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Abstract 

The mechanical forces typical of daily life have the potential to induce dramatic 

reactivity in individual molecules.  In the past few years, several studies have 

demonstrated that macroscopic mechanical forces can be harnessed at the molecular 

level, creating a new tool for the organic and materials chemist alike. These studies have 

created a new opportunity to develop novel, responsive materials by designing and 

synthesizing mechanically activated functional groups (“mechanophores”) and 

incorporating them as stress-sensing and/or stress-responsive elements in materials.  

This dissertation describes the mechanochemistry of gem-dihalocyclopropanated 

(gDHC) polymers formed by the addition of dihalocarbenes to polybutadiene polymers.  

forms polymeric materials that are susceptible to mechanochemical transformations. is 

reported herein. The mechanochemical transformations of gDHC polymers are 

investigated (i) during activation in solution by the application of pulsed ultrasound, (ii) 

by single molecule force spectroscopy, and (iii) in the solid state as a result of 

macroscopic compression.  

First, solution state mechanochemistry is characterized by using pulsed 

ultrasonication of gem-dichlorocyclopropanated (gDCC) polybutadiene polymers. The 

electrocyclic ring opening reactions of up to hundreds of gDCCs are observed on the 

timescale of molecular weight degradation from C-C bond scission.  Mechanistic 
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insights into the shear-induced mechanochemical transformations are obtained by 

monitoring the mechanochemistry as a function of gDHC halogen (dichloro-, dibromo-, 

bromochloro- and chlorofluoro-) and stereochemistry. The relative susceptibility of the 

anti-Woodward Hoffman and anti-Woodard-Hoffman-DePuy ring opening reactions to 

mechanical activation is explored, as is the relationship between mechanophore activity 

and initial polymer molecular weight. 

The irreversible ring opening reaction of cis-gem-dibromocyclopropane is 

quantified as a function of mechanical restoring force through single molecule force 

spectroscopy experiments. The force-induced rearrangement proceeds at forces below 

those necessary for covalent scission, leading to a dramatic increase in the toughness of 

single polymer chains. Kinetic data are extracted from the force-induced rearrangment, 

the analysis of which reveals challenges in deconvoluting the proper reaction coordinate 

in force-induced reactions in polymers. 

In the solid state, compressive stress is observed to induce the ring opening 

reactions of gDCC, gDBC and gem-bromochloro (gBCC) embedded polybutadiene 

polymers. Analysis of the 1H-NMR spectra following compressive activation of the 

materials allows the mechanoactive domains along single polymer chains to be 

characterized, with average domain sizes on the order of only a few (3-5) monomers. 

The ring opening reactions of isomeric gBCCs are observed to proceed at different rates, 
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providing the first quantitative study of selectivity in competing mechanochemical 

reactions in the solid state. 

Transition state structures are central to the rates and outcomes of chemical 

reactions, but their fleeting existence often leaves their properties to be inferred rather 

than observed. By treating polybutadiene with a difluorocarbene source, we embedded 

gem-difluorocyclopropanes (gDFCs) along the polymer backbone. We report that 

mechanochemical activation of the polymer under tension opens the gDFCs and traps a 

1,3-diradical that corresponds to the transition state in their stress-free electrocyclic 

isomerization. The trapped diradical lives long enough that we can observe its 

noncanonical participation in bimolecular addition reactions. Furthermore, the 

application of a transient tensile force induces a net isomerization of the trans-gDFC into 

its less-stable cis isomer, leading to the counterintuitive result that the gDFC contracts in 

response to a transient force of extension. This capability was extended to the 

simultaneous trapping of adjacent 1,3-diradicals, and a new radical disproportionation 

reaction was observed to take place between them. 
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1. Introduction  

1.1 Polymer Mechanochemistry

There is increasing interest in the design, synthesis and characterization of 

polymeric materials1, due to 

with applications ranging from 

the molecular structure and mechanical properties of polymers are incredibly diverse, 

their widespread utility as structural materials depends on their ability to bear load, 

often over many load cycles. 

Figure 1. Polymeric materials that bear load over many cycles are prone to damage from 
microcracks as a result of homolytic bond scission along the polymer chain, leading to 
substantial loss of mechanical integrity

This repeated exposure to load can initiate localized damage such as covalent 

bond scission2 and/or chain disentanglement

This molecular scale damage

failure. In order to deter material failure under load, it is of growing interest to design 
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polymeric materials that react constructively on the molecular scale to localized regions 

of high stress. Such force-induced reactivity could lead to materials that (1) redistribute 

stresses within the material to stresses below the threshold for material degradation, or 

(2) provide additional reactivity to either locally strengthen or heal a damaged 

polymeric system.  

1.2 Bonds Under Stress 

To design and synthesize stress responsive polymeric materials, it is first 

important to discuss how mechanical force affects chemical reactivity.  The physical 

basis for mechanically-induced changes in molecular reactivity was first described by 

Eyring4 and extended by Bell5. Fundamentally, the effects of mechanical force on 

chemical reaction rates are discussed in terms of the magnitude, direction and distance 

over which the vector of applied force acts on a chemical reaction coordinate. A general 

equation for a force-modified reaction rate is included below as Equation 1.  

k(F) = A*exp(-[EA - f∆x] / kBT)   Equation 1 

 Here kB is Boltzmann’s constant, T is the absolute temperature, EA is the 

activation energy in the absence of force, A is the Arrhenius pre-exponential factor and 

∆x (= xTScosθ: xTS = internal ‘reaction coordinate’, a distance from the ground to transition 

state along the reaction coordinate of a chemical reaction of interest) takes into account 

the directionality and distance over which the applied force provides work that is 

coupled to geometry changes on going from the ground state to the transition state 
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during the chemical reaction. In practice, it is best to view ∆x as an empirical value, as 

we discuss in Chapter 4 that a molecular interpretation of ∆x is non-trivial. From 

Equation 1 it is clear that (for ∆x > 0) an increase in the magnitude of an applied force 

subsequently decreases the effective activation barrier, increasing the rate of the 

reaction. This behavior has previously been observed during single molecule force 

spectroscopy (SMFS) experiments on ligand substitution reactions at a Pd(II) center 

(Figure 2A).6 Similarly, investigations using a small molecule force probe7,8 – stiff 

stilbene – have shown that the rate of the electrocyclic ring opening of cyclobutene also 

increases with increasing force (Figure 2B). 
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Figure 2. Both ligand substitution [A] and the electrocyclic ring opening of cyclobutene 
[B] are enhanced by the application of mechanical force. 

The ability to influence chemical reactivity by the application of mechanical force 

is also dependent on the direction of the applied force. In the above examples, the 

effective ‘reaction coordinate’ during both ligand exchange and cyclobutene ring 

opening involves localized lengthening of chemical bonds along the vector of the 
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applied force: the mechanical potential energy decreases as the chemical potential 

energy of the reaction increases, and subsequently the activation energy is lowered by 

the applied stress. A barrier still exists; mechanochemical activation only enhances 

thermochemical activation of these processes.  In the limit of ∆x < 0, a chemical reaction 

becomes inhibited by an applied force: conditions under which the direction of the 

applied force is opposed to the internal motion of the system.  
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Figure 3. Type II photolytic cleavage of poly[ethylene-co-(carbon monoxide)] is inhibited 
when a polymeric film is subjected to elongational strain. This is likely due to the cyclic 
intermediate required for Type II cleavage. 

For example, photolytic degradation of a poly[ethylene-co-(carbon monoxide)] 

polymer film was shown to proceed by separate mechanisms depending on the presence 

or absence of an applied elongational stress. The authors9 reported that while Type II 

cleavage (see Figure 3) predominates in undrawn films, Type I cleavage becomes ca. 3X 

faster in films cold drawn to 400 %. Here, the authors infer that the applied force serves 

to inhibit the formation of the cyclic intermediate required for Type II cleavage. The 

effects of mechanical force on the rates of chemical reactions are therefore variable, and 
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the proper choice of substrate becomes important in designing new, mechanically 

responsive polymeric materials. In fact, the effects of applied mechanical force on certain 

reaction rates have also been reported to have almost no effect, or ∆x = 0. Boulatov, et al. 

reported that the rate of disulfide bond reduction is nearly insensitive to an applied 

force.10 Measurements conducted with disulfide-linked stiff stilbene showed that at 

forces up to 400 pN, the rate of reduction increased only 2-fold versus the previously 

described electrocyclic ring opening reaction of cyclobutene, which was accelerated by a 

factor of 106 across the same force regime. 

The third variable to discuss in terms of coupling mechanical force to chemical 

reactivity is the relationship between the loading rate (dF/dt) of the applied force and 

the natural lifetime of the bond. More directly, when a bond is pulled apart faster than 

the force free lifetime of the bond, it resists detachment.11 The extent of resistance is 

logarithmically dependent on the rate of the applied force; the faster a bond is pulled 

apart, the more force is required to detach the bond at the shorter lifetime.  Thus, the 

following equation describes the dependence of the most probable bond rupture force 

(F*) at a given force loading rate (rf). 

F* = FΒ•ln[(rf) ÷ (kd•FΒ)]   Equation 2 

In this model, FΒ = (kBT÷∆x), kB is Boltzmann’s constant, T is the absolute 

temperature and kd denotes the rate constant of the transformation under force-free 

conditions. This relationship has proven valuable in determining values of ∆x from data 
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obtained using single-molecule force spectroscopy measurements.6,12 It also is useful as 

an internal check within the system, since the thermal force-free off rate kd can be 

extrapolated and compared to known data.   

1.3 Affecting Chemical Reactivity 

The effects of mechanical tension on polymers vary from simple conformational 

changes, to bond stretching and deformation, and finally to bond cleavage at sufficiently 

high stresses. Historically,13,14 studies on polymer mechanochemistry were concerned 

with polymer degradation via homolytic bond scission reactions.4,15-33 Studies of flow-

induced polymer mechanochemistry4,24,31-38 provided a firm theoretical and experimental 

foundation for the mechanical contribution to the observations while homolytic bond 

scission was supported by spectroscopic detection of free radicals during polymer 

degradation.22,23,39,40  

Creating new polymeric materials that fulfill the goals of self-healing, self-

strengthening or any other ‘responsive material’ requirement involves the synthesis of 

small molecule, stress-responsive moieties that respond to otherwise destructive 

mechanical forces by performing constructing chemistry. In the limit of covalent 

polymeric material failure – or ca. 90 kcal mol-1 for C-C bond scission – the design and 

synthesis of stress responsive polymeric materials is thus constrained only by this upper 

energetic ceiling at which catastrophic material failure dominates the material response.  

Initial investigations within the field of polymer mechanochemistry focused on the 
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incorporation of specifically weak chemical bonds along a polymer backbone, e.g. 

chemical moieties retaining activation energies well below 90 kcal mol-1.  These included 

the mechanical stressing of polymers having peroxide-,41 azo-,35 and metal-ligand bonds 

within the polymer main chain.37,42-45  While these investigations were successful in 

specifically inducing mechanical activation of these weak bonds, the overarching 

motivation here entails the design of materials that should not fail as readily under 

external mechanical load. 

These previous examples of mechanochemical activation that lead to polymer 

scission are best viewed as destructive, and only recently has the idea of productive 

mechanochemistry in polymers taken shape. Nonetheless, that history validates two 

critical foundations of the current work in the area of productive polymer 

mechanochemistry: (i) macroscopic forces in polymers can be enormous—large enough 

to induce 90 kcal mol-1 bond scissions and suggesting that an applied mechanical force 

of the correct magnitude might be able to direct almost any organic transformation of 

interest; (ii) mechanochemistry in polymers can be made selective, by strategically 

coupling the applied force to the desired reaction mechanism. As described herein, the 

efficient coupling of a mechanical force to a small molecule transformation is defined as 

mechanochemistry, and the small molecule undergoing the transformation, a 

mechanophore. Thus, a “next generation” class of polymeric materials might comprise 
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those embedded with mechanophores, and recent successes and designs are described 

in the following section.  

1.4 Mechanophore Design 

The most efficient mechanophore design takes advantage of high thermal 

stability in addition to an efficient coupling to mechanical stress. In addition, the 

mechanically induced mechanophore reaction should not lead to a net loss in the 

number of covalent bonds within the polymeric architecture. In order to fulfill these 

criteria, researchers have taken advantage of electrocyclic rearrangments and 

catalytically active mechanophores as promising venues for creating next generation 

materials. In the first, electrocyclic rearrangements provide a mechanochemical response 

without subsequent scission of the polymeric material, and the use of catalytically 

competent mechanophores provides the possibility of directing numerous reactions 

from a single mechanical stimulus. The first examples of mechanophore activation sans 

polymer backbone cleavage were observed during mechanochemical activation of 

benzocyclobutene and spiropyran-embedded polymers.46  

Benzocyclobutene (BCB) undergoes a 4π-electron electrocyclic ring opening to an 

ortho-quinodimethide intermediate, whose ring opening reaction was monitored by 

allowing the reaction of the as formed intermediate with N-(1-pyrene)maleimide, a UV-

active dienophile trap. The mechanochemical ring opening reaction was first 

investigated by attaching single electron transfer living radical polymerization (SET-
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LRP) initiators to the BCB core followed by SET-LRP in the presence of poly(methyl 

acrylate). The resulting PMA-BCB-PMA polymer was dissolved in acetonitrile and 

subjected to pulsed ultrasound (to be discussed in the following section) in the presence 

of N-(1-pyrene)maleimide. The presence of the UV-active maleimide adduct was 

monitored by preparatory GPC having both UV and RI detectors. After 45 minutes of 

pulsed ultrasound, significant addition products to the ring opened BCB core were 

detected, indicating the mechanochemical ring opening reaction of BCB followed by 

reaction with the maleimide trap.  
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Reactive Intermediate UV-active maleimide trap  

Figure 4. A cyclobutene-centered poly(methylacrylate) polymer was subjected to pulsed 
ultrasound resulting in the formation of a reactive diene intermediate. Subsequent 
trapping of the diene with a maleimide trap allowed the mechanochemical reaction to be 
observed by monitoring for the presence of UV-activity during gel permeation 
chromatography. 

Interestingly, a product analysis of the maleimide adduct47 formed from the 

activation of cis-BCB indicated that the stereochemistry of the addition product had the 

opposing symmetry as that expected from Woodward-Hoffman orbital symmetry 

rules.48,49 The electrocyclic ring opening of benzocyclobutene proceeds thermally by a 

conrotatory motion, and the expected ortho-quinodimethide (oQDM) products of cis-BCB 
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and trans-BCB ring opening reactions are the E,Z-oQDM and E,E-oQDM. Since the Diels-

Alder addition chemistry between the oQDM intermediates and the maleimide trap 

conserve the symmetry of the intermediate, the addition product retains the geometry of 

the as formed diene. Hickenboth, et al.47, by conducting mechanochemical maleimide 

trapping on both cis-BCB and trans-BCB centered PMA polymers, were able to show that 

while different Diels-Alder adducts are expected from W-H rules, the same reactive 

intermediate was formed during mechanochemical activation of cis and trans-BCB.  

∆∆∆∆∆∆∆∆

conrotatory conrotatory

Force

conrotatory

Force

disrotatory

E,E-oQDM trans-BCB cis-BCB Z,E-oQDM

 
Figure 5. Mechanical force can fundamentally alter a reaction mechanism; shown here 
that the product of cis and trans-BCB mechanochemical ring opening are the same 
regardless of the initial stereochemistry. 

From 13C-NMR studies the authors were able to determine that mechanical force 

directed the formation of only the E,E-oQDM intermediate from either the cis or trans-

BCB. While the ring opening of trans-BCB remained formally conrotatory (as expected 

from W-H orbital symmetry arguments), the cis-BCB underwent disrotatory ring 

opening, and provided the first example of mechanical force directing a reaction along a 

“forbidden” coordinate that is better coupled to the vector of applied force. These 
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experimental results have been further investigated in numerous theoretical reports,50-53 

confirming the finding that mechanical force provides reaction control that is 

fundamentally different than that provided by heat, light or electrochemistry alone. 
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Figure 6. Spiropyran (SP, left) mechanophore undergoes an electrocyclic rearrangment 
to a colored merocyanine (right) form. 

Spiropyran is a well-known chromophore, with both photolysis54 and mechanical 

grinding55 leading to a 6π-electron electrocyclic ring opening to a colored merocyanine. 

Potisek, et al.46 took advantage of this transformation, attaching polymerization initiators 

on the spiropyran (SP) group followed by Cu-catalyzed single electron transfer living 

radical polymerization (SET-LRP) leading to a spiropyran centered poly(methyl 

acrylate) (PMA) polymer. An acetonitrile solution of the PMA-SP-PMA polymer was 

next subjected to pulsed ultrasound. Cavitation bubble collapse allowed the PMA-SP-

PMA polymer to be mechanically stressed, and the ring-opened merocyanine was 

detected by UV-Vis spectroscopy. The success in mechanically activating the SP-

merocyanine transition in solution was followed by the demonstration that this same 

transition could be effected in the solid state, allowing the synthesis and characterization 

of a novel stress-sensing polymer.56 The solid state activation of SP was first tested by 

subjecting an elastomeric PMA-SP-PMA dogbone to tensile loading. With increasing 



 

12 

strain the initially colorless material turned bright red, indicating the transformation of 

SP to the colored merocyanine form. The mechanochemical reaction was also observed 

in glassy, poly(methyl methacrylate) (PMMA) beads embedded with the SP 

mechanophore. A compressive stress, when applied to the PMMA-SP-PMMA beads, 

was accompanied by the subsequent ring opening of SP that was observed by 

fluorescence spectroscopy. These studies provided the first examples of a stress-

responsive material for real-time monitoring of a mechanochemical reaction in the solid 

state. 

The mechanochemical remodeling of BCB and SP mechanophores have provided 

important insights into both the relationship between mechanical restoring force and 

chemical reactivity, and in the successful conversion of solution to solid state 

mechanochemistry. At the time of this writing, many groups have had notable successes 

in constructing polymeric systems capable of stress-responsive chemistry beyond BCB 

and SP. Sijbesma, et al. have approached polymer mechanochemistry from the 

standpoint of metal-ligand coordination chemistry.  Metal-ligand coordination bonds 

undergo mechanically assisted cleavage prior to carbon-carbon bond homolysis,43 and 

these studies have used the mechanically assisted scission of coordination bonds to 

catalyze local polymerizations, effectively forming more bonds than have been 

destroyed as a result of polymer backbone cleavage.42 Still other work has highlighted 

local stress mapping using fluorescence spectroscopy.  A fluorescent crack sensor based 
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on cyclobutane ring opening has previously been reported57 as well as reports using 

FRET sensing to determine local polymer material damage.58,59  
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Figure 7. Mechanochemical activation of latent catalysts during pulsed ultrasound [)))]. 
Pulsed ultrasound of silver carbene centered polymer generates free carbene that 
catalyzes a transesterification reaction forming benzyl acetate. Pulsed ultrasound of a 
ruthenium alkylidene centered polymer releases an activated ruthenium catalyst that 
participates in both ring closing methathesis and ring opening metathesis 
polymerization. 

The explosion of interest in the field of polymer mechanochemistry has 

highlighted the need for a larger library of mechanically activated substrates. The 

requirement for a larger library of mechanophores in turn requires that potential 
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mechanophores are easily tested in small amounts. The most direct method for 

determining the presence or absence of mechanophore activity is through the use of 

pulsed ultrasound. The technique is straightforward, requires only small amounts of 

mechanophore, and is now a widely accepted technique for probing polymer 

mechanochemistry in solutions.60 The technique is also used in some of the work 

described in this dissertation, and in the following section, the theory and dynamics of 

pulsed ultrasound are described. 

1.5 Pulsed Ultrasound 

Ultrasound is a sound wave operating with a frequency between 20 kHz and 500 

MHz. The frequency of the applied wave is inversely proportional to the intensity of the 

wave. Nondestructive ultrasound generally encompasses frequencies between 2 and 500 

MHz while destructive ultrasound involves frequencies from 20 kHz to ca. 900 kHz.61 

Pulsed ultrasound of polymer solutions leading to mechanochemical effects takes 

advantage of low frequency ultrasound. As a sound wave passes through a solution, the 

liquid is subjected to local regions of high (compression) and low (rarefaction) pressures. 

In the presence of a sufficiently large (negative) rarefaction pressure, the liquid is 

effectively split, leading to formation of a local bubble in the solution. This bubble may 

not collapse entirely on the following compression wave and the bubble radius follows a 

contraction/growth cycle until a maximum bubble radius is reached. Upon formation of 

the maximum radius, the bubble collapses very violently in the presence of the 
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compression wave. This violent collapse is followed by solvent rushing to 

fill the previous void; as the solvent fills this space substantial shear gradients are 

formed which uncoil, stretch, and, with polymers of sufficient molecular weight, induce 

main chain scission in the polymer. 

Time evolution of the pressure wave and subsequent bubble grow
application of ultrasound. The cavitation bubble grows to a maximum size 

dependent on the conditions of the experiment, followed by a very violent collapse on 
the time scale of ca. microseconds. 

The mechanical nature of polymer scission during pulsed ultrasound is now 

generally accepted based on the following observations. First, polymer scission is 

molecular weight dependent; polymers of large molecular weight degrade faster than 

small molecular weight counterparts.62 Second, polymer scission proceeds with a 

marked propensity for midchain scission.63  And third, polymer scission is more efficient 

at low solution temperatures. The effects of ultrasound on polymer degradation can be 

tuned by changing the ultrasound intensity,62 solvent,64 temperature,62 polymer 
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polymer during pulsed ultrasound
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Figure 9. A polymer of sufficient initial molecular weight will undergo main chain 
scission when situated close enough to a cavitating bubble in 
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degradation and a lower limiting molecular weight; this is due to the formation of a 

larger number and larger radius cavitation bubbles.

collapse likely implicates larger shear fields in solution, affecting the scission of 

polymers of lower molecular weight than that obtained at lower intensity.

effects on ultrasonic depolymerization are twofold. High vapor pressure solvents 

vaporize inside a forming cavitation bubble, cushioning the collapse and leading to less 
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and polymer concentration.64 These effects are generally discussed in 

terms of the their effects on: i) the cavitation bubble itself, ii) the conformation of the 

polymer during pulsed ultrasound, or iii) a combination of both parameters that may 

not be clearly differentiable.  

 

A polymer of sufficient initial molecular weight will undergo main chain 
scission when situated close enough to a cavitating bubble in solution. 

ncreasing the intensity of ultrasound will lead both faster molecular weight 

degradation and a lower limiting molecular weight; this is due to the formation of a 

larger number and larger radius cavitation bubbles.66 The larger bubble radius before 

collapse likely implicates larger shear fields in solution, affecting the scission of 

polymers of lower molecular weight than that obtained at lower intensity.

effects on ultrasonic depolymerization are twofold. High vapor pressure solvents 

vaporize inside a forming cavitation bubble, cushioning the collapse and leading to less 
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collapse likely implicates larger shear fields in solution, affecting the scission of 

polymers of lower molecular weight than that obtained at lower intensity.62 Solvent 

effects on ultrasonic depolymerization are twofold. High vapor pressure solvents 

vaporize inside a forming cavitation bubble, cushioning the collapse and leading to less 
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intense shear fields.67 The solvent may also affect the conformation of the polymer in 

solution. In cases where the solvent facilitates the coil-stretch transition, this energy does 

not need to be overcome by the shear fields during cavitation collapse and the polymer 

is ‘predisposed’ to extension and mechanical degradation.68 If the solvent encourages a 

more coiled conformation the opposite effect is expected; and molecular weight 

degradation with slow down and the limiting molecular weight will be larger. 

Increasing the solvent temperature62 during pulsed ultrasound also leads to solvent 

vaporization inside cavitation bubbles and less efficient polymer scission.62 Increasing 

the polymer concentration64 inhibits the formation of cavitation bubbles and a decrease 

in depolymerization efficiency is observed. 

The ease of use of pulsed ultrasound, coupled with the small amount of material 

required to perform sonochemical studies, makes the technique well suited as an initial 

probe of mechanophore activity. Relatively ‘standard’ parameters for conducting 

ultrasonic studies are now well-documented in the literature as well as the proper 

control experiments to rule out thermal contributions to mechanophore rearrangments 

during ultrasonic treatment. Towards the development of new stress-responsive 

materials, this dissertation focuses first on mechanophore activation through the use of 

pulsed ultrasound, followed by the determination of mechanophore activation by single 

molecule force spectroscopy, and, finally, activation in the solid state. To introduce the 

current mechanophore system, the following section introduces the chemistry of gem-
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dihalocyclopropanes as an initial system for studying mechanochemical reactions in 

polymeric materials. 

1.6 gem-Dihalocyclopropanes 

The current state of mechanophore design relies on thermally stable small 

molecule mechanophores whose rearrangements are well-coupled to a mechanical 

restoring force. The electrocyclic ring opening reactions of benzocyclobutene46,47 and 

spiropyran46,56 (Section 1.4) are notable examples of electrocyclic rearrangments, whereas 

other examples of active mechanophores are generally of the ‘weak bond’ variety, these 

activations leading to the specific scission of the polymer main chain. One issue that has 

not been discussed is that due to the use of pulsed ultrasound for mechanochemical 

studies; most mechanophore activation experiments have focused on the placement of a 

single mechanophore on a polymer chain. As large molecular weight polymers are 

required for extensional flows to induce polymer mechanochemistry, this can mean that 

only 1 in ca. 1000 monomers on a polymer chain (100 kDa PMA; DP ~ 1164) are 

‘mechanically active’ in the sense that the target mechanochemistry may be achieved by 

its single mechanochemical response.  While solution ultrasound does focus the 

maximum force on the middle of polymer chains where the targeted response is likely to 

occur, mechanical deformation of polymeric materials may activate other sites along the 

polymer, and C-C bond dissociation may dominate over mechanophore activity. From 

an applied perspective, it is therefore desirable to disperse mechanically active units at 
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high densities throughout a polymer, such that off-center sites of force accumulation can 

still be alleviated. In order to address the issue of single-site mechanochemistry while 

providing highly active mechanophore-laden polymers, we have introduced the 

mechanochemistry of gem-dihalocyclopropanated polybutadiene polymers.  

The mechanochemical, electrocyclic ring opening reactions of gDHCs allow a 

diverse set of conditions within which valuable observations on mechanochemical 

coupling may be made. In addition to creating valuable insights into the coupling of 

mechanical force onto chemical transformations, the ring opening of the gDHC unit 

upon transformation to 2,3-dihaloalkene allows a local elongation of the repeating unit, 

allowing us to monitor the gDHC as a possible energetic sink for highly stressed regions 

in polymeric materials. For instance, whereas overstressed regions in polymers can 

suffer from main chain scission as a result of C-C bond cleavage, these mechanophores 

may locally elongate, redistributing the stress along the polymer to stresses below the 

threshold for polymer main chain scission. Second, the rearrangment leads to formation 

of an SN2 susceptible allylic halide that may participate in additional chemistry, for 

example additional cross-linking reactions in the presence of a nucleophile.  

gem-Dihalocyclopropanes (gDHCs) have been known for years to be valuable 

precursors in organic synthesis.69 The first example of the synthesis of gem-

dihalocyclopropanes appeared in 1954;70 the authors reported the effects of treating 

chloroform, bromoform and iodoform with potassium t-butoxide in the presence of 
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cyclohexene to form the corresponding 7,7-dihalobicyclo[4.1.0]heptane products. Soon 

after, it was found that dihalocarbene could be generated using phase transfer 

catalysis,71 and the chemistry of gem-dihalocyclopropanes became more intensely 

studied.69 

Though the chemistry of gDHCs is rich with examples of reductive 

dehalogenation, radical cyclizations, and halogen-metal exchange reactions, the use of 

gDHCs as potent mechanophores is based on a thermally accessible, electrocyclic ring 

opening of gDHCs to 2,3-dihaloalkenes. Numerous examples now exist in the literature 

documenting the transformation of gDHCs to alkene products; namely dichloro-,72 

dibromo-,73 bromochloro-74 and chlorofluorocyclopropanes75 (the ring opening of gem-

difluorocyclopropane proceeds by a diradical mechanism76 and will be discussed later in 

the text).  

The ring opening of gDHCs is a 2π electron, disrotatory (Figures 10 and 11) 

process wherein the halogen anti to the outwardly rotating cyclopropyl substituents 

leads to halogen ionization, formation of an allyl cation and subsequent halide migration 

to form a 2,3-dihaloalkene. The observation that halide ionization proceeds from the anti 

position from outwardly rotating substituents is now known as the Woodward-

Hoffman-DePuy rule48,49,77,78. Computationally,49 the outward motion of the associated R-

groups during disrotatory ring opening shifts the electron density of the breaking 

cyclopropyl bond to the ionizing C-X bond,( i) assisting the departure of the halide ion 
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and (ii) stabilizing the developing cation. Faza, et al.79 have commented that this reaction 

is a type of internal, SN2-type of displacement of the halogen atom by the electrons from 

the breaking cyclopropyl bond. 
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Figure 10. The electrocyclic ring opening reaction of the cyclopropyl cation proceeds by 
a disrotatory motion of the substituents. Both the disrotatory in and disrotatory out 
products are symmetry allowed, while the dis-out gives a more favorable product 
product on steric grounds. The mode of rotation to form the allylic cation as a result of 
ionization of an appended leaving group (X) is driven by the electronics of the ring 
opening reaction; the ring opening reaction leads to an electronic structure that both 
stabilizes the developing cation, and provides an SN2-type of assistance to ionization of 
the leaving group by the electrons from the breaking cyclopropyl σ-bond. Disrotatory 
ring opening occurs with outward rotation of the substituents trans to the leaving group. 
The relative ring opening rates of cyclopropyl tosylates provided experimental evidence 
for the Woodward-Hoffman-DePuy rule. Ring opening of 2-trans-3-trans-
dimethylcyclopropyl tosylates leads to formation of the more stable trans,trans-
dimethylallyl cation that rearranges ca. 5000 times faster than the cis isomer that requires 
formation of the cis,cis-dimethylallyl cation. 

The rates of gDHC ring opening therefore depend on the halogen substituents, 

notably in mixed bromochloro-74 and chlorofluorocyclopropanes,75 where bromine, 
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chlorine or fluorine may be in either the syn- or anti position on the ring. Additionally, 

the stereochemistry of the gDHC affects the thermal rate of ring opening. Disrotatory 

ring opening of cis-gDCC80 proceeds with a Gibbs free energy of activation of ca. 43 kcal 

mol-1 while that of the trans isomer81 is ca. 46 kcal mol-1. This is a result of the formation 

of energetically dissimilar allylic cations that form from pendant H-H (cis-) or R-H 

(trans-) interactions in the transition state. 

R R'

CHX3

NaOH, TBA+X-, H2O

X

X

R R'
∆, disrotatory

R R'

X

X
X

X  

Figure 11. The addition of dihalocarbene to alkenes is achieved using phase transfer 
conditions in the presence of NaOH as a base, and TBA+X- (a tetraalkylammonium salt). 
After addition to the alkene, heating the gDHC leads to an electrocyclic ring opening 
reaction to 2,3-dihaloalkene as a major product of the rearrangement. 

This dissertation reports that a range of gem-dihalocyclopropanes (Figure 12), 

when appended to polybutadiene polymers, are highly active and efficient 

mechanophores when subjected to mechanical stresses. The following chapters include 

studies on the effects of elongational flow fields induced by pulsed ultrasound, single 

molecule studies on the gDHC � 2,3-dihaloalkene transition, and solid state activation 

of gDHC polymers subjected to both compressive and tensile deformation.  
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Figure 12. The above gem-dihalocyclopropanes undergo electrocyclic ring opening 
reactions to 2,3-dihaloalkenes when subjected to mechanical stress. This dissertation 
focuses on the effects of the type of gDHC under investigation, the stereochemistry of 
the starting gDHC and the use of different types of mechanical stress to induce the 
electrocyclic rearrangement.  
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2. gem-Dichlorocyclopropanes as Abundant and 
Efficient Mechanophores in Polybutadiene Copolymers  
under Mechanical Stress † 

2.1 Introduction 

As discussed in Chapter 1, there is rapidly escalating interest in the synthesis and 

characterization of latent reagents47 and catalysts42,82,83 that undergo mechanically 

initiated activation when coupled to a directional restoring force. The construction and 

characterization of novel mechanophores might advance the fundamental 

understanding of how mechanical force directs chemical reactivity,6,45,84-87 and provide 

access to new stress-responsive materials, for example polymers that strengthen or 

repair autonomously at the molecular level. Seminal work by Hickenboth et al.47 has 

shown that a single benzocyclobutene (BCB) incorporated near the center of polymers 

can be mechanically activated to ring-open, resulting in a reactive ortho-quinodimethine 

without polymer chain scission. The BCB studies and related work with spiropyran-

centered polymers46 demonstrate important steps toward in situ mechanochemistry for 

stress-responsive polymers. 

In many cases, it would be desirable to disperse mechanophores at high density 

throughout a polymer matrix so that the precise region(s) of high stress need not be 

predicted in advance. The activity of multiple, non-scissile mechanophores in a single 

polymer chain, however, has yet to be demonstrated. Here we report that gem-

                                                      

† This chapter is adapted from: J. Am. Chem. Soc. 2009, 131, 10818-10819. 
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dichlorocyclopropanes (gDCCs) undergo mechanically assisted ring opening reactions 

when coupled to ultrasound-generated elongational shear flows, and that several 

hundreds of these reactions occur on the time scale of a single polymer chain scission. 

As will be discussed in Chapter 5, these mechanophores can be used to provide a 

“mechanochemical map” of the stress distributions. The ability to easily synthesize 

copolymers of these newly identified mechanophores further allows their relative 

activity to be evaluated as a function of the stereo- and regiochemistry by which they are 

coupled to the strain field, and such relationships will be explored in greater detail in 

Chapter 3. The reactivity patterns suggest that multiple mechanically assisted reactions 

occur not only in a single polymer chain, but also during a single elongational strain 

event. 

2.2 Experimental 

Unless otherwise stated, starting materials were obtained from commercial 

sources and used without further purification.  The cis-PB and cis/trans-PB polymers 

were purchased from Sigma-Aldrich, and >90 % 1,2-PB was purchased from Polymer 

Source. Gel permeation chromatography analyses were performed with a Varian Prostar 

Model 210 pump, a Varian Prostar Model 320 UV/Vis detector set to 254 nm detection, a 

Wyatt Dawn EOS multi-angle light scatterer (MALS), Wyatt QELS (quasi-electric light 

scattering), Wyatt Optilab DSP Interferometric Refractometer (RI), and a series of two 

Agilent Technology PL gel columns (7.5 X 300 mm, 1 79911GP-503 (103 Å) and 1 
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79911GP-504 (104 Å)) in tetrahydrofuran at 22 oC (room temperature).  Molecular 

weights were obtained from multi-angle light scattering gel permeation 

chromatography (MALS-GPC) using dn dc-1 values of 0.1295 mL g-1 for polybutadiene 

and 0.1200 mL g-1 for functionalized gDCC-PB copolymers.  

Ultrasound experiments were performed in BHT-free tetrahydrofuran on a 

Vibracell Model VCX500 operating at 20kHz with a 12.8mm replaceable tip titanium 

probe from Sonics and Materials (http://www.sonics.biz/).  Three-necked glass Suslick 

cells were obtained from ACE glass and were oven dried before use.  The sonications 

were carried out on ca. 16 mL of 1mg mL-1 polymer solutions in an ice/water bath of 6-9 

oC.  Solutions were deoxygenated with bubbling N2 for 30 minutes prior to sonication 

and a positive headspace of N2 was kept during the experiment.  Pulsed ultrasound was 

carried out at 6.3 W cm-2 of power with a pulse sequence of 1s on 1s off.  At timed 

intervals during sonication, ca. 1 mL of polymer solution was removed from the Suslick 

vessel for analysis by GPC and NMR. 1H and 13C NMR analyses were conducted on 

either a 400MHz or 500MHz Varian spectrophotometer in CDCl3 and the residual 

solvent peak (7.240ppm) was used as chemical shift reference.  IR spectra were recorded 

on a Nicolet 380 FT-IR spectrometer using EZ-OMNIC software directly on dried 

polymer thin films. The gDCCs were incorporated along the backbone of polybutadiene 

by its reaction with dichlorocarbene generated by the reaction of aqueous NaOH in 

CHCl3 under phase transfer conditions,6 resulting in gDCC-PB copolymers. The 
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stereochemical distribution of the gDCCs along the PB polymer were controlled by 

phase transfer catalysis in the presence of highly cis-PB (98 % cis-PB), stereochemically 

mixed cis/trans-PB (36 % cis, 55 % trans, 9 % 1,2) or 1,2-PB (> 90 % 1,2-PB, < 10 % 1,4-PB). 

The resulting polymers are shown below in Figure 13. 

**

NaOH, CHCl3
CTAB * *

a b c d e

Cl Cl Cl Cl

Cl

Cl

Sample MN (kDa) a b c d e

1 156 0.02 0.98 ---- ---- ----
2 310 0.02 0.26 0.72 ---- ----
3 305 0.09 0.19 0.35 0.37 ----
4 167 0.72 ---- 0.05** 0.23
5 6.5 ---- 0.62 0.38** ----  

Figure 13.  Functionalization of PB to gDCC-PB copolymers with fractional monomer 
contents a-e. **Sum of cis and trans-gDCC units. (---) 1H-NMR resonance not detected, the 
error in these measurements is assumed to be on the order of 2-5 % of these values. 

A sample synthesis is reported here for the 310 kDa cis-gDCC-PB polymer 

composed of 72 % cis-gDCC, 26 % cis-PB and 2 % 1,2-PB. To 250 mL CHCl3 was 

dissolved 2.31 grams (42.7 mmoles of double bonds) of 156 kDa cis-1,4-polybutadiene 

and 0.421 grams cetyltrimethylammonium bromide (CTAB, 1.16 mmoles) and the 

solution was deoxygenated with bubbling N2 for 20 minutes.  A deoxygenated solution 

(20 minutes bubbling N2) of 6.72 grams NaOH (168 mmoles) in 40 mL DI H2O was then 

added to the PB/CTAB solution.  The reaction was allowed to proceed under N2 for 15 

hours.  After 15 hours, the reaction was washed three times with DI H2O, twice with 

brine, rotovapped to minimal volume and precipitated with methanol.  The polymer 



 

was redissolved in CHCl

overnight.  1H-NMR (400 MHz) 

1.2ppm (16.4H).  13C-NMR (400 MHz) 

24.5, 24.3.  Copolymer composition = 25.7 % 1,4

MALS-GPC (dn dc-1 = 0.1200 mL g

1.88. The composition of the 

1H-NMR spectrum. For example, assignment of all seven 

310 kDa 72 % cis-gDCC polymer were completed by comparison to known polymeric 

materials; three of these resonances are overlapped as noted in 

Figure 14. 1H-NMR (400 MHz, CDCl
All 1H-NMR chemical shifts are attributed to the presence of three different monomer 
components along the polymer (H
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was redissolved in CHCl3, precipitated with methanol, and dried on a high vacuum line 

NMR (400 MHz) δ  5.45 ppm (2H); 5.0 ppm (0.15H); 2.4-2.0ppm (4H); 1.8

NMR (400 MHz) δ 129.8, 65.5, 65.2, 32.8, 32.7, 32.6, 27.5, 26.5, 25.2, 

24.5, 24.3.  Copolymer composition = 25.7 % 1,4-PB; 2.4 % 1,2-PB; 71.9 % 

= 0.1200 mL g-1); MN = 310,000 g mol-1; MW = 584,000 g mol

1.88. The composition of the cis-gDCC-PB polymer was determined by integration of the 

For example, assignment of all seven 1H-NMR resonances along the 

DCC polymer were completed by comparison to known polymeric 

materials; three of these resonances are overlapped as noted in Figure 14

NMR (400 MHz, CDCl3) spectrum of 310 kDa 72 % cis-gDCC
NMR chemical shifts are attributed to the presence of three different monomer 

components along the polymer (Ha – Hg). 

, precipitated with methanol, and dried on a high vacuum line 

2.0ppm (4H); 1.8-

129.8, 65.5, 65.2, 32.8, 32.7, 32.6, 27.5, 26.5, 25.2, 

PB; 71.9 % cis-gDCC. 

= 584,000 g mol-1; PDI = 

by integration of the 

NMR resonances along the 

DCC polymer were completed by comparison to known polymeric 

14.88-90 

 

DCC-PB polymer. 
NMR chemical shifts are attributed to the presence of three different monomer 
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From the 1H-NMR spectrum, the relative numbers of monomer units along the 

polymer chain were calculated. For example, the cis-1,4-PB content was calculated as [Ha 

+ Hb – Hd – He] ÷ 6 = 1.02 relative equivalents of cis-1,4-PB. Additionally, the 1,2-PB and 

cis-gDCC content was calculated as 0.07 and 2.75 monomer equivalents respectively. 

From this analysis a determination of the percent polymer composition is 

straightforward. 

2.3 Pulsed Ultrasonic Activation 

Due to the geometry changes involved, appropriately coupled electrocyclic 

processes such as ring openings of BCB and gDCC are expected to be especially 

susceptible to mechanical activation.7,8,91  Sonication of 310 kDa 72 % cis-gDCC polymer 

in THF leads to significant changes in both its 1H and 13C spectra. Most telling are new 

1H resonances92 at 5.86 (s, 1H) and 4.46 ppm (s, 1H), as well as a significant loss of 

intensity from the gDCC ring protons at 1.6 ppm coincident with the formation of new 

resonances in the methylene region between 2.4 and 1.9 ppm. These chemical shifts are 

consistent with the formation of 2,3-dichloroalkenes, well-known products of effectively 

concerted, cationic gDCC ring openings, as opposed to reactions that proceed through 

diradical intermediates via potential homolytic bond scission.72,93-96  

The mechanochemical ring opening of cis-gDCC leads directly to the formation 

of 2,3-dichloroalkene; we do not observe any additional 1H-NMR resonances that would 

indicate formation of side products. For example, consider the 1H-NMR spectrum after 



 

gDCC-PB sonication for 30 minutes

four monomer units corresponding to 

ppm, 2.2 ppm, 1.6 ppm), 

ppm, 4.5 ppm, 2.4-1.8 ppm). To analyze the extent of ring opening, the 

resonance (5.4 ppm) serves as an internal reference (

this resonance as an internal reference since

change in the relative intensities or chemical shifts of the

Figure 15. 1H-NMR spectrum (400 MHz, CDCl
% cis-gDCC polymer for 30 minutes. The 

From the 1H-NMR spectrum of the sonicated 310 kDa 72 % 

the extent of gDCC ring opening was

dichloroalkene protons [H

30 

30 minutes (Figure 15). The obtained spectrum is composed of 

four monomer units corresponding to cis-1,4-PB (5.4 ppm, 2.2 ppm), 1,2-

ppm, 2.2 ppm, 1.6 ppm), cis-gDCC (1.6 ppm) and the formed 2,3-dichloroalkene (5.9 

1.8 ppm). To analyze the extent of ring opening, the cis

resonance (5.4 ppm) serves as an internal reference ( set to 2.00) for the analysis. We use 

this resonance as an internal reference since sonication of polybutadiene

change in the relative intensities or chemical shifts of the PB 1H-NMR resonances.

NMR spectrum (400 MHz, CDCl3) observed after sonication of 310 kDa 72 
DCC polymer for 30 minutes. The observed molecular weight is M

NMR spectrum of the sonicated 310 kDa 72 % cis-gDCC polymer

DCC ring opening was calculated. The observed intensity of the 2,3

dichloroalkene protons [Hh + Hi] ÷ 2H = 1.53 indicates that 1.53 ÷ 2.75 * 100 = 56 % of 

. The obtained spectrum is composed of 

-PB (5.6 ppm, 5.0 

chloroalkene (5.9 

cis-1,4-PB 

the analysis. We use 

butadiene leads to no 

resonances. 

 

) observed after sonication of 310 kDa 72 
observed molecular weight is MN = 88 kDa. 

DCC polymer, 

calculated. The observed intensity of the 2,3-

1.53 ÷ 2.75 * 100 = 56 % of cis-
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gDCCs have undergone ring opening. Corroborating evidence for formation of 2,3-

dichloroalkene comes from 13C resonances, COSY cross-peaks, and IR spectroscopy. 

Initially, the 13C-NMR spectrum of the cis-gDCC-PB polymer retains spectroscopically 

distinct signals at 130 ppm (cis-PB alkene) and 65 ppm (cis-gDCC)88; after pulsed 

ultrasound of the 310 kDa 72 % cis-gDCC polymer for 30 minutes (see Figure 15 for 1H-

NMR spectrum), new 13C resonances are formed at ca. 135 ppm, 129 ppm and 64 ppm 

that are indicative of the formation of 2,3-dichloroalkene as a result of gDCC ring 

opening during pulsed ultrasound.96  

Cl

Cl

))) Cl

Cl

Cl

Cl

C1 C2 C4 C5

C3  

 

Figure 16. Select region of the 13C-NMR spectrum (101 MHz, CDCl3) observed before 
(bottom) and after (top) sonication of 310 kDa 72 % cis-gDCC-PB polymer. The newly 
formed resonances are consistent with formation of 2,3-dichloroalkene as a result of cis-
gDCC ring opening. 
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Furthermore, 1H-1H COSY cross peaks support the formation of the 2,3-

dichloroalkene product. The 1H-1H COSY spectrum of the initial polymer shows cross 

peaks between the methylene protons of cis-1,4-PB and cis-gDCC at 1.6 ppm and 2.2 

ppm in addition to methylene-alkene coupling from cis-1,4-PB as a cross peak at 2.2 ppm 

and 5.4 ppm. After sonication, new sets of cross peaks are formed at 2.3 ppm and 5.8 

ppm from the newly formed alkene and 2.0 ppm and 4.5 ppm from the allylic proton 

that results from chloride ion migration. 

           

Cl Cl2.2 - 5.4 ppm

1.6 - 2.2 ppm

1.6-1.6 ppm

                      2.3-5.8 ppm

Cl

Cl
2.0-4.5 ppm  

     

Figure 17. 1H-1H COSY spectra of the initial 310 kDa 72 % cis-gDCC-PB polymer (left) 
and after 30 minutes of sonication (right). Cross peaks are consistent with the formation 
of 2,3-dichloroalkene as a result of gDCC ring opening. 
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The electrocyclic ring opening of gDCC to 2,3-dichloroalkene leads to the 

formation of new alkenes along the polymer backbone, a functionality that can be 

monitored through the use of IR spectroscopy. The C=C alkene stretching mode in cis-

1,4-PB is observed at ca 1650 cm-1, functionalization of the PB polymer to a 72 % cis-

gDCC-PB polymer leads to the loss of this stretching mode. In addition, the alkene C-H 

stretch in cis-1,4-PB is observed at 3010 cm-1, this stretch is subsequently diminished with 

the addition of dichlorocarbene (Figure 18). After 30 minutes of sonication, the 

formation of new alkenes is observed as a subsequent rejuvenation of the C=C stretching 

mode at ca. 1650 cm-1 and a small increase in intensity is observed in the C-H stretching 

region at ca. 3005 cm-1.  

Figure 18. IR spectra of initial cis-1,4-PB (top, black), 310 kDa 72 % cis-gDCC polymer 
(middle, red), and 72 % cis-gDCC polymer after 30 minutes of sonication (bottom, blue).  
IR stretch at ~3005 cm-1 is attributed to sp2 C-H stretches which are initially consumed by 
the gDCC reaction; then rejuvenated by sonication in forming 2,3-dichloroalkenes. IR 
stretch at ~1650 cm-1 supports the formation of 2,3-dichloroalkene ring-opened product 
(C=C double bond). 
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The formation of 2,3-dichloroalkene as a result of ultrasonic treatment of the 

gDCC-PB polymer was next monitored versus the applied sonication time. The 

formation of ring opened product was monitored by 1H-NMR and the degradation of 

the polymer molecular weight was determined from MALS-GPC.  

Cl

Cl

)))

Cl

Cl

Cl

ClHA
HB

HC HD

cis-gDCC (Z)-2,3-dichloroalkene
 

 

Figure 19. Pulsed ultrasonication (6.3 W cm-2, THF, 6-9 oC, N2) of 315 kDa 71 % cis-gDCC 
polymer leads to mechanochemical ring opening of cis-gDCC to 2,3-dichloroalkene 
products that are observed by 1H-NMR (left, CDCl3, 400 MHz, arrows indicate 
increasing sonication time). The extent of cis-gDCC ring opening increases with 
increasing sonication time at a rate coincident (right) with degradation of the number-
averaged molecular weight (MN) of the polymer. 

With increasing sonication time, both gDCC ring opening reactions and 

molecular weight degradation was observed (Figure 19). A series of observations 

support that ultrasound-induced reactivity is dominated by mechanical contributions. 
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First, the extent of gDCC ring opening is well correlated with that of chain scission, the 

mechanical origin of which is generally accepted (Figure 19, see also Chapter 3).32,97,98 

Second, a 6.5 kDa gDCC-PB polymer is below the critical MW necessary to experience 

significant elongational shear forces, and identical sonication conditions produce no 

evidence of ring opening.  

Cl

Cl n

Cl
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)))

 

Figure 20. Pulsed ultrasound of a 6.5 kDa 38 % gDCC-PB polymer does not lead to 
mechanochemical ring opening reactions.  

Though these controls are generally accepted indicators of mechanical assistance, 

similar studies have been questioned publicly,99 with the contention based mainly on the 

presence of large temperatures that accompany cavitation bubble collapse. We therefore 

decoupled the gDCC units from the mechanical restoring force by forming them on the 

side-chain alkenes of 1,2-PB. We observe no evidence for reaction of these side-chain 
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functional groups (Figure 21) under polymer shear stresses that open >50% of main-

chain gDCCs, confirming a mechanical rather than thermal origin in the induced 

reactivity. 

Cl
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Figure 21. Pulsed ultrasonic depolymerization of 1,2-gDCC polymer shows that the 
gDCC mechanophore must be embedded along the polymer main chain to undergo an 
electrocyclic ring opening to 2,3-dichloroalkene.  

The number of gDCC ring openings is orders of magnitude greater under shear 

than that of chain scission, leading to significant mechanochemical remodeling of the 

polymer backbone. For instance, sonication of 310 kDa 72 % cis-gDCC-PB polymer 

shows that an average of one scission per polymer (halving of MN) occurs after ~4.5 min 

of sonication, by which point 37% of the gDCC units have been forced open: an average 



 

of ~690 per chain. When the polymer is

are opened while the molecular weight degrades from 310

1650 ring openings and 3 

Figure 22. Illustration of the polymer scission cycle (left, polymer molecule represented 
within parentheses) as defined previously by equation 1, and a plot (right) of the 
fraction of gDCC ring opening versus the polymer scission indicates that 37 % of 
ring open (φ1 = 0.37) after the average molecular weight has been cut in half during 
pulsed ultrasound (THF, 6.3 W cm

Critical for the work reported here is that both 

polymer are observed, and for convenience we define

be the fraction of gDCCs 

extent of isomerization in terms of scission cycle is a robust and convenient mechanism 

by which to account for variations in the magnitude of the forces generated due to, 

polymer molecular weight 

scission cycle (SC) indicates the average number of times a polymer undergoes main 

chain C-C bond scission as a consequence of the extensional flow fields 

cavitation bubble collapse

37 

the polymer is sheared for 4 hours, over 80% of the 

are opened while the molecular weight degrades from 310 kDa to 39 kDa

1650 ring openings and 3 chain scission cycles, or ~7 breaks per original polymer.

Illustration of the polymer scission cycle (left, polymer molecule represented 
within parentheses) as defined previously by equation 1, and a plot (right) of the 

DCC ring opening versus the polymer scission indicates that 37 % of 
= 0.37) after the average molecular weight has been cut in half during 

pulsed ultrasound (THF, 6.3 W cm-2, N2, 6-9 oC) of 310 kDa 72 % cis-gDCC polymer.

Critical for the work reported here is that both ring opening and sciss

bserved, and for convenience we define the extent of ring opening

 that ring open after the first scission cycle. Normalizing the 

isomerization in terms of scission cycle is a robust and convenient mechanism 

by which to account for variations in the magnitude of the forces generated due to, 

polymer molecular weight and fluctuations in sonication power.1  As defined,

indicates the average number of times a polymer undergoes main 

C bond scission as a consequence of the extensional flow fields that result from

se. The use of MALS-GPC to monitor the degradation of the 

sheared for 4 hours, over 80% of the gDCC rings 

kDa––an average of 

chain scission cycles, or ~7 breaks per original polymer.  

 

Illustration of the polymer scission cycle (left, polymer molecule represented 
within parentheses) as defined previously by equation 1, and a plot (right) of the 

DCC ring opening versus the polymer scission indicates that 37 % of gDCCs 
= 0.37) after the average molecular weight has been cut in half during 

DCC polymer. 

and scission of the 

ring opening, φ1, to 

the first scission cycle. Normalizing the 

isomerization in terms of scission cycle is a robust and convenient mechanism 

by which to account for variations in the magnitude of the forces generated due to, e.g., 

As defined, the 

indicates the average number of times a polymer undergoes main 

that result from 

GPC to monitor the degradation of the 
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polymer during pulsed ultrasound allows us to calculate the scission cycle at each 

sonication time point from the equation: SC = [ln(MN(o)) – ln(MN(t))] ÷ ln(2). A plot of the 

fraction of gDCC ring opening versus SC allows a direct determination of φ1. 

2.4 cis Versus trans Reactivity 

The relative reactivity of differentially coupled mechanophores provides insights 

into the reaction dynamics. A 305 kDa 72 % cis/trans-gDCC-PB polymer contains roughly 

equal fractions of cis and trans gDCC units (35% and 37%, respectively) that must 

experience, on average, the same shear forces during the sonication. Under stress-free 

conditions, the cis isomers react ~20X faster than the trans.100 We expected the 

mechanically assisted rates to differ by an even greater extent, because the symmetry 

allowed disrotatory ring openings of the cis gDCC should be better coupled to the 

restoring force than those of the trans isomer.1,4c We first determined the global 

mechanochemical response of the mixed cis/trans-gDCC-PB polymer; or the total extent 

of gDCC ring opening during ultrasonic depolymerization of the cis/trans polymer. A 

plot of the total extent of gDCC ring opening during sonication versus the polymer 

scission cycle was equal to that of the cis only gDCC polymer (Figure 23). To determine 

the relative extents of ring opening between the cis and trans-gDCCs along the cis/trans-

gDCC-PB polymer we monitored both the total extent of gDCC ring opening, and the 

number of trans isomers that underwent ring opening during sonication. The loss of the 

trans isomer was monitored by 1H-NMR integration of the resonance at 1.2 ppm (Figure 
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24). This position denotes the cyclopropyl methine protons from the trans-gDCC and 

allowed us to calculate the number of cis-gDCCs that underwent ring opening at each 

timed sonication interval.  

