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Preface

Few people realize that when they stretch a rubber band – or inflate tires on their

cars – they do chemistry. In this example of vulcanized rubber, the chemistry is

simple – homolysis of C–C, C–S, or S–S bonds, but the underlying principle is

anything but simple. The probability of ethyl disulfide spontaneously dissociating

into radicals at room temperature is negligible. Yet this probability can increase by

many orders of magnitude for the same molecular moiety when it is as part of

amorphous material under mechanical load. In other words, translation of macro-

scopic objects (e.g., our hands) that compress, stretch, or twist polymeric material

can directly control reaction rates of material building blocks. Such control of

course is not seen in the vast majority of reactions studied by chemists and as a

result is not accommodated in any of the existing models of chemical kinetics.

This coupling between macroscopic motion (or mechanical loads) and chemical

reactivity is called mechanochemistry [1]. Load-induced fragmentation of poly-

mers was discovered almost as soon as the nature of polymers had been recognized

[2]. Polymer mechanochemistry is thought to be an important (but poorly under-

stood) determinant of how polymeric materials respond to mechanical loads [3–5].

Because polymers are subject to such loads throughout their lifecycles, from

production to recycling, polymer mechanochemistry pervades our everyday lives.

Mechanochemical phenomena are thought to affect the generation, growth, and

propagation of microcracks which are responsible for catastrophic failure of poly-

meric materials, desalination membranes, impact-resistant materials (e.g., bullet-

proof vests), and tires, and the stabilities of surface-anchored polymers in

microfluidic diagnostics and high-performance chromatography. Polymer mecha-

nochemistry may be important in jet injection (e.g., during inkjet printing of organic

electronics), polymer melt processing, high-performance lubrication, enhanced oil

recovery (e.g., polymer flooding), and turbulent drag reduction. Exploiting mech-

anochemical phenomena may yield remarkable new materials and processes,

including polymer photoactuation (i.e., direct conversion of light into motion to

power autonomous nanomechanical devices, control information flow in optical

computing, position mirrors or photovoltaic cells in solar capture schemes) [6, 7]),

v



efficient capture of waste mechanical energy, materials capable of autonomous

reporting of internal stresses and self-healing, and tools to study polymer dynamics

at sub-nanometer scales [8].

Until about 10 years ago, unambiguous examples of mechanochemical reactions

were limited to simple backbone fragmentations that resulted when biological or

synthetic polymers were subject to tensile loads in solids, melts, or solutions. Early

attempts to interpret rates of bulk polymer failures under various conditions as

governed by mechanochemical acceleration or inhibition of reactions of their

monomers, such as amide hydrolysis, are now considered unreliable and unlikely

to reflect true load-induced changes in the intrinsic kinetic stabilities of stretched

polymer chains [9, 10]. In contrast, the past decade has seen impressive progress in

designing polymers whose stretching at the single-chain level accelerates reactions

more complex than simple bond hemolysis with the ultimate goal of both under-

standing the fundamental aspects of mechanochemical energy coupling and design-

ing stress-responsive materials of the types discussed above.

To understand the current state of polymer mechanochemistry and to try to guess

the directions of its evolution, it is useful to divide the phenomena studied by

polymer mechanochemists (Fig. 1) into those where:

1. The coupling between macroscopic mechanical effects and atomistically local-

ized reactivity is mediated by interactions between multiple polymer chains as in

amorphous materials, melts, and load-bearing biological tissues

Fig. 1 Hierarchy of

mechanochemical

phenomena and the volume

chapters devoted to specific

categories
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2. Individual polymer chains are stretched either by interaction with non-polymeric

environment (e.g., solvent flows, see chapters “Mechanochemistry of Topolog-

ically Complex Polymer Systems”, “Force induced Reactions and Catalysis in

Polymers”, and “The Interplay of Mechanochemistry and Sonochemistry”) or

because they are bound directly to translating macroscopic objects, such as in

single-molecule force spectroscopy (see chapter “Supramolecular Chemistry

and Mechanochemistry of Macromolecules at the Single Chain Level”)

Molecular interpretation of mechanochemical phenomena in amorphous mate-

rials and melts remains largely qualitative and the main effort and success to date in

this area has been primarily in empirical exploration and some tentative exploita-

tion of materials obtained by incorporating force-sensitive reactive sites in other-

wise inert polymer chains and matrices (see chapters “Mechanochemistry in

Polymers with Supramolecular Mechanophores” and “Responsive Polymers as

Sensors, Muscles, and Self-Healing Materials”). This work has the potential to

expand greatly our presently primitive quantitative understanding of mechano-

chemistry of entangled polymer chains by providing experimental tools to quantify

how and how fast mechanical loads propagate through amorphous polymer matri-

ces to reactive sites, and the range of local forces (or molecular strains) and their

temporaspatial distributions that reactive sites experience in response to macro-

scopic load. In comparison, the mechanism and dynamics of mechanochemical

energy transduction that underlies the operation of motor proteins is well under-

stood (see chapter “Understanding the Directionality of Molecular Machines: The

Importance of Microscopic Reversibility”) as is the response of biological tissue to

mechanical loads. The reason is, at least in part, the primarily non-covalent nature

of mechanochemistry of biological tissues, which makes it amenable to usefully

accurate large-scale computational simulations, as described in the chapter

“Mechanical Properties and Failure of Biopolymers: Atomistic Reactions to Mac-

roscale Response”.

Such simulations are often performed by “attaching” a virtual spring between the

terminal atoms of a biopolymer, changing the parameter(s) of this spring to impose

a time-varying tensile force on the biopolymer, and “watching” how the polymer

evolves under this force. The experimental analog of this set-up is single-molecule

force spectroscopy (SMFS) in which a single polymer chain bridges a tip of an

atomic force microscope and a retracting surface (see chapter “Supramolecular

Chemistry and Mechanochemistry of Macromolecules”). SMFS is the least intrac-

table manifestation of polymer mechanochemistry and is responsible for some of

the most important conceptual developments in polymer mechanochemistry [11].

Unfortunately, SMFS is technically demanding and only a handful of laboratories

worldwide combine sufficient expertise of synthetic polymer chemistry, microma-

nipulation techniques, and physical analysis to design, perform, and interpret

cutting-edge SMF experiments. Unlike SMFS, mechanochemistry of isolated poly-

mer chains in flow fields of dilute polymer solutions have broad industrial applica-

tions (e.g., see chapter “Mechanochemistry of Topologically Complex Polymer

Systems”). The absence of chain entanglement potentially makes these systems
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atomistically more tractable than mechanochemistry in amorphous polymers and

melts. Indeed, the value of planar elongational flow fields for studying the funda-

mental aspects of polymer dynamics in solution has long been recognized [12].

However, the technical challenges of achieving sufficient strain-rate gradients to

induce mechanochemistry in moderately long macrochains (with the contour

lengths below 10 μm) are daunting and planar elongational flows remain largely

unexploited in polymer mechanochemistry.

In contrast to SMFS and planar elongational flows, which provide perhaps the

best opportunities to develop a physically sound, general, and predictive model of

mechanochemical kinetics (see below), sonication of dilute polymer solutions is a

very simple and popular technique routinely used to mimic the response of polymer

chains to stretching (see chapters “Force Induced Reactions and Catalysis in Poly-

mers” and “The Interplay of Mechanochemistry and Sonochemistry”). Sonication

creates transient elongational flows when bubbles generated by propagating sound

waves suddenly collapse. Because the solvent flow rate in close proximity to a

collapsing bubble decreases very rapidly with distance from the bubble surface, the

two termini of the same chain located at different distances from this surface

experience very different flow rates and the chain becomes stretched. The dynamics

of bubble collapse, which can be extraordinarily complex [13], determines the

temporaspatial flow rate gradients and hence loading rates and maximum forces

that polymer chains experience, thus directly affecting the apparent (macroscopic)

mechanochemical kinetics. However, little is known about how this dynamics is

governed by macroscopic control parameters (sound frequency and power density,

temperature, durations of on/off cycles), solvent and polymer characteristics (vapor

pressure, viscosity, and solvation capacity for the former; molecular mass distribu-

tion for the latter), and environmental variables (shape and size of the ultrasound

horn and of the reaction vessel). Consequently, studies of polymer mechanochem-

istry in sonicated solutions should be viewed as at best qualitative and the results

may vary from one laboratory to another simply because of the difficulty of

controlling key kinetic variables (or even identifying them). Quantitative interpre-

tations of sonication experiments are further complicated by the very modest

chemical selectivity of mechanochemical reactions, which manifests itself in reac-

tions of very different strain-free activation energies (e.g., C–C bond homolysis and

ring-opening of dichlorocyclopropanes) occurring at competitive rates during son-

ication. They are also complicated by the contribution of radicals from solvent

sonolysis to any observed polymer chemistry, by the uncertain distribution of strain

(or equivalently, restoring force, see below) along individual stretched polymer

chains, and by the (presumably) strong dependence of the forces experienced by a

stretched polymer chain on its contour length. These limitations of sonication-

induced mechanochemistry have long been acknowledged in the literature [4],

but the number of reported studies designed to clarify them remains disappointingly

small [14, 15].

The vast majority of reported studies in polymer mechanochemistry are on linear

polymers. Mechanochemistry of topologically complex polymers, which is of

increasing industrial importance (see chapter “Mechanochemistry of Topologically
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Complex Polymer Systems”), is an area where sonication, despite all its limitations,

has a chance to make an outsize impact. Unfortunately, the very few reports on the

subject are contradictory, warranting further detailed research.

Model studies have and continue to be critical for developing the conceptual

foundation of polymer mechanochemistry and for rationalizing and systematizing

the existing observations. Experimental model studies (see chapter “Mechano-

chemistry Driven by Intermolecular Forces”) use molecules which attempt to strain

reactive sites by means of molecular architecture rather than the application of

mechanical loads. The most prominent examples include strained macrocycles

based on stiff stilbene and overcrowded polymers. They are distinct from the

large number of strained molecules which chemists have studied over the past

100 years in that their architectures are designed specifically to reproduce the

highly anisotropic molecular strain that localized reactive sites in polymers expe-

rience in mechanochemical phenomena and to facilitate quantitation of such local

strain as restoring force (as opposed to strain energy). Likewise, computational

mechanochemistry (see chapter “Theoretical Approaches for Understanding the

Interplay Between Stress and Chemical Reactivity”) uses models, such as small

reactive moieties in which one non-bonding internuclear distance is constrained to a

non-equilibrium value by an external potential of varying stiffness, because direct

quantum-chemical calculation of mechanochemical response of polymer chains

remains beyond reach. As is the case in any model studies, an outstanding problem

with this approach is to learn how to map the measurements and trends observed

(or computed) in such models onto bona fide mechanochemical systems [16]. To

date, extrapolating results of model studies to even the simplest manifestations of

polymer mechanochemistry (i.e., a single-molecule force experiment) has had

mixed success [11, 16].

With the exception of motor proteins (see chapter “Understanding the Direc-

tionality of Molecular Machines: The Importance of Microscopic Reversibility”),

the significant increase in the diversity of empirical data in polymer mechanochem-

istry and the development of quantum-chemical methods of calculating force-rate

correlations in small-molecule reactants have not yet been matched by comparable

progress in developing the conceptual foundation of mechanochemical kinetics. A

key component of this foundation is a general and predictive relationship between

the macroscopic control parameters that define mechanical loads (e.g., stress or

strain tensors and loading rates) and the changes in reaction rates in the same way

that the transition state theory and the Eyring equation relate reaction temperature

and rate. One of the earliest (empirical) models of kinetics of mechanochemical

fragmentation of polymer chains was put forth by Eyring [17], who postulated a

direct proportionality between the activation energy of the fragmentation and the

force exerted on the stretched polymer chain by its surroundings. The model was

silent on what the proportionality constant might be or how to derive the single-

chain force from the flow rate gradient, which was the control parameter in the

system considered by Eyring. The same idea was subsequently applied by Bell to

cell adhesion [18] and extended to time-varying single-chain force by Evans [19],

who derived it within the Kramers formulation of chemical kinetics. This Evans
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model has probably become the most widely used variant of mechanochemical

kinetics because it enabled rationalization of single-molecule force experiments

and has been elaborated extensively since its publication [20–22]. By replacing the

force with stress, the Eyringansatz was extended from the single-chain level to a

polymer solid [10, 23], albeit at the cost of further obscuring the molecular origin of

the proportionality between the control parameter (stress) and reaction rates.

Although these related models have certainly facilitated the development of

polymer mechanochemistry, they offer no explanation for their empirical parame-

ters and as such resemble the role of the Arrhenius equation in standard chemical

kinetics. As it appears unlikely that a fundamental physical law exists that deter-

mines the dependence of the energy of a strain molecule on force straining the

molecule (or any other plausible quantifier of the external perturbation), a plausible

approach to moving beyond the Eyring–Bell–Evans ansatz and its variants is to use

Taylor expansion. In other words, the activation energy of a chemical reaction,

ΔG{, in an externally strained polymer is estimated as a Taylor expansion of the

strain-free activation energy with respect to the straining force, f (see (1), where is
and ts subscripts refer to the initial and transition states of the reaction) [24]. In this
approach, the Eyring–Bell–Evans models are simply the Taylor expansion to the

first order. Provided that the expansion coefficients have clear molecular meanings

and can be estimated from strain-free initial and transition state geometries (which

are derived from quantum-chemical calculations), the reactivity of a molecule

under force can be predicted, at least in theory, without resource-intensive optimi-

zations of molecular geometries coupled to force.
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∂Gts

∂ f

�
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�
�
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: ð1Þ

Practical application of (1) depends critically on the specific molecular definition

of force f. With the possible exceptions of single-molecule force spectroscopy, in

mechanochemical phenomena polymers are not stretched by pulling apart a pair of

atoms. Instead, the non-equilibrium (stretched) geometry of a chain (or its part) is

maintained by interactions of multiple atoms of the chain with multiple atoms of its

environment. Under such circumstances, no single force is stretching a chain.

Fortunately, however, if the chain is in mechanical equilibrium with its environ-

ment, a mathematical relationship exists between restoring forces of all the internal

molecular degrees of freedom (e.g., internuclear distances) of the chain, at least

within the (local) harmonic approximation [25]. The restoring force of a strained

object is the force that attempts to recover the original, unstrained shape of this

object: for example, when we stretch a rubber band, the restoring force of the band

is what pulls our hands closer together. When the force in (1) is defined as the

restoring force of an internal molecular degree of freedom, it is plausible to equate

the first-order (∂G/∂f ) and second order (∂2G/∂f 2) Taylor coefficients to the

strain-free values of this molecular coordinate and of its harmonic compliance,
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respectively. (This equality is exact if, instead of free energies of states, the

electronic energy of a single conformer were used. However, chemical reactivity

is determined by free energies and most molecules have multiple conformers

contributing to initial or transition states, obscuring the molecular identification

of the Taylor coefficients.)

The validity of the Taylor-expansion approach is typically tested computation-

ally by comparing ΔGǂ correlations calculated explicitly with the values predicted

by (1) truncated at the second order using either single-conformer or ensemble-

averaged distances and compliances of various internal coordinates in the strain-

free initial and transition states. These tests indicate that the predictive capacity of

the Taylor expansion approach depends critically on the selection of the internal

molecular coordinate whose restoring force is used in the equation [26–28]. Fortu-

nately, it appears that the same type of coordinate is appropriate for all reactions of

the same mechanism (e.g., SN2 displacements) [29]. This approach can also be used

to predict the critical force at which mechanochemical reactivity is observed in

single-molecule force experiments. In this application, an extra step is needed to

relate the force applied by the AMF to termini of the polymer chain and the force of

a local internal degree of freedom of the reactive moiety [30]. This relationship

(“chemomechanical coupling coefficient”) can be estimated from technically sim-

ple molecular-mechanics calculations.

It has not yet been possible to extend this approach to mechanochemical systems

more complex than single-molecule force spectroscopy. The reason is not the

inapplicability of the fundamental assumptions of the transition state theory to

mechanochemical reactions, but rather the lack of established means of converting

macroscopic control parameters (e.g., stress) into single-chain forces (which can

then be converted to local molecular restoring forces as shown previously). The

molecular definitions of temperature and pressure offered by the equipartition

theorem and the kinetic theory of gases underlie the general and predictive rela-

tionship between the macroscopic control parameters (temperature and pressure)

and the reaction rate by means of a molecular (rather than continuum) parameter

(free energy) embodied by the Eyring equation [31]. In the absence of a broadly

useful and theoretically sound molecular definition of mechanical stress, the prob-

lem of deriving a predictive model of mechanochemical kinetics may be solved by

defining the correct hierarchy of mechanochemical phenomena (Fig. 1) so that

existing models that perform reasonably well within individual rungs of the hier-

archy (e.g., chemical kinetics, continuum mechanics, etc.) could be systematically

integrated into an overarching multiscale model. Such mechanochemical Eyring

equations could be expected to have as profound an impact on the design and

studies of polymers as transition state theory has had on chemistry. Although we are

very far from the mechanochemical Eyring equation, important progress towards

this goal, particularly from the “small-scale” end of the hierarchy (model com-

pounds and single-molecule force experiments), is evident in the chapters of this

volume.

The development of a general, quantitative conceptual framework which can

guide the evolution of polymer mechanochemistry would revolutionize polymer
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science but the multiscale nature of mechanochemical phenomena makes this task

exceedingly challenging. Yet, even fairly incremental progress in the field has a

chance of making great technological, scientific, and societal impact, given the

importance of polymers to modern society, the central role that

mechanotransduction plays in life as we know it, and the opportunity arising

from applying the tools and ideas of chemistry to polymer physics and engineering.

For example, the ability to map the distribution of single-chain forces in amorphous

materials and melts using simple mechanochromic reactions designed with the help

of quantum-chemical force/rate calculations and calibrated in single-molecule

force experiments greatly advances our capacity to rationalize mechanical proper-

ties of polymers at the molecular level, and eventually enables us to design new

materials with pre-determined responses to mechanical loads by selecting proper

monomers, their ratios, and connectivities. Likewise, further evolution of our

understanding of the operation of motor proteins – by means of theory, computa-

tions, single-molecule force experiments, and model studies – could help us design

practically useful actuating materials capable of converting the free energy of

chemical reactions (including photoisomerizations) directly into macroscopic

motion, without the intermediacy of thermal or electrostatic gradients. The devel-

opment of physically sound and at least semi-quantitative models of mechano-

chemical kinetics in sonicated dilute polymer solutions would enable rapid low-cost

screening of reactions and monomers to identify candidates likely to give desired

mechanochemical responses when incorporated in amorphous materials in analogy

to high-throughput screening in medicinal chemistry and solid-state catalysis.

Continued development of efficient algorithms for quantum-chemical calculation

of force-rate correlations of diverse chemical reactions may lead to “virtual” single-

molecule force spectroscopy, potentially increasing vastly our ability to understand

in intricate detail how energy flows across the formidable gap between 10 and

100 nm where the molecular and the continuum meet.
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Molecular Mechanochemistry: Engineering

and Implications of Inherently Strained

Architectures

Yuanchao Li and Sergei S. Sheiko

Abstract Mechanical activation of chemical bonds is usually achieved by apply-

ing external forces. However, nearly all molecules exhibit inherent strain of their

chemical bonds and angles as a result of constraints imposed by covalent bonding

and interactions with the surrounding environment. Particularly strong deformation

of bonds and angles is observed in hyperbranched macromolecules caused by steric

repulsion of densely grafted polymer branches. In addition to the tension amplifi-

cation, macromolecular architecture allows for accurate control of strain distribu-

tion, which enables focusing of the internal mechanical tension to specific chemical

bonds and angles. As such, chemically identical bonds in self-strained macromol-

ecules become physically distinct because the difference in bond tension leads to

the corresponding difference in the electronic structure and chemical reactivity of

individual bonds within the same macromolecule. In this review, we outline

different approaches to the design of strained macromolecules along with physical

principles of tension management, including generation, amplification, and focus-

ing of mechanical tension at specific chemical bonds.

Keywords Bond tension � Mechanical activation � Mechanochemistry � Mechano-

phores � Molecular force probes � Molecular tensile machines � Self-strained

molecules
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1 Introduction

Mechanical activation of chemical bonds is a vital instrument in synthetic chemis-

try [1] and molecular biology [2]. Strain at molecular length scales controls rates of

chemical reactions [3, 4], activates latent catalysts [5, 6], and steers reaction

pathways [7, 8]. More recently, it has been shown that mechanical force can also

trigger depolymerization of low-ceiling-temperature polymers [9]. Strained molec-

ular architectures and assemblies govern most of the physiological processes

including enzyme activities [10–13], motion of molecular motors [14–19], division

of cells [20–22], and contraction of muscles [23]. Given the vector character of

force, mechanochemical reactions follow specific pathways, yielding products

different from that of non-directional thermal and photonic activation [1,

7]. Strained chemical bonds also play an important role in the materials design.

In addition to activation of chemical reactions, significant numbers of experimental

studies were devoted to the effect of molecular strain on electronic structure along

with the corresponding implications for electronic and optical properties of mate-

rials [24–30]. Mechanical control of structure, orientation, and interactions of

individual molecules was applied to the design of mechanically responsive

nanomaterials and nanosystems [31]. Various mechanophores were purposely

synthesized and incorporated into polymers to create stress-responsive materials

[32–34]. Activation of latent catalysts opens interesting opportunities for the

rational design of new mechano-catalytic systems for truly autonomous (e.g.,

self-healing) applications [35]. These advances in materials engineering do not

dismiss the traditional challenges in fundamentals of mechanochemistry related to

understanding the transduction of macroscopic strain to individual bonds. In addi-

tion to conventional mechanochemistry tools (grinding, ultrasonic irradiation, and

elongational flows), advanced techniques, such as optical tweezers [36], magnetic

tweezers [37, 38], atomic force microscopy (AFM)-based force spectroscopy

[39–41], micro-needle manipulation [42], biomembrane force probes [43], and

targeted incorporation of mechanophores [44–46], have been developed to control

forces on a single-molecule scale. Simultaneously, theoretical frameworks for

mechanochemistry undergo continuous development, from early work by Eyring

[47], Kramers [48], Zhurkov [49], and Bell [50] to more recent fundamental studies
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by Evans [51], Klein [52], Beyer [53], Hummer [54], Dudko [55], Marx [56],

Martinez [8], and many others reviewed in [57].

Traditional mechanochemistry deals with externally applied forces. However,

there is a distinct class of mechanochemistry where strained bonds and angles are

inherent to a given molecular architecture. The internal strains are introduced

during synthesis and determined by the architectural design, which may involve

sterically unfavorable constructions such as cycles and branches. Figure 1 outlines

general categories of strained molecular structures in the order of increasing length

scale involved in stress generation, ranging from diatomic molecules to spatially

constrained macromolecular systems. It is remarkable that even a basic diatomic

molecule may be strained by thermal fluctuations depending on mass density and

geometric confinement (Fig. 1a). Additional contributions to bond tension result

from connecting small chemical groups into sterically hampered molecular con-

structs (Fig. 1b). The bond tension can be further amplified by introducing addi-

tional hindrances on larger length scales such as knots, grafts, and branches

(Fig. 1c). Bonds and angles may also change when molecules either spontaneously

penetrate or are forced into a geometric confinement such as pores, channels, and

slits (Fig. 1d). Additional deformations of bonds within large macromolecules can

be introduced by conformational transitions induced by heating, swelling, and

interaction with light [58]. The study of intrinsically strained (or self-strained)

molecules, which encompasses generation, distribution, amplification, and the

physical impact of intramolecular forces, is viewed by us as a distinct subclass of

mechanochemistry – molecular mechanochemistry.

a single bond b small molecules c polymers d confinement

crowding

thermal
fluctua�on

ring strain

twis�ng

knot/entanglement

gra�ing

branching

adsorbing

tethering

inser�ng

density

confinement

Fig. 1 Strained molecular architectures in the order of the increasing length scale involved into

bond tension amplification: (a) diatomic molecules strained by thermal fluctuation depending on

density and confinement; (b) locally strained configurations of small molecules; (c) large polymer

molecules strained by unfavorable conformations and steric repulsions between dense branches;

(d) bond length (hence, tension) is affected by topographic constraints
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Similar to externally deformed samples, self-strained molecular systems exhibit

non-uniform distribution of strains, and hence forces, over the constituting bonds

and angles. The strain distribution is determined by molecular architecture and can

be modulated upon interaction with the surrounding environment. Analogous to

macroscopic constructions (houses, towers, and bridges), the design of strained

molecules can be viewed as molecular mechanical engineering, which explores

distribution of internal stresses when connecting identical chemical groups into

physically distinct structures. The physical distinction results from the effect of

bond strain on the electronic structure along with the corresponding opto-electronic

properties (color, conductivity, energy conversion). This elicits the idea of using

dendrimers as photon-harvesting antennas to channel the absorbed infrared energy

from the matrix to the azobenzene core, causing its isomerization [59]. The gradient

in bond tension along the dendritic branches (Fig. 2) may be responsible for guiding

the intramolecular process of energy transfer. Note also that molecular strain

typically involves conformational changes, including contributions of bond length

and angle deformations. Frequently, mechanical activation is discussed in terms of

bond elongation, and deformation of bond angles is barely considered. However, in

fact, changes in bond angles may provide a larger contribution to overall molecular

deformation and strain energy. Recently, Boydston et al. [60, 61] reported mechan-

ical activation of bonds orthogonal to an elongated polymer main chain. Similar to

microcycles (Sect. 3.1), the so-called “flex activation” has been ascribed to the

force-induced increase in bond angles and, hence, strain energy.

As in externally induced deformation, we should distinguish between strain-

controlled and stress-controlled molecular systems. For example, deformation

induced by a well-defined conformational transition (Fig. 1b, bottom) can be

considered as strain-controlled, where the strain is encoded by the new molecular

configuration. In contrast, extension of the backbone in molecular bottlebrushes

(Fig. 1c, middle) occurs at a constant tensile force controlled by steric repulsion of

the densely grafted side chains. In addition to the strain distribution, it is important

B
on

d 
te

ns
io

n 
(p

N
) 

Chemical distance (s) to the branching center 

f (s) = kT

b
exp

s

d
ln p 1( )

Fig. 2 The bond tension

( f ) increases exponentially
from the periphery to the

branching center of a

dendritic macromolecule.

d – the number of bonds

between branch points, p –

branching functionality, s –
the number of bonds away

from the branching center.

Adapted with permission

from Bacanu A and

Rubinstein M, unpublished

manuscript
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to understand the range of possible forces that can emerge in individual macromol-

ecules and span three orders of magnitude ranging from ca. 1 pN to 1 nN. The lower

limit corresponds to a soft force required for extension of an ideal polymer chain,

which is determined by the change of conformational entropy as fmin ffi kT R=R2
0,

where k ¼ 1:38� 1023J=K is the Boltzmann’s constant, R the end-to-end distance

of an extended chain, R2
0 ffi Lb is a mean square end-to-end distance of an

unperturbed coil, L the chain contour length, and b the Kuhn length of the order

of 1 nm. For a nearly fully extended chain R ffi L, we obtain the lower limit

fmin ffi kT=b ffi 1 pN. The upper limit can be estimated as change of bond energy

upon bond fracture as fmax ffi Edis=l0 ffi 1 nN, where Edis is the bond dissociation

energy of the order of 100 kT and l0 is the bond length of the order 0.1 nm. Within

this broad range (1 pN–1 nN), we may observe dissociation of strong physical

bonds (H-bonds) and weak covalent bonds (S–S). It should be noted that the

numbers calculated above correspond to nominal lower and upper boundaries

which may adopt different values depending on chain extension, persistence length,

and bond energy and length.

For externally deformed molecules, we usually consider a change of the free

energy before and after force application. A reference state is usually associated

with the energy at zero force. As we do not apply any external force and an

inherently strained molecule is at equilibrium with its environment, it is necessary

to define a reference state for each particular system. Depending on interaction with

the environment, chemical bonds/angles can be either extended or compressed. For

example, in the next section we show that a diatomic molecule in a gas state is

extended with respect to the bond length in the condensed liquid state, whereas the

same molecule may get compressed (i.e., bond shortens) when subjected to a

geometric confinement. What can we use as a reference state in these systems? Is

the compressed bond more reactive than the extended one? What is the reaction

coordinate in the absence of an external force vector? What controls the distribution

of strained bonds within a macromolecule? Can we create a physically patterned

molecular architecture with a programmable distribution of bond strains and energy

band gaps? What are the individual contributions of specific bond and angle

deformations? All these questions are inspired by self-strained molecules and

constitute the area of research in molecular mechanochemistry – an uncharted

territory with new opportunities for mechanocatalysis, organic electronics, and

molecular biology.

2 Diatomic Molecules and Polymer Chains

Considering a free diatomic molecule, thermal fluctuations result in either exten-

sion or compression of the bond, depending on the packing density and geometric

confinement. Weiner et al. have shown that the time-average bond force has two

Molecular Mechanochemistry: Engineering and Implications of Inherently. . . 5



contributions and can be presented as f ¼ f c þ f nc ¼
X

fe�E=kT

X
e�E=kT

¼ D� 1ð ÞkT=r0,
where fc is the force exerted by the covalent bond potential, fnc arises from the

intermolecular (non-covalent) interaction forces projected onto the bond axis, D is

the spatial dimension, and r0 is the average bond length corresponding to zero force
[62]. For example, in a 3D gas phase (D ¼ 3 and f nc ¼ 0), the bond in a diatomic

molecule is stretched with a force of f c ¼ 2kT=r0e100 pN. This force arising from

“nowhere” can be viewed as a centrifugal force of entropic origin which arises in a

diatomic molecule when it rotates in a 3D space and, hence, occupies a larger

pervaded volume in its stretched state (Fig. 3a). With an increasing packing density,

this inherent bond tension decreases and may even change sign to become com-

pressive. Gao and Weiner applied molecular dynamics (MD) calculations to study

bond forces in diatomic molecules in the liquid state and showed that the average

bond force is negative, i.e., the bond is in a compressed state for most of the

time [62].

Additional modulation of the bond strain can be caused by a geometric confine-

ment. If a diatomic molecule is placed in a repulsive nanoslit, the bond tension

depends on the slit width. As the width decreases, the diatomic molecule becomes

more confined (from a 3D to a 2D space), and the average bond tension decreases

from 2kT/r0 to kT/r0 (Fig. 3b). Another interesting case is confining a diatomic

molecule in a nanotube. The molecule first gets compressed, resulting in a negative

force, and then stretched to an average zero force as tube diameter increases (Brock,

Rubinstein, unpublished manuscript). The initial contraction is ascribed to gaining

of additional rotational degrees of freedom when the bond shortens inside the tube.

The zero-force corresponds to average bond tension in a 1D oscillator in vacuum. It

should be noted that the force sign is relative and depends on the choice of a

Fig. 3 (a) A diatomic molecule in vacuum. Its bond is either stretched or compressed because of

thermal fluctuation. (b) The change of the average bond tension of a diatomic molecule with the

width of a repulsive nanoslit (red squares), the diameter of a repulsive nanotube (green diamonds),
and the average bond tension of a free diatomic molecule in vacuum as a reference (orange line).
Adapted with permission from Brock J and Rubinstein M, unpublished manuscript
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reference state. However, what matters in the self-strained systems is the bond

length, which is an absolute and measurable parameter.

If the diatomic molecules are connected to each other to form a polymer chain,

we should distinguish between an external force (if any) applied to chain ends and a

force at a particular bond within the chain. Because the total strain is distributed

over multiple covalent bonds and torsional angles, tension in an individual bond is

usually different from the externally applied force [63, 64]. Even for unperturbed

polymer coils at zero external force, the average bond force is non-zero [63]. For a

single chain at a zero displacement of the end-to-end vector, the bond tension was

found as f b ffi 2kT=r0 and viewed as the centrifugal force acting in a bond

connecting two atoms in thermal motion. Even though the average force is not

very large on the order of 100 pN, the short-term (0.01 ps) force fluctuations around

the mean value can exceed 10 nN [63] (Fig. 4b). The force remains nearly constant

for small end-to-end distance (R) and then exponentially increases as R approaches

its fully extended contour length Rmax ffi Nr0 (Fig. 4a). The bond force depends not
only on the end-to-end distance of the chain but also on the packing density and

geometric constraints. When the packing density and excluded volume interactions

between the neighboring chains become significant, the bond force decreases and

may even become compressive [64]. Bond compression may also occur in extended

polymer chains confined in a narrow channel. In polymer molecules with pendant

groups, the bond force in the backbone may also depend on the orientation of the

bond relative to the chain force. Tenable evidence for this argument is that

mechanochemical activation of mechanophores covalently bonded in polymer

backbones and oriented in the tensile direction occurs preferentially [65].

a b

Fig. 4 (a) Mean bond force< f> in a freely jointed long-chain molecule with N¼ 10 bonds of

equilibrium length r0 and fixed end-to-end displacement R. (b) Typical time history of bond force f
(t) as determined by computer simulation with N¼ 10 at room temperature. Mean bond force and

its root mean square deviations are shown as solid and dashed horizontal lines, respectively.
Adapted with permission from [63]

Molecular Mechanochemistry: Engineering and Implications of Inherently. . . 7



3 Cyclic Molecules

Strain in cyclic molecules has attracted scientists’ interest for over a century since

the late nineteenth century. In 1885, Adolf von Baeyer proposed the strain theory

which successfully explained that three- and four-membered rings would be less

stable than five- or six-membered rings because of the deviation of bond angles

from the normal tetrahedral values [66]. However, his theory failed when it was

applied to larger rings, e.g., seven- to twelve-membered rings where strain is

present for a different reason rather than bond angle distortion. The concept of

strain has been developed and expanded from von Baeyer’s original idea and is now
discussed in terms of bond length and bond angle distortions as well as torsional

strains and nonbonded interactions, thanks to the development of synthetic meth-

odology and computational modeling. There have been many review articles

written about strained molecular cycles. Two reviews by Wiberg [67] and by

Liebman and Greenberg [68] deal with strained organic molecules with carbon

skeletons. Another two contributions cover small-ring heterocycles by Murray [69]

and by Tochtermann and Olsson [70], respectively. Alder’s review discusses the

strain effects on amine basicities [71]. More reviews can be found in the introduc-

tion of an issue dedicated to strained organic compounds [72]. In this account we

focus on small rings as well as strained macrocycles from the aspect of molecular
mechanochemistry.

3.1 Mechanical Activation of Microcycles

Here microcycles refer to three- to five-membered rings and their derivatives.

Microcycles can easily be activated by mechanical force and/or other stimuli

because of their high strain energies. As mentioned above, four components

contribute to the total strain energy: bond length distortion, bond angle distortion,

torsional strain, and nonbonded interactions. In microcycles, distortion of bond

angles results in significant contribution to the total strain energy. For example, the

C–C–C bond angles of cyclopropane and cyclobutane deviate from the natural

109.5� by about 50� and 20�, respectively. As shown in Table 1, the strain energy

increases with decreasing cycle size and reaches a maximum value of 26–27 kcal/

mol for cyclobutane and cyclopropane. This explains the exceptionally high reac-

tivity of cyclobutane and cyclopropane derivatives which have been employed in

ring-opening polymerization [73, 74], electrophilic and nucleophilic additions,

etc. [75].

Among cyclic compounds of carbon, cyclopropane and its derivatives exhibit

the highest strain energy and, hence, chemical reactivity. The C–H bonds in

cyclopropane are shorter, have a higher tensile force constant, and exhibit a stronger
13C-H NMR coupling constant than in propane [76]. These data are in agreement

with the thermochemical verification of higher strength of the C–H bonds in

8 Y. Li and S.S. Sheiko



cyclopropane than either the primary or secondary C–H bonds in propane [77]. The

C–C bonds in cyclopropane [78, 79] are also shorter than in propane [80], which

may lead to the illusion that the former C–C bonds are more stable. However,

interestingly, the C–C bond dissociation energy in cyclopropane is estimated to be

50 kcal/mol [81], which is significantly lower than that for ordinary C–C bonds

(~84 kcal/mol) [82], indicating that the cyclopropane C–C bond is actually weaker,

which is attributed to ring strain in cyclopropane. The C–C–C internuclear angle in

cyclopropane is 60�, bearing an angle deformation of 49.5� in contrast to the

interorbital and internuclear angle of 109.5� in methane, which gives a strain energy

of 27.5 kcal/mol [67]. In fact, the density of the bonding electrons is greatest off the

C–C connecting line, and so the C–C bond is indeed “bent” [83], with an

interorbital angle of ~104� by calculation [84–86].

Craig and co-workers pioneered the use of strained cyclopropane as a

pre-activated mechanophore and conducted systematic study of its mechanical

activation behavior. One of the implications of these studies for mechanochemistry

is to understand the interplay between internally strained molecules and externally

applied forces. In a proof-of-concept study, gem-dichlorocyclopropanes (gDCCs)

were incorporated into cis-polybutadiene chains and underwent ring opening under
mechanical activation by sonication [46]. The uniqueness of gem-DCC polymers is

that there are abundant mechanophores in a single polymer chain. Atomic force

microscopy (AFM)-based single-molecule force spectroscopy (SMFS) revealed a

plateau at ~1 nN in the force-separation curve for the extension of a single

gem-dibromocyclopropane (gDBC) functionalized polymer [87], which was attrib-

uted to force-induced ring opening reactions of the cyclopropane moieties (Fig. 5b).

Interestingly, the plateau force depends on the structural properties of the backbone

[88, 89]. Besides, the same group reported another type of copolymer with high

mechanophore content, polyester-acrylate ABA block copolymers with gDCCs in

the middle block [90]. The ABA triblock architecture ensures a mechanophore-rich

region near the center of the chain facilitating the selective activation near the

midpoint by sonication [91–93]. Concurrently, Moore and co-workers designed a

new mechanophore based on a gem-dichlorocyclopropanated indene which is able

to release hydrochloride under mechanical stress [94].

As an example of application of the gem-dihalocyclopropane (gDHC) polymers,

Craig and co-workers demonstrated that under the acoustic field generated by

pulsed ultrasound (20 kHz and 11.9 W/cm2) trans gem-difluorocyclopropane
(gDFC) is mechanically forced to undergo the thermally forbidden conrotatory

Table 1 The structural features and the strain energy of small cycloalkanes compared to n-alkane

C–C (Å) C–C–C angle (deg) Strain energy (kcal/mol)

n-Alkane 1.54 109.5 0

Cyclohexane 1.54 111.4 0

Cyclopentane 1.55 107 6.3

Cyclobutane 1.56 90 26

Cyclopropane 1.50 60 27

Molecular Mechanochemistry: Engineering and Implications of Inherently. . . 9



ring opening [8], which corroborates the work by Hickenboth et al. showing that

mechanical activation could override Woodward–Hoffman orbital symmetry rules

in the activation of benzocyclobutene to an ortho-quinodimethane intermediate

[7]. Mechanical activation of the polymers with gDFCs incorporated can also trap

a 1,3-diradical which is a transition state in the stress-free electrocyclic isomeriza-

tion, generated from the ring opening reaction under tension [8, 95]. Even though

the lifetime of 1,3-diradical was initially predicted to be of the order of 10�13 s,

Craig and co-workers have shown that mechanical tension could elongate its

lifetime and thus allow the capture of the transition state with a chromophoric

radical trap. Its lifetime estimated from the trapping efficiency was at least 10�9 s,

indicating that the force generated by sonication was able to elongate the lifetime of

the diradical by several orders of magnitude.

Incorporation of strained microcycles favors significant dissipation of mechan-

ical energy and may lead to enhancement of toughness and strength of polymer

elastomers and gels. Recently, Craig and co-workers reported mechanochemical

strengthening of polybutadiene with embedded gDBC mechanophores in response

to shear forces [96]. The gDBC underwent ring-opening reactions induced by shear

forces generated from extrusion or sonication, yielding allylic bromides. The allylic

bromides were crosslinked in situ by nucleophilic substitution reactions with

carboxylates, leading to an increase in bulk modulus or gelation of gDBC solution,

even though polymer backbone scission also occurred. This work demonstrated

potential applications of gDHC mechanophores in stress responsive materials.

More about gDHC mechanophores can be found in a review by the same

group [97].

Similarly, primarily because of the high inherent ring strain, the selective

cleavage of a cyclobutane bond is facile, which makes cyclobutane and its

derivatives promising mechanophores as well [98–101].

Fig. 5 (a) Force induced

ring opening of gem-
dihalocyclopropane

(gDHC). X¼F, Cl, and

Br. (b) Force-distance curve

measured upon extension of

gDBC by single molecule

AFM at a constant tip

withdrawal velocity of

3 μm/s. Adapted with

permission from

[87]. Copyright 2010

American Chemical Society
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3.2 Strained Macrocycles

It was demonstrated by Gaub and co-workers in 2002 that a single polymer chain of

azobenzene monomeric units stretched between an AFM tip and a glass slide

contracted upon light induced trans–cis transition of azobenzene [24]. The restor-

ing force caused by contraction of the polymer was balanced by the elastic force of

the bent cantilever. This paradigmatic example shows that configuration transition

between cis- and trans-azobenzene can generate significant restoring force, which

has direct implications for the design of stressed molecules.

Several years later, Boulatov and co-workers designed a molecular force probe

based on stiff stilbene (1,1’-diindanylidene) [44]. Similar to azobenzene, stilbene

also has two stable and structurally distinct isomers that can be accessed via

photoisomerization [102]. Instead of being attached to an AFM tip and a glass

slide respectively, the C6 and C60 atoms of Z-isomer of the stiff stilbene were

bridged with a linker where a functional group of interest could be incorporated to

yield a macrocyclic molecule. The relaxed Z-isomer was converted to E-isomer

with a large increase in the C6∙∙∙C60 distance upon irradiation at 365 or 375 nm,

generating a substantial restoring force within the molecule (Fig. 6a). Such

macrocycles can be used as models of reactive sites in stretched polymers. For

example, the force-rate correlation of dibromocyclopropane isomerization from

macrocycles and SMFS experiments is identical [103, 104]. Yet, it should be

pointed out that force distribution on individual bonds within a mechanophore

stretched by the macrocycles (strain-controlled system) may be different from

that by an external pulling force under a controlled loading rate [105]. In addition,

there are several advantages of the macrocyclic force probe. First, it is compatible

with a broad range of functional groups, including cyclobutane [44, 106], cyclo-

propane [103], disulfide [107, 108], sulfonate [109], ester [110], and catalytic

ligand [111], which allows investigation into various chemical reactions. Second,

the restoring force can be adjusted by varying the length and/or conformational

flexibility of the linker, up to hundreds of pico-Newtons (Fig. 6b). Third, compared

to microscopic force probes, the restoring force is generated from distortions of the

macrocyclic molecules without external stretching forces, and it does not suffer

from the lack of product characterization methods. The restoring force can be

calculated either by optimization of the macrocycles with the group of interest

removed [44], or from the relationship between the ensemble-averaged length of a

local coordinate and the constant force [103]. A possible drawback of the

macrocycles is that they may not be able to cover the forces in the nano-Newton

range.

Successful applications of the macrocyclic force probes have been demonstrated

in the kinetic study of mechanochemical reactions, especially multistep reactions.

By incorporating an ester group in the stiff stilbene-based macrocycle, Boulatov

and co-workers investigated its alkaline hydrolysis as a function of restoring force

[110]. It was found that the hydrolysis of ester is insensitive to mechanical force,

which is in agreement with MD simulations [112]. This is because the relative
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energy of the rate-determining transition state (one of the two transition states) and

therefore the activation free energy are hardly affected by force. More recently, the

same group reported the reduction of organic disulfides that were also incorporated

in stiff stilbene based macrocycles by phosphines in water [108]. The reaction

involves two steps: (1) the reactants go through transition state 1 to yield a

thiophosphonium intermediate, which is a force-dependent step; (2) the intermedi-

ate proceeds over transition state 2 and gives the products, which is the rate-

determining step in the absence of force and depends on pH. The second step is

orthogonal to the pulling axis and therefore not affected by force, the energy barrier

of the first step decreasing with increasing stretching force applied to the disulfide

bond. At restoring forces below a threshold of ~120 pN, the reduction is accelerated

without a change in the rate-determining step, and at forces above the threshold, the

apparent reduction rate constant becomes independent of the solution acidity,

indicating the shift of the rate-determining step from the second to the first step.

This fundamental study is of great significance as it provides new insights into the

kinetics of mechanochemical reactions.

X:     OCH2 O         SCH2 O              O O O O2CH2 O(CH2)3
Y:     OCH2 S(CH2)2 SCH2 (CH2)3O   O(CH2)2O    O(CH2)2OCH2 O(CH2)3O      O2CH2          O(CH2)3

1               2            3               4               5                       6                     7         8                   9

16 atoms 17 atoms 18 atoms 20 atomsSize

smallest largest

E isomer

a

b

Fig. 6 (a) Stiff stilbene-based molecular force probe. Upon UV irradiation at 365 or 375 nm, the

relaxed Z-isomer switches to strained E-isomer, resulting in the restoring force in the bonds of the

group of interest. (b) Quantum-chemically calculated restoring force along the axis of two end

carbons of the macrocyclic fragment obtained by replacing the group of interest with a pair of

hydrogen atoms. Adapted with permission from [44]
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4 Polymer Knots

Knots have been discovered in both biopolymers (e.g., nucleic acids and proteins)

and synthetic polymers [113]. Polymer knots have drawn remarkable interest,

partially because of their influence on the structure and mechanical properties of

polymers [114]. In fact, the topological constriction of knots can be detrimental to

polymer stability. Klein and co-workers conducted molecular dynamics

(MD) calculations on knotted polyethylene-like alkane chains [52]. As shown in

Fig. 7, the strain energy of the bonds at the entrance is substantially higher, where

breakage may therefore occur preferentially, as in a knotted rope [115]. This

indicates that the knot significantly weakens the bonds localized at the entrance

of the knot. This was confirmed experimentally soon afterwards by Harada and

co-workers [116]. In their experiment, both ends of an actin filament were manip-

ulated with optical tweezers to tie a simple open knot, and then the filament was

pulled stepwise to tighten the knot; it broke at the knot point within 10 s after the

pulling force was raised to ~1 pN. Given the fact that the tensile strength of

unknotted straight actin filaments is ~600 pN [117], the knotted filament was

greatly weakened by the knot.

In analogy with molecular knots, Saitta and Klein found that physical entangle-

ments of polymers also reduce the tensile strength of individual entangled chains

[118]. Bond rupture invariably occurs at the crosspoint under external tensile

loading, which is facilitated by bond friction. This suggests that molecular topo-

logical constrictions (e.g., knots and entanglements) may serve as a tool towards the

design of new classes of mechanophores.

Fig. 7 Tightening the knot within a polymer backbone weakens the bonds localized at the

entrance and exit of the knot substantially. Strain energy distributions as shown are taken from

constrained classic MD simulations for C35H72 (a) and C28H58 (b). (c) Relaxation of the strain

energy distribution along a C30H62 chain containing a trefoil during Car–Parrinello MD energy

minimization at T¼ 0 K. Adapted with permission from [52]. Copyright 1999 Nature Publishing

Group
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5 Highly Branched Macromolecules

In the previous sections, we have discussed inherent strain of relatively small

molecules that adopt energetically unfavorable micro-conformations either upon

synthesis or because of conformational transition causing direct perturbation of

shared electron clouds (covalent bonds). As discussed in Sect. 2, covalent connec-

tivity may cause net tensile force in chemical bonds on the order of 100 pN [63,

64]. Additional strain occurs upon introducing bulky substituents which transmit

steric repulsion to particular covalent bonds and angles. For example, the S–S bond

in di(2,4,6-tri-tert-butylbenzyl) disulfide is strained by ~17 kcal/mol compared to

its analogue in the absence of steric hindrance [119], and the length of the C–C bond

formed by coupling nanometer-sized, diamond-like, highly rigid hydrocarbon

structures known as diamondoids can be up to 1.704 Å [120]. However, in the

latter case, the repulsion interactions that cause the elongation of the C–C bond are

balanced by the attractive dispersion interactions between the intramolecular H∙∙∙H
contact surfaces, resulting in the stabilization of the ultralong C–C bond [120].

Steric repulsion can be further controlled in large macromolecules through

incorporation of dense polymer branches. Even though the steric repulsion between

individual chain sections within a polymeric structure is relatively weak (~kT), the
architecture allows the focusing of this weak repulsion to a specific section of an

individual macromolecule, which results in significant tension amplification. The

uneven distribution of bond tension in a molecular architecture is analogous to

stress distribution in macroscopic constructions (buildings, bridges, and towers),

allowing for effective control of strain distribution in molecular architectures and

supramolecular assemblies. Akin to a combination of load-bearing and decorative

construction elements in buildings, molecular architecture may also include

overstressed bonds which undergo preferential scission. In this section, we show

how the bond tension can be focused to a specific bond and amplified to the nano-

Newton level.

5.1 Molecular Bottlebrushes

Molecular bottlebrushes are a special type of graft copolymer in which multiple

polymer chains are densely grafted to a linear polymer. The main chain is com-

monly referred to as the backbone and the branches as side chains. Unlike regular

comb-like polymers, the distance between neighboring side chains in bottlebrushes

is much shorter than the side chain size (e.g., radius of gyration), which results in

significant extension of both the backbone and side chains. Synthetically, a variety

of approaches has been adopted to allow the preparation of molecular bottlebrushes,

including “grafting through” (polymerization of macromonomers), “grafting to”

(attachment of the side chains to the backbone), and “grafting from” (grafting the

side chains from the backbone) [27, 121]. Within each approach, various
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polymerization techniques such as anionic polymerization, ring-opening metathesis

polymerization, conventional and controlled radical polymerizations, various cou-

pling reactions (“click chemistry”), and miniemulsion polymerization have been

employed. Each of these techniques has its own pros and cons with respect to

control of the bottlebrush architecture in terms of dispersity and degree of poly-

merization (DP) of the side chains, dispersity and DP of the backbone, and grafting

density. It remains challenging to prepare bottlebrushes with long backbone

(DP> 1,000), long side chains (DP> 100), and high grafting density.

Steric repulsion between the densely grafted side chains causes extension of the

backbone. Theoretical studies [122–124] show that the backbone tension increases

with grafting density, side chain length, and solvent quality. The backbone tension

in dense bottlebrushes with side chains attached to every backbone monomer is on

the order of f0N
3/8 in good solvents, f0N

1/3 in θ solvents, and f0 in poor solvents and
melts, where N is the DP of side chains, f 0 ¼ kT=b ffi 1 pN is the nominal tension

in a fully extended polymer chain, and b is the Kuhn length (Fig. 8a). In solution or
melt, the force is small (pico-Newtons); and it can be amplified up to nano-Newtons

upon adsorption onto an attractive substrate because the steric repulsion between

the side chains is enhanced in the substrate plane [122, 125], as shown in Fig. 8b.

There is a simple scaling relation for the force on a substrate: f ffi S � d, where S is

the spreading coefficient related to the surface energy of the substrate and d is the

width of adsorbed bottlebrush molecules.

The amplified tension caused by adsorption of side chains can lead to the

scission of covalent bonds in the backbone once it exceeds their strength. We

have shown that the C–C bonds in poly(2-hydroxyethyl methacrylate) backbone

with long poly(n-butyl acrylate) (PBA) side chains ruptured spontaneously upon

adsorption onto an aqueous substrate (Fig. 9) [126]. The kinetics of backbone

scission was followed by monitoring the average contour length by AFM as a

Fig. 8 (a) The backbone tension in molecular bottlebrushes depends on side chain length and

solvent quality. (b) The backbone of an adsorbed bottlebrush is pulled by side chains with a force

of fsc, resulting in a linear increase of force along the backbone at the end-cups of the bottlebrush as
f ffi Sx, where S is the spreading coefficient. In the transmission zone, the force along the

backbone is constant f ffi Sd
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function of exposure time to the substrate. The backbone scission is extremely

sensitive to the substrate surface energy. For example, the scission rate of poly

(2-hydroxyethyl methacrylate) backbone in bottlebrushes with PBA side chains

with DP of 140 is about six times slower when the surface energy of the substrate

decreases from 71.2 to 69.2 mN/m [127]. Interestingly, the surface energy

decreases with temperature, which is the reason for the anti-Arrhenius scission of

bottlebrush backbones on water/propanol substrate [128, 129].

Unlike scission of polymer chains in elongational flow or upon sonication where

bond rupture occurs preferentially near the midpoint of the chain, the bond breaks

randomly in the bottlebrush backbone upon adsorption on a liquid substrate. This is

attributed to uniform distribution of force along the backbone except for the

end-cups of the bottlebrushes (Fig. 8b). However, mechanical activation of specific

bonds/groups can still be achieved by three means. First, a relative weak bond

compared to C–C bond can be inserted into the bottlebrush backbone. As a proof-

of-concept study, we demonstrated selective scission of disulfide bonds (S–S)

incorporated into the middle of a bottlebrush backbone although S–C, C–O and

C–C bonds remained intact or their scission rate was much slower (Fig. 10a),

because the bond dissociation energy of the S–S bond is lower [45]. Even if the

force is not large enough to break the S–S bond, it can accelerate the reduction of

the S–S bond by dithiothreitol (DTT) [4]. For example, the reduction rate increased

by more than 10 times as the backbone tension increased from 0.95 to 1.26 nN. This

allows the use of molecular bottlebrushes as tensile machines to activate specific

bonds or functional group and therefore to study their mechanochemical reactions.

Second, the entire backbone can be made of functional groups of interest. For

example, UV–vis emission of molecular bottlebrushes with polythiophene

Fig. 9 (a) Height AFM micrographs of bottlebrush molecules with long side chains (DP¼ 140)

were measured at different exposure times to the water/propanol (99.8/0.2 w/w) substrate

[126]. (b) The molecular bottlebrushes get shorter with longer exposure time to the substrate,

which is ascribed to spontaneous scission of the backbone. (c) The number average contour length

decreases with increasing exposure time (white circles); the solid line is a fit to the experimental

data assuming bond scission as a first-order reaction. The experimentally determined polydisper-

sity index PDI initially increases and then decays, which is in agreement with the computer

simulation results (dashed line)
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backbone and PBA side chains initially exhibits redshift and then blueshift with

increasing tension because of the increase of conjugation length and the deforma-

tion of bond lengths/angles, respectively [130]. Similar redshifts have been

observed upon conformational changes in polythiophene backbones of molecular

bottlebrushes caused by temperature-induced conformational transition of poly(N-
isopropylacrylamide) side chains [131, 132] and variations of solvent quality

[133]. Third, molecular branched architecture can be tuned to ensure maximum

concentration of mechanical tension at a specific chemical bond. For example, star-

like [134] and pom-pom structures [125] as well as short bottlebrushes [135] may

be used to introduce site-specific activation at the branching center. Figure 10b

displays the concentration of tension in the middle of the backbone resulting in its

mid-chain scission. In a similar fashion (Fig. 10c), molecular stars with a spoke

wheel core and bottlebrush arms exhibit preferential dissociation of the arms

followed by the scission of covalent bonds in the bottlebrush backbones

[134]. The preferential cleavage of the arms is ascribed to stronger steric repulsion

between the bottlebrushes at the branching center.

Not only do the molecular bottlebrushes break upon adsorption to a liquid

substrate but also they can break during flow on a solid substrate. In spreading

films, extension of macromolecules occurs because of progressive adsorption of

chain segments as film pressure reduces along the flow direction [136]. Similar to

the case of adsorption to a liquid substrate, steric repulsion between the densely

grafted side chains raises the force in the backbone from the 10 pN to the 1 nN level,

triggering the scission of bonds during flow on a solid substrate (Fig. 11a). Molec-

ular bottlebrushes with a long polymethacrylate (PMA) backbone of DP¼ 3600 and

PBA side chains of DP¼ 140 were subject to an abrupt decrease in size within a

relatively narrow section of the film during spreading on mica [137]. As shown in

Fig. 11b, in an 18-μm-long film, all bottlebrush molecules broke apart within a

confined film region of ~1 μm width. The spreading-induced molecular fracture has

two distinct features. First, it occurs spontaneously, driven by minimization of the

surface free energy, which is accomplished through two concurrent spreading

Fig. 10 Site-specific activation. (a) Mid-chain scission of molecular bottlebrushes occurs selec-

tively at the disulfide linkage. (b) In a short bottlebrush, tension is focused to the middle of the

backbone, resulting in its mid-chain scission. (c) By focusing bond tension at the branching center,

molecular stars with bottlebrush arms undergo sequential scission of covalent bonds upon adsorp-

tion onto an aqueous substrate
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processes: (1) macroscopic flow of bottlebrush polymer melts and (2) spreading of

individual bottlebrushes, which results in bond scission. Second, the intrinsic

gradient of the film pressure creates a well-defined loading rate for each individual

molecule within the flowing film. The tensile force increases with distance along

the flow direction and reaches its maximum at the film edge. This force gradient is

the origin of the avalanche-like degradation of flowing molecular bottlebrushes. In

addition, at distances farther away from the highlighted degradation region along

the flow direction, the degradation process changes its pattern from random to

mid-chain scission because of triangular distribution of tension in shorter

bottlebrushes [135].

Zheng et al. observed the scission of polymer bottlebrushes with a PMA back-

bone and block side chains of poly[oligo(ethylene glycol)methacrylate]-block-poly
[2-(dimethylamino)ethyl methacrylate] (POEGMA-b-PDMAEMA) or POEGMA-

block-poly[2-(methacryloyloxy)ethyl trimethylammoniumiodide] (POEGMA-b-
PMETAI) into small beads upon spin-coating from aqueous solution on mica or

silicon substrates [138]. They attributed the scission of C–C bonds in the backbone

to the contraction of POEGMA core upon water evaporation and the Coulombic

interactions between the shell (PDMAEMA or PMETAI) and the negatively

charged surface. If the energy of the Coulombic interactions is n times as strong

as that of a C–C bond, n single C–C bonds in the backbone rupture and the

bottlebrush breaks into n+ 1 small beads; however, if the energy of the Coulombic

interactions is smaller than that of a C–C bond, the contraction of the POEGMA

core leads to the sliding rather than anchoring of the shell and therefore a more

compact conformation without scission of the backbone. The scission behavior can

Fig. 11 Avalanche degradation of bottlebrush macromolecules in flow. (a) The rupture occurs at a

well-defined distance from the drop, where tension reaches ~3 nN and the lifetime of C–C bonds is

in the second range. (b) AFM height micrographs of molecular bottlebrushes along the spreading

direction for the precursor film spreading on mica. The flowing molecular bottlebrushes fracture

predominately within a narrow region as highlighted
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be tuned by controlling the surface properties, varying pH, or adding multivalent

counterions in the aqueous solution.

5.2 Dendritic Polymers

Dendrimers are a unique class of branched molecules composed of multiple

perfectly branched monomers emanating radially from a central core. Because of

their dendritic structures, dendrimers have many interesting properties, such as

globular conformations and layered architectures [139]. Here, we draw attention to

the concept of the “starburst limit” [140] which describes the crowdedness of

dendrimers. If one considers that the number of monomer units in a dendrimers

increases exponentially as a function of generation (the number of branching points

encountered in the molecular skeleton when tracing a path from the core to the

surface), and the sphere accommodating them only increases with the cube of

generation, it is apparent that there is a limit for the generation beyond which the

dendrimers cannot grow because of lack of space. Because dendrimers are heavily

crowded, especially at high generations, substantially large tension up to hundreds

of pico-Newtons could be generated in their dendritic skeletons, and the bond

tension increases exponentially from the pico-Newton to the nano-Newton level

as the bond approaches the core (Rubinstein M, unpublished manuscript). More-

over, branched architectures result in distribution of tension over the constituting

chemical bonds. This presents a unique molecular system, where chemically

identical bonds exhibit different tensions and hence different physical properties

within an individual macromolecule. A molecule’s topology can greatly affect the

distribution of tension in its bonds, which can in turn affect its physical properties.

Rubinstein et al. have shown that the exponential branching of a dendritic archi-

tecture causes enhancement of steric repulsion resulting in the corresponding

exponential increase of bond tension from its outer surface to its inner core

(Fig. 12). This finding emphasizes that even small dendrimers display altered

physical properties.

