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Abstract 

Just as heat, light and electricity do, mechanical forces can also stimulate 

reactions. Conventionally, these processes – known as mechanochemistry – were viewed 

as comprising only destructive events, such as bond scission and material failure. 

Recently, Moore and coworkers demonstrated that the incorporation of mechanophores, 

i.e., mechanochemically active moieties, can bring new types of chemistry. This 

demonstration has inspired a series of fruitful works, at both the molecular and material 

levels, in both theoretical and experimental aspects, for both fundamental research and 

applications. This dissertation evaluates mechanochemical behavior in all of these 

contexts.   

At the level of fundamental reactivity, forbidden reactions, such as those that 

violate orbital symmetry effects as captured in the Woodward-Hoffman rules, remain an 

ongoing challenge for experimental characterization, because when the competing 

allowed pathway is available, the reactions are intrinsically difficult to trigger. Recent 

developments in covalent mechanochemistry have opened the door to activating 

otherwise inaccessible reactions. This dissertation describes the first real-time 

observation and quantified measurement of four mechanically activated forbidden 

reactions. The results provide the experimental benchmarks for mechanically induced 

forbidden reactions, including those that violate the Woodward-Hoffmann and 
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Woodward-Hoffmann-DePuy rules, and in some cases suggest revisions to prior 

computational predictions.  The single-molecule measurement also captured competing 

reactions between isomerization and bimolecular reaction, which to the best of our 

knowledge, is the first time that competing reactions are probed by force spectroscopy.  

 Most characterization for mechanochemistry has been focused on the reactivity 

of mechanophores, and investigations of the force coupling efficiency are much less 

reported. We discovered that the stereochemistry of a non-reactive alkene pendant to a 

reacting mechanophore has a dramatic effect on the magnitude of the force required to 

trigger reactivity on a given timescale (here, a 400 pN difference for reactivity on the 

timescale of 100 ms). The stereochemical perturbation has essentially no measurable 

effect on the force-free reactivity, providing an almost perfectly orthogonal handle for 

tuning mechanochemical reactivity independently of intrinsic reactivity.  

Mechanochemical coupling is also applied here to the study of reaction 

dynamics. The dynamics of reactions at or in the immediate vicinity of transition states 

are critical to reaction rates and product distributions, but direct experimental probes of 

those dynamics are rare. The s-trans, s-trans 1,3-diradicaloid transition states are trapped 

by tension along the backbone of purely cis-substituted gem-difluorocyclopropanated 

polybutadiene using the extensional forces generated by pulsed sonication of dilute 

polymer solutions.  Once released, the branching ratio between symmetry-allowed 

disrotatory ring closing (of which the trapped diradicaloid structure is the transition 
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state) and symmetry-forbidden conrotatory ring closing (whose transition state is 

nearby) can be inferred. Net conrotatory ring closing occurred in 5.0 ± 0.5% of the 

released transition states, as compared to 19 out of 400 such events in molecular 

dynamics simulations. 

On the materials level, the inevitable stress in materials during usage causes 

bond breakage, materials aging and failure. A strategy for solving this problem is to 

learn from biological materials, which are capable to remodel and become stronger in 

response to the otherwise destructive forces. Benzocyclobutene has been demonstrated 

to mechanically active to ortho-quinodimethide, an intermediate capable for [4+4] 

dimerization and [4+2] cycloaddition. These features make it an excellent candidate for 

and synthesis of mechanochemical remodeling. A polymer containing hundreds of 

benzocyclobutene on the backbone was synthesized. When the polymer was exposed to 

otherwise destructive shear forces generated by pulsed ultrasound, its molecular weight 

increased as oppose to other mechanophore-containing polymers. When a solution of 

the polymer with bismaleimide was subjected to pulsed ultrasonication, crosslink 

occurred and the modulus increased by two orders of magnitude.      
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1. Introduction  

A chemist would consider heat, light and electricity when thinking of triggering 

reactions, based on the knowledge from physical chemistry textbooks. Another source of 

energy – mechanical force, is somewhat less considered, although forces are ubiquitous. 

The study of reactions that are caused by mechanical forces is called mechanochemistry.1 

The concept of mechanochemistry is not new. Staudinger has proposed mechanical 

chain rupture to be the cause of polymer degradation under mastication.2-4   

In 2007, Moore and coworkers reported that a benzocyclobutene (BCB) molecule 

underwent force-induced electrocyclic ring opening reactions when it was embedded in 

the midchain of a polymer and subjected to ultrasonication.5 More significantly, the 

force induced reaction went through reaction pathways different from conventional 

thermo- or photochemistry. Both cis-BCB and trans-BCB formed the same product – 

(E,E)-ortho-quinodimethide (oQDM). Particularly, while trans-BCB underwent 

symmetry-allowed conrotatory ring opening, cis-BCB underwent symmetry-forbidden 

disrotatory ring opening.5 This work demonstrated: 1) mechanical forces can be used to 

bias reaction pathways to realize transformations that might not be possible through 

conventional chemistry; 2) by carefully designing mechanophore,5 a force-sensitive 

moiety, mechanochemistry can be used in a constructive and fruitful manner; 3) since 

the mechanophore is force-sensitive, the reaction can be triggered at a targeted site on 

the polymer. This groundbreaking work inspired a resurgence in mechanochemistry, 
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including: 1) a variety of mechanophores have been developed; 2) different techniques 

have been applied in the investigation of mechanochemistry; 3) different 

theoretical/computational approaches have been developed and applied; 4) various 

applications have been explored and are being developed.      

1.1 Mechanophore design 

The mechanically-sensitive nature of mechanophores determines that their 

thermal activation energies are typically low compared to the bond dissociation energy 

of a C-C bond. On the other hand, a mechanophore needs to be thermally stable at room 

temperature so that it can be used for certain purposes. Up to this date, there are four 

types of reactions that have been utilized for mechanophore design: electrocyclic ring 

opening, selective scission of metal-ligand bond, homolytic scission of weak bonds and 

cycloreversion.  

Electrocyclic ring opening reactions are typically governed by the conservation 

of orbital symmetry rule.6 After Moore and co-workers demonstrated the mechanical 

activation of the electrocyclic ring opening of BCB, other electrocyclic ring opening 

systems such as gem-dihalocyclopropanes,7,8 epoxides9 and spiropyran10 have also been 

explored. In these reactions, gem-dihalocyclopropanes are effectively 2π electron 

systems;11,12 BCB, cyclobutene and epoxides are 4π electron systems;13,14 spiropyran is a 

6π electron system.10 These investigations greatly enriched the understanding of 
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mechanochemistry and also provided an opportunity to probe otherwise inaccessible 

reactions. Some quantitative work in this aspect is discussed in Chapter 2 and Chapter 3.  

Sijbesma and co-workers have pioneered in investigating the mechanical 

activation of the coordination bonds in metal complexes.15 The mechanical activation of 

the metal-ligand bonds provides an opportunity to use force to activate latent catalysts.16 

The force-induced homolytic cleavage of weak bonds such as S-S17 and C-N18 in 

azobisisobutyronitrile (AIBN) have been studied. Weak bonds provide an advantage of 

site-specific cleavage when the polymer chain in which they were embedded 

experiences sufficient forces. Recently, Lenhardt et al. have shown that the C-C bond 

between adjacent gem-difluorocyclopropanes (gDFC) acted as a weak bond when the 

gDFC-PB polymer was stretched.19 Another type of reaction that has been explored for 

mechanophore design is cycloreversion. Systems that have been explored include 

cyclobutane,20 dioxetane,21 Diels-Alder adduct,22 perfluorocyclobutane,23 etc.  Kean et al. 

have developed a system in which cyclobutane was fused with cyclopentane or 

cyclohexane to make nonscissile and long-extension mechanophores.24,25 

1.2 Techniques for probing force-coupled reactions 

Techniques used for applying forces to mechanophores and investigating the 

molecular responses include pulsed-ultrasonication,5 single-molecule force spectroscopy 

(SMFS),26-28 molecular force probe29 and bottle brush polymers.30  
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The molecular force probe, developed by Boulatov and coworkers, generates 

forces by the photoisomerization of a stiff-stilbene, which is embedded in a macrocycle.29 

The size of the macrocycle can be changed to tune the magnitude of the force. The 

advantage of the molecular force probe is no need of polymer handles, whose solubility 

and characterization is typically more difficult than small molecules. Sheiko and 

Matyjaszewski’s bottle brush polymer generates force through the adsorption of the 

polymers on a substrate.30 The limitations of these two types of molecular devices 

include lack of direct force measurement in situ and synthetic challenge.  

SMFS employs an atomic force microscope (AFM) tip to stretch the polymer from 

a substrate surface. The force applied to the polymer can be measured from the 

deflection of the cantilever. When a polymer is pulled from the surface to form a bridge 

between the AFM tip and the surface, force is applied to the polymer by moving the 

surface away from the AFM tip. The timescale of SMFS measurements is determined by 

the displacement and its velocity. The advantage of SMFS is that it quantifies both the 

force and the rate of mechanically activated reactions. Typical SMFS experiments are 

performed with a “fishing” strategy;31 hundreds or even thousands of trials often need 

to be made to obtain a successful pull, i.e., to activate a certain reaction. In the beginning 

of my PhD study, we attempted to develop a universal handle for SMFS to improve its 

throughput. A polyelectrolyte handle was developed and it was found that it was able to 

completely absorb to the AFM tip with opposite charges can frequently provide forces of 
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over 300 pN (for details, see Chapter 8). Meanwhile, a much more robust method was 

discovered by my colleagues Hope Klukovich and Tatiana Kouznetsova: they found that 

a post-synthetic epoxidation could improve the “fishing” efficiency so dramatically that 

forces over 2 nN can be frequently obtained.32 The high rupture forces can be attributed 

to covalent bonds formed between the epoxides and the silica surface.33 The epoxides are 

mechanically inactive under the condition of our SMFS experiments, and do not affect 

the mechanochemical activity of the analyte.32 This method has substantially improved 

the throughput of SMFS in quantifying mechanochemical coupling, and we have used it 

to study forbidden reactivity (Chapter 2 and 3), competing reactions (Chapter 4) and a 

stereochemical lever arm effect (Chapter 5).  

Pulsed ultrasonication is advantageous in that the experiments are operationally 

straightforward, and it might be the most extensively used method to test the 

mechanochemical activity of mechanophores.5,7-10,16,20,24,25,34,35 During sonication, 

elongational flow fields are generated by cavitation, which includes the nucleation, 

growth and collapse of microbubbles.36 A velocity gradient is then formed in the 

direction of a collapsing bubble; the polymer segments that are closer to the bubble have 

a higher velocity than those farther from the bubble,36 and the polymer is thus stretched 

and elongated. The mid-chain of the polymer is typically where the highest force is 

located and chain scission occurs.1 This technique has been applied in studying reaction 

dynamics (Chapter 6) and designing stress-strengthening materials (Chapter 7).  
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1.3 Different theoretical approaches 

The basic molecular-level understanding of force-coupled reaction is captured in 

Kauzmann and Eyring’s work37 and applied by Bell38 and Evans.39,40 A molecule is 

treated as a spring; as it is stretched from ground state to transition state, the activation 

barrier is lowered by the mechanical work applied to the system. This can be expressed 

using the following equation:  

E(F) = E0 – FΔX‡                 (1) 

In equation 1, E(F) is the activation energy when force is applied; E0 is the thermal 

activation energy; F is the force applied to the reaction; ΔX‡ is the extension from ground 

state to transition state. The equation represents an ideal situation: the reactant and 

transition state are considered to be static under force, thus the activation energy is 

linearly decreased by the force.  

Makarov’s extended Bell theory and Boulatov’s Taylor expansion added a 

secondary term to the equation by considering the compliances of the reactants and 

products.41,42 Martinez and Marx have used first-principle methods to calculate the force-

modified potential energy surfaces.43,44 We have compared our SMFS experimental 

results to the theoretical work in Chapter 2.  

Hummer, Szabo and Dudko have used other types of potential energy surface 

models, such as cusp and cubic models, to treat the force-activated reactions.45-47 

Different potential energy surface models are suitable for different situations. By fitting 
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experimental force coupled rate relationship to appropriate theoretical models, the 

activation length can be extracted out. As is discussed in Chapter 2, the activation length 

obtained by fitting to cusp model match perfectly to the modeling data, for gDHCs, but 

not for BCB.  

The advancement in mechanophore design, mechanochemical coupling 

technique and theory have substantially facilitated its applications. Representative 

applications include biasing reaction pathways to obtain products that are otherwise 

inaccessible by conventional chemistry,5 trapping structures that correspond to force-

free transition states,8,9 activating latent catalysts,16 developing stress-reporting21,34 and 

stress-strengthening48 materials, release of small molecules22,49 and proton,50 electro-

mechanochemical soft display devices,51 etc. Applications in studying transition state 

dynamics and developing mechanochemical strengthening materials are discussed in 

Chapter 6 and Chapter 7, respectively.  
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2. Inducing and Quantifying Forbidden Reactivity with 
Single Molecule Polymer Mechanochemistry 

2.1 Introduction 

Molecules have multiple potential reaction pathways from which to choose, with 

each possibility comprising its own set of associated nuclear motions. The reactions that 

are observed therefore represent the outcome of a competition between the preferred 

pathway and any of a number of other possibilities. The factors that govern such 

selectivity include Woodward and Hoffman’s orbital symmetry rules,6 which capture 

the direction of concerted nuclear motion in electrocyclic reactions.52 The Woodward-

Hoffman rules are similar to many structure-activity relationships that are used to 

understand and predict chemical reactivity, in that although the structural, energetic, 

and dynamic details of a preferred pathway can often be gleaned from a variety of 

mechanistic studies, those of the paths not chosen often remain difficult to characterize 

by direct experimental study.53,54  

Recently, Moore and co-workers have demonstrated that the direct application of 

sufficient mechanical force, delivered via polymer mechanochemistry, can be used to 

literally pull open a cis-benzocyclobutene (BCB) via disrotatory molecular motions that 

are “forbidden” by the Woodward-Hoffman rules and opposite to those in the normally 

observed, conrotatory pathways.5  Subsequently, a few other symmetry forbidden 

reactions have also been mechanically activated, including the conrotatory ring opening 

of gem-dihalocyclopropanes (gDHCs)7,8 and the disrotatory ring opening of epoxides.9 
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These experimental demonstrations have motivated theoretical studies43,44,55 and suggest 

the possibility of using force to not only activate reaction pathways that do not 

otherwise occur, but also to directly characterize reaction potential energy surfaces that 

are typically inaccessible experimentally. Here, we report the use of SMFS28,32,56 to 

observe three mechanically triggered forbidden reactions as they occur in real time. In 

all three cases, symmetry allowed analogs are examined for comparison, providing a 

direct measure of just how “forbidden” each reaction is.  



 

10 

The three reactions chosen for this study are the electrocyclic ring opening 

reactions of BCB, gem-difluorocyclopropane (gDFC) and gem-dichlorocyclopropane 

(gDCC) (Figure 1). Similar to a simple cyclobutene, BCB reacts via a 4 π electron system, 

in which conrotatory ring opening is the symmetry allowed pathway and disrotatory 

ring opening is forbidden.6,14 Thus, 1,2-dimethyl substituted BCBs will react at elevated 

temperatures to give ortho-quinodimethide (oQDM) products, the stereochemistry of 

which is determined by the stereochemistry of the reactants; the conrotatory ring 

opening of cis-substituted BCB generates an (E,Z)-oQDM, whereas the trans-substituted 

BCB leads to the (E,E) isomer. In contrast, the electrocyclic ring openings of gDFC12,57 and 

gDCC11,58 behave as effectively 2 π electron processes in which disrotatory pathways are 

favored. In the case of gDFC, this disrotatory ring opening leads to a 1,3-diradicaloid 
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transition state and subsequent reclosure to a gDFC stereoisomer unless it is trapped 

mechanically,8 whereas gDCC irreversibly forms a 2,3-dichloroalkene product (Figure 

1c) via C-C bond scission and chloride migration.58 

2.2 Methods 

2.2.1 General Procedure 

Unless otherwise stated, all starting materials and reagents were purchased from 

Sigma-Aldrich and used as received. CDCl3 was purchased from Cambridge Isotope 

Laboratory. Bromodifluoroacetic acid was purchased from SynQuest Laboratory. 

Ammonia gas was purchased from Airgas. Chloroform and dichloromethane were 

 

Figure 1. Disrotatory and conrotatory pathways of three mechanically activated reactions 
studied in this work. The reactants are “pulled” via a tensile force transmitted through the 
methyl substituents. Depending on the reactant and direction of applied force, the induced 
nuclear motion (blue arrows) is either allowed or forbidden based on orbital symmetry 
rules. Reactions: (a) benzocyclobutene to ortho-quinodimethide, (b) gem-
difluorocyclopropane to 2,2-difluoro-1,3-diyl, and (c) gem-dichlorocyclopropane to 2,3-
dichloroalkene. Note that in each of the three cases, disrotatory pulling of the cis- 
diastereomer leads to the same product as conrotatory pulling of the trans- diastereomer.  
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purchased from VWR. All reagents and solvents were used as received. 1H-NMR, 13C-

NMR and 19F-NMR analysis were conducted on either a 400 MHz or 500 MHz Varian 

spectrophotometer and the residual solvent peaks (CDCl3 7.26 ppm [1H], 77.16 ppm 

[13C]) were used as an internal chemical shift reference. 19F spectra were indirectly 

referenced via the deuterium lock signal of CDCl3 using the respective reference 

frequencies ratio as recommended.59 All chemical shifts are given in ppm (δ) and 

coupling constants (J) in Hz as singlet (s), doublet (d), triplet (t), quartet (q), multiplet 

(m), or broad (br). 

Gel permeation chromatography (GPC) experiments were performed on an in-

line two columns (Agilent Technology PL gel, 104 and 103 Å) using THF (inhibitor free) 

as the eluent. Molecular weights were calculated using a Wyatt Dawn EOS multi-angle 

light scattering (MALS) detector and Wyatt Optilab DSP Interferometric Refractometer 

(RI). The refractive index increment (dn/dc) values were determined by online 

calculation using injections of known concentration and mass. For synthetic and 

characterization details, see Appendix A. 

2.2.2 SMFS 

Sharp Microlever silicon probes (MSNL) were purchased from Bruker 

(Camarillo, CA). All of the SMFS studies were conducted at ambient temperature (~23 

°C) using a homemade AFM, which was constructed using a Digital Instruments 

scanning head mounted on top of a piezoelectric positioner, similar to the one described 



 

13 

in detail previously.60 The AFM pulling experiments were conducted in a solution of 

either methyl benzoate or toluene (methyl benzoate was used for gDFC polymer in this 

research; toluene was used for other polymers). The force curves used for analysis were 

obtained with rectangular-shaped cantilevers (205 μm × 15 μm, nominal tip radius ~ 2 

nm, nominal spring constant k ~ 0.02 N/m, frequency ~ 15 kHz). The spring constant of 

each cantilever was calibrated in air, using the MFP-3D system (Asylum Research Group 

Inc., Santa Barbara, CA), applying the thermal noise method, based on the energy 

equipartition theorem as described previously.61 Measurements were carried out in a 

closed fluid cell with scanning set for a series of approaching/retracting cycles. Probes 

were prepared by immersing in piranha solution (3:1 H2SO4 : H2O2) for 15 minutes at 

room temperature and then immersing in deionized water and dried by touching them 

against a kimwipe. Silicon substrates were prepared by first allowing each to soak in hot 

piranha solution for 30 minutes and then washed with deionized water and dried under 

a stream of nitrogen. Caution should be used when handling piranha solution: it has 

been reported to detonate unexpectedly. The substrate and the cantilever were then 

placed in a UVO cleaner (ozone produced through UV light) for 15 minutes. After 

ozonolysis, the cantilever was mounted in the fluid cell. 20 μL of a 0.5 mg/mL polymer 

solution was added to the silicon substrate surface and allowed to dry. The silicon 

substrate was then placed on the piezoelectric stage of the AFM. Force curves were 

collected in dSPACE (dSPACE Inc. Wixom, MI) and analyzed using Matlab (The 
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MathWorks, Inc., Natick, MA). All data were filtered during acquisition at 500 Hz. After 

acquisition, the data was calibrated and plotted by using homemade software written in 

Matlab language. The force-extension curve data were fit using previously published 

methods developed by Boris B. Akhremitchev.28 The theoretical extension of the 

polymers and the theoretical activation length (Δxǂ) were modelled using the method 

described previously (for details, see Appendix D).28,32 

2.3 Results and discussion  

For the SMFS studies, polymers with multiple mechanophores embedded along 

the backbone were synthesized (Figure 2). Epoxides can form covalent bonds with silica 

surface33 and thus increase the adhesion force between the polymer analyte and the tip 

of an atomic force microscope (AFM),32 and they were incorporated via either 

copolymerization with epoxy-cyclooctene (P1a and P2) or post-synthetic epoxidation 

with meta-chloroperoxybenzoic acid (P1b, P3-8).  Polymers were deposited on a surface, 

and the AFM tip was brought into contact and then retracted at a velocity of 300 nm/s. In 

cases where sufficiently high adhesion forces were obtained, a plateau was observed in  
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the force-extension curve. The maximum attachment force prior to rupture varied from 

pull to pull, but each of the eight polymer types was characterized by either a single (P1-

4, P6-7) or two distinct (P5, P8) plateau forces (f*),62 similar to those observed in 

 

Figure 2. Polymers employed in this work. The specific content parameters a-d for 
each polymer tested are provided in the Supplementary Information.   
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previously reported multi-mechanophore polymers.32 The transition and its 

corresponding f* reflect the identity of the embedded mechanophore; that is, f* is 

consistent for all pulls of a given type of polymer, and does not change with 

mechanophore content (P1, 1500 ± 60 pN; P2, 1370 ± 80 pN; P3, 1290 ± 50 pN; P4, 1820 ± 

70 pN; P5, 1280 ± 70 pN, 1840 ± 80 pN; P6, 1330 ± 70 pN; P7, 2300 ± 100 pN; P8, 1290 ± 60 

pN, 2290 ± 90 pN). 

