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 The translation of mechanical force to specific chemical reactivity within polymeric 

materials is known as polymer mechanochemistry. While this phenomenon has long been 

observed in homopolymers, it has recently attracted much interest as researchers have developed 

systems capable of site-specific activation and defined outputs in response to mechanical inputs. 

This thesis aims to contribute to the study of polymer mechanochemistry by describing our 

fundamental and applied investigations in the field, with a particular emphasis on activation in 

the solid state. Chapter 1 is an introduction to polymer mechanochemistry, beginning with the 

characteristics and behavior of polymers under applied load, tracing the historical origins and 

recent developments in the field, and describing the methods with which systems capable of 

mechanochemical activation are studied. Chapter 2 discusses our work developing a new mode 

of mechanochemical activation, which we term “flex activation”, in which bond bending motions 

are the primary geometric deformation responsible for activation. It describes both initial proof-



of-concept studies of oxanorbornadiene mechanophores and the extension of this system to 

robust scaffolds capable of multiple mechanochemical activation cycles. Chapter 3 describes our 

ongoing efforts in the extension of the flex activation concept to a new mechanophore capable of 

releasing N-heterocyclic carbenes upon activation. Finally, Chapter 4 introduces the use of 3D 

printing to fabricate functional materials containing a mechanochemically-active polymer, along 

with demonstrating the advantages of this method in making prototype force sensors that would 

be difficult, if not impossible, to fabricate otherwise. 
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Chapter 1. Introduction to Polymer Mechanochemistry 

Section 1: Mechanical Behavior of Polymers 

1.1.a Polymer Viscoelasticity 

In order to understand and rationally design methods by which polymeric materials 

translate macroscopic mechanical deformation to specific chemical reactivity, it is necessary to 

possess a basic understanding of the behavior of polymers under applied loads. A defining 

characteristic of these systems is the time-dependence of their response to stress or strain, a 

phenomenon known as viscoelasticity.
1
 Empirically, this results in the ability of polymers to 

exhibit differing mechanical characteristics depending on the temperature and time scale of 

measurement; for example, a given polymer may behave as a rigid, glassy solid at low 

temperatures and high strain rates and as a soft, elastic rubber at higher temperatures and lower 

strain rates.
2
 An important parameter for characterizing viscoelastic behavior is the glass 

transition temperature (Tg), the temperature at which the bulk solid transitions from a hard, 

relatively brittle state to a softer, more elastic one. Experimentally, this is observed as a marked 

decrease in the elastic modulus of the material with increased temperature.
3
 

At the molecular level, Tg represents the onset of localized segmental motion of 

individual polymer chains. Below this transition, there is not enough kinetic energy for this type 

of mobility, and the relatively poor ability of polymer chains to dissipate mechanical input leads 

to more brittle behavior in the bulk solid. As is the case with many properties of polymeric 

materials, Tg is largely determined by chemical composition, degree of polymerization, and the 

amount of entanglement and crosslinking.
2  

 

In a sense, the explanation of Tg at the molecular level is a first step toward 

understanding the phenomenon of polymer mechanochemistry, as it relates molecular chemical 
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properties to the mechanical behavior of the bulk solid as a whole. The viscoelasticity of 

polymeric materials manifests in their response to mechanical deformation, both at the 

macroscopic and molecular levels. In the context of polymer mechanochemistry, it is important 

to consider the effects at each length scale, as the effectiveness of the transduction of mechanical 

energy to chemical energy between the two is of paramount importance.
4,5

 

 

1.1.b Macroscopic Responses to Mechanical Force 

When classified according to their rheological properties, polymers generally fall into 

three groups: thermoplastics, elastomers, and thermosets.
1
 The defining characteristic of 

thermoplastics is their ability to be molded when heated due to the reduction in viscosity above 

the Tg and, if semi-crystalline, the melting temperature (Tm). A typical stress-strain curve for 

thermoplastics above the Tg is shown in Figure 1.1 (blue). Initially, the material experiences 

elastic deformation, in which the slope of the response between stress and strain is the Young’s 

modulus. In this region, removal of applied force results in full recovery of the original shape. 

Figure 1.1. Representative stress-strain curves of different types of polymeric materials. 
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As more force is applied, relatively large amounts of stress localize in small regions of 

the material, and plastic deformation will begin to occur. The onset of this deformation is known 

as the yield strength, and the change in shape is permanent. Further application of force results in 

increasing amounts of plastic deformation, until the ultimate strength is reached and fracture 

occurs. 

In contrast to the complexity of the stress-strain curves of thermoplastics, both elastomers 

and thermosets often display relatively simple macroscopic behavior in response to deformation 

(Figure 1.1, green and red, respectively).  The crosslinking present in both types of polymer 

results in networks that are unable to undergo high degrees of large-scale chain mobility (see 

Section 1.1.c), resulting in little or no plastic deformation prior to bulk fracture. The primary 

difference between the two is the degree of crosslinking and the rigidity of the chains between 

crosslinks, which is reflected in their moduli and strain to fracture. Thermosets consist of 

relatively rigid monomers that are permanently covalently crosslinked to a high degree, 

providing little opportunity to compensate for any applied force via chain deformation or 

movement. As a result, they are relatively brittle and require a low amount of strain to fracture. 

In contrast, the chain segments of elastomers are highly flexible. They are able to compensate for 

an applied stress via chain extension, resulting in relatively large strain to fracture. Additionally, 

elastomers tend to possess a relatively low degree of crosslinking, which further decreases the 

modulus and allows for increased chain mobility. 

 

1.1.c Microscopic and Molecular Responses to Mechanical Force  

The behavior of individual polymer chains in response to applied force differs based on 

whether the bulk polymer is amorphous or semi-crystalline. The characteristics of amorphous 
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polymers under reversible deformation are well-understood, and can primarily be rationalized via 

the kinetic theory of rubber elasticity.
6
 This theory considers elasticity to originate from the 

reduction of entropy associated with main-chain conformational changes, the result of which is 

to elongate the polymer chain in the direction of the applied force. Anchor points, whether 

chemical crosslinks or physical chain entanglements, restrict the large-scale translational motion 

of individual chains.  At low strains, thermodynamic equilibrium can be re-established once the 

applied force is released, with concomitant macroscopic recovery of the original shape (Figure 

1.2).  

Experimentally, these molecular-level deformations can be observed and quantified via 

differential infrared (IR) spectroscopy of stressed and unstressed polymer samples.
7
 In a seminal 

study,
7c

 Wool and Boyd combined theoretical treatment and experimental shifts in IR 

frequencies to determine the relative contributions of different types of molecular perturbations 

to the elastic deformation of polypropylene (Figure 1.3). Importantly in the context of polymer 

mechanochemistry, they determined that although dihedral angles were most affected by the 

application of force, both bond angle bending and internuclear stretching were observed to a 

significant degree. The precise relative contribution of each type of deformation was found to be 

1 : 2.4 : 9 for stretching, valence bending, and dihedral changes, respectively. Thus, the elastic 

response of individual chains can be envisioned as an uncoiling process, wherein the three main 

modes of molecular deformation all play an important role. In semi-crystalline polymers, the 

Figure 1.2. Chain elongation under applied force and elastic recovery in crosslinked networks. 

• = anchor point. 
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elastic response is dominated by the amorphous regions, which act similarly to those found in 

bulk amorphous materials. 

In contrast to the Hookean behavior displayed in the elastic regime, plastic deformation is 

explained as the force-induced flow of a viscous liquid, a characteristic property of viscoelastic 

materials.
3,8

 It is driven by shearing stresses, and thus is the result of large-scale translational 

motion of individual chains past each other. In amorphous, non-crosslinked polymers, this is 

activated by the disruption of noncovalent inter- and intramolecular interactions.
9
 In effect, the 

application of stress reduces the thermal activation barrier to the onset of liquid-like flow. This 

can be modeled in an Eyring-type rate equation that describes the effect of force on lowering the 

activation energy of a chemical process (Equation 1): 

𝑘 = 𝑘0𝑒𝑥𝑝[𝐹𝛥𝑥/𝑘𝐵𝑇]           (1) 

In the case of an applied external force F that acts along the reaction coordinate x through a finite 

distance Δx from the reactant to the transition state, the force-free rate constant k0 is lowered to 

the new rate constant k (kB and T are Boltzmann’s constant and temperature, respectively).
10

 In 

considering the onset of plastic deformation, Equation 1 relates to the disruption of noncovalent 

interactions which hold the chains in place.
2
 Thus, once enough force is applied such that the 

activation barrier for disrupting these interactions can be accessed under the thermal conditions 

of the system, translational chain motion will occur with bulk plastic deformation as the 

macroscopic result. 

Figure 1.3. Molecular deformations in polypropylene, consisting of stretching of internuclear 

axes d, bending of bond angles θ, and changes in dihedral angles ϕ. 
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In semi-crystalline polymers, the precise mechanism of plastic deformation is still the 

subject of debate.
11,12

 However, it is generally agreed upon that it involves shear-induced 

rearrangements of crystalline regions from folded, closely-packed lamellar phases to unfolded, 

more amorphous microstructures (Figure 1.4).
8,13

 It is a similar process as that described above, 

in which applied stress results in the ability of the system to overcome the activation barrier for 

disruption of crystalline phases; in other words, the noncovalent inter- and intramolecular forces 

driving crystallization are overcome through the application of mechanical stress. Given this 

understanding of plasticity in polymeric materials, it is not surprising that the concept of force-

enabled transformations would eventually be extended to the targeted scission of specific 

molecular structures within the polymer chain.  

 

Figure 1.4. The effect of increasing force on semi-crystalline polymers. At low strains, elastic 

deformation of amorphous regions (blue) dominates. At higher strains, breakup of crystalline 

phases (black) leads to plastic deformation. 
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Section 2: Historical Perspective 

1.2.a Early Observations in Homopolymers 

 The development of covalent polymer mechanochemistry – that is, the direct scission of 

covalent bonds in response to applied force – can be traced to the early investigations of polymer 

chemistry itself. In a series of publications in the 1930s, Staudinger reported the reduction of the 

molecular weight of natural rubber upon grinding in the solid state.
14

 Given that the mechanical 

properties of polymers are correlated with molecular weight, grinding represents a facile method 

for obtaining the desired mechanical characteristics to suit a particular application, and remains 

the primary means of treatment for natural rubber to reach desired rheological properties.
5,15

 The 

theoretical basis of polymer mechanochemistry was first explored by Kauzmann and Eyring, 

who suggested that modification of the Morse potential of stressed bonds led to homolytic 

scission in mechanically perturbed macromolecules (Figure 1.5).
16

 Bell further elaborated this 

theory to state that, in systems in which the mechanical potential energy decreases as the 

chemical potential energy increases toward the transition state, the activation energy of the 

Figure 1.5. Morse potentials of a homolytic dissociation reaction between A and B in the 

absence (blue) and presence (red) of applied force. The coupled force leads to a reduction in the 

activation energy of Δ(ΔEa) = ΔEa – ΔEa (f). Adapted from ref. 23f. 
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reaction is lowered by the application of force.
17

 That is, if mechanical energy can be 

productively coupled to geometric transformations that bring the molecule closer to the transition 

state for a particular reaction, that reaction will be accelerated through mechanical input (see 

Equation 1). 

Support for this theory came in the form of electron paramagnetic resonance (EPR) 

spectroscopy of all manner of stressed polymeric materials, both in the solid state and in 

solution.
18

 The detection of carbon-centered radicals, consistent with structures indicative of 

scission in the polymer main chain and supported by decreases in molecular weight, firmly 

established the susceptibility of homopolymers to mechanochemical homolytic chain scission. 

Both nuclear magnetic resonance (NMR)
19

 and IR
20

 spectroscopies have been utilized to 

determine the fate of mechanogenerated radicals; in the absence of radical trapping agents, both 

olefinic products typical of radical disproportionation and aerobic oxidation products are readily 

observed. The potential for productive chemical pathways of these mechanogenerated radicals 

was realized relatively early by Sohma.
21

 By subjecting solid samples of 

poly(tetrafluoroethylene) to ball milling in the presence of methyl methacrylate or vinyl acetate, 

block copolymers were obtained via initiation of the second monomer by the chain end radical 

(Figure 1.6). Thus, by the early 1970s, both theoretical and experimental treatments had firmly 

established the propensity of macromolecules to undergo covalent bond scission in response to 

applied mechanical force, and this phenomenon had been utilized for productive transformations. 

Figure 1.6. Application of force via ball milling results in homolytic chain scission and 

subsequent initiation of radical polymerization, producing diblock copolymers. Blue = 

poly(tetrafluoroethylene); green = poly(methyl methacrylate) or poly(vinyl acetate); • = chain-

end radical. 
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1.2.b Development of Targeted Bond Scission
1
 

 With the concept of mechanochemical chain scission firmly established, a natural next 

route of inquiry concerned the factors controlling the efficiency of mechanochemical 

transduction at the molecular level. A key early effort in this area was described by Encina and 

coworkers in 1980, who compared the mechanochemical degradation rates of poly(vinyl 

pyrrolidone) with and without random peroxide linkages in the backbone.
22

 By incorporating 

these weak links (O–O bond dissociation energy = 35 kcal/mol, versus C–C bond dissociation 

energy = 83 kcal/mol), the macromolecular degradation rate when exposed to ultrasound was 

estimated to be enhanced tenfold as measured by intrinsic viscosity; however, the authors noted 

that difficulties in characterizing the exact number of peroxide linkages per backbone precluded 

more quantitative conclusions. Perhaps due to these analytical difficulties, the investigation of 

selective mechanochemical bond scission in polymeric materials went relatively dormant after 

this study. Together with more effective analytical techniques, the ability of modern polymer 

chemists to manipulate the molecular structure of macromolecules to a high degree of precision 

has led to a resurgence in the field of covalent polymer mechanochemistry.
4,5,23

  

Precise control over the distribution of forces at the molecular level can be achieved 

through the development of polymeric materials capable of channeling elongational forces to 

mechanophores – functional groups that are designed to undergo selective bond scission in 

response to external force. In the past decade, investigations of the effects of mechanical stress 

upon polymeric materials have provided macromolecules capable of undergoing well-defined 

chemical changes in response to the application of mechanical force (Figure 1.7). By introducing 

                                                 
1
 Reproduced with permission from Larsen, M. B.; Boydston, A. J. “Flex-Activated Mechanophores: Using Polymer 

Mechanochemistry to Direct Bond Bending Activation” J. Am. Chem. Soc. 2013, 135, 8189. Copyright 2013 

American Chemical Society. 
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a mechanophore at a specific point along the polymer chain, the application of stress to the 

polymer as a whole can be coupled to reactivity at a single site. Early efforts in 

mechanochemical control and design demonstrated selective homolytic scission of weak bonds 

and site-specificity.
24

 Dative metal-ligand bonds have also been shown to be mechanochemically 

sensitive, giving rise to force-activated catalysts.
25

 Additionally, ring opening and cycloreversion 

reactions have provided exciting breakthroughs in force-guided reactivity, mechanochromics, 

and potential self-healing or reinforcing materials. Key examples include ring opening of 

strained three- and four-membered rings,
26–29

 formal retro-cycloaddition,
30–32

 and  electrocyclic 

ring opening of spiropyran chromophores.
33

 In addition to these experimental studies, a robust 

theoretical framework for understanding covalent polymer mechanochemistry has also been 

developed, which has enabled a better understanding of the factors that affect the efficiency of 

chemomechanical coupling and provided design rules for new mechanophores.
10,34

 Collectively, 

Figure 1.7. Generalized examples of moieties capable of mechanochemical activation, with the 

scissile bond(s) highlighted in red. R = site of polymer attachment; X = F, Cl, Br. 
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the assortment of demonstrated mechanochemical reactions accessible via polymer elongation 

spans a range of organic, organometallic, and inorganic transformations. 

 

Section 3: Methods to Achieve Mechanochemical Transduction 

1.3.a Solution-Based Methods 

 The fundamental molecular deformation that gives rise to the scission of covalent bonds 

in polymeric materials is an elongation of the polymer chain. Thus, any method in which such an 

elongation is achieved can conceivably be adapted to induce a mechanochemical reaction, given 

appropriate experimental conditions can be identified. To date, the techniques utilized to activate 

mechanochemical events in polymers can be broadly categorized as occurring in dilute solution, 

in the bulk solid, or on individual chains via single molecule force spectroscopy (SMFS). They 

differ widely in their achievable regimes of stress and strain rates (Figure 1.8). This section will 

provide a brief overview of the effective methods for mechanochemical transduction in 

Figure 1.8. Relative stress and strain rates of different methods used to apply force to polymers. 

Adapted from refs. 4 and 22c. 
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polymers, with special emphasis placed upon those utilized most commonly in the activation of 

mechanophores. 

 The various methods by which force is applied to polymers in dilute solution all rely on 

the action of flow fields to extend the polymer.
23a,b

 Elongational flow in particular exerts strong 

hydrodynamic shear forces on polymer chains. In response to these forces, the chain stretches, 

re-orients, and extends in the direction of flow, a phenomenon known as the coil-stretch 

transition. If the rate of chain stretching (i.e. strain rate) far exceeds the rate of chain relaxation, 

covalent bonds can be severed.
35

 A variety of approaches to generate elongational flow in the 

context of mechanochemical activation have been investigated, including turbulent flow fields,
36

 

opposed jets,
37

 and contraction flows.
38

 However, ultrasonication of dilute polymer solutions has 

proven to be especially fruitful in studying polymer mechanochemistry.  