Dendrimers can be used as precursors for the synthesis of the so-called pom-pom

macromolecules. A pom-pom macromolecule containing two dendritic cores with

z-arms grown from each core connected with a linear spacer can work as an

effective molecular tension amplifier. The tension in the brush arms is typically

below 1 pN. However, because of steric crowding of the arms, the pom-pom

architecture enables amplification of tension from the pico-Newton range in its

arms to nano-Newtons in the spacer, even in solution without applying any external

force [125], which can be complementary to molecular bottlebrushes which can

only achieve nano-Newton tension on substrates. In a good solvent, for a short and

fully-stretched spacer, the tension is given by f sp ffi f 0z
3=2=m, where f 0 ¼ kT=b,

z the number of branches, m the number of Kuhn monomers in the spacer, and b the

Kuhn length. As shown in Fig. 13, the tension for short spacers (m ffi ffiffi
z

p
) is on the

Molecular Mechanochemistry: Engineering and Implications of Inherently. . . 19



order of zf0. For example, seventh-generation dendrimers with a branching func-

tionality of 3 and z¼ 512 arms induce tension in the spacer of about

512� 4 pN� 2 nN, which is close to the strength of covalent bonds.

Using polyelectrolyte arms presents an additional option for tension amplifica-

tion (Sheiko et al., unpublished results). Polyelectrolyte pom-poms correspond to

the so-called osmotic regime, where the majority of the counterions stay inside a

pom-pom macromolecule. In this regime, because of the relatively small net charge

of the macromolecule, electrostatic interactions between charged monomeric units

can be neglected compared to the osmotic pressure of the confined counterions.

This osmotic pressure allows for higher tension over a longer range of linker length.

This suggests that it is possible to synthesize highly strained pom-poms using a

smaller number of arms and longer linkers compared to a neutral pom-pom of the

same molecular dimensions.

Fig. 12 The bond tension increases exponentially as one goes from the outer shell to the inner

region of dendritic macromolecule. Unpublished results by Rubinstein et al.

Fig. 13 Tension amplification in a pom-pom macromolecule. (a) Architecture of a pom-pom

macromolecule including a dense branching core and the corona of 2z arms whose conformation is

perturbed by linking (pushing) together two z-arm stars, which results in z-fold tension amplifica-

tion in the linker (spacer). (b) Log-log plot of tension fsp in a spacer with m Kuhn segments for

pom-pom in different solvents. �1< τ< 1 indicates solvent quality. Upper curve (A)–good
solvent; middle curves (B, C)–poor solvent; lower curve (D)–melt condition
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Although there have been no reports on mechanically induced self-cleavage of

dendrimers or pom-poms, Yu et al. reported main-chain scission of polymer

“bottlebrushes” with dendronized side chains (fifth generation) in solutions

[141]. Similar to the conventional bottlebrushes discussed above, steric repulsion

between the dendronized side chains causes strain in the backbone, which may

further be enhanced by Coulombic repulsion between the charged functional groups

in the dendritic periphery. This strain may facilitate scission of the backbone upon

external stimulus (e.g., shear force by stirring), though the mechanism is not fully

understood. Another relevant report [142] was about scission of a linker in surface-

tethered dendrimers discussed in the next section (Fig. 14).

Fig. 14 Tapping-mode AFM height images of HPG on a SAM of 2.6% –S–(CH2)10COOH in a

matrix of –S–(CH2)9CH3 for different growth times. (a) Average thickness of HPG film as a

function of growth time from AFM (circles and solid line) and ellipsometry (triangles and dashed
line). (b) Histogram analysis of the size of HPG molecules on surface for different growth times.

Reprinted with permission from [142]. Copyright 2007 American Chemical Society
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6 Surface-Grafted Polymer Brushes

Polymer brushes are long polymer chains attached by one end to a surface or

interface with a high enough density of attachment points so that the chains are

crowded and forced to stretch away from the surface or interface, sometimes much

farther than the end-to-end distance of an unperturbed chain [143]. They have been

extensively studied both theoretically and experimentally for decades and have

wide applications in tuning surface properties (e.g., wettability and friction),

“smart” surfaces, cell culture, etc. [143–145]. Generally, polymer brushes can be

prepared either by physisorption or covalent attachment. Covalently tethered poly-

mer brushes are more stable than physically adsorbed polymer brushes where the

interaction (e.g., van der Waals force and hydrogen bonding) between the substrate

and the polymers is weak. However, this stability is confronted by chain extension

in densely grafted polymer brushes which experience significant steric repulsion

and entropy loss caused by chain extension. This entropic tension is on the order of

pico-Newtons [122], which is too small to break a covalent bond. However, osmotic

stress, electrostatic repulsion, and unfavorable interaction between the polymers

and the substrate may result in additional tension, leading to the detachment of

polymer chains off the substrate, if it exceeds the strength of a covalent bond. On

the other hand, the degradation of the stressed polymer brushes may be accelerated

by tension, even if it is not large enough to break a covalent bond.

6.1 Neutral Polymer Brushes

Early studies of the stability of poly(ethylene glycol) (PEG) thin films grafted onto

SiOx surfaces showed that incubation of these films in phosphate buffered saline

(PBS) led to a gradual decrease in film thickness, which was attributed to detach-

ment of the PEG chains from the surface caused by oxidative degradation [146,

147]. Although the tension in PEG chains might facilitate the degradation pro-

cesses, it was neglected and not discussed until Sheiko et al. found that adsorption

of molecular bottlebrush side chains onto a substrate can induce spontaneous

rupture of covalent bonds in the backbone [126]. Since then, attention has been

paid to the effects of tension on the stability of polymer brushes.

Zhu et al. demonstrated that a covalently tethered dendritic macromolecule can

spontaneously break away from a solid substrate when the macromolecule/surface

interaction is unfavorable, resulting in a negative spreading parameter [142]. Self-

assembled monolayer (SAM) of HS-(CH2)10-COOH and HS-(CH2)9-CH3 was

adsorbed onto Au substrate, and the growth of hyperbranched polyglycidol

(HPG) was initiated from –COO¯ sites and proceeded via anionic ring-opening

polymerization of glycidol. As an HPG molecule grew larger, it formed more

hydrogen bonds with the hydrophilic solvent (glycidol) and encountered more

unfavorable interactions with the hydrophobic SAM matrix. When the HPG
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molecule reached a certain critical size, the unfavorable interactions could over-

come the strength of a covalent bond, leading to its detachment from the hydro-

phobic surface at the sacrifice of the covalent bond (Fig. 14). However, it was not

known which bond actually broke.

This finding corroborates theoretical studies of tension amplification in planar

polymer brushes [148]. The tension amplification occurs because of steric repulsion

of multiple branches growing from the same stem (linker). The principle of tension

amplification is sketched in Fig. 15a. In a dense planar brush, linear chains are

under tension f 0 ffi kT=ξ, where ξ-interchain distance. By reconnecting the indi-

vidual chains in groups of z branches, one obtains z-fold amplification of the

tension in the linker as f ffi z f 0. At large z ~ 100–1,000, the generated tension

may exceed the strength of covalent bonds and sever the linker. As shown in

Fig. 15b, the tension also depends on the grafting density, linker length, and quality

of the surrounding solvent.

The theoretical predictions are consistent with experimental observations by

Klok et al., demonstrating that poly(poly(ethylene glycol) methacrylate)

(PPEGMA) brushes may detach from glass or silicon substrates at high grafting

densities, accompanied by a strong decrease in the receding water contact angle

[149]. Surface-initiated atom transfer radical polymerization (SI-ATRP) was used

to grow PPEGMA from the initiator sites on the substrate, which allowed precise

tailoring of both grafting density by varying the surface density of ATRP initiator

Fig. 15 Tension amplification in tethered macromolecules. (a) In polymer brushes, the osmotic

pressure (downward arrows) is balanced by the tension in the linkers (upward arrows). By
reconnecting the linear chains of a planar brush in groups of z arms, one gains z-fold amplification

of the linker tension. (b) Tensile force in the linker between the tethered star-like brush and the

substrate is presented as a function of the distance between the grafting sites d (double-logarithmic

plot) for three different solvent regimes: wet (upper solid line), dry (lower solid line), and poor

solvent at the thermal blob size ξT< ξ (dashed line). The wet regime includes good solvents

(T>Θ), theta solvents (TffiΘ), and moderately poor solvents (T<Θ and ξT> ξ). For isolated
molecules and loose brushes (d> h, σ< 1/h2), the force does not depend on the grafting density

and is determined by the length of the linker h. At higher grafting densities, the tension increases

until it reaches the maximum value of fffi zf0 at a grafting density of σ< 1/(zb2). The poor solvent
line (dashed) merges with the solvent line when the distance between neighboring arms becomes

comparable to the thermal blob size ξT at α ffi 1= zξ2T
� �
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groups with the use of non-ATRP reactive diluent and thickness by controlling the

polymerization time. It was found that PPEGMA brushes prepared from substrates

with �70 mol% ATRP initiators deteriorated and lost their stability within 1–

2 days, indicated by the sharp decrease of the receding water contact angle in cell

culture medium, whereas the PPEGMA brushes prepared from substrates with less

than 70 mol% ATRP initiators showed no significant changes in the receding water

contact angle in at least a week (Fig. 16a). On the other hand, the stabilities of

PPEGMA brushes with different thickness from 23 to 106 nm grown from sub-

strates with 100 mol% ATRP initiators were also studied. It was demonstrated that

the decreasing brush thickness retarded the drop in the receding water contact angle

(Fig. 16b). These observations were ascribed to the cleavage of Si–O bonds at the

brush and substrate interface induced by steric repulsion and osmotic stresses which

act on the brushes in cell culture medium. Stretching, steric crowding, and swelling

of the PPEGMA brushes were caused by their water solubility. The salt concentra-

tion in the brushes could be higher than that in the cell culture medium because of

the ability of PEG side chains to bind alkali and alkaline earth metal ions [150],

which would result in osmotic stresses in the stretched polymer chains. Both of

these factors may induce additional tension along the already stretched polymer

brush backbones, which facilitates the hydrolysis of Si–O bonds and detachment of

the brushes at high brush densities. This hypothesis was verified by control exper-

iments showing that poly(2-hydroxyethyl methacrylate) (PHEMA) brushes did not

reveal any signs of detachment upon incubation in cell culture medium and that all

PPEGMA brushes with different thicknesses and densities did not show any

noticeable loss of stability upon incubation in pure water over a period of at least

7 days. A follow-up study by the same group showed the stability of the grafted

Fig. 16 The stability of PPEGMA functionalized glass substrates indicated by the measured

receding water contact angle as a function of mol% ATRP initiator (a) and brush thickness (b)

upon incubation in cell culture medium at 37 �C. Adapted with permission from [149]. Copyright

2008 American Chemical Society
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brushes increases as the spacer length of the initiator increases, which was ascribed

to the increase in the hydrophobicity of the anchoring layer [151]. This argument

may not be tenable, because the grafting densities of the grafted polymers were not

controlled or even discussed in the report. An alternative explanation could be that

the tension in the ester bond in the linker (initiator) decreases with increasing spacer

length.

A later study by Chen et al. reported that surface-grafted polybutadiene (PBd)

and polynorbornene (PNb) brushes suffered acute degradation upon solvent rinsing

under ambient conditions, leading to the decrease in film thickness [152]. The

degradation was ascribed to the rapid auto-oxidation of allylic carbon-hydrogen

bonds, supported by an earlier work by Jennings and co-workers which demon-

strated that the loss of PNb films was probably caused by the cleavage of polymer

chains at the olefin sites [153] and the control experiment that degradation of PBd

film did not occur when solvent rinsing was carried under nitrogen in a glovebox.

To compare free polyolefins with surface tethered polyolefins, two commercial PBd

samples were dissolved in oxygen-saturated tetrahydrofuran to test their stabilities.

No changes in molecular weight were observed by gel permeation chromatography

(GPC) after 48 h for both samples, indicating that the degradation of free PBd

chains in solution was negligible in comparison with that of surface tethered PBd.

The authors concluded that the degradation at the substrate–solvent interface was

exacerbated by entropic gain produced by chain scission and the diffusion of

degraded segments from high concentration interface to low concentration solution

media. Although not mentioned, it is likely that the tension in the surface-grafted

polyolefin brushes caused by steric crowding and swelling accelerated the oxidation

of allylic carbon–hydrogen bonds and promoted the degradation.

6.2 Charged Polymer Brushes

Charged polymer brushes are also called polyelectrolyte brushes. Theory distin-

guishes between two classes of polyelectrolyte brushes. One is quenched polyelec-

trolyte brushes where the grafted chains are strongly dissociating polyelectrolytes

of which the degree of charging is fixed and independent of external conditions,

e.g., poly(styrenesulfonic acid) (PSSA). The other is called annealed polyelectro-

lyte brushes where weak polyelectrolytes, e.g., poly(acrylic acid) (PAA), are

grafted. Adjustment of the degree of ionization of the weak polyelectrolytes to

external conditions (e.g., pH and ionic strength) is needed to achieve equilibrium of

the system. Compared to neutral polymer brushes, additional tension can be

generated along the grafted chains in polyelectrolyte brushes caused by strong

electrostatic repulsion, which may further decrease the stability. The additional

amplification of tension produced by charges is discussed in application to the

pom-pom architectures with polyelectrolyte arms in Sect. 5, which is also relevant

to polyelectrolyte brushes tethered to a flat substrate.
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A pioneering study of mechanical tension induced covalent bond breakage in

polyelectrolyte brushes was carried out by Ma and co-workers [154]. In their study,

random copolymers of oligo (ethylene glycol) methacrylate (OEGMA) and

2-hydroxyethyl methacrylate (HEMA) were grafted from an Au coated quartz

crystal microbalance (QCM) chip, and the resulting neutral poly(OEGMA-r-
HEMA) grafts were then converted to weak polyelectrolytes by reacting with

succinic anhydride. The swelling behavior of the polyelectrolyte brushes was

monitored by QCM based on its piezoelectric effect that mass loading to a QCM

chip causes a decrease in the resonant frequency [155]. No increase in resonant

frequency was observed for the polyelectrolyte brushes incubated in Milli-Q water

for up to 72 h. However, when Milli-Q water was replaced with PBS (pH 7.4,

[Na+]¼150 mM), the resonant frequency for the polyelectrolyte brush sample with

a dry thickness of 75 nm increased dramatically to a value which was overlapped

with an initiator modified QCM chip in PBS, indicating that the polyelectrolyte

brush was instantaneously pulled off the Au substrate, whereas the polyelectrolyte

brush sample with a dry thickness of 54 nm showed a decrease in resonant

frequency caused by further swelling in PBS as weak polyelectrolytes are sensitive

to pH and salt concentration [156, 157]. The authors speculated that the Au–S bond

was broken accompanied by the detachment of the polyelectrolytes because it was

the weakest bond in the tested systems. In fact, the detachment of the polyelectro-

lyte brushes was only observed for the samples with dry thickness larger than 75 nm

(critical dry thickness), which was attributed to pH and/or the ion related swelling

of the polyelectrolyte chains which could cause additional tension along the chains

(Fig. 17). It was stated that its instability was introduced and stored in the system

during the synthesis process, because such bond breaking was not observed for

carboxylated poly(OEGMA) or poly(HEMA). A follow-up study by the same group

investigated the effects of pH and ionic strength on the swelling behavior of the

weak polyelectrolytes, carboxylated poly(OEGMA-r-HEMA) [158]. The thickness

of the swollen polyelectrolyte brush was sensitive to pH and ionic strength. Once its

ini�ator
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O
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dry state PBS, pH 7.4
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Fig. 17 Swelling induced detachment of carboxylated poly(OEGMA-r-HEMA) brush anchored

to a QCM chip via Au-S bond. The swelling behavior depends on the ionic strength and pH of the

solution. The polyelectrolyte brush detaches from the substrate beyond a critical wet thickness
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thickness was beyond a critical value of 255 nm, Au–S bonds would break followed

by the detachment of the polyelectrolyte coating in PBS (pH 7.4). By grafting

carboxylated poly(OEGMA-r-HEMA) on different metal surface (e.g., Pt and Ag),

the critical dry thickness for Ag surface was found to be 47 nm, smaller than the

75 nm for Au surface in PBS (pH 7.4, [Na+]¼150 mM), whereas no covalent bond-

breaking event was observed for the polyelectrolyte brushes grafted from Pt surface

with a dry thickness up to 108 nm. The order of the critical dry thickness for the

polyelectrolyte brushes grafted from the metal surfaces was in good agreement with

the trends of calculated adsorption energies of metal–S bonds. In a more recent

paper, the same group reported another interesting discovery: the Au–S bond

breakage depends on the film area of grafted poly(OEGMA-r-HEMA) [159]. Pat-

terned films with areas smaller than 160 μm2 underwent partial Au–S bond break-

age accompanied by significant morphological changes, buckling out of the pristine

smooth surfaces after immersion in PBS for 24 h, in contrast with their macroscale

controls in which the films detached from the substrates completely. However, the

reason behind this phenomenon remains unknown.

On the other hand, Maekawa and co-workers reported swelling-induced detach-

ment of grafted hydrophilic PSSA, a strong polyelectrolyte, from hydrophobic

polymer substrates in aqueous media [160]. PSSA was grafted on crosslinked

poly(tetrafluoroethylene) (cPTFE), poly(ethylene-co-tetrafluoroethylene) (ETFE),
and poly(ether ether ketone) (PEEK) substrates by γ-ray irradiation-initiated radical
polymerization followed by further functionalization. Upon swelling in hot water

(85 �C), PSSA-grafted fluorinated films (cPTFE and ETFE) with the same grafting

degree (51%) showed significant weight loss caused by the detachment of PSSA

grafts without decomposition of grafted chains, as confirmed by the fact that the

extracted PSSA grafts possessed the same molecular structure during the whole

degradation course. These observations suggested that the scission of the grafts

must be located at the interface of PSSA grafts and the substrate. However, no

obvious weight loss was observed for PSSA grafted PEEK with even higher

grafting degree of 56%. The detachment of the PSSA grafts was pronounced in

the order of cPTFE>ETFE> PEEK, which agrees with the trends of the differ-

ences in solubility parameters between PSSA precursors (18 (J/cm3)1/2) and the

substrates (13 (J/cm3)1/2, 14 (J/cm3)1/2, and 21 (J/cm3)1/2 for cPTFE, TEFE, and

PEEK, respectively). In addition to entropic tension and electrostatic repulsion,

unfavorable interactions between hydrophilic PSSA grafts and hydrophobic sub-

strates resulted in additional tension which was prominent at the interfacial bound-

ary, promoting the detachment of the grafts from the substrates.

Genzer and co-workers studied the effects of weak linkers (e.g., ester bond) on

the stability of surface-grafted PDMAEMA (a weak polyelectrolyte) brushes at

varying conditions of pH [161]. Two sets of PDMAEMA brushes were prepared by

surface-initiated free radical polymerization (SI-FRP) from the so-called BAIN

initiator and SI-ATRP from [11-(2-bromo-2-methyl)propionyloxy]-undecyltri-

chlorosilane (BMPUS) initiator, respectively. BAIN is special compared to
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BMPUS, as it does not contain an ester group. As shown in Fig. 18, the thickness of

both PDMAEMA (weak electrolyte) and quaternized PDMAEMA (qPDMAEMA,

strong electrolyte) brushes by SI-FRP from BAIN did not change significantly after

incubation in PBS solution, regardless of the pH, indicating that the Si–O bonds

were stable in these conditions. In contrast, the thickness of PDMAEMA brushes by

SI-ATRP from BMPUS remained constant at pH 9, but decreased by ~18% at pH 4

and by ~23% at pH 7.4. The degrafting of brush chains was ascribed to base-

catalyzed hydrolysis of ester. The concentration of hydroxide ions increased with

pH, resulting in the acceleration of ester hydrolysis, whereas the tension in the

brush was reduced because of the decrease in charge fraction as pH increased,

leading to the deceleration of hydrolysis. These two counterbalancing effects

resulted in maximum degrafting at pH 7.4. This was further supported by the

Fig. 18 Relative dry thickness d/d0 of PDMAEMA brushes (circles) and quaternized

PDMAEMA brushes (squares) formed by SI-FRP from BAIN (closed symbols), and by

SI-ATRP from BMPUS (open symbols), as a function of incubation time in PBS solution of

pH 4 (red), pH 7.4 (green), and pH 9 (blue). Initial thicknesses d0 of the samples are indicated in

the lower left corner of each pane. Reprinted with permission from [161]. Copyright 2012

American Chemical Society
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experimental observation that the degrafting rate of qPDMAEMA brushes

increased with increasing pH. This study can be significant as it demonstrated

that the ester bond could be more susceptible to mechanically assisted hydrolysis

than the Si–O bond.

7 Conclusions

In this account, we have reviewed recent advances in the design and development of

inherently stressed/strained molecules and their application in mechanochemistry.

Generally, tension is hierarchically developed in chemical bonds starting from

diatomic molecules to polymer chains and highly branched macromolecules. The

bond tension in a diatomic molecule originates from thermal fluctuation of the bond

and entropy gain from stretching, yet it is small and cannot readily activate the

bond. Substantially higher tension can be generated because of topological con-

striction, ring strain, and steric repulsion, which may cause spontaneous bond

cleavage, acceleration of chemical reactions, and other mechanochemical changes.

Particularly, evolution of tension in polymer knots, cyclic molecules, and highly

branched macromolecules is highlighted, which is hoped to shed light on the design

of new mechanophores, molecular force probes, or molecular tensile machines. At

the end of this review, examples of mechanically assisted degrafting of surface

tethered polymer brushes are discussed in detail, because it is a new field with many

open questions. The mechanisms of degrafting and selectivity of bond cleavage are

not fully understood. All these challenges provide new opportunities in mechano-

chemistry which can be addressed through rational design of molecular architec-

tures, quantitative molecular-scale experiments, and predictive theories.
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the Interplay Between Stress and

Chemical Reactivity

Gurpaul S. Kochhar, Gavin S. Heverly-Coulson, and Nicholas J. Mosey

Abstract The use of mechanical stresses to induce chemical reactions has attracted

significant interest in recent years. Computational modeling can play a significant

role in developing a comprehensive understanding of the interplay between

stresses and chemical reactivity. In this review, we discuss techniques for simu-

lating chemical reactions occurring under mechanochemical conditions. The

methods described are broadly divided into techniques that are appropriate for

studying molecular mechanochemistry and those suited to modeling bulk mechano-

chemistry. In both cases, several different approaches are described and compared.

Methods for examining molecular mechanochemistry are based on exploring the

force-modified potential energy surface on which a molecule subjected to an

external force moves. Meanwhile, it is suggested that condensed phase simulation

methods typically used to study tribochemical reactions, i.e., those occurring in

sliding contacts, can be adapted to study bulk mechanochemistry.
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Abbreviations

AFM Atomic force microscopy

AP Attachment point

CASMP2 Complete active space Møller–Plesset 2nd order perturbation theory

CASSCF Complete active space self-consistent field

CPMD Car–Parrinello molecular dynamics

DFT Density functional theory

EFEI External force is explicitly included

FF Force field

FMPES Force-modified potential energy surface

GSSNEB Generalized solid-state nudged elastic band

IRC Intrinsic reaction coordinate

MD Molecular dynamics

MEP Minimum energy path

NEB Nudged elastic band

PES Potential energy surface

PP Pulling point

QC Quantum chemical

QM/MM Quantum mechanics/molecular mechanics

RI Registry index

SMD Steered molecular dynamics

TS Transition state

1 Introduction

For a chemical reaction to occur, the reacting species generally need to acquire

sufficient energy to overcome the associated reaction barrier as the system moves

along a direction that converts the reactants into products. The energy required to

activate these reactions has been provided conventionally in the form of

heat (thermochemistry), light (photochemistry), or an electric potential (electro-

chemistry). Thermochemistry involves the distribution of thermal energy amongst

the different nuclear degrees of freedom in a molecule, which allows reactions to

occur while the system remains in a particular electronic state. Photochemistry

focuses on using light to promote chemical systems to higher energy electronic

states, which generally have potential energy surfaces with different shapes than

that of the ground state, and can thus lead to different reactions. Meanwhile,

electrochemistry uses an applied potential to shift the electronic energy levels of

reacting species to induce processes such as electron transfer.
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Recent years have seen the development and application of techniques that allow

one to activate chemical processes by acting on parts of a molecule or material with

external forces or stresses [1–6]. In this approach, termed mechanochemistry, the

forces or stresses acting on a system perform work as the system undergoes changes

in structure, such as those that occur during a chemical reaction. The work

performed on the system provides energy that can activate chemical reactions,

whereas the directional nature of an applied force can be used to guide chemical

systems along specific reaction pathways. This approach affects nuclear degrees of

freedom, and is thus distinct from photochemical and electrochemical methods.

In addition, the directional natures of external forces or stresses render mechano-

chemistry distinct from thermochemical approaches, where heat is distributed

throughout the entire system.

The fact that mechanochemical conditions promote reactions in ways that differ

distinctly from thermochemistry, photochemistry, and electrochemistry suggests

that mechanochemistry may offer a means of activating reactions that are difficult

to achieve through these conventional experimental approaches to induce reactions.

This potential has prompted extensive research over the last decade into the ability

to subject molecules and materials to external forces and stresses in a controlled

manner and to use these conditions to activate chemical reactions [1–6]. The ability

to subject molecules and materials to mechanochemical conditions has been made

possible through developments in experimental techniques such as atomic force

microscopy (AFM) [7–9], optical and magnetic tweezers [10–13], molecular force

probes [14, 15], sonication techniques [16–19], and grinding and milling [3, 20–

22]. These techniques operate on various length scales, with methods such as

AFMs, tweezers, and force probes acting at the molecular level, and sonication,

grinding, and milling being applicable to bulk systems. Overall, the application of

these techniques has illustrated the potential to guide chemical systems along

specific reaction pathways using applied stresses [19, 23], permitted the exami-

nation of processes such as the unfolding of proteins and DNA [10, 24–27], and

even led to practical applications such as visible stress sensors [6, 28].

A large number of theoretical studies of chemical processes occurring under

mechanochemical conditions have been reported to complement experimental

efforts, help explain experimental outcomes, and provide new insights into the

interplay between applied forces or stresses and chemical reactivity [29–38].

These studies have focused primarily on simulating molecular systems exposed to

external forces by treating the system as though it moves on a force-modified

potential energy surface that incorporates the work performed on a chemical system

as it undergoes structural changes in the presence of an external force. These studies

have examined the rupture forces of bonds [32], the reactivities of molecules

subjected to tensile stresses and strains [38–41], the effects of strains on pericyclic

reactions [14, 29–31, 33, 34, 42–44], the differences between thermochemistry and

mechanochemistry [45], and the effects of chain length on the transduction of

external forces at atomic levels [46, 47].

Interestingly, despite the longer history of mechanochemical activation of bulk

systems in experimental research [2], e.g., through processes such as grinding and
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milling, fewer theoretical studies have focused specifically on the mechano-

chemistry of bulk systems. However, the stress-induced processes involving bulk

systems have been modeled extensively in the context of tribology, which is the

study of friction, wear, and lubrication [48, 49]. As such, potential exists to apply

existing techniques used to study systems such as sliding contacts in the context of

the mechanochemical activation of reactions occurring in bulk systems where shear

and compressive stresses play key roles in activating reactions.

Herein, we describe the different types of chemical simulation methods that can

be used to study mechanochemical reactions at molecular and bulk levels, with

the goal of providing basic information regarding these simulation techniques.

Section 2 focuses on molecular mechanochemistry and describes models that can

be used to predict the energies and properties of systems exposed to applied forces.

Section 3 provides an overview of techniques used to study bulk systems that are

exposed to compressive and shear stresses. Concluding remarks are provided in

Sect. 4.

2 Methods for Simulating Molecular Mechanochemistry

Molecular mechanochemistry involves subjecting molecules to a tensile force of

magnitude F that is applied between two regions in the molecule. This is illustrated

schematically in Fig. 1 for the application of F between a pair of hydrogen atoms in

cyclobutene, which can be used to model the ring-opening of this molecule under

mechanochemical conditions. In this figure, F indicates the applied force and R is

the distance between the two groups subjected to the force. From an experimental

standpoint, the application of F is achieved through the use of single molecule

manipulation techniques, e.g., optical or magnetic tweezers, atomic-force micro-

scopes, by subjecting mechanophores embedded within polymers to ultrasound

pulses, or by incorporating mechanophores into molecular force probes, or other

Fig. 1 Application of an external force of magnitude, F, to two hydrogen atoms in cyclobutene

which are separated by a distance, R. The general concept of subjecting groups in a molecule to

external forces while they undergo changes in separation underpins the methods used to simulate

mechanochemical reactions at the molecular level. Silver and turquoise spheres indicate carbon

and hydrogen atoms, respectively
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means. These techniques have been used to study a wide range of processes such as

the unfolding of proteins [25–27, 50, 51], ring opening reactions [14, 19, 44, 52],

and detaching anchored molecules from surfaces [53, 54]. In general, it is found that

the application of F can alter the thermodynamic and kinetic properties of reactions.

The ability to affect these aspects of reactions is derived from the effects of F on

molecular structures and energies. In particular, the application of F alters mole-

cular geometries, whereas the work performed in the presence of F as a system

changes structure during a reaction supplies energy that can be used to promote

reactions.

The effect of subjecting molecules to F can be described through the concept of a

force-modified potential energy surface (FMPES). If one considers the typical case

in which F is applied between two positions in a molecule, the FMPES takes on the

form of

EF q;Fð Þ ¼ E0 qð Þ � FR; ð1Þ

where q represents the nuclear coordinates that define the geometry of the mole-

cule, E0(q) is the potential energy of the system on the zero-F PES, and R is the

distance between the atoms or groups that are subjected to F. In the context of

simulating reactions involving changes in bonding, it is necessary obtain E0(q)

using quantum chemical (QC) methods, reactive force fields (FFs), or QM/MM

methods that can account for the formation and/or dissociation of bonds.

The FMPES is the mechanochemical analogue of the Born–Oppenheimer PES

used to study changes in potential energies during reactions with QC calculations,

which can then be related to thermodynamic and kinetic quantities, and thus the

evaluation of the FMPES is important in the context of understanding the effects of

F on reactions. Methods for evaluating and examining the FMPES and making

connections to changes in free energy are described in what follows. Section 2.1

describes means of directly evaluating properties of the FMPES. Section 2.2

describes models in which information related to the FMPES is obtained indirectly

from features of the zero-F PES.

2.1 Direct Evaluation of the FMPES

Access to the FMPES in (1) is central to the computational study of mechano-

chemical processes. The FMPES is straightforward to evaluate using potential

energies obtained through QC or FF calculations, which can provide E0(q), in

conjunction with knowledge of the molecular structure, which provides R.
Although a discussion of QC and FF methods is beyond the scope of this review,

the suitability of different QC methods for modeling mechanochemical processes

involving bond rupture has been examined recently [55]. Several different

approaches exist for treating the mechanical work term in (1). The differences

between these methods arise from the manner in which F is applied in the
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calculations. Despite the differences in the specific details of these techniques, all

mechanochemical simulation methods that directly calculate the FMPES employ

some form of (1), which is differentiable with respect to the nuclear positions. This

allows one to examine the FMPES using procedures that are commonly used in

conventional computational studies of chemical systems such as geometry optimi-

zations, frequency calculations, intrinsic reaction coordinate (IRC), or minimum

energy pathway (MEP) calculations and molecular dynamics (MD) simulations.

In the context of experiments, subjecting a molecule to F typically involves the

mechanical manipulation of groups within that molecule. For example, a polymer

subjected to mechanochemical conditions in an AFM experiment may be attached

to a surface at one end and the AFM tip at the other. In this context, the polymer

corresponds to the molecule being exposed to mechanochemical conditions, and the

surface and AFM tip may be thought of as external groups used to impose those

conditions. To do this, the distance between the AFM tip and the surface is

increased, which in turn subjects the polymer to F. Similar scenarios occur in

other experimental approaches to mechanochemistry, where large structural

changes in macromolecules are used to apply F to molecules attached to force

probes, and the movement of polymers attached to reactive species is used to apply

F in sonication experiments, for example.

In the context of simulation, computational expense typically prevents the use of

model systems that are exact replicas of those used in experiments. As a result, the

model systems used in calculations of mechanochemical processes generally

employ truncated or coarse-grained representations of the external groups used to

apply F, or even exclude these groups entirely. The limited treatment of the external

groups, or even their complete elimination from the calculations, requires the use of

approximate schemes for subjecting molecules to F in calculations.

In general, two classes of methods exist for subjecting molecules to F in

calculations. In the first class of methods, selected atoms in the simulated system

are subjected to forces that are directed toward artificial points that are external to

the molecule. These points correspond to the locations at which the external groups

used to apply F in experiments would be located. Consider the extension of a

surface-bound polymer in an AFM experiment as outlined above. In that case, the

polymer, or a small portion thereof, would be simulated explicitly, whereas the

surface and AFM tip would be replace by artificial points at appropriate locations

around that molecule. Mechanochemical conditions could then be simulated by

subjecting the atoms at either end of the polymer to forces directed toward the

nearest artificial external point. Methods that employ artificial external points to

apply F are described in Sect. 2.1.1.

The second class of methods for modeling mechanochemical conditions applies

F between atoms in the system without employing artificial external groups. Once

again, consider the AFM experiment described above. The application of F leads to

an increase in the distance between the ends of the polymer. The extension of the

molecule can be simulated without employing any external groups by fixing the

distances between the atoms at the end of the molecule to specific values or by

applying F along the vector connecting these atoms to induce a change in distance.
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Techniques that apply F by using groups that are internal to the molecule being

simulated are described in Sect. 2.1.2.

In addition to considerations regarding the manner in which F is applied, it is

also important to note that experimental mechanochemistry is performed some-

where along the spectrum ranging from controlled separation to isotensional con-

ditions. Controlled separation corresponds to fixing the distance, R, between the

groups associated with the degree of freedom to which F is applied and measuring

the F required to maintain R. Such conditions apply, for example, to force-

extension curves obtained in AFM experiments in which the end-to-end distance

of a molecule is fixed and the F required to keep the distance fixed is measured.

Measuring F for multiple values of R yields a force-extension curve, which can be

useful in determining the values of F needed to induce processes such as the

unfolding proteins [35, 56, 57] or the rupture of polymers [58, 59]. At the other

end of the spectrum, isotensional conditions involve subjecting a molecule to a

constant tensile force, F, and allowing the affected degrees of freedom to change as

needed to accommodate F. Such conditions have been achieved in AFM experi-

ments of stretched macromolecules [7, 60] and the ultrasonic cleavage of metal-

ligand coordination complexes [61–63], for example. Of course, in practice, the

need to move between different values of F or R, as well as phenomena such as

thermal fluctuations, lead to deviations from strictly controlled separation or

isotensional conditions in experiments. Instead, molecules are subjected to mech-

anochemical conditions in ways that cause F and/or R to change in a time-

dependent manner. Capturing the specific mechanochemical conditions experi-

enced by a system is important to ensure a meaningful connection between simu-

lation and experiment. As discussed below, achieving this in calculations requires

different treatments of the work term (�FR) appearing in (1).

2.1.1 Application of F via Artificial External Groups

Molecular mechanochemistry involves subjecting a molecule to F via groups that

are external to it. An explicit treatment of these external groups can be avoided in

calculations by devising a model system that includes an explicit representation of

the molecule of interest and adding a set of artificial external points, called pulling

points (PPs), at locations around the molecule where the external groups would

reside in the real system of interest. The PPs are each connected to atoms called

attachment points (APs) within the simulated molecule in a manner that allows F to

be applied between the PPs and APs.

A model that could be used to study the mechanochemical ring-opening of

cyclobutene produced by the application of F between APs and PPs is shown in

Fig. 2. In this case, the APs correspond to one of the hydrogen atoms bonded to each

of the carbon atoms involved in the scissile bond and the PPs are placed at locations

corresponding to the positions at which groups, such as polymers, that would be

used to apply F are attached to the ring. In this model, each AP is associated with

Theoretical Approaches for Understanding the Interplay Between Stress and. . . 43



one of the PPs and is subjected to an external force of magnitude F applied along

the vector connecting the AP to the PP with which it is associated.

Significant flexibility exists in terms of the manner in which F is applied using

models such as that shown in Fig. 2. For example, it is possible to keep the PPs at

fixed positions and apply a constant value of F along the vector connecting each PP

to its associated AP. Alternatively, the magnitude of F can be obtained through the

introduction of an interaction potential for each AP-PP pair. For example, if one

employs a harmonic potential for this purpose, the force associated with a given

AP-PP pair is F ¼ �k r � reqð Þ, where k is the stiffness of the potential, r is the
distance between the AP and its associated PPs, and req is the equilibrium value for

this distance. Employing interaction potentials to apply F to the APs is particularly

useful if the PPs are moved over time, e.g., to simulate the manner in which

the external groups are moved to impose F in experiments, where the changes

in the positions of the PPs lead to time-dependent forces of the form

F tð Þ ¼ �k r � req þ vtð Þ, where v represents the velocity at which the PP is moved.

Regardless of the specific manner in which the magnitude of F is determined, the

external force applied to the system by the PP-AP interactions is given by

Fext ¼
XnAP
i¼1

Fni; ð2Þ

where nAP is the number of APs, which is usually 2 when modeling mechano-

chemical processes, and ni is the unit vector along the direction connecting the ith
AP-PP pair. The FMPES arising from the application of F in this manner is then

given by

EF q;Fð Þ ¼ E0 qð Þ �
XnPP
i¼1

F ri � r0i
� �

; ð3Þ

where q represents the atomic coordinates in the system, E0(q) is the energy of the

system on the zero-F PES, ri represents the current distance between the ith AP and

its associated PP, and r0i is a reference value for this distance, which can in principle

take on any value, with sensible choices being zero or reqi .

Fig. 2 Application of F in the steered molecular dynamics model. In this case, two hydrogen

atoms in cyclobutene are treated as attachment points each attached to one external PP (indicated

by blue circles). Silver and turquoise spheres indicate carbon and hydrogen atoms, respectively
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The application of F through the use of artificial external PPs connected to APs

in a simulated molecule is called steered molecular dynamics (SMD) [64–66]. SMD

methods are available in some chemical simulation packages, and in cases where

such techniques have not been implemented it is straightforward to add the F-
dependent terms appearing in the energies and nuclear forces to existing packages

to enable simulations on the FMPES. A drawback of the method lies in the fact that

the energy in (3) is dependent upon the positions of the PPs, which must be chosen

by the person performing the calculation. A sensible choice is to define the positions

of the PPs to lie along directions between the APs and atoms that would be present

in the devices used to subject the molecule to F.
SMD simulations have a long history, with initial applications focusing primar-

ily on the study of folding and unfolding of proteins [65–69]. It is worth noting that,

despite the emphasis on MD simulations in the SMD label, it is also possible to

optimize molecular structures, perform frequency calculations, and locate mini-

mum energy pathways (MEPs) on the FMPES given in (3). In recent years, SMD

simulations have become increasingly used in the context of simulating mechano-

chemical reactions in a broader sense. Selected applications using SMD methods in

the context of studying molecular mechanochemistry are described in what follows.

Modern interest in molecular mechanochemistry was stimulated in part by

experiments demonstrating how subjecting benzocyclobutene moieties with poly-

meric substituents to F via ultrasound pulses could induce the ring opening of this

molecule in a manner that circumvented the Woodward–Hoffman rules [19]. In

these experiments, the polymers were bonded to the carbon atoms of the scissile

bond in cyclobutene and the conrotatory ring-opening pathway was favored when

these polymers were attached in a trans arrangement with respect to the plane of the

ring, whereas the disrotatory pathway was favored if the polymers were attached in

a cis orientation.
The F-induced ring-opening of cyclobutene and benzocyclobutene was studied

via SMD simulations by Martinez and coworkers [30]. Their simulations employed

models such a that shown in Fig. 2, with the hydrogen atoms on the scissile C–C

bond acting as APs. APs in cis and trans arrangements were examined to focus on

the experimental conditions that favored the disrotatory and conrotatory pathways,

respectively. Each AP was attached to an external PP that remained at a fixed

location and a constant F was applied between each PP and its associated AP. The

zero-F potential energy, E(q), was evaluated at the CASMP2(4,4)/6-31G** level of

theory, which is suitable for describing the underlying changes in electronic

structure that occurs along the disrotatory pathway. These models were used to

perform MD simulations on the FMPES, with the results indicating that disrotatory

ring-opening occurred with cis PPs within the simulated period of 1.0 ps for

F> 1.5 nN. The ability of the system to follow the disrotatory pathway with cis
PPs was rationalized by evaluating the MEPs along the conrotatory and disrotatory

pathways at different F. The results of the calculations showed that the barriers

along both reaction pathways were lowered by the application of F; however, that
along the disrotatory pathway was more affected by F and thus became kinetically

favored as F was increased. Overall, these results were consistent with the results of
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the ultrasound experiments, and provided insights into the results of those experi-

ments in terms of the underlying features of the FMPES.

The Martinez group has applied SMD methods in additional studies aimed at

understanding the F-induced chemistry of mechanophores embedded in polymers

[42–44, 58, 70, 71]. For example, SMD simulations have been used in conjunction

with constrained distance calculations (see below) to help design and understand

the functionality of visible stresses sensors based on polymers bonded to

spiropyrans, which undergo a stress-induced conversion to merocyanines along

with a change in color [58]. SMD simulations were also used to find how applied

stresses induce the opening of strained rings to form cyanoacrylates [44]. Additional

studies used SMD simulations and MEP calculations on the FMPES to explain the

F-induced change in the cis–trans product ratios of the ring opening of gem-
difluorocyclopropanes [42, 43]. Experiments show that the trans product of this

reaction is favored in the absence of F, which is consistent with the relative

stabilities of the cis and trans forms, yet the cis product was formed in increasing

amounts under the application of ultrasound pulses. The calculations showed that

the change in the product ratios was caused by F-induced changes in the PES that

caused a diradical species corresponding to the TS on the zero-F PES to become a

minimum on the FMPES, with this species becoming the global minimum at high

F. The change in the nature of the diradical species introduced a new step along the

reaction pathway, with calculations showing that at high F the ring opening of both

cis and trans forms of the reactant yielded the diradical structure followed by

progression from this species to the cis product as F is removed. Overall, this

work illustrates the ability of SMD calculations to provide insights that can be used

to explain experimental observations. In addition, the calculations illustrated that

the F-induced stabilization of the zero-F TS may provide a means of trapping and

probing TS structures in experiments.

The manner in which oligorotaxanes unfold in AFM experiments has been

examined with SMD simulations by Ratner and coworkers [72, 73]. In their studies,

one end of a molecule representing an oligorotaxane was attached to a PP via a stiff

harmonic potential to mimic the attachment of this molecule to a surface in AFM

experiments. The other end of the molecule was then attached to a PP by another

harmonic potential. F was applied by moving the latter PP at a constant speed along

the direction connecting the terminal atoms of the molecule. E0(q) was evaluated

with FF methods, because bond rupture was not expected to occur, and hence the

authors could examine relatively large models over a wide range of pulling speeds.

The results demonstrated that pulling speeds on the order of 10�3 Å/ps were

sufficient to obtain reversible behavior when F was applied and then removed.

Force-extension isotherms were obtained in the simulations and showed that

regions exist in which the molecule is mechanically unstable, which leads to

unfolding and results in transitions between high-F and low-F regimes. The devel-

opment of these mechanically unstable regions and the transitions between force

regimes were found to be related to fluctuations in F, which in turn are related to the
stiffness of the harmonic potential used to apply F. Additional simulations by Vilgis
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and coworkers have modeled F-induced polymer chain scission using similar

models [74–77].

As noted above, SMD simulations were originally used in the context of

examining the mechanisms associated with protein unfolding and this remains an

active area of research, with many recent studies focused on the reduction of

disulfide bonds, which exhibit a variety of responses to F. For example, Gräter

and coworkers have used SMD simulations to account for F-induced changes in the
mechanism by which thioredoxin catalyzes the reduction of S–S bonds, where

experimental studies showed that the reaction rate decreases with low F before

increasing again at higher F [78]. The simulations performed to explore the origins

of this behavior employed a variant of SMD termed force probe MD. In this

method, the PPs are attached to the APs via harmonic potentials and F is applied

by moving the PPs at constant velocities. In this case, standard FFs were used to

obtain the zero-F energies of systems representing the active site and relevant

model protein residues, and the PPs were attached to Cα atoms of the terminal

residues. The results of the simulations showed that applying F caused the disulfide

to reorient such that it was aligned to within ~20� of the coordinate along which

F was applied. This reorientation requires a large rotation to occur in order for the

disulfide bond to become aligned with a third sulfur in the SN2 TS for this reaction.

This rotational motion results in a decrease in the length coordinate upon moving

from the reactant to the TS and thus causes a reduction in the rate within increasing

F. This study was unable to account for the subsequent increase in the rate at higher
F, but it was hypothesized that the reduction in the rate (or underlying increase in

the reaction barrier) of the standard SN2 process with Fmay render other competing

mechanisms for this reaction kinetically favorable at higher F.
The effect of F on the thiol-disulfide exchange was examined further using force

probe MD simulations based on QM/MM representations of a system corres-

ponding to a dithiothreitol reducing agent interacting with a truncated model of

I27 [79]. The force probe MD simulations were performed in conjunction with

transition path sampling methods to examine ensembles of reactive trajectories of

the force-modified free energy surface. The results of these simulations demon-

strated that low F shifts the TS toward the reactant, thus leading to an increase in the

reaction rate. The application of higher F was found to populate TS structures that

are unfavorable at lower F, causing the system to follow preferentially an alternate

reaction path. Other uses of force probe MD simulations in the context of the

mechanochemistry of disulfide bonds have examined the electrochemistry of this

reaction [80].

2.1.2 Application of F via Internal Groups

The application of F via external groups, e.g., artificial PPs in SMD simulations or

external devices used to manipulate molecules in experiments, leads to changes in

the structure of the molecule being subjected to F. If the molecule is subjected to a

tensile stress, which is the typical case in molecular mechanochemistry, the
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distance between the atoms that interact with the external groups increases relative

to the analogous distance in the absence of F. The extension of the molecule can be

interpreted in the context of the application of a force along the vector, R,

connecting the atoms attached to these devices. When an equilibrium structure is

reached, the force applied along R is equivalent to the restoring force of the

molecule at that length; however, the internal and external forces may not be

balanced when the system is not at equilibrium. The fact that the external appli-

cation of F induces changes in the distances and forces between atoms contained

entirely within the molecule exposed to F suggests that it is possible to simulate

mechanochemical conditions without employing artificial external PPs to apply F.
Simulations of mechanochemical conditions that apply F using groups contained

in the molecule of interest are discussed in what follows. The section “Application

of F Through Constrained Geometries” discusses techniques in which the mole-

cular geometry is constrained to mimic the application of F. The section “Appli-

cation of F Between Atoms” describes an approach termed external force is

explicitly included (EFEI) in which a constant F is applied along the vector

connecting a selected pair of atoms in the molecule. Constrained geometry and

EFEI calculations employ different controlled variables, i.e., distances and forces,

respectively, to subject the system to F and thus model different experimental

conditions. These differences and their potential impacts on the results of calcu-

lations are discussed in section “Comparison of Internal Group Models”.

Application of F Through Constrained Geometries

The application of F to a specific pair of atoms in a molecule can be modeled by

constraining the distance between these atoms, R, to some specified value, R0, at the

same time allowing the system to move along the remaining 3N – 7 nuclear degrees

of freedom using methods such as geometry optimizations or MD simulations. The

satisfaction of the constraint R¼R0 is equivalent to subjecting the system to an

external force, F, that is equivalent in magnitude, but opposite in direction, to the

internal force, Fint ¼ ∂E0 qð Þ=∂R, acting along the vector connecting the con-

strained pair of atoms. Note that Fint is dependent upon the positions of the nuclei

along the 3N – 7 unconstrained coordinates in addition to the value of the

constrained distance, R0. This leads to the definition of the FMPES as

EF q*;R0

� � ¼ E0 q*;R0

� �þ FintR0; ð4Þ

where q* represents the 3N – 7 degrees of freedom that are not constrained, R0 is a

parameter corresponding to the value of the constrained distance, and E0 is the

energy of the system with the set of 3N – 6 atomic coordinates {q*,R0} on the zero-

F PES.

The use of geometric constraints has the advantage that such constraints are used

in many types of QC simulations unrelated to mechanochemistry. For example,
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constrained distances (or other degrees of freedom) are used extensively in appli-

cations such as exploring the features of the zero-F PES or evaluating changes in

free energies during MD simulations [81]. As a result, many simulation software

packages have the ability to constrain the distances between atoms, which permits

the use of geometric constraints without any modification of those codes. Moreover,

the application of F between specific pairs of atoms removes any subjectivity

associated with the choice of the locations and velocities of PPs in SMD

simulations.

Constrained distance methods are most commonly used in conjunction with

geometry optimizations or MD simulations. In the former case, the unconstrained

atoms in the system relax such that the system adopts a structure that is a local

energy minimum on an FMPES defined by the 3N – 7 unconstrained degrees of

freedom with the fixed value of R¼R0. In the latter case, the system samples regions

of this 3N – 7 dimensional FMPES around this local minimum. Because R0 is

typically associated with an interatomic separation which changes significantly

during the reaction of interest, it is common practice to study the FMPESs at

different values of R0 via relaxed PES scans or by changing R0 linearly in time to

simulate the extension of a molecule during MD simulations.

Constrained geometries have been used extensively in the context of mechano-

chemistry, with applications including studies of bond rupture [82–86], reactivity of

disulfide bonds [87], unfolding of supramolecular polymers [88], mechanochemical

synthesis of phenyl cations [89], extraction of gold nanowires [90], evaluation of

restoring forces in force probes [14, 91], and calculation of free energy barriers

[92–98]. Examples of selected applications are described below.

Frank and coworkers have employed a constrained distance method in conjunc-

tion with Car–Parrinello MD (CPMD) simulations [99] to examine a variety of

mechanochemical processes [33, 39–41, 100, 101]. During these simulations, F is

applied by increasing the distance between a pair of atoms at a constant velocity.

They have used this approach to explore the changes in electronic structure that

occur when solvated polymers are stretched to the point of rupture [41]. Their

studies showed that bond rupture occurred through a heterolytic process involving

solvent molecules. Interestingly, their simulations showed that the weakest bond

does not necessarily correspond to the site of bond rupture. Rather, the bond that is

made most accessible to attack by solvent via F-induced changes in structure most

frequently corresponds to the site at which the polymer dissociates.

CPMD simulations in which F was applied by increasing the separation of a pair

of atoms at a constant velocity in conjunction with detailed analyses of the

electronic structure have also been used to study the dissociation of disulfide

bonds in the presence of reducing agents [100]. Those simulations showed that

this reaction does not necessarily involve electron transfer, as is common for redox

processes, but rather can occur through heterolytic dissociation of the S–S bond

followed by proton transfer. The mechanisms available for the F-induced reduction
of the S–S bond in the presence of various nucleophiles has also been examined

[101], with results illustrating that a wide range of mechanisms exist in addition to

the SN2 mechanism favored at zero F. The existence of multiple mechanisms, and
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the change in the kinetically preferred mechanism with F, was suggested to be the

origin of the F-dependence of rates of disulfide reduction observed in experiments.

Boulatov and coworkers have employed constrained geometry calculations of

reactive sites coupled to a weak harmonic constraining potential [7] that represents

the external device used to evaluate free energy barriers to reactions [92–98]. In this

approach, constrained geometry optimizations are used to obtain reactant and

TS structures, energies, and internal forces, and the effect of the external system

is subsequently included via the compliance and length of the external harmonic

potential. The potential energies of the system comprising the reactive site and

constraining potential were augmented with standard thermochemical corrections

and conformational averaging to yield free energy barriers, which are of greater

relevance to experiments than potential energies. In addition, these constrained

calculations were used to examine the F-dependence of the barrier upon the length

coordinate used in the calculations. It was found that the F-dependence can be

described in terms of a conveniently chosen local coordinate, e.g., the distance

between groups within the reactive site, instead of using a length coordinate

associated with the vector connecting the ends of groups such as polymers that

are used to apply F in experiments, which may not be accurately represented in the

truncated model systems.

Although constrained distance methods employ the distance R0 as a controlled

variable, they can be used to model conditions in which F is constant. To do this, it

is necessary to vary R0 to locate different structures on the FMPES where the

internal force, Fint, associated with R is equivalent. If pairs of these structures

correspond to species that are relevant for a given reaction, e.g., the reactants,

products, or TS, the differences in their energies on the FMPES correspond to

reaction energies or barriers under constant F conditions. As discussed in what

follows, this approach has been used to examine phenomena such as F-induced
changes in proton affinity [38] and reaction barriers [83]. Unfortunately, such

calculations can be difficult because it is necessary to locate pairs of structures

that have the same values of Fint, which typically involves performing scans over

large regions of the FMPES.

Beyer provided an early example of this approach by using constrained distance

calculations to study the F-dependence of the proton affinity of dimethyl ether

[38]. In these calculations, a hydrogen atom on each of the methyl groups was used

as a PP and the distance between the PPs was constrained to a discrete set of values

to one-dimensional relaxed scans of the zero-F PES for the protonated and

unprotonated forms of the molecule. These energies were then fitted to fourth-

order polynomials to yield functions that could be differentiated analytically to

locate PP separations at which the internal force associated with the constrained

distance was equal in the reactants and products. These data were used to evaluate

the relative energies of the protonated and unprotonated forms of the molecule

according to (4), with results showing that the proton affinity increased steadily as

F increased. The authors attributed the increase in proton affinity to the lower strain

energy of the protonated relative to that of the unprotonated form. This difference
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was attributed to the fact that the protonated is less stiff than the unprotonated form

of the molecule, and thus extended to a greater extent through the application of F.
Uggerud and coworkers have used a similar approach to evaluating F-dependent

barriers to chemical reactions. For example, one-dimensional projections of the

FMPES were obtained by relaxed PES scans in which the distances between PPs in

the reactants and TS structures associated with the ring opening and decomposition

of substituted triazoles [83] were varied over a wide range of values. The calcula-

tions showed that the kinetically preferred mechanism changed with increasing F,
with ring opening preferred at low F and C–C bond dissociation becoming pre-

ferred as F was increased. The same group has also used constrained distance

calculations to assess the factors that determine which bond in a polymer breaks in

response to applied F [82]. The results of that work showed that the weakest bond in

the system does not necessarily correspond to the rupture site, which is consistent

with the work of Frank mentioned above, but rather the bond that dissociates is

dependent on bond strength, bond stiffness, and the orientation of the bond with

respect to the direction along which F is applied.

The approaches to constraining geometries described above all employ pro-

cedures in which a single interatomic distance is fixed to a value, which may be

changed to scan the PES or induce reactions in MD simulations. Boulatov and

coworkers have employed an alternative approach to constraining geometries to

evaluate the restoring forces of molecules in molecular force probes [14, 91]. The

force probes used in their experiments corresponded to macrocycles consisting of a

cyclobutene moiety attached to a cis stilbene through linkers of different lengths.

F was applied by photoisomerization of the stilbene, which led to the ring opening

of the cyclobutene moiety. It was found that the rate of ring opening was F-
dependent, with shorter linkers leading to greater accelerations. The F applied

during the photoisomerization process was calculated by first optimizing the reac-

tant and TS structures for the ring opening process using full models of each

macrocycle. The cyclobutene moieties in the reactant and TS for each macrocycle

were then excised from these models, the resulting dangling bonds were capped

appropriately, and the forces on all atoms in these truncated models were evaluated.

The forces acting along different length coordinates were evaluated by vector

addition of the atomic forces, and were associated with the forces exerted by the

stilbene component on the cyclobutene moiety in the full models of the macrocycle.

A comparison of the calculated restoring forces with the rates obtained in the

experiments showed that the F-dependence of the rates could be described ade-

quately by a single-coordinate model in which F was applied between groups

directly bonded to the scissile bond of cyclobutene.

Application of F Between Atoms

Modeling isotensional experimental conditions involves subjecting atoms to a

constant external force. One means of achieving this is by treating specific pairs

of atoms in a molecule as PPs and applying an external force, F, along the vector,R,
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connecting these atoms. This approach is known as the external force is explicitly

included (EFEI) model [31]. The application of the F along this direction leads to

the FMPES:

EF q;Fð Þ ¼ E0 qð Þ � FR qð Þ; ð5Þ

where q represents the nuclear degrees of freedom, which either include

R explicitly as an internal coordinate or can be used to calculate R as the distance

between the atoms corresponding to the PPs, E0 is the energy of the structure on the

zero-F PES, and R is the distance between the atoms used as PPs. Equation (5) is

differentiable with respect to the nuclear positions, which allows procedures such as

geometry optimizations, frequency calculations, IRC calculations, and MD simu-

lations to be performed directly on the FMPES. These abilities allow one to

examine the F-dependence of molecular structures and energies by changing the

value of F used in the calculation. For example, in the case of studying F-dependent
reaction kinetics, one can locate reactant and TS structures on the FMPES defined

by (5) at different values of F to assess how reactions barriers depend on F. In
addition, MD simulations can be performed at different constant values of F or with

time-dependent values of F to gain insight into the F-dependent behavior of

chemical systems.

Unlike the holonomic constraints used to constrain geometries, the EFEI

approach is not implemented in the distributed versions of any software package

to our knowledge. However, the modifications to such codes needed to implement

the definition of the energy in (5) along with the associated additions to the first and

second derivatives of the potential energy with respect to nuclear positions are

straightforward to add to existing simulation software. The use of (5) requires the

definition of which atoms act as PPs, yet eliminates the need to choose directions

along which F is applied. In fact, by applying F along the vector connecting two

atoms in the system, one ensures that no net external force is added to the molecule.

Despite these benefits, the application of F along the vector connecting two specific

atoms in a molecule is clearly an approximation to the manner in which mechano-

chemistry is achieved under isotensional conditions, because the devices used to

subject the molecule to F are not incorporated into the model in any way. EFEI

calculations have been used to model processes such as the rupture of covalent

bonds in pericyclic reactions [29, 34, 47], cyclizations [102], and the design of

optical force probes [103]. Selected studies are described in what follows.

Marx and coworkers have used EFEI methods to examine the ring opening of

cyclobutene, and substituted variants thereof [31, 34]. As discussed in greater detail

in the section “Comparison of Internal Group Models,” these simulations showed

that F can alter the barrier to this reaction in a way that circumvents theWoodward–

Hoffman rules. In addition, they used EFEI calculations to examine the transmis-

sion of F via oligomers bonded to the carbon atoms in the scissile bond of cyclo-

butene [46, 47]. The factors that affect the transmission of F through these chains is

of fundamental importance in mechanochemistry because oligomers are used for

this purpose in many experimental techniques for subjecting molecules to F. They
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showed that the applied force, Fmax, at which the reaction occurs without additional

thermal activation, i.e., the value of F at which the reaction is barrierless on the

FMPES, is dependent on the chain length, and that alternating between even and

odd numbers of units in the oligomers can drastically alter Fmax for short chains. It

was also found that Fmax depends on the angle between the chain and the reactive

bonds, the manner in which this angle changes in response to F, as well as the

stiffness of the degrees of freedom within the chain. All these factors can be

controlled experimentally, and thus this study provides insights that can be used

to rationally design groups for applying F in experiments.

Uggerud and coworkers used EFEI-based MD simulations in conjunction with

DFT calculations and models consisting of a chain of Morse potentials to study the

basic features of mechanochemical processes under dynamic conditions [104]. The

results of this study showed that the simple model consisting of Morse potentials is

adequate for describing the F-dependent dynamics of polymers, which may reduce

the computational costs of simulations of mechanochemical processes. In addition,

the study demonstrated significant differences between the results of simulations

performed with F held fixed and with F applied suddenly. In particular, sudden-F
approaches preferentially led to bond rupture in the central portion of the polymer,

whereas fixed-F simulations preferentially led to the rupture of terminal bonds.

These results illustrate that care must be taken in terms of simulating F-induce bond
rupture processes, with a particular need to ensure that the manner in which F is

applied mimics that found in experiments.

Comparison of Internal Group Models

The methods employing constrained geometries implicitly apply F, whereas the

SMD and EFEI methods model the application of F explicitly. As such, one may

anticipate that simulations using these methods would yield different results. In

what follows, we compare how the outcomes of calculations can be affected by the

manner in which F is applied in the context of geometry optimizations, and MD

simulations.

