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Mechanochemistry and polymer degradation

Force responsive materials

Applications

Outline



Making and Breaking Covalent Bonds

- Temperature
- Light
- Electrochemistry
- ….
- Mechanical forces   => Mechanochemistry

Mechanochemistry harnesses mechanical
forces to modulate chemical transformations



Image taken from: T. Friscic, C. Motillo, H. M. Titi, Angew.  Chem 2019, d.o.i. 10.1002/anie.201906755

Mechanochemical Synthesis



Polymer Mechanochemistry

H. Staudinger, W. Heuer, Ber. Dtsch. Chem. Ges. 1934, 67, 1159



Breaking Bonds in Polymers with Mechanical Forces



Introduction to Hermann Staudinger 
(1881-1965)

Caruso et al. Chem. Rev. 2009, 109, 5755–5798

• Early work in understanding the 
response of polymeric materials to 
mechanical stress was published by 
Staudinger, who observed a decrease in 
the molecular weight of polymers in 
response to mastication (1930-1934)

• It was suggested that the molecular 
weight reduction resulted from 
homolytic carbon–carbon  bond  
cleavage  due  to  mechanical  force

• 1953 Nobel Prize in Chemistry for 
demonstration of the existence of 
macromolecules



DNA hydrogen bonds
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Mechanophores (productive)

Polymer backbone fracture (destructive)

Protein unfolding/ 
rupture of non-covalent bonds

(Bio)Polymer Mechanochemistry

Adapted from: 
S. Garcia-Manyes, A. E. M. Beedle, Nature Rev. Chem. 2017, 1, 0083
N. Willis-Fox, E. Rogin, T. A. Aljohani, R. Daly, Chem. 2018, 4, 2499

MECHANOCHEMISTRY

SOFT MECHANOCHEMISTRY



From Non-Specific to Specific Bond Scission

J. Li, C. Nagamani, J. S. Moore, Acc. Chem. Res. 2015, 48, 2181

Polymer mechanochemistry timeline



Techniques to generate 
mechanical forces in molecules



Method Illustration Typical conditions Accessible 
strain rates 

Maximum 
force

Flow fields (solution) Dilute solutions (< 0.003 mg mL-1);                
good solvent(s); high flow rates (> 104 s-1);  
high molecular weight polymers (> 5 x 105

Da)

103-106 s-1 10-10 N

Ultrasound (solution)
Dilute solutions (< 2.0 mg mL-1);                    
polar solvent(s) with low viscosities;                  
applied intensity of 9-12 W cm-2; high 
molecular weight polymers (> 6 x 104 Da)

106-107 s-1 10-9 N

Manual elongation 
(solid-state)

Polymer film or mold is manually stretched 
or bend

~1 s-1 ~102 N

Tensile testing 
instrument (solid-
state)

Polymer film or mold; moderate force is 
used (~1 N); low strain rate (< 1 s-1)

0-2 x 102 s-1 105 N

Pressure cells (solid-
state)

Unprocessed polymer; moderate force is 
used (< 8 x 102 N)

0-2 x 102 s-1 105 N

Hydraulic presses 
(solid-state)

Unprocessed polymer; moderate force is 
used (< 2 x 102 N)

0-2 x 102 s-1 105 N

Methods to Apply Mechanical Forces to Polymers

Table adapted from: 
K. M. Wiggins, J. N. Brantley, C. W. Bielawski, Chem. Soc. Rev. 2013, 42, 7130
N. Willis-Fox, E. Rogin, T. A. Aljohani, R. Daly, Chem. 2018, 4, 2499



Figure 8. Opposite-jet flow cell. A 
schematic illustration of the flow 
pattern where the lines represent 
solvent velocity contours and the 
x represents the stagnation point.

Figure 9. Constriction flow cell for 
transient elongational flow.

Caruso et al. Chem. Rev. 2009, 109, 5755–5798

Flow-Induced Mechanochemistry
of Polymers in Solution

Elongational Field



Figure 12. Mechanism for ultrasound-induced polymer chain scission: (a) 
gradual bubble formation results from pressure variations induced by the 
acoustic field; (b) rapid bubble collapse generates solvodynamic shear; (c) small 
molecules undergo pyrolytic cleavage to form radical byproducts upon bubble 
collapse, while polymer chains do not undergo pyrolytic cleavage because they 
do not penetrate the bubble interface.

Caruso et al. Chem. Rev. 2009, 109, 5755–5798

Ultrasound-induced Chain Scission
Polymer segments in the high-
gradient shear field near the
collapsing bubble move at a
higher velocity than those
segments further away from the
collapsing cavity. This velocity
gradient causes the polymer
chain to become elongated, and
tension develops along the
backbone of the polymer, which
finally leads to chain scission.



General Features of Ultrasound-Induced 
Polymer Chain Scission: Chain-Length 

Dependence and Mlim

Caruso et al. Chem. Rev. 2009, 109, 5755–5798



Kinetics of Chain Degradation



Ultrasound Intensity

Caruso et al. Chem. Rev. 2009, 109, 5755–5798



Caruso et al. Chem. Rev. 2009, 109, 5755–5798

Effect of Solvent



Caruso et al. Chem. Rev. 2009, 109, 5755–5798

Effect of Temperature



Polymer Concentration 
Dependence

Caruso et al. Chem. Rev. 2009, 109, 5755–5798



From Polymer Degradation
To Force Responsive Materials



Introduction

Caruso et al. Chem. Rev. 2009, 109, 5755–5798

Figure 3. Schematics of a bifunctional mechanophore (a) 
and control molecules containing a mechanophore linkage 
at the polymer chain end (b) or in the center of the chain 
(c). The mechanophore is colored in red for emphasis.