 

Figure 23. Pulsed ultrasound (THF, 6.3 W cm-2, N2, 6-9 oC) of 310 kDa 72 % cis-gDCC and 
305 kDa 71 % cis/trans-gDCC form 2,3-dichloroalkene regardless of the isomeric 
distribution of gDCCs as observed by 1H-NMR (left, 400 MHz, CDCl3). A plot of the total 
fraction (φ) of gDCC ring opening for each polymer shows an equivalent response at φ1 = 
0.37. 

 

Figure 24. The ring opening reaction of both cis- and trans-gDCC isomers was monitored 
as a function of the polymer scission cycle during pulsed ultrasound of 305 kDa 72 % 
cis/trans-gDCC polymer. A plot of the fraction of isomeric ring opening (right) versus the 
polymer scission cycle shows that cis-gDCC is ca. 1.5 times more reactive than trans. 
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Surprisingly, analysis of the 1H NMR spectra indicates that the reaction 

probabilities are nearly equivalent: ca. 1.5 cis-gDCCs react for every trans isomer. The 

muted selectivity suggests that the elongational shear dynamics create fairly localized 

regions of very high stress along the polymer main chain, in which a high percentage of 

gDCCs react during a single chain scission event – regardless of their stereochemistry. 

These results are consistent with the known difficulty of programming chemoselectivity 

into ultrasound induced bond scissions,35,41,43,44 although interesting reaction dynamics 

might come into play at very high strain rates.91 

2.5 Conclusion 

In conclusion, dichlorocyclopropanation provides easy access to multi-gram 

quantities of mechanically active copolymers. Shear-induced gDCC ring opening occurs 

several hundred times more often than chain scission, but only when the elongational 

force is coupled directly to the expected reaction coordinate; side-chain gDCCs are 

unreactive. The vigorous mechanical activity demonstrates an important finding for 

stress-responsive materials: namely that multiple chemical responses can be triggered 

during a single, short strain event, potentially with positional precision comparable to 

the size of a monomer unit (sub-nm). The high population of mechanophores provides a 

probe of molecular stress distributions along a polymer chain during ultrasonication, a 

methodology that we extended to other load-bearing environments in Chapter 5. The 

extensive and efficient mechanochemical remodeling further suggests new sonochemical 
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strategies for main-chain polymer chemistry that are orthogonal to conventional 

methods, inspiring the pursuit of additional, scalable mechanophores for that purpose. 

Because stress-free gDCCs are thermally stable,100 we commence our discussion in 

Chapter 3 on the development of a rich gDHC mechanophore toolkit for 

mechanochemistry. 
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Additional Syntheses and Characterization 

2.6.1 Polymer Syntheses  

NMR spectrum of 310 kDa 72 % cis-gDCC-PB polymer; the observed 
NMR chemical shift for the cis-gDCC matches the previously reported value.

To calculate the composition of the as formed cis-gDCC-PB polymer, we first 

calculate the number of ‘monomer equivalents’ from the integrated spectrum. As shown 

PB content is calculated as [Ha + Hb – Hd – Hc] ÷ 6H = 1.02 1,4

PB content is calculated as [Hc] ÷ 2H = 0.07 1,2-PB ‘monomers’; and 

DCC content is calculated as [Hg – Hf] ÷ 6H = 2.75 cis-gDCC ‘monomers’. From 

this calculation, the total polymer composition is 1.02 + 0.07 + 2.75 = 3.84 ‘total 

monomers’ from which the polymer composition is calculated as: 2.75 ÷ 3.84 = 72 % 

DCC; 1.02 ÷ 3.84 = 27 % 1,4-PB and the remaining 1 % of the polymer is 1,2

 

PB polymer; the observed 1H-
DCC matches the previously reported value.88 

PB polymer, we first 

calculate the number of ‘monomer equivalents’ from the integrated spectrum. As shown 

] ÷ 6H = 1.02 1,4-PB 

PB ‘monomers’; and 

DCC ‘monomers’. From 

this calculation, the total polymer composition is 1.02 + 0.07 + 2.75 = 3.84 ‘total 

monomers’ from which the polymer composition is calculated as: 2.75 ÷ 3.84 = 72 % cis-

mer is 1,2-PB. 
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Figure E2. 13C-NMR (101 MHz, CDCl3) of 310 kDa 72 % cis-gDCC-PB, the observed 13C 
resonance for the cis-gDCC matches the previously reported value.88305 kDa 72 % 

cis/trans-gDCC-PB. 1.96 grams cis/trans-1,4-PB was subjected to phase transfer catalysis 

in a manner similar to that described for the synthesis of cis-gDCC-PB (0.05 eq. CTAB; 7 

eq. aqueous NaOH) in 100 mL CHCl3 under N2.  1H-NMR (400 MHz, CDCl3) δ 5.48 

(2.00H); 5.02 (0.79H); 2.17 (3.75H); 1.61 (15.96H); 1.17 (3.02H). 13C- NMR (126 MHz, 

CDCl3) δ 141.65, 131.30, 130.31, 129.63, 115.81, 67.18, 66.77, 66.36, 65.93, 65.59, 65.26, 

43.90, 36.02, 35.87, 32.67, 31.79, 31.16, 30.36, 29.76, 29.53, 29.42, 26.48, 25.83, 25.08, 24.50, 

24.34, 24.16. Copolymer composition = 19.5 %1,4-PB; 9.3 % 1,2-PB; 35.7 % cis-gDCC; 35.5 

% trans-gDCC. MALS-GPC (dn dc-1 = 0.1200 g  mL-1); MN = 305,000 g mol-1; MW = 384,000 

g mol-1; PDI = 1.26. To calculate the composition of the cis/trans-gDCC polymer the 
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integrations of the 1H-NMR spectrum were analyzed and the methodology is reported 

below. 

 

Figure E3. 1H-NMR (400 MHz, CDCl3) of 305 kDa 72 % cis/trans-gDCC-PB polymer, the 
chemical shifts of the gDCC isomers match those reported previously.88 

The polymer composition was calculated by a procedure similar to that for the 

cis-gDCC polymer. The 1,4-PB content is calculated as [2.00 + 3.746 – 0.791] ÷ 6H = 0.826 

‘monomers’ and 1,2-PB = [0.791] ÷ 2H = 0.396 ‘monomers’. The ‘total’ gDCC content was 

first calculated from the peak region between 1.8 ppm and 1.0 ppm as [15.962 + 3.022 – 

0.791] ÷ 6H = 3.032 gDCC ‘monomers’. Of the total gDCC content, the trans-gDCC 

content is directly calculated from the trans-gDCC cyclopropyl protons at 1.17 ppm as 

[3.022 ÷ 2H] = 1.511 trans-gDCCs; therefore the cis-gDCC content is the total gDCC 
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content minus that of the trans isomer = [3.032 – 1.511] = 1.521 cis-gDCCs. The sum of the 

number of ‘monomers’ is thus 0.826 + 0.396 + 3.032 = 4.254 ‘monomers’ of which 1.521 ÷ 

4.254 = 36 % are cis-gDCC; 1.511 ÷ 4.254 = 36 % are trans-gDCC; 0.826 ÷ 4.254 = 19 % are 

1,4-PB and the remaining 9 % are 1,2-PB.  

 

Figure E4. 13C-NMR (126 MHz, CDCl3) of 305 kDa 72 % cis/trans-gDCC-PB polymer; the 
inset shows the 13C resonances attributed to the cis-gDCC [65.3 ppm] and trans-gDCC 
[66.5 ppm] isomers. These chemical shifts match those from a previous report.88 

167 kDa 29 % 1,2-gDCC-PB. 0.50 g > 90 % 1,2-PB was subjected to phase transfer 

catalysis (0.054 g, 0.15 mmoles CTAB; 1.85 g, 46.3 mmoles aqueous NaOH) in 80 mL 

CHCl3. 1H-NMR (400 MHz, CDCl3) δ 5.43 (1.00H); 4.93 (2.00H); 2.12 (1.00H); 1.25 (4.75H). 

Copolymer composition = 70.2 % 1,2-PB; 29.8 % gDCC. MALS-GPC (dn dc-1 = 0.1200 mL 



 

46 

g-1); MN = 167,000 g/mole, MW = 178,000 g mol-1, PDI = 1.07. The composition of the 1,2-

gDCC-PB polymer was calculated from integration of the 1H-NMR spectrum by a 

similar method to that performed for the cis- and cis/trans-gDCC-PB polymers. The 

analysis is shown below. 

 

Figure E5. 1H-NMR (400 MHz, CDCl3) of 167 kDa 29 % 1,2-gDCC-PB polymer. 

The composition of the 1,2-gDCC-PB polymer was calculated from the integrated 

1H-NMR spectrum. Here, since proton Ha is set to 1.00, the number of 1,2-PB monomers 

is 1.00. The 1,2-gDCC content is therefore [4.752 – 2.00] ÷ 6H = 0.459 ‘monomers’. The 

total monomer content is thus 1.459; of which 1 ÷ 1.459 = 69 % is 1,2-PB and the 

remaining 31 % is 1,2-gDCC. 
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6.5 kDa cis/trans-gDCC-PB. 5.05 g of 4.5 kDa 1,4-PB was subjected to phase 

transfer catalysis (0.202 g, 0.55 mmoles CTAB;  15 g, 375 mmoles aqueous NaOH) in 250 

mL CHCl3. 1H-NMR (400 MHz, CDCl3) δ 5.37 (2.00H); 2.71 (0.16H); 2.10 (3.78H); 1.5-1.0 

(3.93H). Copolymer composition = 61.6 % 1,4-PB; 38.4 % gDCC. No attempt was made to 

discern the relative cis- and trans-gDCC content. 

2.6.2 Pulsed Ultrasound  

Pulsed ultrasonic treatment of cis-PB does not lead to a change in the 1H-NMR 

spectrum of the sonicated polymer. 

 

Figure E6. 1H-NMR spectra (400 MHz, CDCl3) of cis-PB before and after pulsed 
ultrasound (MN(f) = 54 kDa, 60 minutes sonication). Pulsed ultrasound was conducted at 
6.3 W cm-2, 1s on / 1s off under an inert (N2) atmosphere at 6-9 oC (ice/water bath). 
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Reactivity Analysis of cis- versus trans-gDCC Ring Opening. 

 

Figure E7. 1H-NMR (500 MHz, CDCl3) after 21 minutes sonication of 305 kDa 72 % 
cis/trans-gDCC polymer, all chemical shifts of the requisite monomer units are listed as 
Ha – HL. 

The 305 kDa 72 % cis/trans-gDCC polymer is initially composed of 0.828 eq. 1,4-

PB; 0.396 eq. 1,2-PB; 1.521 eq. cis- and 1.511 eq. trans-gDCC. After 21 minutes of 

sonication the molecular weight degraded to MN(21) = 132 kDa and was composed of 

0.828 eq. 1,4-PB; 0.396 eq. 1,2-PB; 0.902 eq. trans- and 0.673 eq. cis-gDCC (calculated as 

previously described). The fraction of trans-gDCC ring opening = [1.511-0.902] ÷ 1.511 ; 

φ[trans] =  0.403; and the fraction of cis-gDCC ring opening = [1.521 – 0.673] ÷ 1.521; φ[cis] 

=  0.558. This analysis was conducted for all times during pulsed ultrasound to generate 

a plot of the extent of isomeric ring opening versus the polymer scission cycle. 



 

49 

3. Mechanistic Insights Into the Mechanochemical 
Remodeling of Cyclopropanated Polybutadiene 
Polymers During Pulsed Ultrasound 

3.1 Introduction 

As discussed in Chapter 1, the widespread utility of polymer based materials 

derives in many cases from their ability to bear load, often over many loading cycles. 

This repeated exposure to load can initiate localized damage such as covalent bond 

scission and/or chain disentanglement in overstressed regions of the polymer.27 This 

molecular scale damage in turn leads to the formation and propagation of 

microcracks,2,101 eventual material fatigue and catastrophic failure. In order to deter 

material failure under load, it is of growing interest to design polymeric materials that 

react constructively on the molecular scale to localized regions of high stress.1 Such force 

induced reactivity could lead to materials that (1) redistribute stresses within the 

material to stresses below the threshold for material degradation, or (2) provide 

additional reactivity to either locally strengthen or heal a polymeric system. 

One first principles approach towards responsive material design involves the 

incorporation of mechanophores—small molecules, or functional groups that respond to 

a coupled mechanical force through a chemical transformation — along a polymer 

backbone.1 Screening for mechanophore activity as a result of an applied external force 

is commonly achieved through the application of pulsed ultrasound to dilute polymer 

solutions.60 The formation, growth and subsequent collapse of cavitation bubbles in 
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solution lead to the extension of mechanophore-laden polymers, providing a mechanical 

restoring force that directs mechanophore reactivity. The mechanical nature of polymer 

ultrasound is widely accepted,60 and the technique has found utility in inducing 

electrocyclic ring opening reactions,47,56,102 the activation of latent catalysts,42,82 trapping 

transition states and high-energy intermediates,103,104 dissociation of specific weak bonds 

along polymer chains35,37,41 and a growing list of mechanically assisted 

transformations.105,106   

The extensive use of pulsed ultrasound as a de facto technique for today’s 

mechanochemist highlights the need for a more extensive description of the factors that 

drive molecular reactivity under these conditions. While many of the fundamentals of 

polymer sonochemistry are known, detailed mechanistic investigations of such reactions 

are rare, and quantitative experimental data regarding the magnitude and distribution 

of forces along the polymer backbone are not available. Additionally, mechanophore 

activation by pulsed ultrasound provides initial insights into creating mechanically 

responsive polymeric materials,1,56,107-109 although a truly quantitative connection between 

solution and solid state mechanophore activity is currently unavailable. In Chapter 2,110 

we showed that large numbers of gem-dichlorocyclopropanes (gDCC), when appended 

to polybutadiene (PB) polymer backbones, undergo an electrocyclic ring opening to 2,3-

dichloroalkene products as a result of ultrasonically generated  shear fields. To provide 

additional insights into the coupling of these shear fields on mechanochemical 
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transformations, this chapter focuses on the mechanochemistry of a series of 

sonochemically activated gem-dihalocyclopropanated (gDHC) polybutadiene polymers. 

We first focus on extending the solution mechanochemistry of gem-

dichlorocyclopropanated (gDCC) polymers, discussing the effects of varying 

sonochemical parameters and gDCC content on the formation of 2,3-dichloroalkene. 

Secondly, the solution mechanochemistry of a series of related gem-

dihalocyclopropanated (gDHC) polybutadiene polymers is introduced, enabling a 

systematic structure-activity relationship to be established. The series of gDHC (halogen 

= Cl, Br, F) polymers reported herein react via the same mechanism under thermal, 

force-free conditions—disrotatory, electrocyclic ring opening to 2,3-dihaloalkenes—and 

vary only in their thermal barriers to activation. The sonochemical activation of the 

gDHCs allows the relationship between purely thermal and mechanically-assisted 

activation to be quantified, including any possible stereochemical effects. The force free 

rates of thermal80,81 or solvolytic100 ring opening are greater for cis-gDHCs than their trans 

isomer; increased steric contributions in the transition state from disrotatory trans ring 

opening inhibit the electrocyclic reaction, thus leading to slower reaction rates (Figure 

25). Additionally, it is known that the ring opening reaction is sensitive to the position of 

the halogen on the cyclopropane ring; cyclopropyl σ-bond dissociation is accompanied 

by the displacement of the halogen anti to outwardly rotating substituents on the 

cyclopropane ring.78 The combination of steric (pendant interactions that result from the 
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required disrotatory ring opening; e.g. cis vs. trans) and electronic (internal SN2 

displacement of the halogen leaving group; e.g. syn vs. anti) effects are now referred to 

as the Woodward-Hoffman-DePuy rule48,49,77,78, (WHD) and they are shown 

schematically in Figure 25.The interplay of the intrinsic, force-free reactivity of the 

gDHC mechanophores and mechanochemical activation induced by pulsed ultrasound 

are investigated here. 
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Figure 25. Solvolysis of chloro- and dichlorocyclopropyl adducts100 (80 oC, 
EtOH/AgNO3) supports the validity of the Woodward-Hoffman-DePuy rule. Ring 
opening rate constants between cis and trans-gDCCs are dominated by steric effects; the 
pendant H-C3H7 interaction in the transition state during trans ring opening inhibits the 
reaction rate versus the cis isomer. Solvolysis of monochlorocyclopropanes leads to an 
enhanced reaction rate for the anti isomer. This is an electronic effect; the electrons of the 
cyclopropyl bond assist the chloride leaving group through an internal SN2 reaction. An 
analysis of the overall reaction rates (relative scale) between the four cyclopropanes 
above follows: anti > cis > trans >> syn in the ratio 154 : 24 : 1 : < 0.04. 

3.2 Experimental 

Unless otherwise stated, starting materials and solvents were obtained from 

commercial sources and used without further purification.  PB polymers were 
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purchased from Sigma-Aldrich or Polymer Source, Inc. Gel permeation chromatography 

analyses were performed using a Varian Prostar Model 210 pump, Varian Prostar Model 

320 UV/Vis detector, Wyatt Dawn EOS multi-angle light scatterer (MALS), Wyatt QELS 

(quasi-electric light scattering), Wyatt Optilab DSP Interferometric Refractometer (RI), 

and Agilent Technology PL gel columns (7.5 X 300mm, 1 79911GP-503 (103Å) and 1 

79911GP-504 (104 Å)) in tetrahydrofuran at 22oC (room temp.).  Molecular weights were 

calculated by multi-angle light scattering (MALS) gel permeation chromatography 

(GPC).  Refractive index increment (dn dc-1) values were calculated by injecting known 

amounts of polymer and back-calculating the appropriate values. 

Ultrasound experiments were performed on a Vibracell Model VCX500 

operating at 20 kHz with a 12.8 mm replaceable tip titanium probe from Sonics and 

Materials (http://www.sonics.biz/) in three-necked glass Suslick cells obtained from ACE 

glass on a pulse sequence of 1s on / 1s off. The sonications were carried out on ca. 16 mL 

of 1.2 mg mL-1 polymer solutions in an ice/water bath of ca. 6-9 oC.  Solutions were 

deoxygenated with bubbling N2 for 30 minutes prior to sonication and a positive 

headspace of N2 was kept during the experiment.  1H and 13C NMR analyses were 

conducted on either a 400 MHz or 500 MHz Varian spectrophotometer in CDCl3 and the 

residual solvent peak (CHCl3, 7.240 ppm) was used as an internal reference. 

The gDHC polymers were generated by dihalocarbene addition to both cis- and 

cis/trans-polybutadiene (PB). Extents of electrocyclic reactions were determined by 1H-
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NMR and 19F-NMR spectroscopy when applicable. Molecular weight degradation was 

monitored by multi-angle light scattering (MALS) gel permeation chromatography 

(GPC) as described previously in Chapter 2.102. An example of this analysis is reported in 

the following: Pulsed ultrasonication of a 315 kDa 71 % cis-gDCC-PB polymer (29 % cis-

PB ,THF, 6.3 W cm-2, 6-9 oC, N2) led to the formation of 2,3-dichloroalkenes, the 

mechanochemical ring opening of cis-gDCC forms (Z)-2,3-dichloroalkene111 with proton 

resonances at 5.85 ppm (vinyl),  4.46 ppm (allyl) and between 2.4 ppm and 1.8 ppm 

(methylene) (Figure 26). Sonication also leads to molecular weight degradation as a 

result of mechanically induced scission. The fraction (φ) of mechanophores that ring 

open increases as the number-averaged molecular weight decreases. The competition 

between these two processes is reflected by φ1, the fraction of ring-opened 

mechanophores after the number-averaged molecular weight has been cut in half 

(obtained from a plot of φ versus the polymer scission cycle, SC). For example, pulsed 

ultrasonic activation of 315 kDa 71 % cis-gDCC polymer leads to 31 % ring opening after 

the molecular weight has reached 158 kDa; or φ1 = 0.31. 

3.3 Results 

3.3.1 Mechanophore Loading 

Pulsed ultrasonic activation of cis-gDCC polymers in Chapter 2 to led to literally 

hundreds of ring opening reactions prior to polymer main chain scission. The large 

numbers of rearrangement products produced in a single, elongational strain event led 
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us to explore whether the competition between dihaloalkene formation and chain 

scission is independent of mechanophore content.   
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Figure 26. Pulsed ultrasound of 315 kDa 71 % cis-gDCC polymer leads to the formation 
of 1H-NMR active resonances (l400 MHz, CDCl3) at 5.85 ppm, 4.46 ppm and 2.4 – 1.8 
ppm consistent with the ring opening reaction of cis-gDCC to 2,3-dichloroalkene. The 
direction of the arrows indicates increasing sonication time in minutes. 

 

    

Figure 27. Molecular weight degradation behavior (left) and determination of φ1 values 
for cis-gDCC polymers of varying gDCC composition shows that the ring opening of 
gDCCs is not influenced by the composition of the neighboring monomer unit. gDCC 
polymers were sonicated in THF, 6.3 W cm-2, 6-9 oC under N2. **Pulsed ultrasound of 98 
% gDCC polymer was conducted at 38 % amplitude; 16 W cm-2.** 
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Five cis-gDCC polymers of between 27 % and 98 % gDCC content were subjected 

to pulsed ultrasound. In all cases, gDCC activation showed the hallmarks of mechanical 

activation, with higher rates of ring opening at higher molecular weight, tapering to 

near zero as the polymer molecular weight approaches the so-called limiting molecular 

weight for sonochemical activation. Analysis of the extent of ring opening versus the 

polymer scission cycle showed that φ1 remained constant at 0.33 ± 0.02 across this series 

of polymers, (Figure 27) indicating that the reaction of gDCC mechanophores is 

independent of the composition (PB vs. gDCC) of the neighboring monomer unit. 

 

Figure 28. An increase in pulsed ultrasound power from 6.3 W cm-2 to 17.0 W cm-2 leads 
to the expected faster rate of molecular weight degradation (left) with increasing applied 
power. Normalizing the data to the polymer SC leads to a collapse of the data onto an 
activation profile consistent with φ1 = 0.33 ± 0.02. 

3.3.2 Sonication Power 

Changes in sonication power are known to affect the overall rate of mechanically 

induced polymer chain scission.62 The effects of increasing power are attributed to 

changes in the size and number of cavitation bubbles that form during ultrasound, 
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increasing power increases both the size and cavitation bubble density in solution.66,112 

As a result, cavitation collapse is more violent, leading to higher rates of molecular 

weight degradation and a lower limiting molecular weight. The applied power during 

pulsed ultrasound was varied during sonication of 315 kDa 71 % cis-gDCC polymer and, 

as expected, the rates of both molecular weight degradation and ring opening increased 

versus the sonication time. Normalizing the ring opening data, however, revealed that φ1 

was constant across the series at φ1 = 0.33 ± 0.02. 

3.3.3 Solvent 

Pulsed ultrasound conducted in different solvents affects mechanochemical rates 

of chain scission by altering (i) changes in cavitation and (ii) the polymer-solvent 

interaction resulting in conformational differences of the polymer in solution.68 Changes 

in cavitation are affected by the solvent vapor pressure; increasing vapor pressure leads 

to increasing vaporization into a forming cavitation bubble. The vapor inside the 

cavitation bubble subsequently ‘cushions’ the collapse leading to decreased solvent 

strain rates around a polymer resulting in decreased molecular weight degradation rates 

and higher limiting molecular weights.64,67  

Coincidentally, if the polymer-solvent interaction leads to a more extended 

polymer conformation in solution, the coil-stretch transition becomes more facile and the 

rate of molecular weight degradation will increase.113,114  The 71 % 315 kDa cis-gDCC 

polymer was dissolved in varying solvents and subjected to pulsed ultrasound (6.3 W 
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cm-2, 6-9 oC, N2) resulting in nearly equivalent extents of molecular weight degradation 

and cis-gDCC ring opening.  Pulsed ultrasound in dichloromethane led a limiting 

molecular weight (ML = 102 kDa) larger than those observed during pulsed ultrasound 

in toluene (ML = 70 kDa), chloroform (ML = 73 kDa) and tetrahydrofuran (ML = 63 kDa). 

The variation in molecular weight degradation and limiting molecular weight had no 

affect on the φ1 values obtained after data normalization; φ1 values were equivalent at φ1 

= 0.31 ± 0.01. 

 

Figure 29. Ultrasonic activation of 71 % 315 kDa cis-gDCC polymer was monitored as a 
function of the solvent. The rates of molecular weight degradation were nearly 
equivalent across the series (left) as were φ1 values at φ1 = 0.31 ± 0.01. 

3.3.4 Polymer Concentration 

The formation and size of cavitation bubbles in solution is inversely correlated 

with increasingly concentrated polymer solutions.64 This is attributed to both an increase 

in solution viscosity thereby raising the cavitation threshold, and the solution volume 

available for cavitation bubbles to form. For example, sonication of polystyrene was 

shown to proceed much faster at polymer solution concentrations below the critical 
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overlap concentration of polystyrene,64 a value indicating the point at which the polymer 

volume is equivalent to the solution volume.  

 

Figure 30. Pulsed ultrasound (THF, 6.3 W cm-2, 6-9 oC, N2) of 315 kDa 71 % cis-gDCC 
polymer above and below the critical overlap concentration led to decreasing molecular 
weight degradation rates with increasing concentration (left). Normalizing the data to 
the polymer scission cycle allowed the observation of a master curve at φ1 = 0.32 ± 0.01 
for all concentrations. 

As a result, rates of molecular weight degradation decrease with increasing 

polymer concentration while values of the limiting molecular weight increase. The 

polymer overlap concentration (c*) was calculated for 315 kDa 71 % cis-gDCC polymer 

from the polymer radius of gyration (Rg = 30 nm; MALS) as c* = 2.6 mg mL-1. Pulsed 

ultrasound of polymer solutions both above (5.0, 10 mg mL-1) and below (0.5, 1.1 mg mL-

1) c* led to the expected slower rates of molecular weight degradation for increasing 

polymer concentration with subsequent larger values of the limiting molecular weight. 

Normalizing the extent of gDCC ring opening to the polymer scission cycle allowed a 

determination of φ1 = 0.32 ± 0.01 across this series of sonication experiments (Figure 30). 
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3.3.5 Temperature 

An increase in solution temperature during sonochemical degradation of 

polymers leads to a decrease in the rate of molecular weight degradation.62,115 The effects 

of increasing temperature are associated with an increase in the amount of solvent 

vaporization into a forming cavitation bubble. The presence of an increasing 

concentration of solvent vapor ‘cushions’ the bubble collapse leading to a decrease in 

force from the solvent shear field, decreasing rates of chain scission and leading to 

higher values of the polymer limiting molecular weight. Pulsed ultrasound of a 261 kDa 

45 % cis-gDCC polymer was conducted at 6-9 oC (ice/water bath) and at room 

temperature, ca. 25 oC. As expected, the degradation behavior at the two temperatures 

was different though normalization to the polymer scission cycle (Figure 31) led to an 

equivalent mechanochemical ring opening fraction of φ1 = 0.34 ± 0.01. 

 

 

Figure 31. Degradation of 261 kDa 45 % cis-gDCC polymer (left) is dependent on the 
temperature of the sonication bath. Analysis of the extent of ring opening during 
sonication showed an equivalent mechanochemical response at φ1 = 0.34 ± 0.01. 
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3.3.6 gem-Dibromocyclopropane 

The electrocyclic ring opening of cis-gem-dibromocyclopropane (gDBC) proceeds 

with a Gibbs free energy of activation79,116 of 32 kcal mol-1, an energetic barrier well 

below that of cis-gDCC80 (∆G‡ = 43 kcal mol-1). At the temperatures of pulsed ultrasound, 

ca. 8 oC, this translates to a rate of ring opening that is ca. 108 greater than cis-gDCC. 

Additional reactions of the as-formed 2,3-dibromoalkene at the high temperatures (170 – 

190 oC) of thermolysis include HBr elimination to alkenes116 and other rearrangment 

products.117  
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Figure 32. 1H-NMR (left, 400 MHz, CDCl3) observed during pulsed ultrasound of 447 
kDa 38 % cis-gDBC polymer. The mechanochemical ring opening profiles of cis-gDCC 
and cis-gDBC polymers during pulsed ultrasound are equivalent at φ1 = 0.31. 

A cis-gDBC polymer was synthesized by the reaction of cis-PB with 

dibromocarbene, forming a 447 kDa 38 % cis-gDBC (62 % cis-PB) polymer. Sonication of 
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the cis-gDBC polymer led to molecular weight degradation and the formation of 2,3-

dibromoalkene111  as observed by MALS-GPC and 1H-NMR. 1H-NMR resonances from 

2,3-dibromoalkene were observed at 6.05 ppm (vinyl), 4.59 ppm (allyl) and between 2.4 

ppm and 1.8 ppm (methylene). No evidence of elimination or other rearrangment 

products were observed in the 1H-NMR spectrum, conversion of cis-gDBC during 

ultrasound led to exclusive formation of 2,3-dibromoalkene, a transformation we take 

advantage of in Chapter 4.118 Integration of the 1H-NMR spectrum and analysis of the 

extent of ring opening versus the polymer scission cycle provide a value of φ1 = 0.31, a 

value that is effectively equal to that observed during sonochemical activation of the cis-

gDCC polymer (Figure 32).  

   

Figure 33. The mechanochemical ring opening of cis/trans-gDCC and cis/trans-gDBC 
polymers favors the ring opening reaction of the cis isomer at a selectivity of ca. 1.7 : 1 
versus trans regardless of the type of gDHC. 

3.3.7 Stereochemistry 

It has been well-documented that cis-gem-dihalocyclopropanes are thermally 

more reactive than the trans isomer to electrocyclic ring opening (Figure 25) due to the 
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buildup of steric strain in the transition state as a result of disrotatory ring opening. The 

solvolytic rearrangment100 of cis-1,1-dichloro-2,3-dipropylcyclopropane proceeds ca. 24 

times faster than the trans isomer, whereas the activation barrier for the while 

thermolytic rearrangments of cis- and trans-1,1-dichloro-2,3-dimethylcyclopropanes are 

separated by ca. 2.8 kcal mol-1 (∆∆G‡trans-cis).80,81 In Chapter 2,102 the sonochemical 

selectivity between cis- and trans-gDCCs within the same polymer was reported; the 

extent of ring opening of the cis-gDCC was ca. 1.4 times that of the trans isomer.  

This selectivity was reinvestigated during sonication of isomerically mixed 

cis/trans-gDCC and cis/trans-gDBC polymers. First, a 391 kDa 77 % cis/trans-gDCC 

polymer (37 % cis-gDCC; 40 % trans-gDCC; 23 % PB) was prepared and subjected to 

pulsed ultrasound (THF, 6.3 W cm-2, 6-9 oC, N2). Analysis of the 1H-NMR spectrum 

during sonication of the cis/trans-gDCC polymer allowed a determination of (i) the total 

extent of gDCC ring opening from both cis and trans- isomers (increase of intensity of 

2,3-dichloroalkene peaks; 5.9 ppm, 4.2 ppm), and (ii) the extent of ring opening from the 

trans-gDCC isomer (loss of intensity in peak at 1.2 ppm).  Ring opening of the cis-isomer 

was calculated from the difference in the amount of 2,3-dichloroalkenes formed versus 

trans-gDCC ring opening.  

The total fraction of ring opening (cis and trans) was φ1 = 0.31, equivalent with the 

mechanochemical ring opening of purely cis-gDCC polymer. The fraction of ring 

opening from each gDCC isomer was calculated to be φ1(cis) = 0.41 and φ1(trans) = 0.21 
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(Figure 33). Similar results were observed by sonication of a 467 kDa 43 % cis/trans-

gDBC (21 % cis- and 22 % trans-gDBC; 57 % PB) polymer. Integration of the loss of the 

trans-gDBC resonance (1.2 ppm, 2H) during pulsed ultrasound allowed the 

determination of φ1(cis) = 0.37 and φ1(trans) = 0.21 while the overall activation (cis and 

trans) was φ1 = 0.28. 

3.3.8 Leaving Group: Br - vs. Cl - 

The addition of bromochlorocarbene to cis-olefins leads to a mixture of gem-

bromochlorocyclopropane (gBCC) isomers. The thermal reactions of these isomers—cis-

syn-Cl and cis-syn-Br—proceed according to the Woodward-Hoffman-DePuy rule, in 

that the anti halogen is the migrating group. The relative rates of the reactions are 

consistent with the SDH mechanism; bromide is a better leaving group than chloride, 

and the anti-Br isomer reacts ca 103 times faster than its anti-Cl isomer at 93 oC.74 Similar 

thermal selectivity is observed here during thermolysis of a 36 % cis-gBCC polymer, 

heating at 130 oC led to exclusive ring opening of the more reactive cis-syn-Cl isomer. 

Increasing the temperature of thermolysis to 185 oC led to cis-syn-Br ring opening, 

though 24 hours was required for the observed rearrangment to occur at this 

temperature.  

The mechanochemical selectivity between isomeric gBCCs was determined by 

subjecting a 258 kDa gBCC-PB polymer to pulsed ultrasound. The gBCC polymer was 

composed of 48 % cis-gBCCs (52 % cis-PB), of which the isomeric content (22 % cis-syn-
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Br; 26 % cis-syn-Cl) was obtained from integration of the 13C-NMR spectrum.74 Pulsed 

ultrasound of the cis-gBCC polymer led to molecule weight degradation coincident with 

formation of 1H-NMR resonances supporting the mechanical activation of both isomers 

(Figure 34). 
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Figure 34. Pulsed ultrasound of cis-gBCC polymer (THF, 6-9 oC, N2, 6.3 W cm-2) leads to 
equivalent selectivity for the formation of either 2-chloro-3-bromoalkene or 2-bromo-3-
chloroalkene as a result of isomeric ring opening reactions. The overall extent of ring 
opening matched the mechanochemical ring opening profiles of cis-gDCC and cis-gDBC 
polymers. 

Disrotatory ring opening and anti-halogen migration formed 2-chloro-3-

bromoalkene (from cis-syn-Cl: 5.85 ppm (vinyl); 4.61 ppm (allyl)) and 2-bromo-3-

chloroalkene (from cis-syn-Br: 6.05 ppm (vinyl); 4.42 ppm (allyl)) with φ1 = 0.35. Analysis 

of the product distribution revealed that the extents of mechanochemical ring opening 

were indistinguishable for the two cis-gBCC isomers, in marked contrast to the thermal 
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selectivities. The selectivity in the cis-gBCC reactivity reported above reflects the 

competition between activation of two different isomers. For each isomer, the 

mechanical coupling is aligned with a single halide migration pathway—that of the 

halogen anti to the outwardly rotating methylenes.  

To directly monitor the mechanical selectivity between Br- and Cl- leaving groups 

from a common isomer, a trans-gBCC polymer was prepared through the ring-opening 

olefin metathesis polymerization (ROMP) of mono-gBCC functionalized trans-

cyclododecatriene (prepared by Dr. James W. Ogle, see section 3.6.6). The resulting 102 

kDa trans-gBCC polymer was subjected to pulsed ultrasound, and the mechanochemical 

selectivity between Br- and Cl- migration were monitored by 1H-NMR spectroscopy.  

1H-NMR integration of the major product confirmed that bromide ion (5.85 ppm, 

4.61 ppm) is the favored leaving group (ca. 5.2 : 1) during the electrocyclic ring opening 

of trans-gBCC. This observation has implications on two counts. First, mechanical 

activation does not inherently override all thermochemical selectivities in these 

reactions, and so the similar extent of isomerization observed for the two cis-gBCC 

isomers is, as hypothesized, likely in spite of a preference for bromide migration in the 

mechanical pathway.  

Secondly, the mechanical activation of the trans-gBCC is coupled to the thermally 

forbidden conrotatory pathway, and the selectivities observed here, therefore, represent 

the first experimental determination of such a structure-reactivity relationship. The 
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fraction of trans-gBCC ring opening versus the polymer scission cycle proceeded with a 

higher value of φ1 = 0.43 (scission cycle did not reach 1; φ1 is inferred from linear 

extrapolation). The higher value of φ1 is ascribed to the lower MN of the polymer, an 

effect discussed in Section 3.4.  
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Figure 35. Pulsed ultrasound of trans-gBCC polymer leads to a distribution of Cl- 
migration [A] and Br- migration [B] products at a ratio of 1 : 5.2 (± 0.7) as determined by 
1H-NMR integration at a rate of φ1 = 0.43. 

3.3.9 Concerted Ring Opening 

The thermal ring opening reactions of gDHCs are typically regarded as 

coincident cyclopropyl σ-bond rupture and halogen ionization/ migration to form the 

2,3-dihaloalkene derivatives. Activation parameters obtained during thermolysis of cis 

and trans-1,1-dichloro-2,3-dimethylcyclopropanes showed slightly positive activation 

entropies,80,81 while the parameters obtained during thermolysis of cis-1,1-dibromo-2,3-
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dimethylcyclopropane116 showed a slightly negative value. The solvolytic 

rearrangements of gDHCs in the presence of, for example, ethanolic solutions of silver 

salts forms insoluble silver halides and addition of ethanol to the cyclopropyl cation, to 

give the 2-halo-3-ethoxy alkene.100  
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Figure 36. 1H-NMR spectra (left, 400 MHz, CDCl3) observed before (- - -) and after (---) 
sonication of 310 kDa 71 % cis-gDCC polymer in the presence of 164 mM 
tetrabutylammonium bromide (THF, 6-9 oC, 6.3 W cm-2, N2, 10 minutes sonication). 13C-
NMR (right, 101 MHz, CDCl3) of sonicated gDHC polymers provides evidence of 
exclusive, concerted ionization and migration of halogen atoms to form 2,3-
dihaloalkenes. 

Additional chemistry can be achieved by silver assisted solvolysis in the presence 

of other nitrogen or oxygen nucleophiles.119 We wondered if the application of 

mechanical force would affect the concerted nature of the rearrangment; e.g. if gDHC 
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ring opening in the presence of suitable ions would lead to nucleophilic substitution 

reactions. Pulsed ultrasound of 21 mg of a 310 kDa 71 % cis-gDCC polymer was 

conducted in a 164 mM THF solution of tetrabutylammonium bromide. 1H-NMR 

analysis showed that bromide ion addition products were notably absent (δ: 4.62 ppm); 

the ring opening of gDCCs was observed to give exclusively 2,3-dichloroalkene (δ: 5.85 

ppm, 4.46 ppm, Figure 36). Further evidence for the concerted nature of the 

mechanochemical ring opening of gDHCs was obtained by 13C-NMR analysis of 

sonicated gBCC polymer (Figure 36). If gBCC activation proceeds via a free allyl cation 

intermediate, some scrambling to 2,3-dichloro and 2,3-dibromoalkenes would  be 

expected.  

Sonicated cis-gDCC-PB and cis-gDBC-PB polymers led to 13C-NMR active 

resonances of the allylic chloride and allylic bromide at 64.4 ppm and 58.5 ppm 

respectively (Figure 36). Electrocyclic ring opening of gBCC polymer during sonication 

led to resonances at 66.2 ppm and 57.0 ppm, consistent with formation of 2-bromo-3-

chloroalkene and 2-chloro-3-bromoalkene, respectively. No ‘scrambled’ products were 

observed in the spectrum. Finally, pulsed ultrasound of a combined solution of cis-

gDCC-PB and cis-gDBC-PB polymer (1:1) followed by 13C-NMR analysis of the products 

indicates exclusive formation of 2,3-dichloro and 2,3-dibromoalkenes, no evidence of 

halide scrambling to 2-chloro-3-bromo or 2-bromo-3-chloroalkene products was 

observed. 
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3.3.10 Leaving Group: Cl - vs. F - 

Thermal reactions of gem-chlorofluorocyclopropanes (gCFCs) are dominated by 

ionization and migration of chloride ion;120,121 ionization of fluorine from gCFCs is rare 

due to the low reactivity of the fluorine atom to SN2 displacement and the negative 

activation entropy associated with solvation of the fluoride ion in the transition state.122 

In fact, the presence of gem-difluorine substituents (gDFC) on the cyclopropyl ring 

imparts a mechanistic change from electrocyclic ring opening (Br and Cl containing 

gDHCs) to homolytic scission resulting in formation of a 1,3-diradical (Chapter 6 and 

7).76 In this latter case, the mechanochemistry results in gDFC isomerization and not ring 

opening. Addition of chlorofluorocarbene to PB thus allows us to place a single ‘leaving 

group’ (Cl >> F) on each mechanophore and to evaluate the effects of the leaving group 

in the syn versus anti position on the cyclopropane ring. In deference to the gBCC 

system, wherein we monitor the effects of different leaving groups, the 

mechanochemistry of gCFCs provides a comparison of the same leaving group from 

different leaving group positions.   

The mechanochemistry of gCFC polymers was first investigated during pulsed 

ultrasound of 227 kDa 26 % cis-gCFC (73 % PB) polymer.  19F NMR analysis123 allowed a 

calculation of the initial isomeric distribution; 17.3 % cis-syn-Cl and 8.7 % cis-syn-F gCFC 

isomers were observed along the polymer backbone. Pulsed ultrasound (6.3 W cm-2, 

THF, 6-9 oC, N2) of the cis-gCFC polymer led to 1H-NMR resonances at 4.87 ppm (dt, J = 
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35 Hz, 7 Hz) and 4.27 ppm (dt, J = 21 Hz, 7 Hz); gCFC ring opening proceeded with φ1 = 

0.37.   

 

Figure 37. Pulsed ultrasound of 26 % cis-gCFC polymer leads to formation of 2-fluoro-3-
chloroalkene as observed by 1H-NMR (left, 500 MHz, CDCl3). The ring opening rates of 
cis-gCFC isomers was directly monitored during pulsed ultrasound by 19F-NMR (470 
MHz, CDCl3). The formation of 2-fluoro-3-chloroalkene was observed at ca -121 � -124 
ppm. The broad range of chemical shifts is attributed to the microstructural environment 
along the polymer in addition to affects influenced by the stereochemistry of the allylic 
position to the fluorine atom. 

 

 

Figure 38. Pulsed ultrasound of cis-gCFC polymer leads to a nearly equivalent ring 
opening reaction between cis-gCFC isomers (left) at φ1 = 0.35 and 0.42. Thermolysis (185 
oC, methyl benzoate, N2) of the cis-gCFC polymer shows the cis-syn-F isomer as the 
thermally activated isomer. The cis-syn-Cl isomer remains unreactive after 48 hours. 
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Figure 39. Sonication of 215 kDa 34 % cis/trans-gCFC polymer leads to the formation of 
2-fluoro-3-chloroalkene as observed by 1H-NMR analysis at φ1 = 0.37. Isomeric ring 
opening rates were determined from 19F-NMR integration (below). 

 

Figure 40. Isomeric extents of ring opening were calculated directly from integration of 
the 19F-NMR spectra during pulsed ultrasound. 

The position of the 1H-NMR chemical shifts and magnitude of the coupling 

constants indicated (i) that 2-fluoro-3-chloroalkene formed as the sole product of 

mechanochemical ring opening, and (ii) the newly formed olefin retained the (Z) 

stereochemistry.124 19F-NMR analysis allowed a direct determination of the isomeric ring 
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opening rates (cis-syn-Cl, -124.3 ppm; cis-syn-F, -162.7 ppm); the ring openings of cis-

gCFC isomers were nearly equivalent at ca. φ1 = 0.37. The isomeric activities during 

sonication contrasts the activities observed during thermolysis. 1H and 19F-NMR analysis 

of the thermalized polymer (185 oC, methyl benzoate, N2) under an inert atmosphere 

showed that the cis-syn-Cl isomer was kinetically inert under these conditions. Complete 

consumption of the more reactive cis-syn-F isomer was observed after 24 hours, forming 

2-fluoro-3-chloroalkene as the rearrangement product. 

Chlorofluorocarbene addition to cis/trans-PB formed a 215 kDa polymer with 34 

% gCFC content (66 % PB). The polymer was composed of three gCFC isomers with a 

distribution of 2 : 2.8 : 1 (11.8 % cis-syn-Cl : 16.2 % trans- : 6.2 % cis-syn-F). Pulsed 

ultrasound led to 1H-NMR resonances at 4.87 ppm (dt, J = 35 Hz, 7 Hz, 7 Hz) and 4.27 

ppm (dt, J = 21 Hz, 7 Hz, 7 Hz) consistent with the formation of 2-fluoro-3-chloroalkene 

with an overall φ1 = 0.37. 19F-NMR analysis of sonicated cis/trans-gCFC polymer showed 

the cis-syn-F isomer reacted with φ1 = 0.56, a value larger than those observed for either 

cis-syn-Cl (φ1 = 0.30) and trans-gCFC (φ1 = 0.36). 

3.3.11 Molecular Weight Effects 

It has been well documented that the initial molecular weight of a polymer has a 

dramatic affect on its rate of mechanochemical polymer scission,65,125,126 ultrasonic 

scission of polymers is more rapid for large molecular weight polymers. At sufficiently 

small molecular weights, the strain rates around a collapsing cavitation bubble are 
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insufficient to lead to C-C bond scission, a value termed the limiting molecular weight 

(ML).  
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Figure 41. The activation (φ1) of gDHC polymers during pulsed ultrasound is inversely 
dependent on the initial molecular weight [MN(i)] of the polymer. Kinetic analysis of 
sonicated polymers indicates a limiting molecular weight [ML] of ca. 66 ± 22 kDa. Line 
provided to guide the eye. 

The mechanochemical remodeling of 52 kDa 55 % cis-gDCC and 99 kDa 63 % cis-

gDCC polymers were first investigated. Pulsed ultrasound led to the expected, slower 

rates of molecular weight degradation,125 while data normalization to the polymer 

scission cycle generated a subsequent increase in φ1 for decreasing initial molecular 

weight. The extent of ring opening during sonication of 99 kDa 63 % cis-gDCC was φ1 = 

0.45, additionally, sonication of 52 kDa 55 % cis-gDCC led to φ1 = 0.72 (φ1 = 0.72 is a 

calculated value, sonication of the 52 kDa polymer reached a molecular weight of less 

than 1 SC [33 kDa, SC = 0.66] after two hours of sonication).  

Additional ultrasound experiments were conducted on small molecular weight 

gDHC polymers, activation of 41 kDa 53 % cis/trans-gDCC was φ1 = 0.83, while sonication 

of 94 kDa 55 % cis-gBCC polymer was φ1 = 0.55. The determination of φ1 values across a 
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series of sonochemically activated gDHC polymers of varying stereochemistries (cis 

versus trans) and gDHC isomers (syn versus anti) showed that the extents of gDHC ring 

opening were inversely proportional to the initial polymer molecular weight. A marked 

increase in the extent of gDHC ring opening was observed when initial polymer 

molecular weights were close to the calculated limiting molecular weights (Figure 41). 

3.4 Discussion 

Sonochemical Effects. The mechanochemical ring opening reactions of gDCC 

mechanophores are independent of variations in ultrasound amplitude, solvent 

composition, polymer concentration and temperature when scaled with the extent of 

polymer chain scission. Adjusting these parameters is observed to alter the rates of 

molecular weight degradation, though a determination of the fraction of ring opening 

after the first polymer scission cycle results in values of φ1 = 0.33 ± 0.02 regardless of the 

conditions employed. These results are consistent with a picture in which ultrasonic 

activation of gDCC polymers leads to a single, “one shot” reactivity that is likely a result 

of the effective strength of a C-C bond in the polymer backbone; e.g. the force grows 

only until the chain breaks, which these results suggest is more or less the same across 

this polymer series. The observed effect on molecular weight degradation rates may be 

regarded as the result of a decreased number of average stress events along polymers 

wherein both mechanochemical ring opening and subsequent C-C bond scission occur; 

put another way, the number of cavitation events leading to polymer scission decrease, 



 

76 

not the amount of force generated along a polymer chain during the extensional event.  

In this picture, the force builds on the polymer chain with a zone of activation spreading 

along the chain with a peak distribution near the center of the polymer until the chain 

breaks. The break, and not the conditions, defines the ultimate force; the activation zone 

reflects the force distribution along a chain, and the efficiency of activation on the 

timescale of polymer extension and rupture. 

The forces required to break a polymer chain (C-C bond) during extensional flow 

are estimated at several (2.6 – 13.4) nN; 14,127 similar calculations have found that chain 

scission “is appreciable only if the external force is of the order of…4-10 nN…for a 

normal covalent bond”128 , while a critical stress of 11 nN was calculated for degradation 

of DNA in capillary flow.129 The activation barriers to gDHC ring opening, < 50 kcal mol-

1, lie well below the > 80 kcal mol-1 requirement for C-C bond dissociation. Since 

electrocyclic ring opening reactions are well-coupled to tension,7,8,118 much lower forces 

are required in order for ring-opening to be fast on the timescale of the experiment. 

Therefore, lower forces should be selective for gDHC ring-opening, but no difference in 

φ1 values was observed during sonication across a wide range of parameters; e.g. 

polymer concentration, sonication power, temperature, and polymer molecular weights 

greater than the calculated value of the limiting molecular weight. 

At these forces (several nN), barriers to reactions become negligible, and large 

differences in rate translate to the difference of a few hundred pN. For example, the ring 
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opening reactions of cis-gDBC and cis-gDCC are separated by a thermal barrier of ∆∆G‡ = 

11 kcal mol-1, mechanochemical activation leads to an equivalent ring opening response 

at φ1 = 0.33 ± 0.02. A similar lack of selectivity was observed during ultrasonic 

displacement of phosphine ligands in Pd(II) and Pt(II) coordination polymers.44  

Thermal ligand exchange rates differ by a factor of ca. 105 (Pd > Pt) while ultrasonic 

ligand displacement led to a calculated reactivity ratio of ca. 1.2:1 (Pd > Pt). Furthermore, 

pulsed ultrasound of peroxide-containing polyvinypyrrolidone leads to degradation 

rate constants that are ca. 10 times faster than the native polymer, though the bond 

dissociation energy of the peroxide is 35 kcal mol-1 versus 84 kcal mol-1 for C-C bond 

dissociation.41  

Molecular Weight Effects. With decreasing initial molecular weight, some 

changes are observed in the extent of gDHC ring opening; a sharp increase to φ1 = 0.83 is 

when the initial polymer molecular weight is close to that of the limiting molecular 

weight, a term that indicates the minimum size of a polymer that will undergo flow-

induced scission during pulsed ultrasound. First, this may indicate indicate that some 

gDHC ring opening occurs without chain scission; previous authors have shown that it 

is possible to work in this regime exclusively.47,105 In the reverse condition, e.g. in the 

presence of polymer degradation, the mechanical activation of gDHCs must occur. 

Secondly, the variation in φ1 values with decreasing initial molecular weight may be 

indicative of a fundamental change in the conformation of the polymer undergoing 



 

extension. In the large molecular weight regime, “molecular chains cannot accumulate 

sufficient strain for stretching, and it is expected that they are broken essentiall

uncoiled state.”33 

Figure 42. Schematic describing 
dependence on the extents of 
molecular weight approaches the value of the limiting molecular weight, the polymer 
conformation upon extension adopts a more ‘stretched
gDHC ring opening. With increasing molecular weight the activated zone is a result of 
stressed conformations that adopt more dumbbell or half
subsequent to C-C bond scission and subsequent 

The observation of midchain scission

molecular weight degradation still occurs. Chu, et al.

of five separate polymer conformations during the stretching of polymers in sudden 

elongational flow; these DNA molecu
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In the large molecular weight regime, “molecular chains cannot accumulate 

sufficient strain for stretching, and it is expected that they are broken essentiall

Schematic describing one model for the observed molecular weight 
dependence on the extents of gDHC mechanophore activation (φ1). As the initial 
molecular weight approaches the value of the limiting molecular weight, the polymer 
conformation upon extension adopts a more ‘stretched’ mode, leading to a larger zone of 

DHC ring opening. With increasing molecular weight the activated zone is a result of 
stressed conformations that adopt more dumbbell or half-dumbbell orientations 

C bond scission and subsequent gDHC activation. 

The observation of midchain scission130 indicates that, even in the uncoiled state, 

ecular weight degradation still occurs. Chu, et al.131,132 have reported the observation 

of five separate polymer conformations during the stretching of polymers in sudden 

elongational flow; these DNA molecules adopting conformations that are not completely 

In the large molecular weight regime, “molecular chains cannot accumulate 

sufficient strain for stretching, and it is expected that they are broken essentially in an 

 

model for the observed molecular weight 
). As the initial 

molecular weight approaches the value of the limiting molecular weight, the polymer 
’ mode, leading to a larger zone of 

DHC ring opening. With increasing molecular weight the activated zone is a result of 
dumbbell orientations 

indicates that, even in the uncoiled state, 

have reported the observation 

of five separate polymer conformations during the stretching of polymers in sudden 

les adopting conformations that are not completely 
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‘stretched out’ in the flow, instead adopting shapes such as dumbbells, and half-

dumbbells, are folded, kinked and coiled. In the low molecular weight limit, the 

requirement for larger strain rates to induce the coil-stretch transition98 in the polymer 

may effect a more ‘stretched’ conformation before subsequent polymer chain rupture 

that proceeds coincident with gDHC ring opening. In this model, the activated zone 

along small molecular weight polymers effectively widens (Figure 42), and a larger 

fraction of the polymer feels the extensional forces leading to the observed higher values 

of φ1. It has been well-documented33 that increasing solvent strain fields are required to 

stretch out increasingly small molecular weight polymers; and sonochemically this 

requires small molecular weight polymers to lie closer in proximity to the cavitation 

bubble to feel sufficiently large shear rates leading to molecular weight degradation. It is 

therefore expected that the rate of polymer molecular weight degradation decreases due 

to this proximity effect; but that in the presence of sufficient strain the polymer chain 

ruptures giving larger values of φ1.   

Stereochemical Effects. Mechanistically, the ring opening reactions of cis and 

trans-gDHC isomers proceed either disrotatory (WH allowed), in the case of cis, or 

conrotatory (WH disallowed) in the case of trans-gDHCs. While no current 

computational data supports the conrotatory ring opening of trans-gDHCs to 

dihaloalkenes, experimental results on related systems47,52,91,103 strongly indicate this 

pathway.  For example, the mechanically-induced ring opening of cis-benzocyclobutene 
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(BCB) is disrotatory,47,50,51 while the thermally allowed transition is conrotatory. The 

opposite selectivity is observed during mechanical ring opening of trans-gem-

difluorocyclopropane (gDFC, Chapter 6); 103 while the thermally allowed ring opening of 

trans-gDFC proceeds disrotatory, ultrasonic irradiation forces the disallowed, 

conrotatory mechanism. 
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Figure 43. Reactivities between cis and trans-gDHCs are consistently separated by a 
factor of ca. 1.7 in favor of the ring opening of cis-gDHCs. This selectivity is a result of 
the anti-Woodward-Hoffman ring opening reaction of the trans isomer. Disrotatory ring 
opening of the cis isomer is well coupled to the vector of the applied restoring force. Plot 
at right indicates cis versus trans analyses of gDCC (■ [cis] and ● [trans]), gDBC (□ [cis] 
and ○ [trans]) and gBCC polymers of varying initial molecular weight (MN(i)). 

