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1. Introduction

Engineering applications of synthetic polymers are wide-
spread due to their availability, processability, low density,
and diversity of mechanical properties (Figure 1a). Despite
their ubiquitous nature, modern polymers are evolving into
multifunctional systems with highly sophisticated behavior.
These emergent functions are commonly described as
“smart” characteristics whereby “intelligence” is rooted in
a specific response elicited from a particular stimulus.
Materials that exhibit stimuli-responsive functions thus
achieve a desired output (O, the response) upon being
subjected to a specific input (I, the stimulus). Given that
mechanical loading is inevitable, coupled with the wide range
of mechanical properties for synthetic polymers, it is not
surprising that mechanoresponsive polymers are an especially
attractive class of smart materials.

To design materials with stimuli-responsive functions, it
is helpful to consider the I—O relationship as an energy
transduction process. Achieving the desired I—O linkage thus
becomes a problem in finding how to transform energy from
the stimulus into energy that executes the desired response.
The underlying mechanism that forms this I—O coupling
need not be a direct, one-step transduction event; rather, the
overall process may proceed through a sequence of energy
transduction steps. In this regard, the network of energy
transduction pathways is a useful roadmap for designing
stimuli-responsive materials (Figure 1b). It is the purpose
of this review to broadly survey the mechanical to chemical
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1.1. Polymer Mechanical Behavior

Polymeric materials exhibit an extraordinary range of
mechanical responses (Figure 1la), which depend on the
chemical and physical structure of the polymer chains.’
Polymers are broadly categorized as thermoplastic, thermoset,
or elastomer. Thermoplastic polymers consist of linear or
branched chains and can be amorphous or semicrystalline.
The mechanical response of thermoplastic polymers is highly
influenced by the molecular mass, chain entanglements, chain
alignment, and degree of crystallinity. Thermosetting poly-
mers consist of highly cross-linked three-dimensional net-
works. The mechanical properties of these amorphous
polymers depend on the molecular mass and the cross-link
density. Elastomers (e.g., rubber) are highly deformable
elastic networks that are lightly cross-linked by chemical or
physical junctions.
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Figure 1. (a) The macroscopic response of polymeric materials
subjected to mechanical load is generally described by a stress—strain
curve. Polymeric materials exhibit a range of mechanical behavior
from elastomeric to brittle. The area under these curves is
proportional to the total mechanical work that is available for
conversion into other forms of energy.! (b) The network of energy
transduction pathways is the basis for the rational design of stimuli
responsive polymers.? This review covers the mechanochemical
transduction pathway.

The deformation response of most polymers is viscoelastic,
displaying characteristics of both an elastic solid (reversible
mechanical response) and a viscous liquid (irreversible
mechanical response).* Hence, the reaction to stress depends
not only on the structure of the polymer but also on time
and temperature. A critical property for understanding
viscoelastic behavior is the glass transition temperature (7)
of the polymer. At temperatures above 7, the polymer chains
display increased mobility, enabling the bulk material to flow.
At temperatures below T,, mobility is restricted and the
polymer behaves like a glassy, elastic solid. The T, of a
polymer is determined by chemical structure, molecular
weight, and degree of chemical or physical cross-linking.'”
Lower temperatures and faster loading rates favor a more
glassy, elastic response due to insufficient time or mobility
for viscous or dissipative deformation mechanisms to take
place. Similarly, higher temperatures and slower loading rates
lead to a more viscous or rubber-like elastic response.

The macroscopic response of polymers to mechanical force
is characterized by a variety of measures, including tensile
strength, failure strain, fracture toughness (resistance to crack
growth), and elastic modulus (initial slope of the stress—strain
curve). These and other terms associated with mechanical
testing of polymers have been reviewed in detail in a recent
publication.® However, translating macroscopic response to
micro- and molecular deformation is challenging and highly
dependent on the proximity of 7, and polymer structure.

At the microscopic level, the mobility of polymer chains
in the presence of an external stimulus is dependent on the
degree of cross-linking and entanglements present in the
network.”® A competition exists within a polymeric network
between chain deformation as a response to external stress
and chain contraction as an entropic response. Strain energy
is stored in the polymer until the chains deform to become
laterally displaced or bent, or bond rotation occurs to
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Figure 2. Stress-induced polymer networks (above T) as a result
of additional covalent cross-links or a permanent set of physical
chain entanglements.'?

relieve the tension (energy dissipation).” Curro and co-
workers have conducted molecular dynamics simulations to
study the mechanical response of strained polymer networks
in terms of shear modulus changes.'” They found that
entanglements become more permanent under cross-linking
conditions (heat, UV irradiation), forming a rigid network.
Upon deformation, the localization of stress on particular
polymer chains is caused by entanglements or cross-links in
the material (Figure 2). The deformed polymer networks
undergo further cross-linking reactions or bond-breaking, also
known as chemical aging. These phenomena were observed
in the resulting network after deformation because they were
either directly or indirectly confined via cross-links or
entanglements by neighboring chains.

1.2. Historical Perspective

In designing stimuli-responsive materials, researchers have
turned to biology for inspiration. Many biological systems
are mechanoresponsive to their environment in which a
mechanical stimulus is transduced into an electrical signal.'!
Most eukaryotic cells have the capability to detect mechanical
stress, which allows for touch sensitivity, hearing, and
detecting the flow of blood and urine.!? Proteins catalyze
various cellular processes and reactions, some of which
involve mechanical manipulation. For example, in some
specialized sensory cells, transmembrane ion channels are
forced open when a complex arrangement of proteins is
subjected to mechanical stress.'>!* The coupling of molecules
to the active sites of enzymes results in mechanical deforma-
tion of the bound molecule, causing distortions as it
coordinates to the active site geometry defined by the tertiary
protein structure, and thus leading to a variety of efficient
chemical reactions.'>!® Some enzyme-catalyzed reactions
have reportedly been accelerated by stretching fibers or
compressing gels containing covalently-bound enzymes.!”

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.'2° It was suggested that the
molecular weight reduction resulted from homolytic carbon—
carbon bond cleavage due to mechanical force.?! This
suggestion was supported by electron spin resonance (ESR)
experiments of polymers cleaved by ball-milling, drilling,
slicing, or sawing, as described in a review by Sohma.??
Some of these polymer chains were cleaved in the presence
of radical acceptors, giving more distinct ESR spectra.?
Solution-based experiments have also been used to cleave
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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.

polymers, which has allowed for kinetic analysis of polymer
bond scission. This analysis examined molecular weight
dependence, minimum molecular weight required for cleavage,
and forces required for chain cleavage.*

In the 1930s and 1940s, classical physical chemistry such
as Eyring’s activated-rate theory began to establish the
molecular-scale link between mechanical force and chemical
change.?! For example, statistical mechanical methods were
used to ascertain the mechanism of the flow of large
molecules.”' Already at this time, the concept that an external
force could be used to modify molecular potential energy
surfaces was clearly established. Following the pioneering
work of Porter et al.,”> Odell and Keller’s elegant extensional
flow experiments?5?” ushered the field into the modern era
with quantitative physicochemical studies.

More recent work has demonstrated that cleavage occurs
more easily for certain chemical bonds than for others. Earlier
work by Encina and co-workers reported that ultrasonic chain
scission of poly(vinylpyrrolidone) with randomly incorpo-
rated peroxide linkages occurred ten times faster than that
of neat poly(vinylpyrrolidone).?® More recently, targeted
cleavage or rearrangement of bonds has been demonstrated
in polymer-bound small molecules called mechanophores,”
which attempt to mimic biological mechanochemical trans-
duction. Mechanophores (indicated in red in Figure 3)
possess strategically weakened bonds that undergo useful
reactions when force is transferred to the mechanophore from
the polymer chain segments. The importance of this con-
figuration (polymer chains linked on either side of the
mechanophore) for force transfer has also been demonstrated
using control polymers in which the mechanophore is located
at the chain ends or in the center without spanning the force-
activated portion of the mechanophore.*® Examples include
the rearrangement’' and cleavage® of azo-linkages, the
electrocyclic opening of benzocyclobutene derivatives,” and
the conversion of a spiropyran to its merocyanine form.3%33
Other reports have focused on the effect of mechanical stress
on interactions between polymer chains, specifically focusing
on the disruption of hydrogen bonding** or aggregation,®
causing interactions such as excimer formation,* 3 orienta-
tion of polymer chain segments,*® breaking of metal—ligand
coordination bonds,* and changing the pH of an environ-
ment.*!

The ability to predict the behavior and limitations of
polymers in response to mechanical stress is important for
determining their performance in a variety of applications.
For example, it is necessary to know how much force can
be applied to a glassy plastic such as polycarbonate (used in
windows and eyeglasses) before yield occurs. In elastic
polymers such as natural rubbers, where mastication is used
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to reach the desired rheological properties,* * it is
necessary to know the limits of elasticity before the material
stretches to failure. Automobile tires are thought to have
increased lifetimes because of the stress-induced reactions
in cross-linked and filled rubber components.*> The carbon—
carbon bonds and thioether and polysulfide cross-links can
reversibly cleave, leading to self-healing of damaged tires.
Mastication is also used to reduce nonuniformity in chain
length polydispersities.***’ Several medical applications also
depend on the mechanical stability of polymers and com-
posites such as biopolymers in the synoidal fluid for joint
lubrication*® and dental resin composites.*’ Mechanical
degradation of biopolymers such as starches and proteins is
also relevant to the food processing industry.’*~>> Controlled
degradation of other natural polymers such as chitosan
(deacylated chitin) is important in biomedical applications
such as drug delivery and bioadhesives.>

On a bulk scale, various polymer responses indicate that
structural damage has occurred, thus signaling that repair is
necessary to prevent complete failure of the material.
Changes in a polymer’s color upon application of mechanical
force can be useful as a damage sensor for the visual
indication of stress. When the chemical identity, intermo-
lecular interactions, or orientation of chromophores are
altered using mechanical stress, the appearance or change
of color can be used to identify a strained or damaged
polymer.3*3334756 This indication is relevant for any polymer-
based material subjected to mechanical damage. Mechanical
stress might also lead to the initiation of self-repair by the
formation of new interchain interactions or new covalent
bonds.?>*""3 These responses can increase the lifetime of
plastics and composites and can repair polymer coatings.

1.3. Methods of Study

While mechanical force has been demonstrated to promote
several chemical reactions, a thorough fundamental under-
standing of the nature of mechanochemical transduction does
not exist and would be beneficial for the design of new
mechanochemically responsive materials. The products of
mechanically-induced reactions may be different® than
products resulting from activation by thermal or electromag-
netic radiation.?”%%! Thus, chemical analysis is essential to
advancing the field. The problem is especially acute in bulk
polymers, where the application of force displaces atoms
from their equilibrium positions, creating large local strains.®?
Coupled to these large strains are large localized forces that
can lower or raise the activation energies of the various
reaction pathways. More studies—both experimental and
computational—are needed to better understand the funda-
mentals of mechanochemical transduction. Figure 4 sum-
marizes a number of experimental methods that have been
exploited to characterize mechanochemical changes over a
range of strain rates and size scales.

Given the experimental challenges of the analytical
chemistry, much effort has been given to theory and
simulations. Forced bond separation has been discussed in
numerous articles, including the change in reaction coordinate
in an energy landscape upon adding an external force.®
Kramer’s theory has been used to derive analytical solutions
for the rate at which bonds rupture when subjected to
constant external force and force—rupture distributions under
constant loading rates, as described by Hummer, Szabo, and
Dudko.%*~¢ In addition to the constant forces, these studies
claimed that the survival probability of bonds was assumed
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Figure 4. Summary of experimental methods for characterization

of mechanochemical activity at the single molecule level, in
solution, and in a solid polymer.

to be a first order differential equation. More recently, Freund
used the concept of the Gibbs external coordinate to provide
a versatile analysis for force-induced bond rupture.®® Freund
concluded that two aspects of a generic one-dimensional
energy landscape are relevant to bond separation: (1) the
external deterministic constraint that tends to induce bond
separation and (2) an energy landscape that allows for a
calculation of force transmitted by the bond (Figure 5a).%
Freund analyzed parameters thought to characterize the
resistance of a molecular bond under external mechanical
force, which yielded an expression for the probability of bond
survival (i.e., Figure 5b) as well as an expression for the
time-dependent rate of bond cleavage under constant force.
As Freund and Dudko have both addressed, while their
results are quite useful, these calculations simplify the bond
potential surface into a one-dimensional description of force-
induced rupture and are far from a molecular bond interaction
potential that includes depth, width, and rate coefficient.5*
Continued refinement should enable a more refined recon-
struction of energy landscapes.

Quantum mechanical calculations and simulations have
been used to predict the energy required to break bonds in
small molecules and polymers and to predict which bonds
are most likely to be cleaved. In general, small molecule
models are stretched away from their relaxed state, and
computational routines such as density functional theory
(DFT) are used to obtain the energy and new molecular

(a) 10r Uy () (b)
5
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=) 1 2 3 4
s o
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5
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R(t)—survival probability
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geometry. For example, a simulated force is applied to two
chosen points on the molecule’s minimized structure by
elongating the distance between the two points in small steps.
The molecular geometry is minimized at each step. This
technique, termed COGEF (COnstrained Geometries simulate
External Force), yields the energy change per unit length
extension of the molecule, which allows for the calculation
of the bond rupture rate constant as a function of applied
force.® COGEEF calculations have mainly been used to model
homolytic bond cleavage,**®~7! with a few examples
discussed in a recent review by Beyer.”> Some studies have
analyzed the effect of the position of substituents on a
mechanically active chromophore. Moore and co-workers
used COGEEF calculations to analyze the effect of substituent
placement on the effectiveness of the mechanically induced
Bergman cyclization on enediyne substrates.” In a similar
manner, COGEF was used to model the effects of mechanical
force on the electrocyclic ring-opening of functionalized
spiropyrans (SP).*® COGEEF has also been used in combina-
tion with another DFT-based technique—*“External Force is
Explicitly Included” (EFEI)—to model the mechanically
induced ring-opening reaction of benzocyclobutene reac-
tions,”* which predicted the previously experimentally ob-
served products,”* including those that were symmetry
forbidden by the Woodword—Hoffman rules for electrocyclic
reactions.

First principles calculations have also been used to model
heterolytic bond cleavage. Frank and co-workers simulated
the extension of a small PEG chain in the presence of several
water molecules.” Using various methods for energy mini-
mization with molecular dynamics simulations, the authors
reported comparisons for the energies required for homolytic
and heterolytic bond cleavage. They found that upon C—0O
bond stretching in the presence of water, when the bond
length reached 3.2 A, a water molecule attacks the chain,
resulting in proton transfer, three-membered ring formation,
and chain fragmentation.”” More details of this work are
given in section 2.2.2. The issue of molecular architecture
poses many interesting questions that are best answered by
computational means. For example, ab initio methods have
been used to investigate the effect of the presence of a knot
on the breaking strength of a polymer strand.” Using classic
molecular dynamics (MD), a loosely knotted polyethylene
chain was subjected to increasing end-to-end distances. This

1.4
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0.2 e numerical

5 10 15 20 25
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Figure 5. (a) Interaction energy landscape (top) with a typical time-independent bond energy profile with well depth ¢, with dimensions
of energy and a width a with dimension of length and force potential profile (bottom) that is fixed in shape and translates in the x direction
in a way prescribed by y(7). (b) Bond survival probability versus time as from the analytical result for bond R(7) (found by applying
approximate methods of analysis) with numerical simulation results for a fixed loading rate and loading stiffness.%® Reprinted with permission

from ref 68. Copyright 2009 National Academy of Sciences.
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Figure 6. Examples of the deformation of a portion of a
polypropylene chain: valence angle bending (A6, blue), bond
stretching (AR, green), and torsional angle rotation (A¢, red).”®

knot weakened the chain, causing breakage at the knot
entrance at lower energies than those for the unknotted chain.

Mechanical energy can also alter the reactivity profile of
polymers. Mechanical forces can modify the rate of chemical
reactions and the outcome of a reaction, yielding products
thatare not typically observed by thermo- or photochemistry.?*
Some molecular modes are more deformable under mechan-
ical stress than others, as observed by infrared (IR) spec-
troscopy of polymers under stress.”®”7 In one case, the
molecular deformation of polypropylene (PP) was studied
using a grating dispersion double-beam IR spectrometer to
obtain difference spectra.”® Difference spectra were measured
in addition to first-order peak shift measurements, and a
polarizer was used to examine parallel and perpendicular
dichroic bands. Deformation of helical PP resulted in
considerable bond stretching (AR), valence angle bending
(A0), and torsional angle changes (A¢) (types of changes
are represented in Figure 6), with an average ratio of AR/
AO/AP = 1:2.4:9. Deformation was nonuniform; the axial
C—C bonds were stretched twice as much as the equatorial
C—C bonds. The authors noted that while PP can serve as a
model for polyethylene (PE), the chain extension of PP may
not be as significant as the changes in PE, where chain
extension involves considerable C—C stretching in addition
to angle bending.

Due to numerous advances in analytical techniques, it is
now possible to measure the force required to break bonds
in single molecules and polymers.”>% Atomic force micros-
copy (AFM) techniques, optical and magnetic tweezers,
biomembrane force probes, and glass needles are among the
tools used in single molecule force spectroscopy (SMFS)
measurements.”>® This variety of tools allows for the
measurement of forces ranging from 0.01—1000 pN, de-
pending on the technique. Of these techniques, AFM8! and
glass-microneedles®? are the most precise techniques for
nanonewton forces, which are on the order of the force
required for the investigation of chemical-binding forces.”
Polymers with appropriate functional groups can be co-
valently attached both to a functionalized substrate and to
an AFM tip.8*8 The force to retract the AFM tip is
measured and gradually increases as the polymer chain is
lifted from the surface and elongated, sometimes reaching
local maxima as different conformations are minimized, and
it gradually reaches a maximum value as covalent bond
rupture occurs.”>% Craig and co-workers recently reported
a simple treatment for extracting single molecule kinetic data
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from variable loading-rate force spectroscopy data.’” This
technique was recently used to break sulfur—sulfur bonds
in a single molecule of a protein bound to a surface, and the
AFM SMFS?® have been reviewed in more detail by Liang
and Fernandez.® A limitation of SMFS experiments is the
lack of direct structural information to elucidate the detailed
chemical changes brought about by the force. Various
experimental methods are available to apply force to polymer
molecules in solution, whereby it is then possible to isolate
and characterize chemical changes with modern separation
techniques and spectroscopic methods.