 The mechanism for converting ultrasound to elongational flow occurs via a process 

known as cavitation (Figure 1.9).
39,40 

As an ultrasonic wave moves through a liquid medium, it 

produces pressure oscillations throughout the solution according to the phase of the wave – that 

is, during the compression cycle pressure is increased, and during rarefaction it is decreased. If 

Figure 1.9. (a) Ultrasonication causes cavitation bubbles to grow in solution. (b) Collapse of 

bubbles results in solvodynamic shear forces acting on polymer chain (purple). (c) Weak point 

of polymer breaks in response to buildup of stress in backbone. 

a) 

b) 

c) 
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the wave is of sufficient frequency and intensity, the decrease in pressure during rarefaction can 

be significant enough to create voids and cavities within the liquid, forming cavitation bubbles. 

These bubbles rapidly collapse during the succeeding compression cycle, and in doing so create 

solvodynamic shear forces in any nearby dissolved polymer as the proximal chain end is pulled 

toward the collapsing bubble. The relatively large size of the polymer chain results in an 

anisotropic distribution of these forces along the chain, resulting in a buildup of stress and 

eventual chain scission. Experimentally, it has been demonstrated that chain scission in 

homopolymers occurs in the middle 15% of the chain, where the forces are greatest.
41

 Thus, by 

deliberate placement of a mechanophore in the middle of a polymer chain (as opposed to a chain 

end), the influence of mechanical force versus thermal or pressure-induced effects can be easily 

probed.  

 The relatively high strain rates achieved during ultrasonication, as opposed to other 

solution-based techniques (ca. 10
6
 – 10

7
 s

-1
 versus 10

3
 – 10

6
 s

-1
 for other elongational flow 

techniques)
23b

 permit the use of lower molecular weight polymers to study chemomechanical 

coupling. Polymers on the order of 30 – 100 kDa successfully undergo mechanochemical 

activation in ultrasonication studies, and this range is easily achieved using modern controlled 

polymerization techniques. In addition, polymer chemists are able to precisely control the 

location and amount of mechanophore in each polymer chain. In combination with the ease of 

experimental setup, the ability to use familiar solution-based characterization techniques, and the 

well-known effects of a variety of factors upon the efficiency of cavitation,
4,39 

the relatively low 

molecular weight requirements for ultrasonication studies make it an attractive option for 

probing mechanochemical activation. 
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1.3.b Solid-state Methods 

 In general, solid-state methods of mechanochemical activation are capable of achieving 

higher maximum forces than solution-phase techniques, albeit at lower strain rates (see Figure 

1.8). While chain elongation must still occur faster than relaxation, this latter transition is much 

slower in solid polymers, and thus mechanochemical activation can still occur even though the 

strain rate is much lower.
23c

 Due to the simple fact that the majority of applications of polymeric 

materials are found in the solid state, the behavior of mechanochemically-active bulk polymers 

under familiar mechanical testing conditions is of paramount importance in eventually moving 

these platforms beyond the laboratory. To date, most studies of the activation of mechanophores 

have applied force to polymers in the solid-state via either elongation or compression. 

 Simple manual elongation of solid polymer samples, while it cannot provide precise 

measurements of applied stress or strain, nevertheless may provide rapid preliminary assessment 

of the mechanochemical activity of a polymeric material, particularly in cases in which the result 

of activation is a marked color change or other easily detected spectroscopic signal.
42

 Much more 

common is the use of either rheometers or tensile testing load frames to apply elongational force, 

as they are able to quantify the applied stress and control strain rates. The resultant stress-strain 

curves, and the properties derived from them, are important in identifying potential applications. 

Moreover, in cases in which activation of the mechanophore produces a spectroscopic signal or 

shift, optical spectroscopic measurements can be collected simultaneously to provide information 

pertaining to the onset of mechanochemical activation during the stressing of the bulk 

material.
30b,33,43

 A prime example of these advantages is the work of Braun, Sottos, White, and 

Moore, who have added to the understanding of how time,
43e

 chain mobility and alignment,
43c,f,h 

and microenvironment
43d

 affect the activation of spiropyran mechanophores in tensile testing 
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specimens. However, these studies require relatively large amounts of material that are processed 

into well-defined shapes, which can make studying crosslinked polymers or those with limited 

solubility challenging. 

 An alternative to tensile elongation methods is the use of compressive forces, which 

generally do not require samples of well-defined shape, making it an attractive option for 

polymers that are more difficult to process. For quantification, the applied force can be simply 

calculated from the pressure on the sample and the cross-sectional area of the compression 

chamber. As the compression is not isotropic, it still acts to elongate individual polymer chains 

as the sample deforms outward from the axis of compression, thus giving rise to mechanophore 

activation. While piston cells,
44

 diamond anvil cells,
45

 and custom setups
33b

 have all been utilized 

for compressive studies, the simplest method is compression in a hydraulic benchtop press. In 

these experiments, compression chambers similar to those used for making KBr pellets for IR 

spectroscopy are used to hold the polymer sample, and pressure is applied with a simple 

hydraulic press. When force is applied to the die, the uniaxial compression of polymer samples 

causes deformation until the sample fills the cross-sectional area of the compression chamber. 

This deformation causes elongational stress on individual polymer chains, and compression on a 

different axis has been shown to increase mechanophore conversion.
27c,46

 A main drawback of 

compressive testing is the difficulty of coupling the apparatus to in situ spectroscopic monitoring 

techniques, particularly when using relatively simple hydraulic presses. 

 

1.3.c Single Molecule Force Spectroscopy 

 The measurements and results obtained using the activation methods described above are 

all ensemble averages, in which it is impossible to determine the forces and dynamics acting 
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upon a single polymer chain. In contrast, SMFS provides precise quantification of the forces 

required to activate a mechanochemical event.
47

 Briefly, a polymer containing a putative 

mechanophore is either covalently attached or adsorbed onto an atomic force microscopy (AFM) 

stage (Figure 1.10). Subsequent contact, polymer adhesion, and withdrawl of the AFM cantilever 

stretches an individual polymer chain, and bond scission can be observed via plateaus or drops in 

the force-displacement curve.  

 Studying the interactions and unfolding of biopolymers is the most widespread use of 

SMFS,
48

 but pioneering work by Craig and coworkers has firmly demonstrated the value of this 

method in exploring synthetic polymer mechanochemistry.
27a,49

 In addition to direct 

quantification of the forces required to activate mechanophores – typically on the order of 1 – 2 

nanonewtons – the effects of both local stereochemistry
49c

 and the polymer backbone
27a

 on 

mechanochemical activation have yielded important design parameters for increasing the 

efficiency of chemomechanical coupling. However, the highly specialized nature of the 

measurement, synthetic modifications required for good adhesion to the AFM tip, and inability 

to spectroscopically characterize the polymer after mechanochemical activation may limit the 

scope of this method. In addition, only non-scissile mechanophores – i.e. those whose activation 

does not result in total chain scission – are suitable for study using this method. 

Figure 1.10. Use of SMFS to study activation of mechanophores in individual polymers. As the 

AFM tip is raised, accumulated stress in the main chain leads to mechanochemical activation, 

and the force is recorded and quantified. Red = mechanophore before activation; blue = reacted 

mechanophore. 
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Section 4: Summary 

 The study of the effects of force on polymeric materials encompasses a broad range of 

disciplines, from engineering and materials science to polymer chemistry. The viscoelastic 

behavior of polymers is perhaps the defining characteristic of their behavior in the solid state, 

and the experimental and theoretical understanding of both elastic and plastic deformation laid 

the foundations for explorations of the mechanochemical scission of bonds in polymeric 

materials. Beginning with the study of the decrease in molecular weight in homopolymers 

subject to milling and grinding, the field of polymer mechanochemistry has matured to the point 

of targeted scission of specific sites within polymeric architectures. The extension of theoretical 

concepts of polymer viscoelasticity and force-modified potential energy surfaces has enabled a 

thorough understanding of the various factors affecting the efficiency of mechanochemical 

transduction. In conjunction with modern analytical techniques and controlled polymerization 

methods, researchers have developed a full suite of methods – i.e. solution phase, solid state, and 

single molecule – for studying the activation of mechanophores. 
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Chapter 2. Flex Activation of Oxanorbornadiene Mechanophores
1,2

 

Section 1: Introduction 

2.1.a “Flex” versus “Stretch” Activation 

A unifying theme in mechanophore designs aimed at bond scission remains an intuitive 

approach in which the bonds to be broken are integral components of the polymer main chains, 

and elongated in accordance with the general force vectors being applied to the flanking polymer 

segments. An exciting possibility would be the use of polymer scaffolds to effect 

mechanochemical activation of bonds that were neither components of the main chain nor 

directly elongated by the tensile force within the polymer backbone.
1
 This mode of reactivity 

could enable release of small molecules from side chains while preserving overall 

macromolecular structure, and provide new fundamental knowledge on how mechanical force 

can be coupled with chemical potential.  

To investigate, we considered the effects of bond angle distortions for in modulating 

chemical reactivity. Geometric distortions can greatly influence reactivity and ground state 

hybridization, as observed in contemporary approaches toward Cu-free azide-alkyne 

cycloaddition and more traditional variations in, for example, carbonyl stretching frequencies in 

cyclic ketones of varying ring size.
2
 Mechanical activation of isolated small organic and 

inorganic molecules, metals and metalloids, and molecular dopants within polymer matrices has 

been intensely studied. In many instances, activation by shearing can occur via bond bending 

motions that augment ground state geometries and lower HOMO-LUMO energy gaps.
3–5

 

                                                 
1
 Reproduced with permission from Larsen, M. B.; Boydston, A. J. “Flex-Activated Mechanophores: Using Polymer 

Mechanochemistry to Direct Bond Bending Activation” J. Am. Chem. Soc. 2013, 135, 8189. Copyright 2013 

American Chemical Society. 
2
 Reproduced with permission from Larsen, M. B.; Boydston, A. J. “Successive Mechanochemical Activation and 

Small Molecule Release in an Elastomeric Material” J. Am. Chem. Soc. 2014, 136, 1276. Copyright 2014 American 

Chemical Society. 
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Recently, application of pressure to a polymer matrix doped with small molecule mechanophores 

was found to catalyze mechanochemical isomerization. In this system, as opposed to ground 

state destabilization, a negative activation volume for the reaction lead to an overall lowering of 

the activation energy with increasing pressure.
6
 In contrast, polymer mechanochemistry utilizes 

the macromolecular scaffold to precisely direct force vectors to a covalently attached 

mechanophore. Using this approach to accomplish activation primarily through transient bond 

angle distortions, however, has not been fully investigated. 

Application of stress causes a combination of conformational changes as a polymer chain 

is elongated, including both bond stretching and bending. In most cases, changes in bond angles 

require less energy than bond stretching, and thus utilizing bending motions that occur during 

application of stress to a polymer may provide an overall more efficient means of energy 

transduction. We envisioned “flex-activation” could occur in reactions in which structural 

changes were consistent with linearization that occurs during polymer elongation. An example of 

such reactivity would be cycloreversion reactions that convert main chain alkene moieties into 

alkyne groups (Figure 2.1). Notably, although the internuclear distance of the vinylic atoms 

Figure 2.1. Generalized depiction of mechanophore activation via bond “flexing” motions 

induced by application of force. 
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would be lengthened in the overall transformation, the covalent bonds in the mechanophore that 

are located along the polymer main chain actually become shorter and stronger. 

 

2.1.b Multiple Activation Cycles in Polymer Mechanochemistry 

One limitation of most mechanoresponsive materials that have been demonstrated is that 

a single application of stress sufficient for mechanochemical activation results in macroscopic 

failure or permanent plastic deformation, thus irreversibly altering the material or precluding 

additional cycles of mechanochemical transduction. One exception, recently reported by Craig 

and coworkers,
7
 involved mechanochemical activation of gem-dihalocyclopropanes embedded 

within poly(butadiene).
8
 Compression of the material up to twelve times resulted in a linear 

increase in the % activation of mechanophores, ultimately reaching 2.8%. Additional studies to 

correlate the load history and extent of mechanochemical activation, combined with a 

mechanophore able to release small molecules could enable advancements in drug delivery, 

catalysis, sensory materials, and self-healing systems. Challenges to developing such materials 

include the need to balance the force required to activate the mechanophore with that which 

results in macroscopic failure, and the incorporation of a mechanophore that can release the 

desired small molecules. Thus, we consider the primary design components of a mechano-

responsive release platform to be a) minimal change in the mechanical and material properties of 

the bulk matrix upon application of sufficient force; and b) release of the desired species in a 

manner that does not inherently degrade the macromolecular architecture. 

Our initial studies of the flex-activated oxanorbornadiene centered on examination of the 

mechanochemical activity of the system within crosslinked poly(methyl acrylate) (PMA) 

networks (See Section 2.2a). Unfortunately, the compressive force necessary for 
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mechanochemical transduction led to macroscopic failure of the sample. As a result, the amount 

of activated mechanophore was limited to that achieved in a single compression, and the relative 

inability of the polymer matrix to withstand mechanochemically-relevant pressures limits its use 

in practical applications. Adaptation of this system to an elastomeric scaffold able to recover its 

initial shape after experiencing forces necessary for activation would enable multiple 

compression-activation cycles, thereby increasing the conversion of mechanophores in a dose-

responsive fashion. 

 

Section 2: Results and Discussion 

2.2.a Activation in Crosslinked Poly(methyl acrylate) 

To model the effect of force upon the oxonorbornadiene architecture, we conducted a 

modified version of the CoGEF (Constrained Geometries Simulate External Force) method 

developed by Beyer and recently demonstrated to be in good agreement with empirical reactivity 

of mechanophores.
9–11

 Briefly, this method entails incremental distortions of the molecule along 
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Figure 2.2. Calculated potential energies (kcal/mol) resulting from incremental increase in the 

angle θ. Density functional theory (DFT) calculations were performed at the B3LYP 6-31G* 

(d) level of theory using the Gaussian program package. 
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a specified coordinate, which upon relaxation of the rest of the molecule models the effects of 

mechanical force. As a simplified version of our experimental mechanophore, we applied this 

method to the oxanorbornadiene Diels-Alder adduct of furan and dimethylacetylene 

dicarboxylate (DMAD). To mimic linearization of the ene diester moiety, the angle (θ) indicated 

in Figure 2.2 was incrementally increased relative to the ground state geometry.
12,13

 As can be 

seen in Figure 2.2, an expected increase in the calculated potential energy of the mechanophore 

was observed until a point at which cycloreversion occurred spontaneously. The ΔE just prior to 

cycloreversion corresponds to an estimated activation energy (Ea) of 35 kcal/mol for the 

mechanochemical reaction. Importantly, this Ea value is well within the established range of 

mechanochemically-accessible pathways.  

Encouraged by the computational results, we prepared two types of crosslinked networks 

each comprising oxanorbornadiene mechanophores (Scheme 2.1): one in which the 

mechanophore was used as a crosslinking unit that would experience extensional force upon 

application of stress, and another in which the mechanophore was adsorbed into a crosslinked 

material. Diol 1 was prepared from acetylene dicarboxylic acid and 1,6-hexanediol via Fischer 

esterification. Benzyl furfuryl ether (2) was chosen as the diene in place of furan to avoid issues 

of volatility with the latter. Diol 1 and furan 2 reacted smoothly via [4+2] cycloaddition to 

provide the corresponding oxanorbornadiene (not shown) in moderate yield. Subsequent reaction 

with methacryloyl anhydride furnished difunctionalized crosslinker mechanophore 3. Formation 

of crosslinked network 4-CL, in which the mechanophore serves as the crosslinking unit, was 

prepared according to a procedure previously reported by Moore and coworkers.
14

 For 

comparison, we also prepared a mechanophore (5) incapable of functioning as a crosslinking unit 

during acrylate polymerization. For this control system, 1,6-hexanediol dimethacrylate (6) was 
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used as a crosslinker to ultimately provide a material in which the oxanorbornadiene 

mechanophore was adsorbed into the matrix, but not covalently attached (4-ads). 

Copolymerization of a monoacrylate variant of 3 and methyl acrylate in the presence of benzoyl 

peroxide (BPO) and N,N-dimethylaniline confirmed the stability of the mechanophore under the 

polymerization conditions (see Experimental). 

After polymerization and crosslinking had ensued, each network was soaked in CH2Cl2 

or MeOH for 2-hour cycles to remove unincorporated small molecules. Multiple soak cycles 

Scheme 2.1. Synthesis of network with mechanophore crosslinking units (4-CL), and control 

network with adsorbed mechanophore units (4-ads). 
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were conducted until no additional small molecules were detected in the solution, as judged by 

GC-MS. The amount of 3, 5, and 6 in the combined soak solutions were each quantified and used 

to infer the amount of each species that was incorporated into the crosslinked networks. By 

adjusting the feed ratios of the reactants, we prepared samples of 4-CL with estimated 

mechanophore/crosslinker (3) compositions of ca. 5 and 14 mol%. Similarly, samples of 4-ads 

were prepared and determined to contain 17 mol% mechanophore (5) and 19 mol% crosslinker 

(6); a 4-ads network of lower mechanophore and crosslinker composition was also prepared, 

containing 7 and 11 mol% of each component, respectively.  