Reactivity analyses of sonicated cis/trans-gDHCs show a consistent trend; that 

regardless of the gDHC (gDCC, gDBC, gBCC), the cis-gDHCs ring open more than the 

trans isomer. Differences in the initial molecular weight of the polymers do not translate 

to significant differences in the reactivity ratios (Figure 43). Linear regression analysis 

supports the decreased activity of gDHCs with increasing initial molecular weight, 

through the selectivity between isomers remains constant within the series. The reported 

analysis of mechanochemical selectivity between cis and trans-gDHCs provides the first 
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example of quantifying the effects of mechanical forces on the ring opening reactions of 

Woodward-Hoffman allowed (cis-gDHCs) and Woodward-Hoffman forbidden (trans-

gDHCs) processes along single polymer chains. 

Leaving Group Effects: Br- vs. Cl-. In cis-gBCC polymers subjected to cavitation-

induced extensional forces, the extents of Br- and Cl- ionization and migration to form 2-

chloro-3-bromoalkene and 3-bromo-2-chloroalkene are observed to proceed with equal 

mechanical susceptibility. This reactivity is again indicative of the large forces generated 

along the polymer main chain. Both isomers of cis-gBCC are well-coupled to extensional 

force, and differences in thermal activation barriers are insufficient to lead to an 

observed mechanical selectivity between the isomers. Pulsed ultrasound of trans-gBCC, 

on the other hand, leads to a ca. 5 : 1 selectivity for Br- ionization and migration versus 

Cl-. This analysis provides the first observed selectivity for ionization during an anti-W-

H ring opening reaction. The selectivity between the ions is still ‘low’ and additional 

electronic factors may affect this reactivity ratio. For example, the relative stability of the 

as formed allyl cations, or effects related to the intrinsic parameter associated with force-

induced acceleration of chemical reactions; ∆x‡. 

Leaving Group Position: Cl- vs. F-. The gCFC polymers subjected to pulsed 

ultrasound lead to the quantitative ionization and migration of Cl- to form 2-fluoro-3-

chloroalkene as the gCFC ring opening product. The formation of this product is 

independent of the initial stereochemistry of the gCFC subjected to sonochemical 
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stresses. While 2-fluoro-3-chloroalkene is the expected product of the rearrangment of 

cis-syn-F and trans-gCFC, the formation of this alkene from cis-syn-Cl gCFC provides the 

first example of an anti-Wooward-Hoffman-Depuy (WHD) ring opening reaction. Here, 

the electrocyclic ring opening reaction of cis-syn-Cl gCFC leads to chloride ionization 

from the thermally disallowed syn position on the ring (Figure 44).  
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Figure 44. Sonochemical ring opening of gCFCs leads to chloride ion ionization and 
migration from all isomers; most notably from cis-syn-Cl. This reactivity implicates Cl- 
ionization from the thermally forbidden syn-position during disrotatory ring opening. 

One reason may be the prohibitive solvation requirement for fluoride ion 

formation in the transition state.122 THF (used in the sonochemical studies here) may not 

solvate fluoride ion to the extent that ionization will readily occur. Ionization of chloride 

from the syn position on cis-syn-Cl gCFC must, however, proceed with a lower barrier 

than subsequent fluoride ionization from the thermally allowed anti position on the 

gCFC ring. This selectivity is surprising given a previous calculation on the barriers of 

syn versus anti ionization following electrocyclic ring opening reactions of mono-

bromocyclopropanes. These authors calculated that syn bromide ionization proceeded 
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ca. 16 kcal mol-1 higher in energy than subsequent anti ionization,79 but we are unaware 

of any study on the energetic disparity between chloride and fluoride ionization from 

cis-syn-Cl gCFC as a result of syn and anti ionization respectively. Therefore, a 

convoluted combination of electronic (e.g. C-F versus C-Cl bond dissociation, fluoride 

versus chloride ion solvation in THF, relative stabilities of the formed chloroallyl cation 

vs. fluoroallyl cation) effects drives the exclusivity of chloride ion migration to form 2-

fluoro-3-chloroalkene from isomeric gCFCs. 

3.5 Conclusion 

The selectivity rules that govern thermal transformations of gDHCs do not 

translate to substantial differences in the extents of gDHC mechanophore ring opening 

reactions triggered along the backbone of a polymer by mechanical forces during pulsed 

ultrasound. The results are consistent with a picture of “one-shot” reactivity, in which a 

gDHC ring opening proceeds in an "active zone" that grows during a single extension 

event, ultimately leading to chain scission and polymer molecular weight degradation. 

The large forces involved in such processes imply that the thermal barriers for ring 

opening are almost completely overcome for the majority of mechanophores. We 

observe that the extent of ring opening relative to chain scission is nearly invariant 

across a wide range of conditions, with the exception that increased ring opening vs. 

scission cycle is observed at low polymer molecular weights. These observations 

implicate contributions at low molecular weights from either (i) gDHC reactivity 
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without polymer main chain scission, or (ii) a conformational variation in polymers 

under extensional flow. In addition, these studies provide the first report of internal 

selectivity for Br- versus Cl- migration from a mechanically assisted anti-Woodward-

Hoffman ring opening reaction, and the first example of Cl- ion migration from an anti-

Woodward-Hoffman-DePuy ring opening reaction cis-syn-Cl-gCFC. The ability to steer 

mechanochemical transformations against their thermally allowed pathways via 

polymer ultrasound is therefore quite general. This theme is continued in Chapters 6 

and 7, where the combination of thermally disallowed processes and rapid switching 

between "on" and "off" states of applied force will be shown to generate interesting 

reaction dynamics and changes in polymer structure. 
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3.6 Additional Details of Polymer Syntheses, Characterization, 
Pulsed Ultrasound and Thermal Activation 

3.6.1 gDCC Polymer Syntheses 

315 kDa 71 % cis-gDCC-PB. 3.01 g (55.6 mmoles of double bonds) of cis-PB was 

subjected to phase transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous NaOH) under N2. 1H-

NMR (400 MHz, CDCl3) δ 5.45 (b, 2.00H), 5.02 (b, 0.17H), 2.23 (b, 3.97H); 1.59 (b, 15.35H).  

13C-NMR (126 MHz, CDCl3) δ 130.59, 130.48, 129.81, 129.71, 129.60, 129.01, 128.90, 65.83, 

65.53, 65.21, 32.80, 32.69, 32.62, 32.59, 27.52, 26.46, 25.21, 24.48, 24.32, 24.26.   Copolymer 

composition = 27.0 % 1,4-PB, 2.3 % 1,2-PB, 70.7 % gDCC.  MALS-GPC (dn dc-1 = 0.1200 

mL g-1) MN = 315,000 g mol-1, MW = 589,00 g mol-1, PDI = 1.87. Copolymer composition 

was calculated following the example in Chapter 2. 

243 kDa 27 % cis-gDCC-PB. 1.24 g (22.9 mmoles) cis-PB was subjected to phase 

transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous NaOH) under N2.   1H-NMR (400 MHz, 

CDCl3) δ 5.41 (b, 2.00H), 4.99 (b, 0.06H), 2.16 (b, 4.10H), 1.48 (b, 2.33H).  Copolymer 

composition = 71.1 % 1,4-PB, 2.1 % 1,2-PB, 26.7 % cis-gDCC.  MALS-GPC (dn dc-1 = 

0.1200 mL g-1); MN = 243,000 g mol-1, MW = 469,000 g mol-1, PDI = 1.93. 

275 kDa 37 % cis-gDCC-PB. 1.15 g (21.3 mmoles) cis-PB was subjected to phase 

transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous NaOH) under N2. 1H-NMR (400 MHz, 

CDCl3) δ 5.41 (b, 2.00H); 4.98 (b, 0.09H), 2.12 (b, 4.12H), 1.48 (b, 3.83H).  Copolymer 

composition = 60.0 % 1,4-PB, 2.7 % 1,2-PB, 37.2 % cis-gDCC.  MALS-GPC (dn dc-1 = 

0.1200 mL g-1); MN = 275,000 g mol-1, MW = 666,000 g mol-1, PDI = 2.42.  
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257 kDa 45 % cis-gDCC-PB. 2 g (37.0 mmoles) cis-PB was subjected to phase 

transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous NaOH) under N2.1H-NMR (400 MHz, 

CDCl3) δ 5.41 (b, 2.00H), 5.02 (b, 0.076H), 2.20 (b, 4.05H), 1.53 (b, 5.08H).   13C-NMR (101 

MHz, CDCl3) δ 130.73, 130.61, 130.50, 129.91, 129.79, 129.72, 129.02, 128.90, 128.79, 77.55, 

77.23, 76.91, 65.87, 65.53, 65.21, 32.81, 32.72, 32.70, 32.68, 32.62, 32.59, 27.62, 27.57, 27.51, 

26.49, 25.25, 25.23, 24.48, 24.33.  Copolymer composition = 53.3 % 1,4-PB, 2.0 % 1,2-PB, 

44.6 % gDCC.  GPC-MALS (dn dc-1 = 0.1150 mL g-1) MN = 257,000 g mol-1, MW = 604,000 g 

mol-1, PDI = 2.35.  

52 kDa 55 % cis-gDCC-PB. 0.200 g (3.70 mmoles) cis-PB was subjected to phase 

transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous NaOH) under N2.  1H-NMR (400 MHz, 

CDCl3) δ 5.41 (b, 2.00H); 5.04 (b, 0.09H); 2.13 (b, 4.06H); 1.55 (b, 7.71H).  Copolymer 

composition = 43.1 % 1,4-PB, 1.9 % 1,2-PB, 55.0 % cis-gDCC.  MALS-GPC (dn dc-1 = 

0.1200 mL g-1); MN = 51,600 g mol-1, MW = 81,100 g mol-1, PDI = 1.57. 

99 kDa 63 % cis-gDCC-PB. 0.200 g (3.7 mmoles) cis-PB was subjected to phase 

transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous NaOH) under N2.1H-NMR (400 MHz, 

CDCl3) δ 5.45 (b, 2.00H); 5.02 (b, 0.12H); 2.23 (b, 4.11H); 1.59 (b, 10.92H).  Copolymer 

composition = 35.0 % 1,4-PB; 2.0 % 1,2-PB; 63.0 % cis-gDCC.  MALS-GPC (dn dc-1 = 

0.1200 mL g-1); MN= 98,900 g mol-1, MW = 154,000 g mol-1, PDI = 1.56. 

 41 kDa 53 % cis/trans-gDCC-PB. 0.153 g (2.83 mmoles) 27 kDa cis/trans-PB 

(Polymer Source) was subjected to phase transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous 
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NaOH) under N2. 1H-NMR (400 MHz, CDCl3) δ 5.44 (b, 2H), 5.0 (b, 0.26H), 2.05 (b, 

4.19H), 1.8-1.2 (b, 8.68H). Copolymer composition = 42.0 % 1,4-PB; 5.5 % 1,2-PB; 52.5 % 

gDCC [32.5 % cis-, 20.0 % trans-]. MALS-GPC (dn dc-1 = 0.1200 mL g-1), MN = 40,800 g mol-

1, MW = 43,200 g mol-1, PDI = 1.06. 

83 kDa 67 % cis/trans-gDCC-PB. 0.46 g (8.5 mmoles) cis/trans-PB (Polymer 

Source, 47,000 g mol-1) was subjected to phase transfer catalysis (0.05 eq. CTAB, 7 eq. 

aqueous NaOH) under N2. 1H-NMR (500 MHz, CDCl3) δ 5.49 (b, 2.00H), 5.05 (b, 0.62H), 

2.21 (b, 3.69H), 1.9-1.0 (b, 14.70H). Copolymer composition = 24.6 % 1,4-PB; 8.9 % 1,2-PB; 

66.5 % gDCC [33.9 % cis-, 32.6 % trans]. MALS-GPC (dn dc-1 = 0.1200 mL g-1); MN = 83,400 

g mol-1, MW = 87,800 g mol-1, PDI = 1.05. 

123 kDa 68 % cis/trans-gDCC-PB. 0.46 g (8.5 mmoles) cis/trans-PB (Polymer 

Source, 88,000 g mol-1) was subjected to phase transfer catalysis (0.05 eq. CTAB, 7 eq. 

aqueous NaOH) under N2. 1H-NMR (500 MHz, CDCl3) δ 5.49 (b, 2.00H), 5.05 (b, 0.62H), 

2.21 (b, 3.69H), 1.9-1.0 (b, 14.70H). Copolymer composition = 23.4 % 1,4-PB; 8.79% 1,2-PB; 

67.6 % gDCC [35.8 % cis-, 31.8 % trans]. MALS-GPC (dn dc-1 = 0.1200 mL g-1); MN = 

123,000 g mol-1, MW = 131,00 g mol-1, PDI = 1.07. 

212 kDa 20 % cis/trans-gDCC-PB. 0.938 g (17.3 mmoles) cis/trans-PB was 

subjected to phase transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous NaOH) under N2.1H-

NMR (400 MHz, CDCl3) δ 5.40 (b, 2.00H), 4.97 (b, 0.29H), 2.01 (b, 4.01H), 1.8-0.95 (b, 

1.92H). Copolymer composition = 69.6 % 1,4-PB; 10.5 % 1,2-PB; 19.9 % gDCC [11.6 % cis-, 
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8.3 % trans). MALS-GPC (dn dc-1 = 0.1200 mL g-1); MN = 212,000 g mol-1, MW = 392,000 g 

mol-1, PDI = 1.85.  

270 kDa 44 % cis/trans-gDCC-PB. 1 g (18.5 mmoles) cis/trans-PB was subjected to 

phase transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous NaOH) under N2. 1H-NMR (400 

MHz, CDCl3)  5.42 (b, 2.00H), 5.01 (b, 0.40H), 2.05 (b, 3.89H), 1.8-1.0 (b, 5.69H). 

Copolymer composition = 45.8 % 1,4-PB; 10.2 % 1,2-PB; 44.0 % gDCC [23.6 % cis-, 20.4 % 

trans]. MALS-GPC (dn dc-1 = 0.1200 mL g-1), MN = 270,000 g mol-1, MW = 431,000 g mol-1, 

PDI = 1.60. 

275 kDa 56 % cis/trans-gDCC-PB. 1 g (18.5 mmoles) cis/trans-PB was subjected to 

phase transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous NaOH) under N2.1H-NMR (400 

MHz, CDCl3) δ 5.44 (b, 2.00H), 5.00 (b, 0.51H), 2.05 (b, 3.83H), 1.8-1.0 (b, 10.54H). 

Copolymer composition = 34.3 % 1,4-PB; 9.9 % 1,2-PB; 55.8 % gDCC [29.0 % cis-, 26.8 % 

trans]. MALS-GPC (dn dc-1 = 0.1200 mL g-1), MN = 275,000 g mol-1, MW = 451,000 g mol-1, 

PDI = 1.64. 

391 kDa 77 % cis/trans-gDCC-PB. 1.0 g (18.5 mmoles) cis/trans-PB was subjected 

to phase transfer catalysis (0.05 eq. CTAB, 7 eq. aqueous NaOH). 1H-NMR (400 MHz, 

CDCl3) δ 5.48 (b, 2.05H), 5.06 (b, 1.00H), 2.16 (b, 3.60H), 1.61 (b, 21.72H), 1.18 (b, 4.31H). 

Copolymer composition = 14.2 % 1,4-PB; 9.2 % 1,2-PB; 76.6 % gDCC [37 % cis-, 39.6 % 

trans-]. MALS-GPC (dn dc-1 = 0.1200 mL g-1); MN = 391,000 g mol-1, MW = 493,000 g mol-1, 

PDI = 1.26.  
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3.6.2 gDCC Thermolysis 

Thermal activation of gDCC polymers gives 2,3-dichloroalkene rearrangement 

products at rates much slower than sonochemical activation. 

 

Figure E8. Thermolysis (185 oC, methyl benzoate, red spectra) of 315 kDa 71 % cis-gDCC-
PB leads to resonances consistent with ring opened 2,3-dichloroalkenes at a rate much 
slower than that of mechanical activation (blue spectrum). Black spectrum is initial 
polymer. 

 

Figure E9. Thermolysis (185 oC, methyl benzoate, red spectra) of 275 kDa 56 % cis/trans-
gDCC-PB leads to resonances consistent with ring opened 2,3-dichloroalkenes at a rate 
much slower than that of mechanical activation (blue spectrum). Black spectrum is 
initial polymer. 
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gDBC Polymer Syntheses  

NMR (400 MHz, CDCl3) of 447 kDa 39 % cis-gDBC-PB polymer 
H-NMR resonances of the repeating monomer segments are 

-gDBC-PB. 1.0 g (18.5 mmoles) cis-PB, 11.3 mL CHBr

mmoles) and 0.67 g (1.84 mmoles) CTAB were dissolved in 50 mL CH2Cl

deoxygenated with bubbling N2 for 30 minutes.  In a separate round bottomed flask was 

dissolved 5.9 g (148 mmoles) NaOH in ca. 10 mL DI-H2O and the solution as 

deoxygenated with bubbling N2 for 30 minutes.  The NaoH solution was added 

dropwise to the polymer solution and the reaction was allowed to proceed for 4.5 hours.  

After 4.5 hours the reaction was washed 3X with 1:1 brine:DI-H2O, rotovapped to 

minimal volume and precipitated with methanol. The polymer was redissolved in 
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CH2Cl2 washed 3X more with DI-H2O, rotovapped to minimal volume and precipitated 

with methanol. The polymer was dried on high vacuum. 1H-NMR (500 MHz, CDCl3) 

δ 5.41 (b, 2.00H), 4.97 (b, 0.08H), 2.15 (b, 4.11H), 1.53 (b, 4.16H). Copolymer composition 

= 59.1 % 1,4-PB; 2.2 % 1,2-PB; 38.5 % gDBC. MALS-GPC (dn dc = 0.1000 mL g-1); MN = 

447,000 g mol-1, MW = 934,000 g mol-1, PDI = 2.09. The copolymer composition calculation 

followed the same scheme as described in Chapter 2.  

261 kDa 42 % cis-gDBC-PB. 0.86 g (15.9 mmoles) cis-PB was subjected to phase 

transfer catalysis (9 mL, 103 mmoles CHBr3; 0.58 g, 1.6 mmoles CTAB) in 65 mL CH2Cl2 

under N2. 1H-NMR (400 MHz, CDCl3) δ 5.38 (b, 2.00H), 5.00 (b, 0.08H), 2.11 (b, 4.08H), 

1.50 (b, 4.68H). Copolymer composition = 55.4 % 1,4-PB; 2.2 % 1,2-PB; 42.4 % gDBC. 

MALS-GPC (dn dc-1 = 0.1000 mL g-1), MN = 261,000 g mol-1, MW = 606,000 g mol-1, PDI = 

2.32. 

301 kDa 48 % cis-gDBC-PB. 0.544 g (10.6 mmoles) cis-PB was subjected to phase 

transfer catalysis (0.261 g, 0.72 mmoles CTAB;  2.66 mL, 30.4 mmoles CHBr3) in 40 mL 

CH2Cl2 under N2. 1H-NMR (500 MHz, CDCl3)  5.41 (b, 2.00H), 4.99 (b, 0.08H), 2.15 (b, 

4.01H), 1.52 (b, 5.72H). Copolymer composition = 50.2 % 1,4-PB; 2.1 % 1,2-PB; 47.7 % 

gDBC. MALS-GPC (dn dc-1 = 0.1000 mL g-1), MN = 301,000 g mol-1, MW = 507,000 g mol-1, 

PDI = 1.68. 

429 kDa 40 % cis-gDBC-PB. 3.876 g (71.7 mmoles) cis-PB was subjected to phase 

transfer catalysis (11 mL, 126 mmoles CHBr3; 0.55 g, 1.51 mmoles CTAB) in ~150 mL 



 

CH2Cl2 under N2 1H-NMR (400 MHz, CDCl

4.05H), 1.50 (b, 4.20H). Copolymer composition = 58.5 % 1,4

gDBC. MALS-GPC (dn dc

PDI = 2.90. 
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NMR (400 MHz, CDCl3) δ 5.41 (b, 2.00H), 4.98 (b, 0.09H), 2.11 (b, 

0 (b, 4.20H). Copolymer composition = 58.5 % 1,4-PB; 2.5 % 1,2

GPC (dn dc-1 = 0.1000 mL g-1); MN = 429,000 g mol-1, MW = 1,244,000 g mol

NMR (400 MHz, CDCl3) of 467 kDa 42 % cis/trans-gDBC-PB polymer 
H-NMR resonances of the repeating monomer segments are 

cis/trans-gDBC-PB. 1.0 g (18.5 mmoles) cis/trans-PB

to phase transfer catalysis (11.3 mL, 129 mmoles CHBr3; 0.67 g, 1.84 mmoles

NMR (500 MHz, CDCl3) δ 5.40 (b, 2.00H), 4.97 (b, 0.39H), 2.10 (b, 

1.0 (b, 5.29H). 13C-NMR (125 MHz, CDCl3) δ 142.80, 131.26, 130.34, 129.77, 

129.67, 129.45, 129.33, 128.70, 114.88, 43.75, 39.15, 38.39, 37.37, 36.69, 35.44, 33.41, 32.91, 

5.41 (b, 2.00H), 4.98 (b, 0.09H), 2.11 (b, 

PB; 2.5 % 1,2-PB; 40.4 % 

= 1,244,000 g mol-1, 
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; 0.67 g, 1.84 mmoles CTAB) in 

5.40 (b, 2.00H), 4.97 (b, 0.39H), 2.10 (b, 

142.80, 131.26, 130.34, 129.77, 

129.67, 129.45, 129.33, 128.70, 114.88, 43.75, 39.15, 38.39, 37.37, 36.69, 35.44, 33.41, 32.91, 
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31.84, 31.54, 31.49, 30.35, 27.61, 27.47, 27.34, 26.23, 26.03, 25.14. Copolymer composition = 

47.4 % 1,4-PB; 10.2 % 1,2-PB; 42.3 % gDBC [21.4 % cis-, 21.0 % trans]. MALS-GPC (dn dc-1 

= 0.1000 mL g-1), MN = 467,000 g mol-1, MW = 690,000 g mol-1, PDI = 1.48. The polymer 

composition was calculated as follows from that reported in Chapter 2. 

 

Figure E12. 13C-NMR (126 MHz, CDCl3) of 467 kDa 42 % cis/trans-gDBC-PB. 

472 kDa 61 % cis/trans-gDBC-PB. 0.86 g (15.9 mmoles) cis/trans-PB was 

subjected to phase transfer catalysis (9 mL, 103 mmoles CHBr3; 0.67 g, 1.8 mmoles 

CTAB) in 100 mL CH2Cl2 under N2. 1H-NMR (400 MHz, CDCl3) δ 5.45 (b, 2.00H), 5.00 (b, 

0.56H), 2.18 (b, 3.60H), 1.8-1.0 (b, 11.20H). Copolymer composition = 29.1 % 1,4-PB; 9.6 % 

1,2-PB; 61.3 % gDBC [29.0 % cis-, 32.3 % trans-]. MALS-GPC (dn dc-1 = 0.0900 mL g-1), MN 

= 472,000 g mol-1, MW = 1,090,000 g mol-1, PDI = 2.31. 
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3.6.4 gDBC Pulsed Ultrasound 

Sonication of gDBC polymers gives 2,3-dibromoalkene. 

 

Figure E13. 1H-NMR spectrum of sonicated 301 kDa 48 % cis-gDBC polymer after 30 
minutes. MN = 98,400 g mol-1. All monomer units are accounted for in the spectrum. 

The initial composition of the 301 kDa 48 % cis-gDBC polymer (versus the PB 

alkene internal reference (5.37 ppm, 2.00) shows that the number of cis-gDBC monomers 

is 0.94 monomer equivalents. Therefore, a calculation of the extent of ring opening can 

be obtained from the integrated area of the product resonances (6.06 ppm and 4.59 

ppm). In the above spectrum, the ‘number of formed alkenes’ is [0.532 + 0.525] ÷ 2H = 

0.53 alkenes. Since the initial polymer is composed of 0.94 equivalents of cis-gDBCs, the 

fraction of ring opening = 0.53 ÷ 0.94 = 0.56, or 56 % ring opening. 
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Figure E14. 1H-NMR (500 MHz, CDCl3) observed after sonication of 467 kDa 42 % 
cis/trans-gDBC-PB polymer. The chemical shifts of all ‘monomers’ are denoted as Ha – 
HL. 

From the 1H-NMR spectra obtained during sonication of the cis/trans-gDBC 

polymer, the extent of ring opening is calculated from integration of the product alkene 

resonances at 6.04 ppm and 4.59 ppm. The initial NMR spectrum of the cis/trans-gDBC 

polymer shows (PB alkene internal reference = 2.00) 0.816 initial gDBCs (cis and trans) 

from the above spectrum the fraction of ring opening is thus [0.523 + 0.486] ÷ 2H = 0.505 

product alkenes; or 0.505 ÷ 0.816 = φ = 0.62. From the loss of the trans-gDBC resonance 

(2H, 1.11 ppm) we observe φ [trans] = [0.809 – 0.401] ÷ 0.809 = 0.50. Since the total 
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number of gDBC ring opening is 0.505 alkenes, and the loss of the trans-gDBCs is 

calculated as [0.809 – 0.401] ÷ 2H = 0.204 trans-gDBC ring opening; the extent of cis-gDBC 

ring opening is [0.505 – 0.204] ÷ 0.411 = φ [cis] = 0.73. This analysis was conducted for all 

time points during cis/trans-gDBC sonication  

3.6.5 gDBC Thermolysis 

Thermal activation of gDBC polymers gives 2,3-dibromoalkene rearrangement 

products in addition to diene products associated with the elimination of HBr from the 

as formed 2,3-dibromoalkene. The presence of elimination products are observed in the 

1H-NMR region between ca. 6.4 ppm and 5.8 ppm as broad, featureless resonances. 

 

Figure E 15. Thermolysis (185 oC, methyl benzoate, red spectra) of 301 kDa 48 % cis-
gDBC-PB leads to resonances consistent with ring opened 2,3-dibromoalkenes at a rate 
much slower than that of mechanical activation (blue spectrum). Black spectrum is 
initial polymer. 
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Figure E 16. Thermolysis (185 oC, methyl benzoate, red spectra) of 467 kDa 42 % 
cis/trans-gDBC-PB leads to resonances consistent with ring opened 2,3-dibromoalkenes 
at a rate much slower than that of mechanical activation (blue spectrum). Black 
spectrum is initial polymer. 

3.6.6 gBCC Polymer Syntheses 

258 kDa 49 % cis-gBCC-PB. 0.65 g (12 mmoles) cis-PB, 0.54 g (1.5 mmoles) 

dibenzo-18-crown-6 and 5 mL CHBr2Cl (60 mmoles) were dissolved in 50 mL CH2Cl2 

and deoxygenated for 30 minutes. To this solution as added a deoxygenated solution of 

9 g (225 mmoles) NaOH in 25 mL DI-H2O dropwise by syringe. The reaction as allowed 

to proceed overnight (16 hours). After 16 hours the reaction was washed 4X with DI-

H2O, rotovapped to minimal volume and precipitated with methanol. The polymer was 

redissolved in CH2Cl2, washed 3X with 0.01 M NaCl in H2O, 1X with DI-H2O, 

rotovapped to minimal volume and precipitated with methanol. The polymer was then 

dried on high vacuum. 1H-NMR (500 MHz, CDCl3) δ 5.42 (b, 2.00H); 4.9 (b, 0.12H); 2.14 
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(b, 4.05H); 1.50 (b, 6.28H). 13C-NMR (126 MHz, CDCl3) δ 130.45, 129.59, 128.73, 55.41, 

55.05, 50.88, 49.93, 49.47, 49.00, 33.08, 32.80, 31.54, 27.39, 27.22, 26.23, 26.10, 25.02, 24.02. 

Copolymer composition = 47.6 % 1,4-PB; 3.0 % 1,2-PB; 49.4 % gBCC. MALS-GPC (dn dc-1 

= 0.1100 mL g-1); MN = 258,000 g mol-1, MW = 433,000 g mol-1, PDI = 1.68. The polymer 

composition was calculated from integration of the 1H-NMR spectrum from the 

annotated chemical shifts in Figure E17. 

 

Figure E17. 1H-NMR spectrum of 258 kDa 49 % cis-gBCC-PB polymer. All monomer 
repeat chemical shifts are denoted as Ha – Hg.  

The addition of bromochlorocarbene leads to isomeric bromochloro-

cyclopropanes. The chemical shifts of the isomers cannot be distinguished by 1H-NMR 

spectroscopy, all isomers are observed at ca. 1.6 ppm. 
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Figure E18. 13C-NMR (126 MHz, CDCl3) of 258 kDa cis-gBCC polymer. gBCC resonances 
are observed at 55.0 ppm (cis-syn-Br) and 49.5 ppm (cis-syn-Cl). 

94 kDa 55 % cis-gBCC-PB. 0.254 g (4.7 mmoles) cis-PB was subjected to phase 

transfer catalysis (2 mL, 23.5 mmoles CHBr2Cl; 0.17 g, 0.47 mmoles dibenzo-18-crown-6) 

in 30 mL CH2Cl2 under N2.  1H-NMR (500 MHz, CDCl3) δ 5.46 (b, 2.00H), 5.03 (b, 0.10H), 

2.16 (b, 4.11H), 1.59 (b, 7.77H). Copolymer composition = 43.0 % 1,4-PB; 2.1 % 1,2-PB; 

54.9 % gBCC. MALS-GPC (dn dc-1 = 0.1100 mL g-1), MN = 93,800 g mol-1, MW = 169,000 g 

mol-1, PDI = 1.80. 

112 kDa 52 % cis-gBCC-PB. 0.287 g (5.31 mmoles) cis-PB was subjected to phase 

transfer catalysis (0.0393 g, 0.11 mmoles dibenzo-18-crown-6; 0.53 mL, 6.23 mmoles 

CHBr2Cl) in 50 mL CH2Cl2 under N2. 1H-NMR (400 MHz, CDCl3) δ 5.41 (b, 2.00H), 5.00 

(b, 0.10H), 2.15 (b, 4.02H), 1.55 (b, 6.95 H). 13C-NMR (101 MHz, CDCl3) δ 135.95, 130.78, 

130.67, 130.55, 129.93, 129.81, 129.71, 128.94, 128.45, 125.73, 77.55, 77.43, 77.23, 76.91, 

55.65, 55.27, 55.13, 54.75, 50.12, 49.67, 49.18, 34.44, 33.39, 33.27, 33.13, 32.99, 32.91, 31.76, 
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31.63, 30.53, 27.59, 27.42, 26.44, 26.30, 25.24, 24.38, 24.24, 24.12, 21.41. Copolymer 

composition = 45.3 % 1,4-PB; 2.3 % 1,2-PB; 52.4 % gBCC-PB. MALS-GPC (dn dc-1 = 0.1100 

mL g-1); MN = 112,000 g mol-1, MW = 192,000 g mol-1, PDI = 1.71. 

242 kDa 35 % cis-gBCC-PB. 0.511 g (9.45 mmoles) cis-PB was subjected to phase 

transfer catalysis (1.61 mL, 18.9 mmoles CHBr2Cl; 0.17 g, 0.47 mmoles dibenzo-18-

crown-6) in 50 mL CH2Cl2 under N2. 1H-NMR (400 MHz, CDCl3) δ 5.37 (b, 2.00H), 5.02 

(b, 0.08H), 2.10 (b, 4.17H), 1.5 (b, 3.48H). Copolymer composition = 63.0 % 1,4-PB; 2.3 % 

1,2-PB; 34.7 % gBCC. MALS-GPC (dn dc-1 = 0.1100 mL g-1); MN = 242,000 g mol-1, MW = 

725,000 g mol-1, PDI = 2.88. 

403 kDa 48 % cis-gBCC-PB. 0.216 g (3.9 mmoles double bonds) cis-PB was 

subjected to phase transfer catalysis (0.326 g, 0.9 mmoles dibenzo-18-crown-6; 2.68 g, 

12.9 mmoles CHBr2Cl in 50 mL CH2Cl2 under N2. 1H-NMR (400 MHz, CDCl3) δ 5.40 (b, 

2.00H); 4.99 (b, 0.09H); 2.1 (b, 4.33H); 1.5 (b, 6.23H). 13C-NMR (101 MHz, CDCl3) δ 130.67, 

129.81, 128.93, 55.67, 55.27, 50.14, 49.66, 49.27, 33.30, 33.02, 27.61, 27.43, 26.45, 26.32, 25.25, 

24.24. Copolymer composition = 2.1 % 1,2-PB; 49.6 % 1,4-PB; 48.3 % gBCC. MALS-GPC 

(dn dc-1 = 0.1000 mL g-1); MN = 403,000 g mol-1; MW = 846,000 g mol-1; PDI = 2.10. 

116 kDa 56 % cis/trans-gBCC-PB. 0.63 g (11.6 mmoles) cis/trans-PB, was 

subjected to phase transfer catalysis (0.63 g, 1.75 mmoles dibenzo-18-crown-6; 4.0 mL, 

47.1 mmoles CHBr2Cl) in 80 mL CH2Cl2 under N2. 1H-NMR (500 MHz, CDCl3) δ 5.44 (b, 

2.00H), 4.98 (b, 0.51H), 2.05 (b, 3.85H). 1.0-0.9 (b, 9.08H). 13C-NMR (126 MHz, CDCl3) δ 
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142.36, 141.60, 131.22, 130.29, 129.62, 129.45, 129.32, 128.76, 116.05, 115.07, 55.73, 55.24, 

54.66, 54.13, 53.61, 53.24, 50.23, 49.71, 49.16, 43.76, 38.37, 36.78, 35.90, 34.56, 33.22, 32.87, 

31.66, 31.59, 30.34, 29.27, 28.16, 27.46, 27.28, 26.39, 26.27, 25.10, 24.21, 24.04. Copolymer 

composition = 34.5 % 1,4-PB; 10.0 % 1,2-PB; 55.5 % gBCC [29.3 % cis-; 26.2 % trans-]. 

MALS-GPC (dn dc-1 = 0.1050 mL g-1); MN = 116,000 g mol-1, MW = 152,000 g mol-1, PDI = 

1.31. 

 

Figure E19. 1H-NMR spectrum of 116 kDa 56 % cis/trans-gBCC-PB polymer. All 
monomer repeat chemical shifts are denoted as Ha – Hh. 

The annotated 1H-NMR spectrum of 116 kDa 56 % cis/trans-gBCC-PB polymer is 

shown above. The monomer contents along the polymer were calculated from the 1H-
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NMR integrations of the resonances by a method consistent with that described in 

Chapter 2. 

From the 1H-NMR spectrum the composition of the polymer is: 34.5 % 1,4-PB; 

10.0 % 1,2-PB; 55.5 % gBCC [29.3 % cis-; 26.2 % trans-]. No attempt was made to discern 

between the protons at positions Hh and Hh’ as their relative integrations are 1:1 and 

indicate the presence of the trans-gBCC isomer. 
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cis-syn-Br cis-syn-Cl
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Figure E20. 13C-NMR (126 MHz, CDCl3) of the 116 kDa 56 % cis/trans-gBCC-PB polymer 
allows for the calculation of the isomeric distribution of gBCC isomers along the 
polymer. The chemical shifts of all gBCC isomers have previously been reported.74 

473 kDa 63 % cis/trans-gBCC. 1 g cis/trans-PB (18.5 mmoles) was subjected to 

phase transfer catalysis (0.532 g, 1.48 mmoles dibenzo-18-crown-6; 8 mL, 94.1 mmoles 
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CHBr2Cl, 7.4 g, 185 mmoles NaOH in 25 mL DI-H2O) in CH2Cl2 under N2. 1H-NMR (400 

MHz, CDCl3) δ 5.44 (2.00H); 5.0 (0.57H); 2.16 (4.14H); 1.8-0.8 (12.74H). Copolymer 

composition = 28.6 % 1,4-PB; 8.8 % 1,2-PB; 62.6 % gBCC. MALS-GPC (dn dc-1 = 0.1000 mL 

g-1); MN = 473,000 g mol-1; MW = 834,000 g mol-1; PDI = 1.76. 

 

(4E,8E)-13-bromo-13-chlorobicyclo[10.1.0]trideca-4,8-diene. trans, trans, trans – 

1,5,9-dodecatriene (4.86 g, 30.0 mmol) was dissolved in 20 mL of dichloromethane, 

followed by addition of cetyltrimethylammonium bromide (420 mg, 2.00 mmol), and 

then a solution of sodium hydroxide in 10 mL DI water (15 M, 150 mmol).  A solution of 

dibromochloromethane (2.193 g, 10.5 mmol) in 10 mL dichloromethane was added 

dropwise at a rate of 1.0 mL per hour over 10 hours with vigorous stirring, then stirred 

for an additional 12 hours.  The reaction was diluted with 30 mL DI water, then the 

phases separated, and the lower organic phase washed three times with 200 mL 50 % 

saturated sodium chloride solution.  The organic phase was concentrated in vacuo, and 

the crude material was purified by column chromatography using pure hexane.  2.38 g 

of the title compound was isolated as a mixture of syn- and anti- isomers, as indicated by 

13C NMR spectroscopy.  1H-NMR (500 MHz, CDCl3) δ 5.24 (s, olefinic, 4 H), 2.39 (m, 

allylic, 2 H), 2.27 (m, allylic, 4 H), 2.13-1.96 (m, 4 H), 1.23-1.13 (m, homo-syn-cyclopropyl 
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and cyclopropyl, 3 H), 0.91 (t, cyclopropyl, J=7.39 Hz). 13C-NMR (126 MHz, CDCl3) δ: 

(major isomer) 132.4, 132.3, 129.3, 129.2, 53.9, 37.9, 36.8, 36.8, 33.9, 32.1, 32.0, 31.2, 30.6.   

 

Figure E21. 1H-NMR (500 MHz, CDCl3) of (4E,8E)-13-bromo-13-
chlorobicyclo[10.1.0]trideca-4,8-diene.  

 

Figure E22. 13C-NMR (126 MHz, CDCl3) of (4E,8E)-13-bromo-13-
chlorobicyclo[10.1.0]trideca-4,8-diene. 
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Ring Opening Metathesis Polymerization. Into an oven-dried and vacuum-

cooled 50 mL round bottom flask under a constant stream of dinitrogen was added 

(4E,8E)-13-bromo-13-chlorobicyclo[10.1.0]trideca-4,8-diene (600 mg, 2.076 mmol), 

followed by Ru* (4.61 mg, 5.19 µmol), then 1.0 mL toluene.  After dissolution, the flask 

was warmed to 50 oC under nitrogen, and 160 µL of 1.0 M HCl in diethyl ether was 

added all at once with vigorous stirring.  After one hour, the viscous solution was 

removed from both dinitrogen and heat, and the title polymer was precipitated by 

addition of 15.0 mL of methanol.  The crude polymer was purified by reprecipitating 

from chloroform with methanol a total of six times, followed by drying overnight under 

high vacuum, giving 366 mg of the title polymer, 78 % isolated yield. 1H-NMR (500 

MHz, CDCl3) δ 5.47 (m, olefinic, 4 H), 2.31-2.02 (m, allylic, 8 H), 1.75-1.49 (m, homo-

cyclopropyl, 4 H), 1.28 (s, cyclopropyl, 1 H), 0.99 (s, cyclopropyl, 1 H). 13C-NMR (126 

MHz, CDCl3) δ 130.9, 130.1, 129.3, 54.0, 36.6, 35.7, 32.6, 31.5, 31.4, 30.3, 27.3, 26.2, 26.1.  

MALS-GPC (dn dc-1 = 0.1150 mL g-1): MN =  102,000 g mol-1; MW = 136,000 g mol-1; PDI = 

1.33. 
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Figure E23. 1H-NMR (500 MHz, CDCl3) of 102 kDa 33.3 % trans-gBCC-PB. 

 

Figure E24. 13C-NMR (126 MHz, CDCl3) of 102 kDa 33.3 % trans-gBCC-PB polymer.  
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3.6.7 gBCC Pulsed Ultrasound 

Ultrasonic treatment of gBCC polymers leads to formation of both 2-bromo-3-

chloroalkene and 2-chloro-3-bromoalkene. 

Br

Cl

Cl

Br

cis-syn-Br cis-syn-Cl

Br

Cl

)))

HH

Cl

Br HH
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4.61 ppm4.42 ppm

 

 

Figure E25. 1H-NMR (500 MHz, CDCl3) observed after sonication of 258 kDa 49 % cis-
gBCC polymer leads to formation of both bromide and chloride migration products 
from the ring opening reactions of cis-syn-Br and cis-syn-Cl gBCC isomers. 
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From the integration of the 1H-NMR spectra at timed intervals during sonication 

the extent of ring opening can be quantified as previously described. In addition, the 

extent of ring opening for each isomer was deduced from the integrated areas of the 

bromide ionization product (2-chloro-3-bromoalkene; 5.9 ppm & 4.6 ppm) and chloride 

ionization product (2-bromo-3-chloroalkene; 6.0 ppm & 4.4 ppm). 

    

Figure E26. 1H-NMR spectra (500 MHz, CDCl3, left) observed during sonochemical 
activation of 258 kDa 49 % cis-gBCC polymer. At right, the molecular weight 
degradation profile and fraction of total ring opening from gBCCs. 

    

Figure E27. A plot of the total fraction of gBCC ring opening indicates φ1 = 0.35. The 
isomeric extents of ring opening are approximately equivalent.  From 13C-NMR analysis 
of the isomeric distribution (1 : 1.1; see Figure E18 we determined that the cis-gBCC 
isomers are equivalently reactive when subjected to the mechanical stress environment 
induced during pulsed ultrasound.  
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Figure E28. 1H-NMR (500 MHz, CDCl3) observed after sonication of 116 kDa 56 % 
cis/trans-gBCC-PB polymer for 45 minutes. The annotated chemical shifts with relevant 
structures are shown above the spectrum. 

From 1H-NMR integration the formation of bromide and chloride ionization 

products were quantified with increasing sonication time. As described in Chapter 2, we 

also determined the relative extents of reaction between the cis and trans-gBCC isomers. 

Here, the loss of the trans isomer was monitored by the loss of the 1H-NMR resonance at 

0.99 ppm (trans-gBCC, 1H). The subsequent analyses are shown on the following page. 
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Figure E29. 1H-NMR spectra (left, 500 MHz, CDCl3) observed during sonochemical ring 
opening of 116 kDa 56 % cis/trans-gBCC polymer and the resulting molecular weight 
degradation profile (right) and observed total extent of ring opening. The scatter in the 
data is indicative of the collection of data on different days. We suspect that the scatter is 
a function of a variation in the applied sonochemical power between the two days. 

 

Figure E30. A plot of the total extent of ring opening for both gBCC isomers (left) led to a 
determination of φ1 = 0.33 for gBCC ring opening. By monitoring the loss of the trans-
gBCC resonance at 0.99 ppm we could calculate the relative rates of ring opening 
between the gBCC isomers. The cis- isomers (synBr and syn-Cl) were observed to react 
1.7 times more than the trans isomer under the conditions of pulsed ultrasound. 

The data obtained from the cis:trans reactivity ratio was performed on one (of the 

two) data sets. Significant presence of methanol in one data set did not allow for the use 

of both sets of data towards determining the cis:trans reactivity ratio. 
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Calculation of Br- vs. Cl- from trans-gBCC. 

From the product distribution obtained by 1H-NMR and the cis- versus trans-

gBCC reaction rates we were able to calculate a distribution of Br- versus Cl- as a leaving 

group from the trans-gBCC isomers. 

From 1H and 13C NMR integration an initial distribution of gBCC isomers is: 

 Cis-syn-Br =  12.71 % � 12.71 equivalents 

 Cis-syn-Cl =  16.56 % � 16.56 equivalents 

 Trans-gBCC =  26.20 % � 25.20 equivalents 

From pulsed ultrasound of 258 kDa 56 % the mechanochemical ring opening 

reactions of cis isomers are equivalent. The mechanochemical activation of cis-gBCCs on 

the cis/trans-gBCC polymer is calculated as φ1 = 0.41 from a linear regression and φ1 = 0.24 

for trans-gBCC. Therefore, the number of equivalents of ring opened gBCCs is: 

Cis-syn-Br = 0.41*12.71 = 5.21 rings opened [Cl- migration; 1H-NMR = 5.85, 4.60 

ppm].  Cis-syn-Cl = 0.41*16.56  = 6.79 rings opened [Br- migration; 1H-NMR = 6.05, 4.46 

ppm].  Trans-gBCC = 0.24*25.20  = 6.05 equivalents 

The distribution of Br- versus Cl- migration products obtained from 1H-NMR 

integration is: 1.70 [± 0.03] : .1From the total number of ring opened gBCCs [5.21 + 6.79 + 

6.05] = 18.05 equivalents open, the number of ring opening reactions that form Br- 

migration products should be [1.7÷2.7] * 18.05 = 11.36, and those that result in Cl- 

migration products = 18.05 – 11.36 = 6.69. 
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Therefore, the extent of Br- versus Cl- migration from trans-gBCC is ca. 3 : 1. 
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Figure E31. Scheme of the calculated selectivity for Br- versus Cl- ionization from trans-
gBCC. 

3.6.8 gBCC Thermolysis. 

Thermal treatment of gBCC polymers leads to preferential ring opening of the 

cis-anti-Br isomer. 

 

Figure E32. Thermolysis (185 oC, methyl benzoate, red spectra) of 94 kDa 55 % cis-

g[Br/Cl]C-PB leads to resonances consistent with bromide ionization and ring opening 
from the cis-syn-Cl  isomer. Chloride migration products (~ 4.4 ppm) are not observed 
until 24 hours of thermolysis. Black spectrum is initial polymer. 
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Figure E33. Thermolysis (185 oC, methyl benzoate, red spectra) of 555 kDa 62 % cis/trans-

g[Br/Cl]C-PB leads to resonances consistent with bromide ionization and ring opening 
from the cis-syn-Cl  isomer. Chloride migration products (~ 4.4 ppm) are not observed 
even after 24 hours of thermolysis. Black spectrum is initial polymer. 

3.6.9 gCFC Syntheses 

227 kDa 26 % cis-gCFC-PB. 1.0 g (18.5 mmoles) cis-PB and 1.35 g (3.7 mmoles) 

CTAB were dissolved in 50 mL CH2Cl2 and cooled to -78 oC in a dry ice/acetone bath. In 

a separate round bottomed flask cooled with liquid nitrogen was condensed ~15 mL 

CHCl2F. After allowing the condensate to warm to ~0 oC it was poured into the cooled 

polymer solution and this solution was allowed to warm to ~ -5 oC (ice/NaCl/H2O) under 

N2. In a separate round bottomed flask was dissolved 3.7 g (92.5 mmoles) NaOH in 10 

mL DI-H2O and allowed to cool to room temperature. Once at room temperature the 

NaOH solution was added slowly to the cooled polymer solution and the reaction was 

allowed to proceed under N2 in a freezer overnight. After ~ 16 hours the solution was 

washed 3X with 1:1 brine:DI-H2O, rotovapped to minimal volume and precipitated with 
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methanol. The polymer was redissolved in CH2Cl2, washed 3X with DI-H2O and 

precipitated with methanol then dried on high vacuum. 1H-NMR (400 MHz, CDCl3) δ 

5.37 (b, 2.00H), 4.97 (b, 0.07H), 2.07 (b, 4.08H), 1.45 (b, 2.29H). 19F-NMR (476 MHz, 

CDCl3) δ -124.3 (m, 6.60F), -143.6 (m, 0.05F), -162.6 (m, 3.35F). 13C-NMR (126 MHz, 

CDCl3) δ  130.68, 130.58, 130.56, 130.44, 129.92, 129.91, 129.80, 129.79, 129.66, 129.09, 

129.02, 128.97, 128.91, 128.79, 101.41, 101.05, 99.10, 98.75, 96.04, 95.75, 93.76, 93.46, 43.96, 

34.51, 32.98, 29.60, 29.51, 27.80, 27.73, 27.63, 27.62, 27.57, 27.55, 27.50, 27.49, 26.97, 26.61, 

26.58, 25.20, 24.69, 24.64, 24.27, 24.12, 23.99, 23.84, 22.43, 22.39, 21.71. Copolymer 

composition = 71.2 % 1,4-PB; 2.5 % 1,2-PB; 26.3 % gCFC [17.3 % cis-syn-Cl; 9.0 % cis-syn-

F]. MALS-GPC (dn dc-1 = 0.0950 mL g-1); MN = 227,000 g mol-1, MW = 500,000 g mol-1, PDI 

= 2.20. 

 

Figure E34. 1H-NMR (400 MHz, CDCl3) of 227 kDa 26 % cis-gCFC-PB polymer with 
annotated monomer chemical shifts. 
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Figure E35. 19F-NMR (476 MHz, CDCl3) of 227 kDa 26 % cis-gCFC-PB polymer. 

 

Figure E36. 13C-NMR (126 MHz, CDCl3) of 227 kDa 26 % cis-gDFC-PB polymer. Inset 
shows gCFC region of the spectrum. 
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The 13C NMR of 227 kDa 26 % cis-gDFC shows the presence of the two gCFC 

isomers. Cis-syn-Cl = 100.08 ppm (JCF = 290 Hz, 44.4 Hz); cis-syn-F = 94.75 ppm (JCF = 288 

Hz, 37.4 Hz). 

 

Figure E37. 1H-NMR (400 MHz, CDCl3) of 215 kDa 34 % cis/trans-gDFC-PB. Residual 
methanol is observed at 3.47 ppm and 0.9 ppm. No attempt was made to distinguish 
between Hh and Hh’. All monomer chemical shifts are denoted Ha – Hh. 

 215 kDa 34 % cis/trans-gDFC-PB. 0.724 g (13.4 mmoles) cis/trans-PB was 

subjected to phase transfer catalysis (0.487 g, 1.34 mmoles CTAB, condensed ~15 mL 

CHCl2F ( with liquid N2), 6.42 g, 161 mmoles NaOH in 20 mL DI-H2O) in CH2Cl2 at ca. o 

oC. 1H-NMR (400 MHz, CDCl3) δ 5.40 (b, 2.00H), 4.95 (b, 0.33H), 2.03 (b, 3.96H), 1.8-1.0 

(b, 3.72H). 19F-NMR (376 MHz, CDCl3) δ -124.4 (m, 3.44F), -143.5 (m, 4.84F), -162.3 (m, 
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1.73F). 13C NMR (125 MHz, CDCl3) δ  142.83, 131.08, 130.30, 130.21, 129.63, 129.50, 

129.38, 128.71, 115.66, 114.65, 101.45, 101.07, 100.65, 100.31, 99.95, 99.58, 99.15, 98.79, 

97.60, 97.26, 96.07, 95.58, 93.77, 93.46, 43.76, 38.38, 34.27, 33.38, 32.87, 32.25, 32.09, 31.88, 

31.73, 30.68, 30.33, 29.89, 29.50, 27.59, 27.54, 26.93, 26.80, 26.60, 25.08, 24.59, 23.81, 22.36. 

Copolymer composition = 55.8 % 1,4-PB; 9.9 % 1,2-PB; 34.2 % gCFC (11.8 % cis-syn-Cl; 

16.5 % trans; 5.9 % cis-syn-F). From the annotated 1H-NMR chemical shifts of the formed 

monomer units along the cis/trans-gCFC polymer the polymer composition was 

calculated following the precedent developed in Chapter 2. 

 

Figure E 38. 19F-NMR (476 MHz, CDCl3) of 215 kDa 34 % cis/trans-gCFC-PB polymer. The 
isomeric content of gCFCs along the cis/trans-gCFC along the PB polymer were 
calculated directly from integration of the 19F-NMR spectrum.  
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Figure E39. 13C-NMR (126 MHz, CDCl3) of 215 kDa 34 % cis/trans-gCFC polymer. gCFC 
resonances shown in the inset. 

3.6.10 gCFC Pulsed Ultrasound 

From the 1H-NMR spectra observed at timed intervals during sonication, the 

extent of ring opening of cis-gCFCs was calculated from the formation of the product 

resonance at 4.28 ppm (1H). In the following example, since the initial polymer was 

composed of 0.370 equivalents of cis-gCFCs, the extent of ring opening can be calculated 

from the integrated area at 4.28 ppm as: 0.245 ÷ 0.370 = φ = 0.66, or 66 % ring opening 

after 60 minutes of sonication. This analysis was conducted for all samples to determine 

the value of φ1. 

The 1H-NMR of the sonicated polymer indicates that 2-fluoro-3-chloroalkene is 

the sole rearrangment product observed during pulsed ultrasound. 
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Figure E40. 1H-NMR (500 MHz, CDCl3) observed after sonication of cis-gCFC polymer 
for 60 minutes. Formation of 2-fluoro-3-chloroalkene product observed at 4.9 ppm and 
4.3 ppm.  

 

Figure E41. 19F-NMR (470 MHz, CDCl3) observed after sonication of cis-gCFC-PB 
polymer for 60 minutes. The formation of 2-fluoro-3-chloroalkene is observed as 
multiplets at ca. -122 ppm. 
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From the above 19F-NMR spectrum, the extent of ring opening of each cis-gCFC 

isomer can be calculated. Since the number of fluorine atoms along the polymer remains 

unchanged, the total integrated area of the spectrum is held constant at a total value of 

10. The initial 19F-NMR spectrum consists of 6.596 equivalents of cis-syn-Cl (F2), 0.054 

equivalents of trans-gCFC and 3.350 equivalents of cis-syn-F(F1). Therefore, from the 

above spectrum the total extent of ring opening is simply the formation of alkene 

product (F3) ÷ 10 = 0.69. The extent of ring opening of the cis-syn-Cl isomer (F2) is [6.596 – 

2.123] ÷ 6.596 = 0.68 and the extent of ring opening of the cis-syn-F isomer (F1) is [3.350 – 

0.916] ÷ 3.350 = 0.73. This analysis was conducted for all time points during sonication of 

the cis-gCFC polymer. No attempt was made to determine the trans-gCFC reactivity 

during pulsed ultrasound of the cis-gCFC polymer as the trans isomer content along the 

polymer was initially very small. 

Sonication of cis/trans-gCFC. 

From the 1H-NMR spectra observed at timed intervals during sonication of the 

cis/trans-gDFC-PB polymer, the total ring opening of both cis and trans-gCFCs was 

calculated from the formation of the product resonance at 4.27 ppm (1H). In the 

following example, since the initial polymer was composed of 0.554 equivalents of 

cis/trans-gCFCs, the extent of ring opening can be calculated from the integrated area at 

4.28 ppm as: 0.390 ÷ 0.554= φ = 0.70, or 70 % ring opening after 60 minutes of sonication. 

This analysis was conducted for all samples to determine the value of φ1. 
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Figure E42. 1H-NMR (500 MHz, CDCl3) observed after sonication of cis/trans-gCFC 
polymer for 60 minutes. The ring opened alkene product is observed at ca. 4.9 pm and 
4.3 ppm. 

