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Abstract 
The coupling of mechanical stress fields in polymers to covalent chemistry 

(polymer mechanochemistry) has provided access to previously unattainable chemical 

reactions and polymer transformations. In the bulk, mechanochemical activation has 

been used as the basis for new classes of stress-responsive polymers that demonstrate 

stress/strain sensing, shear-induced intermolecular reactivity for molecular level 

remodeling and self-strengthening, and the release of acids and other small molecules 

that are potentially capable of triggering further chemical response. The potential utility 

of polymer mechanochemistry in functional materials is limited, however, by the fact 

that to date, all reported covalent activation in the bulk occurs in concert with plastic 

yield and deformation, so that the structure of the activated object is vastly different 

from its nascent form. Mechanochemically activated materials have thus been limited to 

“single use” demonstrations, rather than as multi-functional materials for structural 

and/or device applications. Here, we report that filled polydimethylsiloxane (PDMS) 

elastomers provide a robust elastic substrate into which mechanophores can be 

embedded and activated under conditions from which the sample regains its original 

shape and properties. Fabrication is straightforward and easily accessible, providing 

access for the first time to objects and devices that either release or reversibly activate 

chemical functionality over hundreds of loading cycles.  



 

 v 

While the mechanically accelerated ring-opening reaction of spiropyran to 

merocyanine and associated color change provides a useful method by which to image 

the molecular scale stress/strain distribution within a polymer, the magnitude of the 

forces necessary for activation had yet to be quantified. Here, we report single molecule 

force spectroscopy studies of two spiropyran isomers. Ring opening on the timescale of 

tens of milliseconds is found to require forces of ~240 pN, well below that of previously 

characterized covalent mechanophores. The lower threshold force is a combination of a 

low force-free activation energy and the fact that the change in rate with force (activation 

length) of each isomer is greater than that inferred in other systems. Importantly, 

quantifying the magnitude of forces required to activate individual spiropyran-based 

force-probes enables the probe behave as a “scout” of molecular forces in materials; the 

observed behavior of which can be extrapolated to predict the reactivity of potential 

mechanophores within a given material and deformation. 

We subsequently translated the design platform to existing dynamic soft 

technologies to fabricate the first mechanochemically responsive devices; first, by 

remotely inducing dielectric patterning of an elastic substrate to produce assorted 

fluorescent patterns in concert with topological changes; and second, by adopting a soft 

robotic platform to produce a color change from the strains inherent to pneumatically 

actuated robotic motion. Shown herein, covalent polymer mechanochemistry provides a 

viable mechanism to convert the same mechanical potential energy used for actuation 
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into value-added, constructive covalent chemical responses. The color change associated 

with actuation suggests opportunities for not only new color changing or camouflaging 

strategies, but also the possibility for simultaneous activation of latent chemistry (e.g., 

release of small molecules, change in mechanical properties, activation of catalysts, etc.) 

in soft robots. In addition, mechanochromic stress mapping in a functional actuating 

device might provide a useful design and optimization tool, revealing spatial and 

temporal force evolution within the actuator in a way that might also be coupled to 

feedback loops that allow autonomous, self-regulation of activity.  

In the future, both the specific material and the general approach should be 

useful in enriching the responsive functionality of soft elastomeric materials and 

devices. We anticipate the development of new mechanophores that, like the materials, 

are reversibly and repeatedly activated, expanding the capabilities of soft, active devices 

and further permitting dynamic control over chemical reactivity that is otherwise 

inaccessible, each in response to a single remote signal.  
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1. Introduction  

1.1 Scope of This Work 

The mechanical behavior of all materials—synthetic and natural—is dictated by 

the chemical nature of the molecules they comprise. The stretchy and elastic nature of a 

rubber band, for example, is a direct consequence of the elastic nature of the individual 

polymer chains that make up the network (Figure 1). When a rubber band is stretched 

far enough, some polymer chains become overstressed and eventually fracture,1-3 

leading to the macroscopic fracture of the band. This process of using mechanical forces 

to produce chemical change is known as mechanochemistry.4-12 

 

Figure 1. A rubber band comprising a network of cross-linked polymer chains. The 
elastic nature of the rubber band is a consequence of the elastic nature of these polymer 
chains. If the rubber band is stretched to its limit some polymer chains become 
overstressed and may even break (shown red for emphasis). The fracture of polymer 
chains in bulk solids is a destructive example of polymer mechanochemistry. 



 

2 

This accumulation of mechanical force need not be destructive in nature, nor 

does the result have to be macroscopic failure of the parent material. A significant 

number of constructive force-enabled chemical transformations have been successfully 

demonstrated (e.g. ring-opening and latent bond-formation for stress-strengthening, 

mechanochromism for camouflage and display, and triggered release of molecules for 

chemical delivery and signaling).7-8, 11 But this constructive mechanochemical response 

comes at a cost; without exception, every bulk system capable of triggering these force-

responsive chemistries has had to be irreversibly deformed in the process. In other 

words, the “activated form” of the material always looks nothing like the original. This 

presents a major hurdle to integrating mechanochemistry into existing dynamic 

materials (e.g. polymer-based dielectric, thermal, photo, pneumatic, and hydraulic 

actuators) where shape and mechanical properties must be preserved for continued 

function. In response to this challenge, and in support of ongoing efforts in design and 

development of future mechanochemically active materials, the work presented here has 

made three key contributions: 

1. Covalent mechanochemistry can be initiated under elastic deformation, 

permitting bond activation under conditions where the material can fully recover 

its structure (Figure 2). (Chapter 2). 

2. The force modified rate behavior of two spiropyran-based force probes was 

obtained via single molecule force spectroscopy (Figure 3), thus permitting the 
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probe to behave as a mechanical force “scout” whose behavior can be 

extrapolated to predict reactivity of other suitable mechanically responsive 

chemistries (Chapter 3). 

3. Reversible and repeatable bond activation in the PDMS elastomer permits 

fabrication of a series of first generation mechanochemically active polymer 

devices (Figure 4) that achieve constructive covalent chemical responses from the 

strains inherent to their mechanical function (Chapter 2 and Chapter 4) 

In Chapter 5 we outline how the discoveries made here have motivated the 

development of a new class of mechanically responsive metathesis catalyst that 

leverages repeatable elastic coupling to achieve on/off catalysis and potentially 

fluxional/tunable activity. We conclude with current challenges and outlook.  

 

Figure 2. (a.) Compression of an elastic sphere produces an intense color change under 
conditions that permit shape recovery (diameter = 4 cm). (b) The color change is the 
result of the macroscopic forces of compression being transmitted to network bound 
molecules that correspondingly elongate and become colored. 
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Figure 3. Single molecule force spectroscopy characterizes the mechanical activity (force 
vs. rate) of individual bonds and molecules. Shown is a schematic of a polymer 
containing multiple spiropyran molecules in series spanning the gap between a 
cantilever and a stage (left); The magnified view show a shorter, colorless spiropyran 
form elongating to a colored merocyanine form (middle); The elongation produces a 
characteristic plateau in a force-extension curve (right), revealing the force required to 
mechanically activate the popular mechanical stress probe. 

 

Figure 4. (a.) Pneumatic inflation of included voids and channels within an elastic 
superstructure produces mechanical motions such as gripping, the same mechanical 
stresses are used to activate covalent chemistry embedded within the network. (b.) 
Applying an electrical potential across a dielectric elastomer produces topological 
changes whose deformation is great enough to activate network bound chemistry 
reversibly and repeatably, shown here to provide on-demand fluorescent patterning. 
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1.2 Background 

1.2.1 A Brief History of Polymer Mechanochemistry 

Around the same time that chemists began to appreciate the macromolecular 

basis of polymers,13-14 Hermannn Staudinger suggested that chemical bonds in polymers 

could be cleaved by mechanical force, resulting in molecular weight reduction in 

masticated polymers.15-17 Ten years later the father of transition state theory, Henry 

Eyring, established that a force potential could reduce the activation barrier for carbon-

carbon homolytic bond scission (i.e. a pulling force on either end of a polymer 

accelerates the rate at which the polymer chain breaks).18 This theory was later expanded 

upon by Bell,19 and Evans.20 

Early investigations of polymer mechanochemistry were concerned with 

polymer degradation reactions via sonication.21-23 These and additional flow-induced 

polymer cleavage studies expanded the experimental and theoretical understanding of 

the mechanical component of bond scission reactions.24-26 The earliest report of bond 

specific cleavage appeared in the early 2000’s, wherein the sonication of polymers 

containing peroxide,27 azo,28 and metal-ligand29 “weak-bonds” were observed to break 

selectively, highlighting the extremely selective (almost exclusive) nature of mechanical 

activation. Shortly thereafter Moore et al. revealed that when a cis- or trans-1,2-

disubstituted benzocyclobutene chain-centered polymer was sonicated the product 

stereochemistry of the mechanically-induced electrocyclic ring-opening reaction of both 
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isomers was identical (stereochemistry of the ring-opened cis-isomer opposite that of the 

thermally allowed form).30-32 Capturing this early glimpse of the extent to which 

mechanical force could modify chemical reactivity helped define a new era for 

mechanochemistry.  

1.2.2 Contemporary Mechanochemistry 

A central feature of contemporary mechanochemistry is the vision that 

macroscopic mechanical force can be used productively. This vision required the 

rational design new class of mechanically-responsive chemical unit: the mechanophore.* 

Since the inaugural use of the term by Moore et al. in 2007,31 the mechanophore catalog 

has grown to include a spectrum of chemical outcomes (Figure 5), each providing 

valuable chemical insight into the design of the latter. A complete overview of the 

development of contemporary polymer mechanochemistry can be found in the 

following reviews,4-12 and we summarize the key developments in the proceeding 

sections.  

                                                        

* Credit for inventing the term “mechanophore” has been given to Dr. Ken Caster, who suggested its use at 
an Army Research Office (ARO) workshop in early 2006. From: Li, J.; Nagamani, C.; Moore, J. S., 
Polymer Mechanochemistry: From Destructive to Productive. Acc. Chem. Res. 2015, 48 (8), 2181-90. 
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Figure 5. Catalogue of available mechanophore moieties. Arrows indicate typical 
attachment points. The list is not exhaustive, particularly with regard to stereo- and 
regioisomers. Bold red lines indicate the bonds that are broken in the product, either by 
direct homolytic or heterolytic scission, or through a pericyclic rearrangement.  

1.2.2.1 Mechanochromism and Mechanoluminescence 

The earliest report of covalent mechanochromism (e.g. mechanical activity 

produces molecule which has differential interaction with light) came from the 

mechanically induced isomerization of the colorless spiropyran to the colored 

merocyanine.33 Since its discovery spiropyran has revealed previously inaccessible and 

invaluable insight into the mechanism of force transduction in various polymer 

systems;34-42 most notably elucidating the effects of: polymer chain alignment and 
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temperature,43-44 plasticization,43 solvent,45 mechanophore orientation,46 time-

dependence,47 and mechanical loading conditions.44, 48-51 Complementing spiropyran’s 

utility are a variety of other mechanochromic compounds based on spirothiopyran,52 

anthracene,53-56 coumarin,57 diarylbibenofuranone,58-59 hexaarylbiimidazole,60 and 

rhodamine.61  

A useful alternative to the mechanochrome strategy was introduced in 2012, 

where Sijbesma et al. developed a thermally stable dioxetane adamantane that cleaves 

mechanically to generate a chemically excited state, that upon relaxation produces a 

photon of light, a process known as mechanoluminescence.62-63 This mechanophore has 

served especially useful in studying the fracture behavior of multi-network64 and hybrid 

supramolecular/covalent gels.65 

1.2.2.2 Mechanochemical Remodeling as a Platform for Stress Strengthening Materials 

The ability of a polymer chain to chemically remodel in response mechanical 

forces has been identified as a potential mechanism to toughen and reinforce a polymer-

based solid precisely where the failure processes initiate.5, 7, 11 In 2009 our group 

discovered that the sonication of a polymer containing gem-dibromocyclopropanes 

accelerated an electrocyclic ring opening to reveal 2,3-dibromoalkenes along the 

backbone.66 Characterization of this polymer via single molecule force spectroscopy 

revealed that once a threshold force was met, the rate of electrocyclic ring opening and 

corresponding chain elongation was driven by and correlated with the rate of polymer 



 

9 

extension.67 Importantly, these works provided a single molecule proof-of-principle for 

three new mechanisms of material property enhancement: (1) a polymer chain 

containing non-scissile cyclopropane mechanophores requires more energy to break 

than does a non-functionalized chain (single molecule toughening); (2) the polymer 

chain is able to elongate to locally relieve stress without breaking the polymer chain 

(stress relief); and (3) the revealed 2,3-dihaloalkenes are reactive to nucleophilic 

substitution reactions, offering a mechanism to create more bonds in regions of local 

stress accumulation (stress strengthening).68-70 

Continued work in our lab has since expanded on this concept by developing 

chemistries capable of polymer chain-scission and thermal remending via 

perfluorocyclobutanes,71 generating and “tension-trapping” a reactive ylide,72 improved 

release of stored length and reactivity via conjugate addition reactions in 

bicyclo[3.2.0]heptane73 and bicyclo[4.2.0]octane74 based systems, and mechanically 

induced gelation of poly(benzocyclobutene).75 Recently, work from Weng et al. has 

successfully demonstrated a bond-forming strategy based on a thiol-ene reaction with 

the activated, colored form of a spirothiopyran.52  

1.2.2.3 Mechanically Scissile Coordination Bonds and Mechanocatalysis 

The Sijbesma group’s early work in sonication of Pd-phosphine coordinative 

bonds in polymer chains revealed chain scission at the Pd-P bond was both reversible 

and incredible selective.29, 76 Perhaps inspired by the exceptional mechanical sensitivity 
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of a subsequent iteration of bis-N-heterocyclic carbene complexes77-78 the group identified 

two thermally latent catalytic systems based on Ag(I) and Ru(II) complexes, both 

bearing NHC ligands which, upon dissociation of a single NHC, become catalytically 

active.79-83 Extending on this concept, Binder et al. developed a latent bis-carbene type 

click catalyst.84  

Interestingly, the action of mechanical force on metal complexes is not limited to 

initiation (or conceivably termination) by ligand dissociation, but tension can actually 

modify activity. Work in our group has shown that mechanical forces on the order of 

100 pN can adjust the dihedral angles of a bidentate ligand about a Pd catalyst, the angle 

of which is known to influence the enantioselectivity of the reaction.85 

1.2.2.4 Triggered Molecule Release and Controlled Radical Generation 

Among those chemistries whose focus is more narrowly defined (force-probes, 

stress-strengthening chemistries, or thermally latent catalysts), the utility of many other 

mechanophores is open-ended. For example, research in our group86 and that of 

Boydston et al.87-88 have developed two separate systems capable of tension-induced 

small molecule release. Both systems provide proof-of-principle demonstrations where 

mechanical force stimulates the ejection of a bound molecule, without requiring chain 

scission. Relatedly, Moore et al. developed a mechanophore whose mechanically 

activated form decomposes and forms a mineral acid (HCl), for which any number of 

down-stream acid-catalyzed or pH responsive effects can be envisioned.89 
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Two relatively new mechanophores have been developed which generate 

radicals in response to molecular tension, in contrast to the random and non-specific 

homolytic chain scission in deformed polymers (although Grzybowski and co-workers 

have shown that random mechanoradical generation can be used constructively90-91). 

Otsuka et al. utilize a diarylbibenzofuranone-based radical generator,58-59 while Sijbesma 

et al. use a hexaarylbiimidazole–based motif.60 Additionally, both mechanoradical 

generators become colored upon activation, supporting efforts of damage detection 

while potentially mediating self-strengthening through radical initiated polymerization. 

1.3 Single Molecule Mechanochemistry 

1.3.1 Force Modified Rate Behavior 

The action of mechanical force on a chemical reaction is generally understood as 

it operates within transition state theory. That is, for a thermally activated process the 

height of an energy barrier (∆G‡) separating two states determines the spontaneous rate 

(k) of the reaction.92-93 This relationship is shown in equation 1. 

k0 ∝ e
−ΔG‡

kBT      (eq. 1) 

The height of the energy barrier is a reflection of the difference in energy 

between the ground state and the transition state (Figure 6, black curve). A mechanical 

potential (e.g. a pulling force described by –Fx) can influence this energy surface if the 

vector of force is appropriately coupled to the nuclear motions associated with the 
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ground state approach to the transitions state. The barrier is then lowered proportional 

to the applied force (F) scaled by the distance it acts upon (x‡).94 

k(F) = k0e
(FΔx‡ )
kBT      (eq. 2) 

Importantly, the magnitude of F does not have to be so large as to make the 

reaction barrier-less. Rather, the barrier is decreased until thermal fluctuations (kBT) are 

sufficient to carry the reaction forward† on the timescale of the experiment.9, 20 

 

Figure 6. Force-modified potential energy surface. Force-free reaction coordinate shown 
in black, a potential due to force (dashed red line) lowers the barrier proportionally to 
the amount of force applied over a distance to produce the modified pathway shown 
blue.  

 

 

                                                        

†A typical SMFS experiment with an extension velocity of 300 nm/s produces a reaction half-life of ∼100 ms. 
This rate corresponds to a room temperature free energy of activation of ∼16 kcal mol−1. 
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1.3.1 Single Molecule Force Spectroscopy 

Single molecule force spectroscopy (SMFS) is an invaluable tool for manipulating 

and studying chemical reactivity.95-99 In service to mechanochemistry, SMFS quantifies 

the force-reactivity relationship (rate of mechanophore activation as a function of force), 

complimenting the structural details provided by ensemble flow techniques (e.g. 

sonication). Perhaps most importantly, SMFS interrogates the efficiency of the 

mechanochemical coupling of force to a given mechanophore by obtaining x‡, which 

recalling from the previous section is the term that captures the molecular coordinate 

(from ground state to transitions state) acted upon by the applied mechanical force. The 

significance of this term is that it quantifies any mechanical advantage provided by the 

attachment points or resulting from local structural effects along the polymer backbone 

(analogous to a lever), which might lower the force required to activate a 

mechanophore, irrespective of the intrinsic strength of the chemical bond.7, 100-103  

A schematic representation of a typical SMFS experiment is shown in Figure 7, 

and generally follows: (1) a dilute polymer solution is adsorbed onto a Si surface and 

affixed to a piezoelectric stage; (2) the stage is raised and brought into contact with the 

tip of the AFM probe to encourage polymer chain adhesion, and (3) retracted at a slow 

rate (100’s of nm s-1) to observe any deflection in the cantilever from a polymer tether 

connecting tip and stage. This process is repeated for several hours or longer to obtain 

multiple pulls from multiple different positions on the surface. 
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Figure 7. Experimental schematic of the extension of a single polymer chain with an 
atomic force microscope (top), shown with a plot of tip deflection vs. separation 
(bottom). (a) A polymer chain adsorbed onto a surface is brought into contact with the 
AFM probe. The contact of the probe with the surface is measured by the deflection of a 
focused laser beam onto a photodiode array. (b) As the stage is retracted away from the 
probe tip (assuming fortuitous adhesion of a polymer chain) the cantilever tip is 
deflected by the downward pull of the stage (c). Ultimately the stage is retracted until 
the polymer chain detaches or breaks (d), returning the AFM probe it its resting state. 

Our lab’s approach contrasts most traditional SMFS experiments which 

interrogate the rupture of one bond at a time,96, 98, 104 and instead, we obtain force-

extension curves of “multi-mechanophore” polymers. This technique quantifies the force 

dependency of 100’s of reactions at time, providing a statistically significant sample of 

bond strengths from a single successful polymer extension.67, 100, 102-103, 105-107 The technique 

requires that the mechanochemical reaction of interest produces a net elongation of the 
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chain and that the event does not result in chain scission. In a general example, the 

polymer contains a series of “weak-bonds” defined in reference to the next strongest 

bond along the polymer backbone or that contained within the stored contour length. As 

shown in Figure 8, the force-extension curve follows that of a typical polymer chain (a) 

until a critical force value is met, giving rise to a characteristic plateau (b). The plateau 

corresponds to a condition where the applied force has accelerated the rate of the 

reaction to that observable on the timescale of the experiment (reaction half-life of ~100 

ms).67, 102 

 

Figure 8. Experimental schematic of the extension of a multi-mechanophore polymer 
(top) and the resulting force vs. displacement curve (bottom). A polymer containing a 
series of weak bonds is elongated by the retraction of the stage (a). At some force the 
weak-bonds begin to rupture (b) and produce a characteristic plateau in the force-
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extension curve (shown in red for emphasis), ultimately producing a longer polymer 
chain (c).  

The molecular basis of the transition can be evaluated from the change in 

polymer contour length,‡ which is obtained from the fitting of a pre- and post-extension 

force curves with a modified freely jointed chain model.108-110 Upon synthesizing 

polymers of various weak-bond content, the origin of the transition is validated if: (1) 

polymer extension scales with initial contour length; (2) extension is proportional to 

weak-bond/stored-length content; and (3) extension matches theoretical values from 

molecular simulations.  

1.4 Spiropyran 

Spiropyran (SP) and its metastable merocyanine (MC) isomer exist in a dynamic 

and reversible thermal equilibrium111-115 that is sensitive to a variety of stimuli—light, 

heat, solvent polarity, viscosity, etc.—for which spiropyran and its analogs have found 

broad applicability for analytical and stimulus responsive systems.114, 116-117 The 

photochemical and thermochemical equilibrium of 1-alkyl-3,3-dimethyl-6’-

nitroindoleniospirobenzopyran (a widely used analog) is represented in Figure 9. In 

non-polar solutions the ring-closed, SP form predominates (kSP ͢→MC /kMC→SP, measured to 

be on the order of 10-5 and lower).118-121 Under UV illumination the equilibrium is driven 

                                                        

‡ Not strictly the polymer contour length, which is defined as the end-to-end distance of the polymer chain. 
Rather, the fit is based on the end-to-end segment length of polymer that spans the gap between the tip and 
the stage, which is the component that gives rise to the force-extension curve. 
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towards the longer, colored merocyanine form (owing to the planar, extended 

conjugated system).  