Geometry optimizations performed on the EFEI FMPES obtained with a given

F yield stationary points in which the length associated with the coordinate

R adopts a value, Ropt, at which the internal force along this degree of freedom,

Fint, equals F. Meanwhile, the forces acting along all other degrees of freedom are

zero. The energies of these stationary points are identical to those obtained through

constrained geometry optimizations in which R0 is fixed to Ropt. As such,

constrained geometry optimizations and EFEI calculations yield identical values

of quantities such as reaction energies or activation energies, which are based on the

relative energies of stationary points. This equivalence allows either method to be

used for the purposes of exploring thermodynamics and kinetics on the basis of

comparing the energies of stationary points on the FMPES.

Meanwhile, many computational studies of reactions occurring under mechano-

chemical conditions have employed MD simulations. These simulations can

Theoretical Approaches for Understanding the Interplay Between Stress and. . . 53



provide detailed atomic-level information regarding the changes in structure that

occur during reactions, and are thus useful in elucidating reaction mechanisms.

Such insights can be particularly valuable in the context of mechanochemistry,

where the reaction mechanism followed by the system can be dependent on F. The
identification of such mechanisms is important in the context of ensuring that the

relevant reaction steps are examined in static calculations, i.e., geometry optimi-

zations, which generally require a priori knowledge of the reaction mechanism to

locate any intermediate and TS structures along the reaction pathway.

MD simulations of mechanochemical processes have been reported in which

either F is treated as a controlled parameter or an interatomic distance is

constrained to mimic the application of F. In cases where F is applied explicitly,

the system can move along all the 3N – 6 nuclear degrees of freedom to progress

from reactants to products on the FMPES. In some cases, these simulations also

increase F over time to mimic AFM experiments, for example, or to promote the

occurrence of reactions on the timescales accessible in MD simulations. Mean-

while, constraining a distance to a particular value of R0 only allows the system to

move along the remaining 3N – 7 nuclear degrees of freedom. Assuming the

constrained distance is related to the reaction of interest, fixing it to one value

precludes the occurrence of this reaction during the simulation. To overcome this

limitation, it is common practice to change the value of R0 over time at a predefined

rate, v, from some initial value, R0(0), i.e., R0¼R0(0) + vt [33, 39–41, 90, 100,
101]. Changing R0 in this manner causes the system to sample the series of FMPESs

defined by (4) with the different values of R0 encountered in the simulation. This

approach is computationally convenient because it employs thermodynamic inte-

gration techniques available in most MD simulation packages. However, changing

R0 over time causes the constraint to mimic the application of external forces which

change dramatically during the course of the reaction. For R0 below the value of the

constrained distance in the TS, the constraint mimics a tensile force, whereas the

constraint mimics a compressive force as the system moves from the TS to the

product. Such changes in F do not correspond to the conditions imposed in

experiments and differ significantly from those modeled in simulations where

F is explicitly applied.

The differences in the outcomes obtained in MD simulations in which F is

applied explicitly or implicitly through the application of a time-dependent distance

constraint are evident from studies of the ring-opening of cyclobutene along

conrotatory and disrotatory pathways [29–31, 33, 34]. As described above, this

reaction has been examined extensively in light of experiments illustrating that

mechanochemical conditions can be used to alter the major product of the ring-

opening reaction by biasing the system along either of the conrotatory or disrotatory

directions irrespective of the Woodward–Hoffmann rules.

MD simulations in which F was applied explicitly yield results consistent with

these experiments [29–31, 34]. For instance, an SMD study [30], in which 20 tra-

jectories of cyclobutene were subjected to F using the hydrogen atoms on the

carbon atoms of the scissile as APs, showed that the conrotatory pathway was

consistently followed if the APs were in a trans configuration, whereas the
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disrotatory pathway was consistently followed if the APs were in a cis configu-

ration. These results were rationalized in terms of the underlying energetics, which

showed that the application of F using cis or trans APs preferentially reduced the

barriers along the disrotatory and conrotatory pathways, respectively. Analogous

results have been obtained in static calculations and MD simulations using the EFEI

approach [29, 31, 34].

The mechanochemical ring opening of cyclobutene was also investigated using a

time-dependent distance constraint to mimic the application of F during MD

simulations [33]. In those simulations, the constraint was applied between hydrogen

atoms bonded to the carbon atoms in the scissile bond of cyclobutene that were in a

cis arrangement with respect to the ring in an attempt to induce disrotatory opening.

The target separation of these atoms was then increased at a rate of 2.0 Å/ps during
the simulation to mimic the application of an external force. A total of 20 indepen-

dent simulations were performed using DFT methods. The results of the MD

simulations showed that the conrotatory product was formed for all 20 trajectories,

which is inconsistent with the results of the sonication experiments [19], SMD

simulations [30], and EFEI calculations [29, 31, 34].

The discrepancy between the results of simulations of cyclobutene subjected to

constrained distance and isometric conditions motivated us to explore the differ-

ences between the methods in greater detail. To accomplish this, we performed MD

simulations for the ring opening of cyclobutene using a constrained distance or

EFEI methods to apply F implicitly or explicitly, respectively. The outcomes of the

simulations were also analyzed through relaxed potential energy surface scans. In

these calculations, the QC energy was evaluated at the CASSCF(4,4)/6-31G(d,p)

level of theory. The MD simulations were performed with a version of the

GAMESS-US software package that we modified to perform MD simulations

with time-dependent distance constraints or the explicit application of

F through the EFEI method [105], whereas the PES scans were performed with

Gaussian09 [106].

The MD simulations of cyclobutene that employed a constrained distance were

performed by increasing the distance between a pair of hydrogen atoms in a cis

configuration at rates of 0.5, 1.5, 2.5, and 5.0 Å/ps. Five independent trajectories

were evaluated at each pulling rate. All AIMD simulations showed that ring

opening of cyclobutene occurred exclusively through the conrotatory pathway,

which is in agreement with the previous study using similar methods [33], but is

inconsistent with EFEI calculations [29, 31, 34], previous SMD simulations [30],

and experiments performed under mechanochemical conditions [19]. Structures

observed during the simulation performed with a pulling rate of 0.5 Å/ps are shown
in Fig. 3 to illustrate the conrotatory ring opening process. At t¼ 0.0 ps, the system

is in the form of cyclobutene. The carbon–carbon scissile bond ruptures at t¼ 2.8 ps.

At this point, the orientation of both methylene groups is consistent with the

opening along the disrotatory pathway. At around t¼ 3.0 ps, however, one of the

methylene groups rotates such that system starts to follow a conrotatory pathway.
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As the system progresses along the conrotatory pathway, rotation occurs about the

central carbon–carbon bond, leading to the formation of trans-1,3-butadiene.
To illustrate further that the system followed the conrotatory pathway, the

changes in the length of the carbon–carbon scissile bond and the torsions associated

with the conrotatory and disrotatory motions were monitored during the simu-

lations. These quantities are shown in Fig. 4, along with definitions of the

conrotatory and disrotatory simulations, for a simulation performed with a pulling

rate of 0.5 Å/ps. The data show that the length of the carbon–carbon scissile bond

increases slowly at the beginning of the simulation, and then increases rapidly at

approximately 3.0 ps, because of bond rupture. Prior to the point of bond rupture,

the conrotatory angle fluctuates around zero and the disrotatory angle increases

steadily. At the point of bond rupture, however, the conrotatory angle increases

sharply and the disrotatory angle decreases to approximately zero. The changes in

angles indicate that the ring opening of cyclobutene proceeds toward the disrotatory

product at the initial stages of the simulation until the rupture of the carbon–carbon

scissile bond. After this point, the system progresses along the conrotatory pathway.

Although it may be possible for the system to follow the disrotatory pathway if

higher extension rates were used, progression along the conrotatory pathway was

observed in all simulations performed with constrained distances, even when the

extension rate was ten times faster than that used to generate the data in Fig. 4.

An analogous set of MD simulations were performed on the EFEI FMPES

applying F to the same hydrogen atoms that were used to define the constrained

distance in the MD simulations discussed above. Five independent trajectories were

calculated at six different values of F ranging from 2,500 to 3,000 pN in 100 pN

intervals. All the simulations showed that ring opening of cyclobutene proceeds

exclusively through the disrotatory pathway, which is inconsistent with the simu-

lations that employed distance constraints, yet is consistent with the sonication

experiments [19], in which the major product formed resulted from the disrotatory

Fig. 3 Structures for the ring opening of cyclobutene during an MD simulation at a pulling rate of

0.5Å/ps. Hydrogen atoms in a cis configuration were selected as the PPs and are indicated with red
stars. The motion of the system is indicated using dark blue arrows. Silver and turquoise spheres
indicate carbon and hydrogen atoms, respectively
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pathway. Structures observed during the MD simulation at F¼ 2900 pN are shown

in Fig. 5. The structure at 0.1 ps shows that the carbon–carbon scissile bond is quite

extended and the methylene groups are rotated in a manner consistent with motion

along the disrotatory pathway. This deformation of the structure is because of the

application of F. The scissile bond ruptured at approximately 1.6 ps, with the

methylene groups moving in a manner that yields the disrotatory product. Rotation

about the central carbon–carbon bond followed. Ultimately, this series of processes

yields trans-1,3-butadiene along a disrotatory pathway.

To illustrate the formation of the disrotatory product in the EFEI-based MD

simulations, the changes in the carbon–carbon scissile bond distance and

conrotatory and disrotatory angle were monitored over time. These quantities are

shown in Fig. 6. At the beginning of the MD simulation, the carbon–carbon scissile

bond distance fluctuated around the equilibrium bond length until increasing

rapidly around when this bond ruptured at approximately 1.5 ps. The conrotatory

and disrotatory angles fluctuate around 0 and 100�, respectively at the beginning of
the simulation. At approximately 1.6 ps, the disrotatory angle increased sharply and

the conrotatory angle dropped to approximately 0�. The analysis of the angles

indicates that the disrotatory angle dominates the behavior of the system throughout

the MD simulation. The results obtained for the carbon–carbon scissile bond length

as well as the conrotatory and disrotatory angles were observed for the MD

simulations at the other values of F.
Portions of the FMPESs obtained with F applied either explicitly through the

EFEI method or implicitly via distance constraints were examined to gain insights
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Fig. 4 (a) Schematic representation of the angles defining the ring opening of cyclobutene along

conrotatory and disrotatory pathways. Changes in either angle toward 360� indicate that the

associated ring-opening pathway (i.e., conrotatory or disrotatory) is followed. (b) Length of

carbon–carbon scissile bond distance, dC–C, conrotatory angle, and disrotatory angle during an

MD simulation of the ring opening of cyclobutene under mechanochemical conditions imposed by

increasing the distance between the cis-PPs at a pulling rate of 0.5 Å/ps
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into the origins of the differences in the results of the MD simulations performed

with these two approaches. To do this, a series of relaxed PES scans were

performed at the CASSCF(4,4)/6-31G(d,p) level of theory. The scanned coordi-

nates corresponded to the H-H distance associated with the PPs used in the MD

simulations and the torsions associated with the movement of the methylene groups

along conrotatory or disrotatory directions. Specifically, conrotatory movement

was examined by fixing the dihedrals α and δ in Fig. 4a equal to each other, whereas

Fig. 5 Snapshots taken during an MD simulation for the ring opening of cyclobutene at F¼ 2900

pN. cis-PPs were used in the simulation and are indicated with red stars. As the reaction pro-

gresses, both methylene groups rotate in opposite directions to yield the cis disrotatory product

observed at around 1.8 ps. Rotation around the carbon–carbon single bond leads to the formation

of the trans disrotatory product at 2.5 ps. The motion of the system is indicated using dark blue
arrows. Silver and turquoise spheres indicate carbon and hydrogen atoms, respectively
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Fig. 6 Length of the carbon–carbon scissile bond, dC–C, conrotatory angle, and disrotatory angle

during an MD simulation of the ring opening of cyclobutene under EFEI mechanochemical

conditions using cis-PPs at F¼ 2,900 pN
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the disrotatory surface was examined by setting the dihedrals α and β equal to each
other. Overall, this corresponds to performing a series of geometry optimizations in

which one distance (R0) and two dihedrals were constrained, at the same time

allowing the remaining degrees of freedom to relax. The BO energies of these

constrained structures were obtained through these optimizations. The internal

forces acting along the direction between the hydrogen atoms used as PPs in the

MD simulations were then used in conjunction with the distance between these

atoms for each scanned structure to construct the slices of the constrained-distance

FMPESs associated with varying the dihedral angles associated with conrotatory or

disrotatory ring-opening at different values of R0. Similarly, a constant external

force, F, was multiplied by the PP separation for each structure to construct the

EFEI FMPESs at different values of F.
The set of slices of the constrained-distance FMPESs associated with

conrotatory and disrotatory movement of the methylene groups in cyclobutene

are shown in Fig. 7a, b, respectively. The label ‘PP separation’ corresponds to the

parameter, R0, that was varied in the MD simulations that applied F via constrained

distances. The torsions associated with the minimum energy structure for each

value of R0 sheds light on the sequence of structures that the system follows

preferentially during MD simulations in which R0 is increased in a time-dependent

manner. The minimum energy paths (MEPs) associated with this series of struc-

tures are indicated as solid black lines on the surfaces in Fig. 7a, b.

The MEP on the conrotatory surface shows that the system follows a path

connecting the reactants and products in which the PP separation increases to

3.4 Å without any large change in the torsions associated with the methylene

groups. Increasing the PP separation from 3.4 Å to 4.2 Å results in the torsions

increasing from 120� to 180� to follow a pathway corresponding to the conrotatory

ring opening to yield a structure similar to the optimized structure of cis-1,3-
butadiene on the BO PES. As the PP distance increases further, the system pro-

gresses past minima corresponding to the cis and trans forms of 1,3-butadiene.

The minimum energy pathway on the disrotatory surface does not connect

cyclobutene with the 1,3-butadiene. Instead, increasing the PP separation from

3.0 Å to 3.7 Å increases the torsions to 150�. These angles then drop to 120�

when the carbon–carbon scissile bond ruptures at a distance of 4.3 Å, which is

consistent with the results of the MD simulations. In the structure where the

constrained torsions reach 120�, all four values of α, β, γ, and δ are 120�. As
such, the system can move from this point toward either the conrotatory or

disrotatory products. The data indicate that the lowest energy path from this

structure toward larger PP separations on the disrotatory surface does not lead to

the 1,3-butadiene product. Instead, once the torsions reach 120�, it is energetically
favorable for the system to move to the conrotatory surface (Fig. 7b), with the

torsions increasing in a manner that involves both methylene groups rotating in the

same direction. This pathway is designated by the dashed line on the conrotatory

FMPES, which is a continuation of the solid black line on the disrotatory PES.

These features of the conrotatory and disrotatory surfaces obtained through

Theoretical Approaches for Understanding the Interplay Between Stress and. . . 59



calculations employing constrained distances account for the fact that only

conrotatory products were observed during the MD simulations.

The portion of the EFEI FMPES calculated with F¼ 1,500 pN is shown in Fig. 8.

The data show that the structures corresponding to conrotatory and disrotatory

products are minima on their respective surfaces. MEPs connecting the reactants

with these products could be identified on each surface, and are indicated by the

solid lines. The changes in structure that occur along these MEPs are consistent

with those observed during the MD simulations performed under EFEI conditions.

Overall, the results of these calculations illustrate that MD simulations in which

F is applied explicitly can provide different results than those in which F is applied

Fig. 7 Portions of the FMPESs associated with rotating methylene groups of cyclobutene at

different PP separations under constrained distance conditions for (a) the disrotatory pathway and

(b) the conrotatory pathway. The energies on the surfaces are plotted relative to that of the

structures on the disrotatory surface with a PP separation of 3.0 Å and torsion of 180�. Solid
lines indicate the MEP on each surface. The dashed line indicates the path the system follows upon

moving from the disrotatory to conrotatory surface after the dissociation of the scissile bond.

Locations of transition states and products are indicated as ‘TS’ and ‘P,’ respectively
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by varying R0 over time. In the case of the former, a constant F is applied and the

system is allowed to move on a single FMPES along all 3N – 6 degrees of freedom

to follow the MEP connecting reactants to products. In the case of the latter, the

system can move along 3N – 7 degrees of freedom to sample a series of FMPESs

defined by the values of R0 spanned during the simulation. These differences are

evident from an examination of the MEPs in Figs. 7 and 8, as well as the differences

in the outcomes of the MD simulations described above. The ring-opening of

cyclobutene is likely to be an extreme example of these artifacts because the

product formed during the reaction depends on the rupture of a C–C bond and

rotation of two methylene groups. The rupture of the scissile bond and rotation

along the disrotatory pathway are both favored in simulations where F is applied

Fig. 8 Portion of the FMPES associated with rotating methylene groups of cyclobutene at

different PP separations under EFEI mechanochemical conditions at F¼ 1,500 pN for (a) the

disrotatory pathway and (b) the conrotatory pathway. The energies on the surfaces are plotted

relative to that of the structures on the disrotatory surface with a PP separation of 3.0 Å and torsion

of 180�. Solid lines indicate the MEP on each surface. Locations of transition states and products

are indicated as ‘TS’ and ‘P,’ respectively
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explicitly in a tensile manner because both of these processes increase the separ-

ation of the PPs. Meanwhile, increasing R0 from its equilibrium value in cyclo-

butene imposes a tensile F that favors the rupture of the C–C bond, but increasing

R0 from the point at which bond scission occurs leads to the application of a

compressive F that disfavors rotation of the methylene groups along the disrotatory

path. In other cases where the reaction is dominated by the change in a given

interatomic distance, e.g., the dissociation of strained polymers via the rupture of an

individual bond or the dissociation of S–S bonds in proteins, the differences

between MD simulations in which F is applied explicitly and those in which F is

applied via time-dependent distance constraints may be less significant. Nonethe-

less, one should be aware of these differences when selecting an approach for

imposing F in MD simulations of mechanochemical processes.

2.2 Indirect Evaluation of the FMPES

A qualitative understanding of the manner in which F alters the PES can be useful

in developing strategies for the mechanochemical activation of reactions and for

understanding the outcomes of experiments performed under mechanochemical

conditions. For example, understanding how F affects the relative energies of

reactant and TS species, as well as the structures of those species, can aid in the

selection of groups that are subjected to F in order to activate reactions under

mechanochemical conditions. Such information can be obtained by locating the

structures of these species on the FMPESs associated with different values of

F through calculations performed directly on the FMPES using the methods

describe above. However, such calculations must be performed at each value of

F and can thus be quite laborious. Instead, useful insights regarding the relation-

ships between F and the activation of reactions can be obtained by using knowledge

of the zero-F PES to predict indirectly features of the FMPES. Kauzmann and

Eyring developed one of the first ‘indirect’ models to describe the reactivity of

chemical systems on the FMPES [107]. That model involved extending transition

state theory to incorporate the effect of F on the activation energy, ΔE{, with ΔE{

being reduced from its zero-F value in a manner that depends linearly on F. This
model was found to account for the increased rate of homolytic bond cleavage of

polymers with mechanical force. More recently, additional methods for indirectly

predicting the features of the FMPES on the basis of knowledge of the zero-F PES

have been reported. These techniques are discussed in what follows.

2.2.1 Bell’s Model

Bell developed a theoretical framework to predict the effects of F on the adhesion

between cell surfaces [108]. In Bell’s model, it is assumed that applying F does not

affect the structures of reactants, TS, and products of a reaction, but rather the sole
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effect of F is to perform work on the system as it moves between these species

during the course of a reaction. In the context of reaction kinetics, the work

performed on the system occurs as a result of a change in the separation of groups

subjected to F as the system moves from the reactants to the TS. Within the

assumption that F does not affect the reactant and TS structures, it is possible to

determine this change in separation, ΔR(0), using knowledge of these structures on
the zero-F PES, and it follows that the barrier on the FMPES can be approximated

as

ΔE{ Fð Þ ¼ ΔE{ 0ð Þ � FΔR 0ð Þ; ð6Þ

where ΔE{(0) is the barrier on the zero-F PES.

The simplicity of Bell’s model is useful in the context of chemical simulation

because its use only requires the evaluation of reactant and TS structures on the

zero-F PES, yet provides the ability to predict properties on the FMPES. Of course,

the assumption that the reactant and TS structures are invariant to F is only reliable

(even qualitatively) for low values of F, which limits the range of F over which

Bell’s model can provide reliable predictions regarding the relationships between

reaction barriers and F. Nonetheless, the simplicity of Bell’s model combined with

its ability to provide a qualitatively accurate description of the relationship between

reaction barriers and F has led to its application in many practical contexts. For

instance, Bell’s model has been used extensively to study the mechanochemical

response of several biological systems such as the rupture of disulfide bonds in

proteins [109], the distortion of extracellular matrices in cells and tissues [110], and

the force generation in actin-binding protein motors [111].

2.2.2 Tilted Potential Energy Profile Model

The assumption that the reactant and TS structures are invariant to F is a key

limitation of Bell’s model. The movement of these structures produced by the

application of F is addressed in a limited manner by the tilted potential energy

profile model [112]. In this model, it is assumed that F is aligned exactly with the

zero-F reaction coordinate. The application of F then shifts the energies of all

structures along this coordinate by –FR, where R is the distance between the atoms

subjected to F at each point along the reaction coordinate. This modification of the

energies along the reaction coordinate is illustrated schematically in Fig. 9. As

shown in that figure, the modification of the energies has the effect of allowing the

reactant and TS structures to move to new locations along the reaction coordinate.

In particular, if F is positive and R increases along the reaction coordinate, the

reactant and TS structures move closer to one another and the activation energy is

reduced, which is consistent with the Hammond postulate. However, by restricting

structural changes to occur only along the zero-F reaction coordinate, the tilted

potential energy profile model fails to account for anti-Hammond effects, which can

influence the activation energy and even cause the system to follow alternate
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reaction pathways. The tilted potential energy profile model can also be relatively

demanding from a computational standpoint, because the energies of multiple

structures along the zero-F reaction coordinate must be evaluated to use it. This

model has been applied to study the effect of F on the kinetics of several bio-

chemical processes [112–114].

2.2.3 Extended Bell’s Model

Bell’s model provides a qualitatively correct description of the effect of F on

reaction barriers. However, the assumption that the reactant and TS structures are

unaffected by the application of F restricts the range of F over which Bell’s model

applies. The F-induced movements of the reactant and TS structures along the zero-
F reaction coordinate are captured partially by the tilted potential energy profile

model; however, in general, the application of F can induce changes in the

reactant and TS structures that are orthogonal to the zero-F reaction coordinate.

Such changes in structure, and the consequent effects on reaction barriers, can be

captured by expanding the FMPES as a Taylor series with respect to the nuclear

positions [37, 97, 115].

A second-order expansion of the FMPES at a stationary point on the zero-F PES

yields

F = 0
F > 0

reaction coordinate 

en
er

gy
 

E 0( )

E F( )

R TS P 

Fig. 9 A general schematic showing the effect of F on the PES on which a molecule moves as

described in the tilted potential energy profile model. The black curve illustrates the change in

energy along the reaction coordinate in the absence of an external force. The labels R, TS, and P

indicate the positions of the zero-F reactants, transition state, and products along this reaction

coordinate, respectively. The red curve is obtained by adding –FR to the zero-F energies. The

addition of this work term lowers the barrier relative to its value in the absence of applied F. The
application of F also shifts the locations of R, TS, and P from their zero-F positions, but otherwise

this model assumes the series structures comprising the reaction coordinate in the absence and

presence of F are identical
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EF q0 þ δq;Fð Þ ¼ E0 q0ð Þ þ 1

2
δqTHintδq� F R0 þ δRð Þ; ð7Þ

where q0 represents the nuclear coordinates corresponding to a stationary point on

the zero-F PES, δq represents the changes in these coordinates upon the application

of F, R0 is the distance between the atoms subjected to F when F is not applied, and

δR is the change in R produced by the application of F. All first derivatives of E(q)
with respect to nuclear coordinates are zero and are therefore not included in (7).

The second derivatives of E0 with respect to nuclear coordinates are grouped into

the term Hint, which is the Hessian in terms of internal coordinates. The distance

between atoms that are subjected to F, termed R, represents one of the internal

coordinates used to construct Hint.

The change in the structure of a stationary point upon moving from the zero-F
PES to the FMPES can be quantified as

δq ¼ CF; ð8Þ

where C ¼ H�1
int is the compliance matrix and F is a vector whose components are

all zero except for that associated with internal coordinate R, which has a magni-

tude of F. Substituting (8) into (7) and noting that F is the only non-zero component

of F yields

EF q0 þ δq;Fð Þ ¼ E0 q0ð Þ � FR0 � F2

2
CRR; ð9Þ

where CRR is a compliance term that accounts for the relationship between δR and

F while taking into account the relaxation along all other internal coordinates.

Equation (9) can be applied to reactant and TS geometries to estimate the reaction

barrier on the FMPES as

ΔE{ Fð Þ ¼ ΔE{ 0ð Þ � FΔR0 � F2

2
ΔCRR; ð10Þ

whereΔR0 ¼ RTS
0 � Rr

0 is the change in R as the system progresses from the reactant

to the TS andΔCRR ¼ CTS
RR � Cr

RR is the change in compliance matrix element along

the direction R between the TS and the reactant. The first two terms in (10) are

equivalent to Bell’s model – see (6) – whereas the last term incorporates changes in

energy that arise from F-induced changes in the structures of the reactants and TS.

The extended Bell’s model outlined in (10) provides an estimate of the reaction

barrier on the FMPES without performing a large number of quantum chemical

calculations. The terms in this model can provide information in the selection of the

atoms that are subjected to F to achieve a desired mechanochemical response. For

instance, this model indicates that lowering the barriers on the FMPES, and hence

activating reactions, can be achieved by selecting pairs of atoms whose separations

increase upon moving from the reactant to TS and/or for which the TS is more
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compliant than the reactant CTS
RR > Cr

RR

� �
. This model has been used to describe the

effect of applied force on the rupture of bonds in pericyclic reactions [37] and

the influence of anti-Hammond effects on barriers [116], and to explore how the

regiochemistry of polymers attached to mechanophores can affect F-dependent
changes in reaction rates. [117].

One of the main limitations of this model is that the barrier on the FMPES is

predicted using structures, energies, and Hessians obtained with zero-F reactant and

TS structures. As such, the predictions made with (10) become increasingly

unreliable as F is increased. It may be possible to improve the abilities of extended

Bell’s models to predict accurately the structures of reactant and TS structures,

as well as barriers, at higher F by increasing the order to which the zero-F energy is

expanded with respect to changes in structure; however, no proof showing that

this Taylor series expansion converges exists to our knowledge. Regardless, calcu-

lating the higher order derivatives of the zero-F energy with respect to the

nuclear positions is generally computationally intractable.

An extended version of Bell’s model that is applicable to a wider range of F than

that in (10) has been reported by Makarov and coworkers [36]. Their model

straddles the line between indirect and direct evaluation of the FMPES by using

Hessians obtained at non-zero F to propagate numerically the reactant and TS

structures over a range of F. This approach involves representing the structure of

a stationary point on the FMPES as

ΔE{ Fð Þ ¼ ΔE{ 0ð Þ �
ð F

0

qTS F
0

� �
� qR F

0
� �h i

1dF
0
; ð11Þ

where l is a vector indicating the direction along which F is applied. The structures

obtained at different values of F can then be used to find reaction barriers at higher

F:

ΔE{ Fð Þ ¼ ΔE{ 0ð Þ �
ð F

0

qTS F
0

� �
� qR F

0
� �h i

1dF
0
; ð12Þ

where qTS and qR are the structures of the TS and reactant, respectively, at F.
Although this approach overcomes the limited abilities of (10) at higher F, its use
imposes additional computational demands because a Hessian must be generated

for the reactant and TS at each F considered. The additional information obtained

by generating Hessians at higher Fmakes it possible to identify and characterize F-
induced instabilities in reactant and TS structures in terms of F-induced changes to

the eigenvalues of the Hessian. However, the F-induced changes in the reactant and
TS structures arising from these instabilities can also be determined from geometry

optimizations of these structures on the FMPES at a comparable or even lower

computational cost than that associated with performing multiple calculations of

the Hessian.
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The models described above aim to obtain approximate details regarding the

FMPES using information from the zero-F PES. However, chemical processes are

governed by free energies. Boulatov and coworkers have explored the ability to

access free energy barriers using truncated Taylor series expansions [97, 118]. The

contribution of the potential energy is obtained by treating the system as reactive

site coupled to an external harmonic constraining potential as discussed in the

section “Application of F through Constrained Geometries,” which incorporates

the effects of polymers used to subject the reactive site to F without employing an

explicit treatment of those polymers. The constraining potential has a compliance,

Cc, and equilibrium length, Rc, which are incorporated into the potential energy to

yield. Incorporation of the vibrational partition functions, Z, which are dependent

upon Cc, yields the free energy barrier for the dominant reactant conformer as

ΔG{ Cc;Fð Þ ¼ ΔG{ 1; 0ð Þ þ FΔR0 þ F2 ΔCRRð Þ
2

� �
Cc þ Cr

RR

Cc þ CTS
RR

� �

þ ΔR2
0

C2 þ CT
RR

� kBTln
Z0

Zc

� �{
Zc

Z0

� �r

ð13Þ

where terms with a superscript ‘c’ refer to quantities that incorporate the compli-

ance of the confining potential. Equation (13) reduces to (10) in the limit that Cc

! 1 and Rc ! 1.

Equation (13) is intended to describe the free energy barrier of a reactive site

embedded in a polymer, where ΔR should correspond to the distance between the

PPs in the experimental system where F is applied two polymers that are grafted

onto a reactive site. Computational limitations prevent the use of model systems

that accurately include polymers of sufficient length to ensure that (13) reliably

reproduces experimental conditions. To overcome this limitation, Boulatov and

coworkers employed the previously demonstrated relationship between the

F applied along a conveniently defined local coordinate that applied between the

PPs to cast (13) in a form amenable to use to quantities obtained through QC

calculations of small model systems in the limit that Cc ! 1 and Rc ! 1:

ΔG{ Cc;Flð Þ ¼ ΔG{ 1; 0ð Þ þ FlΔRl
0 þ

F2
l ΔCllð Þ
2

� �
; ð14Þ

where the forces, separations, and compliances correspond to those associated with

the local coordinate, l, as opposed to the coordinate connecting the ends of the

polymers used in experiments. Equation (14) is compatible with QC calculations of

small model systems, where the necessary distances and compliances can be

obtained using a local mechanochemical reaction coordinate that is relevant to

the reaction being studied, e.g., a bond length that changes during a reactions. The

comparison of this model with Bell’s model and a full statistical mechanical
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treatment of reaction kinetics has shown that it is suitable for describing mechano-

chemical processes over the range of F encountered in experiments [118].

2.2.4 Comparison of Indirect Models for Predicting the FMPES

The conceptual models outlined above all describe the effects of F on reaction

barriers to different levels of approximation. The abilities of these models can be

assessed by comparing the predicted barriers to those obtained from QC calcu-

lations of the barriers on the FMPES. Such a comparison is provided in Fig. 10,

which compares the barriers obtained with different conceptual methods for the

ring-opening of 1,3-cyclohexadiene with F applied to the atoms indicated with

asterisks in Fig. 10a. QC structures, energies, and frequencies of the reactant and TS
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Fig. 10 (a) Reaction scheme for the ring opening of cyclohexadiene along the disrotatory

(allowed) pathway. The atoms indicated with asterisks were used to apply F. (b) Reaction barriers
as a function of F applied at the CASSCF(6,6)/6-31G(d,p) level and using (6), (10), and (12)
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for this reaction were calculated at different F using CASSCF(6,6)/6-31G(d,p)

methods. These data were then used to predict the barriers at different F using

(6), (10), and (12). The comparison of the reaction barriers obtained with these

different methods is given in Fig. 10b.

The results demonstrated that the agreement between the models and the QC

values increases with the amount of information incorporated into the models. For

instance, Bell’s model – see (6) – captures the increase in ΔE{ at low F, but fails to
describe the reduction in ΔE{ at higher F. This is clearly a result of using a linear

model to describe the F-induced changes in ΔE{. The extended Bell’s model based

on zero-F data – see (10) – qualitatively captures the changes in ΔE{, with this

quantity increasing at low F and decreasing at high F. However, the quantitative

agreement between the barriers predicted with those model and the QC barriers

becomes increasing poor as F is increased. Meanwhile, the barriers predicted using

an extended Bell’s model with F-dependent parameters – see (12) – agrees well

with the QC barriers over the entire range of F considered. In general, the agree-

ment between the conceptual models and the QC barriers varies with the nature of

the reaction and the atoms used to apply F. However, the relative agreement

between the results obtained with the conceptual models and the QC data illustrated

in this example are qualitatively consistent with what one would expect.

Although the agreement between the barriers predicted with these models and

the QC data improves as (6) < (10) < (12), the computational requirements

associated with these methods trend in the opposite direction. Specifically, Bell’s
model can be directly used if the zero-F structures and energies of the reactants and

TS are known. The extended Bell’s model given by (10) requires information

regarding the zero-F compliance matrices of the reactant and TS. The Hessians

associated with these structures are generally available after QC optimizations of

these structures (assuming one has confirmed the natures of these stationary points

via frequency calculations); however, a small amount of additional effort is needed

to transform the Hessians to the coordinate systems associated with a set of internal

coordinates that explicitly contain R. The use of (12) has significantly greater

computational requirements because the Hessian must be evaluated at each F.
This can become particularly costly if one is examining the dependence of the

reaction barriers upon the different pairs of atoms used to apply F because a series

of Hessian calculations would be required for each pair of atoms considered.

3 Methods for Simulating Bulk Mechanochemistry

The methods discussed in Sect. 3 are suited to modeling mechanochemical experi-

ments in which individual molecules are subjected to tensile stresses applied

between regions in those molecules. However, a large branch of mechanochemical

experiments employ techniques such as milling and grinding in which shear and/or

compressive stresses applied at the macroscopic levels induce reactions. Methods

that focus on the action of tensile stresses at the molecular level, such as those
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described in Sect. 3, are not well-suited to modeling the shear conditions relevant

for this type of mechanochemical activation. For instance, separating two regions of

an individual molecule via a one-dimensional PES scan, SMD, or EFEI methods in

an effort to mimic shear at the level of an individual molecule induces rotation as

opposed to shear. In addition, shear and compressive stresses are typically trans-

mitted via intermolecular interactions, and thus single molecule representations are

not appropriate for modeling mechanochemical processes induced by shear and/or

compression.

Invoking mechanochemical reactions via the application of shear and/or com-

pressive stresses is similar to the field of tribochemistry, which involves studying

reactions that are induced by the conditions experienced when surfaces slide past

one another [119]. These conditions include stresses that reach the theoretical yield

strengths of the materials in contact (which can reach several GPa) and local

temperatures that reach the melting points of these materials (which can reach

hundreds or even thousands of Kelvin depending on the materials). The high

temperatures achieved can induce thermochemical processes, whereas the extreme

stresses experienced in sliding contacts can promote mechanochemical reactions.

As such, mechanochemical processes induced via shear and compression can be

thought of as a subset of tribochemical reactions [120], and simulation techniques

that are suitable for studying tribochemical processes can also be used to model

these types of mechanochemical reactions. Despite this potential, far fewer simu-

lations of these ‘bulk’ mechanochemical processes have been reported than their

molecular counterparts, and thus the application of methods used in tribochemistry

to study mechanochemical processes represents a relatively open avenue for further

research.

To account for conditions of shear and compression, tribochemical simulations

employ models that are sufficiently large to account for the interactions between

molecules and, potentially, surfaces that impose and transmit these stresses. Such

models often include surfaces that can be moved relative to one another to induce

stresses and/or place the system in a simulation cell that can be deformed to impose

stresses and strains. Schematics of such models are given in Fig. 11. Figure 11a

shows a system containing two slabs that are separated by material that is to be

sheared. This is achieved by moving the upper slab related to the bottom slab.

Figure 11b shows a system in which an interface has been placed in a simulation

cell. Compression can be invoked by subjecting the cell to stresses or strains

perpendicular to the interface, whereas shear can be achieved by applying stresses

or strains parallel to the interface.

In what follows, we describe how models such as those in Fig. 11 can be used to

study stress-activated processes. As indicated above, these techniques have been

used primarily to investigate tribochemical reactions; however, these techniques

should be transferrable to studies of mechanochemical reactions. Section 3.1

focuses on describing techniques that allow tribochemical reactions to be modeled

with static calculations such as geometry optimizations, potential energy surface

scans, and minimum energy path calculations. Section 3.2 focuses on using MD
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simulations to examine the chemical behavior of systems that are exposed to

compressive and/or shear stresses.

3.1 Static Simulation Methods

Static calculation methods include techniques such as single point energy calcu-

lations and geometry optimizations, which can be used to examine features of the

PES without actually simulating the dynamics of the system. The use of static

simulation methods to study the changes in energy and structure that occur during

tribochemical processes has a long history [48, 49]. These methods have been used

to optimize the reactants and products of tribochemical reactions, to examine the

PES associated with the movement of surfaces relative to one another, and to

identify the MEPs connecting the reactants and products of tribochemical reactions.

The calculations provide insight into the changes in energies and stresses associated

with these reactions, which are then used to predict properties such as friction forces

and friction coefficients. Methods for mapping PESs are described in Sect. 3.1.1

and techniques for locating the MEPs of sheared systems are described in

Sect. 3.1.2. In the context of mechanochemistry, these types of calculations may

sliding 

compression shear 

   or xz  L or  zz

x(a) 

(b) 

Fig. 11 (a) Two slabs of alumina separated by a collection of aldehydes. Shear stress is imposed

by moving the upper slab a distance, Δx, relative to the lower slab. (b) A hydroxylated alumina

interface contained within a simulation cell. Compression can be achieved by subjecting the

system to a stress (L ) or strain (εzz) perpendicular to the interface. Shear can be achieved by

applying a shear stress (τ) or a shear strain (εxz) parallel to the interface
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be useful for determining the structural transformations that occur during reactions

and in evaluating the stresses to which molecules in contact are exposed.

3.1.1 Mapping Potential Energy Surfaces

As noted above, static computational models do not attempt to simulate the

dynamics associated with chemical reactions. However, by performing a series of

static calculations on systems whose structural features vary in a systematic man-

ner, one can develop an understanding of the changes in structure and energetics

that occur during a reaction. In the context of tribochemistry, such calculations are

often used to map out the two-dimensional PES associated with the movement of

one surface relative to another using models of the form shown in Fig. 11, which

may or may not contain material between the slabs depending on the particular

application. The construction of the PES is achieved by moving the upper surface

relative to the bottom one over a series of fixed increments and evaluating the

energies of each structure. The changes in energy on the resultant PES can be used

to identify low energy pathways along this surface, which should correspond to the

preferred directions for slip and shear, and can also be used to estimate the energetic

barriers associated with slip along these directions. An example of a PES

constructed via this approach and the consequent estimation of slip barriers along

competing directions is shown in Fig. 12. The usefulness of the information gained

from these PES scans is dependent upon how closely the changes in structure

permitted during the simulations, e.g. relaxation of atomic coordinates and/or

components of the lattice vectors orthogonal to the cell deformation, represent

those which would occur if the system was simply allowed to evolve naturally.

Mapping the PES using a set of static calculations, as opposed to exploring the

reaction via dynamic methods, is advantageous from the standpoint of compu-

tational requirements. The overall computational cost can easily be moderated by

selecting the density of the points in the scan. A low density of grid points can be

used to obtain a coarse description of the shape of the PES and then a set of

calculations using a higher density of grid points can be used to gain a refined

representation of the PES along important directions such as slip pathways. This

approach also has built-in parallelism. Because the points of the surface are

decoupled, calculations of individual points be can be performed independently

of one other and the limit of parallelism is effectively nonexistent.

An early example of fully mapping a PES between two materials was reported

by Smith et al. in 1998 [122]. In that study, they use the ACRES method [123], a

parallelizable grid-based method for calculating DFT energies, to calculate the PES

associated with movement along the interface between molybdenum trioxide

(MoO3) and molybdenum disulfide (MoS2). To do this, they built slabs of each

material, brought the slabs into contact to form an interface that spanned the x–y
plane, and then minimized the energy of the system with respect to the interfacial

separation at 16 lateral positions in the x–y plane. Because of computational costs,

only the interfacial distance was varied at each point on the PES while the atomic
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positions were held fixed. The PES obtained through these calculations led to the

identification of a clearly preferred slip pathway along the interface, which

corresponded to a groove on the MoS2 surface into which the oxygen atoms at

the surface of the MoO3 slab fit. Because the interfacial distance was relaxed, it

provided some information regarding the manner in which the surfaces interact at

various lateral positions as well. It was found that orienting the surfaces in relative

positions that caused the oxygen atoms in the MoO3 surface to move out of the

groove in the MoS2 surface led to an interfacial separation that was 0.5 Å greater

than the minimum energy interfacial separation for this system. Meanwhile, mov-

ing along the grooves showed that the interfacial separation varied by only 0.01 Å.
Phillpot et al. [121] expanded on the work of Smith and coworkers by evaluating

the PESs of MoO3/MoO3, MoS2/MoS2, and MoO3/MoS2 interfaces using model

systems contained in periodically-repeated simulation cells in conjunction with

plane-wave DFT calculations. In the approach used in their study, the entire simu-

lation cell was first optimized to ensure the system was at a minimum configuration

before scanning the PES. This optimization was performed by allowing the atoms

in the system to relax while keeping the lattice vectors defining the simulation cell

fixed. An external load was then applied by compressing the system in the direction

perpendicular to the interface, fixing the top and bottom atomic layers, and allowing

the remaining atoms to relax. This procedure was continued until the magnitude of

Fig. 12 Upper panel: A
two-dimensional PES

constructed by moving one

slabs of MoS2 relative to

another along the x and
y directions. Possible slip
paths on the surface are

shown with the solid and
dashed lines. Numbers
indicate energies in

eV/atom relative to the

energy of the optimized

structure of MoS2 at various

positions on the surface.

Lower panel: Changes in
energy along the paths

designated I and II in the

upper panel as a function of

sliding distance.

Figure reprinted with

permission from Liang

et al. [121]. Copyright

(2008) by the American

Physical Society
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the system’s internal stress along the compressed direction was equal to the desired

normal load. The application of a load in this context can be useful to determine the

load-dependence of properties such as shear strengths and slip barriers. After the

target load was reached, the PES was mapped by rigidly moving the top half of the

system in the x–y plane, relaxing the atoms at each point, and comparing the energy

to that of the untranslated system. When moving the system in this manner, it is

important to tilt the c lattice vector according the Lees–Edwards boundary condi-

tions [124] to avoid introducing a second slip plane at the periodic boundary of

the cell.

The PES scans of the MoO3/MoO3, MoS2/MoS2, and MoO3/MoS2 interfaces led

to the conclusion that sliding MoO3 onMoO3 has the highest slip energy barrier and

consequently requires the largest force to induce slip. Meanwhile, the mixed MoO3/

MoS2 interface required a force that was approximately an order of magnitude

lower to pass over its slip barrier. This methodology, or variations of it, has become

a standard approach to constructing the PESs associated with tribochemical reac-

tions and has been used to study hydrogenated [125, 126] and fluorinated-diamond

surfaces [126], graphene oxide [127], graphane and fluorographane [128], and

graphene/boron nitride [129], among other systems.

In 2013, Hod proposed a method for predicting slip paths in materials called the

registry index (RI) [130], which has lower computational demands than PES scans.

This method is based on the concept that the highest energy inter-surface stacking

mode is generally the one with the most overlapping atoms between the two

surfaces (e.g., in graphite, the highest energy configuration has the carbon atoms

in adjacent sheets directly on top of each other, although the lowest energy

configuration minimizes this overlap). To calculate the RI, each atomic center is

assigned a circle of given radius and the projected overlap between the circles in

two adjacent layers, designated the SCC, is calculated. This value has a maximum at

the highest energy stacking mode and a minimum at the lowest energy mode. The

RI is then evaluated as

RI ¼ SCC � Smin
CC

Smax
CC � Smin

CC

; ð15Þ

which is bound to values between zero and one. In essence, RI is a measure of the

extent of electron cloud overlap between two layers, which is one of the primary

contributors to the sliding energy landscape in materials. Hod has shown the

usefulness of RI in studying graphite, hexagonal boron nitride, MoS2, graphene/

boron nitride, and multi-walled boron nitride nanotubes [129, 130].

3.1.2 PES Scans Along the Slip Path

Mapping the two-dimensional PES associated with sliding one surface past another

can be computationally demanding, with the number of energy calculations
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increasing quadratically with the number of points considered along each direction.

The computational requirements can be reduced considerably in cases where the

slip path is known, where it is possible to perform a one-dimensional scan over a

series of points along this path. This can be done in a manner similar to that

described above, but only stepping along the slip path. Alternatively, optimization

schemes, such as the nudged elastic band method, can be used to calculate the

minimum energy path that aligns to a particular slip path. Such methods are

described below.

One of the earliest reported examples of using one-dimensional scans to study

atomic-scale friction with quantum chemical methods was published in 1990 by

Zhong and Tománek [131], where they modeled a layer of palladium on graphite.

To determine the friction behavior of this system, a one-dimensional PES scan was

obtained using DFT by moving the palladium atoms along a specific direction on

the graphite surface. The friction force was calculated by differentiating the poten-

tial energy with respect to the sliding distance. It was found that friction coefficient

was low (on the order of 10�2) for small loads and increased for larger loads, in

agreement with previous AFM experiments.

The Pakkanen group has reported a series of studies in which they examined the

friction behavior of a variety of materials with known slip paths. For these studies,

they developed small models of the material of interest, typically only including a

few atomic layers. For example, they modeled hydrogen-terminated diamond

surfaces using a C13H22 fully saturated tricyclic model [132]. They placed two of

these systems in contact and calculated the energy at various points along the

sliding path with a load applied normal to the sliding direction. These methods

have been employed by the Pakkanen group to study interactions with hydrogen-

[132], methyl- [133], and fluoro-terminated [134] diamond surfaces, other hydro-

carbons [135], graphene sheets [136], boron nitride [137], and boron nitride on ice

[138]. Others have studied the slip behavior of materials using a similar methodo-

logy to that used by the Pakkanen group, but using larger model systems. Using

periodically repeating models of 22 metals and ceramics, Ogata et al. calculated the

shear strain-stress relationships of these materials to determine the maximum strain

a crystal can withstand [139]. Mosey, Liao, and Carter used one-dimensional PES

scans to predict the shear strengths of materials such as iron oxides and chromia

[140–142].

3.1.3 Optimization to a Minimum Energy Path

PES scans over a discrete set of points provide insights into the changes in energy

and structure that occur during a slip process. However, it is unlikely that a given

point on a scanned PES corresponds exactly to the transition state for a reaction or

slip process. This uncertainty in the position of the transition state introduces errors

in calculated reaction barriers. In addition, the slip path itself may not correspond to

the series of structures along the grid used to construct the PES. To gain a more

accurate description of the reaction process, it is useful to evaluate the series of
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structures, including the transition state, corresponding to the MEP the system

follows as it moves from reactants to products. In calculations of molecular

systems, this is often achieved through the evaluation of the IRC, which starts

from a known transition state structure and constructs the MEP by following the

steepest descent trajectory from the TS to the reactant and product structures it

connects. It is not straightforward to optimize TS structures for condensed phase

systems such as those used in tribochemical studies without first optimizing the

MEP. As such, one cannot readily employ the IRC procedure used to study

reactions involving molecular systems. Instead, MEPs for reactions occurring in

the condensed phase are obtained by starting from the reactant and product struc-

tures and locating the MEP that connects these structures. An approach for locating

MEPs for shear-induced transformations is described in what follows. This method

is based on the nudged elastic band (NEB) method, which has been used to study

condensed phase reactions in which the simulation cell remains fixed.

The NEB method [143–145] is part of a family of path minimization techniques

known as chain-of-states methods. In these methods, two positions on a PES are

connected by a series of images that trace a path on the surface. After the initial path

is generated, various optimization techniques can be used to minimize the path to an

MEP on the PES. The features of this process are outlined schematically in Fig. 13.

In one chain-of-states approach, called the elastic band method, the images are

connected by springs and the path is optimized by minimizing the force experi-

enced by each image as the sum of the true force and the spring force. The true force

Fig. 13 Optimization to the MEP via the chain-of-states methods. The contour plot designates a

PES. The circles indicate images along a path on this surface that are moved to obtain the MEP.

The initial path is consistent with series of structures changed linearly to connect the reactants and

products. The forces acting on each image are used in conjunction with optimization techniques to

convert the initial path into the MEP connecting the reactant and product structures.

Figure reprinted with permission from Caspersen and Carter [146]. Copyright (2005) National

Academy of Sciences, USA
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on an image i, which has coordinates ri, is given by F∇
i ¼ �∇E0 rið Þ and pulls the

intermediate images toward the ends of the path. Meanwhile, the spring force is

given by F s
i ¼ �∇Es rið Þ where the spring energy, Es, is given by

Es ¼ ks riþ1 � rið Þ2 þ ri � ri�1ð Þ2
h i

and ks is a spring constant.

The elastic band method does not normally find the correct MEP because of two

main issues: image sagging and corner cutting. Image sagging arises when the

chosen spring constant is too low and results in the images “sliding” down the path

toward the reactant and product. Corner cutting arises from the opposite problem,

when the spring constant is too high and the path cannot relax enough to minimize

to a curved MEP and cuts the corner, frequently giving an energy barrier that is too

high. In practice, it is not possible to choose a spring constant that prevents both

issues.

The NEB method recognized that the issues with the elastic band technique

arose from specific components of the force. The issues with corner cutting arise

from components of the force perpendicular to the path, which tend to pull images

away from the path. Image sagging can be attributed to components of the true force

parallel to the path; the spacing between images becomes uneven to balance out the

net force. The simple solution to these issues is to minimize the elastic band with

these force components projected out. The NEB force is

FNEB
i ¼ F∇⊥

i þ F
s
����
i ; ð16Þ

where F∇⊥
i ¼ F∇

i � F∇
i � τ̂ i

� �
τ̂ i is the true force perpendicular to the path and F

s
����
i

¼ k riþ1 � rij j � ri � ri�1j jð Þτ̂ i is the spring force parallel to the path, where τ̂ i is

the unit-tangent to the path and ri are the Cartesian positions of the atoms in image i.
A later modification to the standard NEB, called climbing image NEB [147], allows

the highest energy point along the MEP to move along the path to locate the

transition state. The force on the climbing image, FCI
i ¼ F∇

i � 2 F∇
i � τ̂ i

� �
τ̂ i, does

not include spring forces and points up τ̂ i toward the direction in which the energy

is increasing. The forces acting on the images in this approach are illustrated in

Fig. 14.

The NEB method is particularly attractive for optimizing the MEP of a variety of

chemical processes for a number of reasons, including (1) it is computationally

inexpensive, only requiring evaluation of the potential energy and first derivative of

the energy with respect to coordinates, (2) it provides a robust, but flexible conver-

gence to an MEP, and (3) it is inherently parallelizable, making it particularly

appealing for modern, highly parallel computer resources.

Unfortunately, as originally presented, the NEB method cannot be used to study

mechanochemistry in the bulk, as there is no way to allow the simulation cell to

change in response to shear or compression. Trinkle et al. [149, 150] proposed a

method that employs the NEB method to optimize the MEP for the atomic coordi-

nates and relaxes the cell vectors using Parrinello–Rahman molecular dynamics
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techniques [151]. Caspersen and Carter proposed a method that extends the Born–

Oppenheimer approximation to assume that the motion of the nuclei is decoupled

from the motion of the lattice vectors. They used this concept to relax the nuclear

coordinates to a zero force state, and then used the NEB formalism to optimize the

cell vectors. These methods ultimately suffer from the same issues that the climbing

image NEB was introduced to overcome. Additionally, the motions of the atomic

and cell degrees of freedom are not fully decoupled and it has been shown that if

these are not coupled properly it can lead to non-physical MEPs [152].

The generalized solid-state NEB (GSSNEB) [148] was developed recently to

overcome these problems. This method uses the NEB formalism to optimize simul-

taneously the atomic coordinates and the simulation cell to the MEP. In the

GSSNEB method the strains and stresses associated with the simulations cell are

used as analogues of atomic positions and forces. These quantities are incorporated

into the calculation by concatenating the strain associated with the cell of a

particular image to the changes in atomic positions:

Δℝ ¼ Jε,Δrf g; ð17Þ

and the stress, σ, on an image is similarly concatenated to forces on the atoms:

 ¼ �Ωσ
J

,F

	 

; ð18Þ

where J ¼ Ω1=3N1=6 is a Jacobian introduced to ensure that the stresses and strains

have the same units and scale as the forces and positions, respectively, Ω is the

volume of the simulation cell, and N is the number of atoms. This method has been

used primarily to study phase transitions [148, 153–156] and adsorption/desorption

processes [157–159].

Fig. 14 NEB force

projections for a typical

image i and a climbing

image l. Reprinted with

permission from Sheppard

et al. [148]. Copyright 2012,

AIP Publishing LLC
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3.2 Dynamic Methods

The static methods described above can be used to provide information regarding

the changes in structures, energetics, and forces associated with reactions induced

through shear and/or compression. However, computational demands typically

limit PES scans to examining two dimensions at most, and hence such scans may

miss important details of reaction mechanisms that occur along directions that are

not scanned. The evaluation of the MEP with techniques such as the GSSNEB

approach accounts for the motion of the system along all degrees of freedom as a

reaction occurs; however, this method requires a priori knowledge of the reactants

and products, and is thus only useful in cases where the reaction to be examined is

already known.

MD simulations allow systems to move naturally on the PES and can thus be

used to explore known reactions as well as identify new reactions. In order to

simulate chemical reactions, i.e., processes involving changes in bonding, it is

generally necessary to employ a potential derived from quantum chemical

(QC) methods or reactive force fields. These techniques have been used extensively

in the context of simulating tribochemical reactions [48, 49]. For instance, Harrison

et al. performed a series of studies modeling hydrogen-passivated diamond inter-

faces using constant strain simulations. In an initial report, they studied the friction

behavior of atomically smooth interfaces under various loads and shear rates

[160]. Later, they modeled rough interfaces by introducing short alkyl chains to

the surface in place of hydrogen atoms [161, 162]. More recently, Harrison used

another atomically smooth hydrogen-passivated diamond surface as a model for

atomic force microscope tips with different geometries [163]. Luo and coworkers

have also used reactive FFs to examine tribochemical processes related to lubrica-

tion [164]. Our group has used constant strain conditions to model the friction

behavior of hydroxylated alumina surfaces [165, 166] and aldehydes bound to these

surfaces [167], as well as aldehydes compressed between these surfaces [168].

As noted above, shear- and compression-induced mechanochemical reactions

form a subset of tribochemical reactions, and hence the MD simulation techniques

used to study tribochemical processes can be applied to mechanochemical condi-

tions. These techniques involve the introduction of slabs representing surfaces that

can be moved relative to one another or placing the system in a simulation cell that

is subjected to stresses and/or strains. Techniques for studying stress-induced

reactions with MD simulations are described in what follows. Inducing shear

stresses by moving surface slabs relative to one another are described in

Sect. 3.2.1. The application of shear by subjecting the simulation cell to time-

dependent strains is described in Sect. 3.2.2 and the direct application of external

stresses to the simulation cell is discussed in Sect. 3.2.3. A comparison of results

obtained by subjecting simulations cells to strains and stresses is given in Sect. 4.

In the discussion that follows, we are only looking at ways to impose shear

strains and stresses on a simulation cell during molecular dynamics simulations,

because this is specifically relevant to mechanochemistry. However, in any MD
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simulation, it is important to consider the temperature. The energy introduced via

the stress or strains used to induce a mechanochemical reaction are released by the

system after the reaction occurs. The release of this energy can lead to large

increases in the temperature of the system, which accumulate if not dissipated.

Dissipation can be achieved through the use of thermostats; however, the thermo-

stat needs to be applied carefully to ensure the energy is removed from the system in

a manner that is consistent with the non-equilibrium nature of these

simulations [49].

3.2.1 Relative Movement of Slabs

The PES scans described in Sect. 3.1 involved moving slabs representing surfaces

relative to one another to mimic shear and/or compression. Although that section

focused on static calculations, this approach can also be used in conjunction with

MD simulation methods. In this approach, one constructs a system composed of

two slabs that are to be moved relative to one another, which are potentially

separated by molecular species that are to be subjected to stresses. A typical

example would place lubricant molecules between two surfaces to study lubri-

cation, but this approach can be used in the context of studying other stress-induced

processes as well.

Once the system is constructed, stresses are imposed by fixing and/or moving

some of the atoms in the system at well-defined positions or velocities. For

example, to impose a constant load, L, normal to an interface spanning the x–y
plane, the outermost atoms in the slabs representing the interface can be fixed at

positions that cause the forces acting along the z direction to equal L. Likewise,
shear strains and stresses can be imposed by fixing some of the atoms in the lower

slab while moving the atoms in the upper slab along a particular direction. This can

be achieved by moving the atoms according to a predetermined velocity profile,

e.g., the atoms in the upper slab are moved at a constant velocity, or by attaching

some of the atoms in the upper slab to a spring which is moved at a constant velocity

and applies forces to the atoms in the upper slab that cause them to move along the

slip direction [48, 49]. In both cases, only the uppermost layer or few layers of

atoms in the upper slab is/are moved in a predefined manner or is/are affected by the

external spring. In this manner, the uppermost layer(s) of atoms act as an external

driving force that subjects the interior atoms to stresses without causing the interior

atoms to undergo artificial dynamics. The forces acting on the atoms in the system

can be monitored to assess the stresses that are experienced by the system and the

changes in structure and bonding that occur as a result of these stresses can be

observed.

An example of a system consisting of two slabs separated by a fluid is shown in

Fig. 15. In this case, a subset of the atoms in the bottom slab is fixed at their

equilibrium positions. The atoms in the uppermost portion of the upper slab are

fixed in a structure consistent with the equilibrium structure of the material forming

the slab to yield a rigid unit. However, unlike the rigid portion of the bottom layer,
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this portion of the upper layer is subjected to a compressive load, L, and moved

laterally by connecting it to a spring with a force constant k that is moved at a

constant velocity, v. As the length of the spring changes, the rigid portion of the

upper slab is subjected to force that causes it to move as a single unit. The remaining

atoms in the system, i.e., those designated the mobile portions of the upper and

lower slabs, as well as the fluid, interact with the atoms in the rigid portions of the

upper and lower slabs. As such, the relative movement of these rigid regions

imposes a shear stress on the interior portion of the system, which can drive

reactions.

Techniques in which shear is simulated in MD simulations by moving slabs

relative to one another are commonly used in conjunction with force fields. Mean-

while, imposing shear via the relative movement of slabs is not used as commonly

in conjunction with QC calculations, particularly planewave DFT calculations,

because of the use of periodic simulation cells. If the system consisting of two

slabs, and possibly additional molecules between these slabs, is placed in such a

cell, the upper portion of the upper slab interacts with the periodic image of the

Fig. 15 Schematic of a layered system used to study shear-induced reactions. The system consists

of two slabs separated by a fluid. The atoms in the lower portion of the bottom slab, designated

‘fixed rigid layer,’ are fixed at their equilibrium positions within the material forming the slab. The

atoms in the uppermost portion of upper slab, designated ’mobile rigid layer,’ are also fixed at

relative positions consistent with the equilibrium structure of the material forming the slab. This

yields a rigid structure that is moved to subject the rest of the system to shear forces. In this

example, this mobile rigid unit is subjected to a compressive load, L, and is attached to a harmonic

spring with a force constant, k, with an end that is moved at a constant velocity, v. The change in
the length of the spring exerts a force on the mobile rigid unit, which causes it to move. The mobile

atoms in the upper and lower slabs, as well as those in the fluid, experience a shear force produced
by the relative movements of the rigid layers. Shear can also be imposed with similar systems by

moving the mobile rigid layer at a constant velocity instead of pulling it with a spring
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bottom portion of the bottom slab (and vice versa). If the upper slab is moved along

some direction while the bottom slab and the simulation cell itself is held fixed, the

interaction between the upper slab and the periodic image of the lower slab

introduces an additional interface along which slip occurs. One way to minimize

the effects of this additional interface is to use simulation cells that contain large

amounts of vacuum space between periodic images along the direction normal to

the slabs. Unfortunately, this approach leads to a large increase in the volume of the

simulation cell, which in turn increases the number of planewave basis functions

needed in the calculation to the point at which computational expense renders these

calculations intractable. An alternative approach is to deform the simulation cell in

a manner consistent with the motion of the atoms in the slabs to ensure that slip does

not occur along the interface between the periodic images. This is most easily

achieved by deforming the simulation cell along the desired slip direction and

allowing the atoms inside the cell to respond to this deformation, as opposed to

moving the atoms directly to impose shear stresses and strains. Techniques for

deforming the simulation cell are described in the next section.