Pulsed ultrasound of cis/trans-gCFC polymer leads to sole formation of 2-fluoro-

3-chloroalkene as the rearrangment product. The 1H-NMR resonances from the 

rearrangment product match those observed during sonication of the cis-gCFC-PB 

polymer. The relative extents of ring opening from the three gCFC isomers on the 

cis/trans-gCFC polymer could not be calculated from the 1H-NMR spectra observed at 

timed intervals during sonication. These isomeric extents of reaction were instead 

obtained from integration of the 19F-NMR spectra during sonication. 
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Figure E43. 19F-NMR (470 MHz, CDCl3) of sonicated cis/trans-gCFC-PB polymer after 60 
minutes; the formation of 2-fluoro-3-chloroalkene is observed at ca. -122 ppm. 

From the 19F-NMR spectra observed at different sonication times, the extents of 

reaction of all three gCFC isomers were calculated. The initial polymer composition was 

[F2 : F3 : F4] = 3.436 : 4.835 : 1.728. Here the extent of reaction of cis-syn-Cl (F4) is [1.728 – 

0.275] ÷ 1.728 = 0.84; and trans (F3) is [4.835 – 1.547] ÷ 4.835 = 0.68. From 1H-NMR the 

extent of formation of 2-fluoro-3-chloroalkene is φ = 0.70; therefore the integrated area of 

the 19F-NMR product (F1; which overlaps with F2) is 7.00. The extent of reaction of cis-

syn-F isomer (F2) can be calculated as [3.436 – (8.178 – 7.000)] ÷ 3.436 = 0.66. This analysis 

was conducted for all 19F-NMR spectra at timed intervals during sonication. 
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3.6.11 gCFC Thermolysis 

Thermal treatment of gCFC polymers leads to formation of 2-fluoro-3-

chloroalkene as a result of ring opening of cis-anti-Cl and trans-gCFCs. 

 

Figure E44. Thermolysis (185 oC, methyl benzoate, red spectra) of 227 kDa 26 % cis-

g[Cl/F]C-PB leads to resonances consistent with chloride ionization and ring opening to 
form 2-fluoro,3-chloroalkene products. Black spectrum is initial polymer. At right is a 
zoomed region of the spectrum showing that the products of the rearrangement induced 
either by sonochemistry or heat lead to the same product. 

 

Figure E45. Monitoring the 19F-NMR spectra (376 MHz, CDCl3 or 470 MHz, CDCl3) 
during polymer thermolysis (185 oC, methyl benzoate, N2) shows complete reaction of 
the cis-syn-F isomer (-162.4 ppm) while the integration of the cis-syn-Cl isomer (-124.5 
ppm) remains nearly unreactive. 
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Figure E46. 19F-NMR (376 MHz, CDCl3 or 470 MHz, CDCl3) during polymer thermolysis 
(red) leads to complete reaction of the cis-syn-F isomer while the cis-syn-Cl remains 
virtually unchanged. Product peaks (-120 ppm � -124 ppm) are equivalent to those 
obtained from polymer ultrasound (blue). 

     

Cl

F
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Figure E47. Rates of  ring opening (185  oC, methyl benzoate, N2) during thermolysis of 
cis-g[Cl/F]C-PB shows a complete reaction of the most active cis-syn-F isomer after 24 
hours. Fits provided to guide the eye, no kinetic data implicated in the fit. 
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Figure E48. 1H-NMR (400 MHz, CDCl3) spectra obtained during the thermolysis (215 oC, 
methyl benzoate, N2).  

 

Figure E49. 19F-NMR (376 MHz, CDCl3) taken during thermolysis (215 oC, methyl 
benzoate, N2, red spectra) versus spectrum after 60 minutes of sonication. 
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Figure E50. Rates of  ring opening (215 oC, methyl benzoate, N2) during thermolysis of 
cis/trans-g[Cl/F]C-PB shows a complete reaction of the most active cis-syn-F isomer. Fits 
provided to guide the eye; no kinetic data are implicated in the fits. 

3.6.12 gDHC Extents of Activation 

Table E1. Values obtained during sonication of gDHC polymer. MN denotes the initial 
polymer molecular weight, ML indicates the limiting molecular weight. 

cis-gDCC-PB Polymers 
MN / kDa % gDCC φ1 ML / kDa 

52 55 0.72 29 
99 63 0.45 45 
243 27 0.31 60 
257 45 0.31 80 
275 37 0.31 77 
315 71 0.32 63 
432 98 0.31 47 
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cis/trans-gDCC-PB Polymers 
MN / kDa % gDCC φ1 φ 1 [cis] φ 1 [trans] ML / kDa 

41 53 0.83 0.10 0.10 27 
83 67 0.44 0.58 0.30 25 

123 68 0.45 0.56 0.32 31 
212 20 0.44 0.49 0.36 93 
270 44 0.40 0.46 0.32 73 
275 56 0.39 0.46 0.30 79 
391 77 0.31 0.41 0.21 69 

 

cis-gDBC-PB Polymers 
MN / kDa % gDBC φ1 ML / kDa 

261 42 0.32 80 
301 48 0.37 105 
429 40 0.29 79 
447 39 0.29 77 

 

cis/trans-gDBC-PB Polymers 
MN / kDa % gDBC φ1 φ 1 [cis] φ 1 [trans] ML / kDa 

467 42 0.28 0.37 0.21 96 
472 61 0.36 0.48 0.26 50 

 

cis-gBCC-PB Polymers 
MN / kDa % gDBC φ1 ML / kDa 

94 55 0.55 55 
112 52 0.41 50 
242 35 0.35 87 
258 49 0.35 80 

403 48 0.25 62 
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cis/trans-gBCC-PB Polymers 
MN / kDa % gBCC φ1 φ 1 [cis] φ 1 [trans] ML / kDa 

116 56 0.33 0.41 0.24 52 
473 63 0.24 nd nd 103 

trans-gBCC-PB Polymer 
MN / kDa % gBCC φ1 φ 1 [cis] φ 1 [trans] ML / kDa 

102 33.3 - - 0.43 63 

 

cis-gCFC 
MN / kDa % gCFC φ1 φ1 syn-Cl φ1 syn-F ML / kDa   

227 26 0.37 0.35 0.42 63   
  

     
  

c/t-gCFC 
MN / kDa % gCFC φ1 φ1 syn-Cl φ1 syn-F φ1 trans ML / kDa 

215 34 0.37 0.30 0.56 0.36 51 
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4. Molecular Stress Relief Through a Force-Induced 
Irreversible Extension in Polymer Contour Length † 

4.1 Introduction 

The electrocyclic ring opening reactions of gDHCs detailed in Chapters 2 and 3 

are notable in that hundreds of ring opening reactions can be induced on the timescale 

of a single C-C bond dissociation event. While the energies typically obtained during 

pulsed ultrasound are sufficient to cause both gDHC ring opening and polymer main 

chain scission, the use of single molecule force spectroscopy allows forces to be 

quantified and their effects characterized below the threshold of C-C bond scission. We 

have previously hypothesized that the ring opening reactions of gDHCs may serves as 

energetic sinks for dissipating energy along a polymer chain to levels below that 

required for polymer scission in materials subjected to mechanical stress. Since the 

localized stress concentrations in polymers under load are often responsible for material 

failure, the reorganization of gDHCs or similar mechanophores may provide a powerful 

tool for increasing material lifetimes.  

The primary challenge of overstressed regions is that it is difficult, if not 

impossible, to control polymer topology in such a way that the load is distributed evenly 

among individual polymer molecules. One attractive, albeit speculative, strategy in 

polymer design, therefore, is to incorporate along the polymer backbone stress-

                                                      

† This chapter is adapted from: J. Am. Chem. Soc. 2010, 132, 15936-15938. 
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responsive mechanophores that sense local stress and trigger chemistry that remodels 

the at-risk chain segments in a productive manner.42,56 Here we report the direct 

observation, by single-molecule force spectroscopy (SMFS), of force-triggered, covalent 

polymer extensions of up to ~28% in the contour length of active, stress-bearing gem-

dibromocyclopropane (gDBC) polymer chain segments. The localized stress relief allows 

the polymer to survive strains that are typically catastrophic. The SMFS measurements 

further allow the force dependence of the gDBC ring opening to be quantified, providing 

a foundation for our further studies (Chapter 5) of force-induced chemistry in the bulk.  

4.2 Experimental 

cis-Polybutadiene, CHBr3, NaOH, CH3OH and CH3CN were purchased from 

Sigma-Aldrich, CH2Cl2 was obtained from BDH, dioxane from Acros and 

cetyltrimethylammonium bromide (CTAB) from Calbiochem.  CDCl3 was purchased 

from Cambridge Isotope Laboratories (D, 99.8 %).  These reagents and solvents were 

used as received.  NMR analyses were conducted on either a 400 MHz or 500 MHz 

Varian spectrophotometer and the residual solvent solvent peak (7.240 ppm [1H], 77.23 

ppm [13C]) was used as internal chemical shift reference. Molecular weights were 

calculated by multi-angle light scattering (MALS) gel permeation chromatography 

(GPC).  Gel permeation chromatography analyses were performed with a Varian Prostar 

Model 210 pump, a Wyatt Dawn EOS multi-angle light scatterer (MALS), Wyatt QELS 

(quasi-electric light scattering), Wyatt Optilab DSP Interferometric Refractometer (RI), 
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and one Agilent Technology PL gel column (7.5 X 300mm, 1 79911GP-503 (103Å) in 

tetrahydrofuran at 22 oC. The (dn dc-1) values were calculated by injecting known 

amounts of polymer and back-calculating the appropriate values. 

Standard MSNL probes which marry the sharpness of a Silicon tip with the low 

spring constant and high sensitivity of a Silicon Nitride (Si3N4) cantilever were ordered 

from Veeco (Santa Barbara, CA). All AFM studies were conducted in a mixed solution of 

dioxane:acetonitrile (5:1) 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.133 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 each force curve measurement, using the thermal noise method, based on the 

energy equipartition theorem as described previously.134  Measurements were carried 

out in a closed fluid cell with scanning set for a series of retract/approach cycles. 

Cantilever tips and silicon surfaces were prepared by first allowing each to soak for ~10 

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

a stream of nitrogen. The surface and cantilever were then subjected to a stream of ozone 

for 15 minutes. After ozonolysis, the cantilever was mounted, and ~20 µL of a 1 mg mL-1 
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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 was filtered during acquisition at 500 Hz. After 

acquisition, the data was calibrated and plotted by using homemade software written in 

Matlab language. 

The addition of dibromocarbene to cis-polybutadiene (PB) under phase transfer 

conditions yielded gDBC-functionalized polymers with 36%, 68%, and > 98% gDBC 

content by 1H NMR. THF solutions of gDBC-PB were dried on silicon substrates, which 

were then placed into an atomic force microscope (AFM) flow cell and immersed in 

dioxane:acetonitrile (5:1). Subsequent contact and withdrawal of the AFM tip at 

velocities of 3 µm s-1 revealed the attachment and extension of polymers adhered to both 

the tip and the substrate. 

4.3 SMFS of gDBC Polymers 

When pulled in an AFM experiment, the majority of the polymers detached at 

low (< a few hundred pN) forces, but a few remained attached at forces in excess of 1 

nN. Without exception, polymers that remained adhered at a force of ca. 1.2 nN 

underwent a transition at that force, as revealed by a plateau in the force-extension 

curve. The transition is indicative of structural change that results in extension of the 

polymer backbone, as observed previously, for example, in proline-rich polypeptides135 

or double-stranded DNA.136  
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Extended conformers of cis-gDBC dimer (left) and dibromoalkene product 
dimer (right) obtained using Spartan® software. For a ca. 100 % cis-gDBC polymer, the 
expected increase in contour length is: 11.646 / 9.088 = 1.28.  

     

Single molecule force spectroscopy was used to monitor the electrocyclic ring 
DBC.  Force versus extension curves were fit to both the cusp and Bell

Evans models (BE fit above, red line, 100% gDBC, ∆x‡ = 1.08 Å). 

Here, the polymer extension is attributed to the conversion of the 

dibromoalkenes – a reaction class shown in Chapters 2 and 3

 The observed extensions are consistent with this interpretation, 

as the length of the plateau is proportional to gDBC content: the 36% gDBC

copolymer extends to 1.11 times its initial contour length, while the 68% 
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of 1.28. The absolute magnitudes of the extensions are consistent with the expected 

rearrangement. Computational modeling (further details in appendix C) gives computed 

changes in respective contour lengths of 1.10, 1.19, and 1.28. 

Table 1.  Parameters obtained from fits to SMFS data of gDBC functionalized 
polybutadiene. 

Entry gDBC Contenta ∆x‡ (BE) / Å ∆x‡ (Cusp) / Å Lf/Lib 

1 > 98 % 1.08 1.32 1.34 

2 > 98 % 1.23 1.50 1.23 

3 68 % 0.93 1.12 1.21 

4 68 % 0.99 1.20 1.19 

5 38 % 1.03 1.24 1.11 

aDetermined by 1H-NMR. bRatio of final to initial contour length. 

The transition is irreversible, as revealed by hysteresis in the fortuitous capture 

and relaxation of a partially extended polymer; the contour length of the polymer is seen 

to have increased in the subsequent retraction cycle (Figure 47). The gDBC 

mechanophores therefore complement gDFC mechanophores that contract in response 

to transient extension (Chapter 6).103 The polymer extension enables the polymer to 

continue to actively support a load at strains that would otherwise result in catastrophic 

failure. In a conventional, mechanically inactive polymer, the force increases 

dramatically with strain as the polymer is stretched to its fully extended contour length, 

and then beyond as bond angles are deformed. Once a polymer reaches a restoring force 



 

of 1 nN, for example, an additional extension of just a few % would result in tensions of 

several nN and concomitant chain scission. In the 

additional strain of ~28% is accommodated, providing a dramatic increase in toughness 

(net energy absorbed, or area under the curve) at the single

covalent bond rearrangements.
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of 1 nN, for example, an additional extension of just a few % would result in tensions of 

several nN and concomitant chain scission. In the gDBC polymers, however, an 

additional strain of ~28% is accommodated, providing a dramatic increase in toughness 

(net energy absorbed, or area under the curve) at the single-molecule level due to 

covalent bond rearrangements. 

 

us extension profile during z-stage retraction of > 98 % 
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ion from the cantilever tip at ca. 200 nm extension.  Continued z
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leads to additional ring opening of unreacted gDBCs up to ~ 850 nm extension.
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thousands of events and provides a statistically significant sample for data analysis – an 

advantage found in the polyprotein technique of Fernandez and co-workers.86 A force-

free reaction rate constant k0 was obtained from conventional reaction-rate theory, using 

a literature value (both theoretical79 and experimental116) of ∆G‡ = 32 kcal mol-1 for the 

force-free activation energy, and the rate as a function of force was treated with the Bell-

Evans (BE) theory:11,137,138 

k(F) = k0e(-F∆x‡/kT)       (1) 

a] b]     

    c] d]  

Figure 48. Curve fitting analyses of gDBC polymers subjected to single molecule force 
spectroscopy. [a] 36 % gDBC [b] 68 % gDBC [c] >98 % gDBC. A plot of the ratio of the 
final to initial contour length [d] is linear versus the gDBC content on the PB polymer. 
The error bars indicate the error between measured fits. 
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Figure 49. Additional force curves for > 98% gDBC polymer. Raw data (left) obtained 
from force versus extension curves and (right) force versus extension curves normalized 
to relative  extension of the polymers result in plateau forces of ca. 1200 pN. 

We fit the force curves by coupling eq 1 to freely jointed chain models of polymer 

extension (Figure 48). The fitting procedure was developed by Professor Boris 

Akremitchev and is described in detail in Appendix D.  The fits provide an apparent 

value of ∆x‡, which quantifies the force dependency of the reaction and is classically 

interpreted as the extension of the gDBC in the transition state that is coupled to the 

applied tension. Measurements were obtained on polymers of three different gDBC 

contents, on different days, using four different AFM tips. They therefore capture the 

day-to-day variations due to calibration or sample preparation.  

Fits to five different force curves give consistent values for ∆x‡ of 1.05 ± 0.11 Å. 

We point out that these data comprise every force curve for which the profile is 

consistent with that of an isolated single-chain extension. Some force curves showed 

plateaus at the same 1.2 nN force (Figure 49) but were excluded from the kinetic analysis 
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because they showed signatures of non-single extension behavior such as multiple 

simultaneous polymer extensions or loop formation. 

4.5 Discussion 

A comparison of the experimental results with molecular parameters is 

revealing. The derived ∆x‡ values are far larger than the extension of the scissile C1-C1' 

bond (0.67 Å) in the transition state for the dimethyl gDBC ring opening calculated 

previously by Faza et al. (Figure 50).79 The C-C distance associated with the scissile bond 

is clearly not the correct reaction coordinate by which to describe mechanical activation 

– a perspective proposed in the context of other electrocyclic ring opening reactions.7,8,47 

Because the outward rotation of the attached methylenes is necessarily coupled to the 

ring opening, the C2-C2' separation is another reasonable choice for relevant molecular 

parameter, and one that has proven effective for interpreting the internal force 

dependence of the electrocyclic ring opening of cyclobutene in strained macrocycles.8 

The calculated increase in C2-C2' distance at the transition state (1.46 Å), however, is 

greater than the experimentally derived ∆x‡, and values change in an alternating fashion 

for the C3-C3' (0.55 Å) and C4-C4' (1.46 Å) separations. Similar even-odd alternation has 

been recently calculated for the ring opening of benzocyclobutenes mechanically 

coupled through tethered alkyl groups.139  

None of the aforementioned reaction coordinates provide a value that agrees 

with that derived from the experiment. One reason for the difference might be the 
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assumption within the BE theory that ∆x‡ does not change with increasing force. 

Previous studies found this assumption to be reasonable for electrocyclic ring openings 

of benzocyclobutene47 and cyclobutene,8 but to test possible contributions we 

nonetheless fit the force curves assuming an inflection in the potential energy surface as 

reflected by the cusp model.140  

                    

 

Figure 50. Transition state structure (top) for the gDBC ring opening reaction, with 
additional gDBC monomers added to either side and allowed to relax computationally 
(AM1, implemented in Spartan®). Calculated distances (bottom) from the ground to 
transition state structure as a function of the Cx-Cx’ position beginning at the scissile 
bond in the gDBC. Dotted lines denote the ∆x‡ values obtained from BE and cusp model 
fits. 

Because of the inflection in the potential energy surface, the effective ∆x‡ gets 

shorter as the force increases: the ground state is extended, and the position of the 
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transition state drifts toward shorter conformations. Thus, the cusp value for the force-

free ∆x‡ derived from a given force curve is greater than that associated with a BE fit to 

the same curve. The derived ∆x‡ value of 1.28 ± 0.14 Å is closer to, but still differs from, 

the calculated C2-C2' (or C4-C4') separation (Figure 50).  

In addition, the effective value of ∆x‡ might reflect coupling between the reaction 

and the motions of atoms along the polymer backbone. The odd/even pattern in 

calculated C-C extension, for example, supports Ribas-Arino et al.’s conclusion139 that 

the polymeric attachment cannot be ignored in the treatment of mechanochemical 

coupling. The effects of tensile forces applied to the ends of polymers6,46,105,106 might 

therefore differ from those in, for example, strained macrocycles,8 for which the applied 

force is calculated at very specific atomic positions. These differences might persist even 

in situations where the force-free reactivities are otherwise quite similar. Assessing the 

relative contributions of polymer architecture and the shape of the reaction potential 

energy surface represents a challenge for future theoretical work. 

4.6 Conclusion 

Because they are direct, the SMFS measurements provide a valuable foundation 

for understanding mechanophore activity in a polymer materials context. The 

irreversible extension of the gDBCs occurs on the time scale of 10-2 s at 1.2 nN – a 

benchmark value that is used in Chapter 5 to assess molecular stress distributions in the 

solid state. From a properties viewpoint, the isolated polymers completely remodel 
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under tension prior to failure, and so these polymers withstand strains well in excess of 

those tolerated by conventional covalent polymer backbones. In that respect, the 

covalent processes described here are reminiscent of the disruption of sacrificial bonds 

in biological141 and synthetic142 systems, but with irreversible transitions that are 

localized at the level of individual monomers. We hypothesize that, once optimized, the 

covalent stress-relief strategy can be used to distribute load evenly among stress-bearing 

segments, thereby remodeling polymer networks in response to their mechanical 

environment for maximum strength and toughness. 



 

142 

4.7 Polymer Syntheses and Characterization 

4.7.1 Polymer Syntheses 

 >98 % cis-gDBC Polymer. 0.426 g (7.88 mmoles) cis-PB, 0.806 g (2.36 mmoles) 

cetyltrimethylammonium bromide, and 17 mL (197 mmoles) CHBr3 was dissolved in 60 

mL of CH2Cl2 and deoxygenated with bubbling N2 for 30 minutes.  To a separate round 

bottomed flask was added 16 g (400 mmoles) NaOH in 35 mL DI H2O and deoxygenated 

for 30 minutes with bubbling N2.  After 30 minutes, the NaOH solution was added to the 

PB solution dropwise by syringe and allowed to react overnight (~16 hours).  After 16 

hours, 100 mL CH2Cl2 was added to the reaction and solution was washed 3X with 200 

mL 1:1 DI-H2O:brine, brine, reduced to minimal volume by rotary evaporation and 

precipitated with methanol.  The polymer was reprecipitated twice more from CH2Cl2 

with methanol and dried on high vacuum.  1H-NMR (500 MHz, CDCl3) δ 1.63 (m).  13C-

NMR (126 MHz, CDCl3) δ 77.48, 77.23, 76.98, 36.91, 36.78, 36.67, 33.74, 33.71, 33.65, 33.54, 

26.51, 26.42, 26.28, 26.19.  GPC-MALS (dn dc-1 = 0.0850 mL g-1) MN = 480,000 g mol-1, MW = 

780,000 g mol-1, PDI = 1.65. 

68 % cis-gDBC Polymer. A similar synthesis to that of the 100 % analog was 

followed utilizing a smaller excess of bromoform and base.  1H-NMR (400 MHz, CDCl3) 

δ 5.48 (b,2H), 5.05 (b, 0.14H), 2.24 (b, 4.03H), 1.60 (b, 13.30H). 13C-NMR (126 MHz, CDCl3) 

δ 130.71, 130.59, 129.89, 129.79, 129.69, 129.04, 128.93, 37.91, 37.33, 36.75, 33.74, 33.64, 

33.58, 33.49, 31.58, 27.62, 27.48, 26.51, 26.43, 26.26. Copolymer composition = 30.3 % 1,4-
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PB; 2.1 % 1,2-PB; 67.6 % gDBC.  GPC-MALS (dn dc-1 = 0.1000 mL g-1) MN = 378,000 g mol-

1, MW = 763,000 g mol-1, PDI = 2.02. 

36 % cis-gDBC Polymer. A similar synthesis to that of the 100 % analog was 

followed utilizing a smaller excess of bromoform and base. 1H-NMR (400 MHz, CDCl3) 

5.37 (b, 2.00H), 4.98 (b, 0.08H), 2.11 (b, 4.13H), 1.52 (b, 4.13H).  Copolymer composition = 

61.6 % 1,4-PB, 2.6 % 1,2-PB, 35.8 % gDBC.  MALS-GPC (dn dc-1 = 0.1100 mL g-1); MN = 

250,000 g mol-1, MW = 561,000 g mol-1, PDI = 2.24.   

4.7.2 Additional Force Curve 

Additional Force Curve. 68 % gDBC-PB 

 

Figure E51. Additional force curve of 68 % gDBC polymer shows multiple plateau 
transitions. 
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5. Characterizing the Mechanochemically Active 
Domains in gem-Dihalocyclopropanated Polybutadiene 
under Compression and Tension † 

5.1 Introduction 

The results obtained during solution phase (pulsed ultrasound) and single 

molecule (AFM) activation of gDHC polymers created the opportunity to target the 

effects of solid state stresses on the ring opening behaviors of gDHC incorporated 

polybutadiene polymers.   Mechanically triggered covalent reactions in the solid state 

include the stress induced ring opening of spiropyran to a colored merocyanine,143 the 

cycloreversion of cyclobutane,57,144 and mechanically responsive materials based on 

Diels-Alder / retro-Diels-Alder reactions.145,146 A common difficulty in quantifying a 

mechanical response in polymeric materials is the inherently low numbers of 

mechanochemical events taking place in materials under stress.1 Bulk polymeric 

materials under stress often have highly localized, overstressed bonds27,147 at which the 

mechanochemical transformations occur. The inherently low levels of mechanochemical 

events have required analytically sensitive techniques such as fluorescence59,148,149 and 

absorbance143,147 spectroscopies to detect activation, and they in general provide 

qualitative and/or low resolution (microscopic as opposed to molecular) descriptions of 

force distributions in polymeric materials. Important questions remain as to (a) how 

many monomers along a polymer experience what magnitudes of force, and for how 

                                                      

† This chapter is adapted from: J. Mater. Chem. 2011, 132, Advance Article DOI: 10.1039/C0JM04117C 
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long; (b) the distribution of stressed monomers along polymer chains; and (c) how ‘a’ 

and ‘b’ vary for different macroscopic loading environments. 

 In order to probe these questions, we have taken advantage of high densities of 

mechanically active gDHC linkages, the mechanochemical activation of which is both 

irreversible and results in reaction products that can be discriminated and quantified 

spectroscopically. The interrogation of these materials might provide not only evidence 

of the presence of mechanical activation, but more importantly information regarding 

the localized (i.e., within individual polymer molecules) mechanical environment. In this 

regard, one promising platform is achieved by the addition of dihalocarbene to 

polybutadiene, resulting in gem-dihalocyclopropanes (gDHCs) along the polymer main 

chain. As shown in Chapters 2-4, the gDHCs are proven mechanophores, and when 

embedded along a polymer backbone in this way, their electrocyclic ring opening to the 

corresponding 2,3-dihaloalkenes is well coupled to mechanical force.102 Literally 

hundreds of incorporated gem-dichlorocyclopropane rings along a single polymer chain 

react in response to tensile forces generated along the polymer main chain either by 

sonication102 or force microscopy.118 The products of the rearrangment are easily 

observed with 1H-NMR, which, in addition to being straightforward and quantitative, 

offers the advantage that the chemical shifts of the resonances are sensitive to the 

localized, chemical environment in a way that permits characterization of the polymer 

microstructure along the backbone. 
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Herein we report that polymer-embedded gDHCs are activated in the solid state 

as a function of compressive stress. Analysis of the 1H NMR spectra provides 

information regarding the size of the mechanically activated domains along individual 

polymer backbones. In contrast to the activation observed under compression, tensile 

loads on the same bulk polymers do not result in detectable levels of mechanophore 

activation, even when the materials are loaded to the point of failure.  

5.2 Experimental 

Unless otherwise stated, starting materials were obtained from commercial 

sources and used without further purification.  Cis-1,4-Polybutadiene (PB) was 

purchased from Sigma-Aldrich and was composed of ~98 % cis-1,4- and ~2 % 1,2-PB. Gel 

permeation chromatography analyses were performed with a Varian Prostar Model 210 

pump, a Wyatt Dawn EOS multi-angle light scatterer (MALS), Wyatt QELS (quasi-

electric light scattering), Wyatt Optilab DSP Interferometric Refractometer (RI), and a 

series of two Agilent Technology PL gel columns (7.5 X 300mm, 1 79911GP-503 (103Å) 

and 1 79911GP-504 (104 Å)) in tetrahydrofuran at 22 oC (room temperature).  Molecular 

weights were calculated by multi-angle light scattering (MALS) gel permeation 

chromatography (GPC).  Refractive index increment (dn dc-1) values were calculated by 

injecting known amounts of polymer and back-calculating the appropriate values. 

Ultrasound experiments were performed in BHT-free tetrahydrofuran on a 

Vibracell Model VCX500 operating at 20 kHz with a 12.8 mm replaceable tip titanium 
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probe from Sonics and Materials (http://www.sonics.biz/).  The sonications were carried 

out on ~18mL of 1mg/mL polymer solutions in tetrahydrofuran in an ice/water bath of 

~6-9 oC in a 3-necked Suslick vessel.  Solutions were deoxygenated with bubbling N2 for 

30 minutes prior to sonication and a positive headspace of N2 was kept during the 

experiment.  Pulsed ultrasound was carried out at 8.7 W/cm2 of power at 1s on 1s off.  1H 

and 13C NMR analyses were conducted on either a 400 MHz or 500 MHz Varian 

spectrophotometer in CDCl3 and residual solvent peak (7.240 ppm [1H]; 77.23 ppm [13C]) 

was used as an internal reference. Compression studies were conducted on 70-80 mg of 

solid polymer in a KBr pellet press and compressed with a Carver Laboratory Press at 

room temperature. The compressive forces were applied manually, read directly from 

an attached pressure dial. The cross-sectional area of the polymer sample changed 

during compression, and at the end of the compression the sample typically filled the 

pellet press surface area (0.194 inches-2). The internal diameter of the press was 

measured as 12.6 mm. The pressures reported here were obtained by dividing the 

applied forces by that area, and they should be regarded as approximate (within a factor 

of 2-3) lower limits. 

5.3 Compressive Testing 

Initial compression experiments were performed on a 411 kDa gem-

dichlorocyclopropanated cis-polybutadiene (gDCC-PB), in which the gDCC addition 

was nearly quantitative by 1H NMR (> 98 % gDCC, < 2 % PB). First, the polymer was 
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compressed to a final pressure of 178 MPa, at which it was held for 6.25 minutes. 

Subsequent 1H NMR analysis revealed that ~0.09 % of the gDCC mechanophores ring 

opened to the corresponding 2,3-dichloroalkenes during the compression. To verify that 

the ring opening is a mechanical, rather than an indirect pressure-induced, effect, similar 

compressions were performed on identical samples, but the pressure was held for 

varying lengths of time from 15 to 600 seconds.  

Cl

Cl

Compressive Stress
Cl

ClHA
HB

 

Figure 51. The compressive ring opening activation of cis-gDCC polymer was monitored 
as a function of compression time. Polymer samples (70 ± 7 mg) were compressed to 178 
GPa in less than 3 seconds and the pressure was held constant for times up to 600 
seconds. 1H-NMR analysis (left, 500 MHz, CDCl3) allowed the determination of the % 
gDCC ring opening as a function of the compression time. A graph (right) of the % 
gDCC ring opening versus compression time shows that the cis-gDCC ring opening 
reaction occurs in < 15 seconds after application of stress. 

As shown in Figure 51, the extent of ring opening was independent of the time 

over which the pressure was maintained (0.10 ± 0.01 %), indicating that the activation 

occurs during the initial pressure-induced deformation of the polymer rather than while 
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the deformed polymer is held under a static pressure. In all cases, the percent activation 

is normalized to the intensity of the 1,2-PB (ca. 5.1 ppm) 1H-NMR signal, which is taken 

to be 2 %. The uncertainty in this value provides the greatest (systematic) uncertainty in 

the measured extents of activation, estimated to be ± 50 %. Trends in activity are 

independent of the precise value, and greater pressure leads to larger strains; the extent 

of ring opening scaled nearly linearly with applied pressure over a range of 36 to 249 

MPa. Finally, we note that these experiments set an upper limit of several seconds for 

the time scale of the mechanically activated gDCC ring opening under these conditions.   

Cl
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Figure 52. The compressive ring opening activation of cis-gDCC polymer was monitored 
as a function of the compressive stress. 1H-NMR analysis (left, 500 MHz, CDCl3) allowed 
the determination of the % cis-gDCC ring opening versus the applied pressure. A plot of 
the % ring opening versus the applied pressure is linear with a slope of 4.3 ± 0.2 x 10-3 % 
ring opening per MPa of pressure. 

Applying pressure to an already compressed sample resulted in no additional 

activation, consistent with a deformation/strain-induced mechanism rather than a 
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pressure-induced mechanism. We next investigated the effects of altering the polymer 

geometry during compressive testing. Flipping the compressed polymer sample in 

between repeated presses (178 MPa, Figure 53), for example, had no measurable effect.  

Cl

Cl

Compressive Stress
Cl

ClHA
HB  

 

 

Figure 53. Compressive ring opening (178 MPa) of cis-gDCC polymer was monitored 
versus the number of times the sample was flipped 180o between compressions (top). 
Next, the compressive ring opening was monitored as a function of the number of times 
the polymer was folded in half between compressions. Flipping the polymer between 
compressions has no net affect, but folding the polymer between compressions leads to 
an increasing extent of gDCC ring opening. 
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The extent of ring opening over a series of five different presses remained 

consistent with the single-press value of 0.09 ± 0.04 %, independent of the number of 

times the sample was removed and flipped over in between presses. The amount of ring 

opening did, however, increase if the polymer was instead folded in half between 

presses, so that it was thicker and able to be deformed by the compression. We note that 

the folding might also generate regions of high strain at the folds during compression.  

 

Figure 54. Thermolysis (165 oC, methyl benzoate, N2, 17 hours) of cis-gDBC (left) and cis-
gBCC (right) polymers leads to electrocyclic ring opening reactions coincident with the 
formation of HBr elimination products (denoted as HE and HE’). Note that thermolysis of 
cis-gBCC polymer leads to ring opening of only the cis-anti-Br isomer to 2-chloro-3-
bromoalkene.   

Over one series of 12 fold/compression cycles, for example, the amount of ring 

opening varied linearly with the number of cycles, ultimately reaching a final 

mechanophore conversion of 2.8 %. That thermal contributions to the process are 

negligible was supported by monitoring the rearrangement products of gem-dibromo 

(gDBC: 87 % cis-gDBC, 13 % PB) and gem-bromochlorocyclopropanated (gBCC: 80 % 
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gBCC, 20 % PB) polymers. Both gDBC and gBCCs ring open in a disrotatory fashion 

through allyl cation-like transition states to form 2,3-dihalocyclopropanes.150  

We first analyzed the thermolytic reactions of these polymers (Figure 54). 

Consistent with previous reports, heating the gDBC polymer for 17 hours (165 oC, 

methyl benzoate, N2) led to the formation of both 2,3-dibromoalkene and subsequent 

HBr elimination products,117 as observed by 1H NMR. Identical thermolysis of the gBCC 

polymer led to the selective ring opening of a single isomer: the cis-anti-Br as opposed to 

the cis-syn-Br (solvolytic rearrangements of gBCC isomers have previously established a 

thermal selectivity of ~970 : 1 in favor of the cis-anti-Br isomer74). In addition, we 

observed the formation of products from the subsequent elimination of HBr from the 

2,3-chlorobromoalkene.  

 

Figure 55. Pulsed ultrasound [))), 6.3 W cm-2, 6-9 oC, THF, 10 minutes] of cis-gDBC (left) 
and cis-gBCC (right) polymers lead to formation of 2,3-dihaloalkene products absent of 
the elimination products (HE, HE’) observed during thermolysis. Furthermore, sonication 
of gBCC polymer leads to ring opened products from ring opening reactions of both 
gBCC isomers whereas thermolysis leads to ring opening of only the cis-anti-Br isomer. 
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Figure 56. The compressive ring opening of gDBC [a, 178 MPa, 5 compressions, 4 
polymer folds] and gBCC [b, 178 MPa, 10 compressions, 9 polymer folds] polymers as 
monitored by 1H NMR spectroscopy (500 MHz, CDCl3) coincide with mechanically 
induced ring opening reactions induced by pulsed ultrasound [))), 10 minutes, THF, N2, 
6-9 0C]. Ring opening reactions observed during thermal treatment [∆, 17 hours, methyl 
benzoate, N2] show formation of HBr elimination products during thermolysis of both 
polymers. Thermal treatment of gBCC polymer shows activation of a single isomer, cis-
anti-bromochlorocyclopropane. 

These reaction outcomes differ when the reaction is induced mechanically, rather 

than thermally (Figure 55). Pulsed ultrasound of polymer solutions, for example, is an 

efficient way to apply large mechanical forces along the polymer backbone, and 

sonication of the gDBC polymer led to exclusive formation of 2,3-dibromoalkene with no 

subsequent HBr elimination. Similarly, sonication of the gBCC polymer led to nearly 

equivalent ring opening of the cis-anti-bromochloro and cis-syn-bromochloro 
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cyclopropane isomers. The outcomes induced by compressive force are also different 

from the thermal reactions and similar to those from the sonochemistry. First, we 

observed no evidence for HBr elimination products due to compression of either the 

gDBC or gBCC polymer. Second, whereas thermolysis of the gBCC polymer resulted in 

the selective ring opening of the cis-anti-bromochloro isomer, both isomers were 

observed to ring open during compressive activation (Figure 56).  

 

 

Figure 57. The compressive ring opening activation (178 MPa) of cis-gDBC (top) and cis-
gBCC (bottom) polymers was monitored by 1H-NMR (500 MHz, CDCl3). The extent of 
ring opening increased with the number of times the polymer was  folded between 
compression to 178 MPa. 
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Product analysis by 1H NMR led to a reactivity ratio of 1.8 : 1 for cis-anti-Br 

versus cis-syn-Br during compressive stress – to our knowledge the first example of 

determining the reactivity ratio of competing stress-induced reactions in the solid state. 

The lack of isomeric selectivity during both sonochemical and compressive activation of 

gBCC polymer is consistent with previously described, nearly aselective 

mechanochemical competition experiments,44,102 and support a dominant mechanical 

contribution to gDHC ring opening by compressive stress.  

5.4 Tensile Testing 

   The solid state ring opening of gDHC polymers next allowed us to compare the 

effects of changing the loading environment from compressive to tensile deformation. 

Tensile loading experiments were carried out by our collaborators Brett Beiermann and 

Nancy Sottos of the University of Illinois in a manner similar to that previously 

reported.56 Tensile loading was carried out using TA Instruments dynamical mechanical 

analysis equipment with a built-in environmental chamber. A constant strain rate of 0.1 

s-1 was employed for all tensile tests.  A solution cast, vacuum dried polymer film was 

first subjected to direct monotonic tension at 25 oC. Upon polymer failure, the gauge 

section of the failed sample was dissolved in CDCl3 for 1H NMR analysis.  

No evidence of the gDBC ring opening was observed in the 1H NMR spectrum. 

Recent work by Lee et al.107 demonstrated that “prestretching” to align polymer chains 

in the direction of force promotes mechanochemical activation. Following from Lee et 



 

al., the samples were prestretched and held for 600 seconds at a stretch ratio of 8

plastically deformed samples were then retested in tension, resulting in a higher stress at 

failure.  

Figure 58.  Tensile deformation of gDBC polymer does not lead to ring opening of the 
gDBC mechanophore while compressive stress generates 2,3
of mechanical activation. The widths of the samples are 6 mm (initial width,
and 5 mm (initial width, compression).

Figure 59. Loading curves
temperature (22 oC). The prestretched sample was plastically deformed to align 
mechanophores in the draw direction prior to testing.
samples show (right, 400 MHz, CDCl
spectrum (6.1 ppm, 4.4 ppm) indicate residual ring opened 
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al., the samples were prestretched and held for 600 seconds at a stretch ratio of 8

plastically deformed samples were then retested in tension, resulting in a higher stress at 

Tensile deformation of gDBC polymer does not lead to ring opening of the 
gDBC mechanophore while compressive stress generates 2,3-dibromoalkene as a result 
of mechanical activation. The widths of the samples are 6 mm (initial width,
and 5 mm (initial width, compression). 

Loading curves (left) for gDBC polymer samples tested in tension at room 
C). The prestretched sample was plastically deformed to align 

the draw direction prior to testing. 1H-NMR analysis of the failed 
samples show (right, 400 MHz, CDCl3) no evidence of ring opening. Small peaks in the 
spectrum (6.1 ppm, 4.4 ppm) indicate residual ring opened gDBCs. 

al., the samples were prestretched and held for 600 seconds at a stretch ratio of 8. These 

plastically deformed samples were then retested in tension, resulting in a higher stress at 

 

Tensile deformation of gDBC polymer does not lead to ring opening of the 
dibromoalkene as a result 

of mechanical activation. The widths of the samples are 6 mm (initial width, tension) 

 

DBC polymer samples tested in tension at room 
C). The prestretched sample was plastically deformed to align 

NMR analysis of the failed 
Small peaks in the 
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1H NMR analysis again indicated that the gDBC polymer was mechanically 

silent. The polymer Tg was determined from the tan(δ) peak of dynamic mechanical 

analysis to be -10 oC. Tensile experiments were conducted on dynamic mechanical 

analysis equipment to control the temperature of the polymer for additional testing. 

Samples were then tested at a range of temperatures near and below Tg, in order to 

impart higher force to the polymer and across the mechanophore.  While substantially 

higher stresses were applied, again no activation was apparent via NMR.   

 

Figure 60. Loading curves observed for gDBC polymers subjected to tensile deformation 
at different temperatures. Significantly higher stresses are observed at decreased 
temperature, though no evidence of ring opening was observed in the 1H-NMR (right, 
400 MHz, CDCl3) spectra. A polymer sample was subjected to tensile deformation at -10 
oC (red) and a sample was removed before the film failed. Two additional polymer films 
were subjected to tensile deformation at both -15 oC (green) and -20 oC (blue) until 
failure. In all cases gDBC ring opening to 2,3-dibromoalkene is not observed. 

Solid-state reactivity in the gDHCs follows what is initially a counterintuitive 

trend; macro-scale tensile forces prove ineffective where compression leads to significant 

ring opening. A comparison of the stress states between the two deformation modes, 

however, reveals that orders of magnitude higher stresses are obtained in compression 
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than at failure in tension. For example, room temperature tensile testing of gDBC leads 

to maximum stresses of ~ 0.2 MPa while the smallest stresses applied during 

compression is 36 MPa. At the lowest compressive stresses, the percent of 

mechanophore activity is vanishingly small at ~0.1 % (gDCC) and ~0.4 % (gDBC). From 

the linear regression analysis obtained from gDBC ring opening activation during 

compression, an achieved tensile stress of 0.2 MPa would lead to ~2 x 10-3 % ring 

opening, a value below the sensitivity of the NMR measurement. The largest stresses 

associated with the tensile testing is ~14 MPa (monotonic tensile testing to failure, -25 oC) 

and an expected ring opening percent of 0.11 % is near the limit of NMR detection. The 

nature of the stress distribution and/or shear flow in the two experiments might also be 

significantly different. While many interesting questions remain, the critical observation 

is that activation is observed but only at very low conversions. 

5.5 The Mechanically Active Domain 

Of particular interest to us was the opportunity to use the 1H NMR spectra to 

characterize the microstructure of the mechanically activated domains along the 

polymer chains. In particular, we wondered to what extent the activation of adjacent 

monomers is correlated. The extent of ring opening per compression varies from 2-7 

activated mechanophores per polymer chain, depending on the polymer molecular 

weight, mechanophore, and conditions. At one extreme, one can imagine that this 

mechanochemical response is dominated by a few, long chain segments (in only a small 
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fraction of the polymer chains) in which all mechanophores are activated, leading to 

large “blocks” of 2,3-dihaloalkenes.  
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Figure 61. 1D NOESY spectra (bottom spectra, arrow indicates resonance of irradiation, 
500 MHz, CDCl3) of cis-gDCC polymer after thermal treatment (left, HA-HC) and pulsed 
ultrasound (right, HD-HF) confirm the (Z) stereochemistry of the ring opened alkene 
product. 

At the other extreme, mechanical stresses could be concentrated on isolated 

monomers, leading to isolated 2,3-dihaloalkenes. Our interest in this question is driven 

by both practical (e.g., the ability to trigger localized cross-linking) and fundamental 

(e.g., the nature of molecular stress distributions in macroscopic materials) concerns. The 

mechanochemically active domains can be characterized by 1H NMR, because the 
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chemical shifts of the resonances are indicative of polymer microstructure. For example, 

sonochemical activation of gDCC polymer led to product 1H NMR signals at 5.85 ppm 

(vinyl) and 4.46 ppm (allylic), whereas thermolysis generated product resonances at 5.95 

ppm (vinyl) and 4.52 ppm (allylic). The differences in chemical shift are not due to 

alkene stereochemistry, as 1D NOESY spectra show coupling between the vinylic and 

allylic peaks in both products, indicating that each alkene was the (Z) product (Figure 

61). The product 1H NMR resonances are instead indicative of ‘blocky’ versus ‘random’ 

repeating segments along the polymer chain. For example, rearrangements imposed by 

pulsed ultrasound are induced by the accumulation of force at the polymer midchain,63 

where large numbers of mechanochemical events, including polymer scission, occur.102 

This concentration of force leads to highly blocky products from pulsed ultrasound,151 

corresponding to the alkene resonance at 5.85 ppm. 

In contrast, thermal activation is a random process in which the probability of 

gDHC ring opening is effectively independent of position along the polymer. At low 

thermal conversions of gDCC, the vinyl proton resonance at 5.95 ppm corresponds to 

that from a 2,3-dichloroalkene that is adjacent to an unopened dichlorocyclopropane. 

This supposition is further supported by chemical shifts of the methylene protons that 

are adjacent to the 2,3-dichloroalkene product. Thermal activation of gDCC polymer 

leads to methylene resonances at 2.41 ppm and 2.15 ppm, whereas the products from 

sonochemical treatment led to methylene resonances at 2.36 ppm, 2.30 ppm and 2.06 



 

ppm, of which the 2.36 ppm and 2.30 ppm resonances together integrate 1:1 relative to 

the peak at 2.06 ppm and are ascribed to head

adjacent 2,3-dichloroalkenes. 

Figure 62. 1H-NMR chemical shi
gDCC polymer indicate the presence of distinct microstructural environments along the 
polymer. Compressive [σσσσ
consistent with a mixture of the two

161 

f which the 2.36 ppm and 2.30 ppm resonances together integrate 1:1 relative to 

the peak at 2.06 ppm and are ascribed to head-to-head vs. head-to-tail orientation of 

dichloroalkenes.  

NMR chemical shifts from sonochemically [))))))))))))] and thermally [
DCC polymer indicate the presence of distinct microstructural environments along the 

σσσσ] gDCC activation leads to 1H NMR product resonances 
consistent with a mixture of the two chemical environments. 

f which the 2.36 ppm and 2.30 ppm resonances together integrate 1:1 relative to 

tail orientation of 

 

 

] and thermally [∆∆∆∆] activated 
DCC polymer indicate the presence of distinct microstructural environments along the 

H NMR product resonances 
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Figure 63. 1H NMR spectra observed (top left) after gDCC polymer compression to 178 
MPa with different numbers of polymer folds. Spectra A-C were deconvoluted using 
Lorentzian curve-fitting with Origin® software; spectra d and e showed low signal to 
noise and were not fit. The 1H-NMR spectra were deconvoluted using three Lorentzian 
peaks at ca. 5.95 ppm (isolated alkene), 5.85 ppm (adjacent alkene) and 5.78 ppm 
(contribution from the initial polymer, see spectrum f). The relative areas under the 
curves are shown in the figures, indicating that the average number of isolated to 
adjacent alkenes along the polymer is ca. 1 : 3. 

The adjacent methylene peaks therefore also report on the adjacent (2.36-2.30 

ppm) vs. isolated (2.41 ppm) position of the mechanically activated monomers. 

Compression of bulk gDHC polymer led to 1H NMR product resonances comprising 

both sets of resonances (Figure 62). The 1H NMR spectra from compressively activated 
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gDCC polymers were deconvoluted using a Lorentzian curve fitting function with 

Origin® software to determine the relative areas at each peak position. From analysis of 8 

compressively activated samples (e.g. Figure 63), an average integrated area of 3 ± 0.2 : 1 

was determined for peak areas at 5.85 ppm (‘adjacent) : 5.95 ppm (‘isolated). 

The ‘isolated’ resonance at 5.95 represents a terminal monomer of a mechanically 

activated domain, but not all terminal monomers contribute to this peak because of the 

relative orientation of the 2,3-dichloroalkene. If a terminal 2,3-dichloroalkene in the 

activated block is oriented “allyl out”, then it contributes to the intensity at 5.95 ppm. On 

the other hand, if a terminal 2,3-dichloroalkene is oriented “allyl in”, the resonance 

shows up at 5.85 ppm. Assuming that the directionality of the ring opening is random, 

this means that there are on average 2 internal and 2 terminal 2,3-dichloroalkenes per 

mechanically activated domain, or roughly 4 monomers per domain. 

5.5 Discussion 

These studies constitute the only measure of which we are aware of the 

molecular distribution of forces in polymers under load. The size of the mechanically 

active domains are clearly larger than a single monomer, in that the activation of 

adjacent monomers is much more frequent than would result from random statistics. 

The size of the domains is much smaller, however, than typical average entanglement 

spacings, which are on the order of tens of monomers.152 A molecular interpretation for 

these observations is not obvious, because conventional models of polymer mechanics 
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do not account for different forces along a stress-bearing chain segment between 

entanglement points. We propose three possible effects that might contribute, alone or in 

combination, to the observed domain sizes. 

First, entanglement spacings are certainly not monodisperse, and it is possible 

that the shortest stress-bearing chain segments are the most likely to become 

overstressed and mechanically activated. Thus, the observed activated domain sizes 

might reflect the presence of a relatively large number of very small entanglement 

spacings. Four monomers is, to us, an unexpectedly small entanglement spacing to be 

present in these quantities, but we acknowledge that our objection is more intuitive than 

quantitative. A second possibility is that the relevant stressed domains are on the order 

of tens of monomers but that the local mechanophore rearrangment provides localized 

“stress relief” through an irreversible extension of contour length, as characterized 

previously using single molecule force spectroscopy.118 In this picture, the activation of 

one monomer serves to provide “slack” along the stress-bearing chain, reducing the load 

on other monomers and preventing the complete remodeling of the overstressed chain 

segment. For such a picture to be consistent with the experimental observations of 

activated clusters of monomers, the force would necessarily be concentrated within the 

active chain segments, as observed for example in the extensional shear flows that 

accompany sonication of polymer solutions.60 Finally, we consider the possibility that 

the forces are localized not by the dynamics of shear flow but by topological 
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contributions. For example, the forces right at the entanglement points themselves might 

be different than the forces between entanglements, or the activity might reflect the 

presence of knots and the concentration of forces at their entrances and exits.153 Any 

mechanism must account for the additional fact that the size of the domains is fairly 

insensitive to the applied stress/strain and the extent of activation: compression of one 

series of gDCC-PB at 107, 142, 160, 178, and 249 MPa gives extents of ring opening that 

increase linearly from 0.6 % to 1 %, but the ratio of internal to terminal allylic protons 

remains constant within experimental uncertainty (2.4, 3.6, 3.0, 3.3, and 2.9, 

respectively). We acknowledge that these suggestions as to the underlying physics are 

speculative only, but we hope that the core, unanticipated observation of localized 

mechanically active domains of several monomers should serve to motivate further 

experimental and theoretical investigations of mechanically active domain sizes in 

polymeric materials. 

5.6 Conclusion 

Compressive force, when applied to highly functionalized gem-

dihalocyclopropane polymers, can be used to effect the localized, electrocyclic ring 

opening of gDHC mechanophores. The average number of contiguous, mechanically 

activated monomers along a polymer backbone was determined to be ~ 4 ± 1 monomers. 

Mechanical activation of adjacent monomers is therefore correlated, but not completely 

so over lengths that are typical of that between entanglements. In contrast to the activity 
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observed in compression, tensile load resulted in no measurable activation, even when 

applied to the point of failure. To the best of our knowledge, these are the first 

characterizations of mechanically activated domains within a macroscopic material from 

a molecular, rather than continuum, frame of reference. Although the details are likely 

to be specific to the polymers tested and the conditions employed, these results support 

a picture in which the critical domain for mechanical activation in polymers is greater 

than a single monomer and must account for heterogeneous response over distances 

smaller than the average entanglement spacing. 

The extent of activation of gDHC polymers in the solid state contrasts markedly 

with the extents of activation observed during pulsed ultrasonic activation of gDHC 

polymers as described in Chapters 2 and 3. These differences are significant in that while 

mechanophore activation by pulsed ultrasound serves as an initial probe of 

mechanophore activity, the results so obtained do not directly implicate such a generous 

mechanochemical response in a polymeric material. For example, while repeated 

compressive stress serves to activate no more than 3 % (after 12 polymer fold 

compression cycles; ca. 89 gDCCs) ring opening, extensive sonochemical treatment of 

gDHC polymers can achieve nearly 90 % ring opening—on the order of thousands (e.g.:  

432 kDa 98 % gDCC polymer sonication � 3.66 scission cycles; 87 % ring opening; 2,200 

gDCCs ring opened) of mechanochemical ring opening reactions.  
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5.7 Details of Solid State Testing and Polymer Characterization 

5.7.1 Polymer Syntheses 

411 kDa cis-gDCC Polymer.  4 g (74.0 mmoles) cis-PB was subjected to phase 

transfer catalysis (2.5 g, 6.9 mmoles CTAB;  21 g, 525 mmoles aqueous NaOH) in 250 mL 

CHCl3 under N2.1H-NMR (400 MHz, CDCl3) δ 1.63 ppm. 13C-NMR (126 MHz, CDCl3) δ 

65.22, 32.82, 32.72, 32.68, 32.62, 24.49, 24.34, 24.28. MALS-GPC (dn dc-1 = 0.1200 mL g-1); 

MN = 411,000 g mol-1, MW = 687,000 g mol-1, PDI = 1.67. 

285 kDa 87 % cis-gDBC Polymer for Compression Studies. 5 g (92.4 mmoles) 

cis-PB was subjected to phase transfer catalysis (3.4 g, 9.3 mmoles CTAB, 50 mL, 572 

mmoles CHBr3, 36 g, 900 mmoles aqueous NaOH) in 250 mL CH2Cl2 under N2. 1H NMR 

(400 MHz, CDCl3) δ 5.49 (b, 2.00H); 5.09 (b, 0.24H); 2.28 (b, 4.47H); 1.63 (b, 48.11H).  13C 

NMR (101 MHz, CDCl3) δ 129.80, 37.31, 36.73, 34.85, 33.56, 27.49, 26.42, 26.27. Polymer  

composition = 11.3 % 1,4-PB; 1.4 % 1,2-PB; 87.3 % cis-gDBC. MALS-GPC (dn dc-1 = 0.0950 

mL g-1); MN = 285,000 g mol-1, MW = 508,000 g mol-1, PDI = 1.79. 

67 % cis-gDBC Polymer for Tension Studies. A similar synthesis to the 

procedure above was completed. 1H NMR (400 MHz, CDCl3) δ 5.48 (b, 2.00H); 5.00 (b, 

0.14H); 2.25 (b, 4.19H); 1.60 (b, 12.98H). Copolymer composition =  66.5 % gDBC; 33.5 % 

PB. No molecular weight was determined. 

559 kDa 80 % cis-gBCC Polymer. 5.80 g (107 mmoles) cis-PB was subjected to 

phase transfer catalysis (41.2 mL, 485 mmoles CHBr2Cl, 3.95 g, 10.9 mmoles CTAB, 42.4 
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g, 1,060 mmoles aqueous NaOH) in 300 mL CH2Cl2 under N2. 1H NMR (400 MHz, 

CDCl3) 5.47 (b, 2.00H); 5.06 (b, 0.20H); 2.26 (b, 4.52H); 1.62 (b, 29.57H). 13C NMR (126 

MHz, CDCl3) δ 129.76, 68.17, 65.25, 55.25, 55.13, 54.91, 54.76, 54.64, 49.65, 49.18, 33.49, 

33.38, 33.31, 33.12, 33.05, 32.74, 27.57, 27.39, 26.58, 26.43, 26.29, 25.82, 25.22, 24.37, 24.22. 