 

Figure 9. (a) Schematic of the spiropyran to merocyanine equilibrium. (b) Generalized 
2D potential energy landscape of the equilibrium between spiropyran and mercocyanine 
along the ground state (S0) and first excited state (S1). Energy levels and barrier heights 
are approximations and only serve to illustrate the equilibrium. (c) Absorption curves 
for SP and MC shown with approximations of the spectral ranges that drive the 
equilibrium towards MC (hv1) or SP (hv2).  
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Consistent with other photoswitchable systems, those wavelengths of light that 

predominantly excite one form drive the equilibrium in the opposing direction (Figure 

9). For example, UV irradiation produces a merocyanine-rich equilibrium while 

irradiation with longer wavelengths such as green light generates spiropyran-rich 

mixtures. The photostationary equilibrium is thus sensitive to the intensity and specific 

wavelengths of the incident light.  

1.5 Bulk Mechanochemistry  

1.5.1 Significance and Potential 

The design of every mechanophore is at least in part aimed at delivering 

constructive and responsive enhancements to synthetic systems. In the context of 

polymer-based materials, the historic understanding of the mechanochemical basis of 

material failure1-2, 15-17 (recall the fracture of a rubber band from Section 1.1, Figure 1) 

suggests a clear opportunity for the mechanophore strategy (Figure 10) for several 

reasons: 

(1) Mechanical force is abundant in polymers under deformation 

(2) The magnitude of energy implicated by homolytic carbon-carbon bond scission 

is enormous—greater than 80 kcal/mol, requiring a mechanical force on the order 

of 3-4 nN9, 122— suggesting that nearly every mechanochemical transformation 

beneath this ceiling should be accessible.  
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(3) Mechanical force applied through a polymer handle is directional; supporting 

that systematic manipulation of molecular structure should be possible on a bulk 

scale.  

If these overstressed regions can be identified (or designated regions can be 

predisposed to stress), then the introduction of non-destructive molecular level 

remodeling events should produce dramatic consequences for the material.  

 

Figure 10. Schematic representation of the coupling of a macroscopic force to individual 
bonds and molecules through a polymer network. Activation of force-sensitive 
mechanophores (grey) upon deformation could enable new chemistry and enhanced 
material properties via covalent chemical changes within the bulk material. 

Significant research has been devoted to the mechanophore and the scope of 

mechanochemical outcomes, the nature of which can be selected from a growing menu 

of options (Section 1.2, Figure 5). As will be shown in the proceeding section, activation 

is only observed coincident with irreversible plastic deformation or complete material 

failure. In other words, the materials no longer maintain their original shape after the 

deformation. Current demonstrations have limited application in stress-responsive 

devices due to the late onset of activation. The narrow window between the observation 
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of mechanochemical activation and material failure may be too small for a property-

enhancing event to be observed to the benefit of the material. Additionally, requiring a 

destructive event for chemical activation limits their utility in responsive devices (e.g. 

dielectric, pneumatic, hydraulic, thermo- and photoresponsive, etc.) where reversibility 

and fluxional control is desired.  

1.5.2 History of Bulk Mechanochemistry 

In the early 1970s, while investigating the behavior of tethered photo-switches in 

polymer matrices,123-129 George Smets and co-workers nearly gave bulk 

mechanochemistry a 35-year head start. While studying de-coloration kinetics in 

poly(ethyl acrylate) thermoplastic networks they observed that when a spiropyran 

cross-linked sample was irradiated with UV light and stretched, the rate of de-coloration 

was slower as compared to the un-stretched sample (0.7x10-3 s-1 from 2x10-3 s-1).123 

Interestingly, if the poly(ethyl acrylate) network was instead cross-linked with ethylene 

glycol diacrylate and contained only a mono-acrylate spiropyran, the rate of de-

coloration was unaffected by a stretch. They reasoned that cross-linking permitted chain 

orientation of the merocyanine in the direction of the stretch, and the strain imposed on 

the photochrome was responsible for the slowed photokinetics. Dichroism experiments 

later performed by Smets et al. revealed that increasing stretch ratios of spiropyran 

cross-linked samples did indeed result in orientation in the direction of the applied 

stretch.126  
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The earliest report of force-induced reactivity in the bulk appeared in the early 

2000’s where it was reported that the cracking of hard glass-like materials containing 

photo-dimer cross-links led to retro-cyclization along fracture planes and crack 

surfaces.130-134 In 2009, Moore, Sottos, and co-workers revealed unambiguously that 

mechanical force could actually drive spiropyran to the open, colored merocyanine 

form.135 The discovery of spiropyran’s force sensitivity cultivated a huge expansion of 

research aimed at uncovering the fundamentals of force transmission in polymer 

matrices. Spiropyran has since been used to uncover the role of chain orientation,39, 46, 136 

chain-mobility and plasticization,34, 43, 47 and deformation rate47, 49-50 on local force 

accumulation in a host of polymer systems under various mechanisms of deformation.35-

36, 40-42, 45, 48, 137 These reports relied on spiropyran as a binary colorimetric probe of force 

accumulation (i.e., Is force being experienced or not?), but the magnitude of force 

revealed by the probe—a critical value for extrapolating spiropyran’s model activity to 

predict the response of new mechanochemistries—had yet to be characterized 

experimentally. Our single molecule force spectroscopy work in Chapter 3 aimed to 

extend the future utility of spiropyran and to retroactively reveal deeper insight of force 

transmission in prior published works. 

In addition to mechanochromism, a host of other force responsive chemistries 

have been triggered in the solid state: (1) mechanoluminescence,62, 64 (2) polymer chain 

remodeling and stress-strengthening,56, 68, 70, 134, 138-140 (3) small-molecule release86-88 and 
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acid generation,89 (4) generation of mechano-radicals,91 (5) and catalyst initiation.79, 81 

Notably, all of these demonstrations require irreversible deformation of the parent 

material.



 

23 

2. Mechanochemical Activation of Covalent Bonds in 
Polymers with Full and Repeatable Macroscopic Shape 
Recovery* 

2.1 Introduction 

Covalent mechanochemistry within bulk polymers typically occurs with 

irreversible deformation of the parent material. Here, we show that embedding 

mechanophores into an elastomeric poly(dimethylsiloxane) (PDMS) network allows for 

covalent bond activation under macroscopically reversible deformations. Using the 

colorimetric mechanophore spiropyran, we show that bond activation can be repeated 

over multiple cycles of tensile elongation with full shape recovery. Further, localized 

compression can be used to pattern strain-induced chemistry. The platform enables the 

reversibility of a secondary strain-induced color change to be characterized. We also 

observe mechanical acceleration of a flex-activated retro-Diels-Alder reaction, allowing a 

chemical signal to be released in response to a fully reversible deformation. 

The coupling of mechanical stresses in polymers to covalent chemistry (polymer 

mechanochemistry) has provided access to new chemical reactions,31, 71, 100, 141-144 

mechanistic insights,39, 46, 78, 100, 145-152 and polymer transformations.4, 31, 153 In the bulk, 

mechanochemical activation has been used as the basis for new classes of responsive 

polymers that demonstrate stress/strain sensing,33, 39, 43, 46, 48, 154-155 molecular level 

                                                        

* This chapter adapted from: Gossweiler, G. R.; Hewage, G. B.; Soriano, G.; Wang, Q. M.; Welshofer, G. W.; 
Zhao, X. H.; Craig, S. L., Mechanochemical Activation of Covalent Bonds in Polymers with Full and 
Repeatable Macroscopic Shape Recovery. ACS Macro Letters 2014, 3 (3), 216-219. 
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remodeling and stress-strengthening,56, 68, 70, 134, 138-140 and the release of small molecules 

that are potentially capable of triggering further chemical response.89, 156 These 

demonstrations have occurred in an increasing catalog of polymer morphologies 

spanning a range of mechanical properties. The potential utility of polymer 

mechanochemistry in functional materials is limited, however, by the fact that to date, 

all reported covalent activation in the bulk occurs in concert with irreversible plastic 

yielding; the final form of the activated material is substantially different from its 

nascent form.33, 35, 39, 41, 68-69, 157 Mechanophores have been incorporated into and activated 

in elastomers,34-36, 39, 41, 136, 158 but with the notable exception of the generation of mechano-

radicals,91 mechanochemically activated covalent chemistry at strains from which initial 

macroscopic shape can be fully recovered is largely unreported.  

Shape recovery in concert with mechanophore activation would open the door 

for a variety of applications, including the ability to couple mechanochemical function 

into soft, active devices. Recently, Boydston et al. have demonstrated the release of small 

molecule agents over multiple compression cycles,87 and here we report that a composite 

PDMS network provides a robust elastic substrate into which non-scissile 

mechanophores can be embedded and activated under strains from which the substrate 

regains its original shape. In the future, both the specific material and the general 

approach should be useful in enriching the responsive functionality of soft elastomeric 

materials and devices. 
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2.2 Results and Discussion 

2.2.1 Reversible and Repeatable Activation of Spiropyran 
incorporated PDMS 

We chose filled PDMS as a platform because of its relatively high stretchability,159 

high mechanical strength,160 optical transparency, and high functional group tolerance.161 

In addition, PDMS is a platform material for microfluidic162-164 and electrolithographic 

devices,165-166 pneumatically powered soft robotics,167-168 and biomedical engineering 

applications,169-170 and we speculated that, if shown to be accessible, covalent 

mechanochemical activation might provide a route to adding new responsive chemical 

functionality to an already highly functional material.  

To test this idea, we initially turned to the colorimetric mechanophore 

spiropyran, developed previously by Moore, Sottos, et al.33 Spiropyran reversibly opens 

in response to an appropriately coupled force, resulting in a colored merocyanine form 

(Figure 11, B). Force induced isomerization of the molecule allows for direct spatial and 

temporal visualization of stress accumulation in an otherwise insoluble network.  

 

Figure 11. (A) A platinum catalyzed hydrosilylation covalently incorporates a bis-alkene 
functionalized molecule among vinyl end-terminated PDMS and a hydrosilylated PDMS 
copolymer. (B) Ring opening of spiropyran leads to the activated colored merocyanine 
compound. 
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We covalently incorporated a bis-alkene functionalized-spiropyran into PDMS 

(0.5-0.7 wt %) via platinum cure hydrosilylation, the same chemistry used to form the 

covalent network (Figure 11, A). Further details of fabrication can be found in the 

Supporting Information. Solvent-cast films resemble the nascent PDMS material, but 

have pale yellow coloration from the embedded spiropyran. Stretching the films by 

hand generates a vibrant color change (Figure 12) that persists once the film is relaxed (a 

tension-coupled secondary color change during relaxation is discussed below). Notably, 

the length of the relaxed film returns to that of the initial film, in marked contrast to 

prior reports of spiropyran activation in bulk materials. No activation was observed in 

control films containing a bis-functional, mechanically inactive control (2.4.2.2 Control 

Spiropyran, Figure 23). 

 

Figure 12. Covalent bond activation with full shape recovery. The original sample is 
clear and colorless under ambient conditions (A), but turns blue when stretched (B). 
When released, the material regains its initial shape (as indicated by the black reference 
spots), and the color switches to purple (C). Activation and shape recovery are 
repeatable over multiple cycles, as shown. 
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Activation is shown to be repeatable over multiple cycles. The film can be “reset” 

to the colorless form by illuminating the merocyanine with bright white light for ca. 10 s. 

(or 1 h without light). The same stretch-induced color change, complete with shape 

recovery, can then be repeated over multiple cycles (Figure 12). 

The stress-strain curves of a cyclic uniaxial extension to 175% strain shows 

hysteresis171-174 typical of filled PDMS in the first stress/strain cycle (Figure 13, A), but 

subsequent mechanophore activation (onset behavior described in Section 2.4, Figure 22) 

occurs without further loss of mechanical properties. The subsequent 9 cycles are nearly 

identical in mechanical behavior, as shown by their overlapping curves (Figure 13, C). 

After 10 cycles the material was deformed to failure at ca. 200% strain (Figure 13, C).  

 

Figure 13. (A) Tensile elongation leads to covalent activation of spiropyran not observed 
in control films containing mechanically inactive spiropyran (B). Relaxing the sample to 
the initial position and illuminating with bright white light for 1 min returns the sample 
to its colorless state, and the activation is repeated over nine more cycles. (C) Stress-
strain plot corresponding to (A), showing hysteresis in the first cycle, nine additional 
reversible cycles, and subsequent elongation to failure. 



 

28 

Localized compression can be used to pattern mechanophore activation within 

the films, by pressing or rolling patterned objects across the surface to generate lines, 

circles, or more complex patterns such as the cross-hatch grip of a flashlight (Figure 14). 

Large films cured onto a white surface can be used as a mechanochemical 

writing/drawing tablet that is activated by non-destructively dragging a stylus across 

the surface.86* 

 

Figure 14. Spatial localization of probe activation is achievable by localized compression 
on film surfaces. An initial film sample can be reversibly activated via tension (A), or by 
rolling a patterned object across the surface to generate lines (B), circles (C), and a cross-
hatch pattern (D). The same sample was used for all patterning. 

The reversibility of the substrate enabled the reversibility of a second force-

coupled colorimetric response in spiropyran to be characterized. When activated under 

tension, the PDMS-spiropyran films are a deep blue color, but when that same film 

relaxes, the color turns purple. The activated film reversibly changes color between blue 

                                                        

* Video was submitted as supporting information and is available free of charge via the internet at 
http://pubs.acs.org/doi/suppl/10.1021/mz500031q 
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and purple with subsequent change in stress/strain state (Figure 15, A). This change is 

instantaneous, can be switched back and forth hundreds of times, and can be quantified 

spectroscopically. Both the absorption (Figure 15, B) and fluorescence emission (Figure 

15, C) spectra are red shifted with increasing strain, by approximately 25 nm and 50 nm 

at strains of 25 and 125%, respectively.  

 

Figure 15. A mechanically activated film is blue under strain but purple when relaxed, 
and the transition between colors is instantaneous and repeatable over multiple cycles 
(A). The purple and blue states show different characteristics in both their absorption (B) 
and emission (C) spectra. 

Notably, the emission spectrum of the photochemically activated merocyanine 

resembles the purple form (2.4.6 Active PDMS Photoswitch Experiment, Figure 33). This 

secondary color transition has been noted previously,34, 36 and can also be identified 

retrospectively as a transient state in some previous reports.33, 35, 157 It is unambiguous 

here largely because of the ability to reversibly and repeatedly deform the PDMS 

substrate. We hypothesize that the secondary color transition is the result of an 
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isomerization about the methine bridge of the activated merocyanine (2.4.6 Active 

PDMS Photoswitch Experiment, Figure 34). 

2.2.2 Flex-Activation and Small Molecule Release with Full Shape 
Recovery 

Having demonstrated elastic shape recovery in the PDMS platform, we 

wondered if we could incorporate other stress responsive functionality and achieve the 

release of a small molecule. Noting the potential of flex activation for this purpose,34 we 

chose a phenyltriazolinedione-anthracene adduct that we speculated could be triggered 

to release a small molecule through the force-induced planarization of the anthracene 

component (Figure 16, A). This putative mechanophore had the added benefit that its 

activation would unveil a fluorescent anthracene product that would facilitate detection.  

Our choice of dieneophile was motivated by Lehn’s earlier report that these 

Diels-Alder adducts are reversible at or near room temperature.175 In our hands, these 

adducts are much less reactive than reported previously and require elevated 

temperatures. We evaluated the effect of tension by comparing reactivity as a function of 

temperature in films held under 175% strain to that in unstrained films. The strained 

films exhibit both a lower critical temperature for measureable activation and greater 

activation at elevated temperatures, as compared to the control films (Figure 16). The 

differential fluorescence in the films under tension suggest that mechanical activation is 

on the order of ~1% at 125 °C and several percent at higher temperatures (2.4.7 
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Anthracene Retro-Diels-Alder Study, Figure 29). Importantly, as with spiropyran 

activation, this activation occurred with full shape recovery. 

 

Figure 16. A functional Diels-Alder adduct of anthracene and phenyl-triazolinedione (A) 
is incorporated as a cross-linker in PDMS. Tension accelerates the flex-activated retro-
Diels-Alder reaction, leading to dienophile release and unveiled fluorescence of 
anthracene. The reaction is accelerated in films under 175% strain relative to the 
corresponding strain-free control films, as seen in the images (B) and integrated 
fluorescence intensities (C). Error bars represent standard deviations of measurements 
on multiple images within a given film. 
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2.2.3 Cephalopod-inspired Design of Electro-mechano-chemically 
Responsive Elastomers for On-demand Fluorescent Patterning∗  

Successful demonstration of reversible and repeatable mechanochemical bond 

activation in PDMS prompted a search for mechanically responsive systems based upon 

a PDMS platform. We teamed up with the Zhao group who had developed a PDMS-

based dielectric elastomer device that is capable of changing surface topology in 

response to an external electrical stimulus.166, 176-179 The idea was straightforward in 

design—substitute the original dielectric elastomer with one that has been covalently 

modified with spiropyran cross-linkers. The response to electric fields to induce various 

patterns of large deformation on the elastomer surface would correspondingly trigger 

the latent spiropyran molecules and display fluorescent patterns in regions of sufficient 

strain. The mechanical reversibility of these devices is key to their function and 

underscored the importance of the reversible and repeatable criterion of 

mechanochemical bond activation. The material and method open promising avenues 

for creating flexible devices that combine colorimetric and fluorescent response with 

topological and chemical changes in response to a single remote signal.  

The EMCR elastomer is fabricated by covalently coupling the mechanophore 

spiropyran into the cross-linked network of the silicone elastomer Sylgard 184. The 

spiropyran is bis-functionalized with terminal alkenes and incorporated into the Sylgard 

                                                        

∗ This section adapted from: Wang, Q.; Gossweiler, G. R.; Craig, S. L.; Zhao, X., Cephalopod-Inspired Design 
of Electro-Mechano-Chemically Responsive Elastomers for on-Demand Fluorescent Patterning. Nat. 
Commun. 2014, 5, 4899. 
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network through platinum cure hydrosilylation reaction.180 The Sylgard elastomer under 

sufficiently large deformation (e.g., >125% strain) transfers the macroscopic force to the 

spiropyran groups and triggers a 6-π electrocyclic ring-opening reaction that reversibly 

transforms a near-colorless spiropyran to a highly-colored merocyanine that is also 

strongly fluorescent.35, 39, 135 The deformation of the elastomer can also be induced by 

applying electric fields,166, 178, 181 a concept we exploit here to enable reversible electro-

mechano-chemical response in elastomeric display devices.  

On-demand fluorescent patterns are achieved by integrating the EMCR 

elastomer into a display panel under the control of applied electric fields (Figure 17). 

The EMCR elastomer film is bonded to an underlying buffer elastomer whose shear 

modulus is lower than that of the EMCR elastomer. To protect the whole system from 

electric breakdown, the elastomer bilayer is laminated onto a protective insulator with 

much higher electric strength and modulus than the elastomers. An electric field is 

applied to this laminate through an external direct-current voltage that is connected to a 

thin gold layer coated on the bottom surface of the protective insulator, and a compliant 

electrode is used to cover the top surface of the elastomer bilayer. The compliant 

electrode, NaCl solution,166, 178 is transparent and can deform conformally with the 

elastomer bilayer surface.  

 



 

34 

 

Figure 17. Bioinspired design strategy for On-demand Fluorescent Patterning. (a-b) 
Schematic of the coloration mechanism employed by cephalopods. Skin chromatophores 
of a squid (image credit to Klaus Stiefel/flickr) are composed of pigment-containing sacs 
that are attached to multiple radial muscles. By contracting and releasing the muscles, 
the corresponding pigment sacs expand and shrink their surface area coverage. (c) 
Schematics of the mechanism for on-demand fluorescent patterning controlled by 
applied voltage. The applied voltages induce various patterns of large deformation on 
the surface of an EMCR elastomer, which subsequently exhibits corresponding 
fluorescent patterns. 

Once an applied electric field reaches a critical value, the initially flat surface of 

the EMCR elastomer becomes unstable and forms a pattern of wrinkles (Figure 18). The 

pattern of wrinkles resembles those observed in bilayer systems induced by thermal 

expansion,182-183 swelling,184-185 and UV or ion irradiation treatment.186-187 As the applied 

electric field further rises, the valleys of the wrinkles are pinched down, forming a 

pattern of craters (Figure 18). Once the electric field is withdrawn, the instability pattern 

spontaneously disappears upon elastic recovery and the surface of the EMCR elastomer 
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returns to the flat state (Figure 18). Since the deformation of the EMCR film is relatively 

low in the flat and wrinkled states, the fluorescence intensity remains at background 

levels at the corresponding electric fields (Figure 19) At higher electric fields, however, 

the formation of craters involves large deformations (I > 6) in the EMCR film around the 

crater edges, and the mechanophores are activated and emit strong fluorescent signals 

(Figure 19).  

 

Figure 18. Electro-mechanical activation of EMCR elastomer films. Schematic 
illustrations of (a) the experimental setup, (top) wrinkle initiation, and (middle) crater 
formation. The arrows in (c) indicate the locations of large deformation in the EMCR 
film. The fluorescence intensity of the EMCR film is first equilibrated to a force-free 
photostationary state by being exposed to green light for 3 min, and then activated with 
ramping electric field. 

As shown in Figure 19, fluorescent patterns of rings are formed around the 

craters, and the fluorescent intensity becomes stronger with increasing electric field. As a 

control experiment, the fluorescence of a Sylgard elastomer film incorporating a bis-

functionalized and mechanically inactive spiropyran (i.e., molecular elongation does not 

lead to ring-opening) remains low under the same applied electric fields, confirming 

that electro-mechano-chemical coupling to stress-bearing polymer subchains is 

necessary to activate the mechanophores. 
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Figure 19. Bright field (top) and fluorescent microscope images (middle) of the EMCR 
film under increasing electric fields. Finite-element calculations of the first invariant in 
the EMCR film under increasing electric field (bottom). The thicknesses of the EMCR 
elastomer, buffer elastomer, and protective insulator are ~21 µm, ~106 µm and 125 µm, 
respectively. The applied voltages through (dI-dV) are 0 kV, 3 kV, 10 kV, 12 kV and 14 
kV, respectively.  

