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Abstract 

The addition of mechanically active functional groups (mechanophores) to 

polymer scaffolds has resulted in new chemical transformations and materials 

properties. The novel functions in these polymers are achieved in response to a universal 

input: mechanical force.  This dissertation describes studies that expand our ability to 

elicit and modify chemical reactivity through the application of force 

(mechanochemistry), both through fundamental studies of mechanochemical coupling 

and through the synthesis and characterization of new mechanophores.  

In order to probe mechanochemical coupling, single molecule force spectroscopy 

was used to directly quantify and compare the forces associated with the ring opening of 

gem-dibromo and gem-dichlorocyclopropanes (gDBCs and gDCCs) affixed along the 

backbone of cis-polynorbornene (PNB) and cis-polybutadiene (PB). At a tip velocity of 

0.3m sec-1, the isomerization of gDBC-PNB, gDCC-PNB, gDBC-PB, and gDCC-PB to 

their respective 2,3-dihaloalkenes occurs at 740, 900, 1210 and 1330 pN, respectively. In 

contrast to their relative importance in determining the rates of the thermal gDHC ring 

openings, the polymer backbone has much greater impact on gDHC mechanochemistry 

than does the halogen. The root of the effect lies in more efficient chemomechanical 

coupling through the PNB backbone, which acts as a phenomenological lever with 

greater mechanical advantage than the PB backbone. The ability to affect the reactivity of 
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a mechanophore by polymer backbone manipulation provides a previously 

underappreciated means to tailor mechanochemical response. The experimental results 

are supported computationally and provide the foundation for a new strategy by which 

to engineer mechanical reactivity. 

The ability to increase the reactivity of mechanophores by changing their 

polymer scaffold can lead to the realization of mechanically-induced transformations 

that were otherwise inaccessible. To probe this increased mechanophore reactivity, 

epoxidized polybutadiene and epoxidized polynorbornene were subjected to pulsed 

ultrasound in the presence of small molecules capable of being trapped by carbonyl 

ylides. When epoxidized polybutadiene was sonicated, there was no observable small 

molecule addition to the polymer. Concurrently, no appreciable isomerization (cis to 

trans epoxide) was observed, indicating that the epoxide rings along the backbone are 

not mechanically active under the experimental conditions employed. In contrast, when 

epoxidized polynorbornene was subjected to the same conditions, both addition of ylide 

trapping reagents and net isomerization of cis to trans epoxide were observed. The 

results demonstrate the mechanical activity of epoxides, show that mechanophore 

activity is determined not only by the functional group but also the polymer backbone in 

which it is embedded, and facilitate a characterization of the reactivity of the ring 

opened dialkyl epoxide.  
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Commercially available fluorinated polymers were also investigated as 

previously unrealized mechanophore-bearing polymers and as candidates for thermally 

re-mendable materials by examining their response to applied stress. 

Perfluorocyclobutane (PFCB) polymer solutions were subjected to pulsed ultrasound, 

leading to mechanically induced chain scission and molecular weight degradation. 19F 

NMR revealed that the new, mechanically generated end groups are trifluorovinyl 

ethers formed by cycloreversion of the PFCB groups – a process that differs from 

thermal degradation pathways. One consequence of the mechanochemical process is 

that the trifluorovinyl ether end groups can be re-mended simply by subjecting the 

polymer solution to the original polymerization conditions, i.e., heating to >150°C. 

Stereochemical changes in the PFCBs, in combination with radical trapping experiments, 

indicate that PFCB scission proceeds via a stepwise mechanism with a 1,4-diradical 

intermediate, offering a potential mechanism for localized functionalization and cross-

linking in regions of high stress. 
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Dedication 

The world breaks everyone and afterward many are strong in the broken places.  

– Ernest Hemmingway 
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CoGEF modeling of ring opened cis-gDCC PNB. Right) Taking the derivative of the 

energy vs. distance function provides a linear plot used to determine the contour length 

of the polymer. Contour length is obtained by extrapolating the force-distance curve to 

zero force, and determined here to be 1.460 nm. .................................................................... 52 

Figure 26: Minimized energy (AM1) as a function of constrained diad end-to-end 

distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained through 

CoGEF modeling of cis-gDBC PB. Right) Taking the derivative of the energy vs. distance 

function provides a linear plot used to determine the contour length of the polymer. 

Contour length is obtained by extrapolating the force-distance curve to zero force, and 

determined here to be 0.957 nm. ............................................................................................... 53 

Figure 27: Minimized energy (AM1) as a function of constrained diad end-to-end 

distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained through 

CoGEF modeling of ring opened cis-gDCC PB. Right) Taking the derivative of the 

energy vs. distance function provides a linear plot used to determine the contour length 

of the polymer. Contour length is obtained by extrapolating the force-distance curve to 

zero force, and determined here to be 1.217 nm. .................................................................... 54 

Figure 28: Minimized energy (AM1) as a function of constrained diad end-to-end 

distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained through 

CoGEF modeling of cis-gDCC PB. Right) Taking the derivative of the energy vs. distance 

function provides a linear plot used to determine the contour length of the polymer. 

Contour length is obtained by extrapolating the force-distance curve to zero force, and 

determined here to be 0.956 nm. ............................................................................................... 55 

Figure 29: Minimized energy (AM1) as a function of constrained diad end-to-end 

distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained through 

CoGEF modeling of ring opened cis-gDCC PB. Right) Taking the derivative of the 

energy vs. distance function provides a linear plot used to determine the contour length 

of the polymer. Contour length is obtained by extrapolating the force-distance curve to 

zero force, and determined here to be 1.205 nm. .................................................................... 56 
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Figure 30: Representative thermal ring opening of cis-gDHC PB and cis-gDHC PNB. .... 58 

Figure 31: Thermolysis of a 100 mg mL-1 cis-gDCC PNB deoxygenated solution in DPE at 

a) 140 °C for 0 h(black), 5 h (red), 23 h (blue), and 46 h (pink) b) 160 °C for 0 min (black), 

30 min (red), 60 min (blue), and 120 min (pink) c) 180 °C for 0 min (black), 15 min (red), 

30 min (blue), and 60 min (pink). .............................................................................................. 59 

Figure 32: Thermolysis of a 100 mg mL-1 cis-gDCC PB deoxygenated solution in DPE at 

a) 140 °C for 0 h(black), 5 h (red), 23 h (blue), and 46 h (pink) b) 160 °C for 0 min (black), 

1 h (red), 2 h (blue), and 4 h (pink) c) 180 °C for 0 min (black), 35 min (red), 80 min 

(blue), and 140 min (pink). ......................................................................................................... 60 

Figure 33: a) First-order thermolysis reaction data for cis-gDCC PNB at 140 °C (black), 

160 °C (red), and 180 °C (blue) b) First-order thermolysis reaction data for cis-gDCC PB 

at 140 °C (black), 160 °C (red), and 180 °C (blue) c) Arrhenius plot for cis-gDCC PNB 

(black) and cis-gDCC PB (red). Force-free rate constants (ko) were obtained by 

extrapolating to room temperature. ......................................................................................... 61 

Figure 34: Representative thermolysis 1H NMR data used to determine the extent of ring 

opening of a) 68% gDCC PNB MN = 400 kDa. b) Same polymer after thermolysis in a 

deoxygenated 100 mg mL-1 diphenylether solution at 160 °C for 30 min. 2.6% of the 

gDCC mechanophores isomerized. c) 72% gDBC PB MN = 400 kDa. d) Same polymer 

after thermolysis in a deoxygenated 100 mg mL-1 diphenylether solution at 160 °C for 30 

min. 12.7% of the gDBC mechanophores isomerized. ........................................................... 64 

Figure 35: Selected representative Bell-Evans model force-extension curve fitting raw 

data for a) 32% cis-gDBC PNB b) 26% cis-gDCC PNB c) 54% cis-gDBC PB and d) 25% cis-
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Figure 36: Selected representative cusp model force-extension curve fitting raw data for 

a) 32% cis-gDBC PNB b) 26% cis-gDCC PNB c) 54% cis-gDBC PB and d) 25% cis-gDCC PB
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Figure 37: Force-extension curve of 55% cis-gDBC PNB. An example of a force-extension 

curve depicting a loop in the polymer chain which the initial and final contour lengths 

were corrected for. The correction factor for this force-extension curve is 48 nm based on 
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Figure 38: Left) Energy vs. distance data obtained through CoGEF modeling of cis-gDCC 

PB triad. Right) Taking the derivative of the energy vs. distance function provides a 
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PNB triad(1). Right) Taking the derivative of the energy vs. distance function provides a 
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Figure 41: Calculated distortion of the local reaction coordinate d in a cis-gDCC PB triad 
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Figure 42: Reactivity of carbonyl ylides: (left) When heated, epoxides can ring open to 

carbonyl ylide intermediates which can then be trapped by either dipolarophiles or 
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acetal and furan products are formed. ..................................................................................... 81 

Figure 43: Top) 1H NMR spectra of 2 MN = 160 kDa 50% functionalized.  = 5.32 (trans 

C=C-H, 2H), = 5.19 (cis C=C-H, 2H), = 2.77 (cis O-C-H, 2H), = 2.6 (trans O-C-H, 2H), 

= 2.41 (trans C=C-C-H 1H), = 2.1-1.0  O-CH-CH, 1H and Cp 6H). Bottom) 1H NMR 

spectra of 1 MN = 200 kDa 60% functionalized. = 5.53-5.27 (cis and trans 1,4 C=C-H, 2H), 

= 5.02 (1,2 C=C-H, 2H), 2.95 (cis O-C-H, 2H), = 2.75 (trans O-C-H, 2H), = 2.25-1.4 

C=C-CH2, 4H and O-CH-CH2, 4H) ........................................................................................... 85 

Figure 44: Top) 1H NMR spectrum of 75% cis-gDFC PNB, MN = 192 kDa, = 5.32 (trans 

C=C-H, 2H), = 5.19 (cis C=C-H, 2H), = 2.77 (C=C-C-H, 2H), = 2.43 (trans-gDFC-C-H, 
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solvent:= 3.76 (THF). Bottom) 19F NMR spectrum of the same polymer; = -124 (d, J = 

240 Hz), -152.5 (d, J = 160 Hz) (cis-gDFC),  = -137.8 (trans-gDFC). ...................................... 87 

Figure 45: 1H NMR spectra comparison of cis and trans 1, both ~ 50% functionalized. = 

5.53-5.27 (cis and trans 1,4 C=C-H, 2H), = 5.02 (1,2 C=C-H, 2H), = 2.95 (cis O-C-H, 2H), 
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Figure 53: Contour length degradation upon sonication of 1 (red circles) and 2 (black 
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Figure 55: a) GPC-RI/UV traces of 1 stirred (RI, black dots; UV, black; MN = 250 kDa) and 
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1 

1. Introduction 

1.1 Overview 

Polymer-based materials are ubiquitous in our daily lives, in applications 

ranging from household products to industrial materials.1  Their composition and 

properties are varied and diverse, but in all cases their utility as structural materials 

depends on their ability to withstand repeated mechanical load.  Many polymeric 

materials are exposed to repeated loads that can act to degrade the material, either over 

the course of many repeated stress cycles or through a single catastrophic event. At a 

molecular level, material degradation is due to localized damage like covalent bond 

scission2 and/or chain disentaglement3 in highly stressed areas of the material (Figure 1).  

 

Figure 1: Polymeric materials under stress can fail through processes such as 

homolytic bond scission. 
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One potential strategy for combating failure at the molecular level, therefore, is 

to design a material in which the large, localized forces that typically trigger a 

destructive molecular response such as chain scission, instead trigger a constructive 

response.  Alternatively, one can envision programming a material to fail through 

molecular scission events that can be reversed subsequently, for example via thermal re-

mending of broken bonds. This dissertation probes questions of polymer 

mechanochemistry -- how mechanical stress fields can be used to stimulate chemical 

reactions – that might lead to materials that are capable of self-strengthening and/or re-

mending. For example, when an appropriate mechanically active group (a mechanophore) 

is engineered into a polymer, the polymer might respond to applied forces by growing 

irreversibly longer, thus redistributing stress throughout the material (Figure 2, top). 

Alternatively, mechanical forces might trigger localized cross-linking that can act to 

reinforce the material (Figure 2, bottom). The success of this vision requires the design 

and incorporation of appropriate mechanophores into polymer backbones, a research 

topic that has gained much interest in the past few years, and an understanding of how 

mechanical forces couple onto various reaction mechanisms. These objectives are 

subsumed in the field of polymer mechanochemistry.   
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Figure 2: Pictorial representation of potentially constructive responses in 

mechanically active polymers: mechanochemical activation of a mechanophore (M) 

leads to stress- induced elongation (top) and/or cross-linking (bottom).  

1.2 Background 

The idea of mechanically induced chemistry is unfamiliar to most chemists, who 

generally think of using energy input in the form of heat, light, electric potential, or 

pressure to elicit chemical transformations. Mechanochemistry is a less well known 

means of inducing covalent chemical changes in polymers, although it has a long history 

in solid-state chemistry.4 This dissertation describes polymers in which covalent 

chemistry is coupled to a force of tension acting on a polymer main chain. One 

consequence of this coupling is that the applied force, unlike energy input in the form of 

heat, is not a scalar property of a system, but instead it is directional and capable of 

steering a reaction in a particular direction.5  

The effect of mechanical force on chemical reactivity has been described in a 

number of related frameworks, beginning with the work of Kauzmann and Eyring.6 
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They established how mechanical force affects a Morse potential associated with a 

model reaction surface for bond dissociation, and described how at higher forces, the 

dissociation or activation energies of the reactions are decreased. Bell later extended the 

idea of force-driven chemical transformations.7 He introduced the idea that the rate at 

which the force is applied affects the most probable bond dissociation force.8 Both ideas 

were central to the development of models that allow understanding of the reactivity of 

bonds under stress. As seen in Equation 1, the rate increase (relative to the force-free rate 

constant, ko) of a particular reaction under force is not only determined by the amount of 

force applied (F), but also the distance x‡ over which that force operates in going from 

the ground state to the transition state of the system in question. 

k(F) = k0 exp(-Fx‡/kBT)                                   (Equation 1) 

The idea behind Equation 1 is that the chemical reaction is now coupled to a 

restoring force, which can be treated as a notional spring. When coupled to the reaction, 

the potential energy of the spring decreases by –fx (its restoring force multiplied by the 

distance over which it contracts) as the chemical potential energy increases going from 

reactant to transition state. The chemomechanical coupling therefore leads to a net 

decrease in, but not elimination of, the activation barrier, thus accelerating the reaction. 

Note that equation 1 assumes that x‡ is independent of force, an oversimplification that 

has been addressed in subsequent theoretical treatments.9-11 The effect of force on 

kinetics depends on reaction type. For example, in Boulatov’s molecular force probe 
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work, the rate of disulfide bond reduction was merely doubled when 400 pN of force 

was applied to the nascent S-S bond, as compared to a 106 rate enhancement of 

cyclobutene ring opening when similar amounts of force were applied.12   

Bond dissociation is not the only example of force-induced transformations, and 

in recent years several examples of using a force of tension to trigger other types of 

reactions have emerged. Perhaps the earliest clear characterization of the effect of force 

on a reaction other than homolytic bond scission was reported by Kersey et al., who 

demonstrated that the rate of pyridine displacement from a Pd metal pincer complex by 

dimethyl sulfoxide (DMSO) could be increased by an applied force and that the effect of 

force on reaction rate is the same for two different reactions of that class (Figure 3 Top).13 

Other examples of forced ligand displacement from metal centers have also been 

reported by Sijbesma,14 and Bielawski has reported mechanically assisted dissociation 

through reversion of 1,3-dipolar azide/alkyne addition15 Force-induced disulfide bond 

reduction was reported by Fernandez.16 The torsional motion that accompanies 

electrocyclic ring openings makes those reactions particularly well suited to 

mechanochemical activation, as first demonstrated by Moore and co-workers in the 

stress-induced 4-electron electrocyclic ring opening of benzocyclobutenes (BCBs). 

Similarly, Boulatov’s group demonstrated that the rate of electrocyclic ring opening of 

cyclobutene to butadiene is increased when subjected to stress applied by a strained 

macrocycle that can act as a molecular force probe (Figure 3 Bottom).17 Other 
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electrocyclic reactions, similar to BCB and cyclobutene ring opening, are accessible, such 

as the recently demonstrated ring opening of a spiropyran mechanophore into a colored 

and fluorescent merocyanine (Figure 4a). 18 

 

Figure 3. Top) Application of force can increase the rate of ligand displacement. 

Bottom) Molecular force probe increases the rate of electrocyclic ring opening. 

 In addition to accelerating the rate of a reaction, the directional nature of a 

coupled mechanical force can completely change the pathway and outcome of a 

reaction. In the BCB work of Moore and co-workers, stereoisomers of 1,2-disubstituted 

BCBs were shown to follow mutually exclusive electrocyclic ring opening pathways 

when subjected to heat or light to give two different products. When mechanically 

activated, however, these same BCB isomers give identical products (Figure 4b).19 trans-

BCB mechanically ring opens through a thermally allowed conrotatory pathway, but cis-

BCB opens mechanically via a symmetry disallowed disrotatory pathway.   
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Figure 4: a) Stress-induced spyropyran ring opening to merocyanine 

chromophore. UV light reverses the reaction. b) 1,2-Dialkoxybenzocyclobutenes 

mechanically open to the same E,E intermediate isomer via thermally allowed and 

disallowed pathways respectively, illustrating that mechanically induced reactions  can 

generate different products than heat or light.  

 

1.2.1 Polymer Mechanochemistry 

Virtually all research conducted on mechanochemical activation is geared 

toward mechanically active units embedded along/in a polymer chain. Small molecules 

are, for the most part, impervious to the application of mechanical forces,20 because it is 

difficult to apply macroscopic forces to them due to their propensity to simply diffuse 

from high areas of stress. Polymers, in contrast, are well suited for mechanochemical 

manipulation, because the polymer chain acts as a scaffold through which the force is 

transduced. Mechanophores embedded along a stressed polymer backbone are not able 

to escape that stress. The constraining force acting on the polymer can in principle 

couple to the reaction path of a mechanophore and lower the activation energy of the 

chemical transformation as described below. 
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 The molecular response of individual polymers to a force of tension begins with 

a change in conformation, then extends to the stretching and deformation of bonds and 

bond angles, to, when high enough force is applied, bond scission. This latter process, 

typically homolytic in nature, is historically the chemistry upon which the field of 

polymer mechanochemistry has been focused.2, 6, 20-22 Not surprisingly, some bond 

scission reactions occur more readily than others. For example, using stresses generated 

by pulsed ultrasound of polymer solutions, Encina demonstrated that the rate of 

polymer chain scission increased when peroxide linkages were incorporated in the 

backbone of poly(vinylpyrrolidone),23 Paulusse and Sijbesma showed that palladium(II) 

phosphine bonds are selectively cleaved in a linear coordination polymer,14, 24 and 

Berkowski et al. showed that diazo linkages could be targeted specifically within PEG to 

extrude N2.25  

One question addressed for the first time in this dissertation is the extent to 

which the polymer chain to which the mechanophore is attached can function as more 

than just a tether for the transmission of force to the mechanophore. By manipulating 

local distortions at the polymer attachment points to the mechanophores, it might be 

possible to alter the bond rupture force, thereby increasing the sensitivity of the 

mechanophore to external force.26  If so, new polymer backbones might be created that 

increase the likelihood that constructive chemistry takes place prior to chain scission and 

possibly accessing new, otherwise “impossible” transformations.  
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1.2.2 Relationship to Post-synthetic Modification  

The mechanochemical remodeling of primary polymer structure, such as that 

shown schematically in Figure 2, can be regarded as a new class of post-synthetic 

polymer modification. From the prehistoric advent of the process for cooking food- a 

process that works to denature polyprotiens, to the discovery of gun cotton in 1832, to 

the vulcanization of rubber, the post-synthetic modification of polymeric materials has 

been used to transform polymers’ material and chemical properties.27 Seemingly modest 

chemical modifications can have significant impact on polymer properties, as seen, for 

example, in the increase of crystallinity in polyethylene that accompanies chlorination.28  

For the most part, the same chemical reactions that are applied to small 

molecules are also applied to polymers. Polymer modification itself is an important tool 

for accessing structures and properties that are difficult or impossible to attain through 

initial polymer synthesis. Mechanophore development could provide new routes to 

post-synthetic modification. Potential advantages includes access to reactions and 

products that are unattainable under force-free conditions, and the fact that extensional 

flow fields can be used to create post-synthetic modifications with highly “blocky” 

microstructure – selectivity that far exceeds that accessible through traditional methods.  
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1.3 Polymers and Mechanophores Employed 

This dissertation explores fundamental behaviors related to the polymer 

mechanochemistry of a number of mechanophores. An introduction to the primary 

players is provided here. 

1.3.1 gem-Dihalocyclopropanes 

gem-Dihalocyclopropanes (gDHCs) have proven to be versatile and useful 

mechanophores for both fundamental and applied objectives. The stress-induced ring 

opening of gDHCs along the backbone of functionalized polybutadiene into the 

corresponding 2,3-dihaloalkenes is another example of a mechanically induced chemical 

transformation.29 Most mechanophores investigated to date have been in context of a 

single moiety per polymer chain, but gDHCs can be easily incorporated in large 

numbers along a single polymer backbone, the efficient activation of hundreds, or even 

thousands, of those mechanophores along the polymer backbone has been 

demonstrated.29-32 From a practical standpoint, this activity comes with several 

important consequences. In the context of developing a fundamental understanding of 

mechanochemical processes, the presence of many mechanophores facilitates 

quantitative activity studies, in particular the use of single molecule force spectroscopy 

to quantify the rates of mechanically assisted reactions.33 The large numbers of 

mechanophores allow for hundreds of ring opening events to be observed in a single 

pull of sufficient force, and the significant extent of activity also makes it easy to observe 
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and assign the reactivity that has occurred.33 These advantages are exploited in Chapter 

2 to uncover details of mechanochemical coupling and its relationship to the architecture 

of a polymer backbone. 

The gDHCs are also potentially well suited for materials properties applications. 

The 2,3-dihaloalkene products are more reactive than the gDHC precursors, because the 

allylic halogen (especially the bromide) is susceptible to nucleophilic displacement. This 

reactivity could be used to create localized cross-linking in a material in response to an 

applied stress, as described in Figure 2.  Second, the activation of these mechanophores 

results in substantial elongation along stress-bearing polymer subchains (up to 30% of 

the nominal contour length), providing a mechanism for “stress relief” and increased 

toughness at the single-molecule level.33  

Despite their advantages, there are notable limitations to gDHC mechanophores. 

The post-activation cross-linking chemistry via nucleophilic displacement requires the 

presence of charged nucleophiles (giving the polymers amphiphilic character that makes 

them hard to handle), and even then the nucleophilic substitution chemistry can be slow 

and generates a byproduct. Increasing the reactivity of mechanically generated products 

or intermediates, while simultaneously eliminating the need for charged reagents and 

the generation of waste products associated with the current gDHC-based strategies, 

might lead to more versatile and functional mechanically active systems. The next 
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section describes epoxides and aziridines as potential candidates whose ring opened 

intermediates might fulfill these goals if they could be generated mechanically.  

1.3.2 Epoxides and Aziridines 

Three-membered heterocycles such as epoxides and aziridines have reactive and 

structural similarities to other known mechanophores, and they are therefore interesting 

candidates for mechanical activation. Like the gDHCs, epoxides and aziridines represent 

minor structural perturbations to a polymer and their ring opening provides highly 

reactive, synthetically appealing intermediates. Also similar to gDHCs, the incorporation 

of epoxides in high density onto olefinic polymers is relatively easy.34-35 Aziridines can 

also be affixed to olefinic polymer backbones, but the process is not as straightforward 

as epoxidation, mainly due to solubility issues, a limitation that is discussed in Chapter 

3. Finally, once an olefinic polymer like poly(butadiene) is epoxidized or aziridinated, 

the ring opening reaction path of the heterocycles (the C-C bond scission) should be 

coupled to a force of tension transmitted through the polymer backbone.  

The thermal ring opening of epoxides and aziridines is a 4 electron, 

preferentially conrotatory process, through which highly reactive carbonyl and 

azomethine ylide intermediates are formed. These moieties have been used extensively 

as synthetic precursors to larger heterocyclic species, because these ylides can be 

trapped in situ by dipolarophiles to generate a [3+2] cycloaddition product.36 Hydroxyl 

containing molecules such as methanol can also react with these ylides to produce 
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acetals.37-38 Epoxides and aziridines might therefore mirror the stress-induced reactivity 

demonstrated in gDHCs, because their ring opening reaction coordinate is similar to that 

of gDHCs (although of opposite torqueselectivity) and other electrocyclic ring openings 

like that of the BCBs.  Figure 5 illustrates the possible mechanochemical activation of 

aziridine and epoxide mechanophores and how it could lead to complementary post-

synthetic modification or self-healing techniques.  