A representative force-separation curve for P1, bearing trans-BCB functionality 

along the main chain, is shown in Figure 3a. The changes in contour length at the 

plateau were obtained by fitting the pre- and post-transition force curves to a modified 

 

Figure 3.  Representative plateaus in the force-extension curves of (a) P1 (trans-BCB in the 
repeating unit) and (b) P2 (cis-BCB in the repeating unit). The plateau widths match those 
expected of the conrotatory ring opening of trans-BCB and disrotatory ring opening of cis-
BCB, respectively. The values of f* are the mid-points of the plateaus taken from each 
individual pull. For complete force curves, see Supplementary Information. Pulling 
directions are shown with blue (allowed pulling) and red arrows (forbidden pulling). 
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freely jointed chain model as described previously.32 The relative extensions obtained 

are proportional to the mechanophore content in the copolymer, and match those 

calculated for the quantitative conversion of trans-BCB along the polymer backbone to 

the (E,E) isomer of the ring opened oQDM, as shown in Figure 1. We therefore ascribe 

the transition to the conrotatory ring opening of trans-BCB.  Similarly, P2, which 

contains cis-BCB in its repeating unit (Figure 2), exhibits a plateau whose width 

corresponds to the disrotatory ring opening of cis-BCB to give the same, now 

disallowed, (E,E) isomer of oQDM; formation of the (E,Z) isomer is not consistent with 

the measured extensions. The force spectroscopy therefore captures a glimpse of 

symmetry forbidden reactions occurring in real time within a single polymer molecule, 

and offers the first opportunity to quantify that force-induced reactivity and to compare 

it to symmetry allowed analogs.   

In that context, it is interesting to note that the symmetry forbidden reactivity in 

P2 occurs at a lower force (f* ~ 1370 pN) than the symmetry allowed reactivity in P1 (f* ~ 

1500 pN). Modelling shows that any differential “lever arm effect”32 due to the 

differences in polymer backbone between P1 and P2 is negligible, (for details, see 

Appendix B) and so the lower f* in P2 reflects greater mechanochemical reactivity of cis-

BCB than trans-BCB.  Similar relative activities at high forces have been implicated by 

the greater addition of maleimides to the cis isomer of force-activated BCBs in pulsed 

sonication experiments5  and predicted in some computations63 (but not others43), where 
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it is attributed to more efficient mechanochemical coupling in the cis pulling.  The SMFS 

data can be compared with previous calculations by noting that f* corresponds to the 

force at which the velocity of chain extension is comparable to that of tip-surface 

retraction, which here involves reaction half-lives of ~100 ms.28 At its value of f*, the 

relevant force-coupled free energies of activation at room temperature for each 

mechanophore are therefore ~16 kcal/mol. Ribas-Arino et al.63 have calculated force-

modified potential energy surfaces for both cis-BCB and trans-BCB pulling, and the 

forces necessary to achieve 16 kcal/mol activation energies are ca. 1700 pN and 1800 pN, 

respectively. The relative value of f * for cis-BCB is measured here to be 130 pN lower 

than trans-BCB (compared to ~100 pN predicted), and the roughly 300 pN differences in 

absolute values between the observed and predicted forces are likely due to the positive 

activation entropy of the reaction64 and polymer backbone effects,32 neither of which was 

included in the prior calculations.   
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Polymers P3-5 provide an opportunity to look at the complementary case of 

gDFC, in which disrotatory ring opening is allowed and conrotatory ring opening is 

forbidden. Similar to BCB, previous work on gDFCs has shown that mechanical forces 

generated by pulsed ultrasound can be used to induce the ring opening reactions of both 

the cis and trans isomers to give the same s-trans/s-trans 1,3-diradicaloid transition state, 

and that this diradicaloid can be trapped under tension as a global minimum on the 

force-coupled potential energy surface.8 To quantify this reactivity, P3 (all cis-gDFC), P4 

 

Figure 4. Representative plateaus in the force-extension curves of: (a) P3 (cis-gDFC in the 
repeating unit); (b) P4 (trans-gDFC in the repeating unit); (c) P5 (copolymer of cis- and 
trans-gDFC); (d) P6 (cis-gDCC in the repeating unit; data taken from ref. 8); (e) P7 (trans-
gDCC in the repeating unit); and (f) P8 (copolymer of cis- and trans-gDCC). The values of 
f* are the mid-points of the plateaus taken from each individual pull, and f1* and f2* 
corresponding to the first and second transition, respectively, in force curves of polymers 
with two types of mechanophore. Pulling directions are shown with blue (allowed 
pulling) and red arrows (forbidden pulling). 
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(all trans-gDFC) and P5 (copolymer of cis-gDFC and trans-gDFC) (Figure 2) were 

synthesized according to previous reported procedures19 and their force-induced ring 

opening was characterized by SMFS. Force curves for these three polymers are shown in 

Figure 4. As with P1 and P2, the measured changes in contour lengths for both the cis- 

and trans-gDFCs match the results obtained from modeling of cis- and trans-gDFC 

opening to a trapped s-trans/s-trans-1,3-diradical. The plateaus in Figure 4a Figure 4b are 

therefore attributed to the symmetry allowed disrotatory ring opening of cis-gDFC and 

symmetry forbidden conrotatory ring opening of trans-gDFC, respectively.  

 

Table 1. The activation free energies of gDHCs and the activation length Δxǂ obtained by 
fitting AFM curves with cusp model and by modelling the ground states and transition 
states. 

 ΔGǂ (kcal/mol) Δxǂ (cusp) (Ǻ) Δxǂ (modeling) (Ǻ) 

cis-gDFC (dis) 40.6* 1.53±0.04 1.55 

trans-gDFC (con) 45.8* 1.38±0.05 1.37 

cis-gDCC (dis) 36.2† 1.28±0.05 1.27 

trans-gDCC (dis) 38.1‖ 0.83±0.07 0.41 

*From Tian et al.57. †From Klukovich et al.32. ‖Derived from the ΔGǂ of cis-gDCC (36.2 
kcal/mol) and the reported difference of ΔGǂ (1.9 kcal/mol) between trans-gDCC and cis-
gDCC.11  
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As for BCB, the SMFS data can be compared to prior computational results on 

both the allowed and forbidden pathways. The force curves were fit28,32 using previously 

reported force-free activation energies57 and the cusp model45 to describe the force-rate 

relationship.  The cusp model accounts for changes in the shape of the reaction potential 

energy surface as a function of force, including the position of the transition state, and 

has been shown previously to be well suited for the allowed ring openings of other 

dihalocyclopropanes.32 Each fit provides a force-free activation length Δxǂ that 

corresponds to the extension along the polymer backbone that accompanies the change 

from ground state to transition state.32 As seen in Table 1, the values of Δxǂ obtained 

from the fits are within 0.02 Å of those calculated by modelling the previously reported 

ground and transition state structures8 embedded within a polymer under tension.  
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Figure 5. The force curves of P3 when the polymer was stretched (black) and relaxed 
(red). The polymer was stretched until the force reached 1600 pN when the plateau was 
completed and then the polymer was relaxed by approaching the surface to the tip. 
(Left) After the polymer was relaxed for 10 seconds, it was stretched again and there 
was no plateau when the force exceeded 1300 pN. (Right) 
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While the gDFC reactivity proceeds through its trapped 1,3-diradicaloid 

transition state, the exact fate of that transition state here is uncertain.  When trapped for 

short (< μs) times in the absence of reactive partners, the 1,3-diyl persists and then 

rapidly closes to regenerate gDFC when the force is released.8 Under the conditions of 

the SMFS experiments, however, the ring opening is irreversible, as seen in hysteresis 

and repeated force-extension curves on a single polymer (see Figure 5). We are 

obviously unable to characterize the ultimate product of this transformation, but we 

have observed that the trapped 1,3-diyls react with nitroxides,8 or with oxygen when 

ambient air is introduced into sonication experiments.  The trapping times are much 

longer in SMFS than sonication (> ms vs. < μs), and so we attribute the irreversible 

transformation here to reaction with oxygen, which we cannot exclude from the 

experimental environment. 

Like gDFC, gDCC opens through a preferred disrotatory process, but within a 

more complex reaction mechanism in which the ring opening is coupled to chloride 

migration to give a 2,3-dichloroalkene product. As seen in the force curves for P6 (f* = 

1330 pN),32 the force necessary to drive the mechanochemical ring opening of cis-gDCC 

on the SMFS time scale is comparable to that required for cis-gDFC (1290 pN), and as 

with cis-gDFC the value of Δxǂ obtained from the fits is within 0.02 Å of the calculated 

one (Table 1).   
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Limited mechanistic information regarding the forbidden, conrotatory reactivity 

of gDCC is available, and in fact prior computational work has concluded that the trans 

pulling of gDCC, unlike gDFC, still results in a disrotatory process.58 SMFS of polymer 

P7 (trans-gDCC in the repeating unit) provides an opportunity to look at the mechanistic 

consequences of trans pulling on gDCC, and a representative force curve is shown in 

Figure 4e.  The observed kinetics of mechanically coupled trans-gDCC ring opening, 

however, are not consistent with the predicted disrotatory ring opening.  Fitting the 

force curves using the same procedure and cusp model that was applied successfully to 

the other gDHCs gives a value of Δxǂ = 0.83 Å; this value differs substantially and 

significantly from the value of 0.41 Å obtained by modeling trans-gDCC and its 

disrotatory transition state.  Looked at another way, the previous calculations on the 

disrotatory process predict a force plateau that is much higher than that observed here. 

As the force increases in the AFM experiment, therefore, another process turns on before 

the disrotatory ring opening, and we conclude that this process is the symmetry 

forbidden conrotatory ring opening reaction, similar to trans-gDFC. 

Consistent with this conclusion, we note that the relative extension at the plateau 

matches that of the conversion from trans-gDCC to Z- isomer of the 2,3-dichloroalkene; 

substantial formation of the E-isomer is not consistent with the measured extension. This 

result agrees with the formation of Z-alkene products observed previously in sonication 

experiments,7 and is in line with the expectations for a conrotatory ring opening of the 
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trans-gDCC.  Disrotatory ring opening, however, generates a mixture of E- and Z-

alkenes.11 While the applied force could bias the chloride migration, molecular dynamics 

simulations found that force-coupled disrotatory ring opening of trans-gDCC leads to 

40%-60% of the E- isomer in the force range relevant to the SMFS studies.58 The 

measured extensions therefore support that the experiments are probing the forbidden, 

conrotatory ring opening pathway.  

The force spectroscopy results provide insights into transition state structures for 

both the allowed and forbidden reaction pathways.  Within the allowed reactions, for 

example, f* of cis-gDFC (1290 pN) is at or just below that of cis-gDCC (1330 pN), despite 

the fact that its force-free activation free energy is 4.4 kcal/mol higher (Table 1).32,57 The 

lower force threshold points to greater mechanical leverage from a more extended 

transition state geometry in the cis-gDFC, a picture that is qualitatively consistent with 

the dissociative contribution of chloride migration leading to an earlier transition state in 

gDCC than observed in the fully splayed diradicaloid transition state of gDFC, and 

quantitatively consistent with the derived values of Δxǂ reported in Table 1.  

Additional, qualitative connections to reaction mechanism in the gDHCs are 

found in the differences in f* for cis vs. trans pulling and highlighted in the force curves 

of P5 (cis/trans-gDFC) and P8 (cis/trans-gDCC). Whereas the allowed reactions have 

similar values of f*, the difference in f* for the forbidden vs. allowed reaction in gDCC 

(~1000 pN) is much greater than that of gDFC (~560 pN). The differences validate 
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qualitative notions related to reactivity in these systems. Whereas the 2 π electron 

character of gDFC has been attributed to the electron withdrawing effects of the 

electronegative fluorines,12 the partial dissociation of chloride in the ring opening of 

gDCC provides greater propenyl cation character, and it therefore should be expected to 

have more 2 π (vs. 4 π) electronic character and, as a result, a greater orbital symmetry 

bias toward the disrotatory process. The differential forces observed are consistent with 

this expectation.  

2.4 Conclusion 

These studies provide the first quantitative data for the mechanical acceleration 

of symmetry forbidden reactions, and the results from the two BCB polymers constitute 

the first demonstration of a force-coupled symmetry forbidden reaction that is faster 

than its force-coupled symmetry allowed counterpart. The ability to quantitatively probe 

otherwise forbidden reactions provides a rare opportunity to interrogate the structures 

of the transition states that regulate those pathways. This capacity complements other 

uses of mechanical forces to probe reaction mechanisms27 and the otherwise “invisible” 

transition states associated with non-rate determining steps of multi-step reactions.63 

More generally, the agreement observed here between experimental and computational 

(when available) structures and transition state energies, for both symmetry allowed and 

symmetry forbidden reactions, complements studies using molecular force probes29 and 

supports the broad generality of the chemomechanical framework64 to reaction 
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dynamics.  Looking ahead, we note that the conrotatory ring opening reaction of gDCC 

involves a force of  >2 nN, which we believe to be the greatest measured force ever tied 

to a covalent chemical mechanism other than homolytic bond scission,26 and the ability 

to probe behavior at very high forces is likely to aid the discovery of similar, previously 

unobserved reactivity patterns. 
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3. A Mechanistic Study on a mechanically activated anti-
Woodward-Hoffmann-DePuy Reaction 

3.1 Introduction 

Covalent mechanochemistry has been explored and widely applied to material 

development,21,34,48,49,65,66 reaction mechanism study,8,9,25,27 catalysis,16,67-69 proton and small 

molecule release,22,49,50 and electro-mechanochemical soft display devices.51 A unique 

application of mechanochemistry is biasing reaction pathways to activate reactions that 

are otherwise inaccessible by conventional thermal chemistry or photochemistry.5 Moore 

and coworkers have demonstrated that cis-benzocyclobutene (BCB) underwent a 

formally symmetry-forbidden disrotatory ring opening reaction when the cis-BCB was 

embedded in the center of a polymer and subjected to ultrasonication.5 Other forbidden 

reactions, such as the conrotatory ring opening of gDHCs7,8 and the disrotatory ring 

opening of epoxides,9 were also mechanically activated.   
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As shown in Chapter 2, we demonstrated the SMFS study of three forbidden 

reactions that were mechanically activated. Here we report the SMFS study of another 

forbidden reaction, an anti-Woodward-Hoffmann-DePuy (WHD)6,70-72 reaction of syn-Cl-

gem-chlorofluorocyclopropane (gCFC) (Figure 6), which to the best of our knowledge is 

the first time for this type of reaction to be observed in real time. As shown in Figure 6, 

under thermal condition, the syn-Cl-gem-chlorofluorocyclopropane would undergo 
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Figure 6. Thermal and mechanical activation of dimethyl-gCFC. Thermally the methyl 
groups undergo inward disrotation, during which the electrons of the breaking C2-C3 
bond donate to the anti-bonding orbital of the C-Cl bond to assist the breakage of the C-
Cl bond and form the E-alkene product, following Woodward-Hoffmann-DePuy rule. 
Mechanically pulling on the methyl groups forces the rotation outward, disfavoring the 
cleavage of the Cl- anion, violating Woodward-Hoffmann-DePuy rule. During the 
mechanically activated ring opening reaction, syn-Cl-gCFC first open into a diradical, 
which then undergo ion separation to form the Z-alkene product. 
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disrotatory ring opening in an inward fashion, providing assistance to the C-Cl bond 

cleavage, which is consistent to the predicted ring opening manner according to WHD 

rule. However, when sufficient mechanical forces are applied to the molecule, it would 

undergo a disrotatory outward ring opening reaction.66  

 

3.2 Results and discussion 
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Here we exploited the methodology of incorporating multiple mechanophores on a 

polymer backbone, which has allowed us to quantify the force-coupled reactivities of 

gem-dihalocyclopropanes28,32 and benzocyclobutene.67 The synthetic procedure of the 

polymers used for SMFS study is shown in Figure 7a. Chlorofluorocarbene was 

generated by CHFCl2 and NaOH under phase transfer conditions73,74 and added to 1,5-

cyclooctadiene, resulting in gem-chlorofluorocyclopropanated cyclooctadiene, which is a 

mixture of isomers 1 (alkyl groups in the syn position with respect to the chlorine atom) 

and 2 (alkyl groups in the anti position of Cl) in a ratio of 7:3 (Figure 7). Solvolysis11 in 

ethanol in the presence of silver nitrate selectively consumed 2, and 1 was then 

successfully isolated out from the resulting product. Ring opening metathesis 

polymerization (ROMP)45,65 of 1 and the mixture of 1 and 2 yielded polymers 3 (contains 
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only syn-Cl-gCFC) and 5 (contains syn-Cl-gCFC and anti-Cl-gCFC in a ratio of 7:3), 

respectively (Figure 7a). Epoxides can form covalent bonds with silica surface33 and thus 

increase the adhesion force between AFM tip and the polymer analyte,32 and they were 

incorporated by post-synthetic epoxidation of 3 and 5 with meta-chloroperoxybenzoic 

acid (mCPBA), yielding 4 and 6, respectively, for SMFS study. For details of synthesis 

and characterization, see Appendix A.  

The polymers are deposited on a surface, and the AFM tip is brought into contact 

and then retracted at a velocity of 300 nm/s. Figure 7b shows a representative force 

curves of 4 and 6. The force curve of 4 is featured by a plateau (plateau force f* = 1330 ± 

80 pN, taken from the midpoint of the transition), similar to other gDHCs.28,32 The 
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Figure 7. (a) The synthetic scheme of polymers 4 (syn-Cl-gCFC in the repeating unit) 
and 6 (containing the mixture of syn- and anti-Cl-gCFC in a ratio of 7:3). (b) 
Representative force curves of 4 and 6 obtained by SMFS at a retraction velocity of 300 
nm/s. The force curves are normalized to the stress-bearing subchain’s contour length at 
500 pN. 
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contour length extensions at the plateau were obtained by fitting the pre- and post-

transition force curves to a modified freely jointed chain model as described 

previously.32 The relative extensions match those calculated for the quantitative 

conversion of syn-Cl-gCFC to the Z-alkene, via a disrotatory outward rotation, as shown 

in Figure 6. The force curve thus captures a real-time detection of the mechanically 

activated anti-Woodward-Hoffmann-DePuy reaction.  

The overlaid force curves of 6 (30% anti-Cl and 70% syn-Cl) and 4 (Figure 7b) 

show the two polymers have the same percentage of extension at the plateau. This 

reveals that both anti-Cl and syn-Cl isomers formed the Z-alkene product during the 

transition, which is consistent with the results of previous sonication experiments,66 

further supporting the disrotatory outward ring opening of the syn-Cl-gCFC.      

The thermal activation free energy for the disrotatory outward ring opening of 

anti-Cl-gCFC and disrotatory inward ring opening of syn-Cl-gCFC are 37 kcal/mol,66 39 

kcal/mol (obtained from thermolysis), respectively. As no disrotatory outward ring 

opening detected for syn-Cl-gCFC at 230 °C, the activation energy difference between 

the outward and inward ring opening for syn-Cl-gCFC should be no less than 4.6 

kcal/mol (providing a selectivity ratio of 100:1 at 230 °C). So the activation energy 

difference for disrotatory outward ring opening of the two isomers is no less than 6.6 

kcal/mol. As shown in Figure 7b, the gap between the transition forces of the two 

isomers is small (< 250 pN), considering the gap between their thermal barriers. The 
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contrasting thermal vs. mechanochemical reactivities  imply that the disrotatory 

outward ring opening of syn-Cl-gCFC has a more extended transition state, similar to 

the activation of cis-gDFC vs. cis-gDCC.67 We thus envision a mechanism that involves 

ring opening into a diradical followed by ion migration (Figure 6).  

As demonstrated previously, the force can trap the diradical transition state of 

gDFC as a global minimum on the force-coupled potential energy surface, allowing an 

intermolecular reaction with a nitroxide radical.8 When the gDFC polymer solutions is 
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Figure 8. Sonication of PB, gDCC-PB, gDFC-PB, polymers 4 and 6 with CT, respectively (1 
mg/mL in THF, 6-9 °C, N2 atmosphere). The concentration of the incorporated CT was 
plotted against the concentration of newly generated chains. The concentration of 
incorporated CT was determined from the UV absorbance of the polymer and the 
concentration of newly generated chains was determined from the change of the 
molecular weights. 
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sonicated with coumarin–2,2,6,6-tetramethylpiperidine-1-oxyl (CT), coumarin, a UV-

active moiety will be incorporated to the polymer backbone so that the polymer can be 

detected by the UV detector of the gel permeation chromatography (GPC).8 The same 

tension trapping experiments were performed for polymers 4 and 6, and it was found 

that they show significant incorporation of CT, similar to what was observed for gDFC 

(Figure 8). Note that in the early stage of the sonication, the amount of CT incorporated 

per new generated chain in syn-Cl-gCFC was close to that of gDFC; as sonication went 

on, the incorporation of CT on syn-Cl-gCFC increased slower than that of gDFC, which is 

consistent with the decrease of the mechanophore due to the irreversible ring opening. 

The incorporation of CT in 6 was lower than that of 4, indicating that the ring opening of 

the anti-Cl-gCFC does not involve the diradical transition state; instead its ring opening 

should proceed through an ion separation process, similar to the ring opening of gDCC.7 

3.3 Conclusion 

In summary, employing single molecule polymer mechanochemistry, we for the 

first time, induced and quantified the reaction that violates the torquoselectivity 

predicted by WHD rule. Tension trapping experiments shed light on the ring opening 

mechanism, suggesting a diradicalloid transition state followed by ion separation. 