The display devices reported here are inspired by the capability of dynamic color 

changes in cephalopod skins, and apply a similar hierarchy of signal-to-strain-to-color to 

an EMCR elastomer that can reversibly and repeatedly fluoresce in response to 

electromechanical loadings. Here, the mechanisms at play occur on the higher resolution 

length scale of cross-links within a polymer network, and we capitalize on this 

resolution in voltage-controlled display panels that can reversibly display fluorescent 

patterns on demand. In addition to the hexagonal patterns of fluorescent rings 

demonstrated in Figure 19, a number of other patterns can also be achieved.  
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In the context of mechanoresponsive polymers, these systems represent a first 

generation of mechanochemical devices, in which localized covalent chemical changes 

(here, the conversion of spiropyran to merocyanine) and their association function can 

be turned on and off repeatedly in response to an external signal remotely controlled. 

Numerous mechanophores with chemical functionality including catalysis79, 89 to small 

molecule release180, 188 have been reported, and mechanochemical coupling offers the 

potential to add chemical response to existing soft device functionality. To that end, the 

development of material platforms that can trigger covalent mechanochemistry while 

recovering their initial shape180, 188 motivates the need for new mechanophores that, like 

the materials, are reversibly and repeatably activated. 

2.3 Conclusion 

Noncovalent mechanically triggered responses with shape recovery have been 

reported previously,139 but the expansion to covalent activation in concert with 

macroscopic reversibility has many potential consequences. First, the ability to trigger 

stress-adaptive mechanical responses such as self-strengthening, demonstrated 

previously under irreversible shear deformation,70 might now be brought to materials 

that retain their structure and, therefore, intended function. Second, the reversibility of 

the secondary color transition offers an opportunity for new, high-resolution 

spectroscopic probes of equilibrium stress state in PDMS. Third, the bulk shape recovery 

provides for the first time a platform for mechanochemical devices and soft, active 
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materials, in which reactivity can be turned on and off with spatiotemporal resolution 

within an intact device. Small molecule release is demonstrated here at elevated 

temperatures, and subsequent generations of mechanophores should bring the response 

to room temperature. More generally, the majority of mechanophores reported to date 

are, like the materials in which they are embedded,39 irreversibly activated by force. 

Macroscopically reversible activation therefore motivates the future pursuit of reversible 

molecular responses and function beyond the color change provided by spiropyran. 

2.4 Experimental 

2.4.1 General Information 

General Procedures. Dry solvents were obtained from Sigma-Aldrich and 

purified with a PureSolv™ solvent purification system before use. CDCl3 and DMSO-d6 

were purchased from Cambridge Isotope Laboratories. All other reagents were 

purchased from Sigma-Aldrich® or Alfa Aesar® and used without further purification. 

Sylgard® 184 was purchased from Ellsworth Adhesives, Germantown, WI. All solvent 

used to solvent cast PDMS was passed through a plug of activated basic alumina (58 Å 

pore, ~150 mesh) before use. The inhibitor was removed from chloroform by stirring a 

10:1 mixture of chloroform and concentrated sulfuric acid for 6 hours, washing 

extensively with water until neutral, and distilling under reduced pressure. As a 

caution, the chloroform must not be stored as the primary byproduct of degradation is 

phosgene. All glassware was dried overnight in an oven (160 °C) cooled under an inert 
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gas. All reactions were performed under nitrogen, and anthracene reactions were 

protected from light wherever possible to minimize photochemical side-reactions. Thin 

layer chromatography was conducted on glass-backed Silicycle Siliaplate™ hard layer 

TLC plates (60 Å particle size, 250 µm, F-254 indicator). Column chromatography was 

performed using Silicycle SiliaFlash® F60 gel (40-63 µm particle size, 230-400 mesh). 

Characterization. NMR spectra (1H and 13C) were obtained on either a 400 MHz 

Varian INOVA or 500 MHz Varian UNITY spectrophotometer. Chemical shifts are 

recorded as parts per million (ppm) referenced to the residual 1H or 13C peak at 7.26 ppm 

in CDCl3 or 2.50 ppm in DMSO-d6, or 77.16 ppm in CDCl3 and 39.52 ppm in DMSO-d6, 

respectively. 1H shifts are reported as chemical shift, multiplicity, coupling constant if 

applicable, and relative integral. 1H multiplicity reported as: s (singlet), d (doublet), dd 

(doublet of doublets), dt (doublet of triplets), ddd (doublet of doublet of doublets), ddt 

(doublet of doublet of triplets) t (triplet), td (triplet of doublets), q (quartet), mp 

(multiplet), or b (broad). Coupling constants (J) are reported in Hertz. High-resolution 

mass spectrometry was performed on an Agilent LCMS-TOF–DART at Duke 

University’s Mass Spectrometry Facility. 

Mechanical Testing. Uniaxial tensile tests were performed on a TA Instruments 

RSA III Dynamic Mechanical Analyzer (Force resolution: 0.0001 N, strain resolution: 1 

nm) at Duke University’s Shared Material Instrument Facility (SMIF). An environmental 

control chamber allows testing at room temperature up to 600 °C (reported heating rate 
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of 0.1 to 60°C/min). For tensile tests we experienced issues with slipping at high strains. 

For this reason, additional pieces of 1:10 Sylgard® 184 (0.3 - 0.4 mm thick) were placed 

on each side of the sample film within the clamps of test fixture tool. The PDMS 

sandwich structure provided increased friction and prevented slipping at high strains. 

Fluorescence Microscopy. Fluorescent images were obtained on a Zeiss Axio 

Observer A1 inverted microscope outfitted with a Zeiss HBO arc lamp and power 

supply. Images were acquired on a Hamamatsu Orca ER digital monochrome camera 

using the MetaMorph® 7.7.3 platform and saved as 16-bit TIFF images. The objective 

used was a 5x/0.16 Ph1 440321-9902: EC Plan-Neofluar, NA: 0.16, air, Ph1, WD: 18.5 mm. 

Reported width of a pixel is 1.2623 µm. Fluorescent filter chosen for the anthracene 

study was a DAPI cube (FS49: G365, FT395, BP445/50). 

Spectroscopy. Steady state emission spectra were recorded on an Edinburgh 

Instruments FLSP 920 spectrofluorimeter equipped with a 450 W xenon lamp as the 

excitation source and a Hamamatsu R2658 PMT detector. Visible absorption spectra 

were obtained on a Varian Cary 500 UV-Vis Spectrophotometer. Films were uniaxially 

elongated perpendicular (excitation) or oriented 45° (emission) to the beam path via a 

customized Velmex Left-Right Screw Motion UniSlide® (Catalog Number: A1512C-S1.5-

LR). 

Digital Photography. All images were captured on a Canon EOS RebelTM xsi 

with a Canon EF-S 18-55 mm f/3.5-5.6 IS SLR lens. Images were obtained under ambient 
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room lighting without flash with general exposure settings of 1/50 sec, ƒ/4.8, ISO 400. 

Images were captured in .CR2 raw format to prevent an automatic color correction from 

the digital camera, maintaining the trueness of the data in case we wanted to analyze the 

individual RGB pixel intensities. All images required post-processing and were captured 

with a color-neutral target (Opteka™ Digital Color & White Balance Card) in the 

background to facilitate white balancing and standardization.  
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2.4.2 Full Synthetic Schemes 

2.4.2.1 Active Spiropyran 

N
H

NH2

HCl

NAcOH, 90°C

1a

MIPK
N OHI

HOCH2CH2I
Toluene, 90°C

2a

N O NO2

CHO

NO2

HO TEA
EtOH, 100°C

HO

OH
HO3a 4a

N OHI

2a

O

O

2
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N O NO2

O

O

O
O

5a  

2.4.2.2 Control Spiropyran 

N OHI

HO
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HO

N

HO

OH

O NO2

Piperidine
EtOH, 100 °C

2b 4b

5b

O
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2.4.2.3 Functional Anthracene Diels-Alder Adduct 

OH
HO

O
O

O

O

N N

N
Ph

OO
N N
N O

O

Ph

O

O

O

O

O

O

DMAP, THF
2

CHCl3

6

7  

2.4.3 Small Molecule Synthesis 

2.4.3.1 Active Spiropyran 

Compound (1a): 2,3,3-trimethyl-3H-indole 

N
H

NH2

HCl

NAcOH, 90°C

1a

MIPK
N OHI

HOCH2CH2I
Toluene, 120°C

2a 

A solution of phenylhydrazine hydrochloride (15.0 g, 103 mmol, 1.0 equiv) and 

3-methyl-2-butanone (MIPK) (13.3 mL, 124 mmol, 1.2 equiv) in 300 mL AcOH was 

heated to 90°C. After 8 hr. solvents were removed in vacuo to yield a dark red oily solid. 

To this solid was added 100 mL H2O and the solution was basified to ca. pH 10-11 with 

40 mL of a 2M NaOH solution. The product was extracted with Et2O (3 x 100 mL), dried 

with Mg2SO4, and concentrated in vacuo to yield a viscous red oil. The oil was purified 

by vacuum distillation (60°C, < 100 mTorr) to yield 1a as a light yellow oil, which turned 

to a yellow solid upon freezing (14.5 g, 91.1 mmol, 87.6%).1H NMR (400 MHz, CDCl3) δ 
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7.52 (d, J = 7.6 Hz, 1H), 7.33 – 7.23 (m, 2H), 7.18 (td, J = 7.4, 0.9 Hz, 1H), 2.27 (s, 3H), 1.29 

(s, 6H). 

13C NMR (126 MHz, CDCl3) δ 187.14, 153.26, 145.12, 127.01, 124.56, 120.75, 119.32, 52.98, 

22.51, 14.82. 

HRMS-ESI (m/z): [M + H]+ calcd for C11H13N, 160.1221; found, 160.1223. 

 

Compound (2a): 2-hydroxyethyl-2,3,3-trimethyl-3H-indolium iodide 

N

1a

N OHI

HOCH2CH2I
Toluene, 90°C

2a  

A solution of 1a (10.0 g, 62.8 mmol, 1.0 equiv) and 2-iodoethanol (5.9 mL, 75.4 

mmol, 1.2 equiv) in 105 mL dry toluene was heated to 90 °C. After 18 hr. the suspension 

was cooled to 0°C and the solid was collected by vacuum filtration. Solids were washed 

with 100 mL of a 2% (v/v) solution of EtOH in Et2O and was dried under high vacuum 

overnight to yield 2a as a light yellow solid (19.4 g, 58.7 mmol, 93.5%). 

1H NMR (400 MHz, DMSO-d6) δ 8.01 – 7.93 (m, 1H), 7.89 – 7.83 (m, 1H) , 7.69 – 7.58 (m, 

2H), 4.66 – 4.55 (m, 2H), 3.94 – 3.83 (m, 2H), 2.82 (s, 3H), 1.55 (s, 6H). 

13C NMR (126 MHz, DMSO-d6) δ 197.74, 141.81, 141.11, 129.32, 128.82, 123.52, 115.61, 

57.81, 54.29, 50.34, 22.04, 14.59. 

HRMS-ESI (m/z): [M + H - I]+ calcd for C13H18INO, 204.1383; found, 204.1384. 
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Compound (3a): 2,3-dihydroxy-5-nitrobenzaldehyde  

HNO3, AcOH

O

O

HO

NO2

O

O

HO

O

HO

HO

NO2

HBr
120°C

3a  

3a was synthesized as previously reported,33 with modification to the work up. 

The combined organic fractions and precipitate were dissolved in DCM, stirred with 

activated carbon for 30 min and passed through a plug of celite. The solid was then 

recrystallized from boiling EtOAc. Characterization matched literature reported values. 

1H NMR (400 MHz, CDCl3) δ 11.76 (s, 1H), 9.99 (s, 1H), 8.19 (d, J = 2.6 Hz, 1H), 8.05 (d, J = 

2.5 Hz, 1H), 5.94 (s, 1H). 

1H NMR (500 MHz, DMSO-d6) δ 11.12 (br, 2H), 10.24 (s, 1H), 7.90 (s, 1H), 7.70 (s, 1H). 

13C NMR (126 MHz, DMSO-d6) δ 189.77, 156.16, 147.27, 139.19, 121.79, 114.61, 113.14. 

  

Compound (4a): 1'-(2-hydroxyethyl)-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-8-ol 

N O NO2

CHO

NO2

HO TEA
EtOH, 100°C

HO

OH
HO3a 4a

N OHI

2a
 

To a solution of 2a (5.17 g, 15.6 mmol, 1.0 equiv) and 3a (2.86 g, 15.6 mmol, 1.0 

equiv) in 150 mL EtOH (absolute) was added triethylamine (4.37 mL, 31.2 mmol, 2 

equiv). The solution was brought to reflux and was stirred for 2 hr. The solution was 
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then cooled, filtered, and the precipitate washed with cold ethanol to yield 4a as a dark 

green solid (on some attempts the solid failed to precipitate, concentrating the solution 

to half its original volume allowed the solid to crash out) (3.84 g, 10.4 mmol, 66.7%).  

1H NMR (500 MHz, DMSO-d6, HCl) δ 8.52 (d, J = 2.5 Hz, 1H), 8.50 (d, J = 16.6 Hz, 1H), 

8.06 – 7.95 (m, 2H), 7.95 – 7.82 (m, 2H), 7.65 – 7.55 (m, 2H), 4.82 (b, 2H), 4.04 – 3.74 (m, 

2H), 1.79 (s, 6H). 

13C NMR (126 MHz, DMSO-d6, HCl) δ 183.44, 153.70, 146.78, 146.43, 143.94, 141.17, 

139.97, 129.68, 129.18, 123.16, 121.14, 116.05, 115.97, 115.24, 112.60, 58.67, 52.61, 49.96, 

26.42. 

HRMS-ESI (m/z): [M + H]+ calcd for C20H20N2O5, 369.1445; found, 369.1456. 

 

Compound (5a): 3',3'-dimethyl-6-nitro-1'-(2-(pent-4-enoyloxy)ethyl)spiro[chromene-2,2'-

indolin]-8-yl pent-4-enoate 

N O NO2

OH
HO

O

O

2
DMAP, THF

N O NO2

O
4a

O

O
O

5a  

To compound 4a (0.20 g, 0.54 mmol, 1.0 equiv) and 4-dimethylaminopyridine 

(DMAP) (0.12 g 0.97 mmol, 1.8 equiv) in 5 mL THF was added 4-pentenoic anhydride 

(0.26 mL, 1.4 mmol, 2.6 equiv). After stirring for 3 hr. the reaction was quenched with 
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MeOH (0.5 mL) and was stirred for an additional 10 min. The crude reaction mixture 

was passed through a plug of basic alumina and eluted from the column with DCM. 

Concentration of the solution in vacuo yielded a viscous purple oil, which was dried 

overnight under high vacuum and subsequently recrystallized from boiling hexane to 

yield 5a as a yellow solid (0.26 g, 0.49 mmol, 90%). 

1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 2.6 Hz, 1H), 7.82 (d, J = 2.6 Hz, 1H) , 7.16 (td, J = 

7.7, 1.2 Hz, 1H) , 7.10 – 7.03 (m, 1H) , 6.96 (d, J = 10.5 Hz, 1H) , 6.91 – 6.82 (m, 1H) , 6.66 

(d, J = 7.8 Hz, 1H) , 5.96 (d, J = 10.4 Hz, 1H) , 5.84 – 5.70 (m, 1H) , 5.55 (ddt, J = 16.9, 10.7, 

6.3 Hz, 1H) , 5.05 – 4.85 (m, 4H), 4.31 – 4.09 (m, 2H), 3.33 (t, J = 6.4 Hz, 2H), 2.46 – 2.26 (m, 

4H), 2.26 – 2.08 (m, 2H), 1.91 – 1.80 (m, 2H), 1.27 (s, 3H), 1.18 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 172.94, 170.48, 150.91, 146.65, 140.33, 137.75, 136.62, 136.36, 

135.85, 128.46, 127.89, 121.69, 121.55, 120.32, 120.19, 119.32, 119.29, 115.73, 115.54, 107.51, 

107.14, 62.63, 52.33, 42.56, 33.54, 32.96, 28.83, 28.44, 25.98, 19.48. 

HRMS-ESI (m/z): [M + H]+ calcd for C30H32N2O7, 533.2282; found, 533.2293. 
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2.4.3.2 Control Spiropyran 

Compound (5b): 1'-(2-hydroxyethyl)-3', 3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-

5'-ol 

5b

O

O

2
DMAP, THF

N O NO2

OO

O
O

N

HO

OH

O NO2

4b

 

To compound 4b33 (0.25 g, 0.68 mmol, 1.0 equiv) and 4-dimethylaminopyridine 

(DMAP) (0.12 g 0.97 mmol, 0.15 g, 1.2 mmol, 1.8 equiv.) in 5 mL THF was added 4-

pentenoic anhydride (0.34 mL, 1.8 mmol, 2.6 equiv.). After stirring for 3 hr. the reaction 

was quenched with MeOH (0.5 mL) and was stirred for an additional 10 min. At which 

point the reaction mixture was passed through a plug of basic alumina and eluted from 

the column with DCM. Concentrating the eluent in vacuo yielded pure 5b as a viscous 

yellow oil (0.22 g, 0.41 mmol, 60%). 

1H NMR (400 MHz, CDCl3) δ 8.04 (ddd, J = 8.9, 2.7, 0.8 Hz, 1H) , 8.01 (d, J = 2.6 Hz, 1H) , 

7.34 – 7.11 (m, 1H) , 6.93 (d, J = 10.4 Hz, 1H) , 6.89 (ddd, J = 8.3, 2.3, 0.9 Hz, 1H) , 6.82 (d, J 

= 2.3 Hz, 1H) , 6.78 (d, J = 8.8 Hz, 1H) , 6.65 (d, J = 8.4 Hz, 1H) , 5.88 (d, J = 10.2 Hz, 1H) , 

6.00 – 5.70 (m, 3H), 5.24 – 4.93 (m, 4H), 4.22 (ddt, J = 30.5, 11.8, 6.3 Hz, 2H), 3.43 (ddt, J = 

44.8, 15.0, 6.3 Hz, 2H), 2.67 (t, J = 7.4 Hz, 2H), 2.53 (q, J = 7.2 Hz, 2H), 2.41 – 2.30 (m, 4H), 

1.26 (s, 3H), 1.18 (s, 3H). 
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13C NMR (126 MHz, cdcl3) δ 172.53, 171.89, 158.98, 144.15, 144.03, 140.91, 136.57, 136.16, 

128.17, 125.79, 122.53, 121.22, 120.03, 118.07, 115.61, 115.52, 115.38, 115.32, 106.45, 62.09, 

52.59, 42.31, 33.38, 33.11, 28.69, 28.44, 25.49, 19.52. 

HRMS-ESI (m/z): [M + H]+ calcd for C30H32N2O7, 533.2282; found, 533.2277. 

2.4.3.3 Functional Anthracene Diels-Alder Adduct 

Compound (6): anthracene-2,6-diylbis(methylene) bis(pent-4-enoate) 

OH
HO

O
O

O

O

O

O

2
DMAP, THF

 

Anthracene-2,6-dimethanol was made as previously reported (Characterization 

matched literature reported values).189-191 To a slurry of 2,6-anthracenemethanol (73 mg, 

0.31 mmol, 1.0 equiv) in 8 mL dry THF was added 4-dimethylaminopyridine (DMAP) 

(0.11 g 0.92 mmol, 3.0 equiv). The solution was cooled to 0 °C and pentenoic anhydride 

(0.15 mL, 0.80 mmol, 2.6 equiv) was added dropwise and the solution was allowed to 

warm to RT. After 2 hours, 5 mL MeOH was added, and the solution was stirred for 15 

minutes and concentrated in vacuo. The crude solid was taken up in 100 mL DCM, 

washed with (2 x 50 mL) 1% HCl followed by (2 x 50 mL) H2O. The organic layer was 

dried over Na2SO4 and concentrated. The resulting solid was purified by silica gel 

chromatography (20% EtOAc:Hex, r.f. = 0.6) and recrystallized from absolute EtOH to 

yield 6 as a yellow solid (93 mg, 0.23 mmol, 75%). 
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1H NMR (400 MHz, CDCl3) δ 8.41 (s, 1H) , 8.01 (d, J = 8.7 Hz, 1H) , 7.96 (s, 1H) , 7.44 (dd, 

J = 8.7, 1.6 Hz, 1H) , 5.85 (ddt, J = 16.6, 10.1, 6.2 Hz, 1H) , 5.32 (s, 2H), 5.14 – 4.98 (m, 2H), 

2.58 – 2.49 (m, 2H), 2.49 – 2.39 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 173.09, 136.69, 133.16, 131.54, 128.90, 127.47, 126.52, 125.76, 

115.78, 77.40, 77.15, 76.90, 66.57, 33.69, 29.01. 

HRMS-ESI (m/z): [M + H]+ calcd for C26H26O4, 403.2632; found, 403.2631. 

 

Compound (7): Anthracene Adduct 

O
O

O

O

N N

N
Ph

OO

O

O

O

O
NN

N
Ph
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O

CHCl3

 

To a flame-dried flask was added anthracene-2,6-diylbis(methylene) bis(pent-4-

enoate) (0.050 g, 0.124 mmol, 1 eq.), 4-phenyl-1,2,4-triazoline-3,5-dione (0.026 g, 0.148 

mmol, 1.2 eq.), and 4 mL dry chloroform. The solution was stirred for 1.5 hrs at r.t. and 

was concentrated in vacuo. The resulting solid was purified by silica gel 

chromatography (20% EtOAc:Hex, r.f. = 0.2) to yield 7 (0.062 g, 0.104 mmol, 84%). 