 

Figure 5: Proposed aziridine or epoxide mechanophores utilized for either post-

synthetic polymer modification or self-healing materials. 

 

One potential benefit of these ylide intermediates, were they able to be 

generated, over the allyl halides from the gDHC ring opening, is their increased 

reactivity. When dipolarophiles add to the ylides, there are also no byproducts or 

spectator ions, as found in nucleophilic substitution. Unfortunately, the barrier to ring 

opening is larger for epoxides and aziridines then it is for gDHC.  The Gibbs free energy 

of activation cis-gDHC electrocyclic ring opening is between 32 and 36.5 kcal/mol,39-41 

whereas the activation energy for unsubstituted epoxides, for example, is calculated to 
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be around 65 kcal/mol,42 although the barrier to ring opening for these heterocycles can 

be lowered to ~ 29 kcal/mol with the substitution of charge stabilizing groups such as 

phenyl substituents.43-44 As a result, in order for epoxides and aziridines to be viable 

mechanophores, it is likely that either challenges in the mechanical activation of dialkyl 

epoxides and aziridines will need to be overcome, or that the synthesis of more complex 

and sensitive substituted epoxides and aziridines will need to be developed. The 

behavior of these potential mechanophores is investigated and discussed in Chapter 3. 

1.3.3 Poly(PFCBs) 

Chapter 4 probes the mechanochemistry of perfluorocyclobutyl (PFCB) aryl ether 

polymers. PFCB polymers are a class of polymers with excellent thermal stability, 

solubility, and processability. They are completely amorphous, yet have properties that 

are similar to those of other commercially available fluoropolymers such as Teflon. This 

combination of attributes has made poly(PFCB)s attractive for a broad range of 

applications,45-46 including photonics, oxygen resistant coatings, hybrid composites, fuel 

cells, and liquid crystals.47 PFCB aryl ether polymers are typically prepared one of two 

ways. First, through thermal cyclodimerization (150-200 °C) via free radical mediated 

[2+2] addition of trifluorovinyl ether (TFVE) monomers, first reported by DuPont in 

1965.48 A second, and less common, method is through classic condensation 

polymerization of reactive 1,2-bishexafluorocyclobutyl aryl ether monomers with 

reactive aryl monomers (Figure 6).46  
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Figure 6: a. Thermal cyclodimerization of TFVE monomers to produce PFCB 

polymer. b. Condensation polymerization of 1,2-bishexafluorocyclobutyl aryl ether 

monomer (X = Br, OH or COCl) with complementary reactive aryl monomers (eg. Y = 

NH2).49  

 

The thermal dimerization of TFVEs is attributed to the relief of steric strain in 

going from sp2 to sp3 fluoro-substituted carbon centers,50 and it is thermally favorable 

(exothermic by ~10 kcal mol-1) when compared to the analogous dimerization of the 

hydrocarbon counterpart (endothermic by ~2 kcal mol-1).51 When fluoroolefin ethers are 

employed, the activation energy is further reduced by 15-20 kcal mol-1 relative to that of 

alkyl or halo substituted fluoroolefins.50, 52 The thermal reaction is not believed to be a 

concerted pericyclic cyclization, but a stepwise addition that involves a diradical 

intermediate. The TFVE addition normally proceeds in a head-to-head fashion (~95%), 

because the resultant radical intermediates are stabilized by their adjacency to the aryl 

ethers.53 Based on previous successes with mechanically activating similar strained ring 
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systems (e.g., BCBs and gDHCs), the ease of PFCB synthesis and tuneability,54 the large 

number of potentially reactive moieties incorporated onto each polymer chain, and their 

potential ability to form radically induced polymer networks, poly(PFCBs) are an 

attractive avenue to pursue in terms of mechanically active materials.  

1.4 Techniques Employed 

1.4.1 Single-Molecule Force Spectroscopy 

Single molecule force spectroscopy (SMFS) figures prominently in fundamental 

studies of mechanochemical coupling described in Chapter 2. In the past few decades, 

atomic force microscopy (AFM) has been used to study the mechanical properties, 

structure, conformation, and reactivity of macromolecules.16, 55-56 SMFS consists of 

obtaining force-extension curves when the tip of an AFM is displaced vertically from a 

surface (applied force as a function of the distance between the tip and the polymer 

affixed to the AFM stage). SMFS experiments provide valuable information on polymer 

properties such as elasticity, toughness, and adhesion.57 The force is determined through 

Hooke’s Law (Equation 2), where k is the spring constant of the cantilever and zF is the 

vertical deflection of the cantilever tip.  

F = k·zF                                                                      (Equation 2) 

A typical SMFS experiment involves the deposition of a polymer-containing 

solution on an AFM stage. The stage is then brought into contact with the AFM tip (both 

of which are typically silicon nitride) so that the polymer can adsorb onto the tip. The 
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stage is then retracted from the tip at a set rate (Figure 7). As a polymer is extended, at 

small distances, the entropic chain interactions that result from Brownian impulses 

maintaining a coiled shape are overcome and the polymer is essentially ‘unwound’. As 

distance between the tip and the stage grows larger, tension is felt through the polymer 

backbone, and force is transduced in the direction of the pulling vector, causing 

enthalpic deformation of polymer secondary structures and covalent bonds.58  

 

Figure 7: Schematic of a typical AFM used in SMFS. 

 

As a polymer is stretched, an entropic restoring force F(x) is felt along the chain. 

SMFS experiments with simple polymers (no force-induced transformations) are 

typically fitted to freely jointed chain (FJC) and/or wormlike chain (WLC) statistical 

mechanical models of ideal chains (Figure 8).59 The FJC model treats the polymer as a 
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string of individual rigid segments with a Kuhn length (lK) connected through flexible 

joints, and because it assumes that segments act independently of each other, it describes 

the behavior of flexible molecules very well.60 A limitation of this model however, is that 

it fails to include the elasticity deformations of the segments, only considering entropic 

effects. By modeling the molecule as a chain of independent and flexible springs, the 

extended FJC model accounts for extension experiments of more complex polymers 

(those in which force-induced transformations occur), where the extension of the 

polymer exceeds its contour length.61 The WLC model does take into account chain 

elasticity, and treats the polymer as a continuous string which is linear on the scale of 

the persistence length (lP), but unlike the extended FJC model, it does not account for 

extension beyond the polymer contour length.62 The extended WLC model includes a 

stiffness term which then takes into account the elasticity of the backbone beyond the 

contour length.60 By coupling these fitting models with the Bell-Evans theory (Equation 

1), the force dependency on the reaction (x‡) can be quantified.63 
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Figure 8: The freely jointed chain (FJC, left) consists of inflexible sections, each 

with a Kuhn length (lK) connected by flexible joints.  The worm-like chain (WLC, right) is 

a continuous curve that is linear on the scale of the persistence length (lP). 

 

A particular challenge in studying mechanically active polymers through SMFS 

is the ability to efficiently create covalent and lasting interactions between the 

polymer/mechanophore system of interest and the AFM tip. Because the covalent 

mechanochemistry of interest often occurs at very high forces (~nN) on the s time scale 

of the SMFS experiment, high forces of attachment are required. In our group in the past, 

reproducibly obtaining such attachments has been challenging, limiting the study of 

gDHCs to the single example of dibromocyclopropanes, the most reactive of the class. 

Even then, only a relatively modest number of successful pulls were obtained over 

several days of experiments. Covalent attachments or even stronger polymer-tip 

associations would expand the scope of mechanochemical systems capable of SMFS 

quantification. Chemical functionalization of the AFM tip is a common technique to 

achieve greater polymer adsorption, but its utility is limited to its complementarily with 
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the desired polymer structure.57 What is desired is a functionality that would be easy to 

add to the polymers of interest, either during or after polymerization, and that forms 

strong associations with tips that are prepared by established treatments such as 

ozonolysis, plasma treatment, or the application of strong acids such as piranha solution. 

1.4.2 Pulsed Ultrasound 

Mechanophore activation can be accomplished through a variety of methods. 

Atomic force microscopy and molecular tweezers are currently the most precise 

activation techniques, and they can be used to interrogate single polymers or individual 

mechanophores.1 Grinding or ball-milling are much less precise, but can impose 

enormous stresses on bulk polymer materials.5 Sonication is a readily accessible and 

particularly simple method of inducing chemical reactivity in mechanophore 

functionalized polymers, and it figures prominently in the studies reported in Chapters 

3 and 4 of this dissertation. It is a widely used method of mechanically inducing 

polymer chain scission and screening for mechanophore reactivity,1 and it is employed 

as a screening tool in the work described here.  

The frequency range of ultrasound is between 20kHz and 500 MHz. 

Nondestructive waves range from 2 to 500 MHz where destructive waves range from 20 

to 900 kHz.64 The destructive shear forces generated by pulsed ultrasound, and exploited 

in polymer mechanochemistry, arise from the induced growth and subsequent collapse 

of bubbles in a sonicated polymer solution. As the sound wave passes through the 
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solution, it causes local areas of high and low pressures that lead to bubble formation. 

These bubbles grow and shrink with each compression/rarefaction wave cycle. Once the 

bubble reaches a limiting radius, it collapses under the following high pressure cycle, 

causing solvent to flow into the void left by the bubble. This solvent flow has a large 

extensional shear component, and polymers caught in the shear flow are stretched, 

leading to mechanical restoring forces directed along the polymer chain (Figure 9). For 

polymer chains of large enough molecular weight,65 the forces can lead to chain scission 

and/or a wide (and growing) range of mechanophore reactivity, including electrocyclic 

ring opening reactions,19, 29, 66-67 retro-cycloadditions,68-69 isomerizations,67, 70 and the 

activation  of latent catalysts.71-73 Molecular weight degradation brought about by pulsed 

ultrasound is widely accepted to be a mechanical process, and evidence in support of its 

mechanical nature is found in the molecular weight dependence of the rate of chain 

scission (including the observation of limiting molecular weights, below which chain 

scission is not observed), the fact that polymer scission has a tendency to occur towards 

the middle of the chain, and the fact that the efficiency of chain scission increases as 

temperature decreases.74 
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Figure 9: As pressure waves pass through an ultrasonicated solution, cavitation 

bubbles form and then grow and shrink within every subsequent pressure cycle. 

Eventually the cavitation bubbles collapse, and if a polymer above the limiting 

molecular weight for chain scission is in sufficient proximity, it is pulled toward the 

collapsing bubble and eventually cleaved mid-chain. 

 

 There are many variables that affect sonication-induced polymer chain 

degradation. Concentration, sonication intensity, temperature, and solvent all have an 

effect on the rate and extension of chain scission, because they can each affect the 

cavitation bubbles and/or polymer conformation.65, 75-76 The initial molecular weight (MN) 

of the polymer is a particularly important parameter in sonochemically induced 

mechanophore activation. Polymers are often observed to have a limiting molecular 

weight (ML), below which they no longer experience sufficient midchain forces to be 

cleaved during collapse. At the limiting molecular weight, the distance from end to end 
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is not great enough to create a sufficient velocity gradient to stretch the polymer to the 

point of breakage.5  

Pulsed ultrasound has become the de facto method for initial studies of the 

mechanochemical properties of polymers, because of its ease of implementation and the 

relatively small amount of material required. Typical reaction conditions and widely 

accepted control parameters to rule out thermal contributions to mechanical processes 

have been established in the literature.77 Where appropriate, details of those control 

experiments are provided in the relevant chapters. 

1.5 Dissertation Outline 

This dissertation is organized as follows: Chapter 2 describes a new “lever arm” 

effect that is created by a change in polymer backbone. The mechanical advantage 

provided by a seemingly straightforward structural change reduces, by ~30%, the forces 

necessary to trigger the ring opening of gDHCs for a desired time scale. In Chapter 3, 

this lever arm effect is used to elicit mechanical activity in epoxides that were heretofore 

mechanically inactive, providing a foundation for their potential use in post synthetic 

polymer modification and stress-responsive materials. In Chapter 4, a commercially 

available, and widely used and studied, class of polymers (PFCBs) is shown to be 

capable of thermal re-mendablility following mechanical chain scission. The mechanism 

of mechanical chain scission is shown to be different than that of thermal degradation, 

thus allowing the thermal re-mending. It is also shown that multiple PFCB units are 
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mechanically activated along a single chain prior to chain scission, opening the door to 

strategies for mechanically induced cross-linking. Finally, future prospects are 

summarized in Chapter 5.  
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2. A Backbone “Lever Arm” Effect in Polymer 
Mechanochemistry 

2.1 Introduction 

 In a game of tug-of-war, the force necessary to topple an opponent is determined 

by the properties (size and strength) of the opponent, rather than the properties of the 

rope that delivers that force. It is often assumed that polymer mechanochemistry can be 

treated as a game of tug-of-war, in that the effect of force on a mechanically sensitive 

functional group (mechanophore) embedded along a polymer main chain depends only 

on the force applied to the polymer chain ends, and that it is largely independent of the 

intervening polymer structure. The relationship between microscopic and molecular 

forces in polymers has become especially important in recent years, due to growing 

interest in new mechanophore-enabled reactions19, 67, 78-81 and material properties,1, 30-31, 82-84 

and recent theoretical work has suggested that the structure of the polymer backbone 

might contribute to mechanophore activity.26, 85 Here we report single-molecule force 

spectroscopy studies of the mechanically assisted ring opening of gem-

dihalocyclopropane (gDHC) mechanophores demonstrating that a poly(norbornene) 

backbone acts not only as a rope, but also as a lever that accelerates the rates of reactions 

relative to a poly(butadiene) backbone. At a force of 1 nN, the differential mechanical 

advantage leads to rate enhancements of roughly three orders of magnitude. 
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 Questions of how molecular structure impacts chemomechanical coupling have 

been addressed qualitatively using pulsed ultrasound, in which differential coupling has 

been observed as a function of mechanophore stereochemistry29, 86 and regiochemistry.87 

Notable approaches to quantifying chemomechanical coupling include Boulatov88 and 

Sheiko’s89 elegant use of internal molecular strain as a means of coupling a restoring 

force to a chemical reaction and the comprehensive theoretical treatments by Martinez,90 

Marx,91 and Makarov.10 Direct and quantitative experimental studies are far less 

prevalent, and are limited to single-molecule force spectroscopy (SMFS) studies of 

nucleophilic substitution in disulfides,16, 92-93 ligand exchange,13 and the electrocyclic ring 

opening of gem-dibromocyclopropane (gDBC).33 It is important to note that these various 

approaches to mechanochemistry are related, as shown in a recent study by Boulatov 

and co-workers.94 

 In most cases, discussions of mechanochemical coupling and an interpretation of 

force-reactivity relationships have focused on the mechanophore, and the polymer 

scaffold has been regarded as an inactive handle that either is or is not coupled to the 

reaction path of the mechanophore. Theoretical calculations, however, show that the 

polymer backbone might be expected to play a role in determining mechanophore 

reactivity,26, 85, 95-96 and during work done in a parallel project, we observed that epoxides 

could be activated by the extensional shear flows generated by pulsed ultrasound only 

when presented on a poly(norbornene), rather than poly(butadiene), scaffold (see 
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Chapter 3).41 Intrigued by this qualitative result, we set out to quantify the effect of the 

poly(norbornene) backbone on mechanochemical coupling. We chose to focus on the 

mechanochemistry of the gDHCs, which can be incorporated along polymers in large 

numbers29 that allow their activation to be characterized using SMFS.33 We evaluated 

dichloro- and dibromocyclopropanes (gDCC and gDBC) on each of two polymer 

scaffolds: poly(norbornene) (PNB) and poly(butadiene) (PB) (Figure 10). In contrast to 

their relative importance in determining the rates of the thermal gDHC ring openings, 

the polymer backbone has much greater impact on gDHC mechanochemistry than does 

the halogen. The experimental results are supported by computational analysis, but only 

when chemomechanical coupling through the backbone is taken into account. 
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2.2 Experimental 

 Materials and methods. cis-Polybutadiene, CHBr3, NaOH, CH3OH, 

cetyltrimethylammonium bromide (CTAB), dimethyl acetylenedicarboxylate (DMAD), 

diphenylether (DPE), norbornene, Grubbs Catalyst 1st Generation, chlorobenzene, ReCl5, 

mCPBA, methyl benzoate, toluene, and THF were purchased from Sigma-Aldrich, 

CHCl3 and CH2Cl2 were obtained from BDH, and CDCl3 was purchased from 

Cambridge Isotope Laboratories (D, 99.8 %). Coumarin–2,2,6,6-tetramethylpiperidine-1-

oxyl (CT) was prepared according to published reports.67  All reagents and solvents were 

 

Figure 10: gDHC functionalized polymer structure. The application of a 

mechanical force to the ends of a stress-bearing polymer subchain accelerates the ring 

opening of a dihalocyclopropane to its corresponding 2,3-dihaloalkene (X = Cl or Br). 
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used as received. All 1H NMR spectra were collected in CDCl3 on a 400 MHz Varian 

NMR and the residual solvent peak (CHCl3  = 7.24) was used as an internal chemical 

shift reference. Gel permeation chromatography (GPC) was performed on a single 

column (Agilent Technology PL gel, #179911GP-504, 104 Å) using inhibitor-free THF as 

mobile phase at 0.5 mL min-1 at room temperature. The flow rate was set using a Varian 

Prostar Model 210 pump, and molecular weights were calculated using an inline Wyatt 

Dawn EOS multi-angle light scattering (MALS) detector, Wyatt quasi-electric light 

scattering (QELS), Wyatt Optilab DSP Interferometric Refractometer (RI), and Varian 

Prostar Model 320 UV-Vis detector. The dn dc-1 values for each polymer were 

determined by dividing the integrated RI signal by the known amount of polymer 

injected.  

 SMFS. Standard MSNL silicon probes were ordered from Veeco (Santa Barbara, 

CA). All AFM studies were conducted in a solution of methyl benzoate (or toluene for 

cis-gDCC PB) at ambient temperature (~23 oC) using a homemade AFM controller 

system incorporated with a Digital Instruments scanning head. Our AFM instrument 

and its mode of operation are similar to the one described in detail previously.56 The 

force curves used for analysis were obtained with rectangular-shaped cantilevers (205 

μm x 15 μm, nominal tip radius ~ 2 nm, nominal spring constant k ~ 0.02 N/m, 

frequency ~ 15 kHz). By using the MFP-3D system (Asylum Research Group Inc., Santa 

Barbara, CA), the spring constant of each AFM cantilever was calibrated in air before 
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each force curve measurement, using the thermal noise method, based on the energy 

equipartition theorem as described previously.97 Measurements were carried out in a 

closed fluid cell with scanning set for a series of retract/approach cycles. Cantilever tips 

were prepared by allowing each to soak in piranha solution for ~15 min at room 

temperature and silicon surfaces were prepared by first allowing each to soak for ~30 

minutes in hot piranha solution (3:1 H2SO4:H2O2) then washed with DI-H2O and dried 

under a stream of nitrogen. The surface and cantilever were then placed in a UVO 

cleaner (ozone produced through UV light) for 15 minutes. After ozonolysis, the 

cantilever was mounted, and ~20 μL of a ~0.5 mg mL-1 polymer solution was added to 

the silicon surface and allowed to dry. Force curves were collected in dSPACE (dSPACE 

Inc., Wixom, MI) and analyzed using Matlab (The MathWorks, Inc., Natick, MA). All 

data were filtered during acquisition at 500 Hz. After acquisition, the data was 

calibrated and plotted by using homemade software written in Matlab language. The 

force-extension curve data was fit using previously published methods developed by 

Boris B. Akhremitchev.33 The theoretical percent extension of each polymer was 

determined using a method similar to CoGEF (constrained geometry simulates external 

force).98 
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cis-Polynorbornene (PNB) Synthesis 

 

 

 

 0.09 g of ReCl5 was dissolved in anhydrous chlorobenzene and stirred for two 

hours under nitrogen. 2.4 g of norbornene was dissolved in 5 mL of chlorobenzene, and 

then added to the ReCl5 solution. The solution became viscous after < 5 min. Once the 

solution became too viscous and stirring ceased (about 2 hours), methanol was added to 

the reaction flask. The polymer mass was broken up and stirred in methanol to rinse off 

the catalyst. The polymer was washed multiple times with methanol. The polymer was 

then dissolved in CHCl3 and re-precipitated 3 times with methanol. Finally, the polymer 

was dissolved in CHCl3 and passed through a plug of silica, re-precipitated with 

methanol, and dried under high vacuum. ReCl5 is known to produce polynorbornene 

with high cis content.99 The resulting cis content in our polymers was typically around 

85%, as determined by the relative integration of the 1H NMR (Figure 11) carbon-carbon 

double bond peaks centered at  = 5.19  ppm (cis) and  = 5.32 ppm (trans).  
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trans-PNB Synthesis 

 

 2.4 g of norbornene was dissolved in 30 mL of THF under nitrogen. A stock 

solution of Grubb’s Generation 1 catalyst was made by dissolving 7 mg of catalyst in 100 

L of THF. 50 L of the stock solution was added quickly to the norbornene solution. In 

less than 1 min, the solution solidified. Methanol was added to the reaction flask. The 

polymer mass was broken up and stirred in methanol to rinse off the catalyst. The 

polymer was washed multiple times with methanol. The polymer was then dissolved in 

CHCl3 and re-precipitated 3 times with methanol. Finally, the polymer was dissolved in 

 

Figure 11: 1H NMR of cis-PNB. MN = 159 kDa, MW = 252 kDa, PDI = 1.58. 

= 5.32 (trans C=C-H, 2H), = 5.19 (cis C=C-H, 2H), = 2.77 (cis C=C-C-H, 1H), = 

2.40 (trans C=C-C-H, 1H), = 1.8-1.0 Cp 6H). Residual solvent:  = 1.53 (H2O). 
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CHCl3 and passed through a plug of silica, re-precipitated with methanol and dried 

under high vacuum. The resulting trans content in our polymers was typically around 

85%, as determined by the relative integration of the 1H NMR (Figure 12) carbon-carbon 

double bond peaks centered at  = 5.19  ppm (cis) and  = 5.32 ppm (trans).  

 

 
 

 

 

 

 

Figure 12: 1H NMR of trans-PNB MN = 720 kDa, MW = 790 kDa, PDI = 1.1. = 

5.32 (trans C=C-H, 2H), = 5.19 (cis C=C-H, 2H), = 2.76 (cis C=C-C-H, 1H), = 2.41 

(trans C=C-C-H, 1H), = 1.8-1.0 Cp 6H). Residual solvent:  = 1.54 (H2O). 
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cis-Polybutadiene (PB)  

 

cis-PB used in these studies was purchased from Sigma Aldrich (Figure 13).  

 

 

 

 

 

 

 

Figure 13: 1H NMR spectra of initial cis-PB MN ~ 200 kDa.  = 5.5-5.4 (cis and 

trans C=C-H, 2H), = 2.07-1.9 (C=C-C-H2, 4H). Residual solvent peaks:  = 1.5 (H2O), 

 = 3.5 (methanol). 
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gDBC Polymer Functionalization 

 

Br Br
BrBr

n m

n m

cis-gDBC PB trans or cis-gDBC PNB  

 0.5 g of either cis-PB (9 mmol) (Figure 14) or PNB (5 mmol) was dissolved in 60 

mL CH2Cl2 at room temperature. 0.1 eq of CTAB, and 50 eq of CHBr3 were then 

dissolved in the polymer solution, and deoxygenated with bubbling N2 for 30 minutes. 

To a separate round bottomed flask, 10 eq of NaOH was added, dissolved in 5 mL 

deionized H2O and deoxygenated for 30 minutes with bubbling N2. After 30 minutes, 

the NaOH solution was added to the polymer solution dropwise by syringe and allowed 

to react for various amounts of time, from 5 h to 3 days depending on the polymer 

(longer reaction times were required for PNB) and the degree of intended 

functionalization (longer reaction times for increased percent functionalization). The 

reaction was quenched by adding 100 mL of 5% HCl along with 200 mL of brine. The 

solution was washed 3 times with 200 mL of brine, and then 2 more times with 200 mL 

deionized H2O. The organic layer was collected and the volume was reduced to ~10 mL 

by rotary evaporation. The desired product was precipitated with ~ 20 mL of methanol. 

The polymer was reprecipitated twice more from CHCl3 with methanol and dried on 
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high vacuum. Multiple polymer samples were used throughout this study with a range 

of MNs and degrees of functionalization.  

