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Abstract 
When mechanical force is applied to synthetic materials, polymer chains become 

highly strained, leading to bond scission and ultimately material failure.  Over the last 

decade or so, work in the field of polymer mechanochemistry has coupled this tension to 

desired covalent chemical reactions.  The functionalities responsible for the constructive 

response are known as mechanophores, which react to unveil a new molecular structure. 

This strategy has been explored for a variety of purposes, including stress sensing, stress 

strengthening, small molecule release, catalysis, and development of soft devices.  

Additionally, the effect of force on a reaction coordinate, through biasing and probing 

reaction pathways and trapping of transition states and intermediates, has been well–

studied experimentally and in theory.  This work reports on understanding structure-

property relationships for the spiropyran mechanophore and expanding our control of 

mechanochromism from the single-molecule to device scale.   

First, we report the effect of substituents on spiropyran derivatives substituted 

with H, Br, or NO2 para to the breaking spirocyclic C− O bond using single molecule 

force spectroscopy. The force required to achieve the rate constants of ~ 10 s−1 necessary 

to observe transitions in the force spectroscopy experiments depends on the substituent, 

with the more electron withdrawing substituent requiring less force. Rate constants at 

375 pN were determined for all three derivatives, and the force coupled rate dependence 
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on substituent identity is well explained by a Hammett linear free energy relationship 

with a value of ρ  = 2.9, consistent with a highly polar transition state with heterolytic, 

dissociative character. The methodology paves the way for further application of linear 

free energy relationships and physical organic methodologies to mechanochemical 

reactions.  

The development and characterization of new force probes has enabled initial 

studies of force-coupled molecular behavior in polymeric materials.  The relationship 

between uniaxial strain and color change has been measured for these three spiropyran 

derivatives cross-linked into silicone elastomers.  There are two observations; 1.) color 

appears at around the same strain for each derivative, and 2.) the ratio of color intensity 

remains constant for all three derivatives.  These observations were not predicted by 

previously reported computational work and motivate future studies of molecular force 

distribution within filled silicones. 

On the material and device scale, we have utilized mechanochromism for soft 

and stretchable electronics, which are promising for a variety of applications such as 

wearable electronics, human− machine interfaces, and soft robotics. These devices, 

which are often encased in elastomeric materials, maintain or adjust their functionality 

during deformation, but can fail catastrophically if extended too far. Here, we report 

new functional composites in which stretchable electronic properties are coupled to 

molecular mechanochromic function, enabling at-a-glance visual cues that inform user 
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control. These properties are realized by covalently incorporating a spiropyran 

mechanophore within poly(dimethylsiloxane) to indicate with a visible color change that 

a strain threshold has been reached. The resulting colorimetric elastomers can be molded 

and patterned so that, for example, the word “STOP” appears when a critical strain is 

reached, indicating to the user that further strain risks device failure. We also show that 

the strain at color onset can be programmed through the layering of silicones with 

different moduli into a composite. As a demonstration, we show how color onset can be 

tailored to indicate a when a specified frequency of a stretchable liquid metal antenna 

has been reached. The multi-scale combination of mechanochromism and soft 

electronics offers a new avenue to empower user control of strain-dependent properties 

for future stretchable devices. 

We developed a new course module using the ring-opening of spiropyran into 

merocyanine to connect a number of standard general chemistry course topics while also 

introducing students to polymer concepts. By framing a number of different concepts 

including molecular orbital theory, quantum mechanics, equilibrium, hydrogen 

bonding, mechanical work, and polymer chemistry with the same reaction, we aim to 

allow students to see connections in seemingly disparate sections of general chemistry.  

The reactivity of a mechanically active functional group is determined by the 

activation energy of the reaction (ΔG‡) and the force-coupled change in length as the 

reaction proceeds from the ground to transition state (Δx‡).  Finally, we report a 
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combination of both principles enhances the mechanochemical reactivity of epoxides: 

placing alkenes adjacent to cis-epoxide mechanophores along a polymer backbone 

results in ring-opening to carbonyl ylides during sonication, whereas epoxides lacking 

an adjacent alkene do not.   Upon release, tension-trapped ylides preferentially close to 

their trans-epoxides in accordance with the Woodward-Hoffman rules.  The reactivity of 

carbonyl ylides is exploited to tag the activated species with spectroscopic labels for 

force-induced cross-linking through a reaction with pendant alcohols.  Even with alkene 

assistance, mechanochemical reactivity remains low; single molecule force spectroscopy 

establishes a lower limit for ring-opening ca. 1 sec-1 at forces of ~2600 pN.  
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1. Introduction  
When mechanical force is applied to synthetic materials, polymer chains become 

highly strained, leading to bond scission and ultimately material failure.1  In the field of 

covalent polymer mechanochemistry, where this dissertation is focused, tension of these 

highly strained polymer chains is coupled to a desired covalent chemical reaction in a 

functional group known as the mechanophore, unveiling a new molecular structure and 

triggering a constructive response (Figure 1).2 This strategy has been explored over the 

past decade for a variety of purposes, ranging from fundamental studies of reactivity 

under mechanical tension to the development of soft and active devices.2a As an 

introduction, a brief history of polymeric mechanochemistry and the experimental 

techniques that have enabled this work are presented, then key findings in the 

upcoming chapters are summarized.  

 

Figure 1: Mechanochemistry results in a constructive response  

Tension on mechanophores in highly strained polymer chains results in a 
constructive chemical response. 
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1.1 Background 

1.1.1 The Development of Mechanochemistry 

Theoretical work published in 1928 by Prandtl on the molecular-scale basis for 

friction is the first publication that couples force to a potential, where a point mass is 

able to move along a periodic surface upon the application of force over a distance.3  

Around the same time period, knowledge of macromolecular and polymer chemistry 

was beginning to develop.4 Staudinger made observations that polymer molecular 

weights degrade due to bond scission, which occurs when mechanical force is applied 

through mastication of rubbers.5  Prandtl’s idea was connected to Staudinger’s 

observations by Kauzmann and Eyring, who introduced a molecular context by 

considering a force vector applied to a Morse potential.6  The application of a mechanical 

force, coupled to the direction of the bond breaking, reduces the energy required for 

scission.  

The first development of “mechanophores”, or mechanically reactive groups, 

occurred in the 2000s (Figure 1).  Reports of selective bond scission of an azo moiety in 

polymer chains subjected to ultrasound by the Moore7 and of the dissociation of metal-

ligand bonds within supramolecular networks by Craig8 set the stage for seminal work 

on the benzocyclobutane mechanophore.9  The Woodward-Hoffman rules dictate that 

thermal ring-opening occur in a conrotatory fashion for both cis- and trans- 

benzocylcobutene; however, under mechanical force the cis-isomer undergoes 
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disrotatory ring-opening instead to produce a product with the opposite stereochemistry 

expected.  This work demonstrated that mechanical force could yield products that 

cannot be accessed through other means by changing the energy landscape, establishing 

mechanical force as a useful tool for future mechanistic insight.9 

Since that time, an ever-increasing number of research groups have worked to 

expand and develop mechanochemical reactions.2a  In the Craig group, the 

demonstration of mechanochemical ring-opening of gem-dichlorocyclopropanes (gDCC) 

led to its use as a tool in numerous studies of mechanochemical reactivity.10  The 

diradical transition state formed during ring-opening of gem-difluorocyclopropane 

(gDFC) was trapped by mechanical force, before preferentially closing to a (shorter!) 

trans-gDFC product.11  The incorporation of gem-dibromocyclopropanes (gDBC) and 

their ring-opening on a polymer backbone results in extended length, providing local 

stress relief to chains under tension.12  The gDBC mechanophore is also a latent cross-

linker, as the product of mechanochemical ring-opening is reactive towards 

substitution.13   

Many research groups have used a variety of mechaophore designs for studies of 

mechanism and  “forbidden” reactivity,9, 14 structure-property relationships,15 tension-

trapping of high energy intermediates,16  and development of theoretical models for 

mechanochemical reactivity have occurred over the past decade. 17 New constructive 

outcomes such as activation of catalysts,18 release of small molecules,19 stress-reporting,20 
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stress-strengthening,13, 21, self-healing,22 and other increasingly creative mechanophore 

designs have led to a rich toolkit of force-responsive polymers.23  

1.1.2 Spiropyran 

Spiropyran (SP, Figure 2) has played a critical role as a tool for stress-sensing in 

this dissertation and is featured in all but one chapter of this dissertation.  The ability to 

photoswitch SP, particularly when it is substituted with a nitro group in the position 

meta to the breaking sp3 C-O bond, to the planar purple-colored (lmax = 550 -650 nm) 

merocyanine (MC) with UV irradiation was discovered in 1964 by Bercovici.24 SP and 

MC are in dynamic equilibrium, with the SP the lower energy molecule.  The force-free 

activation energy for ring-opening is ~ 25 kcal/mol.25 The metastable MC reverts back to 

MC within several minutes in the dark and is faster with visible light irradiation. Solvent 

and substituent both have a strong influence on the position of this equilibrium and 

rates of ring-opening and ring-closing.26  Non-polar solvents push the equilibrium 

toward SP, while polar and hydrogen-bonding polar protic solvents give greater 

concentrations of MC.  Photoswitching is highly dependent on the substituent at the 

position meta to the breaking sp3 C-O bond.26c  
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Figure 2: The spiropyran ring-opening reaction under UV irradiation 

SP is converted to the colored, planar MC by UV light irradiation.  The ring-
closing of the metastable MC is accelerated by visible light irradiation. 

 
Spiropyran has been widely used in materials such as polymers, biopolymers, 

nanomaterials, and surfaces due to the large change in molecular structure and 

properties that occurs upon photoswitching.27 Immobilizing SP within a polymer or on a 

surface helps prevent aggregation of MC, leading to longer preservation of 

photoswitching.27  SP was first incorporated into polymers in the 1970s by Smets, who 

added it as a bifunctional cross-linker in poly(ethyl acrylate).28 While mechanochromism 

was not reported, lower rates of ring-closing from MC to SP were observed when the 

sample was under tension.28a  

1.1.3 Mechanochemistry in Bulk Materials 

The first example of mechanochemistry in a bulk material was published by 

Moore, Sottos, and White in 2009.20a  They cross-linked a bisfunctional spiropyran into 

elastomeric poly(methyl acrylate) and glassy poly (methyl methacrylate) and observed a 

color change upon extension or compression respectively. The color change occured 
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where stress was expected to be greatest.  This was the first report of stress-sensing in a 

material based on a covalent mechanochemical reaction and is also the first example of 

the mechanochromism of spiropyran.    

 

Figure 3: The spiropyran ring-opening reaction under mechanical force  

The SP used by Davis et al. for the first demonstration of mechanochromism 
in a bulk material.20a  The blue circles are the locations where the SP is connected into 
the polymer network.  Pulling on these points extends the compound so that tension 

is across the sp3 C-O bond. 
 

Many additional studies of spiropyran-based mechanochromism and activation 

of other mechanophores in materials have followed.29  The Sijbesma group reported the 

bis(adamantyl)-1,2-dioxetane mechanophore, which breaks into two ketone groups and 

releases blue photons during mechanical deformation of elastomeric poly(methyl 

acrylate).30 The Craig group studied gDHC ring-opening in a polybutadiene polymers,31 

and demonstrated activation of latent cross-linking upon ring-opening and subsequent 

nucleophilic substitution of gDBC in the bulk.13  

One of the barriers to developing stress-responsive materials with covalent 

polymer mechanochemistry32 was that in these first examples, the mechanochemical 

response did not occur until the material was irreversibly damaged.   A key discovery 
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by Gossweiler et al.33 that spiropyran could be reversibly and repeatably ring-opened to 

MC in filled silicone elastomers without mechanical damage (Figure 3) has led to new 

mechanochromic soft materials including dielectric elastomers and soft robots.34 

 

Figure 4: Cross-linking spriopyran into poly(dimethylsiloxane)  

SP is cross-linked into a filled PDMS elastomer (Sylgard 184, Dow Corning) 
through alkene “handles”, which react via existing Pt-catalyzed hydrosilylation 

chemistry. 

1.1.4 Experimental Techniques  

1.1.4.1 Single Molecule Force Spectroscopy 

Single molecule force spectroscopy (SMFS) is a powerful technique for 

characterizing mechanophores.  SMFS is a type of atomic force microscopy, but instead 

of moving a cantilever tip across a surface for imaging, the cantilever is held in place in 

the x and y directions.  A piezoelectric stage moves in the z direction while deflection of 

a laser beam off the cantilever tip measures the position of the cantilever, allowing the 

distance between the stage and the tip to be determined.  The spring constant is of each 

cantilever is measured to calculate the force upon deflection.   
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 Polymers are deposited onto the surface of the stage in dilute solution and the 

stage is brought into contact with the cantilever tip.  When a polymer adheres to the 

cantilever tip and the stage is lowered (usually at a rate of ~300 nm/sec), the polymer 

begins to uncoil (Figure 5). The barrier to uncoiling is largely entropic and force does not 

increase much as the polymer is extended.  After the polymer is uncoiled, additional 

increases in distance result in sharp increases in force as bond angles are distorted and 

bonds begin to stretch.  For a polymer without any mechanophores, such as a 

poly(butadiene), force will continue to increase rapidly until the polymer detaches from 

the tip or bond scission occurs.  
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Figure 5: Single molecule force spectroscopy of a polybutadiene polymer   

After the polymer has adhered to the tip, the cantilever is lowered at a constant 
rate, resulting in entropic extension of the polymer chain (A).  When the chain is 

pulled taut, the force increases rapidly (B) until the chain detaches or breaks. 
 

The first SMFS experiments focused on interactions and bonds that were scissile, 

where the polymer or biomacromolecule would selectively break at lower forces than 

detachment from the tip.35  In these experiments, hundreds of pulls would give 

individual rupture forces and statistical analysis would provide an average. Studies on 

with DNA,36 sugars,37 and proteins38 pre-dated the development of covalent polymer 

chemistry and led to the observation of a characteristic plateau in the force-distance 

curve upon the release of stored length. 
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In non-scissile multi-mechanophore polymers,39 a single SMFS pull of a multi-

mechanophore polymer results hundreds of ring-opening events where tension coupled 

to the mechanochemical reaction results in the release of stored length.  This is visible as 

a characteristic plateau in a force-distance curve (Figure 6).  After the mechanochemical 

reaction, the polymer now has a different contour length, and force increases until it 

either detaches or breaks.  Craig et al. performed the first SMFS experiments with 

covalent mechanophores with the non-scissile gDBC polymers,40 and the methodology 

allows us to quantify force-rate behavior.  
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Figure 6: Single molecule force spectroscopy for a multi-mechanophore 
polymer 

When a polymer chain containing a non-scissile mechanophore is extended, it 
first uncoils (A).  Upon reaching enthalpic extension, the mechanophore releases 

stored length, creating a characteristic plateau in the force-distance curve (B).  After 
the plateau, the polymer continues to extend until it detaches or breaks, but it now 

has a different contour length (C). 
 

To confirm that a plateau is due to a specific mechanochemical reaction, the 

force-distance curve is fit to the extended freely jointed chain theory of polymer 

extension, which allows the contour length of the polymer before and after the plateau 

to be calculated. This is compared to the theoretical contour length change of the 

polymer due to the proposed mechanochemical reaction.  Theoretical contour lengths 
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are determined by COGEF (Constrained Geometries Simulate External Forces) 

modeling,41  where atoms on the polymer backbone are constrained at incremental 

distances while the energy is minimized.  The derivative of the energy-distance profile 

gives force as a function of distance, with the contour length at zero force.  If the 

hypothesized mechanochemical reaction is responsible for the release of stored length, 

the change in contour length that is calculated will be consistent with the change in 

contour length measured by SMFS.  

The force of required for the transition (F*) is the calculated mid-point of the 

characteristic plateau and is used largely for comparative purposes, since it is dependent 

on the rate that the polymer is pulled.  A key insight from SMFS studies is the ability to 

quantify the activation length (Dx‡), the difference in length from the ground to 

transition state for the reaction.12  The activation length is a measure of how well 

mechanical force is coupled to the reaction coordinate and the value can be different for 

the same mechanophore depending on the identity of adjacent functional groups or 

stereochemistry that influence mechanochemical coupling through the lever arm effect.42  

  The activation length (Dx‡) is determined by fitting force-rate data from 

the SMFS experiment to the Bell-Evans and Cusp models for force-modified reactivity.  

Following the work of Kauzmann and Eyring, Bell40 and Evans43 further developed the 

theory of coupling mechanical force to potential energy surfaces. As the force is applied, 

the activation energy for the reaction is reduced as shown in equation 1: 



 

 13 

∆𝐸 = 	𝐸%&%'%() − 𝐹∆𝑥‡   (1) 

Bell-Evans theory assumes that the position on the reaction coordinate of the 

reactant and the transition state stay the same under mechanical force.  Recent work by 

Makarov (extended Bell-Evans theory)17c and Bulatov44 accounts for compliance, or the 

extent to which the structure of the reactant and transition state change as a function of 

force.  Dudko et al. introduced force-modified reactivity to a Cusp potential energy 

surface,45 and some mechanochemical reactions are a better explained by this type of 

energy surface.  

1.1.4.2 Sonication 

Prior to the development of mechanochemistry, Melville and Murray observed 

that polymers solution subjected to ultrasound experienced molecular weight 

degradation due to homolytic bond scission, leading to the generation of radicals.46 

Pulsed ultrasound generates pressure waves in solution, which results in the formation 

of empty bubbles.  Upon reaching a sufficiently large size, the bubbles collapse and the 

the solution to flow to fill in the empty space.  The velocity gradient produced results in 

the extension of polymer chains.47  The first mechanophores developed were tested 

through sonication. Since that time, quantitative methods and an understanding of the 

properties that influence molecular weight degradation have been developed.48   
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Figure 7: The mechanism of molecular weight degradation during sonication 

The collapse of a bubble results in a shear flow and velocity gradient in the 
surrounding solution, causing polymer chains to elongate and break. 

 

1.2 Scope of this Work 

At the time my PhD research began, spiropyran was already a useful tool for 

mechanochemistry, but there were more opportunities to control and exploit its 

characteristic mechanochromism to develop our fundamental understanding of 

mechanical reactivity and to introduce new function to soft materials.  The majority of 

the following chapters highlight the additional insights into molecular and material 

scale behavior of spiropyran mechanochromism.  

In Chapter 2, we report the synthesis of a series of spiropyran derivatives 

substituted at the position meta to the breaking sp3 C-O bond. Single molecule force 

spectroscopy is employed to characterize the force-rate behavior of the ring-opening 

reactions.  By examining force as a function of rate, we are able to apply an “old-school” 

physical organic framework, the Hammett analysis, to a mechanochemical reaction for 

the first time, providing insight into the mechanism.  
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In Chapter 3, these SP derivatives are used as probes of molecular force felt in the 

polymer chains that make up a silicone elastomer.  We found that the onset of 

mechanochromism occurs at the same strain for each SP derivative and that the relative 

activation of each is constant with increasing strain.  Current theoretical work does not 

explain this result, and ongoing work will focus on understanding the physical basis for 

our experimental result.  

In Chapter 4, spiropyran-based mechanocrhomism is used as a tool to the benefit 

of soft, flexible electronic materials as an indicator prior to failure.  We also use the 

macroscopic geometry of the material to pattern the mechanochromism and control and 

predict in advance the onset of color.  

In Chapter 5, seemingly disconnected concepts from across a semester of general 

chemistry are connected through the ring-opening of spiropyran.  The reaction 

illustrates molecular orbital theory, quantum mechanics, equilibrium, hydrogen 

bonding, mechanical work, and polymer chemistry through a new course module, and 

student learning is assessed.  

Finally, in Chapter 6 we depart from spiropyran to study the mechanochemical 

reactivity of allylic epoxide mechanophores under ultrasound.  By controlling two key 

aspects of mechanochemical reactivity, Dx‡ and DG‡, we tension-trap a carbonyl ylide, 

trap it with a spectroscopic probe, and activate latent cross-linking.  

 



 

 16 

2. Substituent Effects and Mechanism in a 
Mechanochemical Reaction 

This chapter is co-authored by Tatiana Kouznetsova, Scott L. Barrett, Gregory R. 

Gossweiler, Yangju Lin, Shiva Rastogi, William J. Brittain and Stephen L. Craig.  It has 

been adapted from a publication in the Journal of the American Chemical Society.49   

2.1 Introduction 

The potential to use mechanochemistry, either in isolated polymers or in 

polymeric materials, to trigger a programmed, desirable covalent molecular response 

was first revealed only a decade or so ago. Since that time, covalent polymer 

mechanochemistry1-2, 17b, 50 has undergone a renaissance in which it has been extensively 

explored by a number of research groups and for a variety of purposes, including (but 

not limited to): biasing and probing reaction pathways,14b, 17b, 51 trapping transition states 

and intermediates,16-17 catalysis,2b, 18c, 52 release of small molecules and protons,19a, 53 stress 

reporting,20b-e, 54 stress strengthening,20c, 55 and soft materials and devices.56 Increasingly 

creative mechanophore designs and new properties continue to emerge at an ever-

accelerating pace.23b, 23c, 23e, 57  

The precision with which mechanophores can be predictively designed has 

increased as quantitative experimental and computational studies have provided 

insights into structure-activity relationships.51d For example, it has been shown that even 

reactions with very similar force-free activation barriers can have very different force-
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coupled reactivities as a result of the polymer structure and attachment point through 

which force is delivered.42b, 50a, 58Additional benefits will be realized as these emerging 

quantitative relationships are mapped onto existing, intuitive physical organic 

frameworks. Here, we report the effect of substituent on the tension-driven ring-opening 

reaction of the classic mechanophore spiropyran (SP) to the (longer) merocyanine 

(MC).20a Single molecule force spectroscopy is used to quantify force-rate relationships 

for three spiropyran derivatives with the same attachment points, and the qualitative 

and quantitative reactivity trends are well explained by Hammett linear free energy 

relationships. 

Our approach is described in Figure 8. Multi-mechanophore polymers of the 

three SP derivatives were synthesized through previously established entropy driven 

ring-opening metathesis co-polymerization.39, 59 Epoxidized cylcooctadiene is used as a 

co-monomer for better adhesion to the cantilever tip.58a Polymers were deposited in 

dilute solution of tetrahydrofuran and dried after drop casting onto a silicon surface.  

Toluene was placed onto the surface, then constant velocity (300 nm s-1) single molecule 

force spectroscopy measurements were conducted to measure force as a function of tip-

surface separation.25  
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Figure 8: Synthesis and experiment design for SMFS of substituted SP 
containing polymers 

(A) Multi-mechanophore polymers with substitutions as indicated by R 
synthesized for this study. (B) A schematic of the single molecule force spectroscopy 

(SMFS) experiment and ring-opening of spiropyran (SP) to merocyananine (MC). 

 

2.2 Results and Discussion 

The ring-opening of SP to MC releases stored length, which results in a 

characteristic plateau in the force-distance curves (Figure 9). Following previously 

published procedures,12 the change in contour length of the polymer is determined by 

fitting to the extended freely jointed chain model of polymer elasticity. The experimental 

results (Table 1) are consistent with extension ratios based on the polymer’s 

mechanophore content and calculated contour length before and after ring-opening 

from SP to the possible MC isomers.25, 60 Similarity in the contour lengths of the MC 

isomers precludes an exact assignment of MC geometry (Table 5). 
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Figure 9: Representative SMFS curves for P1-3  

The plateau corresponds to an extension of polymer contour length upon ring-
opening of SP to MC. The transition force f* is the midpoint of each plateau and is 

calculated as an average from multiple force curves collected at a pulling rate of 300 
nm s-1. 

 
Table 1: Polymer characterization and force curve fitting 

Polymer SP 
contentb 

Lf/Li 

(calc) 
(CTC) 

Lf/Li 

(calc) 
(TTT) 

Lf/Li 
(obs) 

f* 
(pN) 

Dx‡ (BE), 
nm 

Dx‡ 

(Cusp), 
nm 

1 0.46 1.11 1.17 1.15±0.03 410±17 0.19±0.006 0.22±0.001 
2 
3a 

0.48 
0.45 

1.11 
1.11 

1.17 
1.13 

1.15±0.04 
1.15±0.02 

358±25 
240±14 

0.22±0.008 
0.19±0.01 

0.25±0.009 
0.21±0.01 

a. Determined from previously published data.25 
b. Mole fraction by 1H NMR.  

 

The force-distance curves of all three polymers show identical extension as a 

function of SP content, as expected since each of the substituted monomers have the 

same end to end length in the extended MC. Each SP derivative, however, shows a 

different critical force f*, of around 410 pN, 360 pN, and 240 pN for P1, P2, and P3. 

Actual rate constant calculations (see below) are not derived from f*, however, but are 
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based on fits to the force curves that account for measurement-to- measurement 

variation in the contour length of the detected polymer. The nature of the (force-free) SP-

to-MC reaction has been the subject of prior work that suggests that relative 

contributions of a less polar electrocyclic reaction and more polar, heterolytic 

mechanism depend on solvent and substituent.26a, 26b The nature of the mechanochemical 

reaction has not been previously addressed experimentally, and the trend in f* (H > Br > 

NO2) is consistent with a transition state that is largely heterolytic and polar in character, 

as electron withdrawing groups para to the spirocyclic O atom should stabilize the 

developing negative charge separation at that position as the spirocyclic C-O bond is 

broken.26a, 26b   

To confirm that the reaction is under kinetic, not thermodynamic control on the 

timescale of the SMFS experiment,29a we conducted a “retracing” experiment using P1, 

which is the fastest derivative to close back to SP. The cantilever, with polymer still 

attached after being pulled through the SP-to-MC transition, was returned to just above 

the surface. The approach curves obtained showed no evidence of a plateau, and they 

instead were fully hysteretic (Figure 26) with no evidence of ring closing. Even after 

waiting 2 s (in comparison to forward transition time scales of ~0.1 s) at the surface 

following re-approach, a second extension of the same polymer shows only partial 

recovery of the SP (56%) under effectively force-free (< 5 pN) conditions. The back 
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reaction of MC to SP therefore does not need to be considered when analyzing the chain 

extension kinetics.  

Quantitative kinetic information is extracted from the force curves of each 

polymer by fitting the transitions to the Bell40 and Cusp45 models of force-modified 

chemical reactivity, as done previously.12, 25, 58a The force-free activation energy of each SP 

derivative is obtained from its force-free reverse rate constant and equilibrium constant 

(Tables 7 and 8).  The fits give Dx‡, the change in length of the stretched polymer as an 

embedded SP moves from the ground to transition state.  The Dx‡ values of the three SPs 

are effectively indistinguishable, given the uncertainties associated predominantly with 

the force-free equilibrium constants. This homology between reaction mechanism and 

force sensitivity is consistent with accepted models of mechanochemical coupling50b and 

is reminiscent of an earlier study of mechanistically similar ligand displacement 

reactions.35a  

A more direct kinetic analysis of the force-coupled reactions is possible without 

independent characterization of the force-free pathways, by extracting the rate constant 

of the ring-opening reaction as a function of force directly from the single molecule force 

curve (Figure 10), where the inferred force-rate relationship is independent of the 

velocity of the SMFS experiment.61 For example, at a force of 375 pN, rate constants of 9 

s-1 and 32 s-1 can be obtained directly for 1 and 2, respectively (Figures 30 and 31). In the 

constant velocity experiments, SP 3 has already fully ring-opened by the time the force 
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reaches 375 pN, and so we extracted rate constant as a function of force for P3 over a 

range from 205 to 257 pN, and extrapolated up to 375 pN to get a force-coupled rate 

constant of 1600 s-1 (Figure 32).  