Ultrasound can be used to apply force to dilute polymer
solutions. Since its initial use to degrade starch and agar,”
this technique has also been employed to degrade cellulose,’’
polypeptides, polysaccharides,”* proteins,”* DNA,* transi-
tion metal-coordinated polymers,***%7 and various organic
polymers.®® Polymer chain scission results from solvody-
namic shear caused by cavitation: the nucleation, growth,
and collapse of bubbles in solution. A polymer molecule near
the vicinity of a collapsing bubble is pulled toward the cavity
of the bubble, and the solvodynamic shear elongates the
polymer backbone, leading to scission.?* Scission generally
occurs near the midpoint of a polymer chain (approximately
within the middle 15% of the chain, in the case of homo-
polymers), where solvodynamic forces are the greatest.”*”
The rate of cleavage from ultrasonic irradiation of polymer
solutions depends on several experimental factors, including
temperature, solvent, and sonication intensity,”® which are
discussed in detail in section 2.4 of this review. The kinetics
are also affected by the initial polymer molecular weight,'®~1%
polymer structure,'® 1% and chemical composition.?

The sonication experiments benefit from controls (i.e.,
small molecules and chain-end functionalization of mecha-
nophores onto polymers), isotopic labeling,?** and system-
atic chain-length dependence'® 1% investigations to ensure
that the observed change is due to mechanical forces and
not other factors. For example, because chain scission is a
nonrandom process (with cleavage at the chain center), it
follows that chain scission is not a thermal process.''%!!!
Also, changes in maximum cavitation temperature have no
effect, as determined by varying the cavitation temperature
using different dissolved gases.”® Although ultrasound is
known to produce a vast amount of radicals in solution, a
radical degradation mechanism is also excluded because of
the chain-centered scission; polymers degraded by benzoyl
peroxide radicals produced random chain scission.''? Even
stronger support comes from chain-length dependent studies
in which it has been shown that the rate coefficient for
cleavage increases with increasing molecular weight of the
polymer?>190-102 (see section 2.4.5). Moore and co-workers
have reported examples of '*C labeling at specific sites within
the polymer backbone. By '*C NMR analysis of polymers
before and after sonication, they were able to demonstrate
that changes in the NMR spectrum were only significant in
the mechanically active portion of the polymer.?**? Moore
has also reported examples of control studies in which chain-
centered mechanophores were mechanically sensitive and the
chain-end functionalized controls and small molecule controls
did not undergo the same reactions under sonication.**

Elongational flow at high strain rates can also be used to
stretch and break polymers in dilute solutions.''3 In one
approach, a flow cell with opposing jets provides a stagnation
point between opposing orifices surrounded by rapidly
flowing solution.!'*"!'® When a coiled polymer chain be-
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comes trapped in the stagnation point, each end of the chain
is pulled in opposite directions, resulting in polymer elonga-
tion. When the rate of flow is high enough, polymer cleavage
occurs after elongation. Elongational flow in well-defined
flow cells generally results in narrow size distributions of
the fractured polymers, consistent with midchain scis-
sion.26!157 17 Ap alternative setup employs the use of
faster, transient flows across abrupt contractions.!!?~123
This method for polymer cleavage does not allow for the
full elongation of polymer chains and results in broad size
distributions of polymer fragments, suggesting more
random chain scission, which may be due to the lack of
full extension of the coiled polymer.!'®!123

Other methods have been used to accomplish and observe
covalent bond cleavage. Matyjaszewski and co-workers
synthesized bottlebrush polymers and used absorption-
induced tension to cleave covalent bonds. By depositing the
polymer brushes either onto substrates'>* or onto Langmuir—
Blodgett films,'?* they observed scission of carbon—carbon
bonds'?*!?¢ or sulfur—sulfur'?® bonds within the polymer
backbone. Repeated cycles of freezing and thawing of dilute
solutions of polymers have been shown to cleave polymer
chains, possibly resulting from polymer chain adhesion to
solvent crystallites formed upon freezing.'”” Analysis of
polymer chain length by gel-permeation chromatography
(GPC) showed a correlation between decreasing polymer
molecular weight and increasing number of freeze—thaw
cycles. Rockhill and co-workers sliced atactic polystyrene
rods by microtoming; the effect of microtoming on average
molecular weight was determined by monitoring the viscosity
of solutions of the crazed samples.'?® The polystyrene rods
underwent significant reduction in molecular weight upon
slicing, which was strongly dependent on the initial molecular
weight.

At the macroscopic level, rheology, the study of deforma-
tion and flow, is used to characterize the response of a
polymer when stress is applied.> Most linear polymer
molecules generally assume the shape of a coil, a state of
maximum entropy in the absence of load, which can be
distorted upon application of mechanical stress.'?’ The factors
affecting response to mechanical stresses include molecular
weight, chain composition and flexibility, degree of inter-
chain attraction, degree of cross-linking and entanglement,
presence of plasticizers, and temperature at which the
measurements are recorded.’ These measurements can be
performed using static, transient, impact, and cyclic forces.'*
Stress can also be induced to cross-linked polymers by
soaking them in solvents to induce swelling and increase
the mobility of polymer chains.®!31132 For swelling experi-
ments, the polymer network absorbs the solvent and dilates
to the point of reaching equilibrium without damaging the
material.'3! Qualitative calculations suggest that the forces
typically found in swollen polymers may not be sufficient
to cause significant covalent bond activation.”

When monitoring the mechanical response of polymeric
materials on a specific time scale, dynamic mechanical
analysis measurements are useful. In these experiments, a
polymer is loaded or strained at a set frequency and the
response of the polymer is reported.* Another category of
testing is studying a material’s response to long-term cyclic
motions, also known as fatigue testing. This test serves to
predict the lifetime of a material under periodic stress.!3%!3!
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Figure 7. Diagram depicting the hierarchical levels of mechano-
chemical change that will be covered in this review. At the atomistic
level, chemical bond changes and conformational changes occur.
On a supramolecular level, chain slippage occurs as a response to
force and deformation. At the microscopic level, voids, cavitation,
yield or crazing, and crack formation take place along with large
scale viscoelastic deformation.’

1.4. Coverage

This review focuses on the chemical changes that ac-
company polymeric materials subjected to mechanical stimuli
(Figure 7). We have organized the review by the length scale
over which the chemical change takes place. The first section
describes responses on the scale of the covalent bond.
Ultrasound-induced and flow-induced chain scission of
polymers in solution are covered in depth. A few examples
of other solution-based chain scission techniques are included
such as turbulent flow, repeated freeze—thawing, and stress
induced by surface adsorption. Next we discuss the effects
of mechanical force at the molecular and supramolecular
levels. This section includes the disruption of noncovalent
interactions upon mechanical loading as well as the formation
of new supramolecular interactions that result from force.
The last section considers the responses of bulk polymers at
the microscopic level, including systems in which self-
repairing mechanisms have been incorporated. The effects
of various self-healing techniques are compared, including
polymer composites containing microcapsules and microvas-
cular networks with embedded healing agents. Advanced
polymeric coatings containing self-healing components are
discussed as materials that respond to stress by providing
anticorrosion functionality.

This review covers the chemical response of polymers to
mechanical stimuli. It does not cover polymers that exhibit
mechanical changes (changes in volume, length, etc.) in
response to other external stimuli by energy transduction
pathways shown in Figure 1b. For example, photodeformable
materials, which convert light energy into mechanical
energy,'* 713 are outside the scope of this review. Photo-
chromic mechanical actuators, which convert rotary motion
into linear displacement, are also beyond the scope of this
review. The mechanical deformation of biomolecules has
been recently reviewed'*’"!*° and is not discussed here.
Single molecule force spectroscopy experiments, which have
begun to provide useful mechanochemical molecular level
detail,'*! are not included and have been described in great
detail in several review articles.”>80142
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2. Responses at the Atomic Level

2.1. Flow-Induced Mechanochemistry of Polymers
in Solution

The experimental and theoretical study of the chain
scission of polymers in flow fields has been an active area
of research for more than 70 years,'**'* beginning with the
work of Staudinger when he reported the shearing of
polystyrene across platinum jets in efforts to show the
existence of macromolecules.!”® Two classes of flow fields
are of interest for chain scission studies and will be discussed
in this section: (1) turbulent fields and (2) elongational fields.

2.1.1. Turbulent Field

Experimental studies of polymer chain scission in turbulent
flow can be dated back to 1948, when Toms reported that
very dilute solutions of poly(methyl methacrylate) (PMMA)
in chlorobenzene underwent larger reductions in the turbulent
flow pressure than those of pure solvent at the same flow
rate.!® Since then, numerous investigators have observed this
drag reduction behavior in turbulent fields.!* It is generally
accepted that drag reduction is caused by polymer chain
scission due to the shearing forces in the turbulent flow field.
Horn and Merrill studied the chain scission of narrow
polydisperse polystyrene in a turbulent flow device that was
carefully constructed to minimize all sources of extensional
flow. Their studies provided convincing evidence that full
chain extension does indeed occur in turbulent flow before
chain scission and that chain scission took place at the chain
midpoint.'?

2.1.2. Elongational Field

The shear field in turbulent flow is nonuniform and not
well-defined. It is thus difficult to study the kinetics of
mechanochemical processes and understand the fundamental
mechanisms of mechanical activation. This limitation prompted
researchers to study polymer solutions in laminar and
uniform, well-defined shear fields. Early studies by Porter
and Johnson clearly demonstrated that the chain scission of
polyisobutene in cetane at high shear rates under laminar
flow conditions was attributed to the extending forces.® Since
then, substantial efforts have been aimed at understanding
the mechanisms and nature of flow-induced conformation
and covalent changes in the scission of macromolecules.!¥

In general, in an elongational flow field, an isolated
flexible-chain molecule is expected to undergo a coil—stretch
transition at a critical strain rate, &.. A coiled polymer passing
through an elongational flow field experiences a strong
hydrodynamic force. The polymer chain begins to elongate
when the force exceeds the entropic elasticity that tends to
result in coiling. As the extension rate is further increased,
chain scission occurs.'* Ryskin, motivated by Frenkel’s
description of the terminal equilibrium configuration of a
polymer stretched by a strong flow, proposed a “yo-yo”
model to explain the dynamics of chain stretching.'*® The
“yo-yo” model considers that the stretching force along the
length of the chain is not uniform. The stretching force is
zero at the ends and maximum in the middle with a roughly
parabolic distribution. If the strain rate &, is greater than &,
the central portion of the polymer is elongated first and then
remains taut and grows in length at the expense of the two
coiled end portions. The end portions move apart in a
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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.'*?
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Figure 9. Constriction flow cell for transient elongational flow.'#

symmetric fashion under the influence of the flow, simulta-
neously diminishing in size. If the flow becomes weak, the
chain will curl back into a coil; hence, each half of the chain
behaves as a “yo-yo.” Rabin calculated the dependence of
the critical strain rate on the molecular weight of the polymer
for the scission of a polymer in transient extensional flow
(¢ O M™% This model of scission was roughly in
agreement with some observed results in transient capillary
flows but in contrast to the scaling law (¢; 1 M2) observed
for stagnation points in extensional flow fields.

Two different types of elongational flow, opposed jets
elongational flow!'* and transient elongational flow,!?*-!2!
have been used to study flow-induced polymer chain scission
in solution (Figure 8). Keller and Odell used a cross-slot
device to generate an opposite-jet flow.?6271131507152 The flow
field created by the opposing orifices has a region of zero
velocity—a stagnation point (x in Figure 8)—where a rapidly
flowing polymer solution experiences a high velocity gradi-
ent. Polymer chains trapped in the center of the flow field
remain there long enough to uncoil and fully elongate.
Experimentally, birefringence measurements were used to
determine the extent of chain elongation. As the strain rate
is increased, it eventually reaches the fracture strain rate (&),
at which point polymer scission occurs. The critical strain
rate for chain fracture (&) was found to decrease with
increasing molar mass of the polymer (& [0 M~2),!!8

Merrill and Leopairat designed an apparatus in which
constrictions in the direction of flow generated a transient
elongational effect (Figure 9), localized to the region of the
constriction.!?%!2! Flow through this kind of device has no
stagnation point, and it is believed that full elongation of
the polymer chain does not occur. Nonetheless, midpoint
scission does occur. This suggests that chain scission occurs
before full chain elongation and midpoint scission occurs in
the partially uncoiled polymer.!?*!2! The & still decreases
with increasing molar mass of the polymer but scales with
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Figure 10. Schematics of different possible polymer conformations
during the act of stretching.!'® The midpoint of each polymer chain
has been indicated in black with a gradient to include the central
15% of the chain where bond scission has been shown to occur.?*%

M™! (& O M™"). Nguyen and Kausch have performed
extensive studies of polystyrene chain scission in transient
elongational flow.!23143:1537155 They observed that the critical
strain rate for chain fracture in transient elongational flow
was only weakly dependent on solvent viscosity and tem-
perature. It was proposed that internal viscosity forces
resulting from intramolecular friction between monomer units
provide the predominant mechanism for bond scission. This
mechanism should be negligible in the opposite-jet flow field,
since the polymer chains are highly elongated with a lower
probability of collision between polymer segments.

Recently, Smith and Chu directly observed the stretching
of individual polymers in a spatially homogeneous velocity
gradient through use of fluorescent labeled DNA molecules.
Even at the highest strain rates, distinct conformational
shapes (dumbbell, kinked, half dumbbell, or folded) were
observed (Figure 10).!"® They concluded that the rate of
stretching of individual DNA molecules in an elongational
flow field is highly variable and depends on the molecular
conformation that develops during stretching. The variability
is due to a dependence of the dynamics on the initial, random
equilibrium conformation of the polymer coil. If a coiled
chain starts out at equilibrium with both of its ends on the
same side of the center of mass with respect to a plane
perpendicular to the stretching axis, a large fold is likely to
develop. If the same initial shape is rotated by 90°, it is likely
to develop a dumbbell, a half dumbbell, or a kinked shape.
Given the variety of conformations that have been observed
in the extensional flow studies (Figure 10), it remains poorly
understood in what polymer conformation selective midpoint
scission occurs.

It should be noted that experiments for polymer chain
scission in an elongational flow field require specialized
devices and are relatively difficult to perform. Perhaps an
even greater limitation in these experiments is the need for
very high molecular weight polymers (10° Da) of low
polydispersities, which is relatively difficult to achieve in
general (Figure 11).1¢ Even with more recent advances in
living polymerization (post-1993),!57~162 the combination of
ultrahigh molecular weight, single mechanophore incorpora-
tion, and low polydispersity (to ensure that the mechanophore
is at the chain’s midpoint) remains a synthetic challenge.
Finally, the fact that only a single mechanophore is present
in such a large macromolecule makes analytical characteriza-
tion of the mechanochemical reaction a daunting challenge.
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living polymerizations: cationic (@), anionic (O), and coordination
catalysts (A)."*® SET-LRP (M) is shown for comparison.'®

These practical aspects are the major limitations of using
extensional flow studies for exploration of new mechanophores.

A significant breakthrough in polymer synthesis that shows
promise for meeting the previously mentioned synthetic
challenge is Percec’s single-electron-transfer living radical
polymerization (SET-LRP).'®® When compared to previous
polymerization reactions, SET-LRP can be used to produce
polymers with molecular weights an order of magnitude
higher than the rest of the techniques shown in Figure 11
and with lower polydispersities. More recently, Percec and
co-workers demonstrated that even copper wire can catalyze
the SET-LRP efficiently for the synthesis of tailored poly-
acrylates.'> Moore and co-workers use this polymerization
technique to synthesize mechanophore-linked polymers with
low polydispersity and high molar mass (see section 2.4.3).
However, extensional flow studies with these systems have
yet to be reported.

More recently, acoustic field has emerged as a tool for
more elegant flow field studies. In addition to the simplicity
of the devices used for the acoustic studies, bulk phase
chemical characterization methods such as conventional
separation and spectroscopy techniques can also be used to
study the mechanisms and nature of flow-induced conforma-
tion and covalent changes in the scission of macromolecules.
Moreover, when combined with isotopic labeling, acoustic
field polymer chain scission becomes a powerful technique
for surveying new mechanochemical reactions.

2.2. Mechanisms of Mechanochemical Activation

The chemical effects of acoustic fields on the chain
scission of polymers in solution have been extensively
studied over the past several decades.”>?%*16% Although there
is still some debate about the precise mechanism of me-
chanical activation,'+193166 j is generally accepted that the
chain scission of polymers is the result of solvodynamic shear
created by cavitation, which involves the nucleation, growth,
and collapse of microbubbles in solution (Figure 12).
Polymer segments in the high-gradient shear field near the
collapsing bubble move at a higher velocity than those
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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.'’!

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.

Similar to the chain scission of the polymer in an
elongational flow field, an isolated flexible-chain molecule
in an acoustic flow field is expected to undergo a coil—stretch
transition. A coiled polymer experiences a strong hydrody-
namic force generated by the collapse of the bubble (as
discussed in section 2.1.2). However, the polymer chain does
not have to be fully elongated; a coiled polymer with various
conformational shapes (dumbbell, kinked, half dumbbell)
experiences chain scission.'9’~17

In general, polymer mechanochemistry induced by an
acoustic field is a nonrandom process; for example, the
scission of polymer chains in solution occurs at a preferential
position near the midpoint. Several models have been
proposed based on the studies of the kinetics of chain scission
and mathematical simulations.?®104165:166.172 The best model
to date comes from the work of van der Hoff and Gall.!”*~17
They found that the chain scission of polystyrene in THF
could be modeled well when it was assumed that the
probability of chain cleavage was distributed in a Gaussian
manner within the middle 15% of the chain. This center
cleavage model is also consistent with the “stretching and
breakage” mechanism, since the solvodynamic forces are
predicted to be the greatest in the center of the polymer chain.

2.2.1. Homolytic Bond Cleavage

It has been generally accepted that ultrasound-induced
cleavage of the covalent bonds of homopolymers occurs
homolytically.*19176177 The radical pair that forms subse-
quently recombines, disproportionates, reacts with atmo-
spheric oxygen, or attacks another polymer chain. The
evidence for the existence of these macromolecular radicals
was first supported by radical trap experiments. Henglein
and co-workers reported experiments on the sonication of a

benzene solution of PMMA in the presence of 2,2-diphenyl-
1-picrylhydrazyl (DPPH), a well-known, stable free radical
with an absorption band in ethanol solution centered at ca.
520 nm.'®!77 The violet color of DPPH disappeared with
sonication time due to reaction with radicals formed in
solution under sonication conditions. The loss of the color
of DPPH was much slower when it was sonicated in a
solution that lacked polymers. Spectroscopic analysis of the
loss of DPPH can be used for the determination of the
polymer chain scission rate.

NO, Me
. Me N=0
O,N N=N
Me’ Me

Diphenylpicrylhydrazyl (DPPH) Pentamethyl nitrosobenzene (PMNB)

Direct evidence for the formation of radicals in ultrasound-
induced polymer chain scission in solution has also been
supported by studies using ESR techniques.”>!”® Sohma et
al. reported that an ESR signal was observed for the
sonication of PMMA in benzene in the presence of penta-
methyl nitrosobenzene (PMNB), a spin-trap reagent (Figure
13).178 No ESR signal was observed for the control experi-
ment without polymer under the same conditions.