To evaluate the mechanochemical reactivity of each network, we conducted compression 

experiments of each sample at different pressures. Samples were loaded into a Carver press and 

subjected to a sustained pressure as indicated in Figure 2.3. After 30 min of sustained stress, the 

sample was placed in CH2Cl2 to facilitate diffusion of released small molecules. The CH2Cl2 

solutions were then analyzed by GC-MS, and NMR spectroscopy. The GC-MS method was 

optimized such that analysis of solutions containing 3 and 5 would not result in false positive 
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Figure 2.3. Plot of applied pressure versus activation of mechanophore, as judged by GC/MS 

analysis of soak solutions after compression of 4-CL with 14 mol% 3 (●), 4-CL with 5 mol% 3 

(○), 4-ads with 17 mol% 5 and 19 mol% 6 (×), and 4-ads with 7 mol% 5 and 11 mol% 6 (□). 

Each data point is an average of two independent compression experiments. 
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detection of 2. Without applied stress, no furan was observed in the soak solution, indicating to 

us that no background amount of furan was released due to, for example, mechanochemical 

activation upon swelling or inadvertent physical adsorption during synthesis. Over the range of 0 

to 1200 MPa of applied pressure, we observed a monotonic increase in the % activation of the 

crosslinked mechanophore for both samples of 4-CL. While the same trend was observed for 4-

CL containing 5 and 14 mol% of mechanophore 3, greater activation was observed from the 

network having a greater density of 3. These results support a non-thermal activation 

mechanism, since thermal effects would be expected to influence reactivity to the same extent in 

the two different variants of 4-CL. Additionally, compression of 4-CL for 1 min at 600 MPa 

gave essentially the same % activation (3.0%) as a 30-min compression (3.3%), consistent with 

mechanical activation mechanisms.
7
 Importantly, compression and analysis of each 4-ads sample 

resulted in little or no activation at each pressure, further supporting the mechanochemical 

origins of the cycloreversion reaction. These results suggested to us that released amounts of 2 

detected in compression experiments could not be attributed to thermal or pressure-induced 

activation.  
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Additional support for the proposed origin of 2 was obtained via confocal Raman 

spectroscopy (Figure 2.4). Control mechanophore 5 and PMA crosslinked via incorporation of 6, 

but without any mechanophore, are shown in the top spectrum for reference. Prior to 

compression, the Raman spectrum of each 4-CL sample shows only signals consistent with the 

mechanophore and polymer network. After compression at 1200 MPa, each sample of 4-CL 

displayed a new band at ca. 2250 cm
-1

, consistent with known stretching frequencies of acetylene 

dicarboxylates. This indicated to us that cycloreversion with concomitant alkyne formation as the 

likely origin of 2, consistent with computational predictions and envisioned flex-activation. 

Figure 2.4. Raman spectra on HOPG of (a) control mechanophore 5 and crosslinked PMA 

absent any mechanophore; (b) network 4-ads (17 mol% 5) before and after compression at 1200 

MPa for 30 min; (c) 4-CL (5 mol% 3) before and after compression at 1200 MPa for 30 min; 

and (d) 4-CL (14 mol% 3) before and after compression at 1200 MPa for 30 min. λex = 785 nm. 

mechanophore 5 

crosslinked PMA 

compressed 

virgin 

compressed 

virgin 

compressed 

virgin 

a) b) 
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Raman spectra of 4-ads before and after compression at 1200 MPa were essentially 

indistinguishable from one another, and no alkyne formation was apparent. 

 

2.2.b Multiple Activation Cycles in Elastomeric Polyurethane 

 To obtain a material with a lower elastic modulus than the crosslinked PMA networks 

previously employed, we incorporated the flex activated mechanophore into an elastomeric 

segmented polyurethane network. These networks comprise flexible polyether segments joined 

by short, hard diisocyanates and diol chain extenders, resulting in the phase separation between 

hard and soft segments responsible for their superior strength and elasticity.
15

 Toward this end, 

diol 7 was first reacted with an excess of methylene diphenyldiisocyanate (MDI) to form a 

diisocyanate-capped mechanophore (Scheme 2.2). Polymerization and crosslinking was effected 

via addition of dihydroxy-terminated poly(ethylene glycol) and triol 8 to the reaction mixture, 

resulting in full gelation of the network within 48 h. After curing at 30 °C, solid materials were 

obtained with a mechanophore concentration of 6.7 wt% (0.13 mmol of mechanophore 7 per 

gram of material), based upon the feed ratios. Comparison of analogous non-crosslinked (i.e., 

Scheme 2.2. Synthesis of polyurethane networks. 
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linear polymers) systems revealed excellent mechanophore stability during polymerization and 

curing (see Experimental). A control system was also prepared, in which mechanophore chain 

extender 7 was replaced by inert 1,6-hexanediol and mechanophore 5 was physically adsorbed 

into the material, thus enabling determination of the mechanical (as opposed to thermal or 

pressure-induced) activation. 

 The mechanochemical reactivity of each network cured at 30 °C was evaluated by 

subjecting each to compression in a hydraulic press at sustained pressures as indicated in Figure 

2.5. After 1 min of sustained stress, the sample was placed in CH2Cl2 to facilitate diffusion of 

released small molecules. The CH2Cl2 solutions were then analyzed by GC-MS in the presence 

of an internal standard. Without applied stress, only a small amount of benzyl furfuryl ether was 

observed in the soak solution, corresponding to activation of roughly 1% of the incorporated 

mechanophores. As the pressure was increased in each subsequent experiment using fresh 

samples of the polyurethane material, we observed a monotonic increase in the % activation of 
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Figure 2.5. Plot of applied pressure versus activation of crosslinking (●) and control (●) 

mechanophore, as judged by GC-MS analysis of soak solutions after compression. Error bars 

represent standard deviations. 
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the crosslinked mechanophore up 176 MPa of applied pressure. At higher pressures, we saw 

consistent % activation but no additional increase. Importantly, the control network only gave ca. 

2% activation, and we observed no increase in the % activation with increasing pressure. 

Collectively, these results confirmed the mechanical origins of the cycloreversion reaction.  

 We next explored the feasibility of using multiple compressions to achieve iterative 

increases in the % mechanophore activation from the same sample of material. Samples were 

compressed at 35 or 88 MPa for 1 min, and pressure was then released and the sample was 

folded before subjecting to another 1-min compression. The process was repeated for each fresh 

sample until the target number of compressions was reached, at which point the sample was 

soaked in CH2Cl2 and the soak solution analyzed by GC-MS. As shown in Figure 2.6, we 

observed a discernible positive correlation between the number of compressions and the % 

activation. The amount gained with each compression began to diminish, which we speculate is 

likely due to a strain softening effect (see below). When compressed at either 35 or 88 MPa, 
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Figure 2.6. Plot of % activation of mechanophores versus number of successive compressions 

(1 min each) at 35 (●) and 88 MPa (○). Control network (●) was compressed at 35 MPa. Error 

bars represent standard deviations. 
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increases in activation were apparent up to 9 compression-activation cycles, reaching a 

maximum of 6 – 7% activation. This suggested to us that once a sufficient load history was 

imposed to cause this maximum % activation, the material had softened to the extent that 

additional mechanophore activation could not be achieved. In comparison, however, no increase 

in % activation was observed for > 1 compression when using the previously reported PMA 

networks, nor the polyurethane control networks containing 5.  

 To investigate the effects of load history on the physical properties of the material, we 

measured the flexural modulus after increasing numbers of compressions on the same sample.
16

 

Shown in Figure 2.7 are representative examples of the % of initial flexural modulus versus 

number of compressions at 35 and 88 MPa. As expected, the material softened more quickly 

under higher load (88 MPa), reducing to 68% of initial after just one compression. For 

comparison, at 35 MPa the material retained 68% of its initial flexural modulus for up to nine 

compressions. In segmented polyurethanes, strain softening is generally attributed to the breakup 

of hard domains in response to applied force.
17,18

 A possible explanation for the observed upper 
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Figure 2.7. Changes in measured flexural modulus after compressions at 35 (●) and 88 MPa (○), 

plotted as percent of modulus of initial, uncompressed material. Error bars represent standard 

deviations. 
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limit of mechanophore reactivity lies in both random scission of chemical crosslinks and 

destruction of the physical crosslinks provided by hard domains. As described in Section 2.2.a, 

the mechanochemical reactivity of the oxanorbornadiene is directly related to crosslink density, 

and it is possible that the lower limit of crosslink density sufficient for mechanochemical 

activation has been reached after strain-induced softening by ca. 30%. Despite softening, the 

material clearly resisted permanent physical deformation, as shown in Figure 2.8. Notably, it has 

been demonstrated that more efficient mechanochemical activation is associated with plastic 

deformation of the bulk material,
19,20

 a limit not reached under our experimental conditions as 

judged by the nearly identical physical measurements of samples when subjected to repeated 

compressions (see Experimental). Thus, the conditions experienced by the mechanophores may 

not be optimal for reaching high levels of activation, yet sequential increase in small molecule 

release was still achievable.  

 

2.2.c Effects of Oxanorbornadiene Substitution on Mechanochemical Transduction 

 A convenient feature of the oxanorbornadiene mechanophore is the facile means of 

quantifying % activation. Particularly in the case of scissile mechanophores, the % activation can 

be difficult to accurately determine; typically, rates of polymer chain scission are calculated and 

a) b) c)

d) e) f)

Figure 2.8. Polyurethane material after compressions at 35 MPa. Images a) through f) were 

taken after 0, 1, 3, 5, 7, and 9 compressions, respectively, of the same sample piece. Scale bars = 

5 cm. 
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compared to infer mechanophore reactivity in the place of calculation of precise % 

activation.
10,21

 In contrast, the release of a small molecule enables the rapid, facile detection and 

quantification of mechanochemical activity. This could enable detailed investigation of the 

factors affecting the efficiency of mechanochemical transduction in the oxanorbornadiene, and 

combined with the wide range of substitution patterns available for furans we sought to obtain a 

set of structure-activity relationships for this mechanophore (Figure 2.9). By comparing the % 

activation of a series of oxanorbornadienes to, for example, the thermal retrocyclization of the 

same series, the relationship between the ground state and the force-modified potential energy 

surface can be better elucidated. While many regio- and stereochemical structure-activity 

relationships of mechanophores are known,
9,22,23

 the discrete modification of a single 

mechanophore to study both steric and electronic effects is much more rare.
10 

 

As a starting point, we probed the effect of sterics on the efficiency of mechanochemical 

transduction in the oxanorbornadiene by introducing a methyl group at the bridgehead. Detailed 

studies of the structural effects controlling the rate of retro-Diels Alder reactions are sparse; 

however, studies of anthracene cycloadducts suggest that sterics of the diene play a role in 

determining the activation barrier of the thermal retrocyclization reaction, albeit a smaller one 

Figure 2.9. Potential studies of structure-activity relationships in the mechanochemical 

activation of oxanorbornadienes. 
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than electronics.
24

 To investigate, we synthesized the 5-methylated congener of the original 

benzyl furfuryl ether (see Experimental). We then incorporated the methylated oxanorbornadiene 

9 in an elastomeric polyurethane and assessed the mechanochemical reactivity of the network 

(Scheme 2.3a), using the procedure described in Section 2.2.b. However, none of the desired 

methylated benzyl furfuryl ether was detected after compression at any pressure tested, up to 352 

MPa. A mixed network was also prepared, which contained equimolar amounts of parent diol 7 

and 9 (Scheme 2.3b). Upon compression, activation of the parent oxanorbornadiene 7 was 

observed, along with the expected monotopic increase in % activation with pressure (Figure 

2.10). However, again no activation of 9 was detected. Thus, we concluded that bridgehead 

methylation inactivated the mechanochemical response of the oxanorbornadiene. 

Scheme 2.3. (a) Synthesis of polyurethane network containing bridgehead-alkylated congener 9. 

(b) Synthesis of mixed network containing 7 and 9. 

a) 

b) 

9 

9 
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Figure 2.10. Plot of applied pressure versus activation of  oxanorbornadiene 7 (●) and 9 (●), as 

judged by GC-MS analysis of soak solutions after compression. 

 

The cause does not appear to be a higher intrinsic activation barrier to the retrocyclization 

reaction. Thermolysis of small molecule adducts of the parent and methylated oxanorbornadienes 

showed similar rates of thermal decomposition (1.96 × 10
-5

 s
-1

 and 4.03 × 10
-5

 s
-1

 for the parent 

and methylated congeners, respectively). As the ground state potential energy surface (PES) does 

not appear to be intrinsically biased against retrocyclization, the answer must lie in a perturbation 

particular to the force-modified PES. A potential explanation may be a rotation out of 

conjugation of the ester group proximal to the bridgehead methyl of the oxanorbornadiene. This 

may then require more mechanical deformation to reach the transition state, i.e. an additional 

dihedral rotation. IR spectroscopy shows a slight difference in the carbonyl stretching 

frequencies between the parent and methylated oxanorbornadienes in the ground state (1719 cm
-1

 

and 1724 cm
-1

, respectively). In addition, 
13

C NMR of the methylated oxanorbornadiene 

congener shows two distinct carbonyl resonances (δ 165.0, 162.9), with one signal appearing 

downfield from the corresponding resonance in the parent oxanorbornadiene (δ 163.3). These 

observations are consistent with a decrease in conjugation in the carbonyl pi orbitals of the 
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methylated congener, manifested as an out-of-plane dihedral rotation. Additional computational 

investigations are currently underway to more completely elaborate the role of steric 

encumbrance in the flex activation of oxanorbornadienes. 

 

Section 3: Conclusions 

 In summary, we have demonstrated a fundamentally unique mechanochemical 

transduction process in mechanophores that undergo scission along bonds that are not 

components of the elongated polymer main chain, resulting in a net strengthening of the bonds in 

the polymer backbone. A unique aspect of the design is the use of the macromolecular scaffold 

to direct activation by means of bond bending induced by mechanical stress on the material. This 

“flex activation” method has been supported through experimental and computational studies. 

An exciting feature of these materials is their ability to undergo mechanochemical transduction 

to release small molecules capable of diffusing out of the polymer matrix. We anticipate that the 

successful development of flex-activated mechanophores will open a new avenue for the 

investigation of materials that respond to physical stimulus, both from the standpoint of 

mechanophore design and in the incorporation of these structures in advanced functional 

materials. 

 Additionally, we have demonstrated the ability to use elastomeric polyurethane scaffolds 

combined with a flex-activated mechanophore to achieve force-activated release of small 

molecules over multiple load cycles. Mechanical analysis of the compressed material revealed 

the ability of the bulk polymer matrix to maintain its elasticity and shape after the application of 

force sufficient for mechanophore activation. This advancement is an important step toward 

realizing force-coupled capabilities, including reloadable sensory materials, refillable reservoirs 
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of therapeutics or catalysts, and composites capable of healing fractures from repeated, low-level 

stresses. 

 Preliminary investigations of structural factors affecting the mechanochemical 

transduction of oxanorbornadienes have revealed that subtle changes in the structure have the 

ability to greatly impact chemomechanical coupling. In contrast to thermal retrocyclization, the 

addition of a methyl substituent at the bridgehead position completely deactivates the ability of 

the mechanophore to undergo flex activation. While the precise origin of this effect is currently 

unknown, it suggests a perturbation particular to the force-modified PES, rendering flex 

activation inaccessible to even moderately sterically encumbered oxanorbornadienes. 

 

Section 4: Experimental  

General Considerations. Dimethylformamide, pyridine, and tetrahydrofuran were obtained from 

a solvent purification system. 
1
H and 

13
C NMR spectra were recorded on Bruker AVance 300 

MHz or 500 MHz spectrometers. Chemical shifts are reported in delta (δ) units, expressed in 

parts per million (ppm) downfield from tetramethylsilane using the residual protio-solvent as an 

internal standard (CDCl3, 
1
H: 7.26 ppm and 

13
C: 77.0 ppm; DMSO-d6, 

1
H: 2.49 ppm and 

13
C: 

39.5 ppm). GC-MS analysis was performed on a HP 5971A gas chromatograph-mass 

spectrometer (electron impact ionization). The thermal profile was optimized so as to preclude 

thermal activation of residual oxanorbornadiene upon injection and/or chromatographic 

separation. LRMS was performed on a Bruker Esquire equipped with either an electrospray 

ionization (ESI) or IonSense SVP100 DART source. HRMS was performed by the Department 

of Chemistry Mass Spectrometry Facility at the University of Washington. Confocal Raman 

microscopy was performed on a Renishaw inVia Raman microscope at the Nanotech User 
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Facility in the Molecular Engineering and Sciences Institute at the University of Washington. 

Mechanical analysis was performed with a Perkin Elmer DMA 7e Dynamic Mechanical 

Analyzer. IR spectroscopy was performed with a Perkin Elmer Spectrum RX I FTIR 

spectrometer. All reagents and solvents were obtained from commercial sources and used as 

received unless otherwise specified. 

2.4.a Experimental for Activation in Crosslinked Poly(methyl acrylate) 

Scheme 2.4. Synthesis of small molecule components. 
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Preparation of 1. Acetylene dicarboxylate (5.0 g, 43.8 mmol), 1,6-hexanediol (52 g, 438 mmol), 

and p-toluenesulfonic acid monohydrate (833 mg, 4.38 mmol) were dissolved in benzene (70 

mL). The reaction flask was equipped with a reflux condenser fitted with a Dean-Stark trap and 

heated at 100 °C. After 20 h, ca. 1.5 mL of water had collected in the trap. The solution was 

removed from heat and once at room temperature, diluted with Et2O (50 mL), and then cooled to 

-10 °C for 1 h. The solution was decanted and the solids rinsed with additional portions of Et2O. 