Future work includes ab intio steered molecular dynamics43 study, which might further 

address questions such as lifetime of the diradical in this system compared to that of 
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gDFC, the detailed trans-formation process from diradical to ion-separation transition 

states, etc. 
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4. Single-molecule Observation of Competing Reactions 

4.1 Introduction 

Single-molecule force spectroscopy (SMFS)68,69 provides substantial insights in 

quantitatively understanding mechanically activated reactions,71,72 including ligand 

exchange,75 nucleophilic substitution,56 homolytic bond scission26,76 and electrocyclic ring 

opening.28,32,67 While most of the measurements capture a single type of reaction, the 

single-molecule observation of competing reactions has not been reported insofar as we 

are aware.  

4.2 Results and discussion 

Lenhardt et al. have reported that sufficient forces can trap the 1,3-diradicaloid 

transition state of the thermal isomerization of gDFC to a global minimum on the 

potential energy surface.8 In another work, using SMFS, we quantified the force that 

activates the ring opening of cis-gDFC on the timescale of 100 ms.67 (see Figure 4) It is 

worth pointing out that the previous SMFS experiments were performed in methyl 

benzoate (MEB), and only one plateau was observed (f* = 1290 pN). However, when 

toluene was used as the solvent, two distinct plateaus were observed (f1* = 1300 pN, f2* = 

1850 pN), similar to the force curve of the cis/trans-gDFC (see Figure 9).67   

Our previous SMFS experiments in MEB have shown that the ring opening of cis-

gDFC is irreversible (Figure 5), indicating that the formed diradicaloid can be trapped in 
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ambient conditions.76 The fact that f* of the second plateau is indistinguishable with that 

of trans-gDFC67 indicates the cis-to-trans isomerization at the first plateau.  

 

The fact that the extension at the first plateau (f*=1300 pN) is longer than that of 

the cis-to-trans isomerization indicates that the first plateau actually captured a mixture 

of gDFC ring opening and isomerization, i.e., all of the cis-gDFC formed 1,3-diradicaloid 

and only  a fraction of the diradicaloids were trapped; the rest underwent conrotatory 

ring closing to form trans-gDFC.  
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Figure 9. Representative force curves of cis-gDFC (a) and trans-gDFC (b) obtained by 
SMFS in methyl benzoate (black) and toluene (red). 
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The plateau where f* = 1300 pN thus characterized the competition between 

irreversible ring opening and cis-to-trans isomerization. The fact that they share the same 

threshold force indicates an identical rate-determine step – the ring opening of cis-gDFC 

to the diradical.  

 

4.3 Conclusion 

The results here reflect the first real-time observation of competing reactions 

detected by a force probe. This discovery also expands the concept of using 

mechanochemistry to obtain products that is otherwise inaccessible.5,8,9 By tuning the 

magnitude of the forces applied to reactions, not only can nonconventional products be 

obtained, but also the product distribution can be regulated.  

 

Figure 10. Proposed mechanistic scheme for cis-gDFC when the experiment is performed 
in toluene. At 1300 pN, cis-gDFC is pulled into a diradicaloid, which then undergoes 
competing reactions between intermolecular reaction with oxygen or conrotatory ring 
closing to form trans-gDFC. When the force further increases to 1800 pN, trans-gDFC was 
pulled open to 1,3-diradicaloid and trapped by oxygen. 
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5. A Remote Stereochemical Lever Arm Effect in Polymer 
Mechanochemistry 

5.1 Introduction 

Covalent polymer mechanochemistry has provided access to new reactivity and 

material properties, including biasing reaction pathways,5 trapping structures that 

correspond to force-free transition states,8,9 releasing small molecules22,49 and protons,50 

activating latent catalysts,16 and providing access to stress-reporting21,34 and stress-

strengthening48 materials and electro-mechano-chemical soft display devices.51 The 

ability to tune, and in particular to enhance, the activity of a given mechanophore1 

should be useful in almost all of these contexts.  Here, we show that the remote 

stereochemistry of coupling between a cis-substituted gDCC7 mechanophore and the 

polymer chain that delivers force to the gDCC has a substantial impact on 

mechanophore activity, lowering by >30% (0.4 nN) the force necessary for reactivity on 

the 100 ms timescale. The stereochemical influence over mechanical response occurs 

without a measurable influence on the force-free reactivity of the mechanophore, 

representing a molecular strategy through which force-free and force-enhanced 

reactivity can be decoupled. 
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Single molecule force spectroscopy (SMFS) has been used productively to study 

covalent mechanochemistry,26,56,74,76 and we have combined SMFS and multi-

mechanophore polymers to quantify the force-accelerated electrocyclic ring opening 

reactivity of a series of mechanophores, such as gDHCs28,32,67 and benzocyclobutene.67 

5.2 Results and discussion 

The application of this approach to stereochemical coupling beyond the 

mechanophore is shown in Figure 11. The gDCCs are embedded along a polymer 

backbone via two different stereochemical attachments (red and blue spheres, Figure 

11), and the sequential opening of the isomers is observed via the structural transitions 

that accompany their respective rearrangements. The substrate polymer 4 (Figure 12A) 

is formed by ROMP45,65 of co-monomers of gDCC-bearing cyclooctene 2 and epoxy-

 

Figure 11. Pictorial representation of the SMFS experiment.  The E (blue) and Z (red) 
α-alkene stereoisomers open in sequential transitions at ~800 pN and ~1200 pN, 
respectively.   
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cyclooctene 3, in which the epoxides are mechanically inactive in the force range of 

interest but increase the attachment force between the AFM tip and the polymer 

analyte.32 The ROMP yields a mixture of stereoisomers at the α-alkene substituent on the 

gDCC. Polymers are deposited on a surface, and the AFM tip is brought into contact and 

then retracted at a velocity of 300 nm/s. In all cases where sufficiently high adhesion 

forces were obtained, two plateaus62 (plateau forces f* = 780±40 pN and 1160±60 pN, 

taken from the midpoint of the transition) were observed in the force-extension curve 
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(Figure 12B and Figure 12C), in contrast to the single plateau (f* = 1330 pN) observed 

previously in gDCC polymers that do not have an α-alkene.32 For details of synthesis 

and characterization, see Appendix A.  

Similar to the force curves of other multi-mechanophore embedded polymers,32 

the two plateaus are both structurally and kinetically consistent with the two α-alkene 

stereoisomers coupled to the ring opening of gDCC to 2,3-dichloroalkene products 

indicated in Figure 11. Structurally, the relative plateau lengths match those expected 
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Figure 12. Synthesis of multi-mechanophore polymer 4 (A). Representative force 
curves of 4 with a:b = 1.1:1 (B) and 2.3:1 (C) obtained by SMFS at a retraction 
velocity of 300 nm/s. The blue and red regions of the plateaus are determined by 
inspection and provided to guide the eye only.  Actual changes in contour length 
are determined by fitting the pre- and post- transition regions of the force curves to 
extended freely jointed chain models. 
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based on modeling the conversion of gDCCs to 2,3-dichloroalkenes.  The ratio of E to Z 

isomers in 4 obtained after 30 min of ROMP is 1.1:1 (13C NMR), and computational 

modeling predicts 4.0% extension upon ring opening of the E isomer and 2.9% extension 

in the case of the Z isomer. In comparison, fits to the experimental force curves provide 

extensions of 3.8±0.5% and 2.9±0.3% for the first and second transition, respectively. 

Polymerization of 2 under equilibrium conditions (24 h) yielded polymer 4 with an 

increased E:Z ratio of 2.3:1.2-4 The plateau forces are effectively unchanged, but new 

fractional extensions of 7.3±0.5% and 2.6±0.4% at ~770 pN and ~1160 pN, respectively, 

vary with E:Z  content as expected (7.5% and 2.3%, respectively, based on modeling).  

The plateau forces are influenced by the actual length of the trapped polymer 

subchain, and so the kinetics of the differential reactivity is quantified by fitting each 

force curve independently, using force-free activation energies obtained from 

thermolysis experiments and employing the cusp model45 to describe the force-rate 

relationship.  The cusp model accounts for changes in the shape of the reaction potential 

energy surface as a function of force, including the position of the transition state, and it 

has been shown previously to be well suited for the ring openings of 

dihalocyclopropanes.32 Each fit provides a force-free activation length Δx‡ that 

corresponds to the extension along the polymer backbone that accompanies the change 

from ground state to transition state.32 The values of Δx‡ obtained from the fits are 
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consistent across multiple samples taken on multiple days, including individual 

polymers of different lengths and α-alkene E:Z content (see Table 2).  

 

Table 2. SMFS data of polymer 4, including plateau forces, extensions in contour length 
(observed and theoretical), and activation lengths (obtained from fitting SMFS curves 
and modeling) for different contents of E and Z isomers. 

polymerization 
time (h) 

mechanophore / α-
alkene contenta f* (pN) 

Lf/Li 

(SMFS)b 
Lf/Li  

(modeling)c 

Δx‡ 
(Å) 

(SMFS) 

Δx‡ (Å) 
(modeling) 

0.5 
23% E isomer 
21% Z isomer 

800 ± 40 
1.038 

± 0.005  
1.040 

1.65 ± 
0.03 

1.65 

1160 ± 50 
1.029 

± 0.003  
1.029 

1.21 ± 
0.04 

1.24 

24 
40% E isomer 
18% Z isomer 

770 ± 40 
1.073 

± 0.005  
1.075 

1.68 ± 
0.05 

1.65 

1160 ± 70 
1.026 

± 0.004  
1.023 

1.20 ± 
0.05 

1.24 

 

As with their fractional extensions, the differential kinetics of the two transitions 

can be related back to the α-alkene stereochemistry. Force-free activation lengths are 

determined by modeling the ground and transition state structures embedded within a 

polymer under tension applied by imposed geometric constraints (CoGEF35 

calculations), and extrapolated back to zero force (Figure 13). The activation lengths 

obtained from the computational modeling for the E- and Z- α-alkene-bearing gDCCs 

are 1.65 Å and 1.24 Å, respectively, as compared to 1.67±0.05 Å and 1.20±0.05 Å 

determined from the experimental fits. 

The extent of precision in the agreement is likely somewhat fortuitous, given the 

qualitative assumption of a cusp model to capture the effect of force on the positions of 
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the ground and transition states, but even the relative values confirm the influence of the 

α-alkene stereochemistry. The difference in the force-coupled kinetics is effectively 

entirely due to enhanced mechanochemical coupling in the E isomer; calculations 

confirm the expectation that the stereochemistry of the α-alkene has no significant effect 

on the thermal barrier of the force-free electrocyclic ring opening of gDCC.  
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Relative to its Z isomer, the E isomer of the α-alkene therefore acts as a 

phenomenological “lever,” in that it provides a greater mechanical advantage for a 

given applied force.  Here, a stereochemical mutation three bonds removed from the 
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Figure 13. Force-distance curves of Z-alkene-gDCC ground state (a), Z-alkene-gDCC 
transition state (b), E-alkene gDCC ground state (c), and E-alkene gDCC transition 
state (d). The contour lengths Lc shown for each structure are obtained by 
extrapolating the force-distance curve to zero force.  
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bond that is breaking increases by almost 40% how the extension of the polymer chain is 

coupled to the torqueing motions that accompany the disrotatory gDCC ring opening.  

This structural perturbation is more subtle, but just as effective, as incorporating cis-1,3-

cyclopentyl connections along the polymer backbone on both side of the gDCCs, as 

reported previously.32 Looking ahead, this and similar stereochemical handles might be 

useful for tuning mechanochemical activity25,77 essentially independently of force-free 

thermal reactivity.  While different theoretical approaches have been applied to explore 

covalent polymer mechanochemistry,43,44 our results underscore the importance of 

considering remote structural effects in the analysis,1,36 as the differences here would not 

be revealed in a theoretical analysis of a subset of atoms that did not extend out at least 

three bonds from the active mechanophore. 
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6. Catch and Release: Reaction Dynamics from a Freed 
“Tension Trapped Transition State” 

6.1 Introduction 

Reaction dynamics in the vicinity of transition states are intrinsically tied to 

reaction mechanisms and product distributions. Understanding those dynamics, and 

if/how they are influenced by the trajectory that brought the molecule to that point, is 

therefore of significant interest. To that end, it is desirable to know the intrinsic 

dynamics of transition states – i.e., how a reaction proceeds if a molecule is dropped 

right at the transition state – and to compare observations to predictions based on 

molecular simulations and/or transition state theory. To date, the experimental 

observations of transition state structure and dynamics are based either on a 

characterization of product energy levels through scattering experiments, such as those 

performed by Polanyi39 and Brooks,40 the time-resolved pump-probe “femtochemistry” 

experiments pioneered by Zewail,42 or the negative ion photodetachment experiments of 

Neumark41 and Lineberger.47  The dynamics in question tend to focus on a single 

trajectory as the activated complex descends toward product from either side of the (of-

ten symmetrical) dividing surface.  Studies involving branching between non-

degenerate pathways, for example those accessed through an additional dividing 

surface near that on which the activated complex resides, are rare. 

In recent years, covalent mechanochemistry has been explored as a new 

methodology for studying reaction mechanisms.72 To this end, various methods have 
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been developed to probe force-coupled reactions,71  including single-molecule force 

spec-troscopy,27,28,70  pulsed ultrasonication,5 Boulatov’s molecular probes,29 and 

Matyjaszewski and Sheiko’s bottle brush polymers.30 Among these techniques, the use of 

pulsed ultrasonication of polymer solutions is advantageous in that the experiments are 

operationally straightforward and the products of force-coupled reactions can be 

conveniently characterized by conventional spectroscopic techniques. During sonication, 

elongational flow fields are generated by cavitation, which includes the nucleation, 

growth and collapse of microbubbles.36 A velocity gradient is then formed in the 

direction of a collapsing bubble; the polymer segments that are closer to the bubble have 

a higher velocity than those farther from the bubble,36 and the polymer is thus stretched 

and elongated. The midchain of the polymer is typically where the highest force is 

located and chain scission occurs.70  

Sonicating mechanophore-embedded polymers provides an opportunity to 

probe the mechanochemical response of the molecules in solution, and we have recently 

used sonication to demonstrate the concept of tension trapping,8 in which transition 

states and high-energy intermediates are stabilized as global minima on force-coupled 

potential energy surfaces.8 The force is delivered by overstressed polymer “handles,” 

and tension trapping has been applied to carbonyl ylides9 and to the 1,3-diradicaloid 

transition state of gDFC isomerization,8 enabling unexpected isomerizations,8,9 
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intermolecular chemical trapping of the dynamically trapped species,8,9 and new, 

intramolecular reactions between multiple transition states trapped in proximity.19  

Here, we use tension trapping to study the branching ratio between competing 

ring closing pathways following the release of the tension trapped 1,3-diradicaloid, 

which, as we have pointed out previously, corresponds to a transition state of force-free 

gDFC isomerization.8 The majority of released diradicaloids proceed along one of two 

degenerate disrotatory pathways of which they are the transition state, essentially falling 

energetically downhill on either side of the dividing transition state surface. But a small 

fraction of the released transition states instead pass across an additional, higher-energy 

dividing surface that is not along the minimum energy pathway associated with the 

initial transition state. As a result, ~5% of the trapped diradicaloids, once released, 

ultimately close either via an orbital symmetry forbidden conrotatory pathway, or a 

monorotatory pathway followed by symmetry allowed disrotatory ring closing. A 

similar branching ratio is observed in molecular dynamics simulations.  

6.2 Results 

We reported previously that the force induced ring-opening of cis- and trans-

gDFC under sonochemical conditions leads to tension trapping of a 1,3-diradicaloid that 

closes preferentially to the cis-gDFC once the tension is removed. Ring closing to the 

higher energy cis-gDFC isomer is kinetically favored because of the lower barrier for the 

symmetry-allowed disrotatory ring closing reaction relative to that of the symmetry-
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disallowed conrotatory reaction.8 The orbital symmetry associated with 2,2-difluoro-1,3-

diyls has been previously characterized by Borden and co-workers,12 and the 2 π-

electron nature of the system is attributed to the electron withdrawing character of the 

germinal fluorines. These ring closing dynamics lead to a counterintuitive result: there is 

a net contraction in length along the affected regions of the polymer backbone in 

response to a force of tension (the polymer grows shorter once it is pulled), and the 

products are higher in energy than the reactants, as there is a net conversion of trans-

gDFC to cis-gDFC.8 It is clear from the prior studies that the vast majority of the released 

diradicaloids closed via a disrotatory motion, but we set out to quantify the small 

fraction of ring closing reactions that occurred via a net conrotatory motion, thus 

directly probing the reaction dynamics in the vicinity of the transition state dividing 

surface. 
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The experimental design is shown in Figure 14. ROMP45,65 of 

difluorocyclopropanated cyclooctadiene 1 yielded gDFC-PB 2. The methodology gave a 

polymer with only cis-connected gDFCs along its backbone, which allowed us to 

quantify the formation of very small levels of trans-gDFC that might have been obscured 

-120 -130 -140 -150 -160
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δ δ δ δ (ppm)

cis

trans
4

2

a)

b)

 

Figure 14. a) Ring-opening metathesis polymerization of 1 generates pure cis-gDFC-
PB 2, which was sonicated in dilute solution for 1 hour. When force is applied to 2, 
diradicaloid transition state structures 3 are trapped under tension as global minima 
on the force-coupled potential energy surface. When the force is released, 3 is 
converted to a true transition state saddle point, and ring closure occurs rapidly in 
either a disrotatory or conrotatory manner to form copolymer 4. b) 19F-NMR of 2 
(bottom, black) and 4 (top, red): the peaks at -125 ppm and -154 ppm correspond to 
cis-gDFC, while the peak at -139 ppm corresponds to trans-gDFC. 

 



 

53 

by the nascent trans content in previous studies.8 Polymer 2 was then subjected to pulsed 

ultrasonication (30% amplitude, 11.9 W/cm2), conditions previously shown to 

mechanically force the gDFCs open into trapped 1,3-diradicaloid transition states.8 After 

60 min of sonication, the molecular weight was reduced from 115 kDa to 54 kDa, and 

low levels (2%) of cis-to-trans isomerization were observed by 19F NMR (4, Figure 14). 

 

In order to occur in pulsed ultrasound, the timescale of a mechanochemical 

reaction must be comparable to, or shorter than, the timescale of the extensional flow 

event that generates the tension (~10-8 – 10-6 s).61 Thus, the force-coupled activation 

energy for cis-to-trans gDFC isomerization under these conditions must be less than ~9 

kcal mol-1. Our calculations show that the force necessary to lower the activation energy 

to this extent is also sufficient to stabilize the 1,3-diradicaloid as a global minimum on 

the force-coupled potential energy surface.8 In other words, direct mechanochemical cis-

to-trans isomerization is not possible in these experiments, and so when trans-gDFC is 

observed, it must have been formed from trapped transition states that close once the 

tension is released. 

We can therefore quantify the number of disrotatory ring closing reactions, and 

so in order to quantify the probability of disrotatory closure, we need only to know how 

many 1,3-diradicaloids were trapped and subsequently released. Because most 

diradicals close back to the original cis configuration, direct measures of ring opening 
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are not available. The extent of ring opening can be gauged fairly accurately by 

comparison to similar systems, in particular the mechanochemical ring opening of 

gDCC.7  Although the reaction outcomes are different, the activation energies and 

transition state geometries for gDCC and gDFC ring opening are similar, and the extents 

of sonochemical ring opening of the two trans isomers are indistinguishable.66 In 

addition, we have recently found that the threshold forces for mechanochemical ring 

opening of cis-gDCC and cis-gDFC are very similar (in fact, closer than those of the 

corresponding trans isomers that are themselves effectively indistinguishable in 

sonication), as measured by single molecule force spectroscopy (timescale ~10 ms). 

When the force-rate relationship derived from the force spectroscopy is extrapolated to 

the time scale of sonication (10-8 s), it is determined that the forces required to activate 

cis-gDFC is nearly indistinguishable from that required to activate cis-gDCC (2290 pN vs. 

2370 pN, respectively).  

 



 

55 

 

We therefore synthesized a 123 kDa cis-gDCC-PB and subjected it to sonication 

conditions that are identical to those used for the gDFC-PB. The ring opening and 

molecular weight at different time intervals were characterized by 1H NMR and GPC, 

respectively. As shown in Figure 15a, there is a linear relationship between gDCC ring 

opening and the scission cycle (SC, where 0 –
 

2
tlnMn lnMn

SC
ln

= . One scission cycle is the 

point at which the polymer Mn is cut in half, two scission cycles where it has been 

reduced to 1/4 its initial value, etc…). The data are fitted by the following line: 
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Figure 15. a) Sonication of gDCC polymer (1 mg/mL in THF, 6-9 °C, N2 atmosphere). The 
ring opening percentage was characterized from 1H NMR and plotted against scission 
cycle. b) Sonication of polymer 2 (1 mg/mL in THF, 6-9 °C, N2 atmosphere). The 
percentage of trans-gDFC (black filled square, characterized from 19F NMR) and 
branching fraction (red empty circle) were plotted against scission cycles. The branching 
fractions are determined from the ratio of the percentage of trans-gDFC to the percentage 
of the ring opening of cis-gDCC at certain scission cycles. 
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Fraction of ring opening = 0.51 × SC  (2) 

The Mn of polymer 2 was therefore monitored as a function of sonication time, 

and the percentage of activated gDFC was estimated using equation 2.  The trans-gDFC 

content of the polymers increased linearly with scission cycle (Figure 15b), and the 

probability of net conrotatory ring closing is given by the ratio of the fraction of total 

rings that closed to trans-gDFC (from 19F NMR) to the fraction of total rings that opened 

(from eq. 1). As shown in Figure 15b, the branching fraction remained constant (5.0 ± 

0.5%) over the data reported.  
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Figure 16. a) Sonication of gDCC polymer (1 mg/mL in THF, 6-9 °C, N2 atmosphere). 
The ring opening percentage was characterized from 1H NMR and plotted against 
scission cycle. b) Sonication of polymer 2 (1 mg/mL in THF, 6-9 °C, N2 atmosphere). The 
percentage of trans-gDFC (black filled square, characterized from 19F-NMR) and 
branching fraction (red empty circle) were plotted against scission cycles. The 
branching fractions were determined from the ratio of the percentage of trans-gDFC to 
the percentage of the ring opening of cis-gDCC at certain scission cycles. 
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The fact that the branching fraction stays constant is significant, because a given 

gDFC can theoretically be activated multiple times.  Of course, only the fate of the last 

ring opening/closing is reported, and since trans-gDFC is less reactive than the cis 

isomer,67 it is possible for trans-gDFC to turn into a sort of kinetic sink as the original 

gDFCs undergo repeated activations. If such contributions were significant, they would 

be revealed by an increase in the conrotatory branching fraction with reaction time. The 

fact that the branching fraction remained constant suggests that such contributions are 

not significant over the range of times employed, and so the branching fraction is 

indicative of the “true” branching fraction of the reactants. We note that with even 

longer sonication times, however, the branching fraction does start to increase as 
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Figure 17. Ring-closing dynamics of a freed tension trapped transition state.  Under 
tension applied by mechanochemical polymer extension (top), the 1,3-diradicaloid is 
trapped as a global minimum on the reaction potential energy surface.  When the tension 
is released (bottom), the same diradicaloid structure is now the transition state along the 
force-free isom-erization pathway of cis-gDFCs, but 5.0 ± 0.5% of the released structures 
surmount a nearby, additional barrier and close instead to the trans isomer. Note that the 
trans isomer could be formed from either direct conrotatory ring closing or a net 
conrotatory ring closing via sequential monorotation followed by disrotatory ring closing. 
The enantiomeric conrotatory closing and monorotatory pathways are not shown for 
clarity. 
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expected (see Figure 16), but we rely on the data in the “constant branching fraction” 

time interval for our interpretation.  