The macromolecular radicals generated by chain scission
of the polymer upon sonication can initiate the polymeriza-
tion of a second unsaturated monomer. The formation of
copolymers was first used by Melville and Murray as proof of
the presence of a radical, and it has been used by a number of
other groups in the production of a variety of copolymers.'7*180

These experimental results correlate well with predictions
based on the thermally activated barrier to scission (TABS)
model (Figure 14).'817133 The TABS theory'*? is based on
the assumption that the backbone scission of a linear polymer
is a thermally activated process and the rate is determined
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Figure 13. ESR spectrum observed at room temperature for a
PMMA —benzene solution with added PMNB after 2 h of ultrasonic
irradiation at 40 °C. Stick diagrams are also shown in which a%
and aN (the hyperfine coupling constants) stand for separations due
to coupling of the radical to a hydrogen and nitrogen nucleus.!”®

by an Arrhenius type equation. The force can be derived
from the Morse potential energy function,

U(r) = D(1 — e "y (1)
where U is the potential energy, r is the distance between
the two atoms, r. is the distance corresponding to the
minimum in the potential energy, D, is the well depth of
the minimum, and a is the parameter defining the width of
the minimum.

During mechanoactivation, the polymer chain is stretched,
and when thermal fluctuations overcome the required energy
barrier, bond scission occurs. Thus, strain energy is converted
into chemical energy simply by increasing the bond distance
between two atoms. This action decreases the activation
energy barrier by increasing the energy of reactants in the
ground state. Mechanical rupture can only occur if the
mechanical stress exceeds the tensile strength of the bond
and if it is applied in a time frame (<107'° s) that is less
than the vibration period of the bond.

The relation between the rate of scission ky and the
temperature T according to this model is given by

ko, O exp[—Uy/(kT) + (a/l)ﬁN2/8] (2)
where f3 is proportional to strain rate, N is the number of
monomers, o is the stretched bond length, and [ is the
monomer length. The TABS model successfully explains the
precision of chain halving and the temperature dependence
of scission-rate in extensional and acoustic flow fields. This
finding is significant because it means that new mechano-
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phores can be designed from considerations of known
reaction pathways. As shown in section 2.4.6, the combina-
tion of force plus thermal activation may bias the pathway
away from that favored under pure thermal conditions.!3*
The directional nature of force overcomes the isotropic
thermal path of Brownian motion.

2.2.2. Heterolytic Bond Cleavage

In all of the cases of ultrasound-induced chain scission of
organic polymers studied to date, experiments have supported
the homolytic bond cleavage mechanism for polymer cleav-
age. In striking contrast to the vast amount of work on
homolytic scission, mechanically-induced heterolytic cleav-
age has been little studied. Recently, however, Aktah and
Frank proposed that heterolytic bond cleavage is also a
feasible mechanism for mechanically-induced polymer chain
scission.” Using first principles molecular dynamics simula-
tions, the stretching of a PEG chain was modeled in the
presence of water molecules (Figure 15). The results
indicated that the heterolytic cleavage of a stretched bond
in solution is strongly influenced by solvation. In this case,
the positive partial charge carried by the solvent proton
stabilizes the localization of the both electrons at one side
of the stretched bond. Electron transfer is then accompanied
by the transfer of a proton from the solvent. The cation is
then neutralized through rapid proton exchange.

2.3. 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, Mj;,.
Below the My, the polymer chain is too short to experience
the forces required for bond cleavage. The molecular-weight
dependence on the rate of bond cleavage is strong evidence
that the cleavage process is mechanochemical in nature
(Figure 16) and not a result of ultrasound-induced temper-
ature and pressure fluctuations. As will be discussed in detail
in later sections, recent sonication studies have shown that
the chain scission rate of polymers is greatly affected if a
weak bond is incorporated into a polymer chain (bond-
specific activation, section 2.4.6),2829:3233
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Figure 14. (a) Morse function for a C—C covalent bond (blue) and its derived interatomic force (red). The shaded region (purple) indicates
the activation energy required to break a C—C bond under an applied force (F}).'®? (b) Critical strain rate for chain scission (&) as a
function of temperature, uncorrected () and corrected (x) for solvent viscosity. Also shown is the variation of critical strain rate for the
coil—stretch transition (&y) as a function of temperature (O). The continuous line is the “best fit” for the TABS model. The molecular

weight of this polymer is 8100 kDa with a PDI of 1.07.'%?
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Figure 15. Schematic demonstrating bond cleavage of PEG chains
before and after the electron transfer. (a) PEG molecule before
stretching, with yellow arrows denoting the stretching direction.
(b) PEG molecule during bond cleavage, a process that is greatly
facilitated by solvation. (c) PEG molecule after bond cleavage where

the electron moves from the carbon to the oxygen, as denoted by
a change in orbital location.”
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Figure 16. Ultrasonic chain scission of narrow polydispersity
polystyrene in toluene: (H) 30,000; ( x) 68,000; (¢) 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 / = 17.4 W cm 2 at 25 °C).

2.4. Factors Influencing Ultrasound
Mechanochemistry

The rate of chain scission during ultrasonic irradiation in
solution is dependent on many factors including ultrasound
intensity, solvent vapor pressure and viscosity, temperature,
solution concentration, initial polymer molecular weight, and
the chemical structure of the polymer. The following sections
will discuss each of these factors in more detail.
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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
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2.4.1. Ultrasound Intensity

Higher ultrasound intensities lead to a faster rate of chain
scission, and Mj;, for chain scission is lowered.”3-103.166.168,185-188
For example, Mostafa reported that the weight average chain
length (Py,) of a polystyrene solution in benzene (1 wt/vol
%) decreased from 3240 to 1004 after sonication for 35 min
if the ultrasound intensity was 4.89 W cm™2, while P,
decreased to 380 if a stronger ultrasound intensity (15.8 W
cm2) was used for the equivalent polymer solution and same
sonication time (Figure 17).'%¢ Analysis of numerous systems
has shown that the rate coefficient, k, for polymer cleavage
does not increase linearly with an increase in ultrasound
intensity. Below a threshold of ultrasonic intensity, chain
scission does not proceed because cavitation does not occur.
Furthermore, an upper threshold also exists, above which
cavitation is suppressed.

Noltingk and Neppiras stated that the maximum radius of
the bubble R,, is proportional to the square root of the
ultrasound intensity. Therefore, higher ultrasound intensities
result in both larger sizes of cavitation bubbles and an
increase in the density of bubbles in solution, as well as
higher shear forces.'®”!% However, when the ultrasound
intensity is too high, the increased number of bubbles
indicates that the ultrasound field does not pass through the
solution as efficiently, thus reducing cavitation and decreas-
ing the rate of chain scission.

2.4.2. Solvent

Solvent plays a crucial role for ultrasound-induced polymer
mechanochemistry.!”>1%719% 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

A large number of studies have demonstrated that the chain
scission rate of polymers is insensitive to the chemical
composition of the polymer when sonicated under the same
conditions. Polymers with the same backbone, such as
poly(methyl acrylate) (PMA) and PMMA, degraded with
similar rates under the same sonication conditions. Instead,
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Figure 18. Comparison of starch and cellulose derivatives in their
chain scission behavior demonstrated by the molar mass as a
function of the sonication time. (HES: hydroxylethyl starch; AS:
acetyl starch; SEC: sulfethyl cellulose; HESEC: hydroxyethylsulf-
ethyl cellulose; CMSEC: carboxymethylsulfethyl cellulose; CMA:
carboxymethyl amylose).'”®
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Figure 19. Effect of vapor pressure on the chain scission rate
coefficient, k (min~!), of poly(vinyl acetate) at a concentration of
2 g/L: @, o-dichlorobenzene; A, chlorobenzene; M, benzene; @,
toluene; %, chloroform. Model predictions: O, acetone; A, 9:1
acetone/water; [, 4:1 acetone/water (ratios by volume).'**

the scission rate depends on the polymer chain dimensions
in solution.'® 1% For instance, Kulicke and co-workers
investigated the chain scission of cellulose derivatives and
observed that the molar degree of substitution and the
introduction of a second substituent have no observable
influence on the degradation process (Figure 18).!% However,
strongly coiled starch is degraded much more slowly than
linear cellulose derivatives. In solution, strongly coiled starch
needs higher forces to stretch the polymer backbone. With
the same available energy, the strain generated along the
polymer backbone was smaller and chain scission was
slower.

The rate for the ultrasound-induced chain scission typically
decreases in solvents with higher vapor pressures, '?!:194197.200201
For example, Madras and co-workers systematically studied
the ultrasonic chain scission of poly(vinyl acetate) in six
different individual solvents and two solvent mixtures (Figure
19).!% The chain scission rate constants decreased with
increasing solvent vapor pressure in this order: o-dichlo-
robenzene, chlorobenzene, toluene, and benzene. Similar
trends have been observed for the chain scission of poly-
styrene,'*® poly(butyl methacrylate),”’ polypropylene,?’? and
dextran'®! in different solvents.

The effect of solvent vapor pressure is believed to
influence the magnitude of shear forces generated upon the
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Figure 20. Ultrasonic chain scission of polystyrene in toluene at
different temperatures: B, 61 °C; x, 50 °C; , 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).'®

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 is 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.!°*!%6202.293 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 is less flexible and
moves more slowly toward the collapsing bubbles.

2.4.3. Temperature

The majority 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).!35:195204207 Thjg 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 is 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 velocity is reduced.
Consequently, the chain scission rate is decreased.
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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%

2.4.4. Concentration

The rate of polymer chain scission in solution is also
influenced by the polymer concentration. The higher the
concentration of the polymer, the slower the chain scission
rate.!96:198:202.210-216 Eor example, Price and Smith studied the
chain scission of polystyrene at different concentrations in
toluene (Figure 21) or methyl butyrate.' The chain scission
in both solvents is much faster, and the M;;,,, is lower in less
concentrated solutions. In both solvents, chain scission is
suppressed when the concentration reaches 20 wt/vol %.
Presumably, this effect is a result of cavitation suppression
due to more viscous solutions at higher concentrations. Other
groups have also investigated the effect of solution concen-
tration on polymer chain scission. In each case, the effect of
polymer concentration is consistent with the aforementioned
results.

These observations are explained in terms of viscosity
changes for different polymer concentrations. At higher
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 velocity gradients around
collapsing bubbles become smaller, and the elongation of
the polymer backbone is reduced.

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 is more likely. Hence, the extent
of chain scission is reduced. The critical overlap concentra-
tion in good solvents is estimated as 2.4 wt/vol % for
polystyrene with molecular weight 448 kDa. This value
matched the large difference observed for the chain scission
rate between 1% and 5% polystyrene solutions (Figure 21).!%

2.4.5. Initial Molecular Weight

Investigations of the initial molecular weight on the
ultrasonic-induced chain scission of polymers in solution
provide insight into the degradation mechanism. The effect
of the initial molecular weight on the rate coefficient for the
chain scission is well-established; ultrasonic chain scission
proceeds more rapidly at higher molecular weights 3217218
In some cases, the rate coefficient increases with increasing
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Figure 22. Double-logarithmic plot of the dependence of the
scission rate coefficient on the initial molecular weight (M, dotted
line) and on (M, — M,;y) (solid line). The empirical value for My,
is 30 kDa.'®

initial molecular weight of the polymer (Figure 22).!%!%! This
dependence follows an empirical relation of the form

kKOM — M) 3)

where k is the rate coefficient, M is the molecular weight of
the polymer, My, is the limiting molecular weight, and the
exponent (x) is a value from O to 3, depending on the
experimental conditions. For example, Nguyen reported that
the best fit was obtained with My, = 30 kDa, giving x =
1.9 over the molecular range 50—2200 kDa for the chain
scission of polystyrene in decalin.!”” For polymers with
extremely high molecular weights (>2200 kDa), the rate
constant becomes independent of molecular weight. Taghiza-
deh et al. also reported that a nonlinear dependence of In k
on the molecular weight of the polymer was observed for
the ultrasonic chain scission of poly(vinyl pyrrole) in water.*”

In contrast, Madras recently reported that the chain scission
rate coefficient k is linearly dependent on the initial molecular
weight of polymers.'® This claim is based on a mathematical
fitting of the model with experimental data for ultrasonic
chain scission of a number of polymers, including poly(eth-
ylene oxide) (PEO), polyacrylamide (PAa), poly(butyl acry-
late) (PBA), and PMA. The chain scission rate k is assumed
to be of the form k = ky(M — My,,)", where k is the chain
scission rate, kq is the degradation coefficient, M is the initial
molecular weight of the polymer, My, is the limiting
molecular weight, and the exponent 4 is a value between 0
and 3. When A = 1, expressions were derived analytically
and the experimental data was fitted to the theory by linear
regression. Representative data for PEO is given in Figure
23.

2.4.6. Bond-Specific Activation

The rate of chain scission for polymers is greatly affected
if a specific weak bond is incorporated into a polymer chain.
Encina found that the rate of chain scission of poly(vinylpyr-
rolidone) increased 10-fold when peroxide linkages were
randomly incorporated into the polymer backbone (Figure
24).% The peroxide bond with a homolytic bond dissociation
energy (the standard enthalpy change when a bond is
cleaved) of 51 kcal/mol is much weaker than the C—C (88
kcal/mol) and the C—O (91 kcal/mol) bonds. Through this
experiment, Encina demonstrated that a polymer can be
degraded at specific locations in its backbone if those bonds
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Figure 24. Poly(vinylpyrrolidone) with random peroxide link-
ages.”

are considerably weaker than the rest of the bonds in the
polymer backbone.

Moore and co-workers demonstrated that when a single
weak azo link was positioned at the center of a linear PEG
chain (Figure 25), mechanically-induced cleavage was local-
ized almost exclusively to the single weak site. The energy
of activation for the homolytic extrusion of nitrogen from
the azo group is 24—30 kcal/mol, about two to three times
lower than that of the C—C and C—O bonds in the PEG
backbone. Considering that only one bond in 1000 C—C/
C—0 bonds that make up the polymer backbone was cleaved,
the selectivity is remarkable.??

The azo-centered link-functionalized polymer was sub-
jected to pulsed ultrasound at 20 kHz and 8.7 W cm ™2 in
acetonitrile, and the chain scission was analyzed by GPC,
using refractive index (RI) as the mode of detection. GPC
traces showed that the concentration of a 40 kDa polymer
decreased with sonication time, while the concentration of
a new 20 kDa molecular weight species increased (Figure
26). The formation of and the sharpness of the new 20 kDa
peak indicated that the 40 kDa polymer cleaved at its
midpoint into two 20 kDa fragments upon exposure to an
acoustic field. As a control, the chain scission of a 40 kDa
sebacic acid link-functionalized PEG chain (Figure 27) was
much slower, and the new peak with an average molecular
weight of 20 kDa was much broader (not shown).

More importantly, '*C isotope labeling experiments pro-
vided direct evidence that the azo linkage was reacting by
homolytic extrusion of nitrogen, and not by some other
mechanical degradation process (Figure 28). The major
product that resulted from ultrasonic-induced chain scission,
cyanohydrin, was different from the major products that
resulted from thermolysis, which result from radical recom-
bination. Two mechanisms were proposed for the formation
of cyanohydrin. In the first mechanism, radical intermediates
formed after homolytic C—N bond cleavage of the polymer
under sonication reacted with molecular oxygen, and the
peroxide radical then further degraded to form cyanohydrin.
In the second mechanism, each macroradical reacted with a
hydroxide radical to directly form cyanohydrin.*?

More recently, Moore and co-workers showed that incor-
poration of mechanically sensitive chemical groups made it
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possible to harness the mechanical forces generated by an
acoustic field to open otherwise forbidden orbital symmetry
pathways.!”"?20 Thus, mechanical deformation can be used
to activate specific reaction pathways to yield products not
obtainable from purely thermal or light-induced reactions.
In this study, benzocyclobutene (BCB) mechanophores
positioned near the midpoint of PEG or PMA chains
underwent stress-induced 4-77 electrocyclic ring-opening prior
to, or competitively with, chain scission. The electrocyclic
ring-opening was demonstrated by the incorporation of UV-
active N-(1-pyrene)maleimide, as evidenced by GPC analysis
using RI and UV detection and '3C labeling experiments
(Figure 29).2°3% The same reaction was not observed for a
polymer with the BCB unit incorporated at the chain end.

More specifically, when placed within long polymer
strands, the trans and cis isomers of a 1,2-disubstituted BCB
underwent an ultrasound-induced electrocyclic ring-opening
in a formally conrotatory and disrotatory process, respec-
tively, that yielded identical products, as confirmed by '*C
labeling experiments. These results run counter to conven-
tional theory, which states that when the electrocyclic ring-
opening of cis and frans cyclobutene isomers is initiated by
heat, different double-bond configurations of products are
expected. According to the principle of conservation of
orbital symmetry, when the molecule is thermally activated,
conrotatory motion is expected, so a trans isomer should
undergo a conrotatory motion to yield the E,E diene, whereas
the cis-cyclobutene should produce the E,Z product (Figure
30). Photochemically, disrotatory motion is expected (trans
yields the E,Z product while cis yields the E,E product).
However, when mechanical force is used as the stimulus,
both isomers yield the E,E product (shown in Figure 30a, in
red). Force has thus biased the cis isomer along the less
favorable disrotatory pathway.

Martinez and co-workers simulated the response of cy-
clobutene and BCB under applied forces using steered
molecular dynamics combined with ab initio quantum
chemistry.??! When the external force is applied to cis H
atoms, the ring does open in a disrotatory fashion, in
agreement with the experiment results. In contrast, ring-
opening proceeds with stereochemistry when the external
force is applied to the trans H atom. Minimal energy
pathways are shown in Figure 30b for each case at a variety
of applied forces. Similar force-biased reaction pathways
were also observed by Craig and co-workers during the
mechanoactivation of cis- or trans-gem-dichlorocyclopro-
pane-incorporated polymers (Figure 31).2*2 The reaction
probabilities for these polymers were nearly equivalent,
despite the fact that the cis isomer reacts ~20x faster than
the trans isomers under stress-free conditions. This nonste-
reoselective process allows for a high percentage of mecha-
noactivation along the polymer chain.

Studies on cyclobutene were recently accomplished using
a molecular device in which mechanochemical activation
followed a photoinduced geometry change. In this study, a
cyclobutene ring was connected to a “stiff” stilbene derivative
at both ends of each unit (Figure 32).22>2?* Upon photoi-
somerization of the stilbene from Z- to E-isomer, mechanical
stress converted the cyclobutene ring to the open frans-2,4-
hexadiene form. This unique, small molecule approach to
analyzing chromophores and functional groups for mechani-
cally-induced chemical reactions is important when analyzing
new systems in a controlled manner. This method does not
suffer from the variable molecular weights of polymeric
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systems and allows for simple control of linking chains for
kinetic analysis. There is great opportunity to use stilbene-
functionalized chemical moieties for investigation as me-
chanically active units and then incorporate the successful
groups into polymeric systems.