The combined organic layers were washed successively with saturated NaHCO3 solution (2 × 50 

mL), water (4 × 50 mL), and brine (1 × 50 mL). The organic layer was dried with MgSO4, 

filtered through a thin pad of Celite, and concentrated under reduced pressure yielding 1 as a pale 

yellow oil (8.79 g, 64%). 
1
H NMR (300 MHz, CDCl3) δ 4.17 (t, J = 6.6 Hz, 4H), 3.58 (t, J = 6.5 

Hz, 4H), 1.71 – 1.57 (m, 4H), 1.52 (m, 4H), 1.41 – 1.28 (m, 8H). 
13

C NMR (126 MHz, CDCl3) δ 

152.0, 128.3, 74.7, 67.0, 32.5, 28.3, 25.6, 25.3. LRMS (DART): [M+H]
+
 calcd for C16H27O6, 

315.18; found 314.9. 

 

Preparation of 2. To a solution of 3-furfuryl alcohol (4.14 g, 42.1 mmol) in dry DMF (80 mL) 

under N2 atmosphere was added NaH (1.52 g, 63.2 mmol). After 30 min, benzyl bromide (5.51 

mL, 46.4 mmol) was added and the reaction mixture was stirred at room temperature and 

monitored by TLC (15% EtOAc/hexanes). After 6 h, the solution was opened to air and the 

excess NaH was consumed via dropwise addition of water (50 mL). The solution was extracted 

with hexanes (4 × 30 mL) and the combined organic layers rinsed with brine (1 × 40 mL). The 

solution was dried with MgSO4, filtered through a thin pad of Celite, and concentrated under 

reduced pressure. The crude product was purified by eluting through a silica gel plug (15% 

EtOAc/hexanes) to yield 2 as a pale yellow liquid (7.73 g, 98%). 
1
H NMR (300 MHz, CDCl3) δ 
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7.45 – 7.26 (m, 7H), 6.45 (d, J = 0.8 Hz, 1H), 4.54 (s, 2H), 4.43 (s, 2H). 
13

C NMR (75 MHz, 

CDCl3) δ 143.4, 140.8, 138.3, 128.5, 127.9, 127.7, 110.5, 71.9, 63.4. LRMS (EI) [M]
+
 calcd for 

C12H12O2 188.08; found 188.1. Spectral data were consistent with previously reported values.
25

 

Preparation of 3. Compounds 1 (3.5 g, 11.1 mmol) and 2 (2.31 g, 12.2 mmol) were combined in 

a sealed vial and heated at 70 °C. The reaction progress was monitored via 
1
H NMR 

spectroscopy. After 18 h, nearly full conversion of 2 was achieved. The reaction mixture was 

removed from heat and triturated with hexanes (3 × 15 mL) to remove excess unreacted starting 

materials. Residual solvent was removed under reduced pressure to yield the intermediate diol as 

an orange oil (4.86 g, 87%).  

 

To a solution of the intermediate diol (298 mg, 0.59 mmol) in dry pyridine (5 mL) under N2 

atmosphere was added methacrylic anhydride (660 µL, 4.4 mmol). The solution was stirred at 

room temperature and monitored via TLC (85% EtOAc/hexanes). After 18 h, the reaction was 

diluted with Et2O (10 mL) and washed successively with water (2 × 10 mL), 10 wt% CuSO4 

solution (3 × 10 mL), and saturated NaHCO3 solution (2 × 10 mL). The organic layer was dried 

with MgSO4, filtered, and the solvents removed under reduced pressure. The crude product was 

purified by column chromatography (20% EtOAc/hexanes) to yield 3 as a pale yellow oil (54 

mg, 14%). 
1
H NMR (500 MHz, CDCl3) δ 7.38 – 7.27 (m, 5H), 6.92 (s, 1H), 6.08 (s, 2H), 5.65 (s, 

1H), 5.59 (s, 1H), 5.54 (s, 2H), 4.55 (d, J = 11.9 Hz, 1H), 4.46 (d, J = 11.9 Hz, 1H ), 4.32 (s, 

2H), 4.22 – 4.08 (m, 8H), 1.93 (s, 6H), 1.76 – 1.58 (m, 8H), 1.47 – 1.30 (m, 8H). 
13

C NMR (126 

MHz, CDCl3) δ 167.5, 162.9, 156.0, 153.0, 152.7, 137.8, 137.0, 136.5, 128.4, 127.8, 127.7, 

125.3, 85.9, 85.6, 72.5, 66.1, 65.4, 64.5, 28.5, 28.4, 25.7, 25.5, 18.4. LRMS (DART): [M+NH4]
+
 



44 

 

 

calcd for C36H50NO10, 656.34; found 656.3. HRMS (ESI): [M+H]
+
 calcd for C36H47O10, 

639.3169; found 639.3192. 

 

Preparation of 4-CL. In a screw cap vial under N2 atmosphere, compound 3 (64 mg, 0.10 mmol) 

and recrystallized benzoyl peroxide (4.8 mg, 0.02 mmol) were dissolved in freshly distilled 

methyl acrylate (0.11 mL, 1.25 mmol). N,N-Dimethylaniline was added (2.5 µL, 0.02 mmol) and 

the vial was sealed with a Teflon-lined screw cap and immediately transferred to a freezer (-10 

°C). After 40 h, the vial was opened and CH2Cl2 (5 mL) was added. After 1 h, the solution was 

decanted and replaced with a fresh portion of CH2Cl2, and the soaking process repeated until no 

reactants were observed by GC. The remaining solids were dried on a Schlenk line to yield 4-CL 

as a rubbery orange solid (118 mg). The final loading of 3 within the polymer network was 

determined via 
1
H NMR analysis of the combined CH2Cl2 soaking solutions and determined to 

be 14 mol%. 

 

An analogous procedure using 3 (64 mg, 0.10 mmol), benzoyl peroxide (4.8 mg, 0.02 mmol), 

methyl acrylate (0.18 mL, 2.0 mmol), and N,N-dimethylaniline (2.5 µL, 0.02 mmol) yielded 4-

CL with 5 mol% of mechanophore 3 incorporated. 

 

Preparation of S1. Acetylene dicarboxylate (1.0 g, 8.76 mmol), hexanol (2.20 mL, 17.5 mmol) 

and p-toluenesulfonic acid monohydrate (167 mg, 0.88 mmol) were dissolved in benzene (15 

mL). The reaction flask was equipped with a reflux condenser fitted with a Dean-Stark trap and 

heated at 100 °C. After 18 h, the solution was removed from heat, diluted with Et2O (20 mL), 

and washed successively with saturated NaHCO3 solution (2 × 10 mL) and brine (1 × 10 mL). 
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The organic layer was dried with MgSO4, filtered through a thin pad of Celite, and concentrated 

under reduced pressure. The crude product was passed through a silica gel plug eluting with 

hexanes to yield S1 as a clear liquid (868 mg, 35%). 
1
H NMR (300 MHz, CDCl3) δ 4.23 (t, J = 

6.7 Hz, 4H), 1.75 – 1.60 (m, 4H), 1.45 – 1.21 (m, 12H), 0.89 (t, J = 6.7 Hz, 6H). 
13

C NMR (126 

MHz, CDCl3) δ 152.1, 74.9, 67.3, 31.4, 28.4, 25.5, 22.6, 14.1. LRMS (DART): [M+NH4]
+
 calcd 

for C16H30NO4, 300.22; found 299.9. 

 

Preparation of 5. Compounds S1 (600 mg, 2.12 mmol) and 2 (400 mg, 2.12 mmol) were 

combined in a sealed vial and heated at 70 °C. The reaction progress was monitored via 
1
H NMR 

spectroscopy. After 15 h, nearly full conversion of 2 was achieved. The crude product was 

purified by column chromatography (10% EtOAc/hexanes) to yield compound 5 as a pale yellow 

liquid (873 mg, 87%). 
1
H NMR (300 MHz, CDCl3) δ 7.40 – 7.27 (m, 5H), 6.93 (dd, J = 3.6, 1.8 

Hz, 1H), 5.66 (t, J = 1.7 Hz, 1H), 5.59 (d, J = 1.6 Hz, 1H), 4.56 (d, J = 11.9 Hz, 1H), 4.47 (d, J = 

11.9 Hz, 1H) 4.33 (t, J = 1.7 Hz, 2H), 4.25 – 4.08 (m, 4H), 1.79 – 1.48 (m, 4H), 1.44 – 1.09 (m, 

12H), 0.95 – 0.74 (m, 6H). 
13

C NMR (126 MHz, CDCl3) δ 163.04, 163.00, 156.0, 152.8, 152.5, 

137.8, 137.0, 128.4, 127.7, 85.9, 85.6, 72.5, 66.1, 65.6, 31.4, 28.5, 25.5, 22.5, 14.0. LRMS 

(DART): [M+H]
+
 calcd for C28H39O6, 471.27; found 471.1. HRMS (ESI): [M+NH4]

+
 calcd for 

C28H42NO6, 488.3012; found 488.3013. 

 

Preparation of 4-ads. In a screw cap vial under N2 atmosphere, compound 5 (47 mg, 0.10 mmol), 

1,6-hexanediol dimethacrylate (25 mg, 0.10 mmol) and recrystallized benzoyl peroxide (4.8 mg, 

0.02 mmol) were dissolved in freshly distilled methyl acrylate (0.45 mL, 5 mmol). N,N-

Dimethylaniline was added (2.5 µL, 0.02 mmol) and the vial was sealed with a Teflon-lined 
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screw cap and immediately transferred to a freezer (-10 °C). After 40 h, the vial was opened and 

MeOH (5 mL) was added. After 1 h, the solution was decanted and replaced with a fresh portion 

of MeOH, and the soaking process repeated until no reactants were observed by GC. The 

remaining solids were dried on a Schlenk line to yield 4-ads as a rubbery orange solid (111 mg). 

The final loading of 5 and 1,6-hexanediol dimethacrylate within the polymer network were 

determined via 
1
H NMR analysis of the combined MeOH soaking solutions and determined to be 

7 mol% and 11 mol%, respectively. 

 

An analogous procedure using 5 (94 mg, 0.20 mmol), 1,6-hexanediol dimethacrylate (51 mg, 

0.20 mmol), benzoyl peroxide (9.6 mg, 0.04 mmol), methyl acrylate (0.36 mL, 4.0 mmol), and 

N,N-dimethylaniline (5.2 µL, 0.04 mmol) yielded 4-ads with 17 mol% of mechanophore 5 and 

19 mol% of crosslinker incorporated. 

 

To confirm the presence of 5 within the network, a 10.3 mg sample (17 mol% 5 according to 

protocol above) was placed in CD2Cl2 for 26 h. The solution was then transferred away from the 

swollen network into an NMR tube containing 1,4-dicyanobenzene as an internal standard. The 

amount of 5 present in the CD2Cl2 as determined by 
1
H NMR spectroscopy was 3.2 mg, or 71% 

of the theoretical amount. 

 

Preparation of S2. Acetylene dicarboxylate (5.0 g, 43.8 mmol), 1,6-hexanediol (25.9 g, 219 

mmol), hexanol (55 mL, 438 mmol) and p-toluenesulfonic acid monohydrate (833 mg, 4.38 

mmol) were dissolved in benzene (70 mL). The reaction flask was equipped with a reflux 

condenser fitted with a Dean-Stark trap and heated at 100 °C. After 20 h, ca. 1.5 mL of water had 



47 

 

 

collected in the trap. The solution was removed from heat, diluted with Et2O (50 mL), and 

cooled to -10 °C for 1 h causing a precipitate to form. The solution was decanted and the solids 

rinsed with additional portions of Et2O. The combined organic layers were washed successively 

with saturated NaHCO3 solution (2 × 50 mL), water (4 × 50 mL), and brine (1 ×  50 mL). The 

organic layer was dried with MgSO4, filtered through a pad of Celite, and concentrated under 

reduced pressure. Excess hexanol was removed from the resulting liquid via vacuum distillation 

(35 °C, 0.5 torr) and the crude product purified via column chromatography (40% 

EtOAc/hexanes) to yield S2 as a yellow oil (5.36 g, 41%). 
1
H NMR (300 MHz, CDCl3) δ 4.25 (t, 

J = 6.5 Hz, 2H), 4.21 (t, J = 6.5 Hz, 2H), 3.65 (t, J = 6.5 Hz, 2H), 1.79 – 1.52 (m, 6H), 1.47 – 

1.24 (m, 10H), 0.89 (t, J = 6.7 Hz, 3H). 
13

C NMR (126 MHz, CDCl3) δ 151.9, 74.8, 74.6, 67.1, 

66.9, 62.7, 32.5, 31.3, 28.2, 28.2, 25.5, 25.33, 25.27, 22.4, 13.9. LRMS (DART): [M+NH4]
+
 

calcd for C16H30NO5, 316.21; found 316.0. 

 

Preparation of S4. Compounds S2 (2.50 g, 8.4 mmol) and 2 (1.73 g, 9.22 mmol) were combined 

in a sealed vial and heated at 70 °C. The reaction progress was monitored via 
1
H NMR 

spectroscopy. After 18 h, nearly full conversion of 2 was achieved. The reaction mixture was 

removed from heat and triturated with hexanes (3 × 15 mL) to remove excess unreacted starting 

materials. Residual solvent was removed under reduced pressure to yield the intermediate 

alcohol (S3) as an orange oil (3.20 g, 78%). 

 

To a solution of S3 (387 mg, 0.76 mmol) in dry pyridine (5 mL) under N2 atmosphere was added 

methacrylic anhydride (450 µL, 3.0 mmol). The solution was stirred at room temperature and 

monitored via TLC (85% EtOAc/hexanes). After 18 h, the reaction mixture was diluted with 
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Et2O (10 mL) and washed successively with water (2 × 10 mL), 10 wt% CuSO4 solution (3 × 10 

mL), and saturated NaHCO3 solution (2 × 10 mL). The organic layer was dried with MgSO4, 

filtered through a thin pad of Celite, and concentrated under reduced pressure. The crude product 

was purified by column chromatography (20% EtOAc/hexanes) to yield S4 as a pale yellow oil 

(98 mg, 23%). 
1
H NMR (300 MHz, CDCl3) δ 7.38 – 7.27 (m, 5H), 6.93 (d, J = 1.8 Hz, 1H), 6.09 

(s, 1H), 5.66 (s, 1H), 5.59 (d, J = 1.5 Hz, 1H), 5.55 (s, 1H), 4.54 (d, J = 11.9 Hz, 1H), 4.46 (d, J 

= 11.9 Hz, 1H ), 4.32 (s, 2H), 4.25 – 4.09 (m, 6H), 1.94 (s, 3H), 1.77 – 1.51 (m, 8H), 1.46 – 1.25 

(m, 10H), 0.94 – 0.82 (m, 3H). 
13

C NMR (126 MHz, CDCl3) δ 167.5, 162.99, 162.97, 162.92, 

162.89, 156.0, 153.0, 152.8, 152.7, 137.8, 137.01, 136.96, 136.5, 128.4, 127.8, 127.7, 125.6, 

85.9, 85.6, 72.5, 66.1, 65.6, 65.4, 64.6, 31.4, 28.53, 28.49, 28.47, 28.4, 25.7, 25.5, 22.5, 18.4, 

14.0. LRMS (ESI): [M+H]
+
 calcd for C32H43O8, 555.30; found 555.3. 

 

General procedure for compression studies.  A sample of polymer network (approx. 15 mg) was 

loaded into a KBr pellet press and pressure applied via a Carver laboratory press with attached 

manometer. The sample was compressed at the desired pressure (calculated by dividing load by 

area of the pellet press surface, 6.34 mm radius) for 30 min. The sample was transferred to a vial 

containing CH2Cl2 and a known concentration of 1,3,5-trimethoxybenzene as internal standard. 

After 2 h, a sample of the soak solution was analyzed via GC-MS and the % activation 

determined by dividing the observed furan (2) by the total amount present in the polymer sample 

(determined as mol% in the original synthesis; see above). 

 

CoGEF analysis of mechanophores. Density functional theory (DFT) calculations were 

performed at the B3LYP 6-31G* (d) level of theory using the Gaussian 09 program package. To 
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simulate the effects of bond angle deformation on the oxanorbornadiene, relaxed PES scans were 

performed. Starting from the equilibrium geometry, the angle highlighted (Fig. 2.11) was 

increased incrementally by 5° (1° near the Ea of the retro-Diels Alder reaction) and constrained 

while optimizing the geometry of the rest of the molecule. This angle was chosen so as to utilize 

a single internal coordinate in the system capable of capturing the envisioned bending motion of 

each half of the dienophile. At the onset of the cycloreversion reaction, optimization of the 

resulting geometry of the cycloreversion products failed. Thus, an estimation of the Ea was 

obtained from the last successfully optimized structure obtained from the PES scan. The 

unoptimized cycloreversion products were then utilized as starting points for a new PES scan 

along the same internal coordinate, providing a simulation of the effects of further deformation 

upon the resulting alkyne. 

 

Figure 2.11. C1-C2-C3 bond angle utilized for CoGEF calculations. 
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In addition, the effect of elongation of specific internuclear axes was probed to investigate the 

calculated effects that bond stretching motions could have on the mechanophore (Table 2.1). In 

three cases (entries 1-3), bond homolysis was observed, and the calculated activation energies for 

each are significantly higher than the estimated activation energy for cycloreversion based on 

bond angle deformation. In the fourth case (entry 4), cycloreversion was observed, albeit at a 

slightly higher calculated activation energy than that observed from the above bond angle 

deformation calculations.  

 

Table 2.1. Results of CoGEF calculations based on internuclear elongations. 