3.2.2 Deforming the Simulation Cell

One common approach to compressing and/or shearing systems contained in

periodic simulation cells involves deforming the simulation cell itself as indicated

in Fig. 11b. Consider a simulation cell defined by the lattice vectors, a, b, and c,

where a and b span the x–y plane. The cell contains a system with two slabs

spanning the a–b plane, which are separated by some material that is to be subjected

to compressive and/or shear stresses. In order to impose compressive stresses,

one could reduce the z component of the c lattice vector at a fixed rate to apply a

compressive strain. Similarly, shear can be imposed by moving the x and/or

y components of the c vector at specific rates along specific directions.

In order for this approach to be effective, it is necessary to ensure that the

compressive and/or shear strains to which the simulation cell is subjected are

transmitted to the atoms within the cell. Indeed, it is possible in principle to deform

the cell in arbitrary ways without altering the positions of the atoms at all and still

obtain a perfectly suitable periodically repeated system. To ensure the atoms in the

cell move in conjunction with the lattice vectors, it is common practice to represent

the atomic positions in fractional coordinates. This approach also ensures that the

Lees–Edwards boundary conditions [124] are satisfied to ensure that artificial slip

planes are not introduced at the interface between each periodically repeated cell.

The deformation of the cell and its contents leads to changes in the internal stress

tensor associated with the system. The internal stresses are in balance with the

theoretical external stresses required to induce that deformation of the cell. As such,

the internal stresses of the system can be used to ascertain the external stresses

experienced by the system, and by correlating these stresses with processes that

occur within the system, one can determine the stresses required to induce those

processes. This is commonly used, for instance, to determine the stresses needed to
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induce slip events, which are directly related to friction forces or the strengths of

materials. However, this approach could be used to evaluate the stresses required to

promote mechanochemical reactions.

Inducing stresses via deformation of the simulation cell is a conceptually simple

approach. However, a few details require careful consideration when using this

approach. First, one must consider the rate at which the lattice vectors are

deformed. This is ultimately determined by the computational requirements of the

simulation method being used. In the case of QC-based MD simulations it is only

possible to simulate sub-nanosecond timescales and thus it is often necessary to

deform the cell vectors at rates of approximately 1 Å/ps (100 m/s) to induce

sufficiently large strains to observe reactions in the accessible timescales. The

deformation rates may be decreased by two or three orders of magnitude if the

simulations are performed using force fields instead of QC methods, but most force

fields are unable to describe changes in bonding, and thus this approach may not be

well-suited to studying mechanochemical reactions.

In addition to the rate of cell deformation, the manner in which the cell is

deformed also requires consideration. It is common practice to deform the cell

linearly, although that may not represent the manner in which a system would move

during a stress-induced process. For instance, a system undergoing slip moves very

slowly when near its equilibrium configuration and subjected to small shear

stresses, whereas it moves quite rapidly during the slip process itself. A linear

cell deformation causes the system to move at the same velocities during these two

events; effectively, the system moves too fast near the equilibrium state and too

slow during slip. This issue is difficult to overcome when using cell deformation to

impose stresses unless some a priori information exists regarding the manner in

which the cell should be deformed.

An additional aspect that must be considered when deforming the cell in

conjunction with planewave DFT calculations stems from the fact that the basis

set is dependent upon the size and shape of the cell. In principle, one should

regenerate a new set of basis functions every time the cell is changed, although

that is neither efficient nor convenient from a computational standpoint. An alter-

native approach would be to employ a constant set of basis functions throughout the

simulation. Unfortunately, the quality of the basis set varies with the deformation of

the cell, and thus the results of simulations performed with this approach would

only be reliable if very large basis sets were used. A solution to this issue is found in

the constant kinetic energy cutoff approach of Bernasconi et al. [169] in which a

single set of planewave basis functions is used throughout the simulation while the

kinetic energies of those planewaves are adjusted with each change in the size and

shape of the simulation cell to ensure the quality of the basis set remains constant

throughout the entire simulation.
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3.2.3 Subjecting the Simulation Cell to External Stresses

MD simulations in which the cell is deformed treat the changes in the cell vectors as

a controlled variable and allow the system to respond to the deformation by exerting

a stress on the cell, which can then be correlated with the occurrence of reactive

events observed during the simulation. An alternative approach involves subjecting

the system to an external stress as indicated in Fig. 11b and allowing shape and size

of the simulation cell to respond to this external stress. Once again, events occurring

within the cell can be correlated with the external stress, which allows one to

determine the stresses required to activate the events.

To allow the simulation cell to respond to an external stress, it is necessary to

treat the lattice vectors defining the simulation cell as dynamic variables. This is

achieved by assigning a fictitious mass, W, to the lattice vectors and allowing them

to move according to Newton’s equations of motion using an extended Lagrangian.

There are several formulations of this extended Lagrangian approach [151, 170–

172], with the Parrinello–Rahman formulation [151] being used most commonly.

The extended Lagrangian used in this formulation is

L ¼ 1

2

XN
i¼1

mi _siG_si � V rð Þ þ 1

2
WTr _h

T _h
� �

� pΩ; ð19Þ

where i runs over all atoms, h is a matrix containing each lattice vectors as columns,

the metric tensor defined as G ¼ hTh, r represents the Cartesian coordinates of the

atoms, and s represents the atomic positions represented as fractional coordinates of

the lattice vectors ri ¼ hsið Þ, V rð Þ is the potential energy, p is the external pressure,
and Ω is the volume of the simulation cell. Although devised to study systems at a

target external pressure, p, the Parrinello–Rahman method can be used to examine

systems that are subjected to pressures that vary over time. This is achieved simply

by changing the value of p in a predetermined manner. This approach has been

used, for example, to study pressure-induced reactions related to polymerization

and lubrication [173–178].

Adjusting p in (19) imposes an isotropic hydrostatic pressure on the system.

However, in the context of mechanochemistry it would be more useful to examine

shear and compressive stresses. This can be achieved by generalizing the Lagrang-

ian in (19) to allow the system to maintain a target stress tensor, S, as opposed to a

pressure. The form of the generalized Lagrangian is

L ¼ 1

2

XN
i¼1

mi _siG_si � V rð Þ þ 1

2
WTr _h

T _h
� �

� pΩ� 1

2
Tr ΣGð Þ; ð20Þ

where Σ ¼ h�1
0 S� pIð ÞhT�1

0 Ω0, h0 is a reference matrix that is required to define

strains, and Ω0 is the volume of that reference cell. For a given cell, h, the

components of the strain tensor are defined as
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ε ¼ 1

2
hT�1
0 hThh�1

0 � 1
� �

; ð21Þ

and it follows that the elastic energy is given by

Vel ¼ p Ω� Ω0ð Þ þ Ω0Tr S� pIð Þε: ð22Þ

By analogy to the constant pressure formulation of the Parrinello–Rahman method,

this extended Lagrangian can be used in conjunction with varying external stresses

by changing the components of S in a proscribed manner during the simulation. In

addition, this approach can be combined with methods that deform the simulation

cell to impose shear strains. Indeed, our group has used this approach extensively to

study various processes related to friction and tribochemistry, with the Parrinello–

Rahman method being used to maintain a constant normal load, and cell deform-

ations being used to impose shear strains [165–168].

Subjecting systems directly to external stresses, as opposed to strains, is advan-

tageous in terms of determining the stress at which a reaction occurs. For instance,

if the time at which a reaction occurs during the simulation is known along with the

manner in which the external stress is varied over time, it is quite straightforward to

determine the external stresses associated with reactive events. By contrast,

subjecting the system to proscribed shear strains requires one to determine the

stress required to activate a reaction from the internal stress tensor, which tends to

oscillate during simulations, leading to errors in the estimated shear stresses.

The application of external stresses allows the size and shape of the simulation

cell to change as needed to accommodate the applied stress, which overcomes the

linear deformation of the simulation cell that was a drawback associated with

applying linearly increasing strains. For instance, a linearly increasing shear strain

causes the system to move at a constant speed along a particular direction. Mean-

while, allowing the system to move in response to a linearly increasing shear stress

allows the system to navigate better the lowest energy path on the PES and move at

different rates during various stages of the shear/slip process.

The method has the disadvantage that the applied stress continues linearly even

after slip has been achieved (assuming the stress was being varied in a linear

manner). As such, there is a significant imbalance between the external and internal

stresses once the system moves to a new local minimum on the PES after slip

occurs. One must also be careful in determining the manner in which shear is

imposed. Generally, this is achieved by increasing the external stress linearly along

the slip direction, although other means of varying the external stress may be

needed to represent different types of experimental conditions. In addition, consi-

deration must be made with respect to the rate at which stresses are varied.

In general, this is limited by the timescales accessible in the MD simulations. If

QC-based methods are used, it may be necessary to change the stresses at rates of 1–

10 GPa/ps, whereas rates two to three orders of magnitude slower may be possible if

force fields are used. Finally, one must still employ an approach such as that of

Bernasconi et al. [169] to maintain a consistent quality of basis set when changing
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the shape and/or size of the simulation cell via external stresses when the MD

simulations are performed with planewave DFT.

3.2.4 Comparison of Dynamic Methods Involving Deformation

of the Simulation Cell

As discussed above, shear-induced processes can be examined with MD simu-

lations by deforming simulation cells in either of two ways. In the first case, one

applies a strain along the slip directions, which increases the system’s internal stress
until a reaction occurs. In the second case, the system is exposed to an external

shear stress and the simulation cells change in order to accommodate this stress.

These two methods are similar to the constrained distance and EFEI methods

described above in the sense that one method involves controlling changes in

structure whereas the other involves controlling changes in forces. As such, one

may anticipate differences in the outcomes of simulations performed in which the

cells are deformed via strains or stresses. To provide some insight into the results

obtained with these two different approaches, AIMD simulations were performed in

which bulk alumina (Al2O3) was sheared along the 2130
� �

= 0001ð Þ direction and

plane according to these protocols until slip occurred using a version of the

Quantum-Espresso simulation package that was modified to apply stresses and

strains that varied over time [179]. The calculations were performed using

planewave DFT with the PBE exchange-correlation functional [180], valence

electrons expanded to a kinetic energy cutoff of 80 Ry, and core electrons

represented by norm-conserving pseudopotentials [181]. The results of these simu-

lations are summarized in Fig. 16, which shows how the stresses and cell change

during these simulations.
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Fig. 16 Shear stress and shear distance vs time for AIMD simulations of bulk alumina shear to

induce slip along the 2130
� �

= 0001ð Þ direction and plane (a) moving the x and y components of the

c vector along the slip direction at a rate of 0.5 Å/ps or (b) by increasing the external stress applied
along the slip direction at a rate of 2.5 GPa/ps
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The data in Fig. 16a were obtained using a procedure in which the x and

y components of the c vector of bulk alumina were varied to move the uppermost

portion of the simulation cell along the slip direction at a rate of 0.5 Å/ps. The data
in this figure illustrated that the internal stress of the system increases in a relatively

linear manner until dropping rapidly at a time of ~4.2 ps. The drop in the internal

stress is consistent with the occurrence of a slip event and shear stress reached when

slip occurred corresponds to the shear strength of the system, which is in the range

of 15–17 GPa according to the data in this figure. The distance the cell is moved

along the slip direction is also shown as a function of time. As illustrated in the

figure, this distance increases linearly at the proscribed rate of 0.5 Å/ps during all

portions of the simulation. As discussed above, this is problematic as the system

should likely move at different rates during the shear/slip process, with the system

moving slowly during the shearing phase and rapidly during slip as it moves past

the slip barrier to the next energy minimum along the slip direction.

The data in Fig. 16b were obtained by subjecting the simulation cell to an

external stress that increased at a rate of 2.5 GPa/ps. The data in the figure illustrate

how far the end of the c lattice vector has moved from its equilibrium position over

time in order to accommodate the applied stress. It should be noted that this

movement is not restricted to occur exactly along the slip direction, as is required

in the fixed strain calculations, but rather the motion of the c vector is unrestricted.

The data show that the shear distance increases in a relatively linear manner at a rate

of ~0.4 Å/ps until a time of ~4.8 ps is reached at which point the shear distance

increases rapidly. This rapid increase is correlated with the slip event, and the

change in the rate at which the shear distance increases illustrates that the system

should move at different rates in the shear and slip phases. The data in the figure

also show that the external shear stress increases linearly during the simulation and

the external stress at the point where slip occurs corresponds to the shear strength,

which in this case is ~12.5 GPa. The applied stress continues to increase after slip

occurs, which results in an increase in the rate at which the shear distance increases

which is not consistent with the system moving into an energy minimum along the

slip direction.

Overall, the data in Fig. 16 illustrate the ways these two different approaches to

changing the simulation cell can be used to determine the shear stresses associated

with reactive events, which in this case correspond to slip events. In both cases it is

straightforward to determine the points at which slip events occur. The use of

applied strains has the advantage in terms of selecting the rate at which the strain

changes, because this quantity can be related to the velocity of sliding surfaces.

Meanwhile, it is more difficult to define the rate at which the shear stress is

increased in a meaningful manner. The values of the shear strengths obtained in

the simulations performed with these methods differ by several GPa. This can be

related partially to the restricted movement of the cell associated with applied

strains, which limits the ability of the system to accommodate applied loads.

Both methods have deficiencies in the manner in which the cell is deformed after
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slip occurs; however, it may be possible to address these issues by reducing the rates

at which shear stresses or strains are applied after a slip event occurs.

4 Concluding Remarks

In this review, we have described techniques that can be used to simulate chemical

reactions in molecular and bulk systems that occur under mechanochemical condi-

tions. Techniques for modeling molecular mechanochemistry focus on incorporat-

ing into the PES the work performed on a molecule that is subjected to an external

force applied between two regions in the molecule. These techniques have been

used extensively and are well developed, with models existing that are appropriate

for qualitative predictions and interpretations, as well as for modeling isometric and

isotensional conditions. The discussion of methods for simulating bulk mechano-

chemical processes focused on techniques that have been used to study tribo-

chemical processes. These techniques focus on studying systems that are

subjected to compressive and shear stresses, and are transferable to mechanochem-

istry. Interestingly, bulk mechanochemical processes have not been studied with

simulations nearly as extensively as their molecular counterparts. As such, the

application of techniques used to study tribochemical processes to the specific

area of bulk mechanochemistry may be a promising avenue for future research.
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Dinnebier RE (2013) Real-time and in situ monitoring of mechanochemical milling reac-

tions. Nat Chem 5:66–73

22. Christinat N, To J, Schu C, Scopelliti R, Severin K (2009) Synthesis of molecular

nanostructures by multicomponent condensation reactions in a ball mill. J Am Chem Soc

131:3154–3155

23. Cravotto G, Cintas P (2010) Reconfiguration of stereoisomers under sonomechanical acti-

vation. Angew Chem Int Ed Engl 49:6028–6030

24. Lu H, Isralewitz B, Krammer A, Vogel V, Schulten K (1998) Unfolding of titin immuno-

globulin domains by steered molecular dynamics simulation. Biophys J 75:662–671

25. Oberhauser AF, Hansma PK, Carrion-Vazquez M, Fernandez JM (2001) Stepwise unfolding

of titin under force-clamp atomic force microscopy. Proc Natl Acad Sci 98:468–472

26. Fowler SB, Best RB, Toca Herrera JL, Rutherford TJ, Steward A, Paci E, Karplus M, Clarke J

(2002) Mechanical unfolding of a Titin Ig domain: structure of unfolding intermediate

revealed by combining AFM, molecular dynamics simulations, NMR and protein engineer-

ing. J Mol Biol 322:841–849

27. Rief M, Gautel M, Oesterhelt F, Fernandez JM, Gaub E, Gaub HE (1997) Reversible

unfolding of individual Titin immunoglobulin domains by AFM. Science 276:1109–1112

28. Weder C (2009) Polymers react to stress. Nature 459:45–46

29. Kochhar GS, Bailey A, Mosey NJ (2010) Competition between orbitals and stress in

mechanochemistry. Angew Chem Int Ed Engl 49:7452–7455

30. Ong MT, Leiding J, Tao H, Virshup AM, Martinez TJ (2009) First principles dynamics and

minimum energy pathways for mechanochemical ring opening of cyclobutene. J Am Chem

Soc 131:6377–6379

31. Ribas-Arino J, Shiga M, Marx D (2009) Understanding covalent mechanochemistry.

Angew Chem Int Ed Engl 48:4190–4193

32. Beyer MK (2000) The mechanical strength of a covalent bond calculated by density func-

tional theory. J Chem Phys 112:7307–7312

33. Friedrichs J, Lüssmann M, Frank I (2010) Conservation of orbital symmetry can be

circumvented in mechanically induced reactions. Chemphyschem 11:3339–3342

34. Ribas-Arino J, Shiga M, Marx D (2009) Unravelling the mechanism of force-induced ring-

opening of benzocyclobutenes. Chem Eur J 15:13331–13335

Theoretical Approaches for Understanding the Interplay Between Stress and. . . 89



35. Makarov DE, Wang Z, Thompson JB, Hansma HG (2002) On the interpretation of force

extension curves of single protein molecules. J Chem Phys 116:7760–7765

36. Konda SSM, Avdoshenko SM, Makarov DE (2014) Exploring the topography of the stress-

modified energy landscapes of mechanosensitive molecules. J Chem Phys 140:104114

37. Bailey A, Mosey NJ (2012) Prediction of reaction barriers and force-induced instabilities

under mechanochemical conditions with an approximate model: a case study of the ring

opening of 1,3-cyclohexadiene. J Chem Phys 136:044102

38. Beyer MK (2003) Coupling of mechanical and chemical energy: proton affinity as a function

of external force. Angew Chem Int Ed Engl 42:4913–4915
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Abstract Atomic force spectroscopy (AFM)-based single-molecule force spec-

troscopy (SMFS) was invented in the 1990s. Since then, SMFS has been developed

into a powerful tool to study the inter- and intra-molecular interactions of macro-

molecules. Using SMFS, a number of problems in the field of supramolecular

chemistry and mechanochemistry have been studied at the single-molecule level,

which are not accessible by traditional ensemble characterization methods. In this

review, the principles of SMFS are introduced, followed by the discussion of

several problems of contemporary interest at the interface of supramolecular

chemistry and mechanochemistry of macromolecules, including single-chain elas-

ticity of macromolecules, interactions between water and macromolecules, inter-

actions between macromolecules and solid surface, and the interactions in

supramolecular polymers.
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1 Introduction

Since 1987, supramolecular chemistry has developed into a major field [1]. New

structures with novel properties have been created from existing molecules via

non-covalent interactions, including hydrophobic interactions, electrostatic forces,

H-bonding, van der Waals forces, etc. At the very beginning, supramolecular

chemistry dealt with small molecules such as crown ethers and cryptands. Later,

non-covalent interactions were applied to the field of macromolecules, yielding

an important concept of a supramolecular polymer [2]. Connected by non-covalent

interactions, the dynamic supramolecular polymer fused the two fields of

small organic molecules and macromolecules. The principle of supramolecular

chemistry is central not only to chemical sciences but also to life and material

sciences [3–7].

Mechanochemistry has recently emerged as an important field. Mechanical force

has a fundamental role in biological processes and material applications. For a bulk

material, the elastic modulus and other mechanical properties can easily be mea-

sured with universal testing machines. However, the output force of a molecular

motor cannot be obtained by bulk measurements. Biomacromolecules often work in

self-assemblies of only one or several molecules. The mechanical properties at the

single-molecule level are key parameters for these systems. When using bulk/

ensemble methods, only average properties can be deduced from the experimental

results. In order to measure the mechanical properties of biomacromolecules

directly, several single-molecule manipulation techniques were invented in the

1990s, such as optical tweezers, magnetic tweezers, and atomic force spectroscopy

(AFM) based single-molecule force spectroscopy (SMFS) [8–10].

A number of important problems in supramolecular chemistry and mechano-

chemistry on the single-molecule level, such as the strength of the covalent bond

and of intermolecular interactions, and the elasticity of an isolated polymer chain,

cannot be addressed by bulk measurements. By solving these problems during the
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last two decades, AFM-SMFS has become widely accepted as a powerful tool to

study inter- and intra-molecular interactions of macromolecules [11–24]. Many

reviews on AFM-SMFS have been published, discussing the instrumentation, the

applications to the problems of biological and synthetic macromolecules. In this

review, we focus on recent advances by AFM-SMFS in the fields of supramolecular

chemistry and mechanochemistry. First, the principles of SMFS are briefly intro-

duced. Then, single-chain elasticity of macromolecules and the theoretical models,

which form the foundation of our understanding of many aspects of

micromechanical behavior of macromolecules, are discussed. Later, the application

of SMFS to understand the interactions between macromolecules and surroundings

(i.e., water and solid surfaces) is reviewed. Finally, the binding interactions in

supramolecular polymers and synthetic molecular machines are discussed.

2 Basic Principles of AFM-SMFS

AFM was invented in 1986 by the Nobel Laureate Gerd Binnig and his colleagues

as a tool for the imaging of surfaces with high resolution [25]. Because of the high

resolution of force sensing, AFM can also be utilized to detect inter- and intra-

molecular interactions in surface-immobilized systems. This feature is the origin of

AFM-SMFS. In brief, the principle of SMFS is to manipulate a macromolecule that

bridges an AFM tip and a solid support (also called substrate). During the manip-

ulation of the molecule bridge, a cantilever deflection-piezopath curve is recorded

and later converted into a force-molecule extension curve (in brief, force curve). A

schematic drawing of the SMFS setup and the principles of its operation are shown

in Fig. 1 [11, 12, 26, 27].

The molecular bridge can be formed by various methods, which can be classified

into two types: physisorption and chemisorption. Physisorption is a simple method,

in which molecules are first adsorbed onto the substrate and then the tip captures

one or more molecules from the substrate when a compressive force of up to several

nanoNewtons (nN) is applied for several seconds [10, 13, 28]. According to many

studies, such compressive force is sufficient to facilitate a strong non-specific

adsorption between the AFM tip and the target molecule [12, 29–32]. The other

strategy to form a macromolecular bridge between the tip and the substrate is to

bind the molecule to the surfaces covalently. The terminal groups of the target

molecule and the tip (and/or the substrate) are modified with chemically reactive

groups, which can form a bond (covalent, coordination, or other intermolecular

interactions with similar strength) upon contact at room temperature [33–35]. For

both strategies, the interaction between the tip and the target molecule should be

stronger than the non-covalent interactions to be measured. In an ideal case, the

force resolution of a SMFS is about 10 picoNewtons (pN), which is high enough for

detecting the intermolecular interactions involved in the supramolecular self-

assembly.
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Typically, force-extension curves are measured in a liquid to prevent interfer-

ence from the capillary force at surfaces. This condition makes force measurements

relevant to supramolecular systems, because self-assembly is usually performed in

a liquid medium [36]. Aqueous solutions, organic solvents, and mixture of them

have been used as the liquid environment for force measurements. The following

sections illustrate some typical applications of SMFS on the study of supramolec-

ular chemistry and mechanochemistry of macromolecules.

3 Inherent Single-Chain Elasticity of Macromolecules

In the past 20 years, with the development of single-molecule experimental

methods [10, 37–39], the behavior of many macromolecules during stretching has

been investigated at the single-chain level [9, 10, 26, 27, 40]. The stretching

elasticity of a single polymer chain has been found to depend on several factors,

including the structure of the side chains, the solvent and any solutes (such as a

denaturant and/or a salt), and the temperature [13, 14, 29, 41]. Molecular under-

standing of this body of empirical data must start with quantifying the inherent

elasticity of the polymer chain, i.e., the micromechanical behavior of an ideal

polymer chain without long range interactions and specific interactions with the

solvent. A practical condition is a nonpolar organic solvent, in which the interac-

tions between the solvent molecules and the polymer chains are limited to van der

Waals forces, which can be ignored in SMFS studies. In recent years, Cui

et al. utilized SMFS to investigate the inherent single-chain elasticity of a series

of macromolecules [42, 43].

Fig. 1 (a) Schematic of AFM-based SMFS. (b) Schematic of pulling a single polymer chain and

the corresponding force curve obtained by SMFS
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3.1 Three Polymer Models that Combine Elasticity from
Quantum Mechanical Calculations

With the development of experimental tools to study single-chain mechanics of

polymers, theoretical models have become increasingly important in understanding

the measured single-chain stretching behavior of macromolecules. Generally,

because of the large number of degrees of freedom, the single-chain stretching

behavior has to be treated using the approaches of statistical mechanics, by

replacing the atomistic description of the chain structure with simplified models

[44]. The three models most commonly used to describe single polymer chains, all

based on the seminal work of Flory and others, are the freely jointed chain (FJC)

model, the freely rotating chain (FRC) model, and the worm-like chain (WLC)

model, mathematically represented by (1–3) below:

R ¼ L F½ � � coth F � lkð Þ= kB � Tð Þ½ � � kB � Tð Þ= F � lkð Þf g; ð1Þ
R ¼ L F½ � � 1� kBT= 2F � lbð Þ½ �; ð2Þ

F
l p
kBT

¼ R

L F½ � þ
1

4 1� R=L F½ �ð Þ2 �
1

4
: ð3Þ

In these equations, F is the external stretching force acting across the termini of

the chain, R the end-to-end distance of a polymer chain under F, L[F] the

F dependent contour length of the polymer chain, kB the Boltzmann constant,

T the absolute temperature, and lk, lp, and lb denote the Kuhn length, persistence

length, and rotating unit length of the polymer chain, respectively. L[F] and lk (or lp
or lb) are two free parameters for model fitting.

With the advancement of SMFS, the validity of these models has been demon-

strated. The WLC model was successfully applied to describe the measured single-

molecule elasticity of a double stranded DNA, proteins, and other polymers [45,

46]. The FJC model was exploited to fit the single-chain elasticity of many kinds of

polymers, such as amylose and cellulose [26, 27, 29]. However, these models

assume that polymer chains have only entropic elasticity, i.e., the contour length

of a polymer chain is inextensible, although contour length is extensible by the

deformation of bond angles and bond lengths. Enthalpic elasticity is integrated into

these models by means of force-dependent contour length, L[F]:

L F½ � ¼ L0 � 1þ F=K0ð Þ; ð4Þ

where K0 is the linear elasticity of the single polymer chain, and L0 the contour

length of free polymer. Together with K0, there are three free fitting parameters for

each of the above-mentioned models. In practice, these free fitting parameters are

determined by the trial and error method. In general, the fitted parameter lk (or lp or
lb) has no close relationship with the molecular chain structure of the polymer.
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In 2005, Hugel et al. reported the enthalpic elasticity with high-accuracy of a

monomer of three kinds of polymers (Fig. 2), which was calculated at the MP2 level

of theory [47]. The modulus of the monomer was nonlinear and can be expressed in

a polynomial expansion:

F ¼
X1

n¼1

γn a F½ �=a0 � 1ð Þn; ð5Þ

where a0 and a[F] are the length of the monomer at zero force and force F,
respectively, and γn is the nth polynomial coefficient.

Because changes of bond angles and bond lengths are already included in the

calculations on one repeating unit, (5) can be rewritten for the whole polymer chain

(fitting results support this assumption; see Sect. 3.2):

F ¼
X1

n¼1

γn L F½ �=L0 � 1ð Þn: ð6Þ

To simplify the calculations involved in the original models, L0 is introduced

into the models as follows:

R=L0 ¼ L F½ �=L0ð Þ � coth F � lkð Þ= kB � Tð Þ½ � � kB � Tð Þ= F � lkð Þf g; ð7Þ
R=L0 ¼ L F½ �=L0ð Þ � 1� kBT= 2F � lbð Þ½ �; ð8Þ

F
l p
kBT

¼ R=L0
L F½ �=L0 þ

1

4 1� R=L0ð Þ= L F½ �=L0ð Þð Þ2 �
1

4
: ð9Þ

If L[F]/L0 is known, the corresponding F can be calculated by (6). Because (7)–

(9) incorporate quantum mechanical (QM) results, the respective models are called

Fig. 2 Schematic of one unit of three kinds of polymers (propane, DNA, and a di-peptide) used in

the MP2 calculations. Figure reproduced with permission from [47]

Supramolecular Chemistry and Mechanochemistry of Macromolecules: Recent. . . 103



QM-FJC, QM-FRC, and QM-WLC, each with only one free-fit parameter (lk, lb,
and lp, respectively) [48].

3.2 Macromolecules with a Carbon–Carbon (C–C)Backbone

To test these new models, Cui et al. investigated the single-chain mechanics of a

series of polymers with the C–C backbone (poly(N,N-diethylacrylamide)

(PDEAM), polyacrylamide (PAAm), and polystyrene (PS); Scheme 1) in nonpolar

solvents by SMFS [43]. To compare SMFS-behavior of polydisperse polymers with

varying contour length, the extension measured in individual experiments is

divided by the strain-free contour length to yield normalized extension (see

below for detail), which is plotted against applied force. The normalized force

curves of these polymers measured in octane were superimposable over the entire

force regime; see Fig. 3. The only marked difference is the beginning part of the

force curves, which originates from the strong or weak adhesion force between the

AFM tip and the sample surface. It can be concluded that the inherent elasticity of a

polymer chain with C–C backbone did not depend on the side chains, at least if they

were moderately sized. This result is very different from those observed from the

bulk measurements; for instance, the sizes of the side chains have a marked

influence on the temperature of glass transition, Tg (http://en.wikipedia.org/wiki/

Glass_transition).

The experimental force curves of these C–C backbone-based polymers were

fitted to QM-FRC model using the coefficients of Hugel et al. [47]:

F ¼
X3

n¼1

γn L F½ �=L0 � 1ð Þnγ1 ¼ 28:7 nN, γ2 ¼ �42:0 nN, γ3 ¼ 16:9 nN; ð10Þ

where γ1 is the linear elasticity of the repeating unit, and the other two coefficients

γ2 and γ3 are nonlinear corrections. It should be noted that the modulus coefficients

have a dimension of force, which is different from the bulk materials (force/area).

The area of the cross section of the single-chain is omitted because it is a variable

depending on the position of the chain.

During stretching of a single polymer chain, its L[F]/L0 increases from 1.0 as

F increases until the polymer bridge ruptures, i.e., L[F]/L0 is a monotonically

PDEAm PAAm PS

CH2 CH

C

N

O

H2C CH2

CH3 CH3

n
CH2 CH

C

N

O

H H

n n
CH2 CHScheme 1 Primary

structures of three polymers

with C–C backbone.

Figure reproduced with

permission from [43]
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increasing function of F and vice versa. Assuming the upper limit for F is 2,000 pN

[8], the upper limit for L[F]/L0 is about 1.07 according to (10). For any given value

of L[F]/L0, F is calculated by (10). Any pair of values for L[F]/L0 and F are then

converted to the corresponding normalized extension of polymer, R/L0, according
to (7)–(9). In this way, the whole QM-based fitting curve can be generated when L
[F]/L0 is increased from 1.0 to 1.07.

The force curves in Fig. 3 were best reproduced with the QM-FRC model (8)

with lb¼ 0.154 nm [43], which is identical to the C–C bond length. With a single C–

C bond as the rotating unit and the chain elasticity deduced from QM calculations,

the QM-FRC model has been developed into a parameter free and structure relevant

single-chain model, which can quantitatively describe polymers with C–C back-

bone. Although there are some exceptions when the side chain is large (e.g.,

dendrimer or long graft chain) [43], this work provides a general result for the

inherent elasticity of single neutral polymer chains with C–C backbones. These

fitting results confirmed that the QM-FRC model is very successful in describing

the micromechanics of these flexible polymers.

3.3 Natural Cellulose

Cellulose is a widely distributed polysaccharide in nature, and is polymerized

glucose. It is the most important substance in plants, where it serves as the basic

building material of cell walls [49, 50]. Interestingly, the Young’s modulus of a

perfect cellulose crystal may be as high as that of steel, which is much higher than

that of most polymer materials [51, 52]. A single cellulose chain is generally

expected to be rigid [49]. Single-molecule measurements of natural cellulose

(NC) are complicated by its poor solubility in common solvents. NC is soluble in

several ionic liquids (IL) [53], which allowed Cui et al. recently to investigate the

single-chain elasticity of NC by SMFS (Fig. 4). To obtain the inherent elasticity of

NC, they measured the single-chain force curve of an NC sample prepared from an

IL (1-allyl-3-methylimidazolium chloride, AMIMCl) [54] solution [42] and fitted it

Fig. 3 Comparison of

measured normalized force

curves of poly(N,N-
diethylacrylamide)

(PDEAm), polyacrylamide

(PAAm), and polystyrene

(PS) obtained in octane and

the QM-FRC fitting curve.

Figure reproduced with

permission from [43]
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to the QM-FJC model [47, 48], using the following three parameters derived by QM

calculations on a glucose dimer:

F ¼
X3

n¼1

γn L F½ �=L0 � 1ð Þnγ1 ¼ 10:57 nN, γ2 ¼ 90:23 nN, and

γ3 ¼ �44:12 nN:

ð11Þ

Interestingly, the experimental force curve could be fitted well to the QM-FJC

model (with lk¼ 0.514 nm) but not to the QM-WLC alternative. In other words, the

NC chain seemed flexible at the single-molecule level, which was also confirmed

by the similarity of the normalized force curves of NC and PAAM, with free

rotation around the C–C bonds of the backbone. This finding contradicts the

traditional view of NC as a rigid polymer [49], which probably reflects the rigid-

ifying effect of extensive H bonding between NC chains in its crystals [55], on

which all previous mechanical measurements had been done. The QM-FJC model

fitting results revealed that the length of a pyranose ring of NC equaled the length of

a Kuhn segment (lk) in the model [56]. This result means that cellulose on the single

chain scale is rather flexible, which is surprising because cellobiose (consisting of

two pyranose rings) has been recognized to be the repeat unit of cellulose for a long

time. With the fine flexibility, each of the pyranose rings can find its best binding

Fig. 4 (a) Normalized force curves of NC obtained in octane. (b) Comparison of a force curve of

NC obtained in octane and the QM-FJC fitting curve. (c) Comparison of force curves of PAAm and

NC obtained in octane. (d) Molecular structure of the dimer (cellobiose) used in QM calculations

and the QM results. The arrows indicate the atoms defining the constrained distance.

Figure reproduced with permission from [42]
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site on the crystal surface, which perfectly lowers the energy of the self-assembled

structures. This may explain why NC became the basic building material of plants

during plant evolution.

4 Interactions Between Water and Macromolecules

Water can be regarded as the most important substance for life on Earth. It is the

most widely used solvent of biomolecules. However, it is also a very complicated

solvent. With H-bonding donor and acceptor sites, this polar solvent strongly

influences the properties of solutes. It is interesting that water forms supramolecular

structures with many kinds of macromolecules, including DNA, proteins, and many

synthetic polymers [26, 29, 32, 41, 57, 58]. Several typical water–macromolecule

assemblies have been investigated by SMFS.

4.1 PEG

Polyethylene glycol (PEG) is a water soluble polymer with many applications from

industrial manufacturing to medicine [59]. PEG is prepared by polymerization of

ethylene oxide, and is commercially available. The molecular weight of PEG can be

up to several megadaltons (MDa), corresponding to the contour length of up to

several microns. Gaub and co-workers studied the single-molecule mechanics of

PEG in water and hexadecane [26], and found that the force curves obtained in the

two environments were superimposable in the low-force regime, which reflected

the entropic elasticity of an ideal polymer; and in the very high force regime, which

is dominated by the enthalpic elasticity. However, in the middle force regime, the

behavior of PEG in the two solvents was very different; see Fig. 5a. The phenom-

enon was attributed to the formation of solvent-induced supramolecular structures.

In hexadecane, upon stretching the PEG molecule behaved as an ideal polymer

chain with pure entropic elasticity, which was confirmed by the subsequent fitting

result to the modified FJC (M-FJC) model [44]. In water, however, PEG adopted the

trans-trans-gauche state (helical conformation) [60]. Two adjacent oxygen atoms

of PEG formed H-bonds to a water molecule, establishing a water-bridged supra-

molecular structure which stabilized the helical state (Fig. 5b). Above a threshold

force, the helical state changed into the all trans state [8, 61], where the adjacent

oxygen atoms were separated by a longer distance than is required to maintain the

water bridge. Therefore, the difference between force curves obtained in the two

solvents was attributed to the free energy cost of breaking the water bridge, which

was calculated to be about 3 kBT/monomer.
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4.2 PAAm and PVA

Besides PEG, other water soluble polymers, such as poly(vinyl alcohol) (PVA) [41]

and polyacrylamide (PAAm) [29], can also form water-mediated supramolecular

structures in aqueous solution. SMFS results indicated that the force curves of PVA

and PAAm measured in water could not be fitted well to the WLC model (for PVA)

or the M-FJC model (for PAAm). However, the force curves in aqueous 8 M urea

solution (urea is generally considered to break H-bonds) were remarkably distinct

from those measured in water and fitted well to the WLC model and M-FJC model

for PVA and PAAm, respectively. This fact demonstrated the existence of

H-bonded supramolecular structures in PVA and PAAM in water, which were

destroyed in 8 M urea.

4.3 DNA

DNA, with its special double helix structure, is a typical supramolecular system,

and it plays the central role in the transcription, expression, and conservation of

genetic information [62]. The biological function of DNA is closely related to the

stability and the integrality of the double strands [63], and the mechanical stability

of double-stranded DNA (dsDNA) strongly depends on the ambient conditions.

Recently, Cui et al. investigated the important role of water in determining or

stabilizing the supramolecular structure of DNA by SMFS [31, 32].

An advantage of SMFS is that the polymer sample can be measured in different

environments. Such measurements suggest that the double-stranded DNA is ther-

modynamically unstable in at least some non-aqueous media. To screen the effects

of water on the structure of DNA, Cui et al. performed the SMFS experiments on

dsDNA in diethylbenzene (DEB, a poor solvent for DNA) [64]. The force curves

obtained in DEB were very different from those obtained in water in that they

Fig. 5 (a) Force curves of polyethylene glycol (PEG) measured in aqueous solution (red) and
hexadecane (blue) along with smoothed curves (black lines). (b) Schematic of conformation

transition from the helical state to all trans state. Figure reproduced with permission from [26]
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lacked the characteristic “B-S” transition plateau [38–40, 46] (Fig. 6b). A similar

result was observed in another poor solvent for DNA, 1-propanol, which does not

form aromatic stacking interactions with DNA. The force curves of dsDNA mea-

sured in poor solvents (DBE and 1-propanol) were similar to those of an unstruc-

tured polymer chain. These facts implied that dsDNA was already denatured into

single-stranded DNA (ssDNA). To confirm this, Cui et al. utilized a theoretical

single-chain elasticity (calculated at the MP2 level) of ssDNA to fit the force curve

of dsDNA in organic solvents.

In order to find the most appropriate model to describe the single-chain elasticity

of dsDNA in poor solvents, the force curves were fitted to three QM models

[48]. Fitting results suggested that lk¼ 0.59 nm for QM-FJC model and

lb¼ 0.295 nm for QM-FRC model (Fig. 7a, b). Because the length of a repeating

unit of ssDNA is 0.59 nm, QM-FJC is a structure relevant model [31, 32]. The

inability to fit the experimental data to the QM-WLC model (Fig. 7d) suggested that

the rigid dsDNA chain in water became flexible when stretched in a poor solvent.

Thus, dsDNA was concluded to have already denatured into two ssDNA strands

when it was pulled into the poor solvents. Fitting results also indicated that the

QM-FJC and QM-FRC models become identical at force >25 pN (Fig. 7c).

Because lk¼ 2lb, this result can be explained by viewing one repeating unit of

ssDNA as composed of two rotating units, i.e., the sugar ring and the phosphate

group.

As further corroboration of the dsDNA denaturation in poor solvents, force

measurements were performed in a denaturing environment, an aqueous solution

Fig. 6 (a) Typical “B-S” force curve of dsDNA. (b) Force curves of dsDNA obtained in a poor

solvent, DEB. (c) Comparison of forces curve measured on dsDNA and ssDNA in poor solvent and

fitting curve to the QM-FRC model. Figure reproduced with permission from [32]
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of guanidine chloride (Gua), which is a typical denaturant of dsDNA. The force

curves obtained in this case were identical to those measured in DEB. The perfect

superposition of normalized force curves measured on dsDNA and ssDNA in DEB

undoubtedly demonstrates that dsDNA is denatured into ssDNA upon pulling it in a

poor solvent.

Molecular dynamics (MD) simulations were carried out to observe the details of

the denaturation of dsDNA [65]. It was observed dsDNA unwind spontaneously

when put into the apolar solvent directly, which may explain why dsDNA are

denatured in both DEB (water immiscible) and propanol (water miscible). The main

reason should be the absence of hydrophobic force in non-aqueous media [66],

which contributes greatly to the stability of dsDNA in aqueous media. The thermal

disturbance at room temperature could be strong enough to destroy the supramo-

lecular structure of dsDNA when hydrophobic force is absent.

The single-chain mechanics of ssDNA in an aqueous environment was also

measured, and then the force curves obtained in solution of phosphate buffered

saline (PBS) and DEB were normalized and compared (Fig. 8a). It was found that

there was a clear difference in the middle force regime, but no deviation in the low

and high force regimes [31].

By excluding the effects of salt and poor solvent types, the deviation was

attributed to the water rearrangement upon elongation [26]. At the free state

(F¼ 0), there is more bound water around ssDNA. Upon elongation, the distances

between the H-bond donors and acceptors of ssDNA are increased, which caused a

Fig. 7 Experimental force curves fitted to the QM-FRC (a) and the QM-FJC (b) models.

Low-force regime of the two fits is compared in (c). QM-WLC fitting results (d) of ssDNA with

various lb values from 0.3 nm (left) to 10 nm (right). Figure reproduced with permission from [48]
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water rearrangement. Thus, an addition energy (0.58 kBT/unit) is needed for the

water rearrangement, which is reflected by the deviation between the force curves

obtained in water and organic solvent. Comparing with other water soluble poly-

mers [26, 30], one can find that the ssDNA system consumes the lowest energy for

the water rearrangement. It was speculated that the weak competition influence of

water may be an important factor for DNA to form a stable double helix in water.

In fact, the water rearrangement around the ssDNA chain can be expressed in

another form, i.e., it can be regarded as a partial dehydration process:

ssDNA � x H2O Ð ssDNA � z H2O þ x� zð Þ H2O: ð12Þ

The self-organization from ssDNA to dsDNA is an important process for life.

This process can be formularized below, where ssDNA0 denotes the complimentary

chain of ssDNA:

ssDNAþ ssDNA
0 Ð dsDNA: ð13Þ

However, the formula is incomplete, because the bound water around dsDNA

and ssDNA chains is not considered [67]. It is known that both ssDNA and dsDNA

chains are hydrated in the aqueous solution. Because the bases are hidden in the

duplex, one dsDNA chain has less binding sites with water than that of the sum of

Fig. 8 (a) Comparison of the force curve of ssDNA obtained in DEB and the QM-FRC fitting

curve. (b) Comparison between the smoothed force curve of ssDNA obtained in aqueous solution

and in DEB. (c) Comparison between the force curves of ssDNA obtained in various aqueous

media and QM-FRC fitting curve. (d) Comparison between the force curves obtained in aqueous

guanidine chloride and DEB. Figure reproduced with permission from [31]
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the two corresponding ssDNA chains [68]. Therefore, before the self-organization

from ssDNA to dsDNA, a partial dehydration process of ssDNA should occur.

Thus, (13) should be modified into a more rigorous form as follows:

ssDNA � xH2O þ ssDNA
0 � xH2O Ð dsDNA � yH2O þ 2x� yð Þ H2O: ð14Þ

For the reaction, a typical value for the free energy change (ΔG14) measured by

differential scanning calorimetry (DSC) is �4.3 kJ/(mol · residue) [69]. In this

process, the formation of dsDNA can be separated into two steps, including the

partial dehydration and the supramolecular self-assembly, as described by the

following two equations:

ssDNA � x H2O Ð ssDNA � y=2 H2O þ x� y=2ð Þ H2O; ð15Þ
ssDNA � y=2 H2O þ ssDNA

0 � y=2 H2O Ð dsDNA � yH2O: ð16Þ

In the two steps, all the water rearrangement is completed in (15), and all the

assembly occurs in (16), which are a non-spontaneous (ΔG15> 0) and a spontane-

ous process (ΔG16< 0), respectively. However, for the total process, which is a

favorable reaction with the physiological conditions, the free energy change

(ΔG14¼ΔG15 +ΔG16) is negative. Thus, the free energy necessary to remove

partially the hydration shell of ssDNA must be compensated by the free energy of

the formation of the dsDNA (that is, ΔG15<ΔG16). However, neither ΔG15 or

ΔG16 is readily available in references or a value which can be easily measured.

It can be seen that the process of partial dehydration in (15) is very similar to the

process of the loss of bound water in (12). Then, it is expected that the free energy

changes of (12) and (15) are very close; ΔG12�ΔG15� 1.4 kJ/(mol · residue).

Thus, one can calculate that ΔG15 is about �7.1 kJ/(mol · base), which is not far

from zero. Based on these calculations, it is found that the value of ΔG15 is vital to

the process of (14). IfΔG15 is a much larger value (e.g.,>3.6), the whole process of

DNA organization is not be favorable, because ΔG14 would be a positive value.

Although the water rearrangement upon stretching also occurs in other macromol-

ecule/water systems, such as the poly(N-vinyl-2-pyrrolidone)/water system

(13.0 kJ mol�1 unit)[30] or the PEG/water system (7.2 kJ mol�1 unit) [26], it is

found that the dsDNA system involves the lowest energy among them.

As discussed above, water plays a key role in the self-assembly process of

dsDNA (see Scheme 2). On the one hand, it is the weak disturbance of water

molecules that ensures the stability of the dsDNA in aqueous solution. On the other,

by shaving off the water molecules, dsDNA can be destabilized and tends to

unwind. Another factor is that there are many kinds of water soluble macromole-

cules, but few can form a stable supramolecular structure in water. This may imply

that DNA is somewhat special in the molecular structure.

In fact, the specific structure of DNA is not occasional, it is more likely to be the

final result of natural selection. Cui conceived a possible route for the prebiotic

evolution as follows.
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Because of the complexity involved, the whole prebiotic chemical evolution is

fractionized into six levels; see Scheme 3. First, the primitive Earth is an inorganic

world, in which there are gas mixtures, water, and so on (Level 1). The inorganic

compounds may be converted into organic monomers by the Miller experiment [70]

and other possible routes (Level 2). After that, many macromolecules can be

generated by polymerization reactions (Level 3). For the three levels, these reac-

tions are in a dynamic equilibrium because of the reversibility. To prevent the

degradation into monomers, these macromolecules must form a stable supramolec-

ular structure in the aqueous solution (Level 4). However, water is a strong solvent,

which usually has remarkable impact on the solute molecules. With the interference

from water, only a few macromolecules can form stable supramolecular structures

in water. As a result of long-term chemical evolution [71], the primary structure of

dsDNA has been selected in a Darwinian fashion to adapt to the water environment.

In further evolution, combined with the function of self-replication (Level 5), it is

expected that the primitive life would emerge (Level 6).

During the whole chemical evolution, water is the most important substance. As

a reactant in the Miller experiment and the only solvent in Level 2, water directly

participated in the early prebiotic chemical evolution. In addition, as a “selector”

from Level 3 to Level 4, most of the macromolecules in Level 3 were screened out

by the water environment. Water is the primary environment of terrestrial life,

Scheme 2 Hydration/dehydration processes regulate the supramolecular structures of DNA.

Figure reproduced with permission from [57]

Scheme 3 Possible evolution route from inorganic molecules to the primitive living systems.

Figure reproduced with permission from [57]
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which supports life and, at the same time, restricts the form of life. It is therefore

water that defines and shapes life. It is believed that this notion casts a new light on

the origin of life

4.4 Hyaluronan

Hyaluronan (also called hyaluronic acid, HA) is a linear polysaccharide widely

present in the extracellular matrix [72]. Because of direct communication with

proteins and cells present in tissues, HA is an important molecule in the regulation

of many cellular and biological processes. Hydration is believed to be one of the

key factors influencing its functions. In 2007, Vancso et al. reported the single chain

behavior of HA in different conditions. In aqueous media, HA showed marked

deviation between the single-chain force curves obtained at different temperatures.

The force curves obtained at 46�C can be described well by the m-FJC model. For

those obtained at 29�C, only the high force regime (>700 pN) can be fitted by the

model. This deviation was at various temperatures. After normalization, these two

kinds of force curves can be superposed well in the high force regime. The

deviation between the two kinds of force curves was attributed to the superstructure

of HA in aqueous media at lower temperature, i.e., a local structure involving a

H-bonded network along the polymeric chain, with H-bonds between the polar

groups of HA and possibly water and water-mediated intramolecular bonds. This

hypothesis is reasonable, because it was reported that the superstructure becomes

increasingly destabilized when the temperature is raised to 46�C [73]. This conclu-

sion was further supported by the result obtained in DMSO (an effective breaker of

H-bonds), in which the force curve was similar to that obtained in aqueous media at

46�C.

4.5 PNIPAM

Since Pelton and Chibante reported the synthesis of the first temperature-sensitive

microgel from N-isopropylacrylamide (NIPAM) and crosslinker in 1986 [74],

responsive microgels have attracted numerous attempts to explore their potential

application in many fields, such as sensing and drug delivery [75]. Now the most

extensively studied responsive microgels are prepared with poly(N-isopropyla-
crylamide) (PNIPAM) [2]. It is well known that the phase transition temperature

of PNIPAM is about 32�C [76]. When T<LCST, the PNIPAM chain is soluble in

water as a random coil. When T ~LCST, the subtle balance between PNIPAM and

water is broken and phase transition occurs [77]. However, the single-molecule

level mechanism of the phase transition of PNIPAM had not been proposed until

very recently.

Since 2012, Cui et al. have carried out a series of studies to try to understand

further the mechanism by means of SMFS at the single-molecule level
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[78–80]. One of the key features of PNIPAM is that the single-chain conformation

in aqueous solution can be tuned easily by changing the temperature around its

LCST [81–84]. When the temperature is below its LCST, it is a random coil state.

However, the conformation of a single PNIPAM chain is changed from coil to

globule state spontaneously if the temperature rises above its LCST. The single-

chain elasticity of PNIPAM at different temperatures in water has been measured;

see Fig. 9. When the temperature was below LCST, there was no difference in the

whole force regime among the normalized force curves obtained at different

temperatures. Above LCST, an obvious deviation in the middle force range can

be found with increase of temperature. Interestingly, T¼ 35�C was a turning point

of the whole variation; when T ranged from 31 to 35�C, the middle parts of the force

curves dropped gradually, whereas from 35 to 40�C, the middle parts rose

gradually.

When PNIPAM was dissolved in water, both the hydrophilic group and the

hydrophobic group of the PNIPAM chain were hydrated in water [85–87]. It was

expected that there were many fewer bound water molecules in the fully stretched

state than that in the free coil state because of the limitation in chain conformation

[8]. Thus, the hydrated PNIPAM chain would lose bound water gradually during the

force extension process. Then the bound water molecules around the PNIPAM

chain were forced to undergo rearrangement upon stretching. During the elonga-

tion, the water rearrangement would consume additional energy over and above that

needed for the inherent elasticity of the chain. This energy cost for the water

rearrangement upon stretching was reflected by the deviation between the force

curves obtained in organic solvents and in water at room temperature (RT). The

deviation was calculated to be about 2.1 kBT/unit.

Fig. 9 Comparisons of force curves of PNIPAM obtained in water at different temperatures and in

octane at RT. Figure reproduced with permission from [78]
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However, it could be seen that the middle part of the force curve in water at 35�C
was even lower than that in organic solvents, which could be explained by two

factors. First, water was a poor solvent for PNIPAM at 35�C, and the amount of

bound water around the PNIPAM chain was considerably reduced in this condition

compared to the case at RT [85–87]. Thus, compared to the case in water at RT, the

energy needed for the water rearrangement upon stretching PNIPAM chain was

greatly reduced in water at 35�C. This factor may roughly correspond to the energy

difference between water at RT and organic solvents.

According to Boltzmann’s entropy formula (S¼ kB ln Ω), the entropy of a

polymer chain approaches zero when the chain is highly stretched by an external

stretching force. That is, the entropies of the final state are the same (S� 0) in the

two conditions. However, it is known that the conformation of PNIPAM in water at

35�C is much more compact than that in water at RT, i.e., the initial entropy of

PNIPAM at 35�C is much less than that at RT. Thus, the energy cost of a compact

conformation would be less than that of a coil conformation. This factor may

roughly correspond to the energy difference between water at 35�C and organic

solvents.

When the temperature was increased from 35 to 40�C, the middle parts of the

force curves began to rise gradually, which may be attributed to the formation of

intrachain H-bonds [81]. This assumption could be well supported by the work of

Peiyi Wu’s group [87], who proposed that the formation of H-bonds between the

amide groups was the final step in the multistep conformational change. In the free

state, the globule conformation of the PNIPAM chain (T>LCST) could be stabi-

lized by the formation of intrachain H-bonds. However, under tension it was

expected that the elongation of the chain would lead to breakage of the intrachain

H-bonds. Because the H-bonds between PNIPAM and water were greatly depleted

at T>LCST, it was anticipated that new H-bonds would be unlikely to be formed

between PNIPAM and water upon the breakage of the intrachain H-bonds. There-

fore, there was almost no energy compensation from the formation of H-bonds with

water. Thus, the deviation between the force curves obtained at T> 35 and 35�C
was mainly contributed by the intrachain H-bonds of PNIPAM. This change of

single-chain mechanics from 35�C to 40�C can be used to realize the thermal-

mechanical energy conversion at the single-molecule level. That is, the single

PNIPAM chain can convert the thermal energy to mechanical work in the range

of 35–40�C (see Fig. 10). Thus, this study provided a theoretical basis for the design

of nano-devices, namely molecular heat engines, for thermal-mechanical energy

conversion [88].

Besides temperature, the variation of the solvent composition can also induce the

phase transition of PNIPAM, which is often called cononsolvency [89]. PNIPAM in

the mixed solvent of water and methanol is the most studied cononsolvency system.

The PNIPAM chain acts as a random coil in pure water or pure methanol, whereas it

exists as a globule in a range of concentrations in the water/methanol mixed

solvents. As the methanol molar fraction (χmethanol) increases from 0% to 35%,

the LCST of PNIPAM in the water/methanol mixed solvent is decreased from 32�C
to 7.5�C Then from 35% to 45%, a sharp increase follows [90]. Therefore, an

116 B. Cheng and S. Cui



interesting coil-to-globule-to-coil transition of PNIPAM takes place in the water/

methanol mixed solvent with gradual increase of χmethanol at RT [84, 89, 91, 92]. To

gain a better understanding, Cui et al. used the SMFS method to investigate the

single-chain mechanics of PNIPAM in the water/methanol mixed solvent at RT

[79] (Fig. 11). It was found that the mechanical properties of the PNIPAM chain

were greatly dependent on χmethanol of the mixed solvents. From 0% to 10% there

was no obvious difference between the obtained force curve. The complexes of

methanol and water were formed and dispersed well in the mixed solvents. There-

fore, the complexes had almost no influence on the PNIPAM chains because of the

low density. Further increased from 10% to 51%, all the force curves obtained in

different χmethanol were superposed very well after normalization in the high and

low force regimes, but, in the middle regime, remarkable deviation can be observed

with the increase of χmethanol. As with the temperature-dependent transition, there

was also a turning point at χmethanol 16 %, which was found by Swanson et al. in

another study [93]. When χmethanol gradually increased from 10% to 16%, more and

more water–methanol complexes were formed and, at the same time, the bound

water molecules of the PNIPAM chain became fewer and fewer. Then the

dehydrated PNIPAM chain is unstable and the conformation of the polymer chain

changes from the coil state to the collapsed state. Because the rearrangement of

bound water consumes additional energy upon stretching, the fewer water molecule

bound collapsed state was expected to cost less energy. That is why the middle part

of the force curve obtained at χmethanol¼ 16%was lower than that at 10%. However,

as χmethanol further increased up to 18%, the water–methanol complexes continued

to be formed. Because of the continuous dehydration of PNIPAM, intrachain

C¼O. . .H–N H-bonds were formed [81]. Thus, during chain elongation, the addi-

tional energy would be consumed to break the intrachain H-bonds, which was

reflected by the deviation of force curves. It should be noted that the energy cost

to stretch the PNIPAM chain at χmethanol¼ 18% was lower than that in water at

40�C. This is because the qualities of the intrachain H-bonds formed at

χmethanol¼ 18% were lower than in water at T¼ 40�C [89]. That is, the methanol-

Fig. 10 (a) Force curves of PNIPAM obtained at 35�C and 40�C in water. (b) Novel synthetic
molecular heat engine can be proposed according to the variation of the single PNIPAM chain

mechanics between 35�C and 40�C. Figure reproduced with permission from [78]

Supramolecular Chemistry and Mechanochemistry of Macromolecules: Recent. . . 117



induced collapsed state of PNIPAM chain was less compact than that induced by

thermal at T¼ 40�C. With an increase of methanol from 18% to <50%, the solvent

quality was still worse than that of water at RT. At χmethanol¼ 51%, the force curves

superposed very well with those obtained in water at RT, which indicated that the

conformations of the PNIPAM chain in the mixed solvent of χmethanol¼ 51% were

similar to those in water at RT. Therefore, the solvent quality of the mixed solvent

of 51%< χmethanol <100% was better than that of water for PNIPAM. In addition,

based on the results obtained at χmethanol¼ 16% and pure water, it was possible to

convert the chemical energy to the mechanical energy at RT; see Fig. 12. Therefore,

the current work cast new light on the design of nano-devices with a function of

chemical–mechanical energy conversion.

PDEAM is one of the polymers most similar to PNIPAM, which also has a coil-

to-globule transition in aqueous solution above its LCST (~30�C) [94] (Scheme 4).

Fig. 11 Comparisons of force curves of PNIPAM obtained in different water/methanol mixed

solvents. Figure reproduced with permission from [79]

Fig. 12 (a) Force curves of PNIPAM obtained in 0% and 16% of methanol/water mixed solvent.

(b) Potential design of a molecular motor for chemical–mechanical energy conversion.

Figure reproduced with permission from [79]
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To understand PNIPAM better, Cui et al. measured the single-molecule mechanical

properties of PDEAM, and investigated the coil-to-globule transition and the

hydration of a single PDEAM chain [80]. The normalized force curves of the two

polymers obtained in nonpolar organic solvents, in which the inherent elasticity of

individual polymer chain was reflected, superposed very well in the entire force

curve. It was expected that, in most cases, the inherent elasticity of a polymer chain

was only related to the backbone but was independent of the side groups (Fig. 13a).

However, it was shown that the behaviors of the two polymers in water at RT were

very different in the SMFS results; see Fig. 13b–d. During the chain elongation at

RT, the additional energy consumed for the water rearrangement showed a large

Scheme 4 Structures of PNIPAM and PDEAM. Figure reproduced with permission from [80]

Fig. 13 (a) Comparison among the QM-FRC fitting curves and force curves of PNIPAM and

PDEAM obtained in octane. (b) Comparison among the force curves of PNIPAM and PDEAM

obtained in water and that obtained in octane. (c) Comparison of force curves of PDEAM at RT

and 35�C. (d) Comparison of force curves of PNIPAM at RT and 35�C. Figure reproduced with

permission from [80]
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difference (~5.19� 0.10 kJ/mol for PNIPAM and ~1.13� 0.10 kJ/mol for

PDEAM), which was attributed to the different polymer side groups [94]. The

key point was that, on the N atom of the side groups of the two polymers, there are

an H atom and a hydrophobic isopropyl group for PNIPAM, but for PDEAM there

are only two hydrophobic ethyl groups. Because the PNIPAM chain contains both

H-bond donor and acceptor, it was more hydrated in water than the PDEAM chain,

which only contains acceptor. Therefore, more energy would be consumed for

PNIPAM upon elongation.

When the temperature was above its LCST, the single-chain elasticity of

PDEAM was not dependent on the temperature, remarkably different to PNIPAM.