 

Figure 10: The rate constant as a function of force for P1-3 

This data was extracted directly from multiple single molecule force curves for 
each derivative. For P1 and P2, rate constants at 375 pN can be obtained directly. For 

P3, the data is fit to a log-linear regression and extrapolated to 375 pN. 
 

Substituent effects on a wide range of conventional, force-free reactions have 

been successfully interpreted through linear free energy relationships. Of these, 

Hammett equations are perhaps the most pervasive and useful.62 The rate constants 

obtained at 375 pN (k375) provide an opportunity to apply the Hammett methodology to 

a force-coupled reaction for the first time.  As shown in Figure 4, the Hammett plot of 

k375 vs. σpara for these spiropyrans returns a value of r = 2.9.            
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Figure 11: Hammett plot for P1-3 

The Hammett plot shows log (kR375/ kH375) vs. σpara for P1-3, where σpara is 0, 0.23, 
and 0.78. 

 
The small data set of three substituents precludes a detailed evaluation of 

potentially subtle contributions; nonetheless, some insights are possible. The positive 

slope is consistent with the expected increase in rate as electron withdrawing 

substituents stabilize the developing negative charge on the spirocyclic oxygen.26b The 

product MC has a contributing resonance structure that is a phenoxide, and so it is 

noteworthy that r  here is roughly half the value r  = 5.3 for phenol acidity in dimethyl 

sulfoxide.63 We expect that r for phenol activity in toluene would be slightly higher, 

given its calculated value in a vacuum  (r  =14.3),63 and estimates based on solvent 

descriptors (ε, Z, and ET(30), see Figure S33-35) range from ~7.3 to ~13.3.  This finding is 

therefore consistent with a transition state that is intermediate to reactant and product 

phenoxide structure.  
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Substituent effects on the spiropyran ring-opening reaction have been well 

studied,26a, 26c, 64 and our measured value of r also correlates well to trends in r seen in 

similar spiropyran racemization reactions, which also proceed through a transition state 

where the C(sp3-O) bond is cleaving.26b Racemization rates from Swansburg et al.26b for 

spiropyrans with the same substituents as in P1-3 in acetonitrile and 90:10 

hexanes/isopropanol give r  = 2.2 and r  = 1.5. The larger r  value obtained in our SMFS 

experiments can again largely be attributed to the less polar medium (toluene) 

employed, although for force-free racemizations in cyclohexane, r  is negative over a 

large series of compounds, and for the spiropyrans corresponding to P1-3 there is weak 

correlation.  The present SMFS analysis is limited in that there are only 3 SP derivatives, 

and so this study may not fully capture subtle aspects of the structure-property 

relationships.    

Beyond the mechanistic insights into the mechanochemical reaction mechanism, 

the quantitative linear free energy relationship will guide the choice of spiropyran 

derivatives as a function the desired force and time regimes of various material 

applications. For example, the quantitative data on this series of spiropyrans, which 

have different force-rate behaviors, will allow us to use them as probes to correlate 

SMFS and bulk response (e.g., to quantify the fraction of polymer chains experiencing 

certain forces within polymer networks) as a function of material composition, including 

polarity. Additionally, differences in decoloration rate for these SPs allow us to select the 
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derivative with a specific application in mind. These H- and Br- substituted 

mechanophores have an additional advantage in that the SP form is not photoactive and 

has negligible background color relative to the NO2- analog, which might provide 

advantages in some situations. Comparative applications using these mechanophores 

will be facilitated by the fact that for this series of spiropyrans, the attachment points are 

held constant, but the intrinsic reactivity is modified with local substituent effects.   

To the best of our knowledge, this analysis is the first application of linear free 

energy relationships to mechanochemical processes.  The results of the Hammett 

analysis are consistent with a force-coupled reaction mechanism and evolution in 

electronic structure that is polar in nature, as suggested by prior studies of the force-free 

reaction. The methodology reported here should be broadly applicable in a manner that 

serves the increasing desire to apply physical organic insights and chemical intuition to 

mechanophore design. 

2.3 Supplementary Information 

2.3.1 General Information 

Reagents were purchased from Sigma-Aldrich and TCI America. Solvents were 

purchased from VWR.  Dichloromethane, toluene, and THF were purified with an 

Innovative Technology purification system.  DMSO-d6 and CDCl3 was purchased from 

Cambridge Isotope Labs.  Sylgard 184 was purchased from Ellsworth Adhesives.  9-

Oxabicyclo[6.1.0]non-4-ene was distilled prior to use.  All other reagents were used as 
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received.  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 reactions were 

preformed under a nitrogen atmosphere.  

1H NMR spectra were collected on either a 400 MHz or 500 MHz Varian NMR in 

CDCl3, DMSO-d6, or acetone-d6 and were referenced to δ=7.260, 2.500, and 2.050 

respectively.  13C NMR was collected on a 500 MHz Varian NMR in CDCl3, DMSO-d6, or 

acetone-d6 and were referenced to δ= 77.16, 39.52, or 206.24 respectively. Gel permeation 

chromatography (GPC) was performed with an Agilent 1260 Infinity LC system, using 2 

in series Agilent PLgel mixed-C columns (105 Å, 7.5x300 mm, 5 µm, part number 

PL1110-6500) at room temperature at a flow rate of 1.0 mL/min in THF. Molecular 

weights were calculated using an in line Wyatt miniDAWN TREOS multi-angle light 

scattering detector with Wyatt Optilab T-rEX refractive index detector, and UV 

absorbance was measured with an Agilent 1260 Infinity DAD detector.    The refractive 

index increment (dn/dc) was determined by assuming 100% mass recovery. High-

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

University’s Mass Spectrometry Facility.  

The SMFS instrumentation, data acquisition, and parameters are similar to those 

conducted previously by our group.12, 25, 58a All experiments were conducted using 

toluene as the solvent.  They were performed at ambient temperature (~27 °C) using a 
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homemade Atomic Force Microscope (AFM), 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 obtained for each 

probe were determined in air, using the thermal noise method described previously.65 

Force curves were collected 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 with software written in Matlab. 

2.3.2 Small Molecule Synthesis 

 

Hept-6-enoic anhydride: Hept-6-enoic anhydride was synthesized according to a 

modified previously published procedure.25 Hept-6-enoic acid (5.0g, 27.14 mmol, 1 

equiv) was dissolved in anhydrous dichloromethane and N,N′-diisopropylcarbodiimide 

(2.055 g, 16.29 mmol, 0.6 equiv) was added dropwise over 5 minutes.  The reaction was 

stirred overnight and a white solid precipitated, which was removed by filtration prior 

to rotary evaporation.  The remaining clear oil was redissolved in hexanes and cooled, 

then the white precipitate was removed again prior to rotary evaporation. The crude 

product was distilled under vacuum at 60°C to give hept-6-enoic anhydride as a clear oil 
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(3.57g, 55.2% yield). Characterization matched what was previously reported in the 

literature.25  

 

1-OH (1'-(2-hydroxyethyl)-3',3'-dimethylspiro[chromene-2,2'-indolin]-8-ol) and 

cross-linker C1 (3',3'-dimethyl-1'-(2-(pent-4-enoyloxy)ethyl)spiro[chromene-2,2'-indolin]-

8-yl pent-4-enoate) were synthesized according to a previously published procedure, 

and characterization matched what was previously reported.56c  
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1-bisalkene (2-(8-(hept-6-enoyloxy)-3',3'-dimethylspiro[chromene-2,2'-indolin]-1'-

yl)ethyl hept-6-enoate): 1-OH was synthesized in a similar manner as previously 

reported in the literature.25 1-OH (256 mg, 0.793 mmol, 1 equiv) and 4-

dimethylaminopropylpyridine (291 mg, 2.378 mmol, 3 equiv) were dissolved in 25 mL of 

anhydrous dichloromethane.  Hept-6-enoic anhydride (397 mg, 1.664 mmol, 2.1 equiv) 

was added dropwise over 5 minutes, turning the solution from dark purple to a light 

red/brown.  The reaction was stirred overnight at room temperature, then concentrated.  

Ethyl acetate was added and the reaction washed with water, sodium bicarbonate, and 

brine before drying on sodium sulfate and passing through a plug of basic alumina.  

Rotary evaporation gave 1-bisalkene as a reddish oil (239 mg, 56%). 1H NMR (500 MHz, 

CDCl3) δ 7.12 (t, J = 7.4 Hz, 1H), 7.04 (d, J = 7.0 Hz, 1H), 6.95 (d, J = 7.2 Hz, 1H), 6.91 – 6.84 

(m, 2H), 6.84 – 6.76 (m, 4H), 6.62 (d, J = 7.6 Hz, 1H), 5.83 – 5.68 (m, 3H), 5.07 – 4.90 (m, 

3H), 4.18 (ddt, J = 44.7, 11.2, 6.1 Hz, 2H), 3.35 (ddd, J = 28.8, 15.1, 8.8 Hz, 2H), 2.26 (t, J = 

7.4 Hz, 2H), 2.15 – 1.98 (m, 4H), 1.98 – 1.86 (m, 2H), 1.68 – 1.51 (m, 2H), 1.45 – 1.33 (m, 

N O

OH
HO

DMAP, DCM
N O

O
O

OO

O

O

2

1-bisalkene

1-OH



 

 30 

2H), 1.27 (s, 3H), 1.19 – 1.16 (m, 3H), 1.16 (s, 3H).  13C NMR (126 MHz, CDCl3) δ 173.63, 

171.60, 147.22, 145.05, 138.77, 138.51, 137.99, 136.47, 129.42, 127.52, 124.20, 122.99, 121.54, 

119.90, 119.84, 119.48, 114.82, 114.58, 106.82, 105.05, 62.89, 51.77, 42.54, 34.19, 33.70, 33.47, 

33.24, 28.43, 25.99, 24.43, 24.14, 19.67.  HRMS (m/z): [M+ H] + Calculated for C34H42NO5 

544.3058; observed 544.3063.  

 

 

1: 1-bisalkene (465 mg, 0.920 mmol, 1 equiv) was added to 500 mL of toluene and 

sparged with nitrogen for 30 minutes at 40°C.  Grubbs II catalyst (78 mg, 0.092 mmol, 0.1 

equiv) was added and reaction stirred and sparged for approximately 2 hours until 

conversion was complete as monitored by TLC.  Ethyl vinyl ether was added to quench 

and the reaction was cooled and stirred for 30 minutes.  The solution was evaporated 

onto silica and then purified via hexane/ethyl acetate flash chromatography to give 1 

(167 mg, 35%). 1H NMR (400 MHz, CDCl3) δ 7.16 (t, J = 8.3 Hz, 1H), 7.04 (d, J = 6.4 Hz, 

1H), 6.93 (dd, J = 7.4, 1.6 Hz, 2H), 6.89 – 6.75 (m, 4H), 5.66 (d, J = 10.3 Hz, 1H), 5.51 – 5.32 
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(m, 2H), 4.28 – 4.12 (m, 4H), 3.59 (dt, J = 14.8, 7.3 Hz, 1H), 3.13 (dt, J = 15.2, 5.8 Hz, 1H), 

2.33 – 1.36 (m, 14H), 1.25 (s, 3H), 1.15 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 173.51, 

171.48, 147.50, 144.79, 137.82, 136.14, 130.18, 129.39, 127.23, 123.90, 122.95, 119.59, 119.57, 

119.38, 119.32, 107.33, 105.50, 63.31, 51.94, 43.48, 34.26, 32.88, 31.57, 31.45, 28.54, 28.22, 

25.15, 24.58, 23.06, 19.65.  HRMS (m/z): [M+ H]+ Calculated for C32H38NO5 516.2745, 

observed 516.2734. 

 

5-bromo-2-hydroxy-3-methoxybenzaldehyde:66 2-Hydroxy, 3-

methoxybenzaldehyde (10 g, 65.22 mmol, 1 equiv) and sodium acetate (8.13 g, 99.09 

mmol, 1.5 equiv) were dissolved in concentrated acetic acid (270 mL) under nitrogen.  A 

solution of bromine (3.4 mL, 65.22, 1 equiv) in acetic acid (30 mL) was added dropwise 

over 30 minutes at room temperature then stirred for 30 minutes.  The reaction mixture 

was neutralized with concentrated sodium bicarbonate solution and the crude product 

was extracted three times from the aqueous mixture with dichloromethane.  The 

combined organic layers were washed with water and dried over magnesium sulfate 

and solvent removed by rotary evaporation.  The crude product was recrystallized from 

a mixture of 40% water in ethanol and the resulting pale yellow crystals were rinsed 

with water to give 5-bromo-2-hydroxy-3-methoxybenzaldehyde (11.52 g, 76%). 1H NMR 

(400 MHz, DMSO-d6) δ 10.44 (s, 1H), 10.23 (s, 1H), 7.37 (d, J = 2.0 Hz, 1H), 7.31 (d, J = 2.3 
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Hz, 1H), 3.88 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 189.83, 150.21, 149.81, 123.58, 

121.19, 119.63, 110.44, 56.58. HRMS (m/z): [M+ H] + Calculated for C7H8BrO3 230.9651; 

observed 230.9651. 

 

5-bromo-2,3-dihydroxybenzaldehyde:67 In a round bottom flask, 5-bromo-2-

hydroxy-3-methoxybenzaldehyde (1.96 g, 10.06 mmol, 1 equiv) was dissolved in 

dichloromethane (35 mL).  The solution was cooled in an ice water bath and boron 

tribromide (1.91 mL, 20.13 mmol, 2 equiv) was added dropwise over 30 minutes, 

forming a yellow precipitate.  The reaction was allowed to warm to room temperature 

while stirring overnight. The mixture was neutralized with concentrated sodium 

bicarbonate and the aqueous mixture was extracted with ethyl acetate 3 times.  The 

combined organic layers were washed with brine and dried with sodium sulfate. The 

crude product was purified by column chromatography in a gradient of hexane to ethyl 

acetate (both containing 3% triethylamine) to give 5-bromo-2,3-dihydroxybenzaldehyde 

(1.81 g, 83%). 1H NMR (400 MHz, DMSO-d6) δ 10.42 (s, 1H), 10.25 (s, 1H), 10.19 (s, 1H), 

7.21 (d, J = 2.4 Hz, 1H), 7.14 (d, J = 2.4 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 190.81, 

149.85, 148.16, 124.01, 122.83, 120.60, 110.29.  HRMS (m/z): [M- H]- Calculated for 

C7H4BrO3 214.9352, observed 214.9352.  
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2-OH (6-bromo-1'-(2-hydroxyethyl)-3',3'-dimethylspiro[chromene-2,2'-indolin]-8-

ol): 1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-ium iodide was synthesized according 

to a previously published procedure.33 1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-

ium iodide (6.123 g, 17.82 mmol, 1 equiv) and 5-bromo-2,3-dihydroxybenzaldehyde 

(3.828 g, 17.82 mmol, 1 equiv) were dissolved in 200 proof ethanol (200 mL).  

Triethylamine (6 mL, 43.05 mmol, 2.4 equiv) was added and the solution refluxed at 

90°C overnight before concentrating to remove the solvent.  A silica flash column was 

prepared by first flushing ammonium hydroxide (100 µL) dissolved in hexane (200 mL).  

The crude material was added to the column in dichloromethane, and the column was 

flushed again with hexane.  The crude material was purified from the column in a 

gradient of 10% to 20% ethyl acetate in hexane to yield 2-OH as a grey green powder (2.0 

g, 33%). 1H NMR (400 MHz, CDCl3) δ 7.10 (td, J = 7.7, 1.3 Hz, 1H), 7.05 (ddd, J = 7.3, 1.3, 

0.5 Hz, 1H), 6.92 (d, J = 10.3 Hz, 1H), 6.85 (s, 2H), 6.76 (td, J = 7.5, 1.0 Hz, 1H), 6.63 (d, J = 

7.8 Hz, 1H), 5.89 (d, J = 10.3 Hz, 1H), 3.78 – 3.58 (m, 2H), 3.49 – 3.23 (m, 2H), 1.30 (s, 3H), 

1.13 (s, 3H). 13C NMR (126 MHz, acetone-d6) δ 149.52, 146.51, 142.04, 137.06, 128.98, 

128.36, 122.84, 122.52, 121.93, 120.99, 119.95, 119.72, 112.13, 107.36, 106.07, 61.05, 53.12, 
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46.88, 26.67, 20.15.  HRMS (m/z): [M+H]+ Calculated for C20H21BrNO3 402.0699, observed 

402.0701. 

 

C2 (6-bromo-3',3'-dimethyl-1'-(2-(pent-4-enoyloxy)ethyl)spiro[chromene-2,2'-

indolin]-8-yl pent-4-enoate) : 2-OH (400 mg, 0.992 mmol, 1 equiv) was dissolved in dry 

dichloromethane (15 mL) and 4-dimethylaminopyridine (485 mg, 3.968 mmol, 3 equiv) 

was added.  The mixture was sparged with nitrogen, then 4-pentenoic anhydride (450 

µL, 2.480 mmol, 2.5 equiv) was added all at once. The reaction was stirred at room 

temperature for 3 hours, then purified by column chromatography in hexane to ethyl 

acetate to give C2 as an orange-pink oil (233 mg, 57%). 1H NMR (400 MHz, CDCl3) δ 7.13 

(td, J = 7.7, 1.3 Hz, 1H), 7.10 (d, J = 2.3 Hz, 1H), 7.04 (dd, J = 7.2, 1.1 Hz, 1H), 7.01 (d, J = 

2.3 Hz, 1H), 6.86 – 6.78 (m, 2H), 6.63 (d, J = 7.7 Hz, 1H), 5.82 (d, J = 10.3 Hz, 1H), 5.80 – 

5.49 (m, 2H), 5.06 – 4.83 (m, 4H), 4.28 – 4.09 (m, 2H), 3.48 – 3.15 (m, 2H), 2.44 – 2.27 (m, 

4H), 2.15 (dq, J = 16.7, 8.5, 7.9 Hz, 2H), 1.84 (q, J = 8.1 Hz, 2H), 1.26 (s, 3H), 1.15 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 172.97, 170.70, 146.98, 144.38, 138.54, 136.69, 136.62, 136.22, 

128.48, 127.67, 126.80, 125.91, 121.59, 121.20, 120.79, 119.80, 115.67, 115.30, 110.96, 106.94, 
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105.47, 77.16, 62.86, 51.96, 42.52, 33.57, 33.07, 28.87, 25.92, 19.59.  HRMS (m/z): [M + H] + 

Calculated for C30H33[79Br]NO5 566.1537, observed 566.1530. Calculated for 

C30H33[81Br]NO5 568.1516, observed 568.1516. 

 

 

2-bisalkene 6-bromo-1'-(2-(hept-6-enoyloxy)ethyl)-3',3'-dimethylspiro[chromene-

2,2'-indolin]-8-yl hept-6-enoate: Dry DCM (75 mL) was added to 2-OH (588 mg, 1.47 

mmol, 1 equiv) and 4-dimethylaminopyridine (538 mg, 4.40 mmol, 3 equiv).  6-heptenoic 

anhydride (875 mg, 3.67 mmol, 2.5 equiv) was added dropwise. The reaction was stirred 

over night, then concentrated onto silica.  The product was purified by column 

chromatography in hexane to 3% ethyl acetate in hexane to give 2-bisalkene as a pale 

pink oil (746 mg, 82%). 1H NMR (400 MHz, CDCl3) δ 7.12 (td, J = 7.7, 1.3 Hz, 1H), 7.09 (d, 

J = 2.3 Hz, 1H), 7.03 (dd, J = 7.5, 1.4 Hz, 1H), 7.00 (d, J = 2.3 Hz, 1H), 6.84 – 6.79 (m, 2H), 

6.61 (d, J = 7.7 Hz, 1H), 5.84 – 5.68 (m, 3H), 5.02 – 4.91 (m, 3H), 4.17 (ddt, J = 37.3, 11.1, 6.3 

Hz, 2H), 3.32 (td, J = 6.3, 4.6 Hz, 2H), 2.30 – 2.22 (m, 2H), 2.13 – 1.98 (m, 4H), 1.91 (q, J = 

8.3 Hz, 2H), 1.64 – 1.56 (m, 2H), 1.37 (p, J = 7.6 Hz, 2H), 1.25 (s, 3H), 1.19 – 1.16 (m, 3H), 
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1.15 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 173.60, 171.19, 147.03, 144.45, 138.66, 138.49, 

136.26, 128.44, 127.63, 126.74, 125.96, 121.57, 121.21, 120.83, 119.70, 114.84, 114.67, 110.94, 

106.90, 105.41, 62.75, 51.95, 42.54, 34.18, 33.54, 33.45, 33.20,28.44, 28.33, 25.98, 24.42, 24.05, 

19.61.  HRMS (m/z): [M+ H] + Calculated for C34H41[79Br]NO5 622.2163, observed 

622.2159. Calculated for C34H41[81Br]NO5 624.2142, observed 624.2148.  

 

2-bisalkene (23 mg, 0.0370 mmol, 1 equiv.) was dissolved in dry toluene and 

stirred while sparging at 40°C for 30 minutes.  Grubbs II catalyst (3.14 mg, 0.0037 mmol, 

0.1 equiv.) was added in a stock solution with 10 mL of toluene. The reaction was stirred 

overnight at 40°C, then concentrated onto silica. The product was purified by column 

chromatography in hexane to 7% ethyl acetate in hexane to give 2 as a light yellow oil 

(19.3 mg, 88%). 1H NMR (400 MHz, CDCl3) δ 7.15 (td, J = 7.7, 1.3 Hz, 1H), 7.07 (d, J = 2.3 

Hz, 1H), 7.05 – 7.02 (m, 1H), 7.00 (d, J = 2.3 Hz, 1H), 6.85 (td, J = 7.5, 0.9 Hz, 1H), 6.81 – 

6.75 (m, 2H), 5.70 (d, J = 10.3 Hz, 1H), 5.49 – 5.32 (m, 2H), 4.26 – 4.12 (m, 2H), 3.55 (dt, J = 

14.9, 7.4 Hz, 1H), 3.11 (ddd, J = 15.1, 6.6, 5.1 Hz, 1H), 2.43-1.34 (m, 16H), 1.23 (s, 3H), 1.14 
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(s, 3H).  13C NMR (126 MHz, CDCl3) δ 173.77, 171.38, 147.60, 138.75, 136.20, 130.55, 

130.40, 128.70, 127.62, 126.73, 126.20, 121.61, 121.13, 121.06, 119.83, 111.01, 107.71, 106.17, 

63.41, 52.43, 43.77, 34.52, 33.04, 31.85, 31.67, 31.05, 29.85, 28.82, 28.45, 25.41, 24.86, 23.24, 

19.86.  HRMS (m/z): [M + H] + Calculated for C32H37BrNO5 594.1850; observed 594.1849.  

2.3.3 Polymer Synthesis and Characterization 

 

 

The same procedure was used to synthesize all the polymers in this study.25 

Monomer 1 or 2 (0.065 mmol, 1 equiv) was dissolved in toluene (100 µL) and 9-

oxabicyclo[6.1.0]non-4-ene (8.1 mg, 0.065 mmol, 1 equiv) was added in a solution of 

toluene (100 µL).  The mixture was sparged with nitrogen for 15 minutes.  Grubbs II 

catalyst (0.11 mg, 1.3x10-4 mmol, 0.002 equiv) was added in toluene (50 µL) while the 

mixture was rapidly stirring.  The reaction was stirred at room temperature overnight 

and became viscous.  Ethyl vinyl ether (several drops) was added and stirred for 30 

minutes and the mixture was diluted with dichloromethane. The polymer was 

precipitated into cold methanol and redissolved in dichloromethane 3 times. Finally, 

methanol was added dropwise into the solution until it became cloudy and the polymer 
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was removed by centrifuge as an off-white gummy solid.  Solutions of P1, P1b, and P2 

were made in tetrahydrofuran (1 mg/mL) for gel permeation chromatography, and 

results are shown in Table 2.  

 

Figure 12: GPC traces for P1   

The refractive index signal is blue, UV signal at 254 nm is green, and 90° light 
scattering is red. 

 

Figure 13: GPC traces for P1b   

The refractive index signal is blue, UV signal at 254 nm is green, and 90° light 
scattering is red. 
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Figure 14: GPC traces for P2  

The refractive index signal is blue, UV signal at 254 nm is green, and 90° light 
scattering is red. 

 

Table 2: Summary of GPC results 

Polymer Mn (kDa) Mw (kDa) PDI 
P1 88,000 105,000 1.2 

P1b* 
P2 

79,000 
101,000 

113,000 
118,000 

1.4 
1.2 

*P1b was made in an identical manner as P1 and used for retracing experiments.  

 

For P1 and P2, SP content was determined via equations 2 and 3, respectively.   

Data for P3 was previously published, and SP content was determined in the same 

manner.25 

1	𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = ∫(6.89:6.;6)
;.=∫(>.;8:?.@9)A∫(6.89:6.;6)

  (2) 
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2	𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = ∫(C.C>:C.=6)
;.=∫(?.DC:?.@@)A∫(C.C>:C.=6)

  (3) 

 

 

Figure 15: 1H NMR (400 MHz, CDCl3) for P1 

Integrals used to determine that P1 is 46% SP monomer 1 are shown. 
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Figure 16: 1H NMR (400 MHz, CDCl3) for P2 

Integrals used to determine that P2 is 46% SP monomer 2 are shown. 