 

entry elongation axis result Ea (kcal/mol) 

1 a - a homolysis of a – O bond 115 

2 b - b homolysis of b – alkene bond 88 

3 e - f homolysis of e – O bond 80 

4 d - f cycloreversion to furan and acetylene diester 50 

 

General procedure for Raman microscopy. A thin sample of polymer network was placed on a 

freshly cleaved piece of highly ordered pyrolytic graphite (HOPG). Due to residual fluorescence 

of the sample, photobleaching at 785 nm was performed for 45 min prior to collection of the 

Raman spectrum. Spectra were obtained using an excitation wavelength of 785 nm and are 

presented in Figure 2.12. 
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Figure 2.12. Raman spectra of (A) PMA crosslinked with 6, (B) control mechanophore 5 (neat), 

(C) network 4-ads containing 17 mol% 5 before compression, (D) network 4-ads containing 17 

mol% 5 after compression at 1200 MPa for 30 min, (E) network 4-CL containing 5 mol% 3 

before compression, (F) network 4-CL containing 5 mol% 3 after compression at 1200 MPa for 

30 min, (G) network 4-CL containing 14 mol% 3 before compression, (H) network 4-CL 

containing 14 mol% 3 after compression at 1200 MPa for 30 min. 
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Verification of mechanophore stability under crosslinking conditions. Linear poly(methyl 

acrylate) incorporating S4 as a repeat unit was synthesized in bulk. In a screw cap vial under N2 

atmosphere, compound S4 (26 mg, 0.047 mmol) and recrystallized benzoyl peroxide (2.3 mg, 9 

µmol) were dissolved in freshly distilled methyl acrylate (85 μL, 0.94 mmol). N,N-

Dimethylaniline was added (1.1 µL, 9 µmol) and the vial was sealed with a Teflon-lined screw 

cap and immediately transferred to a freezer (-10 °C). After 20 h, the vial was opened and the 

residue dissolved in CH2Cl2. The polymer was isolated by adding the CH2Cl2 solution dropwise 

into an excess of cold MeOH, causing precipitation of the polymer. The solution was decanted 

from the resulting solids. The solids were rinsed with additional portions of MeOH and dried on 

a Schlenk line. 
1
H NMR analysis (Figure 2.13) indicated incorporation of S4 as a repeat unit, as 

no protons from the terminal acrylate were detected and the bridgehead proton signals remained 

intact (Figure 2.13, inset). 



56 

 

 

 

Figure 2.13. 
1
H NMR spectrum of linear polymer with control mechanophore S4 incorporated 

into the main chain (solvent = CD3CN). Inset: resonances corresponding to intact 

oxanorbornadiene (bridgehead protons) 
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2.4.b Experimental for Multiple Activation Cycles in Elastomeric Polyurethane 

 

Scheme 2.5. Synthesis of mechanophore 7. 

 
 

Preparation of 7. Compounds 1 (1.50 g, 4.77 mmol) and 2 (898 mg, 4.77 mmol) were combined 

in a screw cap vial, sealed, and heated at 70 °C. The reaction progress was monitored via 
1
H 

NMR spectroscopy. After 18 h, nearly full conversion of 2 was achieved. The reaction mixture 

was removed from heat and the crude product purified by column chromatography (75% 

EtOAc/hexanes) to yield 7 as a pale orange oil (1.34 g, 56%). 
1
H NMR (300 MHz, CDCl3) δ 

7.40 – 7.27 (m, 5H), 6.94 (s, 1H), 5.66 (s, 1H), 5.60 (s, 1H), 4.52 (d, J = 12.0 Hz, 1H), 4.45 (d, J 

= 12.0 Hz, 1H), 4.33 (s, 2H), 4.25 – 4.15 (m, 4H), 3.64 (t, J = 6.4 Hz, 2H), 3.62 (t, J = 6.4 Hz, 

2H) 1.75 – 1.62 (m, 4H), 1.57 (m, 4H), 1.45 – 1.33 (m, 8H). 
13

C NMR (126 MHz, CDCl3) δ 

163.0, 155.9, 152.8, 152.5, 137.71, 137.70, 128.4, 127.7, 85.9, 85.5, 72.4, 66.9, 66.1, 65.41, 

65.39, 62.59, 62.56, 32.5, 28.4, 25.57, 25.56, 25.31, 25.30. LRMS (ESI): [M+H]
+
 calcd for 

C28H39O8, 503.26; found 503.3. 

 

Preparation of crosslinked network incorporating 7. In a screw cap vial under N2 atmosphere, 

compound 7 (100.5 mg, 0.2 mmol), methylene diphenyl diisocyanate (307.8 mg, 1.23 mmol), 

and DABCO (2.2 mg, 0.02 mmol) were dissolved in anhydrous THF (3.0 mL). After 10 min, 1 

kDa poly(ethylene glycol) (1.00 g, 1.0 mmol) and tris(hydroxymethyl)ethane (2.4 mg, 0.02 

mmol) were added. The vial was sealed with a Teflon-lined screw cap. After 48 h under ambient 

conditions, full gelation of the reaction mixture was observed. The vial was then unsealed and 
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cured at 30 °C for 48 h, and the remaining solids were dried on a Schlenk line for 18 h yielding 

the polymer network as a rubbery solid (1.495 g). The weight% of mechanophore was 

determined from the initial loading of compound 7 divided by the final mass of polymer 

obtained. 

 

Preparation of control network incorporating 5. In a screw cap vial under N2 atmosphere, 1,6-

hexanediol (23.6 mg, 0.2 mmol), methylene diphenyl diisocyanate (307.8 mg, 1.23 mmol), and 

DABCO (2.2 mg, 0.02 mmol) were dissolved in anhydrous THF (3.0 mL). After 10 min, 1 kDa 

poly(ethylene glycol) (1.00 g, 1.0 mmol) and tris(hydroxymethyl)ethane (2.4 mg, 0.02 mmol) 

were added. The vial was sealed with a Teflon-lined screw cap. After 2 h, a solution of 

compound 5 (94.1 mg, 0.2 mmol) in anhydrous THF (0.5 mL) was added, the vial resealed, and 

allowed to react for an additional 47 h, during which full gelation of the reaction mixture was 

observed. The vial was unsealed and cured at 30 °C for 48 h, and the remaining solids were dried 

on a Schlenk line for 18 h yielding the polymer network as a rubbery solid (1.436 g). The 

weight% of mechanophore was determined from the initial loading of compound 9 divided by 

the final mass of polymer obtained. 

 

General procedure for compression studies.  A sample of polymer network (approx. 20 – 30 mg) 

was loaded into a KBr pellet press and pressure applied via a Carver laboratory press with 

attached manometer. The sample was compressed at the desired pressure (calculated by dividing 

load by area of the pellet press surface, 6.34 mm radius) for 1 min. For samples subjected to 

multiple compressions, the compressed polymer sample was extracted from the KBr press, 
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folded in half with forceps, and recompressed (Figure 2.14). Compression of the folded material 

initially resulted in a thin disk (< 0.1 mm) consisting of the two halves of the original sample 

adhered to each other; thus, after extraction and subsequent folding for additional compressions, 

a new portion of material was incorporated into the folding region each time. After the desired 

number of compressions was reached, the sample was transferred to a vial containing CH2Cl2 

and a known concentration of anisole as internal standard. After 2 h, a sample of the soak 

solution was analyzed via GC-MS and the % activation determined by dividing the observed 

furan (2) by the total amount present in the polymer sample (determined as wt% in the original 

synthesis; see above). 

 

Figure 2.14. Idealized depiction of compression and subsequent folding process for multiple 

compression-activation cycles. 
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Effect of folding on % activation. A sample of polymer containing 7 was compressed at 35 MPa 

for 1 min, the polymer extracted, and recompressed without folding. The process was repeated 

until the sample had been compressed three times. The % activation was determined as above, 

which was found to be 3.6% (average of three unique samples). 

 

General procedure for mechanical testing. A rectangular sample was cut out of the original 

cured material and the length, width, and depth measured. Prior to each DMA measurement, the 

dimensions were re-measured with electronic calipers. The sample was loaded into the DMA and 

subjected to a three-point flexural test (5 mm support span width, static force scan, 10.0 mN to 

50.0 mN, 10.0 mN/min). The slope of the initial linear portion of the force-deflection curve was 

used to calculate the flexural modulus from the equation: 

𝐸𝑓𝑙𝑒𝑥  = 𝐿3𝑚/4𝑏𝑑3 

where: 

L = support span width (mm) 

m = slope of force-deflection curve (N/mm) 

b = width of sample (mm) 

d = depth of sample (mm)  

 

Confirmation of mechanophore stability under crosslinking and curing conditions. In a screw 

cap vial under N2 atmosphere, compound 7 (50.2 mg, 0.1 mmol), methylene diphenyl 

diisocyanate (150.0 mg, 0.6 mmol), and DABCO (1.2 mg, 0.01 mmol) were dissolved in 
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anhydrous THF (1.5 mL). After 10 min, 1 kDa poly(ethylene glycol) (499.5 mg, 0.5 mmol) was 

added. After 2.5 h, 0.5 mL of methanol was added to the viscous solution to terminate the 

polymerization. The polymer was cured at 30 °C for 48 h, and the remaining solids were dried on 

a Schlenk line for 18 h. 
1
H NMR analysis (Figure 2.15) showed that the ratio of mechanophore 

to MDI repeat unit in the final polymer matched the initial feed ratio, as calculated by the 

integrals of furfuryl methylene protons to aromatic MDI protons (Figure 2.15, inset). 

 

 

Figure 2.15. 
1
H NMR spectrum of linear polyurethane incorporating mechanophore 7 (500 

MHz, DMSO-d6), with intact oxanorbornadiene signals indicating minimal degradation during 

polymerization and curing. Inset: magnified 4.25 – 7.5 ppm region, with integrals corresponding 

to initial feed ratio. 
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Effect of compression on previously synthesized poly(methyl acrylate) networks. Compression of 

poly(methyl acrylate) networks synthesized in Section 2.2.a resulted in substantial macroscopic 

failure, even at the lowest pressures examined (Figure 2.16).  

 

 

 

Figure 2.16. Images of crosslinked poly(methyl acrylate) networks a) before and b) after 

compression at 35 MPa for 1 minute. 

  

a) b) 
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Table 2.2. Raw data for pressure vs. activation plot (Figure 2.5) for active mechanophore 

network (containing 7) and control network (containing 5). 

Pressure (MPa) Activation 

(with 7) 

Activation 

(with 5) 

0 1.5% 2.0% 

 1.1% 2.0% 

 1.0% 2.1% 

35 3.5% 3.6% 

 2.6% 2.7% 

 3.2% 3.2% 

88 5.1% 1.3% 

 4.6% 2.0% 

 3.6% 2.8% 

176 5.9% 2.5% 

 5.4% 3.0% 

 6.4% 1.4% 

352 6.5% 1.4% 

 5.8% 2.1% 

 5.4% 2.1% 

 

Table 2.3. Raw data for compressions vs. activation plot (Figure 2.6) for active mechanophore 

network (containing 7) and control network (containing 5). 

# compressions Activation (with 

7) 

35 MPa 

Activation (with 7) 

88 MPa 

Activation (with 

5) 

35 MPa 

1 3.5% 5.1% 3.6% 

 2.6% 4.6% 2.7% 

 3.2% 3.6% 3.2% 

3 4.7% 5.5% 2.2% 

 4.8% 5.9% 2.6% 

 4.7% 5.5% 2.1% 

5 4.7% 5.6% 1.9% 

 4.5% 6.2% 1.5% 

 4.5% 5.5% 2.0% 

7 5.3% 5.3% 2.1% 

 4.6% 5.8% 1.8% 

 6.4% 6.7% 2.0% 

9 5.2% 6.8% 2.5% 

 4.5% 7.4% 1.0% 

 7.6% 7.3% 1.0% 

15 5.7% 5.8% 2.4% 

 6.1% 6.2% 0.7% 

 7.0% 7.2% 1.7% 
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Table 2.4. Raw data for compressions vs. flexural modulus (Figures 2.7 and 2.8). 

Trial Compressions / 

pressure 

Dimensions (mm) Modulus 

(MPa) 

% uncompressed 

modulus 

1 0 7.57 x 2.71 x 2.38 .0268 100 

 1 / 35 MPa 7.56 x 2.72 x 2.33 .0248 92.6 

 3 / 35 MPa 7.43 x 2.77 x 2.32 .0237 88.6 

 5 / 35 MPa 7.55 x 2.89 x 2.39 .0211 78.7 

 7 / 35 MPa 7.49 x 2.74 x 2.30 .0246 91.9 

 9 / 35 MPa 7.49 x 2.86 x 2.16 .0210 78.6 

2 0 10.21 x 2.34 x 2.02 .0217 100 

 1 / 35 MPa 10.10 x 2.20 x 1.92 .0242 111 

 3 / 35 MPa 10.30 x 2.35 x 2.09 .0204 94.1 

 5 / 35 MPa 10.35 x 2.35 x 1.97 .0190 87.6 

 7 / 35 MPa 10.30 x 2.30 x 1.93 .0187 86.0 

 9 / 35 MPa 10.40 x 2.54 x 1.87 .0133 61.3 

3 0 8.04 x 2.37 x 2.23 .0292 100 

 1 / 35 MPa 8.04 x 2.45 x 2.30 .0257 88.1 

 3 / 35 MPa 7.97 x 2.59 x 2.39 .0256 87.8 

 5 / 35 MPa 7.99 x 2.66 x 2.42 .0213 73.1 

 7 / 35 MPa 7.93 x 2.56 x 2.39 .0251 86.2 

 9 / 35 MPa 7.90 x 2.65 x 2.15 .0191 65.6 

4 0 7.01 x 2.71 x 1.12 .00596 100 

 1 / 88 MPa 7.15 x 2.71 x 1.05 .00391 65.6 

 3 / 88 MPa 7.16 x 2.59 x 1.10 .00339 56.9 

 5 / 88 MPa 7.34 x 2.63 x 1.01 .00328 55.0 

 7 / 88 MPa 7.01 x 2.65 x 1.07 .00321 53.9 

 9 / 88 MPa 7.68 x 3.00 x 0.95 .000760 12.8 

5 0 7.88 x 2.69 x 1.45 .00636 100 

 1 / 88 MPa 8.05 x 2.83 x 1.31 .00377 59.3 

 3 / 88 MPa 8.16 x 2.73 x 1.26 .00350 55.1 

 5 / 88 MPa 8.34 x 2.82 x 1.29 .00257 40.5 

 7 / 88 MPa 7.77 x 3.20 x 1.21 .00203 31.9 

 9 / 88 MPa 8.10 x 3.32 x 1.12 .00154 24.2 

6 0 6.76 x 2.65 x 2.30 .0298 100 

 1 / 88 MPa 6.93 x 2.72 x 2.61 .0234 78.4 

 3 / 88 MPa 6.97 x 2.74 x 2.42 .0209 70.1 

 5 / 88 MPa 7.01 x 2.66 x 2.49 .0184 61.5 

 7 / 88 MPa 7.16 x 2.75 x 2.50 .0158 52.9 

 9 / 88 MPa 6.90 x 2.33 x 2.17 .0189 63.4 
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2.4.c Experimental for Effects of Oxanorbornadiene Substitution 

Scheme 2.6. Synthesis of small molecule components. 

 

5-methylfuran-3-methanol was synthesized as previously described.
26

 

 

Preparation of S5. Compound S5 was prepared in a manner identical to 2, substituting 5-

methylfuran-3-methanol (274 mg, 2.44 mmol) for 3-furanmethanol. 
1
H NMR (300 MHz, CDCl3) 

δ 7.39 – 7.26 (m, 5H), 7.25 (s, 1H), 6.03 (s, 1H), 4.51 (s, 2H), 4.35 (s, 2H), 2.27 (s, 3H). 
13

C 

NMR (126 MHz, CDCl3) δ 153.1, 139.1, 138.4, 128.5, 127.9, 127.7, 123.1, 106.6, 71.8, 63.6, 

13.7. LRMS (EI) [M]
+
 calcd for C13H14O2 202.10; found 202.1. 

 

Preparation of 9. Compound 9 was prepared in a manner identical to 7, substituting S5 (150 mg, 

0.74 mmol) for 2. 
1
H

 
NMR (500 MHz, CDCl3) δ 7.39 – 7.26 (m, 5H), 6.70 (s, 1H), 5.52 (s,1H), 

4.51 (d, J = 11.9 Hz, 1H), 4.46 (d, J = 11.9 Hz, 1H), 4.27 (s,2H), 4.26 – 4.18 (m, 2H), 4.11 (t, J = 
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6.7 Hz, 2H), 3.68 – 3.57 (m, 4H), 1.78 (s, 3H), 1.75 – 1.65 (m, 4H), 1.66 – 1.48 (m, 8H), 1.48 – 

1.38 (m, 4H), 1.39 – 1.31 (m, 4H). 
13

C NMR (126 MHz, CDCl3) δ 164.8, 162.7, 157.3, 156.6, 

150.7, 140.0, 137.9, 128.5, 127.9, 94.6, 84.3, 72.5, 66.2, 65.6, 65.4, 62.8, 32.6, 28.6, 28.6, 25.7, 

25.47, 25.46, 15.5. LRMS (ESI) [M+NH4]
+
 calcd for C29H44NO8 534.31; found 534.4. 