 A range of polymer batches were used throughout the study, in part because of 

limited stability in long-term storage and in part to test the robustness of the results. The 

extent of functionalization was determined using 1H NMR spectroscopy (Figure 14) as 

follows: 

% PNB functionalization =  Ial – 4(Ivin)/[Ial + Ivin]                                         (Equation 3) 

% PB functionalization = Ial – 2(Ivin)/[Ial + Ivin]                                             (Equation 4) 

Where: Ivin PNB = integration from  = 5.5 to 5.0 

Ivin PB = integration from  = 5.6 to 5.25 

Ial PNB = integration from = 3.0 to 0.8 

Ial PB = integration from  = 3.1 to 1.4 

 When necessary, residual solvent water peaks were subtracted from the 

corresponding areas. The uncertainty in the percent functionalization is taken to be ± 5%, 

based on independent measurement of 5 different unfunctionalized polymers. 
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Figure 14: Top) 1H NMR spectra of 54% cis-gDBC PB MN = 410 kDa.  = 5.54-

5.4 (cis and trans C=C-H, 2H), = 2.4-2.0 (gDBC-C-H, 2H), = 1.75-1.0 (C=C-CH-C-H2 

4H and gDBC-CH-C-H2, 4H). Residual solvent peaks:  = 1.54 (H2O),  = 3.5 

(methanol),  = 5.27 (CH2Cl2). Bottom) 1H NMR spectra of 55% cis-gDBC PNB MN = 

320 kDa.   = 5.32 (trans C=C-H, 2H), = 5.19 (cis C=C-H, 2H), = 2.77 (C=C-C-H, 

1H), = 2.40 -2.35 (trans-gDBC-C-H, 1H), = 2.35 -1.0 (cis-gDBC-C-H, 1H and Cp 

6H). Residual solvent peaks:  = 3.5 (methanol),  = 5.26 (CH2Cl2). 
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gDCC Polymer Functionalization 

 

Cl Cl
ClCl

n m

n m

cis-gDCC PB trans or cis-gDCC PNB  

A similar procedure to the gDBC functionalization was used to functionalize 

both PB and PNB with gDCC, except that the solvent employed was CHCl3 rather than 

CH2Cl2, and no CHBr3 was added. The degree of functionalization was determined 

using the same procedure as gDBC functionalization (Figure 15). 
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Figure 15: Top) 1H NMR spectra of 80% cis-gDCC PB MN = 180 kDa.  = 5.6-

5.35 (cis and trans C=C-H, 2H), = 2.4-2.0 (gDCC-C-H, 2H), = 1.75-1.0 (C=C-CH-C-

H2, 4H and gDCC-CH-C-H2, 4H). Residual solvent:  = 1.5 (H2O),  = 3.5 (methanol), 

 = 5.3 (CH2Cl2). Bottom) 1H NMR spectra of 68% cis-gDCC PNB MN = 400 kDa.   = 

5.32 (trans C=C-H, 2H), = 5.19 (cis C=C-H, 2H), = 2.77 (C=C-C-H, 1H), = 2.52 

(trans-gDCC-C-H, 2H), = 2.35 -1.0 (cis-gDCC-C-H, 2H and Cp 6H). Residual 

solvent:  = 5.3 (CH2Cl2),  = 1.5 (H2O). 
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Polymer Epoxidation  

 

X X
XX

n m
n

epoxidized cis-gDHC PB epoxidized trans or cis-gDHC PNB

O
O

k

m k

                              
 

 1 mmol of the olefinic polymer (PNB or PB) or gDHC functionalized polymer 

was dissolved in 50 mL of dichloromethane and cooled to 0 °C in an ice water bath. 1 

mmol of mCPBA was dissolved in 10 mL dichloromethane, and the solution was added 

dropwise over 2 min to the polymer solution. After 10 min (for PNB) or 30 min (for PB) 

of stirring, 50 mL of a 10% Na2CO3 solution was added to quench the reaction. The 

solution was washed one more time with Na2CO3, twice with brine solution, and twice 

with DI H2O. The polymer was then precipitated by concentrating the solution and 

pouring it into stirring methanol. The polymer was collected and dried under high 

vacuum. 1H NMR was used to determine the percent epoxidation, following the 

procedure established for the gDHC polymers. Following gDHC functionalization and 

subsequent epoxidation, the degree of total polymer functionalization was typically 

between 75 and > 98%. The 1H NMR spectra of two representative epoxidized gDHC PB 

and PNB polymers can be found in Figure 16. 
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Figure 16: Top) 1H NMR spectra of epoxidized cis-gDCC PB MN = 215 kDa 

77% functionalized (25% gDCC and 52% epoxide).  = 5.56-5.40 (cis and trans C=C-H, 

2H), = 2.95 (cis O-C-H, 2H), = 2.4-2.0 (gDCC-C-H, 2H and O-CH-CH2, 4H), = 1.85 

-1.4 (C=C-C-H2, 4H and gDCC-CH-C-H2, 4H). Residual solvent:  = 1.5 (H2O). 

Bottom) 1H NMR spectra of epoxidized trans-gDBC PNB MN = 98 kDa 81% 

functionalized (32% gDBC and 49% epoxide).  = 5.75-5.27 (cis and trans C=C-H, 2H), 

 = 3.1 -2.8 (cis and trans O-C-H, 2H), = 2.77 (cis-gDBC-C-H, 1H), = 2.55 (trans-

gDBC-C-H, 1H), = 2.35 -1.0 (Cp 6H). 
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2.3 Results and Discussion 

2.3.1 Single Molecule Force Spectroscopy 

 The SMFS experiments were conducted at a tip retract velocity of 0.3 µm s-1 in a 

manner similar to that employed previously.33 Addition of the corresponding 

dihalocarbenes to predominantly cis-PB (> 98% cis content) and PNB (>85% cis content) 

yielded a family of four polymers (gDCC-PB, gDCC-PNB, gDBC-PB, and gDBC-PNB); 

each of which was made with varying levels of gDHC mechanophore. The relative 

amount of dihalocarbene addition to the cis- and trans-carbon-carbon double bonds was 

determined by looking at the change in the corresponding 1H NMR integration of the 

resonances ( = 5.32 for trans,  = 5.19 for cis) relative to the total 1H integration of the 

sample (excluding residual solvent peaks) as a function of the extent of carbene addition. 

Addition to the ~15% trans content of the PNB was not observed (Figure 17), providing 

an opportunity to selectively probe the mechanochemistry of the cis-gDHCs.  
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 AFM tip polymer adhesion is achieved by pressing the AFM tip into the 

substrate for ~5 sec before the stage is retracted. Through this contact, polymer chains 

are adsorbed onto the tip. We found that the forces required for cis-gDCC PNB, cis-gDBC 

PNB, and cis-gDCC PB isomerizations to occur were virtually unattainable (the polymer 

would detach from the tip at < 500 pN a majority of the time) until the polymers were 

epoxidized. Epoxidation following gDHC functionalization allowed for greater AFM tip 

polymer adhesion, and allowed for the observation of the isomerization of these cis-

 

Figure 17: As the degree of gDHC PNB functionalization for cisPNB increases, 

the amount of cis carbon-carbon double bonds present decreases (black squares), but 

the amount of trans carbon-carbon double bonds remain relatively constant (red 

circles). 
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gDHC mechanophores. The epoxides themselves were shown to be mechanically inert 

(Figure 18).  

 The maximum attachment force prior to rupture varied from pull to pull, but 

each of the four polymer types was characterized by a single force (f*) at which was 

observed a signature plateau in the force-extension curve56 similar to that observed in 

the force-extension curves of the cis-gDBC PB polymers previously reported (Figure 

19).33 The transition and its corresponding f* are dictated by the presence of a specific 

gDHC within a specific polymer backbone: the values of f* are consistent to within 70 

pN across all pulls of a given type of polymer (approximately 740, 900, 1210, and 1330 

pN for cis-gDCC PNB, cis-gDBC PNB, cis-gDCC PB, and cis-gDBC PB, respectively). The 

plateau forces are independent of gDHC content within a given polymer type, but vary 

from one polymer to another. Reaching a force of f* is not only necessary for the plateau 

to be observed, it is also sufficient; every pull that reached its corresponding f* was 

observed to undergo the transition.  
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Figure 19: Representative force-extension curves normalized to the stress-

bearing subchain’s initial contour length for: a) cis-(76%)gDCC PB (black); b) cis-

(>98%)gDBC PB (red); c) cis-(64%)gDCC PNB (blue); d) cis-(55%)gDBC PNB (green). 

The values of f* are the force at the plateau, determined by inspection, for each 

individual pull represented. 

 

 

 

Figure 18: Force-extension curves of a) 55% epoxidized cisPB with no gDHC 

functionalization and b) 95% epoxidized cisPNB with no gDHC functionalization. 
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 The corresponding transition in cis-gDBC PB was previously ascribed to the 

force-induced ring opening of that mechanophore,33 and such is the case across the series 

reported here. While the values of f* are independent of gDHC content, the change in 

contour length (as determined by fitting the pre- and post-transition force-extension 

curves to a modified freely jointed chain model)63, 100-101 varies proportionally to gDHC 

content (Figure 20). The observed changes in contour length match those expected from 

molecular modeling of the gDHC diads and their corresponding ring-opened isomers 

(Figure 21).

 

 

 

Figure 20: Measured polymer extensions vs. fractional gDHC content of: a) 

cis-gDCC PB (black) and cis-gDBC PB (red); b) cis-gDCC PNB (black) and cis-gDBC 

PNB (red). The slopes correspond the fractional extension expected on a per-repeat 

basis. 
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2.3.2 Modeling Diad Extensions 

 Modeling of the initial and final contour lengths for each of the four polymer 

systems studied were accomplished using Spartan® software. The equilibrium 

conformers of cis-PNB, trans-PNB, cis-gDBC PNB, cis-gDCC PNB, ring opened cis-gDBC 

PNB, ring opened cis-gDCC PNB, cisPB, cis-gDBC PB, cis-gDCC PB, ring opened cis-

gDBC PB, and ring opened cis-gDCC PB diads were minimized at the semiempirical 

AM1 level of theory. The two outer atoms of each diad were then constrained at fixed 

distances of increasing magnitude (0.2 nm) to simulate stretching, and the energy 

minimized structure was calculated at each constraining distance until the bonding 

geometries were noticeably distorted. CoGEF (constrained geometry simulates external 

force) plots of energy vs. displacement were then generated by contracting the constraint 

in 0.01 nm increments, and normalizing to an energy of 0 J for the equilibrium 

conformer.  

 The energy vs. distance data were then fit to a quadratic function, and the 

derivative of that function was used to calculate a force vs. distance plot.  Only the 

energy/distance data that fall within the range of forces obtained in the SMFS 

experiments (from 100 to 1900 pN) were used to determine the theoretical extensions. 

The length of each diad was calculated by extrapolating the force-distance curves to zero 

force (Figure 21), although no significant difference in calculated extensions was 

observed when different forces were used. Theoretical polymer contour lengths were 
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calculated by a weighted average of the various diad lengths.  For example, a 57% cis-

gDCC PNB contains 57% cis-gDCC, 15% trans-PNB, and 28% cis-PNB, and so its contour 

length would be given by: 

L = (0.57)( 1.111 nm) + (0.15)( 1.239 nm) + (0.28)( 1.118 nm) = 1.176 nm    (Equation 5) 

Where the corresponding diad distances were determined as described above. 

The various diads, the plots used to determine their effective lengths, and the diad 

lengths themselves are given in Figures 22-29 below. 

 

 

 

Figure 21: Theoretical extensions based on modeling of a) cis-gDBC PNB 

(black) and cis-gDCC PNB (red circles). b) cis-gDBC PB (black squares, based on 

previously reported data; blue squares, based on data from current study) and cis-

gDCC PB (red).  
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Figure 22: Minimized energy (AM1) as a function of constrained diad end-to-

end distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained 

through CoGEF modeling of cis-gDBC PNB. Right) Taking the derivative of the 

energy vs. distance function provides a linear plot used to determine the contour 

length of the polymer. Contour length is obtained by extrapolating the force-

distance curve to zero force, and determined here to be 1.108 nm. 
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Figure 23: Minimized energy (AM1) as a function of constrained diad end-to-

end distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained through 

CoGEF modeling of ring opened cis-gDBC PNB. Right) Taking the derivative of the 

energy vs. distance function provides a linear plot used to determine the contour 

length of the polymer. Contour length is obtained by extrapolating the force-distance 

curve to zero force, and determined here to be 1.462 nm. 
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Figure 24: Minimized energy (AM1) as a function of constrained diad end-to-

end distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained through 

CoGEF modeling of cis-gDCC PNB. Right) Taking the derivative of the energy vs. 

distance function provides a linear plot used to determine the contour length of the 

polymer. Contour length is obtained by extrapolating the force-distance curve to zero 

force, and determined here to be 1.111 nm. 

 

 

 

 

 

 



 

52 

 

 

 

Figure 25: Minimized energy (AM1) as a function of constrained diad end-to-

end distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained 

through CoGEF modeling of ring opened cis-gDCC PNB. Right) Taking the 

derivative of the energy vs. distance function provides a linear plot used to 

determine the contour length of the polymer. Contour length is obtained by 

extrapolating the force-distance curve to zero force, and determined here to be 1.460 

nm. 
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Figure 26: Minimized energy (AM1) as a function of constrained diad end-to-

end distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained through 

CoGEF modeling of cis-gDBC PB. Right) Taking the derivative of the energy vs. 

distance function provides a linear plot used to determine the contour length of the 

polymer. Contour length is obtained by extrapolating the force-distance curve to zero 

force, and determined here to be 0.957 nm. 
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Figure 27: Minimized energy (AM1) as a function of constrained diad end-to-

end distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained through 

CoGEF modeling of ring opened cis-gDCC PB. Right) Taking the derivative of the 

energy vs. distance function provides a linear plot used to determine the contour 

length of the polymer. Contour length is obtained by extrapolating the force-distance 

curve to zero force, and determined here to be 1.217 nm. 
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Figure 28: Minimized energy (AM1) as a function of constrained diad end-to-

end distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained through 

CoGEF modeling of cis-gDCC PB. Right) Taking the derivative of the energy vs. 

distance function provides a linear plot used to determine the contour length of the 

polymer. Contour length is obtained by extrapolating the force-distance curve to zero 

force, and determined here to be 0.956 nm. 
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2.3.3 Comparing Thermal and Mechanical Reactivity  

 The SMFS results provide a rare opportunity to quantify mechanochemical 

structure-activity relationships, and we first consider the effect of the halogen. 

Dibromocyclopropanes are known to be more reactive than their dichlorinated 

counterparts, and such is the case here. The free energy of activation (G‡) for cis-gDCC 

 

Figure 29: Minimized energy (AM1) as a function of constrained diad end-to-

end distance d. Additional groups are appended to constrained atoms to minimized 

truncation effects. Left) Quadratic fit of the energy vs. distance data obtained through 

CoGEF modeling of ring opened cis-gDCC PB. Right) Taking the derivative of the 

energy vs. distance function provides a linear plot used to determine the contour 

length of the polymer. Contour length is obtained by extrapolating the force-distance 

curve to zero force, and determined here to be 1.205 nm. 

 

 

Figure  
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PB was determined experimentally to be 36.5 kcal mol-1 (Tables 1–3), about 4.5 kcal mol-1 

higher than that reported for a small molecule analogue of cis-gDBC PB (G‡ = 32 kcal 

mol-1).39-40 The lower intrinsic reactivity is manifested in a higher f* necessary to trigger 

the ring opening transition in the cis-gDCC PB (1330 pN) than in the cis-gDBC PB (1210 

pN) at the tip velocities employed. A similar effect is observed in the PNB polymers: f* 

for the gDCC is ~170 pN higher than that for gDBC (900 vs. 740 pN).  

 A more remarkable effect is observed when comparing polymer backbones. The 

effect of alkyl substituent on intrinsic, force-free gDCC reactivity, as determined from 

temperature-dependent kinetics, is less than the effect of the halogen (Tables 1-3), but 

the effect on f* is much greater. For the gDCCs, the plateau force changes from 1330 to 

900 pN on going from PB to PNB, and the same structural modification lowers f* in the 

gDBCs from 1210 to 740 pN.  That the changes in f* are not reflective of a purely intrinsic 

barrier effect is further confirmed by comparing the extent of thermal ring opening in 

cis-gDBC PB (f* = 1210 pN) and cis-gDCC PNB (f* = 900 pN). At 160 °C, over 12% of the 

cis-gDBC PB isomerizes in 15 min, whereas less than 5% of the cis-gDCC PNB has 

reacted after 30 min under force-free conditions (Figure 34). This is in marked contrast to 

the SMFS experiments, where the ring opening of the cis-gDCC PNB is much more facile 

at forces of ~1 nN.  
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 To obtain the thermal ring opening rates for cis-gDCC PB and cis-gDCC PNB 100 

mg of cis-gDCC PB or PNB was dissolved in a two-armed flask in 10 mL of THF. 1 mL of 

diphenylether (DPE) was added, and the THF was removed through reduced pressure 

evaporation. Oxygen was then removed through 3 cycles of freeze/pump/thawing. The 

flask was then placed in an oil bath at either 140 °C, 160 °C, or 180 °C and stirred under 

N2. Samples were taken at various intervals, and the amount of ring opening was 

determined by 1H NMR (Figures 31-32 ) as described previously.29  The concentration of 

unreacted gDCC as a function of time was fit to a first-order rate law (Figure 33a and b) 

and the rate constant was determined at each temperature.  The rate constant vs. 

temperature data were fit to the Arrhenius equation (Figure 33c) and extrapolated to 
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Figure 30: Representative thermal ring opening of cis-gDHC PB and cis-

gDHC PNB. 
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room temperature to give the associated free energy of activation and force-free rate 

constant, which were then used in fitting the force-extension curves (Tables 1-3). 

 

 

Figure 31: Thermolysis of a 100 mg mL-1 cis-gDCC PNB deoxygenated 

solution in DPE at a) 140 °C for 0 h(black), 5 h (red), 23 h (blue), and 46 h (pink) b) 

160 °C for 0 min (black), 30 min (red), 60 min (blue), and 120 min (pink) c) 180 °C for 

0 min (black), 15 min (red), 30 min (blue), and 60 min (pink). 
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Figure 32: Thermolysis of a 100 mg mL-1 cis-gDCC PB deoxygenated solution 

in DPE at a) 140 °C for 0 h(black), 5 h (red), 23 h (blue), and 46 h (pink) b) 160 °C for 0 

min (black), 1 h (red), 2 h (blue), and 4 h (pink) c) 180 °C for 0 min (black), 35 min 

(red), 80 min (blue), and 140 min (pink). 
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Figure 33: a) First-order thermolysis reaction data for cis-gDCC PNB at 140 °C 

(black), 160 °C (red), and 180 °C (blue) b) First-order thermolysis reaction data for cis-

gDCC PB at 140 °C (black), 160 °C (red), and 180 °C (blue) c) Arrhenius plot for cis-

gDCC PNB (black) and cis-gDCC PB (red). Force-free rate constants (ko) were obtained 

by extrapolating to room temperature. 
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 Table 1: First order rate law data for the thermal ring opening of cis-gDCC PB 

and cis-gDCC PNB. 

 Time (min) % RO %gDCC 

remaining 

ln[A] 

PB     

140 °C 300 2 99 4.59 

 1380 3 97 4.57 

 2760 5 95 4.55 

160 °C 60 3 97 4.58 

 120 6 94 4.55 

 240 14 86 4.46 

180 °C 35 6 94 4.54 

 80 11 89 4.49 

 140 23 77 4.35 

PNB     

140 °C 300 4 96 4.56 

 1320 10 90 4.50 

 2400 19 81 4.40 

160 °C 30 3 97 4.58 

 60 5 95 4.55 

 120 9 91 4.51 

180 °C 15 10 90 4.50 

 30 17 83 4.42 

 60 37 63 4.15 

 

Table 2: First order rate constants for thermal ring opening of cis-gDCC PB and 

cis-gDCC PNB. 

Polymer 140 °C 160 °C 180 °C 

PB k = 1.6 x 10-5 ± 1.4 x 10-6 k = 6.8 x 10-4 ± 6.2 x 10-5 k = 1.8 x 10-3 ± 3.4 x 10-4 

PNB k = 8.2 x 10-5 ± 1.2 x 10-5 k = 8.0 x 10-4 ± 8.3 x 10-5 k = 3.4 x 10-3 ± 7.6 x 10-4 
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Table 3: Arrhenius data for the thermal ring opening of cis-gDCC PB and cis-

gDCC PNB. 

Polymer 1/T (K) ln (k) ko (s-1) 

cis-gDCC PB 2.42 x 10-3 -10.9 8.4 x 10-15 

 2.52 x 10-3 -7.3  

 2.21 x 10-3 -6.3  

cis-gDCC PNB 2.42 x 10-3 -9.4 3.5 x 10-12 

 2.52 x 10-3 -7.1  

 2.21 x 10-3 -5.7  

 

Because the gDBC polymers had limited stability at elevated temperature, 

perhaps due to elimination of HBr from allylic bromide products,30 we were not able to 

complete similar thermolysis experiments to those of the gDCC polymers. Instead, the 

force-free rate constant for cis-gDBC PB was taken from published values,40, 94 and given 

that rate constant, the force-free rate constant for cis-gDBC PNB was estimated based on 

the difference between ko of cis-gDBC PB and the ko of cis-gDCC PB (Equation 6). 

Estimated ko cis-gDBC PNB = 

[(ko cis-gDBC PB)/(ko cis-gDCC PB)]*ko cis-gDCC PNB           (Equation 6) 
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2.3.4 SMFS Fitting Analysis  

 The difference in the relative rates of the force-free and mechanically assisted 

reactions points to a differential mechanical advantage that is provided by the PNB 

scaffold. Chemomechanical coupling is typically quantified by the Kauzmann-

Eyring/Bell-Evans equation (Equation 1), although expanded treatments such as 

Boulatov’s Taylor expansion,9 Makarov’s Extended Bell Theory,10 and the use of the cusp 

 

Figure 34: Representative thermolysis 1H NMR data used to determine the 

extent of ring opening of a) 68% gDCC PNB MN = 400 kDa. b) Same polymer after 

thermolysis in a deoxygenated 100 mg mL-1 diphenylether solution at 160 °C for 30 

min. 2.6% of the gDCC mechanophores isomerized. c) 72% gDBC PB MN = 400 kDa. 

d) Same polymer after thermolysis in a deoxygenated 100 mg mL-1 diphenylether 

solution at 160 °C for 30 min. 12.7% of the gDBC mechanophores isomerized. 
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and other potential energy surface models by Hummer, Szabo, and Dudko11, 102-103 are 

also available. In Equation 1, x‡ denotes the distance over which the force acts on the 

reactant as it goes from ground state to transition state. In order to quantify x‡ for these 

systems, we fit the SMFS curves to freely jointed chain models of polymer extension63, 100-

101 that are coupled either to Equation 1 or to the cusp model (see Tables 4-7 and Figures 

35-36).  

 

                        k(F) = k0 exp (-Fx‡/kBT)                                      (Equation 1) 

 

 Detailed explanation of the calculations used to fit the force-extension curves 

with irreversible bond elongation during polymer stretching has been published 

elsewhere.67 Pre- and post-transition extensions were fit to a modified freely jointed 

chain model. The initial contour length, Kuhn length, and segment elasticities were 

determined by selecting an area of the curve to fit prior to the transition (normally below 

600 pN for PNB and 1000 pN for PB). The final contour length and segment elasticities 

were determined by selecting an area of the curve to fit following the transition 

(normally above 1000 pN when possible). Fitting data for all force-extension curves can 

be found in Tables 4-7. The transition region was fit using either the Bell-Evans (Figure 

35) or cusp model (Figure 36) for activation. Force-free rate constants were taken from 

literature values (cis-gDBC PB), determined in house (cis-gDCC PB and cis-gDCC PNB), 

or extrapolated by comparison to the gDCC polymers (cis-gDBC PNB).  
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Figure 35: Selected representative Bell-Evans model force-extension curve 

fitting raw data for a) 32% cis-gDBC PNB b) 26% cis-gDCC PNB c) 54% cis-gDBC PB 

and d) 25% cis-gDCC PB 
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 During the course of a handful of SMFS experiments, it was apparent that a loop 

in the polymer chain caused a portion of the mechanophores to isomerize prior to the 

actual plateau that was fit in the force curve. A loop was evident by the appearance of a 

small plateau, followed by the polymer detaching, before the rest of the polymer was 

fully extended (Figure 37). Because of this loop, the initial and final contour lengths were 

corrected by subtracting the length of polymer at the apex of the loop detachment. 