Polymer composition = 17.8 % 1,4-PB; 2.1 % 1.2-PB; 80.1 % cis-gBCC. MALS-GPC (dn dc-1 

= 0.1100 mL g-1); MN = 559,000 g mol-1, MW = 999,000 g mol-1, PDI = 1.79.  

5.7.2  Sample Calculation of Ring Opening Percent 

The extent of ring opening was monitored by setting the integration of the 1,2-PB 

resonances during 1H NMR integration as a constant.  We justify the setting of an internal 

standard since the application of mechanical stress to PB polymers has no 

transformative affect on these PB values. In addition, we note that the relative 

integration of the 1,2-PB resonance agrees with the 1,2-PB content provided by the 

supplier (ca. 2 %), supporting that signal-to-noise and differential relaxation effects are 

not a concern. Thus, the following methodology was developed towards quantifying 

ring opening in the gDHC polymers during compressive stress. 

When setting the integration of the 1,2-PB resonance at 5.10 ppm equal to 1.00, 

the number of gDCCs was calculated to be 33.9. The ring opening percent during 

compressive activation was calculated by next obtaining the average of the integrated 

product 2,3-dichloroalkene resonances at 5.9 ppm and 4.5 ppm, and dividing this 

average by 33.9. The average of the integrated values at 5.9 ppm and 4.5 ppm was used 
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since the positions of these resonances are the sum of 2 protons, taking the average of 

the values implicates the presence of a single ring opened gDCC. 

 

 

Figure E52. 1H-NMR spectra (500 MHz, CDCl3) of the initial 411 kDa cis-gDCC polymer 
(top) and the polymer after compression to 178 MPa with 4 polymer folds. 

 
% Ring opening = ([0.427-.142]+[0.327])÷2 = 0.306 ÷ 33.9*100 = 0.9 % ring opening. 
 
Similar analyses were conducted to determine the extents of ring opening for 

gDBC and gBCC polymers. 
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5.7.3 Polymer Pulsed Ultrasound and Stereochemical Assignments 

1D-NOESY spectra show that 2,3-dihaloalkene products that result from 

mechanochemical ring opening reactions retain the (Z) stereochemistry. 

 

Figure E53. 1H NMR spectrum (400 MHz, CDCl3) obtained after sonication (10 minutes 
sonication, THF, 6-9 oC, 6.3 W cm-2, N2) of cis-gDCC-PB leads to the formation of 
resonances (5.86 ppm, 4.47 ppm, 2.5-1.8 ppm) consistent with the formation of 2,3-
dichloroalkenes as a result of the electrocyclic ring opening of cis-gDCC. After 10 
minutes MN = 149 kDa, MW = 177 kDa.  

 
Figure E54. 1D-NOESY1D NOESY (400 MHz, CDCl3) of sonicated gDCC-PB indicates 
the (Z) stereochemistry of the alkene. 
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Figure E55. 1H NMR obtained after sonication (10 minutes sonication, THF, 6-9 oC, 6.3 W 
cm-2, N2) of cis-gDBC-PB leads to the formation of resonances (6.09 ppm, 4.60 ppm, 2.5-
1.8 ppm) consistent with the formation of 2,3-dibromoalkenes as a result of the 
electrocyclic ring opening of cis-gDBC. After 10 minutes MN = 216 kDa, MW = 269 kDa. 
Residual THF is observed at 3.73 ppm and 1.83 ppm. 

 
Figure E56. 1D NOESY (500 MHz, CDCl3) of sonicated gDBC-PB indicates the (Z) 
stereochemistry of the alkene. 
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13C-NMR Analysis. Sonicated gDBC Polymer. 

1

2

3

Br

Br

1,2: 137 ppm - 127 ppm

3 : 57.1 ppm  

 

Figure E57. 13C NMR (126 MHz, CDCl3) of sonicated cis-gDBC-PB. [13C NMR (126 MHz, 
cdcl3) δ 133.06, 131.80, 131.25, 130.57, 130.41, 129.79, 129.34, 128.75, 68.17, 57.07, 38.32, 
38.02, 37.40, 36.71, 36.44, 36.31, 33.72, 33.56, 31.55, 31.20, 31.04, 30.57, 29.86, 29.67, 29.54, 
27.48, 27.34, 26.50, 26.41, 26.26, 26.19, 25.91, 25.82, 25.51, 24.17.] 
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Figure E58. 1H-NMR (400 MHz, CDCl3) obtained after sonication (10 minutes sonication, 
THF, 6-9 oC, 6.3 W cm-2, N2) of cis-gBCC-PB leads to the formation of resonances (6.09 
ppm, 5.88 ppm, 4.61 ppm, 4.43 ppm, 2.5-1.8 ppm) consistent with the formation of both 
2-bromo-3-chloro- and 2-chloro-3-bromoalkene products  as a result of the electrocyclic 
ring opening of both isomers of cis-gBCC. After 10 minutes MN = 165 kDa, MW = 205 kDa. 
Residual THF is observed at 3.73 ppm and 1.83 ppm.  

Br

Cl

+
Cl

Br

6.07 ppm 4.42 ppm 5.87 ppm 4.60 ppm  

Sonication of cis-gBCC polymer leads to the formation of both 2-bromo-3-

chloroalkene and 2-chloro-3-bromoalkene. These rearrangement products are observed 

in the 1H-NMR spectrum of the sonicated polymer as broad singlets. The extents of 

formation of each isomer are easily calculated from the integrated 1H-NMR spectrum as 

described previously.  
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Figure E 59. 1H NMR (500 MHz, CDCl3, top spectrum) after sonication of gBCC-PB (top) 
and 1D NOESY spectra following excitation at 6.069 ppm (red) and 5.867 ppm (blue) 
indicate the (Z) stereochemistry of each product. 
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Figure E 60. 13C NMR (126 MHz, CDCl3) after sonication of gBCC-PB. [13C NMR (126 
MHz, cdcl3) δ 135.40, 134.53, 133.07, 131.87, 131.32, 130.62, 130.35, 130.02, 129.74, 128.65, 
128.18, 65.22, 55.30, 49.72, 49.17, 37.45, 37.19, 36.90, 35.89, 35.73, 35.48, 35.30, 34.35, 33.45, 
33.33, 33.17, 33.01, 32.69, 31.71, 31.58, 31.09, 30.58, 29.74, 29.47, 28.76, 28.57, 28.39, 27.31, 
26.93, 26.54, 26.40, 26.26, 25.95, 25.79, 25.51, 25.18, 25.08, 24.35, 24.19.] 
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5.7.4 Polymer Thermolysis 

 Thermal treatment of gDHC polymers leads to 2,3-dihaloalkene product 

formation; the stereochemistry of the double bonds are observed to be (Z) through the 

use of 1D-NOESY experiments. 

 

Figure E61. 1H NMR (500 MHz, CDCl3) after thermolysis (185 oC, methyl benzoate, N2, 
17 hours) indicates the thermal ring opening of gDCC to 2,3-dichloroalkene (5.95 ppm, 
4.52 ppm). 

 
Figure E62. 1D NOESY (500 MHz, CDCl3) of thermalized gDCC-PB indicates the (Z) 
stereochemistry of the alkene. 
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Figure E63. 1H NMR (500 MHz, CDCl3) after thermolysis of gDBC polymer (165 oC, 17 
hours methyl benzoate, N2) indicates formation of both 2,3-dibromoalkene products (6 
ppm, 4.64 ppm) in addition to elimination side reactions as a result of thermal activation 
(6.4 – 5.6 ppm). Due to the elimination products, no 1D NOESY spectrum was obtained. 

 

 
Figure E64. 1H NMR (500 MHz, CDCl3) after thermolysis (165 oC, methyl benzoate, N2, 
17 hours) of gBCC polymer shows preferential ring opening of the cis-syn-Cl isomer of 
cisgBCC-PB (4.65 ppm) as a result of thermal activation. 
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5.7.5 Polymer Compressive Testing 

 

Figure E65. Schematic describing the procedure for solid state activation of gDHC-PB 
polymers. First, [A] the polymer (70-80 mg) is placed in the KBr pellet press and 
compressed at a given pressure and amount of time. After the allotted number of 
compressions, the polymer is removed, folded in half [B] and subjected to a second 
round of compressions [C]. The polymer is removed, refolded ([C]�[B]�[C]) and 
subjected to additional compressions. 

 
Figure E66. 1H NMR spectra (500 MHz, CDCl3; CH2Cl2 impurity observed at 5.25 ppm) 
after cis-gDCC polymer (A) was compressed to different stresses. In all cases the 
polymer was subjected to 25 compressions at 15 s on / 3 s off. The polymer was removed 
from the press after each 5 compressions and refolded before further compressions; 25 
compressions, 4 polymer folds. Due to low signal to noise ratios, fits were performed for 
applied pressures above 100 MPa. 
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Figure E 67. 1H NMR Lorentzian curve fitting analysis for compressed samples at 
different pressures. The resulting average distribution of proton resonances at 5.96 : 5.85 
ppm = 1 : 3.02 for all samples subjected to Lorentzian curve fitting analysis. 
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Compression Testing. Pressure Dependence 

 

Figure E68. The ring opening of gDBC in the solid state is linear versus the applied 
pressure. (Left) 1H NMR (500 MHz, CDCl3) shows that increasing the applied pressure 
during gDBC-PB compressions leads to a linear increase in the percent of ring opening 
(right). In each experiment, the polymer was compressed 25 times (15 seconds on / 3 
seconds off) and the polymer was removed and refolded every 5 compressions (4 folds 
total). 

Compression Testing. Pressure Dependence 

 

Figure E69. The ring opening of gBCC in the solid state increases with the applied 
pressure. (Left) 1H NMR (500 MHz, CDCl3) shows that increasing the applied pressure 
during gBCC-PB compressions leads to a linear increase in the percent of ring opening 
(right). In each experiment, the polymer was compressed 25 times (15 seconds on / 3 
seconds off), a total of 5 compression sets with 4 polymer folds.  
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5.7.6 Tensile Testing 

Details provided by Brett Beiermann; University of Illinois Champaign-Urbana. 

Sample Preparation. 4 g g-DBC-linked polymer was dissolved in 40 mL 

chloroform.  The resulting solution was poured into a 40 mm x 80 mm rectangular 

Teflon mold.  Chloroform was evaporated off under room conditions for 24 hours, and 

further dried for 1 hr under vacuum.  The resulting polymer had a thickness of 0.40 mm.  

Rectangular samples were cut from the bulk polymer for tensile testing.  The polymer 

was stored at 3 °C to inhibit thermal activation and brought to room temperature before 

testing.   

Tensile Testing. Samples were initially tested using a custom built load frame at 

room temperature (22 °C).  Monotonic tensile tests were run at a strain rate of 0.1 s-1.  

Failure occurred at a stretch ratio of up to 22, where stretch ratio is defined as gauge 

length during testing divided by undeformed length.  Additional samples were 

prestretched and held for 600 s at a stretch ratio of 8, in an effort to align polymer chains 

in the direction of force, and the load was removed.  These plastically deformed samples 

were then retested in tension, with a higher stress at failure.  Samples were dissolved in 

CDCl3 after failure and NMR spectra were taken.  1H-NMR spectrum failed to indicate 

any activity of the mechanophore under either testing condition.  

Temperature Control. Dynamic mechanical analysis equipment (TA Model 

RSA3) was used to control the temperature of the polymer for additional testing.  The 
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glass transition temperature for this polymer was determined to be approximately -10°C 

from the tan(delta) peak of modulus vs. temperature curves.  Samples were then tested 

at a range of temperatures near and below Tg, in order to impart higher force to the 

polymer and across the mechanophore.   
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6. Trapping a Diradical Transition State by 
Mechanochemical Polymer Extension † 

6.1 Introduction 

The previous chapters have highlighted the mechanochemical activation of 

gDHCs that undergo electrocyclic ring opening reactions to 2,3-dihaloalkenes. These 

mechanophores were easily dispersed at high densities leading to highly (mechanically) 

responsive gDHC-PB copolymers. The gDHC polymers were first subjected to 

mechanochemical rearrangments in solution, followed by single molecule force 

spectroscopy analysis, and finally to the determination of gDHC reactivities in the solid 

state. Within these prior studies, the mechanochemistry of gem-difluorocyclopropanes 

(gDFCs) was conspicuously absent. This is due to a dramatic difference in reactive 

response of the gDFCs in comparison to the chloro- and bromo- containing 

cyclopropanes. Whereas the gDHCs examined previously undergo electrocyclic ring 

opening to 2,3-dihaloalkenes, gDFCs undergo homolytic bond scission via 1,3-diyls.154  
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Figure 64. gem-Difluorocyclopropane undergoes disrotatory, homolytic scission to a 1,3-
diradical (right), contrasting the electrocyclic ring opening reactions of gDHCs discussed 
in Chapters 2-4 to 2,3-dihaloalkenes. 

                                                      

† This chapter adapted from: Science, 2010, 329, 1057-1060. 



 

184 

The 1,3-diradical that forms during the force-free ring opening of gDFC is 

formally a transition state on the potential energy surface, precluding its direct 

characterization. Because the diradical is a highly extended molecular conformation 

relative to the intact gDFC, it raises the possibility of mechanically pulling the gDFCs 

into the diradical and holding them there, thereby extending the lifetime of the as 

formed 1,3-diradical as a result of the extensional forces along polymer chains generated 

by pulsed ultrasound. 

Although transition states are central to our understanding of chemical 

reactivity, their ephemeral existence (a single bond vibration, ~10-13 s) typically prohibits 

their capture and presents a formidable challenge to their direct characterization. Such a 

capability would complement ultrafast155,156 and photoelectron157 spectroscopy 

experiments, which have been used to capture structural and dynamic details of 

transition states and their properties. In this chapter, we describe how the strong and 

directional coupling of a reactive molecule to an external force can be extended beyond 

generating unanticipated reactivity and opportunities for mechanistic insight6,7,10,47,84,86,158 

to literally forcing gem-difluorocyclopropanes (gDFCs) into tension-locked 

conformations at or near that of a trapped transition state.  

6.2 Experimental 

Unless otherwise stated, all starting materials and reagents were obtained from 

commercial suppliers and used without further purification.  Polybutadiene polymers, 
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sodium chlorodifluoroacetate, methyl benzoate, 4 Å molecular sieves (beads, 4-8 mesh), 

4-hydroxy-TEMPO, tetrahydrofuran, ferrous sulfate heptahydrate, and KOH were 

purchased from Sigma-Aldrich.  N,N’-dicyclohexylcarbodiimide (DCC), coumarin-3-

carboxylic acid, and 4-dimethylaminopyridine (DMAP) were purchased from Acros.  

CDCl3 was obtained from Cambridge Isotope Laboratories (D, 99.8%), CHCl3 and 

CH2Cl2 from BDH. 

Gel permeation chromatography (GPC) was performed on a single column 

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

as mobile phase at 1 mL min-1 at room temperature.  (For small MN 8.2 kDa 46%-cis/trans-

gDFC-PB, GPC was performed with three columns (2X Agilent Technology PL gel, 

#179911GP-504, 104 Å; 1X Agilent Technology PL gel, #179911GP-503, 103 Å) at 0.75 mL 

min-1.)   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) and Wyatt Optilab DSP 

Interferometric Refractometer (RI).  An inline Varian Prostar Model 320 UV/Vis detector 

set to 290 nm (λmax of coumarin-TEMPO) was used for free radical incorporation 

analyses.  The dn dc-1 values for each polymer were determined by injecting a known 

amount of polymer and back-calculating the appropriate value (polybutadiene = 0.1300 

mL g-1, gDFC-PB copolymers = 0.0730 mL g-1, gDCC-PB copolymer = 0.0830 mL g-1). 

Ultrasound experiments were performed in inhibitor-free THF (unless otherwise stated) 
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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 on 30 mg of polymer in 18 mL of THF deoxygenated with bubbling N2 for 30 

minutes prior to sonication at 6 to 9 oC in an ice-water bath at 30 % amplitude (11.9 W 

cm-2) and the sonication pulse was set to 1 s on / 1 s off.  1H-, 19F- and 13C-analyses were 

conducted on either a 400 MHz or 500 MHz Varian spectrophotometer and the residual 

solvent peak (7.240 ppm [1H], 77.23 ppm [13C]) was used as the chemical shift reference.   

Microwave thermolysis was conducted in a CEM Discover microwave operating 

at 300 W of power.  Polymer samples were dissolved (20 mg) in 3 mL of ortho-

dichlorobenzene and subjected to 3 freeze/pump/thaw cycles under N2 prior to 

thermolysis.  Minimized energy conformers of cis- and trans-2,3-diethyl-1,1-

difluorocyclopropanes were conducted with Spartan ’06 at the DFT/B3LYP 6-31G* level 

of theory.  After energy minimization, dihedral angles of the diethyl constituents were 

set to 180o to maximize monomer extension and the monomer lengths of the small 

molecules were measured (contour lengths = 5.152 Å [trans-]; 4.753 Å [cis-]; methylene-

methylene lengths = 3.972 Å [trans-]; 3.241 Å [cis-]). 

Molecular dynamics simulations were conducted by our collaborators Dr. 

Mitchell Ong and Professor Todd J. Martinez of Stanford University. Specifics of the 

technique are described in Appendix E.  
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6.3 gem-Difluorocyclopropanated Polymers 

The gDFCs exhibit good long-term stability under ambient conditions, but the C-

C bond opposite the difluoromethylene is significantly weaker than a typical C-C single 

bond due to a combination of ring strain and stereoelectronic effects.154,159 When the 

gDFCs are generated by the addition of difluorocarbene to alkenes along the backbone 

of 1,4-polybutadiene (PB), the weak bond is formed in the main chain of the polymer, 

and the tensile stresses associated with polymer extension are naturally coupled to its 

activation.42,47,56 The addition of difluorocarbene to PB is stereospecific, and so a mixed 

cis/trans-PB leads to a similar mixture of cis/trans stereoisomers in the gDFC-

functionalized polymer. The as-synthesized polymer features a cis:trans gDFC ratio of 

1:1.2.   

 

 

Figure 65. Microwave thermolysis of the synthesized 32 % cis/trans-gDFC polymer leads 
to formation of the more stable trans-gDFC isomer as observed by 19F-NMR (left, 470 
MHz, CDCl3); after 17 hours of thermolysis (200 oC, o-dichlorobenzene, N2) the 
thermodynamic ratio is observed. 
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This ratio is kinetically, rather than thermodynamically, determined during the 

synthesis; the trans isomer is ~1.0 kcal mol-1 more stable than the cis160  and thermal 

isomerization of the polymer at 200 oC overnight in a microwave reactor leads to the 

expected equilibrium product ratio (cis:trans = 1:2.6), confirming the greater stability of 

the trans-gDFC. 

 

Figure 66. Thermolysis (200 oC, o-dichlorobenzene) in a microwave reactor of a 182 kDa 
31 % cis-gDFC polymer follows the reactivity of the cis/trans-gDFC polymer. After 17 
hours of thermolysis formation of the trans-gDFC isomer is observed as a result of 
interconversion of the cis-gDFC isomer. 

Dramatically different results are observed when the isomerization is induced 

mechanically, rather than thermally, by coupling the gDFC to large elongational shear 

fields generated by ultrasonication.  Embedding the gDFCs within the 209 kDa PB 

backbone provides a scaffold that is sufficiently large to experience a significant 

elongational force gradient, leading to extension of the polymer chain and an externally 
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generated tension within the constituent C-C bonds.32,42,47,102 Whereas thermal 

isomerization takes hours, shear-induced isomerization is observed in minutes at ~6 to 9 

oC.  More compelling than the rate of isomerization, however, is that its direction is 

reversed; there is a steady and unexpected conversion of the more stable trans-gDFC into 

its less stable cis isomer, resulting in a cis:trans ratio of 3.5:1 after 60 minutes.  

 

Figure 67. Sonication (11.9 W cm-2, 6-9 oC, THF, N2) of 319 kDa 32 % cis/trans-gDFC 
polymer leads to the formation of cis-gDFC as the mechanically stable product as 
observed by 19F-NMR (left, 376 MHz, CDCl3). The isomerization proceeds to ca. 60 % 
trans isomerization after sonication of the polymer for 60 minutes (right). The 
isomerization proceeds in addition to substantial molecular weight degradation (right) 
as determined by gel permeation chromatography. 

The mechanical nature of polymer sonochemistry is well established,32,42,47,102 as 

supported here by a series of observations and control experiments.  First, the fact that 

the conversion occurs from more to less stable isomer rules out thermal activation.  

Second, the kinetics of gDFC reactivity have a characteristic polymer molecular weight 

(MW) dependence that is very similar to those of chain scission and the electrocyclic 

rearrangement of gem-dichlorocyclopropanes to 2,3-dichloroalkenes, processes whose 
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mechanical origins have been previously demonstrated (see Chapter 2 and 3).32,102 Third, 

an 8.2 kDa gDFC-functionalized polymer is below the critical MW necessary to 

experience significant elongational shear forces, and identical sonication conditions 

produce no evidence of isomerization.   

 

Figure 68. Sonication of 8.2 kDa 46 % cis/trans-gDFC polymer for 60 minutes (THF, 11.9 
W cm-2, N2, 6-9 oC) leads to no observable changes in either the 1H-NMR spectrum (left, 
400 MHz, CDCl3) or 19F-NMR spectrum (right, 370 MHz, CDCl3). The intensity of the 
trans-gDFC resonances (1.07 ppm; 1H- and -139 ppm; 19F-) remain unchanged. In 
addition, gel permeation chromatography of the sonicated polymer shows that the 
molecular weight remains unchanged at 8.2 kDa. 

The direction of the isomerization rules out simple mechanical acceleration of the 

cis/trans equilibration,105 which will always lead to an excess of the more stable trans 

isomer. Rather, the applied tension must effectively create a distinct, transient 

equilibrium by populating one or more new intermediates that are more stable than the 

closed cyclopropanes. These intermediates must subsequently convert preferentially to 

the cis isomer once the tension is removed. The basis for such a process is found in the 

mechanism of the thermal, stress-free gDFC ring opening reaction, which occurs through 
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a concerted, disrotatory motion:160 coupled rotation in the cis-gDFC ring opening 

proceeds through an s-trans/s-trans diradical, whereas the trans-gDFC preferentially 

opens through an s-trans/s-cis diradical.   
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Figure 69. Application of force to trans-gDFC causes a fundamental change in the 
mechanisms of homolytic scission from disrotatory to conrotatory; mechanical force leads 
to formation of the s-trans,s-trans 1,3-diradical from both cis- and trans-gDFC. 

Because the same orbital symmetry rules apply to the ring closing, the majority 

of ring opening/closing reactions do not lead to interconversion of cis and trans-gDFCs.160 

Under tension, however, the formation of the cis isomer suggests that mechanical 

activation of both the cis and trans-gDFC leads to an s-trans/s-trans diradical whose 

extended conformation is favored by the coupling to the polymer tension.  The s-trans/s-

trans diradical is first formed under the transient mechanical stress of the elongational 

flow, and then relaxes through a disrotatory ring closing to the cis-gDFC once the 

external tension is released – in effect, acting as a molecular ratchet161,162 that is driven by 

the periodic oscillation between states of high and low tension.  
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6.5 Molecular Dynamics 

Molecular dynamics simulations support this view. Ab initio steered molecular 

dynamics (AISMD)91 techniques were used by our collaborators Mitchell Ong and Todd 

Martinez at Stanford to analyze the mechanical reactivity of gDFC. The potential energy 

surface was determined on the fly using the complete active space self-consistent field 

method (CASSCF)163 with second-order perturbative corrections (i.e. CAS(2/2)-PT2).164  

In the simulations, an external force was applied to hydrogen atoms of the adjacent 

methylene groups, which were set either trans or cis relative to each other in order to 

model trans or cis attachment of the surrounding polymer chain. In both cases, the 

dynamics were followed for for 1 ps under the applied force.  

Snapshots of representative reactive trajectories are shown in (Figure 70) for cis 

and trans On application of a 2 nN force to cis attachment points, six out of twenty 

trajectories opened in disrotatory fashion to form the diradical, which is the thermally 

allowed pathway.  The other 14 trajectories did not undergo ring opening within 1 ps, 

but would be expected to do so if followed for longer time. A larger 3 nN applied force 

was required to observe ring-opening within the 1 ps simulation window for the trans 

attachment case, whereupon four out of twenty trajectories ring-opened via the 

thermally forbidden conrotatory pathway.attachment, respectively.  

The forces of 2 to 3 nN in the simulations are relevant to the experimental 

conditions, as evidenced by force-induced polymer chain scission that accompanies 



 

isomerization.  Although the chain scission events occur in much smaller numbers than 

the isomerizations, their presence establishes a lower bound for the forces generated 

along the polymers. 

Figure 70. Mechanical activation of the 
ab initio steered molecular dynamics. Snapshots of repre
(A) cis-attachment points at an applied force of 2 nN and (B) trans
an applied force of 3 nN.  Cis
conrotatory ring opening, respectively. Yel
The average conrotatory (
all six trajectories that opened in disrotatory fashion for cis
four trajectories that opene
define the conrotatory and disrotatory angles.
Ong, Stanford University.*
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Although the chain scission events occur in much smaller numbers than 

ns, their presence establishes a lower bound for the forces generated 

Mechanical activation of the gem-difluorocyclopropane mechanophore from 
ab initio steered molecular dynamics. Snapshots of representative trajectories pulling on 

attachment points at an applied force of 2 nN and (B) trans-attachment points at 
an applied force of 3 nN.  Cis- and trans-pulling result in predominantly disrotatory and 
conrotatory ring opening, respectively. Yellow arrows designate the pulling direction. 
The average conrotatory (red) and disrotatory angle (black) as a function of time for: (C) 
all six trajectories that opened in disrotatory fashion for cis-pulling at 2 nN, and (D) all 
four trajectories that opened in conrotatory fashion for trans-pulling at 3 nN. The insets 
define the conrotatory and disrotatory angles. * Analyses performed by 
Ong, Stanford University.* 

Although the chain scission events occur in much smaller numbers than 

ns, their presence establishes a lower bound for the forces generated 

 

difluorocyclopropane mechanophore from 
sentative trajectories pulling on 

attachment points at 
pulling result in predominantly disrotatory and 

low arrows designate the pulling direction. 
) as a function of time for: (C) 
pulling at 2 nN, and (D) all 

pulling at 3 nN. The insets 
by Dr. Mitchell 
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 The time scale of the bubble collapse, and therefore the duration of the tension, 

is on the order of microseconds or less,32 and polymer molecular weight degradation by 

bond scission on this time scale requires transient forces of nearly 5 nN.84 Longer periods 

of exposure would require less force,84 but even if the polymers were held under 

constant tension for the relevant experimental time scale of several minutes, forces in 

excess of 3 nN would be required to account for the observed molecular weight 

degradation. Thus, our simulations predict that both cis and trans attachment lead to 

formation of the s-trans/s-trans diradical in the presence of an applied force. 

Once the diradical is formed, ring closure is not observed within the 1 ps 

simulation window at the applied force for either the cis or trans attachment, a result 

consistent with our hypothesis that the stereochemical preference for ring closure to cis-

gDFC is imposed after the external tension is released. To further test this hypothesis, we 

carried out AISMD simulations under no force starting with the diradical intermediate. 

These simulations were carried out on the singlet state surface, which has been reported 

previously,154 and verified by our calculations here, to be the ground state of the 

diradical. In all cases, prompt ring closure is observed within 500 fs. Furthermore, this 

ring closure predominantly (in more than 95% of the samples) occurs in the thermally 

allowed disrotatory fashion, leading to a cis conformation of the attachment points. 

Therefore, simulations at experimentally relevant forces predict: (i) that the s-trans/s-

trans diradical is formed regardless of the cis or trans arrangement of the attachment 
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points; (ii) that, when coupled to the applied force, the diradical is lower in energy than 

the cyclopropanes; and (iii) that ring closure occurs almost exclusively to the cis 

conformation upon removal of the applied force. The selective closure to the cis 

conformation is confirmed by sonication of the pure cis-gDFC-PB copolymer, which 

shows < 2 % isomerization under identical experimental conditions (Figure 71). The final 

3.5:1 ratio of cis:trans gDFC in the sonication of mixed cis/trans-gDFC-PB, is therefore not 

strictly determined by the relative probabilities of the two ring closing pathways, but is 

instead limited by not all gDFCs experiencing sufficiently high forces (which are focused 

in the center of the polymer) for activation.32,47 

 

Figure 71. Pulsed ultrasound of 182 kDa 31 % cis-gDFC polymer leads to significant 
molecular weight degradation (left, THF, 6-9 oC, 11.9 W cm-2, N2) though the 19F-NMR 
spectrum remains nearly unchanged (right, 376 MHz, CDCl3).  

This picture is confirmed by further calculations in which the nudged elastic 

band method52,91,165 was used to compute minimum energy pathways for conrotatory 

and disrotatory ring opening and closure in the presence and absence of applied force. 

In the absence of force, the calculations reproduce Borden’s earlier observation160 that the 



 

1,3-diradical is a transition state of the thermal ring opening reactions. At forces 

exceeding 1 nN, the diradical becomes a local minimum as opposed to a transition state. 

Furthermore, at forces of 3 nN or greater, the 1,3 diradical becomes the 

and is therefore expected to be long

Figure 72. Force-modified potential energy surface of the conrotatory and disrotatory 
pathways for gem-difluorocyclopropane. Yellow arrows and red asterisks indicate the 
pulling direction and the attachment points, respectively. (A) At 3 nN, trans
opens to the 1,3-diradical, which is a minimum on the force
surface. (B) When the force is removed, the 1,3
the disrotatory inversion path of cis
ring closure to trans-gDFC and (C) disrotatory ring closure produces cis
data collected by Mitchell Ong, Stanford University.*
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diradical is a transition state of the thermal ring opening reactions. At forces 

exceeding 1 nN, the diradical becomes a local minimum as opposed to a transition state. 

forces of 3 nN or greater, the 1,3 diradical becomes the global

and is therefore expected to be long-lived (Figure 72).  

modified potential energy surface of the conrotatory and disrotatory 
difluorocyclopropane. Yellow arrows and red asterisks indicate the 

pulling direction and the attachment points, respectively. (A) At 3 nN, trans
diradical, which is a minimum on the force-modified potential energy 

surface. (B) When the force is removed, the 1,3-diradical is now a transition state along 
the disrotatory inversion path of cis-gDFC.  A small energy barrier prevents conrotatory 

gDFC and (C) disrotatory ring closure produces cis
data collected by Mitchell Ong, Stanford University.* 

diradical is a transition state of the thermal ring opening reactions. At forces 

exceeding 1 nN, the diradical becomes a local minimum as opposed to a transition state. 

global minimum 

 

modified potential energy surface of the conrotatory and disrotatory 
difluorocyclopropane. Yellow arrows and red asterisks indicate the 

pulling direction and the attachment points, respectively. (A) At 3 nN, trans-gDFC 
modified potential energy 

diradical is now a transition state along 
gDFC.  A small energy barrier prevents conrotatory 

gDFC and (C) disrotatory ring closure produces cis-gDFC. * This 



 

197 

These threshold forces are expected to be even lower for the more reactive 

disubstituted gDFC studied here.154 Thus, on application of the force, both cis and trans 

gDFC isomers open to the diradical (pathways Acis and Atrans in Figure 72). Once the 

force is removed (for example, at the end of a bubble collapse in the sonication 

experiments), the diradical returns to the force-free potential energy surface (pathway B) 

where there is no barrier to disrotatory ring closure to the cis product (there is an 

additional barrier of approximately 4 kcal mol-1 which must be surmounted in order to 

close in conrotatory fashion). 

Thus, the 1,3-diradical (whether generated from the cis or the trans gDFC) closes 

almost exclusively to give the cis conformation, as observed both experimentally and in 

our dynamics simulations. Further experimental support that ring closure occurs under 

reduced tension comes from another counterintuitive result of the mechanical activation: 

the calculated methylene-methylene (C-C) separation in the cis mechanoisomerization 

product (~3.2 Å) is shorter than that in the trans reactant (~4.0 Å), even though an 

elongational stress is applied.  That is, the C-C distance contracts ~18 % in response to 

being pulled.  As shown, however, the presence of tension during ring closing would 

bias the pathway, both kinetically and thermodynamically, toward the unobserved 

conrotatory process, throughout which the attachment points are further apart than in 

the observed disrotatory ring closing.  
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6.6 Diradical Trapping 

Although the dialkyl-1,3-diradical is typically invoked as a waypoint along the 

thermal isomerization of gDFCs,154 Borden has pointed out the primary challenge 

precluding its more direct characterization:166 as a transition state, the 1,3-diradical is 

expected to persist only for a single bond vibration, ca. 10-13 s, far too short a time, for 

example, to be caught by a radical trap.  Here, however, the tension-induced 

stabilization of the conformationally extended 1,3-diradical in the polymer affords the 

opportunity to reactively probe this trapped transition state structure.   

To probe the reactivity of this tension trapped transition state structure, we 

synthesized a UV-active, stable nitroxide radical  coumarin-TEMPO (CT) adduct, a 

chromophore known to add to carbon-centered radicals at its persistent nitroxide radical 

site.167 We first sonicated cis/trans-PB in the presence of 32 mM CT, and monitored the 

addition of CT to the polymer by UV-Vis detection in line with gel permeation 

chromatography. With increasing sonication time, a steady increase in the number of CT 

adducts to the polymer was observed coincident with degradation of the polymer 

molecular weight (Figure 73). From an analysis of the number of CT adducts versus the 

decrease in the polymer molecular weight, we calculated that the number of observed 

CT adducts corresponded directly to the number of chain end radicals that result from 

homolytic bond scission reactions as a result of degradation of the polymer molecular 

weight. A further control experiment was performed to monitor the effect of 
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dichlorocyclopropanes on the extent of radical trapping. A 327 kDa 75 % cis-gDCC-PB 

polymer was synthesized and the polymer was sonicated in the presence of 32 mM CT. 

Again, the extent of CT addition to this gDCC polymer was consistent with radical 

trapping as a result of the addition to radicals formed from polymer main chain scission. 

  

Figure 73. Refractive index (RI) signals (left) observed by gel permeation 
chromatography (GPC) during pulsed ultrasound of 209 kDa cis/trans-PB (THF, N2, 6-9 
oC), and GPC in-line measure of the UV-absorbance (right) at 290 nm. 

 

Figure 74. Pulsed ultrasound of cis/trans-PB in the presence of 32 mM CT leads to 
significant UV-absorbance (left). The extent of radical trapping is consistent with 
trapping chain end radicals (right) from molecular weight degradation. Here the slope 
indicates that 1 CT adduct is observed for every new chain end from polymer scission. 



 

Figure 75. Normalized UV
sonicated cis/trans-PB (left), 
polymer in the presence of 32 mM CT. The addition of CT to the sonicated 
gDFC polymer leads to ca. 5 times more addition products than during sonication of 
cis/trans-PB or cis-gDCC-PB.

Figure 76. The CT capture profiles obtained during sonochemical activation of 
PB, cis-gDCC, cis/trans-gDFC, and 

Sonication of 319 kDa 32 % 

chromophores (Figure 75

200 

UV-Vis absorbance data observed during GPC analysis of 
PB (left), cis-gDCC polymer (middle) and cis/trans-gDFC (right) 

polymer in the presence of 32 mM CT. The addition of CT to the sonicated 
DFC polymer leads to ca. 5 times more addition products than during sonication of 

PB. 

The CT capture profiles obtained during sonochemical activation of 
DFC, and cis-gDFC polymers.  

Sonication of 319 kDa 32 % cis/trans-gDFC-PB led to incorporation of multiple 

75, Figure 76) along the polymer backbone. Similar results were 

 

Vis absorbance data observed during GPC analysis of 
DFC (right) 

polymer in the presence of 32 mM CT. The addition of CT to the sonicated cis/trans-
DFC polymer leads to ca. 5 times more addition products than during sonication of 

 

The CT capture profiles obtained during sonochemical activation of cis/trans-

led to incorporation of multiple 

Similar results were 
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observed for the pure cis-gDFC-PB, confirming that the cis gDFC is activated but closes 

back to cis rather than isomerizing to trans.  

The CT addition products were also observed by 1H-NMR spectroscopy. The 

chemical shifts of the CT free radical are noticeably broad in comparison to an o-

methylated, small molecule mimic of the CT addition product to carbon-centered 

radicals.  

  

O

O

O O

N

O
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CT  

Figure 77. 1H-NMR spectra of sonicated polymers in the presence of CT. The addition of 
CT to a carbon-centered radical is expected to give a compound similar to the small 
molecule m-CT (o-methylated CT). The chemical shifts of the CT addition product are 
observed for polymers (above the critical molecular weight for degradation, see 8 kDa 
cis/trans-gDFC-PB) subjected to ultrasound in the presence of 32 mM CT. Note the 1H-
NMR spectrum of the sonicated cis-gDCC-PB polymer. The polymer retains residual CT 
that was not completely removed by polymer reprecipitation with methanol. 

An analysis of the CT capture profile during sonication of both cis- and cis/trans-

gDFC polymers allows a direct calculation of the lifetime of the tension trapped, 1,3-
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diradical. From the extent of molecular weight degradation during sonication, and the 

extent of trans isomerization versus the polymer scission cycle, we calculate that the 

presence of 32 mM CT leads to trapping of 1 to 2 % of the formed 1,3-diradicals. Because 

the rate constants for addition of persistent nitroxides to carbon-centered radicals are 

typically ~108 M-1 s-1,167 the 1 to 2 % efficiency of CT trapping suggests that the lifetime of 

the diradical exceeds 10-9 s. 

6.7 Discussion 

These results complement previous work by Hickenboth et al.,47 who showed 

that mechanical activation could override Woodward-Hoffman orbital symmetry rules 

in the activation of benzocyclobutene to an ortho-quinodimethane intermediate. For 

benzocyclobutene, the cis isomer was pulled down the thermally forbidden disrotatory 

pathway, whereas here it is the trans-gDFC that is pulled down the thermally forbidden 

conrotatory pathway. These results therefore demonstrate some generality to the use of 

mechanical force to override thermal selectivity. For example, our previous results 

(Chapter 3) show that the ring openings of trans-gDHCs are comparable in efficiency to 

those of the cis isomers, despite the trans isomer being forced through the thermally 

disallowed conrotatory ring opening while the cis isomer is activated through the 

thermally allowed disrotatory mechanism. More broadly, the use of a coupled restoring 

force to extend the lifetime of selected, transient intermediates – including, as shown 

here, transition states - provides an additional tool for the study of reactive 
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intermediates that complements, for example, the use of encapsulation complexes.168-170 

Here, the scope of the technique is governed not by an appropriate fit inside a protective 

capsule but instead by an appropriate coupling to a vector of applied force.  
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6.8 Additional Details of Syntheses and Characterization 

6.8.1 Polymer Syntheses 

319 kDa 32% cis/trans-gDFC-PB. 0.914 g (16.9 mmoles of double bonds) of PB 

was dissolved in 100 mL methyl benzoate, 4 Å molecular sieves were added to the 

solution, and nitrogen was bubbled through the solution overnight.  1.3 g (8.53 mmoles) 

of sodium chlorodifluoroacetate was dissolved in 25 mL methyl benzoate, 4 Å molecular 

sieves were added to the solution, and nitrogen was bubbled through the solution 

overnight.  After 16 hours of drying over molecular sieves, the PB solution was added by 

syringe to an oven dried round bottom flask under nitrogen and heated to 190 oC.  Once 

the solution reached 190 oC, the sodium chlorodifluoroacetate solution was added 

dropwise over 1 hour by syringe pump.  After complete addition, the reaction was 

allowed to proceed for an additional 15 minutes, was removed from the heat and 

allowed to cool.  The reaction was washed 3 times with DI-water and the polymer was 

precipitated with methanol.  The polymer was redissolved in dichloromethane, 

precipitated again with methanol, and allowed to dry under high vacuum overnight.  1H 

NMR (400 MHz, CDCl3) δ 5.67-5.18 (2.00H), 5.12-4.8 (0.299H), 2.38-1.79 (3.90H), 1.75-0.92 

(3.42H); 19F NMR (376 MHz, CDCl3) δ -124.8 (m, 1F), -139.3 (m, 2.39F), -154.3 (m, 1F); 13C 

NMR (100 MHz, CDCl3) δ 142.8, 131.0-128.7, 119.0-114.4, 43.9, 38.3, 34.2, 32.8, 32.3, 32.0, 

30.3, 28.1-26.1, 25.1, 24.5, 21.8, 21.4, 19.5, 15.9; Copolymer composition = 58.2% (1,4-PB); 



 

205 

9.3% (1,2-PB); 32.4% gDFC (14.7% cis-, 17.7% trans-gDFC).  MALS-GPC (THF, dn dc-1 = 

0.0730 mL g-1) ; MN = 319,000 g mole-1, MW = 440,000 g mole-1, PDI = 1.38. 

 

Figure E70. 1H-NMR (400 MHz, CDCl3) of 319 kDa 32 % cis/trans-gDFC Polymer. Cis- 
and trans-gDFC [1.45 ppm]; trans-cyclopropyl (2H) [1.07 ppm]. 

The copolymer composition was calculated according to the method developed 

in Chapters 2 and 3. From integration of the 1H-NMR spectrum, the number of 

‘monomer equivalents’ was calculated for each repeating monomer segment. From the 

total number of monomers detected in the 1H-NMR spectrum the composition of the 

polymer was calculated, leading to the presence of 32 % gDFCs along the polymer 
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backbone. The 19F-NMR spectrum (below) allowed a direct quantification of the isomeric 

composition of the gDFCs. 

 

Figure E71. 19F-NMR (470 MHz, CDCl3) of 319 kDa 32 %cis/trans-gDFC Polymer; cis-
gDFC [-125 ppm; -154 ppm]; trans-gDFC [-139 ppm]. 

 

Figure E72. 13C-NMR (126 MHz, CDCl3) of 319 kDa 32 % cis/trans-gDFC Polymer. gDFC 
resonances observed at 116 ppm. 
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275 kDa 36 % cis/trans-gDFC Polymer. 3.0 g (55.5 mmoles) cis/trans-PB was 

functionalized with difluorocarbene by pyrolysis of sodium chlorodifluoroacetate in 

methyl benzoate.  1H-NMR (400 MHz, CDCl3) 5.40 (b, 2.00H), 4.96 (m, 0.30H), 2.06 (b, 

3.97H), 1.7-1.0 (b, 4.02H).  19F-NMR (376 MHz, CDCl3)  -124.8 (m, 1F), -139.2 (m, 2.42F), 

-154.3 (m, 0.91F).  13C-NMR (126 MHz, CDCl3) δ 132.77, 131.07, 130.75, 130.30, 130.20, 

129.65, 129.54, 128.72, 127.93, 118.73, 117.61, 116.44, 116.13, 115.27, 114.17, 112.75, 77.48, 

77.23, 76.98, 43.93, 38.43, 32.78, 32.31, 32.08, 29.92, 28.13, 27.96, 27.52, 27.45, 26.98, 26.83, 

26.51, 26.22, 24.68, 21.86, 21.48, 21.19, 19.61, 15.98.  Copolymer composition = 55.1% 1,4-

PB; 8.7 % 1,2-PB; 36.1 % gDFC (16.0 % cis-gDFC, 20.1 % trans-gDFC).  MALS-GPC (dn 

dc-1 = 0.0700 mL g-1); MN = 275,000 g mol-1, MW = 446,000 g mol-1, PDI = 1.62.  

8.2 kDa 46 % cis/trans-gDFC Polymer. 3 kDa polybutadiene (75% cis-1,4; 24% 

trans-1,4; 1% vinyl) was subjected to similar thermolysis at 190 oC in methyl benzoate in 

the presence of sodium chlorodifluoroacetate.  1H-NMR (400 MHz, CDCl3) δ 5.37 

(2.00H); 2.70 (0.11H); 2.07 (3.85H); 1.5-0.8 (5.07H).  19F-NMR (376 MHz, CDCl3) δ -124.9 

(1F); -139.4 (0.04F); -140.3 (0.38F); -140.4 (0.12F); -154.3 (1F).  13C-NMR (126 MHz, CDCl3) 

δ 130.5-128.9, 117.8, 117.6, 115.5, 115.3, 113.2, 113.0, 32.8, 32.3, 32.1, 30.6, 28.2, 27.6, 27.5, 

27.4, 27.0, 27.0, 26.8, 26.4, 24.7, 24.7, 22.9, 21.9, 21.7, 21.5, 18.1.  Copolymer composition = 

38% cis-gDFC; 8% trans-gDFC; 54% 1,4-PB.  MN = 8,200 g mole-1, MW = 14,200 g mole-1, 

PDI = 1.73. 
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182 kDa 31% cis-gDFC-PB. A similar synthesis to the above was followed by 

functionalizing cis-PB.  1H-NMR (500 MHz, CDCl3) δ 5.40 (b, 2.00H), 4.98 (b, 0.07H), 2.11 

(b, 4.05H), 1.45 (b, 2.87H); 19F-NMR (376 MHz, CDCl3) δ -124.8 (m, 1F), -154.4 (m, 1F); 13C-

NMR (126 MHz, CDCl3) δ 130.61, 130.51, 130.37, 129.91, 129.80, 129.64, 129.52, 129.04, 

128.93, 128.82, 117.87, 117.59, 115.55, 115.27, 113.30, 113.01, 77.48, 77.23, 76.98, 27.62, 

27.54, 27.08, 24.73, 21.98, 21.54.  Copolymer composition = 65% (1,4-PB); 4% (1,2-PB); 31% 

cis-gDFC.  MALS-GPC (THF, dn/dc = 0.0730 mL g-1) ; MN = 182,000 g mole-1, MW = 325,000 

g mole-1, PDI = 1.79. 

 

Figure E 73. 1H-NMR (500 MHz, CDCl3) of 182 kDa 31 % cis-gDFC Polymer. 

Note here that the trans-gDFC resonances (1.07 ppm) are absent from the 

spectrum. 
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Figure E 74. 19F-NMR (376 MHz, CDCl3) of 182 kDa 31 % cis-gDFC Polymer. 

Note here that the trans-gDFC resonances (-139 ppm) are absent from the 

spectrum. 

 

Figure E 75. 13C-NMR (126 MHz, CDCl3) of 182 kDa 31 % cis-gDFC Polymer. 
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327 kDa 75% cis-gDCC-PB. 9.72 g cis-PB was subjected to phase transfer 

catalysis (3.28 g, 9 mmoles CTAB, 50 g, 891 mmoles KOH) in 600 mL CHCl3 under N2. 1H 

NMR (400 MHz, CDCl3) 5.46 (b, 2.00H), 5.09 (b, 0.18H), 2.24 (b, 4.08H), 1.62 (b, 19.95H).  

13C NMR (125 MHz, CDCl3) δ 130.63, 129.84, 129.74, 129.65, 128.93, 77.48, 77.23, 76.98, 

65.55, 65.23, 32.84, 32.73, 32.66, 32.63, 27.55, 26.49, 25.25, 24.51, 24.49, 24.35, 24.30.  

Copolymer composition = 22.5% (1,4-PB); 2.1% (1,2-PB); 75.4% (gDCC) .  MALS-GPC 

(THF, dn/dc = 0.0830 mL g-1) ; MN = 327,000 g mole-1, MW = 572,000 g mole-1, PDI = 1.75. 

6.8.2 Small Molecule Syntheses 

NO O

O O
O  

Coumarin-TEMPO (CT). 1.90 g (11 mmoles) 4-hydroxy TEMPO, 2.68 g (14 

mmoles) coumarin-3-carboxylic acid and 0.134 g (1.1 mmoles) DMAP were dissolved in 

150 mL dry CH2Cl2 and cooled to ~0 oC with bubbling N2 (30 min.) in an ice bath.  A 

deoxygenated (bubbling N2 10min), dry CH2Cl2 solution of 2.72 g (13 mmoles) 

dicyclohexylcarbodiimide (DCC) was added to the TEMPO solution by and the reaction 

was allowed to proceed at ~0 oC for 2 hours.  The ice bath was removed and the reaction 

proceeded for another 2 hours.  After completion of the reaction, the solution was 

filtered, washed 2X with DI-H2O, 1X brine and rotovapped to dryness.  The solid was 

redissolved in CHCl3 and subjected to silica gel chromatograph (gradient elution 8:3 to 
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4:6 hexane:ethyl acetate) yielding CT (2.6 grams, 68%) as an orange solid.  1H NMR (400 

MHz, CDCl3); δ 8.53 (b, 1H):  7.66 (b, 2H); 7.38 (b, 2H).  13C NMR (125 MHz, CDCl3):  

152.6, 147.2, 145.9, 139.9, 126.1, 121.4, 116.4, 112.0, 108.4, 108.1.  MS (ESI) calcd for 

C19H23NO5 (M+H)+ 345.16, found 367.1 (Na+), 345.1 (M+). 

NO OH

 

4-Hydroxy-1-methoxy-2,2,6,6-tetramethylpiperidine. 0.375 g (2.2 mmoles) 4-

hydroxy-TEMPO and 0.676 g (2.4 mmoles) ferrous sulfate heptahydrate were dissolved 

in 20 mL DMSO.  A solution of 290 µL 30% H2O2 (2.8 mmoles) in 3 mL DMSO was 

added over the course of 10 minutes by dropping funnel to the TEMPO/Fe(II) solution in 

air at room temperature.  45 minutes after H2O2 addition, 25 mL DI-H2O and 25 mL 

CH2Cl2 was added to the reaction.  The organic layer was removed by separatory funnel 

and the aqueous layer washed 3X with 10 mL portions of CH2Cl2 and all the organic 

portions were collected.  The product was rotovapped to minimal volume and purified 

by silica gel chromatography (1:1 hexane:ethyl acetate) yielding the product (0.29 g, 

70%) as a white solid.  1H NMR (400 MHz, CDCl3):  δ 3.92 (b, 1H); 3.58 (s, 3H); 1.77 (dd, J1 

= 4.2Hz,  J2 = 12 Hz, 2H); 1.59 (s, 1H); 1.43 (t, J = 12 Hz, 2H); 1.19 (s, 6H); 1.11 (s, 6H). 
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NO O

O O
O  

O-Methylated-Coumarin-TEMPO (mCT). 0.181 g (0.966 mmoles) 4-hydroxy-

methoxy-TEMPO, 0.024 g (0.20 mmoles) DMAP, and 0.223 g (1.17 mmoles) Coumarin-3-

carboxylic acid were dissolved in dry CH2Cl2 and deoxygenated with bubbling N2 for 30 

minutes in an ice-water bath.  To this solution was added 0.295 g (1.43 mmoles) DCC in 

CH2Cl2 by syringe under N2.  The reaction was allowed to proceed for 2 hours at 5 oC, the 

ice water bath was removed and the reaction proceeded an additional 2 hours to room 

temperature.  The solution was filtered, washed 3X with DI-H2O, 1X brine, dried over 

MgSO4 and rotovapped down.  The product was purified by silica gel chromatography 

using 4:6 ethyl acetate:hexane yielding mCT (0.278 g, 80%) as a white solid.  1H NMR 

(400 MHz, CDCl3) δ 8.41 (s, 1H), 7.61 (m, 2H), 7.31 (m, 2H), 5.23 (m, 1H), 1.94 (dd, J1 = 4.8 

Hz, J2 = 16 Hz, 2H), 1.69 (t, J = 16 Hz, 2H), 1.22 (s, 6H), 1.19 (s, 6H).  13C NMR (100 MHz, 

CDCl3) δ 162.5, 156.7, 155.2, 148.2, 134.4, 129.6, 124.9, 118.5, 117.9, 116.8, 68.8, 65.6, 60.1, 

44.0, 33.1, 20.8.  HRMS (FAB) calcd for C20H26NO5 (M+H)+ 360.1811, found 360.1809. 
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6.8.3 UV-Vis Spectroscopy 

The extinction coefficient of CT in THF was determined as 13,400 M-1 cm-1. The 

absorbance spectra of CT and mCT are equivalent, showing that the addition of CT to a 

carbon-centered radical does not alter its absorbance spectrum. 

  

Figure E 76. Sample concentration dependent UV-Vis data (left) shows λMAX of 
coumarin-TEMPO at 290 nm.  Linear fit (right) with Origin® software leads to an 
extinction coefficient of 13,400 (± 200) M-1cm-1 at 290 nm in inhibitor-free THF. 

UV/Vis-Spectroscopy. O-Methylated-Coumarin-TEMPO (mCT) 

 

Figure E 77. Extinction coefficients of o-methylated-Coumarin-TEMPO (mCT) and 
Coumarin-TEMPO (CT) at 290 nm are equivalent (THF, 25o C).  
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6.8.4 Additional Ultrasound Experiments 

Sonication in the absence of CT does not lead to formation of UV-active species. 

 

 

Figure E78. Sonication of 32%-cis/trans-gDFC-PB leads to significant polymer 
degradation (left) with no evidence for formation of UV-active species over 60 minutes 
by GPC when sonicated in the absence of CT. 

 

Figure E79. 19F-NMR (376 MHz, CDCl3) spectra of timed aliquots taken during 32%-
cis/trans-gDFC-PB sonication (THF, N2, 6-9 oC) show a substantial decrease in trans-peaks 
(~ -139 ppm) coincident with an increase in cis-gDFC resonances (-125 ppm & -154 ppm).  
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Figure E80. Sonication of 182 kDa 31 % cis-gDFC-PB polymer leads to 1H-NMR (left, 500 
MHz, CDCl3) and 19F-NMR spectra (right, 470 MHz, CDCl3) that remain virtually 
unchanged. 

6.8.5 Radical Trapping  

Sonication in the presence of CT leads to formation of significant UV-activity 

along the polymer as a result of the presence of CT-polymer adducts. 

  

Figure E81. The use of 32 mM CT does not affect the degradation (THF, N2, 6-9 oC) 
behavior of cis/trans-PB (left), though CT incorporation is observed (right) by UV/Vis-
GPC. 

The absorbance data obtained from the GPC measurements allowed a direct 

calculation of the amount of CT adducts on the polymer during sonication. First, the UV 
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signals were normalized by setting the effective amount of detected polymer to 10-3 g of 

polymer. After normalization, the UV area was integrated using Origin® software, and 

from the calculated extinction coefficient of CT, the number of moles of CT was 

calculated at each time point of analysis. For example, after 60 minutes of sonication, the 

UV area was integrated as 0.265 absorbance units and the number-averaged molecular 

weight was found to be 49,500 g mol-1. From the extinction coefficient and the area over 

which the absorbance signal was integrated, the number of moles CT = 0.265 ÷ 13,400 ÷ 

1000 = 2.0 x 10-8 moles or 20 nmoles. 