The overall cis to trans isomerization is caused by conrotatory ring closing or 

monorotation followed by disrotatory ring closing, meaning that 5.0 ± 0.5% of all 

released transition states undergo either conrotation or monorotation. The results and 

ensuing dynamical picture are summarized in Figure 17. We compared this result to that 

obtained from molecular dynamics simulations43 on the parent gDFC diradicaloid,8 

trapped using simulated trapping forces of 2 and 3 nN and then released.  A total of 400 

trajectories were computed (200 each at 2 nN and 3 nN). We observed that 17 of the 400 

trajectories closed in a direct symmetry forbidden conrotatory fashion, and an additional 

2 of the 400 underwent net conrotatory ring closing via sequential monorotatation 

followed by disrotation. The total net conrotatory ring closing branching fraction of 4.75 

± 2% (19/400) is within statistical uncertainty of the experimental branching ratio.42 

6.3 Discussion 

The observed 19:1 branching ratio between the disrotatory and conrotatory 

pathways is smaller than that predicted by transition state theory for a difference in 

activation energies of 4 kcal/mol8 (~1300:1 at 280 K). It is also smaller than the reported 

107:1 ratio between cis-gDFC racemization and cis-to-trans isomerization observed in the 

thermally promoted stereomutations of cis-substituted gDFCs.57 These observations are 

reminiscent of those noted previously by Carpenter in molecular dynamics simulations 



 

59 

of the thermal interconversion of bicyclo[2.2.1]hept-2-ene.46 In that case, the lifetime of 

the biradical intermediate showed a bimodal distribution; 10 of the 100 trajectories 

passed through the transition state and exited in 250-350 fs, whereas the rest failed to 

take the exit directly and their lifetime extended to 0.1 ns. The short-lived intermediates 

yielded only inversion product, and the long-lived trajectories formed both inversion 

and retention products in a ratio of 1:1. The difference in the product distributions was 

attributed to dynamic effects in the short-lived trajectories due to initial inertia.46 Similar 

inertia effects could be at play for the force-free isomerization of gDFC: the inertia of 

disrotatory ring opening might channel the reactant towards a disrotatory ring closing 

process.78 In the tension trapping experiments, however, the trapping would effectively 

negate any memory of the initial ring opening trajectory, so that conrotatory ring closing 

would be more prevalent than in the force-free case.  

An alternative explanation involves the dynamics associated with the release of 

tension. The force does not instantaneously drop from that required for trapping (> 2 

nN) to zero; there is a time scale associated with the disappearance of the force. A 

reasonable consideration, therefore, is how much force still remains on the system when 

the ring clo-sure occurs, as that force could bias the ring closing outcome. The calculated 

force-modified potential energy surface for the perhydro-gDFC shows that the observed 

disrotatory ring closing is favored only at low force. To have a selectivity of ~20:1 or 

greater, the activation energy for disrotatory ring closing needs to be at least ~2 kcal/mol 
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lower than that for conrotatory ring closing. The disrotatory ring closing barrier only 

drops below the conrotatory ring closing barrier when the absolute barriers for ring 

closing are 2-4 kcal/mol, and the timescale for closing would be on the order of ps.  It 

seems possible to us that the time-scale of force dissipation could be similar.  In 

distinguishing between these possibilities, we note that the branching fraction obtained 

from molecular dynamics simulations (4.75 ± 2%) agrees well with the experimental 

results (5.0 ± 0.5%), and in those simulations the force is released instantly. That 

agreement suggests that the reaction inertia effects might be more significant. 

Finally, we note that when the force disappears, a substantial amount of energy 

stored in enthalpic distortions of the polymer is released. That energy is initially 

transferred into kinetic energy of the atoms along the polymer backbone.  In other 

words, the diradicaloid emerges from the release of force “hot,” and ring closing might 

occur so quickly that the energy is not redistributed into the surrounding. As a 

consequence, the effective temperature of the reactant at which the ring closing occurs 

might be substantially higher than the temperature of the solvent, and that temperature 

might contribute to the reduced selectivity. 

6.4 Conclusion 

The approach described here expands the utility of mechanochemical methods as 

a tool for reaction engineering5,16,22,25,63 and it provides a rare experimental probe of the 

dynamics that can be simulated computationally in the vicinity of transition states, a 
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topic that has received considerable attention recently. Interest is particularly high in the 

case of post-transition-state bifurcation,79-89 conceptually similar to the behavior 

characterized here. In the case of the tension trapped diradicaloid, a significant (~5.0%) 

fraction of the released transition states surmount an additional reaction barrier of 

approximately 4 kcal/mol (conrotation along the symmetry “forbidden” conrotatory 

pathway)8 or 6.6 kcal/mol (monorotation),57 rather than taking the barrierless or nearly 

barrierless trajectory down the symmetry allowed disrotatory ring closing. 

The details that lead to those dynamics remain somewhat speculative, but at a 

minimum the results obtained here suggest that the s-trans/s-trans 1,3-diradicaloid 

transition state of the disrotatory ring opening is a competent intermediate structure 

along the cis-to-trans isomerization pathway; a given reaction trajectory might pass 

through both dividing surfaces, rather than immediately rolling energetically downhill 

after surmounting the first summit.  The relatively high level of branching to the 

conrotatory pathway also raises the intriguing possibility that more subtle dynamical 

contributions might be at play in tension trapping, for example those due to competition 

between relaxation of the previously overstrained conformations (i.e., the rate at which 

the force goes to zero) and the dynamics of nuclear motion along the available reaction 

coordinates.  Further characterization of the ultrafast dynamics at play in this and 

related systems might offer promise not only in testing fundamental notions of reaction 
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dynamics, but offer an opportunity through which to steer the outcomes of chemical 

reactions toward unconventional products. 
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7. Mechanochemical Strengthening of A 
Benzocyclobutene Polymer 

7.1 Introduction 

The inevitable stress in materials during usage can cause bond breakage, 

materials aging and failure.78 A strategy for solving this problem is to learn from 

biomaterials, which are capable to remodel and become stronger in response to the 

otherwise destructive forces.90,91   

We have recently demonstrated a polymer in which the typically destructive 

forces were channeled into constructive, localized, bond-forming reactions.48 The self-

strengthening function was enabled by the incorporation of large numbers of gDBC 

mechanophore,5 i.e., mechanically reactive moiety. When shear forces were applied to 

the polymer, gDBC underwent electrocyclic ring opening reactions to form 2,3-

dibromoalkene, which can react with a crosslinker bearing carboxylate anion on each 

end, to form a polymer network and thus be strengthened.48 This is the first 

demonstration in which a mechanophore is activated to achieve self-strengthening. 

However, some drawbacks in this system, such as low reactivity of 2,3-dibromoalkene 

and requirement of charged crosslinker, still need to be improved. 

7.2 Results and discussion 
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To this end, the being-developed covalent mechanochemistry,71,72 especially the 

exploration of mechanophores,5,7,9,16,21,22,25 has provided some options. Moore and 

coworkers have demonstrated that BCB can be mechanically activated to oQDM,5 which 

is an intermediate for Diels-Alder reaction and [4+4] dimerization.15 The thermal stability 

of BCB, high reactivity of oQDM,15 and no need for charged species makes BCB an 

excellent candidate for developing mechanochemically strengthened polymers.  
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Figure 18. The experimental characterization of the mechanical reactivity of BCB-
containing polymer 1. a) During pulsed ultrasonication BCB in 1 is mechanically 
activated to ortho-quinodimethide, forming polymer 2; 2 reacts with N-pyrene-maleimide 
3 via a Diels-Alder reaction, forming polymer 4. The UV activity of pyrene is used to test 
the incorporation of pyrene. b) The GPC traces 4 on refractive index (black) and UV (red) 
detectors when 95 kDa (top) and 16 kDa (bottom) of 1 was sonicated.   
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Here we report another example of self-strengthening employing 

benzocyclobutene containing polymer 1 (see Figure 1), the synthetic procedure has been 

reported previously. First, a 200 kDa polymer 1 was subjected to pulsed ultrasonication 

(30% amplitude, 11.9 W/cm2, same condition as what was used previously8). The 

molecular weight slightly increased after 2 h of sonication, (as characterized by GPC-

MALS) which is very different from the results of other multi-mechanophore polymer 

reported previously, where the molecular weight decreased from dramatically.7-9,25  

The fact that the molecular weight increased indicates an interchain reaction 

induced by oQDM. To test the formation of oQDM and the mechanical nature of this 

reaction, polymer 1 with two different molecular weights (95 kDa and 16 kDa) were 

sonicated with 3 (see Figure 18), and the UV reactivity of the resulting polymer 4 was 

tested. It was found that the sonication of 95 kDa polymer produced significant UV 

activity; however, not for 18 kDa polymer (see Figure 1b). This molecular weight 

dependence indicates that oQDM in pulsed ultrasonication is generated by the shear 

force, consistent with what Moore and coworkers observed in their polymer with single 

BCB at the midchain.    

In order to test the feasibility of force-induced crosslinking, polymer 1 was then 

sonicated together with 5 (Figure 19a), a bismaleimide crosslinker. It was found that 

when the polymer concentration was higher than the critical concentration c*,48 the 

polymer solution could undergo gelation during sonication, much faster than previous 
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gDBC system, in which the gelation only occurred several hours after sonication.48 The 

faster gelation is consistent with the higher reactivity of oQDM. The formed gel 6 was 

found not soluble in common solvents and solvent mixtures. 

 

The gel was extensively washed with methanol to remove the small molecule 

and then characterized by FTIR (Figure 19b). The IR characterization is consistent with 

the incorporation of the bismaleimide on the polymer (the appearance of C=O stretch at 

1700 cm-1, the disappearance of maleimide C-N stretch at 1144 cm-1 and the appearance 

of succinimide C-N stretch at 1171 cm-1).      
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Figure 19. The mechanochemical strengthening process and characterization of 
benzocyclobutene (BCB) polymer. a) BCB in 1 is mechanically activated to ortho-
quinodimethide to form polymer 2 during pulsed ultrasonication; 2 reacts with 
bismaleimide 5 via a Diels-Alder reaction to form polymer network 6.  b) FTIR spectra 
overlay of 1, 5 and 6. The dashed lines designate the C-N stretch peaks of maleimide in 
5 at 1144 cm-1 and succinimide in 6 at 1171 cm-1. 
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A frequency sweep test was performed on the gel sample and the polymer 

solution before sonication. The results (Figure 20) show that the storage modulus 

increased more than two orders in the gel sample, consistent with the results obtained 

from gDBC system.48   

7.3 Conclusion 

In summary, we demonstrated that a polymer with hundreds of BCB on the 

backbone was capable to remodel and become stronger under otherwise destructive 

shear forces. The high reactivity of the generated oQDM makes it possible to achieve 

gelation in situ.  In addition, compared to gDBC system, the reversibility of BCB is 

advantageous in that the unreacted oQDM will recover to BCB, a more stable form, once 

the force is released.  
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Figure 20. The Storage (G’) and loss (G’’) moduli for the gel sample (a) and the 
unsonicated sample (b). 
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8. A Universal Handle for Single Molecule Force 
Spectroscopy 

8.1 Introduction 

AFM based single molecule force spectroscopy (SMFS) has been extensively used 

in measuring inter- and intramolecular interactions,92,93 exploring mechanical properties 

of single polymer chains94 and investigating the confirmations of biomolecules.95-98 In 

recent years, SMFS has provided substantial insights in covalent mechanochemistry.72  

An ideal SMFS experiment would meet the following criteria: 1) The polymer can 

be quickly attached to the AFM tip when the tip reaches closely enough to the substrate. 

2) A targeted site on the polymer can be attached to the AFM tip so that the analyte is in 

the trapped subchain. 3) The attachment between the polymer and the tip should be 

strong enough to sustain the force required to activate the mechanophore. 4) Rupture 

occurs at the attachment between AMF tip and the polymer in a way that allows the 

experiment to be repeated multiple times; otherwise the tip will always be covered by 

some polymers which keep the tip from attaching to other polymers on the surface. 

Criteria 3 and 4 require the attachment between the tip and the polymer to be stronger 

than the bond of the mechanophore, but weaker than the bond defining the polymer 

backbone as well as the attachment between the polymer and the surface.  

In the current single molecule force spectroscopy technique, however, the 

attachment between the AFM tip and the polymer is usually too weak to sustain the 

force required to activate the analyte; thus it takes thousands of trials to obtain a 
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successful pull. Also, for covalent mechanochemistry which requires force on the level of 

nanonewtons, this attachment is not strong enough to activate the mechanophores.99 

Thus it is desired and necessary to develop a handle that can meet these criteria. 

 

Figure 21. (a) The polymer to be studied (blue line) was incorporated to a polyelectrolyte 
handle which contains positive charges (red line). The AFM tip was modified with a SAM 
of negative electrolyte. (b) When the surface was brought to approach the tip, the 
polyelectrolyte handle bonds to the tip via an electrostatic interaction. 
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The electrostatic force is reversible and it can be formed immediately when the 

opposite charges approach each other. Furthermore, the magnitude of the force can be 

tuned by changing the number of charges and other experimental conditions, such as 

counterions and solvents. These features make the electrostatic force a good candidate 

for developing the handle that meets the criteria above. A schematic design is shown in 

Figure 21.   

 

Poly (2-dimethyaminoethyl methacrylate) (PDMAEMA) is a widely used 

polyelectrolyte100 and it has been synthesized using different controlled/living radical 

polymerization methods, including reversible addition fragmentation chain transfer 

polymerization (RAFT),101 stable free radical polymerization (SFRP)102 and atom transfer 

radical polymerization (ATRP).103-105 The advantage of RAFT over other polymerization 

methods is that a RAFT polymer is produced with a dithioester end group which can 

then be grafted to the gold surface directly.106 This saves a step of end-group 

functionalization for attaching the polymer to the surface. To test the performance of the 

handle and to identify the conditions which satisfy the ideal criteria discussed above, a 

series of block copolymers containing a polyelectrolyte handle and a neutral analyte, 

was made via RAFT and the polymers were grafted to the gold surface, and the rupture 

events of the system were studied.  
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8.2 Materials and methods 

2-(dimethylamino) ethyl methacrylate (DMAEMA) and 2-ethoxyethyl 

methacrylate (EOEMA) were purchased from Sigma Aldrich and purified through a 

basic aluminum oxide column to remove the inhibitor. 4-Cyanopentanoic acid 

dithiobenzoate (CPADB), 4,4’-azobis(4-cyanovaleric acid) (V501), methyl iodide, 

tetrahydrofuran (THF, inhibitor free), triethylamine, methyl benzoate, diphenyl ether, 

11-mecaptoundecanoic acid, 1-undecanethiol, silver hexafluorophosphate, mesitylene 

and 1-butanol were also purchased from Sigma Aldrich and used as received. 

Dichloromethane, hexane, acetonitrile, acetone and ethanol and dimethylformamide 

(DMF) were purchased from VWR and used as received. Au coated substrate was 

obtained by sputtering 10 nm of Ti and then 150 nm of Au on Si (111) wafer. 3a-b, 5a-c 

and 6 (scheme 1) were synthesized and were characterized using 1H-NMR and gel 

permission chromatography (GPC). The GPC experiments were performed on an in-line 

two column system (Agilent Technology PL Gel, 103 and 104 Å) using THF with 3% 

triethylamine as the eluent. Molecular weights were calculated using a Wyatt Dawn EOS 

multi-angle light scattering (MALS) detector and a Wyatt Optilab DSP Interferometric 

Refractometer (RI). The refractive index increment (dn/dc) values were determined by 

online calculation using injections of known concentration and mass. The polymers were 

grafted to a Au surface and characterized with a variable angle spectroscopic 
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ellipsometer (J.A. Woollam, Inc.), X-ray photoelectronic spectroscopy and water contact 

angle goniometer.  

The AFM experiments were conducted in water, DMF, 1-butanol, methyl 

benzoate, diphenyl ether and mesitylene. Standard NPG probes whose tips were coated 

with Au on SiN3 were purchased from Bruker (Camarillo, CA). The cantilevers were V 

shaped (205 μm × 25 μm, nominal tip radius ~ 30 nm, nominal spring constant k ~ 0.06 

N/m, frequency ~ 18 kHz). The Au coated tips were functionalized with a SAM of 

carboxylate by immersing in 5 mM EtOH solution of 11-mercaptoundecanoic acid and 

ionizing in 0.1 M K2CO3 aqueous solution. Then the cantilever was mounted in a fluid 

cell and set up with the AFM head. The Au coated substrate with functionalized 

polymer was placed on the piezoelectric stage of the AFM for measurement. A series of 

approaching/retraction cycles were performed and the data was collected by dSPACE 

(dSPACE Inc., Wixom, MI) and analyzed using Matlab (The Math Works, Inc., Natick, 

MA).  

8.3 Results 

Three different block copolymers 5a, 5b and 5c (Figure 22) were synthesized via 

RAFT. 5a and 5b have different DMAEMA lengths and similar EOEMA lengths while 

5b and 5c have the same length of DMAEMA and different lengths of EOEMA.  
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Au coated substrates were placed in dichloromethane solutions of polymers 5a-c 

and 6 (Scheme 1) for 24 hours and then rinsed with dichloromethane extensively to 

remove the physically absorbed polymers. The ellipsometer measurement (Table 3) 

shows that a much smaller amount of polymer 6 is attached to Au surface compared to 

polymers 5a-c, which supports that polymers 5a-c are attached to Au surface via the Au-

S bonds. (Figure 23)  

 

Table 3. Ellipsometric thicknesses, grafting densities and static water contact angles of 
Au surface after grafting polymers to the surface. 
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Figure 22. Reaction scheme of synthesis of block copolymer via RAFT (5a-c), and 
synthesis of control polymer via free radical polymerization (6). 

 



 

74 

Au surface 
with polymer 

ellipsometric 
thickness 

(nm) 

grafting density 
(nm-2) 

water contact angle (°) 

Neutral adding 
MeI 

adding 
AgPF6 

5a 10.3 1.64 × 10-2 50 56 33 
5b 12.0 1.38 × 10-2 48 57 34 
5c 13.9 5.4 × 10-3 49 59 36 
6 0.3 6.6 × 10-5 - - - 

 

 

The grafting density (σ) of the surface-anchored polymers was calculated from 

the ellipsometric thickness using the equation: σ = hρNA/Mn.107 In the equation, h is the 

ellipsometric thickness; NA is Avogadro’s number; Mn is the number average molecular 

weight of the polymer and ρ is the density of the polymer, approximately 1 g/cm3.108) 

The grafting density results are shown in Table 1. 

After grafting polymers 5a-c to the Au surface, methyl iodide was used to ionize 

the polymer. Table 3 shows that the water contact angle slightly increased after the 

polymer was reacted with methyl iodide. The increase of hydrophobicity of the surface 

might be caused by the breakage of hydrogen bond between the amine and water after 

ionization.109 
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Figure 23. The process of a) grafting polymer 5 to Au surface, b) ionizing the polymer by 
adding methyl iodide and c) exchange the counterion by reacting with AgPF6. 
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By reacting the polymer surface with AgPF6, a dramatic decrease in water contact 

angle (Table 3) indicates ion exchange from I- to PF6
-. The weaker coordinating 

counterion PF6- seems to make the surface more hydrophilic, supporting a previous 

report on the influence of counterions on the wettability of polymer brush surface.110 
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XPS spectra (Figure 24) result is also consistent with the assumption that the polymer 

was quarternized by methyl iodide and then the iodide anion was exchanged with PF6
-.  

