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Empowering mechanochemistry with multi-mechanophore 

polymer architectures   

Brandon H. Bowser and Stephen L. Craig* 

 

The development of multi-mechanophore polymers (MMPs) has empowered new methodologies for 

observing, quantifying, and exploiting mechanochemical transformations. For example, techniques 

such as single molecule force spectroscopy and pulsed ultrasound can be used to induce and observe 

up to hundreds of chemical reactions within a single polymer, enabling mechanistic insights into 

mechanochemical reactivity. At the same time, MMPs allow for the substantial mechanochemical 

remodeling of polymers and associated change in material properties. This minireview presents 

synthetic approaches that have been used to make MMPs, methods that have been developed to 

probe and characterize their reactivity, and changes in properties that have been observed through 

their mechanochemical response. 

1. Introduction 

 In recent years, the molecular-level engineering of force-

reactive functional units (mechanophores) has become an 

attractive route for creating new stress-responsive polymeric 

materials.1 The basis for this approach comes from the 

observation that distributed forces within polymer materials 

can lead to covalent bond scission of overstressed subchains.2 

The careful design and placement of mechanophores within 

the overstressed regions within polymers has led to the 

creation of polymers that are capable of a wide range of 

constructive responses to mechanical stimuli, such as 

mechanochromism,3 stress-strengthening,4 and small-

molecule release.5 In addition to providing access to new types 

of materials, the mechanophore strategy has been used to 

trap force-free transition state and high energy intermediate 

structures and bias chemical reactions down their classically 

forbidden pathways.6-8 This allows for the characterization of 

reaction dynamics and products that are less accessible by 

traditional means. Understanding the force-coupled reactivity 

of these mechanophores also provides the opportunity for 

gaining fundamental insights of how force is distributed within 

polymer networks and other macromolecular structures. 

These and other advancements in polymer mechanochemistry 

are of great interest to both materials scientists and synthetic 

chemists alike. 

Central to the success of the mechanophore approach is 

the ability to embed the force-responsive functional group of 

interest within a polymer chain such that it will experience 

adequate force for activation.9 To date, the most widely  

 

 

Fig. 1 a) Cartoon sketch of a chain-centered mechanophore polymer. b) Cartoon sketch 

of a multi-mechanophore polymer. Having multiple mechanophores along the polymer 

backbone allows for enhanced quantification methods such as SMFS (left) and the rapid 

remodeling of polymer architectures (right). Adapted with permission from refs. 37 and 

39. Copyright (2010 and 2012) American Chemical Society. 
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employed strategy for that purpose involves the synthesis of 

chain-centered mechanophores (Fig. 1a), in which a single 

mechanophore is embedded in the central portion of a linear 

polymer strand.10 One motivation for this strategy is that the 

primary tool for screening new mechanophores is pulsed 

ultrasound, a technique that generates the greatest amount of 

force at or near the center of polymer strands.11 In addition, it 

has become quite easy to synthesize high molecular weight, 

mechanophore-centered polymers via living/controlled radical 

polymerization (CRP) methods.12-14 There are, however, 

several drawbacks to the single mechanophore architecture 

that limit its utility for applications in stress-responsive 

mechanical properties or for probing reaction mechanisms. 

Chief among these is the low mechanophore content, which 

makes it more challenging to quantify reactivity and 

characterize mechanically generated products.15 It is also more 

difficult to produce meaningful changes in polymer properties 

if at most only one very small fraction of the polymer strand 

(~0.1 - 1.0%) is responding to the mechanical input.  

Another challenge with the single chain-centered approach 

is the difficulty of precisely controlling the position of the 

mechanophore in the middle portion of the chain. This was 

demonstrated recently by Kean et al., who used a coumarin 

dimer probe to show how even fairly narrow molecular weight 

distributions of mechanophore-bearing polymers synthesized 

by CRP can affect the probability of chain-centered 

mechanophore activation.16 Although qualitative successes 

have been realized by comparative kinetics studies,17, 18 this 

lack of fidelity in mechanophore placement potentially 

compromises the usefulness of single-mechanophore 

polymers for quantitative analysis of sonicated polymers.  

Lastly, even as the force distribution along linear polymer 

backbones during pulsed ultrasound becomes better 

understood (although many questions remain),11, 19-27 it is 

often difficult to know a priori where the areas of localized 

stress will be for other types of materials and for other 

methods of mechanical input.28-30 If a certain macromolecular 

architecture channels force to regions other than the center of 

the chain, then a chain-centered mechanophore that is highly 

reactive in pulsed ultrasound might remain mechanically 

inactive simply because it is in the wrong place to couple to 

the applied tension.       

