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Polymer Mechanochemistry

226. H. Staudinger und W. Heuer: Uber hochpolymere Ver-
bindungen, 93. Mitteil.!): Uber das Zerreilen der Faden-Molekiile
des Poly-styrols.

“Aus d, Chem, Universitits-Laborat., Freiburg/Brsg. |
(Eingegangen am 14, Mai 1034.)

Tabelle 1: Mechanischer Abbau eines Poly-styrols vom Mol.-Gew. j70000.

Gd-mol. Tsp |
Dauer d. Mahlhmg der bei zo® Tspfc Mol.-Gew,
I.Osung in Tetralin
0 Stdn. 0.005 0.427 85.4 470000
4, 0.005 0,205 41.0 . 228 000
. 0,005 0,105 21.0 L17000
iz, .01 0.155% 15.5 ddooo
i, 0.025 0,221 B.Hy _ 40000
20, 0.025 0.132 5,28 : 26 400
24 . 0.03 0.174 348 19 300
28 0.05 (o e 2.44 13600
3z, 0,03 0,100 2zl 12100
38 0.03 0008 1.0 | 10000

H. Staudinger, W. Heuer, Ber. Dtsch. Chem. Ges. 1934, 67, 1159
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226. H. Staudinger und W. Heuer: Uber hochpolymere Ver-
bindungen, 93. Mitteil.’): Uber das ZerreiBen der Faden-Molekiile
des Poly-styrols.

“Aus d. Chem. Universitits-Laborat. Freiburg/Brsg.)

(Eingegangen am 14. Mai 1934.)

1. Uber den Abbau von Faden-Molekiilen im festen Zustand.

Der Kautschuk wird beim Mastizieren stark verandert, was sich
darin dullert, dafl die Viscositit seiner Lsungen danach erheblich niedriger
ist als vorher. Friiher fiihrte man diese Verinderungen auf eine Desaggre-
gation von Kautschuk-Teilchen zuriick?). Ausgehend von ganz anderen
Anschauungen iiber den Bau der Kolloidteilchen des Kautschuks?), wurde
von dem einen von uns angenommen, dafl diese Verinderungen bei der Masti-
kation auf einem Abbau der Makro-molekiile des Kautschuks durch Oxydation
beruben?). Die Anderungen, die der Kautschuk durch Mastikation erleidet,
sind also nicht wie frither kolloid-physikalisch zu erkliren ), sondern chemisch,
da sie auf einer Verkleinerung der Kautschuk-Molekiile beruhen. Diese An-
gaben sind in letzter Zeit vielfach bestitigt worden, z. B. durch F. H. Cotton
und andere$).

Nachdem jetzt erkannt wurde, daB die Molekiile des Kautschuks
stab-formige Gebilde sind, die sich etwa mit elastischen Glasfiden ver-
gleichen lassen?), liegt die Vermutung nahe, daB beim Mastizieren neben dem
Abbau der Molekiile durch Sauerstoif auch ein mechanisches ZerreiBen der
langen Faden-Molekiile stattfinden kann®). Wegen der enormen Sauerstoff-
Empfindlichkeit des Kautschuks 148t sich aber nur schwer entscheiden, ob
neben dem oxydativen Abbau auch ein mechanisches Zerreillen
der Ketten beim Mastizieren stattfindet. Hierzu muf3 die Bearbeitung des
Kautschuks unter strengstem Sauerstoff-Ausschluf durchgefiihrt werden?®).

') 92 Mittcil.: Cellulose-Chem. 15, 53 [193.4]. 91. Mitteil.: Helv.chim Actal7, 335 [19341.

4 vergl. z, B, dic Awsfilhrungen von Wo. Ostwald: Welt der vernachlissigten
Dimensionen, 9. u. 10. Aunfl, 8. 263 1927]; ferner C. Harries, Kolloid-Ztschr. 83, 181
19235 B. 36, 1048 71923]. Die Beobachtung von Klein u. Stamberger, Kolloid-
Ztschr. 33, 302 {19247, dal mastizierter Kautschuk im Gegensatz zu nicht mastiziertem
ultramikroskopisch auflésbar ist, diirfte ihre Erklarung wohl in dem Hereinbringen von
Verunrcinigungen beim Mastizieren haben.

*) vergl. H. Staudinger u. J. Fritschi, Helv, chim. Acta 3, 785 [1922].