2.3.4 Single Molecule Force Spectroscopy 

Details for the instrumental and experimental setup, force curve fitting and 

functions used are elsewhere in the literature.58a For the calculation of the force-free 

activation energy, which was used for the Bell-Evans and DHS Cusp model fitting, see 

section 2.3.6.  SMFS fitting for individual force curves for P1 is found in Table 3 and P2 is 

found in Table 4.  Representative force curves and Bell-Evans and DHS Cusp fits for P1 

and P2 are in Figures 18-24.  Force curves and fitting for P3 are previously published.25 
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Table 3: SMFS data list for P1 

Polymer SP 
contentb 

f* (pN) L1 

(nm)  
L2  

(nm) 
L2/L1 Dx‡ (BE), 

(nm) 
Dx‡ 

(Cusp), 
(nm) 

P1-1 0.46 417.10 136.61 149.9 1.10 0.194 0.227 
P1-2 0.46 393.53 247.6 283.1 1.14 0.193 0.222 
P1-3 0.46 427.63 141.49 161.94 1.14 0.191 0.221 
P1-4 0.46 434.17 211.55 238.2 1.13 0.181 0.210 
P1-5 0.46 404.50 365.46 427.65 1.17 0.185 0.213 
P1-6 0.46 409.88 95 112.74 1.19 0.201 0.235 
P1-7 0.46 389.70 287.33 338.33 1.18 0.19 0.226 
Avg  410.93   1.15 0.19 0.22 

Std dev  24.99   0.03 0.01 0.01 
 

Table 4: SMFS data list for P2 

Polymer SP 
contentb 

f* (pN) L1 

(nm)  
L2  

(nm) 
L2/L1 Dx‡ (BE), 

(nm) 
Dx‡ 

(Cusp), 
(nm) 

P2-1 0.48 356.47 268.36 305.3 1.14 0.217 0.250 
P2-2 0.48 332.01 192.90 215.53 1.12 0.232 0.268 
P2-3 0.48 404.11 96.50 113.14 1.17 0.205 0.237 
P2-4 0.48 351.27 128.15 153.59 1.20 0.209 0.246 
P2-5 0.48 341.73 332.97 387.44 1.16 0.217 0.251 
P2-6 0.48 388.35 100.67 108.55 1.08 0.216 0.250 
P2-7 0.48 341.38 311.60 351.75 1.13 0.220 0.254 
P2-8 0.48 350.19 201.69 236.27 1.17 0.219 0.252 
Avg  358.19   1.15 0.22 0.25 

Std dev  22.14   0.04 0.01 0.01 
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Figure 17: A complete force curve for P1  

Fits to contour length before (L1) and after (L2) the plateau for P1 are shown. 

 

Figure 18: Determining the characteristic force for P1  

The inflection point of the force-distance curve for a representative P1 is found 
by fitting to the first and second derivative.  This process is described in detail 

elsewhere,25 and the value of F* is for comparative purposes and is not used for fitting 
to the Bell-Evans or DHS Cusp models. 
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Figure 19: Representative Bell-Evans Fit for P1 

 

Figure 20: Representative DHS Cusp fit for P1  
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Figure 21: A complete force curve for P2 

Fits to contour length before (L1) and after (L2) the plateau for P2 are shown. 

 

Figure 22: Determining the characteristic force for P2 

The inflection point of the force-distance curve for a representative P2 is found 
by fitting to the first and second derivative.  This process is described in detail 

elsewhere,25 and the value of F* is for comparative purposes and is not used for fitting 
to the Bell-Evans or DHS Cusp models. 
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Figure 23: Representative Bell-Evans Fit for P2 

 

Figure 24: Representative DHS Cusp Fit for P2  

The experimentally measured change in contour length was also compared to the 

theoretical prediction by COGEF using equation 4:  

EF
EG
=

(EHI∗KHI)A	(ELMNOP	IQR∗KLMNOP	IQR)
(EST∗KST)A	(ELMNOP	IQR∗KLMNOP	IQR)

   (4) 
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where L is the end to end distance determined from COGEF modeling41a and χ is 

the mole fraction determined by 1H NMR. Values for L were previously published,25 and 

are assumed to be the same for 1-3 since the pulling points are identical.  Results are 

summarized in Table 5. 

Table 5: Theoretically determined extension ratios for the polymers studied 

 SP 
content 

1H 
NMR 

Lf/Li  
(SMFS) 

Lf/Li  
CTC 

Lf/Li  
TTT 

Lf/Li  
CTT 

Lf/Li  
TTC 

Lf/Li  
TCC 

H 0.46 1.15±0.03 1.11 1.17 1.11 1.13 1.14 
Br 0.48 1.15±0.04 1.11 1.17 1.11 1.14 1.14 

NO2 0.45 1.15±0.02 1.11 1.13 1.11 1.13 1.14 
 

 

2.3.5 Retracing Experiments 

Polymer P1b was used for this experiment.  A representative force curve with the 

retrace is shown in Figure 26.  The withdraw/approach cycle was repeated after waiting 4 

seconds for P1b. An example of several cycles with contour length fitting is shown in 

Figure 27.  Fitting to all force curves is shown in Table 6. The percent recovery is calculated 

according to Equation 5.  
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Figure 25: Hysteresis in approach and withdraw curves for P1b 

The withdraw (blue) and subsequent approach (red) curves.  The withdraw 
curve shows the plateau characteristic of ring-opening and extension, while the 
approach curve is fully hysteretic and no evidence of ring-closing is observed. 
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Figure 26: Multiple extensions for a P1b polymer 

The first pull (top) and subsequent pull (bottom) of the same polymer.  The 
cantilever is held just above the surface for 2 seconds between the pulls. 
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Table 6: Contour length fitting for retracing experiments 

 1st pull 
L1 

 
L2 

 
L2/L1 

2nd pull 
L1 

 
L2 

 
L1/L2 

Percent 
ring 

closing 
P1b-1 220.41 243.73 1.11 238.77 248.42 1.04 21.27 
P1b-2 100.61 117.80 1.17 104.92 110.47 1.05 74.93 
P1b-3 94.70 109.60 1.16 104.11 112.04 1.08 36.85 
P1b-4 121.99 139.20 1.14 130.51 139.20 1.07 50.49 
P1b-5 129.21 144.93 1.12 136.58 147.30 1.08 53.12 
P1b-6 129.01 145.21 1.13 131.23 145.38 1.11 86.30 
P1b-7 124.23 137.28 1.11 131.01 140.83 1.07 48.05 
P1b-8 128.39 147.67 1.15 136.83 152.75 1.12 56.22 
P1b-9 122.90 134.55 1.09 128.74 137.00 1.06 49.91 

P1b-10 161.31 179.85 1.11 165.45 179.55 1.09 77.76 
P1b-11 90.98 99.425 1.09 94.26 97.59 1.04 61.16 

Avg   1.13   1.07 56.00 
Std dev   0.03   0.03 18.67 

 

%	𝑟𝑖𝑛𝑔	𝑐𝑙𝑜𝑠𝑖𝑛𝑔 = (E?,\%]^'	_`))):(E8,^abc&d	_`)))
(E?,\%]^'	_`))):(E8,\%]^'	_`)))

∗ 100  (5) 

2.3.6 Determination of Force-free Rate Constant 

The force-free rate constant for P3 was previously published.25 SP derivatives in 

P1 and P2 have an undetectable concentration of MC under continuous irradiation, so 

kSPàMC and Keq are unknown.  

To calculate Keq, we calculated the predicted pKa of the corresponding phenol for 

P1-P3 with Chemicalize online informatics software from ChemAxon.68 For P3, Keq is 

known and used to estimate Keq for P1 and P2 using equation 6.  Values are listed in 

Table 7.  

𝐾ag = 𝐾ag,h> ∗ 10(_ij,Tk:_ij)   (6) 
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Table 7: Calculated pKa and Keq for P1-P3 and the corresponding phenol 
structure used. 

 P1 P2 P3 

Structure 

   
Calculated 

pKa 
Calculated 

Keq 

10.16 
 

1.83E-7 

9.74 
 

4.78E-7 

7.88 
 

3.46E-5* 

*value from literature.25 

 
To determine kSPàMC from Keq, the decoloration rate is measured.  In order to 

obtain a detectable concentration of MC, we used mechanical force through compression 

of Sylgard 184 films containing C1 or C2 at 0.5 wt % as a cross-linker.33, 69 Sylgard 184 

was mixed in a 10:1 (5 g base, 0.5 g curing agent) ratio according to the manufacturer’s 

instructions, then C1 or C2 was added in a solution of xylenes (25 mg, 200µL).  After 

additional mixing and degassing, the prepolymer was poured onto a polyester film and 

cured at 60°C overnight.  Photos of films made with C1 and C2 under uniaxial tension 

are shown in Figures 28 and 29 respectively.  
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Figure 27: Sylgard 184 film containing 0.5 wt % C1 

 

Figure 28: Sylgard 184 film containing 0.5 wt % C2 

After releasing tension, decoloration occurred within a few seconds for C1.  To 

measure the reverse rate constant, the film was compressed with a stylus, then the stylus 
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removed, while filming video using a Canon Vixia HF R52 video camera in auto mode.  

The results are shown in Figure 30 and averaged.  

 

Figure 29: Fitting the decoloration rate for C1  

Two trials fit to a first order decay return R2 values of 0.994 and 0.988. 

For C2, decoloration was slower, so the reverse rate constant was measured by 

taking photos approximately once a second after compression with a stylus. Images 

were taken with a Canon EOS RebelTM xsi with a Canon EF-S 18-55 mm f/3.5-5.6 IS SLR 

lens and were unedited.  Images were opened in Fiji (Image J) and split into R, G, and B 

color channels.  The region of the film that was compressed was selected as a region of 

interest and the R, G, and B values were measured.  The ratio of B/G was used to 

measure rate because it better accounts for background than any individual color 

channel and offered the greatest signal to noise.  Three trials were taken and averaged 

and the results are shown in Figure 31.  
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Figure 30: Fitting the decoloration rate for C2.  

Three trials of fitting the decoloration rate of C2 to a first order decay return R2 
values of 0.995, 0.995, and 0.993. 

 

Using these measured values of kSPàMC, the activation energy DG‡ is calculated 

using the Eyring equation (equation 7). The measured rates and calculated activation 

energies are shown in Table 8. 

𝑘mh→op =
qrs
t
𝑒
u∆v‡	

wx 	    (7) 

Table 8: A summary of data used to determine DG‡ for the ring opening 
reaction.   

 Phenol 
pKa 

Keq kMCàSP kSPàMC DG‡ 

(kcal/mol) 
1 10.16 1.82E-7 0.540 9.8E-8 27.2 
2 
3* 

9.74 
7.88 

4.78E-7 
3.46E-5 

0.253 
0.052 

1.2E-7 
1.8E-6 

27.1 
24.8 

*values from literature.25 
 

2.3.7 Hammett Analysis 

At 375 pN, the rate of ring opening for P1 and P2 can be directly observed.  For 

these derivatives, the rate from each curve was averaged (Table 9).  Force-rate data is 

plotted in Figure 32 and 33.  
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Figure 31: Force-rate data from all P1 curves 

 

Figure 32: Force-rate data from all P2 curves 
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Figure 33: Force-rate data from all P3 force curves 

The R2 value for fitting to a linear regression is 0.579. 

Due to the lower F* for P3, rate at 375 pN could not be obtained directly. The rate 

of ring opening at 375 pN for P3 was determined by plotting the natural log of rate as a 

function of force (Figure 34).  This data is extracted from the single molecule force 

curves.  Equation 8 shows the relationship between force and rate.  

ln 𝑘d(𝐹) =
{|‡

qrs
+ ln(𝑘;)   (8) 

The slope of the linear regression in Figure S9 is x‡ /kbT, where temperature is 

300K. This slope is determined independently of the force free rate constant and is used 

to extrapolate the rate at 375 pN (Table 9). 
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Table 9: Hammett analysis 

Polymer σpara k375 (s-1) log(k375/kH375) 
P1 0 9 ± 3.7 0 ± 0.24 
P2 
P3 

0.23 
0.78 

32 ± 8.9 
1600 

0.53 ± 0.21 
2.23 ± 0.17 

 

2.3.8 Estimating Rho for Dissociation of Phenols in Toluene 

 

Figure 34: Estimating rho with the dielectric constant 

The value of rho for dissociation of phenol plotted as a function of dielectric 
constant for water, DMSO, and vacuum.70 The estimated value of rho for toluene (13.3, 

ε = 4.33)71 is calculated from the linear regression. 
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Figure 35: Estimating rho with Kosower’s Z constant 

The value of rho for dissociation of phenol plotted as a function of Kosower’s 
Z constant for water and DMSO.70 The estimated value of rho for toluene (7.5, Z = 55)72 

is calculated from the linear regression. 

 

Figure 36: Estimating rho with ET(30) 

The value of rho for dissociation of phenol plotted as a function of ET(30) 
values for water and DMSO.70 The estimated value of rho for toluene (7.4, ET(30) = 

33.9)73 is calculated from the linear regression. 
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2.3.9 NMR Spectra 
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3. Characterizing Force Distributions in Filled Silicones  
This chapter is co-authored by Yangju Lin and Stephen L. Craig. 

3.1 Introduction 

Over the last decade since the seminal demonstration of mechanical activation of 

covalent bonds in bulk polymer materials,54a a range mechanophores have been used to 

indicate molecular level strain with a color change or release of photons in response to a 

macroscopic deformation.20b-e, 30 Until very recently, few studies have been conducted to 

attempt to characterize the relative activation of these mechanophores within bulk 

materials during macroscopic deformation.58d, 74 Due to heterogeneity in polymer 

networks, individual polymer chains experience different forces upon macroscopic 

deformation (Figure 38). Relatively little is known about the distribution of forces felt by 

these polymers, with just one theoretical study using an exponential force distribution 

and concluding that the fraction of polymer chains experiencing high forces should 

increase with increasing strain.56d   
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Figure 37: Illustration of the molecular force distribution in bulk materials. 

 
In order to begin developing a qualitative relationship between macroscopic 

deformation and force distribution in polymers comprising an elastic material, a series 

of spiropyran mechanophores (SP1-3) were synthesized and covalently incorporated 

into filled poly(dimethylsiloxane) (PDMS) elastomers (Figure 39).  Characterization of 

the force-rate relationship for ring-opening of various SP derivatives to merocyanine 

(MC) by single molecule force spectroscopy makes them useful as molecular level force 

probes.25, 49  Derivatives SP1-3 have the same molecular structure except for the identity 

of the R group meta to the breaking sp3 C-O bond.  As a result, each derivative 

experiences the same change in length as a result of ring-opening to MC (ΔL, 4.3 Å) and 

very similar changes in length from the ground to transition state (Δx‡, ~ 2 Å).25, 49 The 

forces required for ring-opening, however, are different for each probe, with ring-

opening occurring on a 100 msec timescale at 240 pN, 360 pN, and 410 pN for SP1, SP2, 

and SP3 respectively.49  
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Figure 38: Substituted spiropyrans studied in bulk silicones 

The substituted spiropyrans made for this study (SP1-3) have the same initial 
(L1) and final (L2) lengths. 

 
This series of SP probes provides the capability to probe the fraction of polymer 

chains experiencing different threshold molecular level forces.  Here, we determine the 

threshold uniaxial strain required for mechanochromism.  By observing activation as a 

function of additional strain, we determine how the relative activation of each SP 

increases with increasing strain and compare our results to theoretical work and 

previous findings.56d, 74a  

3.2 Experimental 

Synthesis of SP1 is as previously published in literature,33 with additional details 

and clarification in appendix A. Synthesis of SP2 and SP3 also followed literature 

procedures without modification.49 Poly(dimethylsiloxane) (PDMS) films were made 

with the Sylgard 184 kit by mixing 10 mL of base to 1 mL of curing agent.  SP1, SP2, or 

SP3 (50 mg) was added to the prepolymer in 0.5 mL of xylene and vortex mixed for 2-3 

minutes.  The mixture was degassed, then poured onto a polyester surface and cured 
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overnight at 60 °C.   A film containing both SP1 and SP3 was prepared in the same 

manner with 5 g of base and 0.5 g of curing agent.  SP1 (10 mg) and SP3 (15 mg) were 

each added in xylene (300 µL).  

Films were characterized using a TSA Instruments RSA III in Duke’s Shared 

Materials Instrumentation Facility (SMIF).  UV-vis of polymer films was measured with 

a 440 series CCD array UV-visible spectrometer from SI Photonics.  For films containing 

SP1, SP2, or SP3, samples were extended uniaxially at 0.5 mm/sec and the absorbance 

was measured every 2.5 seconds at 800 nm and lmax (604 nm, 601 nm, and 554 nm 

respectively).  The absorbance measured at 800 nm was subtracted from absorbance at 

lmax as a baseline correction to account for changes in the film thickness. For films 

containing SP1 and SP3, samples were extended uniaxially in increments of 20% strain 

and absorbance was measured from 480-800 nm.   

3.3 Results and Discussion  

Color change is observed in PDMS films of SP1-3 under uniaxial deformation 

and films recover their initial shape after release of tension.  The absorbance at lmax as a 

function of strain is fairly constant until ~80% strain (corresponding to the strain 

hardening region),56c where it begins to increase for all three derivatives (Figure 40).  As 

previously observed, color change is reversible and decoloration follows first order 

kinetics.33, 49 The molar absorptivity of the merocyanine resulting from ring-opening of 

SP2 and SP3 cannot be readily measured due the extremely small amount of MC that is 
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present in the photostationary state,26b so the exact amount of each SP derivative that is 

activated cannot be determined directly.  Instead, the absorbance is normalized at a 

strain that all three films reach (Figure 41).   

 

Figure 39: The absorbance measured as a function of strain for films with each 
of the SP derivatives. 

 

Figure 40: The absorbance normalized at 150% strain for a film of each of the 
SP derivatives   
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First, we consider the strain at color onset.  All three SP derivatives begin to ring-

open at the same strain.  At low strains, very few polymers in the networks are 

experiencing enough force for ring-opening to occur on the timescale of macroscopic 

deformation and extension is entropic.  When ~ 80% strain is reached, all three SP 

derivatives activate simultaneously, indicating that forces that are high enough for ring-

opening are be reached simultaneously.  this finding is surprising given that different 

forces are required for ring-opening as measured by single molecule force spectroscopy 

and could be due to our inability to resolve small differences in strain at color onset.  

Absorbance, and thus activation of SP, continuously increases after color onset until the 

material breaks.   

Secondly, the change in absorbance for each derivative as a function of increasing 

strain can be considered.  The absolute amount of each SP that has ring-opened is 

different for each derivative and is likely highest for SP1, then SP2, and lastly SP3.  

When absorbance is normalized at a given strain for each film, the ratio of each SP 

activated is constant with increasing strain.  

To verify that the ratio of SP activation in for each derivative stays constant 

during increasing strain, we prepared PDMS films containing both SP1 and SP3.  The 

absorbance of SP3 is blue shifted relative to SP1 and the absorbance of the film 

containing both derivatives displays features from each derivative (Figure 42).  
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Figure 41: UV-visible spectra of films containing SP. 

PDMS films containing SP1 (purple), containing SP3 (green), or both SP1 and 
SP3 (blue) are held under uniaxial tension at 160% strain. 

 
To determine the relative activation of SP1 and SP3 in this material, we 

compared the absorbance at 600 nm (lmax for SP1) and at 563 nm (lmax for SP3) over a 

range of strains (Figure 43).  There are no noticeable differences in strain at color onset at 

the two wavelengths, or in the ratio of absorbance at 600 nm to 563 nm.  The constant 

ratio of SP1 activation to SP3 activation measured agrees with the results from 

experiments conducted for films containing only one SP derivative.  
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Figure 42: Relative activation of SP1 and SP3 in the same PDMS film. 

Absorbance at the lmax for SP1 (600 nm) and for SP3 (563 nm) from a film 
containing SP1 and SP3 shows a similar absorbance at both wavelengths. 

 
The Mullins effect is a known influence on behavior of filled silicone elastomers, 

including Sylgard 184, causing irreversible damage to mechanical properties as the 

material “remembers” previous deformation.75  In order to determine whether the 

differences in onset activation were masked by irreversible bond scission or desorption 

of polymer chains from silica filler, the sample shown in Figure 43 was returned to its 

initial length stretched in the same direction a second time (Figure 44).  Again, the strain 

at color onset is the same for both values of lmax, indicating that both SP1 and SP3 are 

both activated at the same strain and the ratio of SP1 and SP3 is constant. The strain at 

color onset is higher during the second deformation than the first, most likely due to 

scission of polymer chains during the first extension.76 
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Figure 43: Subsequent uniaxial deformation 

The same film shown in Figure 6 was relaxed to its initial position, then 
stretched again. Absorbance at the lmax for SP1 (600 nm) and for SP3 (563 nm) is 

shown. 
 

The observed behavior of SP1-3 is also similar to the behavior of a series of SP 

derivatives with different regiochemistry.74a This series of spiropyran derivatives has 

similar force-free activation energies, but experience different changes in length (ΔL) 

upon ring-opening to MC.  This is in contrast to SP1-3, which have different force-free 

activation energies due to substitution meta to the breaking sp3 C-O bond but experience 

the same length change. Neither ΔL or critical force for activation, F*, seem to influence 

the relative activation in the bulk material.  Manipulating the mechanophore structure to 

determine F* and ΔL does not provide control over strain at color onset. Mechanophore-

level molecular design is unlikely to result in significant improvements in sensitivity to 

deformation, at least within this material (Sylgard 184).   
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The constant ratio of activation of SP1-3 and the SP regioisomers suggests that 

the ratio of polymer chains feeling each level of force stays constant with increasing 

strain.  This is in contrast to theoretical work, which suggests that higher strains will 

result in more polymer chains experiencing the higher levels of force.56d  Either the 

distribution of forces felt by polymers is different than expected, or there are additional 

factors responsible for determining the distribution, such as the presence of filler, that 

are complicating the ability to match theory to the experiment.   

3.4 Conclusions and Future Directions 

Additional experiments are needed to understand the interplay between 

polymer network structure and relative activation and force distribution.   Thus far, the 

relative activation of force probes has only been studied in filled silicones, and it is 

unknown whether these results are specific to this polymer network or generalizable to 

other materials. Future theoretical work will expand on possible force distributions for 

polymer networks.  To enable sensitive functional materials that change color with very 

little deformation, material-level design strategies must be developed across different 

length scales, creating high forces in local polymer chains or regions within the material 

when bulk deformation is very limited.  
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4. Mechanochromic Stretchable Electronics 
This chapter is co-authored by Kunal Mondal, John Z. Deng, Vivek Bharambe, 

Taylor V. Neumann, Jacob J. Adams, Nicholas Boechler, Michael D. Dickey, and Stephen 

L. Craig and has been adapted from a publication in ACS Applied Materials and 

Interfaces.77  

4.1 Introduction 

Soft, stretchable, and flexible electronics have the potential to impact the 

development of wearable electronic devices,78 soft robotics,79 and biomedical devices.80 

In contrast to traditional electronic components, some of these devices can be stretched 

significantly (up to many hundreds of percent strain).81 Examples include stretchable 

wires,81a antennas,82 electroluminescent devices,83 light emitting diodes,84 and flexible 

solar cells.85 Taking these devices outside the controlled environment of a laboratory 

presents several challenges, one of which is avoiding mechanical failure by 

inadvertently over-extending the device.   

Several strategies have emerged to help prevent the failure of composites 

comprising metal components patterned within soft materials.86 This includes electronic 

materials with “J-shaped” stress-strain behavior (i.e. elastomers that are soft at low strains 

but stiff at higher strains),87 layered elastomer composites that adapt to strain by changing 

their moduli,88 and the incorporation of a gradient in mechanical properties between 

metal and polymer components that can aid in preventing delamination by distributing 
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stress at interfaces.89 Regardless of the approach, all elastomers eventually reach a critical 

strain beyond which failure is inevitable. Thus, we sought a general strategy that could be 

utilized to provide feedback to users prior to reaching this point. 

We focus on using a eutectic gallium indium alloy (EGaIn, mp-15.7°C),90 which 

can be patterned within silicones.91 As the alloy is liquid at room temperature and the 

quantity used is typically small compared to the poly(dimethylsiloxane) (PDMS), the 

PDMS-liquid metal devices will largely take on the mechanical properties of the 

elastomer, while maintaining the functionality of the metal.82 This combination of 

properties has led to a range of promising applications including microfluidics, 

stretchable and soft electronics, sensors, reconfigurable devices, and self-healing 

components.92 These liquid metal wires can be easily over-stretched to the point of failure 

(Figure 45), breaking the electrical connection and possibly allowing the metal to escape.  

In addition, certain properties of stretchable electronics, such as the resonant frequency of 

a liquid metal antenna, vary continuously with the extent of deformation of the device, 

motivating the desire for devices that can be programmed to provide their own 

independent signal that a desired frequency is reached.82 A relatively sharp onset of color 

at a given strain threshold, for example, would provide a useful mechanism for at-a-

glance diagnosis that failure is about to occur. We reasoned that such a response could be 

engineered into EGaIn-PDMS composites through covalent polymer mechanochemistry, 

providing easy to read colorimetric signals that signify a critical strain has been attained.  
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Figure 44: Preparing liquid metal stretchable wires with SP-PDMS 

A. Liquid metal wires composed of EGaIn in a PDMS microchannel (left) and 
one that has failed (right). B. Spiropyran is ring-opened to MC under applied 

mechanical force.  Polymer attachments are shown with blue circles.  C. Spiropyran 
with alkene functionality is covalently incorporated into Sylgard 184, taking 

advantage of the platinum catalyzed hydrosilylation that forms the polymer network. 
Upon deformation, mechanical force is transduced to the SP and the material turns 

purple. 
 

In recent years, covalent polymer mechanochemistry has been demonstrated to 

provide a range of constructive responses to mechanical forces in polymers.  These 

include: catalysis,2b, 18a, 93 luminescence,30 small molecule release,94 stress-induced 

strengthening,13 and mechanochromism.1-2 In particular, spiropyran (SP) (Figure 45b) can 

function as a colorless mechanophore that undergoes a force-coupled ring-opening 

reaction to its longer, conjugated, purple merocyanine (MC) isomer, and has been 

widely used as a visual colorimetric indicator of strain.20a Spiropyran can be added as a 

cross-linker to commercially available silicone elastomer kits (e.g. Sylgard 184 ®, Dow 
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Corning, and DragonSkin ® and EcoFlex ®, Smooth-on) without substantially altering 

their mechanical properties.33 For instance, SP, with terminal alkenes connected via 

esterification shown in Figure 45C, can be covalently connected into the PDMS network 

using the platinum-catalyzed hydrosilylation reaction used to cure the elastomer.33, 69 

After the material recovers its initial shape, MC reverts quickly back to SP, which is 

favored in the absence of force.25, 33 The ability to incorporate SP into soft materials has 

provided access to mechanochemically active soft devices such as writing tablets,69 soft 

robots,34a and electroactive displays.34b  

Here, we show that a multi-scale combination of molecular and device 

engineering provides composite materials that are suitable for mechanochemically 

active stretchable electronics, in particular PDMS-encased liquid metal antennas.  The 

desired response is incorporated directly into the silicone component of the device 

through material synthesis.  As a result, such devices require no additional energy input 

for signal generation or any sensor beyond the naked eye, and their function and 

properties should in general be otherwise indistinguishable from their conventional 

analogs.  Visible color changes are obtained at device strains that are relevant for 

applications of flexible, stretchable electronics and are shown to be tunable through 

simple composite design.  We expect such mechanochemical approaches to complement 

other strategies to couple optical and mechanical properties in soft devices.95  
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4.2 Results and Discussion 

4.2.1 Mechanochromic Wires 

We begin with a liquid metal wire encased in an SP-PDMS elastomer, as shown 

in Figure 45. Silicones are common substrates and encasing materials for these 

applications because they are commercially available, easy to process, and have excellent 

mechanical properties.  There are a variety of strategies for incorporating stretchable 

electronics into elastomers,96 and here we utilize 3D printing and vacuum filling.91, 97 

When stretched, the elastomeric device exhibited mechanochromism (Figure 46).  The 

color persisted for as long as the device was stretched above a critical value, but faded 

quickly (<1 sec) back to its nascent, colorless state once the strain was relaxed. To better 

quantify the strain at the onset of color, tensile testing dogbones were cut from SP-PDMS 

film and strained on a microstrain analyzer at a constant rate while taking digital 

photos.  To account for changes in thickness and lighting while stretching the film, we 

compared the ratio of the mean blue to green pixel intensity in a region of interest 

located within the center of the dogbone.  As seen in Figure 46a, the color intensity is 

relatively constant at low strains, before increasing dramatically at ~80-90% strain.  The 

strain at color onset approximately corresponds to the start of the strain-hardening 

region of the stress-strain curve (see supporting information for more data) and agrees 

with previous results observed with other spiropryan derivatives.33   
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Figure 45: Measuring color change and resistance in a mechanochromic wire 
under tension. 