Bond Specific Activation

Mechanophores ….. possess strategically
weakened bonds that undergo useful reactions
when force is transferred to the mechanophore
from the polymer chain segments

Caruso et al. Chem. Rev. 2009, 109, 5755–5798



Brantley et al., Polym Int 2013; 62: 2–12

Figure 2. Generalized examples of polymer-embedded mechanophores and their 
responses to the application of force.

Mechanophore Design



Figure 25. Highly selective bond cleavage for the ultrasound-induced azo-centered
PEG chains. For a 30 kDa polymer, selectivity is 1 bond in ca. 1000. Bond-selective 
chain scission is the predominant pathway.

Bond-specific Activation

Caruso et al. Chem. Rev. 2009, 109, 5755–5798



Figure 26. GPC traces showing the
chain scission of the 40 kDa PEG azo-
linked polymer 1.

Figure 27. Chemical structures of azo
link-functionalized PEG chain (1, top) 
and sebacic acid (2, bottom) link-
functionalized PEG chain.

Bond-specific Activation

Caruso et al. Chem. Rev. 2009, 109, 5755–5798





Other Mechanophores



Soft Mechanochemistry

P. Lavalle, F. Boulmedais, P. Schaaf, L. Jierry, Langmuir 2016, 32, 7265



Swelling-Activated, Soft Mechanochemistry

F. K. Metze, S. Sant, Z. Meng, H.–A. Klok, K. Kaur, Langmuir 2023, 39, 3546–3557

Solvent Swelling can Accelerate Bond Cleavage Events



Self-rupturing N,N-ethylenebis(acrylamide) crosslinked poly(acrylic acid) hydrogels

U. K. de Silva, Y. Lapitsky, ACS Appl. Mater. Interfaces 2016, 8, 29015

Swelling-Induced Failure of Soft Matter

What is the molecular origin of this macroscopic,
catastrophic failure of soft materials ?



How can this be measured? 



Willis-Fox et al. Adv. Funct. Mater. 2020, 30, 2002372

Flow Set Ups



Rheometers

Fig. 6 Images showing the elongation of a polymer film by a 
rheometer with an extension fixture. Reprinted with permission 
from Macmillan Publishers Ltd: ref. 43, 2012.

Wiggins et al., Chem.Soc.Rev., 2013, 42, 7130-7147



Fig. 8 Schematic drawing of the components 
of a typical tensile testing instrument.

Tensile Testing Instruments

Wiggins et al., Chem.Soc.Rev., 2013, 42, 7130-7147



Mechanically-activated 
luminescence

Fig. 7 (top) Mechanical cycloreversion of a polymer embedded 1,2-dioxetane unit resulted in the 
formation of an electronically excited keto-intermediate that relaxed via blue chemiluminescence. The 
green arrows indicate the direction of the applied force. (bottom) Optical images and structures of 
various acceptor molecules blended into poly(methyl acrylate) materials containing 1,2-dioxetane-based 
crosslinkers: (a) 9,10-diphenylanthracene, (b) perylene, (c) 4,7-di(thiophen- 2-yl)-benzo[c][1,2,5] 
thiadiazole and (d) N,N’-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylene dicarboximide. polymer = 
poly(methyl acrylate). Images reprinted with permission from Macmillan Publishers Ltd: ref. 43, 2012.

Wiggins et al., Chem.Soc.Rev., 2013, 42, 7130-7147



Applications



Willis-Fox, et al. Chem 2018, 4, 2499–2537

Processing & Mechanochemistry



Caruso et al. Chem. Rev. 2009, 109, 5755–5798

Figure 49. (a) Reaction scheme of the monomer DCPD undergoing ring-opening metathesis 
polymerization to form poly(DCPD). (b) Optical micrograph of an in situ fatigue specimen showing 
poly(DCPD) formed in the crack plane behind the crack tip. Reprinted with permission from ref 362. 
Copyright 2005 Elsevier. (c) The autonomic self-healing system showing crack initiation, rupture of 
microcapsules, and release of healing agent, and the resulting polymer formed in the crack plane.

Self-healing Materials



Figure 52. Schematic of the phase-separated 
PDMS self-healing system and chemical structures 
of each component. Reproduced with permission 
from ref 386. Copyright 2006 Wiley-VCH Verlag
GmbH & Co. KGaA.

Caruso et al. Chem. Rev. 2009, 109, 5755–5798

Other Microencapsulated Self-
Healing Chemistries



Mechanochemical activation of latent 
catalysts (“mechanocatalysis”)

Groote et al., Polym. Chem., 2013, 4, 4846–4859

Fig. 4 Overview of latent mechanocatalyst complexes and catalytic reactions.



Fig. 6 GPC traces of catalyst 2 before and during sonication. Inset shows the 
first order kinetics plot of the area of the peak in GPC ascribed to 2.

Scission of a mechanocatalyst can be 
followed by GPC

Groote et al., Polym. Chem., 2013, 4, 4846–4859



Fig. 7 Time–conversion plot for the sonication of DEDAM in the presence of catalyst 
2 (18 or 36 kg mol-1) or a low molecular weight control catalyst. Sonication: 60 min 
on, 30 min off, 60 min on.

Catalysis shows expected molecular 
weight dependence

Groote et al., Polym. Chem., 2013, 4, 4846–4859
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