‘) H. Staudinger: Schweiz. Pat. 1igoz7 vom 23. November 1925, ausgelegt
16. Februar 1927: Verfaliren zur Mastizierung von Kautschuk dadurch gekennzeichnet,
daB dieselbe unter Ausschlul von Sauerstoff vorgenommen wird.

®) vergl. z. B. die Ausfiihrungen von C. Harries iiber die Plastizierung des Kaut-
schuks, B. 56, 1050 [1923].

‘) F. H. Cotton, Transact. Rubber Ind. §, s01 [19317; Fry u. Porrit, eben-
da 3, 203 [1927]; W. F. Busse, Industr. engineer. Chem. 24, 140 [1932].

) vergl. H, Staudinger, Die hochmolekularen organischen Verbindungen, Kaut-
schuk und Cellulose (Verlag J. Springer, Berlin 1032), S. 70.

'} vergl. H. Staudinger, B. 63, 926 [1930]; Van Rossem, Kolloidchem. Bei-
hefte 10, 129 [1919], ferner Bernstein, Kolloid-Ztschr. 12, 193 (1913, fiihren die Ver-
dnderung beim Mastizieren auf eine Depolymerisation des Kautschuks zuriick. Nur
war damals der Begriff ,,Depolymetisation” noch nicht klar umschrieben.

?) Solche Mastizierungs-Versuche unter Luft-AusschluB sind von Cotton, l.c.,
schon ausgefiilirt; aber es ist aulerordentlich schwer, Kautschuk von Peroxyden voll-
standig zu trennen, und es ist immer zu beachten, daB nur sehr geringe Mengen von
Sauerstoff notwendig sind, um einen Abbau der Kautschuk-Molekiile hervorzurufen;
vergl. H. Staudinger u. E. O. Leupold, B. 63, 730 [1930).



Introduction to Hermann Staudinger
(1881-1965)

e 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

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



(Bio)Polymer Mechanochemistry
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jsrom| INon-Specific to Specific Bond Scission
ACCOUNTS

Polymer Mechanochemistry: From Destructive to Productive
Jun Li, Chikkannagari Nagamani, and Jeffrey S. Moore*

Beckman Institute for Advanced Science and Technology, Department of Materials Science and Engineering, Department of
Chemistry, University of Illinois at Urbana—Champaign, Urbana, Illinois 61801, United States
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Techniques to generate
mechanical forces in molecules



Metnoas to Apr

Mechanical Forces to Polymers

Method lllustration Typical conditions Accessible Maximum
strain rates force
Flow fields (solution) %;}Q Dilute solutions (< 0.003 mg mL"); 103-106 s 10N
= good solvent(s); high flow rates (> 104 s);
i . . 5
= Sﬁ Blg)h molecular weight polymers (> 5 x 10
I‘ |‘
|
Dilute solutions (< 2.0 mg mL-"); 106-107 s 10°N
Ultrasound (solution) @ polar solvent(s) with low viscosities;
— applied intensity of 9-12 W cm2; high
molecular weight polymers (> 6 x 104 Da)
.
Manual elongation '.g " Polymer film or mold is manually stretched ~1s" ~10°N
(solid-state) or bend
Tensile testing 3 " Polymer film or mold; moderate force is 0-2 x 102s- 10°N
instrument (solid- used (~1 N); low strain rate (< 1 s™)
state)
Pressure cells (solid- ' Unprocessed polymer; moderate force is 0-2 x 102s- 10°N
state) g used (< 8 x 102 N)
Hydraulic presses Unprocessed polymer; moderate force is 0-2x 102s™ 105N

(solid-state)

used (<2 x 102 N)

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




Flow-Induced Mechanochemistry
of Polymers in Solution

Elongational Field

symmetry
axis

Figure 8. Opposite-jet flow cell. A Figure 9. Constriction flow cell for
schematic illustration of the flow transient elongational flow.
pattern where the lines represent

solvent velocity contours and the

X represents the stagnation point.
Caruso et al. Chem. Rev. 2009, 109, 5755-5798



Ultrasound-induced Chain Scission
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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.