(A) Electrical resistance (red) and color intensity (purple) as a function of 
percent strain on a SP-PDMS dogbone during tensile testing.  (B) A series of photos 

shows a SP-PDMS liquid metal wire under tensile testing. Percent strain is listed 
under each image. Note that while the color intensity appears to be constant across 

the film, there are gradients in intensity that can be observed more clearly after image 
processing (see Figure 68). 

 

We verified that electrical conductivity of the wire is maintained throughout the 

desired working region of the device (Figure 46).  Resistance increases continuously as 

the wire is stretched, and the wire remains intact. Once color appears at >90% strain, it is 

useful as an indicator that failure may occur with greater strain. The reported elongation 
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at break for Sylgard 184 is 140% strain,98 and we observe that failure of the devices 

usually occurs between 125-160% strain.  Some devices break at lower strains, which we 

attribute to defects in fabrication.   The observed color change occurs reversibly and 

repeatedly (see Figure 66) as long as the device does not fail, maintaining the stress 

warning capability potentially throughout the lifetime of the elastomer (comparable SP-

PDMS samples in our lab that are as much as 6 years old still exhibit 

mechanochromism).33    

4.2.2 Patterned Mechanochromism 

To make this technology more “user-friendly,” we sought a more instructive 

colorimetric response. Sylgard 184 was cast around the partially cured SP-PDMS, in a 

manner similar to that previously published for EcoFlex99 and patterned here in the 

shape of the word “STOP” (Figure 47), then the entire device is fully cured.  Devices cast 

around partially cured STOP patterns survived to significantly higher strains than those 

cast around fully cured patterns.  We attribute the improvement in extensibility to 

increased chain entanglement and potential covalent cross-linking at the interfaces 

between the partially cured SP-PDMS and Sylgard 184.  The word cannot be seen prior 

to deformation, and color change occurs at a similar strain (90%) to that observed in SP-

PDMS dogbone samples. As in the dogbones, the appearance of the word STOP also 

occurs reversibly and repeatedly (see Supporting Information). 
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Figure 46: Elastomers that display the word “stop” under tension. 

The STOP elastomers have Sylgard 184 cast around SP-PDMS so that the word 
stop is visible after deformation, but prior to failure. A dashed line is added at the 

edge of the elastomer for improved contrast. 
 

While we chose the word “STOP” for this application, different architectures are 

possible.  Additive manufacturing has been used previously to make plastic materials 

that have mechanochromic regions.100 Recently, the ability to 3D print silicone 

elastomers based on Sylgard 184 has also been demonstrated,101 and the methodology 

should be compatible with the partial curing strategy, opening many new possibilities 

for functional geometries.   

We noted batch-to-batch variation in the mechanochromic color distribution of 

the STOP devices.  Whereas the color in the word STOP shown in Figure 47 is 

concentrated at the interface between the components (even though the spiropyran is 

distributed throughout the SP-PDMS around the word stop), other batches of STOP 
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elastomers resulted in much more even color distribution (see Supporting Information 

for additional photos).  We imagine that this is due to effects such as subtle differences 

in the extent of partial curing of the SP-PDMS, relative thickness of the two layers, and 

temperature and curing time during fabrication.  An investigation of these factors is 

beyond the scope of this work, but the variation hints at the possibility of controlled 

color patterns that are tailored to specific applications, for example by concentrating 

strains at the interface between components.  

4.2.3 Programming Strain at Color Onset 

Having demonstrated that mechanochromism could be used to warn of looming 

failure, we next set out to demonstrate that the device strain at color onset could be 

tuned through the composite architecture. For applications with liquid metal antennas, 

which have a resonant frequency that varies continuously with elongation, it would be 

useful to have a colorimetric indicator that indicate a desired, functional resonant 

frequency has been reached.  Likewise, other strategies for making stretchable 

conductors, such as serpentine solid metals, often reach a point of failure before the 

silicone.  Thus, strategies to tune the strain at which color appears are desirable.  

Our strategy is to use a softer elastomer (DragonSkin 30, modulus 538 kPa)102 in a 

layered composite with stiffer SP-PDMS (Sylgard 184, modulus 3.9 MPa)103 that is 

mechanochromic, as shown in Figure 48A and B.  Devices were made using the same 

sequential, partial curing strategy used in the STOP elastomers, and the length of the SP-



 

 86 

PDMS was varied within otherwise identical devices (Figures 48a and 4b). Using stress-

strain data and images collected during tensile testing, we measured the strain within 

the SP-PDMS region of the device as a function of macroscopic device strain (Figure 

48c).  For a fixed total section length, as the length of SP-PDMS region Ls decreases 

relative to the softer DragonSkin region, the displacement required to reach the 

threshold strain for coloration increases because the device becomes effectively softer 

with the increased fraction of soft material, resulting in less stress being experienced in 

the SP-PDMS region for a given applied total device strain.  This dependence can be 

estimated in advance by treating the composites as springs in series (see Supporting 

Information). The experimentally observed total device strain at the onset of coloration 

ε*exp agrees well with the predicted values ε*calc, as shown in Figure 48d. For the 

particular geometry and elastomers chosen here, strain at color onset ε*exp is observed to 

range from ~120-160% strain.  This method could be extended to an even wider range of 

strains depending on the elastomers and composite geometries chosen.  
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Figure 47: Controlling strain at color onset with composite geometry. 

A. Composite dogbones are made by casting Dragonskin 30 around partially 
cured SP-PDMS.  Upon deformation, the SP-PDMS exhibits mechanochromism at a 
strain determined by Ls.  This composite structure can tune the macroscopic strain at 
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which color change occurs. B. Photo of a composite before deformation and under 
tension. C. Experimentally measured strain in the SP-PDMS region εSP-PDMS of the 
composite as a function of total strain on the device εtotal determined from image 

analysis. This data is shown for composites with different SP-PDMS lengths, 
indicated by the legend. D. Experimentally determined total device strain at color 

onset ε*exp and predicted strain at color onset ε*calc for the same composites shown in 
Figure C as a function of Ls. 

 

Since the resonant frequency of liquid metal antennas is mechanically tunable as 

a function of strain, mechanochromism can be used to provide an at-a-glance indication 

that a desired resonant frequency has been reached. For example, the resonant 

frequency fr of a dipole antenna depends upon its physical length L, the speed of light in 

vacuum, c, and the effective permittivity εeff for the DragonSkin 30-air interface, as per 

equation 9. 

𝑓] =
b

?E��LFF.
    (9) 

As εeff and c do not vary upon elongation, Equation (9) suggests an inverse 

relation between the resonant frequency and the applied strain (via change in length). 

The measured and predicted resonant frequency for a DragonSkin 30 liquid metal 

antenna for varying strain levels is shown in Figure 5.  Each composite architecture 

changes color at a strain that corresponds to a different resonant frequency (Figure 49B), 

and so one can, in advance, design a composite with a color onset that corresponds to a 

desired frequency fr. 
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Figure 48: Resonant frequencies of a liquid metal antenna.  

A. The experimental resonant frequency fr,exp compared to the simulated 
resonant frequency fr,calc for a Dragonskin liquid metal antenna of the same initial 

length as the composites in Figure C. B. The strain at color onset ε*exp and the resonant 
frequency at that strain for each of the three composites. 

 

Tuning the color onset with composite architecture has several advantages over 

other possible strategies. Strain at color onset could possibly be tuned by changing the 

nature of the material, however, filled silicone elastomers are the only materials to date 

that exhibit repeatable and reversible mechanochromism without substantial plastic 

deformation, making our choice of materials limited.  In these elastomers, color change 
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occurs at the strain-hardening region.   New mechanophores, or different derivatives of 

the SP mechanophore, could have different reactivity under mechanical deformation, 

which could influence strain at color onset. Tuning color onset with composite 

architecture is (in our experience) more accessible and easily implemented, as it allows 

us to use a single, established material and spiropyran, while also allowing for 

continuous variation in strain at color onset.  Although the tests employed here all 

involve uniaxial tension, prior work suggests that the response should be general to 

other deformation modes, including compression and bending.38 

4.3 Conclusions 

The ability to engineer strain-responsive behavior across molecular, material, 

and composite length scales offers considerable promise for soft devices. Here, 

molecular mechanochromism provides an indication that helps prevent damage and aid 

function. The approach can easily be extended such that any property that depends on 

strain could have a colorimetric indicator for a specific, functional value.  While the 

silicone elastomers employed here are ubiquitous in a wide range of soft devices, 

mechanochromism can also be embedded in other elastomers (e.g. polyurethanes).104 As 

such, these results motivate the development of a broader range of functional 

mechanochromic elastomers.   Finally, we note that while the composites described 

herein were fabricated through standard molding methods, we expect that the available 

design space will grow substantially with the development of additive manufacturing 
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methods.100a, 100c, 101a, 105 The combination of molecular, material, and composite 

engineering should therefore be extendable to the predictive design of a myriad of 

stretchable electronics, with properties tuned to specific functional outputs.  

4.4 Experimental Overview 

4.4.1 Preparation of Pre-polymers 

 Synthesis of spiropyran and its incorporation into SP-PDMS followed a 

previously reported procedure and is detailed in the supporting information.33, 106 SP-

PDMS prepolymer was made by mixing 10 parts Sylgard ® 184 Base with 1 part curing 

agent.  Spiropyran was added at 0.5 wt % in a solution of xylenes.  After degassing, the 

mixture can be cast into a mold or onto a PTFE or polyester surface.  Sylgard 184 

prepolymer and Dragon Skin ® 30 prepolymer were both prepared and degassed 

according to the manufacturer’s instructions.  

4.4.2 Preparation of Color Changing Liquid Metal Wires 

 To make color changing liquid metal wires, the SP-PDMS prepolymer was cast 

onto a SU8 coated silicon wafer mold patterned with 4 microchannels (200 µm width 

and 50 µm tall).  After curing overnight at 65°C, this piece was plasma bonded to 

another piece of cured SP-PDMS.  A small hole was made on either end of the 

microchannel and EGaIn was injected with a syringe to fill the channel.97 The holes can 

then be sealed with optical adhesive (Norland Optical Adhesive, Norland Products Inc. 
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NJ, USA) to prevent the liquid metal from coming out. The stretchable wires were cut to 

size with a razor blade for mechanical testing and conductivity measurements.  

4.4.3 Preparation of “STOP” Elastomers 

 To make the “STOP” signs, SP-PDMS prepolymer was cast onto a polyester 

surface with a rectangular 3D printed mold.  The 3D printed mold of the word “STOP” 

was pressed into the prepolymer.  The prepolymer cured for approximately 2 hours at 

65°C, until the prepolymer was tacky, yet capable of maintaining its shape.  Both molds 

were removed, then an additional rectangular mold was placed around the partially 

cured SP-PDMS, and Sylgard 184 prepolymer was cast around it.  The entire device 

cured overnight at 65°C, then the stretchable “STOP” signs were cut to size with a razor 

blade.   

4.4.4 Preparation of Sylgard 184/DragonSkin 30 Composites 

 Composite elastomers of Sylgard 184 and Dragon Skin 30 were made in a similar 

manner as previous composites in the literature.99 SP-PDMS prepolymer was cast onto a 

polyester surface within a 3/64” thick mold cut from polycarbonate.   To ensure an even 

surface of uniform height, a polyester film was placed on top of the sample, followed by 

an aluminum block.  This was partially cured for approximately 1 hour at 80°C, then the 

polyester film and polycarbonate mold were removed.  A second 1/16” thick mold cut 

from polycarbonate was placed around the partially cured sample.  Dragon Skin 30 
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prepolymer was cast into this mold.  Again, a polyester film and aluminum block were 

placed on top before curing overnight at 80°C.   

Characterization of Sylgard 184/DragonSkin 30 Composites: For tensile testing, 

samples were cut with either a dogbone shaped stamp cutter or cut using a laser cutter. 

Photos were taken during tensile testing and image analysis to determine mean pixel 

intensity for red, green, and blue channels was completed using Fiji ImageJ.  For more 

detailed information about synthesis, fabrication of devices, molds, tensile testing, 

photography, and image analysis see the Supporting Information.  

Preparation of liquid metal antennas: The DragonSkin 30 prepolymer was cast onto 

a mold fitted with a SMA (SubMiniature Version A) connector and cured at 65°C. Then 

the liquid metal conducting lines were patterned on the surface via direct writing. This 

process used a custom-made 3D printer consisting of a numerically controlled X-Y-Z 

stage, a pressure actuator (Nordson EFD Ultimus V), and a syringe barrel with an 22-

gauge conical polypropylene needle loaded with liquid metal that is attached to the 

pressure actuator.91, 107 After patterning the liquid metal, Sylgard 184 diluted at 50% 

volume with toluene was sprayed onto the surface. Multiple coatings resulted in a final 

layer thickness of ~ 100µm. 

Characterization of the materials and liquid metal dipole antenna measurements: The 

permittivity of DragonSkin 30 prepolymer (εr’ = 2.75, tan de = 0.014 at 1.84 GHz) was 

characterized using a resonant cavity method.108 The conductivity of EGaIn was 
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considered to be 3.4x106 S/m and used for electromagnetic simulations using HFSS 

(Ansys Inc.).109 The resonant frequency of the fabricated stretchable dipole antenna was 

measured using a Vector Network Analyzer (Agilent Technologies). 

4.5 Supplementary Information 

4.5.1 Materials 

All chemicals were purchased from Sigma-Aldrich and used as received.  

Polycarbonate sheets (1/16” product # 8574K24, 3/64” product # 1749K71), polyester film 

(product #8567K44), and high density polyethylene sheets (product #8619K491) were 

purchased from McMaster Carr.  Sylgard 184 kits were purchased as 0.5 kg kits from 

Ellsworth Adhesives (product # 4019862).  DragonSkin 30 was purchased from Smooth-

On (Dragon Skin 30 trial size).  EGaIn (75.5 % Ga and 24.5 % In) was purchased from 

Indium Corporation, NY, USA (PO# 8047).  

4.5.2 Preparation of Devices 

 

Compound 1: 2-hydroxyethyl-2,3,3-trimethyl-3H-indolium iodide: Synthesis followed 

a previously published procedure.20a 
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Compound 3:106 1'-(2-hydroxyethyl)-3',3'-dimethylspiro[chromene-2,2'-indolin]-8-ol: 

Compound 1 (43.20g, 0.152 mmol, 1 equiv.) and compound 2 (21.0g, 0.152 mmol, 1 

equiv.) were added to a 2L flask with 750 mL of 190 proof Ethanol.  Triethylamine (54 

mL, 0.384 mmol, 2 equiv.) was passed through a plug of basic alumina and added to the 

reaction.  The mixture was placed under nitrogen and held at reflux overnight.  It was 

concentrated to a quarter of the original volume, then placed in the refrigerator to 

crystallize.  Compound 3 was collected as pale purple crystals. (37.53 g, 76.4% yield).  1H 

NMR (400 MHz, DMSO-d6) 8.95 (s, 1H), 7.14 – 7.02 (m, 2H), 6.89 (d, J = 10.2 Hz, 1H), 6.77 

– 6.67 (m, 2H), 6.66 – 6.56 (m, 2H), 5.72 (d, J = 10.2 Hz, 1H), 4.67 (s, 1H), 3.62 – 3.42 (m, 

2H), 3.35-3.08 (m, 2H), 1.21 (s, 3H), 1.06 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 147.39, 

144.21, 141.52, 136.05, 129.03, 127.28, 121.62, 120.22, 119.73, 119.31, 118.21, 117.47, 116.63, 

105.97, 103.70, 59.13, 51.77, 39.52, 26.02, 19.77.  HRMS-ESI (m/z): [M+H+] 324.1594, 

calculated for C20H22NO3 as 324.1600.  

Compound 4:106 3',3'-dimethyl-1'-(2-(pent-4-enoyloxy)ethyl)spiro[chromene-2,2'-

indolin]-8-yl pent-4-enoate: Compound 3 (16.018g, 49.5 mmol, 1 equiv) and 4-

dimethylaminopyradine (18.142g, 148.5 mmol, 3 equiv) was added to a 2L round bottom 

flask and dissolved in 850 mL of dichloromethane.  4-pentenoic anhydride (19.0 mL, 

104.0 mmol, 2.1 equiv.) was added dropwise over 30 minutes, then stirred overnight.  

The solution was concentrated and ethyl acetate was added.  This was extracted with 

water, concentrated sodium bicarbonate, and brine, then dried over sodium sulfate and 
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concentrated again.  The crude product was dissolved in dichloromethane and passed 

through a plug of basic alumina, then concentrated and dried on high vacuum to give 

compound 4 as pale yellow crystalline solid (11.025 g, 43.4% yield).  1H NMR (400 MHz, 

CDCl3) 7.12 (t, J = 8.1 Hz, 1H), 7.04 (d, J = 7.0 Hz, 1H), 6.99 – 6.92 (m, 2H), 6.91 – 6.84 (m, 

2H), 6.74 – 6.84 (m, 3H), 6.62 (d, J = 7.7 Hz, 1H), 5.77 (d, J = 10.3 Hz, 1H), 5.63 – 5.50 (m, 

1H), 5.11 – 4.77 (m, 3H), 4.19 (ddt, J = 34.5, 11.1, 6.3 Hz, 2H), 3.35 (dtd, J = 21.5, 15.2, 7.7 

Hz, 2H), 2.38 – 2.30 (m, 4H), 2.17 (tt, J = 14.8, 8.1 Hz, 2H), 1.85 (q, J = 7.1, 6.3 Hz, 2H), 1.27 

(s, 3H), 1.16 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 172.86, 170.96, 147.08, 144.90, 137.82, 

136.76, 136.63, 136.35, 129.37, 127.48, 124.16, 122.86, 121.47, 119.79, 119.76, 119.50, 119.32, 

115.54, 115.04, 106.76, 105.02, 77.37, 62.89, 51.68, 42.43, 33.47, 33.11, 28.78, 28.54, 25.83, 

19.54.  HRMS-ESI (m/z): [M+H+] 488.2432, calculated for C30H34NO5 as 488.2438.  

To prepare SP-PDMS, compound 4 (28.0 mg, 0.5 wt%) was dissolved in xylenes 

(0.5 mL) and added to a Sylgard 184 prepolymer made by mixing base (5 mL) with 

curing agent (0.5 mL).  The prepolymer was mixed for several minutes, degassed, and 

then used to create films, “STOP” elastomers, or liquid metal electronics.  For details and 

photos, see previous publications.33, 69  

The amount of SP added to the Sylgard 184 kit, or density of the SP 

mechanophores in the material, was determined by experimentally testing different 

densities.  Amounts higher than 1 wt % were found to have a detrimental effect on 

material properties, resulting in a sticky material that tears easily.  This is likely due to 
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the introduction of additional alkenes and the change in cross-linking ratio. At 0.5 wt % 

incorporation of SP, the stress strain curve is nearly identical to the native material (see 

Figure 65). 

To prepare the “stop” elastomers, samples were cured on a polyester film placed 

over a polyethylene block.  A rectangular 3D printed mold was placed on this surface 

and 0.5-1mL of SP-PDMS prepolymer was added.  Many different sizes were used 

throughout the project.  The word mold was pressed into the prepolymer slowly.  The 

samples were placed into a 65°C oven for approximately 2 hours, until they were cured 

enough to hold their shape, but still very sticky.  The molds were removed and excess 

material was scraped away.  An additional 3D printed or laser cut polycarbonate mold 

was placed around the partially cured SP-PDMS prepolymer.  Sylgard 184 prepolymer 

was added to this mold, then covered with another polyester film before curing at 65°C 

overnight.  This process is shown in Figure 50.  
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Figure 49: Preparation of patterned elastomers.  

A. SP-PDMS prepolymer is added to a 3D printed mold to form the 
mechanochromic part of the device.  B. A 3D printed “NCSU” mold is placed inside 

this mold.  C.  The “NCSU” mold is pressed firmly into the uncured prepolymer, then 
cured for one hour. D.  After the 3D printed molds in image C are removed, a 

polycarbonate mold is placed around the partially cured SP-PDMS and Sylgard 184 
prepolymer is added. 

 

To prepare the Sylgard 184/Dragon Skin 30 composites, first the mechanochromic SP-

Sylgard 184 layer is made. Samples were cured on a polyester film to ensure a fresh 

surface and fewer defects.  This was placed on top of a polyethylene block for support.   

Polycarbonate mold A (3/64”) was placed on the film.  Approximately 2 mL of SP-

Sylgard 184 prepolymer was placed inside the mold using a syringe. After all air bubbles 

are gone, an additional piece of polyester film is placed on top of the prepolymer and 

mold.  Care is taken to avoid trapping any bubbles under the film and excess 
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prepolymer is leveled off.  Additional pieces of polycarbonate and an aluminum block 

are placed on top to help keep the mold in place.  This process is shown in Figure 51. 

The polyethylene block was placed in an oven at 80°C for approximately 1 hour.   

 

Figure 50: Preparation of Sylgard 184 and Dragonskin composites 

A. The SP-PDMS prepolymer is added to polycarbonate mold A.  B. A 
polyester film is placed over the prepolymer to level the surface.  C. The SP-PDMS 
prepolymer after the film is placed on it.  D.  An additional piece of polycarbonate 

and an aluminum block are placed on top to keep the surface level. 
 

After the partial curing of the SP-Sylgard, the polyethylene block is removed 

from the oven and the samples are taken off the block and placed on a table to allow 

them to cool.  If DragonSkin 30 prepolymer is added to a warm surface, it will begin 

cross-linking before it can be spread into the mold.  As shown in Figure 52, using a 

razor, the top piece of polyester film was carefully removed from the mold.  Then the 
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mold was removed.  It was helpful to use the leftover piece of polycarbonate from 

making mold A to apply counter pressure during this step.  Any excess SP-PDMS that 

spilled onto the surface was removed with a razor blade.   

A template printed on computer paper was placed under the polyester film to 

help trim the SP-PDMS to size and to align the mold for the DragonSkin 30 layer.  The 

edges of the SP-PDMS have a lot of defects from the molding process, so these are cut to 

size of interest with a razor blade.  The mold for the DragonSkin 30, polycarbonate mold 

B (1/16”) is placed around the SP-PDMS and the notches are aligned with the template.  

Approximately 20 mL of Dragon Skin 30 prepolymer was added, covered with polyester 

film and an aluminum block, and placed in the oven at 80°C overnight.   
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Figure 51: Preparation of Sylgard 184 and Dragonskin composites, part 2 

A. Polycarbonate mold A is removed from the prepolymer after partial curing.  
An additional piece of polycarbonate has been placed over the prepolymer to apply 
counter pressure while the mold is removed.  B. The partially cured SP-PDMS on a 

polyester film.  C. The SP-PDMS prepolymer is placed over a template and cut to size. 
D. The cut SP-PDMS prepolymers before the Dragonskin 30 is added.  E. 

Polycarbonate mold B is placed around the SP-PDMS prepolymer and Dragonskin 30 
is added.  Another polyester film is placed on top of the Dragonskin.  F. The 

composites are placed into the oven with an aluminum block on top. 
 

In the development of this procedure, numerous temperatures and cure times 

were tested.  Ideally, the pre-polymer will be partially cured so that it will hold its 
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shape, but is still sticky and cannot be stretched without tearing.  In practice, many 

things can impact the cure time required, such as the thickness of the polyethylene block 

and piece of alumina, variations in oven temperature, and batch-to-batch variation in 

prepolymer mixture.  In order to account for these differences, all samples used for 

quantification and direct comparison were made simultaneously. 

The standard replica molding method using UV lithography was used to 

fabricate microchannels composed of polydimethylsiloxane elastomers (PDMS) (Sylgard 

184 purchased from Dow Corning, USA). After replica molding of elastomers against a 

lithographic mold, a biopsy puncher was used to make two holes (as an inlet and an 

outlet) with a diameter ~1 mm. This molded PDMS was then bonded to a flat PDMS 

piece after oxygen plasma (for 1 min) to complete the microfluidic channels.  

It is known that for the liquid metal to fill the channel the air must be displaced.97 

A syringe filled with liquid metal was placed on the inlet hole and pressed to ensure the 

filling of metal into the microchannel (50 µm tall, 200 µm wide, and 25 mm long) all the 

way up to the outlet. We attempted to fill more than thirty samples by injection filling 

method and all channels were filled completely with liquid metal. 

After filling microchannels with EGaIn, both the inlet and outlet holes were 

properly sealed with NOA optical adhesive in order to prevent the liquid metal from 

leaking. 
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A mold was fabricated so that the antenna could be made with the SMA 

connector. The Dragon Skin was first prepared (1:1 ratio of part A and part) and then 

poured into the mold and left for curing. Then the LM conducting lines were patterned 

via direct writing. This process was done using a custom-made setup consisting of a 

numerically controlled X-Y-Z stage and a pressure actuator (Nordson EFD Ultimus V). 

A syringe barrel with a 22-gauge conical polypropylene needle is loaded with liquid 

metal and attached to the pressure actuator. The metal is held in the barrel by a vacuum 

pressure of <3 kPa. The liquid metal is printed across the cured Dragon Skin surface by 

making initial contact between the metal and substrate. Then, as the needle moves 

across the surface, liquid metal is deposited on the surface due to the adhesion of the 

metal to the surface and the resulting shear forces.  

After patterning the liquid metal, Sylgard 184 was sprayed using a sprayer. To 

enable spraying, the mixed elastomer is diluted with 50 vol% of a volatile solvent 

(toluene) and sprayed using an airbrush and air compressor set at 25 psi. Multiple 

coatings resulted in a final layer thickness of ~ 100µm, as measured by a micrometer. 

4.5.4 Molds and Laser Cutting Templates 

A Lulzbot mini v1.0 3D printer and ABS “Natural” 3mm filament by Village 

Plastics were purchased from Aleph Objects, Inc for 3D printing molds. 3D printed molds 

were designed in Autodesk 123D.  Files are available upon request.  
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Figure 52: 3D printed molds for patterned elastomers. 