 

Figure 36: Selected representative cusp model force-extension curve fitting 

raw data for a) 32% cis-gDBC PNB b) 26% cis-gDCC PNB c) 54% cis-gDBC PB and d) 

25% cis-gDCC PB 
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Table 4: cis-gDCC PNB Force-extension Curve Fitting Data 

Entry % 

gDHC 

RO 

force 

(pN) 

x‡ 

BEa 

(Å) 

x‡ 

cuspa 

(Å) 

L1 

(nm) 

L2 

(nm) 

L2/L1 khun 

length 

(nm) 

Elasticity 

(i) 

(pN/nm) 

Elasticity 

(f) 

(pN/nm) 

1 26 850 0.146 0.177 136.5 148.4 1.0872 0.7 12800 16900 

2 57 891 0.136 0.164 198.2 230.6 1.1635b 0.35 41250 216000 

3 57 952 0.128 0.153 262.8 302.3 1.1503 0.35 47000 444000 

4 63 933 0.135 0.162 63.04 77.96 1.2367 0.431 25800 76200 

5 63 897 0.135 0.165 73.62 84.09 1.1422b 0.45 33700 109000 
 a 

Force-free rate constant determined experimentally(see Table S3) to be ko295 = 3.47 x 10
-12

 s
-1

.  
b 
Corrected for loop.  

 

 

 

 

 

 

 

Figure 37: Force-extension curve of 55% cis-gDBC PNB. An example of a force-

extension curve depicting a loop in the polymer chain which the initial and final 

contour lengths were corrected for. The correction factor for this force-extension curve 

is 48 nm based on the apex of the loop extension. 
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 Table 5: cis-gDBC PNB Force-extension Curve Fitting Data 

Entry % 

gDHC 

RO 

force 

(pN) 

x‡ 

BEa 

(Å)  

x‡ 

cuspa 

(Å) 

L1 

(nm) 

L2 

(nm) 

L2/L1 khun 

length 

(nm) 

Elasticity 

(i) 

(pN/nm) 

Elasticity 

(f) 

(pN/nm) 

1 12 854 0.121 0.141 558.4 579.8 1.0383 0.65 16200 23400 

2 12 826 0.142 0.144 136.7 142.5 1.0424 0.347 25600 50000 

3 12 818 0.126 0.148 431 446.5 1.0360 0.512 25800 39100 

4 12 674 0.136 0.159 359.1 373.3 1.0395 0.9 11200 20000 

5 12 788 0.131 0.154 87.45 91.1 1.0417 0.85 25300 40000 

6 12 764 0.128 0.15 147.2 153 1.0394 0.9 10800 21000 

7 12 854 0.131 0.15 238.4 243.7 1.0222 0.4 62400 120000 

8 12 699 0.131 0.153 424.9 442.9 1.0424 0.886 11800 18500 

9 21.5 668 0.123 0.144 954.9 1007 1.0546 0.585 25500 80000 

10 21.5 626 0.146 0.171 535.4 565.9 1.0570 0.6 15100 20200 

11 21.5 625 0.139 0.16 339.1 360.3 1.0625 0.29 47100 50000 

12 32 794 0.13 0.152 313.8 347.3 1.1068 0.7 12700 24700 

13 32 742 0.141 0.165 156.7 170.1 1.0855b 0.65 20200 60600 

14 42.7 660 0.121 0.141 1010 1140 1.1287 0.416 25100 75800 

15 42.7 686 0.117 0.136 890.9 990.3 1.1116 0.426 28000 343000 

16 42.7 742 0.116 0.135 572.4 621.2 1.0853 0.585 27200 367000 

17 55 777 0.145 0.168 54.86 64.7 1.1794b 0.5 17400 72400 

18 55 818 0.13 0.153 91.2 103.9 1.1393 0.8 17800 71200 

19 55 764 0.145 0.169 111.8 128.8 1.1521 0.7 13500 83600 

20 55 759 0.123 0.145 61.68 70.33 1.1402 0.523 19000 136000 

21 55 721 0.132 0.155 95.3 110.7 1.1616 0.7 11100 73900 

22 55 549 0.18 0.21 70.76 82.66 1.1682 0.35 20900 54600 

23 67 784 0.121 0.14 210.1 247.1 1.1761 0.7 12100 101000 

24 67 794 0.122 0.143 140.9 167.4 1.1881b 0.7 16300 31800 
 a 

Force-free rate constant estimated based on the difference between ko295 of cis-gDBC PB and the ko295 of 

cis-gDCC PB.; ko295 = 4.043 x 10
-9 

s
-1

. 
b 
Corrected for loop. 
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 Table 6: cis-gDCC PB Force-extension Curve Fitting Data 

Entry % 

gDHC 

RO 

force 

(pN) 

x‡ 

BE 

(Å)  

x‡ 

cusp 

(Å) 

L1 

(nm) 

L2 

(nm) 

L2/L1 khun 

length 

(nm) 

Elasticity 

(i) 

(pN/nm) 

Elasticity 

(f) 

(pN/nm) 

1 25 1299 0.113 0.138 173.6 191.6 1.1037 0.489 25000 43200 

2 25 1224 0.12 0.148 237 257 1.0844 0.476 25200 35500 

3 25 1334 0.108 0.132 434 476.1 1.0970 0.472 25300 39700 

4 25 1487 0.093 0.115 337 362.6 1.0760 0.617 27310 35500 

5 37.5 1353 0.109 0.134 176.5 203.3 1.1518 0.514 25000 43700 

6 37.5 1434 0.101 0.124 255.8 274.7 1.0739 0.562 25100 22200 

7 37.5 1414 0.101 0.123 281.1 317.6 1.1298 0.562 25100 38500 

8 37.5 1424 0.101 0.123 271.1 304.6 1.1236 0.574 24800 34600 

9 37.5 1396 0.104 0.127 300.6 342.7 1.1401 0.421 25100 41100 

10 37.5 1454 0.098 0.12 431.9 486 1.1253 0.6 25000 37000 

11 37.5 1171 0.096 0.116 841.2 930 1.1056 0.467 26200 53600 

12 37.5 1245 0.095 0.117 308.9 339.9 1.1004 0.435 25100 30700 

13 37.5 1134 0.117 0.143 305.3 347.2 1.1372 0.476 24600 39000 

14 72.5 1338 0.103 0.126 496 586 1.1815 0.392 25500 28800 

15 72.5 1254 0.108 0.131 715.9 874.7 1.2218 0.534 24700 49600 
 a 

Force-free rate constant determined experimentally(see Table SI) to be k295 = 8.42 x 10
-15 

s
-1

. 
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Table 7: cis-gDBC PB Force-extension Curve Fitting Data 

Entry % 

gDHC 

RO 

force 

(pN) 

x‡ 

BE 

(Å)  

x‡ 

cusp 

(Å) 

L1 

(nm) 

L2 

(nm) 

L2/L1 khun 

length 

(nm) 

Elasticity 

(i) 

(pN/nm) 

Elasticit

y (f) 

(pN/nm) 

1 54 1217 0.092 0.11 191.2 214.6 1.1224 0.2 69800 72100 

2 54 1182 0.091 0.108 1058 1247 1.1786 0.8 14100 25000 

3 54 1186 0.092 0.109 531.9 629.8 1.1841 0.6 20300 40500 

4 54 1179 0.094 0.111 734.3 863.1 1.1754 0.495 24800 40400 

5 54 1135 0.091 0.107 918.8 1095 1.1918 0.495 24900 47200 

6-

epox 
54 1301 0.084 0.099 243 288.9 1.1889 0.5 34700 67000 

7-

epox 
54 1354 0.082 0.098 321 380 1.1838 0.592 25200 49400 

8-

epox 
54 1206 0.093 0.11 664.1 742.1 1.1175 0.504 24900 25000 

9-

epox 
54 1218 0.092 0.108 752.5 892.8 1.1864 0.47 25100 57400 

10-

epox 
54 1143 0.099 0.118 219.3 261.6 1.1929 0.483 24600 59700 

 a 
Force-free rate constant taken from published value

40
 k295 = 1.748 x 10

-11
 s

-1
. 

A summary of the results of these fits are shown in Table 8, and they verify that 

x‡ is about 0.4 Å larger for the PNB systems than for PB, corresponding to a 103-fold 

differential rate acceleration in the PNB polymers relative to PB at a force of 1 nN. We 

next consider the physical meaning of x‡, which is often interpreted as a change in 

internuclear distance.104-105 The challenge when force is applied across a polymer, unlike 

choosing a force that is specific to a given local coordinate, lies in deciding upon which 

pair of nuclei defines the appropriate internuclear coordinate.33, 95 In cases in which the 

tension in the mechanophore is coupled to the restoring force acting on a polymer in 

which it is embedded, we propose that x‡ is best viewed as the change in polymer contour 
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length that accompanies the change from ground state to transition state along the 

reaction path of interest. 

 The results are quantitatively consistent with this interpretation. Estimates of 

polymer contour length, based on computational distortion of model diads, show that 

the average extension per gDHC monomer in PB is approximately 1.3 Å. The x‡ values 

derived from SMFS fitting range from 1.01 – 1.29 Å, depending on the assumed shape of 

the potential energy surface, and these values are consistent with the fact that the 

transition states of gDHC ring openings are very product-like39, 106 (i.e., x‡ should be 

close to but less than 1.3 Å, as observed). Likewise, the extension per gDHC monomer in 

PNB is approximately 1.77 Å, about 0.5 Å longer than in PB and in good agreement with 

both the relative and absolute x‡ values obtained from SMFS (~1.3 Å for Bell-Evans and 

~1.6 Å for the cusp energy surface). The fits also show slightly larger x‡ for gDCC than 

gDBC, as expected for the later and more open transition state in the gDCCs.40, 106 

Table 8: Average measured ring opening force and calculated x‡ for cis-gDHC PB and 

PNB. Uncertainties correspond to 95% statistical confidence limit in the means taken 

from averaging values from all measurements, which include experiments on multiple 

samples over multiple days using multiple, independently calibrated cantilevers. 

 f* (nN) x‡(BE) (Å) x‡ (cusp) (Å) Calculated Extension 

(Å/monomer) 

gDBC PB 1.21 ± 0.05 0.96 ± 0.05 1.14 ± 0.04 1.30 

gDCC PB 1.33 ± 0.03 1.04 ± 0.04 1.28 ± 0.05 1.25 

gDBC PNB 0.74 ± 0.03 1.32 ± 0.06 1.54 ± 0.07 1.77 

gDCC PNB 0.90 ± 0.05 1.36 ± 0.08 1.64 ± 0.10 1.75 
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 To investigate the effect of the epoxide addition on either the ring opening force 

of the mechanophore or the extent of mechanochemical coupling (x‡), we repeated the 

previously reported SMFS experiments on cis-gDBC PB with both epoxidized and 

unepoxidized versions of the polymer. We were able to successfully repeat the 

previously reported ring opening force of 1200 pN (current study = 1212 ± 56 pN) and 

x‡ value of 1.05 ± 0.1 Å (current study = 0.91 ± 0.04 Å) on both epoxidized and 

unepoxidized polymers. Also, the percent extension is not affected by the epoxidation of 

the polymer (Table 7) providing evidence that addition of epoxide moieties along the 

other three polymer systems does not affect the ring opening forces, % extension, or the 

extent of mechanochemical coupling.  

2.3.5 Modeling Local Force Coupling 

 The cyclopentyl rings in the PNB backbone are therefore aligned in such a way 

that they more directly couple motion in the gDHC ring opening to extension along the 

polymer backbone. A complementary view is that this same backbone more efficiently 

couples a restoring force applied at the ends of the polymer to the local coordinate 

associated with the ring opening of the gDHCs. We assessed this perspective using the 

clever approach reported recently by Boulatov and co-workers,94 who recognized that 

molecular distortions (here, of the cyclopropane) reflect the force acting on a local 

internuclear coordinate. Using CoGEF calculations,98 we evaluated the distortion of the 

central gDCC as a function of restoring force applied to the ends of PB and PNB triads.  
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 To compare mechanochemical coupling, triads of cis-gDCC PB and cis-gDCC 

PNB were evaluated using the CoGEF methodology described previously.  The triads 

were first extended in 2 Å increments to lengths of 16 Å and 19 Å, respectively, by 

constraining the distance between the attachment points shown below.  The constraining 

distance was then reduced in 0.1 Å increments, and the structures were energy 

minimized at the AM1 level of theory at each distance (Figures 38-40).  The effective 

constraining force was calculated as follows: 

fd =  (E(d+0.1Å) – E(d-0.1Å))/(0.2 Å)                                        (Equation 7) 

where fd and Ed are the force and energy, respectively, of the structure at an end-to-end 

constraining distance of d. 

 At calculated restoring forces of 0.5 to 1.5 nN, greater distortion is observed in 

the gDCC PNB (each of two stereoisomers tested) than gDCC PB (Figure 41). The 

relative efficiency of delivering a necessary microscopic restoring force to the local 

reaction coordinate can also be judged from the calculated gDCC distortions. For 

example, when the 1.33 nN plateau force associated with gDCC PB is applied 

computationally, it corresponds to a C-C distance d of 3.43 Å. That same 3.43 Å 

separation is obtained in the gDCC PNB triads at forces of 900 – 1050 pN, consistent with 

the observed plateau forces measured in PNB vs. PB. 
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Figure 38: Left) Energy vs. distance data obtained through CoGEF modeling of 

cis-gDCC PB triad. Right) Taking the derivative of the energy vs. distance function 

provides a linear plot of force vs. contour length of the triad. 

 

 

 

 

 



 

76 

 

 

 

 

 

 

 

 

 

 

 

Figure 39: Left) Energy vs. distance data obtained through CoGEF modeling of 

cis-gDCC PNB triad(1). Right) Taking the derivative of the energy vs. distance 

function provides a linear plot of force vs. contour length of the triad. 
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Figure 40: Left) Energy vs. distance data obtained through CoGEF modeling of 

cis-gDCC PNB triad(2). Right) Taking the derivative of the energy vs. distance function 

provides a linear plot of force vs. contour length of the triad. 
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2.4 Conclusion 

 The poly(norbornene) scaffold therefore represents not only another tether for 

applying a force to a mechanophore, but here it is shown to act as a “lever”, providing 

enhanced mechanical advantage relative to poly(butadiene). Although such coupling 

effects have been suggested previously, the fact that the mechanical advantage of the 

lever arm effect outweighs the advantage obtained by increasing the intrinsic reactivity 

of the gDHC through the halogen points to several potential consequences. First, it 

demonstrates that a simple change in backbone can have orders-of-magnitude effects in 

the rates of mechanically assisted reactions, lowering threshold forces for activity on a 

 

Figure 41: Calculated distortion of the local reaction coordinate d in a cis-

gDCC PB triad (orange circles) and two cis-gDCC PNB triads of differing 

stereochemistry (blue squares and red triangles), as a function of restoring force 

applied to the ends of the triads (green arrows). 
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given time scale by several hundred pN. Such manipulations might make possible 

mechanochemical transformations that have yet to be realized. For example, the tension 

trapping of carbonyl ylides described in Chapter 3, and as demonstrated here similar 

backbone effects might be more effective than the structural modifications typically used 

to facilitate force-free reactions. Second, the computational approach proposed by 

Boulatov, and used here to characterize the experimental observations, might be useful 

in screening backbones to find even greater mechanical advantage. Lastly, we note that 

because the mechanophore itself is a part of the backbone, these observations raise the 

possibility of feedback loops in which the reaction of one mechanophore either enhances 

or suppresses the activity its neighbor. In all, these results point to previously unrealized 

value in looking “beyond the mechanophore” when considering polymer 

mechanochemistry.  

 

 

 

 

 

 

 



 

80 

3. Tension Trapping of Carbonyl Ylides 

3.1 Introduction 
*This chapter is adapted from J. Am. Chem. Soc. 2012, 134, 9577-9580 

 

 As described in Chapter 1, the mechanical activation of reactive functional 

groups (mechanophores) has led to a number of advances16-17, 31, 66, 96, 107-109, including those 

related to stress-responsive polymers,68, 110 damage detection,111-112 mechanocatalysis,73, 81 

and mechanically exclusive reactivity.19, 113-114 A particular interest of ours lies in 

exploiting the concept of “tension trapping” reactive intermediates114 and transition 

states.67 To date, the emphasis in the field has been on the mechanophore, and the 

polymer scaffold has been regarded as an inactive handle that either is or is not coupled 

to the reaction coordinate of the mechanophore. Theoretical calculations have postulated 

the role of the polymer backbone in the mechanophore reactivity,95-96 but  no 

experimental evidence has been reported. This chapter describes how a change in 

polymer backbone enables the mechanical activation of epoxides and subsequent 

trapping of the ring-opened intermediates. The tension trapping of the ylides allows 

previously uncharacterized aspects of their reactivity to be assessed.  

 Since 1965 carbonyl ylide intermediates have been the suspected route through 

which substituted epoxides participate in electrocyclic addition to a variety of  

systems.42 Huisgen has largely been credited with providing the definitive proof of 

carbonyl ylide intermediate participation in thermal and photochemical cycloaddition of 

epoxides to dipolarophiles.115 These intermediates are synthetically significant and 
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versatile.116 Not only can carbonyl ylides provide access to a host of heterocyclic 

products through electrocyclic addition reactions,116-117 but they are also a route to 

various acetals through addition of alcohol containing compounds.37-38  

 We hypothesized that epoxides might undergo mechanically triggered ring 

opening to carbonyl ylides (Figure 42), similar to the previously reported mechanical 

ring opening of gem-dihalocyclopropanes (gDHCs), which leads to either 2,3-

dihaloalkenes29, 31 capable of nucleophilic substitution at the allylic halogen,108 or 1,3-

diradicals capable of radical addition.67 Epoxides undergo a similar electrocyclic ring 

opening, and, like gDHCs, epoxides represent minor structural perturbations to a 

polymer making them potentially interesting mechanophores for stress-responsive 

polymers. 

 

Figure 42: Reactivity of carbonyl ylides: (left) When heated, epoxides can ring 

open to carbonyl ylide intermediates which can then be trapped by either dipolarophiles 

or alcoholic solvents. (right) When mechanical force is applied to an epoxide, the same 

acetal and furan products are formed. 
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 The barrier to ring opening for unsubstituted epoxides118 is larger than that of 

gDHCs119 (65 kcal/mol vs. 30-45 kcal/mol). Ring opening of epoxides to carbonyl ylide 

intermediates are facilitated by the addition of charge stabilizing groups on either side of 

the epoxide ring.43-44 These stabilizing groups lower the activation energy for ring 

opening to within the same range of gDHCs.118 Polymer scaffolds containing such 

groups are difficult to prepare and handle (solubility/stability), so we began by 

investigating whether such charge stabilizing groups were even necessary for 

mechanochemical activation of epoxides, and if mechanical activity could be realized on 

readily available polyolefin scaffolds. 

3.2 Experimental 

 Materials and methods. cis-Polybutadiene, CHBr3, NaOH, CH3OH, CTAB , 

DMAD, norbornene, Grubbs Catalyst 1st Generation, chlorobenzene, ReCl5, mCPBA, 

sodium chlorodifluoroacetate, methyl benzoate, and THF were purchased from Sigma-

Aldrich, CHCl3, CH2Cl2 was obtained from BDH, CDCl3 was purchased from Cambridge 

Isotope Laboratories (D, 99.8 %), and coumarin–2,2,6,6-tetramethylpiperidine-1-oxyl 

(CT) was prepared according to published reports.67  All reagents and solvents were 

used as received. All 1H and 19F NMR spectra were collected in CDCl3 on a 400 MHz 

Varian NMR. CHCl3  = 7.24 and CF3CH2OH  = -80.2 were used as internal chemical 

shift references. Gel permeation chromatography (GPC) was performed on a single 

column (Agilent Technology PL gel, #179911GP-504, 104 Å) using inhibitor-free THF as 
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mobile phase at 0.5 mL min-1 at room temperature. The flow rate was set using a Varian 

Prostar Model 210 pump, and molecular weights were calculated using an inline Wyatt 

Dawn EOS multi-angle light scattering (MALS) detector, Wyatt quasi-electric light 

scattering (QELS), Wyatt Optilab DSP Interferometric Refractometer (RI), and Varian 

Prostar Model 320 UV-Vis detector. The dn/dc values for each polymer were determined 

by dividing the integrated RI signal by the amount of polymer injected.  

 Preparatory gel permeation chromatography (prep-GPC) was performed on 

three inline columns (Ultratyragel, #0074103471GG 104 Å, #0040103471GG 105 Å, 

0112103471GG 106 Å) using inhibitor-free THF as a mobile phase at 6 mL min-1 at room 

temperature. The flow rate was set using a Varian Prostar Model 210 pump. A Waters 

2414 RI detector was used to detect polymer elution.  

 Sonication experiments. Ultrasound experiments were performed in inhibitor-

free THF on a Vibracell Model VCX500 operating at 20 kHz with a 13.1 mm replaceable 

titanium tip probe from Sonics and Materials (http:www.sonics.biz/). Each sonication 

was performed in a 1 mg mL-1 polymer solution in inhibitor-free THF deoxygenated 

with bubbling N2 for 30 minutes prior to sonication. The temperature was kept at 6-9 °C 

in an ice-water bath and the sonication pulse sequence was set to 1 s on / 1 s off. All 

sonication times are reported as the cumulative “on” time of the experiment, rather than 

elapsed clock time. 
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Polymer Epoxidation  

 

O

n m

O

n m
                              

 

 1 mmol of the olefinic polymer (PNB or PB) was dissolved in 50 mL of 

dichloromethane and cooled to 0 °C in an ice water bath. 1 mmol of mCPBA was 

dissolved in 10 mL dichloromethane, and the solution was added dropwise over 2 min 

to the polymer solution. After 10 min (for PNB) or 30 min (for PB) of stirring, 50 mL of a 

10% Na2CO3 solution was added to quench the reaction. The solution was washed one 

more time with Na2CO3, twice with brine solution, and twice with DI H2O. The polymer 

was then precipitated by concentrating the solution and pouring it into stirring 

methanol. The polymer was collected and dried under vacuum. The 1H NMR spectra of 

both 1 and 2 (Figure 43) indicate these two individual polymer samples were both ~50% 

epoxidized. A range of polymer batches were used throughout the study, in part 

because of limited stability in long-term storage and in part to test the robustness of the 

results. The extent of functionalization was determined using 1H NMR spectroscopy as 

follows: 

% PNB functionalization =  Ial – 4(Ivin)/[Ial + Ivin]                     (Equation 8)                      

% PB functionalization = Ial – 2(Ivin)/[Ial + Ivin]                       (Equation 9) 

Where: Ivin PNB = integration from  = 5.5 to 5.0 ppm 

Ivin PB = integration from  = 5.6 to 5.25 ppm 
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Ial PNB = integration from = 3.0 to 0.8 ppm 

Ial PB = integration from  = 3.1 to 1.4 ppm 

The uncertainty in the percent functionalization is taken to be ± 5%, based on 

independent measurement of 5 different unfunctionalized polymers. 

 

 

 

Figure 43: Top) 1H NMR spectra of 2 MN = 160 kDa 50% functionalized.  = 

5.32 (trans C=C-H, 2H), = 5.19 (cis C=C-H, 2H), = 2.77 (cis O-C-H, 2H), = 2.6 (trans 

O-C-H, 2H), = 2.41 (trans C=C-C-H 1H), = 2.1-1.0  O-CH-CH, 1H and Cp 6H). 

Bottom) 1H NMR spectra of 1 MN = 200 kDa 60% functionalized. = 5.53-5.27 (cis and 

trans 1,4 C=C-H, 2H), = 5.02 (1,2 C=C-H, 2H), 2.95 (cis O-C-H, 2H), = 2.75 (trans 

O-C-H, 2H), = 2.25-1.4 C=C-CH2, 4H and O-CH-CH2, 4H) 

 

 

 

 



 

86 

gem-Difluorocyclopropane (gDFC) PNB Synthesis 

 

FF

n

trans or cis-gDHC PNB

m

 
 

 2.3 mmol of predominantly (85%) cis-PNB was dissolved in THF. 20 mL of 

methyl benzoate was added to the polymer solution, and the THF was completely 

removed through reduced pressure evaporation. Upon removal of THF, 4 Å molecular 

sieves were added, and the solution was deoxygenated with bubbling N2 overnight. In a 

separate flask, 3 eq of sodium chlorodifluoroacetate was dissolved in 3 mL of methyl 

benzoate. 4 Å molecular sieves were added to the flask, and the solution was 

deoxygenated with bubbling N2 overnight. The polymer solution was transferred via an 

oven-dried syringe to an oven-dried 2 neck flask attached to a dry water-cooled 

condenser charged with a stirbar. The flask was then placed in an oil bath at 185 °C. 