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



General Features of Ultrasound-Induced
Polymer Chain Scission: Chain-Length
Dependence and M, |

Polymer chain scission occurs more rapidly for polymers
with higher molecular weights. Chain scission ceases as the
polymer chain length approaches a lower limiting value, M,
Below the M), the polymer chain 1s too short to experience
the forces required for bond cleavage. The molecular-weight
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Figure 16. Ultrasomic chain scission of narrow polydispersity
polystyrene in toluene: (H) 30,000; ( =) 68,000; (4) 140,000; (+)
460,000.'% The limiting molecular weight, My.... is represented by
the shaded region. (Experimental conditions: 50 cm® of 0.5 wt %

solution irradiated at I = 17.4 W cm™ 2 at 25 °C).
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Caruso et al. Chem. Rev. 2009, 109, 5755-5798



Kinetics of Chain Degradation

J. MACROMOL. SCL.-CHEM., A23(6), pp. 729-748 (1986)

Ultrasonic Solution Degradations of Poly(Alkyl

Methacrylates)

S. L., MALHOTRA

Xerox Research Centre of Canada
Mississauga, Ontario L5L1J9, Canada

Rate Constants

The relation [41, 42] between DP  and time t in a random degrada-

tion process is given by

-In(1 - I/UP'n t) =kt -1n (1- l/f)T’n 0), (3)

where ﬁPn t and Wn o 2re the number-average degrees of polymer-
’ 2

ization at t = t and t = 0, respectively, and k is the rate constant.
According to Sato and Nelepa [43], Eq. (3) can be transformed to

1 1
—— = + k't (4)
n,t Mn,O

where k' = k/MO, and MO is the molecular weight of the monomer
unit. Plots of l/l\_dn versus t will give k', and consequently k (Table 4),




Ultrasound Intensity
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Figure 17. Effect of ultrasonic intensity on the chain scission of
25 mL samples of polystyrene in benzene (1 wt/vol %). Plot of
chain length vs time in minutes for various ultrasonic intensities:
(@) 480 Wem ™2 (W) 958 Wom 2 (4) 125 Wem ™% (#) 158
"||:I,r-' cm Z_IZ-II':-

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



Effect of Solvent

Solvent plays a crucial role for ultrasound-induced polymer
mechanochemistry !0 1% Vapor pressure is the most
influential solvent factor affecting the process. Other solvent
properties, such as viscosity. surface tension, and the nature
of the polymer—solvent interactions, can also influence the
rate of ultrasound activation. The nature of the polymer—
solvent interactions modulates the chain’s equilibrium “coil
size” prior to activation, with more miscible solvents

facilitating the coil—stretch transition (refer to Figure
10).118.150.167-170

The effect of solvent vapor pressure is believed to
influence the magnitude of shear forces generated upon the

collapse of bubbles. Solvents with higher vapor pressures
are more volatile, and as a result, more solvent vapor will
enter the bubbles. This difference provides a cushioning
effect on the collapse of the bubbles. The solvent movement
is thus slower, and the shear stress exerted on the polymer
chain segments 1s lowered, thereby leading to lower chain
scission rates.

Compared to the effect of solvent vapor pressure on the
rate of chain scission, the effect of the solvent viscosity is
not as significant.'*19%2%22 Increasing the solution viscosity
typically leads to a decrease in the rates of chain scission.
In more viscous solutions, an increase in viscosity raises the
cavitation threshold. The hydrodynamic shear forces resulting
from the bubble collapse are decreased. Furthermore, a
polymer chain in a more viscous solvent 15 less flexible and
moves more slowly toward the collapsing bubbles.
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Figure 19. Effect of vapor pressure on the chain scission rate
coefficient, £ (min~"), of poly(vinyl acetate) at a concentration of
2 g/L: @, o-dichlorobenzene; &, chlorobenzene; B, benzene; 4,
toluene; %, chloroform. Model predictions: O, acetone; A, 9:1
acetone/water; O, 4:1 acetone/water (ratios by volume).'

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



Effect of Temperature

150

The majonty of chemical processes are accelerated by an
increase in temperature. However, the opposite effect is
typically observed for the ultrasonic chain scission of
polymers in solution. The chain scission rate decreases with
increasing temperature (Figure 20)."%51%-247207 Thig negative
temperature coefficient has been observed for the ultrasonic
chain scission of polystyrene,'® poly(alkyl methacrylate),'™
poly(vinyl chloride), and poly(vinyl acetate).”™ In contrast.
Yen and Yang reported that an increase in temperature
increases the chain scission rate coefficient for the ultrasonic
chain scission of polyacrylamide in water.”™ The negative
temperature coefficient has often been cited as evidence that
ultrasound-induced polymer chain scission is mechanical in
origin.

The effect of temperature is attributed to changes in the
physical state of the system, such as the vapor pressure and
the viscosity of the solvent. At increased temperatures, the
solvent pressure 1s higher, and a larger quantity of the solvent
- - vapor enters the cavitation bubbles during expansion. As
mentioned previously, this change exerts a “cushioning”
effect during the bubble collapse. The intensity of the shear
forces is lessened. and the solvent welocity is reduced.
o L 1 L 1 1 L 4 Consequently, the chain scission rate is decreased.