 

Preparation of S6. Dimethylacetylene dicarboxylate (0.09 mL, 0.74 mmol) and S5 (150 mg, 0.74 

mmol) were combined in a sealed vial and heated at 70 °C. The reaction progress was monitored 

via 
1
H NMR spectroscopy. After 15 h, nearly full conversion of S5 was achieved. The crude 

product was purified by column chromatography (10% EtOAc/hexanes) to yield compound S6 as 

a pale yellow liquid (127 mg, 50%). 
1
H NMR (500 MHz, CDCl3) δ 7.39 – 7.26 (m, 5H), 6.71 (s, 

1H), 5.53 (s, 1H), 4.51 (d, J = 11.8 Hz, 1H), 4.45 (d, J = 11.8 Hz, 1H), 4.27 (s, 2H), 3.84 (s, 3H), 

3.70 (s, 3H), 1.78 (s, 3H). 
13

C NMR (126 MHz, CDCl3) δ 165.0, 162.9, 157.3, 156.7, 151.1, 

140.0, 137.9, 128.5, 127.8, 94.6, 84.3, 72.5, 66.2, 53.6, 52.4, 52.3, 15.5. LRMS (ESI): [M+Na]
+
 

calcd for C19H20NaO6, 367.12; found 367.6. 

 

Preparation of S7. S7 was prepared in a manner identical to S6, substituting 2 (250 mg, 1.33 

mmol) for S5. 
1
H NMR (300 MHz, CDCl3) δ 7.42 – 7.27 (m, 5H), 6.94 (d, J = 1.7 Hz, 1H), 5.68 

(s, 1H), 5.61 (d, J = 1.4 Hz, 1H), 4.54 (d, J = 11.8 Hz, 1H), 4.47 (d, J = 11.8 Hz, 1H), 4.32 (s, 

2H), 3.82 (s, 3H), 3.75 (s, 3H). 
13

C NMR (126 MHz, CDCl3) δ 163.3, 156.1, 153.3, 152.9, 137.2, 

128.6, 127.9, 86.0, 85.7, 72.6, 66.2, 52.5, 52.4. (ESI): [M+Na]
+
 calcd for C18H18NaO6, 353.10; 

found 353.2. 
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Preparation of crosslinked network incorporating 9. The crosslinked network was prepared in a 

manner analogous to that described in Section 2.4.b, substituting 9 (34.2 mg, 0.066 mmol) for 7. 

Yield = 479 mg, 7.1 wt% mechanophore. 

 

Preparation of mixed crosslinked network containing 7 and 9. 

In a screw cap vial under N2 atmosphere, compound 7 (35.0 mg, 0.07 mmol), compound 9 (36.0 

mg, 0.07 mmol) methylene diphenyl diisocyanate (214.5 mg, 0.86 mmol), and DABCO (1.6 mg, 

0.014 mmol) were dissolved in anhydrous THF (2.5 mL). After 10 min, 1 kDa poly(ethylene 

glycol) (697 mg, 0.697 mmol) and tris(hydroxymethyl)ethane (1.7 mg, 0.014 mmol) were added. 

The vial was sealed with a Teflon-lined screw cap. After 48 h under ambient conditions, full 

gelation of the reaction mixture was observed. The vial was then unsealed and cured at 30 °C for 

48 h, and the remaining solids were dried on a Schlenk line for 18 h yielding the polymer 

network as a rubbery solid (1.078 g, 3.2 wt% 7, 3.3 wt% 9). The weight% of each mechanophore 

was determined from the initial loading of compounds 7 and 9 divided by the final mass of 

polymer obtained. 

 

General procedure for compression studies. Compression studies were performed as described in 

Section 2.4.b. 

 

Thermolysis of oxanorbornadienes. In separate scintillation vials, compounds S6 (17.2 mg, 0.05 

mmol) and S7 (16.5 mg, 0.05 mmol) were dissolved in 0.5 mL portions of DMSO-d6. 

Nitrobenzene (5.0 μL, 0.05 mmol) was added as an internal standard, and the solutions were 

transferred to separate NMR tubes. The NMR tubes were heated at 140 °C and monitored by 
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NMR spectroscopy for retrocyclization and/or decomposition of the oxanorbornadiene adducts 

(Figure 2.17). While retrocyclization was observed, judged by the appearance of the 

corresponding furan in each case, its concentration reached a maximum of only 25-30% of the 

initial oxanorbornadiene concentration. While each benzyl furfuryl ether is not completely stable 

at 140 °C, the rate constant of decomposition is an order of magnitude greater than that of 

oxanorbornadiene decomposition; therefore, it appears the thermolysis of oxanorbornadiene 

results in a combination of both retrocyclization and nonspecific degradation. First-order rate 

constants for the disappearance of oxanorbornadiene were calculated from the slope of 

ln[oxanorbornadiene] versus time plots (Figure 2.18). 

 
Figure 2.17. Disappearance of oxanorbornadienes S6 (○) and S7 (●) upon thermolysis at 140 °C.  
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Figure 2.18. First-order rate plot for disappearance of oxanorbornadienes S6 (○) and S7 (●) 

upon thermolysis at 140 °C. kS6 = 4.03 × 10
-5

 s
-1

; kS7 = 1.96 × 10
-5

 s
-1

. 
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Figure 2.19. Infrared spectra of (a) S6 and (b) S7, showing shift in carbonyl stretching 

frequencies. 

  

a) 

b) 
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Chapter 3. Flex Activation of N-heterocyclic Carbene – 

Carbodiimide Adducts 

Section 1: Introduction 

3.1.a Small Molecule Release in Polymer Mechanochemistry 

 Investigations of targeted bond scission in polymer mechanochemistry over the past 

decade have yielded a wide variety of mechanophore designs and functionalities.
1
 While the 

homolytic scission of weak bonds
2
 and opening of strained rings

3–6
 have provided valuable 

insights, application-driven development of mechanophores has yielded materials capable of 

further translating mechanochemical bond scission to a specific output. Advances in 

mechanochromism,
7
 mechanoluminescence,

8
 and force-activated catalysis

9
 are prime examples 

of this type of functionality, as mechanophore activation results in an easily detectable 

spectroscopic signal or serves to turn on catalytic activity. This type of input-output response 

holds promise for addressing challenges in sensory materials, self-healing systems, and drug 

delivery. 

 Of particular note in this context are mechanophores capable of releasing small molecules 

as a result of activation. In effect, this decouples the fate of the polymer from that of the released 

molecule; that is, further chemistry brought about by the small molecule is not influenced or 

affected by the polymer from which it was released. To date, three mechanophores capable of 

small-molecule release have been demonstrated in the literature (Figure 3.1). Moore and 

coworkers were first to develop this concept by exploring the activation of a gem-

dichlorocyclopropane based on a 1,3-disubstituted indene.
10

 Upon scission and isomerization of 

the cyclopropane, the driving force for rearomatization is of sufficient strength to spontaneously 



74 

 

 

expel HCl. However, no attempts to further utilize the released acid for other chemical 

transformations were reported. Similarly, no further reactions mediated or activated by the 

benzyl furfuryl ether released by the oxanorbornadiene mechanophore we have developed (see 

Chapter 2) have been demonstrated,
11

 nor by the released triazolinedione investigated by Craig 

and coworkers.
12

 Therefore, an important unrealized capability of polymer mechanochemistry is 

the release of a small molecule that activates or participates in further chemical transformations.  

In designing a system capable of this type of activation, we considered a particularly 

attractive goal in this context to be the release of an organocatalyst, since the efficiency of 

activation in mechanochemical processes is generally low, especially in the solid state.
4c,10,11

 

Figure 3.1. Mechanophores capable of small molecule release and the product of activation. Red 

= mechanochemically active bonds, blue = released species; R = site of polymer attachment. 
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Stoichiometric consumption of a released species would therefore result in only small amounts 

of conversion, a limitation which would be avoided by releasing a catalytically-active molecule. 

In considering the mode of mechanochemical activation, flex-activated mechanophores are well-

suited to small molecule release. A hallmark of these types of mechanophores is the scission of 

covalent bonds orthogonal to the main polymer chain, which is easily coupled to small-molecule 

release; furthermore, they are capable of multiple activation cycles, enabling the tuning of the 

concentration of released species.
11b

 Therefore, we sought to develop a flex-activated 

mechanophore that enabled the direct release of a catalytically-active species. 

 

3.1.b N-heterocyclic Carbene – Carbodiimide Adducts 

 Consistent with previous studies of flex activation, we sought a transformation in which 

the geometric changes that occur during the course of the reaction are consistent with 

linearization of the polymer backbone that occurs during elongation. One such possibility is the 

conversion of sp
2
-hybridized carbons to sp, the key transformation in the oxanorbornadiene 

mechanophore. In surveying the literature, we sought a system that combined this characteristic 

with the release of an organocatalyst. Recently, Johnson and coworkers reported stable covalent 

adducts between N-heterocyclic carbenes (NHCs) and carbodiimides (CDIs).
13

 Formed via the 

Figure 3.2. Synthesis of NHC-CDI adducts and dynamic equilibrium established at high 

temperatures, studied by Johnson and coworkers. 
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reaction of 1,3-diarylimidazol(in)-2-ylidenes and diarylcarbodiimides (Figure 3.2), these bench-

stable zwitterions exist fully in the bound form at room temperature, but at ca. 100 °C dynamic 

equilibrium is established between the adduct and free NHC and CDI. We hypothesized that, by 

incorporating the CDI portion of the adduct within a polymer chain, linearization of the 

amidinate upon elongation would perturb the ground state equilibrium to the extent that free 

NHC could be released (Figure 3.3). This type of mechanically-biased equilibrium has 

previously been documented and quantified for the spiropyran–merocyanine transition,
7b

 and a 

similar effect would enable the release of a small molecule in this case. NHCs are an 

extraordinarily versatile class of compounds, capable of functioning as organocatalysts,
14

 

polymerization initiators and mediators,
15

 and transition metal ligands.
16

 The diverse range of 

transformations that would be enabled by this mechanochemical NHC release would greatly 

expand the utility of polymer mechanochemistry. 

 

Section 2: Results and Discussion 

 We first conducted a CoGEF (Constrained Geometries Simulate External Force) study to 

determine if the geometric distortions that would occur as a result of polymer elongation were 

Figure 3.3. Generalized depiction of force-induced redistribution of NHC-CDI adduct 

equilibrium, leading to NHC release. Red = mechanochemically active bonds, blue = released 

species; R = site of polymer attachment. 
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consistent with the desired mechanochemical reaction. This method, utilized by us and others in 

the modeling of polymer mechanochemistry,
4a,6c,11a,17

 incrementally distorts the ground state of 

the putative mechanophore along a specified axis, angle, or bond. By re-optimizing the geometry 

of the rest of the molecule at each step, the effect of precise geometric distortions can be 

determined. As a model for the envisioned polymeric NHC-CDI, the adduct between 1,3-

Figure 3.4. Calculated potential energies (kcal/mol) resulting from incremental increase in 

distance d. (a) Minimized ground state of NHC-CDI adduct; (b) extended conformation, 

exhibiting orthogonal carbodiimide aryl rings; (c) minimized structure of di-o-tolylcarbodiimide. 

Hydrogens omitted for clarity. Density functional theory (DFT) calculations were performed at 

the B3LYP 6-31G* (d) level of theory using the Gaussian program package. 

a 
b 

a) b) c) 
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diphenylimidazolylidene and di-o-tolylcarbodiimide was subjected to elongation along the axis 

indicated in Figure 3.4,
18

 with the axis chosen to correspond to attachment points for a monomer 

unit derived from 2,4-tolylene diisocyanate (see below). In the ground state (Figure 3.4a), the 

aryl rings of the carbodiimide are in a face-on conformation. As d is increased, the potential 

energy rises to the point at which a conformational change occurs, with an onset of ca. 19 kcal 

(Figure 3.4b). Interestingly, this more extended conformation exhibits a rotation of the 

carbodiimide aryl rings, which become nearly orthogonal to each other. The aryl groups in di-o-

tolylcarbodiimide are similarly rotated (Figure 3.4c), as would be expected for two disparate pi 

systems converging at a sp carbon. Thus, it appears that the amidinate begins to exhibit diimide 

character upon elongation, consistent with the desired mechanochemical reactivity. 

Along with these computational studies, we considered different synthetic routes toward 

incorporating the diarylcarbodiimide unit in a polymer backbone. A particularly attractive option 

was the work of Campbell, which demonstrated in the early 1960s the conversion of isocyanates 

to carbodiimides in the presence of a phospholene oxide catalyst.
19 

Subsequent extension of this 

work led to the synthesis of poly(carbodiimides) using diisocyanates as precursors,
20

 and
 
the use 

of aromatic diisocyanates led to polymers of high molecular weights comprised of 

diarylcarbodiimide repeat units. Our planned synthetic route was thus to polymerize 2,4-tolylene 

diisocyanate (TDI), followed by post-polymerization functionalization with discretely made 1,3-

bis(2,6-diisopropylphenyl)imidazolylidene (DiPP) to form the desired polymeric NHC-CDI 

adducts. 

To this end, TDI was first reacted with a substoichiometric amount of 

poly(tetramethylene glycol) to obtain flexible macrodiisocyanates so as to impart a degree of 

elasticity in the final polymer. Similar to the strategy employed for the synthesis of elastomeric 
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polyurethane networks in Chapter 2, the flexible polyether segments lowered the modulus of the 

final material and increased the % strain to break.
21

 Polymerization was effected via the addition 

of a solution of phospholene oxide catalyst 1 to the macrodiisocyanate/TDI mixture, and heating 

at 70 °C for 2 h resulted in prepolymer 2 (Scheme 3.1). After cooling, a separately prepared 

solution of DiPP was added to the polymerization solution, which immediately turned a bright 

Scheme 3.1. Synthesis of polymeric NHC-CDI adducts.
a
 

a 
For simplicity, only one regioisomer of each repeat unit arising from TDI is shown. 
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orange and yielded polymer 3. The UV-vis spectrum of 3 exhibited a similar λonset and a peak 

centered at λ = 370 nm compared to an analogous small molecule NHC-CDI 6, indicating the 

presence of the desired polymeric adduct (see Experimental). To trap any mechanochemically 

generated DiPP, ditolylcarbodiimide 4 was added; the presence of small molecule adduct 6 upon 

the application of force would indicate a crossover of DiPP from 3 to 4, and thus support the 

mechanochemical generation of free NHC. Finally, the solution was cast into a Delrin mold and 

cured under ambient conditions for 60 h to form thin film 5, consisting of polymer 3 impregnated 

with 4. 

 To assess the mechanochemical reactivity of the NHC-CDI adduct, samples of 5 were cut 

into rectangular strips of ca. 40 mg and manually elongated to break (generally 50-100% strain). 

After soaking the strained samples in MeOH for 2 h, the solution was analyzed by electrospray 

Figure 3.5. Results of testing of film 5, resulting in detection of small molecule adduct 6 arising 

from crossover of NHC. 
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ionization-mass spectrometry (ESI-MS). As a control, samples of 5 were soaked in MeOH for 2 

h without being subject to force and analyzed in an identical manner. In strained samples, a peak 

corresponding to the mass of the desired small molecule adduct 6 was detected (Figure 3.5), 

indicating mechanochemical NHC release and trapping by 4. Importantly, this mass was not 

detected in unstrained samples, nor in films in which the polymeric NHC-CDI adduct was not 

present (see Experimental). Thermolysis conducted without the application of force to a sample 

of 5 also led to detection of the same mass, confirming the dynamic nature of the NHC-CDI 

equilibrium at elevated temperatures and supporting the ability of the NHC to migrate from 

polymer to small molecule in the solid state. 

 Encouraged by these results, we sought to utilize the mechanochemically-generated NHC 

to effect a secondary transformation. NHCs have been demonstrated to be extremely efficient 

polymerization initators for a variety of monomers,
15

 and the initation of a secondary 

polymerization reaction upon the application of stress could enable advances in self-healing or 

reinforcing materials. In particular, the polymerization of lactide seemed an attractive option as it 

proceeds extremely rapidly when initiated by diaryl imidazolylidenes.
22

 Thus, film 7, analogous 

to 5 but using lactide in place of 4 as the substrate for reaction with NHC, was prepared and 

manually elongated to failure. However, no lactide conversion to poly(lactic acid) was detected 

by NMR or ESI-MS after soaking in CDCl3 or MeOH, respectively. Testing of NHC release in 

THF, CH2Cl2, DMF, and MeOH solution was also conducted using thin films consisting solely 

of 3 and dissolved lactide to test for initiation under solution. Unfortunately, significant 

dissolution and/or plasticization of films was observed, leading to little or no strain to break and 

no conversion of lactide. Thus, the use of flex-activated NHC-CDI adducts to perform 
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organocatalytic transformations has so far been unsuccessful, and is an ongoing subject of 

investigation in our group. 

 

Section 3: Conclusions 

 In summary, we have investigated the mechanochemical flex activation of NHC-CDI 

adducts in the solid state. By incorporating a small molecule carbodiimide to serve as a trapping 

agent and straining films consisting of polymeric NHC-CDI adducts, crossover of the NHC from 

the polymer to the small molecule was observed by ESI-MS in strained samples. Controls 

indicated this effect to be likely of mechanochemical origin, as crossover was not observed in the 

absence of force nor was the putative crossover adduct peak observed in the absence of NHC-

CDI adduct in the polymer. Further attempts to utilize the released NHC as a polymerization 

initiator have thus far been unsuccessful, likely due to the lack of efficient mass transport in the 

solid state versus in solution; however, difficulties arising from plasticization of solid samples 

have so far precluded activation and NHC release under solution. Additionally, in cases in which 

NHC release was observed, the qualitative nature of ESI-MS prevents calculation of % activation 

of the mechanophore. Solving these complications is a subject of ongoing investigation. 

 

Section 4: Experimental 

General Considerations. Tetrahydrofuran was obtained from a solvent purification system. 
1
H 

and 
13

C NMR spectra were recorded on Bruker AVance 300 MHz or 500 MHz spectrometers. 