Immediately after placing the flask in the oil bath, dropwise addition (mediated by 

syringe pump) of sodium chlorodifluoroacetate began, and continued for 1 h. After 

addition of sodium chlorodifluoroacetate, the flask was removed from the oil bath and 

allowed to cool to room temperature. The solution was then washed 3 times with brine, 

3 times with deionized H2O, and then redissolved in THF. The polymer was then 

reprecipitated with methanol, and dried under high vacuum (Figure 44).  
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Figure 44: Top) 1H NMR spectrum of 75% cis-gDFC PNB, MN = 192 kDa, = 

5.32 (trans C=C-H, 2H), = 5.19 (cis C=C-H, 2H), = 2.77 (C=C-C-H, 2H), = 2.43 

(trans-gDFC-C-H, 2H), = 2.25 -0.5 (cis-gDFC-C-H, 2H, gDFC-CH-C-H, 1H and Cp 

6H). Residual solvent:= 3.76 (THF). Bottom) 19F NMR spectrum of the same 

polymer; = -124 (d, J = 240 Hz), -152.5 (d, J = 160 Hz) (cis-gDFC),  = -137.8 (trans-

gDFC). 
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Computational Details. The small molecule analogues 1 and 2 were built by 

Maestro and initially were optimized by the built-in OPLS-AA force fields. B3LYP/6-

31G* was then applied to optimize the geometries in both gas phase and THF by 

Gaussian 09. The IEF-PCM model was used to describe the THF solvent effect. Potential 

energy scans for all four systems using the C-C distance of the epoxide ring were carried 

out with the step size 0.1 Å. Using the geometries as the initial guess along the scanned 

energy profile, the geometries of the  products were optimized by B3LYP/6-31G*. To 

check whether or not basis sets and functionals are reliable, we also optimized the 

geometries of the reactants and the products for the two molecules using B3LYP/6-

311++G** and M06L/6-311++G**. The free energies of the kinetically significant stationary 

points were computed by harmonic oscillator approximations. Only the s-trans/s-trans 

conformers were used in the calculations because these would be the only conformers 

present under mechanical tension. The geometries of transition states optimized with 

the QST3 option of Gaussian 09 (i.e., Berny optimization algorithm) were verified using 

frequency analysis. In addition, the wavefunction stabilities for transition states were 

tested using the Stable option of Gaussian 09. 

3.3 Isomerization 

 We investigated epoxide reactivity utilizing pulsed ultrasound. Upon 

epoxidation, PB-epox 1, MN = 384 kDa, was sonicated to screen for mechanically induced 

ring opening through isomerization (cis to trans). Figure 45 illustrates that the oxirane 
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proton resonances for cis 1 occurs at 2.95 ppm, and the oxirane proton resonances for 

trans 1 occurs slightly upfield at 2.72 ppm.  Therefore, they are easily discernible, and 

changes in isomerization would be apparent.  

 

 Similar to 1, it is easy to distinguish between the two stereoisomers of epoxidized 

PNB (2). Figure 46 compares the 1H NMR spectra of both cis and trans 2. The cis oxirane 

proton resonance occurs at 2.79 ppm and the trans proton resonance is slightly 

downfield at 2.62 ppm making isomerization detection relatively straight forward. 

 

Figure 45: 1H NMR spectra comparison of cis and trans 1, both ~ 50% 

functionalized. = 5.53-5.27 (cis and trans 1,4 C=C-H, 2H), = 5.02 (1,2 C=C-H, 2H), 

= 2.95 (cis O-C-H, 2H), = 2.75 (trans O-C-H, 2H), = 2.25-1.4 (O-CH-CH2, 4H and 

C=CH-CH2 4H) 
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 This isomerization would occur if cis epoxide rings were pulled open to the s-

trans/s-trans67 ylide intermediate which would then preferentially relax to the more 

stable trans epoxide due to a conrotatory ring closing (based on Woodward-Hoffman 

rules) once the tension is released after chain scission or at the end of a bubble 

collapse.120 No significant isomerization was detectable in polymer 1, however, even 

after the MN had been reduced to a fraction of the original MN through sonochemical 

chain scission (final MN = 50 kDa) (Figure 47a). On the other hand, a different result was 

found when the polymer backbone was changed. Poly(norbornene) (PNB) was 50 ± 5% 

epoxidized (PNB-epox 2, MN = 965 kDa) and sonicated under identical conditions. It was 

evident, even as the MN approached only half that of the original polymer, that the cis 

isomer content decreased with increasing sonication time (Figure 47b).  

 

Figure 46: 1H NMR spectra comparison of cis and trans 2. Both ~ 80% 

functionalized. = 5.32 (trans C=C-H, 2H), = 5.19 (cis C=C-H, 2H), = 2.77 (cis O-

C-H, 2H), = 2.6 (trans O-C-H, 2H), = 2.41 (trans C=CH-C-H, 1H), = 2.2-1.0 (cis 

C=CH-C-H, 1H, O-CH-CH, 1H and Cp 6H). 
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 This decrease is not due solely to selective destruction of cis isomers, as the total 

trans epoxide content (by 1H NMR normalized to the alkene resonances) increased from 

an initial value of 6% to a value of 11% after the molecular weight had decreased to 48 

kDa following 120 min of sonication (Figure 47b). When 1 and 2 were sonicated, the % 

trans content of the sonicated polymer was calculated based on the integration of the two 

cis and trans resonances when normalized to the un-reacted carbon-carbon double bond 

resonances. After sonication, the 1H NMR spectrum of 1 did not indicate appreciable 

isomerization from cis to trans (Figure 48), but the %trans content of 2 increased by 5% 

(Figure 49). 

 The % trans epoxide content of the sonicated polymer was calculated as follows: 

 

Figure 47: a) 1H NMR spectra of 1 before (black) and after 120 min of sonication 

at 30% amplitude (red) b) 1H NMR spectra of 2 before (black) after 120 min (red) of 

identical sonication conditions to 1. Epoxide region normalized to the un-reacted 

alkene resonance. 
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% trans epoxide = Itrans/(Icis + Itrans + Ivin)                               (Equation 10) 

Where Itrans = integration of  = 2.58 to 2.65 ppm  

Icis = integration of = 2.68 to 2.86 ppm 

Ivin = integration of  = 5.5 to 5.0 ppm 

 

 

Figure 48: a) Initial 1H NMR spectrum of 1 (MN = 384 kDa). b) 1H NMR 

spectrum 1 after sonication in a 7 mg mL-1 solution in THF at 30% amplitude for 120 

min (MN = 50 kDa). 
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We note that the difference in mechanical reactivity cannot be attributed to 

molecular-weight dependent differences in the achieved forces, because isomerization in 

2 is observed throughout the scission process, even as the molecular weight drops below 

100 kDa (Figure 50). In order to verify that the isomerization in 2 is not due solely to its 

 

Figure 49: a) Initial 1H NMR spectrum of 2 (MN = 965 kDa). b) 1H NMR 

spectrum 2 after sonication in a 7 mg mL-1 solution in THF at 30% amplitude for 120 

min (MN = 48 kDa). 
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higher initial molecular weight, we examined the cis:trans epoxide content toward the 

end of the sonication process, when the molecular weight of 2 is much lower. The 

isomerization continues to progress from 60 min (cis:trans = 9.4, MN = 69 kDa) to 120 min 

(cis:trans = 8.1, MN = 48 kDa), as shown in Figure 50.  

 
 

 The mechanical nature of the isomerization was confirmed by sonicating a low 

MN 2 (9 kDa, below the limiting MN for sonochemical chain scission) under identical 

conditions; no isomerization was observed, confirming that the isomerization is 

mechanical in nature (Figure 51).   

 

Figure 50: 1H NMR spectra of 2 (MN = 965 kDa, black), 2 after sonication at 30% 

amplitude for 60 min (MN = 69 kDa, blue), and 2 after sonication at 30% amplitude for 

120 min (MN = 48 kDa, red). 
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 A more important concern stems from previous work that suggests that the 

extent of activity can be diminished by the presence of “weak bonds” along the polymer 

backbone.78 To test whether 1 had intrinsically weaker backbone bonds than 2, we 

normalized the scission profiles to the contour lengths of the polymers. The normalized 

degradation profiles are quite similar, and if anything suggest a slightly greater 

degradation rate in 2 than in 1, confirming that the lack of mechanophore activity in 1 is 

not due to an intrinsic fragility along the main chain that leads to scission prior to 

widespread activation. 

 

Figure 51: 1H NMR spectra (cis and trans epoxide region) of initial small MN (9 

kDa) 2 (black), and the same 9 kDa 2 after sonication in a 7 mg mL-1 solution in THF 

for 120 min at 30% amplitude (red). 
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 Both 1 (MN = 99 kDa) and 2 (MN = 174 kDa) were each sonicated at 30% 

amplitude in 2 M DMAD solutions in THF. Samples of each were taken at given time 

points, and the MN was determined by GPC-MALS. The MN was translated to an 

estimated contour length based on minimized energy conformers of both repeat units 

using semiempirical AM1 level of theory (Figure 52). The rate of contour length 

degradation upon sonication of 1 over time does not appear to be greater than that of 2 

(Figure 53). This precludes the possibility that 1 is simply cleaving more readily and 

hence no epoxide ring opening is possible.  

 

 

 

Figure 52: Minimized energy conformers of 1 (left) and 2 (right) as obtained 

using Spartan ® software. 
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 3.2 Acetal Formation  

 In order for this isomerization to occur, the C-C bond of the epoxide must be 

broken, suggesting the likely formation of a ring-opened ylide intermediate. To test this 

hypothesis, each polymer was sonicated in the presence of small molecules capable of 

addition to carbonyl ylides. Because only a small amount of isomerization was observed 

(5%) even after >2 scission cycles, easily detectable small molecules were used for 

studies on addition to stress-induced carbonyl ylides. First, acetal formation was 

investigated as further evidence of the formation of carbonyl ylides. Figure 54 illustrates 

the anticipated products from addition of 9-phenanthrol (1a and 2a) and trifluoroethanol 

 

Figure 53: Contour length degradation upon sonication of 1 (red circles) and 2 

(black squares) at 30% amplitude in 2 M DMAD solutions in THF. The plots are 

normalized to a contour length of 8000 Å at t = 0. 

 



 

98 

(TFE) (1b and 2b) to the two possible carbonyl ylides formed by mechanical ring 

opening of 1 and 2 respectively.  

 

3.2.1 UV Labeled Acetal 

 Stress-induced acetal formation was investigated by sonicating both epoxidized 

polymers in the presence of hydroxyl-containing molecules. Carbonyl ylides are known 

to react with alcoholic solvents such as methanol,37-38 and 9-phenanthrol was used as an 

ylide trap because of the ease of detection of incorporation on to the polymer due to its 

 

Figure 54: Structures of epoxidized polymers and anticipated product 

structures.  Note that multiple stereoisomers are not depicted. 
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UV absorption. When 2 was sonicated for 180 min in a 0.1 M solution of 9-phenanthrol 

in THF, the GPC/UV spectra indicated that phenanthrene had been incorporated onto 

the polymer backbone to produce 2a (Figure 55b). No evidence of such addition was 

found for 1 under identical conditions (Figure 55a).  

 

 

 

Figure 55: a) GPC-RI/UV traces of 1 stirred (RI, black dots; UV, black; MN = 250 

kDa) and sonicated (RI, red dots; UV, red; MN = 26 kDa) in a 0.1 M 9-phenanthrol THF 

solution for 180 min at 30% amplitude. b) GPC-RI/UV traces of 2 stirred (RI, black dots; 

UV, black; MN = 250 kDa) and sonicated (RI, red dots; UV, red;  MN = 36 kDa) under 

identical conditions. c) 19F NMR spectra of 1 (black; initial MN = 200 kDa, final MN = 53 

kDa) and 2 (red; initial MN = 250 kDa, final MN = 54 kDa) after sonication for 120 min in 

a 2 M TFE solution in THF, and acetal model compound  2-(1-ethoxyethoxy)-1,1,1-

trifluoroethane (blue). All sonications were at 30% amplitude. Spectra are referenced to 

TFE,  -80.2. 
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 Both sonicated and stirred samples of 1 and 2 were analyzed by GPC/UV. The 

initial MN of both polymers was 250 kDa, and after sonication under identical 

conditions, both polymers’ MN was reduced to ~30 kDa. Because chain scission occurred, 

it can be inferred that carbonyl ylides were present during this process (based on the 

prior isomerization data), and as previously stated, alcoholic molecules react with 

carbonyl ylides to produce acetals. The UV spectrometer was set to 356 nm. At that 

wavelength, phenanthrene has an extinction coeffiecent of 9700 M-1cm-1. Neither the 

stirred nor the sonicated samples of 1 showed UV absorption (Figure 55a). The stirred 

sample of 2 did not produce a UV signal either, but the sonicated sample of 2 did absorb 

at 356 nm which points toward the formation of the expected product 2a. The fact that 

the stirred solution of 2 did not form the 2a product is indicative of the mechanical 

nature of the acetal formation. The 1H NMR spectra of the sonicated product also 

confirms the acetal formation121 (Figure 57). Even after passing the sonicated polymer 

through a preparatory GPC, the resonances associated with the phenanthracene 

structure are still present, and as further support of incorporation onto the polymer, the 

phenanthracene resonances are shifted downfield from the initial 9-phenanthrol (Figure 

56). 
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Figure 57: 1H NMR spectra illustrating the presence of 2a (MNf = 36 kDa) 

following sonication of a 7 mg mL-1 solution of 2 for 180 min in a 0.1 M 9-phenanthrol 

solution in THF at 30% amplitude. The inset is the enlarged aromatic region. 

 

 

Figure 56: 1H NMR spectrum of 9-phenanthrol with labeled proton resonances. 
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 Acid hydrolysis of acetals, typically for the purpose of deprotecting alcohols, is 

common in organic synthesis. As further evidence of the presence of an acetal, the 

sonicated polymer was then dissolved in dichloromethane and treated with a 50/50 

mixture methanol/HCl and stirred for 3 h at room temperature under a nitrogen 

atmosphere. The solution was neutralized with K2CO3 and the polymer was precipitated 

with methanol from a concentrated solution. A fraction of the polymer was extracted 

with CDCl3, and the 1H NMR spectrum indicates there was no longer phenanthrene 

attached to the polymer (Figure 58).  

 

 

  

 

Figure 58: 1H NMR spectra of 2a after treatment with 50/50 methanol/HCl to 

hydrolyze the acetal. The aromatic region shows no evidence of 2a still present. 
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 As a control experiment, samples of unfunctionalized PNB were both stirred and 

sonicated (Figure 59) in a 0.1 M 9-phenanthrol solution under identical conditions as 1 

and 2 to ensure the epoxide group is in fact responsible for the 9-phenanthrol addition. 

The stirred sample showed no evidence of acetal formation based on GPC/UV (Figure 

60). The MN of the unfunctionalized PNB was similar to that of 1 and 2 and upon 

sonication, decreased from 223 kDa to 48 kDa after 180 min at 30% amplitude. The 

GPC/UV and 1H NMR of the sonicated polymer indicate there was no phenanthrene 

attached to the polymer (Figure 60 and 61). 

 

 

Figure 59: Control experiment- sonication of unfunctionalized PNB with 9-

phenanthrol 
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Figure 60: a) UV spectra of a stirred 7 mg mL-1 PNB (MN = 223 kDa, black) in a 

0.1 M phenanthrol solution in THF and the same polymer after a 7 mg mL-1 solution 

was sonicated for 180 min in a 0.1 M phenanthrol solution in THF at 30% amplitude 

(MN = 48 kDa, red). b) RI signals from the same polymers. 
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 An additional control experiment was performed to investigate the mechanical 

nature of the acetal formation. A small MN 2 (MN = 13 kDa, below the limiting molecular 

weight needed for chain scission) was sonicated in a 0.1 M 9-phenanthrol solution in 

THF under identical conditions. After 180 min sonication at 30% amplitude, the MN did 

not change, and there was no UV active species attached to the polymer, indicating that 

the acetal formation is mechanical in nature (Figure 62).  

 

Figure 61: 1H NMR spectra of unfunctionalized PNB (MNi = 223 kDa MNf = 48 

kDa, black) sonicated in 0.1 M 9-phenanthrol solution in THF at 30% amplitude, and 
1H NMR spectra of unfunctionalized PNB (MN = 223 kDa) stirred in a 0.1 M 9-

phenanthrol solution in THF (red). The inset is the aromatic region enlarged. 
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3.2.2 Fluorine Labeled Acetal 

 Trifluoroethanol (TFE) was also utilized for mechanically induced acetal 

investigation. TFE was used as an ylide trap because the specificity of 19F NMR renders 

the proposed acetal product easy to identify. First, a small molecule model (2-(1-

ethoxyethoxy)-1,1,1-trifluoroethane) of 1b/2b was created to compare to the sonicated 

polymer product. 12 mmol of ethyl vinyl ether and 48 mmol of TFE were added to a 

pressure vessel and charged with a stir bar. The vessel was sealed and placed in an oil 

bath at 80 °C. The solution was stirred for 12 h. After cooling the solution to room 

temperature, a sample was taken and analyzed by 19F NMR (Figure 63). The spectrum 

 

Figure 62: Low MN 2 (MN = 13 kDa) prior to sonication (RI-black-dotted, UV-

black), and the same polymer after a 7 mg mL-1 solution was sonicated for 180 min (MN 

= 13 kDa) in a 0.1 M 9-phenanthrol solution in THF at 30% amplitude (RI-red-dotted, 

UV-red). 
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was consistent with published reports of similar trifluoroacetals upon which this 

synthetic procedure was based.122  

O

O

CF32b
 

 

 Next, 1 and 2 with similar molecular weights (1 = 200 kDa, 2 = 250 kDa) were 

sonicated separately for 120 min in a 2 M solution of TFE in THF. The MN of both 

sonicated polymers was reduced to ~53 kDa meaning that chain scission occurred as in 

previous experiments. 19F NMR spectra of 1 after sonication did not indicate the product 

1b was formed, because no new resonances were apparent (Figure 55c). However, the 

19F NMR spectra of sonicated 2 revealed a new resonance similar to the small molecule 

model which indicates the formation of the trifluoroacetal 2b (Figure 55c). To confirm 

 

Figure 63: 19F NMR spectrum of 2-(1-ethoxyethoxy)-1,1,1-trifluoroethane 

2b model  = -77.2 CF3,  = -80.2 TFE solvent reference.  

 



 

108 

the mechanical nature of the acetal formation, a solution of 2 was stirred for 24 h in a 2 

M TFE solution in THF, and showed no evidence of 2b formation (Figure 64). 

 

 3.3 Cycloaddition 

 Mechanically-assisted cycloaddition was also investigated using the well known 

dipolarophile carbonyl ylide trap dimethyl acetylenedicarboxylate (DMAD).123 Chart 1 

illustrates the anticipated products from DMAD addition to the two possible carbonyl 

ylides formed by mechanical ring opening of 1 and 2 (1c and 2c respectively). Both 

polymers (1 and 2) were sonicated separately in a 2 M DMAD solution in THF at 30% 

 

 

Figure 64: 19F NMR spectrum of 2 MN = 564 kDa, stirred for 24 h in a 2 M 

TFE solution in THF (TFE reference  = -80.2). 

 

Figure 16. 
19

F NMR spectrum of 2 stirred for 24 h in a 2 M TFE solution in THF 

(TFE reference  = -80.2). 
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amplitude for 120 min. The MN of 1 decreased from 200 kDa to 46 kDa, and the MN of 2 

decreased from 150 kDa to 30 kDa following the 120 min of sonication. Again, because 

chain scission occurred, it can be inferred that carbonyl ylide species were present in the 

case of polymer 2 based on the previously mentioned isomerization data. After 

sonication in the presence of DMAD, there was no change in the 1H NMR of 1 (Figure 

65a). There was a very small amount of residual DMAD that was not able to be removed 

through multiple precipitations with methanol, but the resonances associated with the 

furan protons were not evident, indicating that, within the limit of detection, 1c was not 

appreciably formed through sonication of 1 in the presence of DMAD.  

 When 2, rather than 1, was sonicated in the presence of DMAD, however, 1H 

NMR indicated formation of the expected product 2c (Figure 65b). The chemical shifts of 

new resonances at  = 3.76 and 4.91 ppm are in agreement with published chemical shift 

values for methyl ester and furan protons, respectively.124 The chemical shift of the 

methyl ester protons in the sonicated polymer are shifted slightly from DMAD alone 

(3.73 ppm) (Figure 67), and the relative integration of the two peaks is the expected ratio 

of 3:1. Even after purifying the polymer through preparatory GPC to remove unattached 

DMAD from the polymer, the furan and methyl ester proton resonances are still present, 

confirming that the DMAD is attached to the polymer chain (Figure 68 and 69).  

 Integration of the COOCH3 signal is hampered by our inability to completely 

remove excess dipolarophile even after processing the polymer through a prep-GPC. 
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Because the degree of incorporation of DMAD is so low, any remaining trace of 

dipolarophile will skew the integration values. When necessary, the peak was 

deconvoluted using a Lorentzian curve fitting function with Origin® software to 

determine the actual area of the peak of interest (Figure 72). We note that even though 

the methyl ester proton resonances are sometimes difficult to resolve, the furan proton 

resonances at 4.91 ppm are themselves diagnostic of dipolarophile addition.  
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 The FTIR spectrum also supports the presence of DMAD on the polymer. The 

carbonyl stretch in the IR of DMAD occurs at 1718 cm-1, and after sonication of 2 in the 

presence of DMAD, a carbonyl stretch occurs at 1724 cm-1 (Figure 66) a value that 

matches published values for similar small molecule furans.124 

 

 

Figure 65: a) 1H NMR spectra of both initial 1 MN = 200 kDa (blue) and after 

120 min (red) sonication in a 2 M DMAD solution in THF at 30% amplitude MN = 46 

kDa. b) 1H NMR spectra of initial 2 MN = 150 kDa (blue) and after 120 min (red) 

sonication MN = 30 kDa under identical conditions as 1. The 1H NMR spectra of 

DMAD (black) is included as a reference. The inset illustrates the signals from the 

methyl ester (3.75 ppm) and furan (4.89 ppm) protons from the ylide addition 

product.   
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Figure 67: 1H NMR spectrum of DMAD. 

 

 

Figure 66: FTIR spectra of initial 2 (MNi = 140 kDa, MNf = 30 kDa) sonicated 

without DMAD for 45 min (black), 2 MNi = 140 kDa, MNf = 50 kDa  sonicated with 

DMAD 120 min (red), DMAD alone (blue). 
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Figure 69: 1H NMR spectrum of the same 2c after prep-GPC purification. 

 

 

 

 

Figure 68: 1H NMR spectrum of 2c (MNf = 30 kDa) after 120 min sonication 

in 2 M DMAD solution in THF at 30% amplitude prior to prep-GPC purification. 
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 Similar studies were done on PNB with varying levels of epoxidation (50–80%), 

and the amount of DMAD addition per epoxide stayed constant. Because multiple 

polymer samples with varying degrees of epoxidation were used throughout the course 

of this study, we wanted to determine if the differences in the degree of epoxidation had 

an effect on the amount of DMAD addition. A 50% epoxidized polymer and an 80% 

epoxidized polymer showed similar normalized levels of DMAD addition (0.7% vs. 0.8% 

DMAD addition per epoxide per scission cycle, respectively). This leads us to conclude 

that the degree of epoxidation, between 50% and 80%, has a negligible effect on the 

amount of small molecule addition to the polymer.  

% DMAD incorporation = 

(integration of furan resonances at  = 4.89/integration of epoxide resonances at  = 2.67)           

* 100%                                                 (Equation 11) 

 

 The percent incorporation of DMAD is very low, < 3% after 2 scission cycles, 

therefore the percent incorporation was difficult to determine within the limit of 

detection at fewer scission cycles. Even in a highly concentrated DMAD solution (2 M) 

only a very small amount of cycloaddition is evident. It is assumed that the small 

amount of cycloaddition is due to the small amount of carbonyl ylides formed (based on 

the amount of isomerization). This small degree of cycloaddition is also the reason 13C 

NMR could not be used to confirm the presence of the methyl esters.  

 The stereochemistry of the epoxide mechanophore did not appear to have much 

of an effect on the reactivity towards DMAD. Both cis 2 (MN = 450 kDa) and trans 2 (MN = 
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190 kDa) were sonicated for 120 min at 30% amplitude in a 2 M DMAD solution in THF. 

cis 2 underwent 3.4 scission cycles and trans 2 (Figure 70) underwent 2.1 scission cycles 

(cis 2 MNf = 43 kDa, trans 2 MNf = 46 kDa). The amounts of DMAD addition per epoxide 

per scission cycle were both 0.6%. The % DMAD addition was determined by dividing 

the area of the furan proton resonances at  = 4.91 (2 H) by the area of the epoxide 

resonances between  = 2.41 – 2.6 (2 H) (Figure 71).  

