

correlated with a slope coefficient of 0.97 × 10-4 nN-1 (Figure 1i). This is because Δ fluorescence is 

proportional to the lateral force, F//, and the average lateral force, F//, and the vertical force, F⊥, are related 

via the friction law, F// = µF⊥ (Figure 1j). Lateral force has a general propensity of displaying a higher value 

as vertical forces increase. This can be explained by the classic friction law, F// = µF⊥, where the friction 

force F// is proportional to the weight of the object (F⊥: vertical force) with a friction coefficient µ. As a 

result, when Δ fluorescence vs F⊥ has a linear relationship, Δ fluorescence vs F// will also have a linear 

relationship because of F// = µF⊥. The slope coefficient of the F// vs F⊥ plot in Figure 1j was 0.54, which is 

larger than the measured friction coefficient between the tip and the inner bulk of the PDA crystals (0.34). 
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This can be attributed to the elevation of the average lateral forces by the high lateral force exhibited at the 

edge of the crystals upon impact of the tip, which does not obey the classic friction law. The obtained data 

demonstrated that the reason why Δ fluorescence appears to be proportional to F⊥ despite the fact that PDA 

reacts only against F// is because F⊥ and F// are linked via the friction law.  

 

The sensitivity of mechanochromism at the edges of PDA crystals was observed to be identical to that 

within their bulk. As mentioned previously, the edges of PDA crystals were typically observed to exhibit 

high Δ fluorescence, which had also been reported by previous studies20, 25. As the magnitude of the vertical 

force, F⊥ (setpoint), was kept constant during the scanning process, it had been hypothesized in previous 

studies that the crystal edges exhibit higher force sensitivity compared to their inner bulk due to the 

structural differences between them, where the larger amount of free space at the edges facilitates the 

torsions in the backbone. Although this idea seemed reasonable, the data obtained in this study disproved 

this hypothesis. First, we separated each Δ fluorescence, F//, and F⊥ map into portions corresponding to the 

inner bulk of crystals and their edges (Figure 2a-c). The signals from the glass regions were removed from 

these images to highlight the structure of the PDA crystals. The edges of the PDA islands were defined to 

be the 3 outermost pixels (145 nm). A thickness of 3 pixels was chosen to select the high Δ fluorescence 

area without including too much of the inner bulk with lower fluorescence intensity. Due to this policy of 

underselection, the “inner part” contained a small fraction of high-Δ fluorescence regions. These separated 

images were correlated pixel-by-pixel to individually visualize Δ fluorescence vs F// at the edges and the 

inner portions of the crystals. Δ fluorescence vs F// plots depicted no significant difference between the two 

scenarios (Figure 2d), establishing that the PDA sensitivity is independent of inner or edge structure of the 

PDA crystals. The same conclusion was obtained by using PDAs comprising two other diacetylene 

monomers (Figure S2d, S4d), confirming this to be a general result. The expectation that crystal edges 

exhibit higher force sensitivity arose from the wrong premise that PDA reacts to F⊥, which has already 

been disproved by this study, as depicted in Figure 1. The comparison of Δ fluorescence with F//, which is 
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the real parameter that governs PDA mechanochromism, reveals no sensitivity difference between the 

edges and the inner parts of PDA crystals. 
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Figure 2. Separation of the inner part and edge of the PDA islands in lateral force microscopy experiments. a, Fluorescence 

increase of DCDA LB films, b, lateral force map and c, vertical force map. The images in the upper row show the whole scanned 

region without separation, the middle row shows only the inner parts of the PDA islands, while the edge regions of the PDA 

islands are displayed in the bottom row. The edge of a PDA island is defined as the 3 outermost pixels (145 nm). Note, that the 

images are slightly tilted due to the alignment of AFM to optical data. d, Fluorescence increase as a function of lateral force after 

binning, separated for the inner part and edge regions. The error bars show the standard deviation in each bin. 

 
 

 
 

Figure 3. PDA force sensitivity depends on its thermochromic temperature. a, Structures of the studied diacetylene monomers. 

b, Normalized fluorescence increase as a function of lateral force for 10,12-pentacosadiynoic acid (PCDA), 10,12-tricosadiynoic 

acid (TRCDA) and 5,7-docosadiynoic acid (DCDA). Two samples were studied for each PDA. The error bars show the standard 

deviation in each bin. c, Photographs taken of DCDA, TRCDA and PCDA LB films on glass coverslips during heating on a hot 

plate. (Due to the reversible thermochromism of DCDA at lower temperatures39, colour monitoring had to be performed in situ.) 

d, Average slope coefficients from two samples for each PDA. Extracted from (b) by linear fitting as a function of the 

thermochromic transition temperature for PCDA, TRCDA and DCDA after binning. 
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PDA with lower thermochromic transition temperatures exhibited higher force sensitivity. To 

investigate the relationship between thermochromism and mechanochromism, we repeated the experiment 

with PDAs comprising 10,12-tricosadiynoic acid (TRCDA) and 10,12-pentacosadiynoic acid (PCDA), 

which possess the same carboxyl headgroup as DCDA, but exhibit higher thermochromic temperatures due 

to the difference between the carbon chain numbers or the location of the triple bond (Figure 3a). The 

results corresponding to PCDA and TRCDA were observed to be qualitatively similar to those in the case 

of DCDA (Figure S1-S3). However, quantitatively, the slope coefficients of the Δ fluorescence with respect 

to F// were observed to be unique for each PDA (Figure 3b. Δ fluorescence was normalized using the 

maximum fluorescence observed after the heat treatment, which enabled the quantification of the fraction 

of PDA activated by the forces.40 Consult Materials and Methods for further details)—DCDA ((1.2 ± 0.3) 

x 10-3 nN-1) > TRCDA ((5.0± 0.7) x 10-4    nN-1) > PCDA ((1.8± 0.7) x 10-4nN-1). This was the opposite of 

the order with respect to the thermochromic temperatures: PCDA (65 °C) > TRCDA (55 °C) > DCDA 