Moore and co-workers have also used sonication experi-
ments to cause the stress-induced 6s-electron electrocyclic
ring-opening of a spiropyran (SP) mechanophore.** In this
study, a bisfunctionalized SP molecule with o-bromo-a-
methylpropionyloxy groups was incorporated into the center
of a PMA polymer (Scheme 1). When subjected to pulsed
ultrasound, the originally colorless center-linked mechano-
phore PMA-SP-PMA solution became pink. The absorption
spectrum of the sonicated solution showed a band charac-
teristic of the open merocyanine form (Figure 33). Upon
visible light irradiation, the sonicated solution again became
colorless. This reaction was not observed in a control
experiment in which the solution consisted of a terminally
linked spiropyran (PMA-SP), indicating that the reaction was
indeed mechanically induced.

¥ "
oAyt ojers

13cN

A 7

125 124 123 122 121 120 119 118 17 116

o] CN y
3 ml Ry gty

Figure 28. Comparison of portions of the *C NMR spectra of
polymer 3 (a) thermalized polymer 3 (b) yielding polymers 4 and
5, and sonicated polymer 3, yielding polymer 6 (c), including
assignments. All spectra were recorded at 125 MHz in CDCl;
solution (ca. 20 mg/mL).??

Sijbesma has reported on the sonication of palladium,
platinum, and silver coordination polymers, examples of
which are shown in Schemes 2 and 3. Such metal coordina-
tion polymers could yield interesting reactive catalysts for
subsequent reactions in a system subjected to mechanical
stress. Upon sonication, the authors observed a decrease in
polymer molecular weight for all examples, in some cases
determined by GPC and *'P NMR, others with '"H NMR.
While the authors conclude that the resultant chain scission
was mechanically induced, their results are not definitive and
lack adequate controls. In the cases of platinum-*’ and
palladium-coordinated**®’” polymers (Scheme 2), a small
molecule was not sonicated for comparison, so it is unknown
if the same reaction would have occurred in the small
molecule case. In the silver-carbene-based polymer (Scheme
3), when small molecule versions of the polymers were
studied, they dissociated significantly under sonication, and
analysis of molecular weight was only obtained by 'H NMR,
as GPC analysis was unsuccessful.’® One possible explana-
tion for this observation is that the small molecules could
be cleaved inside of the cavitation bubble during ultrasonic
irradiation (see Figure 12). Although the reported reactions
may indeed be mechanochemical in nature, more control
reactions and a thorough investigation of the small molecule
side reaction are needed for definitive answers.
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Figure 29. Comparison of reaction products and pathways for trans- and cis-benzocyclobutenes induced by ultrasound and by heating
through *C NMR spectra.?”? The '3C label of the maleimide is the peak at 174.2 ppm (blue), the red peak is the ester carbonyl at natural
abundance (C=O0 of the OR group), and the green peak is an acid elimination product N-pyrene-2,3-naphthimide.

Based on these earlier observations, Sijbesma and co-
workers recently reported that mechanically activated N-
heterocyclic carbene (NHCs) coordinated silver- and ruthenium-
based catalysts could be used to catalyze transesterification,
ring-closing metathesis (RCM), and ring-opening metathesis
polymerization (ROMP) reactions (reactions shown in Scheme
4).225:226 Upon sonication, the shear force generated from the
collapsing bubbles in solution cleaved the metal—ligand bond
to generate the active catalyst center. The rate of metal—carbene
bond cleavage was dependent on the length of the polymer
chain. The longer polymer chains experienced faster catalytic
reactions and higher turnover numbers (Figure 34). Interest-
ingly, when the ultrasound was turned off, the conversion
of the starting material did not increase. Fast catalyst
degradation may account for the diminished conversion of
reactant into product. Therefore, these mechanochemically
activated catalysts were limited in the number of times they
could be activated.?® Overall, these studies demonstrated that
mechanochemical activation can offer new opportunities for
homogeneous catalysis—a field that will be vital for the
development of greener methods of synthesizing and pro-
cessing chemicals.

2.5. Alternative Methods To Induce Polymer
Chain Scission

2.5.1. Repeated Freeze—Thaw Chain Scission

Repeated freezing and thawing of dilute polymer solutions
has also been shown to induce polymer chain scission.'?-?2"~ 2
Zysman, Nguyen, and Kausch reported that chain scission
occurred during the crystallization of dilute polystyrene in
p-xylene solutions.!?” The chain scission rate was indepen-
dent of the initial polymer concentration, but the rate
increased with higher initial polymer molecular weight. The
extent of chain scission also increased with the number of
freeze—thaw cycles. One model based on interfacial cohesion
between the polymer coils and the growing solvent crystal-
lites fits best with the observed experimental data. Rather
remarkably, chain scission during freeze—thawing is non-
random and occurred with some preference for bond cleavage
near the middle of the chain. However, the polydispersities
of the degraded fragments were much higher in comparison
to the results obtained in transient elongational flow.

2.5.2. Adsorption-Induced Chain Scission

Adhesion of complex macromolecular architectures to a
surface can trigger the rupture of covalent bonds in that
molecule.®! Sheiko et al. reported that the deposition of
brushlike macromolecules with long side chains onto a
substrate can induce not only conformational deformations
but also the spontaneous rupture of covalent bonds in the
macromolecular backbone (Figure 35).!24~126 Backbone scis-
sion is highly sensitive to the substrate surface energy and
the side chain length. If the surface energy is decreased to
below 60 mN+m~!, molecules with long side chains (n =
140) that readily break on the water/propanol surface (y =
69 mN-m™') remain intact. Bond scission is much slower
with shorter side chains. For example, brushlike molecules
with a poly(2-hydroxyethyl methacrylate) backbone and PBA
side chain with n = 130 instead of n = 140 on the water/
propanol surface (y = 69 mN-m™!) did not lead to any
noticeable cleavage of the backbone. These observations
were attributed to the fact that the attractive interaction
between the side chains and the substrate enhances the steric
repulsion between the side chains. This results in extension
of the polymer backbone and a subsequent increase in the
tension along the polymer backbone. When the side chain
is long enough, the tension generated along the polymer
backbone is strong enough to rupture covalent C—C bonds.

More recently, the same group reported that when a
brushlike macromolecule was installed with a disulfide (S—S)
bond in the middle of the all-carbon PMA backbone, bond
scission was much faster than for those with an all-carbon
backbone without the disulfide bond or with C—S in the
middle of the backbone. The significant difference in rate
constants suggests that midchain scission of the S—S bond
containing linkers occurs due to scission of S—S bonds rather
than the surrounding C—C, C—S, and C—O bonds.!?

2.5.3. Mechanochemical Reactions in Bulk Polymers

Force-induced chemical reactions have also been achieved
in bulk polymers. In this emerging area of mechanochem-
istry, macroscopic loads applied to the bulk polymer cause
selective chemical transformations at the atomic level. The
examples given in this section focus on mechanophores
designed to react by mechanical activation. The analytical
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Figure 30. (a) Mechanical activation (o) of trans- or cis-
cyclobutene leads to the same isomeric diene shown in red, while
thermal activation (A) yields two different diene products (in blue).”
(b) Minimal energy pathways for the ring-opening of BCB. The
cis-pulling case is shown in the top panel, and the frans-pulling
case is given in the bottom panel.”?! Reprinted with permission
from ref 221. Copyright 2009 American Chemical Society.

chemistry to create and characterize these polymers is a
significant challenge. The mechanochemical change is often
highly localized to regions of high stress concentration in
the bulk polymer. Rigorous demonstration of the inferred
chemical change requires carefully designed controls. How-
ever, the necessary controls have not been performed for all
of the examples cited below, leaving open questions about
the mechanochemical activation.

Chung et al. inferred a retrocycloaddition reaction upon
mechanical damage to a polymer film. A tricinnamate
monomer, 1,1,1-tris(cinnamoyloxymethyl)ethane (TCE), was
cross-linked using photoirradiation to create a hard, transpar-
ent polymer film.2*>2% The cross-linking of TCE resulted
from the [2 + 2] cycloaddition, which is a well-known

Caruso et al.
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Figure 31. Electrocyclic ring-opening of gem-dichlorocyclopro-
pane-incorporated polymers under mechanical stress.??? Reprinted
with permission from ref 222. Copyright 2009 American Chemical
Society.

reaction of cinnamoyl groups when exposed to light. After
grinding the polymer films, a fluorescent signal was gener-
ated, presumably via a cycloreversion, as evidenced by the
change in emission spectra, the appearance of cinnamoyl
C=C bands in the infrared spectrum, and the appearance of
C=C proton peaks in the "H NMR spectrum.*® Additionally,
the authors were able to detect damage using fluorescence
microscopy of cracked polymer films (Figure 36).

Another chemical approach to developing mechanically
responsive polymers relies on the reversible Diels—Alder
reaction. These polymer systems have been shown to heal
crack damage by relying on external stimuli (heat, light,
pressure, etc.) to trigger the healing event. Rather than the
healing process being diffusion-controlled, these systems
demonstrate healing kinetics on a time scale that correlates
with the reversible chemical reaction promoted. Monomers
with furan and maleimide functionality were shown to
undergo a Diels—Alder reaction and retro-Diels—Alder
reactions during cooling—heating cycles, creating a thermally
reversible polymer.”’-** Initial studies reported 57% healing
efficiencies for compact tension samples subjected to healing
conditions of 120—150 °C for 2 h under minimal pressure,
followed by cooling to room temperature.’’ The next
generation of highly cross-linked remendable polymers
consisting of 1,8-bis(maleimido)-1-ethylpropane (2MEP) and
a tetrafuran monomer (4F) to make 2MEP4F (shown in
Scheme 5) reported higher healing efficiencies of ca. 80%
attributed to an improved synthetic design.?’ A recent
quantitative study of this furan-maleimide polymer 2MEP4F
using a double cleavage drilled compression (DCDC) speci-
men reported full recovery of fracture toughness at lower
temperatures (85—95 °C) and shorter times than what had
been previously observed.?*

Subsequent work in this area shows that furan-maleimide
monomers can be synthesized from epoxy-containing starting
materials, making them more compatible with epoxy ther-
mosets.?** These materials also possess good solubility in
low boiling point solvents and improved processability. The
more recent advancements in synthesis of furan-maleimide
dendrimers have shown that thermal reversibility of Diels—
Alder reactions occurs within a smaller, milder temperature
range (60—95 °C).2%

Sottos and co-workers recently studied the stress-induced
6m-electron electrocyclic ring-opening of a SP mechano-
phore® in the solid state.*® Two different types of polymers
have been studied thus far, and these include elastomeric
PMA and glassy PMMA (Figure 37). For the PMA, a bis-
functional SP with bromo-o-methylpropionyloxy groups was
incorporated into linear PMA to make an elastomeric
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ref 224. Copyright 2009 Nature Publishing Group.??*2?*

Scheme 1. Ultrasound-Induced” Electrocyclic Ring-Opening 0f PMA-SP-PMA™®
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Figure 33. UV—Visible absorption spectrum of the center-linked
spiropyran, PMA-SP-PMA (A), and the terminally linked spiro-
pyran, PMA-SP (B), before sonication (blue), after sonication
(dashed red), and after subsequent visible photoirradiation (dotted

green).>® Reprinted with permission from ref 33. Copyright 2007

American Chemical Society.

polymer. In a second sample, a bis-functionalized SP bearing
methacryloyl esters was used as a cross-linker for PMMA
to make glassy beads. Both stretching of the elastomeric
PMA samples and compressing the glassy cross-linked
PMMA samples resulted in color changes consistent with
the merocyanine form of the SP. The compression of the
spherical beads induces large tensile forces in the center of
the sphere transverse to the compression axis. The color
appearance was highly localized to regions of high deforma-
tion and high tensile stresses. In both samples, the mechani-
cally induced reactions reversed upon exposure to light.
Additionally, mechanical stress did not induce ring-opening
reactions in chain-end functionalized polymers. A second
control SP (Figure 37) was synthesized in which both PMA
units were attached to the indolene portion of the SP.
Consistent with COGEF calculations, no mechanically-
induced reactions occurred for this control SP. Given that
color generation is localized to regions of high stress
concentration, and that the control samples show no color

change, this is convincing evidence for the mechanically
induced reaction.

3. Responses at the Molecular and
Supramolecular Levels

The previous section discussed the response of polymers
to mechanical force at the atomic level wherein covalent
bonds of a polymer chain are cleaved. At larger size scales
involving more atoms, noncovalent forces begin to shape
the characteristics of a polymer at both the local and global
level. Such responses include chain slippage and the disrup-
tion of noncovalent interstrand interactions (e.g., H-bonding),
chain segment alignment, and conformational changes. Some
of these interactions are inherent to the structure of the
material while others have been designed to impart specific
mechanical responses or enhance properties already present
in the material. When discussing these effects, both the
cessation of interactions and the inducement of interactions
must be considered. We have used this distinction to organize
the content in this section.

3.1. Disruption of Interactions
3.1.1. Dispersion of Aggregates

Inspired by their work showing the molecular dispersion
of a phase-separated polymer by mechanical deforma-
tion,>*! Weder et al. have pioneered the use of mechanical
force to dissociate dye aggregates leading to a change in
photoluminescent (PL) character.?*? The initial report in-
volved the use of cyano oligo(p-phenylene vinylenes) (OPVs)
dispersed in linear low-density polyethylene (LLDPE).?*?
These OPVs experienced large, bathochromic shifts of up
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Scheme 2. Reaction of a Scavenger Complex (Bottom Left) with Sonicated Heteronuclear Coordination Polymer (Top Left)
Resulted in the Formation of Palladium and Platinum Heterocomplexes®’
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Scheme 4. Mechanochemical Activation of a Catalytic
Transesterification, Ring-Closing Metathesis (RCM), and
Ring-Opening Metathesis Polymerization (ROMP)**
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to 138 nm upon aggregation to form the excimer (excited
dimer whose emission is generally red-shifted compared to
the unassociated molecules). This aggregation behavior was
exploited by swelling the LLDPE films in chloroform or
toluene OPV solutions at various concentrations and elevated
temperatures in order to dye the LLDPE. The resulting films
showed PL spectra that indicated the presence of varying
concentrations of dye aggregate excimers. Upon tensile
deformation, the photoluminescence shifted back to that of

——-pTHFf‘P Pt cﬁst C12H25 Pt P’—PTHF’\
o0
Pq.,
Psciss,-o’7
f—pTHF*-*P—Pd C1ZH25 c,sz5 Pd P\_/pTHF»-

the dispersed molecules, indicating breakup of the excimers.
This concept was extended in later studies by incorporating the
OPVs into the LLDPE by melt processing and examining
the effect of aggregate size on the mechanically induced PL
response (Figure 38). Small aggregates were needed because
deformation was unable to break up large scale aggregates.*
More recently, the concept was extended to other
chromophore-polymer blends including polyethylene tereph-
thalate (PET) and polyethylene terephthalate glycol (PETG).
These polymers required a modification of the OPVs
used.?** The original OPVs*2?% were too soluble in these
new polymers and failed to form excimers. Long alkyl chains
consisting of 12 or 18 carbons were attached to the ends of
the OPV to decrease their solubility. These modifications
allowed for the incorporation of the OPVs into the PET-
based polymers. These long-chain OPVs were also used to
impart a visible color change in a LLDPE polymer.2*

Cr-o o

Pucci et al. utilized commercially available 4,4'-bis(2-
benzoxazolyl)stilbene (BBS), which also exhibits large
changes in photoluminescence upon aggregation. BBS was
melt processed into both polypropylene®>** and biodegrad-
able poly(1,4-butylene succinate).?*® BBS has an advantage
over some of the OPV systems in that it is low in cost and
showed higher thermal stability as compared to the OPV-
LLDPE system.** These deformed films also exhibited
significant PL emission dichroism due to the alignment of
the BBS molecules with the drawing axis.

In the course of making mechanoresponsive thermo-
plastic polyurethanes (TPU),?*” a surprising effect was
observed for one of the OPVs. The blended TPU and 1,4-
bis-(R-cyano-4-methoxystyryl)-2,5-dimethoxybenzene (BC-
MDB, Figure 38) that had been rapidly quenched initially
had a PL spectra indicating a large proportion of molecularly
dispersed dye. After stretching and releasing the polymer to
five times its original length, the PL spectrum initially
showed little change. However, when the polymer was
allowed to rest for 1 day at room temperature, a new band
appeared in the fluorescence spectrum at 625 nm, indicating
the formation of excimers. The authors speculated that this
result was due to kinetic trapping of the OPVs in a
thermodynamically unstable state when the polymer was
quenched. A similar effect was observed when grafting OPVs
into natural rubber at lower concentrations (<2%), in which
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Figure 34. Schematic representation emphasing the ease of “on” and “off” switching of a mechanically activated catalyst that is generated
via ultrasound waves, and the corresponding effect of metal—carbene bond scission on the rate of the catalysis.??® Reprinted with permission

from ref 226. Copyright 2009 Nature Publishing Group.
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Figure 35. Adsorption-induced chain scission of macromolecules with a disulfide link at the center of the backbone.!?> On the left is the
bimodal distribution and AFM for the as-synthesized material, while the right shows the brush molecules on a surface with a higher surface
tension after bond scission. Reprinted with permission from ref 125. Copyright 2009 American Chemical Society.
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Figure 36. Fluorescent crack-sensing with cyclobutane-containing polymers of tricinnamates.

tensile deformation initially caused a small red shift in the
PL spectra and larger deformations or higher concentrations
showed slight blue shifts.® Treatment of TPU/OPV blends
to aid in excimer formation resulted in polymers that were
minimally mechanochromic (marked by a change in color
or luminescent properties due to mechanical deformation).
This was likely due either to insufficient transfer of force or
to the formation of aggregates that were too large to be
dispersed, as dye sweating was observed. To overcome these
problems, the OPVs were covalently incorporated into the
TPU backbone to allow for more effective force transfer
(Scheme 6). These new materials exhibited reversible, stress-
dependent mechanoluminescent effects.?*’ Investigations into
the effect of the nucleation rate of the OPVs and polyethylene
crystallinity showed that OPVs that aggregate faster gave
rise to smaller, more easily dissipated aggregates.?*® Higher
polymer crystallinities gave rise to increased dispersion of

aggregates, with the lowest crystallinity polymer (9%) having
no significant mechanoluminescence.