 

 

Figure 70: 1H NMR spectra after prep-GPC purification of cis 2 after 

sonication of a 7 mg mL-1 solution for 120 min in a 2 M DMAD solution in THF at 

30% amplitude (black); methyl ester  = 3.75, furan  = 4.89, and trans 2 after 

identical sonication conditions (red); methyl ester  = 3.75, furan  = 4.89. Residual 

solvent:  = 3.5 (methanol), and  = 3.8 (DMAD). 
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Figure 72: Lorentzian curve-fitting analysis of the COOMe region of trans 2c: 

integration of the singlet COOMe peak at  = 3.76 indicates that COOMe comprises 

37% of the total area. 

 

 

 

Figure 71: 1H NMR spectrum of trans 2 (MNi = 190 kDa) after 120 min 

sonication at 30% amplitude in a 2 M DMAD solution in THF (MNf = 46 kDa).  
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 Other sonication conditions such as sonication in anhydrous THF, low 

concentrations of DMAD, and benzene as the solvent were employed to fully investigate 

the scope of the DMAD cycloaddition. Because, as previously mentioned, carbonyl 

ylides react with alcoholic solvents; anhydrous conditions were employed for DMAD 

cycloaddition to determine if the presence of H2O affected the outcome of the 

cycloaddition. A 7 mg mL-1 solution of 2 (MNi = 482 kDa) was sonicated in an anhydrous 

2 M DMAD solution in anhydrous THF for 120 min at 30 % amplitude. The 1H NMR 

spectrum indicated that the same 2c product (MNf = 68 kDa) was formed under 

anhydrous conditions (Figure 73) demonstrating that the presence of H2O does not have 

an appreciable effect on the formation of 2c. Even at lower DMAD concentrations (0.1 

M) 2c formation occurs but to a lesser extent (< 1%) (Figure 74). Lastly, when a 7 mg mL-1 

solution of 2 (MNi = 127 kDa) was sonicated at 40% amplitude for 180 min in a 2 M 

DMAD solution in benzene rather than THF, 2c (MNf = 71 kDa) was still formed (Figure 

75). 
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Figure 74: 1H NMR spectrum of 2c (MNf = 43 kDa) after sonication of a 7 mg 

mL-1 solution of 2 (MNi = 880 kDa) after 180 min in a 0.1 M DMAD solution at 40% 

amplitude.  
 

 

Figure 73: 1H NMR spectra after prep-GPC purification of 2c (MNf = 68 

kDa) after sonication of a 7 mg mL-1 solution of 2 (MNi = 482 kDa) for 120 min in 

a 2 M anhydrous DMAD solution in anhydrous THF at 30% amplitude 

indicating 2c was formed. 
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 Control experiments were conducted to account for other possible mechanisms 

of dipolarophile addition. First, stirred controls of DMAD with an unsonicated and 

previously sonicated 2 (without dipolarophile) were negative for cycloaddition (Figure 

76). Second, sonication of unfunctionalized PNB in the presence of DMAD led to no 

evidence of polymer addition (Figure 78). Third, the cycloaddition could not be 

promoted thermally. When 2 was heated to 180 °C for 120 min, almost all of the material 

was cross-linked and insoluble common organic solvents. Lastly, when a low molecular 

weight polymer (9 kDa, below the limiting molecular weight for sonochemical chain 

scission) was sonicated under identical conditions to its high molecular weight analog, 

 

Figure 75: 1H NMR spectra prior to prep-GPC purification of 2c (MNf = 71 

kDa) after sonication of a 7 mg mL-1 solution of 2 (MNi = 127 kDa) for 180 min in a 2 M 

DMAD solution in benzene at 40% amplitude. Residual solvent:  = 3.73.(DMAD).  
 

.  
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there was no evidence of 2c formation (Figure 77). These experiments, taken together, 

provide evidence that the formation of 2c is mechanically-induced, and that addition of 

DMAD requires the presence of the epoxide moiety.  

 

 

Figure 76: 1H NMR spectra of 2 (MN = 564 kDa) stirred for 24 h in a 2 M 

DMAD solution in THF after processing with prep GPC (black) and a sonicated 

sample of 2 (MNi = 880 kDa, MNf = 48 kDa) stirred in a 2 M DMAD solution for 24 h 

(red). 
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Figure 78: 1H NMR spectrum (blue) of initial unfunctionalized PNB (methanol, 

acetone and water contamination peaks at  = 3.5, 2.2, and 1.55 respectively). (black) 
1H NMR spectrum of the same polymer after sonication of a 7 mg mL-1 solution for 

120 min in a 2 M DMAD solution in THF after prep-GPC purification. (red) 1H NMR 

spectrum of a sample of the same polymer  after stirring in a 2 M DMAD solution for 

24 h after prep-GPC purification. 

 

))) 2 M DMAD

THF  

 

Figure 77: 1H NMR spectrum after prep-GPC purification of 9 kDa 2 after 120 

min sonication in a 2 M DMAD solution in THF. 

 



 

122 

3.3.1 Dimethyl Fumarate and Dimethyl Maleate Addition 

  

 The dipolarophiles dimethyl fumarate and dimethyl maleate were also screened 

for furan formation when sonicated with 2 (Figure 79), and the 1H NMR spectra showed 

evidence of addition of these species to the polymer as well. Two samples of 2 were 

sonicated for 120 min, one in a 2 M dimethyl maleate solution, and one in a 2 M 

dimethyl fumarate solution. The 1H NMR spectra of the products were similar to those 

of model small molecule compounds that correspond to the expected addition 

products,125-126 indicating that a furan product was formed (Figure 80). The different 

stereochemistry in these isomeric dipolarophiles translates to the addition products. The 

1H NMR spectrum from dimethyl maleate addition is consistent with cis stereochemistry 

between carboxymethyl groups in the product, whereas the 1H NMR spectrum from 

dimethyl fumarate addition is consistent with a trans isomer. We therefore conclude that 

the addition is effectively concerted, as suggested by recent computational studies of 

related carbonyl ylides.127 

 

Figure 79: Sonication of 2 in the presence of dimethy fumarate and dimethyl 

maleate. 
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3.4 Effect of Polymer Backbone 

 Next, we consider why the change in polymer backbone to PNB from PB affects 

the mechanical activity of the epoxides. As noted above, a comparison of normalized 

chain scission rates eliminates the possibility that 2 is simply experiencing higher forces 

than 1, for example due to greater viscoelastic coupling. The possibility that the epoxide 

rings of 1 are opening but simply closing too quickly to be trapped by a bimolecular 

process is ruled out by the lack of isomerization in 1. The likely root of the backbone 

effect is either (a) the epoxidized PNB is intrinsically more reactive that the epoxidized 

PB, for example due to steric repulsion in the reactant that is relieved upon opening to 

 

Figure 80: 1H NMR spectra of 2 (black), 2 after 120 min of sonication at 30% 

amplitude in a 2 M dimethyl maleate THF solution (red) [ = 2.95 Ha (CH-COOMe, 

2H), = 3.62 (COOCH3, 6H), = 4.1 Hb (O-C-H 2H)], and 2 after 120 min of sonication 

at 30% amplitude in a 2 M dimethyl fumarate THF solution (blue) [ = 3.2-3.36 Ha, Ha’ 

(CH-COOMe, 2H), = 3.7 (COOCH3, 6H), = 4.25 Hb, Hb’ (O-C-H 2H)]. Residual 

dipolarophile ( = 3.82) and a small amount of residual methanol = 3.5). 
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the transition state (an extra “push” from within), or (b) the polymer backbone might 

enhance chemomechanical coupling (a more efficient “pull” from without). We 

addressed the possible contributions of type (a) via electronic structure calculations. 

Computationally, we find that the reaction energies of the two ring opening reactions 

(from epoxide to carbonyl ylide) differ by less than 1 kcal mol-1 (Figure 81 and Table 9). 

Any relief of steric congestion upon ring opening should be, if anything, less important 

in the transition state than in the fully opened ylide, and so the type (a) contributions 

appear to be minimal. These results therefore suggest that the cyclopentyl groups 

increase the efficiency of force transduction, an effect described in detail in Chapter 2. 

Polymer tether effects have been noted previously. Boulatov has recently shown that 

conformational heterogeneity contributes significantly to reaction chemomechanics128 

and that a given constraining force might couple differently to a local reaction 

coordinate as a function of polymer tether.85 The results shown here provide 

experimental support for this picture, although the nature of the sonochemical studies 

does not at present permit the effect to be quantified. Such coupling effects might be 

expected to be relatively modest, but the single-molecule force spectroscopy studies 

reported in Chapter 2 demonstrate that they can be substantial. On a qualitative level 

tether effects are shown here to provide access to tension trapped intermediates that are 

otherwise inaccessible through sonochemical methodologies.  
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Table 9: Computed reaction energies. 

Theory Epoxide Gas Phase Grxn kcal mol-1 THF (IEF-PCM) Grxn kcal mol-1 

B3LYP/6-

31G(d) 

1model 42.6 42.2 

 2model 41.4 42.7 

B3LYP/6-

311++G** 

1model 41.0 40.5 

 2model 40.2 41.0 

M06L/6-

311++G** 

1model 44.2 43.5 

 2model 44.1 44.4 

 

 

Figure 81: Computational model systems and calculated geometries 

for the ylide products derived from 1 and 2 using B3LYP/6-311++G** and 

M06L/6-311++G**. Reaction energies are reported in Table 9. 

 



 

126 

3.4 Diradical Character 

 It is widely accepted that carbonyl ylides, often drawn as a zwitterion as in 

Figure 1, possess a considerable amount of 1,3-diradical character,44, 118 but a complete 

electronic picture is still a topic of debate. Prior investigations have mainly been 

theoretical, but mechanical ylide formation provides an opportunity to probe 

experimentally the diradical character of the opened epoxide in the context of radical 

addition using methods applied to the 1,3- and 1,4-diradicals formed from gem-

difluorocyclopropanes (gDFCs)67 and perfluorocyclobutane aryl ethers,114 respectively. 

Sonication of 2 in the presence of 32 mM coumarin–2,2,6,6-tetramethylpiperidine-1-oxyl, 

which efficiently traps carbon-centered radicals,129 showed levels of CT addition 

commensurate with addition to newly formed chain ends (based on comparisons to 

unfunctionalized polymers), without substantial addition to the activated epoxides.  

 In an attempt to quantify radical addition to the ring-opened epoxides, 2, 

unfunctionalized PNB, unfunctionalized PB, and a gDFC functionalized PNB were each 

sonicated independently for 120 min in 32 mM CT solutions in THF at 30% amplitude. 

The sonicated polymers were characterized by GPC/UV (Figure 82) to determine the 

amount of CT incorporated onto the polymer. The area under the UV curve (normalized 

to 1 g polymer) was used to determine the total amount of CT incorporation, as 

described in Equation 12. 

mol g-1 of CT on polymer = (A335 min)(f)/()(l)                    Equation (12) 



 

127 

Where A335 min is the integrated area under the UV absorbance curve, f is the flow rate 

(L min-1),  is the molar extinction coefficient of CT (7100 M-1 cm-1), and l is the path 

length of the flow cell (0.1 cm). Note that the absorbance was corrected by a factor of 10 

to adjust for the detector gain setting. 

  The amount of CT addition to each polymer was compared to the number of new 

chain ends created from chain scission (Table 10).  The PNB, PB, and 2 showed 

comparable levels of CT addition, all less than the number of new chain ends created.  

The gDFC-PNB showed greater CT incorporation, due to radical addition to the 1,3-

diradicals formed from mechanical ring opening of the gDFC.   

Table 10: CT Polymer Addition 

System 
Concentration 

(g mL-1) 

MNi 

(g mol-1) 

MNf 

(g mol-1) 

New Chain 

Ends 

Created 

(mol) 

CT Added 

(mol) 

mol 

CT/mol 

Chain 

Ends 

PNB 0.001 195000 25560 6.80 x 10-8 3.50 x 10-8 0.52 

PB 0.001 154700 37960 3.98 x 10-8 3.10 x 10-8 0.78 

2 0.001 646300 46270 4.01 x 10-8 2.60 x 10-8 0.65 

gDFC 

PNB 
0.001 191800 44040 3.50 x 10-8 7.50 x 10-8 2.1 

 

 A three-fold increase in the amount of CT addition is observed when comparing 

2 and gDFC PNB, but we cannot rule out CT addition to 2, because there is such a small 

percentage of epoxide rings opening per scission cycle (~1% per scission cycle (S.C.) 

based on observed isomerization). The polymer used in this study was 83% epoxidized, 
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meaning < 1% of epoxide rings will open per scission cycle. We assume the amount of 

ring opening of gDFC PNB would be > 30% at a single scission cycle, based on previous 

work with gDFC PB.78  

 

 

Figure 82: a) Potential mechanisms of CT addition to ring-opened gDFC PNB 

and epoxidized PNB. b) UV absorbance (335 nm; normalized to 1 g polymer) in the 

GPC traces of the following polymers following 120 min sonication in a 32 mM THF 

solution of CT: Unfunctionalized PNB (MNi = 195 kDa, MNf = 26 kDa, scission cycle 

(S.C.) = 2.9) (blue); 2 (83% epoxidized, MNi = 646 kDa, MNf = 46 kDa, S.C. = 3.8) (indigo); 

75% cis-gDFC PNB (MNi = 192 kDa, MNf = 44 kDa, S.C. = 2.1) (green); PB (MNi = 155 kDa, 

MNf = 38 kDa, S.C. = 2) (pink). c) RI traces from the same injections described in (b).  
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 Whereas the trapped carbonyl ylide exhibits observable dipolarophile addition 

reactivity, it has a lower propensity for radical addition of the sort observed in the 

analogous 1,3-diradical formed from gDFCs. We emphasize that discussions of reactivity 

should not be confused with different structural outcomes to the ring opening, because 

the diradical and zwitterionic depictions are resonance structures that both contribute to 

a full description of a single intermediate. Rather, these results expand the foundation 

for relating the complex electronic structure of carbonyl ylides to their reactivity.   

3.5 Aziridine Mechanophore 

Aziridines are of great synthetic interest. They are especially susceptible to 

nucleophilic attack, and consequently these nitrogen heterocycles are key intermediates 

in many transformations that would otherwise prove much more complex.130 Parallel to 

epoxide and gDHC electrocyclic ring opening, aziridines can also ring open thermally 

and photochemically in accordance with Woodward-Hoffman rules.131 As for epoxides, 

thermal and photochemical aziridine ring-openings proceed through conrotatory and 

disrotatory pathways respectively.132 The reactive intermediate species formed as a 

result of this type of aziridine ring opening is an azomethine ylide. Similar to carbonyl 

ylides, azomethine ylides can be trapped by dipolarophiles to afford nitrogen 

heterocycles via [3+2] cycloaddition.36 Consequently, upon aziridine incorporation on to 

a polymer backbone, mechanochemical activation of aziridine mechanophores could 

lead to similar mechano-responsive materials. 
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Many methods exist for aziridination of carbon-carbon double bonds, but 

procedures typically entail the addition of either a nitrene or a nitrene equivilant.133 

Nitrene addition generally involves photochemical or thermal decomposition of the 

corresponding azide.134 This method is difficult to scale up, and produces relatively low 

yields of aziridine.135 [N-(p-tolylsulphonyl) imino] phenyliodinane (PhI=NTs) is used 

extensively as a nitrene precursor, however it is commercially unavailable and difficult 

to prepare.136 An alternative method of carbon-carbon double bond aziridination that 

drew our attention was first reported by Sharpless and uses Chloramine-T as the 

nitrogen source and phenyltrimethylammonium tribromide (PTAB) as the oxidant in 

acetonitrile.136 We became interested in this technique due to the commercial availability 

of the reagents and high yields.  

The PTAB begins the catalytic cycle via initiation carbon-carbon double bond 

bromination, however the bromonium ion intermediate is nucleophilically opened with 

the anion of the Chloramine-T salt. The aziridine ring is then formed when the nitrogen 

nucleophilically displaces the beta position bromine. The solvent had to be adjusted 

from the published procedure, because PB and PNB are not soluble in acetonitrile, but 

Chloramine-T hydrate (the commercially available form) is sparingly soluble in solvents 

that these polymers are soluble in. It has been proposed that PTAB acts as a phase 

transfer catalyst for the Chloramine-T.136 In our hands however, PTAB did not 

appreciably allow for the solvation of Chloramine-T in the preferred reaction solvent 
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(CH2Cl2). Therefore 300L of 15-crown-5 was added to the reaction flask to allow for 

maximum Chloramine-T dissolution. This procedure ultimately produced ~70% 

aziridinated PB, but no aziridine formation was detected when PNB was used. 

 A typical aziridination procedure was as follows: 3 mmol of carbon-carbon 

double bond repeat unit was dissolved in 15 mL of CH2Cl2 with 300 L of 15-crown-5, 

3.3 mmol of Chloramine-T and 0.3 mmol of PTAB. The reaction was stirred for 12 h at 

room temperature. The mixture was then concentrated and precipitated with methanol. 

The polymer was then washed with methanol and re-precipitated multiple times before 

drying and characterizing. A 3 mg mL-1 aziridinated PB (PB-Az) (MN = 170 kDa) solution 

was sonicated in a 2 M DMAD solution in THF for 120 min at 30% amplitude. The 1H 

NMR spectrum of the resultant polymer (MN = 75 kDa) indicated that no DMAD had 

been incorporated on the polymer, similar to epoxidized PB (Figure 83). The same 

aziridination procedure failed to aziridinate PNB, and therefore the mechanical 

reactivity of PNB-Az could not be compared to PB-Az analogously to the comparison of 

1 and 2.  
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It was hypothesized that ylide formation was hindered in two ways. First, the N-

Ts group is highly electron withdrawing, thus retarding positive charge development on 

the nitrogen and consequently the zwitterionic ylide formation. The Ts group would 

need to be removed either though deprotection or via alternate aziridination methods to 

fully investigate this possibility. Deprotection of tosylated aziridines is often tricky,137 

and our efforts to deprotect PB-Az were unsuccessful. The second ylide formation 

1.1 eq Chloramine T
0.1 eq PTAB

300 l 15-crown-5, DCM

N

Ts

 

 

Figure 83: 1H NMR spectra of initial PB-Az MN = 170 kDa (black) 7.78 (2H), 

 = 7.50 (2H),  = 5.35 (2H),  = 2.68 (2H),  = 2.38 (3H),  = 2.05 (4H),  = 1.42 (2H). 

After sonication of a 3 mg mL-1 solution of PB-Az in a 2 M DMAD solution in THF for 

120 min at 30% amplitude (red). Final MN = 75 kDa. Residual solvent: H2O ( = 1.5), 

acetone (2.2), methanol ( = 3.5) and CH2Cl2 ( = 5.3). 
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obstacle in both cases is the lack of any charge stabilizing substituent on the PB 

backbone.138 A charge stabilizing substituent positioned on the polymer backbone could 

lower the activation energy of both ylides enough to allow mechanically activated ring-

opening.139 To investigate this hypothesis, different polymer frameworks were 

investigated.  

3.6 Other Polymer Scaffolds 

Because, as previously mentioned, charge stabilizing groups reduce the barrier to 

ring opening for epoxides and aziridines, other polymer scaffolds with these types of 

groups were investigated. Substitution of donors and acceptors at either end of reactive 

intermediates containing delocalizedsystems will stabilize the intermediate.42 

Therefore, substituting phenyl groups onto PB could increase stabilization of the ylide 

enough to elicit epoxide and aziridine ring opening. Two types of polydiphenyl 

polymers, essentially consisting of stilbene repeat units, were explored as an avenue to 

mechanically-assisted carbonyl and azomethine ylide formation. The first polymer 

consisted of stilbene repeat units with the phenyl groups pendant to the polymer 

backbone (polydiphenylbutadiene PDPB). The second polymer that was investigated 

was commercially available poly[2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene-

vinylene] (MEH-PPV) which has the aromatic ring as part of the main chain rather than 

pendant (Figure 84). 
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 PDPB is not commercially available, therefore had to be prepared prior to 

functionalization (Figure 36). The monomer 2,3-diphenyl-1,3-butadiene was prepared 

via published procedures.140 104.7 mmol of triphenylmethylphosphonium bromide was 

dissolved in 250 mL THF and cooled to 0 °C in an ice bath under nitrogen. 66 mL of 1.6 

M n-butyllithium in hexanes was added to the reaction flask via syringe over 30 min. 

The temperature of the reaction was allowed to reach room temperature and stirred for 

1 h. In a second flask, 47.57 mmol of benzil was dissolved in 70 mL THF. The contents of 

the second flask were then added to the first via syringe over 30 min. The reaction was 

refluxed over night and quenched with 250 mL of water. The mixture was extracted 3 

times with 250 mL of diethyl ether. The combined organic layers were dried over 

MgSO4, filtered and evaporated at reduced pressure. The orange oily residue was 

purified via flash chromatography with hexanes on silica. Long needle-like crystals 

 

Figure 84: Structures of alternative polymers investigated. 

 

 



 

135 

formed upon solvent removal. A reaction schematic along with the 1H NMR spectra of 

the final product can be found in Figure 85. 

  

 Free radical polymerization of 2,3-diphenyl-1,3-butadiene (Figure 86) was carried 

out by dissolving 8.04 mmol of AIBN in 3.5 g of neat deoxygenated monomer at 55 °C. 

The reaction was then heated to 80 oC for 12 h. The polymer was then precipitated with 

methanol, and dried. 

O O

Ph3CH3PBr, n-BuLi

THF

 

Figure 85: 1H NMR  7.39 (m, 4H),  7.22 (m, 6H), (d, 2H),  = 5.26 

(d, 2H). 
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 Attempts to aziridinate PDPB using the previously stated procedure were 

unsuccessful. There are literature reports of successful aziridination of stilbene,141 but 

aziridination via Chloramine-T/PTAB catalyst aziridination has not been reported on 

stilbene. We suspect that significant steric issues arise between the N-Ts group and the 

two phenyl substituents of the PDPB contribute to the lack of functionalization (a similar 

explanation could be offered for the lack of PNB functionalization as well). Epoxidation 

was no more successful, as all functionalization attempts led to molecular weight 

degradation below the limiting molecular weight; therefore sonication experiments 

AIBN, 

Benzene

 

Figure 86: 1H NMR  = 6.87 (b, 10H), 1.99 (b, 4H),  = 1.5 (water). MN = 110 

kDa, PDI = 1.50 



 

137 

could not be performed. Similarly, when MEH-PPV was functionalized (aziridination or 

epoxidation) the polymer became insoluble in common organic solvents, therefore 

sonication experiments could not be performed. 

3.7 Conclusion 

 In conclusion, the mechanochemical isomerization of epoxides has been 

demonstrated, and reactive trapping experiments provide strong evidence for the 

formation of tension trapped carbonyl ylide intermediates. The synthetic ease and low 

cost of epoxidation, its minimal structural perturbation, and the rich reactivity of 

carbonyl ylides offer a range of possibilities as a platform for stress-responsive 

polymeric materials and also as a tool for studying the physical organic chemistry of 

ylide intermediates. The isomerization and the capture of the intermediate were made 

possible by manipulation of the polymer scaffold within which the epoxide 

mechanophore is embedded. The fact that poly(norbornene) is found to be an enabling 

scaffold is particularly attractive, given that it and its derivatives are so easily accessed 

via ring-opening methathesis polymerization.142 Looking ahead, we will examine the 

generality of the poly(norbornene) scaffold and look for additional scaffolds as a 

mechanism to enhance the mechanical activity of known mechanophores and enable the 

discovery of new mechanophores.   
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4. Mechanically-induced Scission and Subsequent 
Thermal Re-mending of Perfluorocyclobutane Polymers 

4.1 Introduction 
*This chapter is adapted from J. Am. Chem. Soc. 2011, 134, 9577-9580 

 Polymeric materials that are either self-repairing or easily re-mendable are of 

considerable current interest, because the ability to reverse mechanical damage suffered 

under load might prevent catastrophic failure and extend the useful lifetime of 

engineering and/or biomedical materials in situations where replacement is difficult 

and/or expensive.1, 143-145 Ideally, thermal re-mending must reverse the molecular scale, 

mechanical destruction of topological (e.g., entanglements),146 physical (e.g., 

supramolecular)147-149 or covalent150 interactions. When considering mechanically 

induced covalent damage, recent studies have demonstrated not only how mechanical 

forces lead to the rupture of covalent151 and coordinative13-14, 24, 152 bonds, but also that 

new bonds can form either during or immediately following a period of high stress.19, 67, 

108 In this chapter, we describe that perfluorocyclobutane aryl ether polymers possess 

both of these desirable mechanical responses – mechanically triggered formation of new 

bonds during stress and thermal re-mending following scission – in a single 

mechanophore.  