   

 

Figure 24. XPS survey spectra of (a) Au surface with neutral polymer 5b (b) after 
reacting with methyl iodide (c) after counterion exchange from iodide to 
hexafluorophosphate, P 2P peak. The spectra (a)-(c) were normalized to the intensity 
of N 1s peak. Typical N 1s/I 3d/P 2P peak ratios were (a) 1:0:0, (b) 1:0.63:0, (c) 1: 
0.30:0.29. 
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The polymer grafted surface was brought to contact and retracted from the AFM 

tip and the approach/retract cycles were repeated multiple times. (The situation where 

the tip approached closely to the surface but not contacted is also investigated and will 

be discussed later.) During the approach/retract cycles, a series of force curves were 

obtained. Figure 25 shows a representative force-extension curve that was obtained 

 

Figure 25. A representative force-separation curve obtained in our experiments. After a 
bridge was formed between the AFM tip and the substrate, the polymer was stretched by 
increasing the distance between tip and substrate. As the separation distance increased, 
the tensile force on the bridge increased until rupture happened. At the point where 
rupture happens, the force was noted as rupture force while the distance was noted as 
rupture length.  
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during the experiments. In the curve, rupture occurred at the highest point, in which the 

force was noted as rupture force and the distance between tip and surface was noted as 

rupture length. The distributions of forces and lengths were made by counting the 

occurrences of rupture force and rupture length. 
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Figure 26. The force distributions for different grafting densities: (a) 1.38 × 10-2 nm-2 (b) 
1.0 × 10-2 nm-2 (c) 5.2 × 10-3 nm-2 (d) 2.1 × 10-3 nm-2. The distributions change from (a) to 
(b) to (c), indicating that (a) and (b) have some multiple-molecule events. (c) and (d) 
have the same force distribution implying that single-molecule events become 
predominant in (c) and (d). 
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To tune the condition for single-molecule event, a competing reagent 1-

mercaptoundecanothiol was added to the polymer solution when grafting the polymer 

to Au surface. When the concentration of the competing reagent increased, the grafting 

density decreased. Our experiments show that as the grafting density decreased from 

1.38 × 10-2 nm-2 to 1.0 × 10-2 nm-2 to 5.2 × 10-3 nm-2, the distribution of the rupture force 

 

Figure 27. The rupture force distributions of polymer 5a when using bare Au tip 
(black) and Au tip with a SAM of carboxylate (red). The most probable rupture force 
for carboxylate modified tip and bare Au tip are ca. 230 pN and 150 pN, respectively. 
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changes. However, when the grafting density decreased from 5.2 × 10-3 nm-3 to 2.1 × 10-3 

nm-2, the distribution of the rupture force did not change. (Figure 26) This could be 

explained as when the polymer was diluted enough on the surface, the tip is more likely 

to only grab one polymer during each approaching/retracting cycle. For the following 

experiments, the competing reagent was used to decrease the grafting density to lower 

than 5.2 × 10-3 nm-2.  

The rupture force distributions obtained for polymer 5a by carboxylate modified 

tip and Au tip were compared in Figure 27. The rupture force obtained when using 

carboxylate modified tip is larger than the rupture force obtained when using bare Au 

tip, indicating that the ionic attachment is stronger than the nonspecific force.  
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Since the electrostatic force can be controlled by changing the number of charges 

involved, we expect to tune the strength of the ionic attachment by controlling the 

molecular weight of the polyelectrolyte. Figure 28 shows the rupture force distributions 

of polymer 5a and 5b. Polymer 5b shows a higher most probable rupture force than 

 

Figure 28. The rupture force distributions of polymer 5a (black) and 5b (red). The AFM 
pulling experiments were conducted in methyl benzoate and carboxylate modified tip 
was used for pulling. The counterion of the polyelectrolyte is iodide for both of the two 
systems.  The most probable rupture force of 5b is 340 pN while the most probable 
rupture force of 5a is 230 pN. 
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polymer 5a, which is consistent with our expectation that the increase in the molecular 

weight of polyelectrolyte can lead to an increase in the strength of the attachment.  

 

 

Figure 29. The rupture force distributions of polymer 5b (black) and polymer 5c (red). 
The AFM pulling experiments were conducted in methyl benzoate and the carboxylate 
modified tip was used for pulling. The counterion of the polyelectrolyte was iodide for 
both of the two systems. The force distributions of the two polymers are quite close, 
indicating that the polyelectrolyte part made the main contribution to the strength of the 
attachment. 
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To test if the analyte also contributes to the strength of the attachment, the force 

distribution of polymer 5c was compared to 5b.  Figure 29 shows that polymer 5b and 5c 

 

Figure 30. The distribution of contour length of PEOEMA part in polymer 5b derived 
from molecular weight distribtution which was obtained from GPC (red) and the 
distribution of rupture length of polymer 5b from AFM pulls (black). The rupture length 
distribution obtained from AFM is quite similar to the distribution of PEOEMA part 
obtained from GPC, indicating that the analyte is bridge between the AFM tip and the 
surface. 
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have similar force distributions, indicating that polymer 5b and 5c have the similar 

attachment strength with the AFM tip. Since 5b and 5c have the same PDMAEMA block, 

the similarity in the attachment strength is consistent with our assumption that the 

attachment force is mainly contributed by the electrostatic interaction between the AFM 

 

Figure 31. The rupture force distributions in DMF (black), 1-butanol (red) and methyl 
benzoate (blue). Carboxylate modified tip was used for the pulling experiment and the 
counterion of the polyelectrolyte is iodide. The most probable rupture forces of these 
three systems are quite close: all of them are ca. 330 pN. 
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tip and the polyelectrolyte block.  

The rupture length distribution of 5b was compared with the contour length 

distribution of the analyte (PEOEMA) derived from molecular weight distribution 

which was obtained from GPC-MALS (Figure 30). The similar distributions of the 

rupture length and contour length of neutral part indicates that during the pulling 

process, most of the polyelectrolyte part was stuck to the tip and the subchain between 

the AFM tip and the surface is exactly the analyte.  

Another factor which might influence the magnitude of the electrostatic 

interaction is the solvent. When using water for the AFM pulling experiment, we did not 

obtain any rupture force higher than 200 pN, which is not surprising because water can 

strongly bind to the ions and thus the interaction between the carboxylate (handle) and 

the ammonium (AFM tip) decreased dramatically. The strong interaction between water 

and ions is consistent with the high dielectric constant of water (ε = 78.5). When using 

DMF (ε = 36.7), the rupture force distribution increased significantly (Figure 31). It 

seemed that a decrease of the solvent dielectric constant could lead to a stronger 

attraction between carboxylate and ammonium. However, when we used 1-butanol (ε = 

17.8) and methyl benzoate (ε = 7.5), the rupture force did not increase. In fact, the force 

distributions obtained in DMF, 1-butanol and methyl benzoate were quite similar 

(Figure 31). The phenomenon that the rupture force distribution are similar in these 

solvents implies that the association between carboxylate and ammonium did not 
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change significantly in the solvent regime which can well dissolve the polyelectrolyte 

(our experiments show that the polymers 3a and 3b can still be dissolved in these three 

solvents after quarternization).  

 

 

Figure 32. The rupture force distributions of polymer 5b when iodide (black) and 
hexafluorophosphate (red) as counterions. The AFM pulling experiments were 
conducted in methyl benzoate and the carboxylate modified tip was used for pulling. 
When using hexafluorophosphate as counterion, the rupture force increased. 
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To further test the influence of the solvent polarity, diphenyl ether (ε = 3.9) and 

mesitylene (ε = 2.4) were used for the experiments. The experiment results show that no 

forces higher than 200 pN were obtained. This weak attachment is likely caused by the 

poor solubility of the polyelectrolyte in these solvents. These solvents can dissolve 

 

Figure 33. The probability of obtaining pulls in which rupture force higher than 100 pN 
(black) and higher than 200 pN (red) at different L0. L0 is the distance between the AFM 
tip and surface when the AFM tip waits the polymer to attach. The experiments were 
conducted in methyl benzoate.  
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PEOEMA but cannot dissolve quarternized PDMAEMA, thus during the AFM 

experiments, PEOEMA block was well swelled while quarternized PDMAEMA 

collapsed and penetrated into PEOEMA block to minimize the contact with the 

solvents.101,111,112   

To test the influence of counterions on the strength of the attachment, we used 

AgPF6 to exchange the counterion from iodide to hexafluorophosphate. Figure 32 show 

that the average rupture force increased as the counterion changed from iodide into 

hexafluorophosphate. This trend is consistent with our assumption that using weakly 

coordinating counterion can decrease the “screening effect”106 of the counterion on the 

polyelectrolyte and thus improve the association between the polyelectrolyte handle and 

the carboxylate modified tip. 

We also investigated the influence of the distance between the AFM tip and the 

surface when the AFM tip is waiting for the polymer to attach (L0) on the performance of 

the handle. A series of experiments were performed on polymer 5b at different L0 when 

using the carboxylate modified AFM tips. Figure 33 shows the results of these 

experiments. It can be found that when the waiting distance L0 increased, the probability 

of getting high rupture force decreased. This implies that increasing L0 disfavored the 

interaction between the charged AFM tip and the polyelectrolyte. The order of 10 nm 

can influence the interaction of the AFM tip and the polyelectrolyte dramatically. Since 

the radius of gyration of the polyelectrolyte is ca. 40 nm,113 while the contour length is ca. 
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200 nm, it seems that the radius of gyration is a more important parameter which 

influences the interaction of the polyelectrolyte and the charged tip. 

 

8.4 Discussion 

Our goal is to build a handle on the analyte to increase the opportunity of 

successful “fishing” events.114 The four criteria for the attachment are 1) quick; 2) 

targeted attachment site; 3) strong; 4) reversible attachment under force. In our 

experiments, the time we set to wait for the polymer to attach to the AFM tip is 5 

seconds, which allows us to repeat the approaching/retracting cycles thousands of times 

in a day. In this waiting period, the polyelectrolyte was able to be absorbed to the AFM 

tip to provide us hundreds of successful pulls (like the one showed in Figure 25), 

consistent with the quick attachment criterion. The need to include the analyte in the 

bridge between the AFM tip and the surface makes it necessary to attach the handle 

instead of the analyte to the AFM tip. Our experiment shows that in most cases, when 

rupture happens, the distance between the AFM tip and the surface was close to the 

contour length of the PEOEMA block (Figure 30), indicating that the polyelectrolyte 

handle tethered to the AFM tip before rupture happened.  The approaching/retracting 

cycles can be repeated multiple times with one AFM tip, indicating that the ionic 

interaction is reversible under force. When the surface approached the AFM tip, the 

electrostatic force brought the polymer to the charged AFM tip to form the salt bridge. 
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When the surface retracted from the AFM tip, the restoring force broke the salt bridge 

and the rupture happened. 

In our system, the electrostatic force between the AFM tip and the polyelectrolyte 

handle was stronger than the attachment of the conventional method. For the AFM 

experiment of polymer 5a in methyl benzoate, if all of the approaching/retracting cycles 

are counted, the probability of obtaining rupture force higher than 300 pN can reach 

0.03. As a result, we can easily grab polymer with ~400 pN force, a force level that is 

useful in many situations.70 
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Appendix A. Synthesis and Characterization 

Epoxy-cyclooctene (1) 

 

Epoxy-cyclooctene 1 was synthesized by following a previously reported procedure.79 

Meta-chloroperbenzoic acid (mCPBA) was used as the epoxidation reagent to oxidize 

(Z,Z)-1,5-cyclooctadiene (COD). 

 

(E,Z)-1,5-COD (2) 

  

(E,Z)-1,5-COD (2) was synthesized by following Whitham’s method.80 

 

Trans-BCB-COD (3) 

  



 

94 

Trans-BCB-COD (3) was synthesized by conducting a minor modification to a 

previously reported method.82 Instead of using the explosive benzene-1-diazonium-2-

carboxylate as the benzyne precursor, we used o-(trimethylsilyl)phenyl triflate, which is 

safer and easier to handle.83  

2.0 g (18.48 mmol) of 2 was dissolved in 100 mL acetonitrile in an oven-dried 250 mL 

round-bottom flask. To the solution was then added 6.6 g (22.22 mmol) o-

(trimethylsilyl)phenyl triflate and 5.61 g (36.96 mmol) cesium fluoride. The mixture was 

allowed to stir overnight under nitrogen atmosphere at room temperature. Upon the 

completion of the reaction, the product was poured into saturated aqueous NaHCO3 

solution and the white precipitate was filtered off via suction filtration. The filtrate was 

extracted with hexane 3 times and the combined organic layer was then washed with 

brine, dried with Na2SO4 (s), and the solvent was removed under reduced pressure. The 

crude product was purified by vacuum distillation (2 torr, 100 °C) to yield the pure 

product as a colorless oil. 1H-NMR (400 MHz, CDCl3) δ 7.16 (dd, J = 5.3, 2.9 Hz, 2H), 7.05 

(dd, J = 5.1, 3.1 Hz, 2H), 5.87 – 5.58 (m, 2H), 3.33 – 3.14 (m, 2H), 2.45 – 2.01 (m, 6H), 1.65 – 

1.48 (m, 2H). 
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 1H-NMR (400 MHz, CDCl3) of 3. 

 

 

The stereochemistry of 3 was confirmed by the crystal structure of its epoxidation 

product, 4. 3 was epoxidized using the same procedure as the synthesis of 1. 1H-NMR 

(400 MHz, CDCl3) δ 7.21 – 7.15 (m, 2H), 7.10 – 7.00 (m, 2H), 3.24 (dt, J = 13.6, 4.8 Hz, 1H), 

3.08 – 2.79 (m, 3H), 2.42 (dt, J = 13.6, 4.8 Hz, 1H), 2.32 – 2.02 (m, 3H), 1.77 – 1.63 (m, 1H), 

1.62 – 1.50 (m, 2H), 1.48 – 1.19 (m, 2H). 13C-NMR (100 MHz, CDCl3) δ 147.27, 146.16, 

127.39, 127.18, 121.86, 121.79, 56.02, 55.94, 50.16, 49.70, 28.59, 27.35, 26.28, 25.07. 
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Colorless needles were crystallized from acetone via low temperature slow evaporation 

method. Crystal data: CCDC 1043967, needle, colorless, crystal size = 0.29 x 0.25 x 0.22 

mm3, C42H48O3, FW 600.80, monoclinic, space group Cc, a = 7.510(2) Å, b = 45.028(12) Å, c 

= 10.077(3) Å,  α= 90°, β= 107.473(8)°, γ= 90°, V = 3250.1(15) Å3, Z = 4,  Dc = 1.228 mg/m3, 

T = 100(2) K, μ = 0.075 mm-1, 9158 measured reflections, 4978 [R(int) = 0.0324] 

independent reflections, 4978 / 2 / 406 Data / restraints / parameters, F(000) = 1296, R1 = 

0.0553, wR2 = 0.1033, R1 = 0.0423, wR2 = 0.0963 [I>2sigma(I)], Max. residual density 0.278 

e.Å-3, and goodness-of-fit (F2) = 1.022. 

  

1H-NMR (400 MHz, CDCl3) of 4. 
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13C-NMR (100 MHz, CDCl3) of 4. 
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Crystal structure of 4. Two stereoisomers are in a ratio of (R,R)/(S,S) = 2/1. Hydrogen 

atom (white), oxygen atom (red), carbon atom (grey). 

 

P1a (trans-BCB polymer with epoxides) 
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0.1 g 3 (0.54 mmol) and 0.1 g 1 (0.82 mmol) were dissolved in 0.3 mL DCM and 

deoxygenated with N2 for 10 minutes. 3.0 mg (0.0035 mmol) Grubbs second generation 

catalyst was dissolved in 3 mL DCM and deoxygenated for 20 minutes. 0.5 mL of the 

Grubbs catalyst solution was transferred to the monomer solution by a syringe. The 

viscosity of the solution increased after 20 minutes and stirring ceased quickly. 1 mL of 

DCM was added to the solution to allow the stirting to continue and the reaction was 

allowed to proceed for another 1 h. The reaction was quenched with 1 mL of ethyl vinyl 

ether and stirred for 1 h. The reaction was then precipitated in methanol, redissolved in 

DCM and reprecipitated in methanol and dried on a vacuum line. 1H-NMR (400 MHz, 

CDCl3) δ 7.15 (m, 0.89H), 7.10 – 6.99 (m, 0.87H), 5.57 – 5.36 (m, 2H), 3.08 – 2.96 (m, 

0.84H), 2.94 – 2.84 (m, 1.05H), 2.34 – 2.01 (m, 4H), 1.86 – 1.65 (m, 1.88H), 1.63 – 1.47 (m, 

2.70H). Copolymer composition: 45.0% trans-BCB, 55.0% epoxide. Mn = 230,000, PDI 

=1.52, dn/dc = 0.12 mL/g.  
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1H-NMR (400 MHz, CDCl3) of P1a. 

 

Synthesis of homo-polymer of trans-BCB 

  

0.3 g 3 (1.63 mmol) was dissolved in 0.3 mL DCM and deoxygenated with N2 for 10 

minutes. 1.3 mg (0.0017 mmol) Grubbs second generation catalyst was dissolved in 2.8 

mL DCM and deoxygenated for 20 minutes. 0.7 mL of the Grubbs catalyst solution was 
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transferred to the monomer solution via a syringe. The viscosity of the solution 

increased after 20 min and stiring ceased quickly. 1 mL of DCM was added to the 

solution to allow the stirring to continue and the reaction was allowed to proceed for 

another 1 h. The reaction was quenched with 1 mL of ethyl vinyl ether and stirred for an 

hour. The reaction was then precipitated in methanol, redissolved in DCM and 

reprecipitated in methanol and dried on a vacuum line. 1H-NMR (400 MHz, CDCl3) δ 

7.21 – 7.11 (m, 2H), 7.10 – 6.98 (m, 2H), 5.61 – 5.36 (m, 2H), 3.00 (t, J = 7.2 Hz, 2H), 2.45 – 

1.97 (m, 4H), 1.97 – 1.62 (m, 4H). Mn = 391, 000, PDI =1.74, dn/dc = 0.10 mL/g.  

  

1H-NMR (400 MHz, CDCl3) of the homo-polymer of trans-BCB. 
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Synthesis of cis-BCB monomer (9) 

mCPBA / DCM

0 °C
O

i) 10%H2SO4, THF,reflux

ii) NaIO4/H2O

iii) NaBH4 / H2O
OH

OH

5 6 7

HOOC

EDC, DMAP / DCM

O

O

O

O

8

Grubbs II cat.

DCM, reflux

O

O

O

O
9  

(4aR,8bS)-1,4,4a,8b-tetrahydrobiphenylene (5) 

5 was synthesized by conducting a Birch reduction on biphenylene86 according to a 

previously reported procedure.115  

Cis-BCB diol (7) 

7 was made from 5 by using a procedure similar to a literature method.88 A solution of 5 

(0.64 g, 4.10 mmol) in 10 mL DCM was cooled down to 0 °C in an ice/water bath. To the 

solution was added a solution of mCPBA (2.83 g, 16.4 mmol) in 40 mL DCM. The 

reaction was allowed to warm to room temperature and stir overnight. Sodium bisulfite 

solution was added to quench the reaction. The precipitate was filtered off by suction 

filtration and the solvent in the filtrate was evaporated under reduced pressure. The 

residue was thrice extracted with hexane. The combined organic layer was washed with 

brine and dried with Na2SO4. The crude product was purified through column 

chromatography on silica gel (hexane/ethyl acetate 10:1) to yield the pure product 6 (0.66 
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g, 93%). 1H-NMR (500 MHz, CDCl3) δ 7.25 – 7.15 (m, 2H), 7.07 (d, J = 2.9 Hz, 2H), 3.77 – 

3.43 (m, 2H), 3.18 (d, J = 3.6 Hz, 2H), 2.61 – 2.35 (m, 2H), 2.11 (dd, J = 14.7, 7.7 Hz, 2H).  

  

1H-NMR (500 MHz, CDCl3) of 6. 

 

6 (0.3 g, 1.74 mmol) was dissolved in 5 mL THF. 5 mL 10% H2SO4 was added to the 

solution dropwise. Upon complete addition, the reaction mixture was refluxed for 1 h 

and then cooled to 0 °C. Over 10 minutes, NaIO4 (0.41 g 1.92 mmol) was added, after 

which the reaction mixture was stirred for 1.5 h. NaHCO3 was added to neutralize the 

solution, followed by addition of a solution of NaBH4 (0.133 g, 3.49 mmol) in 1 mL H2O. 

Upon complete addition, the reaction mixture was allowed to warm to room 



 

104 

temperature and subsequently stirred for 30 minutes. After being quenched with 5 mL 

aqueous saturated NH4Cl solution, the layers were separated and the aqueous layer was 

extracted with ether (10 mL × 4). The extractions were combined, dried with Na2SO4 (s), 

filtered and concentrated. The diol was purified through column chromatography on 

silica gel (DCM/ethyl acetate 1:9) to yield the pure product 7 (0.235 g, 70%). 1H-NMR 

(400 MHz, CDCl3) δ 7.19 (dd, J = 5.3, 3.0 Hz, 2H), 7.08 (dd, J = 5.2, 3.1 Hz, 2H), 4.00 – 3.81 

(m, 4H), 3.77 – 3.56 (m, 2H), 2.10 – 1.93 (m, 2H), 1.82 (m, 2H), 1.40 (t, J = 5.0 Hz, 1H). 13C-

NMR (125 MHz, CDCl3) δ 148.13, 127.37, 122.72, 62.22, 42.83, 33.05. HRMS-ESI (m/z): 

calcd for C12H16O2 [M+Na]+, 215.1043; found, 215.1040.  

The stereochemistry of 7 was confirmed by its crystal structure. Colorless needles were 

obtained via recrystallization in ethyl acetate. Crystal data: CCDC 1043968, needle, 

colorless, crystal size = 0.330 x 0.300 x 0.250 mm3, C12H16O2, FW 192.25, monoclinic, space 

group P 21/n, a = 16.3784(7) Å, b = 7.6143(3) Å, c = 18.4005(7) Å,  α= 90°, β= 114.641(2)°, 

γ= 90°, V = 2085.76(15) Å3, Z = 8,  Dc = 1.224 mg/m3, T = 100(2) K, μ = 0.082 mm-1, 27501 

measured reflections, 4272 [R(int) = 0.0373] independent reflections, 4272 / 0 / 265 Data / 

restraints / parameters, F(000) = 832, R1 = 0.0483, wR2 = 0.1043, R1 = 0.0394, wR2 = 0.0981 

[I>2sigma(I)], max residual density 0.310 e.Å-3, and goodness-of-fit (F2) = 1.011. 