Other molecular architectures have been used to impart
mechanoresponsiveness in polymers. Perylene bis-imides
with linear (ES-PTCDI) or branched (EE-PTCDI) alkyl
chains were incorporated into LLDPE.*> ES-PTCDI ag-
gregated at lower concentrations due to its more effective
packing, but the fluorescence was rapidly quenched at high
concentrations. Mechanical deformation led to an increase
in overall fluorescence from the isolated dye, indicating
aggregate breakup, but at higher concentrations this was
attenuated due to greater aggregate stability. EE-PTCDI
required higher concentrations to induce aggregation, but
fluorescence was not quenched, resulting in the observation
of aggregate emission. Presumably, due to the weaker
aggregation, the EE-PTCDI polymers were significantly more
mechanoresponsive, showing a change in emission color
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from red to yellow-green upon deformation. In the deformed
sections, the long axes of the isolated perylenes were found
to be oriented parallel to the direction of drawing.

OO
o} o

R= /\/)/ EE-PTCDI

R= ~"~"-. ES-PTCDI

In some cases, the inability to break up aggregates leads
to interesting anisotropies in the final polymer. When
poly[(m-phenylene ethynylene)-alt-(p-phenylene ethynylene)]
was blended with LLDPE at progressively higher concentra-
tions, the formation of aggregates was detected by the red-
shift in the emission spectra.’*® Under tensile deformation,
no change in emission characteristics was noted. However,
upon examination using a linear polarizer, significant dichro-
ism was observed due to the resultant parallel orientation of
the aggregates to the deformation direction.

Degradation by ultrasound (vide supra) of noncovalently
linked supramolecular materials has also been studied and
used to better understand the behavior of various biological
materials such as amyloid fibers, DNA, and actin fibers.
These biological fibers are complicated by large polydisper-
sities, spontaneous breakage, and unwanted polymerization.
In order to circumvent these difficulties, cylindrical micelles
formed from polyferrocenyldimethylsilane block copolymers
have been used as analogues. The ability to grow these
micelles in a “living polymerization” results in narrow
polydispersities.?>® When micelles suspended in solution are
subjected to ultrasound, their length is decreased without
affecting the integrity of the block copolymer.”>! The
supramolecular scission of the micelles perpendicular to the
main axis is similar to that of DNA, which cleaves without
disturbing the double helix structure, although the scission
rate of the micelles is more length dependent. Modeling of
micelle scission as occurring randomly, in the center, or in
a Gaussian distribution about the midpoint showed that the
Gaussian distribution was the best approximation. The
authors speculated that amyloid fibers also undergo this
Gaussian fragmentation and should show similarly high
length dependence.

3.1.2. Fluorescence Resonance Energy Transfer (FRET)

In fluorescence resonance energy transfer (FRET), an
excited donor molecule nonradiatively transfers energy to
an acceptor molecule located within its Forster radius (<10
nm), causing a decrease in donor molecule emission as well
as a possible increase in acceptor emission. This method is
commonly used to determine when labeled moieties are in
close proximity to each other, i.e., binding and folding of
proteins or membrane structure.?*>*3 FRET has also been
employed to create nanoscale force sensors which were used
to measure forces in a small DNA loop as it was converted
from single to double-stranded form?>* and in proteins such
as collagen and o-actinin within living cells.?>

More recently, FRET has been used to sense mechanical
force in bulk polymers such as polyacrylamide®® and
thermoplastic polyetherureas.?”” In the polyacrylamide sys-
tem, the donor—acceptor system of enhanced cyan fluores-

Caruso et al.

Scheme 5. Formation of Cross-Linked Polymer 2MEP4F>’
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cent protein (eCFP) and enhanced yellow fluorescent protein
(eYFP) was covalently bound within a spherical chaperonin
(Figure 39).%¢ The chaperonin was divided into two half
spheres possessing large cavities with the connection between
the halves being mechanically weak. Covalently bonding the
donor—acceptor filled chaperonin to the polymer matrix and
subjecting it to mechanical deformation was expected to
modify the FRET in one of two ways. In the first scenario,
separation of the two halves during deformation would lead
to a reduction in FRET (Figure 39a). In the second case,
internal stresses present in the polymer after polymerization
would deform the chaperonin structure, reducing FRET
overall. Upon deformation and subsequent crack formation,
the area surrounding the cracks would relax, causing a
localized increase in FRET (Figure 39b). Due to the low
efficiency of FRET in the undeformed regions and the 1.5-
fold increase in FRET in areas adjacent to cracks, this second
mechanism is believed to be the mode of action.

For the polyetherurea system,?’ two pairs were used. In
one, the coumarin based donor molecules (Figure 40, D1)
were noncovalently bound into the hard blocks using a bis-
urea tail with the bis-polyether grafted naphthalimide ac-
ceptor molecules (A1) randomly dispersed in the soft blocks.
The second system covalently linked the bis-urea donor
molecules to the acceptor molecule using polyether linkages
of two different lengths in a donor-linker-acceptor-linker-
donor geometry (DAD1 and DAD2). The FRET ratio (I50,/
I376) of the first system during elongation changed slightly
up to 100% strain (0.57 vs 0.55) but decreased significantly
when strained up to 500% (0.57 vs 0.33). After partial
relaxation, the FRET ratio returned to a value consistent with
the remaining plastic deformation. Use of the donor—acceptor—
donor system gave significant changes in the FRET ratio at
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Figure 37. (a) Structures of the SP used as mechanophores in both linear PMA (1) and cross-linked PMMA (4) as well as the monofunctional
(2, 5) and difunctional (3) controls. (b) Dog-bone samples of PMA-linked SP samples before (left) and after (right) stretching: active
sample (top), monofunctional control (middle), difunctional control (bottom). (c) Cross-linked PMMA-SP beads before (1), during (2), and
after compression (3). A monofunctional control bead compressed to the same degree as the final active bead is shown for comparison.
Scale bars in (b) and (c) are 2 mm and 50 um, respectively.’® Reprinted with permission from ref 30. Copyright 2009 Nature Publishing
Group.

Figure 38. Melt processed LLDPE blends containing 1,4-bis(R-cyano-4-methoxystyryl)-2,5-dimethoxybenzene (BCMDB, top) or 1,4-
bis(R-cyano-4-methoxystyryl)benzene (BCMB, bottom) elongated by 500% and illuminated by 365 nm light. Outer edges show excimer
emission while thinner, center sections show the blue-shifted photoluminescence of the monomeric OPV species. Structures of the OPVs
used in the deformed samples are shown on the right.”*? Reprinted with permission from ref 243. Copyright 2003 American Chemical
Society.

strains <100%, 0.59—0.38 at 100% strain for DAD1, and giving rise to a deep blue color as the polymer becomes more
1.49—1.15 at 100% strain for DAD2. highly conjugated. The absorption characteristics of the
polymerized diacetylenes are sensitive to distortions of the
backbone as well as to their environment. In 1986, Rubner

The polymerization of diacetylene monomers by heat or incorporated diacetylenes into the hard segment of various
UV radiation greatly shifts their UV—Visible absorption, polyurethanes.>*>> The phase separation of the hard and soft

3.1.3. Diacetylenes
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Scheme 6. Synthesis of Both Cross-Linked and Linear, Covalently-Bound OPV Polyurethanes
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segments and aggregation of the diacetylene units within the
hard segments allowed for polymerization of the diacetylenes
to various degrees by UV light (Figure 41a). Highly phase-
separated HDI-5,7-1000, formed from hexamethylene diiso-
cyanate, 5,7-dodecadiyne-1,12-diol, and poly(tetramethylene
oxide) (1 kDa), was partially cross-polymerized with UV
light and used for mechanical testing (Figure 42).5* Since
the authors were interested in stress-induced disruptions of
the hard domains of the polymer, the diacetylenes were only
partially cross-polymerized to prevent significant modifica-
tion of the modulus and rigidity of these domains. These
polymers initially exhibited a large absorption peak at 615
nm (Figure 41b). As the polymer was stretched, this peak
diminished in intensity and blue-shifted, and the polymer
took on a red color. Once the strain reached 200%, a broad
peak centered at 475 nm became apparent and grew more
intense with increasing strain. This new peak was attributed
to irreversible disorder introduced into the hard domains. This
effect was corroborated by experiments in which the polymer
was allowed to relax following strain. For strains up to 200%,
the spectral changes were completely reversible; however,
the broad peak at 475 nm remained at deformations greater
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>52nm

©
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Crack
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Figure 39. Overall structure and possible mechanisms for defor-
mation-induced changes in FRET of donor—acceptor eCFP and
eYFP pairs. (a) Reduction in FRET due to increased separation of
the FRET complex. (b) Increase in FRET near cracks due to
relaxation of internal stresses created during polymerization.?>
Reproduced with permission from ref 256. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA.
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than 200%. The changes in the spectra at 615 nm were
attributed to reversible deformations of the backbone and
changes in bond angle. HDI-2,4-1000 (made with 2,4-
hexadiyne-1,6-diol, Figure 42) showed similar behavior,
although the strain at which the domains were irreversibly
deformed decreased to 110%. HDI-2,4-1000 was also cross-
polymerized for twice as long as the previous two samples.
The resulting polymer exhibited reversibility at higher strains
than the original HDI-2,4-1000 polymer, and the hard
domains of this polymer were less susceptible to disruption.

These polyurethane-based poly(diacetylenes) were then
applied to the investigation of hard domain orientation in
addition to domain disruption.?® MDI-2,4-1000 (made with
4,4"-methylenebis(phenyl isocyanate)) was lightly cross-
polymerized using E-beam radiation. Since the poly(diacety-
lenes) are highly anisotropic due to the one-dimensional
nature of the polymer backbone, their behavior under
polarized light can be utilized to gain information on
orientation. At 0% strain, the visible spectra of the polymer
films were identical using polarized light parallel and
perpendicular to the drawing axis. As the strain was
increased, the spectra obtained from the material parallel to
the direction of drawing showed a similar response to that
previously reported with a decrease in the band at 615 nm
as a new broad peak at 500 nm appeared.’* The spectra for
the perpendicular direction showed an overall decrease in
intensity to almost undetectable levels at 570% strain with
no concurrent growth of a peak at 500 nm, indicating
orientation of the long axis of the hard domains and
poly(diacetylene) chains parallel to the drawing direction.
Comparison of the dichroic ratios, obtained by dividing the
area of the parallel curve by the area of the perpendicular
curve (A/Ap), during and after the release of strain, showed
significant increasing anisotropic nature during deformation
up to a ratio of 5.5 at 570% strain. In relaxed samples, the
ratio returned values of 1 to 2.25, depending on the amount
of strain incurred.

A closely related study investigated HDI-5,7-1000/2000
in a similar manner.?® Deformation of HDI-5,7-1000 resulted
in the formation of a new, well-defined peak at 495 nm,
giving rise to a yellow color in the material, rather than only
showing the appearance of a broad peak. This observation
suggested a phase transition in which there was a shift from
one molecular environment with a narrow distribution of
effective conjugation lengths to a second molecular environ-
ment containing poly(diacetylenes) with shorter effective
conjugation lengths, similar to those observed thermally.>*
HDI-5,7-2000, which has a longer soft segment, exhibited
similar properties, although after allowing the sample to
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Figure 40. Structures of the noncovalently linked donor (D1) acceptor (A1) pair and the covalently linked donor—acceptor—donor molecules
with different length polyether linkers, 1.1 kDa (DAD1) and 0.35 kDa (DAD2).%’
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Figure 41. (a) Polymerization of diacetylene aggregates within the hard domains of polyurethanes gives rise to a highly conjugated polymer
backbone. (b) The initial peak of the polydiacetylene at 615 nm decreases with increasing strain while a broad peak between 400 and 525
nm develops.” (c) Raman shifts of the C=C peak (2080 cm™") at different points on a sample containing both a notch and a hole under

uniaxial tensile strain.?*®

relax, it was possible to obtain samples possessing both of
these well-defined molecular environments, unlike HDI-5,7-
1000. With regard to the dichroic ratio, HDI-5,7-2000 was
similar to MDI-2,4-1000, while HDI-5,7-1000 showed more
residual orientation of the hard domains, which is likely due
to the irreversible morphological changes that result from
the increased interconnected nature of this material.

More recently, a lipidic diacetylene was self-assembled
and cross-polymerized with UV light to produce robust, five

bilayer nanotubes that were solvent resistant and thermally
stable up to 140 °C.?! The nanotubes were incorporated into
an elastomeric polyurethane film by dissolving the polyure-
thane in 1,4-dioxane, adding powdered nanotubes, sonicating
for 5 min, pouring into a mold, and allowing the solvent to
evaporate. The resulting films showed mechanochromism
upon 63% strain (4.3 MPa) with continued reversible color
change after 100+ strain cycles. Other studies have focused
on the mechanochromism of thin poly(diacetylene) films
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Figure 42. Structures of the investigated diacetylene polyurethanes.
The diacetylenes were incorporated into the hard segments of the
polymers, with poly(tetramethylene oxide) (M, = 1 or 2 kDa)
serving as the soft segment.

(1—3 molecular layers thick) at the nanoscale?*>~2%* or in

silica nanocomposites.?®

The stretching mode of C=C bonds of poly(diacetylenes)
possesses a characteristic Raman peak at 2080 cm™', which
has been observed to shift to lower frequencies upon
deformation in both glassy and elastomeric materials.”®® A
series of papers used this effect to study stress/strain around
holes and cracks in sheets and coatings of polyurethane
containing poly(diacetylenes).?%267729 A variety of MDI
based polyurethanes with polypropylene glycol (M, = 0.4
kDa) as the soft segment and different hard/soft segment
ratios were thermally cross-polymerized and tested. Under
tensile deformation, polyurethane sheets showed a linear
dependence of the Raman peak on strain up to ~1% strain.
Above this level, plastic deformation and large deviations
from linearity occurred.??®2072% Increasing hard segment
content was found to correlate with increasingly larger shifts
in the Raman peak for a given strain. Stress concentrations
were mapped in the vicinity of either a hole or notch in a
sheet of polyurethane under tensile stress, and the measure-
ments correlated with those obtained by conventional
methods (Figure 41c¢).2%2¢7729 This same polymer was
coated onto cross-linked polyurethane, a glass filament, and
an aluminum sheet; the polymer displayed equivalent Raman
shifts when deformed in the solid state.’®’"?% Other tests
reiterated the necessity of well-structured poly(diacetylene)
domains for effective measurement of stresses, with polymers
containing 27% hard segment still showing significant scatter
in Raman peak shift under strain.”®

Similar measurements have been performed in pure*”° and
blended polyesters.?”! "27* For pure polyesters, several mo-
lecular weights were synthesized (M, = 0.3—4.1 kDa) from
hexa-2,4-diyne-1,6-diol, terephthaloyl chloride, and benzoyl
chloride.?”® One of these polymers (M, = 1.3 kDa) was used
in subsequent mechanical tests, since it melted before cross-
polymerizing. This allowed the material to be compression
molded and gave intense Raman signals (correlating with
high crystallinity). Using this polymer, a linear relationship
between Raman shift and strain (up to 0.20%) was estab-
lished. The blends consisted of this same polyester blended
with poly[ethylene-co-(vinyl acetate)] (EVA) in the following
ratios (% polyester): 0, 20, 40, 60, 80, and 100. The pure
polyester sample was used to calibrate the Raman shift with
respect to stress. The Raman shifts of the blends were then
used to determine the local stress of the polyester portions
versus the overall strain of the material. Stress-transfer
efficiency increased with increasing polyester content; that
is, the lowest stresses were observed for a given overall strain
in the 20% polyester sample.?’!272

Caruso et al.

H

| X :
N@ 0 .;4 o

NMN\/\/\/\N&

H o H
Figure 43. Hydrogen bonding of a copolyamide made from
succinyl chloride, glutaryl chloride, and 1,6-hexanediamine was
used to slow the thermal reversion of cis-azobenzene. Stretching
of the polyurethane matrix, into which the polyamide was incor-

porated, broke the hydrogen bonds and allowed for an enhanced
rate of conversion to the trans isomer.
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3.1.4. Hydrogen Bonding

Azobenzenes undergo a well-known photoisomerization
from the trans to the cis form. Generally, the cis form is
less thermodynamically stable due to steric interactions and
thermally reverts back to the trans form with time. This
process is accelerated by visible light illumination. Conver-
sion of cis-azobenzene to trans by mechanical force is a
relatively straightforward concept; however, the instability
of the cis form limits its usefulness as a mechanophore.
Trapping of the cis isomer for use in mechanochromic
materials was first suggested in 1992.27* It was proposed that
short oligomeric chains attached to either side of the
azobenzene moiety could be bound together through the use
of ionic or hydrogen bonds. These bound chains would
prevent the cis isomer from opening at all or at least slow
its rate.

In the final iteration of this polymer, an azobenzene
mechanophore was incorporated into the center of a polya-
mide chain (M, = 5 kDa).*! The amide groups were hydrogen
bonded and served as clasps for the cis-azobenzene (Figure
43). The polyamide oligomers were then incorporated into
a polyurethane polymer at 0.1 wt % by reaction with tolylene
diisocyanate (2,4 and 2,6 isomers), ethylene glycol, and PEG.
Solvent cast films were irradiated with UV light while heating
to 100 °C and were then rapidly cooled to allow the hydrogen
bonds to form and trap the cis isomer. Films irradiated at
lower temperatures (60 °C and room temperature) had higher
rates of thermal isomerization, which the authors attributed
to fewer intramolecular hydrogen bonds and unreleased
matrix strain caused by the cis-azobenzene. The samples were
stretched and relaxed three times to 2, 3, or 4 times their
original length. Those polymers stretched to 2 times their
original length showed a slight decrease in UV absorption,
which was attributed to increased light scattering by the
sample. Those stretched to 3 or 4 times their original length
showed a significant increase in the 380 nm peak associated
with the trans-azobenzene. Unfortunately, since the thermal
lifetime of the cis-azobenzene is only ca. 6 h, its use as a
strain sensing material is limited.