This may indicate that the variation of the mechanical properties of PDEAM chain

during the phase transition is too small to be distinguished (beyond the force

resolution of AFM). The significant different temperature-dependence of the two

polymers can be explained by two factors: conformation and hydration. First, the

globule conformation of PNIPAM was more compact than that of PDEAM at

T>LCST. Second, the formation of the intrachain H-bonds of PDEAM was not

possible because of the absence of the H-bonds donors in the chain. As a result, with

increase of temperature the amount of water molecules dehydrated from the

polymer chain of PNIPAM was more than that of PDEAM. That is, the PNIPAM

consumes more energy upon stretching [95]. By SMFS, the minor change in

structure of the polymer chain was clearly distinguished.

5 Interactions Between Macromolecules and Solid Surface

Great progress has been made recently in the preparation and characterization of

organic and polymeric ultra-thin multilayer films. Particularly, the layer-by-layer

(LbL) assembly technique, which can be traced back to the pioneering work of Iler

in 1966, has been developed very rapidly and has produced promising results [96–

99]. The growing interest in LbL assembly is because of the unusual properties of

the resulting nanostructured materials and their anticipated applications in the fields

of advanced devices and sensors. To date, many delicate methods have been well

established to fabricate layered assemblies with tailored architectures. These

methods are mainly based on either one or in most cases several combined

intermolecular interactions, such as electrostatic forces, H-bonding, and van der

Waals interactions. Although the assembly methods are well established, there are

still many problems to be addressed, above all the strength of the driving force in

LbL assembly. Unfortunately, the strength at the single-molecule level cannot be

directly measured by traditional methods. Since the early 2000s, Zhang and

coworkers have combined the LbL construction technique and SMFS to investigate

directly the strength of the driving force in LbL assembly by detaching the target

polymer chain from a substrate [100–103].
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5.1 Desorption of Polyelectrolytes from Solid Surface

Utilizing the electrostatic interactions as the driving force, various polyelectrolytes

are often used as building blocks in LbL assembly. To initiate the target first layer

assembly, the substrate is usually treated to bear charge. For instance, the

unmodified clean quartz substrate is nearly neutral in charge. However, a chemical

modification by amino groups results in a positively charged surface when

immersed into neutral or acidic aqueous solutions [101, 103]. A widely used

polyanion, poly(2-acrylamido-2-methyl propane sulfonic acid) (PAMPS), can be

adsorbed onto the oppositely charged amino-modified quartz. The strength of the

driving force for this case has been measured by SMFS in aqueous environment

[103]. The typical force curve of the desorption of single chain of PAMPS from the

amino-modified quartz is shown in Fig. 14. The sharp peak in the initial stage of

each force curve corresponds to the strong adhesion force between the bare tip and

the uncovered regions of the substrate. For the case that one polymer chain is

captured by the tip, only a little of the apex surface area is affected and the strong

interaction between the tip and substrate is retained. Subsequently followed by a

long plateau, the force drops to zero, indicating a rupture of the polymer bridge. The

distance from the initial stage to the end of plateau is about 230 nm, giving an

apparent contour length of the polymer chain being stretched (see Fig. 14). The

applied force remains constant over the whole range of the plateau, which indicates

that no remarkable elastic elongation occurs on the polymer chain being stretched.

Because of the repulsion between monomers, the strongly charged polyelectrolyte

chain assumes an extended conformation in solution [104], which facilitates an

adsorption of single chains in a train-like conformation on the surface with opposite

charge. When the long adsorbed train is attached, the AFM tip retraction progres-

sively unzips the sequence of its binding sites with the surface and the force should

Fig. 14 Typical force curve of PAMPS that shows a long plateau with height of ~120 pN.

Figure reproduced with permission from [103]
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remain constant, resulting in a long plateau in the force curve [101, 105]. The

desorption force of the single PAMPS chain from the substrate, indicated by the

height of the long plateau, remains ~120 pN along the desorption (unzipping)

process (see more clearly from the inset of Fig. 14). The loading rate-independent

result implies that the lifetime of the bond between the PAMPS chain and the

substrate is much shorter than the time scale in our experiments (0.1–1 ms), and the

desorption process is carried out in an quasi-equilibrium state. Thus, the adhesion

force between PAMPS chain and the substrate is equal to the desorption force

obtained.

5.2 Desorption of Neutral Polymers from Solid Surface

In many studies, poly(4-vinyl pyridine) (P4VP) was deposited as the first layer on

the substrate, such as the amino group modified quartz. It was assumed that the

main driving force is H-bonding [106–108]. By utilizing the SMFS method, Zhang

et al. exploited the same system to investigate the strength of the driving force of the

first P4VP layer in LbL assembly [100]. Each peak in the force curve after the initial

large peak corresponds to the detachment of a polymer segment from the substrate.

Several peaks appear in each curve, producing an overall sawtooth pattern. The

sawtooth pattern in the force curves has been attributed to the detachment of

polymer loops from the substrate in series.

Statistical analysis revealed that the most probable desorption force is ~180 pN.

Besides, the desorption force distribution showed that the integer multiples of

180 pN are also frequently observed. This result suggests that the value of

180 pN is an elementary force quantum, which can be attributed to the desorption

of a single anchor point of P4VP from the substrate. When the substrate is changed

to hydroxyl group-modified quartz, the most probable desorption force shifts to

higher values. This result confirms that the signals observed in the force curve

correspond to the desorption of P4VP from the substrate, not from the AFM tip.

Further experiments shows that the desorption force of a single anchor point is

independent of the loading rate, implying that the measurement is carried out in a

quasi-equilibrium condition. In other words, the adsorption force between P4VP

and the substrate is equal to the measured desorption force. It should be noted that

the adsorption force of a single anchor point of P4VP is much stronger than a single

H-bond [14, 109], which may suggest that, besides the H-bonding, other interac-

tions (such as the solvophobic interactions) contribute to the driving force of the

LbL assembly [110].

It is generally accepted that hydrophobic forces play a central role in the self-

assembly carried out in aqueous medium, especially when large building blocks are

involved. Yet, a quantitative understanding of this role has been elusive

[111]. Again, SMFS is more powerful than traditional methods in this case,

which was demonstrated by the work of Zhang et al. in 2003 [102]. To measure
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the hydrophobic forces per monomer unit, they prepared a segmented copolymer

called PNIPAM-seg-PS, in which short hydrophobic PS segments were more

uniformly inserted into a linear PNIPAM hydrophilic backbone [112]. The structure

and composition of such a copolymer chain is schematically shown in Fig. 15a. It is

reasonable to expect that the adsorption of insoluble short hydrophobic PS seg-

ments onto the hydrophobic PS substrate result in many PNIPAM “loops”. Fig-

ure 15c shows that the force curves exhibit a similar characteristic, namely, a

sawtooth pattern. To find why such a pattern exists and how it is related to the

chain structure, the distance between each two adjacent peaks in the force curves

was analyzed statistically. The Gaussian fitting of the histogram led to an average

distance of ~114 nm, which is very close to the average length of the “repeat unit”

(one long PNIPAM segment plus one short PS segment, ~100–130 nm in length) in

the copolymer chain. These results suggest that the copolymer chain forms loops

with a similar size on the PS substrate. Therefore, the sawtooth pattern corresponds

to the detachment of the adsorbed PS segments in a single chain from the PS

substrate. It was found that for a given stretching velocity (Vstretch¼ 4,600 nm/s) the

desorption force essentially follows a Gaussian distribution and the most probable

desorption force (FMPD) is ~41 pN. An interesting observation is that FMPD

increases with increasing Vstretch. The linear dependence of FMPD on log(Vstretch)

indicates that the adsorption and desorption of the PS segments on the PS substrate

is a dynamic process. Because each PS segment contains 20 monomer units on

average, it is estimated that the desorption force per PS monomer unit from the PS

substrate in water is in the range of 1.3–2.1 pN, depending on the imposed

stretching velocity. Compared with previous achievements using different methods

[66, 113], this study provides, for the first time, a more direct determination because

of its single chain manipulation.

Fig. 15 (a) Molecular structure of PNIPAM-seg-PS. (b) Schematic of the adsorbed conformation

of PNIPAM-seg-PS on PS substrate. (c) Typical force curves obtained in DI water.

Figure reproduced with permission from [102]
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6 SMFS Studies on the Interactions Involved
in Supramolecular Polymers

In recent years, the development of supramolecular chemistry is usually related to

the finding of new acceptors, including cyclodextrins [114], calixarenes [115],

cucurbiturils [116], and pillararenes [117], which have frequently been used in

the supramolecular systems. Since the concept of “supramolecular polymer” was

proposed [2], the interest of supramolecular chemistry has been extended from the

host–guest recognition interactions to the discovery of polymerization methods and

functional materials with different applications, which include stimuli responsive-

ness, self-healing, and environmental adaptation [3, 118–120]. With the develop-

ment of a series of supramolecular polymerization methods, a variety of novel

supramolecular polymers are prepared with various non-covalently interactions

[121], including host–guest, metal–ligand, H-bonding, π–π, and charge-transfer

interactions.

6.1 Host–Guest Interactions

Molecular recognition is the specific binding of a guest molecule to a complemen-

tary host molecule to form a host–guest complex [36]. This concept was proposed

in the very early stages during the developing of supramolecular chemistry. There

are many examples utilizing host–guest interactions to construct supramolecular

systems. Among others, the β-cyclodextrin (β-CD), a cyclic oligosaccharide

consisting of seven glucose units linked via α-1-4 glycosidic bonds, is a commonly

used host molecule, and various molecules (e.g., ferrocene) can be bound in the

cavity as guest, mainly via hydrophobic forces [122, 123]. SMFS has been utilized

to investigate this important supramolecular system at the single-molecule level

[124–128].

The strategy of the experiment involves two steps. The first step is to chemically

modify the AFM tip and substrate with host and guest molecules, respectively. The

second step is to enable the formation of host–guest complex by bringing together

the two surfaces, and rupturing the complex by separating them (see Fig. 16).

During the latter step, the force curve is recorded, which provides extensive

information on the system. One useful piece of information which can be extracted

from the force curve is the rupture force of the host–guest complex. In an ideal case,

an individual rupture event is observed in one force curve. However, multiple

rupture events can occur simultaneously, which is actually the usual case. There-

fore, a statistical analysis on plenty of similar force curves is necessary. Such

analysis has shown that the observed rupture forces are integer multiples of one

fundamental force quantum of 55� 10 pN, which is attributed to the rupture of an

individual ferrocene–CD complexes in aqueous medium [124]. Further investiga-

tion of ferrocene–CD complexes showed that this force quantum is independent of
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the spacer length, and independent of the unloading rate [125]. These results

indicate that the host–guest complex rupture forces were probed under conditions

of thermodynamic equilibrium. This is different from the previously studied bio-

logical systems, which are dependent of the unloading rate [129–131].

Besides ferrocene, other molecules with similar shape, such as adamantane and

benzene, can be guest molecules in the β-CD host. Systematic studies of SMFS

found similar results. The analysis of the histograms revealed periodic distributions

of forces with loading-rate independent maxima at integer multiples of a certain

force quantum characteristic of each guest. For instance, the observed force quanta

were 39� 15 pN for benzene and 102� 15 pN for adamantane, respectively. The

force values followed the same trend as the free binding energy ΔG measured for

model guest compounds in solution or on β-CD monolayers, as determined by

microcalorimetry and surface plasmon resonance measurements,

respectively [126].

6.2 Metal–Ligand Interactions

Metal–ligand interactions are often used to fabricate supramolecular systems with

regular shapes, e.g., double helicates, racks, grids, and linear rods [36]. These

systems are well understood with respect to their behaviors in the solid state as

well as on surfaces. However, little was known about the binding force of the

supramolecular complexes. Several systems on the topic of metallo-supramolecules

Fig. 16 Schematic representation (not to scale) of SMFS of ferrocene guest immobilized in a

hydroxyl terminated SAM on an AFM tip and a SAM of CD on Au(111). Figure reproduced with

permission from [124]
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have been studied by SMFS [33, 132]. For such purpose, the researchers chemically

modified the substrate with a layer of terpyridine Ru(II) mono-complexes, as shown

in Fig. 17. The tip was chemically modified with a layer of non-complexed

terpyridine ligand. By bringing together the tip and the substrate, the direct prox-

imity of the free ligand and the mono-complex allow the formation of

bisterpyridine complexes. By retracting the tip from the substrate, the complex is

stretched till rupture, where the rupture force corresponds to the binding force of the

bisterpyridine Ru(II) complexes. Statistical analysis of the rupture force shows that,

at a given velocity of 118 nm/s, the histogram exhibits one pronounced peak at

95 pN followed by weaker peaks at 171 and 253 pN. The weaker peaks were

attributed to the simultaneous rupture of two or three parallel complexes, respec-

tively. This hypothesis was supported by elasticity model fitting and Monte Carlo

simulations [33].

6.3 H-Bonding

Supramolecular polymers [2, 133] (also called reversible polymers) are comprised

of bifunctional monomeric units that are reversibly aggregated through relatively

strong non-covalent interactions. For instance, the self-complementary and recog-

nition of the quadruple H-bonded bis(2-ureido-4[1H]-pyrimidinone) (bisUPy) can

Fig. 17 Schematic of the

SMFS experiment.

Figure reproduced with

permission from [33]
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form rather stable supramolecular polymers. By utilizing SMFS, Zou

et al. measured the strength of the driving force of the self-assembly between the

monomers (Fig. 18) [134, 135].

As shown in Fig. 18, the apex of the peak of the force curve corresponds to the

rupture of the supramolecular polymer upon stretching, from which the “degree of

polymerization” (DP) can be estimated to be 2–15. At 301 K and a loading rate of

35 nN/s, the rupture force of the supramolecular polymer upon stretching, which is

indicated by the apex of the peak, is 172� 23 pN. For the pure dimmers, the rupture

force is 180� 21 pN [134]. The rupture forces decrease with increasing lengths of

the stretched supramolecular polymer chains. This observation is in agreement with

the theory developed by Evans et al. [136, 137], who predicted a decrease in the

magnitude of the single-complex rupture force with increasing spacer length [138].

By contrast, for measurements carried out in situ at 330 K, no loading-rate

dependence was observed for rates between 5 and 200 nN/s. This observation

indicates that the corresponding experiment was carried out under quasi-

equilibrium conditions. These data obtained at 330 K are equivalent to those

obtained at 301 K, but at a lower loading rate [135, 139].

To obtain the thermal force and dimer equilibrium constant Keq using the Evans

model, the most probable rupture force between the binding motifs is usually

measured for various loading rate. By utilizing the theory of Evans and Williams,

Vancso et al. found that those parameters can be obtained even with one data set at a

single loading rate. The value of the dimer equilibrium constant obtained for UPy–

UPy dimers in hexadecane agrees very well with the value of Keq ~ 1� 109 M�1

predicted by previous studies with bulk measurements [140].

More recently, the binding force of another self-complementary quadruple

H-bonding motif, urea-aminotriazine (UAT), was investigated by SMFS [141,

142]. By measuring the rupture force between UAT at various loading rates, the

Fig. 18 Schematic of the SMFS experiment and typical force curve obtained in a hexadecane.

Figure reproduced with permission from [134]
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bond lifetime at zero force, toff(0), can be estimated to be 100� 80 ms. This SMFS

result is nearly three times higher than that estimated from the data of bulk

measurements. This marked discrepancy shows that the complex is much more

stable than predicted on the basis of the simple model, in which the stabilization

effect of the planarized molecular geometry is not covered. These studies demon-

strated that SMFS is an indispensable supplement to the characterization methods.

6.4 π–π Interactions

The π–π interactions (aromatic interactions) are ubiquitous and important in diverse

phenomena, including stabilizing DNA and protein structures, packing aromatic

molecules in crystals, and binding guest moieties to host systems. It has been

suggested that π-π interactions consist of electrostatic, hydrophobic, and van der

Waals forces [143]. By modifying the AFM tip with a pyrene tailored polymer

chain, Zhang et al. successfully detected the desorption force of a single pyrene unit

from a graphite surface (see Fig. 19) [144]. Interestingly, the measured force,

55� 16 pN, is independent of the loading rate, implying that the measurement is

carried out under quasi-equilibrium conditions. In other words, the adsorption force

between the pyrene unit and the graphite surface is equal to the desorption force

obtained.

Fig. 19 Schematic setup

for measuring the π–π
interaction between pyrene

and graphite in aqueous

medium by SMFS.

Figure reproduced with

permission from [144]
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6.5 Host-Stabilized Charge Transfer Interactions

Host-stabilized charge transfer interaction (HSCT) is a concept that was proposed

by Kim et al. in which donor and acceptor are both encapsulated in the cavity of the

host cucurbit[8]uril (CB[8]) [145, 146]. Because of the short distance between the

donor and the acceptor, the CT interaction is remarkably enhanced. However,

attempts to obtain supramolecular polymers with a high degree of polymerization

utilizing only single HSCT interactions have failed for the following reasons:

(1) the strength of single HSCT interactions was not sufficient and (2) single

HSCT interactions do not have high orientation selectivity, thus leading to the

formation of cyclic species and suppressing the formation of polymeric species.

Recently, Zhang et al. have developed a new idea of utilizing multiple HSCT

interactions for fabricating supramolecular polymers [121, 128]. By using a care-

fully designed multifunctional monomer, the cyclization is successfully suppressed,

leading to the formation of supramolecular polymers. SMFS results revealed that

the rupture force of the supramolecular polymer can be nearly 200 pN, indicating

that the binding force within the supramolecular polymer is rather strong. The

contour length measured by SMFS can reach as high as 600 nm, implying that the

supramolecular polymer has a high degree of polymerization.

7 SMFS Studies on Synthetic Molecular Machines
and Analog Systems

To mimic the fantastic biomolecules that can generate directional forces, people

have attempted to design and synthesize a number of molecular machines during

the last two decades. Because molecular machines usually work at the single-

molecule level, SMFS is an ideal method to investigate those systems. We would

like to provide four examples of SMFS studies of the synthetic molecular machines

in this section.

Azobenzene is a light-sensitive molecule. Under irradiation by UV light of

365 nm, the azobenzene in trans configuration is converted to cis isomer, and

under irradiation by light of 420 nm, an inverse process takes place. A change of

end-to-end distance is expected with these transitions, i.e., the molecule is short-

ened upon transition from trans to cis and vice versa. By utilizing a polymer

containing azobenzene groups in the backbone, Gaub et al. first realized the

conversion from light energy to mechanical work at the single-molecule level

[147, 148]. To minimize the negative effects to the AFM cantilever, the evanescent

wave from total internal reflection was used. A shortening of ~3 % of the polymer

chain was observed from the saturated trans-azo state to the saturated cis-azo state.
The efficiency of converting optical energy to mechanical work was up to 10 %.

In 2007, Vancso and coworkers realized the closed-cycle conversion from

electric energy to mechanical work at the single-molecule level [149]. The
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electrochemically responsive polymer, poly(ferrocenylsilane) (PFS), was cova-

lently attached to a gold electrode. Using SMFS it was found that the PFS chain

shrank when the oxidized state was converted into the neutral state. The shrinkage

against an external load can be used to design a molecular device. A maximum

conversion efficiency of 26% was obtained in the single molecule experiments.

Rotaxanes are paradigm synthetic molecular machine systems which enable

controlled large-amplitude movement and positioning of one mechanically

interlocked component with respect to another. Differing from the previously

studied biological/synthetic molecular machines, a rotaxane is a small molecule

(less than 5 nm long). Recently, Leigh and his coworkers investigated an elegant

system with rotaxanes by SMFS [150, 151]. In a rotaxane, the molecular ring is

threaded onto a molecular axle. There are two H-bond binding site in the axle, but

with different affinities to the motif in the ring. A peak of ~30 pN can be found upon

elongation of the PEO chain, which is linked to the ring of rotaxane. This peak can

be observed upon elongation or relaxation, which indicates that the process is

reversible. Confirmed by control experiments, the peak is attributed to the process

of breaking/forming of the H-bonding between the two motifs in the molecule ring

and axle of the rotaxane, respectively. In the relaxation process, the macrocycle

travels back from the weak binding site to the strong one and it is able to generate a

force against the external load of 30 pN, similar to those generated by biological

machines. The mechanical work produced by this sub-molecular motion is

~6 kcal mol�1. This work demonstrates that AFM-SMFS can be used to investigate

the mechanochemical behavior of a molecule less than 5 nm in size.

During the past 20 years, proteins and synthetic polymers have been investigated

by SMFS, which has aided in the understanding of their nanomechanical properties.

However, it remains a challenge to correlate directly the bulk mechanical perfor-

mance to the nanomechanical properties of individual constituent macromolecules.

Guan et al. recently made major progress towards this goal [152–154]. They

synthesized a biomimetic modular polymer with two UPy (see also Sect. 6.3) motifs

in each module. By stretching/relaxing, the UPy motifs in single modular polymer

chain can be unfolded/refolded, resulting in a sawtooth pattern in the force curve,

which resembles that of a modular protein, titin. By increasing the stretching

velocity, an increase of the rupture force of the UPy motifs can be observed,

through which the parameters of the single-molecule energy landscape can be

derived. When the mechanical properties of bulk material from the same polymer

were compared with those at the single-molecule level, Guan et al. found direct

correlations between these two block of data: the high rupture force and quantita-

tive passive re-folding observed at the single-molecule level can be associated with

the large energy dissipation during plastic deformation, as well as the slow but

complete recovery of strength, strain, and toughness observed during the course of

the load relaxation recovery cycle in the bulk experiment. These results illustrated

the potential for SMFS to serve as a guide for future rational design of advanced

multifunctional materials.
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8 Summary and Perspective

During the last two decades, the supramolecular chemistry and mechanochemistry

of macromolecules have been developed greatly. The SMFS method provided an

effective way to access the macromolecules at the single-chain level. With the

single-molecule mechanics results, the classic polymer chain theory of Flory has

been verified for the first time. The bound water of macromolecules and the

rearrangement upon elongation have been investigated, showing that the energies

associated with the bound water is very important to the self-assembly of biomacro-

molecules. For supramolecular polymers, the binding force between the moieties

has been measured directly. With the great effort of researchers, a clearer image of

macromolecules system has been revealed at the molecular level.

However, there are still some challenges in this field. Here are two examples.

(1) The database of single-chain elasticity of macromolecules is not yet complete.

As with the periodic table of elements, a complete database of macromolecules

would certainly be helpful for the development of science and engineering. (2) The

noise level of SMFS is still too high. A typical noise of 5–10 pN conceals some

important data. However, it is greatly anticipated that, in the future, SMFS can

contribute further to the development of supramolecular chemistry and mechano-

chemistry of macromolecules.
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Polymer Systems
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Abstract Although existing since the concept of macromolecules, polymer mech-

anochemistry is a burgeoning field which attracts great scientific interest in its

ability to bias conventional reaction pathways and its potential to fabricate

mechanoresponsive materials. We review here the effect of topology on the

mechanical degradation of polymer chains and the activation of mechanophores

in polymer backbones. The chapter focuses on both experimental and theoretical

work carried out in the past 70 years. After a general introduction (Sect. 1), where

the concept, the history, and the application of polymer mechanochemistry are

briefly described, flow fields to study polymer mechanochemistry are discussed

(Sect. 2), results of mechanochemistry study are presented for linear polymers

(Sect. 3), cyclic polymers (Sect. 4), graft polymers (Sect. 5), star-shaped polymers

(Sect. 6), hyperbranched polymers and dendrimers (Sect. 7), and systems with

dynamic topology (Sect. 8). Here we focus on (1) experimental results involving

the topological effect on the coil-to-stretch transition and the fracture of the

polymer chains, (2) the underlying mechanisms and the key factor that determines

the mechanical stability of the macromolecules, (3) theoretical models that relate to

the experimental observations, and (4) rational design of mechanophores in com-

plex topology to achieve multiple activations according to the existing results

observed in chain degradation.
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1 Introduction

1.1 Mechanochemistry

Mechanochemistry is a branch of chemistry which is concerned with chemical and physico-
chemical changes of substances of all states of aggregation due to the influence of
mechanical energy.

The term “mechanochemistry” was first coined by Ostwald (Nobel Prize, 1909)

in his books [1, 2]. This definition underlines the mutual transformation of the

mechanical and chemical energy and is well accepted by modern researchers. In

retrospect, our ancestors had already exploited mechanochemical phenomena for

survival since time immemorial, making fire by drilling wood. The first document

related to mechanochemical reaction dates back to about 315 B.C. Theophrastus of

Eresus, Aristotle’s student and successor, wrote a booklet entitled “On Stones.” A

reference in this book described the reduction of cinnabar to mercury by grinding in

a copper mortar with a copper pestle [3]. In the nineteenth century, scientists started

the fundamental work in this area. They exploited the influence of mechanical

energy on the properties of solid substances by grinding or sliding. Faraday reported

the reaction of silver chloride by grinding with zinc, tin, iron, and copper in 1820

[4]. M. Carey Lea systematically studied the decomposition of silver chloride,

mercurous chloride, and sodium tetrachloroaurate(III). He also – for the first time –

demonstrated the parallelism between the action of electricity, heat, light, and

mechanical force on the silver halides [5–10]. From the beginning of the last century,

research in mechanochemistry has been rapidly intensifying. Mechanochemical

reactions are discovered in fluids, suspensions, colloids, polymers, nanoparticles,

and biomolecules [11–14]. New methods and instruments for inputting mechanical

energy into the substances are also being developed.

Nowadays, mechanochemistry is a truly interdisciplinary subject which involves

mineralogy, inorganic and organic synthesis, tribology, polymer science, and

biochemistry. Mechanochemical questions are mutable and emerge in different

contexts. In mineralogy, mechanochemistry refers to the mechanochemical

processing for the extraction of elements from raw minerals [14]. In biological

sciences, mechanochemistry can refer to either the mechanisms by which cells

convert mechanical stimuli into chemical activity (mechanotransduction) for phys-

iological functions or the production of mechanical energy by chemical reactions

(chemo-mechanics) such as molecular motors or muscle contraction [3]. In mac-

romolecular science, mechanochemistry classically refers to mechanical degrada-

tion of polymers via the scission of covalent bonds. However, in the last decade,

polymer mechanochemistry has been enlarged with the use of the polymer scaffold

for mechanical activation of mechanophores [15].
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1.2 Polymer Mechanochemistry

1.2.1 Historical Perspective

Polymer mechanochemistry arose as early as the concept of macromolecules.

Indeed, the first reports on flow-induced degradation of polymer were given by

Staudinger (Nobel Prize, 1953) [16–18], one of the trailblazers of macromolecular

science. The increasing demands for polymeric products from the middle of the last

century called for the study of their behavior under mechanical processing. Early

work suggested that the depolymerization of chains during ball-milling, drilling,

slicing, or sawing can advance by homolytic cleavage (producing two free

macroradicals [11, 19]), heterolytic cleavage (two macromolecular ions with oppo-

site charges), or intramolecular disproportionation (two stable macromolecular

fragments) [20].

Mechanical degradation of polymers in solution was also implemented. The

coil-like characteristics of macromolecules give them unique dynamics in the flow

field compared to small molecules. In the 1940s, Kuhn and Frenkel performed

experiments in simple shear flow [21, 22]. They believed a simple shear flow with

velocity gradient transverse to the flow direction was sufficient to degrade polymer

chains. The mechanical stability of macromolecules in solution is thus referred to as

“shear stability.” However, theoretical work in the early 1960s showed that only

elongational flow with velocity gradient parallel to flow direction can extend the

coil [23–25]. In this review, we retain the historical term “shear stability” but the

reader should be aware of its meaning. After de Gennes’ (Nobel Prize, 1991)

prediction of the coil-to-stretch transition (CST, Fig. 1) of polymer chains in

1974 [26], experimental progress accelerated. This work revealed a minimum

molecular weight Mlim required for chain cleavage [20]. Odell and Keller’s ele-

gantly designed flow experiments [27, 28] demonstrated the connection between

CST and the most basic properties of the polymer chain. Their outstanding work led

the subject into the modern era with quantitative studies [15].

In the last decade, researchers have taken advantage of the molecular strain

generated during CST to trigger the chemical reaction of certain organic molecules

(called mechanophore). Moore, Craig, and their co-workers reported breakthroughs

in this avenue. Examples include the use of mechanical force to unveil prohibited

reaction pathways [29] or to prolong the lifetime of the diradical intermediate

[30]. Boulatov demonstrated the role of molecular restoring force, not strain energy,

in controlling the reaction barriers in stretched macromolecules [31]. This ground-

breaking research has given impetus to the development of mechanoresponsive

materials and has marked the beginning of a new epoch in polymer

mechanochemistry.
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1.2.2 Mechanophores and Mechanoresponsive Polymers

A mechanophore (blue in Fig. 2a) is a strategically designed chemical entity which

responds to mechanical force in a predictable and useful manner (Fig. 2d–f). The

polymer strand here acts as an actuator to transmit macroscopic force to the target.

For a fully extended polymer chain, the maximum tension force is at the middle

point of the chain contour. So the mechanophore should be incorporated into the

middle of the chain with its active bond along the chain contour (Fig. 2a) [15, 29,

32]. Examples of mechanochemical reactions include homolytic scission of weak

bonds (diazo [33]), electrocyclic ring-opening (benzocyclobutenes [29],

spiropyrans [32, 34–45], gem-dichlorocyclopropanes [46–49], gem-difluorocyclo-
propanes [30, 50], and epoxide [51]), cycloreversion reactions (cyclobutane deriv-

atives [52–56], Diels-Alder adducts [57, 58], 1,3-dipolar adducts [59, 60], and

1,2-dioxetanes [61]), dative bond scission [62–64], and flex-activated reactions

[34, 65, 66], as recently reviewed by Bielawski [67].

Fig. 1 Coil-to-stretch

transition (CST) of a

polymer chain. The flow

direction is vertical. The red
arrows highlight the end-to-
end distance R of the chain
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Mechanical force has the unique ability to impel molecules to react through

specific pathways to avoid side reactions and unmask transformations to completely

new outcomes. Moore highlighted a salient example of using mechanical force to

circumvent thermal and photochemical limitations [29]. It is well known that

pericyclic reactions are governed by orbital symmetry theory (the Woodward-

Hoffmann rules [68]). As a result, the electrocyclic ring-opening of the mixture

of cis- and trans-benzocyclobutenes gives a mixture of E,E- and E,Z-diene isomers

under thermal or photo stimuli. Unexpectedly, the same reaction under mechanical

stimulus yields only E,E-diene. Most importantly, the reaction yielding single

isomer (E,E-diene) is only accessible via mechanical force (Fig. 3). This milestone

Fig. 2 Schematics of a mechanophore embedded in a polymer chain [15]. (a) The mechanophore

is in the middle of the chain. (b) Control polymer having a mechanophore at the chain terminus or

(c) as a pendent group. The red stick in the mechanophore represents the active bond. Possible

responses to force for a mechanophore in the middle of the chain: (d) selective scission; (e) release

of small molecule; (f) isomerization

Fig. 3 Force mediated electronic ring-opening of benzocyclobutene moieties avoiding orbital

symmetry rules [29]
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work highlights the new concept of using polymer mechanochemistry to drive the

synthesis of small molecules that are otherwise inaccessible [69].

The rational design of mechanophores and polymer scaffolds offers a new

avenue towards intelligent polymers which respond to mechanical force in incred-

ible ways [70]. Imagine the following situations. A polymer can send a warning

signal by changing its color on deformation [32]. Close to mechanical failure, the

force breaks the purposely designed bonds to relieve the local stress by releasing

“hidden length” (molecular stress relief) [53, 54, 71] and/or to redistribute the local

force by interchain cross-linking (self-strengthening) [72]. Once the chain breaks, it

sends a second signal [61] and the outcomes (radicals or other small molecules) can

catalyze latent chemical reactions [49, 73, 74]. Even if the material fails, there

remains an opportunity to self-heal with the formation of new covalent bonds in

mechanophores [75–77]. Mechanophores can also be used in material studies to

investigate the structure–property relationship and the fracture mechanism

[78]. Other prospects for mechanophores in polymer science have been well

reviewed by Craig [70].

1.2.3 Application of Polymer Mechanochemistry

Polymer mechanochemistry has wide-ranging relevance to diverse applications. It

is an essential aspect of polymer-processing such as rubber mastication [79, 80],

coating, injection molding, rolling, calandering, extrusion, spinning, and fiber

drawing. In fluid transportation the addition of small amounts of polymers can

drastically reduce the drag, i.e., drag reduction, in turbulence flow. Shear stability is

regarded as a critical standard to choose polymer additives for drag reduction

applications [81]. In biochemistry, fluidic shear forces can impair the structures

of protein molecules, leading to denaturing and loss of biological functions

[82]. The mechanical stability of biopolymers or natural polymers is also important

in biomedical applications [83–85] and the food-processing industry [86–

88]. Sometimes, chain scission under flow is desirable. Flow-induced chain scission

is used as a route to produce monodispersed high molar mass polymers in industry

[89]. In genome sequencing and biopolymer science, the scission of genomic DNA

into short fragments with random break points in the flow field is a critical

preparatory technique [90–93]. In applications where the fracture of macromole-

cules is undesired, the linear chain structure has inherent limitations to resist

scission. Generally, this is because the linear chains have larger hydrodynamic

volume and experience larger hydrodynamic force than chains with complex

topology having the same molecular weight. For this reason, researchers turned to

explore the effect of chain architecture.
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1.3 Polymers of Different Topologies

Thanks to the rapid development of efficient synthetic strategies, scientists can now

create macromolecules with well-defined architectures and examine their behavior.

Examples of polymer architectures are shown in Fig. 4.

A cyclic (ring) chain (Fig. 4b) has no chain termini compared with a linear chain

(two termini). Ring polymers are synthesized by ring-closure reactions or ring-

expansion polymerizations [94]. They manifest unique diffusion behavior and

intrachain interactions.

A graft polymer chain (Fig. 4c) has a linear backbone and randomly distributed

side chains. The side chains (which can be very long) are structurally distinct from

the main chain but can be homopolymers or copolymers. A well-known example of

a graft polymer is high-impact polystyrene (HIPS), where polybutadiene (PB) side

chains are grafted to the PS backbone.

A star-shaped polymer chain (Fig. 4d) is a structure consisting of three or more

linear arms connected to a central core. Star polymers more closely resemble a hard

sphere with more compacted structure, higher degrees of segmental density and

dynamic entanglement, compared to their linear counterparts of the same molecular

weight [95].

Hyperbranched polymers and dendrimers belong to the same group of polymers

with densely branched structures and a large number of ends (Fig. 4e, f).

Fig. 4 Polymer architectures: (a) linear polymers, (b) ring polymers, (c–f) branched polymers: (c)

graft polymers, (d) star-shaped polymers, (e) hyperbranched polymers, and (f) dendrimers
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Dendrimers branch perfectly with star-like topologies whereas hyperbranched

polymers have imperfectly branched structures. Dendritic polymers have numerous

sites per molecule to couple to active species, making them ideal carriers for drug

molecules or biomacromolecules [96].

Compared with linear cousins having the same molecular weight, chains with

complex topology are usually more compact. The smaller size causes the chains to

experience less mechanical force. On the other hand, extremely compact structure

increases the repulsive interactions between chain segments, which leads to addi-

tional tension in the chains. The mechanical stability of the whole macromolecules

is the balance of the two effects.

1.4 Aim of the Current Review

This review is organized on the basis of polymer architecture and highlights its

effect on polymer mechanochemistry. The topic is restricted mostly to CST, chain

degradation, and activation of mechanophores in dilute solution because more

experimental and theoretical literature is available than that relating to the solid

state. Solution or solid phenomena in which no CST or mechanochemical reaction

occurs are therefore excluded.

To make this review self-contained and to provide a foundation for further

discussion, we have included the experimental methods and theoretical models of

mechanical degradation for linear chains in the second and third sections, respec-

tively. From the fourth to seventh sections, the mechanochemistry of cyclic poly-

mers, graft polymers, star-shaped polymers (star-shaped polymers), dendrimers,

and hyperbranched polymers is summarized. In the eighth section, we survey the

mechanochemistry of supramolecular aggregates and knotted polymers, where the

topology constraints are temporal. We hope our overview can serve as a guideline

for the future work in the field of polymer mechanochemistry.

2 Flow Field to Study Polymer Mechanochemistry

Mechanical degradation of polymers has been studied for more than 70 years in

several flow fields encompassing strong elongation components. In certain flow

fields the streamlines are symmetric with a stagnation point. In the vicinity of the

stagnation point, the dwell time of the fluid element is longer than the timescale for

coil extension. Such flow is referred to as “quasi-steady-state-flow” (QSSF). In

most other cases the dwell time is shorter than the coil extension time and the flow

is referred to as “fast-transient-flow” (FTF).

In practice, the geometry of the flow apparatus critically affects the degradation

result in the following ways:
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1. The wall inherently introduces shear deformation containing a rotation compo-

nent to the deformation gradient, whereas a pure elongational flow field exists

only in a small region.

2. The distance between two fluid points in a pure elongational flow with constant

stretch rate increases exponentially with time. Nevertheless, the distance cannot

develop infinitely because of the experimental geometry, which limits the

maximum strain that can impose on the polymer chain.

2.1 Quasi-Steady-State-Flow

A planar elongational flow field is a typical QSSF. It can be generated in a cross-slot

device and was widely used by Odell and Keller [27, 28, 97–102]. As shown in

Fig. 5, the polymer solutions are pumped into two opposed channels (+y and �y
directions) and sucked out of two orthogonally opposed channels (+x and �x
directions). The streamlines are symmetrical and have a stagnation point in the

center (marked “X”). The velocity of the inlet streams approaches zero at the

stagnation point and increases along the outlet directions [103]. Polymer coil

trapped at the stagnation point undergoes CST and breaks into pieces. The strain

rate at the stagnation point can be controlled by the velocity of the inlet streams and

the geometry. Another device that can create QSSF is the Taylor four-roll mill. The

mill can produce the entire spectrum of linear flow near the mill center [104]. The

rotating speed of the mills controls the strain rate at the stagnation point.

2.2 Fast-Transient-Flow

2.2.1 Contraction Flow

The flow through a contraction channel (e.g., decrease in pipe diameter) results in a

sudden increase in the velocity and the strain rate without a stagnation point.

Fig. 5 Schematic diagram

of planar elongational flow

using cross-slot.

Streamlines are marked red
and the stagnation point is

marked as “X.” The

velocity in the z direction
is zero
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The streamlines of a converging flow field is shown in Fig. 6. In the contraction

flow, the polymer coil may not have sufficient time to extend fully. The jet may

reach very high speed to create contract flow. This technique was widely studied by

Nguyen and Kausch [105–113].

2.2.2 Turbulent Flow

In pipe flow, the Reynolds number Re, see (1), determines the flow patterns:

Re ¼ ρsVd

ηs
ð1Þ

where V is the mean velocity of the fluid, d is the hydraulic diameter of the pipe, ρs
is the density of the fluid, and ηs is the dynamic viscosity of the fluid.

Turbulent flow occurs at high values of Re (>2,300). Unlike other flow fields, it

is chaotic. Researchers have been interested in the interplay between polymer

chains and turbulent flow for a long time [114, 115]. Experiments confirmed that

polymer additives not only change the existing turbulent structures but also produce

flow structures not found in a pure solvent [116]. de Gennes [117] and Tabor [118]

believed the coil experiences both high elongational and shear stress near a

microvotex in turbulent flow (Fig. 7).

In the preceding flow fields, strain rates on the order of 103 to 106 s�1 are

achievable, and the corresponding limiting molecular weight Mlim for chain scis-

sion is on the order of 106 Da [15]. The extremely high molecular weight is a

synthetic challenge, even with more advanced polymerization techniques.

Fig. 6 Contraction flow

field. The flow direction is

along the dashed line
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2.2.3 Ultrasonic Irradiation

Ultrasonic irradiation is a fundamentally different technique from flow fields and

used predominantly for studying mechanophores [119, 120]. The main advantages

of using this method over an elongational flow field are the high strain rates it can

produce and the simplicity of the apparatus. Nguyen and co-workers [113] have

suggested that the strain rate in the acoustic field can reach up to 107 s�1. The

corresponding Mlim for chain scission or mechanophore activation is drastically

reduced to 104 to 105 Da, which is synthetically readily attainable.

Chain scission in an acoustic field in solution has been studied over many

decades [20, 110, 113, 121–124]. The accepted mechanism involves the nucleation,

growth, and collapse of cavities, and CST of the polymer chain. When a high-

energy acoustic field is applied to a solution, the local pressure vibrates. If the

ultrasonic pressure amplitude exceeds the average pressure in the liquid, the

pressure drops below zero (negative pressure). When the applied negative pressure

overcomes the cohesive forces of the fluid element, cavitation occurs and dissolved

gases escape into cavities. The bubbles are then dilated and contracted by the

acoustic field and violently collapse at a certain point. An elongational flow field

is thus created, and the strain rate depends both on the time from the onset of the

bubble collapse (the instantaneous radius of the imploding void) and on the distance

to the bubble. A polymer coil near the collapsing bubble experiences solvodynamic

force, undergoes CST, and eventually breaks (Fig. 8).

Compared with flow fields, ultrasound irradiation creates both solvodynamic and

thermal effects. The latter may contribute to polymer degradation and

mechanophore activation. Although, ideally, hot spots are quenched faster than

the diffusion time of the polymer chain (less than 1 μs [110]), an effort to preclude

thermal effects should be implemented in the experiment.

Fig. 7 Schematic

representation of the

elongational flow between

the counter-rotating eddy

pairs in turbulent flow.

(Reprinted with permission

from Kulicke et al. [115],

Copyright 1989 Springer)
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3 Mechanochemistry of Linear Polymers

3.1 CST, Chain Scission, and Activation of Mechanophores

At rest, the conformation of a flexible chain in dilute solution looks like a coil with

spherical symmetry in the long-term. However, its instantaneous shape is asym-

metric [125], which means the chain rotates along a streamline of a flow field with

velocity gradient. The hydrodynamic drag force from the friction between the chain

segments and the solvent molecules can deform the coil from its equilibrium shape.

On the other hand, the conformation of the polymer chain is variable and changing

all the time because of thermal fluctuation (Brownian motion of the solvent). So the

shape of the chain in the flow field depends on how quickly the solvodynamic force

deforms the chain and how slow the whole chain relaxes. This evolves two

timescales.

The first timescale is related to the flow field and proportional to the reciprocal of

strain rate (1=_ε). The second timescale is the longest relaxation time of the polymer

Fig. 8 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 pyrolyze to form radical byproducts upon bubble

collapse, while polymer chains do not undergo pyrolytic cleavage because they do not penetrate

the bubble interface. (Adopted with permission from Caruso et al. [15], Copyright 2009 American

Chemical Society)
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τ0, which is the time for the end-to-end vector to relax fully; to scales with

molecular weight M [125]:

τ0 / M2 no hydrodynamic interactions, Rouse Modelð Þ
τ0 / M3ν hydrodynamic interactions, Zimm Modelð Þ ð2Þ

where ν is the Flory exponent and is 0.5 in theta solvent but 3/5 in good solvent . In
the theta solvent, polymer coils act as ideal chains, assuming their random walk coil

dimensions exactly. In good solvent, interactions between polymer segments and

solvent molecules are energetically favorable and cause polymer coils to expand.

The different scaling exponents in (2) are caused by the hydrodynamic interactions

which account for the effect of the disturbance of the chain segments on the flow

field. For polydispersed samples, M should be replaced with weight averaged

molecular weight Mw.

The two timescales define a dimensionless number, known as the Deborah

number (De) [126]:

De ¼ τ0 _ε ð3Þ

For _ε smaller than a critical value _εC, the chain remains in a “coiled” state. As

_ε > _εC, the chain drastically extends as shown by a steeper increase in the flow-

induced birefringence (Fig. 9). At the onset of CST, the corresponding critical DeC
fulfills [26]:

DeC ¼ τ0 _εC � 0:5 ð4Þ

From (4) we obtain the dependence of _εC on Mw [127]:

Fig. 9 Schematic drawing

of flow-induced

birefringence as a function

of strain rate during CST

and chain scission.

(Adopted with permission

from Odell and Keller

[28]. Copyright 1986 John

Wiley & Sons)
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_εC � 0:5

τ0
/ M�2

w Rouse Modelð Þ ð5Þ

_εC � 0:5

τ0
/ M�3ν

w Zimm Modelð Þ ð6Þ

From (5) and (6), the shorter of the polymer chains, the higher value of _εC is

required to observe CST. As _ε exceeds a second critical value _εF, the hydrodynamic

force is sufficient to overcome the binding strength of the covalent bonds (~7 nN,

depending on timescale [128]) and the chain scission occurs. The force required to

activate the mechanophore may be weaker or close to that to break the covalent

bond. The related critical strain rate _εA is above _εC and close to _εF (Fig. 9). Below
Mlim, CST, activation of mechanophore, and chain scission cannot be observed for

the given experimental setup (maximum strain rate attainable).

3.2 Summary of Experimental Results

From the early 1970s, elegantly designed experiments were conducted to study

CST and chain scission. Results from both QSSF and FTF are briefly summarized in

the following:

3.2.1 General Features

1. In QSSF [27, 28, 97–102, 129], FTF [89, 105–113], and turbulent flow [114,

130], polymer chains are broken at the midpoint along the backbone. Similar

results are observed in activation of mechanophores under ultrasonic irradiation,

where the mechanochemical transduction is only effective at the midpoint of the

chain (Fig. 2a) [15, 67, 119, 120].

2. In QSSF, the degradation yield is very small (~0.4% per pass) [129]. The low

yield is consistent with the small proportion of polymer chains trapped at the

stagnation point. In FTF, the degradation yield approaches almost 90% for a

single pass [106, 110].

3.2.2 Effect of Molecular Weight

In QSSF above _εC, the polymer chain trapped at a stagnation point has enough time

to be fully extended and broken when _ε > _εF. Both experimental results (Fig. 10,

dashed line) and theoretical simulations predict the following scaling law [27, 28,

97, 127, 131]:
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_εF / M�2
w ð7Þ

For extremely high molecular weight polymers (>106 Da) with hydrodynamic

interactions, (6) and (7) lead to _εF e _εC. An interesting conclusion is that the chain

may break before the complete extension in QSSF [27].

However, in FTF the short dwell time in a high _ε region prevents the chain from

achieving full elongation. Nevertheless, the chain can still be degraded and _εF scales
linearly with Mw (Fig. 10, solid line) [106, 108, 131–134]:

_εF / M�1
w ð8Þ

As shown in Fig. 10, there is a crossover point for QSSF (dashed line) and FTF

(solid line). For Mw below the crossover point, _εF in FTF is smaller than in QSSF.

However, the calculated frictional force in FTF is orders of magnitude less than the

breaking strength of the covalent bond. In QSSF, the hydrodynamic drag force

corresponds well to the bond strength [129, 135].

3.2.3 Effect of Inertia

The demarcation line between (7) and (8) is not absolute, even in the same flow

apparatus. Islam and co-workers studied the effect of inertia [136], as characterized

by Re (1), on the scission of polyethylene oxide (PEO) in cross-slot devices. As

shown in Fig. 11, in a 50:50 aqueous glycerol mixture (70<Re< 940, open

circles), _εF / M�1:93�0:05
w but in pure water (910<Re< 6,600, open triangles),

_εF / M�1:04�0:07
w .

Fig. 10 Dependence of _εF
onMw for the polystyrene in

decalin: FTF (solid line);
QSSF (dashed line). FTF
data were taken from

Nguyen and Kausch

[106]. Copyright 1988

Elsevier. QSSF data were

taken from Kellerand Odell

[27]. Copyright 1985

Springer
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3.2.4 Effect of Temperature

For a thermal activation process, increasing temperature increases the rate constant.

At a high temperature the thermal energy is sufficient to overcome the potential

energy barrier for chain dissociation. Odell and Keller [129] investigated the effect

of temperature T on chain scission of polystyrene (Fig. 12). After correcting T for

decreasing viscosity, both _εF and _εC were found to decrease with increasing T. In
other words, less mechanical energy is required to assist thermal energy to over-

come the potential energy barrier of the scission reaction. The difference between

_εF and _εC also narrows as the temperature increases. However, Nguyen and Kausch

discovered little influence of temperature on the scission yield of PS in dioxane and

decalin in FTF [105]. They ascribed the effect to the short dwell time of the chain in

the flow field.

In ultrasonic degradation, changing the temperature inevitably affects ηs, the
vapor pressure of the solvent, and thus the dynamics of cavity collapse. Experi-

mentally, the chain scission rate decreases with increasing temperature [137–139].

3.2.5 Effect of Solvent

τ0 of a polymer chain in solution scales linearly with ηs (τ0 / ηs) as predicted by

Rouse or Zimm model. According to (4), _εC should scale inversely with ηs. Chain
scission is expected to occur at a lower _εF in a more viscous solvent (9):

Fig. 11 Imposed strain rates plotted against critical molecular weight for chain fracture for PEO.

The triangles are for experiments with aqueous PEO solutions performed using the pressure driven

flow apparatus and the squares are from experiments carried out in the pump driven flow loop. The

circles are for the viscous solvent (water/glycerol: 50/50; ηs¼ 6.4 cP) passed through the flow cell

in a pressure-driven configuration. (Reprinted with permission from Islam et al. [136]. Copyright

2004 American Chemical Society)
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_εF / η�1
S ð9Þ

Equation (9) is in good agreement with experimental observations in QSSF [129]

and consistent with the asymptotic behavior of a Rouse chain in elongational flow.

However, in FTF _εF was found relatively insensitive to ηs with an exponent of

�0.25 (Fig. 13) [108]:

_εF / η�0:25
S ð10Þ

The weaker dependence is completely unexpected and contradicts the common

view that hydrodynamic friction force drives CST and chain fracture. Nguyen and

Kausch [108] ascribed (10) to the intramolecular friction (so-called “internal

viscosity”) between chain segments in the coiled part in FTF. Unlike ηs, the internal
viscosity depends on strain rate and could reach much higher values than ηs.

3.2.6 Effect of Polymer Concentration

Increasing polymer concentration affects chain scission in several ways, as it

increases the bulk viscoelasticity, the stress transmission efficiency, τ0, and the

hydrodynamic screening. The hydrodynamic screening means the hydrodynamic

interactions become negligible between chain segments whose spatial distance

apart is larger than a certain value (termed hydrodynamic screen length). In both

Fig. 12 Critical strain rate for chain scission (_εF) as a function of temperature, uncorrected (open
squares) and corrected (x) for solvent viscosity. Also shown is the variation of critical strain rate

for the coil-stretch transition (_εC) as a function of temperature (open circles). The continuous line
is the “best fit” for the thermally activated barrier to scission model (see Sect. 3.3.3). Reprinted

with permission from Odell et al. [129]. Copyright 1990 American Chemical Society
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QSSF and FTF, the change in the stress transmission efficiency seems to dominate

[101]. Although midpoint scission is observed at different concentrations, the

polydispersity of the product increases with increasing polymer concentration

[99]. Because of the increasing number of entanglements in the system, more

randomized scission is expected.

In ultrasonic irradiation, the scission rate decreases as polymer concentration

increases [140–143], which is primarily ascribed to the suppression of the cavita-

tion process caused by the high solution viscosity.

3.3 Theoretical Consideration

3.3.1 Bead-Rod Model

Odell and Keller first proposed a bead-rod model to explain the degradation of an

isolated polymer chain in QSSF [27, 28]. This is also the basis for further discussing
the effect of chain topology in the following sections. The key assumptions are:

1. The polymer chain is completely extended and considered as a rod with beads

inlaid in it (Fig. 14)

2. The polymer chain undergoes fracture if the maximum force along the contour

exceeds a critical value, σF (the critical-stress-to-fracture theory)

Shown in Fig. 14 is a chain with N¼ 2m + 1 beads in the completely stretched

conformation. Each bead experiences a hydrodynamic drag force

f i ¼ ξvi ¼ iξ _εb, where vi is the velocity for given bead i relative to solvent, ξ
is the hydrodynamic drag coefficient, and b is the length of chain segment.

Fig. 13 Dependence of the

critical strain rate for chain

scission ( _εF) on solvent

viscosity. (Reprinted with

permission from Nguyen

and Kausch

[108]. Copyright 1990

American Chemical

Society)
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To calculate the total force on the ith bead, fi should add up along the chain from the

terminal (i¼m) to the ith segment:

σi ¼
Xi

i¼m

f i ¼ ξ _εb
Xi

i¼m

i � 1

2
ξ _εb m2 � i2

� � ð11Þ

σmid ¼ 1

2
ξ _εbm2 ð12Þ

Equation (11) indicates that the drag force along a bead-rod chain has a parabolic

distribution with the maximum force at the midpoint (12). Substituting Stoke’s law
into (12) yields the full expression of σmid:

σmid ¼ 3

4
S1π _εabηsN

2 ð13Þ

where a is the radius of the beads and S1 is the “shielding factor” which accounts for
hydrodynamic interactions between beads. In the fully extended conformation, S1 is
often set equal to 1.

According to the critical-stress-to-fracture theory (assumption 2), the chain is

fractured at σmid� σF. The scaling of the critical fracture strain rate _εF on ηs andMw

can be derived from (13) as

_εF ¼ 3

4
S1πabσF

� ��1

η�1
s N�2 / η�1

s M�2
w ð14Þ

Equation (14) perfectly explains the degradation behavior ((7) and (9)) of polymer

chains in QSSF observed by Odell and Keller [27, 28, 97–99, 101, 102, 129]. More-

over, the fracture force obtained from (13) corresponds to the strength of C–C bond

calculated using Morse potential [27, 28, 129]. Additionally, the above equation is

Fig. 14 Parabolic distribution of tensile force along a fully extended chain (bead-rod model)
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applicable to the activation of mechanophores and the critical strain rate to activa-

tion mechanophore _εA may have an expression similar to _εF.

3.3.2 “Yo–Yo” Model and Molecular Individualism

Although the bead-rod model is successful in QSSF, it fails to explain the scaling

laws in FTF ((8) and (10)). One reason is the validity of assumption 1. In FTF, the

short dwell time precludes the chain from fully elongating. Ryskin proposed a “yo–

yo” model to explain the chain dynamics in FTF. Unlike the bead-rod model, the

chain is supposed to have a dumbbell conformation where two unraveling coiled

ends are connected by a stretched rod in the center (dumbbell shape in Fig. 15). As

_ε > _εC, the center stick grows in length at the cost of the two coiled parts. Ryskin

estimated the length of highly extended portion to be comparable to the equilibrium

dimensions of the polymer at rest. Therefore the term relating to the dimension of

Fig. 15 Schematics of different possible polymer conformations during the act of stretching [144,

145]. The red dots represent the midpoint along the chain contour
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the chain in (14) (i.e., “N2”) should be replaced by <R2>, the end-to-end distance

of the chain:

_εF /< R2>�1 / M�2υ
w ð15Þ

Equation (15) predicts a scaling exponent close to experimental observations (8).

Some researchers also speculate that the primary factor governing chain scission

in FTF is not the frictional force at break (critical-stress-to-fracture theory, assump-

tion 2) but the elastic energy stored in the deformed molecule [110]. A few

experimental results seem to support the argument [146, 147].

Recently, Chu and Smith directly observed the chain conformations during CST

using cross-slot geometry [144, 145, 148]. They chose fluorescently labeled DNA

molecules to eliminate the disturbance from chain polydispersity. Even in homog-

enous elongational flow, polymer chains with the same lengths and which are

subjected to the same dwell time display completely different conformations

(coiled, dumbbell, kinked, half dumbbell, or folded shapes; Fig. 15). Among the

various shapes, the folded shape unravels more slowly than the others (except the

coiled shape) and its proportion in all conformations observed in the flow field

increases by up to 40% as De increases.
Their outstanding work revealed the most far-reaching aspect of CST, that is,

molecular individualism, as highlighted by de Gennes [149]. A flexible chain at rest

changes its conformation because of Brownian motion. The average coil shape is

sufficient to describe many properties. However, the conformation and the

unraveling rate of an individual polymer chain during CST critically depend on

the initial conformation of the coil as it enters the flow field. A knotted coil may

keep its shape upon stretching. Nevertheless, a coil with both of its ends on the same

side of the center of mass with respect to a plane perpendicular to the stretching axis

may develop into a folded shape. We believe that not only CST but also the related

chain degradation may be “molecular individualistic.” The conformation-

dependent nature suggests that any theories based on single conformation of the

chain (bead-rod model and “yo–yo” model) and any technique based on the

statistics of chain ensemble have inherent disadvantages.

It is also unclear which conformations can give selective midpoint scission. The

coiled part is obviously more mobile and deformable than the extended part. The

position of the maximum tension force thus unlikely doesn’t coincide with the

middle point of the chain for nonsymmetrical conformations appearing as a half-

dumbbell and folded shapes. It is puzzling why the chain breaks precisely at the

midpoint of the chain (red dots in Fig. 15) observed in both QSSF and FTF.

3.3.3 Kinetics of Chain Scission and Activation of Mechanophores

The effect of external forces on the rate constant of a chemical reaction was first

studied by Kauzmann and Eyring [150, 151], within the context of transition state

theory. The same basic hypothesis was used by Zhurkov [152, 153] to study the
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lifetime of materials under tensile stress. Later Bell [154] postulated that the same

equation could be employed for bond dissociation in biomolecular processes. In this

Eyring–Bell–Evans model, the external force merely exerts work on the reacting

polymer to lower the energy barrier (Fig. 16). The key assumption is that the

external force does not affect the potential energy landscape of the reaction. The

activation energy of a reaction ΔE*(F) under a constant external force F can be

then expressed by

ΔE* Fð Þ ¼ ΔE* 0ð Þ � FΔζ ð16Þ

where ΔE*(0) is the activation energy at zero force and Δζ is the distance from

reactant to transition-state configuration along the reaction coordinate ζ, which,
according to the assumption, is independent of F for a given reaction. The expres-

sion of the rate constant k(F) takes the form

k Fð Þ ¼ Aexp �ΔE* 0ð Þ=kBT
� �

exp FΔζ=kBTð Þ
¼ k0exp FΔζ=kBTð Þ ð17Þ

where A is the preexponential factor, k0 is the rate constant at zero force, and kB is

the Boltzmann constant. Later the Eyring-Bell-Evans model was improved to the

tilted potential energy surface model, accounting for the effect of F on the potential

energy landscape of the reaction. In that case, Δζ is a function of F.
Odell and Keller [97] developed a thermally activated barrier to scission (TABS)

model. They incorporated the expression of F ((11), bead-rod model) into (17) and

accounted for the nonuniform distribution of tension along the contours of the

Fig. 16 Schematic drawing

of the potential energy

landscape as a function of

reaction coordinate ζ with

(dashed line) and without

(solid line) external force
F. R reactant, T transition

state, P product
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polymer. The TABS model predicts that the degradation rate k _εð Þ grows exponen-
tially as a function of _ε:

k _εð Þ ¼ C1exp C2 _εð Þ ð18Þ

where C1 and C2 are constants for given experiment setup. Experimental results

correlate well with (18) [129, 147, 153].

The Eyring–Bell–Evans model, the titled potential energy surface model, and

the thermally activated barrier to scission model are essentially one-dimensional

phenomenological models. However, most chemical reactions, including activation

of mechanophores, involved in the complicated rearrangement of atoms and bonds,

are multidimensional in nature. The preceding models fail to consider the distortion

of the multidimensional energy landscape [128]. Quantum-chemical calculations

can provide more details to interpret the results in chain degradation and activation

of mechanophores [12, 15, 30, 50, 57, 155–157].

Recently, Boulatov developed a chemomechanical kinetic model derived by

modeling the reactant and transition states as a series of intersecting harmonic

energy wells containing individual conformers [158]. By identifying a local reac-

tion coordinate and estimating its chemomechanical coupling coefficient from

quantum-chemical calculation, the profile of activation energy perfectly matches

those from explicit quantum-chemical computations [31, 159]. The k–F relation-

ship derived from his model is validated by experimental observations [160–163].

4 Mechanochemistry of Cyclic Polymers

4.1 Cyclic Polymers

Unlike linear chains, cyclic chains have no end-groups. In bulk conditions a linear

chain diffuses through reptation by moving the chain ends to new positions but the

cyclic chain moves with an amoeba-like motion [164]. Cyclic polymers also have

more compact conformations than their linear counterparts [165]. For a cyclic chain

and a linear chain having the same M, the following equations are predicted by

theory [166]:

R2
G,L

R2
G,C

¼ 2 ð19Þ

R2
H,L

R2
H,C

¼ 3π
8

� �2

ð20Þ

where RG and RH are the radius of gyration and the hydrodynamic radius, respec-

tively. The subscripts L and C denote linear chain and cyclic chain, respectively.
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Equations (19) and (20) are valid in theta solvent. The more compact structure and

the lack of chain ends result in different chemical and physical properties of cyclic

polymers, including lower translational friction coefficients, higher glass transition

temperatures [167], faster crystallization [168], higher refractive index [169],

higher density [170], higher critical solution temperature [167], and lower intrinsic

viscosity [167, 171, 172].