 

105 

  

1H-NMR (400 MHz, CDCl3) of 7. 
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13C-NMR (125 MHz, CDCl3) of 7. 

  

Crystal structure of 7. 

 



 

107 

((7R,8S)-bicyclo[4.2.0]octa-1(6),2,4-triene-7,8-diyl)bis(ethane-2,1-diyl) bis(hex-5-enoate) 

(8) 

7 (0.15 g, 0.78 mmol), hexenoic acid (0.232 g, 2.03 mmol) and 4-dimethylaminopyridine 

(0.095 g, 0.78 mmol) were dissolved in 20 mL DCM in a 50 mL round bottom flask. After 

the mixture was cooled down to 0 °C in an ice/water bath, 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (0.598 g, 3.12 mmol) was added to the flask. The 

reaction was allowed to warm to room temperature and stirred overnight. Upon 

completion of the reaction, the solution was washed 2 times with brine and 2 times with 

deionized water and dried with Na2SO4 (s). The crude product was purified by silica gel 

column chromatography using 10:1 hexane:ethyl acetate, yielding the pure product (0.25 

g, 83%). 1H-NMR (400 MHz, CDCl3) δ 7.20 (dd, J = 5.4, 3.0 Hz, 2H), 7.11 (dd, J = 5.2, 3.1 

Hz, 2H), 5.77 (ddt, J = 16.9, 10.2, 6.7 Hz, 2H), 5.04 (d, J = 1.7 Hz, 1H), 5.01 – 4.98 (m, 2H), 

4.97 – 4.93 (m, 1H), 4.44 – 4.14 (m, 4H), 3.65 (m, 4H), 2.34 (t, J = 7.5 Hz, 4H), 2.17 – 1.97 

(m, 6H), 1.93 – 1.80 (m, 2H), 1.74 (m, 4H). 13C-NMR (125 MHz, CDCl3) δ 173.76, 147.36, 

137.75, 127.58, 122.75, 115.52, 63.36, 42.75, 33.70, 33.19, 28.97, 24.19. HRMS-ESI (m/z): 

calcd for C24H32O4 [M+NH4]+, 402.2639; found, 402.2637. 
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1H-NMR (400 MHz, CDCl3) of 8. 
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13C-NMR (125 MHz, CDCl3) of 8. 

 

 (16aR,20bS,Z)-1,2,5,6,7,10,11,12,15,16,16a,20b-dodecahydrobenzo[3,4]cyclobuta[1,2-

d][1,8]dioxacyclooctadecine-4,13-dione (9)    

A flame-dried 100 mL 2-neck round bottom flask was fit with a magnetic stir bar and a 

condenser. In the flask, 8 (0.22 g, 0.57 mmol) was dissolved in 50 mL DCM. The solution 

was degassed by bubbling through argon for 30 minutes at room temperature. Grubbs 

second generation catalyst (0.0243 g, 0.029 mmol) was added to the solution under 

argon. The reaction was refluxed for 18 h. Upon completion of the reaction, 1 mL ethyl 

vinyl ether was added to quench the reaction and the mixture was stirred for 30 
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minutes. The reaction was cooled to room temperature and concentrated under reduced 

pressure. The product was purified through column chromatography on silica gel using 

DCM as the eluent to yield the pure product of 9 (0.12 g, 59%). 1H-NMR (500 MHz, 

CDCl3) δ 7.25 (dd, J = 5.2, 3.1 Hz, 2H), 7.14 (dd, J = 5.2, 3.0 Hz, 2H), 5.38 (d, J = 4.2 Hz, 

2H), 4.47 – 4.22 (m, 4H), 3.73 (t, J = 5.2 Hz, 2H), 2.47 – 2.32 (m, 5H), 2.31 – 2.19 (m, 2H), 

2.18 – 2.05 (m, 5H), 1.93 (m, 2H), 1.85 – 1.70 (m, 4H). 13C-NMR (125 MHz, CDCl3) δ 

203.91, 203.72, 177.60, 160.59, 159.88, 157.54, 157.51, 152.22, 152.07, 107.38, 107.12, 106.87, 

93.88, 93.73, 74.38, 74.04, 63.85, 63.06, 61.56, 58.87, 56.58, 55.02, 54.14. HRMS-ESI (m/z): 

calcd for C22H28O4 [MH]+, 357.2060; found, 357.2062. 
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1H-NMR (400 MHz, CDCl3) of 9. 

  

13C-NMR (125 MHz, CDCl3) of 9. 

 

  P2 (cis-BCB polymer) 

  

P2_1 (21.8% cis-BCB) 
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0.04 g 9 (0.11 mmol) and 0.1 g 1 (0.32 mmol) were dissolved in 0.15 mL DCM and 

deoxygenated with N2 for 10 minutes. 1.0 mg (0.0012 mmol) Grubbs second generation 

catalyst was dissolved in 1 mL DCM and deoxygenated for 20 minutes. 0.1 mL of the 

Grubbs catalyst solution was transferred to the monomer solution via a syringe. The 

viscosity of the solution increased after 10 minutes and stirring ceased quickly. 0.3 mL of 

DCM was added to the solution to allow the stirring to continue and the reaction was 

allowed to proceed for another 1 h. The reaction was quenched with 1 mL of ethyl vinyl 

ether and stirred for an hour. The reaction was then precipitated in methanol, 

redissolved in DCM and reprecipitated in methanol and dried on a vacuum line. 1H-

NMR (400 MHz, CDCl3) δ 7.21 (dd, J = 5.2, 3.2 Hz, 2H), 7.14 – 7.07 (dd, J = 5.2, 3.2 Hz, 

2H), 5.59 – 5.23 (m, 9H), 4.41 – 4.08 (m, 4H), 3.69 – 3.59 (m, 2H), 3.02 – 2.76 (m, 7.3H), 2.41 

– 1.95 (m, 25.7H), 1.85 (m, 2.1H), 1.71 (m, 4H), 1.64 – 1.46 (m, 20H). Copolymer 

composition: 21.8% cis-BCB, 78.2% epoxides. Mn = 179,000, PDI = 1.2, dn/dc = 0.15 mL/g. 
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1H-NMR (400 MHz, CDCl3) of P2_1. 

 

P2_2 (41.2% cis-BCB)  

Similar procedure was used as P2_1, but the content of cis-BCB was controlled by 

changing the feed ratio. 1H-NMR (400 MHz, CDCl3) δ 7.21 (dd, J = 5.2, 3.2 Hz, 2H), 7.14 – 

7.07 (dd, J = 5.2, 3.2 Hz, 2H), 5.59 – 5.23 (m, 5H), 4.41 – 4.08 (m, 4H), 3.69 – 3.59 (m, 2H), 

3.02 – 2.76 (m, 3H), 2.41 – 1.95 (m, 13.3H), 1.85 (m, 2.8H), 1.71 (m, 4.6H), 1.64 – 1.46 (m, 

7.1H). Copolymer composition: 41.2% cis-BCB, 58.8% epoxides. Mn = 244, 000, PDI = 1.5, 

dn/dc = 0.10 mL/g. 
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1H-NMR (400 MHz, CDCl3) of P2_2. 

 

P3, 36.2% cis-gDFC content 

1.038 g (19.2 mmol, 1 eq) cis-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. 1.477 g (9.72 mmol, 0.5 eq) 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 via syringe to an oven dried round bottom flask 

under nitrogen and heated to 190 °C. Once the temperature of the solution reached 190 
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°C, the sodium chlorodifluoroacetate solution was added dropwise over 1 h via a 

syringe pump. After complete addition, the reaction was allowed to proceed for 

additional 15 min and then removed from the heat to cool down to room temperature. 

The reaction was washed 3 times with deionized water and methyl benzoate was 

removed under reduced pressure. The polymer was then precipitated with methanol, 

redissolved in DCM, reprecipitated with methanol, and allowed to dry under a vacuum 

line overnight. 1H-NMR (400 MHz, CDCl3) δ 5.38 (m, 2H), 2.09 (m, 4H), 1.51 (m, 3.4H); 

19F-NMR (376 MHz, CDCl3) δ -120.03 – -132.79 (m), -149.67 – -161.14 (m).  Copolymer 

composition: 36.2% cis-gDFC-PB, 63.8% 1,4-PB. Mn = 203,000, PDI =2.31, dn/dc = 0.071 

mL/g.  
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1H-NMR (400 MHz, CDCl3) of 36.2% cis-gDFC-PB. 

 

  

19F-NMR (376 MHz, CDCl3) of 36.2% cis-gDFC-PB. 

 

P3, 51.6% cis-gDFC content 

0.3 g (5.56 mmol) cis-PB was subjected to functionalization by difluorocarbene through 

pyrolysis of sodium chlorodifluoroacetate in methyl benzoate. 1H-NMR (400 MHz, 

CDCl3) δ 5.40 (m, 2H), 2.12 (m, 4H), 1.51 (m, 6.4H, after removing the integration of 

water proton peak at 1.54); 19F-NMR (376MHz, CDCl3) δ -122.50 – -126.97 (m), -137.32 – -
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141.61 (m), -151.91 – -156.43 (m). Copolymer composition: 51.6% cis-gDFC-PB, 48.4% 1,4-

PB. Mn = 230, 000. PDI = 1.98, dn/dc = 0.057 mL/g.  

  

1H-NMR (400 MHz, CDCl3) of 51.6% cis-gDFC-PB. 
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19F-NMR (376 MHz, CDCl3) of 51.6% cis-gDFC-PB. 

 

(4E,8E)-13,13-difluorobicyclo[10.1.0]trideca-4,8-diene (10) and (9E)-5,5,14,14-

tetrafluoro-tricyclo[11.1.0.04,6]tetradec-9-ene (11) 

  

In an oven-dried 250 mL 3-neck round-bottom flask was dissolved 5.0 g (30.8 mmol, 1 

eq) 1,5,9-cyclododecatriene (CDT) with 100 mL diglyme and deoxygenated with N2 for 
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30 minutes. The flask was then heated to 150 °C on an oil bath. In a separate round 

bottom flask was dissolved 9.1 g sodium bromodifluoroacetate (46.2 mmol, 1.5 eq) with 

40 mL diglyme, and the solution was deoxygenated with N2 for 30 minutes. The sodium 

bromodifluoroacetate solution was then added to the CDT solution dropwise over 4 h 

via a syringe pump. The reaction was then allowed to proceed for another 30 minutes 

and then cooled to room temperature before being quenched with ice water. Hexane 

(100 mL × 4) was used to extract the organic layer. The combined organic layer was then 

washed with brine 3 times, dried with Na2SO4(s), and concentrated by rotary 

evaporation to minimal volume. Isolation of both products was accomplished by careful 

column chromatography using hexane as the eluent: 2.6 g of mono-addition product (10) 

(40% isolated yield, Rf 0.5) and 3.7 g of bis-addition product (11) (46% isolated yield, Rf 

0.3).  10: 1H-NMR (400 MHz, CDCl3) δ 5.19 (m, 4H, olefin), 2.38-2.20 (m, 4H), 1.99 (m, 

7H,), 1.35-0.90 (m, 3H); 19F-NMR (376 MHz, CDCl3) δ -139.60 (dd, J = 9.3, 6.4 Hz). 11: 1H-

NMR (400 MHz, CDCl3) δ 5.47 (m, 2H, olefin), 2.50-1.80 (m, 8H), 1.77-1.68 (m, 1H), 1.50-

1.12 (m, 7H); 19F-NMR (376 MHz, CDCl3) δ -137.14 (d, J = 14.7), -137.54 (d, J = 15.0), -

138.74 (d, J = 14.4 Hz), -139.15 (d, J = 14.5 Hz), -139.68 (d, J = 15.3 Hz), -139.82 (d, J = 14.9 

Hz), -140.09 (d, J = 15.3 Hz), -140.23 (d, J = 14.9 Hz). 

Sodium bromodifluoroacetate was obtained by using NaOH to deprotonate 

bromodifluoroacetic acid, which was purchased from SynQuest Laboratory. Sodium 
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bromodifluoroacetate was reported to thermalize at a lower temperature than sodium 

chlorodifluoroacetate and have a higher efficiency of generating difluorocarbene.89  

  

1H-NMR (400 MHz, CDCl3) of 10. 
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19F-NMR (376 MHz, CDCl3) of 10. 
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1H-NMR (400 MHz, CDCl3) of 11. 
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19F-NMR (376 MHz, CDCl3) of 11. 

 

P4, 33.3% trans-gDFC-PB 

In a 10 mL Shlenk flask was dissolved 0.3 g 10 into 0.3 mL toluene, and the solution was 

deoxygenated by purging with nitrogen for 5 min. The Schlenk flask was then placed on 

a 50 °C oil bath. In a separate round bottom flask was dissolved 0.0015 g (0.00177 mmol) 

Grubbs second generation catalyst in 2 mL toluene, and the solution deoxygenated by 

bubbling nitrogen for 10 min. 0.5 mL of the Grubbs catalyst solution was added to the 

monomer solution. The viscosity of the reaction increased after 10 min and stirring 

ceased quickly. Another 1 mL toluene was added to the reaction to allow the stirring to 



 

124 

continue. The reaction was allowed to proceed for another 1 h and then quenched with 1 

mL of ethyl vinyl ether and stirred for an hour. The product was then precipitated with 

methanol, redissolved in DCM, and reprecipitated in methanol and dried on a vacuum 

line. 1H-NMR (400 MHz, CDCl3) δ 5.42 (m, 4H), 2.06 (m, 8H), 1.52 (m, 4H), 1.09 (m, 2H); 

19F-NMR (376 MHz, CDCl3) δ -138.22 – -140.11 (m). Copolymer composition: 33.3% trans-

gDFC-PB, 66.7% 1,4-PB. Mn = 302, 000, PDI =1.56, dn/dc = 0.073 mL/g.  

For our AFM pulling experiments, all of the polymers have molecular weights higher 

than 100 kDa. The polymers whose as-synthesized average molecular weights were 

under 100 kDa did not provide good, high adhesion force curves. The ROMP of 11 was 

also attempted to make 66.7 % trans-gDFC-PB; however, the molecular weight did not 

reach 100 kDa and we were not able to get good force curves. The poor ROMP reactivity 

of the 11 is probably caused by the strong electron withdrawing effect of the two gDFCs.  
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1H-NMR (400 MHz, CDCl3) of 33.3% trans-gDFC-PB.  
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Figure 26. 19F-NMR (376 MHz, CDCl3) of 33.3% trans-gDFC-PB. 

 

P5, 40.0% cis/trans-gDFC-PB 

0.3 g (5.56 mmol) cis/trans-PB was subjected to functionalization with difluorocarbene 

through pyrolysis of sodium chlorodifluoroacetate in methyl benzoate. 1H-NMR (400 

MHz, CDCl3) δ 5.42 (m, 2H, 1,4-PB), 4.97 (m, 0.33H, 1,2-PB), 2.06 (m, 4H, allylic), 1.47 (m, 

3.94H), 1.09 (m, 0.69H); 19F-NMR (376 MHz, CDCl3) δ -123.62 – -126.20 (m, 1F, cis-gDFC), 

-138.10 – -140.54 (m, 2.31F, trans-gDFC), -152.88 – -155.61 (m, 1F, cis-gDFC). Copolymer 

composition: 51.1% 1,4-PB, 8.9% 1,2-PB, 40.0% gDFC-PB (18.2% cis-gDFC, 21.8% trans-

gDFC). Mn = 195,000, PDI =2.63, dn/dc = 0.065 mL/g. 
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1H-NMR (400 MHz, CDCl3) of 40.0% cis/trans-gDFC-PB. 
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19F-NMR (400 MHz, CDCl3) of 40.0% cis/trans-gDFC-PB. 

 

 

 

(4E,8E)-13,13-dichlorobicyclo[10.1.0]trideca-4,8-diene (12) and (9E)-5,5,14,14-

tetrachloro-tricyclo[11.1.0.04,6]tetradec-9-ene (13) 
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5.0 g (30.8 mmol, 1 eq) of 1,5,9-cyclododecatriene (CDT) and 1.07 g (3.08 mmol, 0.1 eq) 

CTAB were dissolved in 100 mL chloroform and deoxygenated with N2 for 30 minutes. 

A deoxygenated solution of 1.85 g NaOH (46.2 mmol, 1.5 eq) in 20 mL deionized water 

was then added dropwise to the CDT/CTAB solution. The reaction was then allowed to 

proceed under N2 overnight. After 20 h of reaction, the product was extracted with 

hexane 3 times and the combined organic layer was then washed 3 times with brine, 

dried with Na2SO4 (s), and concentrated to minimal volume by rotary evaporation. 

Isolation of both products was accomplished by careful column chromatography using 

hexane as the eluent: 2.5 g mono-addition product 12 (33% isolated yield, Rf 0.5) and 3.5 

g of bis-addition product 13 (35% isolated yield, Rf 0.3). 12: 1H-NMR (400 MHz, CDCl3) δ 

5.21 (m, 4H, olefin), 2.38 (m, 2H, allylic), 2.34 (m, 4H, allylic), 2.20-1.90 (m, 4H, allylic and 

homoallylic), 1.13 (m, 2H, homoallylic), 1.01 (m, 2H, cyclopropyl).  13C-NMR (100 MHz, 

CDCl3) δ 132.55, 129.52, 66.38, 36.88, 32.18, 31.31, 30.82. 13: 1H-NMR (400 MHz, CDCl3) δ 

5.44 (m, 2H, olefin), 2.50-1.90 (m, 8H, allylic and homo-cyclopropyl), 1.50-1.25 (m, 6H, 

homo-cyclopropyl and cyclopropyl), 1.25-0.98 (m, 2H, cyclopropyl); 13C-NMR (100 MHz, 

CDCl3) (minor isomer peak denoted with * ) δ 130.16, 129.50*, 66.03*, 65.68, 36.18, 34.66*, 

34.41, 34.26, 30.39, 29.81*, 27.45, 26.96, 26.86. 

 



 

130 

  

1H-NMR (400 MHz, CDCl3) of 12.  
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13C-NMR (100 MHz, CDCl3) of 12. 
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1H-NMR (400 MHz, CDCl3) of 13.  
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13C-NMR (100 MHz, CDCl3) of 13.  

 

P7, 33.3% trans-gDCC-PB 

 

  

0.3 g 12 was dissolved in 0.5 mL DCM and deoxygenated with N2 for 10 minutes. 3.1 mg 

(0.0036 mmol) Grubbs second generation catalyst was dissolved in 6 mL DCM and 

deoxygenated for 20 minutes. 1 mL of the Grubbs catalyst solution was transferred to 
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the monomer solution via a syringe. The viscosity of the solution increased after 20 min 

and stirring ceased quickly. 1 mL of DCM was added to the solution to allow the stirring 

to continue and the reaction was allowed to proceed for another 1 h. The reaction was 

quenched with 1 mL of ethyl vinyl ether and stirred for an hour. The reaction was then 

precipitated in methanol, redissolved in DCM and reprecipitated in methanol and dried 

on a vacuum line. 1H-NMR (400 MHz, CDCl3) δ 5.45 (m, 4H), 2.40-1.90 (m, 8H), 1.80-1.35 

(m, 4H), 1.30-1.10 (m, 2H); 13C-NMR (100 MHz, CDCl3) δ 130.94, 130.83, 130.08, 129.98, 

129.41, 129.25, 129.14, 66.99, 66.94, 35.66, 32.65, 32.56, 31.51, 30.38, 30.24, 30.16, 27.22, 

26.24. Copolymer composition: 33.3% trans-gDCC-PB, 66.7% 1,4-PB. Mn = 262, 000, PDI 

=1.52, dn/dc = 0.12 mL/g.  
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1H-NMR (400 MHz, CDCl3) of 33.3% trans-gDCC-PB.  

  

13C-NMR (100 MHz, CDCl3) of 33.3% trans-gDCC-PB. 

 

P7, 66.7% trans-gDCC-PB 

  

0.3 g 13 was dissolved in 0.3 mL DCM and deoxygenated with N2 for 10 minutes. 3.1 mg 

(0.0036 mmol) Grubbs 2nd generation catalyst was dissolved in 6 mL DCM and 
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deoxygenated for 20 minutes. 1 mL of the Grubbs catalyst solution was transferred to 

the monomer solution via a syringe. The viscosity of the solution increased after 50 min 

and stirring ceased quickly. 1 mL of DCM was added to the solution to allow the stirring 

to continue and the reaction was allowed to proceed for another 1 h. The reaction was 

quenched with 1 mL of ethyl vinyl ether and stirred for 1 h. The reaction was then 

precipitated in methanol, redissolved in DCM, reprecipitated in methanol and dried on 

a vacuum line. 1H-NMR (400 MHz, CDCl3) δ 5.49 (m, 2H), 2.18 (m, 4H), 1.66 (m, 7.5H), 

1.25-1.00 (m, 4.5H); 13C-NMR (100 MHz, CDCl3) δ 130.06, 129.40, 66.59, 66.50, 35.81, 

35.79, 35.71, 35,61, 31.49, 30.29, 30.12, 30.08, 29.38, 29.18, 26.21. Copolymer composition: 

66.7% trans-gDCC-PB, 33.3% 1,4-PB. Mn = 315, 000, PDI = 1.54, dn/dc = 1.20 mL/g. 
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1H-NMR (400 MHz, CDCl3) of 66.7% trans-gDCC-PB.  

  

13C-NMR (100 MHz, CDCl3) of 66.7% trans-gDCC-PB. 