1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 7.2 Hz, 2H), 7.42 – 7.32 (m, 1H) , 7.32 – 7.25 (m, 

2H), 7.25 – 7.18 (m, 1H) , 6.33 (s, 1H) , 5.80 (ddt, J = 16.3, 10.2, 6.2 Hz, 1H) , 5.11 (s, 2H), 

5.08 – 4.94 (m, 2H), 2.50 – 2.42 (m, 2H), 2.42 – 2.32 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 172.78, 155.96, 136.96, 136.78, 136.54, 136.37, 131.21, 129.16, 

128.48, 128.25, 125.38, 124.43, 124.01, 115.79, 77.42, 77.17, 76.91, 65.59, 60.25, 33.55, 28.88. 
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HRMS-ESI (m/z): [M + NH4]+ calcd for C34H31N3O6, 595.2551; found, 595.2559 

2.4.3 Active PDMS Film Preparation 

2.4.3.1 General Information 

Sylgard® 184 is a proprietary two-part (Base and Curing Agent, typically mixed 

in a 10:1 ratio) silicone elastomer comprising vinyl terminated poly(dimethylsiloxane), 

poly(methylhydrosiloxane-co-dimethylsiloxane) copolymer, amorphous silica, and a 

platinum catalyst. When the two components are mixed, a platinum catalyzed 

hydrosilylation reaction between the vinyl- and hydrosilane functionalities creates an 

intractable covalent network (Figure 20). Alkene functionalization of a molecule of 

interest allows for covalent incorporation by means of the hydrosilylation curing 

chemistry. 

 

Figure 20. Blending vinyl terminated PDMS with a hydrosilane copolymer allows for a 
platinum catalyzed hydrosilylation to create a covalently cross-linked network. 

2.4.3.2 Typical Procedure for Active Film Preparation 

Sylgard® 184 Base (2.0 g) was added to a 20 mL scintillation vial followed by 0.2 

mL of a 75 mg/mL solution of 5a in xylenes. The solution was mixed to homogeneity 

with a vortex until the spiropyran was completely dispersed (pink cloudy coloration 
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remains). To this mixture was added 0.2 g curing agent and the mixture was further 

mixed extensively with a vortex. The solution was then poured onto a PTFE surface (or 

biaxially-oriented poly(ethylene terephthalate) (BoPET), ultra-high-molecular-weight 

polyethylene (UHMWPE), polyoxymethylene (POM), polypropylene (PP), silicon wafer) 

and was cured in a vacuum oven at 65 °C for 16-24 hr. Once cured, the films can be 

easily pealed away and cut into strips for testing. 

 

Figure 21. Active PDMS film strip cut from a larger sample (left), photochemically 
induced conversion to merocyanine (middle), tensile elongation sample showing 
mechanical activation (right). Sample thickness from left to right: 0.51, 0.46, and 0.40 mm  

Films are light yellow in color as compared to a virgin PDMS sample, 

presumably from spiropyran itself, which is not completely colorless. The cured sample 

against a true white background can be seen above (Figure 21, Left). Photochemically 

converting the incorporated spiropyran to merocyanine with 30 s illumination with an 

ultraviolet hand lamp (245 nm, 6 W) results in deep coloration of the sample (Figure 21, 
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middle). Tensile elongation results in a color change within the gauge region of a hand-

stretched sample (Figure 21, right).  

2.4.4 Supplementary Tensile Tests of Active and Control Films  

2.4.4.1 Active Film Tensile Elongation 

Tensile elongation of an active film results in the mechanical activation of 

spiropyran to merocyanine as the film is extended to high stretch ratios (Figure 22, top). 

Digital images of a film under tension can be used to determine the onset of mechanical 

activation by plotting the change in color intensities as a function of strain.  

 

 

Figure 22. Images of the tensile elongation of sample of active PDMS containing 
spiropyran (top). Extracting the individual red, green, and blue integral channel 
intensities and plotting of the ratios (Green/Red, Blue/Red, Green/Blue) vs. tensile strain 
reveals the point at which spiropyran activation becomes visible, shown here to be 
between 75-100% strain (bottom). 
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Both the ratios of the Green/Red channels and the Blue/Red channels show a 

change in color between 75-100% strain, corresponding to the mechanical activation of 

spiropyran to merocyanine. The ratio of green to blue is shown to diminish as the active 

film is stretched further. A stress-strain curve within the same plot indicates that 

activation is greatest as the elastomer begins to strain harden (Figure 22, bottom). 

2.4.4.2 Control Film Tensile Elongation 

Films containing the control spiropyran were made in the same ratios as the 

active spiropyran films. Uniaxial elongation of the films shows no color change (Figure 

23). When the film is well beyond the threshold strain for activation of SP to MC of an 

active film (i.e. >125%), the sample is illuminated with a 405 nm laser pointer (5mW) to 

photochemically convert the spiropyran to merocyanine in order to confirm the presence 

of the molecule. Pulling the film to failure reveals no color change (Figure 23). 

 

Figure 23. Stretching a film with containing a bis-funtional, mechanically insensitive 
control molecule (5b) does not result in a color change. Illuminating the sample with 400 
nm light confirms the presence of the molecule. 
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2.4.4.3 Active Film Cyclic Tensile Activation 

Demonstration of the reversible activation of spiropyran was conducted with the 

photochemical reversion of merocyanine to spiropyran with intense white light after 

each loading cycle. Shown are 10 cycles in which the material was strained to 175%, 

relaxed, illuminated to colorless, and again activated (Figure 24). From the images can 

be seen a gradual decrease in the peak color intensity as compared to the first cycle. 

 

Figure 24. Ten cycles of reversible activation of the active PDMS test sample shows a 
gradual decrease in peak color intensity for increasing strains. 

To assess whether the color was diminishing from a reduction in elastically 

reversible spiropyran chains (i.e. activation resulting from irrecoverable plastic loss 

prevents subsequent re-activation of the same spiropyran) we stretched film ten times in 

the dark, immediately captured an image, closed all merocyanine with bright white 

light, strained for an 11th time, and captured a subsequent image (Figure 25). It is 

reasonable to assume that if the mechanical activation of spiropyran to merocyanine 

were plastic in nature, and no light was present to close the “one-and-done” plastically 

activated merocyanine (timescale of thermal reversion to colorless is much longer than 

the experiment), then the image of the 10th cycle would be more intense in color than the 



 

56 

first image. The 10th cycle shown here is nearly if not the same color intensity (Figure 25), 

at least to the naked eye. 

Relaxing the sample and returning all open merocyanine to spiropyran, followed 

by a reloading of the film results in a color intensity that is indistinguishable from the 

first two (Figure 25). This result suggests that mechanochemical activation is elastic in 

nature in both from the macroscopic and molecular scale. The color loss shown in Figure 

13 and in the manuscript is the result of another process that prevents the mechanical 

switching of spiropyran to merocyanine. 

 

Figure 25. Ten cycles of stretching a film in in dark results in a sample color intensity 
that is nearly identical to the first cycle. Relaxing the sample, closing the merocyanine 
with white light, and stretching the sample results in a similarly colored film, suggesting 
that the same molecules of merocyanine activated on the first cycle are again activated 
on the 11th.  

2.4.5 Elastomeric Sphere Compression and Analysis 

2.4.5.1 Sphere Fabrication 

Sylgard® 184 Base (36 g) was added to a 50 mL Eppendorf tube, followed by 4 

mL of xylene containing 75 mg of 5a. The mixture was blended extensively with a vortex 

to ensure complete mixing. To this mixture was added 3.6 g Curing Agent and the 

mixture further homogenized for an additional 3 minutes followed by 20 minutes of 
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degassing under vacuum (ca. 10 Torr). The mold for the sphere was obtained by drilling 

a 1/4 inch hole in a standard 40 mm table tennis ball (inner volume approximately 33.5 

mL). The table tennis ball was rinsed 3x with xylene and dried with compressed air. The 

degassed mixture was slowly added to the sphere by means of a syringe, taking care not 

to introduce any bubbles. After curing in an oven at 65°C for 24 hours the shell of the 

ball can be easily peeled away, leaving a cured sphere.  

2.4.5.2 Compression of Active PDMS Sphere 

The active spheres were manually compressed with a Carver laboratory press. 

The sample was oriented between two ¾” plastic blocks to protect the surface of the 

sphere and increase contrast. Upon compression the sphere sustains strains of over 50% 

before a noticeable color change can be observed (Figure 26), applying greater 

compressive stresses results in incrementally larger color changes.  

 

Figure 26. Compression of a 40 mm sphere leads to the mechanochemical activation of 
covalently bound spiropyran after ca. 60% strain. Removing the deformation allows the 
sphere to rebound, and the color to fade, which can then be reactivated on a subsequent 
compression. 
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Over 2 metric tons of force was required to compress the sphere to the maximum 

strain shown in the last image. Sphere compression is both reversible and repeatable, 

and the images shown here were obtained from a sphere that had been tested 2 days 

before. Interestingly, the sphere did not display the same blue to purple color shift upon 

relaxation as the uniaxial tension samples. Additionally, once the deformation was 

removed the blue color faded rapidly under ambient room light, returning to colorless in 

under 2 minutes. We speculate that some residual xylene may play a part in the different 

spiropyran switching behavior between sphere compression and film extension. 

2.4.6 Active PDMS Photoswitch Experiment 

We sought to increase the stress within the network using the photochemical 

switching of stress-bearing merocyanine, as was shown previously.35, 137 Stress vs. time 

plots were obtained by elongating an active film sample to 125% strain and maintaining 

a static strain (Figure 27, A). Illuminating the film sample with bright white light from a 

high power LED Maglite® (226 lumens, 4880 cd) results in increase in stress for the 

duration of illumination (100-150s, 250-300s, and 450-500s). However, when a 

comparably intense illumination source (3W LED array, SuperBrightLEDs: 8SMD-LED 

MR16 warm white, 3.2 lumen per LED, 260 lumen total) is shone on a sample treated 

under similar conditions (illumination from 90-120s, 180-210s, 270-300s), the curve does 

not display the same dramatic increase (Figure 27). We discovered that the Maglite® put 

off enough heat to warm the sample. Instead of closing the merocyanine and increasing 
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the measured stress, we speculate that we may instead have mistaken a fundamental 

characteristic of rubber elasticity for another phenomena; the heating of an elastic solid 

will cause it to contract. Repeating the MagLite® test with a 470 nm high pass filter 

(allowing the wavelengths of light that excite merocyanine to pass unimpeded, and 

insulating the sample from the light) resulted in no features in the curve (data not 

shown). Holding an open flame approximately 4-6 cm away resulted in sharp increases 

in the recorded stress (Figure 27), followed by a cool down once the flame was removed. 

 

Figure 27. When a sample is stretched to 125% and illuminated with a bright LED 
flashlight there can be seen increases in stress corresponding to illumination time (A, 
gray region). However, when a second illumination source is chosen that is comparably 
intense, an LED array, the same trend is not observed (B). Straining a film and exposing 
it to an open flame approximately 4-6 cm in distance will cause sharp increases in stress, 
followed by a “cool-down” when the heat is removed (C). 

2.4.7 Anthracene Retro-Diels-Alder Study 

2.4.7.1 Active PDMS film preparation 

Sylgard® 184 Base (4.5 g) was added to a 20 mL scintillation vial followed by 0.5 

mL of a 40 mg/mL solution of 7 in dry, inhibitor free chloroform. The solution was 

mixed to homogeneity with a vortex until the compound was completely dispersed 
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(cloudy white solution). To this mixture was then added 0.45 g Sylgard® 184 Curing 

Agent and the solution was further mixed extensively with a vortex and poured onto a 

PTFE coated surface. The solution was then cured in darkness within a vacuum oven at 

60 °C for 24 hr.  

2.4.7.2 Activation Under Tension 

Film-strips were cut from a bulk sample in the general dimensions of 0.2 x 5.0 x 

6.0 mm (thickness x width x length). Control films were placed in the oven among the 

loaded sample (Figure 28) and the environment was brought to the test temperature at 

the fastest rate achievable (60 °C/min).  

 

Figure 28. Experimental Set-up for Force-Induced Retro-Diels-Alder Tensile Test. Image 
of “active” tensile specimen fixed to tension clamps with control film resting on surface 
of clamps.  
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The film and oven temperature were permitted to equilibrate for 5 minutes. 

Individual films were then strained to 175%, Figure 29) at a rate of 0.2 mm/s, held for 180 

s, relaxed to initial strain at a rate of 0.4 mm/s, and promptly removed from the oven. 

Samples were then taken to a fluorescent microscope for analysis. 

 

Figure 29. Loading curves of all films at the test temperatures and test samples (above) 
among control samples (below). Black permanent marker lines indicate the gauge region 
of the sample. 

2.4.7.3 Image Acquisition 

All film samples were put onto a single PTFE printed microscope slide with 

segregated wells. Taking individual images of one film per microscope slide showed 

that the fluorescence emission of a neighboring film does not contribute to the observed 
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intensity of a film in focus. Since all samples were too large for the entire ROI to be 

viewed with the largest objective available, multiple images were taken to be certain that 

the fluorescent intensity was homogeneous across the sample. Images were captured 

consecutively with a 5x objective and 50 ms exposure of a mercury lamp filtered through 

a DAPI cube (FS49: G365, FT395, BP445/50). The light was not attenuated. 

2.4.7.4 Image Processing 

Acquired images were saved as 16-bit grayscale (0-1024) TIFFs and were 

processed with FIJI (ImageJ) software. From the array of images collected, the initial raw 

control images were chosen that were representative of the entire sample, and tension 

images were chosen from the center of the gauge region of the tested film. (Figure 30, A). 

To remove the raw camera noise, intensity from a region of an image off of the sample 

was subtracted from the whole of the image (Figure 30, B). Because a thicker sample has 

a greater observed volume contributing to fluorescent intensity, a correction needed to 

be for intensity per volume of sample. Since fluorescent output is homogenous across 

the sample, samples can are normalized by dividing the 2-dimensional fluorescent 

intensity (i.e. integrated pixel intensities/pixel area in mm2) of the entire image in by the 

depth of the sample to obtain a normalized fluorescent output in arbitrary units per unit 

volume (mm3). Normalized images were then cropped (as indicated by the yellow 

squares) for the manuscript figure (Figure 30, C). The graphs corresponding to the image 

intensities for the corrections are also shown (Figure 31). 
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Figure 30. Raw images chosen from both tension and control for a given temperature 
(A). Removing the raw camera noise background corrects the images (B). Dividing 
images by a factor that corrects for the intensity densities results in the final images (C), 
with manuscript images taken in from the yellow insets. 

 

Figure 31. Graphical representations of the pixel intensities for the raw image (A), 
background corrected (B), and volume normalization (C) for the anthracene fluorescent 
intensity analysis. 
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2.4.7.5 Calibration Curve of Anthracene Fluorescent Intensity 

 

Figure 32. Calibration curve of fluorescent intensity from increasing anthracene 
concentration. Image on the left shows the linear region of fluorescent intensity vs. 
anthracene cross-linker concentration. The figure on the right is enhanced to show the 
region of lower concentration. The red star indicates the activation attributed to tension 
(1.2 MPa, 5 min) at 125 °C. This intensity corresponds to 1.1% mechanophore activation. 

2.4.8 Active PDMS Colorswitch Experiment 

Active PDMS samples were manually stretched by means of a modified loading 

frame (Figure 33, left) in oriented 45° relative to the incident excitation source and 

detector path. Since samples under uniaxial elongation both become thinner and display 

an increase in SP to MC conversion at higher strains, the absorption and emission 

intensities were normalized to emphasize relative peak maxima. Florescent emission 

spectra (532 nm excitation), for the stretched blue form, subsequently relaxed purple 

form, and 355 nm excitation spectra are shown (Figure 33, right). 
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Figure 33. Stretched sample orientation of the spiropyran containing films within the 
spectrometer (left) and fluorescence emission plots from a 532 nm excitation (right). 

Stretching a film reveals a blue color, which turns purple upon relaxation. The 

blue film’s emission profile is red shifted from that of the purple (Figure 33, B). 

Stretching the film a second time reveals the blue color once more, which can then be 

cycled back and forth between states as fast as the film can stretched and subsequently 

relaxed. Interestingly, the emission spectrum of the photochemically activated 

merocyanine is similar in both shape and peak-maximum as the relaxed form of the 

mechanically activated molecule (Figure 33, B). Presumably, the electronic states leading 

to the emission are identical for the photochemically and mechanically activated 

merocyanine.  

We speculate that the blue/purple emission shift may be the result of an 

isomerization about the methine bridge of the merocyanine (Figure 34). Such a transition 

could arise from a force-biased shift in equilibrium from the thermally observed isomer 
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(presumably TTC),112, 192 to a secondary metastable state of different photophysical 

properties. Noticeably the TTT and CTC isomers have a greater end-to-end distance 

from the chain attachment points, and would be the likely candidates a mechanical 

coupling leading to equilibrium bias. Single molecule force spectroscopy experiments 

performed in the following chapter were did not unambitiously prove this mechanism.  

 

Figure 34. Various isomers of merocyanine about the methine bridge with attachment 
points shown for 5b, isomer names are shown below the structure. 

2.4.9 Details of EMCR elastomer fabrication and testing 

2.4.9.1 Preparation of EMCR elastomers 

The EMCR Sylgard film is prepared as described previously (Section 2.4.3.1). The 

concentration of spiropyran is varied from 0.05% to 0.5% wt for the active spiropyran 

and 0.5% wt for the control. The solution is spin-coated onto a BoPET film (McMaster-

Carr, USA), and cured in a vacuum oven at 65 °C for 12 h. The film thickness, controlled 

by the spin speed, is varied from 15 µm to 300 µm. The modulus of the EMCR elastomer 

is measured by the uniaxial tension test (Micro-strain analyzer, TA instruments, USA). 

2.4.9.2 Characterization of the Fluorescence Intensity 

Fluorescent images are obtained on a Nikon Eclipse LV100 microscope outfitted 

with a Nikon Intensilight C-HGFI mercury lamp as the illumination source. The 
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objective is 5x MUE41050 LU Plan Fluor. The fluorescent filter is TRITC Hy Q Cube 

(EX530-560, DM570, BA590-650). Images are acquired on a Nikon DS-Qi1Mc camera and 

saved as a 16-bit grayscale tiff images (width 2.22 mm and 1.78 mm height). The 

fluorescence intensity is calculated by integrating the gray intensity in the acquired 

image. Fluorescence images in Figs. 2d, 3e, 5b, 5e, and 5h have been colored using the 

Red Hot LUT command of Image J.  

The EMCR Sylgard film (~300 µm) is first illuminated with the excitation (3 min) 

to obtain a photostationary equilibrium, and then stretched by a uniaxial stretcher (S. T. 

Japan-USA) or a homemade biaxial stretcher with a slow strain rate (0.025/s).  

2.4.9.3 Electro-activation of EMCR elastomers 

The experimental setup for electro-activation of EMCR Sylgard films is shown 

previously (Figure 18). A direct current voltage is applied between two electrodes using 

a high-voltage supply (Matsusada, Japan). The elastomer bilayer (EMCR elastomer and 

buffer substrate) is bonded on a protective insulating polymer (Kapton, 125 µm, shear 

modulus 0.8 Gpa, McMaster-Carr, USA). The soft buffer elastomer is a Sylgard film with 

a base-to-crosslinker ratio of 125:2 by weight, giving a shear modulus ~1.36 kPa.  
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3. Force-Rate Characterization of Two Spiropyran-Based 
Molecular Force Probes* 

3.1 Introduction 

The mechanically accelerated ring-opening reaction of spiropyran to a colored 

merocyanine provides a useful method by which to image the molecular scale 

stress/strain distribution within a polymer, but the magnitude of the forces necessary for 

activation has yet to be quantified. Here, we report single molecule force spectroscopy 

studies of two spiropyran isomers. Ring opening on the timescale of tens of milliseconds 

is found to require forces of ~240 pN, well below that of previously characterized 

covalent mechanophores. The lower threshold force is a combination of a low force-free 

activation energy and the fact that the change in rate with force (activation length) of 

each isomer is greater than that inferred in other systems. Finally, regiochemical effects 

on mechanochemical coupling are characterized, and increasing force reverses the 

relative ring opening rates of the two isomers. In recent years, covalent 

mechanochemistry in polymers has led to new stress-responsive behavior in materials,4-5 

including small molecule release,86, 88-89 mechanoradical production,91 network 

remodeling,65, 68, 70 and electro-mechano-chemically responsive display devices.193 The 

fundamentals of force transmission are critical to the development of these materials, 

and spiropyran (SP) derivatives have served as valuable colorimetric and fluorescent 

                                                        

* This chapter adapted from: Gossweiler, G. R.; Kouznetsova, T. B.; Craig, S. L., Force-Rate Characterization 
of Two Spiropyran-Based Molecular Force Probes. J. Am. Chem. Soc. 2015, 137 (19), 6148-51. 
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probes of molecular scale mechanochemical events for several synthetic polymers and 

mechanisms of deformation,35-36, 40-42, 45, 48, 137 notably uncovering the role of chain 

orientation,39, 46, 136 chain-mobility and plasticization,34, 43, 47 and deformation rate47, 49-50 on 

local force accumulation. The stress/strain distributions mapped by the force-induced 

conversion of SP to its merocyanine (MC) isomer (Figure 35) have already provided 

numerous insights, but the actual forces involved in its activation of SP have yet to be 

characterized experimentally. Such quantitative studies would be useful, because they 

would help to connect the stress/strain mapping to the force-rate relationships derived 

for a wide range of mechanophores, so that SP activation studies might enable the 

rational design of covalent mechanochemical response in a given class of materials.  

 

Figure 35. Spiropyran can be pulled open to an extended merocyanine isomer, revealing 
a visibly colored merocyanine form and indicating a local tensile force. 