Supramolecular polymers held together by noncovalent
forces,?” including hydrogen bonds,?’®?"” are well-known,
and the reversibility of these noncovalent interactions has
been exploited to make unique thermo-, solvato-, and
photoresponsive materials. In 2008, Cordier et al. reported
on a rubber-like, hydrogen-bonded supramolecular polymer that
possessed self-healing properties at room temperature.’*
The polymer consisted of oligomers formed from polyfunc-
tional carboxylic acids and diethylenetriamine, further func-
tionalized with urea. The resulting material was a deformable
solid with a 7, of 28 °C. Its oligomeric nature was confirmed
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Scheme 7. Synthesis of UPy Hydrogen-Bonded Cross-Linker”
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2-isocyanatoethyl methacrylate, DBTDL.?%?

by NMR, GPC, and intrinsic viscosity measurements; the
latter measurement gave a molecular weight of 5.1 kDa when
compared to the viscosity of polystyrene standards. Swelling
with dodecane or water gave rise to rubber-like materials
with lower T, values of 8 and —15 °C, respectively. Upon
breaking or cutting the material, immediate light pressure
(6 x 10* Pa) was applied for 15 s followed by a period of
rest, which allowed the samples to partially recover some
of their original mechanical properties, such as elongation
to break. Increased healing efficiencies were reported for
samples experiencing longer rest times. If the samples were
not immediately rejoined, a decrease in healing efficiency
was observed. This was attributed to the reassociation of free
H-bonding groups formed at breakage with neighboring
groups, which prevented recombination upon rejoining the
broken surfaces. The researchers did not rule out other
possible mechanisms for healing besides the formation of
new hydrogen bonds. Since materials above their 7T, are
susceptible to creep or viscous flow over long periods of
time, the polymer chains could be re-entangling as observed
in PMA (T, = 10 °C) or materials swelled with solvent (see
section 4.1.3).27® The effect of the stoichiometry of the acid
and amine, side reactions of the polyamide, and other
preparation conditions on the polymer properties was inves-
tigated in more depth, although only the original material
exhibited self-healing properties.?” Later investigations used
varying amounts of 2-aminoethylimidazolidone (UDETA)
to cap the carboxylic acids before reaction with DETA and
urea to give a range of supramolecular polymers from
semicrystalline thermoplastics to rubbers.?

Inspired by muscle fibers, which exhibit both high strength
and elasticity, and building on their previous work with linear
polymers incorporating 4-ureido-2-pyrimidone (UPy)?! or
a quadruple H-bonding duplex,?®?> Kushner et al. used the
hydrogen bonding of UPy to create reversible cross-links in
elastomeric poly(n-butyl acrylate).?®> UPy units were syn-

thesized with two olefin terminated alkyl chains, which were
allowed to form dimers; then ring-closing metathesis was
used to cyclize the UPy dimers (Scheme 7). Further
functionalization with two methacrylate units allowed the
cyclized UPy dimer to be used as a cross-linker. PEG (M,
= 0.75 kDa) dimethacrylate with a similar unfolded length
to the UPy dimer was used as a control cross-linker. At an
equivalent cross-link density (2%), the UPy cross-linked
polymer exhibited increases in the Young’s modulus, tensile
strength, and elongation at failure versus the control polymer.
In poly(n-butyl acrylate) cross-linked with PEG, increasing
amounts of cross-linker caused increases in the Young’s
modulus of the polymer but adversely affected the amount
of elongation the polymer could sustain under constant tensile
strength. In the UPy cross-linked polymer, increasing cross-
linker density increased both the Young’s modulus and
tensile strength while the amount of elongation at failure was
unaffected. No comment was made on the reassociation of
UPy units after deformation.

Replacing the acrylate-terminated chains with slightly
longer olefin-terminated chains and subsequent acyclic diene
metathesis (ADMET) polymerization with Grubbs’ second
generation catalyst gave linear polymers with multiple UPy
dimers per chain.?® When compared to the brittle control
polymer in which the hydrogen bonding was blocked by
ortho-nitrobenzyl groups, this new polymer exhibited high
modulus, increased toughness, and larger extensibility. Plastic
strain accumulated over several loading cycles could be
recovered to a significant degree by allowing the sample to
rest for 18 h at room temperature or 30 s at 80 °C. The
polymer also exhibited interesting shape memory effects
when stretched at 80 °C and cooled to 5 °C to lock in the
extended shape, and the stress was then released. Heating
the polymer caused it to retract to its original length. This
shape memory property was attributed to significant chain
entanglement, which locked in the permanent shape and the



5782 Chemical Reviews, 2009, Vol. 109, No. 11

0.5 T T T T T T T

04 [

0.3

Rate (hr')

0 L L 1 1
-60 -50 -40 -30 -20 -10 0 10 20

Temperature (°C)

Figure 44. Crystallization rate of unvulcanized natural rubber with
respect to temperature, showing a maximum between the glass

transition temperature, —70 °C, and the melting temperature, 30
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reversibility of the hydrogen bonds, which served as tem-
porary cross-links to fix the extended shape. Li et al. had
previously used UPy dimers as such temporary cross-links
to create shape memory effects in covalently cross-linked
acrylate polymers.2%

3.2. Induced Interactions
3.2.1. Strain-Induced Crystallization (SIC)

Depending on molecular structure, processing conditions,
glass transition temperature (7,), and melting temperature
(T,), a polymeric material may be completely amorphous
or may possess significant crystallinity. Though not the same
as the long-range order found in small molecule or inorganic
crystals, chain segments in polymers locally exhibit periodic
orientations and translations stabilized by noncovalent in-
teractions. Quenching a sample below 7, kinetically sup-
presses crystallization due to the limited mobility of the
segments. At temperatures between the 7, and the T,
crystallization can occur.?®® A representative curve showing
how crystallization rate depends on temperature for unvul-
canized natural rubber is shown in Figure 44. The curve
reflects the interplay between chain mobility, which in-
creases, and the thermodynamic driving force for crystal-
lization, which decreases as temperature rises.

In addition to the effects of temperature, the kinetic barrier
to crystallization can be surmounted by mechanical activation
(Figure 45). This is known as strain-induced crystallization
(SIC) and has been studied extensively in a variety of
polymers.?®® The most common example of SIC is found in
natural rubber or its synthetic analogue, polyisoprene.?->%
Other polymers known to exhibit this effect are polyethylene
terephthalate,”' cis-1,4-polybutadiene,”®> and polychloro-
prene.”> The SIC of these polymers has the effect of
increasing their tear or crack resistance as well as improving
their tensile strength.>*

Mechanical force affects the crystallization rate by modi-
fying the entropy of activation. As a polymer is stretched,
the chains align and the overall entropy of the region
decreases. The change in entropy associated with crystal-
lization decreases with respect to the undeformed polymer,
thus increasing the rate of crystallization.”®* At the point that
crystallization begins, the crystallization rate initially in-
creases as more strain is applied.

Caruso et al.
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Figure 45. As a polymer is subjected to tension, a tear begins to
propagate through the material. At the crack tip, deformation
induces crystallization of the polymer chains, leading to slowing
of crack growth.

The investigation of the effect of cross-link density and
fillers on SIC has been advanced in recent years by the ability
to measure crystallinity in situ with X-ray diffraction and
local strains with deuterium NMR.?*>?° The amount of SIC
is affected by the cross-link density. At high cross-link
densities in natural rubber, the maximum crystallite size is
limited. In contrast, at low cross-link densities, fewer crystal
nucleation sites are present.”?” A maximum in crystallization
rate was found between these two extremes in cross-link
density, which closely matches the natural molecular weight
between entanglements. Fillers such as carbon black or silica
nanoparticles mimic covalent cross-links and improve me-
chanical properties.?*32%

3.2.2. Excimer Formation

A counterexample to the dissociation of dye aggregates
previously discussed is the formation of excimers. Ikawa et
al. reported on the effect of tensile deformation on the overlap
of carbazole units in poly(N-vinyl carbazole) dispersed in
polystyrene.*® The fluorescence emission of the carbazole
units varies depending on the degree of overlap with the
monomer (Figure 46a), with the partial overlap excimer and
full overlap excimer possessing distinctive fluorescence
bands. The stretching of the polystyrene (0.8% strain) caused
an increase in the band associated with partial overlap (375
nm) and a corresponding decrease in the monomer band (345
nm) (Figure 46b). No change was observed in the bands
associated with full overlap. Releasing the strain resulted in
a reversion to the original monomer/partial overlap ratios.
Under constant strain, the measured stress of the polymer
decreased over time, but the monomer/partial overlap ratios
remained the same. This observation suggested that the
fluorescence change was a strain related phenomenon rather
than a stress related one. A later study by Spanggaard et al.
cast some doubt on this interpretation.*® In this investigation,
single or double N-carbazole small molecules were incor-
porated into the center of polystyrene—polyisoprene—poly-
styrene triblock polymers. The double carbazole polymers
showed the expected change in excimer/monomer ratios, but
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Figure 46. (a) Examples of partial and full overlap of carbazole units which give rise to distinct fluorescence bands. (b) The ratio of the
fluorescence intensity of the partial overlap peak (375 nm) to the monomer peak (345 nm) versus strain shows a linear increase up to 0.8%

strain. Release of the strain returns the ratio to its original value.’

surprisingly, the polymers containing only a single carbazole
per chain also showed a change in ratio. The authors
postulated that changes in the transition probabilities of the
vibronic bands were responsible for this effect. However, the
previously proposed mechanism was not ruled out.

Yang et al. demonstrated the formation of naphthalene
excimers due to tensile deformation of acrylic copolymers.
Naphthalene units were introduced into the polymer by
copolymerization of methyl methacrylate with 1-naphthyl-
methyl methacrylate at various concentrations. The lower
concentrations showed no mechanoresponse, while the
highest naphthyl concentration showed a reduction of the
monomer peak (337 nm) and an increase of the excimer peak
(390—420 nm) with increasing deformation. Excimers were
present at zero strain and were likely dissociated during
deformation. However, in order for an increase in excimer
emission to occur, more excimers must form than are broken
apart. It was postulated that elongation gave rise to denser
packing, which promoted excimer formation.

3.2.3. Mechanically-Induced Optical Changes Due to
Increased Conjugation

Increased conjugation along polymer chains can also lead
to interesting optical changes. An interesting stress sensor
was demonstrated using poly(3-octylthiophene) (P30T, M,,
= 47 kDa) dispersed in a PMMA matrix at low concentration
(0.05—1.0%).3"! Stresses up to 1 MPa in the PMMA film
were correlated with reversible changes in the fluorescence
decay time on the picosecond time scale. As stress increased,
there was a corresponding decrease in the decay time. It was
shown that this was a stress (not strain) sensor by holding a
sample at constant strain and allowing the polymer to stress
relax. As the stress decreased over time, the decay time
increased. The change in decay time was attributed to
distortions of the conjugated backbone of the polymer. This
system was used to detect residual stresses in a multilayer
coated metal plate caused by the type of clear coat used and
by exposure to heat and moisture,®> but the system was
limited to stresses <1 MPa.
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A more in-depth study was undertaken which looked at
the effect of different poly(3-alkylthiophenes) (3-butyl, 3B;
3-hexyl, 3H; 3-octyl, 30; 3-dodecyl, 3DD) and of different
molecular weights of P30T dispersed in PMMA.3% All four
polymers showed linear decreases in decay time with
increasing stress up to an elastic strain of 0.053%, which
was followed by an increase in decay time up to 0.2% elastic
strain, at which point fluorescence lifetime no longer
changed. Using P3HT, the crystallinity of the thiophene
polymer was shown to have no effect on decay time. When
comparing the effect of the length of the alkyl side chains,
the longest side chains (P3DDT) had a 3-fold larger change
in decay time compared to the shortest (P3BT). This behavior
was attributed to increased interaction of the thiophene with
the surrounding matrix. Five different molecular weights of
P30T (0.5—23 kDa) were tested, and the findings showed
that the magnitude of the change in decay time was
dependent on molecular weight. The shortest chains (0.5—1.6
kDa) showed no change under deformation while the
magnitude of the change increased with increasing molecular
weight for the remaining polymers. The decay time in
undeformed samples was found to decrease with decreasing
chain length. On the basis of these results, it was concluded
that the observed changes in decay times were caused by
changes in the conjugation length upon deformation.
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9-methylanthracene

In an effort to raise the limit of detectable stress above 1
MPa, new fluorophore—polymer blends were investigated.*®
9-Methylanthracene (9-MeAn) had previously been shown
to undergo changes in decay time when subjected to
hydrostatic pressures up to 100 MPa in methylcyclohexane.**
Several other highly fluorescent dyes were examined, includ-
ing related anthracenes, coumarins, pyrene, benzothiophene,
and Alq3, but upon testing, 9-MeAn was found to have the
largest change in decay time (500 ps at 10 MPa) and was
used in subsequent tests. Outdoor weathering of the coating
followed by uniaxial deformation showed that the stress
monitoring ability was not affected by one week of exposure
while two weeks of exposure lead to deviations from the
calibrated decay—stress curve. This degradation in stress
monitoring ability was ascribed to the oxidation of 9-MeAn
by light. Comparison to stresses obtained by the more
traditional bimetallic method gave good agreement between
the two methods. An extension of this system was utilized
to measure residual stresses in injection molded PVC pieces
mixed with carbon black.>%

In diacetylenes, some of the color change can be attributed
to a decrease in effective conjugation length as the polymer
backbone is distorted. However, certain polymers exhibit
enhanced conjugation through the use of pressure. The
decreased interchain distances and changes in planarity as a
result of this pressure can cause shifts in both the optical
absorption and conductivity of the polymers. Moses et al.
reported on pressure-induced changes in both conductivity>%
and optical absorption in polyacetylenes.?” trans-Diacetylene
showed a decrease in resistance as the pressure was increased
to 8 kbar (0.8 GPa).>* Both cis- and trans-diacetylenes
showed a red shift in the energy gap and a broadening of
the absorption peak when subjected to 13 kbar (1.3 GPa),
as a result of increased interchain coupling.®’ Investigations
of trans-diacetylene at even higher pressures showed that
this red shift was reversible up to 5 GPa."” However, as the
pressure was increased to 12 GPa, the absorption in the red
region disappeared completely and irreversible changes
occurred. The irreversibility is likely due to cross-links
forming between chains at these increased pressures. Poly-
paraphenylene was tested under similar conditions and
showed similar shifts but was not subjected to pressure-
induced cross-linking.?%8
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Polypyrroles are interesting for their high conductivity.
This conductivity has been found to linearly increase with
increasing pressure up to 200 MPa.’*” Further compression
of the polymer to 1.1 GPa shows nonlinear changes and
hysteresis upon unloading but eventually returns to its
original value. Varying the amount of p-toluenesulphonate
anion dopant affects the intrinsic conductivity as well as the
polymers’ response to pressure.’?31 At lower dopant levels,
the overall polymer conductivity decreases, but the relative
change in conductivity increases. This dedoping is ac-
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Figure 47. The three possible ring conformations for thiophene
polymers with respect to their alkyl side chains. In nonregioregular
polythiophenes, significant amounts of head to head and tail to tail
conformations are present. The steric interactions of the side chains
within a subunit (head to head) or between subunits (tail to tail)
cause significant deviations from planarity in the backbone.

complished by reversing the current applied to the polymer
during synthesis and leaves holes in the material. Collapse
of these holes leads to greater changes in interchain distances
and thus larger relative conductivity changes versus more
highly doped polymers. Attempts have also been made to
formulate a physical model of the effect of pressure on
conductivity.?!! Fedorko examined the effect of reduced
pressures (2 Pa) on BF,~ doped polypyrroles, where the
decrease in conductivity was attributed to a transition from
an ordered, rodlike conformation to a disordered, coil-like
one.}2

Polythiophene exhibits the same changes in conductivity
with pressure as polypyrrole,®'*¥* but its optical and
photoluminescent properties have been more extensively
studied. Compression (0.8 GPa) of poly(3-alkylthiophenes)
slightly red shifts the absorption peak.’!*3!5 Heating this
polymer causes a blue shift, which can be reversed with
pressure.®!? The shifts in absorption are attributed to changes
in the torsional angles of the thiophene backbone and
consequent changes in effective conjugation length. Due to
the steric interaction of the alkyl side chains, the thiophene
rings are not all planar but possess a slight twist. Increasing
the temperature increases the disorder, and thus, the number
of sites and degree of twisting increase. The resulting lower
effective conjugation length results in higher absorption
energy. Compression at normal and elevated temperatures
increases the planarity of the chain, increasing the effective
conjugation length and lowering the absorption energy.

Poly(3-hexylthiophene) (P3HT) shows a reversible de-
crease in photoluminescence intensity as well as a red shift
in the absorption bands with increasing pressure.?'® This is
again attributed to increased backbone planarity. However,
at pressures over 3 GPa, the absorption peak of P3HT starts
to move back to higher energies.’'” Unlike the polyacety-
lenes, this blue shift is not permanent and is thought to be
caused by a bending of the main chains due to increased
interchain sterics.

Up to this point, only randomly oriented poly(3-alkylth-
iophenes) have been considered. The ability to make regio-
regular poly(3-octylthiophene) (P30T)—97% head-to-tail—
allows for its properties to be compared to nonregioregular
P30T (Figure 47).3'® The regioregular P30T experiences less
steric interaction of its alkyl side chains and is therefore more
planar with an average torsional angle of 25° vs 45°. This is
evidenced by its slightly lower inherent absorption energy.
Since the regioregular P30T is initially more planar,
compression causes smaller red shifts in the absorption than
in the nonregioregular sample. The photoluminescence of
head-to-tail P3HT also shows interesting effects. Unlike the
nonregioregular P3HT, the head-to-tail P3HT shows a linear
shift in PL up to 5 GPa with no blue shift.*'* Samuelsen’s
studies on P30T suggested that the shifts in this regioregular
polymer were due to increased interchain interaction,*?° and
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the authors suggest this is responsible for some of the shift
in regioregular P3HT. Head-to-head poly(3-C=C-n-C,oH,;-
thiophene), which is considered to be planar due to the lack
of steric interactions between the alkyne and the thiophene
ring, also shows these shifts in absorption.*?! The visible
color of this polymer changes from red to blue upon
application of 11 GPa of pressure.

Poly(5,8-dihexadecyloxy-
anthraquinone-1,4-diyl)

Anthraquinone polymers also exhibit piezochromism. In
conjunction with their work on P3HT, Muramatsu et al. also
investigated poly(5,8-dihexadecyloxyanthraquinone-1,4-
diyl).>" Under 11 GPa of pressure, the initial yellow color
of the film changed to a dark red with a concurrent shift in
the absorption peak from 428 to 640 nm. A later study by
the same group reported that similar anthraquinones with
shorter alkyl side chains did not show such significant
piezochromism.3?