A. and B. The molds used for the Duke and NCSU elastomers.  C. A stop mold 
used for some designs.  D. The stop mold used for main text Figure 47 and 

supplemental video 2.  Designs A, B, and C all use the dimensions shown in Figure 
54, while design D uses dimensions shown in Figure 55. 
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Figure 53: Dimensions of “stop” mold 1. 

The dimensions of molds A, B, and C, shown in Figure 53.  The stop mold is 
shown, but the dimensions of the NCSU and Duke molds are identical.  The words 

are made using Arial font height 10 mm. Units are in mm and drawing is not to scale. 
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Figure 54: Dimensions of “stop” mold 2 

The dimensions of mold D, shown in Figure 53.  This is the mold used for 
Figure 47. The word “stop” was made by drawing and connecting rectangular shapes, 
then extruding them to make a more “blocky” looking design.  Units are in mm and 

drawing is not to scale. 
 

Many different 3D printed and laser cut molds were used for the rectangular 

molds around the word, as shown in Figure 50 B and D.  No specific size or thickness is 

required.  Many thicknesses were made throughout this project, and excess is usually 

cut off with a razor blade.  
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Figure 55: Dimensions of polycarbonate mold A 

Polycarbonate mold A, used in making Dragonskin 30/Sylgard 184 composites, 
was cut out of (3/64”) polycarbonate.  The laser cutting settings were 0.060 thickness, 

10% speed, 100% power, and 100% frequency.  Not shown to scale. 

 

Figure 56: Dimensions of polycarbonate mold B 

Polycarbonate mold B, used in making Dragonskin 30/Sylgard 184 composites, 
was cut out of (1/16”) polycarbonate.  The laser cutting settings were 0.070 thickness, 
10% speed, 100% power, and 100% frequency.  In order to make sure the cut went all 
the way though the sample, the laser cutter was set to cut twice without moving the 

piece between cuts. Not shown to scale. 
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Figure 57: Dimensions of the dog bone used 

The dog bone shapes that were cut from Dragonskin 30/Sylgard 184 composites 

used laser cutting settings of 0.070 thickness, 20% speed, 100% power, and 100% 

frequency.  In order to make sure the cut went all the way though the sample, the laser 

cutter was set to cut three times without moving the piece between cuts. 

Tensile testing samples of SP-PDMS were cut with a custom aluminum dogbone 

cutter.  This cutter was made by the Duke University Physics Department machine shop.  
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Figure 58: Photo of dogbone cutter 

A. Bottom and B. side view of the aluminum dogbone cutter with a ruler for 
scale. 

4.5.5 Cameras and Image Analysis 

Digital 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 unless otherwise noted. Ambient fluorescent room light 

was used without the camera flash with exposure settings of 1/4 sec, ƒ/4.5, ISO 100 in 

most cases.  Focus was controlled manually and all camera settings within each data set 

were kept the same.  Images were captured in .CR2 raw format to prevent automatic 

corrections and to retain all the information within the image so that RGB intensities 

could be measured quantitatively. A color-neutral target (OptekaTM Digital Color & 

White Balance Card) was placed in the background of images that were quantified. The 

raw images are available upon request. 

Images that were quantified were imported into lightroom as .CR2 files.  These 

were rotated to make the elastomer straight within the frame, but otherwise unmodified 

and exported as .TIFF files for use in Fiji.  
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Images that were used as images in figures, both in the main text and supporting 

information, were imported to light room as .CR2 files.  These were rotated, then white 

balanced to a neutral target on the background or color card.  In some cases, exposure 

was increased slightly.  During exposure adjustments, care was taken to ensure that 

image fills the dynamic range without cutting off any data points.  The same edits are 

applied to every photo within the image sequence that makes up the experiment 

(settingsàsync settings) then the images are exported as .TIFF files.  Images were 

cropped before they were used in figures. 
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Figure 59: Image analysis in lightroom 

A. A raw image of a color changing liquid metal antenna. This image was 
rotated in Lightroom, then the dropper in the middle of the image is used to select a 
neutral target in the background for white balancing.  The inset histogram displays 
the color profile prior to white balancing.  B. The same image after white balancing 

and its histogram. C. The same image with the exposure increased by +0.55.  The 
histogram now shows that the image fills the full dynamic range. 
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For image analysis, .TIFF files exported from lightroom are imported into Fiji 

(imageJ) as an image sequence (FileàImportàImage Sequence).  The stack is converted 

to a hyperstack (ImageàHyperstacksàStack to Hyperstack) with 3 channels red, green, 

and blue.   A rectangular region of interest is added to the ROI manager 

(AnalyzeàToolsàROI manager), then the mean pixel intensity is measured for every 

channel and image in the stack (MoreàMultimeasure).  The values from that image are 

copied to excel.  This is repeated for every image in the stack, clicking and dragging to 

move the region of interest so that it remains in the center of the film being stretched.  

The percent strain for each image is determined in a similar manner.  A straight 

line is added as a region of interest and measured to get the length.  Percent strain is 

determined by equation 10.  

%	𝑆𝑡𝑟𝑎𝑖𝑛 = �{%&()	Ea&�'t:�&%'%()	Ea&�'t
�&%'%()	Ea&�'t

� ∗ 100   (10) 
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Figure 60: Image analysis to determine strain in FIJI 

A. An image of the red channel in a Sylgard 184/Dragon Skin 30 composite 
showing the region of interest quantified in FIJI. B. An image showing the linear 

region of interest used to determine percent strain for each image quantified in FIJI.  
Both images are shown in gray scale. 

 

The raw RGB data obtained from FIJI for a SP-PDMS dogbone from main text 

Figure 46 is shown in Figure 62.  The mean pixel intensity initially increases, then 

decreases dramatically when coloration occurs at 80-90% strain.  This initial increase in 

value corresponds to less light absorbed by the film and more light reaching the camera 

sensor is likely caused by a decrease in film thickness and overall scattering.  It occurs 

equally in all three color channels.  The decrease in pixel intensity that occurs at 80-90% 

strain corresponds to coloration and is more dramatically seen in the red and green 

channels than in the blue.  
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Figure 61: Camera color channel intensity 

The mean intensity of the region of interest for each color channel as a 
function of strain for a SP-PDMS dogbone during tensile testing. 

 

In order to remove the influence of the film getting thinner, the color ratios are 

determined and plotted in Figure 63.  Comparison between the blue channel and the 

green channel gives the best signal to noise, since they change the most relative to each 

other.  The B/G ratio was chosen for all the analysis in this paper, but any ratio could be 

used to quantify color change because spiropyran does not absorb in R, G, and B 

wavelength ranges equally.  
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Figure 62: Color channel ratios for a film under tension 

The color channel ratios for the raw data shown in Figure 62.  The B/G ratio is 
used to create Figure 46. 

4.5.6 Tensile Testing 

Tensile tests were conducted using a Texas Instruments RSA III dynamic 

mechanical analyzer at Duke University’s Shared Materials Instrumentation Facility 

(SMIF) with the fiber/film attachment at room temperature. Small pieces of Sylgard 184 

were used to keep the films from slipping out of the clamp during the testing.  All 

experiments were done with the rectangular tension/compression sample geometry and 

transient measurement type in multiple extension mode at a rate of 1 mm/second.   

Conductivity tests were done using a Keithley 2400 source meter in a similar 

manner as previously reported.82 The EGaIn filled microfluidic liquid metal antennas 

were first fitted in a mechanical stretcher to measure resistance for different amounts of 
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strain on the liquid metal wires. Copper wires were punched on both sides of the 

microchannel and then connected to a four probe resistance measurement setup. Each 

measurement was repeated multiple times for accuracy.  
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4.5.7 Additional Data and Experiment Replications 

 

Figure 63: Stress strain curves with their corresponding color intensity.   

The color intensity for trial 2 is shown in Figure 46. 
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Figure 64: Comparing stress strain curves for SP-PDMS and PDMS 

Tensile tests were conducted for 3 different dogbone samples of SP-PDMS 
(Sylgard 184 with 0.5 wt % of spiropyran added) and for 3 different dogbone samples 

of PDMS. No significant differences in stress-strain behavior are observed. 
 

 

Figure 65: Reversibility of color change 

A color changing liquid metal antenna is stretched and fully recovers its 
shape.  The coloration is gone when the deformation is removed. 
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Figure 66: Repeatability of color change 

The same antenna changes color again the second time it is stretched.  The 
liquid metal wire remains intact. 

 

Figure 67: Separate R, G, and B channels 

The separated R, G, and B color channels for a liquid metal antenna at 
different strains with a look-up table applied show that color intensity is greater in 

the center of the film. 
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A variety of different designs were used throughout this project.  We found that 

the color distribution varied from one “batch” of elastomers to the next, as shown in 

Figure 69.   The amount of SP-PDMS used, the amount of Sylgard 184 used, and the 

overall thickness varied.  We attempted to use the same curing times and temperatures, 

but in reality this was not exact.  The variation in color distribution is likely due to some 

of these factors, and could be studied and taken advantage of in the future.  
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Figure 68: Stop signs from three different batches 

A. A larger SP-PDMS region.  B. Color is distributed throughout the region 
containing SP-PDMS.  C. Color is more intense at the interface between SP-PDMS 
and Sylgard 184.  The composite elastomers shown in B and C were made with the 

same molds, but on different days. 
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Figure 69: Comparison of the length of the Sylgard region (Ls) 

Samples A and B are identical except for the length of the Sylgard region (Ls).  A 
visible comparison shows that coloration occurs at ~130% strain for Sample A, but is 

still colorless at that strain for sample B. At ~160% strain, sample B begins to turn 
purple.  Sample A breaks shortly after that, while sample B continues to get darker. 
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Figure 70: Color change for composites in figure 70 

The quantitative data that corresponds to the photos in Figure 70.  The sample 
with a smaller Ls, sample B, fails at higher strains and also turns color at higher 

strains. 

 

Figure 71: Color change for all composites tested 

The mean intensity ratio as a function of percent strain on the composite 
dogbone elastomer.  This data was used to create figure 48.  This includes samples A 

and B from figure 71. 
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Figure 72: Color change as a function of strain in the Sylgard region 

The mean intensity ratio as a function of percent strain on the Sylgard region.  
The color change occurs at around the same strain, regardless of Ls. 

 

In order to make sure that the change in onset of color was a function of length of 

Sylgard Ls and not the result of random variation, we measured the onset of color as a 

function of percent strain in the Sylgard 184 region. Figure 73 shows that the percent 

strain in the Sylgard 184 region increases more rapidly when Ls is longer, which 

corresponds to color change occurring at a lower percent strain on the overall device, 

shown in Figure 48.   
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Figure 73: The strain measured in the Sylgard 184 region of the composite as a 
function of the total strain on the composite. 

This experiment was also replicated with another batch of composite elastomers 

made on another day, shown in Figure 75.  Batch 2 was also made simultaneously and 

tested in the same day.  The overall trend that strain at color onset decreases with 

increasing strain is still true, but the values are different for the second batch.  This is 

likely due to batch-to-batch variability in making to composites.   
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Figure 74: Comparing composite elastomers made on different days 

Both data points for batch 2 (red) are the average of data from 2 idential 
composites.  Error bars for the batch 2 data point at Ls ~12 mm are too small to appear 
on the graph.  The data point in batch 1 (black) with error bars is also the average of 

data from 2 identical composites. 
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Figure 75: The measured and simulated resonant frequency of a Dragonskin 30 
liquid metal antenna.   

The initial antenna length is 40 mm. 

4.5.8 Modeling Strain at Color Onset 

To model the strain at color onset for the Sylgard 184/Dragon Skin composites as 

shown in Figure 4d, we developed a one-dimensional model wherein the three sections 

of devices were treated as springs in series.  The strain or displacement across the parts is 

assumed to add up to the total displacement, as shown in equation 11, where ε is strain in 

that region and ϕs is the fraction of the total length made of SP-PDMS (Sylgard 184).  

𝜀'c'() = 𝜀mh:h�om𝜙^ + 𝜀�](�c&	mq%&(1 − 𝜙^)   (11) 

We assume that the stress (σ) on the three sections is equal to the stress in each 

component (equation 12), given a constant cross-section. 
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𝜎'c'() = 𝜎mh:h�om = 𝜎�](�c&	^q%&    (12) 

We first determined the critical strain at color onset in SP-PDMS ε*SP-PDMS using 

data from figure S21.  The mean B/G value of the baseline from 0-60% strain was 

measured, and the strain at which the B/G value reached 4 standard deviations above 

the mean was defined as critical strain ε*SP-PDMS . Critical stress σ*SP-PDMS at that strain was 

determined using a stress strain curve from a uniaxial tensile test of Sylgard 184.  

Critical stress in SP-PDMS σ*SP-PDMS is equivalent to critical stress in Dragon Skin 

σ*Dragonskin as per equation 12.  Critical strain in Dragon Skin ε*Dragonskin  was determined 

using a stress strain curve from a uniaxial tensile test of Dragon Skin 30.  Using equation 

2 and the various Sylgard lengths (Ls) for each device tested, the total device strain at 

color onset ε*Total was predicted. 
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4.5.9 NMR Spectra 
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5. A Single Reaction Thread Ties Multiple Core Concepts 
in a General Chemistry Course 

This chapter is co-authored by Robert Carden, who is co-first author, and Julia 

Johnson, Cameron Brown, Dorian Canelas, and Stephen Craig and is adapted from a 

publication in the Journal of Chemical Education.110  

5.1 Introduction 

Recent revisions to the guidelines from the American Chemical Society 

Committee on Professional Training (ACS-CPT) have sparked interest in innovative 

approaches to the structure of foundation-level chemistry courses.111 In particular, calls 

have been made to rethink chemical education in the context of an increasingly 

interdisciplinary world.111 Additionally, specific recommendations have recently been 

made to include polymer chemistry content in the introductory sequence,112 as the field 

is often overlooked or underrepresented in undergraduate general chemistry, despite 

the fact that roughly 50% of all chemists work with polymers at some point in their 

careers.113 Some have called for a complete redesign of the chemistry curriculum in an 

attempt to integrate the traditional domains of chemistry, effectively eliminating courses 

in discrete disciplines and replacing them with basic, intermediate, or advanced 

chemistry.114 Courses in synthesis, analysis, or theory development have been proposed 

to better prepare students for future careers;115 however, because many departments 

might be reluctant to restructure the chemistry curriculum, others suggest modifying 
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traditional courses so that they are more integrated.116 Historically, a standard general 

chemistry course attempts to introduce students to this integrated network of chemical 

sciences by discussing seemingly disconnected topics such as chemical equilibria, 

molecular-orbital theory, and the thermodynamics associated with work throughout a 

semester. Here, we describe efforts to improve our general chemistry course by framing 

the content of multiple units and a laboratory around a single reaction from organic 

chemistry. The structure of this series of exercises takes advantage of the associative 

learning principle7 to draw connections between diverse topics in general chemistry 

(molecular orbital theory, quantum mechanics, equilibrium, hydrogen bonding, 

mechanical work and polymer chemistry). 

 

Figure 76: The ring-opening reaction responsible for color change in PDMS. 

Spiropyran (SP) undergoes a ring-opening reaction to give the highly colored 
and fluorescent merocyanine (MC) in response to photochemical or mechanochemical 
stimuli.  Appropriate derivatives of SP can be chemically cross-linked into a silicone 

(poly(dimethylsiloxane), PDMS) network, and the resulting effects of mechanical 
force and UV light on the material can be observed. 

Our choice of organic chemical reaction is the interconversion of spiropyran (SP) 

to the highly colored and fluorescent merocyanine (MC), a reaction that occurs in 
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response to changes in solvent or various thermal, photochemical, or mechanochemical 

stimuli (Figure 77).33, 54a, 64c The chromic nature of this reaction provides an extremely 

versatile framework through which to integrate and move between a wide array of 

topics typically covered in a general chemistry course. Many colleges in the United 

States have transitioned to a 1-2-1 introductory course sequence,117 with a single, college-

level general chemistry course, then two organic chemistry courses, then a second 

general chemistry course. Due to this change in structure, the choice to employ an 

organic molecule to illustrate concepts in the context of a general chemistry setting 

provides learners with an opportunity to become familiar with working with carbon-

based molecular structure and properties before transitioning into an organic chemistry 

classroom. The SP-to-MC conversion also involves a substantial change in molecular 

shape, providing an accessible and valuable entry point into the practice of molecular 

visualization—a common barrier for success in organic chemistry.118  Furthermore, 

because SP has been developed by Moore, Sottos, and White as a signature 

mechanophore (mechanically active functional unit)54a in the nascent field of polymer 

mechanochemistry,1, 50a it functions as a bridge between the concepts of classical 

thermodynamics/chemical kinetics and polymer chemistry by demonstrating the direct 

coupling of mechanical work and chemical potential. Ongoing research with SP in the 

Craig Lab33-34 inspired the development of this exercise as a way to gently encourage first 

year undergraduate knowledge of and curiosity about local research opportunities.  
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Finally, the use of a reaction that has a visible output allows facile integration into the 

complementary laboratory portion of the course; this has been shown to increase 

student investment and understanding of the material.119 We have implemented the 

sequence of activities described here in the context of a team-based learning (TBL) 

classroom, but it is similarly well suited to a traditional lecture and/or hybrid classroom 

models.  To test the efficacy of these newly developed spiropyran-based applications, 

we assessed student demonstration of mastery of the course learning objectives that are 

central to these applications in comparison to a control group who performed more 

traditional applications centered on the same learning objectives.  

Herein we (1) report information about the course structure through which these 

spiropyran-applications were first implemented, (2) describe the spiropyran-based 

classroom module and lab, and (3) present experimental results from a classroom-based 

study that compared the SP-based approach to a different, more-traditional inorganic 

approach to obtaining the same general desired learning outcomes. 

5.2 Course Structure 

The course for which this material was initially designed was taught in an 

interactive, cooperative classroom structure. Each year this class is composed of 100-120 

students, the vast majority (>98%) of whom are first-semester undergraduates. At our 

university, first year students place into their initial chemistry course based upon a 

combination of high school chemistry experience, math SAT scores, and chemistry AP 
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scores.  There are 4 different classes that students can place into:120 an introductory class 

which assumes no prior background in chemistry,121 the first semester of a traditional 2-

semester general chemistry sequence, an organic chemistry class (AP score of 5, or 

equivalent, is required for this initial placement), and the course described here. This 

course is called “Honors Chemistry,” and it is a one-semester version of general 

chemistry for students who have completed AP chemistry and scored either a 4 or 5 on 

the AP exam. We employ a team-based learning (TBL)122 classroom model, in which the 

students work together in teams of 4-6 members for the entire semester. In line with 

previous studies,122 we have found that keeping teams intact throughout the semester 

increases the students’ trust in each other and allows for the development of a positive 

group dynamic.  

Class periods are twice per week for one hour and fifteen minutes. Digital course 

materials, organized in terms of the learning objectives for each unit and accompanied 

by self-assessment exercises, are provided at the start of the semester via an online 

course management site; there is no required textbook for the course. All students also 

participate in an accompanying laboratory section that meets once per week for three 

hours; the laboratory score is incorporated as part of the overall score used to determine 

course letter grades. In addition, an optional class meeting period is available each week 

prior to the start of each unit and again midway through the longer units. At this 

optional “discussion” meeting (formerly called recitation), questions regarding the core 
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learning objectives or assigned homework problems can be discussed with the instructor 

or course teaching assistants, and the concepts associated with the online problems most 

frequently answered incorrectly by students in the course are clarified.  

The semester-long course is divided into 8 units; a description of the units, and 

the order in which they are presented, is provided in Table 10. Each unit follows the 

same pattern: students are expected to use the unit plans with online materials, graded 

online homework, and the optional class discussion period to learn or review basic 

concepts at their own pace prior to the class meeting, and then the first required class 

period on the unit begins with an ~20 min 10 question multiple choice Individual 

Readiness Assurance Test (IRAT). This is immediately followed by a team discussion of 

the same problems and Team Readiness Assurance Test (TRAT). The TRAT allows 

students to take the IRAT as a group using Immediate Feedback-Assessment Techniques 

(IF-AT) scratch cards so that all students finish the team exercises with full awareness of 

the correct answers.  
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Table 10: Course structure 

Unit Topics Dedicated 
Class 

Periods 
1 Energy, Enthalpy, Thermochemistry 2 
2 Atomic Electronic Structure 2 
3 Molecular Structure 3 
4 Molecular Orbital Theory 4 
5 Chemical Equilibrium 2 
6 Entropy and Free Energy 2 
7 Acids and Bases 2 
8 Kinetics and Catalysis 4 

 

Following the TRAT, the remainder of the unit (1.5 – 3.5 class periods) is spent on 

application problems that are worked by the teams as the instructor and TA’s circulate 

in the room. There are periodic opportunities for reporting answers and class-wide 

discussion and brainstorming, but most of the class time is spent with the students 

working in their small teams. It is within the context of these team-based application 

problems that the activities reported and discussed here are employed. These 

application problems and RATS are available in the Supporting Information.  Other 

course unit exercises are available upon request.   

5.3 Spiropyran Application Activities 

In the structure of the semester, we introduce the reversible structural 

transformation between SP and MC during Unit 4: Molecular Orbital Theory. This 

chemical reaction is introduced through a demonstration with an accompanying team 

application problem worksheet (see supporting information) that shows the molecular 
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structures of both SP and MC. First, the students are shown a clear, colorless solution of 

commercially available SP in toluene.  Then, the solution is irradiated with a blue LED 

light, and, during this perturbation, the solution briefly turns a deep blue/purple. 

Students are told that the MC compound’s structure gives rise to this color. In an 

application problem completed by the teams during class, the students are first asked to 

consider the reaction in the context of molecular shape – the teams are asked to explain 

the relationship between the change in hybridization of the central carbon atom and the 

ensuing change in the geometry of the molecule.  The questions asked in the application 

rapidly segue into a discussion of the importance that conjugation has on extended 

molecular geometry and the color change of the reaction, including using the particle-in-

a-box model to connect the Schrödinger equation to the energy gap between electronic 

energy levels and associated color change. Concurrently during the weeks of these in-

class discussions, students conduct a laboratory experiment focused on probing the 

chemical equilibrium, solvatochromism, and impact of solution polarity and hydrogen 

bonding on the equilibrium of the SP-to-MC conversion, which leads into Unit 5: 

Chemical Equilibrium.   

We finish our discussion of the SP/MC reaction by tying it to mechanical work 

through a hands-on activity that illustrates the ability to physically pull on the sides of 

the molecule embedded in a polymer film and force the opening of the ring.  This 

provides an opportunity to revisit concepts from the first unit in the course (Energy, 
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Enthalpy and Thermochemistry), but in a very visual context of a chemical reaction 

system, as opposed to the compression and expansion of ideal gases. More specifically, 

polydimethylsiloxane (PDMS) films with mechanochemically active SP are shown to the 

class and some students are given small samples to manipulate and share with their 

teams. The films change color either by pulling on the ends of the film in a stretching 

deformation or upon UV irradiation (Figure 77).   Generally, two class periods are spent 

working on the SP-to-MC module. The experimental details of the demonstration, the 

application problem, and the lab exercise can be found in the Supporting Information.   

5.4 Learning Objectives 

The utility of the SP-to-MC module is that it ties together a wide range of 

learning objectives (LO’s).  The LO’s for the course, organized by unit, are provided in 

the Supporting Information, with the specific LO’s addressed in this module highlighted 

for reference.  The LO’s that were assessed in a post-activity pop quiz focused on 

molecular orbital theory, quantum mechanics, equilibrium, hydrogen bonding, work, 

and polymer chemistry.  
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Figure 77: The core concepts connected by the SP ring-opening reaction 

The new applications are structured around a single reaction from organic 
chemistry to connect diverse topics in general chemistry (MO Theory, Quantum 

Mechanics, Chemical Equilibrium, Hydrogen Bonding, Chemical Work, and Polymer 
Chemistry).  The red arrows in part E represent the pulling points where the molecule 

is covalently bound into the polymer network. 

 

5.4.1 Molecular Orbital Theory 

Novice students often initially identify conjugated bonds as a double bond-single 

bond-double bond pattern from observing presented example structures without fully 

grasping the aspects of the molecule that make a conjugated system.  The SP-to-MC 
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reaction allows the instructor to emphasize the molecular orbital features that make a 

molecule conjugated. When discussing this problem, we first ask the students to 

consider the geometry and hybridization of each of the atoms in the structures of both 

SP (Figure 78) and MC (Figure 78A). Next, learners are asked to identify geometry and 

hybridization changes that occur as a result of the breaking of the C-O spirocycle 

bond. As part of this in-class assignment, students are informed that the geometry about 

N1, denoted by a * in Figure 77, in SP is trigonal planar, and they are asked to classify 

the hybridization of the N and the surrounding atoms.  The student teams quickly 

identify that only the central carbon, C1, denoted by a * in Figure 77, changes 

hybridization during the transformation between the two molecules. Indeed, C1 changes 

from sp3 hybridization in SP to sp2 hybridization in MC.  It is helpful for the students to 

visualize the three-dimensional geometry and associated atomic orbitals surrounding 

the C1 in these two configurations.  We find that molecular modeling software, if 

available, can facilitate this visualization (our students use Spartan Student).17 Students 

are encouraged to build the compound on the computer outside of class to prepare for 

the application problem; this could also be done in the lab during the week prior to the 

application. We find it instructive to emphasize that this local change in hybridization 

(rupture of a single bond and rehybridization of a single atom) brings about a global 

change in molecular structure – the rightmost side of the MC becomes co-planar with 

the leftmost side, because of conjugation that is continuous across the molecule. The key 
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point is that the change to sp2 hybridization provides an unhybridized p orbital that can 

connect two conjugated π systems that are initially separated on either side of the 

spirocycle connection – a very dramatic consequence of delocalized, molecular orbitals 

that cannot be explained by localized bonding models such as valence shell electron pair 

repulsion. 

5.4.2 Quantum Mechanics 

The change in conjugation provides a smooth transition into a tangible 

application of the Schrödinger equation and its relationship to color and conjugation 

(Figure 78B).  After highlighting and discussing the concepts of hybridization and 

conjugation in the SP and MC molecules, the students are challenged to explain why SP 

is colorless and MC exhibits a purple color. They are prompted specifically to invoke the 

particle in a box model during their explanation.  The key connections include: first, that 

the color of the molecules relates to whether or not they absorb light in the visible 

spectrum; second, that the wavelengths absorbed correspond to energies of associated 

electronic transitions (longer wavelengths means smaller HOMO-LUMO gap); third, 

that the spacing between orbital energies decreases as the size of the box increases in the 

particle-in-a-box model; and, fourth, that the size of the “box” corresponds not to the 

size of the molecule, but to the size of the conjugated π system in the molecule. 

The consequence of increased conjugation in MC is therefore that the gap 

between the orbital energy levels in MC is smaller than in SP, and less energy is needed 
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to promote an electron to the excited state of MC than is required for SP.   This lower 

energy corresponds to a longer wavelength in the MC molecule (absorbance in the 

visible) when compared to SP (absorbance almost entirely in the UV). 