Despite this progress, high quality experimental data on microscopic structure,

dynamics in dilute and concentrated solutions, and mechanochemistry of cyclic

polymers are rare. The main deficiency is caused by the presence of linear contam-

inants in the samples [173, 174].

4.2 CST of Cyclic Polymers

The dynamics of cyclic chains have been studied mainly by computer simulation

[175–177]. Cifre and co-workers consider the CST of cyclic polymer solution in

QSSF using Brownian dynamics simulation techniques [178]. In Fig. 17a, < R2
G >

for a ring chain with N¼ 25 beads suddenly increases as _ε > _εC. They further

exploited the dependence of _εC on the N and hydrodynamic interactions (Fig. 17b).

In both theta solvent and good solvent, _εC satisfies

_εC ¼ AN�2:00�0:05 no hydrodynamic interactions, Rouse Modelð Þ ð21Þ
_εC ¼ AN�1:55�0:01 hydrodynamic interactions, Zimm Modelð Þ ð22Þ

Compared to (5) and (6), the exponents of the power laws in (21) and (22) is

unaltered in the cyclic chains, varying only in the pre-exponent A. The authors then
estimated A for both linear and cyclic topologies, and found that CST of cyclic

polymer occurs at a much higher value of _εC:

Fig. 17 (a) Evolution of the mean squared radius of gyrations< R2
G >with strain rate _ε for a ring

with N¼ 25 beads. (b) Dependence of the critical elongational rate on ring size N. All the possible
interactions: with or without hydrodynamic interaction, and theta and good solvent conditions are

considered. (Adopted with permission from Cifre et al. [178]. Copyright 2005 Elsevier)
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AC

AL

� 4:1 ð23Þ

where AC and AL are the pre-exponents for cyclic and linear polymers, respectively.

Their simulation work suggests that cyclic polymers are more resistant to extension

and scission than their linear counterparts.

4.3 Mechanical Activation of Mechanophores in Cyclic
Polymers

So far, activation of mechanophores in the cyclic chain has not been reported. One

important issue is the location of the mechanophore in the cyclic polymer. If only

one mechanophore is incorporated into a ring chain (Fig. 18a), it is unlikely to

experience the maximum hydrodynamic force (red dots) because the ring has no

definitive midpoint in the flow field. Even if the ring chain breaks, the position of

the mechanophore is unlikely to locate just at the midpoint of the linear product. To

improve the chance of activation, it is better to have multiple mechanophores

incorporated into the cyclic chain, such as random, alternative, or block cyclic

copolymers. For example, in Fig. 18b the mechanophores are randomly dispersed

into a cyclic macromolecule to increase the activation probability. If the cyclic

chain breaks, the mechanophores still have the chance to be located near the

midpoint of the linear chain. The linear fragment then undergoes CST and activates

the mechanophores.

Fig. 18 Activation of mechanophore in cyclic polymers. (a) A mechanophore is incorporated into

a ring chain. (b) The mechanophores form a block of the ring chain. Red dots represent probable
positions of maximum hydrodynamic drag force. Blue and green ovals denotes mechanophores
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4.4 Mechanochemical Degradation of Cyclic Polymers

Moore and co-workers recently reported mechanically triggered heterolytic

unzipping of a cyclic polymer [179]. They prepared cyclic poly(o-phthalaldehyde)
(cPPA, Fig. 19a) by cationic polymerization. As a reference, they synthesized linear

PMA of comparable molecular weight. The scission of the two polymers was

studied in an acoustic field. At given sonication time, cPPA degraded faster than

PMA. At a first glance, the result is the opposite of Cifre’s simulation. The

integrated refractive index signal – which is proportional to the concentration of

the polymer – drops to 30% of its original value for cPPA but remains nearly

constant for the control PMA (Fig. 19b). It suggests a possible depolymerization

process in cPPA under sonication. Moore’s simulation later confirmed that the

faster degradation of cPPA is caused by a mechanically triggered depolymerization.

They applied steering forces to the carbon atoms of the terminal methyl groups in a

linear and truncated model of the polymer with four monomer units. As shown in

Fig. 19c, at a force of 3.5 nN a central C–O bond is first fractured, followed by a

sequential monomer rearrangement. Eventually, the whole chain is depolymerized

Fig. 19 (a) Chemical structure of cPPA. (b) Integrated refractive index signal as a function of

sonication time. It should be noted that cPPA with molecular weight below a threshold value

shows no degradation at all. Therefore the process is indeed mechanically triggered. (Adopted with

permission from Diesendruck et al. [179]. Copyright 2014 Nature Publishing Group.) (c) Depo-

lymerization process of cPP from ab initio steered molecular dynamics calculations
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into monomers. In the control PMA, such depolymerization mechanism is absent.

Ultrasonic degradation of a linear PPA of the same Mw as cPPA was not been

performed. It is worth noting that, although cPPA is able to depolymerize under

mechanical force, whether or not the ether bond connecting the two benzofuran

motifs in the chain can be regarded as a mechanophore remains uncertain. It is not

clear whether the initial bond disassociation event is a result of a random cleavage

of a force-independent or a mechanical sensitive activation event.

Collectively, mechanochemistry of cyclic polymers has been little studied and

many questions remain unanswered. What are the conformations above CST for a

ring chain? What if the ring has a knot? If a linear chain threads through a ring

chain, what happens to CST? Is it possible to cleave a site-specific bond in a ring by

flow field? What is the best strategy to incorporate mechanophores into cyclic

polymers? These questions impose great challenges on both polymer synthesis

and polymer physics.

5 Mechanochemistry of Graft Polymers

5.1 Polymer Shear Stability in Drag Reduction

The study of graft polymers in the flow field is motivated by the searching of

polymer additives with high shear stability for use as drag reduction agents. Here

we first give a brief introduction to drag reduction. Drag reduction refers to the

drastic reduction of drag in turbulent flow below that for the pure solvent by the

addition of a small amount of drag reduction agents (less than 100 ppm). These

substances include polymers [180–182], surfactants [183], insoluble particles such

as grains or fibers [116], or their mixture [184–187]. So far, polymers are the most

widely studied and most widely employed in drag reduction applications [188]. The

drag reduction efficiency (DRE) for pipe flow of incompressible fluid is defined as

[184]

DRE ¼ ΔPA � ΔPS

ΔPS

� 100% ð24Þ

where ΔPA and ΔPS are the pressure drop with the drag reduction agent and with

pure solvent under the same conditions, respectively.

A typical curve of DRE as a function of the time or the number of passes is

shown in Fig. 20. At the beginning, polymer chains reduce the flow resistance of the

solution significantly (high DRE value). However, as the same fluid passes the pipe

repeatedly, the value of DRE drops because of chain scission in the turbulent flow.

The underlying mechanisms are not fully understood and are still under intense

debate. Phenomenologically, the longer the chain, the better DRE but also the faster

the chain breaks [116, 189]. The scission rate increases monotonically as the degree
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of turbulence increases. Hence, the shear stability is regarded as critical as DRE for

a drag reduction additive [116].

5.2 Shear Stability of Graft Polymers in Drag Reduction

Because of the huge economic benefits of drag reduction in applications such as oil

transportation, flood water disposal, and fire-fighting, researchers have been trying

to develop polymers with complex topology, which are expected to retain DRE
while attaining much longer durability under flow. Significant effort has been

directed since the 1960s to understanding the shear stability of graft polymers in

drag reduction. However, contradictory results were reported.

In 1974, Kim and co-workers synthesized a high molecular weight, branched

poly(acrylamide) (PAM) [190]. The drag reduction experiments were performed in

a capillary flow system. At Re¼ 5,730, branched PAM showed a drop of DRE from

60% to 50% with increasing number of passes, but it was more shear stable than

linear PAM (from 60% to below 35%). The authors attributed the improved shear

stability of branched PAM to the scission of the side chains in preference to the

cleavage of the backbone. However, the comparison is not based on the same

molecular weight but on the same percentage drag reduction per parts per million.

Gryte and co-workers [191] prepared poly(acrylic acid) (PAA) grafted PEO. They

irradiated PEO aqueous solutions in the presence of AA under gamma ray. The

mole percent of AA varied from 28% to 75%. At Re¼ 75,000 they found no

difference in DRE between ungrafted and grafted PEOs within experimental errors

(Fig. 21).

Polysaccharides, along with guar gum and xanthan gum, comprise an important

class of drag reduction additives (Fig. 22a) [194]. They are fairly shear stable but

not as effective as PEO and PAM. So grafting synthetic polymers onto the back-

bone of polysaccharides was popular in the late 1980s. Singh and co-workers

Fig. 20 Schematic

illustration of DRE as a

function of time or the

number of passes
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Fig. 21 Degradation

behavior of the 50 ppm

solutions of PAA-grafted

and ungrafted PEO in

turbulent flow at Reynolds

number Re¼ 75,000. The

number in the legend
indicates the molar percent

of AA in PAA-grafted PEO.

(Adopted with permission

from Gryte

et al. [191]. Copyright 1980

John Wiley & Sons)

Fig. 22 (a) Chemical structures of guar gum and xanthan gum. (b) Reduced drag reduction

efficiency (DRE/DRE0) as a function of number of passes for guar gum and acrylamide-grafted

guar gum with different PAM length (legend). It should be noted that the grafted guar gum is less

shear stable than the ungrafted guar gum. (Adopted with permission from Deshmukh and Singh

[192]. Copyright 1987 John Wiley & Sons.) (c) DRE/DRE0 as a function of number of passes for

xanthan gum and acrylamide-grafted xanthan gum. (Adopted with permission from Ungeheuer

et al. [193]. Copyright 1989 John Wiley & Sons)
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prepared PAM-grafted xanthan gum [195] and guar gum [196] using a ceric

ion/nitric acid redox initiator. They claimed greater shear stability in drag reduction

for the grafted polysaccharides and interpreted their data by Kim’s concept of

“preferential scission of side chains.” Later, they synthesized two series of grafting

guar gums [192, 193]. In the first series, the ratio of guar gum and acrylamide was

fixed (1:10 w/w) but the average number of grafting sites per guar gum molecule

was varied (by the ratio of concentration of ceric ion to guar gum). In the second

series, the average grafting site per guar gum molecule was fixed, but the length of

the side chain was varied. Nevertheless, PAM-grafted Guar gum showed a notable

decrease in DRE caused by chain scission, whereas the DRE of ungrafted guar gum

persisted under the same conditions (Fig. 22b). They also found the shear stabilities

of grafted (by PAM) and ungrafted xanthan gum to be similar as shown in Fig. 22c.

Other researchers, such as Hoyt, noticed that branched polysaccharides even lost

the ability to reduce drag [194].

5.3 Effect of Side Groups in Ultrasonic Degradation

Malhotra studied the effect of alkyl substituent on the ultrasonic degradation of poly

(alkyl methacrylate) [197]. He prepared poly(isopropyl methacrylate) and poly

(octadecyl methacrylate) of identical contour length (Fig. 23a). In an acoustic

field, he failed to see any dependence of the rate constant on the size of side groups.

Recently, May revisited the effect of side group using a spiropyran

Fig. 23 (a) Effect of side groups in ultrasonic degradation. Chemical structure of poly(alkyl

methacrylate) [197]. (b) Activation of SP to MC by mechanical force and the effect of side groups

on the mechanical activation of SP [198]
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(SP) mechanophore [198]. As shown in Fig. 23b, colorless SP can undergo a force-

induced electrocyclic ring-opening reaction to the purple merocyanine

(MC) isomer. Because of this mechanochromic reaction, SP has been incorporated

into several polymers [32, 34–45, 199]. May embedded SP into the center of PMA,

poly(ethyl acrylate) (PEA), poly(n-butyl acrylate) (PnBA), poly(iso-butyl acrylate)
(PiBA), and poly (tert-butyl acrylate) (PtBA). The activation of SP was monitored

by in situ UV–Vis spectroscopy. Again, the reaction constant depends only on the

backbone length, not on the molecular weight, a result reminiscent of Malhotra’s
work. It is reasonable that any influence of the side groups on mechanochemistry

could be undetectable because the force needed to generate the color is very small.

5.4 Adsorption-Induced Chain Scission of Graft Polymers

Recently, Sheiko and co-workers prepared a series of brushlike macromolecules

(comb polymers) [200–208]. They synthesized PnBA side chains and densely

grafted them onto the backbone of PMA or poly(2-hydroxyethyl methacrylate)

(PHEMA) (Fig. 24a). Because of the high grafting density, the side chains repelled

each other and stretched the backbone to extended conformations. If the side chain

is long enough, the tension accumulated along the backbone is sufficient to cleave

C–C bonds. In their experiments, brush molecules were adsorbed from a dilute

solution on the liquid–liquid surface with varying surface tension. They observed

C–C cleavage in the midpoint of PHEMA with long PnBA side chains (140 repeat-

ing units) (Fig. 24b). However, molecules having the same PHEMA backbone but a

slightly shorter side chain (130 repeating units) are almost intact at the same water/

low tension high tension

200 nm

O

Br
O

O
O

O

N

O

a b c d

Fig. 24 Significant tension of the order of several nano-Newtons is developed in the polyacrylate

backbone of molecular bottlebrushes caused by steric repulsion between the densely grafted PnBA

side chains (a). This intramolecular tension leads to nearly full extension of the backbone (b) and

then scission of its C–C bonds (c, d). (Adopted with permission from Lebedeva

et al. [202]. Copyright 2012 National Academy of Sciences)
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propanol surface (surface tension¼ 69 mN m�1). The authors also incorporated

disulfide (S–S) bonds in the middle of brush molecules. The bond scission rate upon

adsorption is much faster than those with a C–C bond or C–S bond in the middle of

the backbone. Based on the similar consideration, we suppose these densely grafted

comb polymers are more susceptible than their ungrafted cousins in the flow field.

5.5 Fracture of an Ideal Graft Macromolecule

Agarwal and Mashelkar first analyzed contradictory reports from Kim [190], Gryte

[191], and Singh [192, 193], and proposed a simple mechanistic model [209]. In

stark contrast to the concept of “preferential scission of side chains,” their model

reveals decreased shear stability by grafting side chains. They extended Odell and

Keller’s bead-rod model [27]. The backbone was modeled as a fully extended rod

with NL¼ 2m + 1 beads (Fig. 25). p grafted bead-spring chains having g beads with

Fig. 25 Agarwal and Mashelkar’s modified bead-rod model for grafted chain in elongational flow

[209]. The backbone has p uniformly distributed side chains. Each side chain is modeled as a

random coil and has g beads with bead size 2c. The hydrodynamic force exerted on the coils adds

additional force to the backbone so the force along the linear backbone consists of two part: σmid_g

from the side chains and σmid from the beads in the backbone
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bead size c are uniformly distributed along the rod. Other parameters are the same

as those in Sect. 3.3.1 and Fig. 14. The grafted chains are small and can be

approximated to a random coil, and they do not interfere with each other in the

flow field. Similar to the deduction in the bead-rod model, the jth ( j¼ 1, 2,. . ., p)
coil experiences a hydrodynamic drag force, f j ¼ ξgv j ¼ jξg _εbg, where

bg¼NLb/p is the space between adjacent coils and ξg¼ 6πηscg0.5 is the friction

factor of the grafted chain. fj imparts additional tension in the center of the rod.

Similar to (13), this additional tension force can be expressed by

σmid g ¼ 3

4
S2π _εcbgηsg

0:5 p2 ð25Þ

where S2 accounts for the shielding effect between the grafted beads and should be

smaller than 1. The total tension in the midpoint of the rod is

σmid graft ¼ σmid þ σmid g ¼ 3

4
S1π _εabηsN

2
L þ

3

4
S2π _εcbgηsg

0:5 p2

¼ σmid 1þ S2
S1

c

a

p

NL

g0:5
� � ð26Þ

For ungrafted chain or short side groups, p� 0, (26) reduces to (13). This may

explain why side groups have a minor effect on scission in acoustic fields

[197, 198].

For fixed linear backbone (NL), (26) suggests grafting side chains reduces its

shear stability. The more grafting sites ( p) there are and the longer the side chains

(g), the higher tendency to degrade. In one of Singh’s work [192], he fixed the total
acrylamide weight but varied p and g, i.e., Ng¼ pg was constant. Inserting Ng¼ pg
into (26) yields σmid_graft¼ σmid (1 + S2/S1c/aNg/NLg

�0.5). It predicts a reduction of

shear stability with shortening the side chain, which is consistent with Singh’s
experimental data [192].

If the side chain is long and densely grafted (comb polymers), the repulsive

interactions between the side chains stretch the backbone. A new term accounting

for this effect should appear on the right side of (26), further increasing the

susceptibility of the polymer to scission. Moreover, the random coil assumption

of the side chain in Agarwal and Mashelkar’s model becomes increasingly improb-

able as the grafting density increases. In that instance, the DRE of polymers seems

to depend not on the total molecular weight but on the maximum spanning length

Mspan, which is defined as a path starting from one end of the chain to another end

without doubling back along the backbone (see details the next section) in the flow

field [210, 211].

If the total number of repeating units is fixed (N¼NL + pg is fixed), a grafted

chain bearing the same monomer (thereby c¼ a) is indeed more mechanically
stable than a linear counterpart. Suppose S1� S2, (26) is rewritten as

σmid_graft¼B(NL
2 +NLpg

0.5) (B is a parameter irrelevant to our discussion). For a

linear chain, p¼ g¼ 0, σmid_linear¼BN2. σmid_linear� σmid_graft¼B
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[(NL + pg)
2�NL

2�NLpg
0.5]¼B[(pg)2 +NLp(2g� g0.5)]> 0. These deductions

imply that the additional drag force resulting from side chains σmid_g cannot

compensate the decrease of σmid caused by a shorter backbone. Therefore, the

drag force at the midpoint of a linear chain is always higher than that in a grafted

chain bearing the same N. However, polymers with nonlinear topology were not as

effective in drag reduction as linear counterparts of the same total molecular

weight, as reported by Gramain and Barreill [212].

Collectively, grafting short side groups shows no influence on chain scission

kinetics and activation of mechanophores in ultrasound sonication. Grafting side

chains onto a linear backbone appears to decrease the mechanical stability because

of the accumulation of additional hydrodynamic drag force on the side chains

and/or the repulsive interactions between the side chains. In Argwal’s bead-rod

model, a grafted chain is more mechanically stable than a linear chain if they have

the same number of repeating unit N

6 Mechanochemistry of Star-Shaped Polymers

6.1 Star-Shaped Polymers

In the preceding sections, most of the graft polymers are irregular in topology. It is

difficult to separate the effect of chain topology from the effect of chain length on

the mechanochemical kinetics. To this end, mechanochemistry of star-shaped poly-

mers has attracted great attention in the last decade. Star-shaped polymers are the

simplest class of branched polymers, where several (>2) linear arms connect to a

central core (Fig. 26). The core can be an atom, molecule, or even macromolecule,

whose radius should be smaller than the dimension of the arm (e.g., the end-to-end

distance of the arm Rarm) [213]. Depending on the chemical species of the arm, star-

shaped polymers are classified into homo-arm star-shaped polymers or miktoarm

star-shaped polymers (Fig. 26). Before discussing the mechanochemistry of star-

shaped polymers, we first define several key terms. All star-shaped polymers in this

section are homo-arm stars having N total repeating units and farm arms (Narm¼N/
farm repeating units per arm). Linear polymers are denoted as P-L Mw, where P is

Fig. 26 Schematic drawing

of star-shaped molecules

with farm¼ 4 arms: (a)

homo-arm; (b) miktoarm
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the abbreviation of the polymer, and Mw is in kDa. Star-shaped polymers are

referred to as P-Sfarm Marm/Mw (Mw¼Marmfarm) where Marm is the molar mass

of the arm.

Schaefgen and Flory first reported star-shaped polyamides in 1948 [214]. Mau-

rice and co-workers first synthesized well-defined PS through living anionic poly-

merization in 1962 [215]. The subject of star-shaped polymers has rapidly

expanded during the last few decades. The synthesis, characterization, and appli-

cations of star-shaped polymers have been extensively reviewed [95, 216–

222]. Star-shaped polymers have shown lower crystallization temperatures, lower

degrees of crystallinity, and lower melting temperatures [213] than linear polymers

of the same molecular weight. They have found a wide range of applications

ranging from rheological modifiers [223] to high performance gene delivery [95,

224, 225].

Compared to linear analogues of identical molecular weight and monomer

composition, star-shaped polymers have smaller RG, RH, and lower intrinsic vis-

cosity [η] [222, 226, 227]:

R2
G,S

R2
G,L

¼ 3 f arm � 2

f 2arm
ð27Þ

RH,S

RH,L
� f 0:25arm 2� f arm þ 20:5 f arm � 1ð Þ� ��0:5 ð28Þ

η½ �S
η½ �L

� 3 f arm � 2

f 2arm

� �0:58

ð29Þ

where the subscripts S and L denote star-shaped and linear macromolecule, respec-

tively. Equations (27), (28), and (29) are valid in theta solutions. For instance, RG,

RH, and [η] for a star-shaped molecule bearing eight arms ( farm¼ 8) are 58.6%,

85.2%, and 53.8% of those for a linear chain bearing the same N, respectively. Star-
shaped polymers are expected to experience a smaller hydrodynamic drag force

and therefore be less susceptible to mechanical degradation. Mechanochemistry of

star-shaped polymers has been studied by modeling, experiments, and computer

simulations.

6.2 Mechanical Stability of Star-Shaped Polymers: Bead-
Rod Model

Agarwal and co-workers adopted Odell and Keller’s bead-rod model to predict the

shear stability of star-shaped polymers [228]. As illustrated in Fig. 27, they adopted

a key assumption that all arms are fully stretched before any scission event. For a

linear polymer, the tensile force built at the midpoint is σmid ~N
2 (Eq. 13). For a six-

arm star molecule bearing the same N, the force at the base of each arm σarm is
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σarm ~ (1/3N )2¼ 1/9N2. The force at the midpoint of the core σmid depends on its

structure. If the star has a linear core (Fig. 27a), σarm in each of the three sets of arms

add up to σmid¼ 3σarm ~ 1/3N2 in the single-bond linkage of the core. If the star has

a fused core with three parallel bonds (Fig. 27b), σmid in each of the three parallel

links would scale σmid¼ σarm ~ 1/9N2. The above deductions can be generalized for

star bearing farm arms and n parallel links in the center of the core. σarm for each arm

is σarm ~ (2/farmN )2¼ 4/f2armN
2. Because σarm in each of farm/2 sets of arms add up

and shared by n parallel links, σmid has the form

σmid ¼ σarm f arm= 2nð Þ e 2

n f arm
N2 ð30Þ

If the critical-stress-to-fracture theory is applied, _εF satisfies the following

expression:

_εF / n f armM
�2 ð31Þ

Compared with (14), _εF of star-shaped polymers follows the same �2 dependence

onM but its value is higher than in linear polymers according to (31). The structure

of the core in the number of parallel links (n) and the number of arms ( farm) both
improve the shear stability of star-shaped polymers.

The bead-rod model implicitly assumes other bonds in the star molecule are as

strong as those at the midpoint of the core and favors a core-fracture mechanism.

Practically, the linkages which connect the arms to the core may be weaker than the

bonds in the core. The fracture may proceed by an arm-loss mechanism.

Fig. 27 Schematic drawing of bead-rod model for a star-shaped molecule with farm¼ 6 arms and

N total beads [228]. Each bead experiences a hydrodynamic force fi. The accumulated tensile force

at the 0th bead σmid depends on the structure of the core: (a) a linear core, σmid ~ 1/3N
2; (b) a fused

core, σmid¼ σarm ~ 1/9N2
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6.3 Mechanical Degradation and Activation
of Mechanophore in Star-Shaped Polymers

In 1978, Gramian and Barreill studied the effect of chain topology on the drag

reduction of dilute solutions [212]. They found star-shaped PS not to be as effective

as linear analogues having the same total molecular weight, but emerged with

higher shear stability. They ascribed such enhancement to a lower effective molec-

ular weight (smaller hydrodynamic volume) of star-shaped polymers. Duan and

co-workers [229] reported higher shear stability in star poly(ethyleneimine)-PAM

in the presence of NaCl.

Here we highlight Striegel’s work. He systematically exploited the effects of the

number of arms farm and the molecular weight of each Marm on the scission of star-

shaped polymers [230]. In the first set of experiments, he synthesized three samples

of similar molecular weights: PS-L 257, PS-S3 85/255, and PS-S8 25.5/202

(Fig. 28a) and looked into their shear stability in the acoustic field. Mw of PS-L

257 decreased to half (c.f., 114 kDa) with an increase of the polydispersity (c.f.,

Fig. 28 (a) Three polymers used in Striegel’s work [230]. Effect of sonication time on the

differential molar mass distribution of (b) PS-L 257, (c) PS-S3 85/255, and (d) PS-S8 25.5/202.

(Adopted with permission from Striegel [230]. Copyright 2003 Elsevier)
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Mw/Mn from 1.001 to 1.262) after 360 min sonication (Fig. 28b). Clearly, the chain

is degraded via midpoint scission. For PS-S3 85/255, the molecular mass distribu-

tion of the molecular weight changed from unimodal to bimodal (Fig. 28c). The

peak corresponding to the original star molecules (~250 kDa, thereafter Phigh)

gradually diminished and a peak at lower molecular weight (thereafter Plow)

grew. The positions of Phigh and Plow shifted and eventually centered at 190 and

90 kDa, respectively. These values support an arm-loss mechanism. Marsalko and

co-workers also reported the loss of arm in poly(iso butylene) stars [231]. On the

other hand, PS-S8 25.5/202 is almost inert in the acoustic field (Fig. 28d).

RegardingMlim of linear PS (~65 kDa) under the same experimental conditions,

it seems Marm notM is a deterministic factor. However, is Marm>Mlim a necessary

condition? Striegel then synthesized PS-S8 45.5/364, whose Marm<Mlim. Its deg-

radation behavior is akin to PS-S3 85/255 and Plow centers around 50 kDa after

720 min sonication, indicating arm-loss mechanism.

In the meantime, Striegel also studied the reaction kinetics. For linear analogue

PS-L 257, a single reaction constant is sufficient to describe the kinetics. On the

other hand, PS-S3 85/255 and PS-S8 45.5/364 showed a two-step degradation

mechanism: (a) ka, arm-loss; (b) kb, simultaneous degradation of the stars with a

depleted number of arms and degradation of separated arms (if Marm>Mlim). For

PS-S3 85/255, after loss of one arm, the solution is a mixture of linear PS (two arm

star molecule) and separated arms with Mw both above Mlim. Two degradation

behaviors occur simultaneously and ka< kb. For PS-S8 45.5/364, the degradation of
separated arms is negligible (Marm<Mlim) hence ka> kb.

The degradation of PS-S8 45.5/364 with Marm<Mlim states clearly that

Marm>Mlim is not a necessary condition. Striegel suggested the criterion

Mspan>Mlim, where Mspan is the molar mass of “spanning path.” A “spanning

path” in a star-shaped molecule is a path starting from the end of one arm going

to the end of another arm (red in Fig. 29) without doubling back along the
backbone. It has Nspan (¼2Narm + 1, assuming the core only occupies one repeating

unit) repeating units, soMspan¼ 2Marm +Mcore andMspan� 2Marm for long arm star-

shaped polymers. In linear polymers, degradation occurs as M>Mlim, whereas in

star-shaped polymers,Mspan>Mlim. For example, PS-S8 25.5/202 was almost inert

in the acoustic field because its Mspan� 2Marm¼ 51 kDa<Mlim¼ 65 kDa. The

concept of “spanning path” can be extended into other topologies (Fig. 29)

[230]. If there is a spanning path in a nonlinear macromolecule with Mspan>Mlim,

mechanical degradation is possible.

Boydston and co-workers recently revisited the mechanochemical chain scission

of star-shaped polymers in acoustic fields using a fluorogenic “turn-on”

mechanophore (Fig. 30a) [232]. They synthesized PMA-L 61.6 and PMA-S3 28.6/

85.9 with Mspan¼ 2Marm¼ 57.2 kDa (Fig. 30b). In both samples they linked one of

the PMA arms to the core by an anthracene-maleimide Diels–Alder adduct. This

mechanophore was previously studied by Bielawski and co-workers [57, 58]. Upon

cycloreversion by mechanical force, it produces an anthracene moiety which displays

strong UV–Vis and photoluminescence signals.
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After subjecting the two materials to ultrasonic irradiation, the formation of

anthracene was confirmed by photoluminescence spectroscopy. The photolumi-

nescence intensity increases with increasing sonication time (Fig. 30b), which

confirms the arm-loss mechanism. Quantifying anthracene (using the photolumi-

nescence intensity at 411 nm) yields two similar reaction constants:

(3.20� 0.14)� 10�2 and (3.26� 0.09)� 10�2 min�1 for the star and linear poly-

mers, respectively. Boydston also calculated the reaction constant based on refrac-

tive index signals (change of Mn). Again, he obtained two similar reaction

constants: (3.13� 0.11)� 10�2 and (3.27� 0.38)� 10�2 min�1 for star and linear

polymers, respectively. His result reveals the equivalence between star-shaped

polymers and linear polymers in terms of chain scission rate if Mspan of star-

shaped polymers is equal to Mw of linear polymers.

Unlike previous researchers, Xue and Agarwal were more interested in the effect

of core structure on the shear stability of star-shaped polymers. They synthesized

six-arm star poly(methyl methacrylate) (PMMA) bearing either a linear core (A,

Mw¼ 2,350 kDa) or a fused core (B, Mw¼ 2,100 kDa) (Fig. 31) [228,

233]. According to (31), the fused core has a threefold larger _ε B
F (~3farmM

�2)

Fig. 29 Schematic drawing of the “spanning path” (highlighted in red) in various polymer

architectures [230]: (a) star-shaped polymer, (b) graft polymer, (c) hyperbranched polymer, and

(d) dendrimer. The spanning path is highlighted in red
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Fig. 30 (a) Anthracene-maleimide Diels–Alder adduct that can generally fluoresce an anthracene

moiety upon mechanical force. (b) Mechanophore-containing star and linear polymers bearing

similar Mspan. (c) Photoluminescence spectra in DMF of PMA-S3 28.6/85.9 upon increasing

sonication time indicated in the legend. (Adopted with permission from Church

et al. [232]. Copyright 2014 American Chemical Society)

Fig. 31 Star-shaped PMMA polymers bearing (a) a linear core and (b) a fused core in Xue and

Agarwal’s work [228]
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than the linear core ( _ε A
F e f armM�2 ). In this respect, the bead-rod model predicts

higher shear stability of B than A.

Xue carried out the degradation experiment in a cross-slot flow cell and recorded

the change of M via size exclusion chromatography. The size exclusion chroma-

tography traces for the linear core A are plotted in Fig. 32a at _ε ¼ 46, 800 s�1 at the

central stagnation region. The signal gradually becomes bimodal. The peak

corresponding to the original star PMMA (Phigh) decreases with the appearance

of a lower molecular weight peak (Plow). After a few passes (<20), the position of

Plow matches Marm well, suggesting arm-loss of the stars. After around 40 passes,

Plow shifts to even lower molecular weight. It implies a secondary scission, prob-

ably the fracture of cleaved arms. These results strongly support star-shaped poly-

mers degrading by the arm-loss mechanism. The authors summarized the change of

the peak molecular weight for both A and B (Fig. 32b). If A were to undergo

scission in its core,Mw of Phigh for A should have dropped much faster than that for

B. However, the traces of Phigh for A and B are indistinguishable within experi-

mental error. The author repeated the experiments under different _ε (¼27,800 and

13,300 s�1) and noted similar results. In short, the degradation of star-shaped

polymers is insensitive to the structure of the core in Xue’s work.
The key assumption of full extension of all arms before chain scission in

Agarwal’s model (Fig. 27) is unlikely. It is difficult to reason why all arms should

undergo CST at the same time. The arms can arrange in a conformation that

prevents the adding up of force at the core (Fig. 33a). Interarm entanglement

(Fig. 33b) is also possible and results in force accumulated at the entanglement

point, not the linkage in the core. Last, but most important, similar to the concept of

molecular individualism [144, 145, 148, 149] (Sect. 3.3.2), each arm may undergo

CST at different times and emerge as different conformations (Fig. 33c), i.e., “arm

individualism.” The assumption that all arms take on fully stretched conformations

Fig. 32 (a) Representative size exclusion chromatography traces of samples for star PMMA with

a linear core at different number of passes indicated in the legend. The dashed line represents the
peak position of the original star molecules and the dotted line represents that of the arms. (b) Peak

molecular weight of the degraded star molecules (solid symbols) and arms (open symbols). Square
and circular symbols denote fused core and linear core, respectively. (Adopted with permission

from Xue et al. [228]. Copyright 2005 American Chemical Society)
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is oversimplified. In fact, several recent simulation works support the concept of

Mspan and “arm individualism” [235].

Fig. 33 Schematic drawing of probable conformations of star-shaped polymers in the

elongational flow field (horizontal). (a) Conformation disfavors the building up of force at the

core. (b) Interarm entanglement leads to stress concentration at the entanglement point. (c) “Arm

individualism.” Each arm may have independent conformations: (1) folded, (2) coiled, (3) kinked,
and (4) dumbbell

Fig. 34 (a) R2
G as a function of shear rate for stars with fixed Nspan¼ 13. Closed square: N¼ 25,

farm¼ 4, good solvent; closed circle: N¼ 37, farm¼ 6, good solvent; closed triangle: N¼ 49,

farm¼ 8, good solvent; Open circle square: N¼ 37, farm¼ 6, theta solvent. The red dashed line
is linear chain bearing N¼ 13 beads. (b) Dependence of the critical elongational rate with Narm

with and without hydrodynamic interactions. (Adopted with permission from Cifre

et al. [234]. Copyright 2005 Elsevier)
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May reasoned that the absence of core-fracture in star-shaped polymers is caused

by the weaker linkages at the arm–core interface. So he appealingly incorporated

SP (Fig. 23) into the core of 4-arm and 8-arm star PMMAs [198]. Although the

reaction constant decreases as farm increases, SP is successfully activated in the

acoustic field. His results suggest that it is premature to exclude the core-fraction

mechanism.

6.4 CST of Star-Shaped Polymers: Computer Simulations

Computer simulation is a versatile tool to explore the dynamics of polymers with

nonlinear topology in great detail [236]. Cifre and Torre studied the effects of N,
farm, hydrodynamic interactions, and the solvent quality on the CST of star-shaped

polymers using Brownian dynamics simulation [234, 235]. They observed that CST

of star-shaped polymers occurs at a De¼ 0.6, close to that in linear polymers (0.5,

see (4)) [235]. If N is fixed (25 beads), the smaller farm, the sharper CST and the

value of _εC. For a given number of arms ( farm¼ 6), the sharpness of CST increases

and _εC shifts to lower values in larger stars (N ). The solvent quality has just a minor

effect on _εC in the simulations. The most important results are illustrated in Fig. 34a.

The authors varied both N and farm but kept the spanning path constant

(Nspan¼ 2Narm + 1¼ 13 beads). All data points superimpose well about the same

_εC and are very close to the profile of a linear polymer bearing the same number of

beads (N¼ 13, red dashed line) [234]. They further exploited the dependence of _εC
on the Narm and the hydrodynamic interactions (Fig. 34b). In both theta solvent and

good solvent, _εC satisfies

_εC ¼ 6:9N�2:00
arm no hydrodynamic interactions, Rouse Modelð Þ ð32Þ

_εC ¼ 4:1N�1:5
arm hydrodynamic interactions, Zimm Modelð Þ ð33Þ

These scaling exponents are consistent with those reported in linear and cyclic

polymers (see (5), (6), (21), and (22)) [178, 237], varying only the pre-exponent.

Cifre compared the pre-exponent for star-shaped polymers and linear polymers.

Take (32) for example (no hydrodynamic interactions). If Narm is replaced with

Nspan (�2Narm), the numerical factor in (32) is 6.9� 4¼ 27.6, close to the constant

3π2¼ 29.6 predicted theoretically for linear chains [237]. Such consistency is also

proved in the case of hydrodynamic interactions (33) and in other simulation

work [235].

Cifre also exploited the molecular individualism for the different arms of the

same star chain [235]. In Fig. 35, the core-end distance along the flow direction is

plotted against time for a star of N¼ 49 beads and farm¼ 6. The three pairs of arms

undergo CST at different times, with the arms in each pair extending in opposite

directions. This is a direct observation of the spanning path in a star-shaped

molecule by simulation. The author also investigated the distribution of the tensile
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force along the arms [234]. In strong elongational flow, the force is maximum at the

linkage connecting the arm to the core. It diminishes along the contour of the arm

from the core to the end.

6.5 Design Mechanophores in Star-Shaped Polymers

Collectively, experimental data support the arm-loss mechanism over the core-

fracture mechanism and Mspan>Mlim as a necessary condition. These guidelines

can aid the design of the mechanophore in star-shaped polymers. As shown in

Fig. 36a–c, the core (hereafter “core design”), the interface between the arm and the

core (hereafter “interface design”), and the midpoint of the arm (hereafter “arm

design”) are three possible positions to incorporate mechanophores. The core

design is possible [198] but it is not as efficient as other designs. The interface

design needs Mspan>Mlim and can work when the arm is short. The arm design is

based on a two-step mechanism: arm-loss and then the activation of mechanophores

in the separated arms. So Mspan should satisfy Mspan> 2Mlim. This strategy is

suitable for long arm star-shaped polymers. For scission type mechanophores,

combining interface design and arm design offers the most efficient way to activate

mechanophores (Fig. 36d). In this case, 2farm mechanophores can ideally be acti-

vated per star molecule. However, such a design is complicated and gives rise to

great challenges to synthesis.

Fig. 35 Time-evolution of

the dimensionless core-end

distance of the arms of a star

chain with N¼ 49 and

farm¼ 6, hydrodynamic

interactions, and theta

conditions. The number in
the legend is the label of

arms. (Adopted with

permission from Cifre

et al. [235]. Copyright 2002

Elsevier)
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Fig. 36 Design of mechanophores in star-shaped polymers: (a) core design, (b) interface design,

(c) arm design, and (d) combined interface design and arm design
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7 Mechanochemistry of Hyperbranched Polymers

and Dendrimers

7.1 Hyperbranched Polymers and Dendrimers

Dendrimers are monodispersed macromolecules with a regular and perfectly

branched three-dimensional architecture. A dendrimeric molecule consists of a

core, branches, and end groups (Fig. 37a). The branching units are described by

generation, which is the number of repeated branching cycles performed during its

synthesis. Unlike linear analogues, dendrimers have a well-defined size and, poten-

tially, a huge number of end groups, which can be functionalized. Hyperbranched

polymers have similar treelike topologies as dendrimers but they contain some

linear units (Fig. 37b). The physical properties of hyperbranched polymers largely

depend on the degree of branching (DB). DB, i.e., Frey parameter [238] describes

the deviation of hyperbranched polymers from ideal dendrimers. DB is

expressed by

Fig. 37 Schematic drawing of a dendrimer (a) and hyperbranched polymers (b). D, B, and T

denote dendritic, linear, and terminal units, respectively. (c) Illustration of an n-butane molecule

for the explanation of Wiener index. (d) Intrinsic viscosity [η] grows non-monotonically as a

function of generation G
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DB ¼ Dþ T

Dþ T þ L
ð34Þ

where D is the number of dendritic units, L the number of linear units, and T the

number of terminal groups (Fig. 37b). For linear polymers, D¼ 0, T¼ 2, DB¼ 2/L
and is almost zero for long chain (large L ). DB is 1 for dendrimers, and usually

around 0.4–0.5 for hyperbranched polymers [239]. DB only accounts for the

relative number of branch points. In the study of the rheological properties and

CST of dendrimers and hyperbranched polymers, the Wiener index (Wi) is a more

suitable descriptor [240]. Wi is defined as the sum of the lengths of the shortest

paths between all pairs of vertices in the chemical structure representing the non-

hydrogen atoms [241]. For example, an n-butane molecule has three pairs of

vertices at distance one, two pairs at distance two, and one pair at distance three,

so Wi¼ 3� 1 + 2� 2 + 1� 3¼ 10.

Compared with a linear counterpart having the same total molecular weight,

dendrimers and hyperbranched polymers are more compact. For instance, the ratio

of the hydrodynamic radius Rh to the radius of gyration RG for dendrimers

approaches asymptotically that of a solid sphere (0.77) with the increasing the

number of generations G (the ratio is 1.17 for typical linear Gaussian chains, whose

end-to-end vectors follow a Gaussian distribution.) [242]. The intrinsic viscosity [η]
of dendrimers depends weakly on the total molar mass ([η] ~Mw

0.05) [243], strongly

on Wi([η] ~Wi1) [240], and non-monotonically on the number of generations

G (Fig. 37c) [244–247]. The last dependence is ascribed to the change in the fractal

dimension of the molecule from polymer type to colloidal type with increasing

G [248].

The monodispersity, the large number of surface functionalities, and the unique

rheological properties make dendrimers and hyperbranched polymers potential

candidates for a variety of applications such as biosensing [249], catalysis [250],

gene therapy [251], and lubricant viscosity-index (VI), just to name a few. How-

ever, the mechanochemistry of dendrimers and hyperbranched polymers remains

little understood.

7.2 Shear Stability of Hyperbranched Polymers

Ye and co-workers exploited the shear stability of highly branched, high molecular

weight polyethylenes (PEs) as lubricant viscosity index improvers [252, 253]. Vis-

cosity index of a lubricant is a critical parameter which defines its quality and

application temperature range. They synthesized PEs with controllable chain topol-

ogies ranging from linear to a hyperbranched dendritic structure by chain walking

polymerization [254]. The PE samples were blended into a base paraffinic oil

(density 0.8659 g mL�1 at 15 �C, kinematic viscosity 30.06 cST at 40 �C) to

form lubricants. The lubricants were subjected to the Kurt Orbahn (KO) test to

measure the shear stability index, which is expressed by
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SSI ¼ ηFresh � ηShear
ηFresh � ηBase

� 100 ð35Þ

where ηFresh, ηShear, and ηBase are the kinematic viscosities of the fresh unsheared

lubricant, sheared lubricant, and the base oil, respectively.

The lubricants formulated with more hyperbranched topologies displayed

extraordinarily high shear stability in the Kurt Orbahn test, and a shear stability

index value as low as 1.1. In contrast, lubricants containing linearly structured PE

showed a great decrease of kinematic viscosity after 30 Kurt Orbahn test cycles

with shear stability index around 46. Because the PEs in their work had similar

molecular weights (140–160 kDa), the results convincingly prove that

hyperbranched topologies show superior shear stability over their linear cousins.

On the other hand, to achieve the same value of viscosity index, a higher polymer

concentration is needed for hyperbranched polymers than for linear polymers.

7.3 CST of Hyperbranched Polymers and Dendrimers

Theoretical description of dendritic structures is an active but difficult topic because

the length between branched points is close to or even smaller than the Kuhn length,

above which the segments can be thought of as if they are freely jointed with each

other. Most modeling or simulation work has focused on the quasi-static and

rheological properties of hyperbranched polymers and dendrimers in shear flow

[240, 244, 255–263]. Limited amounts of data were published for dendrimers and

hyperbranched polymers within elongational flow field.

Neelov and Adolf studied CST of dendrimers [264] and hyperbranched poly-

mers [265] under elongational flow by a bead-rod model. In Fig. 38a, the authors

simulated the radius of gyration R2
G as a function of _ε for a fifth-generation

dendrimer with N¼ 127 beads. CST of the dendrimer causes the increase of R2
G

which is significantly smaller as well as less sharp than for a linear chain bearing the

same N. This broadened CST is probably because of the smaller value of R2
G of the

dendrimer even at the completely extended conformation. The dependences of the

critical strain for CST _εC for hyperbranched polymers on N andWi are illustrated in
Fig. 38b and c, respectively [265]. Here, _εC is defined as the midpoint of CST in the

R2
Ge_ε plot; _εC of hyperbranched polymers is virtually constant over the range

studied. In the case of dendrimer [264], _εC is either independent on N or decreases

slowly. The power law behaviors observed in the CST of linear, cyclic, and star

polymers are no longer valid in hyperbranched polymers and dendrimers. For fixed

value of N but varyingWi, the _εC vsWi curves follow a power law with an exponent

between�3.2 and�3.0. The maximum R2
G and the maximum intrinsic elongational

viscosity [ηel] also scale with Wi with similar magnitudes of the exponent. The

authors have not yet proposed any physical picture to explain these power laws.
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The conformations of a sixth-generation dendrimer at a different elongational

rate is illustrated in Fig. 38d [264]. At the midpoint of CST ( _ε ¼ 1), it adopted a

dumbbell shape with two “balls” of monomers linked by a short thick stick. As _ε
increased to six, the balls changed to cone-like shapes, and the linking stick became

thinner and longer. At the fully extended conformation (_ε ¼ 60), it resembled a pair

of sharp coaxial cones. According to these snapshots, we notice:

1. The inner part of the dendrimer and hyperbranched polymers is more extended

than the outer part. If researchers want to incorporated mechanophores into

dendrimers and hyperbranched polymers, we infer the most probable positions

are the branch units close to the core.

Fig. 38 (a) Elongtional flow rate dependence of the radius of gyration < R2
G > for a G¼ 5

dendrimers (squares) and for a linear chain (circles) with the same total number of repeating units

N¼ 127. Filled symbols represent data with hydrodynamic interactions and open symbols denote
those without hydrodynamic interactions. (b) Critical strain rate for CST _εC as a function of N for

hyperbranched polymers and dendrimer. (c) Dependence of _εC on the Wiener index Wi. The
number in the legend is N. (d) Snapshots of the steady-state shapes of a G¼ 6 dendrimer from

simulations in the presence of hydrodynamic interactions under different flow rates. Red beads are
the end-groups. (a) and (d) are adopted with permission from Lyulin et al. [263]. Copyright 2005

American Chemical Society. (b) and (c) are adopted with permission from Neelov and Adolf

[264]. Copyright 2004 American Chemical Society
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2. Achieving orientation of all repeating units along the flow axis is unlikely

because of the excluded volume effect.

3. Interestingly, the vast majority of the terminal groups lie at the outer edge of the

cones.

Collectively, preliminary results reveal that dendrimers and hyperbranched

polymers are more shear stable than other linear, cyclic, weakly grafted, and star

cousins because of their unique structures. These polymers may fulfill the industry

requirements where highly mechanically stable additives are needed. However,

more experiments and simulations are required to gain sufficient insights into their

CST and mechanochemistry.

8 Mechanochemistry of Polymers Having Temporal

Topology Constraints

From Sects. 4 to 8 we have summarized the mechanochemistry of polymers of

complex topologies. These topological structures are stable and can only be altered

by the scission of covalent bonds. In some other cases, the topology of the

molecules (or their assembly) is dynamic and fluctuates in a stress-free state. In

this section, we explore the mechanochemistry of two paradigmatic systems.

One class is polymers capable of forming inter- or intra-polymer associations via

secondary interactions (electrostatic, hydrogen bonding, host-guest, or hydrophobic

interactions). In Fig. 39a, two linear chains form a star-shaped macromolecule by

the association of supramolecular motifs. This star-shaped chain obviously behaves

differently in the flow field compared with individual linear constituents (Fig. 26).

Another class of dynamic topology is a knotted macromolecule (Fig. 39b) [266–

268]. Here we limit our discussion to open knots that can be untied without

breaking the covalent bonds (resembling shoelaces and neckties). We do not

consider knots formed by closed strings such as Borromean ring and Solomon

link (Fig. 39c, d). The knot imposes constraints on the backbone, leading to a

potentially different mechanochemical response compared to unknotted cousins.

It should be noted that the two paradigmatic systems are of biological relevance.

Proteins and double-strand DNAs have complex topologies with domains held by

supramolecular interactions. Knots are widely found in chromosomes [269], viral

capsid DNAs [270, 271], and proteins [272, 273], and probably take part in their

physiological functions.

8.1 Shear Stability of Macromolecular Aggregates

The study of the shear stability of macromolecular aggregates is promoted by the

searching of polymeric drag reduction agents. Linear polymers have an excellent
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DRE, but they are more susceptible to chain scission in the flow field than short

polymers. If a macromolecule has a virtual high molecular weight and can break

and reform, it may have improved shear stability.

Motivated by this simple idea, Ting and Little [274] studied the shear stability of

the sodium salt of PAA. They performed the measurements in a turbulent pipe flow

apparatus. The decrease of DRE of two PAA samples was negligible in eight passes

whereas a PEO sample (control) lost about 67% of its ability to reduce drag because

of chain degradation. They believed that PAA forms a ladder-like formation in

solution (Fig. 40). At pH 7.1, PAA is completely ionized and the neighboring –

Fig. 39 (a) Polymer aggregates having dynamic topologies thought to be the association of

supramolecular motifs. (b) An open trefoil knot tied in a linear strand. The knotted segments are

highlighted in red. Knots formed by closed strings: (c) Borromean ring and (d) Solomon link. The

authors of (c) and (d) have granted anyone the right to use these works for any purpose (http://

commons.wikimedia.org/wiki/File:BorromeanRings-Trinity.svg; http://commons.wikimedia.org/

wiki/File:San-Tome-Bergamo_(detail).jpg)
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COO� groups associate with Na+, leading to a “chain” parallel to the original –CH–

CH2– backbone. They argued that the associative bonds break and reform in the

lower shear region, which should account for the improved shear stability.

Ting and Little’s work has encouraged many similar studies since the 1980s

[116, 275]. Kowalik and co-workers prepared associative polymers and saw

improved shear stability as well as higher DRE [276]. Malik and Mashelkar

found that polymer aggregates associated either by hydrogen bonding [277] or

ionic pair interactions [278] display better resistance to chain degradation than non-

associative counterparts.

These authors emphasized the role of supramolecular interactions as sacrificial

bonds to prevent the cleavage of the backbone. However, this argument is difficult

to reconcile with what we know about mechanochemical degradation of polymers

in elongational flow fields. A chain that associates with several other chains is akin

to irregularly grafted polymers. According to Agarwal’s modified bead-rod model

(Sect. 5.5) [209], the “grafting” chains increase the hydrodynamic drag force at the

midpoint of the backbone as well as the scission rate. One may argue that such

enhanced degradation is unlikely because the “grafting” chains would leave the

backbone preferentially by breaking the secondary bonds. Even if this scenario

works, the shear stability of the polymer aggregates should not exceed that of the

precursor chains.

Agarwal was the first to suggest that the role of supramolecular interactions may

go beyond just sacrificial bonds. He extended the bead-rod model to a supramolec-

ular ladder-like polymer [279]. As shown in Fig. 41a, two fully stretched bead-rod

chains of equal lengths are arranged parallel to each other along the flow direction

and are connected by secondary interactions. The hydrodynamic drag force expe-

rienced by the ladder-like chain is the sum of two daughter chains (denoted

2σmid_lad). 2σmid_lad is obviously larger than σmid in an isolated chain (Fig. 14)

because of the larger surface. Most importantly, the neighboring chain provides

additional shielding of hydrodynamic interactions between the beads and the

solvent molecules. Therefore, for the same chain, the maximum tension in the

backbone is smaller in the aggregates than in isolated conformation under identical

flow conditions, i.e., σmid_lad	 σmid. In other words, Mlim for a given chain simply

increases. Agarwal calculated this effect by comparing the maximum permissible

molecular sizes Nlin and Nlad for the linear and the ladder polymer, assuming that

the critical fracture force σF is the same (critical-stress-to-fracture theory). In

Fig. 41b, Nlad/Nlin can increase by as much as 35% by increasing chain length

and the normalized bead size a/b. The gain can achieve higher values if more

macromolecules orientate along the flow direction and are associated by supramo-

lecular interactions. If the two daughter chains have different lengths, the results are

similar.

Fig. 40 Proposed ladder-

like structure in ionized

PAA at pH 7.1 [274]
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In Agarwal’s model, the supramolecular interactions just tie the component

chains together and do not bear any load as they are lying perpendicular to the

flow direction. The main reasons for the improved shear stability are the redistri-

bution of the hydrodynamic force (because of topology) to the associated chains

and the hydrodynamic shielding effect. This may help us to understand the mech-

anochemistry of biomacromolecules such as double strand DNAs.

8.2 Mechanochemistry of Knotted Polymers

Mathematically, the knotting probability in a self-avoiding chain grows exponen-

tially and asymptotically to 1 as the chain length approaches infinity [280]. The

knots can significantly affect the rheological behavior [281] and the mechanochem-

istry of a polymer.

Saitta and Klein studied the mechanochemistry of isolated hydrocarbon polymer

with and without a knot by quantum-chemical calculation [282, 283]. They inves-

tigated two model chains (C35H72 and C28H58) and employed a trefoil knot for each

strand. Figure 42 sketches the strain energy distribution in the knotted chains when

they are stretched. It is quite different compared to the corresponding distribution in

unknotted chains. The bonds at the midpoint of the knot are almost unstrained

Fig. 41 (a) Model of a ladder-like polymer formed by interpolymer associations (highlighted by

red dashed lines) [279]. The flow direction is horizontal. (b) Increase of the maximum length

permissible Nlad/Nlin in the case of a ladder-like polymer as compared to a linear polymer, for the

same fracture force. The legend indicates different normalized bead size a/b. (Adopted with

permission from Agarwal et al. [279]. Copyright 1994 American Institute of Physics)
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whereas those at the entrance and exit of the knot are highly stretched and stress-

concentrated. Degradation exclusively occurs at the edge bonds of the knot. The

stored strain energy at fracture is 12.7 kcal/mol per C–C bond in the knotted stand

but 16.2 kcal/mol per C–C bond in the unknotted stand. Therefore, knots weaken

the mechanical properties of polymers, which is consistent with our common sense

regarding the fracture of a knotted rope.

The same authors later studied the evolution of the radicals formed after rupture

of a single knotted alkane molecule using first-principles molecular dynamics

calculation [284]. In knotted chains, recombination of the radicals is totally

bypassed in favor of ultrafast (about several hundred femtoseconds) phenomena

such as diradicals which generate cyclic alkanes, and disproportionation to form

carbon–carbon double bonds. Saitta and Klein suggested that the trefoil knot

imposes topological constraints to the velocity distribution of the recoiling radicals

at rupture, leading to deviations from the canonical recombination reaction.

So far we have only reviewed the mechanochemistry of isolated knotting poly-

mers. In real systems, the environment should be taken into consideration. Saitta

and Klein studied the rupture processes of a bulk-like PE knot [285]. In the first

model, a knotted alkane is surrounded by six linear alkanes (unknotted). For the

sake of comparison, a linear alkane is also surrounded by six linear alkanes in the

second model. Their results show that the bonds at the entrance and the exit of the

trefoil knot are more distorted than elsewhere. Quantitatively, the knot weakens the

chain to which it is tied by a factor of about 15%. Indeed, the estimated force to

break a knotted alkane is 3.5 nN (the value depends on the timescale), 0.5 nN

smaller than that of an unknotted alkane of the same length.

To test the simulations experimentally is difficult but possible. Arai and

co-workers studied the mechanochemistry of knotted biopolymers [286]. They

elegantly prepared a knot in an actin filament using optical tweezers. The manip-

ulation was performed in a viscous solution to suppress the Brownian motion

Fig. 42 Strain energy

distribution in a knotted

hydrocarbon strand with (a)

N¼ 35 and (b) N¼ 28

carbon atoms. (Adopted

with permission from Saitta

et al. [282]. Copyright 1999

Nature Publishing Group)
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(Fig. 43) and knotting was completed in less than 1 min. They further tightened the

knot to establish the relation between the tension and knot diameter. The average

knot diameter dropped monotonically as the applied tension increased. The actin

filaments broke at the knot when its diameter fell below 400 nm and the tension rose

to ~1 pN. This value is two orders of magnitude smaller than the tensile strength of

a straight filament ~600 pN [287] and does not change noticeably in different

solutions which potentially increase the stability of an actin filament. The authors

also prepared a knot in a single DNA molecule, but their apparatus was unable to

break either knotted or unknotted DNA.

Our experience of stretching a knotted rope in the macroscopic world is some-

times inconsistent with the observations of stretching a knotted molecule. The knot

in highly tightened rope is localized and loses its mobility. However, knots in the

highly extended chains behave counter-intuitively. Bao and co-workers prepared

knots in single DNA molecules with optical tweezers [288]. All the knots shrink

and become highly localized under tension (0.1–2 pN), but they remain surprisingly

mobile and undergo thermal diffusion with classical random walk statistics. The

diffusion constant varies drastically with increasing complexity of the knot.

Recently, Doyle and co-workers demonstrated that it is possible to move the knot

at the midpoint to the termini of the chain and untie it by an elongational flow

field [289].

In this section, we discuss the mechanochemistry of two systems with temporary

topological constraints: molecular aggregates and knotted polymers. Polymer

aggregates formed by supramolecular interactions have a superior shear stability

as well as drag reduction efficiency over their non-associative cousins. However,

the underlying mechanism is unlikely to represent the preferential cleavage of

secondary bonds in the flow field. Instead, these supramolecular bonds allow the

hydrodynamic drag force to be redistributed and provide enhanced hydrodynamic

shielding of the parts of the aggregate. In knotted polymers, the presence of a knot

drastically alters the distribution of strain energy along the backbone. Scission

Fig. 43 Tying a knot in an

actin filament. Scale bar:
10 μm. (Adopted with

permission from Arai et al.

[286]. Copyright 1999

Nature Publishing Group)
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occurs at the entrance and exit bonds of the knot and the corresponding fracture

force and the stored strain energy are lower than the values in unknotted chains.

9 Conclusion and Outlook

Polymer mechanochemistry is a multiscale phenomenon, and the ultimate bond

scission is the consequence of a series of events. The input of mechanical energy

above the threshold level leads to the formation of crazes and cracks on the

macroscopic level. To minimize the total free energy, the macromolecules slip,

disentangle, and unravel to extended conformations (i.e., CST), generating defor-

mations at the molecular level. The stretching of the bond, the bending of the

valence angle, and the rotating of dihedral angle result in a redistribution of the

electronic densities of the molecular orbitals and eventually the chemical effect

known as mechanochemistry. In earlier days, such mechanochemical effects were

to be avoided. However, recent research has demonstrated that mechanochemical

changes can be utilized to trigger chemical reactions at certain site of the polymer

backbone. This new method opens a way to develop mechanoresponsive materials

by the rational design of mechanophores and polymer scaffolds. A better under-

standing of polymer mechanochemistry is emerging and benefits the design of

polymeric materials that are either highly resistant to mechanical failure or respond

to mechanical stimuli with desired functions.

Among various factors, the chain architecture critically affects the mechano-

chemistry of macromolecules. Compared with linear cousins having the same

number of monomers, chains with nonlinear topology are more compact. The

smaller size causes the chains to either experience less hydrodynamic drag force

or have enhanced hydrodynamic shielding effects, or both. In solutions, theoretical

works, the simulations, and the experiments all support the fact that the nonlinear

chain undergoes coil-to-stretch transition and degrades at higher strain rates (_εC and
_εF), i.e., it is more mechanically stable. However, we are still at the primitive stage

of this area and the following issues deserve more attention.

1. Linear polymers. The bead-rod model successfully explained the midpoint

scission and the �2 dependence of _εF on M through frictional loading in

quasi-static-state-flow as well as in bulk, where the residence time is sufficient

for chains to develop to extended conformations [110]. However, the observed

�1 dependence of _εF onM verified in fast-transient-flow cannot yet be explained

by current theories. A theory that can account for both dependences (M�1 and

M�2) is highly desirable. This theory should explain the interplay between the

various conformations observed in the flow field (molecular individualism) and

the midpoint scission of the chain. It should also be able to solve the huge

discrepancy between the hydrodynamic drag force in fast-transient-flow and the

force required to break chemical bonds (~7 nN). Any progress in linear macro-

molecules can greatly aid the study of other topologies.
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2. Cyclic polymers, dendrimers and hyperbranched polymers. The mechanochem-

istry of these polymers is less understood than that of linear analogues. The

experimental observations are either too phenomenological or lack comparison

with linear polymers. More experiments should therefore be conducted and

compared with simulations in the future.