Yang et al. investigated the reversible piezochromism
of neat poly(2-methoxy-5-(2'-ethylhexoxy)-p-phenylenevi-
nylene) (MEH-PPV) as well as blends in PMMA and PS.3%
On the basis of systematic investigations of the neat and
blended polymers, it was suggested that the emission changes
upon compression in neat MEH-PPV are due to increased
chain interaction, which provides nonradiative pathways for
relaxation. In the blends, increased chain interaction was also
put forth as the reason for the initial decrease in both bands.
The increase in the high energy bands present in the blends
was ascribed to better Forster energy transfer from a poor
emitter to a more efficient one. Further testing with various
vinyl, styrene, or acrylate polymers showed similar behavior
except for poly(4-vinylpyridine), which showed no increase
at all.®*

3.2.4. Mechanically-Induced Dichroism

Mechanically-induced dichroism has already been men-
tioned in the context of other mechanoresponses as a
secondary effect, but further comment on this topic is needed.
The reorientation of polymer chains parallel to the draw axis
is well-known?>3% and has been exploited to improve the
mechanical properties of polymers, i.e., Kevlar and Spectra.
Small molecules blended into polymers preferentially align
with the direction of deformation, especially if the dopant
molecules have high aspect ratios. Studies have addressed
the mechanism by which the small molecules are oriented,*?’%
the anisotropic absorption and emission characteristics of the
small molecule,’”® and the use of these materials as
optical***~33* and photoluminescent polarizers.’*>~338 In this
review, only dichroism, when the absorption or emission
varies significantly with respect to the polarization of the
light impinging upon it, that reflects on the overall or
localized stress/strain of the material will be considered.
Mechanically-induced dichroism could, in principle, be used
as a stress/strain sensor, but this concept has not been
demonstrated.?3*340

Dirix et al. modeled the change in degree of dichroism at
increasing levels of tensile deformation and also compared
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it to experiments conducted with Sudan Red in polyethyl-
ene.**' Their model allowed them to make predictions on
the effect of draw ratio, dye anisotropy and concentration,
and film thickness on polarization; these predictions matched
their experimental results. Triazo dye-doped polypropylene
was used to further test their models.**? Poly(2,5-dialkoxy-
p-phenyleneethynylene) derivatives in polyethylene have also
been used to make dichroic optical/photoluminescent
films.***3¥ These films possessed large dichroic ratios in the
drawn state and highlighted the importance of dispersing the
chromophore throughout the matrix with little phase separa-
tion. Terthiophene based polarizers gave similarly high
dichroic ratios.***

3.2.5. lonic

Charged groups are capable of strong yet reversible
noncovalent interactions, and their behavior in mechanical
fields holds considerable promise for designing responsive
polymers. For example, charged polymer brushes densely
grafted onto a surface exhibit interesting mechanoacid
behavior. Such chains naturally repel each other due to
Coulombic forces, causing the chains to stretch from the
surface when wet. These Coulombic forces can be overcome
by the introduction of electrolytes which cause the collapse
of the chains.** When the brushes are compressed by
external force, an unfavorable environment of high ionic
strength is created. If an easily ionizable molecule, such as
a pH indicator, is present during this compression, ionization
shields the Coulombic forces much like added electrolytes.
Azzaroni et al. utilized poly[(2-methacroyloxy)ethyl]trim-
ethylammonium chloride immobilized on a glass slide and
bromothymol blue, a pH sensitive dye, to test this concept.*!
Infiltration of wet polymer brushes with pH 7 bromothymol
blue solution initially led to equilibrium between the neutral
(yellow) and anionic (blue) forms of the dye due to the
charged environment and a slight decrease in film thickness.
Compression of this dye/brush film led to a large increase
in absorbance for the anionic form (625 nm) and an
irreversible compression of the material (Figure 48). The
irreversibility was ascribed to the strong ion pairing of the
quaternary ammonium and sulfonate ions. Compression of
neat polymer without dye resulted in no color change and
no change in film thickness. Even in a more acidic environ-
ment, pH = 4, with more of the bromothymol blue molecules
in their neutral state, compression still led to significant color
changes and collapse of the film.

Ionic interactions have also been utilized in polymeric
materials that exhibit self-healing functionality for use in
ballistics applications.*** Instead of external heat or alterna-
tive stimuli to promote polymer diffusion in a damaged area,
Kalista and co-workers discovered that poly(ethylene-co-
methacrylic acid) repaired itself after projectile puncture
testing.3#34 Self-healing was observed both at room tem-
perature and under subambient conditions.**® The healing
mechanism is described in two stages: upon projectile impact,
the ionomeric network is disrupted, but the heat generated
by the projectile allows for elastic recovery. This disruption
is followed by interdiffusion of the surfaces to fuse back
together and seal the puncture. The most recent work reports
that the ionic content of the polymer (neutralized or ionic)
is not crucial for the ballistic healing process to occur,
disproving a previously stated hypothesis for the observed
healing.>*® Self-healing of polyethylene-g-poly(hexyl meth-
acrylate) has also been reported in response to pinhole
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Figure 48. Bromothymol blue molecules in both neutral (orange) and anionic (blue) forms are interspersed throughout the positively
charged polyelectrolyte brushes. Compression of the polymer brushes causes a shift in equilibrium to the anionic form and a change in

color from yellow to blue.*!

damage.>*’ Residual stresses in the material formed from the
damage event led to relaxation and molecular motion of the
polymer chains. The healing response was found to be
dependent on temperature, time, and grafting ratio.

4. Responses at the Microscopic and
Macroscopic Levels

Depending on the degree of deformation in polymeric
materials, the extent of damage and the response at the
microscopic and macroscopic levels are varied and can
include chain scission, slippage, crazing, or rupture/failure
(refer to Figure 7).° In previous sections, we discussed
deformations of polymeric materials on the atomic and
molecular levels. The phenomenon of crazing in amorphous
thermoplastic polymers is essential to understand because it
is the link between microscopic deformation and macroscopic
failure in certain polymers.® Crazing is a stress-induced
cavitation process where small cracks appear on the surface
and within the bulk thermoplastic polymer. Crazes range
from the nanometer scale to a few micrometers in width and
can be observed by the naked eye as white regions (due to
the scattering of light).!*® Cross-linked polymers, such as
epoxy thermosets, do not craze but experience crack damage
upon deformation. When moving to macroscopic responses,
however, the damage scale is much larger; one way to
prevent catastrophic failure is by imparting self-healing
functionality into the bulk polymer itself.

Macroscopic response to damage in terms of self-healing
must fill the voids created by the damage and rebond
damaged interfaces. This requires mechanisms triggered by
mechanical damage to locally release healing agents that can
be transported and polymerized at the site of damage.
Although it seems counterintuitive to add liquid components
to structural solid materials, it has been shown that liquid-
filled compartments can improve the mechanical properties
of the matrix.**® This phenomenon of incorporating liquid-
filled components into solid polymers that release upon
damage marks a paradigm shift in designing polymeric
materials. In this case, the transport of liquids to the site of
damage spurs this nature-inspired process and offers self-
healing benefits.>* This section summarizes the behavior of
polymers and composites on a micro- and macromolecular

level with respect to their active responses (i.e., repair,
function) to external mechanical stimuli.

4.1. Self-Healing Materials

Throughout their lifetimes, polymers used in common
structural materials are susceptible to mechanical damage
such as wear, degradation, and microcracking.’>° These and
other forms of damage reduce the mechanical properties of
the polymers, thus demanding frequent external repair and
inspection over time. To overcome these limitations, an
emerging field of research has resulted in the development
of polymeric materials that can repair crack damage in an
autonomic fashion without intervention through a repair
mechanism described below.***3%! Besides restoring me-
chanical properties, one can imagine the necessity to address
other materials’ needs at the site of damage. Such responses
might include prevention of oxidation or corrosion, or
restoration of electrical conductivity. In the following sec-
tions, the modes of repair and function will be further
explored as macroscopic-level responses to mechanical
stimuli.

The phenomenon of healing is defined as the recovery of
a material’s original mechanical properties after it incurs
damage. Wool and co-workers discovered that thermoplastic
materials could be healed after crack damage when fractured
surfaces were rejoined to allow the polymer chains to re-
entangle.”’”® However, most of the early studies on crack
healing involved the use of an external stimulus such as heat
or solvents to promote chain entanglement across the
damaged interface.®>> Dry and co-workers proposed a
structural thermoset material that contained liquid healing
components within hollow millimeter scale capillary tubes.>>*
These hollow tubes were filled with liquid monomers that
were released upon mechanical damage to the composite in
order to heal the formed cracks. A variety of chemically
distinct liquid healing agents (two-part epoxy, polyesters,
vinyl monomers) and fibers were explored with limited
success.*? Hollow micrometer scale fibers were later incor-
porated into polymer composites as reinforcing agents and
as carriers by which epoxy resin and hardener could be
supplied to a damage site.** Upon mixing of these two
components, a thermoset network was formed, and self-
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Figure 49. (a) Reaction scheme of the monomer DCPD undergoing ring-opening metathesis polymerization to form poly(DCPD). Reprinted
with permission from ref 351. Copyright 2001 Nature Publishing Group. (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. Reprinted with permission from ref 351. Copyright 2001 Nature Publishing Group.

healing ability was demonstrated.’ 3% The elegant approach
of flowing a fluorescent dye through the fibers allowed for
visual detection of crack damage in these composites.*>333

In 2001, it was discovered that the ring-opening metathesis
polymerization (ROMP) of the olefin-based monomer dicy-
clopentadiene (DCPD) could be used as an effective chemical
reaction to repair crack damage in an epoxy matrix using
Grubbs’ first generation catalyst (Figure 49a).>! In the
original paper on autonomic self-healing composites,*! the
components of this reaction—Grubbs’ catalyst and polymer
microcapsules containing the liquid DCPD as the core
material—were both incorporated into an epoxy matrix. The
microcapsules ruptured in response to mechanical damage
in the form of a propagating crack through the epoxy
composite (Figure 49¢). Upon rupture, the liquid contents
of the microcapsules wicked out into the crack plane of the
epoxy through capillary action. When the DCPD and the
embedded catalyst came into contact, the ROMP reaction
occurred, resulting in polymer formation in the crack plane
(Figure 49b). The fracture toughness of the epoxy composite
was restored to up to 75—90% of the initial value 3!-339736!
Significant fracture toughness was recovered within an hour
at room temperature, but up to 12 h were required for
complete restoration.**'3%? Low temperature healing has been
investigated with exo-DCPD, which remains liquid down to
—78 °C and shows significantly faster polymerization Kinetics
compared to endo-DCPD.3%

The healing efficiency in this microcapsule-based self-
healing system is dependent on several factors including (1)
monomer stability in the absence of catalyst, (2) polymeri-
zation kinetics, (3) adhesion of the new polymer to the
surrounding matrix, and (4) chemical compatibility of the
catalyst with the matrix. DCPD was selected as an appropri-
ate monomer for the ROMP-based system because, unlike
vinyl monomers, it has good stability in the absence of a
metathesis catalyst. The poly(DCPD) formed in the crack
plane is a hydrocarbon and incompatible with the epoxy
matrix, thus limiting the adhesion through intermolecular
interactions to the polar epoxy matrix system. In order to
improve the adhesion of the newly formed polymer to the
epoxy matrix, more polar healing agents and matrices have
been considered.*®** The optimal catalyst is one that remains
fully active when embedded in an epoxy matrix, but it rapidly

dissolves and reacts upon contact with released monomer
from microcapsules. One approach is the protection of the
catalyst in wax microspheres, which has been found to
enhance its stability with the matrix.’*> The following
sections summarize the behavior of both required
components—the monomer and catalyst—when contained
in a polymeric system.

4.1.1. Microcapsule-Based Systems

Microcapsules are used in self-healing materials to com-
partmentalize the healing agents from the surrounding
polymer matrix. Capsules are commonly prepared by an
emulsification process whereby monomers polymerize to
form a shell wall around suspended liquid droplets.**® Various
techniques have been used to prepare microcapsules and
microspheres; different types are shown in Figure 50.3%
These microcapsules are incorporated into a polymer matrix,
as shown in Figure 49c. The crack ruptures the embedded
microcapsules, and the fluid is released through capillary
action, covering the crack interface. The crack’s trajectory
is attracted to the microcapsules due to the difference in
compliance between the matrix and microcapsules.®!

In situ encapsulation techniques produce a robust, dense,
and brittle shell wall, which is often ideal for compartmental-
izing a hydrophobic core material in a polymer matrix (Figure
50a).%7368 The reaction of urea and formaldehyde (shown
in Scheme 8) was used to form the polymeric shell wall of
DCPD-filled microcapsules.’® Microcapsules provide ad-
ditional benefits, such as improving the fracture toughness
of a polymeric material.**® The mechanical properties of the
microcapsules ex sifu were analyzed in terms of modulus
and failure behavior by capsule compression testing.**® For
capsules to rupture in a reliable fashion, they must have an
effective embedded modulus lower than that of the surround-
ing polymer matrix, which, as previously mentioned, is
important for guiding cracks’ trajectories to microcapsules.®"

Conventional microencapsulation procedures have been
modified to design more complex architectures with en-
hanced release capabilities. Microcapsules containing the
monomer DCPD for use in self-healing materials were
synthesized with urea—formaldehyde (UF) shell walls on the
micro->® and nanoscale®” for use in self-healing materials.
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Figure 50. (a) Solvent-filled urea—formaldehyde (UF) capsules prepared by an in situ polymerization technique. (b) Grubbs’ catalyst
microspheres prepared by a meltable dispersion technique. (c¢) Dibutylphthalate (DBP)-containing gelatin—gum acacia microcapsules prepared

by a coacervation technique. (d) DBP-containing polyurethane microcapsules produced using an interfacial polymerization technique.

Scheme 8. Polymerization of Urea and Formaldehyde To
Form Short Chain Oligomers That Make up the Shell Walls
of Microcapsules (Reaction Conditions = 4 h at 55 °C, pH
3_5)368

H,N” "NH, H”H HO

urea formaldehyde urea-formaldehyde oligomer

The UF capsule diameter size was controlled by the agitation
rate of the emulsion, and nanocapsules were produced with
the use of sonication and droplet stabilization techniques.*”°
By using smaller capsules containing dibutylphthalate (sec-
ondary liquid) as Pickering stabilizers, binary microcapsules
were prepared in which the main core material was DCPD.?”!
This development allows for two liquids to be delivered from
a single capsule architecture.

An extensive study was conducted to determine how
microcapsules of various sizes affected the self-healing
performance of the materials.*”> This work demonstrated that
recovery of fracture toughness could be optimized by varying
the amount of healing agent released, the size of the damage,
and the volume fraction of microcapsules in the epoxy. The
amount of healing agent released from the microcapsules
scales with capsule diameter and with the percent loading
of the microcapsules in the epoxy matrix. The total mass of
fluid healing agent delivered to the crack plane (Mhealing agent
in mg-cm™?) is given by

Mhea]ing agent = ps(pDc (4)

where p; is the density of the matrix, ¢ is the mass fraction
of microcapsules, and D. is the mean diameter of the
microcapsules.’’>3”* To reduce the total crack volume in a
self-healing specimen, shape memory alloy wires were
embedded into the epoxy matrix and activated to apply crack
closure forces. This ROMP-based system gave higher healing
efficiencies than the original system.?’*

4.1.2. Fatigue Responses

In the previous sections, the self-repairing polymer systems
respond to monotonic fracture as the mechanical stimulus.
However, fatigue response is even more critical for extending
the lifetime of structural materials. Fatigue-resistant materials
are needed in a variety of structural applications, such as
bioimplants, where it is neither safe nor practical to replace
the implant after damage from repeated, cyclic loading. In
structural applications, crack damage to unmodified epoxy
thermosets is a major drawback, limiting their widespread
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Figure 51. Diagram showing the interconnection between the
mechanical and chemical environments of self-healing materials
and their influence on fatigue lifetime.

use in advanced composites.’”> Their inherently brittle
behavior has been improved with the addition of fillers such
as inorganic particles®’®*”7 and thermoplastics.?’® In contrast
to these physical approaches, the fracture toughness**® and
fatigue life>”® of the epoxy matrix has been improved using
a chemically based DCPD-filled microcapsule system.

Both the mechanical and chemical environments of a self-
repairing system must be considered when analyzing the
fatigue lifetime of a mechanically responsive self-healing
material (Figure 51). The relative rates of mechanical damage
and healing compete to govern the fatigue lifetime. For
example, the loading frequency (w) and stress intensity
interval (AK;) determine the rate at which damage occurs
according to the Paris power law.*®® When damage leads to
crack growth in a self-healing system, the chemical response
is activated by microcapsules’ rupture and release. The
response or rate of repair is then determined by the chemical
environment. For example, the rate at which healing occurs
depends on the transport of monomer into the epoxy crack
plane, dissolution of catalyst particles, and the rate of
polymerization. Catalyst dissolution depends on the solid-
state phase and catalyst particle size and shape.’!%? The
competition between the rate of damage and rate of repair
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ultimately defines the stability of a dynamically loaded
materials system.>*

Using the tapered double-cantilever beam (TDCB) geom-
etry for fracture testing,® Brown et al. studied the fatigue
response of microcapsule-toughening epoxy by monitoring
crack growth.”¥3 The fatigue testing protocol was initially
examined at various stress intensity loading conditions.?*?
Crack arrest was observed for self-healing samples containing
DCPD microcapsules and embedded Grubbs’ catalyst, pro-
vided that the rate of healing agent transport and DCPD
polymerization was faster than the rate at which crack
damage was imparted to the specimen. Conversely, when
the rate of damage was greater than the rate of healing, the
crack propagated quickly through the epoxy. Under these
conditions, crack arrest was possible only when rest periods
of 10 h were built into the fatigue cycle to allow for the
DCPD polymerization to occur.’®® Catalyst availability also
plays a critical role in the healing rate. For example, the
fatigue behavior under higher stress intensities was explored
in systems whereby Grubbs’ catalyst was present in different
morphologies and forms (recrystallized, freeze-dried, or
protected in wax spheres).®® When wax microspheres
containing the catalyst were embedded in the matrix, the
healing kinetics improved from the system using embedded
catalyst particles in the matrix,®® and the fatigue life
dramatically increased. Kamphaus and co-workers also
demonstrated crack arrest at lower frequencies in an alterna-
tive catalyst/monomer system, using tungsten hexachloride
and ethylidene norbornene/DCPD monomer mixtures.*%*
Efforts are currently underway to explore the fatigue response
of other more economical self-healing systems.

4.1.3. Other Microencapsulated Self-Healing Chemistries

From a practical point of view, there are several drawbacks
to the initial Grubbs’/DCPD self-healing system, including cost,
toxicity, availability of Grubbs’ catalyst, and the compatibility
of the catalyst with sample manufacturing. For example, the
amine curing agent present in the epoxy (DETA) reacts with
and deactivates Grubbs’ catalyst, which decreases potential
healing efficiencies.*” In order to overcome these problems,
several modifications were studied: wax-protection of the
catalyst,’® different catalyst morphologies,’? alternative
metathesis catalysts,**+343% and a change in matrix to an
epoxy vinyl ester.¥®3%7 Ongoing research in this field
continues to explore catalyst-free self-healing systems based
on ring-opening reactions or solvent healing, with the goal
of eliminating the dependence on the ROMP reaction of
DCPD for recovery of damaged materials.?73388:38

Polydimethylsiloxane (PDMS) has also been exploited as
a healing chemistry for self-healing materials. In one
demonstration, the components PDMS and polydiethoxysi-
loxane (PDES) were phase-separated as droplets suspended
in an epoxy vinyl ester matrix. This matrix also contained
microcapsules of the catalyst, dibutyltin dilaurate (DBTL),
dissolved in chlorobenzene (Figure 52).% Upon crack
damage, the microcapsules ruptured, releasing the catalyst
into the crack plane, thus initiating the formation of PDMS.
Later studies involved a two-capsule PDMS system in which
a platinum-based catalyst was encapsulated with the PDMS
precursor in one capsule and the hydrosiloxane initiator
encapsulated in another.*®® When the contents of both
capsules were transported into the crack plane upon me-
chanical damage, hydrosilylation occurred, resulting in a
cross-linked PDMS network. Healing efficiencies of 70—100%
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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.

were reported, based on tear strength recovery 48 h after
the initial damage had occurred.**® This chemistry was also
used in a self-healing flexible laminate composite in which
puncture holes were sealed upon the polymerization of the
encapsulated PDMS and catalyst components.*' The ef-
fectiveness of this self-healing elastomer was defined by the
ability to prevent gas leakage through a punctured composite
using a pressure test cell.