3.2 Results and Discussion 

We chose to characterize two spiropyran force probes, the seminal isomer, SP1, 

introduced by Davis et al.,33 and a second isomer, SP2, possessing attachment points 

similar to a number of other demonstrations.34, 36-37, 41, 86, 137 Our approach follows that 

employed in recent studies of other mechanophores.100-101 We began by synthesizing 
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copolymers of varying SP content through an entropically driven ring opening 

metathesis copolymerization194-196 of SP-containing macrocycles SP1 and SP2 with 9-

oxabicyclo[6.1.0]non-4-ene (epoxy-COD) (Figure 36). The co-monomer is employed 

because it promotes adhesion with the AFM tip,100 perhaps through covalent 

attachments.197  

 

Figure 36. Macrocycles incorporating SP1 or SP2 are copolymerized with epoxy-COD to 
obtain a series of copolymers of varying spiropyran content (A). Representative single 
molecule force-extension curves of copolymers containing SP1 (Red) or SP2 (Blue) of a 
1:1 ratio SP:epoxy-COD (B). The plateau shown is characteristic of the mechanically 
induced ring-opening of SP to the extended MC form. Values of f * shown correspond to 
the average value of the midpoint of the plateau for multiple force extension curves (tip 
velocity = 300 nm·s-1). For additional force curves, see Supporting Information. 

The copolymers are deposited onto a surface by evaporation of a dilute polymer 

solution in THF. Approach/withdraw cycles at varying velocities result in force curves 

that display a characteristic transition around 260 ± 15 pN for SP1 and 240 ± 15 pN for 

SP2. This transition is due to the mechanical conversion of SP to MC, as supported by 



 

71 

the following observations: (i) polymer extension scales with initial contour length; (ii) 

extension is proportional to SP content; and, (iii) extension matches theoretical values 

from simulations (Table 1). End-to-end lengths were calculated for each of the extended 

merocyanine isomers possible from a mechanical mechanism (Table 1). 

 

 

Table 1. Ratio of polymer lengths before and after plateau as a function of incorporated 
spiropyran contenta 

 

isomer SP monomer contenta  Lfinal/Linitialc 

   SMFSb modelingc 
    CTT CTC TTC TTT TCC 

SP1 0.54  1.13 ± 0.05 1.14 1.12 1.13 1.13 1.03 
0.42  1.11 ± 0.03 1.12 1.10 1.11 1.11 1.03 
0.28  1.09 ± 0.03 1.09 1.08 1.08 1.08 1.02 

SP2 
0.45  1.15 ± 0.02 1.11 1.11 1.13 1.16 1.13 
0.27  1.09 ± 0.03 1.08 1.08 1.09 1.11 1.09 
0.16  1.07 ± 0.03 1.05 1.05 1.06 1.08 1.06 
0.13  1.05 ± 0.03 1.04 1.04 1.05 1.06 1.05 

aMole fraction of SP in copolymer determined from 1H-NMR integration. bReported 
values are averages of the ratio of contour length before and after transition determined 
by fitting to the freely jointed chain model, cComputational contour lengths determined 
for each of three MC isomers (for details, see Experimental). 
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Ab initio molecular dynamics simulations performed previously by Cremar et al. 

predict CTC and TTC to be the major MC isomers for SP1, and TCC, TTC, and some 

CTC isomers for SP2.198 Here, computationally determined extension ratios (for details, 

see Experimental) for each of the copolymers were compared against experimental 

results (Table 1). In the case of SP1, the differences in extension ratio among all isomers 

are too narrow to comment on the exact identity. For SP2, however, computational 

length changes for the CTC and TTT match well with the experimental observations.  

The ring opening is under kinetic, rather than thermodynamic control, as 

revealed by hysteresis in force curves (see Experimental, Figure 49). The parameters 

governing the conversion were obtained by fitting curves obtained from different 

polymer lengths and tip velocities to a 1:1 transition from SP to MC (See Section 3.4.4 for 

additional details). Force-free activation energies and rate constants k0 were obtained 

independently for both SP1 and SP2 (see 3.4.5.1 SP/MC Equilibrium and Reaction Rate 

Expressions) and used in the fitting. Two fits were done, assuming either a Bell19 (eq. 1) 

or cusp97 (eq. 2) model for the force-coupled reaction coordinate.  

 

 k(F) = k0e
FΔx‡

kBT
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Alkene stereochemistry can influence mechanochemical coupling,101 but here the 

alkenes are too far removed to have a measureable impact on the reactivity.199 The 

parameters derived from the fits are given in Table 3, and were consistent across all 

polymer lengths and SP content. Two molecular insights emerge. First, the magnitude of 

the Δx‡ values, ~2 Å, is greater than the ~1.6 Å activation length found in 

polynorbornene embedded dichlorocyclopropanes,100 the previous record for a covalent 

mechanophore. As Δx‡ effectively constitutes the force dependence of a reaction rate, 

this makes the SP derivatives especially sensitive force probes. Second, while SP1 opens 

slightly more readily than SP2 in the absence of force (k0 =8.5 × 10-6 and 1.8 × 10-6 s-1, 

respectively), its threshold forces for activation under the conditions of the SMFS 

experiments are on average about 10% higher than those of SP2. The regiochemistry of 

the attachments in SP2 provides a greater mechanical advantage that leads to a reversal 

in the relative rates of activation with increasing force.  

Table 2. SMFS parameters obtained by modeling force-extension curvesa 

  Δx‡ (Å) 
Entry k0(s-1)b Bell-Evans Cusp 
SP1 8.5×10-6 1.79 ± 0.18 1.96 ± 0.22 
SP2 1.8×10-6 1.93 ± 0.12 2.14 ± 0.13 

aValues obtained at a retraction velocity of 300 nm·s-1. bForce-free rate constants 

correspond to activation energies of 24.0 and 24.8 kcal·mol-1 for SP1 and SP2, 

respectively (see Supporting Information). 

 

In addition to the molecular insights, the rate-force parameters in Table 2 provide 

useful benchmarks for interpreting the results of SP activation in various materials and 

device contexts. The appearance of mechanically driven MC color or fluorescence on the 
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time scale of seconds or faster, for example, involves forces of >200 pN being delivered 

to the activated mechanophore. The forces involved in SP activation on such timescales, 

therefore, suggest that the active cross-links or stress-bearing subchains into which the 

SP is incorporated are strained beyond their contour length and into the overstressed 

enthalpic distortion regime.200-201 

3.3 Conclusion 

Rate-force relationships for SP isomerization should facilitate quantitative, 

retrospective analyses of previously demonstrated mechanical SP activation and provide 

a new benchmark for future structure-activity relationships in mechanochemically active 

materials, especially the relationship between macroscale stress and molecular force 

distributions. The fact that the forces required correspond to local, molecular strains 

beyond the purely entropic deformation limit are consistent with the observations that 

SP activation usually occurs only at large macroscopic strains, often (but not always86) in 

concert with irreversible plastic deformation33, 40-41, 49-50, 137 and with orientation along the 

vector of macroscopic deformation.39, 46, 136 On a molecular level, the atomic motions 

associated with activation are coupled to large geometry changes in polymer contour 

length and reinforce existing design principles for highly effective mechanophores. In 

addition, the two isomers studied represent the first quantitation of regiochemical effects 

in mechanochemical activation, complementing prior studies of stereochemical 

effects.101-102  
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Finally, we anticipate that the already extensive utility of colorimetric SP stress 

probes might be furthered by allowing extrapolation of their behavior to that of other 

mechanophores. The SP molecule is able to serve as a colorimetric "scout" that permits 

an operative force to be characterized for a given material and deformation mode. Such 

interpretations are only valid, of course, if the rate limiting step in SP activation is the 

molecular force response, rather than being limited by material relaxation processes. It is 

important to be mindful that such might not always be the case, since plastic 

deformation has its own intrinsic time scale and may become the rate-limiting step,35, 47 

and in such a case the force derived from activation kinetics would represent a 

minimum value. Prospects for quantitative molecular force mapping should be 

enhanced through the development and quantification of additional mechanophore 

reporters, including but not limited to modifications of SP – for example, any number of 

stereoelectronic factors, different isomers/attachment points, steric cluttering, and 

substituent effects. 

3.4 Experimental 

3.4.1 General Information 

General Procedures. Dry and sparged dichloromethane, tetrahydrofuran, and 

toluene were purchased from Sigma Aldrich and purified with an Innovative 

Technology solvent purification system. CDCl3 and DMSO-d6 were purchased from 

Cambridge Isotope Laboratories. All other reagents were purchased from Sigma-Aldrich 
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or Alfa Aesar and used without further purification. Glassware was dried overnight in 

an oven (160 °C) and cooled under an inert gas (N2 or Ar). All reactions were performed 

under nitrogen or argon atmosphere. Flash chromatography was performed using 

Silicycle SiliaFlash® F60 gel (40-63 µm particle size, 230-400 mesh) and medium pressure 

liquid chromatography (MPLC) was performed on a Teledyne ISCO CombiFlash Rf 200. 

All gel permeation chromatography was performed on two in series columns (Agilent 

Technology PL gel 104Å, 103 Å) with THF as the mobile phase and a flow rate of 0.5 mL 

min-1 maintained with a Varian Prostar Model 210 pump.  

Characterization. NMR spectra (1H and 13C) were obtained on either a 400 MHz 

Varian INOVA or 500 MHz Varian UNITY spectrometer, as noted. Chemical shifts are 

recorded as parts per million (ppm) referenced to the residual 1H or 13C peak at 7.26 ppm 

in CDCl3 and 2.50 ppm in DMSO-d6, or 77.16 ppm in CDCl3 and 39.52 ppm in DMSO-d6, 

respectively. 1H shifts are reported as chemical shift, multiplicity, coupling constant if 

applicable, and relative integral. 1H multiplicity reported as: s (singlet), d (doublet), dd 

(doublet of doublets), dt (doublet of triplets), ddd (doublet of doublet of doublets), ddt 

(doublet of doublet of triplets) t (triplet), td (triplet of doublets), q (quartet), mp 

(multiplet), or b (broad). Coupling constants (J) are reported in Hertz. High-resolution 

mass spectrometry was performed on an Agilent LCMS-TOF–DART at Duke 

University’s Mass Spectrometry Facility. 
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SMFS Measurements. Details regarding the instrumentation, data acquisition, 

and experimental parameters are identical to those conducted previously by our 

group,67, 100-102 except that the solvent employed here was toluene. All experiments were 

performed at ambient temperature (~23 °C) using a homemade Atomic Force 

Microscope, which is constructed of a Digital Instruments scanning head mounted on 

top of a piezoelectric positioner. Cantilever Probes [Sharp Microlever silicon probes 

(MSNL), rectangular-shaped, 205 µm, 15 µm, nominal tip radius ~ 2 nm, nominal spring 

constant k ~ 0.02 N/m, frequency ~ 15 kHz] were purchased from Bruker (Camarillo, 

CA). The spring constants were obtained for each probe and were calibrated in air, using 

the MFP-3D system (Asylum Research Group Inc., Santa Barbara, CA) using methods 

described previously.202 Force curves were collected in dSPACE (dSPACE Inc. Wixom, 

MI) and analyzed using Matlab (The MathWorks, Inc., Natick, MA). All data were 

filtered during acquisition at 500 Hz. After acquisition, the data was calibrated and 

plotted by using homemade software written in Matlab. 

3.4.2 Synthetic Procedures 

3.4.2.1 Small Molecule Synthesis 

Hept-6-enoic anhydride 

HO

O
DCC
MeCN O

OO

 

To a round bottom containing 6-heptenoic acid (1.05 g, 8.25 mmol, 1.0 eq.) in 50 

mL anhydrous acetonitrile was added N,N′-dicyclohexylcarbodiimide (0.880 g, 4.29 
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mmol, 0.52 eq.) in 10 mL anhydrous acetonitrile. After stirring for 8 hours the 

suspension was filtered and the filtrate was concentrated in vacuo, redissolved in Et2O, 

and filtered a subsequent time. Purification by short path distillation (110-120 °C, < 1 

torr) yielded 6-heptenoic anhydride as a clear colorless oil (0.740 g, 6.27 mmol, 76 %).  

1H NMR (500 MHz, CDCl3) δ 5.75 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.03-4.89 (m, 2H), 2.47-

2.37 (m, 2H), 2.10-2.00 (m, 2H), 1.71-1.59 (m, 2H), 1.48-1.37 (m, 2H) 

13C NMR (126 MHz, CDCl3) 169.40, 138.08, 114.92, 35.06, 33.26, 28.00, 23.62.  

MS: We were unable to obtain a molecular ion peak due to fragmentation (peaks are 

consistent with McLafferty rearrangements203). Products obtained by reaction with this 

compound, however, did give HRMS data consistent with their anticipated structure, 

supporting the identity of the anhydride.  

 

Synthesis of SP1-Acyclic diene (SP1-AD) 

N O

O

NO2N O

HO

NO2
O

O

2
DMAP, THF

O

HO OO

SP1-OH SP1-1  

To a dry round bottom flask was added SP1-OH33 (0.284 g, 0.8 mmol, 1 eq.) and 

DMAP (0.293 g, 2.4 mmol, 3 eq.) in 50 mL DCM. To the slurry was added 6-heptenoic 

anhydride (0.400 g, 1.68 mmol, 2.1 eq.) in 5 mL DCM and the reaction was stirred for 12 

hours before being concentrated to 20% the original volume, taken up in 150 mL Et2O, 
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and washed with H2O (3 x 100 mL) and brine (2 x 100 mL). The organic phase was then 

dried over MgSO4 and concentrated under reduced pressure. The organic phase was 

then dried over MgSO4 and concentrated under reduced pressure onto silica gel to be 

purified by medium pressure chromatography (hexanes to EtOAc). The obtained purple 

oil was subsequently recrystallized from petroleum ether to yield a yellow solid (0.248 g, 

0.470 mmol, 59%).  

1H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 2.6 Hz, 1H), 7.82 (d, J = 2.6 Hz, 1H), 6.97 (d, J = 

10.5 Hz, 1H), 6.84 (dd, J = 8.3, 2.3 Hz, 1H), 6.80 (d, J = 2.3 Hz, 1H), 6.47 (d, J = 8.3 Hz, 1H), 

5.90 (d, J = 10.4 Hz, 1H), 5.88 (ddt, J = 28.7, 16.9, 10.2, 6.7 Hz, 1H) 5.77 (ddt, J = 28.7, 16.9, 

10.2, 6.7 Hz, 1H), 5.09-4.92 (m, 4H), 2.65 (s, 3H), 2.58- 2.48 (m, 2H), 2.23-2.03 (m, 4H), 

2.01-1.91 (m, 2H), 1.83-1.70 (m, 4H), 1.58-1.45 (m, 4H), 1.25 (s, 3H), 1.20 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 172.72, 171.11, 151.14, 145.26, 144.45, 140.20, 138.71, 138.49, 

137.74, 137.33, 128.63, 121.07, 120.29, 120.15, 119.49, 119.27, 115.53, 114.99, 114.69, 107.72, 

107.46, 51.96, 34.34, 33.53, 33.43, 33.30, 28.94, 28.49, 28.24, 25.78, 24.56, 24.09, 19.60. 

HRMS-ESI (m/z): [M + H]+ calculated for C33H38N2O7, 575.2752; Observed 575.2758. 

 

Synthesis of SP2-Acyclic diene (SP2-AD) 

N O

O

NO2N O

HO

NO2

OH

O

O

2
DMAP, THF

O
O

O
SP2-OH SP2-1
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To a round bottom flask was added SP2-OH86 (2.01 g, 5.45 mmol, 1 eq.) and 

DMAP (2.00 g, 16.35 mmol, 3 eq.) in 150 mL DCM. To the slurry was added 6-heptenoic 

anhydride (2.72 g, 11.45 mmol, 2.1 eq.) in 10 mL DCM and the reaction was stirred for 12 

hours. The reaction was then concentrated to ca. 20% the original volume, taken up in 

200 mL Et2O, and washed with H2O (3 x 200 mL) and brine (2 x 200 mL). The organic 

phase was then dried over MgSO4 and concentrated under reduced pressure onto silica 

gel to be purified by medium pressure chromatography (Hexanes to EtOAc) and 

subsequently recrystallized from petroleum ether to yield a yellow solid (2.08 g, 3.54 

mmol, 65%).  

1H NMR (500 MHz, CDCl3) δ 7.93 (d, J = 2.6 Hz, 1H), 7.81 (d, J = 2.6 Hz, 1H), 7.14 (td, J = 

7.7, 1.3 Hz, 1H), 7.05 (d, 1H), 6.95 (d, J = 10.5 Hz, 1H), 6.85 (td, J = 7.5, 0.9 Hz, 1H), 6.64 (d, 

J = 7.7 Hz, 1H), 5.95 (d, J = 10.4 Hz, 1H), 5.74 (ddt, J = 16.9, 10.2, 6.7 Hz, 2H), 5.06-4.86 (m, 

4H), 4.18 (ddt, J = 54.5, 11.2, 6.1 Hz, 2H), 3.32 (m, 2H), 2.29-2.20 (m, 2H), 2.15-2.04 (m, 

2H), 2.04-1.97 (m, 2H), 1.95-1.87 (m, 2H), 1.61-1.53 (m, 2H), 1.39-1.31 (m, 2H), 1.25 (s, 3H), 

1.17 (s, 3H), 1.16 (m, 4H) 

13C NMR (126 MHz, CDCl3) δ 173.55, 170.98, 150.93, 146.66, 140.27, 138.52, 138.42, 137.81, 

135.83, 128.42, 127.82, 121.64, 121.54, 120.19, 120.14, 119.26, 114.87, 114.78, 107.40, 107.09, 

77.48, 77.23, 76.98, 62.51, 52.28, 42.55, 34.13, 33.45, 33.20, 28.39, 28.28, 26.03, 24.39, 23.96, 

19.48. 



 

81 

HRMS-ESI (m/z): [M + H]+ calculated for C34H40N2O7, Calculated 589.2908; Observed 

589.2910. 

 

Synthesis of (E/Z) – SP1 Macrocycle 

N O

O

NO2

O
O

O

Toluene, 40°C, 4 hr
10 mol% catalyst N O

O
O

NO2

O
O

SP2-1 SP2-2

 

To a dry round bottom flask was added 230 mL toluene followed by SP1-AD 

(0.248 g, 0.470 mmol) and the solution was heated to 40 °C over 30 mintues while 

sparging with argon. To this solution was added Grubbs 2nd Gen. catalyst (0.04 g, 10 mol 

%) all at once and the reaction was stirred until the SP1-AD was observed to have 

disappeared by TLC (ca. 2 hours), at which point the catalyst was quenched with ethyl 

vinyl ether, stirred for 30 minutes and subsequently concentrated under reduced 

pressure onto silica gel to be purified by medium pressure chromatography (Hexanes to 

EtOAc). The obtained purple oil was subsequently recrystallized from boiling diethyl 

ether to yield a yellow solid (0.217 g, 0.40 mmol, 84%). 

1H NMR (400 MHz, CDCl3) 7.94 (d, J = 2.6 Hz, 1H), 7.83 (t, J = 2.5 Hz, 1H), 6.98 (d, J = 10.5 

Hz, 1H), 6.91 (ddd, J = 21.9, 8.3, 2.3 Hz, 1H), 6.83 (dd, J = 24.4, 2.3 Hz, 1H), 6.50 (dd, J = 
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8.3, 5.9 Hz, 1H), 5.92 (d, J = 10.4 Hz, 1H), 5.54-5.29 (m, 2H), 2.64 (d, J = 7.0 Hz, 3H), 2.62-

2.44 (m, 2H), 2.26-1.71 2.29-0.96 (m, 14H), 1.29 1.19 (m, 6H) 

13C NMR (126 MHz, CDCl3) δ 151.13, 150.97, 145.26, 144.49, 144.43, 140.16, 140.14, 137.93, 

137.65, 137.59, 137.46, 130.53, 130.00, 129.13, 128.81, 128.76, 128.32, 125.40, 120.75, 120.64, 

120.14, 120.05, 120.03, 119.43, 119.29, 119.24, 119.16, 115.19, 115.09, 107.97, 107.94, 107.67, 

107.48, 51.84, 34.75, 33.82, 33.18, 32.60, 30.86, 30.14, 29.70, 29.00, 28.86, 28.20, 27.24, 26.25, 

25.60, 25.46, 24.84, 24.79, 23.66, 23.19, 21.58, 19.31, 19.25. 

HRMS-ESI (m/z): [M + H]+ Calculated for C31H34N2O7, 547.2439; Observed 547.2441 (No 

evidence of any cyclic dimers by LCMS) 

 

 

 

Synthesis of (E/Z) – SP2 Macrocycle 

N O

O

NO2

O

OO

Toluene, 40°C, 4 hr
10 mol% catalyst N O NO2

O

O

O

O

SP1-1 SP1-2  

To a round bottom flask was added 150 mL toluene followed by SP2-AD (0.160 g, 

0.295 mmol) and the solution was heated to 40 °C over 30 mintues while sparging with 

argon. To this solution was added Grubbs 2nd Gen. catalyst (0.025 g, 10 mol %) all at once 

and the reaction was stirred until the SP2-AD was observed to have disappeared by TLC 
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(ca. 4 hours), at which point the catalyst was quenched with ethyl vinyl ether (30 eq.) 

while stirring for 30 additional minutes. The organic phase was then dried concentrated 

under reduced pressure onto silica gel to be purified by medium pressure 

chromatography (Hexanes to EtOAc). The obtained purple oil was subsequently 

recrystallized from petroleum ether to yield a yellow (0.115 g, 0.205 mmol, 70%). 