5.4.3 Equilibrium and Hydrogen Bonding 

Through this exercise, students are also challenged to connect molecular 

structure and resonance to polarity. The teams are tasked with drawing two resonance 

structures for MC, one of which has formal charge on the nitrogen in the ring structure 

and one of which does not.  They are then asked to consider the resonance structures 

and predict the polarity of MC relative to SP.  Having identified that MC is more polar 

because of the additional charge separation found in one resonance structure, they are 

then asked to predict how solvent polarity will influence the amount of MC relative to 

SP at equilibrium.    

The groups determine that, due to it being a more polar molecule with greater 

charge separation, MC will be stabilized in more polar solvents (Figure 78C). This 

provides the foundation for a subsequent laboratory exercise, in which students are 

provided a solution of SP in toluene and given a set of co-solvents (methanol, ethanol, 

acetonitrile, acetone, and THF) to add.  They are given the dielectric constant of each 

solvent and the dipole moment of each solvent molecule, and then they are asked to 

predict which co-solvent will result in the greatest conversion of SP to MC, and hence 

the greatest color change. Invariably, students predict that, because it has the highest 
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dielectric constant, acetonitrile will generate the greatest color change. Different lab 

groups add different amounts of the various co-solvents and record the changes in 

absorbance at 540 nm.  The results of all lab groups are compiled and presented in class 

(representative data shown in Figure 79), verifying what most groups concluded from 

their own observations: that despite having lower dielectric constants than other co-

solvents, methanol and ethanol are the most effective co-solvents at shifting the SP/MC 

equilibrium toward MC. 

 

Figure 78: Representative student data for the lab component of the course 

Representative student data for a plot of absorbance (540 nm) of the SP-to-MC 
conversion vs. percent co-solvent added to a solution of SP in toluene. 

 

When asked about this in class, a few students will have speculated (correctly) 

that the reason is hydrogen bonding – a concept familiar to them from high school, but 

also presented in our Unit 3. The negatively charged oxygen atom generated by the 

conversion of SP to MC is a strong hydrogen bond acceptor, as shown in Figure 

78D.   Some students will hypothesize that the lone pairs of electrons on the oxygen 
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atom in methanol and ethanol might help to stabilize the positive charge that develops 

on N1 in MC, providing an opportunity to discuss THF as a control that contradicts that 

hypothesis. The demonstration highlights in a visible manner the importance of 

hydrogen bonding as a strong intermolecular force in determining molecular behavior 

by providing the energy required to “pull” SP sufficiently to convert it into MC.  

 

5.4.4 Work and Polymer Mechanochemistry 

To this point, students have seen how the energy necessary to convert SP to MC 

can be provided by light and by solvation interactions, particularly hydrogen bonding.  

We conclude the module by demonstrating how mechanical work can similarly provide 

the necessary energy input for the transformation.  The specific mechanism of doing 

work on the system is polymer mechanochemistry, in which the work is delivered by 

applying a force across a distance (change in molecular length) as opposed to pressure 

across a change in volume (Figure 78E).1 We find this to be a compelling and captivating 

example of work for a chemistry course, as it involves actual chemical change – the 

paradigmatic conversion of SP to MC. Since mechanical force is generally applied to the 

mechanophore via polymer ‘handles,’ this provides natural segue into a more general 

discussion of polymer chemistry.  We begin by pointing out that it is effectively 

impossible to use our human hands to hold the carbon and oxygen atoms in the scissile 

bond. So, to apply a force directly to the SP, we need to form a covalent bond between 

the SP and something that is large enough to hold with our fingers. 
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The mechanism for accomplishing this that the instructor describes is to form 

bonds between SP and a chemically cross-linked PDMS elastomer (Figure 78F),33 This 

provides an opportunity to discuss the molecular structure of polymers and cross-linked 

polymer networks, including the fact that a piece of a cross-linked rubber is largely a 

single molecule. For our class, we bring in strips of PDMS film into which SP has been 

appropriately cross-linked, using a simple formulation that can be repurposed 

effectively for outreach demonstrations.69 We prompt the class to vote as to whether or 

not a person is strong enough to break a chemical bond (in our experience, most 

students think not). Then, the instructor describes the film composition and invites 

volunteers to come forward to stretch the films with their fingers. Upon stretching, the 

film changes color as a result of the mechanical work being channeled directly into the 

SP-to-MC conversion. In the context of polymer education, this demonstration drives 

home the point that polymers are made up of molecules, and that the behavior of the 

material is intrinsically coupled to the behavior and properties of the molecular 

constituents. 

After demonstrating how the work done by a person’s fingers can convert the 

colorless polymer to purple, we discuss how one would choose which bonds in SP to 

replace with bonds to the polymer.  There are two considerations.  First, the substitution 

must not disrupt the conjugation in the MC, and so replacing a sigma bond (for 

example, to a hydrogen atom) that is outside the conjugated π system is discussed as the 
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best strategy.  Second, the chosen positions must couple to the ring opening reaction 

(that is, they must move away from each other after the C-O bond breaks).  Because 

work is force•distance, the further the substitution positions move away from each 

other, the less force is required to provide the necessary work.  If available, using a 

computer modeling program to determine the distance between points and calculating 

the force needed to break the bond gives students an early opportunity to attempt 

molecular visualization – for some students, a barrier to success in subsequent organic 

chemistry courses.118 Molecular model kits could be used to aid in visualization as well.   

This exercise ties a chemical reaction to the seemingly abstract physical concepts 

of work and its relationship to internal energy (these were covered in the first unit of the 

course). It also allows for a discussion of what a polymer is and how polymers can have 

molecular functionality embedded within them for desired chemical effects.  

 

5.4.5 Extension to Organic Chemistry Courses 

Although we use the SP-to-MC module in an accelerated general chemistry 

course, we recognize that not all universities have an equivalent course.  We think this 

module could easily be adapted to an organic chemistry setting.  In fact, many of the 

concepts presented in this general chemistry module are often covered in the 

introductory chapters of an organic chemistry textbook.123 The details are beyond the 

scope of this paper, but the SP-to-MC conversion provides additional opportunities to 
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discuss substituent effects in aromatic systems. Many SP derivatives have been 

synthesized, and they have different photochromic properties as a result of the 

substituent patterns.26b 

5.5 Methods 

5.5.1 Team Formation Process 

Prior to the beginning of the semester, an effort was made to create balanced 

cooperative-learning teams that each were comprised of learners with low, medium, and 

high relative prior chemistry experience and demonstrated math skills. To this end, 

students were placed into “semi-random” teams of four (or five) individuals based 

primarily on rankings from relative self-reported AP Chemistry exam scores. Math SAT 

scores are known to highly correlate with performance in college-level general chemistry 

courses,120-121, 124 so Math SAT scores were used as a secondary ranking. Teams were 

randomly assigned team numbers (1-24) that were used to track team scores over the 

entire course of the semester. More detail on the formation of teams can be found in the 

Supporting Information. 

5.5.2 Experimental Design 

To determine whether or not the SP applications work as well in guiding 

students towards meeting desired unit learning outcomes when compared to more 

traditional, small molecule-based applications we had previously used in Unit 4, a 

random trial was devised. For Unit 4 only, the instructor drew a random number that 
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resulted in the odd-numbered teams being the control group and the even-numbered 

teams being the experimental group. To exclude bias, the researchers who initially 

developed the application problems did not teach the course during the semester that 

the formal assessment of its implementation in the classroom was performed.  

At the beginning of the unit on Molecular Orbital Theory, both groups met at the 

same time and took the same IRAT and TRAT (see Supporting Information). Next, to 

examine the effectiveness of the new SP-based applications, the control and 

experimental groups initially completed two unique sets of applications in the 

subsequent class meetings. In unique class periods, the control group teams completed 

the original applications problems, while the experimental group teams completed the 

re-designed SP-based applications (see Supporting Information). After completing each 

set of applications, each team completed a Strategy Analyst report where, as a team, 

they ranked both the difficulty of and their interest in the application problems on a five 

point Likert-type scale. Teams also had the opportunity to provide written feedback 

about the strengths and areas for improvement for the set of applications they 

completed on the Strategy Analyst report (see Supporting Information). The Likert-type 

scale numeric values were tabulated and the written responses were transcribed by a 

staff assistant not involved with the study. Averages, standard deviations, and standard 

errors were calculated for each data set, and an unpaired t-test was performed on the 

two group’s numerical responses to test for statistical significance. 
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After both groups met, separately, to complete the control and experimental  

applications, the groups were remerged for the next class period and all individuals in 

both groups completed the same unannounced “pop” quiz. This quiz was a LO-driven 

assessment composed of ten multiple choice problems. Each problem was coded to 

specific course learning objectives with a focus on those covered in the Unit 4 

applications (see Supporting Information). Following the individual LO Assessment 

(pop quiz), each team completed the set of applications they had not previously seen to 

ensure all students were exposed to all the same application activities by the end of the 

unit. Scores on the LO Assessment were combined for each group and averages, 

standard deviations, and standard errors were calculated. An unpaired t-test was 

performed on the two sets of scores to test for statistical significance. 

5.6 Results 

Before comparing the results of the application-based IRAT, the results of the 

previous IRATs were compared for the experimental and control groups. For the first 

three IRATs taken as part of Units 1, 2, and 3, there was no significant difference in 

scores between the control and experimental groups (0.39 < p < 0.70) (See Supporting 

Information). A comparison of results on the control and experimental group on both 

the initial IRAT for Unit 4 and LO Assessment (pop quiz) showed no statistical 

significance between the two groups, p = 0.30 and p = 0.10, respectively (Figure 80). 
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Figure 79: Initial Unit 4 IRAT and LO Assessment scores for control and 
experimental group. 

In addition to the assessment, students’ responses to the Likert-type scale items 

and their written free-response feedback on the applications were analyzed. For the 

Likert-type scale questions, near the end of each class period, teams were asked to 

compare the day’s applications to those completed for previous units and assess the 

relative difficulty of and their interest in the applications with 5 representing more 

difficult/more interested and 1 representing less difficult/less interested (Figure 81). The 

unpaired t-test showed no statistical difference between the control and experimental 

groups, p = 0.2757 and p = 0.4154, respectively. Additionally, teams provided written 

feedback on the strengths of the applications as well as areas for improvement.  
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Representative student feedback is shown in Table 11. Complete student feedback is 

available in the Supporting Information. 

 

Figure 80: Student Likert-type scale feedback after completing each set of 
applications.  

Shading in bars corresponds to the percentage of responses (lower axis), and 
the average value on the Likert-type scale are indicated by the yellow circles on the 

graph (with position relative to reference values at top of figure). 
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Table 11: Representative initial student reactions to control and SP-based 
applications 

Prompt Group Representative Responses 
List at least 

one strength 
of today’s 

application 

Control “It combined the topics we have learned in topic 2 
and the one we are learning” 

“Makes to link molecular orbital to actual properties 
of the molecule” 

“We achieved a better understanding of MO Theory” 
 Experimen-

tal 
“Ability to understand concepts of resonance and 

delocalization” 
“The exercises built on each other and connected to 

our lab” 
 

List at least 
one possible 
improvem-

ent 

Control “Questions more related to each other” 

“They could have been more in depth” 

to today’s 
application 

Experimen-
tal 

“Understanding applying force energetically” 
“The questions should be more clear. For example, the 

last application should have indicated that the 
Spartan model was needed.” 

 

 

5.7 Discussion 

A comparison of the initial Molecular Orbital Theory IRAT showed no statistical 

difference between the Control and Experimental groups. Therefore, prior to completing 

the application problems, both groups start from a similar initial baseline. After 

completing the different sets of application problems, both groups showed similar level 

of mastery of the course learning objectives, based on the LO Assessment, with no 

statistical difference between the Experimental and Control groups. Students also 

provided similar feedback on the difficulty level and their interest in the chemistry 



 

 154 

content of both sets of applications problems, with generally neutral feelings towards 

the difficulty and their interest in the chemistry. 

 Even though there is little difference in the quantitative measures, students 

expressed unique written feedback on the application problems, with some students in 

the Control group noticing the disconnection between the application problems while 

some students in the Experimental group noticed connection within the application set 

and in the laboratory experiment they had recently performed.  

5.8 Limitations 

Limitations in this study were present in both the size of the sample as well as 

the method used to assess student learning outcomes. Due to the class size, the control 

and experimental group were limited to approximately 50 students each, which limits 

our ability to observe statistical differences given the small sample size. Maintaining 

consistency within the course format, only one strategy analyst sheet is collected per 

team, which shows only the team’s net assessment on the difficulty and interest in the 

SP-based applications. This team-based feedback does not take into account individual 

students’ assessments of the application problems, which may have differed somewhat 

from that of the whole team. Additionally, the LO Assessment was administered as a 

multiple choice quiz, similar to the IRATs the students had been previously exposed to, 

which could allow students to make an informed guess of the correct answer without a 

deeper understanding of underlying concepts. 
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5.9 Summary and Perspectives 

The SP/MC module described here directly addresses several learning objectives 

commonly covered in general chemistry courses, but in the context of polymers and 

introductory organic chemistry principles. The use of one reaction as a common thread 

by which to tie together concepts typically presented as disparate entities allows the 

students to explore the factors that contribute to the organic transformation between SP 

and MC, highlighting Molecular Orbital theory, quantum mechanics, equilibrium, 

hydrogen-bonding, and work while also introducing basic concepts of polymer 

chemistry.  We have found this exercise to be a useful way to structure a portion of a 

general chemistry course in order to address the interdisciplinary nature of chemistry 

and enhance student’s understanding of real-world applications of general chemistry 

topics. The Craig group’s initial interest in the SP-to-MC conversion inspired this work, 

and students seem to enjoy learning about research at their university. We hope our 

experience encourages other researchers and educators to adapt their scientific interests 

to the courses that they teach.   
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6. Mechanochemical Ring-opening of Allylic Epoxides  
This chapter was co-authored by Junpeng Wang, Tatiana Kouznetsova, Meilin 

Lu, and Stephen L. Craig. 

6.1 Introduction 

The action of mechanical forces on a polymer is typically destructive, resulting in 

chain scission and molecular weight degradation.1, 125 In recent years, however, that 

mechanical energy has been repurposed for constructive outcomes,2a including the use 

of covalent polymer mechanochemistry to probe otherwise ‘forbidden’ reaction 

mechanisms9-10, 14a, 126 and to trap the transition states and high energy intermediates of 

chemical transformations.11, 16, 127 Mechanochemical reactions that unveil new chemical 

reactivity on the polymer backbone have been used for activation of latent catalysts,18, 93, 

128 release of small molecules and protons,19b, 94 generation of luminescence or color,20a, 20c, 

20e, 30, 33, 55b, 129 and force responsive cross-linking,13, 55a and the range of new chemistry and 

material responses is continuously increasing.20d, 23b-e, 130 Examples of latent stoichiometric 

cross-linkers include a gem-dibromocyclopropane, a mechanophore that undergoes 

force-coupled ring opening to reveal an allylic bromide susceptible to nucleophilic 

substitution,13 benzocyclobutenes that activated to ortho-quinodimethide for subsequent 

cycloadditions,55a and fused cyclobutanes that generate α,β-unsaturated esters that can 

be captured through thiol-ene chemistry.131   
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The success of these methods has motivated us to explore minimalist 

mechanophores whose synthesis and incorporation into polymers are easily scalable.  A 

promising candidate is the epoxide, which represents only a minor perturbation of 

various hydrocarbon backbones. Tension along the polymer backbone could induce the 

formation of a carbonyl ylide that is highly reactive toward dipolarophiles and protic 

species.132 Unfortunately, conventional dialkyl epoxides, such as those formed via 

oxygen addition to polybutadiene, are poor mechanophores.16  

We therefore sought structural variants that might enhance the reactivity of 

epoxides.  To a reasonable approximation,17c, 44 the mechanochemical reaction rate 

depends primarily on three parameters: (i) the force-free activation energy, ΔG‡; (ii) the 

activation length, or the force-coupled change in length going from ground state to 

transition state, Δx‡;50a and (iii) the relative compliance of the ground and transition 

states (the extent to which each structure is perturbed as a function of force).17c, 44 

Previously, our group trapped a carbonyl ylide under mechanical force by changing the 

polymer backbone.16 This resulted in better mechanochemical coupling, and a longer 

activation length (Δx‡) through a so-called “lever arm effect”.42a  

In order to further enhance the utility of epoxide mechanophores, we noted the 

use of α-alkenes to accelerate gem-dichlorocyclopropane (gDCC) ring opening by 

reducing force-free activation energy and increasing activation length simultaneously.133 

An adjacent E-alkene reduced the force required for ring-opening by >30% relative to the 
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Z alkene.133  This result inspired us to consider the effect of an α-alkene, particularly the 

E isomer, on epoxides to enhance reactivity by increasing the activation length (Δx‡) 

through the lever arm effect.  We also expected that the adjacent alkene would 

electronically stabilize the ylide though resonance,132, 134 reducing the activation energy 

(ΔG‡). Here, we demonstrate mechanically induced cis- to trans-isomerization of an 

alkene-substituted epoxide, and the reactivity of the ylide intermediate, the latter of 

which leads to the trapping of a fluorophore and the activation of latent cross-linking.  

6.2 Experimental 

Monomers 1 (1,3-epoxycyclooctadiene), 2 (COD-OH), and 3 (gDCC-COD) were 

synthesized according to previously published methods and the procedures are detailed 

in the Supporting Information (Figure 82).135 Multi-mechanophore polymers P1-P3 of 

various molecular weights (Figure 82, Table 12) were prepared by ring-opening 

metathesis polymerization (ROMP) with Grubbs 2nd generation catalyst.  P1 polymers 

were polymerized for 45 min to 1 hr, resulting in E/Z ratios ranging from 2.5:1 to 4:1.  

Due the observed tendency of these polymers to cross-link, a silica-bond thiol scavenger 

(Quadrasil MP, Sigma-Aldrich) was used to reduce the amount of ruthenium present in 

the polymers after purification by precipitation in methanol.  Low molecular weight 

polymers P18 and P230 for control experiments were also made via ROMP, but with 

added 1-hexene as a chain transfer agent.   The trapping agent 9-phenanthrol was used 

as purchased and the small molecule model compound 9-methoxyphenanthrene was 
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synthesized according to previously published procedures.136 Polymers were subjected 

to shear forces in solution under pulsed ultrasound, which has been widely used to 

study mechanical activation and polymer scission.47 Aliquots were taken from sonication 

experiments after every 30 minutes of sonication time and characterized by size 

exclusion chromatography with multi-angle light scattering (SEC-MALS).  All 

experimental details are found in the Supporting Information.  

 

Figure 81: Polymers synthesized in this study  

Wedges do not indicate a specific enantiomer, rather that the epoxides in P1-P3 
are cis. 

 

  

O

1

Grubbs II
1 hr

O

P1

O

1

Grubbs II

24 hrs

HO

2

O

OH

P2

O

1

Grubbs II

24 hrs

3 P3

Cl Cl

O

m

m n
+

+

Cl Cl
n



 

 160 

Table 12: Characterization and monomer content of the polymers used in this 
study. 

Polymer Monomer contenta Mn (kDa) Mw (kDa) PDI 
1 2 3 

P1590 1.0 - - 592 782 1.32 
P18 1.0 - - 8 10 1.23 

P2190 0.49 0.51 - 192 318 1.66 
P230 0.45 0.54 - 32 40 1.27 
P3280 0.40 - 0.60 277 591 2.12 

 

6.3 Results and Discussion 

Polymer P1590 (Figure 83a) was synthesized and characterized by 1H NMR, which 

indicated that only cis-epoxides are present on the polymer backbone, as expected based 

on ROMP of monomer 1.  After subjecting the polymer to pulsed sonication for 120 min 

in a solution of THF at 1 mg/mL, an additional peak appears in the 1H NMR spectrum at 

2.8 ppm (Figure 83b).  This peak is consistent with the formation of a trans-epoxide, 

similar to prior observations by Klucovich et al, using epoxides on a polynorbornene 

backbone.  The appearance of the trans-epoxide occurs in concert with a decrease in 

number-averaged molecular weight (Mn) from 590 kDa to 78 kDa. For P1590, around 20% 

of the cis-epoxides isomerize to trans-epoxides by 1H NMR integration.  The E:Z ratio is 

2.8:1 (Figure 89), and we suspect that it is primarily epoxides adjacent to E alkenes that 

react.  We have found it useful to quantify the competition between these two 

mechanochemical processes in terms of the fraction of mechanophores reacted per 

scission cycle, or Mn being halved. When normalized per scission cycle, around 6.8% of 
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cis-epoxides on P1590 isomerize to trans-epoxides.  A simple control, in which a solution 

of the polymer is kept at room temperature for 48 h (significantly longer than the 

duration of the experiment) shows no isomerization (Figure 87).   

 

Figure 82: Sonication and 1H NMR of P1590 

(a) The proposed isomerization reaction of P1 polymers under pulsed 
ultrasound. (b) 1H NMR of P1590 before sonication (blue) and after sonication (red), 

showing a new peak at 2.80 ppm, assigned to trans-epoxide. 
 

To verify the mechanical origins of the isomerization, a shorter polymer P18 was 

sonicated under the same conditions as P1590.  After 120 min of sonication, P18 does not 
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required to experience a sufficient force for chain scission (Figure 109).47  The 1H NMR 

taken after sonication also shows no indication of epoxide isomerization (Figure 110). 

Based on the formation of trans-epoxide under conditions that generate forces high 

enough for scission, but the absence of trans-epoxide under ambient conditions and 

during sonication below the limiting molecular weights, we conclude that the 

isomerization of the allylic cis-epoxide is mechanically induced.  

Previous work on epoxide mechanophores on a poly(norbornene) backbone 

suggests that a carbonyl ylide intermediate is formed under tension,16 and that it then 

rapidly ring-closes to the trans-epoxide in accordance with the Woodward-Hoffman 

rules when the force disappears.132 To determine whether isomerization in P1590 proceeds 

through a tension-trapped carbonyl ylide intermediate, P1590 was sonicated at 1 mg/mL 

in the presence of highly colored 9-phenanthrol (0.1 M in THF) (Figure 84a), which can 

react with the carbonyl ylide to form an acetal.137  The polymer molecular weight 

decreases with increasing sonication time, UV-vis absorption at retention times 

corresponding to the elution of the polymer fragments increases (Figure 84b and 84c). 

New 1H NMR peaks appearing in the aromatic region of the spectra also confirm a 

reaction with 9-phenanthrol (Figures 93 and 94).  As in the sonication of P1590 without 9-

phenanthrol, an 1H NMR peak appears at 2.8 ppm that is assigned to trans-epoxide, 

indicating a competition between isomerization and the formation of the acetal.   
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As a simple control, an aliquot of the solution of P1590 and 9-phenanthrol was left 

at room temperature for the duration of the sonication experiment.  No additional UV-

vis absorption or changes in molecular weight were observed (Figure 97).  The 

mechanical nature of the reaction was verified by sonicating the low molecular weight 

control polymer P18 in a solution of 9-phenanthrol.  As expected, the molecular weight 

and UV-vis absorbance (Figure 84D and 109) did not change with sonication, and the 1H 

NMR showed no isomerization or reaction with 9-phenanthrol (Figure 110). 
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Figure 83: Trapping the carbonyl ylide with 9-phenanthrol 

(a) Proposed reaction of carbonyl ylides formed during sonication of P1 in a 0.1 
M solution of 9-phenanthrol.  (b) Plots of UV-vis absorbance for P1 before (top) and 

after sonication with 9-phenanthrol.  Absorbance is plotted on the z-axis, wavelength 
on the y-axis, and retention time on the x-axis.  By refractive index, P1590 has a 

retention time of 11.8 minutes prior to sonication. (c) The UV-vis absorbance trace at 
254 nm for P1590 at increasing sonication times.  The control is from a solution of P1590 

in 9-phenanthrol left at room temperature for the duration of the sonication 
experiment. (d) The UV-vis absorbance trace at 254 nm for polymer P18. 
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We characterize the trapping efficiency of the 9-phenanthrol in two ways.  First, 

1H NMR integration indicates that around 14% of the cis-epoxides have reacted with 9-

phenanthrol, while around 17% have isomerized to trans-epoxides. Second, the extent of 

trapping is determined from UV-vis absorbance from the GPC traces. Given the known 

molar absorptivity of a model small molecule 9-methoxyphenanthrene (Figure 99), the 

molar ratio of reacted monomers per total monomers was 0.06:1.  This method assumes 

that the change in polymer identity has a negligible effect on the refractive index 

increment of the polymer.   The reaction with 9-phenanthrol, however, results in the 

formation of a copolymer with a refractive index determined by both monomers. With 

the known values of the refractive index increment (dn/dc) for the polymer and a model 

small molecule 9-methoxyphenanthrene, which mimics the new co-monomer, the true 

concentration of the trapping agent can be determined (see Figure 100 and Equations S4 

and S5).  The molar ratio of reacted monomers per total monomers determined by 

including the change in refractive index increment was 0.04:1.  

Interestingly, P1590 experienced a greater amount of molecular weight 

degradation when sonicated in the presence of 9-phenanthrol than under identical 

conditions without the trapping agent.  In the absence of 9-phenanthrol, the dispersity 

increases with increasing sonication time (Figure 101).  This is in contrast to typical 

sonication experiments in which the dispersity decreases due to chain scission.48a   We 

hypothesized that the increased dispersity, and slower molecular weight degradation, is 
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the result of competing polymer cross-linking and branching, as previously observed 

with self-strengthening benzocyclobutene polymers.55a Polymer P120 was sonicated at 35 

mg/mL (above the overlap concentration of 16.8 mg/mL, Figure 101) to increase the 

likelihood of cross-linking.  With these sonication conditions, the polymer elution occurs 

at shorter retention times, indicating that some cross-linking or branching could be 

occurring (Figure 101).  

Given the efficiency of 9-phenanthrol additions and the possibility of cross-

linking between epoxide monomers, we expected that cross-linking could be promoted 

through the addition of hydroxyls to the polymer (Figure 85a).  Polymer P2190 was 

prepared and sonicated at low concentration (1 mg/mL, below the overlap concentration 

of 3.6 mg/mL), and the polymer molecular weight decreased with increasing sonication 

time. Upon sonicating polymer P2230 at an increased concentration of 10 and 20 mg/mL 

(above the overlap concentration of 3.5 mg/mL); however, the molecular weight 

increases dramatically with sonication time (Figure 85b). Above the overlap 

concentration, the volume occupied by polymers is the same as the volume of the 

solvent, putting the polymers in contact with each other.  This increases the likelihood 

that a reaction occurs between a ylide on a polymer chain and an alcohol on another 

chain, forming a cross-link and resulting in higher molecular weights.  Only small 

amounts of solid material are present after sonication (Figure 108), whereas 

mechanochemical activation of latent cross-linking above the overlap concentration in 
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the benzocyclobutene polymers previously studied results in large amounts of cross-

linked material.55a  In both cases, formation of a cross-link is in competition with chain 

scission. The limited amount of gelation for P2320 suggests that the process of chain 

scission is occurring more frequently than the formation of new cross-links, which only 

occurs when a tension-trapped ylide reacts with an alcohol.   