The aforementioned challenges have led to the 

development of a multi-mechanophore strategy (Fig. 1b) for 

creating mechanophore-rich polymer architectures, which is 

the focus of this mini-review. The chain-centered 

mechanophore approach was the first to be widely adopted 

and has historically been the most popular. Recently, however, 

more groups are beginning to use multi-mechanophore 

containing polymers (MMPs), and thus the advantages of 

MMPs are emerging. The purpose of this mini-review is to 

summarize: 1) the considerations for designing MMPs and 

useful synthetic methods for their production, 2) the methods 

that have been enabled by MMPs, and 3) the new types of 

stress-responsive materials that are possible because of 

MMPs. General considerations about mechanochemical 

coupling, including the role of loading/strain rate and influence 

of molecular structure on the mechanical susceptibility of a 

reaction, are alluded to in passing but not discussed in detail 

here. We focus on recent developments within our own lab, 

but other work will be highlighted where appropriate. We 

begin by discussing some general approaches and 

considerations for synthesizing MMPs.  

2. Synthesis of MMPs 

There are several key considerations that should be taken into 

account when designing the synthesis of MMPs. Having the 

functional group of interest (mechanophore) coupled to the 

polymer backbone is of central importance, because the 

backbone is the vehicle through which force is channeled to 

the mechanophore.31 Methods that would decouple the 

functional group from the backbone, such as radical addition 

of functionalized acrylates or other olefins, are therefore 

typically ineffective for making useful MMPs. Techniques that 

allow for a wide range of chemical functionalities along the 

polymer backbone are advantageous, such as the 

polymerization of macrocylic monomers.32 Because force 

Fig. 2 Cartoon representations of the reported approaches for synthesizing MMPs: a) post-polymerization modification, b) polycondensation, with optional chain 

extension by CRP, and c) ring-closing metathesis followed by entropy driven ROMP.

Page 2 of 12Polymer Chemistry



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

transduction occurs through the polymer backbone, 

considering the structural identity of the backbone and the 

relative position of the mechanophore along the backbone is 

crucial. It is also important to know the strength (mechanical 

as well as thermodynamic33) of the bonds that comprise the 

polymer backbone, as these bonds could compete with the 

mechanical reactivity of the mechanophore. Lastly, the 

molecular weight and polydispersity of MMPs can influence 

their mechanical reactivity, so these characteristics should be 

considered. In this section, we present three popular 

approaches for the synthesis of MMPs, summarized in Fig. 2: 

post-polymerization modification (Fig. 2a), step-growth 

polymerization (Fig. 2b), and entropy driven ring-opening 

metathesis polymerization (ED-ROMP) (Fig. 2c). 

 

2.1. Post-polymerization modification 

The first reported MMPs were synthesized via the post-

polymerization modification of commercially available 

polymers (Fig. 2a). Lenhardt et al. incorporated multiple gem-

dichlorocyclopropanes (gDCCs) along the backbone of cis-

polybutadiene by reacting the butadiene polymer with 

aqueous NaOH in CHCl3 under phase-transfer conditions, 

resulting in a gDCC-PB copolymer through dichlorocarbene 

addition to the nascent backbone alkenes.20 This approach of 

modifying polybutadiene backbones was then extended to 

other gem-dihalocyclopropanes (gDHC).8, 28, 34-39 Advantages in 

this particular example stem from the use of commercially 

available polymers that are available in high molecular weights 

and very low dispersities, and a relative inexpensive and 

scalable post-polymerization reaction. The method also allows 

for extremely high mechanophore content. For example, Wu 

et al. synthesized gem-dibromocycloproane (gDBC)-containing 

polymers with >98% mechanophore content.39 The post-

polymerization approach requires the presence of functional 

groups along the polymer backbone that can be chemically 

transformed into a mechanophore of interest. Thus far, only 

gDHC mechanophores have been incorporated into MMPs in 

this manner, with polybutadiene as the dominant backbone of 

choice. It should be possible, however, to synthesize more 

diverse architectures via post-polymerization modification by 

adding to other types of functional groups, such as other 

alkenes or alkynes. Klukovich et al., for example, were able to 

modify a polynorbornene backbone with different gDHCs in 

order to quantify the importance of backbone structure on 

mechanochemical activation.36 Another consideration in using 

post-polymerization modification is that an abundance of 

reactive groups along a polymer strand often limits polymer 

stability. For example, the lingering olefins along a 

polybutadiene backbone are susceptible to crosslinking. 

Finally, backbones rich in other types of reactive functional 

groups are rare for the same reasons that backbones rich in 

mechanophores are rare – many highly effective 

polymerization strategies (including CRP) are not compatible 

with their synthesis.  