1H NMR (500 MHz, CDCl3) δ 7.93 (d, J = 2.6 Hz, 1H), 7.83 (d, J = 2.6 Hz, 1H), 7.07 (d, J = 

6.8 Hz, 1H), 6.94 (d, J = 10.4 Hz, 1H), 6.91 (t, J = 7.5 Hz, 1H), 6.84 (d, J = 7.8 Hz, 1H), 5.85 

(d, J = 10.4 Hz, 1H), 5.43 (m, 2H), 4.22 (m, 2H), 3.56 (dt, J = 14.9, 7.3 Hz, 1H), 3.15 (m, 1H), 

2.45-2.25 (m, 2H), 2.06 (q, J = 7.3 Hz, 2H), 2.01-1.94 (m, 2H), 1.94-1.78 (m, 2H), 1.78-1.64 

(m, 2H), 1.59-1.35 (m, 3H), 1.34-1.09 (m, 4H), 1.25 (s, 3H), 1.18 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 173.66, 171.15, 150.98, 147.23, 140.36, 135.79, 130.66, 130.28, 

128.74, 127.80, 121.68, 121.66, 120.33, 120.10, 119.50, 119.24, 108.04, 107.94, 63.21, 52.77, 

43.81, 34.46, 32.90, 31.89, 31.62, 28.85, 28.39, 25.50, 24.85, 23.10, 21.59, 19.61. 

HRMS-ESI (m/z): [M + H]+ calculated for C32H36N2O7 561.2595, Observed 561.2603 (No 

evidence of any cyclic dimers by LCMS). 

3.4.2.2 Co-polymer Synthesis 

N O NO2

O

O

O

O

Toluene, RT, 12 hr
10 mol% catalyst

O N O

O

NO2

O O

O

O
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N O

O
O

NO2

O
O

Toluene, RT, 12 hr
10 mol% catalyst

O

N O

O

NO2

O

O
O O

 

To a dry scintillation or HPLC vial was added spiropyran macrocyle (SP2-2 or 

SP2-2) (35 mg, 0.065 mmol) as a solid and followed by epoxy-COD (8.1 mg, 0.065 mmol) 

and 0.20 mL toluene. After complete dissolution, Grubbs 2nd Gen. (0.110 mg, 1.3x10-4 

mmol) was added as a solution in 0.05 mL toluene. The vial was purged with inert gas, 

sealed, and stirred overnight (16-18 hr), after which 0.01 mL ethyl vinyl ether was added 

and allowed to stir for 30 minutes. The polymer then diluted to 1 mL with DCM and 

precipitated from cold MeOH, the isolated polymer was redissolved into DCM and was 

precipitated into MeOH 2 additional times. Preparatory GPC was used to isolate the 

larger molecular weight fraction for SMFS experiments. 
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Figure 37. 1H-NMR of the SP1-co-epoxy-cyclooctadiene polymers used in the present 
SMFS study 
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Figure 38. 1H-NMR of the SP2-co-epoxy-cyclooctadiene polymers used in the present 
SMFS study 

3.4.3 Modeling of Polymer Extension 

3.4.3.1 Determination of Polymer Extension Ratios 

The ratio of polymer contour lengths, Lfinal/Linitial shown in Table 1 are obtained 

from the following equation,  

LFinal
LInitial

=
LMC ⋅ xMC( ) + Lepoxy−COD ⋅ xepoxy−COD( )
LSP ⋅ xSP( ) + Lepoxy−COD ⋅ xepoxy−COD( )  
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where x denotes the mole fraction of SP or epoxy-COD within the polymer as 

determined by 1H-NMR spectroscopy, and L refers the end-to-end distance obtained 

from CoGEF204 (constrained geometries for simulating external force) calculations for the 

various monomers. A summary of the polymers synthesized and used in the study, in 

addition to the results of the theoretically predicted extension ratios are shown in Table 

3. 

Table 3. Summary of polymers used in this study and their theoretically predicted 
extension ratiosa 

 Monomer Feed Ratio 

 

Monomer Mole Fractionb LFinal / LInitial
c  

 SP : epoxyCOD SP epoxy-COD CTT CTC TTC TTT CTT 

SP1 
0.60 : 0.40 0.54 0.46 1.14 1.12 1.13 1.13 1.03 

0.50 : 0.50 0.42 0.58 1.12 1.11 1.11 1.11 1.03 

0.33 : 0.67 0.28 0.72 1.09 1.08 1.08 1.08 1.02 

SP2 

0.50 : 0.50 0.45 0.55 1.11 1.11 1.13 1.16 1.13 

0.33 : 0.67 0.27 0.73 1.08 1.08 1.09 1.11 1.09 

0.25 : 0.75 0.16 0.84 1.05 1.05 1.06 1.08 1.06 

0.15 : 0.85 0.13 0.87 1.04 1.04 1.05 1.06 1.05 
aPolymers were synthesized according to the ED-ROMP copolymerization method 
outlined within the synthetic methods section. bDetermined by 1H-NMR spectroscopy. 
cExtension ratios, Lfinal/Linitial, were obtained by modeling monomer end-to-end lengths 
via CoGEF. 
 

3.4.3.2 Modeling of Monomer Contour Lengths (CoGEF) 

Detailed procedures for obtaining force-free contour lengths via CoGEF can be 

found elsewhere.100 Modeling was performed on the Spartan’10 molecular modeling 

software, with the experimental parameters shown (Figure 39). Briefly, the end-to-end 
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distances of the molecules were constrained until the molecule was distorted several 

kcal above its equilibrium geometry. The constraint distance was then reduced 

iteratively (~ 0.01 nm steps) and the constrained equilibrium geometry and energy were 

determined. 

 

Figure 39. Spartan ’10 Experimental parameters used in the present study to obtain 
monomer contour lengths via the CoGEF method. Representative monomer showing 
position of end-to-end constraints. (top) Note the addition of the terminal methylene 
and methyl groups to the monomer to simulate incorporation in a polymer chain. 
Screen-shot of calculation parameters. (bottom left) 

The resulting energies at each step were plotted vs. constraint distance 

(displacement) and fit with a quadratic to obtain the function of energy vs. 

displacement. The derivative of the fit provides a linear function of force vs. distance, 

which upon extrapolation to zero force provides the effective force-free end-to-end 

distance. 
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SP1

CTT

CTC

TTC

TTT

TCC

end-to-end distance

 

Figure 40. SP1 monomer structures with end-to-end distance indicated. Note the 
addition of the terminal methylene and methyl groups to simulate incorporation in a 
polymer chain. Spartan distance constraints were set from the terminal methyl groups. 
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Figure 41. Results of CoGEF analysis for SP1 monomer. The energies at each step are 
plotted vs. constraint distance (displacement) (purple) and fit with a quadratic (blue) to 
obtain the function of energy vs. displacement. The derivative of the fit provides a linear 
function of force vs. distance (red), which upon extrapolation to zero force provides the 
effective force-free end-to-end distance. 
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Figure 42. SP1 monomer structures with end-to-end distance indicated. Note the 
addition of the terminal methylene and methyl groups to simulate incorporation in a 
polymer chain. Spartan distance constraints were set from the terminal methyl groups. 
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Figure 43. Results of CoGEF analysis for the SP2 monomer. The energies at each step are 
plotted vs. constraint distance (displacement) (purple) and fit with a quadratic (blue) to 
obtain the function of energy vs. displacement. The derivative of the fit provides a linear 
function of force vs. distance (red), which upon extrapolation to zero force provides the 
effective force-free end-to-end distance. 
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Table 4. Computationally	determined	end-to-end	distance	for	a	single	monomeric	unit	
within	an	all-cis	or	all-trans	epoxy-COD	pentamer 

 

End-to-end distance (nm) 
all-cis all-trans average 
0.92 0.98 0.95 

 

Table 5. Summary	of	the	computationally	determined	end-to-end	distances	for	spiropyran	
and	various	merocyanine	isomers	for	each	regioisomer,	SP1	or	SP2 

 Length (nm) 
Isomer SP1 SP2 

SP 2.44 2.15 
MC (CTT) 2.89 2.50 
MC (CTC) 2.83 2.51 
MC (TTC) 2.84 2.58 
MC (TTT) 2.84 2.69 
MC (TCC) 2.54 2.60 

	

3.4.4 Details of SMFS Fitting Analysis and Additional Force Curves 

Extensive details regarding curve fitting analysis, including the fitting functions, 

can be found elsewhere.67 Force-free rates and activation energies (Table 6) determined 

here through photochemical relaxation studies were used here to fit the force curves to 

obtain values of x‡.  
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Table 6. Experimentally determined kinetic and thermodynamic parameters for SP1 and 
SP2 in Toluene 

 Keq kobs (s-1) kSP-MC (s-1) kMC-SP (s-1) ΔG‡(kcal/mol) ΔG°(kcal/mol) 
SP1 1.7x10-4 4.9x10-2 8.5x10-6 4.9x10-2 24.0 5.05 
SP2 3.5x10-5 5.2x10-2 1.8x10-6 5.2x10-2 24.8 5.98 

 

3.4.4.1 Obtaining the Plateau Force/Characteristic Force Value, f* 

The characteristic force value, or plateau force, is defined here as the inflection 

point of the force-displacement curve (where derivative of the plateau of the force-

displacement curve changes sign), and can be mathematically defined as the x-intercept 

of the plot of second derivative of the force vs. displacement curve. Characteristic force 

values were obtained here via Matlab (The MathWorks, Inc., Natick, MA), shown in 

Figure 44. Note that f* is not itself used here in the kinetic modeling (which is performed 

on the entire force curve). It’s used only for comparative purposes. 

 

Figure 44. Representative force curve obtained from the fitting software employed here 
(left), result of the numerical first (top right) and second (bottom left) derivative of the 
first displacement curve. The characteristic force value is defined as the zero crossing (- 
to +) of the second derivative of the force displacement curve 
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3.4.4.2 Complete Force Curves 

 

Figure 45. Representative force-extension curve of a co-polymer containing SP1 
monomer 
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Figure 46. Representative force-extension curve of a co-polymer containing SP2 
monomer 

 

Figure 47. Representative cusp fit of a SP1 containing polymer 
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Figure 48. Representative cusp fit of SP2 containing polymer 

3.4.4.3 Ring Opening of Spiropyran 

To observe the conditions of the force induced ring opening reaction, a SP 

containing polymer was elongated past its force plateau, but halted before the polymer 

detached. The polymer chain was relaxed by bringing the stage back towards the 

cantilever, and then stretched a subsequent time. As seen in Figure 49, the obtained force 

curves show hysteresis in the re-approach and no plateau in the second pull, indicating 

that the merocyanine has not returned to the SP form. The hysteresis is consistent with 

the time scales involved. As we report, merocyanine reverts to the thermodynamically 
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favored spiropyran with a half-life of around ~10-20 s (Table 6). This is an order of 

magnitude slower than the re-approach timescale, and so it is not surprising that the 

relaxation is negligible. 
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Figure 49. Two cycles of polymer extension and relaxation for SP1 (left) and SP2 (right) 
containing polymers. 
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Figure 50. Selected SP2 force curves demonstrating the effect of loading velocity on 
plateau force in the case of differential polymer lengths (left) and similar polymer 
lengths (right). Shorter polymers increase the rate of force loading and produce higher 
plateau forces, faster extension velocities result in higher plateau forces 
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Table 7. Tabulated data obtained from the fitting of all force curves 

Entry x a f *  𝜈b x‡ x‡ L1 L2 L2/L1 Kuhn Einintial EFinal 

   (nm/s) BE Cusp (nm) (nm)  Length (pN/nm) (pN/nm) 
SP1-1 0.54 261.6 300 0.161 0.177 769.8 895.2 1.16 0.70 4.7E+03 1.8E+04 
SP1-2 0.54 267.6 300 0.176 0.179 381.8 419.5 1.10 0.43 2.7E+04 3.4E+04 
SP1-3 0.42 259.3 300 0.175 0.194 395.9 432.0 1.09 0.53 8.7E+03 1.3E+04 
SP1-4 0.42 219.9 300 0.210 0.232 466.8 533.2 1.14 0.79 4.4E+03 1.3E+04 
SP1-5 0.28 262.9 300 0.189 0.209 524.0 576.8 1.10 0.44 1.8E+04 8.8E+03 
SP1-6 0.28 268.0 500 0.170 0.190 962.5 1037.0 1.08 0.54 1.0E+04 2.0E+04 
SP1-7 0.28 255.4 500 0.173 0.196 1036.0 1088.0 1.05 0.46 1.3E+04 1.4E+04 
SP1-8 0.28 253.4 300 0.200 0.224 604.9 622.3 1.03 0.64 7.8E+03 8.5E+03 
SP2-1 0.45 244.5 300 0.182 0.212 549.9 630.6 1.15 0.37 2.5E+04 5.9E+04 
SP2-2 0.45 213.0 300 0.212 0.233 567.7 665.2 1.17 0.73 4.6E+03 1.7E+04 
SP2-3 0.45 254.2 300 0.194 0.215 284.0 320.8 1.13 0.70 3.9E+03 1.5E+04 
SP2-4 0.45 226.1 300 0.214 0.238 303.9 354.2 1.17 0.83 3.7E+03 1.7E+04 
SP2-5 0.27 244.3 300 0.191 0.211 490.6 557.9 1.14 0.62 7.2E+03 1.9E+04 
SP2-6 0.27 249.1 300 0.179 0.196 585.1 648.0 1.11 0.65 7.2E+03 2.7E+04 
SP2-7 0.27 236.3 300 0.212 0.235 279.2 320.6 1.15 0.86 3.8E+03 1.1E+04 
SP2-8 0.27 289.0 500 0.199 0.222 264.3 294.4 1.11 0.81 4.7E+03 1.5E+04 
SP2-9 0.27 259.0 500 0.199 0.221 344.1 386.7 1.12 0.49 7.6E+03 2.0E+04 

SP2-10 0.27 248.3 500 0.206 0.231 285.1 300.2 1.05 0.42 2.5E+04 2.8E+04 
SP2-11 0.27 277.2 500 0.201 0.225 191.8 213.3 1.11 0.53 8.1E+03 2.2E+04 
SP2-12 0.27 267.3 500 0.204 0.229 269.2 283.1 1.05 0.40 2.2E+04 4.3E+04 
SP2-13 0.27 285.6 500 0.198 0.221 135.1 146.0 1.08 0.54 1.1E+04 1.3E+04 
SP2-14 0.27 264.7 500 0.197 0.219 222.8 254.5 1.14 0.44 8.5E+03 2.7E+04 
SP2-15 0.27 288.2 500 0.193 0.217 280.1 301.5 1.08 0.41 2.2E+04 2.4E+04 
SP2-16 0.27 250.2 500 0.198 0.220 397.7 445.3 1.12 0.32 2.3E+04 6.2E+04 
SP2-17 0.27 261.6 500 0.198 0.220 433.8 468.0 1.08 0.51 9.0E+03 1.4E+04 
SP2-18 0.27 259.8 500 0.211 0.238 167.9 179.9 1.07 0.43 1.2E+04 1.8E+04 
SP2-19 0.16 252.1 500 0.220 0.242 305.1 319.5 1.05 0.73 1.5E+04 2.5E+04 
SP2-20 0.16 276.8 500 0.194 0.214 585.3 604.3 1.03 0.57 1.5E+04 2.2E+04 
SP2-21 0.16 257.2 500 0.199 0.219 731.3 769.0 1.05 0.52 1.5E+04 3.1E+04 
SP2-22 0.16 259.1 500 0.212 0.237 388.6 400.4 1.03 0.66 1.5E+04 1.7E+04 
SP2-23 0.16 245.0 500 0.212 0.236 354.8 375.5 1.06 0.63 1.5E+04 1.7E+04 
SP2-24 0.16 261.9 300 0.191 0.211 597.8 627.1 1.05 0.47 1.5E+04 3.1E+04 
SP2-25 0.16 254.1 300 0.190 0.209 543.5 584.6 1.08 0.46 1.5E+04 3.2E+04 
SP2-26 0.16 279.7 1000 0.192 0.216 353.1 389.6 1.10 0.53 1.1E+04 2.7E+04 
SP2-27 0.16 291.8 1000 0.194 0.218 178.4 194.3 1.09 0.53 1.1E+04 2.5E+04 
SP2-28 0.16 324.8 1000 0.188 0.212 181.5 194.8 1.07 0.32 3.2E+04 5.7E+04 
SP2-29 0.16 301.3 1000 0.197 0.226 424.4 439.6 1.04 0.33 7.2E+04 5.1E+04 
SP2-30 0.16 326.2 2000 0.184 0.209 230.8 247.9 1.07 0.41 2.4E+04 6.0E+04 
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SP2-31 0.16 318.3 2000 0.188 0.218 325.1 340.3 1.05 0.28 2.8E+04 3.1E+04 
SP2-32 0.16 329.5 2000 0.178 0.199 157.1 175.3 1.12 0.42 1.5E+04 5.6E+04 
SP2-33 0.16 272.0 1000 0.196 0.226 308.5 338.8 1.10 0.48 1.1E+04 3.8E+04 
SP2-34 0.16 264.3 1000 0.217 0.241 193.0 210.0 1.09 0.53 1.1E+04 2.8E+04 
SP2-35 0.16 269.2 1000 0.203 0.227 328.4 361.4 1.10 0.56 8.0E+03 2.7E+04 
SP2-36 0.16 319.1 1000 0.169 0.193 104.7 117.9 1.13 0.37 1.1E+04 6.0E+04 
SP2-37 0.16 278.3 1000 0.226 0.253 67.7 71.7 1.06 0.43 2.1E+04 2.7E+04 
SP2-38 0.13 254.8 500 0.198 0.221 672.4 713.2 1.06 0.46 2.0E+04 3.0E+04 
SP2-39 0.13 309.0 500 0.166 0.189 512.8 552.2 1.08 0.28 2.7E+04 6.4E+04 
SP2-40 0.13 275.9 500 0.190 0.210 540.2 575.9 1.07 0.29 2.0E+04 6.5E+04 
SP2-41 0.13 273.4 500 0.191 0.213 718.7 747.0 1.04 0.45 2.0E+04 2.9E+04 
SP2-42 0.13 269.8 500 0.199 0.222 653.4 660.7 1.01 0.35 1.5E+05 4.9E+04 
aMole fraction of SP determined by 1H-NMR Spectroscopy. bStage Retraction Velocity 
 

3.4.5 Determination of Force Free Rate Constants 

3.4.5.1 SP/MC Equilibrium and Reaction Rate Expressions 

 

As shown in eq. 3, the equilibrium of spiropyran to merocyanine involves a reversible 

reaction, characterized by forward and reverse rate constants and an associated equilibrium 

constant. 

 MC[ ]eq
SP[ ]eq

= kSP→MC

kMC→SP

= Keq

 

(3) 

Determining kMC→SP  and Keq makes it possible to obtain kSP→MC . Keq is obtained as the 

ratio of [MC] and [SP], at equilibrium, which is determined by UV-Vis spectroscopy. The 

equilibrium absorbance of MC at its peak absorption of 605 nm, AbsMC
605 , as per the Beer-Lambert 

law is shown in eq. 4. 
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 MC[ ]eq =
AbsMC

605

εMC
605b  

(4)
 

The ambient extinction coefficient, εMC
605 , cannot be obtained directly due to the strongly 

overlapping absorption curves, but can be extracted from a Beer plot of MC absorbance as a 

function of concentration of a UV excited photostationary state (Figure 51), eq. 5, 

 εMC, 380nm
605 =

AbsMC, 380nm
605

b MC[ ]380nm

 

(5)
 

and by scaling this value by the reaction quotient, obtained as the photostationary equilibrium as 

determined by 1H-NMR spectroscopy (Figure 53), eq 6. 

 Q365nm =
MC[ ]380nm
SP[ ]380nm  

(6)
 

which, upon combining eq(s). 4, 5, 6 provides an expression for MC[ ]eq , eq. 7.  

 MC[ ]eq =
AbsMC

605Q380nm

εMC, 380nm
605

 
(7) 

With MC[ ]eq  in hand, SP[ ]eq  is readily determined by difference from eq. 8.  

 SP[ ]eq = SP[ ]0 − MC[ ]eq
 

(8)
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These data are used to solve for Keq from eq. 1. The photochemical excitation of SP to 

MC and subsequent thermal relaxation readily provides a first order apparent rate constant for the 

thermal back reaction of MC to SP and allows for a composite thermal rate to be obtained, eq. 9. 

 kobs = kSP→MC + kMC→SP  (9) 

Combining eq. 9 with eq. 3 yields an expression for kSP→MC  requiring only the observed 

thermal decoloration rate and the equilibrium constant. 

 

 kSP→MC =
Keqkobs
1+ Keq  

(10)
 

3.4.5.2 UV-Vis Relaxation Study 

Solutions of various concentration of SP1-AD or SP2-AD were illuminated with a 

3W UV LED (380 nm 3.6-3.8V) for approximately 10-20 seconds or until a 

photostationary state was reached (by UV-Vis absorbance). 

 

Figure 51. Beer Plot of linear range of absorption for SP1 (left) and SP2 (right) 
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The illumination was removed and the absorption at 605 nm (average 𝜆max of SP1 

and SP2 in toluene) was obtained every 0.1 min for 0.1 s (sufficient to avoid 

photochemical reversion from detection wavelength), (Figure 52). 

 

Figure 52. Thermal relaxation plots of MC to SP with exponential decay fits shown. 

At least three replicate cycles of photochemical excitation and thermal relaxation 

were obtained and were fit to a one-phase single exponential decay according to eq. 11: 

 AbsMC
605 = a(1− e−kobst )+ b  (11) 

Where AbsMC
605  is the absorbance at 605 nm (λmax) within the linear range of absorption 

vs. [MC], 203 a is the scaling factor, kobs is the observed first order rate constant (k1 + k-1), b 

is the baseline offset, and t is time in seconds.  