 

Figure 84: Cross-linking of P1 polymers 

(a) The proposed cross-linking reaction for P2 polymers during sonication.  (b) 
The molecular weight of P2190 decreases when sonicated below the overlap 

concentration at 1 mg/mL, while the molecular weight of P2230 increases above the 
overlap concentration at 10 mg/mL and 20 mg/mL. 

 

To verify that cross-linking is dependent on mechanical force, polymers P18 and 
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concentrations of 16.8 and 16.8 mg/mL.  The molecular weights of these polymers did 

not change with increased sonication time (Figure 111 and 113). As expected, the 1H 

NMR spectra of post-sonicated samples also do not indicate isomerization to trans-

epoxide (Figure 112 and 114), consistent with a mechanical origin of the observed cross-

linking.  

The mechanical reactivity of an epoxide with an adjacent alkene can be 

compared to the reactivity of previously studied epoxidized polynorbornene (PNB) by 

normalizing to chain scission.16 For 3 different P1 polymers of various initial molecular 

weights, 6.4 ± 2 % of cis-epoxides isomerize to trans-epoxides.  For previously studied 

PNB polymers, which are 50 ± 5 % epoxidized, only 1% isomerize to trans.16 By 

comparing ring-opening to polymer chain scission, the mechanochemical reactivity of 

the two epoxide mechanophores can be directly compared.   The PNB and P1 polymers 

both have carbon-carbon bonds along their backbone with similar force-modified 

activation energies for homolytic bond scission.  The increased amount of cis- to trans- 

isomerization observed per scission cycle for P1 polymers indicates that the allylic 

epoxide is more mechanically reactive than the PNB epoxide (with an adjacent 1,3-

cyclopentyl group), though it should be noted that some branching is present in P1 

polymers, meaning that scission doesn’t necessarily lead to a net halving of the initial 

molecular weight.138   
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We attempted to characterize the force-rate behavior of epoxides using single 

molecule force spectroscopy techniques, applied previously in our lab.58a For that 

purpose, we synthesized polymer P3280 from 1 and the gem-dichlorocyclopropane 

(gDCC) co-monomer 3. The gDCC, which ring-opens at a force of ca. 1330 pN at a 

retraction velocity of 300 nm/sec,42a was included as an internal benchmark for direct 

comparison to potential epoxide ring-opening.  Polymer P3280 was characterized by force 

spectroscopy under identical conditions to previously studied gDCC polymers.42 Only 

one plateau at force of 1410 ± 67 pN was observed, which is within the margin of error 

for gDCC ring-opening (Figure 119).  Contour length fitting for the polymer before and 

after the transition was also consistent with COGEF modeling for the change in length 

due to gDCC ring-opening.41a  No evidence of epoxide ring-opening was observed in 

any of the 10 SMFS force-distance curves that showed a gDCC transition in P3280, even in 

cases where the force reached a value of 2600 pN.  The application of mechanical force 

lowers the barrier for ring-opening and increases the rate of the reaction.  Since ring-

opening of the allylic epoxide is not observed, the barrier has not been reduced enough 

for ring-opening to occur on the timescale of the SMFS experiment, and the reaction rate 

must be lower than 1 sec-1 (with a reaction half-life of ca. 100 ms).  A previous attempt to 

characterize ring-opening of epoxidized polybutadiene polymers by SMFS also showed 

no indication of epoxide ring opening up to 2500 pN.42a 



 

 170 

Though the influence of an adjacent alkene on the force-rate behavior of epoxide 

ring-opening cannot be directly measured, we can consider the influence of an adjacent 

alkene on gDCC ring-opening.  On a polybutadiene backbone, gDCC ring-opens at an F* 

of 1330 pN.42a  With an adjacent E alkene, the force required to lower the barrier for ring-

opening to occur on a 100 ms timescale is 800 pN, a reduction of >30%.133  Epoxides with 

an adjacent Z-alkene require 1200 pN of force.  This difference is due to increased 

leverage based on stereochemistry, as adjacent E or Z alkenes provide essentially the 

same reduction in force-free activation energy for gDCC ring-opening. 133  For this 

reason we expect that it is largely epoxides with adjacent E-alkenes that ring-open 

during sonication of P1 polymers.  On a PNB backbone, gDCC ring-opening occurs at 

900 pN (a reduction of >30%).58a  The observed mechanochemical reactivity of the 

epoxide mechanophore with an adjacent alkene or on a PNB backbone but not on a 

polybutadiene backbone is consistent with the force-rate relationships measured for 

gDCC ring-opening in the same polymer backbones.   

6.4 Conclusions 

The reactivity of epoxides with adjacent alkenes, but not on methylene 

backbones demonstrates the influence of ΔG‡ and Δx‡ on a mechanochemical reaction.  

The adjacent alkene likely both stabilizes the forming carbonyl ylide, lowering the 

activation energy, and increases the activation length.  The allylic epoxides in P1 

polymers are easily synthesized, but since the rate of ring-opening of allylic epoxides is 
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slow even under forces as high as 2600 pN, the extent of activation of latent cross-linking 

will be limited in bulk materials.31-32  Other functional groups such as phenyl rings might 

future improve leverage and reduce activation energy, but reductions in force-free 

activation energy could also lead to reactivity in the absence of force.  In the future, our 

findings reinforce the importance of considering adjacent functionalities in 

mechanophore design and the joint influence of ΔG‡ and Δx‡ on mechanochemical 

reactivity. 

6.5 Supporting Information 

6.5.1 General Information 

Reagents: 9-Oxabicyclo[6.1.0]non-4-ene, meta-chloroperoxybenzoic acid (77%), 

cis,cis-1,3-cyclooctadiene, Grubbs catalyst second generation, Quadrasil MP, 2,6-Di-tert-

butyl-4-methylphenol, diisobutylaluminum hydride, 1-hexene, ethyl vinyl ether, 9-

phenanthrol, and HPLC grade THF were purchased from Sigma-Aldrich. CHCl2, 

hexanes, methanol, and ethyl acetate were purchased from VWR.  CDCl3 was purchased 

from Cambridge Isotope Labs or Sigma-Aldrich.  9-Oxabicyclo[6.1.0]non-4-ene and 1-

hexene were distilled prior to use.  All other reagents were used as received.  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. 

Instrumentation:  1H NMR spectra were collected on either a 400 MHz or 500 MHz 

Varian NMR in CDCl3 and were referenced to CDCl3 δ = 7.260.  13C NMR was collected 
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on a 500 MHz Varian NMR in CDCl3 and were referenced to CDCl3 δ = 77.16.  Gel 

permeation chromatography (GPC) was preformed on with 2 Agilent PLgel 105 Å, 7.5 x 

300 mm, 5 µm columns (part number PL1110-6550) at room temperature at a flow rate of 

1.0 mL/min. The flow rate was set using Agilent 1260 Infinity Isocratic pump, molecular 

weights were calculated using in line Wyatt Optilab T-rEX refractive index detector and 

Wyatt miniDAWN TREOS multi-angle light scattering detector, and UV absorbance was 

measured with an in line Agilent 1260 Infinity UV detector.  The UV detector monitored 

190 to 800 nm with step of 2.0 nm and slit width of 4.0 nm.  The refractive index 

increments for the polymers were determined by using 100% mass recovery assumption 

calculations built into Wyatt Astra software using solutions of known concentrations.  

Refractive index for small molecules was determined with the RI detector off-line.  UV-

vis experiments were conducted on a Varian Cary 50 Conc UV-Visible spectrometer and 

were referenced to a blank of pure THF in quartz cuvettes.   High-resolution mass 

spectrometry was performed on an Agilent LCMS-TOF–DART at Duke University’s 

Mass Spectrometry Facility.  

Sonication:  Ultrasound experiments were conducted with a Vibracell model 

VCZ500 at 20 kHz sonicator.  13.1 mm replacable titanium tip probes (#630-00007) with 

Suslick assembly (#630-0224) and Suslick cells (#830-00005) were purchased from Sonics 

and Materials, Inc. All experiments were conducted at 1 mg/mL in inhibitor free THF, 

30% amplitude, at an on 1 second off 1 second pattern, unless otherwise noted.  
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Solutions were sparged with nitrogen or argon and cooled in an ice bath for 30 minutes 

prior to sonication.  Positive pressure of inert gas and temperatures between 6-9 °C were 

maintained throughout each experiment.  Aliquots taken from sonication experiments 

were immediately ran on GPC without dilution, unless otherwise noted. 

SMFS Measurements: The instrumentation and parameters used to collect data are 

similar to experiments conducted previously in the Craig group.12, 25, 58a Toluene was the 

solvent.  Experiments were conducted at ambient temperature (~27 °C) using a 

homemade Atomic Force Microscope (AFM), which is comprised 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 determined in 

air for each probe with the thermal noise method described previously.65 Force curve 

data was collected 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 with software written in Matlab.  

6.5.2 Synthesis 

 (Z)-9-oxabicyclo[6.1.0]non-2-ene (epoxyCOD) (1) 
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A solution of meta-chloroperoxybenzoic acid (77%, 14.41g, 643 mmol, 1 equiv) in 

dichloromethane (50 mL) was added dropwise to a solution of cis,cis-1,3-cyclooctadiene 

(8.0 mL, 643 mmol, 1 equiv) in dichloromethane (50 mL) in an ice bath over 45 minutes.  

The reaction was allowed to warm to room temperature and stirred overnight.  Aqueous 

sodium bisulfite was added to quench the reaction then the white solid was removed by 

filtration.  The remaining solution was washed with sodium bisulfite, sodium 

bicarbonate, and brine, dried with sodium sulfate, then purified by silica flash 

chromatography (hexane to 5% ethyl acetate in hexane).  The pure product was collected 

from vacuum distillation at 40°C to yield 1 (3.86g, 48.2% yield) as a clear colorless oil.  1H 

NMR (CDCl3, 400 MHz) δ 5.77 (dddd, J = 11.2, 7.1, 5.6, 1.2 Hz, 1H), 5.59 (dq, J = 11.2, 1.3 

Hz, 1H), 3.45 (dt, J = 3.9, 1.2 Hz, 1H), 3.11 (dtd, J = 9.2, 3.9, 1.0 Hz, 1H), 2.31 (m, 1H), 2.18 

– 1.94 (m, 2H), 1.86 – 1.71 (m, 1H), 1.71 – 1.60 (m, 2H), 1.52 – 1.34 (m, 2H). 13C NMR (126 

MHz, CDCl3) δ 134.49, 122.67, 58.23, 53.84, 29.18, 27.42, 25.69, 25.27. HRMS (m/z): [M+ H] 

+ Calculated for C8H12O 125.09609, Observed 125.09579 
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(Z)-cyclooct-4-en-1-ol (2) 

 

Monomer 2 was synthesized according to a literature procedure, and characterization 

matched previous reports.135c 1H NMR (CDCl3, 400 MHz) δ 5.74 – 5.54 (m, 1H), 3.85 – 3.78 

(m, 1H), 2.29 (ddt, J = 18.3, 9.2, 4.0 Hz, 1H), 2.19 – 2.05 (m, 3H), 1.98 – 1.80 (m, 2H), 1.76 – 

1.45 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 130.28, 129.68, 72.87, 37.86, 36.41, 25.79, 25.00, 

22.91. HRMS (m/z): [M+ H] + Calculated for C8H14O 127.1117, observed 127.1116. 

9-methoxyphenanthrene  

 

The model small molecule 9-methoxyphenanthrene was synthesized according to a 

literature procedure with the following modifications.136 9-phenanthanol (4.0 g, 1 equiv, 

20.59 mmol) and potassium carbonate (4.27 g, 1.5 equiv, 30.89 mmol) were refluxed in 

acetone (20 mL) for 1 hour.  Methyl iodide (2.56 mL, 2 equiv, 41.18 mmol) was added 

dropwise and refluxed overnight.  The reaction progress was monitored by TLC and up 

to 1 additional equivalent of methyl iodide was added as necessary.  After 18 hours, the 

reaction mixture was cooled, added to ethyl acetate, and washed with water 3 times, 

then brine, then dried with sodium sulfate.  The mixture was then dried onto silica, then 

O
LAH

HO

THF

2

OH CH3I
K2CO3

Acetone

O



 

 176 

eluted from the column in pure hexane.  The resulting white solid was recrystallized 

from boiling methanol to give 9-methoxyphenanthrene as flaky white crystals (1.98 g, 

46.1%).  1H NMR (CDCl3, 500 MHz) δ 8.68 (d, J = 8.1 Hz, 1H), 8.62 (d, J = 8.0 Hz, 1H), 8.43 

(d, J = 8.0 Hz, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.68 (dt, J = 15.0, 7.8 Hz, 2H), 7.56 (dt, J = 22.9, 

7.2 Hz, 2H), 7.01 (s, 1H), 4.10 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 153.64, 133.03, 131.36, 

127.42, 127.24, 126.98, 126.68, 126.58, 126.49, 124.33, 122.64, 102.03, 55.52.  HRMS (m/z): 

[M+ H] + Calculated for C15H12O 209.09609, Observed 209.09603. 

High Molecular Weight P1 Polymers 

 

A stock solution of Grubbs second generation catalyst (100 µL, 0.6 mg, 0.0007 mmol, 1 

equiv) in dichloromethane was charged to monomer 1 (150 mg, 1.208 mmol, 1700 eqiv) 

in a scintillation vial.  Additional DCM was added as necessary to maintain stirring.  

After 45 minutes, 3-4 mL of ethyl vinyl ether that had been previously purified by 

passing through silica was added to quench the reaction.  Quadrasil (9.0 mg, 0.0134 

mmol, 200 equiv) was added and the mixture was stirred overnight.  Then the reaction 

was filtered through a celite plug and the polymer precipitated in cold methanol 3 times 

to yield P1 as a white polymer (21.1 mg).  See Figure 89 for a representative 1H NMR.  
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Low Molecular Weight P1 Polymers 

 

1-hexene (23.5mg, 0.280 mmol, 28 equiv) was charged to monomer 1 (2.250g, 18.1 mmol, 

1700 eqiv) in a scintillation vial.  A stock solution of Grubbs second generation catalyst 

(100 µL, 9 mg, 0.010 mmol, 1 equiv) in dichloromethane was added. DCM was added as 

necessary to maintain stirring and the reaction was run over night.  3-4 mL of ethyl vinyl 

ether that had been previously purified by passing through silica was added.  After 1 

hour, the polymer was precipitated into cold methanol and centrifuged 3 times to yield 

176 mg of P1 as a clear oil. See Figure 111 for a representative 1H NMR. 

High Molecular Weight P2 Polymers 

 

 

Monomer 1 (70.7 mg, 0.570 mmol, 850 equiv) was charged to a flask with monomer 2 

(71.9 mg, 0.570 mmol, 850 equiv).  A stock solution of Grubbs second generation catalyst 

(100 µL, 0.6 mg, 0.0007 mmol, 1 equiv) was added.  After 10 minutes, 0.5 mL of DCM 

was added.  The viscosity was monitored and additional DCM added as necessary to 

keep the solution stirring.  After 15 hours, 3-4 mL of ethyl vinyl ether that had been 

O

1

Grubbs II O

P1

O

1

Grubbs II

24 hrs

HO

2

O

OH

P2

m n
+



 

 178 

previously purified by passing through silica was added and the reaction was stirred for 

1 hour.  The polymer was purified by precipitating 3 times in methanol to yield P2 as a 

white solid (70.7 mg). See Figure 103 for a representative 1H NMR. 

Low Molecular Weight P2 Polymers 

 

Monomer 1 (1.12 g, 9.0 mmol, 850 equiv) was charged to a flask with monomer 2 (1.14 g, 

9.0 mmol, 850 equiv) and 1-hexene (27.1 mg, 0.321mmol, 28 equiv).  A stock solution of 

Grubbs second generation catalyst (200 µL, 9.0 mg, 0.01 mmol, 1 equiv) was added.  

DCM was added as necessary to maintain stirring and the reaction was run over night.  

3-4 mL of ethyl vinyl ether that had been previously purified by passing through silica 

was added.  After 1 hour, the polymer was precipitated into cold methanol and 

centrifuged 3 times to give 549 mg of P2 as a clear oil. See Figure 113 for a representative 

1H NMR. 

P3 Polymers 

 

Monomer 1 (71 mg, 0.570 mmol, 850 equiv) was charged to a flask with monomer 2 (109 

mg, 0.570 mmol, 850 equiv).  A stock solution of Grubbs second generation catalyst (200 
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µL, 9.0 mg, 0.01 mmol, 1 equiv) was added.  DCM was added as necessary to maintain 

stirring and the mixture was stirred overnight.  3-4 mL of ethyl vinyl ether that had been 

previously purified by passing through silica was added.  After 1 hour, the polymer was 

precipitated into cold methanol 3 times to give 87.6 mg of P3 as a white solid. See Figure 

120 for a representative 1H NMR. 

6.5.3 Stability of P1 Polymers 

Numerous polymers were made throughout this study.  Whenever possible, 

polymers were sonicated on the same day as they were prepared to avoid degradation 

and cross-linking.  Occasionally polymers were stored in THF solution overnight in a 

flammable safe refrigerator prior to sonication.  Polymers cross-linked quickly when 

stored dry, and initial attempts to purify polymers by precipitation alone were not as 

successful as those with added Quadrasil. The molecular weights of P1 polymers in 

particular were higher than predicted based on the ratio of catalyst to monomer, 

indicating that some cross-linking and branching has occurred.   

To determine the stability of a P1 polymer over time, P1125 was synthesized and 

left at room temperature in a THF solution for 48 hours.  The retention time of the 

polymer did shift over this time period (Figure 86).  The calculated molecular weight of 

the polymer does decrease between 24 and 48 hours after preparation.  After 48 hours, 

molecular weight determination is complicated by precipitation of the polymer (Table 
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13).  1H NMR shows no indication of isomerization (Figure 87).  The polymers in this 

study were always tested within 24 hours of preparation. 

Table 13: Stability of P1125 over 48 hours. 

Time (hr) Polymer Mn (kDa) Mw (kDa) PDI 
0 P1125 126 219 1.73 

24 P1125 125 198 1.58 
48 P1125 52 99 1.89 

 

 

Figure 85: P1 stability over time 

Relative light scattering intensity for P1125 for the 90 degree detector shortly 
after purification (red), after 24 hours (blue), and after 48 hours (green). 
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Figure 86: 1H NMR (400 MHz, CDCl3) of P1125  

The 1H NMR taken immediately after purification (pink), after 24 hours (blue), 
and after 48 hours (green). 
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6.5.4 Sonication of P1 Polymers 

Determining E/Z ratio of P1590  

 

Figure 87: The 13C NMR (CDCl3, 100 MHz) of P1590. 

 

Figure 88: A region of the 13C NMR from Figure 86.   

The peak assignments used to determine the E/Z ratio are shown.  The E/Z 
ratio is the average of C2E/C2Z and C1E/C2Z. 
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Sonication of P1590  

 

Polymer P1590 was sonicated in THF at a concentration of 1.0 mg/mL under standard 

conditions.  After sonication, the solvent was removed by rotary evaporation to collect 

the sonicated polymer.  

 

Figure 89: Sonication of P1590 

GPC traces (left) and calculated molecular weights (right) after every 30 
minutes of sonication time for P1590. 
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Percent Isomerization of P1590 by 1H NMR 

% trans epoxide= ((Htrans)/(Hvinyl))*100 = 20.8% 

Hvinyl= ∫ 5.41- 4.93 = 1.87 

Htrans= ∫ 2.75-2.85 = 0.39 

Percent Isomerization per Scission Cycle 

A scission cycle is defined by equation 13. Percent isomerization is defined by 

equation 14. 

𝑆𝑐𝑖𝑠𝑠𝑖𝑜𝑛	𝑐𝑦𝑐𝑙𝑒 = 	 ��(%&%'%()	o�):��	(\%&()	o�)
�� ?

  (13) 

%	𝐼𝑠𝑜𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = %	�^c�a]%�('%c&	��	�o�
^b%^^%c&	b�b)a

  (14) 

 

Figure 90: 1H NMR (500 MHz, CDCl3) of P1590 prior to sonication 
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Figure 91: 1H NMR (500 MHz, CDCl3) of P1590 after sonication 
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Figure 92: 1H NMR (500 MHz, CDCl3) of P1590  

The 1H NMR before sonication (red) and after sonication (blue). The inlay 
shows the region with the resonance corresponding to the new trans-epoxide 

resonance. 
 

Table 14: Average isomerization per scission cycle for duplicate P1 polymers 

Name Mn (kDa) Final Mn (kDa) Percent Isomerization per Scission Cycle 
P1590a P1125 592 6.8 
P1590b P1125 589 4.0 
P1150c P1125 152 8.3 
avg   6.4 

std dev   2.2 
a. This is the same polymer P1590 as in Table 12.  
b. This is a duplicate of P1590.  
c. This polymer was sonicated for 60 minutes.  
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Sonication of P1590 in the presence of 9-phenanthrol  

 

Polymer P1590 was dissolved in a solution of 0.1M 9-phenantrol in 

tetrahydrofuran (THF) and sonicated under standard conditions. After sonication, the 

solution was concentrated and precipitated twice into cold methanol to collect the 

sonicated polymer.  

Percent trapping by 1H NMR  

% trans epoxide= (Htrans)/(Hvinyl)= 17.6% 

% trapping= (Haromatic/9)/(Hvinyl)= 18.4% 

Haromatic= ∫ 7.3-8.1 = 2.54 

Hvinyl= ∫ 5.41- 4.93  = 1.53 

Htrans= ∫ 2.75-2.85 = 0.27 
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Figure 93: 1H NMR (500 MHz, CDCl3) after sonication of P1590 in the presence 
of 9-phenanthrol.   

A 1H NMR of P1590 prior to sonication is shown in Figure 89. 

 

Figure 94: 1H NMR (500 MHz, CDCl3) of P1590 after sonication 
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Before (red) and after (blue) sonication in the presence of 9-phenanthrol. 

 

Figure 95: Comparing 1H NMR of 9-phenanthrol to the sonicated P1590 

Overlay of 1H NMR (500 MHz, CDCl3) in the aromatic region after sonication 
(red) and the small molecule 9-phenanthrol, as purchased from Sigma-Aldrich (blue). 
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Figure 96: Characterization of P1590 during sonication in 9-phenanthrol 

Top left: The normalized light scattering signal for aliquots taken after 
different amounts of sonication time.  Top right: The number average and weighted 

average molar mass measured by determined by SEC-MALS over increased 
sonication time. Bottom left:  The UV-vis absorbance signal at 254 nm for aliquots 

taken at different sonication times.  Bottom right: The UV detector voltage at 254 nm 
for the polymer before sonication (black), and the same solution was re-ran on GPC 
after the sonication was completed, 4.5 hours later (pink).  The maximum refractive 

index signal occurs at a retention time of 11.85 minutes. 
 

Room Temperature Control Experiment  

GPC was ran on the solution of polymer and 9-phenanthrol in THF prior to 

sonication experiment.  The same solution, which had been sitting at room temperature 

during the sonication experiment, was re-ran on GPC immediately after the sonication 
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experiment was completed.  No increase in absorbance at the retention time that the 

polymer was eluted was observed (Figure 97). 

 

Figure 97: UV vis spectra of P1590  

The UV-vis spectra collected at the retention time at the peak of the RI signal 
intensity for polymer P1590 before (black) and after (red) sonication in a solution of 9-

phenanthrol. 
 

Calculation of Percent Trapping by Mass from UV-vis  

The percent trapping by 9-phenanthrol was determined according to the 

following Equation 15: 

𝑤𝑡	%	𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔 = 	�(^^	da'a]�%&ad	��	��
�(^^	da'a]�%&ad	��	��

∗ 100  (15) 

To determine the mass by UV, the Astra software was configured to use the UV 

detector at 254 nm as the concentration source.  The mass eluted over the entire UV peak 

was determined by the software based on the extinction coefficient of 9-

methoxyphenathrol.  To determine the mass by RI, 100% mass recovery of the polymer 
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was assumed.  The weight percent of 9-phenanthracene is 9.1% and the molar percent of 

9-methoxyphenanthracene is 5.9%.  

Calculation of Percent Trapping by “Protein Conjugate Analysis”  

The percent trapping by 9-phenanthrol was determined using the Astra software 

procedure “Protein Conjugate Analysis”, which uses equations 16 and 17 to take into 

consideration the influence of trapping on the refractive index of the polymer in 

addition to the change in absorbance.  

�d&
db
�
bc&�`�('a

= 𝑥_c)��a] �
d&
db
�
_c)��a]

+ (1 − 𝑥_c)��a]) �
d&
db
�
D:�a'tc|�_ta&

 (16) 

𝜀bc&�`�('a = 𝜀_c)��a] ∗ 𝑥_c)��a] + 𝜀D:�a'tc|�_ta&(1 − 𝑥_c)��a])  (17) 

The extinction coefficient of the polymer at 254 nm (0 mg mL-1 cm-1) and the 

dn/dc of the polymer prior to sonication (0.0859 mL g-1) are entered into the software as 

the main component.  The extinction coefficient (221.0 mg mL-1 cm-1) and dn/dc of 9-

methoxyphenanthracene (0.2580 mL g-1) are entered as the “modifier”.  The weight 

percent of 9-phenanthrene is 6.0%, and the molar percent of 9-phenanthrene is 3.9%.  
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Determination of Extinction Coefficient of 9-methoxyphenanthrene 

 

Figure 98: Calculating molar absorptivity of 9-methoxyphenanthracene 

Left: Spectra of various concentrations of 9-methoxyphenanthracene in THF.  
Right: Beer’s law plot at 254 nm, the wavelength that is used for GPC calculations.  

The molar absorptivity is 221.0 mg mL-1 cm-1. 
 

Determination of Refractive Index Increment of 9-methoxyphenanthrene  

The following concentrations of 9-phenanthrol were prepared in HPLC-grade 

THF by weight (not as a serial dilution): 0.150 mg/mL, 0.285 mg/mL, 0.412 mg/mL, 0.656 

mg/mL, 0.829 mg/mL, and 1.055 mg/mL.  The THF solvent was passed through the 

Wyatt Optilab T-rEX RI detector with a syringe pump at a flow rate of 0.3 mL/min, 

followed by each of the concentrations.  Each solution was pumped through until 

several minutes of data were collected.  After the highest concentration was ran, the THF 

solvent was ran again to set a baseline. The Astra procedure “dn/dc from RI” was 

applied to the data to calculate dn/dc = 0.2580 ± 0.0047 mL/g , r2 = 0.9987. 
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Figure 99: Calculating the refractive index increment of 9-
methoxyphenanthrene 

Left: The refractive index measured over the time of the experiment, where 
each plateau corresponds to a different concentration of 9-methoxyphenanthrol 

flowing through the detector. Right: The slope of the linear regression of the 
refractive index measured for each concentration gives the refractive index increment. 