 The concept of thermal re-mending of covalent bonds was first reported by Wudl 

and co-workers, who devised a polymeric material that would fail through a thermally 

reversible retro-Diels-Alder reaction when subjected to load in the solid state,150 and 
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Bielawski has recently demonstrated that the same process can be triggered by shear in 

solution.69 Both bond breaking processes can be reversed by heat.69, 150 Sijbesma 

demonstrated further that by engineering reversible coordination bonds into a polymer, 

the molecular weight can be degraded and restored indefinitely.14 Broadly, the challenge 

for the covalent re-mending strategy is to find bonds that are: (1) stable and strong 

enough to fulfill the structural properties of interest; (2) fail under high load to give 

products that can re-polymerize when desired; and, (3) can be introduced at high 

density within the material, so that they, rather than undesired alternatives, are the site 

of mechanical failure (Figure 87). 

 

 Figure 87: Stress-induced mechanophore activation and subsequent chain 

scission to a thermally re-mendable polymer. 

 

In addition to controlling the mechanism of bond scission in order to facilitate re-

mending, a complementary strategy for property enhancement might be to mechanically 

trigger new bond forming reactions along an otherwise intact polymer backbone.31 For 
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example, Moore showed that when poly(ethyleneglycol) (PEG) tethered 

benzocyclobutane (BCB) groups were stressed in the presence of a maleimide 

chromophore, the stress-induced ring opening of the BCB to an ortho-quinodimethine 

resulted in cycloaddition to the maleimide dienophile without chain scission.19 It has 

also been demonstrated that substitution reactions can occur following 

mechanochemical activation, namely  through the nucleophilic substitution of an allylic 

bromide product formed from the mechanically triggered ring opening of gem-

dibromocyclopropane (gDBCs).108 Mechanically generated radicals are potentially 

interesting for stress-induced chemistry, and gem-difluorocyclopropane (gDFC) 

mechanophores have been shown to undergo force-induced ring opening to create 

multiple diradicals along a stressed polymer chain.67, 78 These diradicals can be trapped 

by intermolecular radical addition reactions, creating a pathway for stress-responsive 

reactivity. These previous examples represent an expanding range of potential strategies 

for localized, “on-demand” stress-induced cross-linking in the solid state, although the 

extension of such chemistries to material property enhancement remains an important 

and ongoing challenge. 

 Perfluorocyclobutane (PFCB) mechanophores have the potential to fulfill both of 

the aforementioned functions: cross-reactivity under tension prior to scission and re-

mending following scission. Originally developed by Dow, PFCB aryl ether polymers 

(hereafter, PFCB polymers or poly(PFCB)) have been regarded as an important class of 
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polymers for aerospace and electronics due to their low dielectric constant, thermal 

stability, structural versatility and tunable properties.153 They are most commonly 

prepared through a step growth polymerization mechanism in a thermal [2 + 2] 

dimerization of aryl bis-trifluorovinyl ethers (TFVE), typically at temperatures of 

between 150 °C and 200 °C. The dimerization is believed to occur via a diradical 

intermediate.154 Due to the nature of their formation, we speculated that PFCB polymers 

might degrade under force in a way that both creates an intermediate that could 

potentially be used for force-induced cross-linking or other functionalization, before 

ultimately fracturing to regenerate the TFVE that could be thermally re-mended (Figure 

88). The underlying hypothesis was that, when placed under tension, cycloreversion 

back to the reactive TFVE chain ends would predominate as the mechanism of molecular 

weight degradation. The same net mechanical conversion of PFCB to TFVE has been 

proposed recently by Cho et al.155 who observed infrared spectroscopic signatures 

consistent with such a process in the grinding of solid state cross-linked polymers, 

although contributions from local heating, the selectivity for cycloreversion over bond 

scission, and the stoichiometric efficiency of the proposed healing process were not 

discussed.  



 

142 

 

Figure 88: Mechanical chain scission in PFCB polymers generates trifluorovinyl 

ether end groups that can be re-polymerized thermally. 

 The success of this vision would require that the mechanism of mechanical 

degradation differ dramatically from the thermal process, which has been investigated 

previously. The major thermal decomposition products are hexafluorocyclobutene and 

phenol,156 an effectively irreversible reaction that is not suitable for re-mending or 

intermediate trapping. However, both re-mending and cross-reactivity are possible in 

response to large mechanical forces. This chapter describes that thermal re-mending is 

possible because the products of mechanical degradation differ from those from thermal 

degradation, instead yielding the desired reactive trifluorovinyl ether end groups. The 

potential mechanism for stress-induced cross-linking is made possible by the stepwise 
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mechanism of the mechanical reaction, which is revealed to proceed via a diradical 

intermediate that is reactive to intermolecular addition reactions. 

4.2 Experimental 

 Materials and methods. Inhibitor-free tetrahydrofuran (THF), diphenyl ether 

(DPE), and methanol were all purchased from Aldrich and used without further 

purification. Perfluorocyclobutane (PFCB) polymers 1a and 1b were both donated and 

purchased from Tetramer Technologies L.L.C. and coumarin–2,2,6,6-

tetramethylpiperidine-1-oxyl 2, was synthesized according to published reports.67 All 1H 

and 19F NMR spectra were collected in CDCl3 on a 400 MHz Varian NMR. Gel 

permeation chromatography (GPC) was performed on a single column (Agilent 

Technology PL gel, #179911GP-504, 104 Å) using inhibitor-free THF as mobile phase at 1 

mL min-1 at room temperature. The flow rate was set using a Varian Prostar Model 210 

pump, and molecular weights were calculated using an inline Wyatt Dawn EOS multi-

angle light scattering (MALS) detector, Wyatt quasi-electric light scattering (QELS), 

Wyatt Optilab DSP Interferometric Refractometer (RI), and Varian Prostar Model 320 

UV-Vis detector. The dn/dc values for each polymer were determined by dividing the 

integrated RI signal by the known amount of polymer injected. Ultrasound experiments 

were performed on a Vibracell Model VCX500 operating at 20 kHz with a 13.1 mm 

replaceable titanium tip probe from Sonics and Materials (http:www.sonics.biz/).  
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 Sonication experiments: Each sonication was performed in a 3 armed Suslick 

reaction vessel at varying concentrations of polymer solutions in ~15 mL of inhibitor-free 

THF. The solutions were deoxygenated with bubbling N2 for 30 minutes prior to 

sonication. The temperature was kept between 6-9 °C in an ice-water bath and the 

sonication pulse sequence was set to 1 s on / 1 s off. Samples for GPC-MALS analysis 

were taken from the vessel and injected directly. After sonication was complete, the 

polymers were precipitated from a concentrated solution with methanol, washed with 

methanol, and dried in a vacuum desiccator prior to 1H and 19F NMR analysis.  

 Re-mending: Thermal re-mending experiments were conducted at varying 

polymer concentrations in DPE. The flask was wrapped with foil to exclude light. The 

polymer solution was degassed by three successive freeze/pump/thaw cycles and then 

flask was then placed in an oil bath at 180 °C with rapid stirring. The flask was removed 

from the oil bath after ~16 h and allowed to cool to room temperature. The polymer was 

then precipitated with methanol, and the molecular weight was determined through 

GPC-MALS analysis.    

 Radical trapping: To investigate tension induced ring opening of the PFCB 

moieties, an inhibitor-free THF solution of ~7 mg mL-1 of 1a was sonicated in a 32 mM 

solution of 2 at 30% amplitude.  Aliquots were removed at time intervals, and the 

aliquots were analyzed by GPC-MALS with an in-line UV detector set to  = 335 nm to 

determine the amount of 2 incorporation.  
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4.3 Results and Discussion 

4.3.1 Pulsed Ultrasound of Poly(PFCB) (1a) 

 We questioned first whether the scission of the poly(PFCB) was selective for the 

PFCB functional group, as desired. When a ~7 mg mL-1 solution of 1a in inhibitor-free 

THF was subjected to pulsed ultrasound for 60 min at 30% amplitude, the number 

averaged molecular weight (MN) of the resulting polymer decreased from 115 kDa to 10 

kDa (Figure 89a) (molecular weights are reported as MN rather than MW to facilitate both 

comparisons with NMR data and kinetic fitting of the degradation profiles).157 There are 

a few possibilities as to where chain scission is occurring during sonication, but the only 

changes in the 19F NMR spectrum correspond to a drop in the PFCB content and a 

corresponding increase in the trifluorovinyl ether end groups (Figure 89b); 

cycloreversion of PFCB is the predominant mechanism of 1a chain scission. The 1H 

spectrum tells the same story (Figure 91); the only detectable reaction is from PFCB to 

TFVE. The 14-fold increase in TFVE content determined by 19F NMR (Figure 90) agrees, 

within experimental error, with the 11-fold decrease in MN measured by gel permeation 

chromatography-multi angle light scattering (GPC-MALS), providing further support 

that the PFCB is the point of chain scission. 
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Figure 89: . a) GPC traces of initial 1a 115 kDa (blue), sonicated 1a 10 kDa (red), 

and re-mended 1a 37 kDa (black) polymer solutions. b) 19F NMR of initial 1a (blue), 

sonicated 1a (red) and re-mended 1a (black). c) A 37 kDa PFCB polymer can be 

sonochemically degraded and subsequently thermally re-mended back to 36 kDa. The 

uncertainty in relative MN is ± 5%, based on replicate GPC injections on independent 

standards. 
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Figure 90: Top) 19F NMR spectrum of initial 1a (MN = 115 kDa). Bottom) 19F NMR 

spectrum of 1a after 60 min of sonication at 30% amplitude in a 7 mg mL-1 inhibitor-free 

THF solution (MN = 10 kDa). 
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Figure 91: 1H NMR of initial 1a MN = 115 kDa (black) and 1a after 60 min of 

sonication at 30% amplitude in a 7 mg mL-1 inhibitor-free THF solution MN = 10 kDa (red) 

indicating that no new products are formed upon sonication. The resonance at 1.51 is 

due to residual water.  

 

4.3.2 Thermal Re-mending of Poly(PFCB) (1a)  

 Next, we wanted to explore the feasibility of utilizing poly(PFCB) as a re-

mendable material. Because the trifluorovinyl ether groups are formed upon chain 

scission, the polymer should be able to be thermally re-mended via the same step-

growth polymerization mechanism by which the original polymer formed. The 10 kDa 

1a, generated from the mechanical degradation of the 115 kDa polymer, was heated in a 

50 wt% diphenyl ether (DPE) solution to 180 °C for 16 h. Thermal re-mending was 

confirmed by a combination of GPC-MALS, which showed that the molecular weight 

had increased ~ 4 fold to 37 kDa (Figure 89a), and 19F NMR, which showed a 

concomitant ~4 fold decrease in TFVE content (Figure 89b and 92) and confirmed the 

mechanism of post-scission re-mending.  
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Figure 92: 19F NMR spectrum of sonicated 1a (MN = 10 kDa) after heating in a 50 

wt% solution in a deoxygenated DPE solution for 16 h (MN = 37 kDa). 

 

 Microwave heating was also attempted in an effort to improve the re-mending 

efficiency. The difficulty with microwave heating however, is that solvents with high 

dielectric constants are required for efficient heating. The only solvent we found that 

met this criterion (which is not too volatile to be useful), and in which 1a is soluble, is 

DMF (dielectric constant = 38.3, boiling point = 153 °C). A 50 wt% solution of 10 kDa 1a 

in DMF was heated to 158 °C for three hours, and the molecular weight increased to 12 

kDa (Figure 93). Thus, it was determined that microwave heating was not superior to 

thermal heating for thermal re-mending of PFCB polymers.  
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Figure 93: GPC traces of MN = 10 kDa 1a (black) and the same polymer after 3 h of 

microwave heating 50 wt% 1a solution in DMF at 158 °C (red, MN = 12 kDa). 

 

 We point out that the ultimate molecular weight of 37 kDa is typical for these 

systems; it is known among those in the field that small scale polymerization of TFVEs is 

problematic, even for those who are experts in handling these substances, and high 

molecular weight poly(PFCB), such as the starting material used here, is typically 

produced only on a large (e.g., kg) scale.158 In our hands, for example, a survey of 

conditions for the thermal polymerization of 6 kDa 1a produced in the best case an 

upper molecular weight of 37 kDa (Figure 94), confirming that the sonicated 1a behaves 

indistinguishably from nascent TFVE-terminated pre-polymer.  
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Figure 94: Small MN 1a molecular weight increase. a) GPC traces of initial 1a 

(black, MN = 6 kDa) and after heating a 50 wt% of 6 kDa 1a in DPE at 180 °C for 16 h (red, 

MN = 37 kDa). b) 19F NMR spectra of initial 1a (black) and heated 1a (red). 

 

 Also, when a 7 mg mL-1 solution of 37 kDa 1a in THF was sonicated for 120 min 

at 30% amplitude to a molecular weight of 13 kDa (Figure 89c, Figure 95), it was 

subsequently re-mended by employing identical conditions as the initial re-mended 1a 

back to MN = 36 kDa, confirming the reversibility of the mechanical degradation.  
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Figure 95: GPC traces of a 37 kDa re-mended 1a (black), re-sonicated 1a (red, MN = 13 

kDa), and re-re-mended 1a (blue, MN = 36 kDa). 

 

4.3.3 Thermal Stability of Poly(PFCB) (1a) 

To determine how elevated temperatures might affect a non-degraded polymer 

in order to discount any superfluous reactivity, the native 1a polymer was heated to 230 

°C for 48 h. 150 mg of 1a (MN = 115 kDa determined by GPC-MALS with a dn/dc value of 

0.09 ml g-1) was dissolved in 20 ml of diphenyl ether at 40 °C and degassed with 

bubbling N2 for 2 h. The flask was covered with foil to exclude light and attached to a 

water cooled condenser. The solution was then heated while stirring in a sand bath for 

48 h at 230 °C under N2. The sand bath was removed, and the flask was allowed to cool 

to room temperature under N2. The solution was still clear, and was poured into 100 mL 

of stirring methanol. The precipitated polymer was collected by filtration and washed 3 

more times with methanol. The polymer was then dried in a vacuum desiccator. By 
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GPC-MALS, the molecular weight was determined to be 110 kDa (Figure 96a). There 

was no evidence of isomerization (Figure 96b), and no change in the 19F NMR (Figure 

96c and d). 

 

Figure 96: a) GPC traces of initial 1a 115 kDa polymer (black) and 1a after heating 

to 230 °C for 48 h in a deoxygenated DPE solution (red). b) Overlay of the PFCB region of 
19F NMR spectra for initial 1a (black) and heated 1a (red) polymers. c) 19F NMR spectrum 

of the initial 1a polymer. d) 19F NMR spectrum of heated 1a. 

 

4.3.4 Pulsed Ultrasound of Poly(PFCB) (1b) 

To determine if the mechanical cycloreversion chain scission is unique to the 

biphenyl polymer, a second polymer with a bis-aryl hexafluoroisopropylidene aryl 
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group, 1b, was sonicated for 120 min at 30% amplitude. The molecular weight decreased 

to 18 kDa, and again the 19F NMR spectrum confirms a concomitant increase in TFVE 

formation (Figure 97). This verifies that 1a is not unique in its mechanochemical 

reactivity. The extent of chain scission of 1b is less than that of 1a (Figure 98), a 

difference that might be due to the lower per-weight contour length (and, therefore, 

higher limiting molecular weight) of 1b relative to 1a. Because of the rich structural 

diversity in PFCB aryl ether polymers that is available through the aryl group, there may 

be an opportunity to further map the mechanochemical properties described in this 

chapter onto a desired set of thermal and optical properties available within the polymer 

class.54  

 

Figure 97: a) 19F NMR overlay of initial 1b polymer (red) and 1b polymer 

sonicated 120 min (black). b) End group and PFCB region of the 19F NMR overlay 

indicating an increase in TFVE content due to sonication. 
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Figure 98: Sonochemical molecular weight degradation of 1a (black) and 1b (red) 

at 7 mg ml-1 and 30% amplitude. 1a degrades at a faster rate and to a lower limiting MN 

than 1b. The uncertainty in relative MN is ± 5%, based on replicate GPC injections on 

independent standards. The inset shows the number of bond scission events, normalized 

to initial number of polymer molecules, as a function of sonication time. The straight line 

is drawn to show the deviation from linearity. 

 

4.3.5 Mechanical Nature of Ultrasonic Degradation  

We next set out to determine whether or not the previously mentioned polymer 

degradation was indeed a mechanical process, and not simply due to some type of 

thermal mechanism. The mechanical nature of the molecular weight degradation is 

supported by a few observations. First, the molecular weight profile as a function of 

sonication time indicates that higher molecular weights degrade more quickly (Figure 

98). This includes the presence of an apparent limiting molecular weight at which the 

degradation “shuts off” or at least slows down dramatically, which is indicative of 

mechanical degradation.1, 159-160 If degradation were independent of molecular weight, as 
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might be expected in a purely thermal process, the number of scission events should 

increase linearly with time under the conditions explored here, in which the number of 

intact bonds remains nearly constant (degree of polymerization > 10).161 A plot of 

number of scission events, NSC = ((Mn(i) – Mn(t)) – 1) vs. time for the sonication 

experiments clearly deviates from linearity, in particular as the systems nears the 

limiting molecular weight (Figure 98, inset). Second, the molecular weight dependence 

was confirmed independently by sonicating a 7 mg mL-1solution of a 6 kDa 1a polymer 

in THF at 30% amplitude for 30 min. This polymer has the same structure as the 115 kDa 

1a but is too small to experience significant mechanical force, and no appreciable 

degradation was detected either by 19F NMR end-group analysis or GPC-MALS (Figure 

99). Third, as mentioned above, the thermal degradation of poly(PFCB)s has been 

reported to proceed not through reversion to the TFVEs but via elimination of the ethers 

to give perfluorocyclobutene. The only new 19F NMR peaks from our experiments could 

be conclusively attributed to TFVE, and there were no new peaks in the 1H NMR 

spectra. Also, to ensure the results were consistent over a range of variables, the 

sonication power, polymer concentration, and solvent were varied. All three variables 

are known to affect the rate of molecular weight degradation by pulsed ultrasound.76, 162 

Whereas all factors influenced the rate of chain scission, the sonicated products 

remained unchanged, as described in the following sections. 
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Figure 99: Low molecular weight control experiment for mechanical chain 

scission. a) 19F NMR end group analysis of 6 kDa 1a prior to sonication (black), and after 

sonication in a 7 mg mL-1 at 30% amplitude for 30 min(red, MN = 6 kDa). b) GPC traces 

for initial (black) and sonicated (red) 6 kDa 1a. 

4.3.5.1 Influence of Pulsed Ultrasound Power Degradation 

Variations in sonication power are known to affect the rate of polymer chain 

scission when a polymer solution is subjected to pulsed ultrasound.65 The power input 

correlates directly with the rate of chain scission, because the greater the power, the 

larger the bubbles grow and eventually the more violent the bubble collapse.76 Two ~7 



 

158 

mg mL-1 1a polymer solutions were sonicated at two different power outputs (20% and 

30% amplitude) for 120 min (Figure 100a). Samples were taken at desired time points 

and analyzed by GPC-MALS. Samples for 19F NMR were taken after 60 min of sonication 

(Figure 100b). There was a slight increase in the rate of 1a scission for 30% amplitude vs. 

20% amplitude which is consistent with what would be expected, but the same peaks are 

observed in the 19F NMR of the products.  

 Figure 100: a) Molecular weight degradation of 1a at 30% (black) and 20% (red) 

amplitude vs. sonication time. b) 19F NMR spectra of 1a after 60 min of sonication at 30% 

(black, MN = 15 kDa) and 20% (red, MN = 17 kDa) amplitude. 

4.3.5.2 Influence of Concentration on Ultrasonic Degradation 

 Polymer concentration correlates inversely with the rate of chain scission.75 The 

more concentrated the solution, the less solution volume available, along with an 

increase in solvent viscosity, this leads to a less favorable environment for bubbles to 

grow. Smaller cavitation bubbles lead to less violent collapse causing lower sheer forces. 

Three different concentrations of 1a polymer solutions (36, 7 and 2 mg mL-1) in THF 

were sonicated for 120 min at 30% amplitude (Figure 101a). Samples were taken at 
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desired time points and analyzed by GPC-MALS. Samples for 19F NMR were taken after 

60 min of sonication (Figure 101b). Increasing the polymer concentration led to a 

decrease in the rate of 1a chain scission, but the same products are observed in the 19F 

NMR of the products. 

 

Figure 101: a) Molecular weight degradation of 1a at 36 (black), 7 (red), and 2 

(blue) mg mL-1 of polymer vs. sonication time. b) 19F NMR spectra of different polymer 

concentrations of 1a after 60 min of sonication. 

 

4.3.5.3 The Influence of Solvent on Ultrasonic Degradation 

The solvent is known to affect the rate of ultrasound induced mechanochemical 

chain scission, a dependence that is due mainly to the volatility of the solvent.75  A more 

volatile solvent results in a lower rate of chain scission, an effect attributed to solvent 

vapor occupying the space inside the cavitation bubble.163 The vapor “cushions” the 

collapse and reduces the solvent velocity relative to that which would occur in a less 

volatile solvent. Solvent can also affect the rate of polymer chain scission by affecting the 

conformation of the polymer in solution.162 The more tightly coiled the polymer is in 
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solution, the more energy it takes to elongate the polymer through pulsed ultrasound.  

~7 mg mL-1 1a polymer solutions, both in benzene and THF were each sonicated at 30% 

amplitude for 120 min (Figure 102a). Samples were taken at desired time points and 

analyzed by GPC-MALS. The 19F NMR spectra indicated the sonication product in 

benzene is the same as the sonication products from reactions in THF (Figure 102b). The 

rate of molecular weight degradation does appear to be higher for sonications 

conducted in THF vs. benzene contrary to what would be expected based on their vapor 

pressures. However, this could be due the increased viscosity of benzene vs. THF. 

 

Figure 102: a) Molecular weight degradation of 1a vs. sonication time in THF 

(red) and benzene (black). b) 19F NMR spectra of 1a sonicated for 120 min in benzene. 

 

4.3.6 Diradical Intermediate in Mechanochemical Scission 

 Once it was demonstrated that poly(PFCB)s mechanically degrade by 

cycloreversion to TFVEs, we wanted to investigate the mechanistic nature of the 

mechanical scission. The thermal conversion of TFVE to PFCB is believed to proceed 

through a 1,4 diradical intermediate, and we speculated that these same diradical 
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intermediates would form along the polymer main chain during the reverse mechanical 

process when subjected to pulsed ultrasound, in a manner reminiscent of gDFC 

mechanophores reported previously.67, 78 Two pieces of experimental evidence support a 

mechanism in which the mechanically-induced PFCB ring opening proceeds via the 

formation of a 1,4 diradical intermediate: radical trap addition and PFCB isomerization.  

To test the mechanism of PFCB ring opening, we first conducted the sonication 

of 1a (MN = 115 kDa) in the presence of 32 mM coumarin–2,2,6,6-tetramethylpiperidine-

1-oxyl, 2, which is known to add efficiently to carbon-centered radicals129 at 30% 

amplitude for a total of 120 min (MN = 12 kDa). Aliquots were taken at time points and 

analyzed by GPC-MALS with an in-line UV detector set to  = 335 nm to determine if 2 

had been incorporated onto the polymer. As the molecular weight decreased, the 

UV335nm signal associated with the lower molecular weight products of chain scission 

increased (Figure 103a and b), indicating that 2 had added to the polymer backbone. The 

presence of 2 during sonication did not affect the rate of chain scission (Figure 103c). 
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Figure 103: a) Decreasing molecular weight of 1a, based on increase in retention 

time, in the presence of 2. b) Increasing UV335nm signal of 1a with increasing sonication 

time in the presence of 2. c) Molecular weight degradation of 1a with increasing 

sonication time both with 2 (red) and without (black) showing that the presence of 2 does 

not affect the rate of chain scission. 

 



 

163 

 A ~7 mg mL-1 solution of 1a (MN = 10 kDa) that had been previously sonicated 

(the initial MN = 115 kDa) was sonicated for 60 min at 30% amplitude in a 32 mM 

solution of 2 (Figure 104). A sample of the solution was then analyzed by GPC-MALS, 

and the molecular weight had not changed (indicating it was below the limiting 

molecular weight), indicating no chain scission occurred. There was no change in the 

UV335nm signal of the sonicated polymer, which is evidence that no 2 had added to the 

polymer. Mixing 1a with 2 for 24 hours at the same concentrations used for the 

sonication experiments without sonication resulted in no addition of 2, as did mixing 

post-sonicated 1a and 2. In addition, sonicating the mechanically inactive 6 kDa 1a with 

2 also led to no measurable UV335nm absorbance. Taken together, these control 

experiments show that the addition of 2 to the polymer backbone is coupled to the 

application of tension to the polymer as expected for the proposed 1,4-diradical 

intermediate (Figure 105), but not to the TFVE product.  
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 Figure 104: RI traces from GPC of the initial 1a 10 kDa (red) and sonicated 1a 

(black) polymers. UV335nm traces from GPC of the initial 1a 10 kDa (pink) and sonicated 

1a (blue) polymers. 