3. Side groups and graft polymers. Short side groups (up to 19 atoms [197]) show a

minor effect on either the degradation of polymer chains or the activation of

mechanophores. However, this conclusion was only exploited in ultrasonic

degradation. Whether it is valid in other flow fields is largely unknown. For

densely grafted chains such as comb polymers, the side chains repulse each other

because of the excluded volume effect. The repulsive interaction accumulates

along the backbone of the main chain and lowers its dissociative stability. For

weakly grafted polymers, the existing results are self-contradictory. Some

researchers claimed higher shear stability of graft polymers, which they ascribed

to cleavage of the side chains which protects the main chain. However, Agarwal

[209] showed that side chains place extra drag force on the main chain and lower

its stability. Complex flow fields and the poorly controlled polymer topology

may account for these confusing results. To solve this issue, mechanophores can

be incorporated either into the main chain or as linkage to connect side chains.

The activation of mechanophores in the flow field can aid the elucidation of

these contradictory results.

4. Star-shaped polymers. The mechanochemistry of star-shaped macromolecules

has been studied more extensively than that of other nonlinear topologies.

Although experiments have been consistent with the arm-loss mechanism rather

than the core-fracture mechanism of degradation, it is very likely because of the

weaker linkages at the core-arm interface. Thanks to the development of

mechanophores, the mechanism can be revisited by incorporating weak moieties

such as SP or the –S–S– bond into the core. Both simulations and experiments

support the idea that the spanning molecular weight Mspan and not the total

molecular weight governs the coil-to-stretch-transition, chain scission, and acti-

vation of mechanophore in star-shaped polymers. We reason that the concept of

spanning molecular weight is likely the right parameter and can be extended to

other nonlinear topologies. However, a limited number of star-shaped polymers

have been exploited in the experiments andMspan only qualitatively explains the

results. The disadvantages of acoustic fields preclude quantitative study of the

dependence of _εF onMspan. Last, but equally important,Mspan may not work well

for densely grafted polymers, star-shaped polymers with a large number of arms,

dendrimers, and hyperbranched polymers. In these topologies, the excluded

volume effect cannot be neglected even in the maximum extended conforma-

tions, and contributes considerably to the chain scission. Nevertheless, more

experiments need to be conducted in this direction.

5. Dynamic topologies. Polymer aggregates seem most promising for drag reduc-

tion applications because both the shear stability, and the performance are

improved through supramolecular associations. However, many fundamental

questions remain unanswered. How does the strength of the secondary bonds

194 H. Zhang et al.



influence the shear stability of the aggregates? What are the optimum topology

and arrangement of the supramolecular motifs? We may probably learn from

biomacromolecules. As for knotted polymers, we lack the experimental data to

verify the simulations. A facile and high-yield method to prepare knotted poly-

mers (open knots) is highly desirable.

6. Performance. We note that an increase of mechanical stability by altering the

chain topology is, in fact, at the cost of a reduced hydrodynamic volume. One

side effect is decreased performance in related applications. Star- and comb-

shaped PS are not as effective as linear polymers in drag reduction. To achieve

the same quality of lubricant viscosity index, higher concentrations of

hyperbranched polymers are needed. How to increase the mechanical stability

while maintains the performance is a long existing challenge in this subject.

7. Design of mechanophore for nonlinear topologies. As we mentioned in the

previous section, the development of polymer mechanochemistry in the last

decade is largely promoted by the discovery of mechanophores. The current

design of mechanophores in linear polymers is not perfect. We have proposed

several adequate positions for mechanophores in nonlinear topologies. These

designs are based on the computer simulations of CST and can be tested in the

future.

8. Bulk mechanochemistry. Unlike linear polymers, the activation of

mechanophore in nonlinear macromolecules in bulk is almost blank. Recently,

May found that polymers with branched architectures activate more slowly than

linear counterparts in solution, yet more quickly in solid-state tensile experi-

ments [198]. In the bulk, more factors take part in the chain degradation event,

including but not limited to chain entanglements, phase separation, crystalliza-

tion, and supramolecular interactions. Inspections in this direction can aid the

design of mechanoresponsive materials in the solid state.

The understanding of topological effect is a fundamental problem in the field of

polymer mechanochemistry. We hope this review may provide guidelines for the

design of novel polymeric materials with superb mechanical properties and which

respond to mechanical stimuli in various productive ways.
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Molekülgr€oße des Kautschuks und der Balata. Ber Dtsch Chem Ges 63:734–736
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Abstract The past 10 years have seen a resurgence of interest in the field of

polymer mechanochemistry. Whilst the destructive effects of mechanical force on

polymer chains have been known for decades, it was only recently that researchers

tapped into these forces to realize more useful chemical transformations. The

current review discusses the strategic incorporation of weak covalent bonds in

polymers to create materials with stress-sensing and damage-repairing properties.

Firstly, the development of mechanochromism and mechanoluminescence as stress

reporters is considered. The second half focuses on the net formation of covalent

bonds as a response to mechanical force, via mechanocatalysis and mechanically

unmasked chemical reactivity, and concludes with perspectives for the field.
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Over the past century, polymers have become ubiquitous in modern life and in

many of their applications they are expected to be able to withstand mechanical

stress. Ultimately, polymeric mechanical behaviour is an expression of multiple

processes operative at the molecular level: upon application of force to a bulk

sample, mechanical energy may first be expended in driving conformational

changes and disentanglements of polymer chains, after which bond deformation

and covalent bond scission occur. Generally, these processes lead to irreversible

damage and deterioration in the material properties, as first reported in the 1930s

when Staudinger observed an MW reduction in rubber subjected to mastication.

With the advent of polymer mechanochemistry nearly a decade ago, however,

chemists and material scientists began to make use of the large macroscopic forces

endured by polymers for constructive ends. Polymers present an attractive platform

for the study of mechanical effects on chemical bonds: the typical macroscopic

forces applied to polymers (in the Newton range) are many order of magnitude

larger than the force required to break covalent bonds (of the order of a few nN),

ensuring plentiful activation; in contrast to other forms of chemical activation with

heat or light, mechanoactivation is strongly directional, with the potential to pull or

push specific nuclei via choice of polymer attachment point [1]. A flurry of

publications has established polymer mechanochemistry as a tool of wide utility,

detailing the exploration of many new concepts such as the incorporation of specific

functionalities (“mechanophores”) [2] in the main chain that break selectively on

application of force; the use of supramolecular polymers as reversible “force

mediators” [3] and the activation of unique mechanochemical reaction pathways,

giving rise to reactions that are not promoted by thermal or photochemical activa-

tion [4]. Theoretical and experimental studies have also demonstrated that applying

force to a polymer chain does not universally lead to bond scission.

The acceleration in rate of the mechanochemical transformation depends

strongly on the orientation of the scissile bond relative to the applied force [5–

7]. With a view to materials applications, mechanochemical reactions offer exciting

opportunities for early stage detection of damage in polymers with high sensitivity

and the self-healing of materials following damage via mechanochemical processes

that lead to the net formation of chemical bonds.

Recent efforts to report and to repair mechanical damage with mechanochemical

reactions form the subject of the current chapter. We start with a brief discussion of

the use of the spiropyran unit as a mechanophore for reporting strain. Spiropyran

mechanochemistry inspired the development of another stress probe, the highly

sensitive mechanoluminescent dioxetane, whose application as scission reporter in

several types of polymeric materials is discussed. The chapter continues with a

description of recent efforts to develop productive mechanochemistry, where initial

scission leads to the formation of new bonds. Bond formation is either induced by

the scission of covalent bonds, e.g. by the opening of rings, or bonds are formed

under the action of a latent catalyst when it is activated by mechanochemical

dissociation of a Lewis acid–base pair. These examples of productive mechano-

chemistry offer exciting possibilities to develop new modes of self-healing in
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polymeric materials. We conclude the chapter with a brief overview of productive

mechanochemical reactions that release small molecules.

1 Spiropyran Mechanochromism

Pericyclic transformations form a major part of the mechanochemistry canon, with

examples ranging from electrocyclic ring-openings of benzocyclobutenes [4] and

gem-dihalocyclopropanes (gDHCs) [8] to cycloreversions of Diels–Alder adducts

[9], cyclobutanes [10] and dioxetanes [11]. Two of the most practicable, real-time

reporters of mechanical stress in polymeric materials to have emerged from the

mechanochemistry field fall into this broad class of mechanically-induced trans-

formations. The first and most mature is the mechanochromic spiropyran, beauti-

fully demonstrated by Davis et al. in their seminal Nature paper of 2009 [12],

building on preliminary successes with this mechanophore within the Moore group

[2]. First reported in the early twentieth century, spiropyran forms the intensely

coloured fluorophore merocyanine upon heating, irradiation with UV light or

mechanochemical grinding via a 6π electrocyclic ring-opening. The transformation

can be reversed upon irradiation with visible light to reform the C–O spiro bond and

regenerate the spiropyran. In their Nature report, Davis and colleagues

bi-functionalised spiropyran with α-bromo or methacryolyl esters for living radical

and free radical polymerisations, respectively, to covalently incorporate spiropyran

as a mechanophore within acrylate polymers (Fig. 1a). Tensile testing of elasto-

meric poly(methyl acrylate) PMA and diametric compression of glassy poly(methyl

methacrylate) PMMA samples showed that the electrocyclic ring-opening of

spiropyran could be activated with mechanical force in the solid state, giving

polymers that turned visibly red at plastic strains. As greater strain was applied to

the sample, a concomitant increase in the intensity of the colour and the fluores-

cence was observed, permitting quantification of mechanically-induced polymeric

damage. This publication also detailed simple mechanical models used to rational-

ise the choice of polymer attachment points, on the 50 and 8 positions, as being the

most efficient for transduction of the mechanical force to the spiro C–O bond

(rather than the spiro C–C bond). Others have since explored the effect of directing

mechanotransduction via choice of polymer attachment point in more detail with

electronic structure calculations for a selection of different mechanophores, includ-

ing the spiropyran [6].

The spiropyran unit has since been established as an effective molecular force

probe. Following their initial discovery, the Moore group published detailed studies

investigating the role of polymer architecture, mobility [16] and chain orientation

[17, 18] in the mechanical response of PMA and PMMA, rubbery and glassy

polymers, respectively, upon the application of tensile and torsional stress. A

study by Beiermann et al. examined the fluorescence anisotropy of the ring-opened

merocyanines as a means to characterise their degree of orientation relative to the

direction of the applied tensile force. In PMA, they found strong preferential

activation of the spiropyrans in the direction of the tensile force [17]. On tensile
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testing of PMMA, brittle failure was found to precede mechanoactivation at room

temperature; [16] by contrast, activation could be obtained when heating close to its

Tg (90–105�C) or plasticising the matrix with 15–20 wt% methanol, suggesting

some mobility of the polymer chains is necessary for mechanoactivation [16].

Similar conclusions were drawn from shear-based studies. On shear testing

PMMA samples, Kingsbury et al. imaged the merocyanine fluorescence in situ to

characterise the onset shear stress, or the shear stress needed to activate a detectable

proportion of the spiropyran moieties [13]. The onset stress increased with shear

rate, as greater shear rates do not allow the polymer chains time to rearrange and

accommodate the applied stress. Increasing the length of the primary crosslinker

with respect to the spiropyran led to a decrease in activation stress, which was

attributed to the spiropyran bearing a greater proportion of the strain with shorter

non-functional crosslinkers. Torsion combined with in situ fluorescence imaging

was also used to probe the time-dependent activation of spiropyran upon creep

loading, employing a similar methodology to characterise the onset stress

[19]. Smaller creep stresses required a longer time to reach the detectable threshold

of fluorescence intensity, but correspondingly smaller strains to initiate the activa-

tion. It was also revealed that the detectable threshold is exceeded when the creep

Fig. 1 The spiropyran stress reporter: (a) the spiropyran undergoes electrocyclic ring-opening to

form strongly coloured merocyanine in bulk PMA samples subjected to tensile force; (b)
mechanoactivation can also be achieved in torsion and characterised with fluorescence; (c)
activation at reversible strains was found possible in PDMS, for example, by pressing patterns

in a PDMS sheet; (d) incorporation of spiropyran in thermoplastic elastomers and in (e) gels cross-
linked with hydrogen-bonded UPy dimers. Reprinted with permission from [12] (Copyright ©
Nature Publishing Group 2009), [13] (Copyright © The Royal Society of Chemistry 2011), [9]

(Copyright © American Chemical Society 2014), [14] (Copyright © American Chemical Society

2013) and [15] (Copyright © American Chemical Society 2013)
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strain rate reaches a maximum, which is associated with the onset of strain-

hardening, and a peak in polymer chain mobility.

The Moore group and others have ventured more recently into other modes of

activation outside the realm of traditional mechanical testing, such as solvent

swelling [20] and laser-generated acoustic shockwaves [21]. Inspired by the revers-

ible activation of chromophores in cephalopod skins to generate coloured markings,

Wang et al. in a collaboration between the groups of Craig and Zhao made use of

the electrically-induced deformations in poly(dimethyl siloxane) to activate cova-

lently incorporated spiropyran in a diverse array of patterns [22]. In addition, the

range of polymeric materials amenable to spiropyran stress-sensing has expanded

significantly in the past 5 years. Aside from polyacrylates, this range now encom-

passes widely-used engineering polymers, such as polyurethanes [14], thermoplas-

tic elastomers (TPEs) [23] (Fig. 1d), poly(dimethylsiloxane) (PDMS) [9] (Fig. 1c)

and rubber-toughened PMMA [24]. Polyurethane proved to be a better platform

than PMA and PMMA to characterise the kinetics and thermodynamics of the

mechanically induced transformation from spiropyran to merocyanine – PMA is

too soft, with activation only at high strains, and PMMA too brittle, giving minimal

plastic deformation. In particular, merocyanine was found not to revert to the

spiropyran in polyurethane when held at constant strain. Furthermore, if a sample

was stretched, activating the spiropyrans, then irradiated with light whilst being

held at constant strain to close the merocyanines, it was found that the spiropyrans

opened once more after 1–2 h, demonstrating force-induced change in the energy

landscape of the spiropyran-merocyanine transformation. Lastly, spiropyran has

also been employed in combination with supramolecular cross-links, such as

hydrogen-bonding dimers [15] and transition metal or lanthanide complexes [25],

to create stress-reporting, self-healing gels.

2 Mechanoluminescence

These developments by Moore and others prompted the Sijbesma group to look to

the cycloreversion of the high-stability thermochemiluminescer, bis(adamantyl)-

1,2-dioxetane, as a potential stress reporter. The strained, central four-membered

dioxetane ring is known to decompose at elevated temperatures into two ketones,

one of which can take an excited state and relax with the emission of a photon,

producing the signature bright blue chemiluminescence. Amongst the

1,2-dioxetane family, the bis(adamantyl) derivative is striking for its stability,

with an energy barrier to decomposition of 35 kcal/mol and a half-life at room

temperature of around 40 years [26], largely because of the steric lock posed by the

two adamantyl groups. In 2012, it was shown that the chemiluminescent

cycloreversion of this dioxetane could be activated mechanically, giving

mechanoluminescence (Fig. 2) [11]. This transformation converts mechanical

energy directly into electronic excitation energy without the need for an additional

excitation source, in contrast to the fluorescent spiropyran. The stress response is

also transient in time, rather than cumulative. Provided that the background signal

Mechanochemical Reactions Reporting and Repairing Bond Scission in Polymers 213



is sufficiently low, mechanoluminescence offers significant enhancements in sen-

sitivity over mechanochromism in the imaging of covalent bond scission within

polymeric materials, potentially comparable to those obtained with the introduction

of chemiluminesence to biochemical assays. In the current section, the use of the

latent excitation energy of the bis(adamantyl)dioxetane mechanophore for stress-

reporting in polymers is discussed.

As for the spiropyran, sonication served as an initial test-bed for the mechanolu-

minescence concept, to ascertain whether the chemiluminescent decomposition of

bis(adamantyl)-1,2-dioxetane could be triggered mechanically. Although mecha-

nochemical transformations in bulk polymers have the most technological rele-

vance, solution-based sonochemistry generally requires less material and can be

coupled more easily with traditional analytical techniques. In addition, the strain

rates accessible with sonochemistry are greater than with other solution-based flow

techniques such as opposed jets or cross slots, allowing mechanical activation to be

obtained in polymers of lower molecular weight and at greater scission rates. The

potential of polymer sonochemistry as a platform for studying polymer degradation

was recognised as early as the 1930s and in the past decade it has become a popular

method of screening mechanochemical reactivity. Whilst the exact mechanism of

mechanical activation in sonochemistry remains under debate, it is generally

accepted that chain scission is induced by the solvodynamic shear forces associated

with bubble cavitation in the solution. Pressure oscillations induced by ultrasound

waves in solution lead to the formation of micro-sized cavitation bubbles which

upon their collapse generate a local shear field [27]. Polymers situated in the

vicinity of this shear field experience a velocity gradient, with the part of the

chain closest to the centre of cavitation being pulled in at a greater velocity. The

high resultant elongational stresses first cause the polymer to uncoil, after which the

covalent bonds along the polymer backbone begin to deform, leading ultimately to

chain scission [28]. The “coil-to-stretch” transition is thought to be an important

step preceding covalent bond scission.

The mechanism by which polymers interact with cavitation-induced shear fields

informs the design and interpretation of mechanochemical experiments making use

of sonochemistry. First, it is observed that scission occurs preferentially around the

mid-point of the polymer chain, as the solvodynamic forces are greatest at this point

Fig. 2 Mechanoluminescence from bulk cross-linked PMA samples subjected to tensile testing

was recorded with a high-speed camera and found to increase in intensity in concert with the stress

in the sample. The emission colour can be tuned by doping with fluorescent acceptors. Reprinted

with permission from [11] (Copyright © Nature Publishing Group)
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[29]. The reactivity of a new mechanophore, such as bis(adamantyl)-1,2-dioxetane,

is therefore examined by incorporating it at the centre of a polymer chain, where the

probability of chain scission and mechanoactivation are highest. This behaviour

contrasts with that on thermal activation, in which scission occurs in a random

fashion. Furthermore, a typical control to demonstrate that the reactivity of a

mechanophore is mechanical in origin and not thermal is to end-functionalise a

polymer chain with the mechanophore; under genuine mechanoactivation, no

significant transformation should be observed. Second, mechanoactivation exhibits

a characteristic dependence upon the molecular weight of the polymer in which the

mechanophore is incorporated, which is not displayed by thermal activation. The

higher the molecular weight of the polymer, the longer the relaxation time of the

polymer chain and hence the lower the strain rates required to induce a coil-to-

stretch transition, giving greater rates of mechanical activation. In addition, it is

typically found that bond scission and mechanoactivation do not occur to a signif-

icant extent below a lower molecular weight limit, known as the limiting molecular

weight,Mlim, typically derived by plotting rate constants of scission against molec-

ular weight and extrapolating to a rate constant of zero. In this limit, the polymer

chains become too short to accumulate the force required to break chemical bonds

as the strain rates required for chain scission are higher than those that can be

provided by sonication [30]. Mlim varies with conditions and polymer type: for

example, covalent pTHF has anMlim of 50–60 kDa, whereas for PMMA it is in the

region of 90–100 kDa; incorporation of a weak bond into a polymer chain lowers

Mlim significantly [31]. Finally, the conditions of sonication strongly influence the

efficiency of formation and collapse of cavitation bubbles, and hence the shear

forces achieved. Mechanoactivation is enhanced at lower temperatures, at lower

concentrations of polymer, in solvents with lower vapour pressure, in better-

solvating solvents and when the dissolved gas has a lower heat capacity [27].

In the first sonochemistry-based investigations on the dioxetane mechanophore,

the mechanically reactive moiety was centrally incorporated in poly(methyl acry-

late) (PMA) by synthesising a dioxetane-functionalised bis-initiator for single

electron transfer living radical polymerisation and growing a PMA chain from

both ends (a similar strategy to that employed by Davis et al. with the spiropyran).

Upon sonicating dilute solutions of this polymer, light emission could be observed

from the sonication flask and chain scission was monitored via GPC; adamantanone

formation was additionally demonstrated by functionalisation with a chromophore-

bearing hydrazine [11]. Controls established the mechanical origin of the lumines-

cence. Neither sonication of bis(adamantyl)-1,2-dioxetane not covalently bound to

a polymer in the presence of polymer nor sonication of polymer end-functionalised

with dioxetane showed any light emission or hydrazine functionalisation, and the

thermal decomposition behaviour of the bis(adamantyl)dioxetane was found to be

unchanged by the tethering of polymer chains.

Whilst sonication is a convenient tool to screen for mechanical reactivity, a

probe for mechanical stress such as the bis(adamantyl)dioxetane is most likely to

provide the most technologically relevant insights in the solid state, where most

polymeric materials find their application. To this end, poly(methyl acrylate)
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networks were fitted out with the bis(adamantyl)-1,2-dioxetane mechanophore as a

cross-linker via a UV-initiated free radical polymerisation; bulk samples were

tested in a rheometer with an extensional fixture [11]. Application of tensile strain

resulted in the emission of mechanoluminescence, which could be recorded with a

high-speed camera. As can be seen in Fig. 2, the mechanoluminescence emission

correlated directly with the stress exhibited by the material. Furthermore, the

spectrum of the light emission could be tuned by doping the polymeric matrix

with different fluorescent acceptors. This work served as a foundation for subse-

quent ventures with mechanoluminescence in the solid state.

Since 2012, the Sijbesma group in collaboration with others has employed

mechanoluminescence as a means to investigate a variety of polymeric materials,

ranging from entirely novel designer systems to common engineering polymers. A

particularly satisfying example in the former category was the use of dioxetane

mechanoluminescence to demonstrate a new toughening approach for elastomers

[32] (Fig. 3a). The group of Prof. Creton at ESPCI developed elastomers compris-

ing multiple interpenetrating networks generated via sequential free radical

Fig. 3 Development of mechanoluminescence as a stress probe within polymeric materials: (a) in
multiple network elastomers; (b) in swollen gels supramolecularly cross-linked with transient

metal-ligand bonds and (c) in thermoplastic elastomers. Reprinted with permission from [32]

(Copyright © AAAS 2014), [33] (Copyright © Wiley VCH 2014) and [34] (Copyright ©
American Chemical Society 2014)
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polymerisations, similar to the multiple network hydrogels already well known in

the literature. In this strategy, a first cross-linked network is polymerised and then

swollen with the monomer of the second network (plus cross-linker and initiator),

isotropically stretching the chains of the first network. Upon polymerisation, a

double network is obtained and the swelling/polymerisation procedure can be

repeated once more to give a triple network. Under stress at a crack tip, the

prestretched chains in the first and second networks serve as sacrificial stress-

bearers, breaking and dissipating energy prior to material failure. The yield stress

of the material was shown to be dependent on the monomer used to make the first

sacrificial network. The rationale for the reinforcement strategy was affirmed quite

beautifully by dioxetane mechanoluminescence. In single edge notch tests,

mechanoluminescence was highly localised at the crack tip for the single network,

becoming more intense for the double network and for the triple network, a large

yielding zone being observed over an extended region ahead of the crack tip. The

mechanoluminescence traces were rich in information about the yielding zone,

revealing its extent and shape, which could be controlled by the extensibility of the

second network chains. In future work, it is hoped that this information could be

compared with predictions from more advanced damage models.

The dioxetane mechanophore also assisted in understanding another novel

toughening approach, developed in the context of metallosupramolecular gels

[33] (Fig. 3b). This reinforcement strategy, conceived by Prof. Craig and col-

leagues, made use of their group’s extensive study of networks based on poly

(vinyl pyridine) cross-linked with bifunctional van Koten-type pincer complexes.

The pincer complexes coordinate reversibly to the free pyridines, resulting in weak,

transient supramolecular interactions which control the bulk dynamical properties

of the gel. Key to this strategy is the ability to tune the lifetime of the supramolec-

ular interaction, either by varying the central metal ion within the complex or by

making small structural changes to the complex. In such a system, the supramo-

lecular cross-links have little effect on the modulus and structure of the material,

but still allow greater strain to be borne at failure by serving as mediators of

molecular-scale “force management”, homogenising the distribution of stress and

inhibiting crack formation. Such a mechanism would be consistent with the sub-

stantial increase in fracture energies upon incorporation of the supramolecular

cross-linkers. In this model system study, the dioxetane mechanophore was incor-

porated as a covalent cross-linker within these gels in order to demonstrate that

covalent bond scission could be inhibited by the addition of reversible cross-linkers

to the network. Upon increasing the concentration of mechanically invisible cross-

linker, an increase in strain at break was observed and the onset of mechanolumi-

nescence was correspondingly delayed. This approach to material design, improv-

ing fracture toughness independently of the elastic modulus, is of particular interest

to the development of materials where a high modulus is a disadvantage, for

example, in biomaterials.

In addition to these collaborations, the deformation mechanisms of more com-

monplace polymeric materials have been visualised with mechanoluminescence.

Bis(adamantyl)dioxetane was incorporated into the main chains of segmented

copolymers comprising poly(tetramethylene oxide) (PTMO) soft segments with
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different hydrogen-bonding hard segments, one of the most prevalent types of

thermoplastic elastomers (TPEs) [34]. The fatigue and failure of these commer-

cially important materials is strongly influenced by the microphase separation of

these segments into soft and hard blocks. Over the years this has stimulated the use

of mechanochromism to investigate their mechanical behaviour: diacetylenes,

OPVs, azobenzenes and more recently spiropyran [23] have all been used to

interrogate the organisation and role of the hard blocks within TPEs under tensile

stress. Mechanoluminescence was used to examine chain slippage out of the hard

blocks and the strength of the hydrogen-bonding interaction within the hard blocks

in the mechanical behaviour of TPEs (Fig. 3c).

Among the most salient findings was the observation of stronger mechanolumi-

nescence emission in block copolymers with hard segments better able to engage in

hydrogen-bonding, such as polyurethane, as compared with hard segments

displaying much weaker hydrogen-bonding, such as polyester. With stronger

hydrogen-bonding interactions, the rate of disentanglement of the polymer chains

decreases relative to the rate of strain, preventing the chains from accommodating

the applied stress, thereby leading to a greater degree of chain scission. At higher

strain rates, little difference in the intensity of the mechanoluminescence between

TPEs with different hard blocks was observed, suggesting that the hydrogen-

bonding slows down entanglement but ultimately is not a prerequisite for bond

scission. Regarding the role of chain slippage, it was found that increasing the

molecular weight led to an increase in emission intensity, interpreted as an indicator

of decreased chain slippage at higher molecular weights when there are more hard

segments to anchor the polymer chain. Even in chains with more than 50 hard

segments, slippage could still be reduced (and the mechanoluminescence emission

increased) by increasing the molecular weight still further. More recent work with

the bis(adamantyl)dioxetane mechanophore has examined swelling-induced

mechanoluminescence and the mechanical behaviour of PDMS, which will be

reported on in due course.

Complementary to efforts to establish the general utility of this mechanophore,

the excited state products of the mechanical scission process have been

characterised, specifically, the ratio of singlet and triplet excited ketone products

and the total chemiexcitation yield [35]. From a practical viewpoint, such informa-

tion is useful as singlet and triplet excited ketones require different acceptors to

maximise light emission efficiency. In addition, the thermochemiluminescent

decomposition of alkyl dioxetanes nearly always gives an excess of triplet products,

in spite of triplet formation being formally spin-forbidden [36]. A fascinating

collection of studies dating back to the 1960s and 1970s, from Turro, Wilson,

Adam and others, reveals the drive of these pioneers to ascertain the excited state

products of an ever-expanding family of dioxetanes with the aim of elaborating on

the mechanism of decomposition [37]. Even today, the exact details of the decom-

position mechanism remain enigmatic, although high-level calculations indicate

substantial step-wise character with O–O bond scission leading. The products of

scission are therefore an interesting target for study, especially given that polymer

mechanochemistry has been shown to open up new reaction pathways inaccessible

to thermal or photochemical activation.
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For this, linear PMA polymers incorporating a central dioxetane unit were

sonicated, principally for reasons of precision (the failure of solid state samples

under tensile testing, and hence the total mechanoluminescence emission, depends

more strongly on the defects within the sample). A sensitised relay scheme was

devised with a europium complex, Eu(TTA)3Phen, as a phosphorescent acceptor to

monitor the formation of singlet and triplet excited states; the quantum yields were

then extracted via fitting to a model including all the relevant photophysical

processes. Within the relatively wide error margins, the singlet-triplet ratios and

quantum yields were found to be similar upon mechanical activation as compared

with thermal activation. This was attributed to the region of intersystem crossing

being located in a region of high degeneracy between the ground and excited state

surfaces, as indicated by the results of high-level CASSCF calculations on the

thermal decomposition of 1,2-dioxetane [38, 39]. The relative rates of formation of

the excited states and by extension the singlet-triplet ratio and quantum yields

would therefore be similarly affected by the application of force. Calculations at

a comparable level of theory would need to be conducted for the mechanical

pathway to substantiate this argument.

3 Mechanically-Induced Bond Creation

Alongside stress reporters, such as the spiropyran and the dioxetane, another

burgeoning area of research in mechanochemistry involves the development of

mechanophores for constructive bond-forming. These mechanophores are particu-

larly desirable against the backdrop of intensive research into self-healing poly-

mers. One approach to address this aim is mechanically induced catalysis, where a

single scission event can lead to the creation of many bonds (see below). Others

have pioneered the use of pericyclic transformations to this end, which is the focus

of the remainder of the review. Here, the mechanophore has latent chemical

reactivity (as distinct from latent chemiexcitation energy in the dioxetane

mechanophore), which upon unmasking with mechanical force can undergo further

reaction, for example, with a bifunctional cross-linker. Under thermal activation,

the pericyclic transformations needed to generate the reactive species often require

high temperatures, limiting the potential to exploit the reactivity of the products.

The mild conditions in mechanochemistry thus become advantageous. Further-

more, the high degree of localisation of mechanical forces intimates the possibility

of inducing reinforcing bond-forming reactivity where it is most needed, i.e. in the

areas where bond scission is most prevalent.

One of the early, ground-breaking papers within the polymer mechanochemistry

field was also one of the first to raise the possibility of constructive bond formation

upon mechanical activation. On the back of preliminary successes from the Moore

group, Hickenboth et al.’s Nature paper of 2007 describes the force-induced

electrocyclic ring-opening of benzocyclobutene centrally incorporated within a

PEG polymer to the ortho-quinodimethide product [4] (Fig. 4). The significance
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of this work lies in its demonstration of mechanical force as a means to drive

transformations inaccessible to other forms of activation in a selective fashion: it

was found that both cis- and trans-benzocyclobutene give the E,E-isomer of the

ortho-quinodimethide, indicating that the cis-benzocyclobutene undergoes the

thermally disallowed disrotatory ring-opening. This electrocyclic ring-opening

was interrogated in a more quantitative fashion as part of a more recent atomic

force microscopy (AFM)-based investigation into a selection of mechanophores,

conducted by the Craig group [41]. On the timescale of these experiments

(~0.1 ms), the symmetry-forbidden reactivity of cis-benzocyclobutene was found

to occur at a force threshold of 1,370 pN, slightly lower than the required force to

induce the symmetry-allowed reactivity of the trans-benzocyclobutene isomer

(1,500 pN), agreeing well with previous results from modelling the force-modified

potential energy surfaces by Ribas-Arino et al. [30]. These experiments show

quantitatively that the symmetry-forbidden pathway proceeds at a greater rate

than its symmetry-allowed analogue.

Aside from the fascinating fundamental implications, the mechanical production

of a highly reactive group, trapped in this work by a maleic anhydride dienophile,

was intriguing for material science applications. In a similar vein, the Moore group

also worked on dicyanocyclobutanes, which were shown to undergo mechanically

Fig. 4 Examples of mechanically induced formation of reactive species from the Moore group:

(a) both cis- and trans-benzocyclobutene undergo electrocyclic ring-opening to the same orthoqui-
nomethide product, in contrast to the behaviour under thermal and photochemical activation. This

product can then go on to react with dienophiles such as the fluorophore-bearing maleimide; (b)
generation of highly reactive cyanoacrylates upon sonication. Reprinted with permission from [4]

(Copyright © Nature Publishing Group 2009) and [40] (Copyright © American Chemical Society

2010)
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activated cycloreversion to produce highly reactive cyanoacrylates [40, 42]. Upon

sonication in solution, these were successfully trapped with chromophore-

functionalised amines via Michael addition, although to date this system has yet

to be realised in the solid state.

Those working in the group of Craig were also inspired to pursue force-induced

covalent bond formation with mechanophore-bearing systems of their own design,

which recently came to fruition with their report of the first material to self-

strengthen under mechanical force [43]. Their contributions to this area follow

from their pioneering development of the gem-dihalocyclopropane (gDHC)-based

mechanophores (Fig. 5). In addition to being easy to synthesise, the dichloro and

dibromo members of this family undergo thermally or mechanically induced

electrocyclic ring-opening to generate 2,3-dihaloalkenes. The advantages of the

gDHC-based system for mechanochemical bond formation are threefold. First,

gDHCs can be readily incorporated en masse in the polymer main chain, increasing

the chances of a mechanophore being situated at a point of increased stress; second,

upon opening, the mechanophore lengthens, thereby relieving stress and allowing

polymer chains to survive otherwise catastrophic stresses; finally, the

2,3-dihaloalkenes are reactive to nucleophilic substitution, opening the way to

mechanically induced bond-forming reactions.

In 2009, sonication was first used to examine the potential of gDHCs as

mechanophores [8]. Reacting polybutadiene with dichlorocarbene, as first

described in the 1960s, yielded polymers with multiple gDCCs along the backbone

that underwent conversion to the 2,3-dichloroalkene upon sonication (over 80%

after 4 h sonication). The selectivity of the transformation was clear from these

early sonication-based studies, with 35% of the gDCCs in a chain undergoing ring-

opening prior to scission of the polymer chain (Fig. 6a). Sonication experiments

also permitted elucidation of the mechanically induced ring-opening mechanism. In

Fig. 5 Characterising gDCC and gDBC mechanochemical reactivity: (a) force-induced

electrocyclic ring-opening of gDCC within poly(gDCC) to 2,3-dichloroalkene; (b) elongation

upon ring-opening measured by SMFS provides molecular level toughening; (c) sonochemical

formation of block copolymers from poly(gDHC)s. Reprinted with permission from [8] (Copy-

right © American Chemical Society 2009), [44] (Copyright © American Chemical Society 2012)

and [45] (Copyright © American Chemical Society 2010)
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contrast to thermal activation, in which cis-gDCC reacts around 20 times faster than

the trans isomer, the two isomers react with comparable rates in sonication. Whilst

it might be expected that the cis is accelerated more, it is thought the shear stresses

generated upon sonication give rise to regions of high, localised stress along the

backbone of the polymer, in which the gDCC mechanophores react regardless of

their stereochemistry. Solution-based sonication of gDCC polymers found applica-

tion in the synthesis of block copolymers [44]. This study made use of the fact that

ultrasound induces not only multiple gDHC ring-opening but covalent scission of

the polymer chain, with an average of one such scission event per chain. As the

gDHC ring-opening is strongly localised around the mid-point of the polymer

chain, each chain scission event generates two polymers with AB character. The

blockiness of the two phases was confirmed by selective degradation of the ring-

opened alkenes via ozonolysis, leaving behind only those sections of polymer chain

in which the gDCCs had not undergone mechanical activation. Furthermore, the

polymers resulting from sonication, with blocks of gDCC and 2,3-dichloroalkene,

were found to self-assemble into ordered lamellar phases in the solid state, as

characterised by small angle X-ray scattering.

Fig. 6 Activation of gDBCs and subsequent bond creation in the solid state: (a) under extrusion of
poly(gDBC) in the presence of chloride, 250 chloride substitutions occur on the mechanically

generated 2,3-dibromoalkene for every 9 chain scissions; (b) extrusion of poly(gDBC) in the

presence of a dicarboxylate leads to force-induced cross-linking. Reprinted with permission from

[43] (Copyright © Nature Publishing Group 2013) and [46] (Copyright © The Royal Society of

Chemistry 2011)
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SMFS experiments furnished further information about the structural changes

upon mechanochemical ring-opening. From a conformational transition at 1.2 nN

of force, it was possible to deduce that the polymer chain lengthens by 1.28 Å per

gDBC opened under mechanical force, corresponding to an extension of 28% in the

contour length of the polymer [45]. Typically, at these high restoring forces,

extending the polymer by even a few percent leads to catastrophic rupture; a

mechanically induced extension of 28% in this force range therefore provides a

substantial increase in toughness (as measured by the net energy absorbed prior to

rupture, or the area under force-extension curve up to the point of scission).

Compared to gDBC, gDCC exhibits more surprising behaviour under SMFS in

that the cis-gDCC undergoes the preferred disrotatory ring-opening at a force

threshold of 1.3 nN, but the trans-isomer is thought to open via the disallowed

conrotatory process, forming the Z-isomer of the alkene product, at a force of

2.3 nN [41]. The force-induced extension was found to be consistent with the

conrotatory mechanism. Additionally, SMFS experiments with gDCC revealed

sensitivity to the stereochemistry of an α-alkene substituent, three bonds away

from the mechanophore: the E-alkene substituted gDCC opened at a force 0.4 nN

lower than the gDCC with the Z-alkene substituent, in spite of their similar thermal

reactivities [47]. In a polymer containing both E- and Z-alkene substituted gDCCs

along its backbone, two extension plateaus are observed in the force-extension

curve, in contrast to just one with the gDBC.

Spurred on by these successes, the group took this concept further into the solid

state, trialling two different modes of activation: compression and extrusion (ten-

sion activates only a very small proportion of the mechanophores in the solid state).

Upon compressing bulk polymer samples of gDHC-functionalised polybutadiene

with a steel press, 0.1% of the gDCCs and 0.4% of the gDBCs was found to undergo

ring-opening to the 2,3-dihaloalkene, as determined by 1-H NMR [48]. It appeared

that stresses were concentrated over very short segments of the polymer chain

corresponding to only a few monomers, longer than would be expected for ther-

mally activated ring-opening but somewhat less than the entanglement density of

the polymer. Extrusion, by contrast, gave higher conversions, ranging from 6% to

30% after 1 h of extrusion, depending on polymer composition and the shear stress

applied [46]. Crucially, the 2,3-dibromoalkene formed from the mechanically-

induced ring-opening of gDBC underwent subsequent nucleophilic substitution

by chloride ions during extrusion in the presence of benzyltriethylammonium

chloride at 60�C and 100 rpm. Molecular weight analysis indicated an average of

over 500 ring-openings and 250 substitution reactions for every 9 scission events

per polymer chain, corresponding to 25 new intermolecular covalent bond forma-

tions per covalent bond scission.

These promising indications paved the way for the above-mentioned Nature

Chemistry paper [43]. Here, the mechanophore chosen was gDBC, embedded as

previously shown in polybutadiene, and extruded at 40�C for 30 min and 50 rpm

(corresponding to bulk stresses of 0.15–0.25 MPa), leading to a 7% conversion of

the gDBCs into their open form and a reduction in the MW from 780 to 560 kDa.

Extruding in the presence of a dicarboxylate, the ditetrabutylammonium salt of
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sebacic acid, led to an insoluble polymer that appeared to become stronger after

approximately 13 min of extrusion: the Young’s modulus increased from 8 to

150 MPa, suggesting that the mechanically-induced cross-linking was

outcompeting destructive chain scission (Fig. 6b) In addition to dynamic viscosity

and nanoindentation measurements, IR confirmed the formation of the desired

ester. Sonication of polymer solutions and monitoring the molecular weight change

with GPC corroborated the solid state observations, with the solutions forming

insoluble cross-linked precipitates after 30 min. Capitalising on this finding, they

then moved to a one-component system, in which cross-linking carboxylates were

incorporated in the polybutadiene backbone, along with the gDBCs. Upon sonicat-

ing this polymer, a still greater remodelling response was observed: on leaving

sonicated solutions to stand in the absence of shear, the solutions formed a gel with

elastic moduli two orders of magnitude greater than the starting material.

Alongside the gDCC and gDBC mechanophores, the Craig group has also

explored the gem-difluoro derivative, gDFC, which displays complementary behav-

iour to the gDCC and gDBC mechanophores. in that it undergoes a net contraction

under the action of mechanical force, rather than a lengthening (Fig. 7). Unlike

gDCC and gDBC, gDFC does not undergo electrocyclic ring-opening to the

difluorohalide, but instead isomerises via a 1,3-diradical transition state. Mechan-

ically induced ring-opening was found to promote the formation of the cis-isomer,

which has a shorter end-to-end distance than the trans, leading to the overall

contraction. In this sense, gDFC is less useful as a mechanophore for covalent

bond formation, but its mechanochemical reactivity is nonetheless remarkable.

When synthesised, a cis:trans ratio of 1:1.2 is obtained, which increases to 1:2.6

when heated overnight at 210�C, consistent with the 1 kcal/mol difference in

stability, which has been measured previously at 275�C. By contrast, when a

gDFC PB polymer is sonicated for less than 1 h, the cis:trans ratio becomes

3.5:1, indicating that mechanical force favours the kinetically and thermodynami-

cally less stable cis isomer, as reported in a seminal paper of the field in 2010

[49]. This phenomenon is thought to result from a mechanically induced inversion

of the potential energy surface, as revealed in molecular dynamics simulations. On

the force-modified potential energy surface, the s-trans/s-trans diradical transition

state is an energy minimum, when on the force-free surface it is a saddle point.

Upon releasing the force, the mechanically-produced diradical preferentially forms

the cis isomer of gDFC by disrotatory ring-closing, which was observed to occur

within 500 fs in the force-free simulation; no ring closure under mechanical force

was observed on the timescale of these simulations (1 ps). Indeed, the 1,3-diradical

proved to be sufficiently stabilised by mechanical force to undergo a radical

addition to a fluorescent coumarin tag.

The mechanism of gDFC ring-opening was further clarified in a more recent

study of this mechanophore by SMFS. As with the gDCC and gDBC

mechanophores, it proved possible to follow the chain extension as the gDFCs

opened, with the cis-gDFC undergoing a disrotatory ring-opening at a force of

1.29 nN and the trans-gDFC a conrotatory ring-opening at 1.82 nN, both via the

same s-trans/s-trans transition state [41]. In this context, it is interesting to compare
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the derived force-induced barriers to ring-opening of the gDFC and the gDCC.

Whilst the trans-gDCC, similar to the trans-gDFC, was also found to undergo the

disallowed conrotatory ring-opening, the force barrier was much greater relative to

that of the allowed disrotatory ring-opening of its cis-counterpart than for the

gDFC. This can be thought intuitively as a consequence of the greater propenyl

cation character in the transition state of gDCC ring-opening, leading to a more

pronounced preference for the favoured disrotatory process.

Furthermore, the mechanical reactivity of gDFC was found to depend upon the

microstructure of the polymer in which the mechanophore finds itself [50]. The first

indications of this more complex behaviour were that the extent of gDFC

isomerisation to the cis isomer appeared to be inversely dependent upon the

gDFC content of the polymer; the mechanical reactivity of gDCCs and gDBCs

are by contrast independent of gDHC content. To account for this, it was proposed

that activation of gDFCs directly adjacent to one another leads to the formation of a

tetraradical that can undergo a radical elimination reaction, thereby cleaving the

polymer backbone. The gDFCs remaining in the two cleaved segments are much

less susceptible to activation and hence a lower overall degree of activation is

Fig. 7 Mechanochemical reactivity of gDFC. At high forces, cis- and trans-gDFC open to form a

1,3-diradical intermediate (Acis and Atrans respectively). Upon releasing the force (B), the inter-

mediate becomes a high energy transition state which forms the cis isomer via the thermally

allowed disrotatory ring-closing. Conrotatory ring closure to give the trans isomer (C) is

disfavoured by a small energy barrier
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observed within one scission cycle. This hypothesis was confirmed by synthesising

a polymer in which a gDFC was present on every third repeat unit so that none of

the gDFCs were adjacent to each other; as expected, this polymer showed a much

higher activation than the random polymer with the same gDFC content.

More recently, the efforts of the Craig group to develop mechanophores with

latent bond-forming reactivity have extended to encompass a wide range of chem-

ical functionalities, including epoxides, perfluorocyclobutanes and

bicycloheptanes. Similar to the gDHCs, epoxides undergo thermally induced

electrocyclic ring-opening to give a reactive intermediate and can be readily

incorporated in large numbers within a polymer backbone. In this case, a carbonyl

ylide is formed which can react further, for example, with protic solvents or

dipolarophiles in a dipolar cycloaddition reaction. The force-free barrier to ring-

opening is somewhat higher than for the gDHCs (65 vs 35–40 kcal/mol), although

this is amenable to tuning with substituents on the epoxide. Epoxidised

polynorbornene underwent the predicted ring-opening upon sonication, giving

carbonyl ylides which were trapped by alcohols and a dipolarophile, dimethyl

acetylenedicarboxylate, and a net isomerisation of cis to trans epoxide was

observed [51]. Interestingly, epoxidised polybutadiene showed no mechanical

reactivity, underlining the importance of not just the mechanophore itself but the

polymer backbone in determining mechanochemical reactivity (Fig. 8) [52].

Perfluorocyclobutane groups were also of interest in the context of polymers

capable of regeneration, although in this case the polymer reforms only upon

heating to elevated temperature, as opposed to in situ under mechanical force, as

shown for the gDBCs. On sonicating perfluorocyclobutane-containing polymers,

trifluorovinylethers were found to form from the cycloreversion of the

cyclobutanes, in a decomposition process significantly different under thermal

activation [53]. The perfluorocyclobutane groups can be regenerated by heating

the polymer solution to above 150�C (Fig. 9).

Fig. 8 Sonochemical generation of reactive ylides from epoxides. Reprinted with permission

from [51] (Copyright © American Chemical Society 2012)
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Finally, two detailed studies on bicyclo[3.2.0]-heptanes emerged from the Craig

group in 2013 and 2014 [10, 54] (Fig. 10). These mechanophores undergo

cycloreversion of the cyclobutane ring and, similar to the gDHCs, are

non-scissile, initially elongating on activation rather than breaking. Whilst a rela-

tively new addition to the field, the BCHmechanophore holds promise in the area of

mechanically induced bond creation and can potentially improve upon the gDHC-

based systems. The elongation upon scission is much greater than with the gDHC

(7 Å), giving greater stress relief and, in contrast to the gDCC and gDBC

mechanophores, the BCH can be reformed upon photoactivation. The α,-
β-unsaturated esters formed have been shown to react subsequently via conjugate

addition with thiols to form cross-linked polymer networks upon sonication.

Through examining the products formed from a series of stereoisomers and

substituted derivatives, it was inferred that the cycloreversion proceeds via a

1,4-diradical intermediate, rather than a concerted mechanism as under thermal

activation. In combination with their accessible synthesis and ability to be

Fig. 9 Sonochemically induced scission and thermal remending of perfluorocyclobutane-

containing polymers. Reprinted with permission from [53] (Copyright © American Chemical

Society 2011)
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plentifully incorporated in polymer backbones, these show great potential as

mechanophores for constructive force-induced bond-forming.

4 Mechanical Release of Small Molecules in Polymer
Matrices

The proliferation of mechanophores capable of producing useful reactive interme-

diates within the polymer main chain has prompted others to investigate different

modes of chemically productive mechanical reactivity. One such mode is the

mechanically-induced release of small molecules, a recent addition to the mecha-

nochemistry field. Mechanophores are incorporated into elastomeric networks and

an applied force leads to conformational changes and subsequent scission of bonds

that are not part of the polymer backbone, whilst maintaining the overall mechan-

ical integrity of the polymer matrix [55]. The range of accessible reactivities

remains limited, but researchers in this fledgling area are starting to make use of

the small molecule products for further reactions, including polymerisation. This

type of activation displays the potential for applications in mechanochemical

catalysis, mapping deformations and damage in polymer networks and self-healing

or self-reinforcing elastomers [56].

The first example of this type of activation was the mechanochemical generation

of an acid, developed by Diesendruck et al. Inspired by Craig’s gDHC system, they

incorporated gem-dichlorotetrahydro cyclopropanated indene into polymethyl acry-

late matrix (PMA) and showed that compression resulted in ring-opening of

Fig. 10 Towards new mechanophores for bond creation: the bicyclo[3.2.0]-heptanes. The alpha,

beta-unsaturated ester formed from mechanically induced [2þ2] cycloreversion can undergo

subsequently react with nucleophiles (a), such as thiols to form functionalised copolymers (left)
and cross-linked gels (right). Analysis of the stereoisomerism of the products (b) supported a

stepwise mechanism for the ring-opening via a 1,4-diradical intermediate
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cyclopropane to give the elimination product 2-chloronaphthalene, with the release

of HCl [57] (Fig. 11) Calorimetric analysis of the sample before and after compres-

sion demonstrated that up to 20% mechanophore conversion was achieved at a load

of 352 MPa. Control polymer in which the mechanophore was not covalently

incorporated into the PMA matrix showed 6% conversion under the same condi-

tions. Although a significantly high thermal background reaction observed with

control polymer might limit its practical applications, this work represented an

important step towards the realisation of autonomous self-healing materials, as the

mechanogenerated acid could be used to catalyse cross-linking reactions in situ,

thereby allowing the material to respond actively and constructively to mechanical

force

Reports have also emerged from the Boydston group describing the flex, or bond-

bending, activation of an oxanorbornadiene, a Diels–Alder adduct of furan and

dimethyl acetylenedicarboxylate [58]. They incorporated the mechanophore into

poly(methyl acrylate) (PMA) matrix and showed that the furan derivative could be

released under stress applied to the bulk polymer (Fig. 12). The main-chain alkene

moieties are thus converted into alkynes, not only preserving the overall macromo-

lecular structure but making bonds in the main chain shorter and stronger following

the application of mechanical force. After compression, the polymer was soaked in

dichloromethane and the small molecules released mechanically diffused out of the

matrix; they could then be identified by and monitored with GC–MS and NMR.

However, the forces required to activate the mechanophore caused failure in the

PMA matrix, limiting the number of loading cycles. In a second publication, the

authors partly addressed this issue by incorporating the same mechanophore in a

segmented PU matrix, which required lower stress loadings for successive

mechanophore activation [59]. Nevertheless, only a maximum of 7%mechanophore

activation could be reached after 15 compression cycles, which was attributed to

random scission of the chemical crosslinks and the destruction of physical crosslinks

within the hard domains of the segmented PU matrix.

Finally, in a significant departure from the more traditional pericyclic-based

mechanophores, colleagues in the Moore group were able to induce mechanically

the heterolytic depolymerisation of cyclic and linear poly(ortho-phthalaldehyde)

Fig. 11 Potential indole-based mechanocatalyst for acid generation. Reprinted with permission

from [57] (Copyright © American Chemical Society 2012)
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(PPA) to its constituent monomers upon sonication in dilute solution, constituting

small molecule release en masse [60]. The heterolytic nature of the scission was

confirmed by sonicating linear PPA in the presence of nucleophilic and electro-

philic trapping agents, which reduced the rate of polymer degradation, and was

further supported by molecular dynamics simulations. Crucially, the reactive ortho-
phthalaldehyde (OPA) monomers could then be repolymerised with a chemical

initiator, regenerating PPA. The system represents an exciting reimagining of the

mechanically induced remodelling concept, inspired in part by the recycling of

monomeric building blocks such as amino acids, carbohydrates and nucleic acids in

nature. Nevertheless, whilst ground-breaking as a proof-of-principle, the present

design seems unlikely to find general application, primarily because PPA exhibits

limited thermal and chemical stability. The sensitivity of the polymerisation to the

electronics of the monomer also constrains the possibilities for further modification

and functionalisation, although others in collaboration with the Moore group are

starting to explore this avenue of enquiry.

5 Mechanochemical Catalysis

Mechanocatalysts are catalysts of which the activity or specificity is modified under

the influence of mechanical force. Two distinct modes of activation can be

envisioned: steric modification or unblocking of active sites. In steric activation,

the activity of the catalyst is modified by a change in the steric environment of the

active site, e.g. by changing the relative position of catalytically active groups

forming the active site or by changing the configuration of the binding site.

A second class of mechanocatalysts is activated by separating two interacting

sites (Lewis acid–Lewis base), at least one of which has catalytic activity. In the

current chapter we discuss the nature of biological and the design of synthetic

Fig. 12 Solid state mechanoactivation of oxanorbornadiene, producing an alkyne in the polymer

backbone and releasing a small molecule furan. Reprinted with permission from [58] (Copyright©
American Chemical Society 2013)
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mechanocatalysts, present recent work on mechanical catalyst activation, and

propose potential fields of application for this fascinating class of responsive

systems.

Proteins fold in many different conformations which change the activity of

enzymes associated with them. The free energy difference between different folded

states is usually much lower than the energy of a covalent bond and this makes it

possible to ‘force’ a protein into a different conformation and alter its enzymatic

activity, even at low stress [61]. Klibanov et al. have investigated the effect of

mechanical stretching on enzyme activity by covalently attaching chymotrypsin

and trypsin to nylon, human hair and viscose fibres [62]. They showed that

stretching of these polymer supports induced a deformation on protein molecules

and thus a threefold decrease in enzyme activity. Upon relaxation, the initial level

of activity was reached, instantaneously revealing that enzyme activity can be

altered reversibly by a stretch-relax process (Fig. 13).

In contrast to enzymes, synthetic catalysts have hardly been explored for the

possibility of modifying their catalytic activity by changing the steric environment

of the active site. Only very recently, research was published that investigated the

effect of a photochemical switch coupled to a chelating bisphosphine on the activity

profile of the catalyst. The photochemical switch, a biindane, changes the bite angle

of the chelating ligand, and influences the enantioselectivity of reactions catalysed

by Pd complexes of the photoresponsive ligand. It was found that the effect of

switching was largest for Heck arylation reactions (Fig. 14) [63].

However, the most common approach to mechanocatalysis in synthetic systems

has been to activate the catalysts by modifying electronic properties. Catalysts that

are in a latent state because of pairing of acidic and basic sites are well known for

their capability to be activated thermally, and are employed in a number of different

reactions. Some of the most striking examples of this kind of catalysts are N-
heterocyclic carbenes (NHCs) [64]. These Lewis bases have been used as catalysts

in various organic transformations, including condensation, 1,2- and 1,4-addition,

Fig. 13 Dependence of relative activity of enzymes covalently bound to different elastic supports

on the degree of stretching of the supports. (a) chymotrypsin on protein coated nylon fibre; (b)
trypsin on human hair; (c) chymotrypsin on viscose (cellulose) fibre. Schematic representation of

the deformation of enzyme bound to a mechanically stretched elastic fibre. Reprinted with

permission from [62] (Copyright © Elsevier 1976)
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transesterification and ring-opening reactions [65, 66]. Because of their nucleophi-

licity they show high reactivity towards various substrates but they can also be

masked in thermally labile precursors [67]. NHC�metal complexes have been

applied as thermally latent catalysts in the preparation of a number of polymers,

such as poly(urethane), poly(methyl methacrylate), poly(caprolactone) and poly

(amide) [68–72].

By their nature, latent transition metal (TM) catalysts [73, 74] with strongly

bound ligands can be adapted to form mechanocatalysts by providing the ligands

with ‘handles’ to transfer mechanical force. These handles can be (linear) polymer

chains, which provide drag in a viscous system that is sheared or undergoes

elongational strain, or the ligands can be connected to a polymer network in an

elastic system.

Much of the work done in recent years on polymer mechanochemistry has made

use of the high elongational strain rates observed around collapsing cavitation

bubbles in sonicated solutions, as outlined in the section on mechanoluminescence

[27]. In addition to the distinctive features of sonochemically-induced mechanical

reactivity described above, further attention needs to be paid to the sonication

conditions in the case of mechanochemical catalysis, because catalyst lifetime

and turnover number are reduced by sonochemical byproducts. Implosion of

cavitation bubbles is essentially an adiabatic process which leads to formation of

local hotspots within the bubble in which temperature and pressure increases

drastically. The content of cavitation bubbles pyrolyses under these extreme con-

ditions and results in formation of reactive species, such as radicals and persistent

secondary byproducts; acidic byproducts may also form from the degradation of the

substrates [75]. Chemical impurities deactivate the reactive catalyst partially if not

completely. Recent studies in our group have shown that heat capacity of gas

Fig. 14 Photomechanoactivation of a palladium catalyst for Heck arylation. Reprinted with

permission from [63] (Copyright © Wiley VCH 2014)

232 J.M. Clough et al.



dissolved in solution influences the formation of sonochemical impurities. For

instance, use of methane (CH4) instead of argon (Ar) decreases the production of

radicals significantly [76]. Higher heat capacity and possible energy dissipation

produced by increased degrees of freedom in CH4, compared to those of

monoatomic Ar, decrease the temperature in hotspots and suppress reactive impu-

rity formation. On the other hand, solubility of the saturation gas may also have a

negative influence on ultrasound induced mechanical chain scission. A gas with

higher solubility decreases the intensity of cavitation effects and so leads to lower

scission rates. The selection of saturation gas is crucial for both scission rate and

sonochemical impurity formation [75]. Therefore, the mechanochemical catalysis

should be performed under a gas which increases the lifetime of the active catalyst,

at the same time still leading to strong cavitation.

Groote et al. investigated mechanochemical scission of metal–ligand bonds in

supramolecular polymer complexes by ultrasound using viscosity measurements

and molecular dynamics simulations (MD) combined with constrained geometry

optimisation calculations (COGEF) [77]. Calculations indicated that the force

required to break the metal�ligand bond is between 400 and 500 pN on the 10 ps

timescale of the simulation; a reduction of 15–25% in this value is thought to be

appropriate to account for the longer (microsecond) timescale of sonication-

induced scission. This value is much lower than the force typically required to

break covalent bonds (several nN), confirming that coordination bonds, weaker

than covalent bonds on polymer backbone, break more easily, resulting in lower

Mlim for supramolecular polymers compared to their covalent counterparts.

Recently in the Sijbesma group, high-molecular-weight linear coordination

polymers of diphenylphosphine telechelic polytetrahydrofuran with palladium

(II) dichloride were developed [3]. Molecular weights of these polymers could be

altered reversibly by ultrasound and it has been shown that polytetrahydrofuran

chains remain intact during sonication [78]. This implies that only the reversible

palladium–phosphorus bonds are broken and coordinatively unsaturated palladium

complexes were produced by the application of mechanical forces on these coor-

dination polymers [79]. Furthermore, polymers which include both PdII and PtII

were sonicated and it was shown that force selectively breaks the weaker Pd–

phosphine bonds which were randomly distributed along the polymer

backbone [80].

Following the work on metal–phosphine coordination polymers, the group

started investigating mechanical dissociation of silver(I)-coordination complexes

with N-heterocyclic carbene (NHC) functionalised polymers [81]. It has been

shown that polymers with an Ag(NHC)2 coordination complex in the pTHF main

chain have significantly lower Mlim values. pTHF has an Mlim around 40 kg mol�1

whereas the Mlim for Ag(NHC-pTHF)2PF6 is lower than 13 kg mol�1 [75]. Thus

external force selectively breaks Ag–NHC bonds and yields free NHC, which was

used to catalyse the transesterification of benzyl alcohol and vinyl acetate under

sonication [82, 83] (Fig. 15). The complex form of the carbene displayed no

activity, proving the latency of the catalyst. Control experiments confirmed that

the catalyst was activated mechanically.

Mechanochemical Reactions Reporting and Repairing Bond Scission in Polymers 233



After successful application of the concept of mechanocatalysis, its generality

was tested with bis-NHC ruthenium–alkylidene complex [84]. Mechanistic studies

revealed that ligand dissociation is a crucial step in catalyst activation for Ru

mediated olefin metathesis reactions to form coordinatively unsaturated reactive

Ru species [85]. Among several effective Ru catalysts, bis-NHC ruthenium–

alkylidene complexes were shown to be latent at ambient temperature because

dissociation of the strong Ru–NHC bond requires elevated temperatures

[86]. Piermattei showed that Ru catalysts with pTHF chains attached bis NHC

ligands resulted in a latent metathesis catalyst that can be activated by mechanical

force [82]. Sonicating a solution of diethyl diallylmalonate (DEDAM) in the

presence of mechanically responsive Ru catalysts (36 kg mol�1) resulted in approx-

imately 20% conversion after 1 h (Fig. 15). Control experiments were conducted to

prove that catalyst activation is mechanical rather than thermal in nature. A lower

MW analogue of the catalyst (18 kg mol�1) showed lower activity because of the

slower chain scission rate that decreased the amount of active catalyst formed in the

timespan of sonication. Replacing polymer actuators by butyl chains attached to

NHC resulted in mechanically silent latent catalysts, showing less than 0.2%

conversion in the presence of DEDAM after 1 h of sonication.