Chemical shifts are reported in delta (δ) units, expressed in parts per million (ppm) downfield 

from tetramethylsilane using the residual protio-solvent as an internal standard (CDCl3, 
1
H: 7.26 

ppm and 
13

C: 77.0 ppm; DMSO-d6, 
1
H: 2.49 ppm and 

13
C: 39.5 ppm). LRMS was performed on 
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a Bruker Esquire equipped with an electrospray ionization (ESI) source. UV-Vis spectroscopy 

was performed on a Varian Cary 5000 spectrophotometer. IR spectroscopy was performed with a 

Perkin Elmer Spectrum RX I FTIR spectrometer. All reagents and solvents were obtained from 

commercial sources and used as received unless otherwise specified. 1,3-bis(2,6-

diisopropylphenyl)imidazolium chloride,
23

 3-methyl-1-phenylphospholene oxide 1,
24

 and 

compound 6
13

  were synthesized as previously described. 

 

Preparation of 2. In a 20 mL scintillation vial under N2 atmosphere, 2,4-tolylene diisocyanate 

(0.42 mL, 3 mmol) and poly(tetramethylene glycol) (MW = 650; dried in vacuo at 60 °C for 2 d 

prior to use) (98 mg, 0.15 mmol) were dissolved in THF (5 mL). The vial was sealed with a 

septum and the contents heated at 70 °C for 30 min. At this time, a stock solution of catalyst 1 

(0.2 mL, 0.10 mmol; stock solution 100 mg/mL in THF) was added, and the solution began 

bubbling rapidly as CO2 evolved. The polymerization proceeded for 2 h after which it was 

cooled to room temperature, yielding random copolymer 2 which was used immediately without 

any further purification. 

 

Preparation of 3. In a 20 mL scintillation vial under N2 atmosphere, 1,3-bis(2,6-

diisopropylphenyl)imidazolium chloride (127 mg, 0.30 mmol) and potassium tert-butoxide (37 

mg, 0.30 mmol) were dissolved in THF (2 mL). The solution was stirred under N2 for 2 h, during 

which time the solution changed color from a light pink to pale yellow. The resulting solution 

was taken up and filtered through a 0.45 micron PTFE syringe filter, then added to the solution 

of freshly prepared 2. Upon addition, a bright yellow color was observed, which deepened to a 

vivid orange as addition of the NHC solution was completed. The reaction was stirred under N2 
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atmosphere at ambient temperature for 30 min. Random copolymer 3 was used immediately 

without any further purification. The intractable nature of the polymer upon precipitation or 

curing precluded more extensive purification and characterization; nevertheless, NMR (Figure  

3.6), IR (Figure 3.7), and UV-Vis analysis (Figure 3.8) of 3 support the proposed structure. 

a 
b d 

c 
e, f 

* * 

g

,

Figure 3.6. NMR analysis of concentrated THF solution of polymer 5. Note broadening 

associated with backbone aryl groups (Hc, He) due to presence of varied regioisomers. Inset = 

aromatic region, showing broadening in detail. * = THF. 
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Figure 3.8. UV-Vis traces of small molecule 6 (red) and polymer 3 (black). Note similar λonset at 

ca. 550 nm, and peak centered at ca. 370 nm, observed as a shoulder in 3 due to overlap with 

other absorbances from other polymer components. Peaks normalized to absorbance at 350 nm. 
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Figure 3.7. IR spectrum of polymer 3. Note carbodiimide stretching frequency (ca. 2100 cm
-1

). 
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Preparation of 4. In a flame-dried flask under N2 atmosphere, catalyst 1 (200 mg, 1.04 

mmol).was added to neat p-tolyl isocyanate (4.0 mL, 31.7 mmol). The reaction was heated at 50 

°C and monitored by NMR spectroscopy. After 2.5 h, full conversion of isocyanate was 

achieved. Vacuum distillation (135 mtorr, 120 °C) yielded 4 as a colorless liquid that crystallized 

upon standing (3.32 g, 94%). Spectral values were consistent with those reported elsewhere.
25

 

 

Preparation of 5. A freshly prepared solution of 3 was opened to air and 4 (349 mg, 1.52 mmol) 

was added. Upon full dissolution of 4, the solution was cast into a Delrin mold, covered with 

aluminum foil, and cured under ambient conditions for 60 h, yielding 5 as a thin, flexible film 

(958 mg).  

 

Preparation of 7. Film 7 was prepared in a manner identical to 5, using lactide (219 mg, 1.52 

mmol) in place of 4. 

 

Preparation of films without NHC-CDI adduct. Control films were prepared in a manner 

identical to 5, using polymer 2 in place of 3. 

 

General procedure for elongation studies. A rectangular sample of polymer film (approx. 40 mg) 

was cut and the dimensions measured. The film was clasped at both ends with forceps and 

elongated manually over the course of approximately 10 seconds until macroscopic failure 

occurred; the observed strains were estimated to be generally 50–100%. The pieces of film were 

soaked in 5 mL MeOH or 2 mL CDCl3 for 2 h, and the soak solution was analyzed directly. 
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Figure 3.9. ESI-MS spectra of (a) sample of 5 elongated to failure, with 6 detected at M/z = 

611.2; (b) unstrained sample of 5. Spectra enlarged from M/z = 450 to 650. Scales on y-axis are 

identical.   
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In experiments under solution, the procedure was identical except for taking place under 10 mL 

of the desired solvent. After straining, solvent was removed under reduced pressure and the 

residue taken up in MeOH or CDCl3 for analysis. 

 

General procedure for thermolysis. Samples of polymer film (approx. 40 mg) were sealed in a 

20 mL scintillation vial with a Teflon-lined cap and heated to 100 °C for 2 h. Upon cooling, the 

MeOH was added, the polymer soaked for 2 h, and the solution analyzed directly by ESI-MS. 

 

CoGEF analysis of NHC-CDI mechanophore. Density functional theory (DFT) calculations were 

Figure 3.10. C1-C2 distance utilized for CoGEF calculations. Hydrogens omitted for clarity. 
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performed at the B3LYP 6-31G* (d) level of theory using the Gaussian 09 program package. To 

simulate the effects of elongational force on the NHC-CDI adduct, relaxed PES scans were 

performed. Starting from the optimized equilibrium geometry, the distance between the two 

atoms highlighted (Figure 3.10) was increased incrementally by 0.25 Å and constrained while 

optimizing the geometry of the rest of the molecule. This distance was chosen so as to simulate 

the point of attachment in a poly(carbodiimide) synthesized from 2,4-tolylene diisocyanate. 
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Chapter 4. 3D Printed Mechanochromic Materials
1
 

Section 1: Introduction 

Three-dimensional printing (3DP) is a method of additive manufacturing that enables the 

construction of 3D objects based upon a digital model. Although the basic methods for 3DP have 

been known for decades, the area has seen a recent surge of interest as researchers continue to 

develop new materials that enhance the capabilities of 3DP and as broader communities find new 

applications that benefit from software-reconfigurable rapid prototyping.
1–3

 When a digital 

model is supplied to the printer, the printing system uses slicing software that converts the 3D 

model to 2D slice descriptions, and a G-code generator converts the slice descriptions into 

numerically controlled machine instructions. With this approach to manufacturing, the time and 

resources required for production of a single prototype of an envisioned object are streamlined. 

In contrast to traditional manufacturing techniques, such as injection or compression molding, 

the advantages of 3DP include increased customizability, ease of use, orthogonality to existing 

manufacturing techniques, and accessibility to the technique by a wide user base of a variety of 

backgrounds and skill levels. Fused filament fabrication (FFF), for instance, has become 

accessible in private homes for printing the likes of toys, housewares, art pieces, and accessories 

for portable electronics.  

An exciting and potentially transformative area of growth is the integration of functional 

polymeric materials with 3DP technologies.
1,2

 As these areas merge, the capabilities afforded by 

designer polymer synthesis can be incorporated into rapidly customizable objects and devices.
4,5

 

                                                 
1
 Reproduced with permission from Peterson, G. I.; Larsen, M. B.; Ganter, M. A.; Storti, D. W.; Boydston, A. J. 

“3D-Printed Mechanochromic Materials” ACS Appl. Mater. Interfaces 2015, 7, 577. 
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Examples of 3D-printed functional materials and devices include drug delivery platforms,
6
 tissue 

scaffolds,
7,8

 energy storage devices,
9
 electrically conductive materials,

10 
and force-sensors.

11
 

We envisioned the ability to incorporate mechanochemically-responsive units into 

materials amenable to 3DP techniques to produce printed objects with well-defined shapes and 

regions capable of chemo-mechanical coupling. Recent advances in polymer mechanochemistry 

have given rise to systems that translate macroscopic mechanical force into specific chemical 

reactivity.
12  

In the solid state, mechanoresponsive polymers and materials have shown promise 

for applications including mechanochromic and mechanoluminescent force sensors,
13,14

 

mechano-catalysis,
15

 self-reinforcing materials,
15,16

 and scaffolds for small molecule 

release.
13a,17,18 

Among the various mechanophores reported in the literature, we were particularly 

interested in the mechanochromic spiropyran systems that have been extensively studied in the 

field, as the ease of determining qualitative activation in this system is unmatched.
13 

Upon 

application of force across the Cspiro-O bond (Figure 4.1), isomerization of the spiropyran to its 

highly colored purple merocyanine isomer can be accomplished, effectively enabling the self-

reporting of stress accumulation within a macroscopic material via readily identifiable color 

change.   

In this section, we characterize the mechanical properties of the printed materials and 

explore the extent to which polymer degradation occurs during filament formation and extrusion 

Figure 4.1. Generalized depiction of the mechanochemical isomerization of a spiropyran 

moiety to its merocyanine form. 
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printing. We also examine the incorporation of different spiropyran moieties into 3D printed 

PCL. Specifically, we prepare multicomponent specimens that display selective activation of 

specific regions in the materials, depending on the stimulus being applied. These results include 

the first demonstration of a spiropyran that is uniquely responsive to mechanical force without 

displaying the same photoresponsiveness observed from all previously reported spiropyran 

mechanophores. We also showcase the unique abilities of 3DP in contrast with other traditional 

manufacturing techniques by demonstrating rapid customization of the dynamic sensing range of 

a force sensor. The utility of this paradigm and its suitability for broad adoption is supported by 

presenting illustrative results obtained using only inexpensive entry-level 3DP technology and 

freely available software. 

 

Section 2: Results and Discussion 

4.2.a Spatial Localization of Mechanochromic Responses 

Three spiropyran containing polymers were prepared via ring opening polymerization of 

Scheme 4.1. Synthesis of polymers 3, 4, and 8. 
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Table 4.1. Structure, molecular weight, and dispersity data for the synthesized and commercial 

polymer, and compositions of various filament types. 

ε-caprolactone from spiropyran alcohol initiators (Scheme 4.1). Polymers 3 (Mw = 90.0 kDa, Ð = 

1.16) and 8 (Mw = 82.5 kDa, Ð = 1.18) bear chain-centered spiropyrans such that elongation of 

the polymer results in stress accumulation across the desired Cspiro-O bond, and isomerization is 

activated. In contrast, polymer 4 (Mw = 64.9 kDa, Ð = 1.43) has a chain-end spiropyran moiety 

such that stress will not be accumulated across the necessary bond, and thus it should not be 

activated by mechanical stimulus. Notably, each of these polymers is of sufficient molecular 

weight to accumulate tensile forces within the main chain that are great enough to induce 

mechanochemical activation.  

Each polymer was blended with commercial PCL (C) at various concentrations (Table 

4.1). The wt % of each spiropyran-containing polymer is denoted by the subscript (e.g., 310 is 

comprised of 10 wt % 3 and 90 wt % C). Filament was prepared using a single screw melt 

extruder. Average batch-to-batch filament diameters ranged from ca. 1.55 to 1.85 mm, with 

variation along the filament typically being less than ± 0.05 mm. The custom filaments were 

Filament Polymer Mw (kDa), Ð Blend 

Spiropyran 

% w/w 

310 

3 90.0, 1.16 

10% w/w with C 0.05 

350 50% w/w with C 0.25 

3100 none 0.50 

450 4 64.9, 1.43 50% w/w with C 0.39 

850 8 82.5, 1.18 50% w/w with C 0.43 

C100 C 62.7, 1.29 none none 
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used to print tensile testing specimens using a commercial dual-extrusion head FFF printer. 

Printing was initially performed using only one of the extrusion heads set at a temperature of 110 

°C, a non-heated build plate, and a relatively slow print speed of 20 mm/s (in comparison with 

120 – 150 mm/s typically used for printing acrylonitrile-butadiene-styrene or poly(lactic acid) 

filament). Due to the relatively flexible nature of the filament, retraction was disabled to avoid 

jamming of the filament during printing.  

During the mixing and melt extrusion steps of the filament formation process, no color 

changes were observed from any of the spiropyran-containing materials. Additionally, no color 

changes were observed during printing, indicating no thermal activation of the spiropyran was 

taking place. To determine if any polymer degradation was occurring during the pre-print 

processing or printing, a printed specimen was subjected to GPC analysis. No detectable changes 

in polymer molecular weight or dispersity were observed as compared to the virgin polymer 

(Figure 4.2).  
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Figure 4.2. GPC chromatograms of polymer 3 prior to any filament or print processing and after 

3DP. 
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To examine the basic mechanochemical reactivity and mechanical properties of the 

materials and to ensure a controlled environment for elongation, tensile testing of “dog bone” 

shaped specimens was performed on an Instron load frame. In all cases in which 3 was present, 

color change from brown to purple was observed upon elongation and necking of the sample, 

signifying mechanochemical activation of the spiropyran in accordance with previous studies.
13 

While the intensity of the resulting color was directly related to the amount of 3 used in the blend 

(Figure 4.3), the most apparent contrast between virgin and elongated (activated) materials was 

observed for blends having lower loading of spiropyran, due to the lighter color of the 

unactivated material. No spiropyran activation was observed in the test specimens made from 450 

in which the mechanophore is located at a chain end, thus confirming the mechanical origin of 

the color change. Although the Young’s modulus and yield strength of each blended material 

were found to be lower than that of the non-blends (Table 4.2), all are in good agreement with 

reported values for PCL.
19

 Re-filamentizing the commercial material C also led to a decrease in 

Young’s modulus and yield strength. As GPC analysis showed no polymer degradation 

occurring during the processing/printing process (vide supra), a possible explanation in the 

differences of materials properties between C100 and re-extruded C100 could be the variation in 

Figure 4.3. Tensile test specimens made from (a) 3100, (b) 350, (c) 310, and (d) 450 pre- and post-

elongation. The vertical marks on the specimen indicate the position of the load frame clamps. 

Scale bars = 10 mm. 
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diameter of the filament made in-house, leading to heterogeneity in the structure of the printed 

objects.  

Table 4.2. Summary of the materials properties of the test specimens prepared from the various 

filament types. Values are an average of three experiments ± one standard deviation. 

Filament Type Modulus 

(GPa) 

Yield Strength 

(MPa) 

Tensile Strength 

(MPa) 

% elongation 

to break 

C100 
0.336 ± 

0.042 
16.57 ± 0.20 33.24 ± 1.15 709 ± 25 

C100  

(re-extruded) 

0.225 ± 

0.011 
13.3 ± 0.10 n. d.

a
 n. d.

a
 

310 
0.268 ± 

0.029 
13.32 ± 0.42 29.50 ± 1.12 750 ± 81 

350 
0.300 ± 

0.003 
14.56 ± 0.48 27.17 ± 1.94 664 ± 37 

3100 
0.351 ± 

0.030 
17.49 ± 0.24 14.86 ± 1.71 302 ± 12 

450 
0.300 ± 

0.067 
15.00 ± 0.21 26.82 ± 0.31 651 ± 12 

350 encased in 

C100 

0.308 ± 

0.045 
15.96 ±0.83 33.15 ±1.61 716 ±56 

a
Not determined. Samples necked into the grip region and slipped from the grips in all samples 

measured. 

 

We next prepared multi-component specimens that highlight the capabilities of 3DP in 

contrast with other types of traditional manufacturing methods, such as injection or compression 

molding. A tensile test specimen comprised of discrete regions of photo- and mechano-

responsive 350 and photo-responsive450 was printed in a single session by using two extrusion 

heads, each loaded with one of the filament types. In this particular dual extrusion technique, the 

active print head alternates such that only one head is printing at a time. The test specimen body 

was comprised mainly of 450 which was used as a housing around two surface channels of 350 

that spanned the length of the printed specimen (Figure 4.4). Upon elongation of the sample, 

only the regions containing 350 were activated, signifying the spatio-control over the material’s 

response to external force. Notably, the spiropyran moieties in both materials were still 
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susceptible to UV-triggered isomerization and confirmation of spiropyran content throughout the 

materials was confirmed upon illumination with 365 nm light from a handheld UV lamp.  