 

2.2. Step-growth polymerization  

A general strategy for building functional groups along 

polymer backbones includes step-growth polymerization 

methods, such as polycondensation, in which the necessary 

reactive groups can be appended to both sides of a functional 

monomer.  For example, a wide range of mechanophore-rich 

polyesters have been synthesized by functionalizing the stress-

responsive monomer with reactive “handles” (-OH or -COOH 

terminated) for condensation reactions.40, 41 One of the 

challenges with this method is the need to synthesize 

polymers of sufficiently high molecular weights, because the 

extent of mechanical activation often depends on the 

molecular weight or contour length of the polymer.42 Using 

methodology reported by Moore and Stupp,43  Kean et al. 

were able to use carbodiimide mediated polyesterification to 

generate high-molecular weight polyesters (>150 kDa) bearing 

multiple cyclobutane mechanophores.44 When desired 

molecular weights cannot be achieved through step-growth 

methods alone, macromonomers can be extended through 

conventional chain growth polymerization. For example, the 

ends of polycondensation polymers can be functionalized with 

bromoisobutyrate initiators, from which chain extension under 

single-electron transfer living radical polymerization 

conditions12 gives acrylate-polyester-acrylate triblock 

copolymers with a mechanophore-rich central block (Fig. 2b).40 

This method is particularly attractive because the central block 

of linear polymers is often the site of greatest activity, 

especially in sonicated polymers where forces tend to 

accumulate around the center of the chain.45, 46 Though not 

discussed further here, it should be noted that step-growth 

methods can also be used to generate polyurethane-based 

MMPs.47, 48 

Other drawbacks of step-growth methods are the standard 

issues with any step-growth polymerization: the need for high 

conversion and long reaction times.49 Additionally, it is 

sometimes desirable to construct polymers where the 

mechanophores are closely connected to one another without 

a linker between them,38 which would require the synthesis of 

monomers with multiple mechanophores already present in 

each.  

 

2.3. ED-ROMP   

Advances in various ring-opening polymerizations, such as 

ring-opening metathesis polymerization (ROMP),50 have 

offered an attractive route for incorporating main-chain 

functionality in polymers.51-54 Due to the functional group 

tolerance of Grubb’s ruthenium-based catalysts, ROMP has 

proven to be a successful means for generating a variety of 

MMPs. ED-ROMP has been particularly useful in this regard 

(Fig. 2c),32, 55 especially considering the variety of methods 

available for synthesizing the macrocylic monomers, such as 

ring-closing metathesis (RCM) of terminal alkenes56 or the 

chemical modification of other macrocycles.57 It is important 

to carefully consider the size of the macrocycle and the 

reaction conditions (catalyst, solvent, concentrations, etc.), as 

these factors influence the complex ring-chain equilibria and 

therefore the success of the polymerization.32 Given the fast 
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initiating properties of modern, commercially available 

catalysts (e.g. Grubbs 2nd generation), mechanophore-rich, 

high-molecular weight polymers can even be synthesized, 

characterized, and tested all in a single day. This method also 

provides an easy way to embed multiple functionalities along 

the polymer backbone in a random and quantitative manner. 

Further, ROMP only requires a single monomer and catalyst, so 

extremely high mechanophore content can be achieved. 

Similar to the post-polymerization of polybutadiene, the 

residual olefins are a potential problem with this method, 

especially if not all unreacted catalyst is properly removed.58  

3. MMPs empowering mechanochemical 

methodology 

The synthetic effort required to produce multi-mechanophore 

polymers is often rewarded in improved functionality. For 

example, having multiple mechanophores that can react in a 

single polymer strand allows for easier detection of 

mechanically triggered events, making more quantitative 

analyses possible. Quantifying reactivity with the single-

mechanophore approach is more challenging primarily due to 

a lack of information. One common approach, for example, is 

to infer the mechanochemical reactivity of scissile 

mechanophores from the rate of polymer chain scission in 

pulsed sonication experiments.17 Although this appears to be 

straightforward and can be informative, there are a variety of 

factors that impact reactivity and could potentially skew the 

interpretation of the molecular weight data, such as the initial 

molecular weight and the position of the mechanophore along 

the backbone (dispersity of the half-strands on either side).16, 

59 As a result, successful studies typically require a series of 

experiments that span a range of initial molecular weights. 

Because multiple mechanochemical transformations occur 

within a single polymer, MMPs have empowered two 

techniques for quantifying mechanochemistry: single-molecule 

force spectroscopy (SMFS) and pulsed ultrasound. In this 

section, we highlight how these quantitative analyses have 

allowed us to: 1) probe the fundamental (mechano)chemistry 

(reaction rates, transition state dynamics, mechanisms, etc.) of 

a variety of reaction classes, 2) better understand the factors 

(force-free reactivity, reaction conditions, polymer 

architecture, etc.) that govern the rates of mechanochemical 

transformation, and 3) use the obtained information for better 

understanding mechanophore behavior within solid-state 

materials (quantifying stress distributions, percent 

mechanophore activation, etc.). 