  

Figure E82. The CT capture profile of sonicated cis/trans-PB (THF, N2, 6-9 oC) leads to  a 
slope of 1.01 (± 0.06) CT per new polymer.  1H-NMR (right, 400 MHz, CDCl3) shows 
resonances attributed to the CT-incorporated adduct versus that of the original polymer, 
polymer sonicated for 60 minutes absent of CT, and small molecules CT and mCT. 

The initial molecular weight of the cis/trans-PB polymer was 209,000 g mol-1, and 

since the UV-Vis absorbance data was normalized to 10-3 g of polymer, this indicates that 

ca. 0.001 g ÷ 209,000 g mol-1 = 4.8 x 10-9 moles of polymer was degraded to 0.001 g ÷ 

49,500 g mol-1 = 2.02 x 10-8 moles of polymer.  From the difference in the number of moles 

of polymer, we calculate that ca. 1.54 x 10-8 New Polymer (see Figure E82) moles have 
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been formed during sonication. From this analysis, we obtain the CT capture profile for 

radical addition reactions during of cis/trans-PB in the presence of 32 mM CT.  

These analyses were conducted for cis-gDCC-PB, and cis-gDFC-PB polymers to 

generate CT capture profiles. 

  

Figure E83. The use of 32mM CT does not affect the degradation behavior of 32%-
cis/trans-gDFC-PB (left) though a significant appearance of CT incorporation is observed 
(right) by UV/Vis-GPC. 

  

Figure E84. An exponential capture profile is observed (left) in the sonication of 32%-
cis/trans-gDFC-PB with 32 mM CT.  1H-NMR (right, 400 MHz, CDCl3) shows resonances 
attributed to the CT-incorporated adduct versus that of the original polymer, polymer 
sonicated for 60 minutes absent of CT, polymer sonicated with 32 mM mCT, and small 
molecules CT and mCT. 
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6.8.6 Diradical Lifetime Calculation 

Table E2. Calculation of radical trapping efficiency in the sonication (THF, N2, 6-9 oC) of 
both 319 kDa cis/trans-gDFC-PB and 182 kDa cis-gDFC-PB in the  presence of 32 mM CT.  
The trapping efficiency is calculated from the calculated number of radicals in the 
transition state versus the amount of CT observed (1.9 ± 0.3%).  The standard deviation 
of the four values is within 16% of the average.  The total trapping efficiency for gDFCs 
is then half the value for the total capture of radicals and therefore the rate of trapping 
(RT) divided by the rate of ring closure (RC) = φ = 0.008.  Calculations have been adjusted 
for radical formation due to polymer bond scission during sonication. 

Sonication of 319 kDa 32% cis/trans-gDFC-PB with 32 mM CT 

Time MN UV CT Polymer Polymer CT   

min. kDa Area moles moles [A]  ∆ moles minus [A]    

0 319 0 0 3.13 x 10-9 0 0   

60 50.7 1.5072 1.12 x 10-7 1.97 x 10-8 1.66 x 10-8 9.59 x 10-8   

60 48.9 1.4122 1.05 x 10-7 2.04 x 10-8 1.73 x 10-8 8.81 x 10-8   

  

S.C. gDFC % open gDFC 'Radicals' 'Radicals' CT Trapping 

  moles to T.S. moles open total moles nmoles nmoles % Eff. 

0 4.61 x 10-6 0 0 0 0 0 - 

2.653 4.61 x 10-6 55.99 2.58 x 10-6 5.16 x 10-6 5162 95.89 1.86 

2.706 4.61 x 10-6 57.09 2.63 x 10-6 5.26 x 10-6 5263 88.07 1.67 

  

      

  

Sonication of 182 kDa 31% cis-gDFC-PB with 32 mM CT 

Time MN UV CT Polymer Polymer CT   

min. kDa Area moles moles [A]  ∆ moles minus [A]    

0 182 0 0 5.49 x 10-9 0 0   

60 61.5 0.9204 6.87 x 10-8 1.63 x 10-8 1.08 x 10-8 5.79 x 10-8   

60 41.8 1.463 1.09 x 10-7 2.39 x 10-8 1.84 x 10-8 9.08 x 10-8   

  

      

  

S.C. gDFC % open gDFC 'Radicals' 'Radicals' CT Trapping 

  moles to T.S. moles open total moles nmoles nmoles % Eff. 

0 4.45 x 10-6 0 0 0 0 0 - 

1.565 4.45 x 10-6 33.03 1.47 x 10-6 2.94 x 10-6 2943 57.92 1.97 

2.122 4.45 x 10-6 44.78 1.99 x 10-6 3.99 x 10-6 3990 90.75 2.27 
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Figure E 85. Sonication of gDFC-PB copolymers leads to formation of a 1,3-diradical 
intermediate that is trapped by sonication with a stable free-radical trap Coumarin-
TEMPO (CT).  The figure incorporates addition of a single CT as the initial species (kT) 
followed by an additional mechanism for quenching of the remaining radical (kQ) in 
addition to reclosure of the diradical (kC) as competing kinetic processes.  That 
additional mechanism(s) for quenching of the unreacted radical is unclear. 
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Taking into account the upper and lower limits of the rate constants for addition 

of CT to carbon centered radicals, kT[CT] lies between 3.2 x 104 s-1 and 3.2 x 106 s-1.    

Solving for kC and t1/2 at these limits provides and upper and lower limits of the [gDFC‡] 

lifetime under force as between 1.7 x 10-7 seconds (0.17 µs) and 1.7 x 10-9 seconds (1.7 ns). 

 Furthermore, sonication of cis-gDFC-PB in the presence of 181 mM CT 

leads to 9.59 % radical capture, or 4.8% gDFC trapping.  Using these same equations, for 

which φ = 0.048, the half-life of the [gDFC‡] under tension is between 1.8 x 10-7 seconds 

(0.18 µs) and 1.8 x 10-9 seconds (1.8 ns). 



 

 6.8.7 Force- Free DFT Structures

Details regarding ab initio steered molecular dynamics simulations are available 

in Appendix E1. 

Figure E86. Energy minimized structure (DFT B3LYP/6
difluorocyclopropane as viewed from the top 
distances were calculated between positions 1 and 3 (4.753 Å) and 2 and 3 (3.241 Å).

Figure E87. Energy minimized structure (DFT B3LYP/6
difluorocyclopropane as viewed from the top (left) and side (right).  Carbon
distances were calculated between positions 1 and 3 (5.125 Å) and 2 and 3 (3.972 Å).
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Free DFT Structures  

Details regarding ab initio steered molecular dynamics simulations are available 

   

Energy minimized structure (DFT B3LYP/6-31G*) of cis-2,3-diethyl
difluorocyclopropane as viewed from the top (left) and side (right).  Carbon
distances were calculated between positions 1 and 3 (4.753 Å) and 2 and 3 (3.241 Å).

 

Energy minimized structure (DFT B3LYP/6-31G*) of trans-2,3
ane as viewed from the top (left) and side (right).  Carbon

distances were calculated between positions 1 and 3 (5.125 Å) and 2 and 3 (3.972 Å).

Details regarding ab initio steered molecular dynamics simulations are available 

 

diethyl-1,1-
(left) and side (right).  Carbon-carbon 

distances were calculated between positions 1 and 3 (4.753 Å) and 2 and 3 (3.241 Å). 

 

2,3-diethyl-1,1-
ane as viewed from the top (left) and side (right).  Carbon-carbon 

distances were calculated between positions 1 and 3 (5.125 Å) and 2 and 3 (3.972 Å). 
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7. Reactive Cross-Talk Between Adjacent Tension-
Trapped Transition States † 

7.1 Introduction 

In Chapter 6, we showed that the tension generated along a polymer main chain 

during pulsed ultrasound can be used to extend the  lifetime of  the s-trans/s-trans 1,3-

diradical that forms during the isomerization of 2,3-disubstituted gem-

difluorocyclopropanes154,160 (gDFCs) on polybutadiene (PB) scaffolds. 171 
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Figure 78.  Thermally, both (a) trans- and (b) cis-gDFCs preferentially open and close 
through a disrotatory process via a 1,3-diradical transition state.  Applying a large 
mechanical force leads to the formation and trapping of the s-trans/s-trans 1,3-diradical 
‘transition state’, which closes to the cis-gDFC once the force is removed.  

The thermal activation of trans-gDFC proceeds in a formally disrotatory process 

to the s-cis/s-trans diradical transition state that ring closes by the same mechanism to 

regenerate the trans-gDFC. An analogous process occurs in the cis-gDFCs, but the 

transition state structure is the s-trans/s-trans diradical. Applying a large mechanical 

                                                      

† This chapter is adapted from: J. Am. Chem. Soc. 2011, 133, 3222-3225. 
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force (~ nN) through sonochemical shear fundamentally changes the potential energy 

surface—the ring opening proceeds in a conrotatory fashion to the s-trans/s-trans 

diradical, which, despite being the transition state of a thermal reaction,154,160 is a global 

minimum on the force-coupled potential energy surface. Once the transient shear event 

ends, the diradical closes in the normal, force-free disrotatory manner to the cis isomer. 

Here we report that large numbers of these diradicals can be trapped simultaneously 

and in proximity to each other, enabling a new fragmentation reaction between two 

adjacent, tension trapped transition state diradicals to take place. 

7.2 Experimental 

Unless otherwise stated, all starting materials and reagents were obtained from 

commercial suppliers and used without further purification. Dr. James W. Ogle 

synthesized gDFC polymers using ring opening metathesis polymerization (ROMP, see 

section 7.).  Polybutadiene (cis and trans; 36 % cis, 55 % trans, 9 % 1,2 addition, referred to 

herein as cis/trans-PB), sodium chlorodifluoroacetate, methyl benzoate, 1.0 M 

hydrochloric acid in diethyl ether and 4 Å molecular sieves (beads, 4-8 mesh) were 

purchased from Sigma-Aldrich.  CDCl3 was obtained from Cambridge Isotope 

Laboratories (D, 99.8%), CHCl3 and CH2Cl2 from BDH.  Trans,trans,trans-1,5,9-

cyclododecatriene (90% with 10% phenol stabilizer, Alfa Aesar) was dissolved in diethyl 

ether, washed with saturated aqueous sodium bicarbonate solution, separated, 

concentrated under reduced pressure, and stored as a stock solution in toluene or 
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methyl benzoate over 4 Å molecular sieves (beads, 4-8 mesh) for 12 hours prior to 

ROMP or difluorocyclopropanation reactions, respectively. [1,3-bis(2,4,6-

Trimethylphenyl)-2-imidazolidinylidene]-[2-[[(4-methylphenyl)imino]methyl]-4-

nitrophenolyl]-[3-phenyl-1H-inden-1-ylidene]ruthenium(II) chloride (Ru* below) was 

ordered from Strem and diluted with toluene and used as a stock solution.  Elemental 

analysis of the ROMP monomers was performed by Complete Analysis Laboratories. 

Gel permeation chromatography (GPC) was performed on a single column 

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

(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) and Wyatt Optilab DSP Interferometric Refractometer (RI).  The 

dn/dc values for each polymer were determined by injecting a known amount of 

polymer and back-calculating the appropriate value. 

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 on 1.5 mg 

mL-1 polymer solutions in ~15 mL of THF deoxygenated with bubbling N2 for 30 minutes 

prior to sonication at 6-9 oC in an ice-water bath at 30% amplitude (11.9 W cm-2) and the 

sonication pulse was set to 1 s on / 1 s off.  1H-, 19F- and 13C-analyses were conducted on 
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either a 400 MHz or 500 MHz Varian spectrophotometer and the residual solvent peak 

(7.240 ppm [1H], 77.23 ppm [13C]) was used as the chemical shift reference. Polymers 

were prepared by the addition of difluorocarbene to cis/trans-PB using known 

methods.172,173.  

7.3 Results 

In Chapter 6, we were able to show that well over 100 trans-gDFC isomerization 

reactions were typically observed to occur by the time the polymer MN was cut in half, a 

competing mechanochemical process.171 Here we examine the extent of isomerization as 

a function of the gDFC content on the copolymer. Critical for the work reported here is 

that both isomerization and scission of the polymer are observed, and for convenience 

we define the extent of isomerization, φ1, to be the fraction of trans-gDFCs that isomerize 

during the first scission cycle. Normalizing the extent of isomerization in terms of 

scission cycle is a robust and convenient mechanism by which to account for variations 

in the magnitude of the forces generated due to, e.g., polymer molecular weight, gDFC 

content, and fluctuations in sonication power.1  

As shown in Figure 79, the extent of isomerization versus chain scission varies 

substantially as a function of gDFC content. In gDFC copolymers prepared by random 

addition of difluorocarbene to PB, higher gDFC content gives lower levels of 

isomerization. For example, φ1 = 0.41 and 0.19 for copolymers of 97 kDa and 3.8 % gDFC 

vs. 88 kDa and 59 % gDFC content, respectively. The inverse dependence of 
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isomerization rate on copolymer loading was observed for polymers of up to 95 % 

copolymer loadings, spanning φ1 from 0.07 to 0.41. We note here that the variation in 

absolute polymer scission rates is much too small to account for the differences reported 

here.  

    

 

 

Figure 79.  (a) Ring opening metathesis yields polymer 1 (33.3 % gDFC) and (b) polymer 
2 (66.7 % gDFC). (c) The fraction of trans-gDFC that is converted to cis-gDFC as a 
function of difluorocarbene addition to poly(butadiene). Points are experimental values 
taken from 19F NMR integrations, with an estimated uncertainty of ± 3 %. Lines are 
linear fits constrained through the origin and are used to extrapolate the % 
isomerization to one scission cycle. 

The decrease in isomerization efficiency for increasing gDFC incorporation 

suggested participatory effects of neighboring ring-opened 1,3-diradicals along the 
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polymer backbone. This was confirmed by ring opening metathesis polymerization 

(ROMP) of a mono-gDFC-cyclododecatriene to yield a 66 kDa copolymer with 33.3% 

trans-gDFC content and no adjacent gDFCs (polymer 1, Figure 79). Sonication of 1 led to 

the highest normalized extent of isomerization, over twice that of an equivalently 

functionalized, random copolymer (319 kDa, 32 % gDFC-PB).  

A likely explanation is that as the polymer is stretched under tension, the peak 

force along the polymer backbone increases and more and more gDFCs are pulled into 

the diradicals that correspond to force-free transition states. Both the peak force and 

activated zone continue to grow until the polymer snaps, halting subsequent gDFC 

activation. This picture of multiple transformations occurring in a single extension event 

is consistent with our earlier observations on the related mechanical activation of gem-

dichlorocyclopropanes (gDCCs) under similar conditions.102  
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Figure 80. Proposed mechanism for the force-induced fractionation of neighboring 1,3-
diradicals.  

The influence of neighboring gDFCs is then explained by invoking a mechanism 

wherein activation of adjacent gDFCs leads to a specifically weak bond between the two 

transition state structures. Under the influence of the mechanical restoring force, this 

weak bond disproportionates at a lower force than the rest of the polymer backbone, 
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halting the mechanical activation prematurely. A reasonable mechanism for such a 

process is shown in Figure 80. Bernoullian statistical analysis174 supports this picture.  
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Figure 81. The probability of repeating gDFC-gDFC units (PFF) along the polymer chain 
was calculated by Bernoullian statistics.  

Table 2. Bernoullian statistical analysis leads to the following results obtained during 
sonochemical activation of trans-gDFCs along gDFC-PB polymers. From the % gDFC the 
fractions of repeating FF dyads along the polymers were calculated (PFF). From the 
polymer degree of polymerization (DP) the number of FF dyads along each polymer 
chain were calculated (Ρ*). The extent of trans-gDFC isomerization is reported here as 
the extent of isomerization after the first scission cycle (φ1). 

RANDOM c/t-gDFC-PBs 

% gDFC MN(i) / kDa PFF Ρ* φ1 

3.8 96.8 0.0014 2.5 0.41 

8.0 192 0.0064 21 0.31 

9.1 179 0.0083 25 0.30 

10.9 154 0.012 31 0.30 

22.0 190 0.048 140 0.25 

32.4 319 0.11 480 0.21 

36.1 275 0.13 500 0.19 

47.4 173 0.23 500 0.18 

51.7 290 0.27 970 0.13 

58.7 88.4 0.35 370 0.19 

95.1 177 0.90 1600 0.072 
          

Polymer 1 (33.3 %) and 2 (66.7 %) 

% gDFC MN(i) / kDa PFF Ρ* φ1 

33.3 65.5 0 0 0.47 

66.7 66.2 0.67 500 0.18 
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Figure 82. The extent of trans isomerization after the first scission cycle during pulsed 
ultrasound of gDFC polymers is not simply a result of the probability of a polymer 
containing FF dyads (left, PFF), but is directly related to the absolute number of FF dyads 
as calculated from PFF and the polymer degree of polymerization resulting in Ρ*. 

Assuming a random distribution of gDFCs, the probabilities of adjacent gDFCs 

(PFF) were calculated as [PFF = (gDFC fraction)2]. The probability of generating and 

breaking a weak bond at any point in the extension event, as proposed in the 

mechanism, is proportional to the absolute number of adjacent gDFCs in the 

mechanically active zone of the polymer, the size of which is in turn proportional to the 

degree of polymerization (DP). Importantly, the isomerization efficiencies correlate 

almost perfectly with PFF•DP (Ρ∗) as opposed to PFF alone. These analyses include 

polymers of varying molecular weights, gDFC content, and controlled gDFC 

microstructure (Table 2).To support the mechanism of force-induced specific bond 

dissociation as a result of the coupled transition state disproportionation product 

analysis by 1H- and 19F-NMR were conducted for polymers of varying φ1 values. First, 

1H-NMR end group analysis was conducted on i) cis/trans-PB ii) 275 kDa 36 % cis/trans-
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gDFC-PB and iii) 177 kDa 95 % cis/trans-gDFC-PB polymers. After extensive sonication, 

no new alkene resonances were observed in the spectrum of sonicated cis/trans-PB 

(Figure 83), while spectral analysis after sonication of both 36 % and 95 % gDFC 

polymers showed the growth of a 1H-NMR multiplet at 5.87 ppm.  
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Figure 83. 1H-NMR (500 MHz, CDCl3) observed after sonication of annotated polymers. 
The formation of the multiplet at 5.87 ppm matches the expected chemical shift of the 
terminal alkene product. Shown (top right) is a small molecule reference compound.175 

The chemical shift of this new resonance is indicative of the formation of a 

terminal alkene as a result of tetraradical disproportionation. First, the chemical shift of 

the resonance is near that reported for a related small molecule175 (Figure 83). 1H-1H 

COSY cross peaks reveal that the new resonance neighbors additional alkene protons, 
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and the lack of cross peaks to the methylene region of the spectrum support the 

formation of the hypothesized, terminal alkene product. 
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Figure 84. Selected region of the 19F-NMR spectra observed after sonication of 36 % and 
95 % cis/trans-gDFC polymers. Labeled resonances indicate 3,3-difluoroalkene products 
that result from coupled diradical disproportionation. 19F resonances were attributed to 
polymer end groups as a result of coupled diradical disproportionation versus known 
small molecule compounds.176,177,177 The splitting of the 19F resonances are likely the result 
of microstructural differences in the polymer (36 % vs. 95 %) backbone. 

Further evidence is observed in the 19F-NMR spectra of sonicated gDFC 

polymers. Initially the 19F-NMR spectrum is composed of three major sets of multiplet 

resonances at -125 ppm, -154 ppm (cis-gDFC; syn- and anti- F) and -139 ppm (trans-

gDFC). Pulsed ultrasound of  36% and 95 % cis/trans-gDFC polymers is followed both by 

the interconversion of trans- to cis-gDFC in addition to the formation of additional 
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singlet 19F resonances at ca. -93.1 ppm, -93.6 ppm, -97.8 ppm and -98.0 ppm. The 

integrated values, chemical shifts and singlet multiplicity agree with those of model 

compounds with terminal 3,3-difluoroalkenes, supporting the formation of 3,3-

difluoroalkenes as the dominant product of chain scission. 

 

Figure 85. 1H-NMR spectra (left, 500 MHz, CDCl3) before and after dichlorocarbene 
addition to the 36 % cis/trans-gDFC-PB polymer. Pulsed ultrasound of the cis/trans-
gDFC-gDCC-PB polymer led to the same extent of gDFC isomerization versus the 
cis/trans-gDFC-PB starting polymer.  

An alternative mechanism that leads to the same products is that a weak bond is 

created simply by generating one diradical next to an intact cyclopropane. To rule out 

this possibility, a 36 % gDFC-PB was reacted with dichlorocarbene to yield a mixed 

gDFC-gDCC-PB polymer with 36 % gDFC and 26 % gDCC content. The as-synthesized, 

261 kDa polymer was next subjected to pulsed ultrasound, and 19F-NMR was used to 

determine the extent of trans-gDFC isomerization. That the weak bond is not created 

simply by generating one diradical next to an intact cyclopropane was supported by the 

fact that the extent of trans-gDFC isomerization was equivalent that of the 36 % cis/trans-
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gDFC polymer without added gDCCs (Figure 85).  Interestingly, the extent of gDCC 

isomerization dropped considerably versus sonochemical ring opening of a pure gDCC-

PB polymer; indicating that tetraradical disproportionation occurs at forces well below 

that of C-C bond rupture, a feature to be discussed in section 7.5. 

7.4 Molecular Dynamics Simulations 

To further investigate the effects of ring opened, adjacent diradicals in polymers 

subjected to mechanical forces ab initio steered molecular dynamics (AISMD) 

calculations were conducted under simulated force.1,11,12 These calculations were 

performed by our collaborators Mitchell Ong and Todd Martinez (details are provided 

in Appendix E2), and they confirm that, once one gDFC opens to the diradical, the ring 

opening of an adjacent gDFC precedes bond scission between the open diradical and 

closed gDFC. A total of 20 trajectories were run on gDFC dimers (cis,trans) under 

simulated forces of 3 nN. The mixed cis, trans dimers were chosen to confirm that both 

isomers open prior to bond scission, and subsequent reactivity is independent of initial 

stereochemistry because both isomers generate the same diradical.171  

In all 20 trajectories, the primary process is ring opening; both gDFCs rapidly and 

irreversibly form the associated diradicals before any bond scission reaction is observed. 

In 18 of the trajectories, the adjacent diradicals remain intact for the 1 ps duration of the 

simulations. In 2 of the 20 trajectories, however, the adjacent diradicals disproportionate 

via the mechanism shown in Figure 86. 



 

Figure 86.  (a) Representative time points taken from a steered molecular dynamics 
simulation of a gDFC dimer under a simulated force of 3 nN. The dominant process is 
ring opening of the gDFCs into their respective 1,3
the simulated trajectories, as shown in the snapshots at 100 ps and 200 ps of simulation 
time. In 2 out of 20 trajectories, including the one shown here, a secondary bond scission 
process occurs to give alkene
gDFC ring opening and bond scission as a function of time for the MD simulation 
corresponding to (a). 

The simulated force of 3 nN probably overestimates the peak force in the 

sonication experiments, as suggested by the observation that similar sonication 

conditions lead to covalent bond scission in polybutadiene and other covalent polymers, 

a process that requires several nN of force

collapse. A reasonable lower limit for the effective loading rate of force during extension 

is therefore ~1010 pN s-1. The force builds until the rate of force

is comparable to the loading rate, 

the characteristic force dependence of the rate constant (inverse slope of a plot of ln(

vs. F).137 Using fβ for Si-C bond scission, which has been previously reported 

pN,178 means that the force will continue to build until the rate of bond scission is > 10
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DFCs into their respective 1,3-diradicals, which occurs in all 20 of 
the simulated trajectories, as shown in the snapshots at 100 ps and 200 ps of simulation 
time. In 2 out of 20 trajectories, including the one shown here, a secondary bond scission 

ss occurs to give alkene-terminated products. (b) Bond lengths associated with 
DFC ring opening and bond scission as a function of time for the MD simulation 

The simulated force of 3 nN probably overestimates the peak force in the 

nication experiments, as suggested by the observation that similar sonication 

conditions lead to covalent bond scission in polybutadiene and other covalent polymers, 

a process that requires several nN of force178 to build on the ~ µs time scale of bubble 

lapse. A reasonable lower limit for the effective loading rate of force during extension 

. The force builds until the rate of force-accelerated chain scission 

is comparable to the loading rate, k(F) = rF/fβ, where rF is the loading rate and 

the characteristic force dependence of the rate constant (inverse slope of a plot of ln(

C bond scission, which has been previously reported 

means that the force will continue to build until the rate of bond scission is > 10
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C bond scission, which has been previously reported to be ~102 

means that the force will continue to build until the rate of bond scission is > 108 s-1 
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(note that we provide this analysis for purposes of discussion only, and regard it as a 

likely lower limit for a typical case). 

In the simulations, 2 out of 20 dimers break in 1 ps at 3 nN, meaning that the rate 

constant for scission at 3 nN is ~1012 s-1. Based on the discussion above, the typical peak 

force for chain scission is therefore likely less, but not dramatically so, than 3 nN. 

Because ring opening is much faster than chain scission both at zero force171 (thermal 

reaction) and at 3 nN, however, we infer that the same relative reactivity observed in the 

simulations applies to the experimental conditions. The AISMD simulations are 

therefore consistent with a mechanism in which adjacent diradicals are formed prior to 

bond scission, and that the as-formed tetraradical undergoes force-induced 

disproportionation to 3,3-difluoroalkene products. 

7.5 Adjacent Diradicals as Weak Bonds 

Supporting evidence for the formation of a specifically weak bond between 

adjacently trapped 1,3-diradicals is observed during sonochemical activation of mixed 

gDFC-gDCC-PB polymer. In determining the extent of gDFC isomerization on a mixed 

gDFC-gDCC-PB polymer we noticed that the extent of gDCC ring opening was 

markedly lower than the expected value. For example, in Chapter 3 we described the 

mechanochemical ring opening of gDCC polymers under conditions of variant 

sonochemical parameters (amplitude, solvent, polymer concentration) and 

mechanophore loading (changing the gDCC content of gDCC-PB polymers). The only 
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method to successfully alter the extent of gDCC ring opening was to subject polymers of 

small DP to the ultrasound conditions. Polymers of smaller molecular weight were 

observed to lead to higher extents of gDCC activation. Pulsed ultrasound of a 261 kDa 

gDFC-gDCC-PB polymer as described above led to a fraction of gDCC ring opening after 

the first scission cycle of φ1 = 0.23. From the number-averaged molecular weight and an 

average formula weight for the polymer (94.48 g mol-1), the DP (degree of 

polymerization) of the polymer was calculated to be 2762. In comparison to φ1 = 0.23 for 

the mixed gDFC-gDCC-PB,  four gDCC-PB polymers synthesized in Chapter 3 had DPs 

within 4 % of 2762, the average extent of gDCC ring opening within this series was φ1 = 

0.38 ± 0.06 (standard deviation of the four experimentally determined values). 

The decrease in gDCC ring opening in the presence of tetraradical weak bonds 

was further investigated by synthesizing two additional gDFC-gDCC-PB polymers. 

Dichlorocarbene addition to 154 kDa 11 % gDFC-PB and 290 kDa 52 % gDFC-PB 

polymers resulted in the formation of 287 kDa [11 %]-gDFC-[78 %]-gDCC-PB and 323 

kDa [52 %]-gDFC-[40 %]-gDCC-PB polymers respectively. Pulsed ultrasound of 287 kDa 

gDFC-gDCC-PB polymer led to gDFC isomerization at a rate of φ1 = 0.27 [versus φ1 = 0.30; 

154 kDa 52 % gDFC-PB]. The mechanochemical rearrangment of gDCCs along the 

copolymer occurred with φ1 = 0.22. Pulsed ultrasound of 323 kDa gDFC-gDCC-PB 

polymer was more revealing. The isomerization of gDFCs along the gDFC-gDCC 

copolymer was consistent with the initial gDFC polymer at φ1 = 0.14. Analysis of the 1H-
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NMR spectra during pulsed ultrasound led to φ1 = 0.14 for gDCC ring opening, a value 

well below that observed for gDCC-PB polymers. 

A plot of the extent of gDCC ring opening on gDFC-gDCC-PB polymers shows 

the same trend as that of sonicated gDFC polymers. Increasing the number of gDFC-

gDFC dyads along the polymer chain (Ρ*) leads to a consistent decrease in the extent of 

mechanochemical activation of not only gDFCs, but also the ring opening of gDCCs. The 

ring opening reaction of gDCCs along polymer chains may therefore be used 

qualitatively to denote the presence or absence of weak bonds in polymer chains 

subjected to pulsed ultrasound. 

 

 

Figure 87. The extent of gDCC ring opening on gDFC-gDCC-PB copolymers proceeds to 
a lower extent than values observed for similar DP, gDHC-PB polymers as observed and 
reported in Chapter 3 (left, electrocyclic rearrangements of gDHC polymers as a function 
of the polymer DP without gDFCs along the polymer backbone.) The extent of gDCC 
ring opening is instead a function of the number of adjacent gDFC-gDFC repeat units 
(right, Ρ∗) along the polymer chain. Both gDFC isomerization and gDCC ring opening 
mirror the previously described decrease in activation observed during sonochemical 
treatment of gDFC-PB polymers. 
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7.6 Conclusion 

Mechanochemical polymer extension allows tension trapping of two diradicals 

that closely resemble the transition states of force-free reactions. This mode of reactivity 

represents a new method by which to engineer covalent mechanochemistry in polymers 

and polymeric materials. The use of mechanical force to characterize the chemistry of 

species whose existence is otherwise fleeting expands its application as a tool for 

physical organic chemistry, as applied previously in strained macrocycles10,179 and in the 

sonochemically directed anti-Woodward-Hoffman ring openings of benzocyclobutene47 

and the gem-difluorocyclopropanes explored here.171  

As a transition state, the 1,3-diradical that forms from the disrotatory ring 

opening reaction of gDFC has a lifetime of ca. 10-13 s, or the lifetime of a single bond 

vibration. The steady state concentration of the formed diradical is thus approximately 

zero, and trapping adjacent transition states is effectively impossible from application of 

thermal energy. The use of a mechanical force to direct this otherwise impossible 

reactivity creates the possibility of directing reactions that are uniquely mechanical as 

opposed to being kinetically affected in the sense of thermal pathways; these pathways 

encompassing both ‘allowed’ or ‘disallowed’ transformations and kinetic effects such as 

reaction rate enhancement.  

Sonochemical activation of mixed gDFC-gDCC-PB polymers reveals a potential 

new mechanochemical stress probe for characterizing weak bonds in polymers subjected 
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to mechanical stress. Further studies on related systems may provide a direct 

characterization of the relevant forces obtained during mechanochemical extension of 

polymers as a result of cavitation bubble collapse. With the increasing interest in the 

synthesis of new mechanophores and the characterization of their behavior in severe 

stress fields,106,105,42,56 we anticipate that numerous challenges to conventional notions of 

reactivity will continue to appear. 
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7.7 Additional Details of Syntheses and Characterization 

7.7.1 Synthesis 

Syntheses of gem-difluorocyclopropanated polybutadiene copolymers (gDFC-

PBs) of 3.8 %-, 10.9 %-, 32.4 %-, 36.1 %-, 51.7 %- and 58.7 %-gDFC were prepared by the 

pyrolysis of sodium chlorodifluoroacetate in dry methyl benzoate at 190 oC.  An initial 

attempt at synthesizing a gDFC-PB copolymer with trimethylsilyl 

fluorosulfonyldifluoroacetate (TFDA)1 was attempted and resulted in the 8.0 % cis/trans-

gDFC-PB copolymer   Pyrolysis of sodium chlorodifluoroacetate in dry methyl benzoate 

proved to be a more facile route for polybutadiene functionalization.  For small molecule 

ROMP monomers, TFDA served as the sole reagent for gDFC preparation. 

F
S

OH

O O

F F

O

F
S

O

O O

F F

O

Si
1. 5 eq. TMS-Cl, 0 oC

1 hour
2. 25 oC 2 hours
3. 65 oC 16 hours

TFDA  

Trimethylsilyl fluorosulfonyldifluoroacetate (TFDA). A 3-necked, oven-dried 

round-bottomed flask with magnetic stirrer, N2 inlet, dropping funnel and water-cooled 

reflux condenser leading to an empty 500 mL backup trap containing CaCl2 was 

prepared.  The backup trap was connected as the N2 outlet by tygon tubing to an 

inverted glass funnel that was positioned just above a beaker containing 60 g of NaHCO3 

in 200 mL of water.  To the round-bottomed flask was added 5 mL (48.4 mmoles) of 2,2-

difluoro-2-(fluorosulfonyl)acetic acid and the flask was cooled to 0 oC with an ice/water 

bath.  When the temperature equilibrated, 31 mL (244 mmoles, 5 equivalents) 
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chlorotrimethylsilane (TMS-Cl) was added to the dropping funnel.  TMS-Cl was allowed 

to mix in the flask by slow addition over one hour at 0 oC then the ice/water bath was 

removed and the reaction was allowed to proceed for an additional two hours.  After 

two hours, an oil bath was placed under the reaction and heated to 65 oC; the reaction 

was allowed to proceed at reflux overnight (~ 16 hours).  After 16 hours the excess TMS-

Cl was removed by distillation at 30 oC resulting in a colorless oil as the product (8.4 g, 

69% yield).  The product was checked by 19F-NMR and matched the spectrum from the 

literature.1  19F NMR (376 MHz, CDCl3) δ 41.14 (t, 1F, J = 5.1 Hz), -103.2 (d, 2F, J = 5.1 Hz).  

Due to the instability of TFDA to hydrolysis, the reagent was used directly after 

preparation and without further characterization. 

192 kDa 8.0 % cis/trans-gDFC-PB by reaction with TFDA. 0.5 g (9.24 mmoles) 

cis/trans-PB was dissolved in 50 mL CHCl3, rotovapped to dryness and dried for 2 hours 

at 60 oC in a round-bottomed flask with magnetic stirrer.  After drying, 0.032 g (0.76 

mmoles) NaF was quickly added to the flask, a water-cooled reflux condenser with N2 

inlet, then dry toluene:methyl benzoate (75 mL: 75 mL) and the cis/trans-PB was stirred 

until completely dissolved.  After dissolved, the cis/trans-PB solution was heated to 120 

oC with an oil bath under N2 and 2.3 g (9.2 mmoles) TFDA was added dropwise (by 

syringe pump) over 2 hours.  After complete addition, toluene was removed by 

distillation, the polymer solution was washed 3X with DI-H2O and product was 

precipitated with methanol.  The polymer was reprecipitated with methanol twice more 
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from minimal CHCl3 and dried overnight on high vacuum.  1H NMR (400 MHz, CDCl3) 

δ 5.40 (b, 2.00H), 4.94 (m, 0.24H), 2.05 (b, 4.17H), 1.7-1.0 (0.82H).  19F NMR (376 MHz, 

CDCl3) δ -124.8 (d, 1F, J = 153 Hz), -139.2 (t, 2.18F, J = 45.0 Hz), -154.3 (dt, 0.88F, J = 45.0 

Hz, 155 Hz).  13C NMR (125 MHz, CDCl3) δ 142.86, 131.47, 131.08, 130.46, 130.34, 130.22, 

130.05, 129.83, 129.64, 129.52, 129.39, 128.94, 128.73, 128.56, 128.10, 114.55, 114.46, 77.48, 

77.23, 76.98, 43.96, 43.85, 38.41, 34.49, 34.34, 34.18, 32.93, 32.90, 32.39, 32.13, 30.43, 30.36, 

28.13, 27.75, 27.61, 27.54, 27.10, 26.92, 25.20, 25.10, 24.68, 24.60, 21.95.  Copolymer 

composition = 82.0% 1,4-PB; 10.0 % 1,2-PB; 8.0% gDFC (3.7 % cis-gDFC, 4.3 % trans-

gDFC).  MALS-GPC (dn dc-1 = 0.1170); MN = 192,000 g mol-1, MW = 298,000 g mol-1, PDI = 

1.55. 

96.8 kDa 3.8 % cis/trans-gDFC-PB. 0.600 g (11.1 mmoles) of cis/trans-PB was 

dissolved in 100 mL methyl benzoate, 4 Å molecular sieves were added to the solution, 

and nitrogen was bubbled through the solution overnight.  0.17 g (1.12 mmoles) of 

sodium chlorodifluoroacetate was dissolved in 10 mL methyl benzoate, 4 Å molecular 

sieves were added to the solution, and nitrogen was bubbled through the solution 

overnight.  After 16 hours of drying over molecular sieves, the PB solution was added by 

syringe to an oven dried round bottom flask under nitrogen and heated to 190 oC.  Once 

the solution reached 190 oC, the sodium chlorodifluoroacetate solution was added 

dropwise over 1 hour by syringe pump.  After complete addition, the reaction was 

allowed to proceed for an additional 15 minutes, was removed from the heat and 

allowed to cool.  The reaction was washed 3 times with DI-water and the polymer was 
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precipitated with methanol.  The polymer was redissolved in dichloromethane, 

precipitated again with methanol, and allowed to dry on a high vac overnight.  1H NMR 

(400 MHz, CDCl3) δ 5.40 (b, 2.00H), 4.95 (b, 0.24H), 2.05 (b, 4.03H), 1.7-1.0 (m, 0.50H).  19F 

NMR (376 MHz, CDCl3) δ -124.8 (d, 1F, J = 153 Hz), -139.4 (t, 2.36F, J = 45.0 Hz), -154.3 

(dt, 0.97F, J = 45.0 Hz, 155 Hz).  13C NMR (126 MHz, cdcl3) δ 142.85, 131.46, 130.33, 130.21, 

129.82, 129.63, 128.72, 128.55, 114.53, 77.48, 77.23, 76.98, 68.18, 43.83, 38.39, 34.33, 34.18, 

32.92, 32.38, 30.42, 30.34, 27.74, 27.61, 27.10, 26.92, 25.83, 25.09, 24.68, 21.93.  Copolymer 

composition = 85.7 % 1,4-PB; 10.5 % 1,2-PB; 3.8% gDFC (1.7 % cis-gDFC, 2.1 % trans-

gDFC).  MALS-GPC (dn dc-1 = 0.1290); MN = 96,800 g mol-1, MW = 141,000 g mol-1, PDI = 

1.46. 

179 kDa 9.1 % cis/trans-gDFC-PB. 0.63 g (11.6 mmoles) cis/trans-PB was 

subjected to thermolysis in the presence of sodium chlorodifluoroacetate as described 

above.  1H NMR (400 MHz, CDCl3) δ 5.40 (b, 2.00H), 4.91 (b, 0.25H), 2.06 (b, 4.00H), 1.27 

(b, 0.89H).  19F NMR (376 MHz, CDCl3) δ -124.8 (d, 2.3F), -139.2 (m, 5.51F), -154.3 (m, 

2.18F).  Copolymer composition = 80.3 % 1,4-PB; 10.3 % 1,2-PB; 9.1 % gDFC (5.0 % trans, 

4.1 % cis).  MALS-GPC (dn dc-1 = 0.1135 mL g-1), MN = 179,000 g mol-1, MW = 294,000 g 

mol-1, PDI = 1.64. 

154 kDa 10.9 % cis/trans-gDFC-PB. 0.63 g (11.6 mmoles) cis/trans-PB was 

subjected to functionalization by difluorocarbene by pyrolysis of sodium 

chlorodifluoroacetate in methyl benzoate.  1H NMR (400 MHz, CDCl3) δ 5.40 (b, 2.00H), 
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4.95 (m, 0.29H), 2.06 (b, 4.07H), 1.7-1.0 (b, 1.05H).  19F NMR (376 MHz, CDCl3) δ -124.8 (d, 

1F, J = 153 Hz), -139.2 (t, 2.46F, J = 45.0 Hz), -154.3 (dt, 0.91F, J = 45.0 Hz, 155 Hz).  

Copolymer composition = 79.0 % 1,4-PB; 10.1 % 1,2-PB; 10.9 % gDFC (4.8 % cis-gDFC, 6.1 

% trans-gDFC).  MALS-GPC (dn dc-1 = 0.1100); MN = 154,000 g mol-1, MW = 236,000 g mol-

1, PDI = 1.53. 

287 kDa [11 %]-gDFC-[78.1 %]-gDCC-PB. 0.120 g 154 kDa 11 % gDFC-PB 

polymer was subjected to phase transfer catalysis in 50 mL CHCl3 (0.35 g, 0.96 mmoles 

CTAB, 1.6 g, 40 mmoles aqueous NaOH) under N2. 1H-NMR (400 MHz, CDCl3) δ 5.49 (b, 

2.00H); 5.08 (b, 2.11H); 2.16 (b, 2.94H); 1.8-0.9 (bm, 76.28H).  19F-NMR (376 MHz, CDCl3) 

δ -124.7 (m, 1.00F); -139.1 (m, 1.99F); -154.0 (m, 0.72F).  MALS-GPC (dn dc-1 = 0.1100 mL 

g-1); MN = 287,000 g mol-1; MW = 392,000 g mol-1; PDI = 1.36.  

 

Figure E88. 1H-NMR (400 MHz, CDCl3) of 287 kDa [11 %]-gDFC-[78.1 %]-gDCC-PB. 
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The initial gDFC-polymer was composed of: 78.9 % 1,4-PB; 10.2 % 1,2-PB and 

10.9 % gDFC. After dichlorocarbene addition the polymer composition was found to be: 

[1,4-PB] = (2+2.937-2.105) ÷ 6H = 0.472 eq: [1,2-PB] = (2.105) ÷ 2H = 1.053 eq: 

[gDHC] = (76.275-2.105) ÷ 6H = 12.362 eq. Therefore the ‘total composition’ of the 

polymer was 3.4 % 1,4-PB; 7.6 % 1,2-PB and 89.0 % gDHC. Since the intial polymer was 

composed of 10.9 % gDFC; the percent gDCC addition was 78.1 %. 

190 kDa 22.0 % cis/trans-gDFC-PB. 1.0 g (18.5 mmoles) cis/trans-PB was 

subjected to thermolysis in the presence of sodium chlorodifluoroacetate as described 

above.  1H NMR (400 MHz, CDCl3) δ 5.40 (b, 2.00H); 4.96 (b, 0.27H); 2.06 (b, 4.01H); 1.28 

(b, 2.12H).  19F NMR (376 MHz, CDCl3) -124.8 (d, 2.23F); -139.2 (m, 5.59F); -154.4 (m, 

2.18F).  Copolymer composition = 68.3 % 1,4-PB, 9.7 % 1,2-PB, 22.0 % gDFC (9.7 % cis, 

12.3 % trans).  MALS-GPC (dn dc-1 = 0.0879 mL g-1); MN = 190,000 g mol-1, MW = 282,000 g 

mol-1, PDI = 1.49. 

319 kDa 32.4 % cis/trans-gDFC-PB. 0.914 g (16.9 mmoles) cis/trans-PB was 

functionalized with difluorocarbene by pyrolysis of sodium chlorodifluoroacetate in 

methyl benzoate.  1H NMR (400 MHz, CDCl3) δ 5.40 (b, 2.00H), 4.97 (m, 0.30H), 2.06 (b, 

3.89H), 1.7-1.0 (b, 3.42H).  19F NMR (376 MHz, CDCl3) δ -124.8 (d, 1F, J = 141 Hz), -139.2 

(m, 2.36F), -154.3 (m, 0.95F).  13C NMR (125 MHz, CDCl3)  δ 142.8, 131.0-128.7, 119.0-

114.4, 43.9, 38.3, 34.2, 32.8, 32.3, 32.0, 30.3, 28.1-26.1, 25.1, 24.5, 21.8, 21.4, 19.5, 

15.9Copolymer composition = 58.2 % 1,4-PB; 9.4 % 1,2-PB; 32.4 % gDFC (14.7 % cis-gDFC, 
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17.8 % trans-gDFC).  MALS-GPC (dn dc-1 = 0.0700); MN = 319,000 g mol-1, MW = 440,000 g 

mol-1, PDI = 1.38. 

275 kDa 36.1 % cis/trans-gDFC-PB. 3.0 g (55.5 mmoles) cis/trans-PB was 

functionalized with difluorocarbene by pyrolysis of sodium chlorodifluoroacetate in 

methyl benzoate.  1H NMR (400 MHz, CDCl3) δ 5.40 (b, 2.00H), 4.96 (m, 0.30H), 2.06 (b, 

3.97H), 1.7-1.0 (b, 4.02H).  19F NMR (376 MHz, CDCl3) δ -124.8 (m, 1F), -139.2 (m, 2.42F), -

154.3 (m, 0.91F).  13C NMR (126 MHz, cdcl3) δ 132.77, 131.07, 130.75, 130.30, 130.20, 

129.65, 129.54, 128.72, 127.93, 118.73, 117.61, 116.44, 116.13, 115.27, 114.17, 112.75, 77.48, 

77.23, 76.98, 43.93, 38.43, 32.78, 32.31, 32.08, 29.92, 28.13, 27.96, 27.52, 27.45, 26.98, 26.83, 

26.51, 26.22, 24.68, 21.86, 21.48, 21.19, 19.61, 15.98.  Copolymer composition = 55.1% 1,4-

PB; 8.7 % 1,2-PB; 36.1 % gDFC (16.0 % cis-gDFC, 20.1 % trans-gDFC).  MALS-GPC (dn dc-

1 = 0.0700); MN = 275,000 g mol-1, MW = 446,000 g mol-1, PDI = 1.62.  

261 kDa [36 %]-gDFC-[27 %]-gDCC-PB. 0.272 g 36 % gDFC-PB was subjected to 

phase transfer catalysis in 50 mL CHCl3 (0.50 g, 1.4 mmoles CTAB; 2.3 g, 58 mmoles 

aqueous NaOH) under N2. 1H-NMR (400 MHz, CDCl3) δ 5.41 (b, 2.00H); 5.00 (b, 0.53H); 

2.07 (b, 3.85H); 1.8-0.9 (bm, 11.93H). 19F-NMR (376 MHz, CDCl3) δ  -125.0 (m, 1.00F); -

139.1 (m, 2.43F); -154.2 (m, 0.93F). 13C NMR (126 MHz, CDCl3) δ 142.38, 141.62, 131.08, 

130.30, 129.64, 129.54, 128.72, 116.41, 116.12, 115.32, 115.02, 67.17, 66.79, 66.39, 65.54, 

65.20, 43.79, 35.91, 34.65, 32.81, 32.57, 32.35, 32.11, 31.77, 30.37, 30.00, 29.78, 29.54, 28.15, 

27.47, 27.03, 26.86, 26.48, 26.26, 26.08, 25.13, 24.70, 21.85, 21.52, 21.21. 
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Figure E89. 13C-NMR (126 MHz, CDCl3) of [36 %]-gDFC-[27 %]-gDCC-PB. gDFC 
resonances are observed at ca. 116 ppm while cis- and trans-gDCCs are observed at ca. 65 
ppm. 

173 kDa 47.4 % cis/trans-gDFC-PB. 0.62 g (11.4 mmoles) cis/trans-PB was 

subjected to thermolysis in the presence of sodium chlorodifluoroacetate as described 

above.  1H NMR (400 MHz, CDCl3) δ 5.40 (b, 2.00H), 4.95 (b, 0.35H), 2.06 (b, 3.97H), 1.28 

(b, 6.36H).  19F NMR (376 MHz, CDCl3) δ  -125.0 (m, 2.28F), -139.2 (m, 5.55F), -154.2 (m, 

2.17F).  Copolymer composition = 44.3 % 1,4-PB, 8.2 % 1,2-PB, 47.4 % gDFC (21.1 % cis, 

26.3 % trans-gDFC).  MALS-GPC (dn dc-1 = 0.0613 mL g-1), MN = 173,000 g mol-1, MW = 

279,000 g mol-1, PDI = 1.61. 

290 kDa 51.7 % cis/trans-gDFC-PB. 0.815 g (15.7 mmoles) cis/trans-PB was 

subjected to functionalization by difluorocarbene by pyrolysis of sodium 

chlorodifluoroacetate in methyl benzoate.  1H NMR (400 MHz, CDCl3) δ 5.40 (b, 2.00H), 
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4.98 (m, 0.38H), 2.06 (b, 3.98H), 1.7-1.0 (b, 7.60H).  19F NMR (376 MHz, CDCl3) δ -125.0 

(m, 1F), -139.4 (m, 2.47F), -154.3 (m, 0.96F).  13C NMR δ 142.52, 142.33, 130.37, 129.94, 

129.71, 118.70, 117.58, 116.70, 116.41, 116.11, 115.30, 115.06, 114.32, 114.09, 113.27, 113.01, 

77.48, 77.23, 76.98, 44.00, 34.23, 32.80, 32.30, 32.08, 31.89, 28.33, 27.60, 27.52, 27.04, 26.58, 

25.63, 24.77, 21.94, 21.54.  Copolymer composition = 40.1% 1,4-PB; 8.2 % 1,2-PB; 51.7 % 

gDFC (22.9 % cis-gDFC, 28.8 % trans-gDFC).  MALS-GPC (dn dc-1 = 0.0580); MN = 290,000 

g mol-1, MW = 400,000 g mol-1, PDI = 1.38.    

323 kDa [52 %]-gDFC-[40 %]-gDCC-PB. 0.320 g 52 % gDFC-PB was subjected to 

phase transfer catalysis in 50 mL CHCl3 0.90 g, 2.5 mmoles CTAB; 1.6 g, 40 mmoles 

aqueos NaOH) under N2. 1H-NMR (400MHz, CDCl3) δ 5.50 (b, 1.38H); 5.05 (b, 2.00H); 

2.07 (b, 2.21H); 1.8-0.9 (bm, 85.96H). 19F-NMR (376 MHz, CDCl3) δ  -125.0 (m, 2.27F); -

139.2 (m, 5.52F); -154.1 (m, 2.21F). 

88.4 kDa 58.7 % cis/trans-gDFC-PB. 0.100 g (1.85 mmoles) cis/trans-PB was 

subjected to functionalization by difluorocarbene by pyrolysis of sodium 

chlorodifluoroacetate in methyl benzoate.  1H NMR (400 MHz, CDCl3) δ 5.40 (b, 2.00H), 

4.96 (m, 0.38H), 2.07 (b, 4.07H), 1.7-1.0 (b, 9.97H).  19F NMR (376 MHz, CDCl3) δ -125.0 

(m, 1F), -139.4 (m, 2.36F), -154.3 (m, 0.90F).  13C NMR (125 MHz, CDCl3) δ 142.42, 141.87, 

131.11, 130.34, 130.25, 129.68, 129.58, 128.78, 118.71, 117.59, 116.72, 116.41, 116.13, 115.57, 

115.28, 115.00, 114.42, 114.12, 113.85, 112.99, 77.48, 77.23, 76.98, 43.97, 38.38, 36.87, 34.28, 

32.83, 32.33, 32.08, 30.33, 28.26, 28.08, 27.56, 26.88, 26.57, 26.28, 24.73, 23.46, 21.91, 21.53, 
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19.47, 16.04.  Copolymer composition = 34.2% 1,4-PB; 7.1 % 1,2-PB; 58.7 % gDFC (26.2 % 

cis-gDFC, 32.5 % trans-gDFC).  MALS-GPC (dn dc-1 = 0.0551); MN = 88,400 g mol-1, MW = 

148,000 g mol-1, PDI = 1.68. 

177 kDa 95.1 % cis/trans-gDFC-PB. 0.262 g (4.8 mmoles) cis/trans-PB was 

subjected to thermolysis in the presence of sodium chlorodifluoroacetate as described 

above.  1H-NMR (400 MHz, CDCl3) δ 5.41 (b, 2.00H), 5.04 (b, 1.81H), 2.07 (b, 3.63H), 1.4 

(b, 182.9H).  19F-NMR (470 MHz, CDCl3) δ -125.2 (m, 2.23F), -139.5 (m, 5.69F), -154.0 (m, 

2.08F).  Copolymer composition = 2.0 % 1,4-PB, 2.9 % 1,2-PB, 95.1 % gDFC ( 41.0 % cis-, 

54.1 % trans).  MALS-GPC (dn dc-1 = 0.0440 mL g-1), MN = 177,000 g mol-1, MW = 258,000 g 

mol-1, PDI = 1.45. 

 (4Z,8Z)-13,13-Difluoro-bicyclo[10.1.0]trideca-4,8-diene and (9E)-5,5,14,14-

tetrafluoro-tricyclo[11.1.0.04,6]tetradec-9-ene. A Teflon-coated magnetic stirrer was 

added to a recently flame-dried and vacuum-cooled 250 mL three-neck flask under a 

dinitrogen atmosphere with oven-dried sodium fluoride (30 mg, 0.71 mmol).  The flask 

was charged via cannula with a stock solution of 1,3,5-cyclododecatriene (4.5 g, 27.7 

mmol) in methyl benzoate (1.9 g, 14 mmol).  An oven-dried syringe was charged with 

TFDA (9.77 g, 39.1 mmol), attached to a syringe pump, and fitted to the three-neck flask.  

After heating the three-neck flask to 120 oC (external temperature, oil bath), the syringe 

pump was turned on and allowed to pump at a rate of 1.0 mL per hour.  After complete 

addition, the reaction was allowed to stir for an additional 5 h, and allowed to cool to 
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ambient temperature.  Isolation of both products was accomplished by careful column 

chromatography of the entire reaction using hexane as eluant: 3.464 g of bis-addition 

product (47.7 % isolated yield, Rf 0.3) and 1.566 g of mono-addition product (26.6 % 

isolated yield, Rf 0.6).  The reaction using pyprolysis of sodium chlorodifluoroacetate 

also gave both products, but in appreciably lower yields (13.8 and 4.2 %, respectively, 

from 2.0 eq. difluoroacetate at 190 oC).    

(4Z,8Z)-13,13-Difluoro-bicyclo[10.1.0]trideca-4,8-diene (mono-addition product): 

1H-NMR (400 MHz, CDCl3) δ 5.19 (s, 2H, olefin), 2.40-2.10 (m, 4H, allylic), 2.08-1.85 (m, 

6H, allylic & homoallylic), 1.10 (s, 2H, homoallylic), 0.95 (q, J1 = 7.5 Hz, JH-F = 7.2 Hz, 2H, 

cyclopropyl).  13C-NMR (125 MHz, CDCl3) δ 132.24, 129.79, 115.13 (t, J = 279 Hz, CF2), 

31.86, 31.18, 28.22, 26.46. 19F NMR (376 MHz, CDCl3) δ -139.62 (t, 2F, JF-H = 7.2 Hz). 