Absent the electron-withdrawing nitro functionality, the photostationary state of UV-

irradiated spiropyrans contains a negligible amount of the corresponding merocyanine isomer, 

and thus no photochromism is observed.
20,21 

However, we found that application of stress across 

the Cspiro–O bond still resulted in mechanochromism in this spiropyran. To demonstrate this in a 

3D printed specimen, we prepared a multi-component specimen similar to the one depicted in 

Figure 4.4, but with a body composed of 850 (mechano-responsive, but not photo-responsive), 

and the surface channels composed of 450, (photo-responsive, but not mechano-responsive)  

(Figure 4.5a). Irradiation of the specimen with 365 nm UV radiation only led to activation of the 

regions containing 450 (Figure 4.5b). On the other hand, elongation of the specimen led to 

activation of the 850 regions but not of the 450 regions (Figure 4.5c), consistent with the results in 

Figure 4.4. Visually detectable activation of polymer 8 was only readily observed when the 

polymer was under load; upon relieving the tension on the specimen, the purple color rapidly 

disappeared. For example, within the ca. 30 s required to remove the sample from the grips in the 

Figure 4.4. (a) CAD representation of a multi-component tensile test specimen, with red stripes 

indicating the location of the mechano-responsive filament 350 (specimen body comprised of 450), 

(b) test specimen pre-elongation, (c) test specimen post-elongation showing the mechanochromic 

response of the 350 regions, and (d) test specimen post-elongation after 365 nm UV irradiation 

showing activation of both the 350 and 450 regions. Scale bars = 20 mm.  
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load frame, nearly all of the purple color had disappeared (Figure 4.5d). The reactivity of 

polymer 8 is significant as it enables the use of these mechanochromic materials in outdoor 

applications, whereas polymers 3 and 4, which are both photo-responsive, are rapidly converted 

to the merocyanine form in direct sunlight.  

We then examined the use of 3DP to prepare objects in which a center region of 

mechanoresponsive 350 was completely encased by C100 (Figure 4.6), a type of structure that 

would be difficult (if not impossible) to prepare in a single operation via most other 

manufacturing techniques. Using the dual extrusion method, the target configuration was printed 

in a single session and then subjected to elongation as before. The 350 region was again activated 

and the color change was visible from the exterior of the material. The mechanical properties of 

this specimen design were similar to the specimens comprised solely of C (Table 4.2), indicating 

that the stimuli-responsive properties of 350 can be imparted to larger prints without affecting the 

bulk properties of the material. Using the same print code and replacing C with control filament 

450 as the exterior material resulted in a sample in which the 350 region was not visible prior to 

Figure 4.5. (a) Test specimen composed of 850 with stripes of 450, (b) test specimen after 365 

nm UV irradiation showing the photochromic response of the 450 regions, (c) test specimen 

under load in the load frame showing the mechanochromic response of the 850 regions, and (d) 

test specimen ca. 30 s after removal of load showing almost complete loss of the purple color in 

the 850 regions. Scale bars = 5 mm. 
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elongation (Figure 4.7). Upon tensile testing, the mechanoresponsive core became clearly 

distinguishable from the encasing filament.  

4.2.b Development of Protoype Force Sensors 

Prototype force sensors were developed to demonstrate the potential engineering 

applications that can be accessed by integrating mechano-responsive polymers and 3DP 

technology. An asymmetric tensile test specimen was prepared with multiple embedded regions 

of 350 spaced evenly within the gauge section (Figure 4.8). Initial testing of dog bones with 

constant cross-section produced force-extension curves that were flat between initial necking and 

eventual strain hardening (see Experimental). This led us to pursue an asymmetric dog bone with 

Figure 4.6. (a) CAD representations of the tensile test specimen in which the mechano-

responsive region is encased by non-mechanoresponsive filament, (b) test specimen in which 350 

is encased by C100 (the vertical lines on the specimen indicate the position of the load frame 

clamps), (c) test specimen post-elongation showing the mechanochromism of the 350 region, and 

(d) elongated and cut specimen showing the encased filament. Scale bars = 10 mm. 
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a variable cross-section. Introducing a section width that varies linearly with displacement along 

the axis of symmetry resulted in a relationship between the extension and the force required to 

draw the material that is linear over a broad domain of extension. By controlling the initial 

location and direction in which the material necks, the design ensures sequential and predictable 

activation of each mechano-responsive region (see Experimental). The onset of activation of 

each region is directly related to a specific force that was applied to the specimen (Figure 4.9). 

By simply counting the number of activated regions, the amount of peak force applied to the 

material could be quickly estimated with no additional characterization or analysis. Good 

reproducibility of the force required to activate each region in the sensor is highlighted by the 

small standard deviations obtained after three test runs (see Table 4.3 in the Experimental).  

Figure 4.7. (a) Tensile test specimen in which 350 is encased by 450, (b) test specimen post-

elongation showing the mechanochromism of the 350 region, and (c) elongated and cut specimen 

showing the encased filament. Scale bars = 10 mm. 
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One of the advantages of using 3DP to prepare prototypes and end-user products is the 

ability to quickly modify and optimize designs for a given application. To demonstrate the ease 

with which this can be accomplished, we modified the thickness of our force sensor to expand 

the range of detectable loads. By simply changing the thickness dimension in our CAD design 

we could quickly print different variations of the sensor without any additional tooling. In 

contrast, a similar process via injection molding would require preparation of a new mold for 

Figure 4.8. (a) 1 mm thick force sensor before elongation, and (b) post-elongation. The white 

arrows indicate the direction of necking. Scale bars = 10 mm. 

Figure 4.9. (a) Representative plots of tensile extension vs load for force sensors of ca. 1 (○), 4 

(○), and 7 (○) mm thickness. The markers indicate the onset of the activation of each 

mechanoresponsive region (average of three runs). Error bars represent ± one standard deviation. 

(b) CAD representation of each of the force sensors. 
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each design. By changing the thickness of the specimens, different dynamic ranges were able to 

be accessed. Specifically, increasing the specimen thickness from 1 mm to 7 mm led to nearly an 

order of magnitude increase in the forces detectable by the sensor. Furthermore, the number, 

shape, spacing, and composition of mechano-responsive regions could also be customized based 

on the needs of the application. Obtaining this level of customizability would be extremely 

difficult without using 3DP technologies. 

 

Section 3: Conclusions 

In summary, we have demonstrated the successful 3D printing of a variety of stimuli-

responsive polymers and the development of a new spiropyran mechanophore that exhibits 

selectivity toward mechanical activation by not exhibiting a photochromic response to either 

natural sunlight or 365 nm UV irradiation. The basic mechanical properties of the different 

structures prepared with various filament formulations showed some variation, but were within 

the range of reported values for PCL. The use of 3DP enabled rapid production of multi-

component materials such as encased mechano-responsive materials within commercial or 

control polymers. These materials would generally be difficult or impossible to prepare with 

other manufacturing techniques. Additionally, rapid modification of a prototype force sensor was 

demonstrated to show its tunability and the advantages of using 3DP. These demonstrations were 

borne out through integration of mechanoresponsive polymer technology and the unique features 

of 3DP. The ability to produce these materials using consumer level equipment is expected to 

facilitate adoption, use, and exploration by a wide audience. 
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Section 4: Experimental 

General Considerations. Dry toluene was obtained from a Glass Contour solvent purification 

system. The monomer, ε-caprolactone, was dried over 4 Å molecular sieves for 48 h prior to use. 

House N2 was passed through a drying tube before use. All other reagents and solvents were 

used as obtained from commercial sources. 
1
H and 

13
C spectra were recorded on Bruker AVance 

300 and 500 MHz spectrometers. Chemical shifts are reported in delta (δ) units, expressed in 

parts per million (ppm) downfield from tetramethylsilane using the residual protio-solvent as an 

internal standard (CDCl3, 
1
H: 7.26 ppm, 

13
C: 77.0 ppm). MS was performed on a Bruker Esquire 

equipped with an electrospray ionization (ESI) source. GPC setup consisted of: a Shimadzu 

pump, three in-line MZ Analysentechnik columns, DAWN Heleos II multi-angle laser light 

scattering and T-rEX refractive index detectors (Wyatt Technology Corporation), and DMF 

(0.01 M LiBr) as the mobile phase. UV-Vis spectroscopy was completed using an Agilent 8453 

Diode Array UV-Vis spectrometer. Initiator 1 and polymer 3 were prepared following a reported 

procedure.
13e 

 

 

Synthesis of polymer 4. A flame-dried and N2-purged three-neck round bottom flask fitted with a 

reflux condenser was charged with initiator 2 (prepared as previously reported,
22

 (268 mg, 0.76 

mmol) and a stir bar. To the reaction flask was then added ε-caprolactone (29.4 mL, 265 mmol) 

and dry toluene (30.0 mL). Finally, Sn(Oct)2 (80 µL, 0.251 mmol) was added and the reaction 

solution was brought to refluxing temperature. After 24 h, the reaction solution was brought to 

40 °C, diluted with toluene (~150 mL), and stirred until the polymer was fully dissolved. The 

polymer solution was then precipitated into an excess of cold MeOH, after which the precipitate 
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was collected via vacuum filtration and then dried under reduced pressure. The PCL product was 

obtained as a brown solid in 96% yield (29.0 g). 

 

Synthesis of Initiator 7. Indole 5 (prepared as previously reported,
13e

 266 mg, 1.31 mmol) and 

salicylaldehyde 6 (prepared as previously reported,
23

 200 mg, 1.31 mmol) were dissolved in 5 

mL of absolute ethanol. Piperidine (0.26 mL, 2.63 mmol) was added and the solution brought to 

reflux. After 6 h the reaction was judged to be complete by TLC. The reaction was cooled to 

room temperature and diluted with 20 mL of ethyl acetate and washed successively with water (3 

× 20 mL) and brine (1 × 10 mL). The organic layer was dried over MgSO4 and concentrated 

under reduced pressure to yield 7 as a black crystalline solid in 91% yield (401 mg). 
1
H NMR 

(300 MHz, CDCl3) δ 7.17 (td, J = 7.7, 1.3 Hz, 1H), 7.11 – 7.05 (m, 3H), 6.86 (td, J = 7.4, 0.8 Hz, 

1H), 6.83 (d, J = 10.2 Hz, 1H), 6.68 (d, J = 7.9 Hz, 1H), 6.63 (d, J = 7.8 Hz, 1H), 5.69 (d, J = 

10.2 Hz, 1H), 4.57 (s, 2H), 3.79 – 3.70 (m, 2H), 3.56 – 3.45 (m, 1H), 3.40 – 3.26 (m, 1H), 1.30 

(s, 3H), 1.17 (s, 3H). 
13

C NMR (126 MHz, CDCl3) δ 153.5, 147.3, 136.3, 132.9, 129.3, 129.0, 

127.6, 125.9, 121.8, 119.9, 119.3, 118.6, 115.1, 106.6, 104.7, 64.9, 60.8, 52.3, 46.0, 25.8, 20.3. 

MS (ESI): [M+H]
+
 calculated for C21H24NO3, 338.18; found 338.4.  

 

Synthesis of Polymer 8. Polymer 8 was prepared in the same manner as 4, except using 7 as an 

initiator (7 = 164 mg,  0.49 mmol; ε-caprolactone = 18.84 mL,  170.1 mmol; toluene = 20 mL; 

Sn(Oct)2 = 0.05 mL,  0.16 mmol). The polymer was obtained in 96% yield (18.7 g). 

 

Filament Production. Polymers 3 and 4 were mixed with Makerbot Flexible Filament (C), cut 

into small pieces, melted with a heat gun, and manually mixed with a spatula. After cooling, the 
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resulting solid mixture was cut into small pieces with scissors and put into an electronically 

controlled burr mill with dry ice. The polymer was ground into particles no larger than 5 mm in 

diameter, and then made into filament via melt extrusion (at 63 °C) with a Filabot Wee filament 

extruder. The filament 3100 was produced without blending in any commercial filament C. 

 

 

Figure 4.10. Flashforge Creator 3D printer used in this study. Axes of the build space are 

indicated by green arrows. 

 

3D Printing. 3D structures were designed and converted to .STL files using Sketchup 2013 

computer aided design (CAD) software. The .STL files were imported into Replicator G (version 

0040) and G-code (for Makerbot class machines) was generated using either Slic3r 0.X (for 

single material prints) or Skeinforge 50 (for multi-material prints) slicing programs. Multi-

material prints required generation of G-code for each component individually, followed by their 

merger using Replicator G. A  Flashforge Creator dual-head FFF 3D printer (firmware 7.2) was 

used to read the G-code and print the 3D object. Objects were printed centered on a non-heated 

Plexiglas build plate with the long axis of the specimen aligned with the y-axis of the build plate 

(build space axes shown in Figure 4.10). Objects were built up in the vertical z-axis. The outline 
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of the specimen was printed first with its thickness depending on the number of shells. For the 

first layer, the extruded polymer was laid in alignment with the y-axis. For the second, the 

polymer was laid in alignment with the x-axis. The fill alignment continually alternates such that 

the layers above or below any one layer are perpendicular to each other.  Extrusion nozzles were 

heated to 110 °C (filament was more prone to jamming at lower temperatures). Additional print 

parameters included: print speeds set to 20 mm/s, travel speed set to 50 mm/s, retraction disabled 

when applicable (i.e. when using Slic3r), 2 shells, fill density of 1 (i.e. 100% fill), and layer 

height of 0.25 mm. To ensure the most accurate filament diameter, each sample of filament was 

measured with calipers in multiple places along the section to be used for printing and the 

average diameter was used in the print parameters. Dimensions of each printed specimen are 

provided below. 

 

Figure 4.11. Plot of load versus extension for a representative symmetric tensile test specimen 

(as shown in Figure 4.3). 

 

Mechanical Testing. Tensile testing of printed specimens was performed on an Instron 5500R 

load frame with a 5 kN load cell controlled using Bluehill 3.0 software. All tests were conducted 

using a crosshead rate of 100 mm/min. Dimensions of each specimen were measured with 

calipers prior to testing to ensure accurate calculation of stress and strain for each sample. Three 

0

50

100

150

200

250

300

350

400

450

0 50 100 150

p
ri

m
a
ry

 l
o

a
d

 (
N

) 

tensile extension (mm) 



109 

 

 

specimens were tested for a given filament type. A typical stress-strain curve for symmetrical 

dogbone samples is shown in Figure 4.11. 

 

 

Figure 4.12. Images of the 4 mm force sensor undergoing elongation and sequential activation of 

the mechanoresponsive regions upon continued elongation (top to bottom). The image at the top 

shows activation of the first region and the bottom image shows activation of the last region. 

 

Table 4.3. Extension and load values for the onset of activation of each mechanoresponsive 

region. Values are an average of three runs ± one standard deviation. 

Specimen 

Thickness 

(mm) 

Mechanoresponsive 

Region Number 

Average 

Extension 

(mm) 

Average 

Primary Load 

(N) 

1 1 42.7 ± 1.5 70.3 ± 2.5 

2 73.0 ± 1.0 89.3 ± 1.5 

3 103.3 ± 2.5 109.3 ± 1.5 

4 137.3 ± 2.1 127.7 ± 1.5 

4 1 49.3 ± 4.0 272.7 ± 9.3 

2 82.7 ± 4.2 342.7 ± 11.4 

3 116.3 ± 6.4 411.0 ± 14.7 

4 152.0 ± 6.2 477.0 ± 9.0 

7 1 54.3 ± 1.5 579.0 ± 10.0 

2 91.7 ± 2.1 722.3 ± 7.5 

3 127.3 ± 4.2 855.0 ± 18 

4 165.0 ± 5.3 998.7 ± 38.2 
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Specimen Dimensions 

 

Figure 4.13. Tensile test specimen used in Figure 4.3. Radius of filet = 12.7 mm for all curved 

sections. Listed dimensions are in units of mm. 

 

 

 

Figure 4.14. Tensile test specimen used in Figures 4.4 and 4.5. Radius of filet = 12.7 mm for all 

curved sections. Listed dimensions are in units of mm. 
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Figure 4.15. Tensile test specimen used in Figures 4.6 and 4.7. Dimensions of the specimen 

“body” are the same as those in Figure 4.12. The embedded rectangle is centered between the top 

and bottom faces of the specimen (in relation to the z-axis) and between the side walls of the 

specimen (in both the x- and y-directions). Listed dimensions are in units of mm. 

 

 

 

Figure 4.16. Tensile test specimen used in Figures 4.8 and 4.9. The embedded rectangles are 

raised 0.5 mm above the bottom face in the X = 4 and 7 mm specimens and 0.25 mm for the X = 

1 mm specimen. The height of the rectangles (Y) is 1.8 mm in the X = 4 and 7 mm specimens and 

0.5 mm in the X = 1 mm specimen. The rectangles are centered between the 25.1 mm walls of 

the specimen. The radius of filet for the shallow curves (on the left hand side of the specimen, as 

drawn) is 10 mm. The radius of filet for the steeper curves (on the right hand side of the 

specimen, as drawn) is 6 mm. Listed dimensions are in units of mm. 
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Polymer Characterization 

 

 

Figure 4.17. Gel permeation chromatography (GPC) trace of polymer 3 (Mw = 90.0 kDa, Ð = 

1.16). 

 

 

Figure 4.18. UV-Vis spectrum of polymer 3 dissolved in ethyl acetate after exposure to ambient 

light, 1 min of 365 nm UV, or 1 min of 254 nm UV. 
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Figure 4.19. GPC trace of polymer 4 (Mw = 64.9 kDa, Ð = 1.43). 

 

 

Figure 4.20. UV-Vis spectrum of polymer 4 dissolved in ethyl acetate after exposure to ambient 

light, 1 min of 365 nm UV, or 1 min of 254 nm UV. 
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Figure 4.21. GPC trace of polymer 8 (Mw = 82.5 kDa, Ð = 1.18). 

 

 

Figure 4.22. UV-Vis spectrum of polymer 8 dissolved in ethyl acetate after exposure to ambient 

light, 1 min of 365 nm UV, or 1 min of 254 nm UV. 
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Figure 4.23. GPC trace of the Makerbot Flexible Filament (Mw = 62.7 kDa, Ð = 1.29). 
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