 

3.1. Single-molecule force spectroscopy 

For many years, SMFS has been used to understand the 

behavior of chemical bonds under load, and the general theory 

and methodology is reviewed elsewhere.60-63 In recent years, 

SMFS has proven to be a valuable tool for studying polymer 

mechanochemistry, because it provides information about the 

forces required for covalent bond rupture.64, 65 Historically, 

however, its use has been limited to studying only a single 

event per chain. Recording only one reaction per polymer 

limits the utility of the SMFS measurements on two fronts: (1) 

a single event per chain often makes it difficult to 

unambiguously assign which bond within the polymer was 

broken, and (2) many successful SMFS measurements are 

required in order to obtain the statistical power necessary to 

derive quantitative information, limiting experimental 

throughput. MMPs provide a solution to both of these 

longstanding challenges in SMFS. By introducing multiple, non-

scissile mechanophores into the polymer backbone, a single 

force curve can capture hundreds or thousands of 

mechanochemical (polymer-extending) events and provide a 

statistically significant sample for data analysis (Fig. 3), 

whereas an event that leads to polymer chain scission is far 

from sufficient on its own, and therefore would require 

hundreds of subsequent replicate measurements to made to 

achieve the same statistical power. Furthermore, the presence 

of many events creates a structural signature that often can be 

unambiguously assigned to the desired transformation; in 

contrast, the scission of a polymer chain at a mechanophore 

looks identical in the force curve to polymer chain detachment 

from the tip of an AFM.  

The use of MMPs is SMFS was first demonstrated by Wu et 

al., who observed extensions of ~28% in the contour length of 

active, stress-bearing gDBC polymer chain segments, matching 

the expected extension due to rearrangement of the gDBCs to 

dibromoalkenes (Fig. 4).  The transition plateau can be 

modeled as a series of independent, individual (and 

experimentally unresolvable) force-coupled reactions, from 

which the force-coupled kinetics of ring opening can be 

extracted.  Alternatively, SMFS can be implemented in a 

constant force mode (“force clampling”), and the growth in 

contour length can be fit with a first order rate law.66 

Importantly, the presence of up to hundreds of independent 

events in a single force curve means that accurate kinetics can 

be derived from a single chain extension profile.  As discussed 

Fig. 3 Cartoon representation of a SMFS experiment using a MMP. A) Reducing entropic 

degrees of freedom as the MMP starts to uncoil while the mechanophore remains 

unreacted. B) The activation of multiple non-scisscile mechanophores leads to a 

characteristic plateau in the force-separation curve that is reflective of the release of 

stored length from the mechanophore. C) Enthalpic distortions rapidly ensue once all 

mechanophores have reacted, eventually leading to sufficient forces for chain scission 

or polymer detachment. 
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above, this presents an enormous practical advantage, as it is 

often difficult to achieve high force (> 1 nN) attachments to a 

polymer analyte in SMFS, and so many polymers detach before 

the critical forces for covalent activation are achieved; 

“successful” pulls are typically rare events.  A comparable data 

set from single-event polymers (even if single events could be 

resolved) would require hundreds of these rare events to be 

captured, severely limiting experimental throughput. Although 

“successful” pulls can be considered rare events, one can 

improve the prevalence of such pulls by incorporating 

functional groups along the polymer backbone that help the 

polymer adhere to the tip of the atomic force microscope, 

such as epoxides.36 In addition, observations within our own 

lab indicate that polymers with higher molecular weights tend 

to provide more opportunities for achieving “successful” pulls. 

Finally, we note that some traditionally scissile 

mechanophores can be incorporated into designs that are 

non-scissile with respect to maintaining the polymer 

backbone, for example by tethering them within larger 

macrocycles.41, 64, 67    

The details of the kinetic analyses are provided 

elsewhere,39 but the critical point here is that the 

measurement precision enabled by MMPs allows the 

activation length for polymer-embedded mechanochemical 

reactions to be inferred in a way that reveals a range of 

structure-activity effects. For example, SMFS analysis has been 

used to probe the effects of molecular lever-arms (Fig. 5a) and 

pulling regiochemistry (Fig. 5b), to quantify rates of classically 

forbidden reactions (Fig. 5c), and to investigate a host of other 

structure-activity relationships discussed elsewhere.1  

The degree to which an applied force couples to the 

reaction pathway of a mechanophore is one major 

determining factor of the rates of mechanochemical 

transformations, as discussed elsewhere.1 This chemo-

mechanical coupling can be influenced by changing the atomic 

structure of the mechanophore or the macromolecular 

structure of the polymer backbone. Depending on the nature 

of the mechanophore, certain chemical functionalities along 

the polymer backbone can act as phenomenological levers that 

effectively enhance the chemo-mechanical coupling and can 

lead to an increase in reaction rates. Building off of the work of 

Klukovich,36 Wang et al. recently used SMFS to quantify the 

effect of a polymer lever-arm on the ring-opening reaction of 

benzocyclobutene (Fig. 5a).68 He found that the installation of 

an α-E-alkene “lever” lowered the force required for ring-

opening by ~500 pN in comparison to the force required when 

no α-E-alkene is present. The use of lever-arms in polymer 

mechanochemistry is an ongoing endeavor,57 and SMFS serves 

as a valuable tool for quantifying their effectiveness in altering 

the rates of force-induced reactions.  