(9E)-5,5,14,14-tetrafluoro-tricyclo[11.1.0.04,6]tetradec-9-ene (bis-addition product, 

1.0 : 3.3 mixture of two regioisomers from integration of the 19F and 13C NMR): 1H NMR 

(400 MHz, CDCl3) δ 5.46 (m, 2H, olefinic), 2.25-1.65 (m, 8H, allylic & homo-cyclopropyl), 

1.45-1.15 (m, 6H, homo-cyclopropyl & cyclopropyl), 1.14-0.85 (m, 2H, cyclopropyl).  13C 

NMR (125 MHz, CDCl3) (minor isomer peaks denoted with *) δ 131.15, 130.71*, 115.80* 

(t, JC-F = 288.1 Hz, cyclopropyl CF2), 115.25 (t, JC-F = 287.7 Hz, cyclopropyl CF2), 31.4, 30.77*, 

20.02 (t, JC-CF = 8.8 Hz, cyclopropyl CHCF2), 27.2* (t, JC-CF = 8.5 Hz, cyclopropyl CHCF2), 

26.99 (t, JC-CF = 9.0 Hz, cyclopropyl CHCF2), 24.6, 23.98*, 23.73. 19F NMR (376 MHz, CDCl3) 

Isomer I: δ -137.35* (dd, 2F, JF-F = 153.7 Hz, JCF-C = 15.3 Hz), -139.92* (dd, 2F, 7JF-F = 153.7 Hz, 
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JCF-C = 15.3 Hz); Isomer II: δ. -138.95 (dd, 2F, JF-F = 154.2 Hz, JCF-C = 14.7 Hz), -140.1 (dd, 2 F, 

JF-F = 154.2 Hz, JCF-C = 14.9 Hz).    

Both products were found to be unstable under all conditions attempted for MS 

analysis, but elemental analysis generated satisfactory results.  Mono-addition product: 

Calculated C, 73.55; H, 8.55; F, 17.90; Found C, 73.41; H, H, 8.52; F, 17.68.  Bis-addition 

product: C, 64.11; H, 6.92; F, 28.97; Found C, 63.96; H, 6.85; F, 28.79. 

 

65.5 kDa 33.3 % trans-gDFC-PB [ROMP]. To a flame-dried and vacuum-cooled 

20 mL round bottom flask equipped with a reflux condenser under an atmosphere of 

dinitrogen was added (4Z,8Z)-13,13-Difluoro-bicyclo[10.1.0]trideca-4,8-diene (500 mg, 

2.35 mmol), toluene (2.6 mL, 1.1 M), Ru* (2.22 mg, 2.5 µmol), and 2.5 uL of a 1.0 M 

solution of hydrochloric acid in diethyl ether.  The flask was reequipped with the reflux 

condenser, allowed to stir for 2 minutes, then lowered into an oil bath already heated to 

50 oC.  After 3.5 hours, the flask was removed, allowed to cool to ambient temperature, 

and 20 mL of methanol was added to precipitate a light tan solid.  This was decanted, 

redissolved in 5 mL of chloroform, reconcentrated under reduced pressure to about 1.0 
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mL of volume, and another 20 mL of methanol was added to reprecipitate the polymer.  

This was repeated three times, then the polymer was dried under vacuum (20 mm Hg) 

overnight to yield 452 mg of the title compound as a light tan elastic solid (90 % isolated 

yield). 1H NMR (400 MHz, CDCl3) δ 5.38 (b, 4.00H), 2.02 (b, 8.00H), 1.7-0.8 (b, 3.45H).  19F 

NMR (376 MHz, CDCl3) δ -139.20 (d, 1F, J = 50.1 Hz).  13C NMR (125 MHz, CDCl3) 131.0, 

130.2, 129.5, 116.7 (t, J = 286 Hz, CF2), 32.8, 32.1, 28.1, 27.5, 27.1, 26.9.  Olefin to gDFC 

composition = 67.7 % olefin to 33.3 % gDFC with no discernable other functional groups 

present.  MALS-GPC (dn dc-1 = 0.0650 mL g-1); MN = 65,500 g mol-1, MW = 95,200 g mol-1, 

PDI = 1.45.  

 

66.2 kDa 66.7 % trans-bis-gDFC-PB [ROMP]. The reaction was carried out 

exactly as above, using (9E)-5,5,14,14-tetrachloro-tricyclo[11.1.0.04,6]tetradec-9-ene in 

place of the mono-addition monomer, with slightly different quantities of reagents.  

Monomer (600 mg, 2.2 mmol), 1.1 mL of toluene, Ru* (1.1 mg, 1.21 µmol), and 1.21 µL of 

1.0 M hydrochloric acid in diethyl ether were reacted as above.  The reaction was stirred 

at 50 oC for 12 hours, and worked up similarly as above to give 282 mg of a light tan 

solid (47 % isolated yield). 1H NMR (400 MHz, CDCl3) δ 5.41 (b, 2.00H), 2.07 (b, 4.17H), 

1.51 (b, 8.27H), 1.08 (b, 3.98H).  19F NMR (376 MHz, CDCl3) δ -138.7, -139.1 (d, 1F, J = 21.8 
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Hz), -138.4 (d, 1F, J = 58.7 Hz), -138.5, -139.8.  13C NMR (125 MHz, CDCl3) 130.2, 129.6, 

116.5 (t, J = 288.5 Hz, CF2), 32.1, 28.2 (m, syn and anti isomers), 27.0, 26.8, 26.6, 26.2.  

Olefin to gDFC composition = 33.3 % olefin to 67.7 % gDFC with no discernable other 

functional groups present.  MALS-GPC (dn dc-1 = 0.0400 mL g-1); MN = 66,200 g mol-1, MW 

= 112,000 g mol-1, PDI = 1.69. 

261 kDa cis/trans-[36.1 % gDFC / 26.2 % gDCC]-PB. 0.272 g 275 kDa 36.1 % 

cis/trans-gDFC-PB (2.41 mmoles double bonds) and 0.50 g (1.4 mmoles) CTAB were 

dissolved in 50 mL CHCl3 and deoxygenated with bubbling N2 for 30 minutes.  In a 

separate round bottomed flask was dissolved 2.3 g (57.5 mmoles) NaOH and the 

solution was deoxygenated with bubbling N2 for 30 minutes.  After 30 minutes the 

NaOH solution was added dropwise to the polymer/CTAB solution and the reaction 

was allowed to proceed for ~16 hours (overnight). The reaction was washed 3X with DI-

H2O, brine and the polymer was precipitated with methanol.  The polymer was 

reprecipitated twice more with methanol from CH2Cl2 and dried on high vacuum.  1H 

NMR (400 MHz, CDCl3) δ 5.41 (b, 2.00H), 5.01 (b, 0.53H), 2.10 (b, 3.83H), 1.8-1.0 (b, 

11.85H).  19F  NMR (376 MHz, CDCl3) δ -124.71, -125.06 (b, 1.0F), -139.13 (b, 2.43F), -

154.20 (b, 0.93F). 13 C NMR (125 MHz, CDCl3) δ 142.38, 141.62, 131.08, 130.30, 129.64, 

129.54, 128.72, 116.41, 116.12, 115.32, 115.02, 67.17, 66.79, 66.39, 65.54, 65.20, 43.79, 35.91, 

34.65, 32.81, 32.57, 32.35, 32.11, 31.77, 30.37, 30.00, 29.78, 29.54, 28.15, 27.47, 27.03, 26.86, 

26.48, 26.26, 26.08, 25.13, 24.70, 21.85, 21.52, 21.21.  Copolymer composition = 29.0 % 1,4-
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PB, 8.7 % 1,2-PB, 36.1 % gDFC [20.1 % trans-, 16.0 % cis-], 26.2 % gDCC.  MALS-GPC (dn 

dc-1 = 0.0700 g mL-1), MN = 261,000; MW = 395,000 g mol-1, PDI = 1.51. 

7.7.2 End Group Analysis 

Terminal alkenes that result from coupled diradical disproportionation reactions 

are not observed after sonication of cis/trans-PB. End group analyses of sonicated 

cis/trans-gDFC polymers by 1H- and 19F-NMR allows the direct characterization of the 

3,3-difluoroalkene end group. 

 
Figure E 90. 1H-NMR spectra (500 MHz, CDCl3) observed before (cis/trans-PB) and after 
[)))] sonication of cis/trans-PB. 

100 mg cis/trans-PB was dissolved in 60 mL THF and deoxygenated for 30 

minutes. The solution was subjected to pulsed ultrasound (30 % amplitude, THF, 6-9 oC, 

N2) for 30 minutes in 15 mL portions. After pulsed ultrasound the solutions were 

recombined and subjected to GPC & NMR. MN(i) = 194,000 g mol-1; MN (30 minutes) = 

59,900 g mol-1. 
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Figure E91. Annotated 1H-NMR spectrum observed after pulsed ultrasound of 36 % 
cis/trans-gDFC polymer. Attributed 1H-NMR resonance (HA) implicates formation of 
terminal alkene product as described below. The known, small molecule compound in 
the inset175  is shown to support the magnitude of the chemical shift of the product 
alkene. 

After sonication the molecular weight of the polymer decreased to 25 kDa. From 

the initial molecular weight, the calculated average number of polymer scission events 

(scission cycle, SC) = [ln(275,000) – ln(25,100)] ÷ ln(2) = 3.45. From each scission, two new 

end groups are formed. Assuming that each scission event occurs between adjacent, ring 

opened diradicals, this will result in the formation of 20 new alkenes as a result of the 

disproportionation as calculated from: # end groups = 2*[2SC-1]. The initial polymer is 

composed of 2436 PB ‘monomers’ and 1376 gDFC ‘monomers’ as calculated from 

dividing the initial molecular weight of the polymer (275,000 g mol-1) by the average 
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molecular weight of a monomer unit on the polymer = (0.361*104.1)+(0.639*54.09) = 72.14 

g mol-1.  Therefore, setting the 1,4-PB alkene resonances (5.41 ppm) to 4872 (2H per 

‘monomer’ * 2436) leads to the observed formation of 31 equivalents of new ‘alkene’ 

product (5.87 ppm, 1H, HA) after application of pulsed ultrasound. 

1H-1H COSY Product Analysis: Coupled Diradical Disproportionation. 

 

Figure E92. New alkene resonance observed after sonication of 36 % cis/trans-gDFC (5.87 
ppm) is only coupled to other alkenes in the 1H-1H COSY spectrum (500 MHz, CDCl3). 

F F

P
HACOSY

 

The 1H-1H COSY analysis shows that HA is not coupled to protons outside the 

alkene region of the 1H-NMR spectrum. This observation matches the disproportionate 

structure and provides evidence that the terminal alkene protons have 1H-NMR 

chemical shifts of ca. 5.4 ppm. 
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Figure E93. 19F-NMR spectrum (376 MHz, CDCl3) of 36 % cis/trans-gDFC polymer after 
sonication. 

After sonication the change in molecular weight of the polymer indicates that the 

number of new end groups on the polymer should be ~20 monomers. The initial 

polymer is composed of 1376 gDFCs, therefore, setting the total integration of 19F 

resonances to 2752 (2F per ‘monomer’) leads to 34.8 ÷2 F = 17 new ‘end group’ difluoro 

‘monomers’ after sonication. The number of end groups as a result of adjacent diradical 

disproportionation  are thus the resonances at -97.8 ppm, [~15 ‘monomers’]  and -93.4 ppm 
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[~2 ‘monomers’]. The total number of new resonances (17) is in excellent agreement with 

the value calculated (20) assuming all scission events have occurred between adjacent, 

tension trapped diradicals. The new chemical shifts in the 19F NMR spectrum are 

compared to known compounds [2]177, [3]176, [4]177. 

 

Figure E94. Integrated 1H-NMR spectrum observed after sonication of 95 % cis/trans-
gDFC Polymer. 

 
After sonication the molecular weight of the polymer = 45,000 g mol-1. 

Calculating the number of ‘end groups’ formed as a result of polymer scission = 5.9 end 

groups. The initial polymer is composed of 9 PB and 1732 gDFC ‘monomers’ of which 

the 9 PB ‘monomers’ are 1,2-vinyl substituents (5.04 ppm – 2H; 5.42 ppm = 1H). 
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Therefore, setting the PB resonance at 5.04 ppm to 18H (2H per PB monomer) leads to 

formation of 1.6 equivalents of disproportionate end groups at 5.87 ppm (1H, HA, 

diradical disproportionation product). 

 

Figure E95. New alkene resonance observed after sonication of 95 % cis/trans-gDFC (5.87 
ppm) is only coupled to other alkenes in the 1H-1H COSY spectrum (500 MHz, CDCl3). 
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The 1H-1H COSY analysis shows that HA is not coupled to protons outside the 

alkene region of the 1H-NMR spectrum. This observation matches the disproportionate 

structure and provides evidence that the terminal alkene protons have 1H-NMR 

chemical shifts of ca. 5.4 ppm and 5.6 ppm. 
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Figure E96. 19F-NMR spectrum (470 MHz, CDCl3) observed after sonication of 95 % 
cis/trans-gDFC polymer. 

 
After polymer sonication (95 % cis/trans-gDFC-PB) the polymer molecular weight 

is 45,000 g mol-1, a calculated number of formed end groups as a result of coupled 

diradical disproportionation is 5.9. The initial polymer is composed of 1732 gDFC 

‘monomers’ and the sum of the integrated spectrum was set to 3464 (2F per monomer). 

The subsequent number of new 19F resonances as a result of coupled diradical 

disproportionation was then calculated as 8.2 from the 19F NMR spectrum. The 
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formation of products at -93.7 ppm and -98.2 ppm (-122 ppm is from the initial polymer) 

integrate to a value well correlated with the calculated number of end groups from the 

change in molecular weight. 

 
 

 
Figure E97. Plots of isomerization versus gDFC loading (left) and PFF (right) are 
incomplete comparisons in the activation of trans-gDFCs on gDFC-PB copolymers. 
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8. Concluding Remarks on the Mechanochemistry of 
Dihalocyclopropanated Polybutadiene Polymers

reported the mechanochemical transformations of 

dihalocyclopropanes appended along polybutadiene polymers. Most directly,

studies have highlighted the well-known phenomenon that mechanical forces typical of 

daily life have the potential to induce dramatic reactivity in individual molecules

studies have created a new opportunity to develop novel, responsive materials

these mechanically susceptible mechanophores.  

The electrocyclic ring opening reactions of gDHCs are well-coupled to 
mechanical force, providing interesting insights into the mechanisms and dynamics 

 

In Chapters 2 and 3, the solution state mechanochemistry directed by pulsed 

was discussed. The generated stress triggered hundreds of mechanochemical 

 on the timescale of a single C-C bond scission event. 
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numbers of these mechanically assisted reactions coupled with 1H-NMR analysis led to 

mechanistic insights into these shear-induced mechanochemical transformations. The 

mechanochemistry was independent of the type of gDHC halogen (among dichloro-, 

dibromo-, bromochloro- and chlorofluoro-), and varied only slightly with the gDHC 

stereochemistry. The disrotatory ring opening reactions of cis-gDHCs were found to be 

ca. 1.4 – 1.8 times more reactive than their trans isomers, a direct comparison of 

Woodward-Hoffman allowed (cis-gDHCs) and anti-Woodward-Hoffman (trans-gDHCs) 

reactions. Additionally, the sonochemistry of cis/trans-gem-chlorofluorocyclopropanated 

polybutadiene allowed an analysis of an anti-Woodard-Hoffman-DePuy (WHD) ring 

opening reaction. Again, this thermally ‘disallowed’ ring opening reaction was only 

slightly less active than gCFC isomers that reacted along the WHD allowed pathway.  

These solution studies raise questions regarding both the dynamics and 

mechanisms of reaction pathways that are activated by the presence of a mechanical 

restoring force. The muted selectivity observed between gDHCs of varying gDHC 

halogen and stereochemistry, coupled with the inverse extents of activation versus the 

initial polymer molecular weight provide initial benchmarks into both the magnitude 

and distribution of forces along polymer chains during pulsed ultrasound. 

The large numbers of reactions that result from the tension along the poilymer 

main chain further creates the possibility of coupling secondary chemical reactions to 

the transformed gDHCs. For example, the allylic halide products that form from the 



 

263 

electrocyclic ring opening reactions are susceptible to nucleophilic attack; the presence 

of adventitious nucleophiles could lead to cross-linking reactions at these sights of 

mechanical stress. Access to such cross-linking chemistry complements the fact that the 

electrocyclic ring opening of gDHCs leads to local polymer backbone elongation—a 

stress relief mechanism—a reaction that locally redistributes the applied stress to levels 

below that required for C-C bond scission. 

 In Chapter 4, this ‘stress relief’ mechanism was observed during the irreversible 

ring opening reaction of cis-gem-dibromocyclopropanes by single molecule force 

spectroscopy experiments. By extracting kinetic data from the force-induced 

rearrangment, we were able to reveal an important challenge in deducing structural 

information from the derived value of ∆x, that the observed reaction coordinate is not 

only a function of the reacting moiety, but may also include contributions from motions 

along the polymer main chain at distances removed from the centrally reacting 

mechanophore.  This data raises questions about whether there is truly a general picture 

for force-driven reactivity along polymer chains; e.g. how does one think about 

mechanophore modification such that a chemical reaction is further accelerated by a 

mechanical force? As the rate of the mechanically driven reaction is a direct function of 

the distance over which the force acts on the mechanophore (∆x), can reasonable 

assumptions be made about next generation mechanophore design, or how much design 

can be transformed instead into the polymer main chain?  
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Using the force-reactivity relationship obtained in Chapter 4 for the ring opening 

reactions of gDBCs, we were able to show in Chapter 5 that > nN forces were obtained 

by subjecting gDHC polymers to compressive stress in the solid state. The ring opening 

reactions of gDHC embedded polymers were analyzed by 1H-NMR, allowing us to 

determine that the average mechanically active domain along single polymer chains 

during compression is on the order of four monomer units in length.  We observed 

interesting dynamics related to the macroscopic stress state, namely that compressive 

stress leads to measureable gDHC ring opening whereas tensile stresses do not active 

these mechanophores.  

The ring opening reactions of gDHC mechanophores in the solid state also create 

the possibility of forming covalent cross-links the solid state by nucleophilic substitution 

reactions. Many interesting questions remain as to how to achieve the ‘best’ 

mechanochemical response in these systems. For example, the small size of the 

mechanically active domain presents a fundamental problem concerning the number of 

mechanophores required to achieve a quantitative mechanochemical response. If the 

polymer loading requires at least 1 in four monomers to be mechanically active, how 

does this requirement translate to altering the initial properties of the polymer? We 

hypothesize that one interesting approach is in the construction of polymeric materials 

that more effectively channel the applied mechanical forces to specific zones in the 

material such that the required mechanophore content may be significantly decreased. 
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The electrocyclic ring opening reactions of gDHCs to 2,3-dihaloalkenes is 

conserved in the presence of either Br or Cl on the cyclopropane ring. By appending 

gem-difluorine substituents, a mechanistic change to disrotatory bond homolysis 

becomes the mechanism for the mechanophore response. In Chapters 6 and 7 we were 

able to show that mechanochemical polymer extension leads to tension trapping of these 

otherwise transient 1,3-diradicals, allowing the observation of their noncanonical 

participation in bimolecular addition reactions. Additionally, in comparison to gDHC 

activation that leads to 2,3-dihalolakene formation and localized polymer elongation, the 

observed isomerization of gDFCs from the trans to cis isomer affects a local contraction 

of the monomer unit in response to a force of extension. Not only does an extensional 

force tension trap the 1,3-diradical as a force-induced minimum on the potential energy 

surface, but adjacent ring opened diradicals were observed to  react by  a new radical 

disproportionation reaction. The mechanochemistry of gDFCs is intriguing not only in 

that a transition state structure was locally trapped by extensional force, but that the 

disproportionation reaction of adjacent, tension trapped 1,3-diradicals represents a new 

vision for next generation mechanophores. For example, the disproportionation reaction 

proceeds only because of the applied mechanical force. More directly, this result speaks 

to the ability to use mechanical force to access unknown  reaction pathways, and next 

generation mechanophore design may therefore focus on reaction mechanisms that are 
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non-canonical, in a way that not only bypasses thermal, electrochemical and/or 

photolytic pathways, but may be purely mechanical. 
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Appendix A: Mechanochemistry of Paracyclophane 
Centered Poly(methylacrylate) Polymers 

A.1 Introduction 

At the beginning of my Ph.D. studies, the current state of mechanophore design 

was dominated by transformations as a result of electrocyclic ring opening reactions or 

metal-ligand bond dissociations. Mechanically driven electrocyclic ring openings can 

lead to i) localized elongation of the polymer contour length118 instead of C-C polymer 

main chain failure, and/or ii) coloration of the material56 indicating overstressed regions 

of the matrix. Metal-ligand displacement by mechanical force can induce further 

reactivity that may serve to locally strengthen a site of polymeric material damage.42 

Recently, Kryger106 et al. have reported that site-specific, mechanical activation of a 

dicyano substituted cyclobutane polymer generates reactive cyanoacrylates that may be 

able to perform secondary chemistry within polymers to autonomically repair 

themselves when the destructive force is removed. The introduction of this 

mechanophore into the field has not only expanded the number of currently available 

mechanophores for increased study, but has indirectly highlighted the absence of a 

sufficient variety of mechanistically distinctive mechanophores for use in polymer 

mechanochemistry. To add to this increasingly diverse toolkit of useful mechanophores, 

we report here an investigation of [2.2] paracyclophane as a potential, radical generating 

mechanophore. 
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[2.2] paracyclophanes are an interesting class of highly strained, thermally stable 

molecules that we pursued as potential mechanophores when placed at the center of 

poly(methyl acrylate) polymers. Since the first report on the synthesis and properties of 

[2.2]paracyclophane180,181 a variety of cyclophanes have been prepared for studies 

centering on transannular π interactions and bent benzene effects on physical properties 

and reactivities.182 Our primary interest in the mechanochemistry of paracyclophane is 

derived from both its high strain (ca. 31 kcal mol-1)183, good thermal stability and 

subsequent mechanism of reaction. [2.2] paracyclophane undergoes homolytic ring 

opening at elevated temperatures,184 generating benzylic radicals from ethylene bridge 

bond homolysis that served as our target for mechanochemical activation.  

∆∆∆∆ 2

n
 

Figure 89. The thermal activity of [2.2] paracyclophane is dominated by C-C ethylene 
bridge bond homolysis. Formation of these reactive intermediates can lead to 
polymerization reactions leading to poly(p-xylylene). 

A.2 Methods 

 [2.2] paracyclophane centered poly(methylacrylate) polymers were synthesized 

using Cu-catalyzed single-electron transfer living radical polymerization (SET-LRP) 

from bis-functionalized [2.2] paracyclophane initiators. ([2.2] paracyclophane initiators 
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were synthesized by Dr. Sung Lan Jeon.) Determination of radical generation as a result 

of paracyclophane ring opening was conducted using coumarin-TEMPO (CT), a stable 

nitroxide radical that is well-known  to add to carbon-centered radicals.103 Polymer 

solutions were subjected to pulsed ultrasound (6.3 W cm-2) in acetonitrile in an ice/water 

bath (6-9 oC) under a positive headspace of nitrogen after deoxygenating the solutions 

with bubbling nitrogen for 30 minutes.  
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Figure 90. [2.2] paracyclophanes used in the current study with associated terminology 
describing the polymer linkage positions. Cu(0) catalyzed SET-LRP of these bis- 
initiators was used for synthesis of PMA-centered [2.2] paracyclophanes. 
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A.3 Pulsed Ultrasound 

We first investigated the rates of polymer molecular weight degradation of both 

PMA and pseudo-meta substituted PMA-[2.2] paracyclophane-PMA polymers to monitor 

the effects of having a paracyclophane unit at the center of a PMA chain. Four PMA 

polymers were first synthesized and subjected to pulsed ultrasound. The rates of 

molecular weight degradation increased for increasing initial molecular weight, and 

horizontal superposition of the data126 generated a master curve for PMA degradation 

over the initial molecular weight values of 80 kDa to 280 kDa. 

 

Figure 91. Pulsed ultrasound of poly(methyl acrylate) (PMA) polymers of varying initial 
molecular weight (left) were monitored by MALS-GPC. Degradation rates were 
observed to increase with increasing molecular weight. Adjusting the x-axis generates a 
master curve for PMA degradation (right). 

Four pseudo-meta [2.2] paracyclophane-centered PMA polymers were next 

synthesized having initial molecular weights of 80 kDa, 125 kDa, 268 kDa and 390 kDa. 

Pulsed ultrasound of these polymer solutions led to molecular weight dependent 

degradation rates that were subsequently subjected to horizontal superposition. An 
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overlay of degraded PMA and PMA-[2.2] paracyclophane-PMA polymers showed that 

the rates of degradation were equivalent between the series. This data indicated that the 

presence of paracyclophane in the polymer midchain did not affect a specifically weak 

bond in the polymer. Previous literature examples have shown that the degradation 

rates of polymers having weak bonds (azo-35, peroxo-41 and metal-ligand43) leads to 

faster rates of molecular weight degradation versus depolymerization of the 

homopolymer. 

 

Figure 92. Pulsed ultrasound of pseudo-meta-[2.2] paracyclophane centered PMA 
polymers of varying initial molecular weight were monitored by MALS-GPC. A similar 
x-axis adjustment of the data shows that the rates of molecular weight degradation 
between PMA polymers and PMA-[2.2] paracyclophane-PMA polymers are equivalent 
between the two polymers. 

The molecular weight degradation behavior of PMA and PMA-paracyclophane-

PMA polymers showed that the inclusion of paracyclophane in the polymer midchain 

leads to a similar mechanical response—or more directly, that the mechanical integrity 

of the polymer chain remains intact. The low density of the [2.2] paracyclophane unit as 

a result of its inclusion in the polymer midchain did not allow us to directly monitor 
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[2.2] paracyclophane by NMR spectroscopy at timed intervals during pulsed ultrasound. 

Instead, pulsed ultrasonic activation of [2.2] paracyclophane centered PMA polymers 

was conducted in the presence of coumarin-TEMPO (CT), a stable nitroxide radical that 

is well-known  to add to carbon-centered radicals.103 Mechanochemical degradation of 

[2.2] paracyclophane centered polymers was expected to generate two sets of radicals (4 

total) as a result of ethylene bridge, mechanochemical C-C bond homolysis. The scission 

of PMA homopolymer was expected to result in 2 equivalents of CT addition per 

scission event as single C-C bond scission would lead to polymer scission. 
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Figure 93. Pulsed ultrasound of PMA-[2.2] paracyclophane]-PMA polymer should lead 
to addition of 4 equivalents of CT after each polymer scission event. The scission of the 
[2.2] paracyclophane centered polymer is shown as progressing through separate 
mechanochemical bond scission events leading to the addition of 4 equivalents of 
Coumarin-TEMPO (CT) when the polymer is completely ruptured. *The first C-C bond 
scission event was expected to occur through ethylene bridge bond homolysis due to the 
large strain energy of the [2.2] paracyclophane ring. The second bond dissociation, 
though shown here as occurring through the second ethylene bridge, is estimated to 
occur within the polymer midchain  at positions other than this ethylene bridge as the 
strain energy of the [2.2] paracyclophane has been relieved as a result of the first scission 
event.* 
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A.4 Coumarin-TEMPO Incorporation Efficiency 

We first conducted pulsed ultrasound experiments on poly(methylacrylate) 

polymers in the presence of CT to quantify i) the extent of radical trapping as a result of 

radical formation from chain ends that underwent main chain scission during pulsed 

ultrasonic depolymerization, and ii) the CT concentration required to catch a sufficient 

number of radicals for analysis. Two PMA polymers were prepared by SET-LRP using 

ethyl-2-bromoisobutyrate as the initiator; initial molecular weights of these polymers 

were measured as 218 kDa and 125 kDa by MALS-GPC.  

 

Figure 94. Pulsed ultrasound of 218 kDa PMA in the presence of 1.2 mM CT leads to the 
addition of the nitroxide radical to the PMA chain ends that result from polymer 
scission. At left is shown the GPC data during sonication of the PMA polymer. Initially, 
no UV-signal is present on the 218 kDa polymer. With extended sonication times up to 
30 minutes the UV-active signal (red traces) increases. Analysis of the data leads to a 
capture profile at 1.2 mM CT of 0.89 CT addition reactions per formed chain end. See 
text for details. 

Pulsed ultrasound was first conducted on 218 kDa PMA polymers under 

conditions of varying CT concentration. Ultrasonication in the presence of 0.19 mM CT 

did not capture all chain end radicals; linear regression analysis of the number of CT 
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adducts versus formed polymer chain ends was linear with a slope of 0.27 ± 0.02 CT 

adducts per formed chain end. The number of chain ends during pulsed ultrasound was 

calculated from analysis of the extent of molecular weight degradation and normalizing 

all data to the extent of CT addition to 1 x 10-3g polymer. The extent of molecular weight 

degradation was first analyzed by calculating the polymer scission cycle (SC), which 

provides a straightforward method for determining the average number of times a 

polymer was been cut in half during the ultrasound experiment. For each polymer SC, 

the number of total polymer scission events follows the equation T = (2SC-1) which takes 

into account the doubling of the number of polymers after each scission cycle. Since the 

number of activated ‘chain ends’ that result from polymer scission are twice the total 

number of times a polymer has undergone scission, the number of chain ends is 

calculated as CE = 2*(2SC-1) and from the initial molecular weight of the polymer and 

normalization of the data to 1 x 10-3 g polymer, the number of moles of chain ends is 

calculated.  

Efficient trapping required higher concentrations of CT than the initial 0.19 mM 

CT solution. Pulsed ultrasound was next conducted on the 218 kDa PMA polymer in the 

presence of 1.2 mM and 6.6 mM CT. In each case, the calculated number of CT addition 

adducts to newly formed radical chain ends was consistent with nearly quantitative 

addition of CT to polymer end chain radicals. Linear regression analysis led to slopes of 

0.89 CT *chain end-1 (1.2 mM CT) and 1.05 CT *chain end-1 (6.6 mM CT). Additional 
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radical trapping experiments were then conducted on smaller molecular weight PMA 

polymer. Sonication of 125 kDa PMA polymer in the presence of 0.40 mM CT also 

proved sufficient to capture the as formed polymer chain radicals with a slope of 0.89 CT 

* chain end-1.  

 

Figure 95. The detection of UV-active addition products to sonicated PMA polymer is 
only observed when the experiment is conducted in the presence of the CT trap. 
Sonications of 114 kDa PMA polymer in the presence of Coumarin-3-carboxylic acid 
(left) and 4-Hydroxy TEMPO (middle) do not lead to observable UV-activity by GPC 
while sonication in the presence of CT leads to a marked addition product observed on 
the polymer. 

The addition of CT adduct to polymers during pulsed ultrasound has previously 

been established, but we also conducted the requisite control experiments to support the 

addition of CT to the PMA polymer. First, UV-active addition products to sonicated 

PMA was only observed when sonication was conducted in the presence of CT (Figure 

95). Second, we proceeded to conduct living nitroxide-mediated living radical 

polymerization (LNMRP) to the PMA polymer sonicated in the presence of CT. At 

elevated temperatures, the nitroxide-carbon bond that results from CT addition to the 

PMA polymer can be reversibly cleaved, leading to a living radical that can proceed in 

additional polymerization in the presence of monomer. The LNMRP reaction was 
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conducted at 120 oC in the presence of methyl acrylate. Sonication of the PMA polymer 

in the presence of CT led to a polymer with a molecular weight that degraded from 100 

kDa to 53 kDa after one hour. Overnight LNMRP subsequently increased the molecular 

weight of the polymer to 284 kDa, supporting the presence of the nitroxide adduct 

forming as a result of radical trapping during pulsed ultrasound. 

 

Figure 96. Pulsed ultrasound of pseudo-meta [2.2] paracyclophane centered PMA 
polymer leads to polymer main chain scission that does not support the formation of 
radicals as a result of ring opening of the [2.2] paracyclophane core.  

Coumarin-TEMPO trapping experiments were next conducted during pulsed 

ultrasound of 89 kDa pseudo-meta-[2.2] paracyclophane centered PMA. Data treatment 

of [2.2] paracyclophane solutions subjected to pulsed ultrasound in the presence of CT 

concentrations of 0.02 mM to 21.3 mM showed the same capture profile as that of 

sonicated PMA polymers. Increasing the CT concentration to 21.3 mM, ca. 20 times more 

CT than that required to capture all radicals generated during PMA sonication led to 

0.92 CT adducts * chain end-1. The 1:1 stoichiometry of CT adducts to chain ends was 
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confirmed in ultrasonic experiments conducted on pseudo-para, pseudo-geminal and 

tetra-substituted [2.2] paracyclophane centered PMA polymers. Pulsed ultrasound in the 

presence of ca. 11 mM CT led to capture profiles well below the expected 2:1 addition 

stoichiometry expected from mechanochemical ring opening of the paracyclophane 

cores. 

 

Figure 97.  Pulsed ultrasound of pseudo-para, pseudo-geminal and tetra substituted [2.2] 
paracyclophane centered PMA polymers in the presence of ca. 11 mM CT leads to 
capture profiles well below the expected 2:1 slope from mechanochemical ring opening 
of the cyclophane core. Linear regression analysis of the three tested polymers are 0.77 
(para), 0.70 (germinal) and 0.57 (tetra). 

A.5 Discussion 

The lack of mechanochemical ring opening in [2.2] paracyclophane centered 

PMA polymers is striking given the large strain energy of the cyclophane core in 

addition to the placement of the cyclophane in the polymer midchain where force 

accumulation during pulsed ultrasound is greatest. The lack of observable activation 

may indicate that the homolytic scission of [2.2] paracyclophanes is only minimally 

accelerated or even inhibited by an applied mechanical potential. For example, Boulatov 
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et al.10 reported that disulfide bond reduction correlated weakly with mechanical force 

(Figure 98).  
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Figure 98. The acceleration of a chemical reaction by a mechanical restoring force 
requires that the distance over which the force acts on a reaction coordinate from the 
ground to transition state is a positive value. The application of force to a disulfide bond 
leads to no increased rate of bond reduction in the presence of the force vector. In 
comparison, the C-C bond distance in cyclobutene lengthens appreciably as does the 
distance from ground to transition state in the methylene linkage. Similar dynamics may 
apply in regards to the observed lack of mechanochemical reactivity of [2.2] 
paracyclophanes. 

Quantum mechanical calculations were used to show that the methylene linkage 

position from the disulfide core moved against the mechanically applied vector of force 

due to the required sp3 � sp2 hybridization of the disulfide linkage. In comparison, a 

rate enhancement of ca. 106 times was observed when the electrocyclic rearrangment of 
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trans-cyclobutene was subjected to mechanical force. We hypothesize that similar 

dynamics may be in effect during mechanochemical activation of [2.2] paracyclophanes; 

namely that the lengthening of the ethylene bridge C-C bond is possibly offset by a local 

contraction in the size of the [2.2] paracyclophane core. The net effect is that the value of 

∆x‡ may be ~ 0, and mechanical force has no effect on the rate of [2.2] paracyclophane 

ring opening, or ∆x‡ is < 0 such that the ring opening is inhibited and polymer main 

chain scission dominates the polymer mechanochemistry. The extensional forces may 

couple more effectively when directly through the ethylene bridge, for example during 

sonication of a [2.2] paracyclophane centered polymer shown below. In this model, the 

applied force is coupled directly to the dissociating C-C bond, and perturbations as a 

result of coupling through the benzene rings of [2.2] paracyclophane may be avoided.  

‡

‡

X

 

Figure 99. Mechanical activation of a [2.2] paracyclophane centered polymer may be 
facilitated by applying the mechanical force directly across the ethylene bond at the [2.2] 
paracyclophane bridge as opposed to the present model where force is applied through 
the benzyl system. 



 

280 

A.6 Experimental 

[2.2] paracyclophane initiators for SET-LRP were synthesized by Dr. Sung Lan 

Jeon. GPC analyses were conducted as described earlier in this dissertation using a dn 

dc-1 for poly(methylacrylate) polymers of 0.0780 mL g-1. Ultrasound experiments were 

conducted in acetonitrile at polymer concentrations of ca. 1.0 mg mL-1 at 6-9 oC 

(ice/water bath) after deoxygenating solutions with nitrogen for 30 minutes. A positive 

N2 headspace was allowed over sonicated solutions during pulsed ultrasound 20 % 

amplitude, 6.3 W cm-2. Methyl acrylate was purchased from Sigma-Aldrich and purified 

before use by distillation under reduced pressure. Cu(O) was purchased from Sigma-

Aldrich and Me6TREN was synthesized by Farrell Kersey. Polymerization reactions 

were conducted in DMSO (Sigma-Aldrich). Coumarin-TEMPO adduct was prepared 

according to the previously described synthesis (Chapter 6). 

General Synthesis.  

Poly(methylacrylate). In 5mL DMSO was dissolved 0.0124 g (6.4 x 10-5 moles) 

ethyl-2-bromoisobutyrate (initiator) and 2.0 mL (22.2 mmoles; 349 equivalents) methyl 

acrylate. The solution was subjected to three freeze-pump-thaw cycles and backfilled 

with N2. In a separate round bottomed flask was added 0.001 g (1.6 x 10-5 moles) Cu(0) 

and 0.005 g (2.2 x 10-5 moles) Me6TREN in 5 mL DMSO. This solution was subjected to 

three freeze-pump-thaw cycles and backfilled with N2. The methyl acrylate solution as 

then added to the Cu/Me6TREN solution through a steel cannula and the polymerization 
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was allowed to proceed overnight. After reaction, the polymer was precipitated by the 

addition of methanol and dried on high vacuum.  1H-NMR (400 MHz, CDCl3) δ   3.62 (s, 

3.0H); b, 2.27 (b, 1.0H); 1.89 (b, 0.50H); 1.64 (b, 1.0H); 1.46 (b, 0.50H). MALS-GPC (dn dc-1 

= 0.0780 mL g-1): MN = 17,800 g mol-1. 

 

Figure A1. 1H-NMR (400 MHz, CDCl3) of 17 kDa PMA. 

 [2.2] Paracyclophane Centered PMA. 0.0040 g (7.8 x 10-6 moles) pseudo-para-

[2.2]paracyclophane initiator and 0.42 mL (4.66 x 10-3 moles) methyl acrylate were 

dissolved in 5mL DMSO and the solution was subjected to three freeze-pump-thaw 

cycles and backfilled with N2. In a separate round bottomed flask was added 0.002 g (3.1 

x 10-5 moles) Cu(0) and 0.015 g (6.5 x 10-5 moles) Me6TREN in 5 mL DMSO and the 

solution as subjected to three freeze-pump-thaw cycles and backfilled with N2. The 

methyl acrylate solution was added to the Cu/Me6TREN solution through a cannula and 

the polymerization was allowed to proceed for two days. After two days the polymer 
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was precipitated with methanol. Due to the small molecular weight of the polymer the 

resulting emulsion was subjected to a centrifuge for 20 minutes. The DMSO/methanol 

solution was decanted and the polymer was dried on high vacuum. The polymer was 

redissolved in CHCl3, passed through a silica plug, rotovapped to dryness, dried on 

high vacuum and analyzed by 1H-NMR and MALS-GPC. 1H-NMR (500 MHz, CDCl3) δ 

6.59 (s, 0.005H; initiator), 6.30 (s, 0.011H; initiator), 5.03 (m, 0.006H; initiator), 4.82 (m, 

0.006H; initiator), 3.60 (s, 3.00H; PMA), 3.25 (m, 0.007H; initiator), 3.00 (m, 0.01H; 

initiator), 2.82 (m, 0.007H; initiator), 2.25 (s, 1.0H; PMA), 1.87 (s, 0.61H; PMA), 1.62 (s, 

1.0H: PMA), 1.42 (m, 0.50H; PMA). MALS-GPC (dn dc-1 = 0.0780 mL g-1). MN = 26,600 g 

mol-1. 

 

Figure A2. 1H-NMR (500 MHz, CDCl3) of 27 kDa pseudo-para-[2.2] paracyclophane 
centered PMA. 
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Figure A3.  1H-NMR (500 MHz, CDCl3) with vertical scale enhancement to show the 
presence of [2.2] paracyclophane initiator. 
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Appendix B: Methods in Mechanocatalysis: Rhodium 
Catalyzed Hydroformylation 

B. 1 Introduction 

In the main body of this dissertation, the focus has been confined to 

mechanophores that undergo localized covalent chemistry in the place of destructive C-

C bond dissociation along polymer chains. The aforementioned mechanophores 

provided localized stress relief in polymeric materials and may be used to generate 

localized stress-induced cross-linking reactions in the presence of advantageous 

nucleophiles. While such covalent rearrangements have proven successful in leading to 

an increased polymer chain toughness under stress (single-molecule force microscopy 

experiments118) in addition to providing molecular scale resolution of polymer chain 

reactivity in the solid state111, an additional area of mechanochemistry relies on the 

specific, mechanical activation of catalytically active metal-ligand complexes. 

Sijbesma, et al.. have previously reported that both silver-carbene43 and 

ruthenium-carbene42 complexes can be activated to participate in constructive chemistry 

as a result of ligand displacement due to the presence of a mechanical restoring force. 

Further work by Bielawski, et al..185 provided evidence of ultrasound induced scission of 

pyridine-boronium complexes; generation of the subsequent pyridine base was used to 

catalyzed the polymerization of α-trifluoromethyl-2,2,2-trifluoroethyl acrylate. 

Additionally, White et al..186 reported that a microencapsulated healing agent in a 

polymer composite can be released into a polymeric material upon crack propagation, 
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Figure 100. Generalized scheme depicting the concept of mechanocatalysis; a 
mechanically activated catalyst (
formation of different chemical products (
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interconversion of L-proline.
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polymerizing to heal the material when the healing agent comes into contact with an 

embedded catalyst. This methodology effectively rebonded the crack faces and restored 

ca. 75 % toughness recovery in the fractured material.   

Generalized scheme depicting the concept of mechanocatalysis; a 
mechanically activated catalyst (M) embedded within a polymeric material leads to 
formation of different chemical products (PA, PB) from the same reagent (
on the presence (bottom) or absence (top) of mechanical force. 

These examples of mechanically activating catalysts for self-healing 

led us to target an additional effect during mechanocatalysis: to not simply switch

catalyst on or off by a mechanical force, but to alter the selectivity of the catalyst

localized changes in the coordination sphere surrounding the active site 

mechanical potential. The fact that mechanical force can induce localized 

changes in chemical environment sans covalent bond scission was previously

during single molecule force spectroscopy measurements on the cis to trans

proline.135  
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Figure 101. Mechanism of Rh(I) catalyzed hydroformylation in the presence of bis-
phosphine ligands. Wide bite angle bis-phosphine ligands favor coordination in the 
equatorial-equatorial positions (120o) while small bite angle bis-phosphine ligands favor 
equatorial-apical coordination (90o). The calculated bite angles of bis-phosphine ligands 
leads to favorable formation of either linear (n) or branched (i) aldehyde product.  

Additionally, the force induced overstretching of chemical bonds has been noted 

for decades, most notably in proving that mechanically stressed materials suffer from an 

uneven distribution of overstressed bonds.147 We were therefore interested in using the 

forces that induce local changes in covalent bond angles and degrees of freedom to 

induce changes in a catalytic selectivity. An initial approach to the synthesis and 

characterization of this effective mechanocatalytic switch took advantage of the 

selectivities that have been reported for Rh(I) catalyzed hydroformylation. 

Hydroformylation involves the addition of H2 and CO across an unsaturated bond, in 
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general discussed in terms of alkene hydroformylation to aldehyde products. 

Hydroformylation is one of the most extensively applied homogeneous catalytic 

processes in industry.187 When a terminal alkene is subjected to hydroformylation, both 

linear and branched aldehydes are formed at ratios dependent on the bite angle of the 

coordinating bis-phosphine ligand. For example, hydroformylation of 1-hexene in the 

presence of bis-phosphine ligands with calculated bite angles between 113o and 85o led 

to an increasing ratio of linear aldehyde with increasing bite angle of the bis-phosphine 

ligand.188  
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Figure 102. Rh(I) catalyzed hydroformylation of 1-hexene leads to the formation of 
branched (i) and linear (n) aldehydes at ratios dependent on the calculated bite angle of 
the coordinating bis-phosphine ligand (left). 5-coordinate Rh(I) compounds are shown 
as representative structures of bis-phosphine Rh(I) complexes of small (equatorial-
apical) and large (equatorial-equatorial) bite angles. 

Further evidence of bite angle effects is provided by the Rh(I) catalyzed 

hydroformylation of allyl cyanide and vinyl acetate in the presence of bis-phosphite 

ligands.189 While these authors reported that the formation of branched to linear 



 

aldehydes depended on the dihedral angle 

computational analysis of the bis

coordinating bite angle of the bis

angle (Figure 103).  

Figure 103. Rh(I) catalyzed hydroformylatio
acetate in the presence of bis
the linear isomer with increasing dihedral angle (
ligand bite angle (ββββ). Similar analys
to similar selectivities. The relative selectivities during hydroformylation noted above 
are shown to highlight the selectivity for linear versus branched aldehyde product with 
increasing bite angle and is
phosphine (a) and bis-phosphite (b) ligands. The presence of an oxygen linkage in the 
bis-phosphite series (b) does allow for access to larger bite angle ligands versus the bis
phosphine (a) system. 

The following chapter focuses on initial studies directed towards the 

development of a mechanocatalytic switch based on the observed bite angle effects 

during Rh(I) hydroformylation. Catalytically competent organogels embedded with 
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aldehydes depended on the dihedral angle of the coordinating bis-phosphit

computational analysis of the bis-phosphite complexes supported the fact that the 

g bite angle of the bis-phosphite also increased with increasing dihedral 

Rh(I) catalyzed hydroformylation (M = Rh(I)) of allyl cyanide and vinyl 
in the presence of bis-phosphite ligands (b) proceeds with higher selectivity for 

the linear isomer with increasing dihedral angle (θθθθ) and subsequently the bis
Similar analyses conducted on bis-phosphine ligands (a) have led 

to similar selectivities. The relative selectivities during hydroformylation noted above 
are shown to highlight the selectivity for linear versus branched aldehyde product with 
increasing bite angle and is not meant to implicate a selectivity analysis between bis

phosphite (b) ligands. The presence of an oxygen linkage in the 
phosphite series (b) does allow for access to larger bite angle ligands versus the bis

The following chapter focuses on initial studies directed towards the 
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The following chapter focuses on initial studies directed towards the 

development of a mechanocatalytic switch based on the observed bite angle effects 

during Rh(I) hydroformylation. Catalytically competent organogels embedded with 
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Rh(I) are reported and initial efforts towards mechanically activating the catalyst are 

discussed. 

B.2 Copolymer Preparation and Analysis 

Phosphine-containing organogels were prepared by the UV-initiated (Darocur 

1173, Ciba Chemicals) copolymerization of n-butylacryalte (nBA), 2-hydroxy 

ethylmethacrylate (HEMA), allyldiphenylphosphine (aDP) and hexanediol 

dimethacrylate (HDDMA) as a covalent crosslinker in glass molds of ca. 1 mm thickness. 

Three compositionally distinct organogels were prepared that incorporated different 

mole percents of monomer and crosslinker in molar ratios listed below (Table 3). 

Initially, the aDP content was kept constant at ca. 20 mole % while the use of HEMA as a 

co-monomer decreased the covalent crosslinker requirement to form organogels. 

Table 3. Organogel compositions (mole %) reported through the text. *Note that gel 3 
did not require covalent cross-linked to maintain gel integrity*. 

Reagent Gel 1 Gel 2 Gel 3 

nBA 75 66.7 54.8 
aDP 18.9 19.6 19.3 

HDDMA 6.1 0.6 - 
HEMA - 13.1 25.9 

 

After polymerization and removal of unreacted monomer, the gels were dried 

and inserted into a glove box. Under an inert atmosphere, 15mL of 10mM Rh(I) solution 

was added to ca. 1.6 g of organogel. A time dependent color change of the organogels 

was immediately apparent (Figure 104) in addition to the formation of small bubbles in 
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the solution likely a result of CO liberation upon Rh(I) coordination to phosphines in the 

organogel matrix.  After three days, unincorporated Rh(I) was removed and the gels 

were stored under an inert atmosphere subsequent to analysis. 

a]    b]    c]  

Figure 104. Representative pictures of organogel 1 soaked in 10 mM Rh(I) solution. [a] 
The initial organogel is colorless in toluene, [b] after 5 hoursof soaking the uptake of 
Rh(I) is observed as the gel turns orange and [c] after 3 days of soaking the gels are deep 
red. 

B.3 Rh(I) Gel Uptake  

UV-Vis spectroscopy was conducted to monitor the uptake of Rh(I) into the 

organogel matrix. The wavelength of detection for the incorporation study was chosen 

as 360 nm, a plot of the absorbance versus concentration of Rh(I) followed by a linear 

regression analysis allowed a determination of the extinction coefficient (ε) at 360 nm as 

1820 ± 30 M-1 cm-1. Three organogels (1) of weights 0.57 g, 0.62 g and 0.41 g were 

prepared and 20 mL of a 3.9 mM Rh(I) solution was added to a scintillation vial 

containing the three organogels (1.6 g). At timed intervals, 50 µL of the soaking solution 

was removed from the scintillation vial, added to 2 mL of toluene, and UV-Vis spectra 
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were recorded. After 6 hours the absorbance of the solution (360 nm) had dropped 

precipitously. A single exponential fit was performed to a plot of the uptake of Rh(I) 

versus the gel soaking time, the rate constant of the fit (k = 0.94 hrs-1) indicating a half-life 

of Rh(I) incorporation of t1/2 ~ 43 minutes. 

 

Figure 105. UV-Vis spectra (left) observed as a function of increasing Rh(I)COD(acac) 
concentration in toluene. A plot of the absorbance of the Rh(I) solution versus 
concentration allowed a determination of the extinction coefficient at 360 nm (ε360). 

Incorporation of Rh(I) into organogel 1 led to the incorporation of ca. 4.6 x 10-5 

moles Rh(I) per gram organogel. The average weight of gels used during 

hydroformylation catalysis was 0.20 ± 0.10 g; or 9.2 (± 0.5) x 10-6 moles Rh(I) catalyst per 

experiment. The standard experimental conditions during hydroformylation used 3.4 

mmoles styrene in 10 mL toluene at 65 oC under 70 psi syn gas (1:1 CO : H2) for reaction 

times up to 9 hours. The ratio of activate catalyst to substrate can be calculated as ~1 : 

370 and the presence of a catalytically active species would therefore be indicated by a 

percent styrene consumption of > 1 / 370, or ~ 0.3 % aldehyde formation. 
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Figure 106. The loss of Rh(I)(COD)(acac) from toluene solution as a result of organogel 
incorporation was monitored by UV-Vis spectroscopy. The uptake of Rh(I) is observed 
to be complete after ca. 8 hours of soaking. The extent of uptake is reported as the 
number of moles of Rh(I) per gram of organogel in the soaking solution; 4.6 x 10-5 moles 
Rh(I) * g gel-1. 

B.4 Rheological Analysis 

Rheological characterization of metal-ligand bond formation in organogels has 

previously been used to characterize the effects of the formation of reversible cross-links 

in Pd(II) and Pt(II) organogels.85 Oscillatory rheology was used to monitor the frequency 

dependent storage modulus of the hybrid gels; the presence of metal-ligand, interchain 

crosslinks was observed to increase the storage modulus of the gel at oscillatory 

frequencies faster than the rate of ligand dissociation. Additional evidence was collected 

by determining the young’s modulus of the network during compressive stress followed 

by an analysis of the relaxation behavior of metal-embedded networks. 190 

Rheological analyses on organogels 1-3 were conducted after organogel 

syntheses, washing, and when applicable, incorporating Rh(I) into the gel networks. A 

biopsy punch was used to generate a 5mm diameter organogel with ca. 1200 µm 
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thickness. First, organogel 1 was subjected to compression to 25% of the initial gel height 

in 10 seconds (ca. 30 µm*s-1). The measured normal force was converted to compressive 

stress (kPa) and a plot of the compressive stress (kPa) versus compressive strain led to 

an increase in stress with the applied strain. The compressive strain is reported here as: 

[gapi – gapt] / gapi, where the gap is the measured height of the gel initially (i) and at 

compression time (t). 

Rh(I) incorporated organogel 1 was next subjected to the same compression 

experiment, and a plot of the compressive stress versus strain overlaid directly on that of 

the control gel indicating that additional, stress bearing P-Rh(I)-P crosslinks were not 

contributing to the compressive modulus of the gel network. Compressive rheological 

analyses were next performed on organogels 2 and 3, both with and without Rh(I) 

incorporation. While the compressive moduli of the materials were not significantly 

different in the presence or absence of Rh(I), an analysis of the relaxation behavior of the 

organogel networks was intriguing. 

Fast (10s) compression of organogels 2 and 3 was followed by monitoring the 

compressive network relaxation for a period of 15 minutes. The relaxation of the 

compressive stress on these networks was observed to follow an exponential decay, 

control organogels 2 and 3 followed a 2-exponential decay while those of Rh(I) 

incorporated samples required a 3-exponential function to fully capture the relaxation 

profile.  



 

294 

 

 

 

Figure 107. Rheological analysis of control and Rh(I) containing organogels as a result of 
compressive and relaxation stress analysis. The presence of Rh(I) marginally affects the 
compressive moduli while the relaxation behavior of the network under constant strain 
implicates mechanically active P-Rh(I)-P crosslinks in the network. 

Analysis of the relaxation behavior by multiple exponential fitting with Origin® 

software reveals the presence of two relaxation lifetimes in the control gel series while 
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Rh(I) incorporated gels retain three relaxation lifetimes in organogels 2 and 3 (Fits of the 

relaxation behavior are provided in the experimental section.).   

Table 4. Exponential fits to the relaxation behavior of organogels 1-3 leads to the 
determination of relaxation half-lives (tx) from the single exponential decay rate 
constants. The half-life of the sequential first order processes were calculated from (tx = 
ln(2) ÷ kx) where the values of kx were determined by multiple exponential curve fitting 
analysis with Origin® software. 

  Control Organogels   Rh(I) Organogels 

 
2a 2b 2c   2a 2b 2c 

t1 - - -   - 3 2.2 ± 0.7 
t2 28 ± 6 32 ± 4 20 ± 5   34 ± 2 37 ± 1 28 ± 5 
t3 580 ± 10 820 ± 70 460 ± 220   700 ± 40 600 ± 60 530 ± 70 

 

 

Figure 108. Exponential fits of three organogels (2) each during compressive stress 
relaxation. The gels were compressed in 10 seconds to 25 % compressive strain and held 
for 15 minutes. The relaxation of the networks was fit using (left, control series) 2 
sequential exponential functions and (right, Rh(I) incorporated gels) 3 sequential 
exponential functions. The relaxation half lives are reported in Table 4. 

That the compressive relaxation behaviors of organogels 2 and 3 are more 

obvious than 1 may be a result of the covalent cross-linking content within 1 (6 %) 

versus organogels 2 (0.6 %) and 3 (no HDDMA). The issue that arises in extrapolating 
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the influence of P-Rh(I)-P crosslinkers onto the relaxation behavior of the organogels is 

related to the use of multiple monomers to create the organogel network. The relaxation 

behavior of these networks may actually be indicative of the increased incorporation of a 

hydrogen-bonding monomer (HEMA) instead of a contribution from mechanically 

active P-Rh(I)-P crosslinks. However, the measured relaxation half lives of the three 

organogels 1-3 are notably similar; the first, fast relaxation is observed at ca. 2.8 seconds 

followed by ca. 30 seconds and the third of ca. 600 seconds. 