 

6.5.5 Mechanical Activation of Latent Cross-linking 

Comparison of PDI for P1590 Sonication Experiments 

We observed that when 9-phenanthrol was present, the PDI of the polymer 

decreased during sonication.  When the same polymer was sonicated without 9-

phenanthrol, the PDI increased.  Typically PDI decreases with sonication time as larger 

polymers are broken in half.  In previous work, increasing PDI indicated some cross-

linking.55a 
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Figure 100: The change in PDI during sonication  

Sonication of P1590 with (red) and without (black) 9-phenanthrol. 
 

Sonication of P1420 Above the Overlap Concentration  

 

In order to investigate whether the polymer could crosslink with itself, Polymer 

P1420 was sonicated at a concentration of 16.8 mg/mL, above c*= 5.8 mg/mL.   
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Figure 101: Sonication of P1420 

Light scattering signal (90°) from SEC-MALS for aliquots taken at different 
sonication times (right). Mn and Mw both decrease with increased sonication time 

(left). 
 

The calculated molecular weight of the polymer did not increase. However, the 

light scattering intensity reaches its maximum at a shorter retention time after the 

polymer is sonicated, indicating that some cross-linking may be occurring. 
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Figure 102: 1H NMR (400 MHz, CDCl3) of P2190 prior to sonication 

The region integrated to determine the monomer content is shown. 

 

Figure 103: 1H NMR (400 MHz, CDCl3) of P2190 prior to sonication. 
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Sonication of P2 Polymers 

 

P2 polymers were sonicated under identical conditions as P1 polymers, but at 

different concentrations as specified.  

 

Figure 104: Sonication of P2190 at Low Concentration (1 mg/mL) 

Molecular weight degradation during sonication at 1.0 mg/mL of polymer P2230 
in THF (left) and light scattering signals from SEC-MALS for aliquots taken at 

different sonication times (right). 
 

Polymer P2230 was sonicated for 120 minutes at 10 mg/mL, above the overlap 

concentration c*= 3.5 mg/mL (see section on overlap concentration calculation). 
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Figure 105: Sonication of P2230 at an intermediate concentration (10 mg/mL) 

Light scattering signals from SEC-MALS for aliquots taken at different 
sonication times (right) and molecular weight degradation (left) during sonication at 

10 mg/mL of polymer P2230 in THF. 
 

Polymer P2230 was sonicated for 120 minutes at 20 mg/mL, above the overlap 

concentration c*= 3.5 mg/mL (see section on overlap concentration calculation). 

 

Figure 106: Sonication of P2230 at high concentration (20 mg/mL) 

Light scattering signals from SEC-MALS for aliquots taken at different 
sonication times (right) and molecular weight degradation (left) during sonication at 

20 mg/mL of polymer P2230 in THF. 
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Figure 107: Photos of sonicator tip after sonication of P2230 at 20 mg/mL 

Only slight gelation is visible on the sonicator tip, and it was not apparent 
until the sonication tip was cleaned. Photos were taken with an iPhone 5s and 

unedited. 

6.5.5 Control Experiments 

Polymer P18 was dissolved in 0.1 M 9-phenanthrol at 1.5 mg/mL and sonicated 

under standard conditions for 120 minutes. After sonication, the solution was 

concentrated and precipitated 2 times into cold methanol to collect the sonicated 

polymer for 1H NMR.  The absorbance at 254 nm is shown in Figure 84D. 
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Figure 108: Sonication of P18 

Normalized light scattering intensity (left) and number average and weighted 
average molar mass (right) for aliquots taken out at different sonication times.  The 

control solution was left under ambient conditions for the duration of the experiment 
(~4.5 hours) before running on GPC. 

 

Figure 109: 1H NMR (500 MHz, CDCl3) of Polymer P18  

Spectra before sonication (red) and after (blue) sonication in a 0.1 M solution 
of 9-phenanthrol in THF are shown.  Following sonication, the polymer solution is 
concentrated then precipitated twice in cold methanol prior to taking the 1H NMR. 
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Polymer P120 was dissolved in THF at 35.1 mg/mL, above c*= 16.8 mg/mL (see 

section on calculation of the overlap concentration), and sonicated for 120 minutes. 

Aliquots were taken for GPC and after sonication the solvent was removed by rotary 

evaporation for 1H NMR. 

 

Figure 110: Sonication of P120 above the overlap concentration 

Normalized light scattering intensity (left) and number average and weighted 
average molar mass (right) for aliquots taken out at different sonication times.  The 

control solution was left under ambient conditions for the duration of the experiment 
(~4.5 hours) before running on GPC. 
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Figure 111: 1H NMR (500 MHz, CDCl3) of P120  

Spectra before (red) and after (blue) sonication above the overlap 
concentration at 35.1 mg/mL. The new peaks at 1.85 and 3.74 in the blue spectra are 

THF, the solvent for the sonication experiment. 
 

Polymer P230 was dissolved in THF at a concentration of 32.7 mg/mL, above c*= 

16.9 mg/mL (see section on calculation of the overlap concentration, and sonicated for 

120 minutes.  Aliquots were taken for GPC and after sonication the solvent was removed 

by rotary evaporation for 1H NMR.  
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Figure 112: Sonication of P230 above the overlap concentration 

Normalized light scattering intensity (left) and number average and weighted 
average molar mass (right) for aliquots taken out at different sonication times.  The 

control solution was left under ambient conditions for the duration of the experiment 
(~4.5 hours) before running on GPC. 

 

Figure 113: 1H NMR (500 MHz, CDCl3) of P230  

Spectra before (red) and after (blue) sonication above the overlap 
concentration at 35.1 mg/mL are shown. 
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Determining the Monomer Composition of P230  

Fraction	monomer	2 =
(
·¸N�N¸L¹	¬		ºG�P»

¬ )
·¸N�N¸L¹	¬		ºG�P»

¬ A¼LMNOPIQR	ºG�P»
 = 0.54 

Hvinyl monomer 2 = ∫ 5.549-5.343 = 1.77 

Hvinyl epoxy COD= ∫ 5.338-5.186 = 0.75 

 

Figure 114: 1H NMR (500 MHz, CDCl3) of P230 prior to sonication 

Regions integrated to determine the monomer content are shown. 
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the volume of the system and polymers are in contact with each other. It was calculated 

5.055.105.155.205.255.305.355.405.455.505.555.605.655.705.755.805.855.905.956.006.056.106.15
f1 (ppm)

0
.7

5

1
.7

7

0
.8

4

5
.3

1

5
.3

9

5
.9

3



 

 206 

according to a previously published method.13 Overlap concentrations are shown in 

Table 15. 

Table 15: Overlap concentrations for polymers used in  
cross-linking experiments. 

Name Mn (kDa) Mw (kDa) PDI Rg (nm) C* (mg/mL) 
P1420 416 684 1.64 36.0 5.8 
P120 21 28 1.30 8.66* 16.8 
P2190 192 318 1.66 32.8 3.6 
P2230 321 442 1.82 36.7 3.5 
P230 32 40 1.27 9.4* 6.9 

* calculated by linear regression of Rg vs. M1/2 for a larger polymer of the same 
composition.  

Determining the Overlap Concentration of P1420 

𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑎	𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =
4
3𝜋𝑅�

> 

𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑎	𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =
4
3𝜋(3.60 ∙ 10

:C𝑐𝑚)> = 1.95 ∙ 10:8C𝑐𝑚> 

1	𝑝𝑜𝑙𝑦𝑚𝑒𝑟
1.95 ∙ 10:8C𝑐𝑚> ∙

1	𝑚𝑜𝑙
6.022 ∙ 10?>	𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑠 ∙

442,300𝑔
𝑚𝑜𝑙 = 0.0058

𝑔
𝑐𝑚> = 5.8	

𝑚𝑔
𝑚𝐿 

Determining the Overlap Concentration of P120 

Since the molecular weight of polymer P120 is low, the radius is less than 10 nm 

and cannot be determined from SEC-MALS using a Debye plot.  In order to determine 

radius of polymer P120, the relationship between Rg and mass is determined for a larger 

polymer, polymer P1420.   The mass and radius are recorded at several retention times 

across the light scattering peak for a GPC run of P1420.  The radius should scale linearly 

with the square root of mass for a random coil polymer, as shown in Figure 116.  The 

calculated Rg is determined from the linear regression constrained to the origin.  
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Figure 115: The radius of gyration as a function of the square root of  
the molar mass for P1420. 
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Determining the Overlap Concentration for P2190 
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Determining the Overlap Concentration for P2230 
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1	𝑝𝑜𝑙𝑦𝑚𝑒𝑟
2.07 ∙ 10:8C𝑐𝑚> ∙

1	𝑚𝑜𝑙
6.022 ∙ 10?>	𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑠 ∙

442,300𝑔
𝑚𝑜𝑙 = 0.0035

𝑔
𝑐𝑚> = 3.5	

𝑚𝑔
𝑚𝐿 

Determining Overlap Concentration of P230 

Polymer P230 is also smaller than 10 nm, so a linear regression is performed in the 

same manner as for polymer P120.   

 

Figure 116: The radius of gyration as a function of the square root  
of the molar mass for P2190.   

𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑎	𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =
4
3𝜋𝑅�

> 

𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑎	𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =
4
3𝜋(9.42 ∙ 10

:6𝑐𝑚)> = 3.94 ∙ 10:8@𝑐𝑚> 

1	𝑝𝑜𝑙𝑦𝑚𝑒𝑟
3.94 ∙ 10:8@𝑐𝑚> ∙
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6.022 ∙ 10?>	𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑠 ∙

40,200𝑔
𝑚𝑜𝑙 = 0.0169

𝑔
𝑐𝑚> = 16.9	

𝑚𝑔
𝑚𝐿 

6.5.7 Single Molecule Force Spectroscopy 

Polymer P3280 was used for force spectroscopy according to previously reported 

methods.42a 

0 500 1000 1500
0

20

40

60

80

M1/2 (g/mol)

R
ad

iu
s 

(r
g)

Y= 0.047X
r2= 0.95



 

 209 

 

Figure 117: GPC chromatogram for P3280. 

The extension curves were fit to the extended freely jointed chain model 

following previously published procedures.  One plateau was observed in SMFS force 

curves for P3280 (Figure 119).  The average F* was ~1417 ± 67 pN (Table 16), while the 

literature value of F* for gDCC is ~1330 pN,58a within the margin of error.  

Table 16: SMFS data list for P3280. 
 

gDCC content F* (gDCC ring-
opening) 

L1 (nm) L2 (nm) L2/L
1 

Fmax  

P3280-1 0.6 1258.42 256.68 291.59 1.14 2290 
P3280-2 0.6 1383.89 218.28 249.43 1.14 2398 
P3280-3 0.6 1483.16 426.99 481.67 1.13 2065 
P3280-4 0.6 1476.53 487.41 550.95 1.13 2525 
P3280-5 0.6 1394.61 407.62 465.26 1.14 2678 
P3280-6 0.6 1474.52 621.22 688.17 1.11 1877 
P3280-7 0.6 1441.44 525.22 588.11 1.12 2695 
P3280-8 0.6 1381.84 197.95 216.74 1.09 2008 
P3280-9 0.6 1432.42 487.46 551.56 1.13 2158 

P3280-10 0.6 1439.11 392.16 431.11 1.10 1882 
Avg  1416.59   1.12  

Std dev  67.11   0.02  
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Figure 118: A complete force curve for P3280  

Fits to contour length before (L1) and after (L2) the plateau corresponding to 
the ring-opening of gDCC are shown. The maximum force achieved is around 2400 

pN, and no additional plateau for epoxide isomerization is observed. 

 

Figure 119: Determining the characteristic force for gDCC in P3280 

F* for gDCC ring-opening is determined by the inflection point of the force-
distance curve for a representative polymer P3280, which is found by fitting to the first 

and second derivative.  This process is described in detail elsewhere.25 
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The experimentally measured change in contour length was also compared to the 

theoretical prediction for the ring opening of gDCC using Equation 18:  

EF
EG
=

ÊE¬,kuËGÌÍ»N¹j»ÎL�L∗KÏRIIÐA	(ELMNOP	IQR∗KLMNOP	IQR)
(EÏRII∗KÏRII)A	(ELMNOP	IQR∗KLMNOP	IQR)

   (18) 

where L is the end to end distance determined from COGEF modeling41a and χ is 

the mole fraction determined by 1H NMR. Results are summarized in Table 17. 

Table 17: Theoretically determined extension ratios for P3280. 

 gDCC content (1H 
NMR) 

Lf/Li (SMFS) Lf/Li (GOGEF) 

P3280 0.60 1.12 ± 0.02 1.10 

 

The mole fraction of gDCC in P3280 is determined by 1H NMR (Figures 119 and 

120).  

Fraction	𝑔DCC =
(
·ÏRII	ºG�P»

¬ )
·ÏRII	ºG�P»

¬ A¼LMNOPIQR	ºG�P»
 = 0.60 

Hvinyl gDCC= ∫ 5.548-5.339 = 1.93 

Hvinyl epoxy COD= ∫ 5.346-5.151 = 0.65 
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Figure 120: 1H NMR of P3280 (500 MHz, CDCl3). 

 

Figure 121: 1H NMR spectra (500 MHz, CDCl3) for P3280. 

Regions integrated to determine gDCC content of P3280 are shown. 
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Force-free contour lengths were determined with Spartan ’16 modeling software 

using semi-empirical AM1 level of theory.  Methods are detailed elsewhere,58a but 

briefly, the end-to-end distance is constrained in increments of ~ 0.2 Å and the energy is 

calculated for each distance. The relative energy is plotted as a function of distance and 

fit to a quadratic.  The first derivative of the fit gives a linear relationship between force 

and distance.  Contour length is calculated as the length at zero force. Each monomer 

contour length is determined three times and the average is used to calculate theoretical 

extension.  

 

Figure 122: Cis-epoxide structure used for COGEF 

The structure modeled to determine the contour length for the cis-epoxide 
monomer.  The constraint was between the atoms indicated with red circles. 

 

 

Figure 123: A representative COGEF model of contour length for cis-epoxide 
monomer.  

Left: Quadratic fit to energy vs. distance. Right: The force-distance plot 
obtained from the first derivative of the quadratic fit. The average of three 

experiments gave a contour length of 9.52 Å, or 0.952 nm. 
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Figure 124: gDCC structure used for COGEF 

The structure modeled to determine the contour length for the cis-gDCC 
monomer.  The constraint was between the atoms indicated with red circles. 

 

Figure 125: A representative COGEF model of contour length for cis-gDCC 
monomer.  

Left: Quadratic fit to energy vs. distance. Right: The force-distance plot 
obtained from the first derivative of the quadratic fit. The average of three 

experiments gave a contour length of 9.45 Å, or 0.945 nm. 

 

Figure 126: (Z) 2,3-dichloroalkene used for COGEF 

The structure modeled to determine the contour length for (Z) 2,3-
dichloroalkene.  The constraint was between the atoms indicated with red circles. 
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Figure 127: A representative COGEF model of contour length for (Z) 2,3-
dichloroalkene product.  

Left: Quadratic fit to energy vs. distance. Right: The force-distance plot 
obtained from the first derivative of the quadratic fit. The average of three 

experiments gave a contour length of 11.06 Å, or 1.106 nm. 
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7. Conclusions 
At the time I joined the lab, mechanochemistry was well-established, with 

significant theoretical and experimental work about the nature of mechanochemical 

reactions completed. Reversible and repeatable activation in bulk materials had recently 

led to the development of mechanochemically active devices and the mechanochemical 

ring-opening of spiropyran had just been characterized on the single molecule level.  

There were opportunities available to exploit mechanochromism as a tool for materials 

science and there were lots of questions about how to control mechanochromism, from 

the perspective of the molecular structure to the macroscopic material.  

As part of my PhD work, I have worked with numerous collaborators to 

expanding the spiropyran toolkit across multiple length scales from single molecules to 

bulk elastomers.  We introduced new derivatives of spiropyran and characterized their 

force-rate behavior, using the tools of physical organic chemistry to for mechanistic 

insights for the mechanochemical reaction (Chapter 2).  With spiropyrans that ring-open 

at different forces in hand, we incorporated them into bulk materials as molecular level 

probes, which has resulted in new questions about the relationship between 

macroscopic strain and molecular level force distributions (Chapter 3). We exploited 

mechanochromism as an at-a-glance warning prior to failure in stretchable electronics, 

bringing added function to devices by programming the strain at the onset of color by 

through tuning composite architecture (Chapter 4).  To connect core concepts in general 
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chemistry, we connected several aspects of mechanical reactivity at play in the 

spiropyran ring-opening reaction through a team-based learning course module 

(Chapter 5). Finally, we also completed a study of mechanochemical ring-opening of 

epoxides assisted by adjacent alkenes, with our results reinforcing key principles of 

mechanochemical reactivity (Chapter 6).   

There is still much to learn and develop in our understanding of the interplay 

between molecular-to-material level control over mechanochemical reactions.  The 

molecular level force distribution within polymer networks that we observed with 

spiropyran force probes substituted meta to the breaking sp3 C-O bond (Chapter 3) was 

unexpected.  In the future, additional theoretical and experimental work will probe the 

force distribution in polymer networks and the role that network structure, identity, and 

components play in the interplay between macroscopic and molecular.  

It is also unclear how strain rate influences molecular level force distribution and 

the transduction of macroscopic force to mechanochemical reactions.  All the studies of 

reactivity in bulk materials in this dissertation are quasi-static, with strain rates on the 

order of 1-5 sec-1, but many synthetic materials experience impact strain rates that are 

several orders of magnitude greater.  To that end, we have recently completed the first 

proof-of-concept experiments with mechanochromic polyurethane foams that have 

similar mechanical properties to protective helmet padding in collaboration with the 

Army Research Lab. We hope that we will be able to test this material platform for high 
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strain rate impacts to improve protection from brain injury and that it will also provide 

insight into the transduction of force to the molecular scale.  

Our initial explorations with mechanochromic polyurethane also serve as a 

reminder that there are many widely used functional materials that might benefit from 

the added function of mechanochromism. Previously, there only one material platform 

(filled PDMS) exhibiting reversible and repeatable shape recovery and 

mechanochromism.      Mechanochemistry in bulk materials also doesn’t have to be 

limited to color change or luminescence.  Color change can be thought of a surrogate for 

other mechanochemical responses, such as catalysis or small molecule release.  

Strategies form amplification could help overcome limited mechanochemical activation 

in bulk materials, providing orders-of-magnitude increase in output.  

When I first started learning about mechanochemistry as undergraduate student, 

I loved the idea of understanding and controlling reactivity via mechanical force.  As 

part of my doctoral work, I have been a part of pushing our fundamental understanding 

forward and utilizing mechanochromism to create functional materials.  I’m very 

blessed to have spent a few years collaborating with incredible people to explore 

interesting science.  I’m so grateful that I got to play a small part.  
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Appendix A: Tips and Tricks for Spiropyran Synthesis 

The full synthetic procedures for the compounds included here are available in 

literature.33 In order to share updates we have made to the synthesis and pass on tips 

and tricks we have learned over the course of the last 5 years, additional details have 

been included with the intention that this will be a useful resource for future students 

and collaborators. Thank you to Ashish Pandaya, Gregory Gossweiler, David Gooden, 

Jame Berry, and Yangju Lin for many helpful conversations leading to these tips and 

tricks. 

Esterification of SP-NO2 for use in Pt-cured silicone networks 

 

 

  To an oven dried round bottom flask, 1'-(2-hydroxyethyl)-3',3'-dimethyl-6-

nitrospiro[chromene-2,2'-indolin]-8-ol (3.0 g, 8.14 mmol, 1 equiv) was added under 

nitrogen.  Dry dichloromethane (40 mL) was added, followed by 4-

dimethylaminopyridine (0.099 g, 0.814 mmol, 0.1 equiv). The dark green suspension was 

stirred and 4-pentenoic anhydride (3.20 mL, 17.51 mmol, 2.15 equiv) was added in 3 
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separate aliquots, with 15 minutes between each addition.  The solution turned blue, 

then finally purple as the solid dissolved.  

 

Figure 128: Photos and TLC at the start of the reaction 

Reaction after last addition of pentenoic anhydride (left).  TLC was ran 
immediately after the addition in 5% MeOH in DCM and shown before (center) and 

during (right) irradiation by UV lamp. 
 

The reaction was stirred overnight (16 hours) under nitrogen.  The solution was a 

slightly more magenta purple compared to the previous night. 
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Figure 129: TLC after running the reaction prior to work-up 

TLC of the reaction in 5 % MeOH in DCM after stirring overnight before (left) 
and during (right) UV irradiation. 

 

The reaction mixture was poured into a separatory funnel and extracted with 

concentrated sodium bicarbonate solution (75 mL). The aqueous solution remains 

colorless and is slightly cloudy. The organic layer was then extracted with 1 N HCl 

solution (75 mL), which turns light yellow.  The organic layer is washed with DI water (2 

x 75 mL).  Some purple emulsion forms during the water washes, after ~15 minutes the 

emulsion separates.  The organic layer is extracted with brine, then dried with sodium 

sulfate for ~15 minutes. 
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Figure 130: Aqueous extraction 

The extraction during one of the water washes (left) and TLC in 5% MeOH in 
DCM after all the extractions were complete (right picture, left TLC plate). 

 

The dark purple solution was rotavaped to give a dark purple oil.  The vacuum 

on the rotavap was not turned up all the way after removing the solvent and the flask 

was not placed on the high vac prior to recrystallization.  Some DCM likely remains in 

the oil (this might be helping with solubility in pet ether). Petroleum ether (300 mL) was 

brought to a boil on a hotplate, then poured into the purple oil.  This resulted in a light 

purple solution, with some insoluble purple material. 
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Figure 131: Photos of the crude product 

The purple oil after rotary evaporation (left), the solution of hot pet ether with 
the purple oil just before filtration (center), and the insoluble purple material left 

after filtering (right). 
 

This mixture was stirred for 2-3 minutes without additional heating, then passed 

through filter paper and left to crystallize.  Within minutes, light yellow crystals form on 

the side of the flask.  After half an hour, the flask was placed in the flammable 

refrigerator overnight.  Greenish yellow crystals (2.95 g) were collected by vacuum 

filtration and rinsed with pet ether. The liquid was kept and concentrated to about a 

quarter of its original volume and placed in the flammable refrigerator overnight.  

Additional crystals (260 mg) formed and were collected in the same way for a total yield 

of 74%.  
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Figure 132: Photos of the recrystallization 

The solution immediately after filtration (left) with crystals beginning to form 
after just a few minutes (center). The crystals were collected the next day (right). 

 

During a replication, 250 mL of boiling pet ether was added instead of 300 mL of 

pet ether.  The pet ether solution was much less purple (possibly due to less DCM left).  

Yellow solid began precipitating almost immediately before stirring.  This solid was 

collected and the solution let stand overnight, then additional yellow precipitate was 

collected the next day.  This reaction gave a 57% yield. 
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Figure 133: SP-NO2 product collected from the two separate reactions. 

 

Synthesis of control SP-NO2 for Pt-cured silicones 

 

4-methoxyphenylhydrazine hydrochloride (10.0g, 57.2 mmol, 1 equiv) was 

dissolved in 160 mL of 200 proof ethanol.  Methyl isopropyl ketone (6 mL, 57.2 mmol, 1 

equiv) was added all at once.   The solution was refluxed overnight (~15 hours).  
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Figure 134: Photos of the reaction mixture 

The reaction at the time it was set up (right) and after reflux for 15 hours (left). 

 

The reaction mixture was rotavaped onto silica (~ 30 g) and split it in half, then 

each half was purified on the autocolumn with 80 g of silica each.  Impurities were 

removed at ~20% EtOAc in Hexane, then the solvent was slowly ramped up to 100% 

EtOAc once the product starts eluting.  The fractions were rotavaped to give a dark red 

brown oil (sometimes) or solid.  There is some bright orange impurity with a slightly 

higher rf than the product that is in some of the fractions, but nothing can be seen in 1H 

NMR and there are no problems in the next step.   
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Figure 135: TLC of column fractions ran in 50:50 EtOAc:Hexane.   

The left plate shows fractions with product, right plate shows an impurity that 
was removed by the column. 

 
 

 

5-methoxy-2,3,3-trimethyl-3H-indole (8.79 g, 46.46 mmol, 1 equiv) was dissolve 

in concentrated HBr (150 mL, 8.89 M, 30 equiv) and refluxed for 7 hrs at 120°C. The 

reaction was cooled then neutralized by slowly adding concentrated sodium bicarbonate 

solution to a pH~7.  The solution was extracted with DCM, then the organic layer 

washed with water 3 times. 
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Figure 136: The reaction mixture and TLC 

The reaction before heating is similar in color after heating (left).  TLC in 50:50 
EtOAc:Hex (right) shows a clean conversion, with starting material on the left, co-spot 

in the center, and product on the right. 
 

 

2,3,3-trimethyl-3H-indol-5-ol (9.01 g, 0.052 mmol, 1 equiv) and 2-iodoethanol (6.0 

mL, 0.077 mmol, 1.5 equiv) was added to 75 mL of toluene and refluxed for 12 hours at 

120°C.  After refluxing, the solution was pale yellow/red and a light purple precipitate 

had formed.  The mixture was placed in the flammable fridge for 2 hours, then the solid 

collected and rinsed with cold ethanol to give 5-hydroxy-1-(2-hydroxyethyl)-2,3,3-

trimethyl-3H-indol-1-ium (12.56 g, 71%).  
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5-hydroxy-1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-ium (12.56 g, 36.2 

mmol, 1 equiv) and 2-hydroxy, 5-nitrobenzaldehyde  (6.05 g, 36.2 mmol, 1 equiv) were 

dissolved in 400 mL of 200 proof ethanol.  Piperidine (3.73 mL, 36.2 mmol, 1 equiv) was 

added all at once, then the reaction was heated to 85°C for 12 hours.  After the reaction, 

some precipitate had already formed.  The reaction was concentrated to half volume and 

stored in the flammables fridge for several hours.  1'-(2-hydroxyethyl)-3',3'-dimethyl-6-

nitrospiro[chromene-2,2'-indolin]-5'-ol was collected by filtration and rinsed with cold 

ethanol to give a dark purple solid (12.49 g, 94%).  

 

 

1'-(2-hydroxyethyl)-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-5'-ol (6.0 g, 

16.28 mmol, 1 equiv.) and 4-dimethylaminopyradine (0.99g, 8.14 mmol, 0.5 equiv.) was 

dissolved in 215 mL dichloromethane. 4-petenoic anhydride (6.25 mL, 34.20 mmol, 2.1 
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equiv) was added dropwise via syringe pump.  The reaction was stirred at room 

temperature for 24 hours, then concentrated to half volume and put through a plug of 

basic alumina and eluted with DCM.  The solution was washed with water 3 times, then 

brine, dried over sodium sulfate and concentrated to give 3',3'-dimethyl-6-nitro-1'-(2-

(pent-4-enoyloxy)ethyl)spiro[chromene-2,2'-indolin]-5'-yl pent-4-enoate as a purple oil, 

but depending on how dry it is, this can be any color from yellow to pink to green to 

purple (8.462 g, 98%).  
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