SMFS analysis of structure-activity relationships on the 

single-molecule level can also help aid the understanding of 

mechanophore reactivity in solid-state materials. Gossweiler 

and coworkers were able to quantify the force required for 

inducing the well-known spiropyran-to-merocyanine 

isomerization (~240 pN on the time scale of 10-2 s), explaining 

why the spiropyran mechanophore has been so valuable for 

making and studying mechanochromic polymer-based 

materials.5, 56 In addition, they were able to quantify the 

effects of pulling regiochemistry on the force-induced 

isomerization (Fig. 5b). The force gap between the two 

regioisomers studied was small (only ~20 pN under the 

conditions of the experiments), but, based on prior 

observations, other regioisomers should allow for a wide range 

of activation forces to be realized.69 A fundamental 

understanding of the mechanical reactivity for this range of 

mechanochromic force probes at the single-molecule level 

(using SMFS) could allow for the accurate mapping of force 

distributions within more complex networks.  

The single-molecule analysis of MMPs has recently been 

used to probe interesting chemical transformations that are 

otherwise difficult to access, such as reactions that are 

classically considered forbidden. Using SMFS, Wang et al. 

quantified for the first time the level of “forbiddenness” for 

three different pericyclic reactions that are governed by the 

Woodward-Hoffman symmetry rules, including the force-

induced ring-opening of gDCC mechanophores (Fig. 5c).6 By 

pulling on different stereoisomers of gDCC within the same 

polymer, they were able to access and directly compare both 

the symmetry-allowed and symmetry-forbidden ring-opening 

Fig. 4 A representative force-separation curve for the electrocyclic ring-opening 

of gDBC. The red line is a theoretical fit to the experimental data. Adapted with 

permission from ref. 39. Copyright (2010) American Chemical Society. 

N O NO2

Cl

Cl
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f* ~ 900 pN
f*SP1 = 260 pN

f*SP2 = 240 pN

N O NO2

SP1 SP2

f*allowed~ 1000 pN
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a) b)
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Fig. 5 Representative force-separation curves for the electrocyclic ring-opening 

reactions of: a) an alkene-functionalized benzycyclobutene mechanophore,
68

 b) 

two spiropyran regiosomers,
56

 and c) two gDCC stereoisomers embedded within 

the same polymer (blue=allowed pathway, red=forbidden pathway).
6
 The average 

plateau force is given in each curve as f*. 
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pathways. By understanding how force accelerated the 

forbidden reactions relative to their allowed analogs, they 

were able gain otherwise inaccessible mechanistic insights into 

the nature of “classically forbidden” reactions, such as the 

geometry of transition state structures and how electronic 

factors bias certain pathways over others.  

In principle, each of the observations summarized in this 

section could be obtained by SMFS on single mechanophore 

polymers.  But we note that because of the high forces 

required (hundreds to thousands of pN), achieving the 

required high-force attachments is a relatively rare event.  

Operationally, it is much easier to acquire several force curves 

of MMPs than the >100 force curves necessary to get 

comparable statistics on single event polymers.  In addition, 

the extension plateau is a less ambiguous signature of a 

specific mechanochemical response than relatively small (~nm) 

individual features associated with single-event SMFS 

experiments.64, 70  In fact, when the single events release 

enough length to be detected individually, MMPs offer even 

more unique sawtooth plateaus from which additional 

dynamic and structural information can be inferred, as 

demonstrated recently in studies of cinnamate dimers by 

Boulatov and Zhang.41  

 

3.2. Pulsed ultrasound 

The use of pulsed ultrasound to study mechanochemical 

transformations has been central to the modern development 

of polymer mechanochemistry. Whereas early studies of 

pulsed ultrasound focused on how the forces that are 

generated can lead to polymer degradation,26 more recent 

work has coupled the tension generated along the polymer 

backbone to other mechanochemical reactions. The theory 

and developments of this technique in the context of 

mechanochemistry are reviewed elsewhere,11, 15 and its 

relatively easy experimental setup and sample preparation 

make it the most popular strategy for probing force-coupled 

chemistries. Although the technique has proven to be useful, 

characterizing the reactive fate of a single mechanophore 

within a polymer (typically ≥ ~50 kDa) often requires involved 

and/or indirect labeling or trapping experiments.7, 19  

Having multiple events per chain facilitates more extensive 

characterization, making the already-popular technique of 

pulsed ultrasound even more powerful. For example, the first 

observation of multiple activation events in a single polymer 

chain was of multiple ring-opening events in a gDCC-rich MMP 

triggered by pulsed ultrasound.20 In contrast to the typical 

yield of < 1 event per polymer, 35% of the gDCC units in the 

polymer (molecular weight = 310 kDa) had activated after only 

4.5 minutes of sonication, equaling ~690 events per chain. 