0 100 200 300 400
Sonication Time / min.
Figure 20. Ultrasonic chain scission of polystyrene in toluene at
different temperatures: W, 61 °C; x, 50 °C; 4,40 °C; +,5 °C; v,
—10 °C (Experimental conditions: 50 cm’ of 0.5 wt % solution
irradiated at [ = 17.4 W cm 2 at 25 °C).1¥

3

Molecular Weight (M , kDa}
m
=]

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



Polymer Concentration
Dependence

These observations are explained in terms of viscosity
Key. W=05 |}[ =1 | ¢ = 5| + =10 ¥=20 changes for different polymer concentrations. At higher
150 I I concentrations, the solution viscosity increases. An increase
in viscosity raises the cavitation threshold. This increased
threshold makes it more difficult for cavitation bubbles to
. form. More importantly, the wvelocity gradients around
collapsing bubbles become smaller, and the elongation of
the polymer backbone is reduced.

e
=2
[

Price noticed a large jump in the scission rate of
= polystyrene from polymer concentrations of 1% and 5%
solution in toluene. The significant differences are attributed
to the critical overlap concentration, C*, the concentration
at which chains begin to entangle. When chains begin to
overlap, their movement and cleavage are more restricted,
and chain recombination i1s more likely. Hence, the extent
of chain scission i1s reduced. The cntical overlap concentra-
tion in good solvents i1s estimated as 2.4 wt/vol % for

| | | polystyrene with molecular weight 448 kDa. This value
0 100 200 400 400 matched the large difference observed for_ the ch_uln scission
rate between 1% and 5% polystyrene solutions (Figure 21).'%°

Molecular Welght (M_, kDa)
&n
=

Sonication Time ! min.

Figure 21. Chain scission of polystyrene in toluene at 25 °C at
various concentrations (wt/vol %); the critical overlap concentration,

C*. was estimated to be 2.4 wt/vol %.1%
Caruso et al. Chem. Rev. 2009, 109, 5755-5798



From Polymer Degradation
To Force Responsive Materials



Introduction

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.

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



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



Mechanophore Design

Selective Scission

4mm FORCE
FORCE mmp
Extrusion of a Small Molecule
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il — ~——f=
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Cycloreversion
4mmFORCE
I : FORCE mmp

Isomerization

4mm FORCE
m = FORCE mmb

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

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



Bond-specific Activation
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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.

Caruso et al. Chem. Rev. 2009, 109, 5755-5798
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Figure 27. Chemical structures of azo

Figure 26. GPC traces showing the link-functionalized PEG chain (1, top)
chain scission of the 40 kDa PEG azo- and sebacic acid (2, bottom) link-
linked polymer 1. functionalized PEG chain.

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



Ultrasound-Induced Site-Specific Cleavage of
Azo-Functionalized Poly(ethylene glycol)

Kimberly L. Berkowski, Stephanie L. Potisek,
Charles R. Hickenboth, and Jeffrey S. Moore*

The Department of Chemistry & The Beckman Institute for

Advanced Science and Technology, The University of Illinois
at Urbana—Champaign. Urbana. Illinots 61801

Macromolecules 2005, 38, 8975—8978

.

Retention Time [(min})

=0 rmin

Response [mV)

20 22 24

Retention Time {min)

Figure 1. GPC traces depicting the effect of ultrasound on
polymer 1 (40 and 60 kDa) and 2 (40 kDa). A 0.75 mg/mL
solution of either polymer 1 or control 2 in acetonitrile was
subjected to ultrasound, at 20 kHz, 8.7 W/em?, and 6-9 °C
under argon. (a) Absolute peak areas of 40 kDa polymer 1
starting material and the 20 kDa cleaved fragments at timed
intervals throughout sonication. The small 20 kDa peak at ¢
= 0 is due to uncoupled 20 kDa mPEG-NH; starting material,
from the synthesis of 1, that could not be separated. (b)
Absolute peak areas of 60 kDa polymer 1 starting material
and the 30 kDa cleaved fragments at timed intervals through-
out sonication. (c) Absolute peak areas of 40 kDa control 2
starting material at timed intervals throughout sonication.