B.5 Hydroformylation 

The catalytic activity of Rh(I) containing organogels 1-3 was first examined as a 

function of reaction time under the same reaction conditions (65oC, 70 psi syn gas, 3.4 

mmoles styrene in 10 mL toluene) on ca. 200 mg of organogel (weight measured after 

hydroformylation) with ‘slow’ stirring to retain the mechanical integrity of the gels. The 

catalytic activity of the gels is reported as the number of milligrams of aldehyde formed 

per gram of gel used in the hydroformylation experiment. The extent of 

hydroformylation was observed to increase in the series organogel 3 > 2 > 1. This may be 

a result of the mole percent of covalent crosslinker used to prepare the gels. For 

example, organogel 1 required 6% HDDMA crosslinker to form a covalent network 

while the use of HEMA as a co-monomer decreased the HDDMA requirement to 0.6 % 

(organogel 2) and covalent crosslinker was not required to form network gels in 

organogel 3.  
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The hydroformylation activity of the Rh(I) organogels led to the formation of the 

branched aldehyde—2-phenylpropionaldehyde—as the major product of CO and H2 

addition to styrene. The measured n:i ratios are shown in Figure 109, slightly larger 

values are observed during hydroformylation in the presence of organogel 1 while 2 and 

3 are self-consistent with an average ratio of 0.22 (± 0.02) : 1. The ratios of aldehyde 

product were observed to decrease with increasing reaction time, though analysis of the 

standard deviation of the data led to average n:i ratios with an error of ca. 10 %. 

 

Figure 109. Hydroformylation of styrene in the presence of organogels 1-3 (65 oC, 70 psi 
syn gas, 3.4 mmoles styrene in 10 mL toluene) leads to increasing hydroformylation 
activity for organogel 3 > 2 > 1. A plot of the n:i ratio versus reaction time shows a slight 
decrease in the selectivity for the branched isomer with increasing reaction time. 
Organogel 1 catalysis leads to slightly larger n:i ratios than organogels 2 and 3. Fits are 
linear regression analyses; organogels 2 and 3 were fit as a single data file. 

The hydroformylation of styrene is dependent on the amount of aDP used in 

copolymer gel preparation, and subsequently the amount of Rh(I) uptaken by the 

network during soaking in the 10 mM Rh(I) solution. Three organogels were 

synthesized leading to the formation of gels with 0 % (no aDP added), 2 % and 20 % aDP 
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(mole % of initial polymerization mixture); these gels were mixed according to the 

procedure for preparation of organogel 1, varying the addition of aDP in the copolymer 

mix. The control experiment, hydroformylation in the absence of aDP comonomer 

during UV curing led to ca. 0.13 % aldehyde product formation indicating that not all 

the Rh(I) was washed out of the gel prior to the hydroformylation reaction. 

 

Figure 110. Styrene hydroformylation shows a dependence (single exponential fit meant 
to guide the eye) on the mole % aDP incorporated into organogels. 

The hydroformylation of styrene by organogel 2 was next tested versus 

hydroformylation  of styrene in the presence of Rh(I)(acac)(CO)2 alone as well as a 1:10 

mixture of Rh(I) with triphenylphosphine. In three separate pressure reactors containing 

3.4 mmoles styrene in 10 mL toluene was added i) 852 µL of 4.1 mM Rh(I) solution (3.5 x 

10-6 moles Rh(I)), ii) 852 µL of 4.1 mM Rh(I) solution and 625 µL of 56 mM 

triphenylphosphine in toluene (Rh(I): PPh3 = 1 : 10) and iii) 0.320 g organogel 2. 

Hydroformylation with native Rh(I) led to ca 0.3 % product formation with a subsequent 
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n:i ratio of 1.2 : 1. The presence of PPh3 during the reaction increased the turnover by 

approximately 200 fold to 54 % product formation while the n:i ratio was substantially 

different at 0.22 : 1. The presence of organogel 2 during hydroformylation led to product 

turnover (44 % aldehyde formation) and an n:i ratio (0.29 : 1) consistent with 

hydroformylation conducted with the presence of both Rh(I) and phosphine.  

O
OToluene, 65 oCi) Rh(acac)(CO)2

ii) Rh(acac)(CO)2 : PPh3

iii) 0.32 g organogel 2 i) 0.997 0.0017 0.0015
ii) 0.441 0.102 0.457
iii) 0.563 0.097 0.339

+n i+

 

Figure 111. Hydroformylation of styrene (toluene, 65 oC, 70 psi syn gas) is highly 
dependent on the formation of phosphine. Hydroformylation of styrene in the presence 
of organogel 2 indicates that Rh(I)-phosphine conjugates are the catalytically active 
species. The data is supported both by the larger turnover and the selectivity for linear 
versus branched aldehyde products. 

The catalytic competenency of organogel 2 was next monitored by subjecting 

organogels to hydroformylation, washing the gels for 3 days with daily washing with 

toluene to remove hydroformylation products and styrene starting material and 

resubjected to hydroformylation conditions. Three samples of organogel 2 (221 ± 5 mg) 

were first analyzed (toluene, 65oC, 70 psi syn gas, 4 hour reaction time)  leading to the 

formation of 790 ± 70 mg aldehyde * (gram gel)-1 with an observed n:i ratio of 0.29 (± 

0.03) : 1. After three days of washing the gels daily with toluene, the three gels were 

resubjected to hydroformylation conditions leading to the formation of 510 ± 60 mg 
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aldehyde * (gram gel)-1 also with an observed n:i ratio of 0.29 (± 0.05) : 1. These results 

are significant in that they indicate the catalytic competency of the Rh(I)-embedded 

organogels over multiple uses.  

Table 5. Hydroformylation of styrene to aldehydes by organogel 2 on different days. 
Hydroformylation was first conducted (Day 1, 65 oC, 3.4 mmoles styrene in 10 mL 
toluene, 70 psi syn gas) followed by washing the gels for 3 days in toluene with daily 
changing of the solvent to remove styrene and hydroformylation products. On the 4th 
day the same gels were used in a subsequent hydroformylation reaction under the same 
conditions. Analysis of the GC data shows that ca. 35 % of the catalytic activity is lost. 

Day 1 Day 4 

Sample mg prod  / g gel n:i mg prod / g gel n:i 

1 727 0.32 575 0.30 
2 771 0.26 494 0.24 
3 866 0.29 458 0.33 

Average 788 0.29 509 0.29 

SD 71 0.03 60 0.05 

 

Additional support for the formation of catalytically active Rh(I) in the 

organogels is obtained by a calculation of i) the maximum Rh(I) content of the 

organogels and ii) the observed amount of aldehyde formation after hydroformylation. 

For example, after UV polymerization of organogel 1 in a glass mold, the gel was cut 

into 3 pieces and the gel pieces were soaked in 15 mL of a 10 mM Rh(I) solution, or 1.5 x 

10-4 moles catalyst. After 4 hours of hydroformylation of one of the gel sections of the 3 

soaked in the Rh(I) solution, the extent of styrene consumption to aldehyde products 

was calculated as 35.6 %. The initial styrene loading during hydroformylation was 3.4 

mmoles; 35.6 % hydroformylation leads to the turnover of 1.2 x 10-3 mmoles of styrene; 
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8.0 times greater than the total Rh(I) content of the gel soaking solution supporting the 

presence of catalytically active Rh(I) in the organogels. 

The hydroformylation of styrene was next conducted at decreasing syn gas 

pressures with organogel 2. A plot of the product formation versus syn gas pressure led 

to an increasing hydroformylation production with increasing syn gas pressure. 

 

Figure 112. Increasing the syn gas pressure during hydroformylation led to an  increase 
in the formation of aldehyde product. A single Rh(I)-incorporated organogel (1:6 
HEMA:nBA; 20 mole % aDP) was cut into three pieces and the gel segments were 
subjected to hydroformylation conditions for 3.5 hours (65 oC, 3.4 mmoles styrene in 10 
mL toluene). 

B.6 X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray Photoelectron Spectroscopy (XPS) was conducted on gels prepared with 

20 % and 2% aDP to analyze the Rh(I) loading in the organogels. The resulting polymers 

are were initially composed of nBA:HEMA:HDDMA:aDP ratios of 66.7:13.1:0.6:19.6 

(mole %; annotated as 20% aDP gels) and 81.1:15.9:0.8:2.3 (mole %; annotated as 2% aDP 

gels). After preparation, subsequent washing with solvent and drying for 3 days (2 days 
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house vacuum; 1 day high vacuum), XPS measurements were made on the four different 

gels (2 % aDP; 2% aDP w/Rh(I), 20% aDP, 20% aDP w/Rh(I)).  

XPS analysis of the atomic content of 2% aDP gel consisted mainly of C-1s and O-

1s peaks that were integrated as 79.4 % and 20.5 % of the total integrated area. The 

integrated percent of phosphorus as obtained from the average of the phosphorus P-2s 

and P-2p peak was 0.12 %. From the initial distribution of monomers used in the 

polymerization reaction; the calculated amount of phosphorus by atom was 0.24 %; a 

difference (50 %) indicating that allyldiphenylphosphine is not a reactive monomer 

during organogel formation. XPS spectra of the 20 % aDP gel was also consistent with 

this finding, data analysis led to an atomic distribution of C:O:P atom percents of 80.0: 

19.1:0.99 versus a theoretical distribution of 81.3:16.8:1.9 (see Experimental) 

Gels incorporated with Rh(I) were next analyzed, the carbon and oxygen 

integrations remaining nearly the same while the Rh:P ratios were consistent initially 

with a 1:1 coordination stoichiometry. The atomic ratio of Rh:P was shown to be 

dependent on the depth of the sample under analysis. Due to the low signal to noise 

ratio in the 2 % aDP Rh(I) soaked gel, a depth analysis was only performed on the 20 % 

aDP Rh(I) soaked gel. This gel was cut in half with a razor blade and the interior of the 

gel was analyzed; the internal environment of the gel being consistent with a 1:2 Rh:P 

ratio (Figure 114).  
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Figure 113. XPS data obtained on 2 % aDP gel before (left) and after (right) soaking in 
Rh(I). 

 

Figure 114. XPS data obtained on 20 % aDP gel before (left) and after (right) soaking in 
Rh(I). Note the substantial increase in Rh(I) detected in the sample (Rh 3p; 495 eV & Rh 
3d; 307 eV).  

B.7 Results and Discussion 

The incorporation of Rh(I) into phosphorus containing organogels leads to 

catalytically competent  organogels in the hydroformylation of styrene to branched and 

linear aldehyde products. Rheological analysis leads to initial evidence that the uptake 

of Rh(I) leads to some mechanical contribution from P-Rh(I)-P crosslinks though a 
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majority of the incorporation, especially at the surface of the organogel, may be 1:1 

Rh(I)-P complexes that are not mechanically active. The swelling of the organogels in 

toluene leads to a polymeric matrix that is not susceptible to significant deformation 

before failure. For example, the application of tensile stress on the matrix generates 

multiple fractures in the material after ca. 1-10% extension. Towards developing a 

mechanocatalytic switch, a new polymer scaffold is required that (i) leads to 

mechanically susceptible P-Rh(I)-P crosslinkers in the organogel and (ii) is more 

elastomeric under the conditions of hydroformylation. An initial approach toward 

solving these issues could involve the use of bis-phosphine ligands in the preparation of 

the organogel matrix such that the bis-phosphine ligand is predisposed (i) to form 

covalent crosslinks within the material and (ii) drive the coordination equilibrium to the 

formation of bis-phosphine-Rh(I) complexes that would be susceptible to mechanical 

deformation.  

B.8 Experimental 

Toluene (Fisher), Darocur® 1173 (Ciba), dicarbonylacetylacetonato rhodium(I) 

(Strem), styrene (Acros), 3-phenylpropionaldehyde (Acros), 2-phenylpropionaldehyde 

(Aldrich)  and hexanedioldimethacrylate (Aldrich) were used as received.  n-

butylacryalte (Aldrich) and 2-hydroxyethyl methacrylate (Aldrich) were distilled in 

vacuo and kept as stock solutions at 0oC.  Allyldiphenylphosphine (Aldrich) was used as 

received and stored under nitrogen. 
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Preparation of covalent network.  A solution of 600µL (4.2 mmoles) n-butylacrylate 

(nBA), 100µL (0.82 mmoles) 2-hydroxyethyl methacrylate (HEMA), 31µL (0. 035 

mmoles) hexanedioldimethacrylate (HDDMA), and 20µL Darocur®, was mixed and 

degassed with nitrogen for 10 minutes.  To this solution, 265µL (1.2 mmoles) 

allyldiphenylphosphine (aDP) was added by syringe.  This solution was degassed 

another 5 minutes before being added directly onto a glass mold and covered with a 

glass slide.  Polymerization was initiated by long wavelength (265nm) UV light for 10 

minutes.  The polymer gels were immediately removed from the molds and placed into 

degassed toluene followed by degassing 15 minutes with nitrogen.  The gels were 

allowed to swell for 24 hours, then decanted and replaced with new, degassed toluene.  

This process was repeated for a total of 3 days with daily replacement of the solvent.  

For preparation of gels with varying aDP and HDDMA content, the 

nBA/HEMA/Darocur ratio remained constant at 600/100/20 (µL) while aDP and 

HDDMA volumes were changed where noted. 

Mechanical Analysis.  Compression and oscillation data were recorded on a TA 

instruments AR-G2 rheometer in a toluene-filled cup.  Circular discs of approximately 

6mm diameter and 1.5mm thickness were used for all analyses at 25oC.  Disc diameters 

and heights were measured directly before addition to the sample cup and the values 

were used in calculating the pressure (kPa) applied to the disc from the instrumental 

output of normal force (N) where [kPa = N π-1 r-2 1000 -1] where r is the radius of the disc.  
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Disc heights were used in the calculation of percent strain for computing the young's 

modulus.   

Styrene Catalysis.  A Rh(I)-containing polymer gel (~150 mg) was added to a 

solution of 10 mL toluene containing 385µL styrene (3.3 mmoles) in a pressure tube.  The 

pressure tube was attached to the reaction apparatus in a 65o C oil bath and put on 

vacuum until small bubbles formed.  The tube was filled to 70 psi with syn/gas, the gas 

input closed, and the vessel evacuated.  This vacuum/pump procedure was repeated 

three times with the final 70 psi fill as the fourth, and the reaction time begun.  Reactions 

were not stirred so as not to disturb the integrity of the gel.  After sufficient time, the 

reaction vessel was detached from the apparatus and the syn/gas released.  

Approximately 3mL of the reaction solution was filtered through celite and used for 

GPC injection. 

Product Analysis by GPC.  A 2µL sample of hydroformylation products was 

injected on a Hewlett Packard 5890 series II gas chromatograph with an inline Hewlett 

Packard 3396A Integrator.  The initial oven temperature was 50oC (for 3 minutes) with a 

temperature ramp of 20oC minute-1 thereafter with helium as the carrier gas.  Peak area 

integrations for styrene (4.0 min), 3-phenylpropionaldehyde (6.6 min.), and 2-

phenylpropionaldehyde (7.1 min.) furnished the appropriate calculation of product 

formation.  The formation of hydroformylation side products are not mentioned here 
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since peak areas beside 3-phenylpropionaldehyde and 2-phenylpropionaldehyde were 

generally less than 5% of these major products. 

Polymer Network Determination by XPS.  X-ray photoelectron spectroscopy (XPS) 

was performed on a Kratos Axis Ultra instrument (Chestnut Ridge, NY). Samples were 

attached to the sample holder via conductive tape. Samples were inserted into the 

sample transfer chamber and allowed to reach a pressure of 5.0 x 10-7 torr. The sample 

was then transferred to the sample analysis chamber where the measurement was 

performed. Spectra were obtained at ~2.0 x 10-8 torr. Scans were obtained using a mono 

Al filament at a power of 15 kV and an emission of 10 mA. The lens mode used was 

hybrid, i.e. magnetic and electrostatic. The slot aperture was used for these experiments 

and a resolution of 160 eV was used for survey scans. Scans were performed with the 

charge neutralizer on to counteract any sample charging effects. Scans were taken over 

the range of -5 - 1200 eV with a step of 1 eV and a dwell time of 200 msec. Each scan is an 

average of ca. 4 scans.  
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Appendix C. gDBC Molecular Coordinates 

Calculation of Percent extension. The expected extension per monomer was 

calculated by comparing the C-C separation across two monomer units for a minimized, 

extended gDBCs (that is, dihedral angles across rotatable bonds were set to maximize 

length) to that of the 2,3-dibromoalkene. Geometries were computed at the AM1 level of 

theory using Spartan.   

gDBC dimer 

 

C       -2.670781     -2.518471      0.791267 
H       -3.780577     -2.423300      0.802875 
C       -1.948828     -2.017139      2.027539 
C       -1.883710     -1.237400      0.727603 
H       -2.470174     -0.290710      0.698316 
Br      -0.444100     -2.925759      2.738425 
Br      -2.991049     -1.297876      3.450799 
C       -2.242224     -3.754723      0.083228 
H       -1.134768     -3.800660     -0.055081 
H       -2.721583     -3.790853     -0.926895 
H       -2.564019     -4.656443      0.661204 
C       -0.629849     -1.122201     -0.077668 
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H        0.059222     -1.986716      0.115898 
H       -0.907755     -1.157650     -1.166261 
C        0.093956      0.178282      0.219473 
H        0.362940      0.218352      1.310213 
H       -0.588518      1.045648      0.016609 
C        1.356022      0.289045     -0.573605 
C        1.419778      1.012415     -1.905628 
C        2.100477      1.592196     -0.680171 
H        1.968201     -0.637706     -0.491758 
H        3.213007      1.539674     -0.670782 
Br       2.520990      0.269818     -3.272866 
Br      -0.106035      1.817040     -2.693062 
C        1.611268      2.829137      0.002600 
H        1.729620      2.679982      1.110987 
H        0.517284      2.990161     -0.190426 
C        2.384110      4.050183     -0.430354 
H        3.470859      3.934465     -0.200619 
H        2.003441      4.952326      0.106690 
H        2.272794      4.218884     -1.528546 

 
 

Dibromoalkene dimer. 

 
H        2.390498      1.786519     -5.253145 
C        3.179215      2.255628     -4.611021 
H        4.172850      1.848397     -4.921407 
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H        3.173803      3.358678     -4.807226 
C        2.925718      1.982393     -3.185282 
C        1.813791      2.318702     -2.512588 
C        1.667819      1.993295     -1.067040 
H        2.612977      1.520321     -0.687369 
C        0.503741      1.053574     -0.809665 
H        0.511042      0.259168     -1.604869 
H       -0.471240      1.601659     -0.896692 
C        0.605135      0.393681      0.552558 
H        0.587824      1.178617      1.359302 
H        1.590375     -0.143035      0.637650 
C       -0.507376     -0.556873      0.777122 
H       -1.320007     -0.522629      0.027723 
C       -0.593795     -1.421078      1.800390 
C       -1.763405     -2.333643      1.929193 
C       -2.533407     -2.107338      3.218131 
H       -2.626893     -0.998248      3.376808 
H       -1.963465     -2.518384      4.092985 
C       -3.910372     -2.719024      3.174300 
H       -4.505795     -2.299692      2.327480 
H       -4.450917     -2.499103      4.127137 
H       -3.854129     -3.827613      3.050442 
H        3.740241      1.457725     -2.652148 
Br       0.384816      3.228469     -3.318391 
Br       1.532175      3.643321     -0.033993 
Br       0.733973     -1.565280      3.118206 
H       -2.458544     -2.186128      1.059452 
Br      -1.166648     -4.182078      1.731958 
 

 

 
Percent extension = [(Length of dibromoalkene dimer)/(Length of gDBC dimer)] - 

1 =  11.646 Å / 9.088 Å – 1  =  0.28 
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Calculated mechanochemical coupling.  Geometry changes (C1- C1’ and C2- C2’) 

for 2,3-dimethyl-gem-dibromocyclopropane were taken by comparing the calculated 

ground and transition state structures reported previously by Faza et al.. (main text, ref. 

8). Carbon-carbon distances from C3 and C4 were taken by minimizing the extended 

trimer (shown below) at the AM1 level of theory for the ground state.  The trimer 

“transition state” was obtained by taking the transition state structure reported 

previously by Faza et al.., fixing it computationally, adding an additional gDBC to either 

side, and then minimizing the gDBC “handles” attached to the fixed transition state 

structure. 

Trimer ground state geometry. 

 

C        0.089416     -2.570429      0.000000 
C        0.785054     -1.474854     -0.765410 
C        0.785054     -1.474854      0.765410 
H        1.724491     -1.796111     -1.213497 
H        1.724491     -1.796111      1.213497 
C        0.056238     -0.437672     -1.600276 
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H        0.663032      0.476413     -1.619568 
H       -0.899613     -0.170813     -1.138141 
C        0.056238     -0.437672      1.600276 
H       -0.899613     -0.170813      1.138141 
H        0.663032      0.476413      1.619568 
C       -0.186900     -0.921401      3.040879 
H       -0.796467     -1.833580      3.021591 
H        0.768112     -1.189466      3.503582 
C       -0.186900     -0.921401     -3.040879 
H       -0.796467     -1.833580     -3.021591 
H        0.768112     -1.189466     -3.503582 
C       -0.912922      0.120231      3.871438 
C       -0.907878      0.140029      5.403185 
C       -0.212604      1.223785      4.622728 
H       -1.852729      0.438815      3.421808 
H       -1.845530      0.470373      5.846496 
C       -0.912922      0.120231     -3.871438 
C       -0.212604      1.223785     -4.622728 
C       -0.907878      0.140029     -5.403185 
H       -1.852729      0.438815     -3.421808 
H       -1.845530      0.470373     -5.846496 
C       -0.174890     -0.878972      6.250817 
H       -0.803958     -1.764348      6.396377 
H        0.051111     -0.460144      7.237481 
H        0.766934     -1.200438      5.801495 
C       -0.174890     -0.878972     -6.250817 
H       -0.803958     -1.764348     -6.396377 
H        0.766934     -1.200438     -5.801495 
H        0.051111     -0.460144     -7.237481 
Br       0.903312     -4.344189      0.000000 
Br      -1.859297     -2.693140      0.000000 
Br      -1.022913      2.999734      4.605254 
Br       1.733956      1.339401      4.629008 
Br      -1.022913      2.999734     -4.605254 
Br       1.733956      1.339401     -4.629008 
 

 



 

313 

Trimer transition state geometry 

 

C       -0.141441      0.078924     -0.101232 
C        0.059606      1.153669     -0.981980 
C       -1.392332     -0.428485     -0.487266 
H       -0.756499      1.886763     -1.125088 
H       -2.243786      0.243487     -0.682261 
C        1.338907      1.489228     -1.688863 
H        1.099238      2.029212     -2.643786 
H        1.915642      0.564388     -1.954287 
C       -1.675434     -1.902916     -0.492452 
H       -0.760585     -2.502927     -0.737172 
H       -2.449638     -2.128881     -1.274169 
C       -2.208653     -2.296430      0.880649 
H       -1.411439     -2.129963      1.656801 
H       -3.071835     -1.631180      1.150251 
C        2.179624      2.387463     -0.789694 
H        2.446361      1.835085      0.153158 
H        1.573239      3.282167     -0.485693 
C       -2.602559     -3.737086      0.897269 
C       -3.382694     -4.324984      2.042315 
C       -4.034735     -4.189450      0.679289 
H       -1.813289     -4.379943      0.445621 
H       -3.110193     -5.360355      2.350653 
C        3.441836      2.789682     -1.480040 
C        3.604182      4.139799     -2.153541 
C        4.366617      3.816034     -0.882622 
H        3.917978      1.925769     -1.996824 
H        5.458989      3.633507     -1.002929 
C       -3.823455     -3.512437      3.208022 
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H       -3.040958     -3.552991      4.006729 
H       -4.776050     -3.926505      3.622432 
H       -3.990553     -2.440638      2.941194 
C        4.069919      4.497571      0.406184 
H        4.530996      3.920525      1.246677 
H        2.972887      4.577476      0.601677 
H        4.505136      5.527685      0.401839 
Br      -0.541420      1.149749      2.161415 
Br       1.319019     -1.131395      0.147269 
Br      -4.326011     -5.768947     -0.344602 
Br      -5.444525     -2.960737      0.367399 
Br       4.570078      4.206625     -3.793969 
Br       2.214549      5.428743     -2.180431 
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Appendix D. Force Curve Fitting 

**This section provided by B. Akhremitchev** 

 

1.  Theoretical model 

First we consider polymer where all monomers can undergo conformational 

transition.  Therefore polymer length as a function of force is a sum of two parts (before 

and after the conformational transition):  

( ) ( ) ( ) ( ) ( )1 2l F L F F L F F= +L L      (1) 

Here Li are the force-dependent contour lengths of polymer parts, L is a 

normalized function that provides entropic elasticity part of polymer response to the 

external force (e.g. Langevin function in the freely-jointed chain model).  For simplicity 

we consider that this scaling function is the same before and after the transition.  Under 

pulling force a monomer can undergo transition to a longer form.  Probability for a 

monomer to remain in the shorter state can be described by the force-dependent 

survival probability S(F).  This survival probability at a particular force F also depends 

on history of force application to the bond.  However, because all bonds are connected in 

series they experience the same force at any instant in time.  Therefore eq. 1 can be re-

written as  

( ) ( ) ( )( )max 1 (1 )l F L F S Fγ= − −L       (2) 
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where Lmax is the contour length when all bonds are in the longer state, and γ is 

the ratio of polymer length before and after the transition (γ < 1).  Then the bond survival 

probability can be obtained from eq. 2 as  

( ) ( )
( )max

1
1

1

l F
S F

L Fγ

 
= −  −  L

       (3) 

When S(F) = 1 no conformational transition has occurred and polymer stretches 

according to ( ) ( )maxl F L Fγ= L , and when S(F) = 0 all conformational transition has 

occurred and polymer stretches to a longer contour length by ( ) ( )maxl F L F= L .  

Therefore by fitting the force – distance dependence before and after the transition 

models parameters γ, Lmax and scaling factors that determine L(F) can be obtained.   

For the first-order reaction the survival probability is related to the force-

dependent rate of bond rupture kD(F) as 191 

( ) ( )
( )

D

0
F

exp
F k f

S F df
v f

 
= −  

 
∫        (4) 

Here vF(F) is the loading rate that equals to dF/dt.  The probability density 

function p(F) of bond rupture is given by –dS(F)/dF and using eq. 4 it can be written as 

( ) ( ) ( ) ( )
( )

D

F

dS F k F S F
p F

dF v F
= − =       (5) 

Next we consider force spectroscopy AFM experiments where the probe base is 

moving at a constant velocity v.  At time t the probe position z is given by z = v·t = F/kc + 
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l(F) where kc is the spring constant of a cantilever force sensor.192  Therefore the loading 

rate can be calculated by 

( )
( )

c
F

c1

k v
v F

k l F
=

′+
        (6) 

Here and below the prime denotes differentiation with respect to force.  In AFM 

experiments cantilever is usually relatively stiff so that during conformational 

transitions ( )c 1.k l F′ >>   Therefore the loading rate can be calculated by  

( ) ( )Fv F v l F′≈         (7) 

From dependence l(F) the survival probability S(F) can be calculated using eq. 3.  

Also, by differentiating eq.3 the derivative S’(F) can be obtained.  Substituting the 

resulting expressions together with eq. 7 into eq. 5 gives  

( ) ( ) ( )
( ) ( ) ( ) ( )( ){ }D max

v l F F
l F

F v k F L F l F

′
′ =

− −

L

L L
    (8) 

Next we use equations derived above to obtain kinetic parameters of bond 

dissociation.  For simplicity we use the Bell’s model for kD(F) and the high-force 

asymptotic of the freely-jointed chain (FJC) model for function L(F): 193-195   

( ) ( )‡
D 0 Bexp /k F k F x k T=        (9) 

( ) B1 /F k T F a= −L         (10) 

Here k0 is the dissociation rate at zero force, x‡ is a characteristic distance between 

the equilibrium and the transition states, kB is the Boltzmann constant, T is absolute 
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temperature, a is the Kuhn length.  It can be noted that at high forces function ( ) 1F ≈L .  

Therefore from eq.3 we expect that maximum of p(F) should be close to the maximum of 

( )l F′ .  In other words, force at which ( ) 0l F′′ =  is the same as the most probable force 

F* in the Bell-Evans model.196  Using this model we can write 

* ‡* ‡
t

B 0 B

exp
vk xF x

k T k k T

 
= 

 
        (11) 

where ( ) 1*
tk l F

−′=  at point where ( ) 0l F′′ = .  This equation can be written in 

familiar form that can be used to obtain kinetic parameters k0 and x‡ by measuring 

dependence of F* and *
tk  on probe velocity v:  

* ‡
* tB

‡
0 B

log
v k xk T

F
x k k T

 
=  

 
       (12) 

2.  Calculating the force-distance dependence 

Equation 8 for ( )l F′  can be used to calculate the pulling force vs. polymer 

elongation using a recursive scheme: 

( ) ( )i 1 i i 1 i iF F l l l F+ + ′= + −        (13) 

Here indexes i and i +1 in the subscripts refer to two sequential force-distance 

points.   

To determine the initial point to start this recursion the first non-zero force value 

is calculated assuming that the stretching at this point occurs without bond breaking: 
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( )( )1
1 1 maxF l Lγ−= L .  Here 1−L  is the inverse of the normalized polymer stretching.  

This assumption is not restrictive because the bond lifetime at zero force is typically 

much longer that the time scale of experiment and it remains long enough even in the 

beginning of polymer stretching.  Therefore calculation by eq. 13 should be performed in 

the region between ruptures of the first and the last monomers.  At the low and high 

elongations the stretching force can be calculated using polymer elasticity models: 

( )( ) ( )( )
( ) ( )
( ) ( )

1
i 1 max i 1

1
i 1 i 1 max i 1

i i 1 i i

, 1 1

, 1

, otherwise

l L N S F

F l L N S F

F l l l F

γ−
+ +

−
+ + +

+

 −


= 
 ′+ −

=

=

L

L     

 (14) 

where S(F) is the monomer survival probability that can be calculated using eqs. 

4 and 6; N is the number of monomers.  We note that only approximate number of 

monomers is needed for calculations according to eq. 14.  Therefore it can be 

approximated by the number of Kuhn units N ≈ Lmax/a.  In comparison to equation 13, 

equation 14 provides efficient and accurate method to calculate the entire force plot 

including the initial and final steps in polymer elongation dependence.  This is 

particularly important at high forces where ( )l F′  is small and accurate calculation by 

eq. 13 requires prohibitively small step sizes.  

For a particular set of parameters, pulling forces calculated by eq. 14 can be 

compared to the experimentally measured forces and root-mean-square error can be 



 

320 

calculated.  This error can be minimized by various numerical algorithms to extract 

unknown parameters for polymer stretching and kinetic models.  

Recursion algorithm in eq. 14 does not use particular polymer stretching and 

dissociation rate models.  Therefore it can include effects of shape of the energy 

landscape and effects of monomer elasticity.  Effects of shape of the energy landscape 

can be included by using the appropriate model for kD(F). 197-201  Effects of the monomer 

elasticity are considered below. 

3.  Effects of monomer elasticity 

Here we consider general model that includes different monomer elasticity and 

also considers monomers that do not undergo conformational transition under the 

applied force.  Here again we assume that entropic elasticity is the same for all three 

types of polymeric chains: before the transition, after the transition, and for the non-

breaking part.  Therefore equation 2 can be written as  

( ) ( ) ( ) ( ) ( )( ) ( )

( )

max
M1 M2

M3

1 1
F F

l F L S F F S F F
k a k a

F
F

k a

α γ

α

      
= − + + − + +     

      

 
+  

 

L L

L

 (15) 

Here α is a fraction of non-breaking units, γ is a ratio of the polymer length 

before and after the transition for units that undergo the transition, kM1, kM2 , and kM3 are 

the spring constants of a Kuhn units before the transition, after the transition and with 

no transition, respectively.  Using the same approach as was used to derive eq. 8, we can 
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obtain a more general expression for ( )l F′ .  However, to preserve generality here we 

use eq. 6 for vF(F) instead of eq. 7.  The resulting equations is  

( ) ( ) ( )( ){ }(
( ) ( )( ) ( ) ( )( ){ } ( ) )

( ){ }( )

c M21 M2

max M21 M23 D 1 2

1

1 c 2 D M2

1 1

1 1 1

l F k v a l F k a k F

L F F F k k k F

k k F v a k

γ γ

γ α γ ϕ ϕ

ϕ ϕ
−

′ ′= − − − +

′− − + − − − ×

−

L

L L  (16) 

Here the following notations are used: 

( ) ( ) ( )
( ){ } ( )( ) ( )

M21 M2 M1

M23 M2 M3

1 M2 M1

2 max M23 M2 M2

/

/

1/ / 1

1 1

k k k

k k k

F k k a F

L F k a k F a k l F

ϕ γ γ

ϕ α

=

=

= − + −

= − − + −

L

L

   (17) 

Equation 16 can be used with eq. 14 to calculate the force-distance curves for 

different models of kD(F) and L(F).  It can be simplified for particular experiments.  For 

example, with c M1 M2, ,k k k → ∞  and 0α →  it transforms to eq. 8.   
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SMFS Fitting 

a] b]  

Figure E98. Fits to > 98 % gDBC-PB. [a] Cusp model:  ∆x‡ = 0.132 nm; k0 = 2.81 x 10-11 s-1, 
∆G‡ = 134 kJ/mol;  L1 = 88.22 nm, L2 = 117.3 nm,  a = 0.342 nm,  K1 = 6.5 x 104 nm; K2 = 8.8 
x 104 nm. [b] BE model: ∆x‡ = 0.108 nm; k0 = 2.81 x 10-11 s-1, ∆G‡ = 134 kJ/mol;  L1 = 87.75 
nm, L2 = 117.8 nm,  a = 0.382 nm,  K1 = 6.5 x 104 nm; K2 = 8.8 x 104 nm. 

 

a]   b]  

Figure E99. Fits to > 98% gDBC-PB. [a] Cusp model:  ∆x‡ = 0.150 nm; k0 = 2.81 x 10-11 s-1, 
∆G‡ = 134 kJ/mol;  L1 = 277.4 nm, L2 = 344.5 nm,  a = 0.350 nm,  K1 = 3.8 x 104 nm; K2 = 8.5 
x 104 nm. [b] BE model: ∆x‡ =0.123 nm; k0 = 2.81 x 10-11 s-1, ∆G‡ = 134 kJ/mol;  L1 = 280.3 
nm, L2 = 342.8 nm,  a = 0.300 nm,  K1 = 5.1 x 104 nm; K2 = 8.8 x 104 nm. 
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a]   b]  

Figure E100. Fits to 68 % gDBC-PB. [a] Cusp model:  ∆x‡ = 0.112 nm; k0 = 2.81 x 10-11 s-1, 
∆G‡ = 134 kJ/mol;  L1 = 1510 nm, L2 = 1824 nm,  a = 0.460 nm,  K1 = 4.3 x 104 nm; K2 = 8.1 
x 104 nm. [b] BE model: ∆x‡ = 0.093 nm; k0 = 2.81 x 10-11 s-1, ∆G‡ = 134 kJ/mol;  L1 = 1503 
nm, L2 = 1803 nm,  a = 0.530 nm,  K1 = 3.6 x 104 nm; K2 = 5.3 x 104 nm. 

a]   b]  

Figure E101.  [a] Cusp model:  ∆x‡ = 0.120 nm; k0 = 2.81 x 10-11 s-1, ∆G‡ = 134 kJ/mol;  L1 = 
174.4 nm, L2 = 214.1 nm,  a = 0.420 nm,  K1 = 4.7 x 104 nm; K2 = 6.4 x 104 nm. [b] BE 
model: ∆x‡ = 0.099 nm; k0 = 2.81 x 10-11 s-1, ∆G‡ = 134 kJ/mol;  L1 = 174.5 nm, L2 = 200.4 nm,  
a = 0.420 nm,  K1 = 4.8 x 104 nm; K2 = 2.8 x 104 nm.  
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a]   b]  

Figure E 102.  [a] Cusp model:  ∆x‡ = 0.124 nm; k0 = 2.81 x 10-11 s-1, ∆G‡ = 134 kJ/mol;  L1 = 
82.16 nm, L2 = 91.23 nm,  a = 0.500 nm,  K1 = 8.8 x 104 nm; K2 = 9.0 x 104 nm. [b] BE 
model: ∆x‡ = 0.102 nm; k0 = 2.81 x 10-11 s-1, ∆G‡ = 134 kJ/mol;  L1 = 82.16 nm, L2 = 91.23 nm,  
a = 0.500 nm,  K1 = 8.8 x 104 nm; K2 = 9.0 x 104 nm. 
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Appendix E.  Computational Details. Ab Initio Steer ed 
Molecular Dynamics 

E.1 gDFC 

This section provided by Dr. Mitchell Ong, Stanford University. 

In order to model the effects of a mechanical force, we use the ab initio steered 

molecular dynamics (AISMD) method,91 which calculates the potential energy surface 

and internal forces on each atom “on the fly” by solving the electronic Schrödinger 

equation.  An external force term is added to the ab initio forces and acts only on the 

atoms that are being pulled, which we will call “attachment points” (APs).  Thus, the 

total force is then given as the vector sum of the ab initio internal forces and the external 

force: 

 Ftot = Fab initio + Fext  [1] 

Once the total force is calculated, the position and momentum of all the atoms 

are then propagated according to classical equations of motion.  We use a “constant 

force fixed pulling” scheme where a constant magnitude force (F0) is applied to each AP 

and pulls it toward a corresponding fixed point, which we call a “pulling point” (PP).  

The expression for the external force is then given by: 

 
Fext = F0ni

i

Nattach

∑  [1] 

The pulling direction (ni) for each AP is then defined to be: 



 

326 

 

ni =
Ri

fix − Ri

Ri
fix − Ri

 [2] 

where Ri
fix and Ri represent the positions of the ith PP and corresponding AP, 

respectively.  The pulling points were chosen to pull the APs in opposite directions, 

which is consistent with the forces that would stretch the molecule when embedded in a 

polymer during the ultrasound experiment. 

 Computational Details.  Force-Modified Potential Energy Surface (FMPES) 

Using the conceptual framework outlined above, it is possible to construct a 

force-modified potential energy surface that is similar in spirit to the model of Kauzmann 

and Eyring202 and consistent with the AISMD forces.  Therefore, the expression for this 

newly constructed force-modified potential energy surface (FMPES) is: 

 
Vtotal (R) = Vab initio + F0 Ri

fix − Ri − Ri
fix − Ri

0( )
i

Nattach

∑  [3] 

where Ri
0  is the initial position of the attachment points.  By defining the FMPES 

in this way, we can use conventional quantum mechanical machinery such as 

optimization methods to locate stationary points and minimum energy paths (MEPs) 

directly on the FMPES.   

We use the nudged elastic band (NEB) method developed by Jónsson and co-

workers165,203 to locate MEPs on the FMPES.  The optimized structure for each image 

along the path will occur when the attachment points and the pulling points lie along 
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the same line.  This is mathematically equivalent to defining the pulling direction as the 

vector between the two attachment points: 

 ni =
R i − R j

R i − R j

 [4] 

where Ri and Rj represent the positions of the ith and jth attachment point, 

respectively.  Using the pulling direction given by Equation [5], the FMPES expression 

given in Equation [4] now simplifies to: 

 
Vtotal (R) = Vab initio − F0 R i − R j  [5] 

where the FMPES only depends on the distance between the two attachment 

points. This result was simultaneously and independently reported by Marx and 

coworkers,52 who denoted it as EFEI (“external force explicitly included”). For NEB 

calculations of minimum energy pathways, we use Equation [6] to describe how a 

mechanical force alters the potential energy surface.   

Compuational Details. AISMD Details 

All calculations were done using the MOLPRO software package.204 The 

electronic structure was solved using complete active space self-consistent field 

(CASSCF) theory164 with second-order perturbation theory corrections163 (CASPT2) and 

the 6-31G* basis set.  The active space includes two electrons in two orbitals, i.e. 

CAS(2/2)-PT2.  These two orbitals correspond to the σ and σ* orbitals of the distal C-C 

single bond relative to the CF2 group.   
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AISMD simulations were performed within a modified version of the ab initio 

multiple spawning205 (AIMS) molecular dynamics code interfaced with MOLPRO.204 

Gem-difluorocyclopropane simulations were followed for 1ps with an integration time 

step of 0.5fs using the “constant force fixed pulling” scheme described above.  Initial 

conditions for position and momentum were randomly sampled from a finite 

temperature Wigner distribution at 280K constructed from CAS(2/2)-PT2/6-31G* 

vibrational frequencies at the no-force minimum geometry.  Simulations were conducted 

under forces of 2nN for cis-attachment and 3nN for trans-attachment.   

Planar diradical simulations on the no-force potential energy surface ran for 

200fs with a time step of 0.5fs.  Initial conditions were randomly sampled from a finite 

temperature Wigner distribution at 280 K constructed from CAS(2/2)-PT2/6-31G* 

vibrational frequencies at the 2nN minimum structure for cis-attachment and 3nN 

minimum structure for trans-attachment. The diradical was minimized on the force-

modified potential energy surface (energy and gradients given by Equations [6] and [1], 

respectively) using the Davidon-Fletcher-Powell variant of the Broyden-Fletcher-

Goldfarb-Shanno algorithm.206 Vibrational frequencies under force were calculated by 

constructing a numerical Hessian via forward difference of the analytic gradients of the 

FMPES. Diagonalization of the Hessian gives normal modes and frequencies used to 

generate the Wigner distribution. Modes with frequencies under 150 cm-1 were ignored 
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when generating this distribution (because the harmonic approximation is poor for such 

low frequency modes).   

Movie clips of gDFC (access provided through sciencemag.org) were created 

using the Visual Molecular Dynamics (VMD) program.207 Yellow arrows for movies S1 

and S2 indicate pulling direction while red spheres in movies S3-S6 indicate attachment 

points. 

Movie S1 AISMD simulation at 2nN applying force on cis attachment points 
resulting in disrotatory opening. 

Movie S2 AISMD simulation at 3nN applying force on trans attachment 
points resulting in conrotatory opening. 

Movie S3 MD simulation of diradical ring closing in disrotatory fashion 
under no force using initial conditions from trans-attachment minimum at 3nN (38 out 
of 40 trajectories follow this pathway). 

Movie S4 MD simulation of diradical intermediate ring closing in 
conrotatory fashion under no force using initial conditions from trans-attachment 
minimum at 3nN (2 out of 40 trajectories follow this pathway). 

Movie S5 MD simulation of diradical ring closing in disrotatory fashion 
under no force using initial conditions from cis-attachment minimum at 2nN. (39 out of 
40 trajectories follow this pathway). 

Movie S6 MD simulation of diradical intermediate ring closing in 
conrotatory fashion under no force using initial conditions from cis-attachment 
minimum at 2nN (1 out of 40 trajectories follows this pathway). 



 

Molecular Dynamics of 1,3

 

Figure E 103. Representative trajectories of diradical ring closing under no force 
beginning with initial conditions determined from the minimum structure and 
vibrational frequencies at 3nN for 
diradical (dominant path
closure of diradical (minor pathway observed in 2 out of 40 samples).  Red spheres 
indicate the hydrogen atoms that are chosen as attachment points.

 

Figure E 104. Representative trajectories of diradical ring closing under no force 
beginning with initial conditions determined from the minimum structure and 
vibrational frequencies at 2nN for 
diradical (dominant pathwa
closure of diradical (minor pathway observed only once out of 40 samples). Red spheres 
indicate the hydrogen atoms that are chosen as attachment points.
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Molecular Dynamics of 1,3-Diradical 

Representative trajectories of diradical ring closing under no force 
beginning with initial conditions determined from the minimum structure and 
vibrational frequencies at 3nN for trans-attachment.  (A)  Disrotatory ring closure of 
diradical (dominant pathway observed in 38 out of 40 samples).  (B)  Conrotatory ring 
closure of diradical (minor pathway observed in 2 out of 40 samples).  Red spheres 
indicate the hydrogen atoms that are chosen as attachment points. 

Representative trajectories of diradical ring closing under no force 
beginning with initial conditions determined from the minimum structure and 
vibrational frequencies at 2nN for cis-attachment.  (A)  Disrotatory ring closure of 
diradical (dominant pathway observed in 39 out of 40 samples).  (B)  Conrotatory ring 
closure of diradical (minor pathway observed only once out of 40 samples). Red spheres 
indicate the hydrogen atoms that are chosen as attachment points. 

 
Representative trajectories of diradical ring closing under no force 

beginning with initial conditions determined from the minimum structure and 
attachment.  (A)  Disrotatory ring closure of 

way observed in 38 out of 40 samples).  (B)  Conrotatory ring 
closure of diradical (minor pathway observed in 2 out of 40 samples).  Red spheres 

 

Representative trajectories of diradical ring closing under no force 
beginning with initial conditions determined from the minimum structure and 

attachment.  (A)  Disrotatory ring closure of 
y observed in 39 out of 40 samples).  (B)  Conrotatory ring 

closure of diradical (minor pathway observed only once out of 40 samples). Red spheres 
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We have performed AISMD simulations of the diradical under no force starting 

with two sets of initial conditions.  The first involved using initial conditions determined 

from the vibrational frequencies and geometry of the 3nN minimum structure for trans-

attachment. We ran 40 trajectories on the potential energy surface with no force and 

found that 38 closed with disrotatory stereochemistry to give attachment points in the cis 

conformation while 2 closed with conrotatory stereochemistry to give attachment points 

in the trans conformation.  We also used initial conditions determined from the 

minimum structure and frequencies for cis-attachment at 2nN.  Here, we find out of 40 

total trajectories, only 1 closed with conrotatory stereochemistry to give the attachment 

points in the trans conformation while 39 closed with disrotatory stereochemistry to give 

the attachment points in the cis conformation.  Movies S3-S6 show representative 

trajectories that close either in disrotatory or conrotatory fashion for each set of initial 

conditions. Snapshots of these trajectories are shown in Figures S56 and S57. We can 

conclude from these results that starting from the diradical, disrotatory ring closure to 

give cis-gDFC will be favored on the potential energy surface under no external force. 
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Geometries Under Force 

Coordinate data for key geometries along the minimum energy paths can be 

accessed at sciencemag.org with file names indicated below. Rainbow color scheme 

indicates increasing force starting from 0 nN (red) to 3 nN (black).  Reactants and saddle 

points along the reaction pathway clearly change as a function of force. 

 

 

Figure E 105. Geometries of gDFCs under force. 

 

 

 



 

Energy Barriers Under Force

 Using the nudged elastic band algorithm, we were able to obtain energy 

barriers for the conrotatory and disrotatory barrier as a function of force.  Results are 

shown in Figure S58 for the 

barrier heights are similar for conrotatory and disrotatory ring

than 0.5nN, disrotatory ring opening is favored, but at forces larger than 0.5nN, we find 

that conrotatory ring opening is favored.   This is a clear indication that the 

stereochemical preference changes from disrotatory to conrotatory ring

forces higher than 0.5nN.  

Figure E 106. Energy barrier as a function of force starting from 
and black lines are linear 
zero force, which is the predicted behavior from Bell’s theory. The disrotatory pathway 
is favored until the applied force exceeds 0.5nN, whereupon the preference switches and 
the conrotatory pathway is favored. The linear relationship between barrier height and 
applied force predicted by Bell’s theory breaks down at forces exceeding 1nN, providing 
further evidence of its limitation to the low force regime.
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Energy Barriers Under Force 

Using the nudged elastic band algorithm, we were able to obtain energy 

barriers for the conrotatory and disrotatory barrier as a function of force.  Results are 

shown in Figure S58 for the trans-attachment case.  We can clearly see that at 0.5nN, the 

er heights are similar for conrotatory and disrotatory ring-opening.  At forces lower 

than 0.5nN, disrotatory ring opening is favored, but at forces larger than 0.5nN, we find 

that conrotatory ring opening is favored.   This is a clear indication that the 

stereochemical preference changes from disrotatory to conrotatory ring-

forces higher than 0.5nN.   

 

Energy barrier as a function of force starting from trans-attachment.  Red 
and black lines are linear fits determined from the dependence of the barrier on force at 
zero force, which is the predicted behavior from Bell’s theory. The disrotatory pathway 
is favored until the applied force exceeds 0.5nN, whereupon the preference switches and 

athway is favored. The linear relationship between barrier height and 
applied force predicted by Bell’s theory breaks down at forces exceeding 1nN, providing 
further evidence of its limitation to the low force regime.  

Using the nudged elastic band algorithm, we were able to obtain energy 

barriers for the conrotatory and disrotatory barrier as a function of force.  Results are 

attachment case.  We can clearly see that at 0.5nN, the 

opening.  At forces lower 

than 0.5nN, disrotatory ring opening is favored, but at forces larger than 0.5nN, we find 

that conrotatory ring opening is favored.   This is a clear indication that the 

-opening for 

attachment.  Red 
fits determined from the dependence of the barrier on force at 

zero force, which is the predicted behavior from Bell’s theory. The disrotatory pathway 
is favored until the applied force exceeds 0.5nN, whereupon the preference switches and 

athway is favored. The linear relationship between barrier height and 
applied force predicted by Bell’s theory breaks down at forces exceeding 1nN, providing 
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Singlet-Triplet Splittings of gDFC 

 

Figure E 107. Singlet-triplet splittings at the gDFC minimum and at the 1,3-diradical 
transition state on the singlet state under no force. All calculations were performed at 
the CAS(2/2)-PT2/6-31G* level of theory. Geometries corresponding to each stationary 
point are given below. 

 

 

Figure E 108. Singlet-triplet splittings at optimized structures on the singlet state under 3 
nN of applied force for closed gDFC (both cis- and trans-attachment) and the 1,3-
diradical.  All calculations were performed at the CAS(2/2)-PT2/ 6-31G* level of theory. 
Geometries corresponding to each stationary point are given below. 
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Our collaborators Mitchell Ong and Todd Martinez at Stanford University have 

calculated singlet-triplet splittings at the equilibrium geometries of gDFC and for the 

1,3-diradical at the CAS(2/2)-PT2 level of theory with the 6-31G* basis set. As usual, the 

vertical singlet-triplet splitting, ΔEST(vert), is defined to be the energy difference between 

the triplet and singlet state at the singlet equilibrium geometry. These calculations were 

performed for 0nN and 3nN and are summarized in the tables above. The singlet-triplet 

gap is very large at the gDFC equilibrium geometry and this does not change if force is 

applied. At the 1,3-diradical transition state in the absence of applied force, the singlet-

triplet gap is lowered (as expected for a diradical), but the ground state remains a 

singlet. As discussed above, the 1,3-diradical becomes a local minimum under applied 

force, and we find that even in this case the singlet-triplet gap is large compared to 

available thermal energy. In conclusion, there is little reason to expect significant 

involvement of the triplet state in either the presence or absence of applied force and we 

do not expect intersystem crossing (ISC) to influence the molecular ratcheting 

mechanism. 
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E.2 gDFC Diradical Disproportionation 

This section provided by Dr. Mitchell T. Ong and Professor Todd J. Martinez, 

Stanford University 

Our collaborators Mitchell Ong and Todd Martinez at Stanford University used 

the ab initio steered molecular dynamics method (AI-SMD)50 to examine the effects of a 

mechanical force on a gem-difluorocyclopropane (gDFC) dimer where one gDFC is in 

the cis conformation while the other is in the trans conformation. The potential energy 

surface and the internal forces were calculated “on the fly” by solving the electronic 

Schrödinger equation, which allows for arbitrary bond rearrangement. An external force 

is added to the ab initio internal forces and acts only on the atoms that are being pulled, 

which we refer to as “attachment points” (APs). Thus, the total force is then given as the 

vector sum of the ab initio internal forces and the external force: 

 Ftot = Fab initio + Fext  [6] 

Once the total force is calculated, the position and momentum of all the atoms 

are then propagated according to classical equations of motion. We have chosen to 

define the external force using a “constant force fixed pulling” scheme where a constant 

magnitude force (F0) is applied to each AP and pulls it toward a corresponding fixed 

point, which we call a “pulling point” (PP). The expression for the external force is then 

given by: 



 

337 

 Fext = F0ni
i

Nattach

∑  [7] 

The pulling direction (ni) for each attachment point is defined as: 

 ni =
Ri

fix − Ri

Ri
fix − Ri

 [8] 

where R i
fix and Ri represent the positions of the ith fixed point and corresponding 

attachment point, respectively. Using this framework, the potential energy is adjusted so 

that it agrees with the AI-SMD forces defined above. The expression for this force-

modified potential energy surface (FMPES) is: 

 Vtotal (R) = Vab initio + F0 Ri
fix − Ri − Ri

fix − Ri
0( )

i

Nattach

∑  [9] 

where R i
0  is the initial position of the attachment points. 

Computational Details. Simulation Details 

All calculations were done using the MOLPRO software package208 within a 

modified version of the ab initio multiple spawning (AIMS)209-211 molecular dynamics 

code.  The electronic structure was solved using the complete active space self-consistent 

field (CASSCF) method212 and a 6-31G basis set.  An active space of four electrons in four 

orbitals was selected, i.e. CAS(4/4).  The four orbitals correspond to the σ and σ* orbitals 

of the distal C-C single bond relative to the CF2 group for each gDFC. Simulations were 

followed for 1ps with an integration time step of 0.5fs. Initial conditions for the position 

and momentum were randomly sampled from a finite temperature Wigner distribution 
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at 280K constructed from CAS(4/4)/6-31G vibrational frequencies at the no-force 

minimum geometry. Modes with frequencies under 150cm-1 were ignored when 

generating this distribution since the harmonic approximation is poor for such low 

frequency modes.   

Computational Details. Supplementary AI-SMD Results 

 As mentioned in the main text, we ran a total of 20 trajectories at a force 

of 3nN on a (cis, trans) gDFC dimer. Two of the trajectories showed scission of the 

central C-C bond between the gDFC mechanophores after adjacent diradicals had 

already been formed. However, the dominant mechanism observed in the simulations 

was irreversible ring opening of the gDFCs to form adjacent diradicals.  

 

 

Figure E 109.  (a) Snapshots of a representative trajectory indicating ring opening of the 
gDFCs to form adjacent diradicals while the C-C central bond remains in tact. AI-SMD 
simulations indicate 18 out of 20 trajectories give this outcome. (b) Average bond lengths 
associated with gDFC ring opening and bond scission as a function of time for these 18 
trajectories.   



 

339 

In total, 18 out of 20 trajectories resulted in this outcome. In Figure E 366, we plot 

the average bond length of the distal C-C bond relative to the CF2 group for each gDFC 

(R1 and R2) and the central C-C bond (R3) for these 18 trajectories. We can clearly see that 

ring opening occurs to the diradical for both gDFCs, but the C-C central bond remains 

intact. Even though two trajectories showed fragmentation along the C-C central bond, 

ring opening of both gDFCs to form adjacent diradicals is the predominant mechanism 

as predicted by AI-SMD simulations. 
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