After 4 hours of sonication, ~1650 ring opening events per 

chain occurred, allowing for easy detection and 

characterization by NMR (Fig. 6a). The ability to characterize 

reactants and products in MMPs with conventional 

spectroscopic methods makes it easy to compare the relative 

reactivity of different mechanophores, including those that 

convert to the same product. For example, in the gDCC study 

described above, a copolymer of cis and trans gDCC was 

sonicated and the relative amounts of each stereoisomer that 

remained after sonication revealed directly that the cis isomer 

is the more reactive.  

Perhaps the greatest advantage of the ability to 

characterize reaction products is when they are unexpected 

and/or unprecedented in force-free reactivity.  In our lab, for 

example, we have used sonication to facilitate the “tension 

trapping” of transition states and high-energy intermediates in 

sufficient quantities so that their generation and subsequent 

chemical transformations can be characterized. Lenhardt et al. 

used pulsed ultrasound to trap the 1,3-diradicaloid transition 

state of gem-difluorocyclopropane (gDFC) isomerization (Fig. 

6b).8 This trapping, confirmed by computation, was initially 

unexpected, and its occurrence was only revealed because of 
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Fig. 6 a) The ring-opening of multiple gDCCs per scission event allows for easy detection of reaction progression by 1H NMR.20 b) Tension trapping of the gDFC, diradical 

transition state with CT. If not trapped, the complex isomerizes to cis gDFC, regardless of the stereochemistry of the nascent mechanophore.8 c) Determining the branching 

ratio of the tension-trapped gDFC via sonication.72
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a)

b)

Fig. 7 a) Cartoon representation of the competition between polymer chain scission and 

mechanophore activation in a typical sonication experiment. Reprinted with permission from 

ref. 33. Copyright (2015) American Chemical Society. b) Changing sonication conditions affects 

the rate of mechanophore activation (left), but does not affect the competition between 

mechanophore activation and polymer chain scission (right). Reprinted with permission from 

ref. 59. Copyright (2015) American Chemical Society.