 

 

Figure 105: Three outcomes of mechanical activation of PFCB can be attributed to 

the intermediacy of the 1,4-diradical shown: polymer chain scission to form new TFVE 

end groups, isomerization upon ring closure (shown here as cis-to-trans, which is the 

dominant isomerization observed), and radical trap addition to the polymer. 
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4.3.7 Quantifying Radical Addition  

 Once if was verified that 2 was indeed adding to 1a during sonochemical 

degradation, we wanted to quantify the amount of 2 incorporated to establish how many 

radicals are forming along the polymer under tension. We were interested in 

determining if the only radicals that formed were due to chain scission, or if as is the 

case with gDFC stress induced radical formation,67 multiple radicals were formed along 

the polymer prior to chain scission. If multiple radicals form along the polymer under 

stress, this would reveal the likelihood of radical induced crosslinking illuminating self-

strengthening possibilities in concert with previously reported thermally re-mendable 

properties of poly(PFCBs). 100 mg of 1a (MN = 115 kDa)was dissolved in 14 ml of a 32 

mmol solution of 2 in inhibitor-free THF. The solution was sonicated at 30% amplitude 

and after 120 min of sonication time the MN = 12 kDa, meaning the polymer chains had 

been broken, on average, 3.4 times throughout the experiment. We could infer then, that 

about 0.12 moles of radicals per PFCB repeat unit were produced throughout the 

experiment. After GPC-MALS analysis with an in-line UV detector (Figure 106 a) to 

determine the equivalents of incorporation of 2, it was found that for every one mole of 

PFCB repeat unit, 0.15 moles of 2 was incorporated onto 1a. The amount of polymer was 

normalized to 1 mg under the UV335nm trace and then was multiplied by the flow rate, 

and the product was divided by the extinction coefficient ( of 2 at 335 nm (7100 M-1 cm-

1) (Equation 12). The number of moles of 2 were then divided by the number of moles of 
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polymer repeat units in the 1 mg sample to determine the equivalents of 2 per PFCB 

repeat unit. Incorporation of 2 was confirmed by both 1H and 19F NMR (Figure 106b and 

c).  

 Prior to 1H and 19F NMR analysis, the polymer was fractionated by a prep-GPC to 

ensure small molecule removal. New peaks in the 19F NMR spectra between -118 and -

122 ppm after sonication with 2, and resonances in the 1H NMR spectrum corresponding 

to 2 indicate radical addition. Integration of the 1H NMR resonance associated with 2 

relative to the native 1a resonances indicates that for every one mole of PFCB repeat 

unit, 0.1 moles of 2 is associated with the polymer. This further corroborates, within 

error, the 15 mol% incorporation determined by UV. This would indicate that 2 added to 

more radicals than were produced through PFCB cycloreversion.  
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Figure 106: a) UV335nm trace from GPC of sonicated 1a in a 32 mM solution of 2 for 

120 min. b) 1H NMR of initial 1a (red) and sonicated 1a polymers (black).  = 8.57 (1H),  

= 5.22 (1H),  = 2.20 (2H), = 1.73 (2H),  = 1.32 (6H). c) 19F NMR of initial 1a (blue), 

sonicated with no radical trap (red) and sonicated with 2 (black). Inset highlights new 

resonances  = -118 to -122. 

4.3.8 Poly(PFCB) (1a) Isomerization 

 
 By investigating possible isomerization of 1a upon sonication, we could 

determine if, in fact, multiple PFCB repeat units were opening to diradicals when the 

polymer was under tension. When trifluorovinyl ether containing monomers are 

polymerized through cycloaddition, they form a stereorandom PFCB polymer with a 

cis:trans ratio of roughly 48:52 based on published NMR peak assignments.164 For a 115 
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kDa polymer, the total fraction of fluorine in the trans PFCBs is 51% when the TFVE end 

groups are included. When at 7 mg mL-1 sample of 1a was sonicated in inhibitor-free 

THF for 60 min at 30% amplitude, the molecular weight had decreased from 115 kDa to 

15 kDa, and the cis:trans ratio had become 41:59 with a total trans PFCB content of 56% 

(Figure 107 and 108).  

 

 Figure 107: 19F NMR of the PFCB region 1a. After sonication of a 7 mg mL-1 

solution of 1a in inhibitor-free THF for 60 min at 30% amplitude (black, MN = 115 kDa) 

the area of the resonances corresponding to the trans isomers have increased by 5% 

when compared to the initial polymer (red, MN = 15 kDa). 
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Figure 108: 19F NMR spectra of initial 1a MN = 115 kDa (top) and sonicated 1a MN 

= 15 kDa (bottom). 
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 The increase in overall trans PFCB content indicates that the changes are not due 

entirely to the selective scission of cis PFCBs, but instead that some of the cis repeat units 

are isomerizing to the trans (Figure 108). The reverse isomerization might also be 

occurring, but the dominant isomerization pathway is from cis to trans. The cis:trans ratio 

was determined by adding the total area of the trans resonances ( = -128.0, -128.5, -130.3, 

-130.9, and -131.4) to the total area of the cis resonances ( = -128.2, -128.8, -129.6, -130.1, -

131.2) and then dividing the area of the cis by the total area of the cis and trans isomers to 

determine the amount of cis PFCB. The same was done to determine the trans PFCB 

content. To determine the overall trans content, the area of the trans resonances were 

divided by the area of all 19F resonances ( = -119 to -120, -125.5 to -127.5, -127.8 to -131.4, 

-132 to -134). 

 We noted that the RI trace of the sonicated poly(PFCB) is bimodal, so to 

determine if the two peaks corresponded to different sonication products a 7 mg mL-1 

solution of 1a in inhibitor-free THF (MN = 115 kDa) was  sonicated for 60 min at 30% 

amplitude. By GPC-MALS, the MN of the resultant polymer was 25 kDa. The sonicated 

polymer was then fractionated by preparatory GPC. The larger of the two peaks that 

eluted between 14 and 17 min (on the GPC-MALS time scale) was collected in 5 separate 

fractions and combined after GPC-MALS analysis of each fraction (Figure 109a), and the 

smaller of the two peaks that eluted between 17 and 20 min (on the GPC-MALS time 

scale) was collected in 3 separate fractions and combined after GPC-MALS analysis of 
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each fraction (Figure 109 a). Once the fractions were combined, GPC-MALS analysis 

showed that the MN of the first peak was 48 kDa while the MN of the smaller peak was 8 

kDa. 19F NMR end group analysis is consistent with these values (Figure 110).  

  

 Figure 109: a) GPC trace of sonicated 1a (MN = 25 kDa) (black) and the collected 

fractions from the prep GPC. b) GPC traces of sonicated 1a (MN = 32 kDa). One sample 

was injected on one column (104 Å) (red) and a second sample was injected on two 

columns (104 Å and 103 Å) in-line (black). 

 

 The reason for the bi-modal appearance is due to the molecular weight limit of 

the GPC column. The smallest of the polymer chains are near the limiting molecular 

weight of the column, and so elute at the same time.  To verify this, a sonicated sample 

of 1a (MN = 32 kDa) was analyzed by GPC-MALS (Figure 109b) using two different 

column configurations. First, the polymer was injected on a single 104 Å pore size 

column (standard setup) (red). Next, a sample of the same 32 kDa 1a polymer was 

injected on 2 inline columns (104 Å pore size then 103 Å pore size) (black). The shoulder 

was less pronounced when the polymer was analyzed using the two inline columns vs. 

the standard single-column setup. This is consistent with poor resolution of the very 
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small molecular weight polymers on the standard single-column setup. Because 

molecular weights are determined by MALS, the resolution does not affect the MN value.  

 

 

Figure 110: 19F NMR spectra of the two collected peaks of sonicated 32 kDa 1a 

fractionation with prep GPC. Top) first peak (14 -17 min, MN = 48 kDa). Bottom) second 

peak (17 – 20 min, MN = 8 kDa)  
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The lower molecular weight fractions, which have presumably undergone more 

scission events, were collected by preparatory GPC. The initial cis:trans ratio is the same 

for polymers regardless of molecular weight (an expectation we verified on an un-

sonicated 10 kDa polymer(Figure 111)), but these repeatedly broken polymers have an 

even more dramatic final cis:trans ratio of 28:72 and a total trans content of 71% (Figure 

112 and 113a). The aromatic region in the 1H NMR (normalized to the aromatic 

resonances at ( = 7.46-7.52) confirms the increase in trans content ( 7.26) and a 

decrease in cis content ( 7.19) (Figure 113b). The full 1H NMR spectrum indicates that 

no other products are formed upon sonication (Figure 113c). 

 

Figure 111: 19F NMR spectrum (PFCB region) of un-sonicated 10 kDa 1a. 
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Figure 112: 19F NMR spectra (PFCB region) of 1a after 60 min of sonication in a 7 

mg mL-1 at 30% amplitude after fractionation with prep GPC. Top- first peak elution 14-

17 min (MN = 48 kDa). Bottom- second peak elution 17-20 min (MN = 8 kDa). 
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Figure 113: a) 19F NMR spectra of PFCB region 1a from low and high MN fractions 

separated by preparatory GPC indicating a 20% increase in trans content of the 8 kDa 

fraction collected (red) compared to the 4% trans increase for the 48 kDa fraction collected 

(black). b) 1H NMR aromatic resonances of the same polymer samples also indicating an 

increase in trans content of the 8 kDa fraction (red) compared to both the 48 kDa fraction 

(black) and the initial 1a polymer (blue). c) Full 1H NMR spectra of the same three 1a 

samples. The resonance at = 1.5 is from water, and there is a small amount of residual 

methanol = 3.5. 

4.3.8.1 Poly(PFCB) (1b) Isomerization 

We next wanted to determine if 1b exhibited similar isomerization upon 

mechanical degradation as 1a since it had already been demonstrated that the 

mechanical reactivity of 1b was similar to that of 1a. A 7 mg mL-1  1b (MN = 100 kDa) 

solution in inhibitor free THF was sonicated at 30% amplitude for 60 min, and the 
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resulting MN was 19 kDa. 19F NMR was used to determine the extent of isomerization of 

1b after sonication. The 19F NMR spectrum indicates an increase in TFVE content similar 

to 1a sonication, and similar isomerization (Figure 114). The 19F NMR spectrum of the 

PFCB region of 1b should contain 10 resonances (cis 1b  = -128.1, -128.6, -129.5, -129.8, 

and -132.4 and trans  = -127.4, -127.9, -129.9, -130.4, and -132.9)165, but due to the inability 

to resolve two of the resonances of the PFCB isomers, it is difficult to determine the 

extent of isomerization of 1b.   

 

 Figure 114: 19F NMR spectra of the PFCB region of 1b before (red, MN = 100 kDa) 

and after sonication (black, MN = 19 kDa) indicating an increase in trans content ( -

133.0) similar to the increase that is observed in 1a isomerization. 

 

4.3.9 Stereochemistry of Re-mended poly(PFCB) (1a) 

 The discovery that PFCB units isomerizes preferentially to trans upon mechanical 

degradation, we wondered if this stereochemistry remains constant upon re-mending of 
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the polymer. If so, this could open up the possibility to manipulate the stereochemistry 

of large molecular weight polymers through repeated mechanical degradation and 

subsequent thermal re-mending. A sonicated sample of 1a (10 kDa) was heated in a 

concentrated DPE solution at 180 °C for 16 hr and the MN increased to 37 kDa. The PFCB 

region of the 19F NMR (Figure 115) indicated the cis:trans ratio stayed effectively 

constant, going from 45:55 to 44:56. Interestingly, when an unsonicated 8 kDa 1a was 

subjected to the same thermal re-mending conditions, and the molecular weight also 

both increased to 37 kDa, the cis:trans ratio and total trans content also remained 

relatively unchanged. The lack of isomerization upon MN increase aids in further ruling 

out thermal pathways as a mechanism for isomerization. Isomerization therefore 

corroborates the presence of a diradical intermediate implicated by 2 trapping.  
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 Figure 115: PFCB region of the 19F NMR spectra of both the initial sonicated (MN 

= 10 kDa) 1a sample (black) and re-mended (MN = 37 kDa) 1a (red).  

 

4.3.10 PFCB Ring-opening Implications 

It was recently reported that when trans polybutadiene functionalized with gDFC 

is sonicated, the gDFCs open to 1,3-diradicals under sufficient tension, and preferentially 

close back to the cis isomer once the tension is removed.67 Unlike the ring opening of 

gDFC leading to a 1,3 diradical transition state, which necessarily lasting only as long as 

the mechanophore is under tension, the 1,4 diradical from PFCB ring opening is a true 

intermediate on the force-free potential energy surface of the reaction, meaning that if it 

is generated by force, it might have a useful lifetime once the force is removed.67 The 

presumed longer lifetimes of these diradicals could increase their utility for stress-

induced crosslinking or addition reactions. For example, blending a poly(PFCB) polymer 
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with a polymer containing TEMPO repeat units,166 could lead to stress-induced 

crosslinking/strengthening. The amount of PFCB ring opening is difficult to quantify, 

but the increase in trans content means that multiple PFCBs are opened on the time scale 

of one scission event. From the data we cannot determine whether the cis PFCB opens 

more easily than the trans isomer, or if the diradical formed mechanically is more likely 

to close to the trans (presumably once the force is released) than the diradical formed 

during thermal polymerization.  Based on the prior gDFC work,67 the former seems more 

likely. 

4.4 Conclusion  

When PFCB polymers are mechanically degraded by pulsed ultrasound, the 

products are different than those of thermal degradation. The point of chain scission is 

the PFCB moiety, resulting in a cycloreversion to TFVE. Because there are multiple PFCB 

units along each polymer, multiple mechanophores are activated during the chain 

scission, as evidenced by radical trapping experiments and the observation of 

isomerization within the polymer. When a PFCB mechanophore is opened under 

tension, a 1,4 diradical is formed making stress-induced cross-linking a possible 

pathway for self-healing. Also, the stress-induced isomerization, from cis to trans, is a 

possible mechanism for molecular stress relief33 due to the increase in contour length of 

the stress-activated polymer subchain (in the absence of scission). Finally, due to the 

nature of the mechanical chain scission, the PFCB can be re-mended at elevated 
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temperatures. This thermal re-mending is similar to that of other retro-Diels-Alder chain 

scission mechanisms,69, 150 but is shown here to proceed through a reactive intermediate 

that can participate in intermolecular radical addition reactions. The PFCBs therefore 

possess what is, to the best of our knowledge, a unique combination of properties: the 

potential for localized, stress-induced cross-linking and a thermal re-mending “failsafe”. 

The broad utility, structural diversity, and high mechanophore density make PFCB 

polymers good candidates for stress-responsive materials, spawning our ongoing 

interest in the consequences of these properties in the solid state  
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5. Conclusion 

In this final chapter, I summarize the accomplishments reported in this 

dissertation and speculate about future challenges and opportunities. For convenience, 

my thoughts are organized along the same lines as Chapters 2-4.  

5.1 The Lever Arm Effect 

The polymer backbone “lever arm effect” reported in Chapter 2 represents the 

first experimental measure of how structure “beyond the mechanophore” influences the 

rate of a mechanically activated reaction. Of particular importance is that the mechanical 

advantage of the lever dominated the influence of a change in intrinsic, force-free 

reactivity (instituted by changing halogen). This broad observation should open the 

door for increasing the reactivity of a range of mechanophores, as demonstrated for the 

epoxides in Chapter 3.  On a fundamental level, it was demonstrated that when 

interpreting the effect of a force applied to the ends of a polymer, one has to take as the 

distance over which that force operates to be the change in overall contour length that 

accompanies a given chemical transformation, rather than a reaction coordinate that is 

local to the mechanophore (alternatively, one can calculate the force acting on the local 

coordinate, as Boulatov has done in his molecular force probe work). Previous 

mechanochemical structure-activity relationships, mainly in the context of disulfide 

reduction, have failed to make this connection, which might be responsible for some of 

the controversy surrounding the interpretation of those data.12, 104 
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Looking ahead, it is important to consider the generality of the lever arm effect. 

The broad framework for interpretation (the use of change in polymer contour length, 

for example) should be very general, but this does not mean that embedding 

cyclopentanes provides a universal mechanism for accelerating all chemical reactions. 

Instead, the best levers should be matched to the specific reaction of interest, so that the 

motions associated with a desired reaction path are efficiently coupled to the extension 

of a strained polymer tether. 

The computational methods used in Chapter 2 to interpret the SMFS results are 

inexpensive and easy to implement, and they therefore provide an excellent opportunity 

to rapidly screen polymer backbones for similar, or even better, mechanical advantage. 

Screening of polymer backbone/mechanophore coupling might also be used to rationally 

adjust the sensitivity of mechanically active species to certain thresholds, thus tuning 

materials to only react within a desired local force range. This would reduce the amount 

of unnecessary mechanical reactivity, leaving it reactive only when needed. 

A small but important advance from these studies was the discovery that 

epoxidation significantly increased the probability of creating strong polymer-tip 

contacts. Even without the lever effect, the improved ability to conduct SMFS at high 

forces paves the way for studies that were not previously possible. For example, it might 

be possible to trap the 1,3-diradical formed from the ring opening of gDFC 

mechanophores.67 These diradicals correspond to the transition states of the force-free 
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reactions, and it should be possible to turn them into metastable intermediates at forces 

< 2 nN according to molecular dynamics simulations performed by Martinez,67 using the 

techniques reported in this dissertation (polymer backbone manipulation and increased 

adhesion through polymer epoxidation), because the G of ring opening for gDFC is 

similar to that of gDCC.167 The difference between the two mechanophores however, is 

the outcome of ring opening. Whereas gDCC will isomerize to a dichloroalkene, gDFC 

opens to a 1,3-diradical intermediate that would lead to no plateau in the force-extension 

curve due to its reversible nature.  

A similar plateau might be observed, however, if the SMFS experiment were 

conducted in a solution of the radical trap such as coumarin–2,2,6,6-

tetramethylpiperidine-1-oxyl (CT). In this case, the transient 1,3-diradical might be 

trapped for long enough to allow addition of the CT, preventing ring closing and 

leading to a plateau in the SMFS curve. Fernandez has shown that bimolecular reactions 

are possible under SMFS conditions.92 It might be possible to quantify the kinetics of 

radical addition, or other bimolecular reactions associated with the gDFC diradical. Such 

kinetic experiments are not currently possible with pulsed ultrasound, used previously 

to observe diradical trapping and subsequent reactivity in the gDFC system. 

5.2 Epoxides and Aziridines 

As mentioned previously, polymer chains can be manipulated to provide more 

efficient coupling to a given mechanophore, thus increasing the reactivity of said 
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mechanophore. We took advantage of this phenomenon in Chapter 3 by using a PNB 

backbone to elicit a mechanochemical response from epoxides along the polymer chain. 

This increased coupling was necessary for mechanochemical reactivity, as no response 

was detected when PB was used as the polymer scaffold. This discovery leads the way 

to studying unsubstituted epoxide ring opening reactions empirically rather than 

through modeling. 

Three membered heterocyclic moieties such as epoxides and aziridines are 

synthetically significant, but their utility is limited due to the requisite charge stabilizing 

groups, and the high temperatures necessary for thermally induced ring opening. 

Through mechanical activation, however, we have shown that these prerequisites are no 

longer necessary. Access to dialkyl carbonyl and azomethine ylides might lead to a host 

of synthetic transformations that until now were not possible.  

In addition to synthetic transformations, the ability to generate new carbonyl 

(and potentially azomethine) ylide intermediates offers opportunities to characterize 

fundamental reactivity.  The electronic structure of these ylides, and in particular the 

extent of zwitterionic vs. diradical character, is a longstanding and open question. In 

Chapter 3, we noted that upon ring opening, gDFCs create a 1,3-diradical that can be 

trapped CT with 1-2% efficiency.67 No such addition chemistry was evident in the 

epoxides, although we do observe a range of cycloaddition reactions when epoxidized 

PNB is sonicated in the presence of dipolarophiles. Because the extent of epoxide ring 
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opening is limited in the current system, a definitive quantification of diradical character 

could not be determined, but this opens the door for future empirical studies on the 

diradical vs. zwitterionic character of carbonyl ylides that can be compared to previous 

theoretical studies or to the relative propensities of similar additions to other diradicals, 

for example that generated from the gDFCs. 

The epoxide isomerization from cis to trans brings with it an increase in length 

similar to, but on a smaller scale than, gDHC stress-induced elongation. Our group has 

postulated previously that this sort of “stress relief” might have consequences for 

material toughness.33 Epoxide mechanophores might also be used for stress-

strengthening and/or self-healing materials, because of the propensity of carbonyl ylides 

to undergo cycloaddition and acetal formation. Acetal formation in particular is quite 

attractive, because side chain alcohols are easy to embed within a polymer scaffold.  

Because we have not yet successfully incorporated aziridines into PNB, their 

reactivity could not be compared to that of epoxides. However, we are confident that 

given the lower barrier to ring opening for unsubstituted aziridines vs. epoxides (46.5 

vs. 65 kcal mol-1),42, 168 once a suitable method for aziridination/deprotection of PNB is 

established, aziridines will also prove to be valuable mechanophores. One possible 

method for incorporating and testing the mechanical activity of aziridines would be to 

take advantage of the ABA triblock polymer synthesis that places a prefabricated “B” 

block of mechanophores polymerized through polycondensation in the center of 
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polymethylmethacylate or other “A” blocks chain extended by controlled radical 

polymerizations.169  

5.3 Poly(PFCBs) 

Targeted reactivity, scalability, and high-density mechanophore content are 

believed to be three key parameters for highly functional and diverse mechanically 

responsive materials.  In Chapter 4, we describe that poly(PFCBs) possess all three of 

these attributes, making them interesting candidates for mechano-responsive materials. 

First, retro-cyclization of the PFCB unit occurs upon application of force, and the PFCB 

is the only detectable point of chain scission along the backbone. Second, the mechanism 

of chain extension that lends the synthetic ease of PFCB polymerization can be used to 

facilitate re-mending of the material on the molecular level. Finally, because the PFCB 

moiety is part of the repeat unit of the polymer, the mechanically active species is 

present the length of the chain making it much more likely for mechanical scission to 

occur in a location where the damage can ultimately be repaired.   

The demonstration of thermal re-mending was complemented by mechanistic 

studies that implicated a 1,4-diradical intermediate in PFCB scission. The levels of 

isomerization observed further indicated that multiple diradicals are formed along the 

polymer chain, and not only at the point of ultimate scission.  As with the epoxides, the 

observation of multiple reactive species being created along the polymer main chain 

suggests possible strategies for self-healing or self-strengthening materials.  
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Such self-strengthening might be achieved via radical addition cross-linking, 

similar to that reported for diarylbibenzofuranone (DABBF).170-171 In the PFCBs, radical 

addition could be achieved by blending poly(PFCB) and TEMPO-substituted polymers 

(Figure 116) taking advantage of the observed addition of TEMPO derivatives to the 

mechanically opened PFCBs reported in Chapter 4.166 If poly(PFCB) were mechanically 

activated in the presence of a TEMPO-substituted polymer, polymer network 

crosslinking might occur at the points of highest tension, strengthening the materials 

when and where most needed. Interestingly, the cross-linking should be thermally 

reversible, because the C-ON bond is thermally labile over reasonable time scales at 125 

°C.172 Thus, the discovery that poly(PFCB)s are mechanically active provides two 

different but complementary pathways for potential material repair; one that occurs at 

the time of the high stress event and potentially strengthens the material, and a second 

that can be thermally triggered after the event to reverse whatever ultimate scission 

damage was not prevented by the first response. It is important to point out that it is not 

clear that the time scale of the proposed cross-linking would allow it to occur, or in what 

(if any) cases there would be significant materials properties benefits if it did. Still the 

potential for multiple mechanical responses is intriguing.  
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Finally, it might be possible to take advantage of the lever arm effect, previously 

demonstrated in Chapter 2, to increase or decrease the reactivity of the PFCB 

mechanophore. The aryl group attached to the PFCB through the ether linkage is 

variable, and so it provides a potential handle through which to adjust the mechanical 

coupling.  Differences in coupling might be evident in, for example, a difference in 

limiting molecular weight as a function of the aryl group. 

 

 

 

 

 

 

 

 

 
 Figure 116: Mechanism of poly(PFCB) and TEMPO-substituted polymer 

network crosslinking. 
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