3.4.5.3 1H-NMR Determination of Photostationary State  

To maintain position of the photostationary equilibrium long enough to obtain 

an NMR spectrum it was necessary to cool the sample and slow the rate of decoloration. 
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SP1 or SP2 (2 mg) was dissolved in 0.75 mL toluene-d8 and illuminated with a 3W UV 

LED (380 3.6-3.8V) for 2-3 minutes at room temperature. The NMR tube was then cooled 

in a dry ice/acetone bath while under continuous UV illumination to maintain the 

photostationary state. The sample was then loaded into the spectrometer, brought to -70 

°C, and a spectrum was acquired. The sample was then warmed to allow the solution to 

return to equilibrium and a subsequent spectrum was acquired to at -70 °C (Figure 53). 
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Figure 53. 1H-NMR overlay of SP1 (Top) or SP2 (Bottom) of the SP-MC equilibrium in 
toluene under ambient conditions (25 °C, dark; red trace) and at photostationary 
equilibrium resulting from 380 nm irradiation (blue trace).
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4. Mechanochemically Active Soft Robots* 

4.1 Introduction 

The functions of soft robotics are intimately tied to their form—channels and 

voids defined by an elastomeric superstructure that reversibly stores and releases 

mechanical energy to change shape, grip objects, and achieve complex motions. Here, 

we demonstrate that covalent polymer mechanochemistry provides a viable mechanism 

to convert the same mechanical potential energy used for actuation in soft robots into a 

mechanochromic, covalent chemical response. A bis-alkene functionalized spiropyran 

(SP) mechanophore is cured into a molded poly(dimethyl siloxane) (PDMS) soft robot 

walker and gripper. The stresses and strains necessary for SP activation are compatible 

with soft robot function. The color change associated with actuation suggests 

opportunities for not only new color changing or camouflaging strategies, but also the 

possibility for simultaneous activation of latent chemistry (e.g. release of small 

molecules, change in mechanical properties, activation of catalysts, etc.) in soft robots. In 

addition, mechanochromic stress mapping in a functional robotic device might provide 

a useful design and optimization tool, revealing spatial and temporal force evolution 

within the robot in a way that might be coupled to autonomous feedback loops that 

allow the robot to regulate its own activity. The demonstration motivates the 

                                                        

* This chapter adapted from: Gossweiler, G. R.; Brown, C. L.; Hewage, G. B.; Sapiro-Gheiler, E.; Trautman, 
W. J.; Welshofer, G. W.; Craig, S. L., Mechanochemically Active Soft Robots. ACS Appl. Mater. Interfaces 2015, 
7 (40), 22431-5. 
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simultaneous development of new combinations of mechanophores, materials, and soft, 

active devices for enhanced functionality. 

Recent work in soft robotics has inspired a fleet of new demonstrated 

capabilities, including: starfish-,205-206 tentacle-,206-207 and human hand-like208-209 

locomotion;167, 208, 210 high-strength composite structures;211-212 electrical components;207-208 a 

heart-like pump;213 and, camouflage.214 All of these functions have been realized using 

relatively inexpensive and widely accessible materials. In contrast to traditional ‘hard’ 

robots, soft robots are fabricated from mechanically soft and flexible elastomers. 

Pneumatic or hydraulic inflation of elastomeric channels and voids produces the 

remarkably complex and non-linear macroscopic motions of soft robots. Underlying the 

macroscopic curls, twists, and undulations of the soft robot there exist associated 

molecular deformations. The ‘macroscopic-to-molecular’ connection involved in force 

transmission provides an opportunity to use the material as a multi-purpose actuator; 

on the one hand, the inflation of channels and voids drives the macroscopic actuation 

and locomotion traditionally associated with robotics, while, on the other, the network 

simultaneously channels macroscopic tension to discrete network-bound 

mechanophores (Figure 54), converting mechanical potential to covalent chemical 

response. The nature of the mechanophore can be selected from a growing menu of 

options, which to date includes: small molecule release86-88 and acid generation,89 

covalent bond scission leading to color change,33-35, 50, 86, 137, 215 luminescence,62, 64 repair and 
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stress toughening,70 and catalysis.79, 81 The addition of mechanochemical activity 

therefore has the potential to enrich soft robotics with changes in physical and/or 

chemical properties upon actuation that are similar to mechanisms widespread in nature 

(e.g., camouflage, toxin release, damage sensing and repair, and chemical signaling).  

 

Figure 54. Schematic diagram of the mechanochemical energy transduction hierarchy 
used here. (a) The mechanochemical response of a spiropyran mechanophore is coupled 
to mechanical deformation of polymer subchains that increase with force. (b) When a 
bis-functional spiropyran force-probe (1) is covalently bound to the network, 
macroscopic deformation couples into the same molecular deformations in (a), 
producing macroscopically observable coloration and fluorescence. 

We recently demonstrated a first generation mechanochemical device, in which 

electroactive elastomeric films are coupled to mechanochemical activation to create soft 

displays that simultaneously change surface topography, color, and fluorescence in 

response to a remote electric potential.193 Here, we extend our studies of 

mechanochemically active soft devices to silicone elastomer-based soft robots. The 

methodology exploits the platinum catalyzed hydrosilylation cure chemistry found in 

most commercial silicone kits (e.g. Smooth-On Ecoflex®) to easily incorporate a 

mechanophore into the covalent network of the elastomer. Following our earlier work 

on electro-mechano-chemically active displays, we demonstrate the concept using the 
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spiropyran mechanophore developed by Sottos, Moore, and co-workers.33 In response to 

sufficient molecular tension (on the order of 200 pN for activation on the time scale of 

seconds118), spiropyran undergoes a unimolecular reaction to its extended and 

conjugated merocyanine form (Figure 54, a).33 The product merocyanine provides a 

visible color change and gives rise to a measurable change in fluorescence. SP activation 

occurs in areas where the local strain is highest and, in the context of soft robotics, 

provides a useful indication of stresses and strains experienced by the robot during 

operation. The response therefore creates not only a potential camouflaging mechanism, 

it might also aid in failure detection and analysis and design optimization.  

4.2 Results and Discussion 

We focused our initial efforts on pneumatically driven soft robots. The same 

platinum catalyzed hydrosilylation reaction that cures the Ecoflex® also incorporates the 

spiropyran mechanophore into the network (Figure 54, b), leading to a 

mechanochemically active Ecoflex® polymer that is analogous to prior work in Sylgard 

184.86 The actuation involves biaxial extension associated with inflation, and so we first 

assessed mechanophore activation in simple Ecoflex® “balloons,” shown in Figure 55. 

On the first inflation, the onset of an observable color change occurs at a biaxial stretch 

of ε ~ 0.7.  
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Figure 55. Inflation of a spiropyran-containing balloon reveals a color change that 
persists for several minutes when the balloon is relaxed (a), but returns upon subsequent 
inflation (b). Images of the balloon after 10 minutes at rest are shown (a, b, inset images). 
A mechanically-inactive control balloon does not show the characteristic color change 
upon inflation (c). UV irradiation of the balloon produces the characteristic color change, 
confirming the presence of the molecule (c, inset). The color intensity can be tracked 
with a traditional digital color camera, and is shown as an increase in red color channel 
intensities, where Ratio = R/(R+G+B) (d). The characteristic strain of color onset is shown, 
plotted against the number of repeated inflation cycles (e). ε = (r-rinitial)/rinitial (See section 
4.3.3 Raw, Uncorrected Images for additional details and full images with color card). 
Scale bar = 7 cm. Photos take over ~30 s, but no substantial time dependence is observed 
(Section 4.3.2 Balloon Inflation Image Analysis). 
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Deflation leads to about 95% shape recovery and the mechanically triggered 

color change recedes to its initial coloration after approximately ten minutes (See 

Experimental, Figure 69). Repeating the inflation (Figure 55, b) leads to a second 

mechanically induced color change that is somewhat less pronounced than the first 

(presumably because of hysteresis associated with the well known Mullins effect171-173). 

Subsequent cycles (Figure 55, e) have good reproducibility. Thus, spiropyran-linked 

Ecoflex® seemed to meet the criteria for use in mechanochemically active soft robots. 

We therefore constructed two types of soft robot to test whether the 

mechanochemical covalent response was compatible with some standard robot designs 

and actuation. Shown in Figure 3 are a three-arm gripper and a five-arm walker. The 

molds and dimensions of each robot are provided (Section 4.3.5 Technical Drawings of 

the Robot and Balloon Molds). As seen in Figure 56, pneumatic actuation of each type of 

device leads to gripping motions (Figure 56a and sequential inflation of legs for walking 

(Figure 56b, 1-6) that not only provide the desired motions, but also lead to color change 

through the desired covalent chemical reaction. The robots recover their initial form 

when the actuating pressure is removed, and the color but maintain the color change for 

approximately ten minutes, as observed in the model balloon geometry discussed above. 
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Figure 56. A three-arm arm grabbing robot (a) and a five-arm walking robot (b) are 
shown. Initial robots (left) are inflated to produce a color change when network 
stresses/strains reach a critical value. The color persists for several minutes after the 
robot is returned to the initial state (right). The inset numbers indicate the temporal 
order of the images. Scale bars = 5 cm. 

We note that neither the mechanical device performance nor the 

mechanochromic response are optimized; rather, these demonstrations serve as proof-

of-principle for the compatibility of blending the two functions in soft robots. Entirely 

different device architectures might be engineered in the future, depending on the 

relative importance of the physical function relative to maximizing color change or 

camouflage. But the stress-responsive mechanochromism might serve other important 

functions as well. For example, we wondered if the location of most intense response 

might serve as an indication of the region of most probable failure. To test that idea, we 

fabricated the three-arm gripper shown in Figure 57a. Inflation of the gripper led to the 

greatest color change at the figurative knuckles of the device, but the arms did not 

experience identical levels of mechanochromism. Contrast can be further enhanced via 
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macroscopic fluorescence imaging of the activated merocyanine, conducted here by 

exciting the activated merocyanine with diffuse green LED light within a rudimentary 

“dark room” while imaging through a long-pass filter (For additional details, see Section 

4.3.4 Macroscopic Fluorescence Experiment).  

 

Figure 57. Inflation of a 3-arm gripper robot reveals more intense coloration in regions 
that experience the largest deformations. Shown are color images before (a), during (b), 
and after (c) inflation of the gripper. (d) Fluorescent images of the robot after the 
deformation with arrows indicating the “at-risk” regions. Over-inflation of the robot 
until rupture validates that the indicated regions are “at-risk” of failure (e). Scale bars = 5 
cm. 

The fluorescent images reveal localized regions of greater intensity on each arm 

(indicated by the arrows in Figure 57d) in both visible color change and differential 

fluorescence. That initial color change obtained in the reversible actuation response of 
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the gripper was predictive of failure, as subsequent overinflation led to rupture in the 

soft robot at the position of prior, highest mechanochemical response.  

Finally, the mechanochemical activity can be used to provide a mechanism by 

which a soft robot can sense and report on its past physical environment. When a robot 

is inflated beyond the capacity of a confined space, the external confinement will disrupt 

the growing shape of the inflating robot, leading to a perturbation of the stresses and 

strains experienced within the robot. This concept is demonstrated in Figure 58. Inflating 

a sphere within a room whose walls are pillared generates a mechanochemical, 

colorimetric imprint of the surrounding on the surface of the robot.  

 

Figure 58. Sphere that inflates and has memory of its container. (a) Initial sphere. (b) 
Inflation within a “room” with pillars on the walls leads to colored demarcations that 
are determined by the topological constraints of the space (c). Note that (c) is magnified 
to make the contrast more visible. Scale bars = 2 cm. 

4.3 Conclusion 

The demonstrations provided here show that soft robot actuation and covalent 

mechanochemical response are compatible within the same devices, in that 

mechanochemical activation accompanies reversible and repeatable soft robot actuation. 
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The fact that the two go more or less hand-in-hand in these demonstrations is 

encouraging, as the EcoFlex® platform chosen is one that was originally developed 

because it works well for only the purpose of mechanical actuation. Future 

improvements should be realized by optimizing the material for the dual purposes of 

mechanical and molecular actuation shown here. 

While the levels of mechanochromism reported here might be suitable for a 

selected set of color-changing or camouflaging applications, functional 

mechanochromism in most cases will likely require both the development of 

mechanophores with task-specific “resting” and “active” coloration, as well device 

designs that optimize the intensity and distribution of the mechanochromism in concert 

with the mechanical function of the soft robots. Mechanochromism is not the only 

desirable covalent chemical response, however, and one can envision potential 

applications in which the release of small molecules86, 88 or activation of a catalyst79, 83 

might be desirable functions to blend into active, soft robotic devices. Covalent polymer 

mechanochemistry has also been used to trigger cross-linking reactions in response to 

otherwise destructive forces,70 and the ability to create self-healing behavior in 

autonomous soft robots has been noted to be an especially attractive goal, given 

susceptibility of soft robots to mechanical damage.212, 216-217 While many of these 

responses might currently be more challenging to realize in PDMS elastomers than 

spiropyran activation, we note that in at least two cases (perturbed catalysis85 and retro-
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cycloaddition86) the requirements for activation appear to be quite similar to those for 

spiropyran. 

Along those lines, the potential to sense stress concentrations and identify at-risk 

regions for eventual failure might provide a useful tool for not only optimizing soft 

robot design, but also for streamlining their maintenance. PDMS-based soft robots are an 

inexpensive and high-throughput technology that enables design, fabrication, and 

testing of a prototype in the span of hours. Multiple iterations of redesign and 

fabrication to arrive at the intended function are typically done empirically and 

intuitively,205 Modeling has been used to improve designs from an understanding of the 

structure property relationships.205, 207-208, 218-219 Unlike hard robots, the non-linear 

mechanical properties of a fully fabricated soft-robot are difficult to consistently 

reproduce and anticipate in FEA software, especially when comparing an idealized 

model to the as-fabricated design. Incorporating a probe within the material provides a 

simple and general method to get real-time information of stress-concentration during 

normal operation, and up to failure, in addition to the absence of stress-concentration, 

which is equally as informative. 

This latter capability is better regarding as a means of data acquisition and 

reporting – effectively a mechanism for input rather than functional output. The 

demonstration of mechanochemical imprinting suggests a similar opportunity, but in 

this case to probe and report on external physical environment rather than internal 
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mechanical state. This form of metrology is similar to that demonstrated recently in 

mechanochemical “scales” that assess the weight of an attached object.215 While other 

methods for these types of measurements already exist, the ability to incorporate them 

directly into the functional material component of the device, as well as the simple 

visual readout, has some obvious advantages in fabrication. As mechanophore design 

moves from proof-of-concept demonstrations to implementation as functional 

components in materials and devices, we therefore imagine that soft robots will join 

other device and material platforms as a target that generates its own set of tailored 

mechanophores optimized for that purpose.  

4.3 Experimental 

4.3.1 Robot Design and Fabrication 

Soft robot molds were designed in Autodesk Inventor (San Rafael, CA) and were 

3D printed via fused deposition modeling on either a Replicator 2X 3D Printer 

(Makerbot, New York, NY) or Lulzbot Mini (Lulzbot Loveland, CO) from natural/color-

free ABS filament purchased from the printer manufacturer. The printed molds were 

then filed to smooth edges and to remove any overprint. A bis-alkene derivative of the 

mechanochromic molecule spiropyran86 (1, Figure 54) was incorporated into Ecoflex® 

(Smooth-On, Macungie, PA) as follows. Ecoflex® 10-30 pre-polymer in a 1:1 ratio of part 

A:B was thoroughly mixed with a solution of spiropyran (0.2% w/w) in diethyl ether 

(10% v/w) and the entire mixture was degassed for 1 minute (35 torr > ) before pouring 
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into the ABS molds. The robots were cured for 2-3 hours at 60 °C and were promptly de-

molded. Fabrication of the mechanically-inactive control balloons followed an identical 

procedure, substituting only the spiropyran molecule, as reported previously.86 The 3-

arm and 5-arm robots were sealed to Sylgard 184™ substrates (2-3 mm thickness) with 

Sil-Poxy® silicone adhesive (Smooth-On, Macungie, PA). Individual channel control 

was achieved through the use of several push-button style miniature air directional 

control valves (McMaster-Carr, part # 62475K12). 

Macroscopic Fluorescence Analysis. To obtain fluorescence images of the robots, a 

“dark” room was created out of PVC pipe and general-purpose black-out curtains. 

Within the dark room was mounted a 36W RGB LED light panel (superbrightLEDs.com, 

individual color LED emission maxima centered at 466 nm, 522 nm, and 633 nm). For the 

fluorescence test, the red LEDs were disabled and the green and blue LED provided the 

sole source of illumination (spectral emission curves can be found in the supporting 

information). Images were captured with a Canon EOS Rebel XSi with a 610 nm 

Thorlabs longpass color filter mounted between the camera and the robot. Raw images 

were processed in ImageJ/Fiji to remove background and to apply the 16-color LUT. 

4.3.2 Balloon Inflation Image Analysis 

Images of the inflating balloon were captured with a Canon EOS Rebel XSi and 

were analyzed with FIJI/ImageJ. RGB color image stacks were imported and thresholded 

to obtain circular regions of interest (ROI) for each image of the inflating balloon. A 
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background selection to be subtracted from each ROI was also made. The red, green, 

and blue channel intensities were then measured for each ROI. ROI areas were used to 

obtain the radius of the inflating balloon for calculating the strain. 

 

Figure 59. Change in color intensity for an inflating balloon. Shown are (a) the raw red, 
green, and blue channel intensities obtained for each step; (b) the background subtracted 
intensities; (c) the ratios of each channel to the sum of all the channels; and (d) the 
normalized ratios. 
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4.3.3 Raw, Uncorrected Images 

 

Figure 60. Raw images of the first balloon inflation shown with color card 

 



 

122 

 

Figure 61. Raw images the second inflation shown with color card 

 

 

Figure 62. Raw images of control balloon inflation 
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Figure 63. 254 nm UV excitation of the mechanically-inactive spiropyran molecule to 
reveal presence. 

 



 

124 

 

Figure 64. Full Images with color calibration card for a 3-arm grabbing (a) and 5-arm 
walking (b) robot example. Images were normalized by white-balancing using the 
grayscale calibration swatch shown. 
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4.3.4 Macroscopic Fluorescence Experiment 

Fluorescence images were obtained in a “dark” room was created out of PVC 

pipe and general-purpose blackout curtains. Within the dark room was mounted a 36W 

RGB LED light panel (superbrightLEDs.com) that allowed individual illumination 

control of Red-, Green-, and Blue-centered LEDs. Spectral emission profile for the light 

panel is shown (Figure 65). For the fluorescence test, the red LEDs were disabled and the 

green and blue LED provided the sole source of illumination. Images were captured 

with a Canon EOS Rebel XSi with a 2” square 610 nm longpass color filter (Thorlabs) 

mounted between the camera and the robot using a threaded Square Filter Holder For 

Imaging Lenses (Edmund Optics). Raw images were acquired in full color (not 

greyscale). Images were uploaded into FIJI/ImageJ, converted to RGB stack, and the 

green and blue channels were discarded. The red channel images were background 

subtracted and colored with the ‘16_colors’ LUT. 
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Figure 65. Macroscopic Fluorescence Experimental Set-Up. Shown PVC cage that has 
been covered in black-out curtains, containing an LED light panel mounted to the top 
(a). The panel permits individual illumination of the red (b), green (c), and blue (d) 
LEDs. The collected emission spectra for each color are shown (e, red, green, blue lines 
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for the red, green, and blue LEDs), and for the “all-on” additive white-light emission (e, 
black dotted line). The transmittance of the Thorlabs filter is also shown. 

 

 

Figure 66. Additional example of mechanical environment memory to compliment 
manuscript figure 5. A test-tube rack provides the features to pattern the inflated arm of 
a 3-arm robot. Scale bars = 5 cm. 

 

Figure 67. Active Balloon Subjected to Ambient Heating. An as-cured balloon is shown 
being submerged in 100°C water for 2 minutes to observe the effect of ambient 
temperature on color. The color of the balloon before and after is indistinguishable. 
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Figure 68. Local Heating of Active and Control Balloon. An active balloon that has been 
pre-inflated to produce the mechanically generated color change (a) does not show an 
apparent color increase or decrease from 20 seconds of localized heating with a 
laboratory heat gun. A control balloon possessing a mechanically-inactive spiropyran 
subjected to the same conditions (b) also does not display an apparent increase or 
decrease in color from localized heating. 

 

 

Figure 69. Rate of Thermal Return to Initial Color Post-Activation. Shown are images of 
the balloon while inflated (a), immediately after deflation (b), after 4 minutes deflation 
(c), and after 10 minutes of deflation shown with an active balloon that has not been 
inflated (d). Image analysis provides a plot of color intensity as a function of time (e). 
Exponential fits produce the rates and half-lives shown. 
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Figure 70. Comparison between Slow and Rapid balloon Inflation. Gradual inflation 
over 4 minutes (a) or very rapidly inflation ~1 s (b) produce qualitatively identical states 
of shape and color for a given strain. Insets images in the upper left are of the magnified 
timer in the lower left; time is displayed in units of hours, minutes, and seconds. Inset 
images in the upper right are of the magnified timer in the lower right; time is displayed 
in units of minutes, seconds, and 1/100ths of a second. 

4.3.5 Technical Drawings of the Robot and Balloon Molds 

Dimensions are in mm and are equal to those of the 3D-printed models. 

Drawings are not to scale.  
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Figure 71. Technical drawing of balloon mold – side A 
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Figure 72. Technical drawing of balloon mold – side B 
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Figure 73. Technical drawing of balloon mold – insert 
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Figure 74. Technical drawing of 3-arm robot – outer mold 

 



 

134 

 

Figure 75. Technical drawing of 3-arm robot – insert 
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Figure 76. Technical drawing of 5-arm robot – outer mold 
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Figure 77. Technical drawing of 5-arm robot – insert
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5. Conclusion 

5.1 Outlook 

When I started research in the spring of 2012, the field of covalent 

mechanochemistry was growing at an exciting pace. Advances in custom polymer 

synthesis combined with the ease of mechanical testing with sonochemical polymer 

degradation had accelerated the rate of new mechanophore discovery to one every 

couple of months. Almost every discovery was accompanied by an observation of what 

made mechanochemical bond activation fundamentally distinct from thermochemistry 

and photochemistry; the most remarkable revelations included biased reactivity 

preferences, generating and trapping reactive intermediates and transition states, and 

exclusive/site-specific remodeling of polymer backbones. Most demonstrations were 

fundamental in nature, proof-of-principle studies either in dilute polymer solutions via 

sonication or one polymer at a time via SMFS, but collectively they provided the guiding 

principles for the rational design of the mechanophore. But most importantly, they 

eradicated a long-standing notion that mechanical forces were necessarily destructive.  