an unexpected trans-to-cis isomerization that was apparent in 

the 19F NMR; this serendipitous observation might never have 

been made in a single mechanophore polymer.  In addition, 

strong supporting evidence for the trapped diradicaloid 

species came from the bimolecular addition of a coumarin-

TEMPO (CT) radical trap. The trapping efficiency is relatively 

low (only a few percent of the diradicaloid species), and again 

would have been very difficult if not impossible to observe in a 

single mechanophore polymer because of competing addition 

to chain-end radicals generated by chain scission.71 A similar 

advantage is observed in experiments to quantify the minor 

contributions of net cis-to-trans isomerization (ca. 4.5%), 

which revealed the branching of conrotatory vs. disrotatory 

ring closing from the tension trapped diradicaloid once 

released (Fig. 6c).72  

Because of the high strain rates achieved, the forces 

generated by pulsed ultrasound are high enough that polymer 

chain scission typically competes with mechanophore 

activation.22, 71 Characterizing the extent of mechanophore 

activation per scission event offers information about the 

mechanical strength of the bonds comprising the polymer 

backbone.33, 59 The more easily a bond breaks, the less 

mechanophore activation occurs per scission event, because 

the chain scission event temporarily drops the tension along 

the polymer chain and limits the extent of mechanophore 

activation. This offers an opportunity to quantify the relative 

reactivity of scissile weak bonds within a polymer (bonds that 

lead to polymer scission when ruptured) that are difficult to 

probe by SMFS (precisely because they are scissile). For 

example, Lee et al. recently quantified the relative strength of 

three weak scissile bonds (C-N, C-S, and C-O) by characterizing 

the extent of gDCC ring-opening per scission event for 

polymers that contained both gDCC mechanophores and the 

weak bond of interest (Fig. 7a).33 The extent of gDCC ring-

opening as a function of chain scission reveals the relative 

mechanical strengths of the scissile, weak bonds. A similar 

analysis was used to quantify the relative mechanical strengths 

of bonds within more topologically complex polymers, such as 

a poly(catenane).73  

Comparing the extent of mechanophore activation to 

polymer chain scission appears to be a more sensitive and 

robust approach for quantifying the relative reactivity of 

mechanophores in comparison to other methods that are used 

for single-mechanophore pol ymer systems. For example, 

another approach is to compare the relative rates of polymer 

scission for polymers of differing mechanophore content - 

mechanically weaker mechanophores lead to faster rates of 

polymer degradation. Although this method has been applied 

successfully to some systems,17 it is not as sensitive as the 

competition within MMPs.38 In addition, it is difficult to 

compare the rates of polymer degradation obtained in 

different labs and/or on different days, because the rates are 

fairly sensitive to variations in sonication conditions.22 In 

contrast, Lenhardt and coworkers recently demonstrated that 

the competition-based approach used for gDCC based MMPs 

gives consistent results across a fairly wide range of sonication 

conditions, including temperature, solvent, sonication power, 

and polymer concentration. Changing sonication conditions 

altered the rate of molecular weight degradation (polymer 

scission), but had no effect on the relative extent of 

mechanophore ring-opening reactions versus chain scission 

(Fig. 7b), highlighting the robust nature of the competition-

based approach for quantifying the relative reactivity of 

mechanophores.  

4. Empowering new stress-responsive materials 

Finally, MMPs allow for the rapid and extensive remodeling of 

polymer architectures in response to mechanical forces, 

representing a new class of stress-responsive polymer 

properties. With the single-mechanophore approach, the 

potential to remodel properties in a significant way remains 

limited. Although changes in the photophysical properties of a 

polymer can be achieved by a single mechanophore,10 it is 

more difficult to amend other properties (e.g. mechanical and 

electrical) with only a single event per chain. Having multiple 

reactive sites per polymer provides an opportunity for more 

extensive transformations to take place. Some of these 

transformations require added reaction partners while others 

do not, depending on the identity of both the mechanophore 

and the polymer scaffold.  

Recent studies have shown that polymer toughness can 

drastically increase in situ when sonicating MMPs in the 

presence of a highly reactive cross-linking reagent of 

N

O

O

Fig. 8 Schematic representation of activated cross-linking for BCB. Adapted with 

permission from ref. 4. Copyright (2015) American Chemical Society.
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complementary chemistry. For example, the mechanically 

generated products of the ring opening of gDBC, 

benzocyclobutene (Fig. 8), and diester substituted fused 

cyclobutanes can be captured through specifically tailored 

cross-linking chemistry, allowing the rate of bond-forming 

reactions along a given polymer backbone to outpace the rate 

of bond breaking during pulsed sonication experiments.4, 35, 44 

Similar behavior has been observed in bulk materials under 

destructive shear forces, with the resulting mechanochemical 

remodeling leading to orders of magnitude increases in bulk 

modulus. In all cases, the extent of the observed property 

changes are only possible because of the high mechanophore 

content of the MMPs.  

In addition to extensive cross-linking, the 

mechanochemical remodeling of MMPs can result in the 

release of stored length upon mechanophore activation (Fig. 

9a). The stored length per mechanophore is often small (e.g., 

~1.5 Å per gDBC, 4 Å per bicyclo[3.2.0]heptane, 7 Å per 

bicyclo[4.2.0]octane), but sufficiently high mechanophore 

content has been demonstrated to lead to overall chain 

extensions of up to ~30% of the nascent contour length. The 

ability to tune stored length through fused rings has made 

cyclobutane-based mechanophores an increasingly popular 

force-responsive unit, enhanced by the fact that the 

mechanically generated olefins can undergo further chemistry, 

depending on the nature of the substitutents.17, 64, 74, 75  

Boulatov et al. recently employed this strategy in the 

synthesis of MMPs that incorporated two isomers of 

macrocyclic cinnamate dimer (Fig. 9b).41 The position of the 

polymer attachments and the size of the macrocycles were 

carefully chosen to maximize the amount of “stress relief” and 

to tailor the photophysical properties of the diene products. 

Using the aforementioned techniques of SMFS and pulsed 

ultrasound, they observed dramatic increases in the single-

chain toughness of the MMP. After subsequent activation of 

the two isomers, the contour length of a single polymer strand 

more than doubled, resulting in a 600 kcal mol-1 increase in the 

strain energy that can be absorbed by the chain before 

fragmenting. In addition to increasing single-chain toughness, 

the mechanically generated products are chromophores that 

are optically repairable. These mechanophores therefore 

represent a promising route towards polymers that have 

multiple, desirable responses to stress without the need of 

additional reagents.  

The release of stored length in MMPs not only enhances 

polymer toughness, but it can also generate radical changes in 

polymer architecture. When Ramirez and co-workers 

sonicated a homopolymer of gDCC, the result was the 

formation of block copolymers comprised of the unreacted 

mechanophore and the 2,3-dichloroalkene products, an 

observation which yielded insights into the force distribution 

experienced by sonicated polymers.37 Data from differential 

scanning calorimetry and small-angle X-ray scattering revealed 

the microphase-separation of the block copolymers into an 

ordered lamellar morphology (Fig. 9c), demonstrating how the 

sonication of high-content MMPs can lead not only to 

molecular order, but ordered supramolecular morphologies.  