 

P8, 51.7% cis/trans-gDCC-PB 

0.5 g (9.26 mmol double bond) cis/trans-PB and 0.323 g (0.926 mmol) CTAB were 

dissolved in 50 mL chloroform and deoxygenated with N2 for 30 min. A deoxygenated 

solution of 0.37 g (9.26 mmol, 1 eq) NaOH in 5 mL deionized water was then added 

dropwise to the PB/CTAB solution. The reaction was then allowed to proceed under N2 

overnight. After 18 h of reaction, the reaction mixture was washed with brine 3 times, 

concentrated to minimal volume by rotary evaporation, and precipitated with methanol. 
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The polymer was dissolved in dichloromethane and precipitated with methanol twice 

more and dried overnight under a vacuum line. 1H-NMR (400 MHz) δ 5.48 (m, 2H, 1,4-

PB), 5.20-4.90 (m, 0.39H, 1,2-PB), 2.40-1.95 (m, 4H),  1.55 (m, 6.09H), 1.16 (m, 0.96H); 13C-

NMR (100 MHz) δ 131.08, 130.72, 130.19, 129.51, 65.47, 53.54, 50.79, 35.92, 35.79, 32.67, 

32.44, 31.67, 30.27, 29.41, 27.42, 26.36, 25.02, 24.37, 24.21. Copolymer composition: 39.7% 

1,4-PB, 8.6% 1,2-PB, 51.7% gDCC-PB (23.0% trans-gDCC-PB, 28.7% cis-gDCC-PB). Mn = 

225, 000, PDI = 2.56, dn/dc = 0.123 mL/g. 

 

  

1H-NMR (400 MHz, CDCl3) of 51.7% cis/trans-gDCC-PB. 
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13C-NMR (100 MHz, CDCl3) of 51.7% cis/trans-gDCC-PB. 

 

(Z)-9-chloro-9-fluorobicyclo[6.1.0]non-4-ene  (gCFC-COD) (14) 

 

In a 500 mL pressure vessel was dissolved 26.46 g (244.6 mmol, 1 eq) (Z,Z)-1,5-

cyclooctadiene, 17.83 g (48.9 mmol, 0.2 eq) CTAB with 100 mL dichloromethane. The 

COD/CTAB solution was then cooled to -78 °C in an acetone/dry ice bath. In a separated 

flask was dissolved 48.9 g (1223 mmol, 5 eq) sodium hydroxide in 100 mL deionized 
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water. After the sodium hydroxide solution was cooled to room temperature, it was 

added to the COD/CTAB solution. In another flask cooled with liquid nitrogen was 

condensed 20 mL (272.8 mmol, 1.1 eq) CHCl2F. After the condensate was warmed to ~0 

°C in an ice/water bath, it was poured into the cooled polymer solution and a PTFE 

bushing with viton O-ring was used to seal the pressure vessel. The solution was 

allowed to warm up to room temperature and the reaction was allowed to proceed at 

room temperature for 24 hours. The reaction was quenched with liquid nitrogen and the 

bushing was opened cautiously. After the reaction mixture was warmed to room 

temperature, it was washed with brine 3 × and dried with Na2SO4(s). The solvent was 

then removed under reduced pressure and the residue was distilled under 5 mmHg and 

two fractions were produced: 1st fraction: 27-30 °C, COD; 2nd fraction: 45-50 °C, gCFC-

COD, 15 g, yield: 35%. 1H-NMR (400 MHz, CDCl3) δ 5.59 (m, 2H, olefin), 2.36 (m, 2H), 

2.06 (m, 4H), 1.81 (m, 2H), 1.65 (m, 1.4H), 1.51 (m, 0.6H).; 19F-NMR (376 MHz, CDCl3) δ -

123.62 (t, 0.699F, cis-syn-Cl-gCFC), -157.634 (t, 0.301 F, cis-anti-Cl-gCFC). Composition of 

the diastereomers: (1R,8S,9s,Z)-9-chloro-9-fluorobicyclo[6.1.0]non-4-ene (syn-Cl product, 

70%) and (1R,8S,9r,Z)-9-chloro-9-fluorobicyclo[6.1.0]non-4-ene (anti-Cl product, 
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30%).

 

1H-NMR (400 MHz, CDCl3) of 14. 
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19F-NMR (376 MHz, CDCl3) of 14. 

P9, gCFC-PB 

0.3 g 14 (mix of syn-Cl and anti-Cl) was dissolved in 0.5 mL dichloromethane and 

deoxygenated with N2 for 10 minutes. 2.1 mg (0.0024 mmol) Grubbs 2nd generation 

catalyst was dissolved in 4 mL dichloromethane and deoxygenated for 20 minutes. 1 mL 

of the Grubbs catalyst solution was transferred to the monomer solution via a syringe. 

The viscosity of the solution increased after 20 minutes and stir ceased quickly. 1 mL of 

dichloromethane was added to the solution to make the stir continue and the reaction 

was allowed to proceed for another 1 hour. The reaction was quenched with 1 mL of 

ethyl vinyl ether and stirred for 1 hour. The reaction was then precipitated in methanol, 
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redissolved in dichloromethane and reprecipitated in methanol and dried on a vacuum 

line. 1H-NMR (400 MHz, CDCl3) δ 5.47 (m, 2H), 2.13 (m, 4H), 1.70-1.25 (m, 6H); 19F-NMR 

δ -124.42 (d, 0.690F), -162.26 (d, 0.310F). 

 

1H-NMR (400 MHz, CDCl3) of gCFC-PB. 
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19F-NMR (376 MHz, CDCl3) of gCFC-PB. 

 

(1R,8S,9s,Z)-9-chloro-9-fluorobicyclo[6.1.0]non-4-ene  (14-syn) 

Solvolysis11 was conducted to selectively consume the anti-Cl gCFC-COD and to obtain 

pure syn-Cl gCFC-COD. The procedure is described as following. A 2-neck 100 mL 

round bottom flask was fitted with a condenser and a rubber septum. 2 g (11.5 mmol, 1 

eq) mixture of syn-Cl- and anti-Cl-gCFC-COD and 0.782 g (4.6 mmol, 0.4 eq) were 

dissolved in 50 mL ethanol. The solution was refluxed and 19F-NMR was used to 

monitor the reaction to make sure anti-Cl reactant is totally consumed. After ~2 hours, 

the reaction was quenched with ice water and ethanol was removed under reduced 
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pressure. The mixture was extracted with hexane (30 mL × 4) and the combined organic 

layers were washed with brine, filtered and dried with Na2SO4 (s). 1.2 g pure syn-Cl-

gCFC-COD was obtained after running a column chromatography with hexane as the 

eluent (isolation yield: 86%). 1H-NMR (400 MHz, CDCl3) δ 5.59 (m, 2H, olefin), 2.35 (m, 

2H), 2.06 (m, 4H), 1.81 (m, 2H), 1.75-1.60 (m, 2H); 19F-NMR (376 MHz, CDCl3) δ -123.61 

(t). 

 

1H-NMR (400 MHz, CDCl3) of 14-syn. 
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19F-NMR (376 MHz, CDCl3) of 14-syn. 

 

P9-syn, syn-Cl-gCFC-PB 

0.3 g 14-syn was dissolved in 0.5 mL dichloromethane and deoxygenated with N2 for 10 

minutes. 2.6 mg (0.0030 mmol) Grubbs 2nd generation catalyst was dissolved in 5 mL 

dichloromethane and deoxygenated for 20 minutes. 1 mL of the Grubbs catalyst solution 

was transferred to the monomer solution by a syringe. The viscosity of the solution 

increased after 20 minutes and stir ceased quickly. 1 mL of dichloromethane was added 

to the solution to make the stir continue and the reaction was allowed to proceed for 

another 1 hour. The reaction was quenched with 1 mL of ethyl vinyl ether and stirred for 
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1 hour. The reaction was then precipitated in methanol, redissolved in dichloromethane 

and reprecipitated in methanol and dried on a vacuum line. 1H-NMR (400 MHz, CDCl3) 

δ 5.46 (m, 2H), 2.30-2.00 (m, 4H), 1.60-1.30 (m, 6H); 19F-NMR (376 MHz, CDCl3) δ -124.40 

(t). Copolymer composition: 50% cis-syn-Cl-gCFC-PB, 50% 1,4-cis-PB. Mn = 203, 000, Mw = 

317, 000, PDI =1.56. 

 

1H-NMR (400 MHz, CDCl3) of syn-Cl-gCFC-PB. 
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19F-NMR (376 MHz, CDCl3) of syn-Cl-gCFC-PB. 

 

(Z)-9,9-dichlorobicyclo[6.1.0]non-2-ene (15) 

 

3.00 g (27.7 mmol) of cis,cis-1,3-cyclooctadiene (1,3-COD), 1.01 g (2.77 mmol) Cetyl 

trimethylammonium bromide (CTAB) and 6.60 g (55.4 mmol) chloroform were 

dissolved in 30 mL DCM and deoxygenated with N2 for 30 minutes. A deoxygenated 
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solution of 11.08 g NaOH (118 mmol ) in 20 mL deionized water was then added 

dropwise to the COD/CTAB/chloroform solution. The reaction was then allowed to 

proceed under N2 overnight. After 20 h of reaction, the product was washed 3 times 

with brine, dried with Na2SO4 (s), and concentrated to minimal volume by rotary 

evaporation. The product was isolated by vacuum distillation (2 torr, 70 ºC) and yielded 

2.3 g pure product (43%).  1H-NMR (400 MHz, CDCl3) δ 6.00 – 5.68 (m, 1H), 5.40 (dd, J = 

11.0, 1.7 Hz, 1H), 2.52 – 2.13 (m, 2H), 2.09 – 1.93 (m, 2H), 1.93 – 1.82 (m, 1H), 1.81 – 1.56 

(m, 3H), 1.50 – 1.33 (m, 1H), 1.29 – 1.14 (m, 1H); 13C-NMR (100 MHz, CDCl3) δ 136.64, 

120.25, 64.43, 35.16, 31.20, 29.60, 29.42, 25.29, 23.86. 

 

1H-NMR (400 MHz, CDCl3) of 15. 
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13C-NMR (100 MHz, CDCl3) of 15. 

 

P10, α-alkene-gDCC-polymer  

Cl Cl

Grubbs II

Cl Cl
Cl Cl

a
b

Cl Cl Cl Cl Cl Cl Cl Cl

c d

15 P10

 

 

0.15 g 15 (0.785 mmol) was added in a 1 mL scintillation vial. 0.5 mg (5.89 × 10-4 mmol) 

Grubbs second generation catalyst was added to the vial and allowed to stir overnight. 
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The viscosity of the solution increased over 30 min, at which point the stirring ceased 

quickly. 0.5 mL of DCM was added to the solution to allow the stirring to continue and 

the reaction was allowed to proceed overnight. After 24 h of stirring, the reaction was 

quenched with 1 mL of ethyl vinyl ether and stirred for an hour. The reaction was then 

precipitated in methanol, dissolved again in DCM, reprecipitated in methanol, and dried 

on a vacuum line. 1H-NMR (400 MHz, CDCl3) δ 5.75 (dd, J = 14.7, 7.1 Hz, 1H), 5.49 – 5.38 

(m, 0.1H), 5.12 (dd, J = 16.1, 8.7 Hz, 1H), 2.53 – 1.91 (m, 3H), 1.87 – 1.09 (m, 7H); 13C-NMR 

(100 MHz, CDCl3) δ 136.45, 135.57, 122.18, 121.32, 66.50, 66.02, 53.51, 50.41, 35.37, 35.00, 

34.96, 32.77, 32.74, 31.00, 28.91, 28.86, 27.92, 25.27, 25.23. GPC-MALS: Mn = 236, 000, PDI 

=1.56, dn/dc = 0.12 mL/g. The total content of head-to-head (c and d) is 5% (determined 

from the ratio of integration of the corresponding alkene peak (0.1) (5.49-5.38 ppm) to 

the integration of the total alkene peaks (2.1)); the E/Z ratio is 2.5 (see Figure S5), so a = 

0.68, b= 0.27, c + d = 0.05. The content of head to head is too low to be visible in the AFM 

force curve, thus for AFM data analysis, only a and b parts were taken into account. 
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1H-NMR (400 MHz, CDCl3) of P10. 
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13C-NMR (100 MHz, CDCl3) of 5. 

 

Assignment of 13C-NMR of P10. The E/Z ratio = C1E/C1Z = C2E/C2Z = C3E/C3Z = 2.5 ± 0.1. 

 

P11, epoxy-α-alkene-gDCC polymer 
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The E/Z ratio of the α-alkene was controlled by the reaction time. 

1) 30 min  

0.15 g 15 (0.785 mmol) and 0.058 g 1 (0.468 mmol) were added in a 1 mL scintillation 

vial. 0.5 mg (5.89 × 10-4 mmol) Grubbs second generation catalyst was added to the vial 

and allowed to stir. The viscosity of the solution increased over 30 min, at which point 

the stirring ceased quickly. The reaction was quenched with 1 mL of ethyl vinyl ether 

and stirred for an hour. The reaction was then precipitated in methanol, dissolved again 

in DCM, reprecipitated in methanol, and dried on a vacuum line. 1H-NMR (500 MHz, 

CDCl3) δ 5.93 – 5.61 (m, 1H), 5.58 – 5.26 (m, 2.5H), 5.25 – 4.88 (m, 1H), 3.14 – 2.69 (m, 

2.5H), 2.50 – 1.86 (m, 9H), 1.81 – 1.08 (m, 14H); 13C-NMR (125 MHz, CDCl3) δ 136.46, 

135.60, 135.41, 134.47, 131.10, 130.66, 130.08, 130.03, 129.54, 129.34, 128.76, 123.12, 122.31, 

122.18, 121.44, 66.57, 66.44, 66.10, 65.98, 56.93, 56.86, 56.83, 56.73, 56.66, 35.46, 35.40, 35.12, 

35.06, 32.85, 32.48, 31.08, 30.98, 30.18, 30.09, 29.72, 29.39, 29.22, 29.11, 28.97, 28.32, 28.22, 

28.14, 28.06, 27.97, 27.91, 27.85, 27.21, 25.66, 25.56, 25.44, 25.39, 24.50. GPC-MALS: Mn = 

213, 000, PDI =1.35, dn/dc = 0.120 mL/g. Polymer composition: c = 2.51 / (1.00 + 0.96 + 
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2.53) = 0.56, a + b = (1 + 0.96) / (1.00 + 0.96 + 2.53) = 0.44, a/b = 1.13, a = 0.23, b = 0.21 

(content of head-to-head: (2.53-2.51) / (1.00 + 0.96 + 2.53) = 0.004, which is negligible). 

 

1H-NMR (500 MHz, CDCl3) of P11 (E:Z = 1.1:1). 
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13C-NMR (125 MHz, CDCl3) of P11 (E:Z = 1.1:1). 

2) 24 h polymerization 

0.15 g 15 (0.785 mmol) and 0.058 g 1 (0.468 mmol) were added in a 1 mL scintillation 

vial. 0.5 mg (5.89 × 10-4 mmol) Grubbs second generation catalyst was added to the vial 

and allowed to stir. The viscosity of the solution increased over 30 min, at which point 

the stirring ceased quickly. 0.5 mL of DCM was added to the solution to allow the 

stirring to continue and the reaction was allowed to proceed overnight. After 24 h of 

stirring, the reaction was quenched with 1 mL of ethyl vinyl ether and stirred for an 

hour. The reaction was then precipitated in methanol, dissolved again in DCM, 

reprecipitated in methanol, and dried on a vacuum line. 1H-NMR (400 MHz, CDCl3) δ 
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5.89 – 5.65 (m, 1H), 5.59 – 5.31 (m, 1.3H), 5.26 – 4.96 (m, 1H), 3.11 – 2.79 (m, 1.2H), 2.55 – 

1.88 (m, 6H), 1.84 – 1.20 (m, 10H); 13C-NMR (100 MHz, CDCl3) δ 136.37, 135.47, 130.91, 

129.91, 129.36, 129.21, 122.90, 122.10, 121.24, 66.45, 66.32, 65.96, 65.84, 56.65, 56.60, 56.49, 

53.46, 35.29, 35.23, 34.96, 34.89, 32.66, 32.31, 30.91, 30.81, 29.91, 29.57, 29.53, 29.04, 28.78, 

28.03, 27.96, 27.89, 27.81, 27.68, 25.19, 24.32. GPC-MALS: Mn = 289, 000, PDI =1.59, dn/dc 

= 0.120 mL/g. Polymer composition: c = 1.23 / (1.00 + 0.98 + 1.30) = 0.38, a + b = (1 + 0.98) / 

(1.00 + 0.98 + 1.30) = 0.60, a/b = 2.3, a = 0.42, b = 0.18 (content of head-to-head: (1.30-1.23) / 

(1.00 + 0.98 + 1.30) = 0.02, which is negligible). 

 

1H-NMR (400 MHz, CDCl3) of P11 (E:Z = 2.3:1). 
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13C-NMR (100 MHz, CDCl3) of P11 (E:Z = 2.3:1). 
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Appendix B. Modeling of the Polymer Extension 

The detailed procedure of modeling of the contour lengths of the repeating units 

has been described previously.32 The modeling was performed using Spartan® software. 

The equilibrium conformers of the molecules were minimized at the semi-empirical 

AM1 level of theory. The end-to-end distance of the molecule was constrained until the 

bonding geometries were noticeably distorted. CoGEF (constrained geometry simulates 

external force) plots of energy vs. displacement were then obtained when contracting the 

constraint in 0.1 Å increments. A quadratic fit to the plots generates a function of energy 

vs. distance. The derivative of the energy-distance function gives force vs. distance 

function. The distance where the force extrapolates to zero was used as the contour 

length.  

 

Trans-BCB 
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Epoxide 
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Figure 34. Left) Energy vs. distance data obtained through CoGEF modeling of 
trans-BCB and the quadratic fit of the data. Right) Force-distance curve of trans-BCB 
obtained from the derivative of the energy vs. distance function. Contour length is 
obtained by extrapolating the force-distance curve to zero force, and determined 
here for trans-BCB to be 9.88 Å. 
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(E,E)-oQDM 
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Figure 35. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of epoxide repeating unit. Right) Force-distance curve of epoxide repeating 
unit obtained from the derivative of the energy vs. distance function. Contour length is 
obtained by extrapolating the force-distance curve to zero force, and determined here 
for epoxide repeating unit to be 9.25 Å. 

 



 

162 

 

(E,Z)-oQDM 
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Figure 36. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of (E,E)-oQDM. Right) Force-distance curve of (E,E)-oQDM obtained from 
the derivative of the energy vs. distance function. Contour length is obtained by 
extrapolating the force-distance curve to zero force, and determined here for (E,E)-
oQDM to be 11.30 Å. 
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cis-BCB 
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Figure 37. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of (E,Z)-oQDM. Right) Force-distance curve of (E,Z)-oQDM obtained from 
the derivative of the energy vs. distance function. Contour length is obtained by 
extrapolating the force-distance curve to zero force, and determined here for (E,Z)-
oQDM to be 10.12 Å. 
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 (E,E)-oQDM with ester linkage 
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Figure 38. Left) Quadratic fit of energy vs. distance data obtained through CoGEF 
modeling of cis-BCB Right) Force-distance curve of cis-BCB obtained from the 
derivative of the energy vs. distance function. Contour length is obtained by 
extrapolating the force-distance curve to zero force, and determined here for cis-
BCB to be 20.28 Å. 
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(E,Z)-oQDM with ester linkage 

   

 

 

23.0 23.5 24.0 24.5 25.0 25.5
0

20

40

60

80

100

120

140

160

180

E
n

e
rg

y 
(k

J/
m

o
l)

Distance (anstrom)

23.0 23.5 24.0 24.5 25.0 25.5

0

500

1000

1500

2000

F
o

rc
e

 (
p
N

)

Distance (anstrom)

 

Figure 39. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of (E,E)-oQDM. Right) Force-distance curve of (E,E)-oQDM obtained 
from the derivative of the energy vs. distance function. Contour length is obtained 
by extrapolating the force-distance curve to zero force, and determined here for 
(E,E)-oQDM to be 23.22 Å. 
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Cis-gDFC 
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Figure 40. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of (E,Z)-oQDM. Right) Force-distance curve of (E,Z)-oQDM obtained from 
the derivative of the energy vs. distance function. Contour length is obtained by 
extrapolating the force-distance curve to zero force, and determined here for (E,Z)-
oQDM to be 22.63 Å. 
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Trans-gDFC 
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Figure 41. Left) Quadratic fit of energy vs distance data obtained through CoGEF 

modeling of cis-gDFC diad. Right) Force-distance curve of cis-gDFC diad obtained 

from the derivative of the energy vs. distance function. Contour length is obtained by 

extrapolating the force-distance curve to zero force, and determined here for cis-gDFC 

diad to be 9.46 Å. So the contour length of each cis-gDFC repeating unit is 4.73 Å. 
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 gDFC diradical 

 

The diad of the s/trans, s/trans-1,3-diradical was built by fixing the bond angles of the 

diradical transition state of gDFC, which has been calculated previously.8 The contour 

9.8 10.0 10.2 10.4 10.6 10.8
-40

-30

-20

-10

0

10

20
E

n
e

rg
y 

(k
J/

m
o

l)

Distance (anstrom)

9.8 10.0 10.2 10.4 10.6 10.8
0

500

1000

1500

2000

F
o

rc
e

 (
p

N
)

Distance (anstrom)

 

Figure 42. Left) Quadratic fit of energy vs distance data obtained through CoGEF 

modeling of trans-gDFC diad. Right) Force-distance curve of trans-gDFC obtained 

from the derivative of the energy vs. distance function. Contour length is obtained by 

extrapolating the force-distance curve to zero force, and determined here for trans-

gDFC diad to be 9.82 Å. The contour length of each trans-gDFC repeating unit is thus 

4.91 Å. 
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length of the diad is measure to be 12.56 Å and thus the contour length of each repeating 

unit is 6.28 Å. 