Other Mechanophores
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Soft Mechanochemistry
LANGMUIR

Soft-Mechanochemistry: Mechanochemistry Inspired by Nature
Philippe Lavalle,”* Fouzia Boulmedais,” Pierre Schaaf,*"**! and Loic Jierry®

TUnité INSERM U1121, Biomaterials and Bioengineering, 11 rue Humann, 67085 Strasbourg Cedex, France

*Faculté de Chirurgie Dentaire, Fédération de Médecine Translationnelle de Strasbourg (FMTS), and Fédération des Matériaux et
Nanoscience d’Alsace (FMNA),Université de Strasbourg, 8 rue Saint Elisabeth, 67000 Strasbourg, France

$Institut Charles Sadron, Centre National de la Recherche Scientifique, Université de Strasbourg, 23 rue du Loess, 67034 Strasbourg
Cedex 2, France

”University of Strasbourg Institute of Advanced Study, $ allée du Général Rouvillois, 67083 Strasbeurg, France

© Supporting Information

ABSTRACT: Cells and bacteria use mechanotransduction processes

to transform a mechanical force into a chemical/biochemical response. Triggering . Changing _
The area of chemistry where chemical reactions are induced by ligand-receptor recognifel Qteinfrolymer conformation
mechanical forces is called mechanochemistry. Qver the last few years, % L

chemists developed force-induced reactions affecting covalent bonds in Soft h h .

meoelecules under tension which requires high energy input and/or high oft-mec .c em |St|'y
intensity forces. In contrast, in nature, mechanotransduction processes o 5

take place with forces of much weaker intensity and much less Tuning R trol
demanding energy. They are mainly based on protein conformational enzymatic catalysis ce‘ITna;ze;?ogn
changes or changes in supramacromolecular architectures. Mechanc

che based d whic]

does not affect chemical bonds can be called soft-mechanochemistry.

In this feature article, we first discuss some examples of soft-mechanochemistry processes encountered in nature, in particular,
cryptic sites, allowing us to define more precisely the concepts undetlying soft-mechanochemistry. A series of examples, developed
over the past few years, of chemomechanoresponsive systems based on soft-mechanochemistry principles are given. We describe,
in particular, cryptic site surfaces, enzymatically active films whose activity can be modulated by stretching and films where
stretching induces changes in their fluorescence properties. Finally, we give our view of the future of soft-mechanochemistry.

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



Swelling-Activated, Soft Mechanochemistry.

Solvent Swelling can Accelerate Bond Cleavage Events

Swelling at multiple

dimensions Swelling-induced
mechanoactivation

Swelling-activated
mechanophores

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



Swelling-Induced Failure of Soft Matter

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

i/, Ruptured Gel

i Time Time
—_— —_
Initial Gel Swollen Gel

5mm lcm

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

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



How can this be measured?



Flow Set Ups

( a) (b) 0.15+
|
0. o] Q 02N -~
‘:‘;j 0.10
% N—N@—Noz mechanical M 5
force o « g
n 2 2 0.05]
@ ca — VAN
PMMA DPPH - initial DPPH - reacted T T e R T -
Wavelength (nm)
(C) Nozzle
Pressure sensor Pgs g2z
y N
y A
= BlE
Syringe pump Inlet Outlet
E = 2 J’_/{_J,
Bl [ AN 7

- Filter
Sample collection Constriction

Support

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



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



Tensile Testing Instruments

Movable
Crosshead

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

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



Mechanically-activated
luminescence

palymer polymer
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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



Processing & Mechanochemistry
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Self-healing Materials
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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.

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



Other Microencapsulated Self-
Healing Chemistries

B = Epoxy Vinyl Ester

" . Figure 52. Schematic of the phase-separated
ﬁ*o"gmoj&omoﬁfo‘f PDMS self-healing system and chemical structures
L ; of each component. Reproduced with permission
= DBTL from ref 386. Copyright 2006 Wiley-VCH Verlag
N GmbH & Co. KGaA.
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Mechanochemical activation of latent
catalysts (“mechanocatalysis”)
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Fig. 4 Overview of latent mechanocatalyst complexes and catalytic reactions.
Groote et al., Polym. Chem., 2013, 4, 4846—-4859



Scission of a mechanocatalyst can be
followed by GPC
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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.

Groote et al., Polym. Chem., 2013, 4, 4846—-4859



Conversion (%)

Catalysis shows expected molecular
weight dependence
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Fig. 7 Time—conversion plot for the sonication of DEDAM in the presence of catalyst

2 (18 or 36 kg mol!) or a low molecular weight control catalyst. Sonication: 60 min
on, 30 min off, 60 min on.

Groote et al., Polym. Chem., 2013, 4, 4846—-4859
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