An even more dramatic transformation of polymer 

properties and architecture using MMPs was recently reported 

by Chen et al., who used the forces generated by pulsed 

ultrasound to mechanochemically unzip polyladderenes (Fig. 

10).76 The base polymer comprises repeating units of fused 

multiple cyclobutanes/cyclobutenes (ladderenes) synthesized 

via ROMP  to generate the polyladderene architecture. Similar 

to the Ramirez study, sonication resulted in the formation of  

block copolymers consisting of unreacted and reacted 

mechanophore (~37% activation after 2 hours of sonication). 

In this case, mechanophore activation involves the rapid 

unzipping of continuous stretches of the ladderene repeat to 

yield large blocks of polyacetylene that self-assembled into 

semiconducting nanowires. In addition to the intense change 

in electronic properties, the unzipping released an abundance 

of stored length, roughly 10 Å per monomer. The increased 

length came from the complete unravelling of the ladderene 

subunits and the mechanically induced cis-to-trans 

isomerization of the nascent olefin in the ladderene.  

The combination of released length, enhanced single molecule 

toughness, and change in electronic properties is one of the 

n

y z

n

Mechanochemical

‘unzipping’

Insulating

polyladderene

Semiconducting

polyacetylene

)))

Fig. 10 Top: the mechanochemical unzipping of polyladderene leads to a large release 

of stored length accompanied by pronounced changes in electronic properties. Bottom: 

the unveiled blocks of polyacetylene spontaneously aggregate in solution to form 

semiconducting nanowires.  Figure adapted from ref. 76.

a) b)

c)

Fig. 9 a) Cartoon sketch demonstrating the release of stored length from cyclic 

mechanophores. b) The release of stored length from a macrocyclic cinnamate

dimer in response to an applied force.  c) Cartoon representation of the formation 

of ordered morphologies arising from the sonication of homopolymers comprised 

of gDCC mechanophores. Reprinted with permission from ref. 37. Copyright (2012) 

American Chemical Society. 
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most potent demonstrations to date of the potential of MMP 

remodeling.  

5. Conclusions and future outlook 

The creative use of mechanophore-rich architectures has 

enabled new methods and brought access to new properties 

to the field of polymer mechanochemistry. Aside from the 

simple scale of mechanophore synthesis, the subsequent 

polymerization strategies of MMPs are only modestly more 

involved than those required in chain-centered mechanophore 

polymers, and in our experience the benefits derived from 

using MMPs far outweigh the marginal cost in effort to 

produce them.  Looking ahead, however, we note that gains in 

synthetic methodology have potential advantages, especially if 

MMPs could be obtained through addition polymerizations, 

and radical polymerizations in particular.  For example, the 

radical addition polymerization of cyclobutene would yield 

cyclobutane mechanophores along the polymer backbone.77  

In terms of properties, a broad question for the future 

involves understanding circumstances in which the greatest 

extent of mechanochemical remodeling might be obtained. In 

the case of polyladderene, for example, less than 50% of 

mechanophores reacted, and enhanced activation could lead 

to even more dramatic changes in properties.  It is likely, and 

perhaps necessary, that in the pursuit of this objective MMPs 

will serve as both a probe of the fundamental relationships 

that dictate mechanophore activation and the target of 

efficient remodeling.  

To that end, new scalable mechanophore designs might 

help the dramatic energy absorbing properties of single MMP 

molecules be optimized and translated to bulk materials. 

Mechanophores that release large amounts of stored length at 

forces of interest are therefore desirable, as are synthetic 

methods that maximize the mechanophore content and 

minimize the mechanically inert content of MMP backbones.  

Additional opportunities include a systematic 

understanding of how forces are correlated along individual 

polymer changes – if a given mechanophore reacts, what is the 

probability that its neighbor on the same backbone also reacts, 

and what structural features of the polymer and dynamic 

features of the material and loading environment influence 

that correlation? Ramirez37 and Chen76 both observed that 

pulsed ultrasound led to continuous stretches of activated 

mechanophores, but it is not clear whether the activation of 

one mechanophore effectively increased the reactivity of its 

neighbor(s), or whether, as expected, the correlation is due 

entirely to the force distribution along the polymer backbone. 

One can envision new stress-responsive MMP architectures in 

which the activation of a single, highly reactive mechanophore 

leads to a reaction cascade of its originally less reactive 

neighboring mechanophores, thereby amplifying desired 

responses at lower forces and in a more region-specific 

manner along the polymer backbone. Such ideas will require 

increasingly precise quantitative insights into mechanophore 

reactivity, and here again MMPs should be quite useful.  We 

note for example the potential to combine the SMFS and 

pulsed-ultrasound methodologies to achieve greater insights 

especially into the latter, testing physical models of transient 

force distributions during sonication using well-defined MMP 

architectures whose force-dependent reactivity has been 

quantified by SMFS. 
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