The coordinates of the transition state are 

C    1.467492    -0.391956    -0.530077 

C    0.174441    -0.159648   0.126682 

C    0.276730    -0.106523   1.590919  

F    -0.742669    -1.143533    -0.252074 

F    -0.403108    1.016197    -0.359522 

H    2.361606     -0.588203   0.043212 

H   1.507213    -0.431610    -1.610474 

H    -0.621953   0.043630    2.174213 

H    1.234147    -0.148302     2.089134 

 

Cis-gDCC 
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Trans-gDCC 
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Figure 43. Left) Quadratic fit of energy vs distance data obtained through CoGEF 

modeling of cis-gDCC diad. Right) Force-distance curve of cis-gDCC obtained from 

the derivative of the energy vs. distance function. Contour length is obtained by 

extrapolating the force-distance curve to zero force, and determined here for cis-

gDCC diad to be 9.50 Å. The contour length of each cis-gDCC repeating unit is thus 

4.75 Å. 
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Z isomer of 2,3-dichloroalkene 
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Figure 44. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of trans-gDCC diad. Right) Force-distance curve of trans-gDCC obtained 
from the derivative of the energy vs. distance function. Contour length is obtained by 
extrapolating the force-distance curve to zero force, and determined here for trans-
gDCC diad to be 9.94 Å. The contour length of each trans-gDCC repeating unit is thus 
4.97 Å. 
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E isomer of 2,3-dichloroalkene 
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Figure 45. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of the Z isomer of 2,3-dichloroalkene diad. Right) Force-distance curve of the Z 
isomer of 2,3-dichloroalkene diad obtained from the derivative of the energy vs. distance 
function. Contour length is obtained by extrapolating the force-distance curve to zero 
force, and determined here for Z isomer of 2,3-dichloroalkene diad to be 12.28 Å. The 
contour length of each Z isomer of 1,3-dichloroalkene repeating unit is thus 6.14 Å. 
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The backbone effect of trans-BCB 

Note that the cis-BCB and trans-BCB were made with different backbones 

(mainly because of the convenience of synthesis), it is necessary to test how much the 

backbone effect influences the mechanochemical reactivity. The activation length of 

trans-BCB with both backbones were modelled. 
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Figure 46. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of the E isomer of 2,3-dichloroalkene diad. Right) Force-distance curve of the 
E isomer of 2,3-dichloroalkene diad obtained from the derivative of the energy vs. 
distance function. Contour length is obtained by extrapolating the force-distance curve 
to zero force, and determined here for E isomer of 2,3-dichloroalkene diad to be 11.68 
Å. The contour length of each E isomer of 2,3-dichloroalkene repeating unit is thus 5.84 
Å. 
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Figure 47. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of trans-BCB ground state with the polybutadiene backbone. Right) Force-
distance curve of trans-BCB ground state with the polybutadiene backbone obtained 
from the derivative of the energy vs. distance function. Contour length is obtained by 
extrapolating the force-distance curve to zero force, and determined here for trans-BCB 
ground state with polybuadiene backbone to be 9.84 Å. 
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Δxǂtrans-BCB (PB backbone) = 10.82 Å – 9.88 Å = 0.94 Å. 
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Figure 48. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of of trans-BCB disrotatory ring opening transition state with the 
polybutadiene backbone. Right) Force-distance curve obtained from the derivative of 
the energy vs. distance function. Contour length is obtained by extrapolating the force-
distance curve to zero force, and determined here for trans-BCB disrotatory ring 
opening transition state with the polybutadiene backbone to be 10.82 Å. 
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Figure 49. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of trans-BCB ground state with the ester backbone. Right) Force-distance 
curve of trans-BCB ground state with the ester backbone obtained from the derivative of 
the energy vs. distance function. Contour length is obtained by extrapolating the force-
distance curve to zero force, and determined here for trans-BCB ground state with ester 
backbone to be 22.07 Å. 
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Δxǂtrans-BCB (ester backbone) = 22.97 Å – 22.07 Å = 0.90 Å. 

The activation lengths of trans-BCB with the two different backbones are close (0.94 Å 

vs. 0.90 Å ), so the backbone effect here is negligible.  
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Figure 50. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of of trans-BCB disrotatory ring opening transition state with the ester 
backbone. Right) Force-distance curve obtained from the derivative of the energy vs. 
distance function. Contour length is obtained by extrapolating the force-distance 
curve to zero force, and determined here for trans-BCB disrotatory ring opening 
transition state with the ester backbone to be 22.97 Å. 
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2,3-dichloroalkene (conjugated with α-alkene) 
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Figure 51. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of E-alkene-gDCC. Right) Force-distance curve of E-alkene-gDCC obtained 
from the derivative of the energy vs. distance function. Contour length is obtained by 
extrapolating the force-distance curve to zero force, and determined here for E-
alkene-gDCC to be 9.32 Å. 
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2,3-dichloroalkene (not conjugated with α-alkene) 
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Figure 52. . Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of E-alkene-2,3-dichloroalkene (conjugated). Right) Force-distance curve 
of E-alkene-2,3-dichloroalkene (conjugated) obtained from the derivative of the 
energy vs. distance function. Contour length is obtained by extrapolating the force-
distance curve to zero force, and determined here for E-alkene-2,3-dichloroalkene 
(conjugated) to be 10.95 Å. 
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Z-alkene-gDCC 
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Figure 53. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of E-alkene-2,3-dichloroalkene (non-conjugated). Right) Force-distance 
curve of E-alkene-2,3-dichloroalkene (non-conjugated) obtained from the 
derivative of the energy vs. distance function. Contour length is obtained by 
extrapolating the force-distance curve to zero force, and determined here for E-
alkene-2,3-dichloroalkene (non-conjugated) to be 10.96 Å. 
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Figure 54. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of Z-alkene-gDCC. Right) Force-distance curve of Z-alkene-gDCC 
obtained from the derivative of the energy vs. distance function. Contour length is 
obtained by extrapolating the force-distance curve to zero force, and determined 
here for Z-alkene-gDCC to be 9.31 Å. 
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Figure 55. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of Z-alkene-2,3-dichloroalkene (conjugated). Right) Force-distance curve 
of Z-alkene-2,3-dichloroalkene (conjugated) obtained from the derivative of the 
energy vs. distance function. Contour length is obtained by extrapolating the force-
distance curve to zero force, and determined here for Z-alkene-2,3-dichloroalkene 
(conjugated) to be 10.61 Å. 
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Figure 56. Left) Quadratic fit of energy vs distance data obtained through CoGEF 
modeling of Z-alkene-2,3-dichloroalkene (non-conjugated). Right) Force-distance 
curve of Z-alkene-2,3-dichloroalkene (non-conjugated) obtained from the derivative 
of the energy vs. distance function. Contour length is obtained by extrapolating the 
force-distance curve to zero force, and determined here for Z-alkene-2,3-
dichloroalkene (non-conjugated) to be 10.60 Å. 



 

184 

Appendix C. Extension at the Plateaus of Force Curves 

To obtain the relative extension at the plateaus, the contour lengths of the polymers 

before transition and after transition were determined by fitting the pre- and post- 

transition force curves to an extended freely jointed chain (FJC) model as described 

previously.32 
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Figure 57. FJC Fitting of the force curve of P1a. From the fitting, L2/L1 = 252.4 nm / 237.0 
nm = 1.065. The molar ratio of trans-BCB to epoxide is 45:55, so L1 (model) = 0.45 × 9.88 Å + 
0.55 × 9.25 Å = 9.53 Å, L2 (model) = 0.45 × 11.30 Å + 0.55 × 9.25 Å = 10.17 Å.  L2 (model) / L1 
(model) = 1.067. 
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Figure 58. FJC Fitting of the force curve of P2. From the fitting, L2/L1 = 419.85 nm / 386.43 
nm = 1.086. The molar ratio of cis-BCB to epoxide is 41.2:58.8, so L1 (model) = 0.412 × 
20.28 Å + 0.588 × 9.25 Å = 13.79 Å, L2 (model, dis) = 0.412 × 23.22 Å + 0.588 × 9.25 Å = 
15.01 Å, L2 (model, con) = 0.412 × 21.97 Å + 0.588 × 9.25 Å = 14.49 Å.  L2 (model, dis) / L1 

(model) = 1.088; L2 (model, con) / L1 (model) = 1.051. So the extension at the plateau 
matches the theoretical extension of disrotatory ring opening, in which (E,E)-oQDM is 
formed. The conrotatory ring opening is not consistent with the extension at the plateau. 
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Figure 59. FJC Fitting of the force curve of P3. From the fitting, L2/L1 = 238.6 nm / 204.4 
nm = 1.167, so %extension = 16.7. The content of cis-gDFC is 51.6%, so from modeling, 
%extension = 51.6% × (Ldiradial/Lcis-gDFC-1) = 51.6% × (6.28 Å /4.73 Å -1) = 16.9%. 
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Figure 60. FJC Fitting of the force curve of P4. From the fitting, L2/L1 = 228.1 nm / 209.6 nm 
= 1.088, so %extension = 8.8. The content of trans-gDFC is 33.3%, so from modeling, 
%extension = 33.3 × (Ldiradial/Ltrans-gDFC-1) = 33.3 × (6.28 Å /4.91 Å -1) = 9.3. 
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Figure 61. FJC Fitting of the force curve of P7a. From the fitting, L2/L1 = 738.8 nm / 
685.2 nm = 1.078, so %extension = 7.8. The content of trans-gDCC is 33.3%, from 
modeling, %extensionZ-isomer= 33.3 × (LZ-isomer/Ltrans-gDCC-1) = 33.3 × (6.14 Å /4.97 Å -1) = 
7.8; however, %extensionE-isomer = 33.3 × (LE-isomer/Ltrans-gDCC-1) = 33.3 × (5.84 Å /4.97 Å -1) = 
5.8. The extension at the plateau indicates that only Z isomer was formed. 
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Appendix D. Kinetics from Force Curve Fitting  

The detailed derivative process of the fitting functions have been described in 

details previously.28  The plateau part of the force curves were fit using a recursive 

scheme: 

Fi+1 = Fi + (li+1-li) / l’(Fi) 

Here indexes i and i+1 in the subscripts refer to two sequential force-distance 

points, l is the length of the polymer and F is the force applied on the polymer. At the 

low and high elongations the stretching force can be calculated using polymer elasticity 

models: 

 

Where 

 

kc is the spring constant of a cantilever force sensor,  v is the tip velocity, a is the 

Kuhn length, γ is the ratio of the polymer length before and after the transition for units 

that undergo the transition,  Lmax is the contour length after all units undergo transition, 

α is the fraction of non-breaking units, L is a normalized function that provides entropic 

part of polymer response to the external force (e.g. Langevin function in the freely-
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jointed chain model), kD(F) is the dissociation rate constant under force. Here the 

following notations are used: 

kM21 = kM2/ kM1 

kM23 = kM2/ kM3 

φ1 = F(1 / kM2 – γ / kM1) + a(1 – γ ) L(F) 

φ2 = Lmax (F(1- α (1-kM23)) + a kM2L(F)) – akM2l(F) 

where kM1, kM2, and kM3 are the spring constants of a Kuhn units before the transition, 

after the transition and with no transition, respectively.   

Different models can be used to deal with kD(F). The cusp model45 was found to fit well 

to the force-relationship of the gem-dihalocyclopropane (gDHC) system. The function is 

shown as following: 

 

∆�‡ is the force-free activation energy. Compared to Bell-Evans theory,38-40 the cusp 

model adds to the influence of the force on the locations of reactants (in a cusp surface, 

the location of the transition state is independent of the force). The susceptibility of the 

reactant location to the force leads to a change in the activation length, in a way similar 

to the compliance described in Boulatov’s Taylor expansion41 and Makarov’s Extended 

Bell theory (EBT),42 which matches well with the results predicted by comprehensive 

electronic structural calculations. For EBT, the correction term to Bell’s theory is 1/2F2(λ0 
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- λ‡), where λ0 and λ‡ are the compliances of the ground state and the transition state, 

respectively. For a cusp surface, the correction term to Bell’s theory is 1/2F2(∆�‡)2/(2∆�‡), 

since U0(x) = ∆G‡(x/x‡)2 for (x<x‡), and -∞ for (x≥x‡),  λ0 = (∆�‡)2/(2∆�‡) and λ‡ =0. So if the 

potential surface of a reaction is cusp-like, using the cusp model is equivalent to 

applying EBT. 

While not an exact fit, the cusp model does a reasonable job of capturing the true form of 

kD(F) for the gDHC electrocyclic ring opening reactions, as reflected in compliances 

calculated previously by Boulatov.90  

  λ0 = 1.4 Å nN-1, λ‡ = 1.0 Å nN-1, λ0 - λ‡ = 0.4 Å nN-1. (EBT) 

∆�‡ = 1.14 Å, ∆�‡ = 32 kcal mol-1, (∆�‡)2/(2∆�‡) = 0.3 Å nN-1. (cusp)  

The compliance term of cusp model is only ~75% of that of the EBT model; however, the 

original deviation between the activation lengths obtained from cusp and Bell’s model is 

small (~0.2 Å).12 The activation length obtained from cusp and EBT will be within a 

difference of 0.05 Å, which is within the experimental errors.32 We note that the cusp 

model actually underestimates the differential compliance, and so any error introduced 

by using the cusp model is small relative to assuming classical Bell's model behavior for 

these systems.   
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Figure 62. Cusp fitting of a representative force curve of P3 (cis-gDFC). F* = 1340 pN, 
ΔGǂ = 40.6 kcal/mol, Δxǂ = 1.50 Ǻ. 
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Figure 63. Cusp fitting of a representative force curve of P4 (trans-gDFC). F* = 1860 
pN, ΔGǂ = 44.8 kcal/mol, Δxǂ = 1.39 Ǻ. 
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Figure 64. Cusp fitting of a representative force curve of P7 (trans-gDCC). F* = 2240 pN, 
ΔGǂ = 38.1 kcal/mol, Δxǂ = 0.85 Ǻ. 
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Appendix E. Calculations of the Transition States’ 
Geometry 

The geometries of the stationary points of were optimized using the density 

functional B3LYP with the 6-31G(d) basis set. The transition states were located using 

Synchronous Transit-guided Quasi-Newton (STQN) method85 in Gaussian 09116 and 

were verified by frequency analysis. The intrinsic reaction coordinate (IRC) was 

followed from the transition states toward both reactants and products. 

The coordinates for the transition state of the disrotatory ring opening of cis-gDCC  

C 1.1495440 0.3294780 -0.9782850 

C -1.1010210 0.4477080 -0.9790380 

C 0.0112950 0.1488280 -0.1776930 

Cl -0.1289590 -2.2275790 0.0716430 

Cl 0.0409520 0.7266200 1.4813430 

C -2.3166170 1.1910890 -0.5733180 

H -1.0762380 0.0191880 -1.9756330 

H -2.1312990 1.8821600 0.2523200 

H -3.0605250 0.4564250 -0.2215990 

H -2.7613770 1.7221850 -1.4203160 

C 2.4372690 0.9387890 -0.5712460 

H 1.0806920 -0.0939550 -1.9750210 
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H 2.3267480 1.6440040 0.2558570 

H 2.9354360 1.4218820 -1.4172980 

H 3.0998530 0.1290560 -0.2215860 

 

The coordinates for the transition state of the disrotatory ring opening of trans-gDCC 

C 0.8239860 -1.1082600 -0.8206990 

C -0.4472290 -0.7323160 1.0189800 

C -0.1011240 -0.2217670 -0.2360150 

Cl 1.0465450 1.7342190 0.5337010 

Cl -1.3722100 0.3925300 -1.2855580 

C -1.8076750 -0.8159440 1.5992560 

H 0.3848280 -1.0706920 1.6254880 

H -2.5890600 -0.8367020 0.8359480 

H -1.9647770 0.0956440 2.1992810 

H -1.9059340 -1.6718830 2.2734440 

C 2.1250250 -1.5184110 -0.2274170 

H 0.6061110 -1.4390490 -1.8343670 

H 2.9135600 -1.2623590 -0.9497380 

H 2.1885460 -2.6040440 -0.0723930 

H 2.3451290 -0.9854640 0.6992890 
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The coordinates for the transition state of the conrotatory ring opening of trans-BCB 

C 2.4479710 -0.7064410 -0.0626290 

C 2.4479710 0.7064400 0.0626290 

C 1.2656450 1.4304680 0.0801240 

C 0.0616140 0.7065190 -0.0574960 

C 0.0616130 -0.7065200 0.0574950 

C 1.2656440 -1.4304700 -0.0801240 

C -1.2822250 1.0942520 -0.3638790 

C -1.2822260 -1.0942520 0.3638790 

C -1.9300270 -2.3798900 -0.0696920 

C -1.9300230 2.3798930 0.0696920 

H 3.4001000 -1.2295640 -0.1045240 

H 3.4001010 1.2295630 0.1045240 

H 1.2776790 2.5176110 0.1073500 

H 1.2776770 -2.5176130 -0.1073500 

H -1.7164460 0.6278560 -1.2413380 

H -1.7164460 -0.6278540 1.2413380 

H -1.8570120 -3.1533920 0.7117350 

H -3.0016320 -2.2338930 -0.2559550 
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H -1.4805690 -2.7801030 -0.9847390 

H -1.8569790 3.1534040 -0.7117230 

H -3.0016340 2.2339060 0.2559260 

H -1.4805840 2.7800900 0.9847560 

The coordinates for the transition state of the ring opening of E-alkene-gDCC (towards 

conjugated product) 

C 0.6140970 0.0889090 0.6358720 

C -0.6993690 -0.0896940 0.1181820 

C -1.4224440 -0.7777800 1.1045890 

Cl -1.6411070 2.0340010 0.0614620 

Cl -0.8569010 -0.6387200 -1.5535020 

C 1.8433380 -0.1415320 -0.0334340 

C -2.3998140 -1.8738860 0.8945870 

C 3.0418630 0.0736410 0.5715200 

C 4.3714980 -0.0968070 -0.0811340 

H 0.6536560 0.4612200 1.6551390 

H -1.3041810 -0.3896930 2.1112500 

H 1.8133350 -0.4767660 -1.0666620 

H -2.1624220 -2.4844530 0.0194140 

H -2.4835590 -2.5084080 1.7817780 
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H -3.3915850 -1.4260210 0.7140330 

H 3.0476410 0.4131540 1.6079320 

H 4.2806050 -0.4465900 -1.1135600 

H 4.9259270 0.8522090 -0.0837260 

H 4.9917010 -0.8115270 0.4779910 

 

The coordinates for the transition state of the ring opening of E-alkene-gDCC (towards 

non-conjugated product) 

C -0.6141010 0.0890570 -0.6357260 

C 0.6993500 -0.0897240 -0.1180710 

C 1.4221980 -0.7779870 -1.1045430 

Cl 1.6416110 2.0338220 -0.0616780 

Cl 0.8567850 -0.6385690 1.5536530 

C -1.8433720 -0.1413030 0.0335300 

C 2.3993560 -1.8742580 -0.8946310 

C -3.0418600 0.0738070 -0.5715250 

H -0.6536810 0.4613220 -1.6550090 

H 1.3039460 -0.3898870 -2.1111980 

H -1.8134360 -0.4764380 1.0667940 

H 2.1624530 -2.4842560 -0.0189410 
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H 2.4823290 -2.5092610 -1.7815510 

H 3.3913880 -1.4265430 -0.7150700 

C -4.3715380 -0.0966150 0.0810400 

H -4.2807130 -0.4462150 1.1135330 

H -4.9260300 0.8523620 0.0834210 

H -4.9916410 -0.8114700 -0.4780190 

H -3.0475590 0.4132220 -1.6079690 

 

The coordinates for the transition state of the ring opening of Z-alkene-gDCC (towards 

conjugated product) 

C -0.7975740 -0.0093910 0.2583730 

C 0.6114420 -0.0906210 0.0712290 

C 1.1428500 -0.5935460 1.2687920 

Cl 1.3670980 2.1106410 0.0071940 

Cl 1.2108320 -0.7661430 -1.4453710 

C -1.8018980 -0.4524980 -0.6401210 

C 2.2274760 -1.5946890 1.4143380 

C -3.1431900 -0.3475880 -0.4216500 

C -3.8473370 0.2197790 0.7668260 

H -1.0935860 0.4607440 1.1889460 
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H 0.7624970 -0.1233670 2.1699240 

H -1.4692420 -0.8876330 -1.5774920 

H 3.1931270 -1.0615230 1.4185260 

H 2.1477610 -2.1336090 2.3630610 

H 2.2580370 -2.3028100 0.5822640 

H -3.7956330 -0.7051710 -1.2173160 

H -3.1759010 0.5365700 1.5678330 

H -4.4511360 1.0880160 0.4683030 

H -4.5513450 -0.5163640 1.1782310 

The coordinates for the transition state of the ring opening of Z-alkene-gDCC (towards 

non conjugated product) 

C 0.7976130 -0.0088620 0.2579130 

C -0.6114390 -0.0904500 0.0712350 

C -1.1422800 -0.5935630 1.2690300 

Cl -1.3676930 2.1106290 0.0074990 

Cl -1.2112190 -0.7662870 -1.4450910 

C 1.8019910 -0.4519750 -0.6406030 

C -2.2262710 -1.5954800 1.4143270 

C 3.1432650 -0.3472130 -0.4219960 

C 3.8473100 0.2197470 0.7667310 
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H 1.0937410 0.4614070 1.1883870 

H -0.7619440 -0.1232290 2.1700820 

H 1.4693560 -0.8869300 -1.5780640 

H -2.2516620 -2.3077470 0.5855400 

H -2.1503140 -2.1297350 2.3659320 

H -3.1927840 -1.0639020 1.4107340 

H 3.7957640 -0.7046180 -1.2176960 

H 4.5507820 -0.5167930 1.1783520 

H 4.4516850 1.0876640 0.4684510 

H 3.1757520 0.5368440 1.5675220 
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