Other ring-opening reactions have been suggested for use
in structural self-repairing materials. The reaction between
epoxides and amines®” to create a thermoset has been
considered given the advantage that the healing chemistry
produces the same material as the surrounding matrix. There
are, however, challenges to making this system effective for
self-repair. In this type of system, a self-healing thermoset
composite has both epoxy- and amine-filled microcapsules.**?
The released epoxy is delivered to the damaged area and
reacts with the released curing agent to produce a new cross-
linked polymer. One challenge is to realize the acceptable
stoichiometry between the two components. Another chal-
lenge is to efficiently mix the two components in the crack
plane. Numerous examples of microcapsules containing
epoxy monomer core solutions have been reported.**~3% Due
to the water solubility of aliphatic amine-based curing agents,
in situ encapsulation techniques have proven difficult for use
in preparing microcapsules with amine-functional core ma-
terials.*? Alternative curing agents such as imidazole deriva-
tives have been microencapsulated and used in combination
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Figure 53. (a) Structural materials with fluid-containing microvascular channels have been designed to mimic the human body’s circulatory
system. (b) An epoxy sample with embedded microchannels showing released healing agent from the channels into the crack plane of the
top coating (scale bar = 5 mm).*!® Reprinted with permission from ref 416. Copyright 2007 Nature Publishing Group.
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with epoxy microcapsules to test for self-healing capability.
This system is nonautonomic, requiring external heat to
promote the reaction of imidazole with epoxy, and the
healing efficiencies over time (defined as the recovery rate
of interlaminar fracture toughness in composites) initially
decreased and then leveled off after storage times of up to
18 months.**?
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To overcome these challenges, modifications have been
made to the conventional two-part epoxy chemistry. In one
case, a more robust, room temperature epoxy system was
developed by encapsulating a polythiol curing agent, pen-
taerythritol tetrakis(3-mercaptopropionate).**® Self-healing
was demonstrated in a thermoset with these mercaptan and
epoxy microcapsules embedded in the matrix.*** High healing
efficiencies were achieved at room temperature with low
capsule loadings, and this system holds great promise for
commercial products. More recently, Rong et al. prepared
microcapsules*®® and sisal fibers**® containing boron trifluo-
ride diethyl etherate ((C,H5),0+BF;) as a curing agent to be
used in place of the mercaptan-containing capsules. This
cationic chain polymerization reaction between epoxy and
(C,H5),0+BF; is nonstoichiometric and provided a faster cure
for use in self-healing systems.*0%47

Solvent healing agents have also been explored for use in
self-healing polymer composites. When an organic solvent
is introduced into a polymer system, the mobility of polymer
chains increases.®!*> Early work in this field employed
solvents such as ethanol and methanol to heal crack damage
in thermoplastic polymers (i.e., PMMA) after heat treatment *%~#13
The healing mechanism proposed was the wetting of the
polymer surface and resultant swelling of the bulk polymer
material, which leads to reptation and interlocking of the
chains across the crack plane to recover virgin mechanical
properties. Recently, it was discovered that when microcap-
sules with solvent cores were incorporated into an epoxy
thermoset, the release of solvents upon damage promoted
the mobility of residual functional groups to entangle and
react across the crack plane to render the material autonomi-

cally self-healing.*®® Solvent-promoted self-healing is only
effective when residual, unreacted epoxy and amine segments
remain in the matrix. Full recovery of fracture toughness
(100% healing efficiencies) was achieved for a thermoset
matrix that incorporates microcapsules containing unreacted
epoxy monomer dissolved in the solvent healing agents.’”
Upon crack damage, the embedded capsules ruptured to
release their components; the unreacted epoxy reacted with
the residual amines in the matrix, healing the matrix with
up to 100% efficiencies. More environmentally friendly
solvents (ethyl phenylacetate and phenylacetate) were em-
ployed as healing agents in this work, showing promise for
a commercial system.*”® This solvent-based healing system
is under investigation for use in other advanced materials
applications.

4.1.4. Microvascular Systems

One major shortcoming of microencapsulated healing
agents in a polymeric system is that there is no means to
replenish healing agents once they are consumed at the
damage site.*!* For enhanced lifetime and extended usability
in structural applications, multiple healing events are desir-
able. Materials systems with microvascular networks have
been created that mimic the behavior of biological circulatory
systems (Figure 53).*!> In these systems, the healing agent
is continuously replenished to the site of damage.

Recently, the use of a microvascular network to deliver
healing agent was expanded to the ROMP/DCPD system and
demonstrated multiple healing events.*'®*7 This system
reported up to seven healing cycles for samples containing
DCPD in the microchannels. By changing the healing
chemistry of the networks to that of the well-known two-
part epoxy reaction, the number of healing cycles was
increased to 16 cycles. These samples contained multiple
networks in order to provide a stoichoimetric amount of
epoxy and curing agent to the site of damage. Hansen et al.
recently reported the development of a three-dimensional
interpenetrating microvascular network.*'® These networks
were created based on two key advances in direct-write
technologies:*"° dual ink deposition and vertical ink writing.
Using low-viscosity, two-part epoxy healing agents flowing
through the networks, damage to the structure underwent
autonomic self-healing for over 30 healing cycles. This
improved biomimetic architecture demonstrates the marked
enhancement of repeated healing over earlier designs.*'
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Figure 54. Schematic of a microcapsule-containing self-healing
coating and interfaces affected by mechanical damage.**

4.1.5. Alternative Damage Repair Systems

There have been a number of reviews on nonautonomic
types of healing systems.> 242042l Most of these repair
mechanisms depend on mobility and rearrangement of
polymer segments with respect to external stimuli such as
increasing temperatures,*>*?3 reversible Diels—Alder reac-
tions,*#**~#?” and noncovalent interactions*?® in response to
mechanically-induced damage. Some of these responses
have been covered in previous sections of this review,
since the response is localized to an atomic or supramo-
lecular level (see section 2.5.3).

Another system involving multiple hierarchical levels of
polymeric responses to mechanical damage employs nano-
particles. When nanotubes or nanoparticle fillers are incor-
porated into a polymer network, they spontaneously migrate
to cracks formed by damage.**** For example, after surface
modification of CdSe/ZnS nanoparticles, the enthalpic in-
teractions of a multilayer composite were studied.**' Upon
crack damage, the nanoparticles segregated to the polymer—
air interface (monitored by fluorescence of the particles).
Entropic considerations drive the nanoparticles to the crack
interface to release strain. This migration of nanoparticles
upon crack damage has also been studied through modeling
and computational experiments.**? This group’s most recent
work involves simulating deformation of a network made
up of nanoscopic gel particles.*** Although there was no
experimental proof of self-healing, the predictions will be
used in detecting damage on the nanoscale and in developing
novel advanced materials with self-repairing capabilities.

4.2. Self-Healing Coatings

Advanced coatings that sense a variety of stimuli such as
change in pH, electrical current, radiation, and temperature
have been developed.*** Since this review concerns a
materials’ response to mechanical stimuli, discussion of these
responsive coatings is outside the scope of this article. The
other stimuli and their respective responses are discussed at
length in a recent review.**

Coatings function to protect a substrate from external
damage, such as abrasion/scratching, weathering, and cor-
rosion.**> The response to damage or stress in coatings
usually does not require the repair of load bearing functional-
ity. In comparison to structural polymers, coatings applica-
tions usually involve thin layers that limit the dimensions
of fillers (such as microcapsules) or additional components.
Mobility of matrix phases is also acceptable for coatings,
which is not always feasible with structural plastics.

Self-healing coatings are either thermoplastic or thermoset
polymers. Coating damage can result from stress developed
at three different interfaces: coating—substrate, binder—
filler, and coating—air (Figure 54).% Damage to the coating
leads to capsule rupture and release of its contents. The
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polymeric components in the coating near the site of damage
then respond with enhanced mobility of polymer chains.

The use of microcapsules in coatings applications has
increased in recent years.**® The commercial interest in self-
healing coatings is growing, as evidenced by recent use in
the automotive industry (i.e., Nissan and Toyota).**> Micro-
capsules provide the advantage that protection agents can
be compartmentalized in the system and released upon
mechanical damage. The two most common ways of
incorporating capsules into coatings is to spray a suspension
on the top surface or mix the capsules in the coating
formulation. For anticorrosion applications, the microcapsule
content is released under mechanical stress by three possible
mechanisms: shell wall breakage under pressure, shell wall
degradation through chemical breakdown of shell compo-
nents, or shell wall fracture upon swelling of the core
material . *3

This field has largely focused on the development of
anticorrosion nanocontainers and their use in self-repairing
coatings.**” Defects are created on the exterior surface of
coatings due to environmental weathering, leading to cor-
rosion of the substrate (especially in marine applications).
Thus, by designing coatings that can release antioxidants and
anticorrosive agents, protection of the substrate can be
realized.*”**® Microcapsules containing photosensitive an-
tioxidants have been prepared,** although their applications
are more limited to the food and cosmetics industries.
Corrosion inhibitors in nanocontainers**®*! and halloysite
(aluminosilicate clay) nanotubes*? have also been embedded
in layer-by-layer assemblies; release of these inhibitors is
triggered by pH changes in the environment. Although the
stimulus in this case is not mechanical, these materials serve
as corrosion sensors, capable of giving feedback to indicate
that the coating needs repair.

Recently, Kumar and co-workers developed coatings for
steel substrates that respond to mechanical damage by
introducing microcapsules into a commercial primer for
paints.**** The capsules contained tung oil, varnish, and
camphor, which reduced/eliminated the occurrence of cor-
rosion after these coatings were damaged. In a similar
fashion, Suryanarayana et al. encapsulated linseed oil and
observed the self-healing performance of these capsules in
epoxy coatings.** The oil oxidized when released from the
capsules to render the film anticorrosive.

4.2.1. PDMS-Based Systems

One specific chemical reaction that has been used for
coatings repair is the metal-mediated reaction to synthesize
the elastomer PDMS introduced in section 4.1.3 of this
review. Encouraged by their initial success with the phase-
separated PDMS-based self-healing system,** Braun and co-
workers incorporated two types of microcapsules into a
system for the repair of damaged coatings—one type
contained an organotin catalyst, dimethyldineodecanoate tin
(DMDNT), in chlorobenzene while the other type contained
a combination of PDMS and PDES healing agents (Scheme
9).%¢ The model system consisted of an epoxy vinyl ester
matrix and only demonstrated healing at elevated tempera-
tures (50 °C). The more impressive result from this study
was the room temperature self-healing of a commercial epoxy
coating by switching to the more effective hydrosilylation
catalyst (tetrakis(acetoxydibutyltinoxy)silane, TKAS).*¢ Al-
though PDMS does not possess the load-bearing properties
needed for use in structural materials, the self-healing variant



5792 Chemical Reviews, 2009, Vol. 109, No. 11

Caruso et al.

Scheme 9. Polycondensation Reaction Employed for PDMS-Based Self-Healing Coatings**
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has potential use in coatings and low temperature applications
such as cryogenic tanks, where repair of puncture damage
is important to prevent gas leakage.*’ This simplistic,
economical system shows great promise for commercializa-
tion in the upcoming years.

5. Conclusions and Outlook

Polymeric materials respond to mechanical forces on the
molecular level by changing conformation, chain slippage,
segmental alignment, disentanglement, and ultimately bond
scission. These molecular scale events evolve to the mac-
roscale, resulting in the formation of crazes and cracks,
ending in catastrophic failure. As the research in this review
has demonstrated, not all mechanochemical changes need
be considered unproductive. Given suitably designed mecha-
noresponsive materials, the energy from applied mechanical
fields is capable of inducing productive chemical changes
that can restore functionality lost by damage. These changes
may, for example, result in the autonomic repair of macro-
scopic damage for improved lifetime of structural materials
made from polymeric components.

The societal impact of polymeric materials with enhanced
lifetimes could be significant, especially with regard to safety
and energy efficiency. Achieving greater longevity in device
components that are inaccessible and therefore incapable of
being replaced is of great importance. The combination of
lightweight and high-strength has been a major advantage
enjoyed by polymeric materials compared to other structural
solids such as metals and ceramics. This characteristic feature
makes polymeric materials—including composites—desirable
for transportation vehicles or energy-harvesting structures,
such as the rotor blades of wind turbines. Real-world
engineered parts are often deliberately overdesigned to
achieve a targeted lifetime. A consequence of overengineer-
ing is significantly added mass that reduces energy efficiency.
The ability to achieve a greatly extended life from a self-
healing, mechanoresponsive material will reduce the mass
previously needed to achieve similar performance, thereby
regaining the lightweight, high-strength advantage of organic
polymers.

Nature provides fascinating examples of solids well-suited
for load-bearing and structural applications that are also

imparted with mechanoresponsive functionality. The devel-
opment of mechanically responsive structural materials is
in its infancy, but the existence of natural bone is evidence
that these mechanoresponsive functions are indeed realizable.
The remarkable ability of bone to repair fracture is a common
example of self-healing that is known to everyone. The
synthetic reproduction of this behavior has been realized
during the past decade.*>' Adding compartmentalized liquids
to structural solids may seem detrimental and counterintui-
tive, since liquid phases might be expected to compromise
a material’s desirable mechanical properties. However, liquid
phases are the right choice for macroscopic damage repair
because liquids exhibit rapid mass transport and molecular
diffusion that allow for the possibility of postprocessing
chemistry at precisely the time and location of need. Work
to date has shown that microcapsules are not, in fact,
detrimental to mechanical properties but instead favorably
toughen epoxy materials. Moreover, the microcapsule and
microvascular systems studied to date are capable of restoring
mechanical properties at or near the level of the virgin
material. Moving these demonstrated concepts into real-world
applications will require more practical chemistries that are
robust and environmentally compatible. Aging experiments
of epoxy networks*® to project long-term stability of self-
healing composites are very preliminary, and these consid-
erations are essential in producing robust systems. On the
engineering side, a remaining challenge is to incorporate self-
healing components into polymeric and composite materials
using conventional processing and fabrication methods. The
most extravagant self-healing systems have microvascular
structures, and it remains a challenge on the chemistry side
to develop a system that can spontaneously evolve into the
desired 3D network of interconnected microchannels by a
self-assembly process.

Another mechanoresponsive characteristic of bone is that
its strength and toughness are locally modulated by use, a
behavior that is not yet well-mimicked in synthetic polymeric
materials. Should such a behavior become available, it might
enable the autonomic postprocessing of materials in a time
and spatial dependent manner dictated by the material’s
complex stress and strain distributions. Increasing our
fundamental understanding of mechanochemical transduction
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at the atomistic and supramoleclar levels may lead to
mechanophores with enhanced mechanosensitivity having the
ability to undergo selective mechanochemical reactions.
Mechanophores that undergo cross-linking reactions triggered
by a mechanical field could provide a mechanism for
modulating material properties in response to an external
force field. New mechanophore concepts such as mechano-
catalysts and mechanoacids might cause local transformations
to be performed by chemical catalysts or proton sources,
which in turn are activated by external force fields. These
possibilities are exciting for future development in the field
of mechanochemistry, and their existence will greatly expand
the mechanochemial toolbox.

To date, mechanoresponsive materials have largely focused
on restoring functions such as mechanical properties of
structural composites and barrier properties of protective
coatings. Reference to Figure 1b shows that there are
numerous areas of underdeveloped mechanoresponsive ma-
terials. The self-healing concept based on the release of liquid
content from microcapsules is a general one that may
potentially apply to other functionalities such as restoration
of electrical or optical properties in damaged devices.
Expanding the list of liquid agents that can be transformed
to achieve desired functionality when released from micro-
capsules is an area ripe for further discovery.

The unrealized mechanoresponsive properties listed in this
section and other mechanoresponsive properties that have
yet to be conceived are sure to motivate fundamental and
technological studies in the field of polymer mechanochem-
istry for years to come. These properties hold promise for
bringing new functionality to polymeric materials in ways
that will improve safety, increase longevity, and lighten the
burden on the world’s environment.

6. Abbreviations

€ strain

g stress

9-MeAn 9-methylanthracene

ADMET acyclic diene metathesis

Alqg3 tris(8-hydroxyquinolinato)aluminum

BCB benzocyclobutene

BBS 4,4'-bis(2-benzoxazolyl)stilbene

BCMDB 1,4-bis-(R-cyano-4-methoxystyryl)-2,5-dimethoxy-
benzene

COGEF COnstrained Geometries simulate External Force

DCPD dicyclopentadiene

DETA diethylenetriamine

DFT density functional theory

DMA dynamic mechanical analysis

DPPH 2,2-diphenyl-1-picrylhydrazyl

eCFP enhanced cyan fluorescent protein

eYFP enhanced yellow fluorescent protein

ESR electron spin resonance

EVA poly[ethylene-co-(vinyl acetate)]

FRET fluorescence resonance energy transfer

HDI hexamethylene diisocyanate

LLDPE linear low-density polyethylene

My limiting molecular weight

M, number average molecular weight

M, weight average molecular weight

MD molecular dynamics

MDI methylene diphenyl diisocyanate

MEH-PPV poly(2-methoxy-5-(2'-ethylhexoxy)-p-phenylenevi-
nylene)

(0):4% oligo(p-phenylene vinylene)

P3BT poly(3-n-butylthiophene)
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P3DDT poly(3-n-dodecylthiophene)

P3HT poly(3-n-hexylthiophene)

P30T poly(3-n-octylthiophene)

PDMS poly(dimethylsiloxane)

PE polyethylene

PEG poly(ethylene glycol)

PET poly(ethylene terephthalate)

PETG poly(ethylene terephthalate glycol)

PL photoluminescence/photoluminescent

PMMA poly(methyl methacrylate)

PMA poly(methyl acrylate)

PMNB pentamethyl nitrosobenzene

PS poly(styrene)

PTCDI perylene tetracarboxylic diimide

ROMP ring-opening metathesis polymerization

SET-LRP single-electron transfer living radical polymeriza-
tion

Sp spiropyran

TABS thermally activated barrier to scission

T, glass transition temperature

TPU thermoplastic polyurethanes

UDETA 2-aminoethylimidazolidone

UF urea-formaldehyde

UPy 4-ureido-2-pyrimidone
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