(50 °C) (Fig. 3c-d). This suggested that PDAs with lower thermochromic temperatures exhibit higher force 

sensitivities. A similar trend has been previously observed by Terada and coworkers41, where PDA-organic 

amine composites were characterized by applying macroscopic friction forces with a cage. There has been 

a hypothesis that the motion of the left-over monomers in PDAs are facilitating the color change especially 

in case of peptide-induced chromism42, whereas it has been rejected for the thermochromism43. In our case, 

the amount of the left-over monomers is estimated to be in the order of TRCDA > PCDA > DCDA based 

on the fluorescence intensity after the complete activation by heat, whereas the force sensitivity was in the 

order of DCDA > TRCDA > PCDA. Therefore, we did not see a direct correlation in the present case. 

 Previously, X-ray crystallography44, nuclear magnetic resonance (NMR)23, infrared (IR)21 and Raman 

spectroscopy45 had been used to detect  increase in structural disorder during blue-to-red transition. This 

indicates that PDA chromism is often associated with the crystal-to-amorphous transition. To crush nicely 

aligned PDAs into an amorphous state, hydrogen bonds in the headgroups and hydrophobic interactions in 

their tails need to be broken. The breaking of hydrogen bonds requires approximately 6-30 kJ/mol46, 47 and 
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the dissociation of hydrophobic attractions between molecules requires approximately 10 kJ/mol/nm2,48 in 

contrast to the breaking of covalent bonds, which typically requires hundreds of kJ/mol. In the case of 

thermochromism, these energies are provided by heat. In the case of mechanochromism, they are provided 

by work, W = FΔx. This explains the correlation between force sensitivity and the thermochromic 

temperature, as both work and heat are different means of providing the same transition energy. Our 

experiment measured this force to be in a nanonewton range. This can be rationalized as follows. 

Translating the work into forces requires a length scale, until the binding forces hold. For example, for 

hydrogen bonds and hydrophobic attractions, which persist over distances of ~ 1 nm, the force required to 

break a bond is of an order of magnitude of ~ 17 pN (= 10 kJ/6.02 x 1023/1 nm), in contrast to covalent 

bonds that require ~ 1.7 nN (= 100 kJ/6.02 x 1023/0.1 nm; covalent bonds persist over a smaller distance 

of ~ 0.1 nm).49 Considering that the AFM tip used in this study had a tip radius of 35 nm, the tip-PDA 

contact involved the simultaneous severance of hundreds of bonds (17 pN× 100 = 1.7 nN). Therefore, the 

expected force required to crush PDA crystals into an amorphous state is in a nanonewton range, which 

does not contradict with our experimental results. However, the accurate force calculation requires the 

expression of the potential profile as a function of distance. The reason why the same amount of vertical 

forces did not activate the PDA also reflects that the translation of energy into forces is more complex. 

These arguments are approximation as the energy barrier between the blue and red states that has been 

previously estimated by thermochromism (~84 kJ/mol = ~20 kcal/mol)39, 50, 51 is slightly higher than the 

energy required to simply break the bonds (6-30 kJ/mol46, 47). This implies that the system requires an 

additional energy penalty to non-planarize the conjugated backbone in addition to breaking the bonds to 

cause thermochromism. Once the system is pushed over the potential wall between the blue and red states, 

entropy decreases the final energy of the red state and makes it stable, as many PDAs are nonreversible. 
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Conclusions 

We reported a quantitative evaluation of anisotropic mechanochromism of polydiacetylene over nanoscale 

distances by utilizing quantitative friction force microscopy, which enabled the measurement of lateral 

forces. We found that PDA reacts only against lateral forces, F//. On the other hand, the previously reported 

relationship between vertical forces F⊥ and Δ fluorescence was confirmed to be a pseudo-correlation 

propagated via the friction law (F// = µF⊥). Further, the hypothesis that the edges of the PDA crystals exhibit 

higher force sensitivity was disproved by the measurements of this study, as the Δ fluorescence-F// curve 

exhibited no significant difference corresponding to the edges and the inner bulks of the crystals. We also 

found that PDA crystals with lower thermochromic temperatures exhibit higher force sensitivity, which can 

be attributed to the fact that both work and heat are sources of transition energy. The presented local force 

response of PDA probably mainly reflects the aggregate-induced mechanochromic behavior, as disturbing 

the alignment of the crystal by friction force microscopy turned on the fluorescence, although the effect of 

the associated structural change of a single polymer is also not excluded as they are difficult to separate. 

After decades of efforts to study the behavior of PDA chromism with respect to variations in heat, pH 

change, ions, peptides, etc., the presented quantitative and anisotropic mechanochromism at nanoscale will 

finally expedite the utilization of PDA as a unique nano-force sensor that detects forces by twist in contrast 

to other mechanophores 52, 53 in future. In addition, the combined friction force and fluorescence microscopy 

setup used in the present work can be used as a general method to extract quantitative and anisotropic force 

responses at nanoscale in other mechanochromic materials. 
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