Alongside of advances in the mechanophore emerged new demonstrations of 

activation in bulk polymer solids—the prime target for applied mechanochemistry. The 

vision was straightforward; proposing that that if the over-stressed regions implicated in 

material failure were identified and modified with constructive mechanochemistry, 

improved materials would result. The seminal work of Moore and co-workers sparked 
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an expansion of new mechanophores in a growing catalog of polymer matrices, notably 

achieving mechanical activation of catalysts, acid release and radical generation, 

remodeling of polymer chains, and even elongation and reactive cross-linking for stress 

strengthening. Despite broad success in triggering mechanophores in polymer solids, 

none of these systems were able to achieve activation under reversible deformations—

this was the state of the field when I began. Identifying the need for a reversible 

materials platform was the seed of an idea that grew into the body of work presented in 

this dissertation.  

In Chapter 2 we have shown that it is possible to deliver mechanical forces 

sufficient to trigger covalent mechanochemistry reversibly and repeatedly through an 

elastomeric PDMS support. Reversible and repeatable activation enabled, for the first 

time, the translation of mechanochemical activity to dynamic material platforms; 

providing chemical response in an electromechanical dielectric actuator (Chapter 2) and 

in providing new function for elastomeric soft robots (Chapter 4). Supporting future 

work in mechanochemically active materials, we report in Chapter 3 a SMFS study that 

quantifies the force vs. rate behavior of the molecular force probe, spiropyran. The force-

rate behavior implicated in spiropyran activation provides a benchmark of activity for a 

given polymer under a given loading condition.  

The field of mechanochemistry is still in it infancy and many important 

challenges remain. I sincerely hope that the work we have performed inspires the 
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development of new mechanophores and new materials that enrich the functionality of 

synthetic systems. The following sections are written in service to those who wish to 

inspire themselves or deepen their understanding of mechanochemically active 

materials. I have outlined how elastic coupling can be leveraged for new forms of 

reactivity control and have identified what I view as the primary challenges facing bulk 

mechanochemistry.  

5.2 Multi-state Mechanophores 

We originally set out to achieve activation of a mechanophore under conditions 

that permitted full shape recovery of the parent material. In doing so, and perhaps 

serendipitously through the use of spiropyran, we became acutely aware of the extent of 

the elasticity as it translated to molecular control. In Chapter 2 we showed that the 

absorption and emission curves of the mechanically activated merocyanine were 

different in a stretched or relaxed state (Figure 15), and the elastic coupling to these 

molecules allowed for immediate switching between the two. Interestingly, the visible 

appearance of the film stretched step-wise shows a gradual change in the hue (Figure 

78). The color change was found to have no dependence on concentration and was 

reproducible for several different spiropyran analogs in several different polymer 

matrices; and we reasoned that it must be intermolecular in origin and the result of a 

tensile stress across the merocyanine form.  
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Figure 78. A PDMS film containing spiropyran is initially stretched and relaxed to 
produce a purple color. (left most films sample). Upon stretching the sample the color 
transitions from a purple hue to a blue hue (from left to right).  

At first, an elastic coupling provides the opportunity to apply a static force across 

a molecule whose rate might be too low to observe on the timescale of the deformation 

(i.e. large ΔG‡ and/or small x‡), which might then be observed across a longer timescale 

or accelerated by heating (as with the retro-Diels-Alder reaction reported in Section 

2.2.2). Second, it delivers a mechanism of control that supports a fundamentally different 

mechanophore concept—one where the response extends beyond the current two-state 

model and instead produces a continuum of states that are modulated by tension.  

5.2.1 Towards Fluxional Control of Catalysis in an Elastic Matrix 

A foundational example for the fluxional mechanophore concept was recently 

reported by Kean et al., who demonstrated that mechanical manipulation of the ligand 

environment about a Pd-catalyst can produce measurable and substantial changes in the 

enantioselectivity of two Heck arylation reactions (Figure 79).85 
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Figure 79. Intramolecular tension (a) biases the entantioselectivity of two Heck 
arylations through force-induced distortion of ligand geometry. The effect can be 
quantified (b-c). 

That forces involved are on the order of ~100 pN is especially significant, because the 

work contained within this document has shown that filled PDMS is an ideal platform 

for delivering forces of >150 pN (lower limit only; the maximum force is likely much 

higher) reversibly and repeatedly to embedded molecules. PDMS is tough, highly 

elastic, and compatible with a wide range of chemistry, making it well suited for 

potential catalytic functionality. The combination of chemical compatibility and ability 

to deliver forces that meet and likely far exceed those necessary to alter the state of an 

active catalyst provide a formal proof of concept for mechanocatalysis. 
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In thinking about how an elastomer might be used to successfully alter catalyst 

activity we could envision three broad classes (Figure 80). Catalysts of “Type 1” follow 

from the work of Sijbesma79, 82, 220 and involve the reversible dissociation of an inhibitory 

ligand to generate a pair of products, one of which is the active catalyst; “Type 2” 

catalysts are a modification of “Type 1” that comprise one or two tethers to an inhibitory 

ligand. The inactive form of this type can be mechanically opened into an extended, 

uninhibited form; and “Type 3” catalysts involve mechanically distorting a local 

conformation (e.g. ligand bite angle) to increase activity (analogous to the 

photomechanical ligand approach). 

 

Figure 80. Activation of MMCs by free ligand displacement (Type 1), tether ligand displacement 
(“unfoldamers,” Type 2 – our emphasis here), or distortion of ligand sphere (Type 3). 

Catalysts of Type 2 are particularly intriguing because the bonds broken to 

unfold the catalyst are all metal coordination bonds, they should be considerably weaker 

than typical covalent bonds and will break at forces that are relevant those found in the 

material. They should also be able to reform at room temperature in the absence of force, 
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satisfying the conditions outlined above. The literature is rich with examples of latent 

metathesis species whose activity can be initiated and interrupted through the 

introduction of various stimuli. Complexes that are initiated by heating are commonly 

generated by introducing a tight binding ligand to key coordination sites to give a 

kinetically stunted 18 e- species. Increasing the temperature facilitates ligand 

dissociation and reveals an open coordination site(s) on the ruthenium (Figure 81). 

 

 

Figure 81. Representative designs of a Type 2 1st (top) and 2nd (bottom) generation 
Grubbs catalyst for mechanochemical activation. 

  This strategy lends itself well to mechanical on/off actuation and we aim to 

explore two systems (Figure 82): (i) a non-symmetric hemi-labile endocyclic amine tether 

that replaces the tricyclohexyl phosphine and styrenyl ligands of the 1st Generation 

Grubbs species; and, (ii) a symmetric bis-NHC dimer species with polymer attachments 



 

144 

on opposing ends to generate two room temperature metathesis-inactive complexes that 

can readily be incorporated into a network. Both examples have literature precedent as 

being very poor catalysts from tight binding ligands. The application of mechanical force 

would facilitate ligand dissociation at room temperature, freeing up the active 

coordination site to allow metathesis to commence. If the applied forces are too low to 

initiate the catalyst at room temperature we anticipate that we will be able to increase 

the ambient temperature until the threshold (ΔG‡ − Fx‡) for initiation is met. Importantly, 

the liberated 16 e- species are chemically identical to the 2nd generation Grubbs-type 

catalyst, and the kinetics are expected to be identical. 

Another potential system for on/off mechanocatalysis could be derived directly 

from the bis-NHC ligands reference previously to complex Ru. Interesting, some NHCs 

dimerize at room temperature to generate a very weak tetra-aminoethylene bond. Such a 

species would tie up two catalytically active divalent species to create a single dormant 

species. Historically this dimerization has been a nuisance for room temperature 

solution catalysis but offers great opportunity for mechanochemical control. Attachment 

of polymer handles on either end of the NHC dimer and the application of sufficient 

forces might allow for mechanical separation of the two catalytically active carbenes 

(Figure 82) and initiate catalytic turnover. Reactivity could again be interrupted once the 

deformation is removed.  



 

145 

NN
N N

N N

N N

 

Figure 82. Representative design of a tethered NHC dimer that can be reversibly 
activated by force. 

5.3 The Recurring Problem of Heterogeneity 

Mechanochemical bond activation requires very large forces acting over very 

short distances. Such a condition is known to exist in polymer materials because bond 

scission has been implicated in material failure.1-3 This situation poses a somewhat 

paradoxical challenge to the mechanochemist: How do you maximize the quantity of 

distinctly overstressed network segments prior to material failure (Figure 83)? And 

relatedly, how might you standardize the individual distribution of F*Δx to achieve 

systematic molecular control of the ensemble? The limitations associated with the 

current state of mechanochemical coupling in bulk can be summarized as follows: 

1. Low Efficiency of Activation. Currently estimates of mechanophore activation 

in our own systems are on the order of 1 out of every 100 incorporated, shown 

schematically in Figure 83, a. Notwithstanding the cost and effort required to 

fabricate niche molecules, efficiency of activation has practical implications for 

maximizing mechanochemical response while minimizing background effects on 

the physical or mechanical properties. For example, producing a measurable 

impact on the survivability of a given polymer sample with self-healing or stress-
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strengthening chemistry while remaining mechanically silent under typical 

loading conditions requires a “silver-bullet” type approach, whereby the 

mechanophores are located precisely and exclusively where needed. Lastly, low 

activation efficiency requires that mechanophore design be restricted to those 

mechanophores that are “off” in their resting state to maximize signal-to-noise. If 

for example, the mechanophore was “on” in its resting state and tension could 

modify the force-free reactivity, the force-modified response would still be 100-

fold weaker than that of the force-free. 

2. Limited Control over Activation Onset. The present work describes 

mechanophore activation under conditions where the parent material recovered 

its original shape.86 However, the hypothetical engineering application of this 

material might never experience a deformation great enough to reach the 

threshold condition required for activation. The ability to tailor the window of 

activity might also open up the possibility for new strain/reactivity profiles and 

discrete iterations of single and multi-mechanophores response (Figure 83, b). 

3. Heterogeneous Stress Distributions. Stretching a polymer containing network 

bound mechanophores produces a heterogeneous distribution of tension (Figure 

83, c). Each mechanophore is subject to a unique force potential and together 

they comprise the force-modified ensemble. Increasing the stretch moves the 

ensemble distribution to higher forces and produce greater activation. The 
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current catalog of mechanophores whose response is digital (on/off) give rise to 

monotonic increases in activity with stretch. Recently, work in our lab has 

revealed a new class of mechanophore which holds the potential to reversibly 

modulate catalytic response with tension.85 The nature of heterogeneous 

coupling at the current state precludes an idealized cooperative effect from a 

multi-state mechanophore, instead producing an ensemble average. The impact 

of this new class of mechanophore would clearly be enhanced by the design of 

new materials that aimed to provide systematic molecular control. 

The future of bulk mechanochemistry will benefit greatly from new material 

architectures developed with mechanochemical response in mind. Perhaps just as 

developments in new polymer synthetic tools of the late 20th century supported the 

development of the current state polymer mechanochemistry,8, 11 so too might new 

methods for hierarchal design of bulk polymers synthesis foster the next iteration of 

development. 
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Figure 83. Schematic representation of the effects of heterogeneity in 
mechanoresponsive polymer materials. (a) Stretching a mechanoresponsive material 
activates only a small fraction of mechanophores (red circles). Uneven molecular force 
distributions limit control over the onset of mechanophore activation and shape of the 
strain/activation profile (b). Heterogeneity produces a mixed ensemble of active 
mechanophores experiencing varied levels of tension, illustrated as partially filled circles 
(c).  

5.4 Expanded Mechanical Stress Probe Tool-kit 

The combination of single molecule force spectroscopy with colorimetric 

molecular force probes offers a powerful means with which to interrogate molecular 

level force distributions. Here, we have laid the foundation for quantitative studies of 



 

149 

rate vs. force behavior in materials by quantifying the activity of two spiropyran based 

force probes.118 The method allows for a value of force to be extracted directly from the 

rate of spiropyran activation in any material under any mode of deformation (Figure 84). 

 

Figure 84. An initially colorless film containing a colorimetric stress probe is stretched to 
a fixed strain, producing a color intensity that increases with time (a). If the thermal, 
force-free rate (k0) and force dependency (x‡) of the reaction are known, tracking the rate 
of coloration (b) reveals the value of local force (c). Values of k(F) showen in (b) assume a 
Bell-like rate dependence for the SP2 force probe, k(F) = k0 exp(FΔx‡/kBT), where k0 = 
1.8x10-6 s-1, x‡ = 0.193 nm, and T = 300 K. 

While the work solves the first piece of the puzzle, spiropyran can only reveal a 

lower bound of the true force and cannot characterize larger force and length scales. 

New (or multi-functional) force probes will support the expansion of 

mechanochemically active materials though interrogation of new material platforms and 
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in informing proper mechanophore design. The following list outlines several important 

challenges and opportunities for the next generation of molecular force probes: 

1. Force Distribution. Discovering the shape of the molecular force distribution 

and leaning how it evolves might someday support efforts that aim to control 

it. The ability to control ties back to the challenges associated with modifying 

the onset and activity profile of a given mechanochemical response (Figure 

83, b). Among our reasoning for characterizing two spiropyran-based force 

probes was the opportunity to combine both in a polymer network as a 

means to “book-end” the force distribution within a known quantified range. 

Unfortunately, the difference in activity between them was less than 10%. 

The most direct way to modify the range of activity (ΔG‡ − Fx‡) for a 

spiropyran-based force probe would require reducing the efficiency of 

mechanochemical coupling (regiochemical effects, impacting Fx‡) or by 

strengthening the the spirocyclic bond (electronic effects, impacting ΔG‡).  

2. Microscopic Work Potential. Though continuum mechanics and force-

modified activated rate theories have matured significantly, giving rise to 

new mechanistic models mechanophore activation in both glassy221 and 

elastomeric222 matrices,223 but there are still no straightforward ways to obtain 

the relation of force and distance of the mesoscopic regime into which a 

mechanophore is incorporated.94, 224-225 For example, compare a silicone film 
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containing equal amounts of a bis-pentenoate spiropyran with a silicon film 

containing a bis-undecenoate spiropyran (which almost twice as long), will 

the color onset and peak intensity be identical? Both have identical intrinsic 

reactivity (ΔG‡) and activation length (x‡), but intuitively you would imagine 

that increasing the end-to-end length should have the effect of adding “slack” 

to the polymer chain, effectively softening the force potential and delaying 

the activation onset and peak equilibrium concentration. This example 

highlights a design parameter that extends beyond the mechanophore but is 

expected to have a significant effect on both the onset of activity and window 

of control from a macroscopic strain state. A stress probe would need to be 

able to reflect how the end-to-end distance changes as a function of material 

deformation.  

3. Optical Stress and Strain Mapping with sub-Micron Resolution. There is 

great interest developing experimental methods for tracking the stress fields 

of a material subjected to a load. The most commonly employed methods 

include birefringence/photoelasticity and “speckle” painting/particle 

incorporation combined with optical tracking. When combined with high-

resolution optical sectioning methods (e.g. confocal microscopy) the 

resolution is limited by the size of the particles incorporated, which are 

typically on the order of 1µm. Molecular force probes hold promise to lower 
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the resolution to a least the supramolecular level (~10-100 of nm). 

Importantly, while traditional methods of mapping require tracking of the 

inter-particle distance to measure strain, individual molecular stress probes 

report an intrinsic value of strain based on a color change. The current 

challenge with this method of analysis is that a standard calibration curve 

(intensity vs. deformation) must be generated for each sample. Recalling the 

strain dependent colorimetric shift of merocyanine from Section 5.1, a 

ratiometric signal provides the opportunity to track an internally calibrated 

reporter that functions independent of concentration or material (Figure 85). 

 

Figure 85. Compression of a ~50 micron spiropyran PDMS sphere observed with a 
confocal microscope. (a) Schematic of a transparent sphere that is compressed beneath a 
microscope objective. The dashed red line corresponds to the mid-plane, and the optical 
section viewed in (b). Excitation with 532 nm light and florescent capture of light 
centered at 651 nm (left) and 598 nm (middle) produce the images shown. The ratio of 
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peak intensities is shown (right). (c) Pixel intensity vs. x-distance plots for 651 nm vs. 598 
nm produce different intensity profiles. A ratiometric method (651/598) might provide 
an intrinsic value that can be related to stress or strain.  



 

154 

Appendix A: X-ray Crystal structure of SP2* 

∗ 

Figure 86. X-ray crystal structure of SP2 (thermal ellipsoids shown at 50% probability 
level). Solvent removed for clarity. 

 

                                                        

* Crystallographic data was collected and structure solved by Dr. Roger D. Sommer, NCSU Department of 
Chemistry. 
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3',3'-dimethyl-6-nitro-1'-(2-(pent-4-enoyloxy)ethyl)spiro[chromene-2,2'-indolin]-8-yl 

pent-4-enoate (SP2) 

Crystallographic information has been deposited with the Cambridge 

Crystallographic Data Centre as a CSD Communication. (CCDC 1481952). 

Yellow plate-like crystals grown from a saturated solution of petroleum ether. 

Crystal data: Plate, yellow, crystal size = 0.118 mm x 0.365 mm x 0.470 mm, C30H32N2O7, 

FW 532.58, triclinic, unit cell yielded a total of 64543 reflections to a maximum θ angle of 

33.34° (0.65 Å resolution), of which 10145 were independent (average redundancy 6.362, 

completeness = 99.4%, Rint = 3.50%, Rsig = 2.99%) and 7809 (76.97%) were greater than 

2σ(F2). The final cell constants of a = 8.5981(2) Å, b = 9.4861(2) Å, c = 17.4115(3) Å, α = 

98.2150(10)°, β = 96.299(2)°, γ = 108.3730(10)°, volume = 1315.67(5) Å3, are based upon the 

refinement of the XYZ-centroids of 9152 reflections above 20 σ(I) with 4.608° < 2θ < 

66.14°. Data were corrected for absorption effects using the multi-scan method 

(SADABS). The ratio of minimum to maximum apparent transmission was 0.952. The 

calculated minimum and maximum transmission coefficients (based on crystal size) are 

0.6630 and 0.7462. The final anisotropic full-matrix least-squares refinement on F2 with 

354 variables converged at R1 = 4.21%, for the observed data and wR2 = 11.45% for all 

data. The goodness-of-fit was 1.016. The largest peak in the final difference electron 

density synthesis was 0.516 e-/Å3 and the largest hole was -0.233 e-/Å3 with an RMS 
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deviation of 0.054 e-/Å3. On the basis of the final model, the calculated density was 1.344 

g/cm3 and F(000), 564 e-.  
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Appendix B: Details of Digital Image Color Correction 

B.1 Notes on Color Correction and White Balance 

The digital images acquired in this text were often underexposed and orange in 

color as result of ambient room light. To standardize the images for comparison and 

clarity, each individual image was taken with a color neutral white card somewhere in 

the image. A white card possesses spectral neutrality and uniformity under all sources 

of illumination and allows for all images to be calibrated and corrected to a known 

standard. Each image received the same treatment and no further processing was 

conducted.  

B.2 Color Correction via Adobe® Photoshop® Lightroom 4 

Adobe Photoshop was used to import .CR2 raw file formats, which were then 

white balanced or exported as an unmodified cropped .JPG. An “as captured” raw 

image was warmer in color than the reported 8-bit RGB triplet values of (220, 224, 223). 

The yellow insets Figure 87 show the triplet values of a neutral target area within the 

image. Selecting a neutral target area (Tools > White Balance Selector) informs the 

program of true color neutrality, which normalizes the three channels within the color 

neutral target (Figure 87, B) and correspondingly adjusts the color characteristics of the 

entire image. Increasing the exposure (Basic > Exposure) brings the triplet values of the 

neutral target within the range of the reported values of the white balance card (Figure 

87, C). The value of gamma is left unchanged. 
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Figure 87. Digital image of activated film captured in RAW image format (A). RGB 
triplet values of white background are indicative of warmer room lighting and an 
underexposed image. White balance background target selected for color neutrality, 
RGB triplet values are normalized (B). Exposure is increased to make the image easier to 
see (C). 

B.3 Color Correction via FIJI (ImageJ)* 

An equivalent operation to the one listed above is to use FIJI to perform a 

manual white balance correction. Color images are imported into FIJI as a .TIFF or other 

comparable format (Figure 88, A). The RGB image is then split into individual RGB 

channels (Image > Color > Split Channels). For each channel, a neutral target of the 

image was selected (Figure 88, B, white inset) and a histogram was obtained for each of 

the three channels (Figure 88, C, Initial). The color neutral region in (Figure 88, B) shows 

that the image has a warmer color temperature than natural, and the image is 

underexposed. The mean intensities of each channel were recorded from the histogram 

and whole-image intensities were multiplied by a factor that corrected the mean 

intensity of the neutral area to the reported 8-bit RGB triplet values of the white card 

                                                        

* Fiji is an open source image processing program built on the distribution of ImageJ. Schindelin, J.; 
Arganda-Carreras, I. & Frise, E. et al. (2012), "Fiji: an open-source platform for biological-image analysis", 
Nature methods 9(7): 676-682. 
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(Process > Math > Multiply). Once the color stacks were white balanced they were 

restacked into a RGB composite (Image > Color > Merge Channels). From the histograms 

can be seen the original RGB composite histograms of the target region and the total 

image (Figure 26, C, Initial). Post-correction the neutral target peak intensities have been 

normalized, which correspondingly corrected the whole image intensities (Figure 88, C, 

Corrected).  

 

Figure 88. The initial RGB image (A) split into its individual R, G, B channels (B). Color 
correction to the individual stacks allows for the merged RGB composite to be white 
balanced to a spectrally neutral color target in image background. Initial and Corrected 
histograms show intensity normalization for the neutral target and its effect on the 
correction on the whole of the image (C).
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