In a later study, bis-NHC ruthenium–alkylidene complex was activated under

compressive strain [87] (Fig. 16). In order to initiate Ru-mediated polymerisation of

norbornene in solid state, polymer catalyst (34 kg mol�1) and a norbornene

monomer were incorporated in a high molecular weight poly(tetrahydrofuran)

(pTHF) matrix (Mn¼ 170 kDa, PDI¼ 1.3) which provided the physical cross-

linking through the crystalline domains and allowed macroscopic forces to be

transferred to the metal–ligand bonds. Consecutive compressions showed that up

to 25% of norbornene monomer was polymerised after five loading cycles.

Fig. 15 Mechanically activated catalysts and the corresponding catalytic reactions studied within

the Sijbesma group
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6 Conclusion

The recent revival of polymer mechanochemistry has resulted in a variety of highly

innovative concepts for reporting and repairing bond scission in polymers. In the

current chapter we have tried to summarise the most important work in this area.

Most of the published papers in this field provide ‘proofs of concept’, and need

further elaboration before mechanochemical processes can begin to play a substan-

tial role in improving polymeric material. By providing a treasure trove of highly

stimulating ideas, these papers witness the potential of the field to provide the tools

for developing smart, responsive materials that may eventually incorporate the

capability to actively restore mechanical properties by mechanically triggered

molecular scale repair.
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Interplay Between Mechanochemistry
and Sonochemistry

Pedro Cintas, Giancarlo Cravotto, Alessandro Barge, and Katia Martina

Abstract Ultrasonic irradiation-based mechanochemical strategies have recently

been the subject of intensive investigation because of the advantages they offer.

These include simplicity, energy savings and wide applicability. Traditional areas

of sonoprocessing such as cleaning, efficient mixing and solid activation have been

extended to both macromolecular and micro/nanostructures, some of which are

biologically significant, ultrasound-responsive actuators and crystal design, among

others. Unlike conventional mechanochemical protocols, which require little sol-

vent usage if any at all, mechanical (and chemical) effects promoted by ultrasound

are observed in a liquid medium. Tensile forces, which share similarities with solid

mechanochemistry, are generated by virtue of nonlinear effects, notably cavitation,

when high-amplitude waves propagate in a fluid. This work aims to provide insight

into some recent developments in the multifaceted field of sono-mechanochemistry

using various examples that illustrate the role of ultrasonic activation, which is

capable of boosting hitherto sterile transformations and inventing new crafts in

applied chemistry. After a preliminary discussion of acoustics, which is intended to

provide a mechanistic background, we mainly focus on experimental develop-

ments, while we often mention emerging science and occasionally delve into

theoretical models and force simulations.
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1 Introduction: Sound and Energy

Sound is essentially mechanical energy. This simple assumption, well known by

physicists and acousticians in particular, is however overlooked (if not ignored) by

other scientists [1, 2]. A sound wave propagating in air or any other fluid is a

compressional wave, which can be characterised by a series of properties such as

frequency, pitch and intensity. The latter is the average power transmission per unit

area perpendicular to the direction of the wave. The unit is the bel (B), although a

unit which is ten times smaller, the decibel (dB) is commonly employed. Conver-

sational speech has an intensity of ca. 60 dB at a distance of about 1 m from the

mouth, while traffic in a noisy street can supply ca. 75–80 dB. The propagation of

sound may be regarded as a form of transmission of energy through matter. Thus

work is done (and hence energy is expanded) when a fluid is disturbed at a point.

The reappearance of the disturbance (compression) at another point corresponds to

energy transfer via wave propagation (sound has a longitudinal nature). Following

on from the preceding statements, average energy transfer rate per unit time per unit

area of the wave front is also the intensity. In practice it is expressed as the average

flow of power per unit area, whose unit is the watt per square centimetre (W/cm2).

The lowest amount of sound energy humans can hear is about 10�20 J (or in other

words, a minimum audible intensity of ca. 10�16 W/cm2). The upper limit of sound

intensity that can be generated is set by atmospheric pressure and such a wave

would have an intensity of approximately 190 dB. Mathematical analysis shows

that the intensity of a plane sound wave is given by

I ¼ p2emax= 2ρoV;

in which pmax is the maximum excess pressure in the wave, ρo is the average

(equilibrium) density of the medium and V is the sound velocity. It should be

noted that this expression is independent of frequency. For dry air at 20�C and

standard atmospheric pressure, the equilibrium density (ρo) is only 0.001205 g/cm
3
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and V¼ 344 m/s. When such values are substituted into the above equation and then

converted to W/cm2, an intensity (I) of about 10�9 W/cm2 results, or 70 dB above

the minimum audible intensity. It should also be noted from the above equation that

the intensity for given excess pressure depends on the medium and in particular on

the ρoV product. The latter is the specific acoustic resistance of the medium for a

plane wave. For water under standard conditions, ρoV is ca. 3,800 times that for air.

It takes an excess pressure ca. 60 times that for air to generate a comparable

intensity.

Nonlinear effects, however, limit the maximum pressure that can be obtained.

Sound waves of large amplitudes ultimately break into a shock with morphologies

that deviate from a sinusoidal curve (see below).

The term sonochemistry indicates the use of sound waves to generate chemical

and physical effects which can be harnessed in multiple applications (Fig. 1).

Although such effects can be obtained at a wide range of frequencies, the word

“sonochemical” is invariably linked to ultrasound, i.e. sound we cannot hear

(typically above 20 kHz). Natural phenomena are good sources of both ultrasonic

(e.g. animal communication or navigation) and infrasonic waves (such as earth-

quakes and tidal motion). Ultrasonics is currently of interest to lay people because

of medical imaging, metal cleaning, industrial and dental drills and non-destructive

material characterisation.

Although cavitational effects were first identified in the late 1890s and were

subsequently modelled by Lord Raleigh, ultrasound was no more than a scientific

curiosity until around 1910 [1, 3]. Technical interest grew during World War I after

the successful development of piezoelectric transducers in early forms of sonar to

detect submarines. The field of ultrasonics can be divided into two large domains:

low-energy waves and high-energy waves. In the former, the amplitude (i.e. the

height of the wave from its highest point to its lowest point) is low enough so that

Fig. 1 Roadmap for sonochemical research
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the wave is not appreciably distorted in passing through the medium, which remains

largely unchanged except for a slight rise in temperature (caused by variation in

intensity, directly proportional to wave amplitude). For high-energy waves, how-

ever, physical and chemical effects occur as the medium undergoes changes caused

by the generation of significant mechanical stress and/or intense local heating. The

interaction between high-energy sinusoidal waves and a medium causes distortion

and leads to important nonlinear effects which fall into the admittedly difficult field

of physical acoustics. Such effects include shock wave formation, acoustic stream-

ing, cavitation and acoustic levitation. Both mechanical and chemical effects of

interest and benefit to the molecular (or supramolecular) world arise from cavitation

(Sect. 2). This quasi-adiabatic phenomenon entails the rapid nucleation, growth and

implosion of microbubbles in a liquid which releases an enormous amount of

kinetic energy to drive a chemical reaction to completion. This is different to a

direct interaction between ultrasound and matter [4]. A more detailed description

follows; pressure in a liquid falls (below zero) sharply as an ultrasonic wave of

sufficient intensity (i.e. acoustic pressure) exceeds the normal average pressure in a

liquid. The liquid then ruptures and generates small cavities which become unstable

and collapse quickly. In the end, the gas entrapped within the cavity is highly

compressed (hydrodynamic models point to several hundreds of atmospheres and

temperatures as high as 5,000 K). Such high pressures are relieved by the accom-

panying radiation of shock waves. As already mentioned, shock waves are a

nonlinear effect which arise from explosions (e.g. cavitational collapse) or which

are emitted from an object moving faster than sound.

Bubble collapse generates a disturbance which starts out with a sinusoidal curve,

given by a linear equation, but soon develops into a sawtooth or triangular curve

when excess pressure is plotted vs distance in the direction of wave propagation

(Sect. 2). This wave shows discontinuities in pressure, density and flow velocity,

which all become large changes over very small liquid intervals (about 10�4 cm).

As a result, the discontinuities travel through the medium faster than the ambient

acoustic velocity. Mechanical effects thus caused by shock waves, liquid jets and

shear forces in the bulk medium and bubble vicinity result in enhanced mass and

energy transfer, particle size reduction, liquid emulsification and surface activation.

Purely chemical effects, such as molecular sonolysis, which leads to discrete

radicals or excited species, polymer rupture and changes in solvation and ligand-

metal coordination, mainly occur inside the bubbles (so long as reagents possess

sufficient volatility) or at the bubble interface. Given the complex nature of acoustic

cavitation, both mechanical and chemical effects are juxtaposed and may work

cooperatively (Fig. 2). Accordingly, a clear-cut dissection of mechanical effects is

problematic, although they may be prevalent at suitable frequencies and intensities,

as we see later.

This chapter aims to describe the mechanical bias of cavitational effects and how

they are related to conventional mechanochemistry and force-induced physical

fields in general. This subject has been well documented over the last decade

[5–9], and particular attention has been paid to scenarios such as mechanically

responsive polymers [10–12], micro- and nano-structured materials [13–15] and
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sonocrystallisation [16], which are all expected to have a major impact on the

fabrication of novel and smart materials as well as the pharmaceutical industry.

Although we briefly mention these past achievements, our goal is to focus on the

aspects of sono-mechanochemistry that have been overlooked in recent thematic

issues. We emphasise soft matter, both synthetic and biological, as well as the less-

well-known, yet hugely promising, applications of acoustic fields, such as CO2

capture and acoustically-driven micro- and nano-motors. Mechanistic frameworks

should be investigated in these cases, although, unfortunately, space limitations

prevent in-depth analysis. Our readers are referred to recent and comprehensive

works such as those by Boulatov and associates [17] and Ribas-Arino/Marx

[18]. They largely deal with attempts to understand chemical reactivity under

mechanical loads in general and some models may certainly be extrapolated to

ultrasound-induced forces. Much more futuristic areas, where a coupling of sound

wave mechanical energy and nonlinear effects certainly provide both a technolog-

ical and societal impact, can be found in the creation of acoustic metamaterials and

phononic crystals [19–22]. These issues, however, lie beyond the bounds of this

chapter.

2 Cavitation and Secondary Mechanical Effects

As mentioned in the introductory remarks, ultrasound waves transport both kinetic

energy (particles of the medium oscillate and displace from their equilibrium

position in the direction of propagation) and potential energy (fluid compression),

as fluids can support negative pressure for short times. When a sufficiently large

Fig. 2 Primary and secondary effects of acoustic cavitation
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negative pressure is applied to the liquid (here it is the pressure on rarefaction) so

that the distance between the molecules exceeds the critical molecular distance to

hold the liquid intact, the latter inevitably breaks down and microbubbles form. The

characteristic linearity of sinusoidal acoustic waves is no longer valid at high

amplitudes and nonlinear phenomena cause sudden changes in pressure and fluid

properties, such as the generation of shock waves. The rate of pressure change is

determined by sound attenuation in the medium, which also depends on frequency.

In water, the shock rise time (i.e. the time interval for the wave to vary from 10% to

90% of its peak value) may be much shorter than the wave period, whilst for other

materials, such as biological tissues, the pressure variations are less pronounced.

Figure 3 shows numerical predictions of waveform distortion produced by

nonlinear propagation, at different sound attenuations, in water and homogeneous

tissues. The waveforms are generated in the focal region at a range of 52 mm from a

rectangular 3.0 MHz [23]. The waveforms lack symmetry and tend to have a shorter

compression phase followed by a longer rarefaction phase. The overall effect is a

reduction in rarefaction pressure, with respect to linear propagation, leading to the

generation of harmonics which may extend to many times the original frequency.

Enhanced sound attenuation can also lead to other secondary effects that include

local heating and streaming. Both radiation pressure and streaming are prominent

phenomena associated with the propagation of ultrasonic waves [23, 24]. These

subjects require a significant mathematical background, which may be tedious

and/or mislead the readership of this chapter. It is sufficient first to introduce the

concept of excess pressure and then recall previous statements. For a harmonic

wave in a fluid, its displacement (ξ) can be replaced by the excess pressure ( pe)
generated by the wave, which is defined by the difference between the actual

pressure ( p) at any point and time and the normal pressure ( po) in the initially

Fig. 3 Model predictions of shock waves from a transducer (3.0 MHz) focused at 70 mm,

propagating in water and homogeneous tissues at different sound attenuation values. The average

amplitude at the face of the transducer is 1.0 MPa. Reproduced with permission from [23]. Copy-

right 2006 Elsevier Ltd
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undisturbed fluid. Thus, pe¼ p�po and that excess pressure gives spatio-temporal

variations such as ξ in the harmonic equation

ξ ¼ A sin 2π ft� x=λð Þ;

where A is the amplitude, f the frequency, t the elapsed time, x the distance from the

origin and λ the wavelength. For plane harmonic waves the excess pressure

vanishes over time, although this premise only holds for low intensity sound. At

higher intensity, excess pressure that does not become zero on average is also

present, thereby making a net contribution to the static pressure prevailing in the

fluid, which is known as the radiation pressure. In a simplified form, radiation

pressure can be roughly expressed as the ratio of the intensity of the sound (I ) to its
velocity (c), i.e.

Prad ffi I=c:

Radiation pressure is a steady constant pressure for continuous wave signals. For

acoustic pulses, however, this pressure varies periodically at the pulsing frequency.

Radiation pressure thus provides a mechanism for producing force at frequencies

other than the normal ultrasonic frequencies and potentially in the audible zone. For

small particles and non-absorbing interfaces, radiation pressure has a direction and

amplitude which depend on the elastic properties of the material in question. This

extra force may also result in particle movement.

Likewise, acoustic streaming stems from high-amplitude waves travelling

through a medium. In linear behaviour, particles are expected to vibrate about

their equilibrium position; in other words, with no net flow. In stark contrast to

this and as a result of ultrasonic waves’ attenuation with distance, there is a pressure
gradient in the fluid which gives rise to a net flow. The magnitude and pattern of the

flow depends on the wave properties as well as the type of fluid and reaction vessel.

The flow usually moves axially away from the transducer with recirculation

vortices that bring fluid back to the transducer face. Visualisation of streaming in

liquids can easily be accomplished using thymol blue indicator [23–25]. The

maximum axial streaming velocity (vmax) for a focused beam of intensity I and
radius r, can be approximately estimated as

vmax ffi αIr2G=coμ;

where α is the amplitude attenuation coefficient, μ is the shear viscosity of the fluid

and G a constant which depends on beam characteristics and vessel geometry. It is

convenient to recall that sound attenuation involves the loss of wave amplitude

produced by different mechanisms such as absorption or scattering. Attenuation is

measured in dB per unit length and also depends on the frequency of the incident

beam. Accordingly, the attenuation coefficient (α) is usually given in dB/(kHz or

MHz) · cm.
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Globally considered, fluid streaming developed around a solid particle or surface

greatly increases both mass and heat transfer. The sonoprocessing of fluidised beds

is an important application with environmental connotations (Sect. 6), as the

entrainment of fine particles in the sound wave improves fluidisation in dense

beds and alternatively induces particle agglomeration in diluted beds [26].

The above-mentioned mechanical effects can be significantly enhanced if cav-

itation takes place in the ultrasonic field. A threshold intensity, which in turn

depends upon frequency, must be reached for cavitation to occur, although the

process is largely influenced by external parameters, such as solvent properties,

temperature or dissolved gases. Cavitation in liquids decreases as one moves to

higher frequencies (e.g. the MHz region). This can easily be explained as the

rarefaction (as well as compression) phase shortens. With shorter cycles, the finite

time required for molecules to be pulled apart, thus generating a cavity, becomes

too short. Accordingly, higher amplitudes (power) are required to make liquids

cavitate at high frequencies. The fact that most sonochemical applications are run

between 20 and 100 kHz is not a coincidence [4, 27].

Sonochemists recognise two types of cavitation – stable and transient. The
former means that bubbles oscillate around their equilibrium position, possibly

over prolonged compression/rarefaction cycles. Stable cavitation simply emerges

because the acoustic pressure serves as a force that drives the bubble and varies its

radius. Experimental observations show that a pulsating bubble under stable cav-

itation grows progressively. This effect is associated with another phenomenon –

rectified diffusion. During the compression phase, the gas inside the bubble is at a

pressure higher than the equilibrium value and diffuses from the bubble. Con-

versely, the pressure within the cavity decreases during rarefaction, so that some

gas diffuses into the bubble. Because of the larger area present during expansion

than under compression, there is a net increase in gas content in the bubble over a

cycle. Obviously, a bubble cannot grow indefinitely. During expansion, bubbles

reach a critical size and then collapse violently because of the inertial forces of the

spherically converging liquid [23, 24]. This transient (or inertial) cavitation triggers

well-established mechanical (shocks) and potential chemical effects (highly excited

species formation or light emission¼ sonoluminescence). The disturbance caused

by the presence of pulsating bubbles also generates a small fluid flow,

i.e. microstreaming. Because this flow varies with distance from the bubble, high

shear stress near the bubble also occurs and this mechanical action alone is

sufficient to cause cell and soft tissue deformations or damage.

This discussion of cavitation certainly overlooks specific details, but it highlights

how the nonlinear propagation of ultrasound causes inhomogeneities and physical

effects which may have consequences for molecules present in the medium. It is

also worth mentioning that suitable cavitation nuclei may also be created at the

expense of existing bubbles in a liquid or formed in crevices in suspended particles
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where very small amounts of gas can be trapped. An illustrative picture of this

cascade process which involves several mechanisms that account for the mechan-

ical action of ultrasonic waves is supplied in Fig. 4 [28].

It is hoped that enhanced mechanical action takes place in association with high

intensities and frequencies. However, harmonic generation and sound attenuation

provide secondary mechanisms capable of inducing effects within a wide range of

frequencies. An assessment of mechanical effects as a function of nominal fre-

quency is not immediately obvious. Mason and associates have monitored, using

SEM (scanning electron microscopy) and XPS (X-ray photoelectron spectroscopy),

the abrasive action of sound waves on a glass-filled polystyrene blend by measuring

weight loss at different frequencies (20, 40, 582, 863 and 1,142 kHz) [29]. At low

frequencies (20-kHz probe or 40-kHz bath), the high weight loss correlated well

with significant surface changes which were caused purely by mechanical effects,

such as micro-jetting. Less pronounced changes occurred at higher frequencies,

although surface oxidation was ascribed to enhanced radical specie production.

These conclusions, attained in aqueous solutions, agree with previous observations

on dextran degradation. Here, mechanical action was important at 35 kHz, whereas

extensive degradation took place at 500 kHz and higher frequencies caused by

radical reactions [30]. A recent study by Tran and coworkers furnished similar

conclusions on the inverse dependence of mechanical and chemical effects on

ultrasonic frequencies. Because power intensity (usually measured by calorimetry)

decreases as frequency increases, these authors insisted on the use of constant

power intensity. By measuring the degradation rates and viscosity ratios of poly

(ethylene oxide) (in water and benzene) and polystyrene (in benzene only) under

ultrasonic irradiation (from 20 kHz to 1 MHz), this group found a decrease in

mechanical effects above 100 kHz [31].

Fig. 4 Schematic representation of nonlinear effects produced by bubble collapse. Reproduced

with permission from [28]. Copyright 2012 David Fernández Rivas, Enschede, The Netherlands
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3 Assembly and Scission in Molecular and Supramolecular
Arrangements

That ultrasonic waves promote both molecular association and the extensive dis-

ruption of structural arrangements may, at first sight, appear somewhat counterin-

tuitive. Once again, such effects depend on the characteristics of the ultrasonic field.

Numerical methods and simulations have been introduced to predict the active

zones while bearing in mind that, by definition, a cavitating field is a heterogeneous

system (liquid and bubbles) [32–34]. In general, reproducible results are attained as

long as external factors and reactor shape are optimised, although some practi-

tioners often ignore the critical issue of power control.

Because acoustic radiation lacks quantum character, mechanical oscillations can

be harnessed at various frequency ranges, especially via large molecular structures

which respond by triggering chemical and biochemical events. Surface acoustic

waves (SAWs), for instance, which operate in the MHz zone, have been used for the

actuation of fluids, polymer patterning and the directional manipulation of particles

on surfaces [35–37]. Atomistic explanations remain largely obscure in view of the

frequency mismatch between SAWs and the vibrational states of the adsorbed

species. The acoustic enhancement of surface diffusion has recently been suggested

[38], which might also account for well-known cases of surface catalysis [39, 40]

and molecular desorption [41, 42]. The experimental observation of ultrasonically-

induced birefringence is also relevant [43, 44]. On the other hand, low-frequency

mechanical vibrations have been shown to be useful in lattice crystallisation as they

favour higher ordering and packing [45, 46]. The process depends on vibrational

amplitude and frequency and is also related to the appearance of convective flow.

Flow configuration and velocity can be altered by changing the acoustic parameters.

The particle aggregation mechanism is herein described in terms of stochastic

resonance, which contrasts with the usual approach of maintaining equilibrium

conditions during crystallisation [47]. Similar analogies can be encountered, within

the broad context of mechanochemistry, in granules climbing along a vibrating

tube, where the force between the tube and the particles varies periodically, thus

causing a directional effect [48].

3.1 Organogel and Hydrogel Formation

If there is a paradigmatic case of ultrasound-assisted formation and the structural

manipulation of soft matter, it would most likely be gelation. The process is hardly

new and can historically be ascribed to early observations of pattern formation in

liquids and solids induced by mechanical vibrations, although the field has experi-

enced a further renaissance over the last two decades, thus launching molecular

level investigations [49]. Low-molecular weight (LMW) molecules (usually with

molar masses below 3,000 and not involving polymeric chains) are capable of
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immobilizing significant amounts of organic solvents or water, thereby serving as

organogels or hydrogels, respectively. These substances self-assemble in a given

solvent, via non-covalent interactions such as hydrogen bonding (which is probably

the most prevalent intermolecular interaction), van der Waals interactions and π–π
stacking, which all cooperatively drive the one-dimensional growth of LMW

molecules, leading to fibres and strands. These further assemble into three-

dimensional networks which encapsulate the solvent and impede flow. This kind

of supramolecular soft material, which responds to sonication and stress, may find

numerous applications in biomedical research and the preparation of self-healing

substances or mechanical switches [50, 51].

It is fair to recognise that the 2005 paper by Naota and Koori triggered subse-

quent developments in this discipline. The paper reported rapid gelation upon the

sonication of solutions containing a dinuclear Pd-salicylidene complex, which is

stabilised by intramolecular π-stacking interactions [52]. When solutions of com-

plex anti-1 (Fig. 5) were irradiated with ultrasound (40 kHz, 0.45 W/cm2) at room

temperature, gelation took place within a few seconds. The resulting gels were

thermoreversible and clear solutions were obtained via heating to temperatures

above Tgel. Derivatives with longer hydrocarbon spacers (n¼ 6–8) failed to gelate,

although precipitation was sometimes observed. The process also exhibited marked

stereoselectivity as the syn isomer of 1 did not give gels under the same conditions.

These complexes also show planar chirality and this feature was instrumental in

elucidating the putative role of ultrasound. When enantiopure anti-1 was subjected

to prolonged sonication, it remained unaffected in solution. By stark contrast,

scalemic mixtures of anti-1 (42% ee) gave gelation, although the resulting gel

showed no optical activity. In other words, gelation proceeds with racemisation.

This points to a process involving the heterochiral association of (R)- and (S)-
configured monomers which alters the cofacial bent structure of the parent isomer.

Without sonication, the conformation is stable enough and avoids aggregation, but

irradiation leads to interpenetrative and consecutive planar monomers stacking

(Fig. 5).

Fig. 5 Reversible sol–gel transformation of Pd-salicylidene complexes. Sonication favours gela-

tion and induces a conformational change, from bent to interlocked structures. Reproduced with

permission from [52]. Copyright 2005 American Chemical Society
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The advantages and versatility of this type of gelation, which allows the syn-

thesis of complex structures to be carried out, is illustrated by the incorporation of

quantum dots (QDs) into hydrogels [53]. Thus, hexane suspensions of a dipeptide

derivative and CdSe/ZnS covered with trioctylphosphine oxide, as a surface ligand,

undergo gelation in minutes under sonication. The resulting gels are luminescent

under UV irradiation and can revert into the sol state upon heating and slow cooling

(Fig. 6). The procedure can be used for vapour sensing in the gel state, as shown for

2-mercaptoethanol (Fig. 6, bottom). The gel was prepared using QD598 and excess

dipeptide in decane after 2 min of sonication. The QD-doped gel was then exposed

to 2-mercaptoethanol vapours, as a function of time, under UV irradiation. The

increase in photoluminescence can easily be detected over time as the gel becomes

progressively more fluorescent as the QD reagent diffuses inside the organogel

from the bottom to the top of the vial.

That sonication and shearing stress stimulates gelation, rather than structural

disruption, is in principle challenging from a mechanistic point of view. Analysis is

complicated because most experimental protocols do not always indicate intensity

measurements. Nor do they report other parameters that affect the acoustic field.

Fig. 6 Top: Hexane solutions containing a dipeptide plus QD524 undergo gelation after 1-min of

irradiation, followed by heating and slow cooling. The procedure can be repeated as the dipeptide

precipitates at the bottom of the vial. Bottom: Use of ultrasound-generated gels containing QD598

for vapour sensing (2-mercaptoethanol). Reproduced with permission from [53]. Copyright 2008

Wiley-VCH Verlag GmbH & Co. KGaA
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However, unlike gels controlled by chemical stimuli, mechanical force and mod-

erate sonication do not generally modify (or destroy) the structure of a molecule in

the gel network. The role of sonication appears to be twofold [50]. First, ultrasound

can transform intramolecular interactions into favourable intermolecular interac-

tions that lead to aggregation. Second, sonication may induce conformational

changes on the resulting organogel, i.e. after formation of the supramolecular

network assembled by non-covalent interactions. This aspect is noticeable in the

case of two-component organogels as irradiation often results in strengthening

infinite hydrogen bonding and other intermolecular interactions that assist gel

formation. The latter is well exemplified by melamine–uric acid hydrogels. Neither

of the parent molecules is appreciably soluble in water, but gels formed at or above

0.8 wt% concentrations after sonication and shaking for short times (ca. 5 min)

[54]. Likewise, sonication triggers morphological changes such as the formation of

fibres from a polypeptide organogelator that exists as vesicles in solution. This

morphological switch is reversible and repeatable and the fibre–vesicle transition

occurs on incubating the gel at 60�C [55]. Similar morphological variations have

been reported for a multifunctional adamantane-based gelator, for which a 5-min

irradiation affords partial gelation (in the form of vesicles), while prolonged

sonication gives rise to a 3D network. Again, the process is reversible over a

wide concentration range via sonication and heating-cooling cycles. Gelation can

also be fine-tuned by further host–guest interactions in the presence of

β-cyclodextrin under sonication, with structures evolving from nanoribbons to

ordered nanothreads [56].

A fibrillar structure appears to be the dominant and terminal motif in supramo-

lecular gels generated by shear forces or sonication in liquids. This holds additional

significance in biomimetic studies. For instance, silica nanofibers (~30 nm average

diameter and ~100 μm length) have recently been obtained via the sonication of an

emulsion containing tetraethyl orthosilicate as the silica precursor [57]. The proto-

col is relatively inexpensive, conducted in a conventional ultrasonic bath and

overcomes difficulties associated with other methods such as electrospinning or

heating. SEM images show that nanofibres grow on the tips of silica rods, with both

co-existing in the same solution (Fig. 7). Only silica rods would be obtained in the

absence of sonication, thus showing that irradiation does effectively promote

fibrillation. The authors largely attributed this improved preparation to fluid motion

created by ultrasound (i.e. microstreaming). Apparently, silica rods act as a

micromotor and the torque produced by sound waves results in rod rotational

motion, thereby spinning off nanofibres at the rod tips.

The influence of ultrasonic force on aggregation morphologies can be obtained

from crystallisation experiments, especially en route to fluorescent materials with

enhanced emission [58, 59]. The striking conclusion reached is that luminescent

properties are tuneable and can be controlled by molecular packing, which is

greatly affected by the ultrasonic treatment and sensitive to its power. At

low-energy ultrasonic power, a polar molecule, namely 4-[bis(4-aminophenyl)

amino]-N,N-diphenylbenzamide (ITPADA), containing imide and amino groups,

with spherical structure undergoes self-assembly via intermolecular hydrogen
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bonding which is stronger along the x and y axes than along the z axis. When the

ultrasonic power increases, the layer-by-layer structure would be peeled off (see

next section). As a result, the initially generated four-side prismatic structure

becomes thinner and thinner, as power increases, and converts into a rhombic

nanosheet array (Fig. 8). Theoretical conclusions corroborate this finding as

ITPADA molecules in single crystals lack coplanarity, caused by intermolecular

interactions, and their band gaps were accordingly higher (>4 eV) than those of free

molecules (~3.7 eV), thus accounting for blue-shifted fluorescence

wavelengths [59].

3.2 Exfoliation of Layered Materials

With the advent and fast development of graphene as the flagship material for

futuristic technology, including interfaces with biology [60], the search for eco-

nomic and large-scale syntheses of few-layer (ideally monolayer) graphene and

other carbonaceous structures has become a front-line objective. Exfoliation is

clearly a compulsory step and this goal can be achieved by numerous physical

and chemical methods which can be extended to layered structures other than

graphite, such as BN, MoS2, MoO3 and clays [61]. Ultrasonic exfoliation is

routinely performed in numerous solvents and then applied to a variety of chemical

modifications [62], although the characterisation of the ultrasonic field (power in

particular) is not explicitly mentioned in most cases. As expected, bubble collapse

Fig. 7 Scanning electron microscopy (SEM) images of silica nanofibres (i–iii zoom in and iv–vi
zoom out images) and a visualisation of nanofibre growth on rod tips. Reproduced with permission

from [57]. Copyright 2014 The Royal Society of Chemistry
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generates mechanical force which is able to disrupt the weak intermolecular

interactions present in layered materials (e.g. stacked graphene monolayers in the

case of graphite).The liquid-phase exfoliation of graphene has recently been

accomplished by means of a high-shear mixer, as long as the local shear rate

exceeds 104 s�1 [63]. In this context, parallelisms with ultrasound-induced shear

forces should be scrutinised in terms of acoustic power [64], as exfoliation and

Fig. 8 Top: Influence of US power (40 kHz) on the morphology and fluorescence color of

ITPADA suspensions in THF-H2O mixtures (90% water content): (a) non-ultrasonic; (b) 80 W;

(c) 120 W; (d) 160 W; (e) 200 W. Bottom: Crystal packing of ITPADA single crystals: (a) basic
unit of single crystals; (b) interactions along the x-axis; (c) interactions along the y-axis; (d)
interactions along the z-axis. Reproduced with permission from [59]. Copyright 2014 The Royal

Society of Chemistry
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dispersion depend on inertial cavitation and not on the stable stages [65]. Short

ultrasound times at lower power generally produce high-quality graphene layers

with defects that are mainly located at layer edges. Prolonged irradiation is,

however, detrimental and causes bulk defects, as shown by Raman spectroscopy

in a recent study conducted in N-methyl-2-pyrrolidone (NMP), a typical solvent for

graphene exfoliation. Such defects are essentially topological, while vacancies,

atomic substitutions and sp3-like defects should be ruled out [66].

Together with sonication, microwave (MW) irradiation enables the exfoliation

of graphene precursors, leading to graphene itself [67] and other forms of porous

carbon [68]. Some effort has also been expended on the combined use of MW and

ultrasound, either combined or separately, for the purification and surface

functionalisation of layered materials such as carbon nanotubes. In a study aimed

at evaluating both mechanochemical and frequency effects in the oxidation of

multi-walled carbon nanotubes (MWCNTs), some conclusions were inferred from

TEM (transmission electron microscopy) and Raman spectroscopy data [69]:

(1) MW irradiation causes rupture, because of fast heating and metal content, and

the surface becomes highly oxidised (with OH and COOH groups); (2) the com-

bined use of MW and US leads to surface oxidation along with structural defects,

although this protocol efficiently removes the amorphous external layer; (3) soni-

cation (20 kHz) accelerates surface oxidation and damage, although partial exfoli-

ation was observed (graphene sheets are noticeable); (4) at high frequency

(300 kHz), ultrasound promotes oxidation, but the tubular arrangement of CNTs

is preserved (Fig. 9).

Emerging hyphenated techniques, such as the use of MW and ultrasound beams,

offer substantial rewards. The sequential approach mentioned above provides

inherent advantages as sonication enables rapid exfoliation, while the chemical

derivatisation of graphene sheets is largely improved under MW irradiation. This

strategy can be exemplified in the synthesis of graphite halides (Fig. 10) [70]. The

first step (halogenation reaction), involving the intercalation of the halogen between

the graphite layers, is accelerated by microwaves so that the modified material can

then easily be exfoliated into monolayer graphene in organic solvents under mild

sonication. Alternatively, stable suspensions of few-layer graphene have been

obtained via the sonication of graphite flakes in benzylamine which were then

subjected to cyclopropanation under MW irradiation [71].

If all-carbon graphene has so far attracted enormous attention in mass media, the

fact that polymerised organic crystals can also be exfoliated to create

two-dimensional sheets should likewise open a new age of innovation in materials

design. The subject is in its infancy, but two recent papers in Nature Chemistry pave

the way for these exciting 2D-polymers [72, 73]. Both studies exploit the

photopolymerisation of single crystals, in particular anthracene-based monomers,

where photochemical dimerisation is facilitated by aromatic unit stacking. The

resulting 2D-photopolymerised crystals can be exfoliated into sheets by dispersion

in NMP at 50�C. Analyses by SEM and AFM (atomic force microscopy) reveal that

multilayer materials were isolated in most cases, although a few monolayer sheets

were also detected (Fig. 11). As expected, the role of sonication in exfoliation
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proved decisive, although the protocols are far from optimised. Short irradiation of

NMP dispersions led to multilayer sheets, whereas full exfoliation to monolayers

was only achieved by lengthy operations (1–2 weeks) that involved slow rotation in

round-bottomed flasks or the use of a fluorinated acid as the intercalating agent. It

should be noted that the exfoliation of covalent organic frameworks (COFs) and

molecular organic frameworks (MOFs) is not new. However, the resulting sheets

were not robust enough. In the present cases, the exploitation of covalent bonding in

Fig. 9 TEM images and

D/G Raman bands for (a)
pristine MWCNT, (b) after
MW irradiation (2.45 GHz),

(c) after sequential MW-US

(20 kHz) irradiation, (d)
sonication at 20 kHz, and

(e) sonication at 300 kHz.

Reproduced with

permission from

[69]. Copyright 2011 The

Royal Society of Chemistry
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Fig. 10 (a) Scheme showing sequential MW-assisted graphite halogenation followed by

ultrasound-promoted exfoliation. Photographs of graphite chloride (b), a graphite chloride disper-
sion in DMF (c), and graphite bromide dispersion in DMF (d). Reproduced with permission from

[70]. Copyright 2012 Macmillan Publishers Ltd

Fig. 11 (a) Chemical structure of a tetrafluoro-triptycene-based monomer (fantrip) and the

corresponding 2D-polymer, poly(fantrip). (b) A single crystal of the monomer before and after

irradiation (223 K, 460 nm, 80 min). (c) A single crystal of the monomer before and after

irradiation (223 K, 460 nm, 150 min) followed by a second irradiation (223 K, 400 nm, 70 min).

The bottom panel shows SEM and AFM images of exfoliated sheets. Reproduced with permission

from [72]. Copyright 2014 Macmillan Publishers Ltd
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2D-structures means that the sheets were able to support their own weight when

aggregates were suspended across μm-scale holes. These properties make these

structures suitable for use in optoelectronics or artificial membranes.

3.3 Modification of Polymeric Structures

The generation and properties of mechanically responsive polymers has most

certainly become a hot topic in macromolecular science. Mechanical energy can

be harnessed in multiple chemical transformations, such as mechanochromism,

analyte detection and self-healing. The basic strategy relies upon the concept of

the mechanophore; small structural units embedded into long chain polymers which

undergo site-selective scission [6–8, 12]. Although numerous solid-state and solu-

tion methods can be used to activate polymers [11], sonication has the unique

ability of providing shear forces and strain in solution by virtue of the mechanical

events associated with cavitational collapse. A seminal study in the early 1980s

reported the fast degradation of weak peroxide linkages along a polymer backbone

under sonication (relative to control polymers) [74]. This was followed by

more precise explorations by Moore and coworkers showing how azo or

benzocyclobutene mechanophores, approximately installed in the centre of a poly-

mer chain and subjected to ultrasonic irradiation, underwent site-specific cleavage

[75, 76]. The latter was particularly appealing to modern literature, not only

because it showed the accelerating effect of ultrasound-induced force, but also

because it showed reaction pathways that challenge the current Woodward–Hoff-

mann rules-based interpretation. Thus, both cis- and trans-functionalised
benzocyclobutenes undergo ring opening, leading to the E,E-configured diene, a

result that was further corroborated by derivatisation with an appropriate chromo-

phore (Fig. 12). This finding is unexpected from a thermal activation point of view

(only the trans isomer should afford the E,E-diene while the cis isomer is expected

to give the E,Z-diene). Alternatively, a photochemical mechanism would give the

reverse result (cis and trans isomers leading to E,E and E,Z-dienes, respectively).
This “nonclassical” electrocyclic ring-opening reaction, along with other strik-

ing results which are markedly different from what is expected from thermochem-

ical pathways, clearly require an extension of theoretical models to mechanical

forces and distortion-induced instabilities [18, 77, 78]. This is not discussed here,

although a few, merely qualitative, conclusions should be mentioned: (1) mechan-

ical scission caused by strain after bubble collapse is most likely responsible for

polymer cleavage; (2) radical production has a negligible effect; (3) thermally

forbidden mechanisms may become mechanically allowed pathways within a

certain range of forces.

If one assumes that, at least intuitively, sonication offers efficient mixing in

liquids where forces are generated by turbulent regimes and elongational flows, this

framework may be invoked in tracking mechanophore evolution [10]. There are

actually some similarities between ultrasonic and transient elongational flow
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degradation of polymers, such as the propensity for midchain cleavage and molec-

ular weight dependence. There should be some resemblance between the adiabatic

compression triggered by bubble generation as ultrasound propagates and transient

elongational flow, which is obtained by forcing a liquid across a constriction. As a

result, a high velocity gradient is created. However, some divergences exist

between the hydrodynamic types and these have been discussed in detail by Nguyen

et al. as they evaluate the kinetics of ultrasonic degradation for dilute solutions of

polystyrene in decalin [79]. First, the cavity is filled with a gas that undergoes

constant compression and expansion cycles and, second, acoustic pressure varies

along the bulk medium as a function of time. Accordingly, the strain rate changes at

various time intervals during bubble collapse. As viewed in Fig. 13, the temporal

evolution of strain rates depends on the radius of the collapsing bubble. The latter is

created above an intensity threshold and becomes unstable enough after reaching a

critical diameter.

Unlike transient elongational flow, the flow induced by sonication at the collapse

stage is time dependent. This means that the important factor in kinetics modelling

is not spatial distribution but temporal variation in the fluid strain rate [79]. In an

ultrasonic experiment, both the limiting molecular weight (Mlim, i.e. the molecular

weight below which no chain scission takes place regardless of the degradation

time) and the degradation rate are dictated by an effective strain rate (ėeff), which
prevails during bubble collapse. By extrapolating the kinetics results obtained in

transient elongational flow to ultrasonic degradation, and bearing in mind the Mlim

values determined in sonication experiments, Nguyen and coworkers concluded

Fig. 12 Ultrasound-induced ring-opening transformations of benzocyclobutene mechanophores

installed in polymer chains
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that ėeff should be �3� 106 s�1 (Fig. 14). The curve suggests that a polymer chain

near the cavitating bubble undergoes a range of strain rates and therefore multiple

fragmentations may occur if the daughter chains are larger than Mlim. Similar

behaviour can be inferred from transient elongational flow experiments, as

midchain scission is the dominant process at low strain rates. At higher strain

rates, however, shorter molecular chains appear in solution and the resulting

molecular weight distribution of the degraded polymer is close to the distributions

obtained by cavitational flow [79].

As stated previously, the advancements in controlled polymer scission via sono-
mechanochemistry are remarkable with new exploration occurring at great pace.

Whatever the actual mechanism may be, recent synthetic schemes focus on new

functional groups and applications. Thus, a dioxetane mechanophore inserted into a

polymer chain represents another weak linkage which can be selectively cleaved

under sonication [80]. Blue luminescence, whose intensity and colour was modified

by the presence of energy-transfer acceptors, was observed from the resulting

excited ketone species (Fig. 15). This protocol also constitutes a valuable step

towards detecting failures or structural defects in polymeric materials. Moore and

associates have also introduced a biomimetic-like material with reversible

responses in the form of a metastable poly(ortho-phthalaldehyde) which undergoes
ultrasound-induced mechanical depolymerisation to its components via a hetero-

lytic mechanism. Repolymerisation can subsequently be achieved by a chemical

initiator [81]. It is worth pointing out that repeatable force-induced cycles which

incorporate flex-activated mechanophores (serving as crosslinkers) into elastomeric
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permission from [79]. Copyright 1997 Elsevier Science Ltd
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networks have recently been demonstrated. Activation takes place by applying

compressive stress, thus releasing a small molecule which diffuses out of the

polymer matrix [82, 83].

A new productive chemical change was also observed when mechanical stress

caused by ultrasonic irradiation was applied to triple bonds centred on a poly

(methyl acrylate) backbone [84]. Further reaction with azides gives rise to an

isoquinoline derivative, which points to transoidal bending activation which devi-

ates from the expected product (1,2,3-triazole) observed for Huisgen-type cyclo-

additions of azides with cisoidal triple bond arrangements in strained alkynes. Once

again, this result is outstanding and illustrates how mechanochemistry can do things

which are otherwise difficult or impossible under conventional conditions. Never-

theless, site-selective polymer scission under mechanical stress should be neither a

universal trend nor a chemical panacea. A retro-click reaction which has caused

enormous excitement in the chemical community, given the wide applicability of

the bio-orthogonal alkyne-azide ligation, might not be genuine; an editorial expres-

sion of concern has been published and the subject is under confidential investiga-

tion [85]. Nevertheless, as rightly pointed out by experts in the field, these

circumstances have consequences for specific transformations and do not weaken

the principle message conveyed by polymer mechanochemistry which has been

based on numerous and testable examples [86]. Thus, a recent application to surface

functionalisation should be mentioned in the present context. Silica nanoparticles

(SiO2-NPs) grafted with a polymer chain containing a maleimide-anthracene

cycloadduct were also subjected to ultrasonication and afforded mechanophore

scission via a retro-[4+2] cycloaddition. The mechanophore-anchored polymer-

grafted SiO2-NPs were prepared by standard protocols (immobilisation of
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triethoxysilane-terminated monomer initiator to silica particles followed by

surface-based living radical polymerisation). As expected, sonication was able to

generate elongational flow after bubble collapse, thereby transducing mechanical

force into the polymer chains. The weakest point should be the polymer-SiO2-NP

heterointerface, which underwent preferential cleavage. Polymer chains of various

molecular weights linked to SiO2-NPs were also tested. Results evidenced a linear

response to polymer chain sizes plus a threshold molecular weight dependence

similar to that of homopolymers. Moreover, mechanophore scission altered the

morphology of the grafted SiO2-NPs, which exhibited irregular patterns, unlike

hexagonal arrangements before sonication [87].

Mechanochemical transduction aided by sonication can also be achieved at a

supramolecular level. Given the dynamic character (self-assembly and disassem-

bly) of non-covalent interactions, reversible transformations to create new respon-

sive polymers may potentially be accomplished. As shown in Fig. 16, a cross-linked

network containing a europium(III) salt undergoes metal–ligand dissociation upon

Fig. 15 Top: Sono-scission of a polymer chain which includes a 1,2-dioxetane mechanophore to

form an adamantanone-excited species with blue light emission. Bottom: Luminescence spectra

obtained during the mechanical stretching of polymers containing organic acceptors show differ-

ent colours and intensities. Reproduced with permission from [80]. Copyright 2012 Macmillan

Publishers Ltd
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exposure to pulsed ultrasound in solution. This disassembly is only possible with a

high molecular weight supramolecular entity, thus again showing the same size

dependence as reported for covalent polymer mechanophores. The strength of the

metal–ligand interaction is also critical, as polymers containing more strongly

coordinating ligands do not dissociate under irradiation [88]. Interestingly, the

authors searched for mechanically healable responses and, to this end, polymer

films were cut into pieces, gently pressed and exposed to ultrasound, while either

directly immersed in a CH3CN solution or in a sealed bag. In both cases, piece

welding was observed and the original mechanical properties of the material were

fully restored by this ultrasonic mending protocol.

Aida and coworkers have investigated the influence of low-frequency, audible

range sound on macromolecular alignment. The group synthesised a zinc porphyrin

which undergoes self-assembly via coordination and hydrogen bonding interac-

tions. The resulting supramolecular nanofibre preferentially aligns itself parallel to

the propagation of audible sound (Fig. 17), a fact that can be visualised by linear

dichroism (LD) spectroscopy [89]. Observations point to an alignment of the

nanofibres flowing around the sidewall of the cuvette and them becoming oriented

parallel to the direction of liquid vibration. Because a large hydrodynamic gradient

Fig. 16 Mechanochemical evolution of metallosupramolecular polymers generated by (a) com-

bination of an Eu(III) salt and a telechelic poly(ethylene-co-butylene) with 2,6-bis(1-
0-methylbenzimidazolyl)pyridine ligands at the termini; counterions are omitted for clarity. (b)
Reversible dissociation upon ultrasonication (i); irreversible metal exchange with Fe(II) ions as a

result of (ii) ultrasonication or (iii) other mechanical forces. (c) Dipicolinic acid ligands bind

strongly to Eu(III) and the supramolecular network cannot easily be disassembled under mechan-

ical stress. Reproduced with permission from [88]. Copyright 2014 American Chemical Society
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(i.e. velocity gradient) should occur at the boundary layer of the liquid flowing near

the wall surface, a large LD intensity could also be recorded at the sidewall. The

phenomenon appears to be quite general for linear nanofibres, while dendritic zinc

porphyrins exhibit a similar effect at higher concentrations. On the other hand, no

acoustic LD responses were detected for rod-shaped structures. The protocol may

find potential applications in vibration sensing technologies.

In line with the preceding example, hydrodynamic orientation has also been

detected in molecules that are first subjected to light and then exposed to audible

sound capable of eliciting macromolecular changes. Thus, a linear molecule

containing a central azobenzene moiety and three long alkyl chains at each end

self-aggregates into supramolecular nanofibres when the azo group is trans-config-
ured. Photochemical irradiation (UV light) causes its isomerisation into the cis-
azobenzene derivative, which leads to amorphous aggregates (Fig. 18) [90]. It

should be noted that the assembly process was highly dependent on the length of

the alkyl chains and only a 12-carbon chain gave rise to aggregation from the trans-
isomer. In the cis-isomer, 6-, 12- and 16-carbon chains aggregated in an amorphous

fashion. LD spectroscopy showed no preferential orientation in solution. However,

when samples were irradiated with audible sound, the nanofibres were found to

Fig. 17 Top: Self-assembled zinc porphyrin leading to supramolecular nanofibres. Bottom:
Designed nanofibres can be acoustically aligned in solution with audible sound emitted from a

loudspeaker located 20 mm above the cuvette. Linearly polarised light was used to record LD

spectroscopy. Reproduced with permission from [89]. Copyright 2010 Macmillan Publishers Ltd
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align with each other, whereas no change was detected in the amorphous cis-
aggregates.

4 Mechanical Action on Biostructures

The effects of sound waves on biological tissues and structures have long been

known. In general, prolonged sonication is detrimental, leading to extensive cellu-

lar damage and chemical biomolecule modification via cavitation processes. Ultra-

sonic biophysics deals with the study of mechanisms which account for the

interaction of ultrasound and biological materials [91]. This damage can, however,

be harnessed for specific therapeutic applications [92, 93]. Furthermore, the

changes experienced by sound waves in biological media can also be viewed as

Fig. 18 (a) Chemical structures of trans- and cis-azobenzene derivatives which undergo revers-

ible photoisomerisation. (b) Putative self-assemblies; only nanofibres generated from the trans-
isomer aligned in a sound-induced fluid flow. Reproduced with permission from [90]. Copyright

2014 The Royal Society of Chemistry
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the basis for diagnostic ultrasound and biomedical imaging [94, 95]. In particular,

drug delivery may be greatly enhanced under sonication. Shock waves induce

mechanical forces which transiently open polymeric micelles and polymersomes,

thus releasing their contents. This mechanism is well accepted (see below),

although the effects of ultrasound on cell apoptosis or genotoxicity must still be

elucidated [96]. Likewise, copolymer micelles, which are a suitable, FDA-approved

vehicle for drug delivery, can be functionalised to respond to multiple stimuli. For

instance, the incorporation into the micelle of a mechanophore which can be

selectively cleaved under ultrasound plus the inclusion of a disulfide bond which

is sensitive to the reducing action of glutathione illustrates this aspect [97].

It is generally considered that ultrasound waves change the permeability prop-

erties of liposome membranes caused by transient cavitation, where the collapse of

air bubbles near the lipid membrane creates pores which alter the orientation and

hydrophobicity of the lipid structure [98]. Drug delivery via acoustically sensitive

liposomes is also largely influenced by the content and structure of the lipid

systems. Drug transport can be facilitated by means of lipid molecules, within the

liposome membrane, which are capable of creating local instabilities. While such

instabilities do not disturb membrane integrity before sonication, they respond once

the acoustic stimulus is applied and then heal when the irradiation is turned off

[99]. Thus, at appropriate phosphatidylethanolamine (PE) phospholipid levels, the

membrane displays a typically lamellar structure with zero intrinsic curvature

(H¼ 0) which undergoes topological changes after exposure to ultrasound and

converts into a non-lamellar structure, with negative intrinsic curvature (H< 0),

forming pores through which the drug can readily be released (Fig. 19).

Fig. 19 Left: Schematic representation of the proposed mechanism for topological changes in

dioleoyl phosphoethanolamine (DOPE) based liposomal membranes upon ultrasound irradiation.

Right: (a) Giant DOPE-based unilamellar vesicle, before sonication, which shows an inhomoge-

neous membrane; DOPE-rich domains of negative curvature are marked in red, embedded in

zones rich in dioleoyl phosphocholine (DOPC) of zero mean curvature. (b) Illustration of shape

changes upon ultrasound stimuli. Reproduced with permission from [99]. Copyright 2014 The

Royal Society of Chemistry
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A recent simulation using molecular dynamics has evaluated the creation of

pores in lipid bilayer membranes by inducing shock waves in a system containing

an array of nanobubbles next to those membranes [100]. This model shows that the

extent of damage depends on the orientation of the bubbles relative to the shock

wave direction as well as the distance between the bubbles. The argument may, in

principle, be extrapolated to the context of cavitation-induced microbubbles. How-

ever, the authors used a simplified bubble system which did not contain any water

vapour molecules, but did include specific bubble alignment to the membrane.

Simulations thus point to temporary lipid bilayer disruption under such conditions.

This disruption would then be recovered after the damage, which contrasts with the

permanent alteration that cavitation creates in solid surfaces.

An indirect and clever method for inducing drug release is the inclusion, inside

the liposomes, of magnetic nanoparticles which can be activated by a pulsating

magnetic field that triggers the generation of ultrasonic vibrations (~30 kHz). Proof

of concept lies in the release of molecules, such as MgSO4 and 5(6)-

carboxyfluorescein, being accomplished from magneto liposomes loaded with

Fe3O4 or FePt nanoparticles, both in homogeneous and inhomogeneous magnetic

fields [101].

More productive chemical results, which still harness the destructive action of

ultrasound on certain bonds, can be attained when sonication is applied to biolog-

ical fluids (e.g. protein solutions) en route to bionanomaterials [15]. A conspicuous

example can be found in sonochemically-prepared protein microspheres, in which

the interplay of mechanical effects (emulsification) and chemical effects (formation

of transient species) is noticeable. A protein emulsion is readily created at the

interface between two immiscible liquid phases, while radicals generated by water

sonolysis promote disulfide bond cross-linking between cysteine residues. Surface

modifications, via conjugation with monoclonal antibodies or RGD-containing

peptides, can also be carried out [102, 103]. The sonochemical preparation of

chitosan microspheres also exploits the intermolecular cross-linking of imine

bonds from the sugar precursor [104].

Cell disruption under the action of sound waves appears to be of particular

benefit in the case of biofilm elimination. A bacterial biofilm is a microbial

community attached to a substrate or interface and which is also embedded in a

matrix of polymeric substances generated by such bacteria. Biofilms are a major

problem in prostheses as opportunistic pathogens (e.g. Escherichia coli, Staphylo-
coccus aureus or Staphylococcus epidermidis) develop rapidly after surgery. Ultra-
sound has been frequently used as an effective tool for biofilm removal.

Surprisingly, the literature also describes an antagonistic effect, i.e. bacterial via-

bility may be enhanced under sonication. The subject has recently been reviewed

and it was found that both effects depend on factors such as frequency, intensity,

materials used for ultrasound diffusion, the presence or absence of cavitation and

the type of bacteria [105]. The combined use of therapeutic ultrasound with

antibiotics usually decreases bacterial viability in vitro and in vivo [106]. On the

other hand, sonication at high frequency is unable to kill bacteria, although some

damage to the surrounding tissue occurs [107].
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Cavitational effects on cells and bacteria can be assessed by culturing a specific

strain into a container that is then exposed to cavitation generated by ultrasound,

shock waves or a laser. The so-called Harvey chamber was a pioneering model with

which to evaluate the biophysical effect of ultrasound. Here, the pressure values

from the impact of a liquid jet, produced during bubble collapse and the accompa-

nying shock wave, are compared against the maximum stress the cell surface can

withstand before rupture [108]. Damage to microbial cells and degradation of their

polymer chains also reflect the shear stress triggered around oscillating or collaps-

ing microbubbles. Thus, the rate of intercellular protein release from yeast cells has

been used to quantify the mechanical effects of ultrasound. Yeast cells are relatively

rigid and fragmentation only occurs in the vicinity of cavitation bubbles, while

microstreaming is largely inefficient in fragmenting [109]. Figure 20 shows a

merely qualitative relationship between forces in the ultrasonic field and the

strength of different classes of biological cells. The frequency effect of cavitation

is indicated by the amount of protein released at 20 and 130 kHz. The frequency

effect under microstreaming is based on the boundary layer, of thickness δ, sepa-
rating the inner and outer streaming vortices:

δ ¼ 2η=ωρð Þ1=2;

where η is the shear viscosity, ω the angular frequency and ρ the density of the

liquid. The boundary layer has a thickness of about 4 μm at 20 kHz and 0.56 μm at

1 MHz in water. The smaller size of the layer at high frequencies results in high

velocity gradients and shearing stress of ca. 550 Pa. Bubbles vibrating at 20 kHz as

a source of microstreaming are capable of breaking erythrocytes which leak

haemoglobin when shear stress exceeds 450 Pa [109] (Fig. 20).

Fig. 20 Schematic diagram showing the relationship between cavitational forces and cell surface

strength. Rigid structures are broken by bubble collapse, with little or no microstreaming effect.

The x-axis (strength factor: no numerical values are given) provides an indication on the shear

forces required to disrupt mammalian or microbial cells. Reproduced with permission from

[109]. Copyright 2008 Elsevier Science Ltd
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Similar conclusions on the negligible effect microstreaming has on biofilm

disruption have been reached by Fernandez Rivas et al. using a small-scale ultra-

sonic device with the ability of locally remove layers of metals, polymers or

biomaterials from a glass slide (Fig. 21) [110, 111]. The innovative idea here is

the use of a silicon surface containing micropits where individual gas bubbles can

be entrapped. Ultrasonic vibration not only gives rise to acoustic streaming from the

oscillating surface but also results in gas bubble pinch-off from the micropits at a

high enough pressure. The glass cavitation chamber (25 mm outer diameter and

6 mm depth) is glued to a piezo element working at a frequency of 200� 5 kHz at

the bottom. The biofilm was quickly removed when the bubble cloud was attracted

by the biofilm-covered substrate (Fig. 21). However, no removal was observed by

streaming alone or by bubble clusters not attracted to the glass surface. This

behaviour was also observed for a hydrogel mimicking biofilm characteristics.

Fig. 21 Top: Schematic setup of an ultrasonically vibrating micropitted silicon surface. The

cavitation chamber is filled with pure liquids or a cell cultivation liquid for biological assays.

Bottom: Temporal recording of a biofilm removed by microbubbles. The grey area with black dots

is the zone covered by biofilm. The pit is indicated with a large black dot. Microbubbles can be

identified as the blurred dark region surrounding the pit. Reproduced with permission from

[110]. Copyright 2012 AIP Publishing
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The increasing growth of neuropathologies, especially in Western countries,

which are associated with prions and other aggregates of misfolded proteins, has

become a serious concern in biomedical research. Amyloid fibril formation, for

instance, appears to be the critical step in Alzheimer’s disease. Ultrasound has been
used to evaluate both the formation and disruption of amyloids, although contra-

dictory results may be found as sonication parameters are often overlooked, as in

biofilms.

Sonication-induced fibrils, generated in thermostated baths at short irradiation

times (ca. 1 min), cause the formation of subsequent fibrils (self-seeding). The

process is pH-dependent and AFM images indicate that fibrils with diameters of

more than 7 nm are obtained at pH 7.0, which are thicker than those formed at

pH 2.5 [112]. Fibril breakage occurs at longer irradiation times, although ultrasound

also produces a uniform fibril length distribution. A recycling model has been

proposed as the fibrils in the sonicated samples markedly increase their length

when left undisturbed [113]. The homogeneous size achieved under sonication

bears some resemblance to the pluses associated with sonocrystallisation, thereby

favouring the nucleation step. The growth phase proceeds in a template-like manner

by incorporating monomers into the ends of seed fibrils. Without sonication, the

energy landscape is broad and additional breakdown or re-agglomeration mecha-

nisms would result in a wide range of fibril lengths. The elongational field triggered

by sonication modulates the free energy profile and leads to monodispersed fibrils

with uniform size, as shown in Fig. 22 (average molecular weight of ~1,660,000 dal-

tons or 140 mer) [114].

Molecular dynamics simulations have recently been performed to ascertain the

disruption of amyloid fibrils, which sheds light onto the cavitational event [115]. No

significant changes in the peptide structure are observed at positive pressures. At

Fig. 22 Effects of pulsed ultrasound on the fragmentation of β2-microglobulin. (a–b) show AFM

images of the fibrils before sonication and after 1, 18 and 72 pulses, respectively. (e, f) show the

corresponding electron microscopy images. Pulses were applied for 1 min with variable quiescent

periods. Sonication was run at 37�C in a bath (ca. 17–20 kHz). Reproduced with permission from

[114]. Copyright 2009 American Association for the Advancement of Science
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negative pressures, however, a bubble is created, mainly around the hydrophobic

residues of the transmembrane region. Most β-sheet structures are maintained even

in the bubble, although the latter collapses after reaching a positive pressure and

water molecules impact against the hydrophilic residues in the non-transmembrane

region and disrupt the amyloid. Shorter amyloids require longer irradiation times

for disruption to occur, because the number of hydrophobic residues is insufficient

to serve as bubble nuclei, which is consistent with the above-mentioned experi-

mental results. These simulations, however, assume that bubbles are generated from

water vapour and do not take into account the formation of microbubbles from

existing gases in solution. Likewise, fragmentation induced by shearing forces was

also not considered. Further molecular modelling reveals that force-assisted frag-

mentation and fracture times in amyloids depend on polymorphic substructures

[116]. Fibrillation also appears to be strongly dependent on chemical composition

as shown in another study into chitin derivatives under ultrasonication and gas

bubbling in water [117].

5 Ultrasonically-Driven Motion

If any aspect of ultrasonic irradiation is tightly linked to molecular biology, it must

surely be mechanotransduction, by which mechanical input is harnessed for auton-

omous motion or converted into (bio)chemical signals. Although the morphologies

of living organisms are encoded in their genomes, cells are otherwise active gels

and the evolutionary processes that lead ultimately to shape are rooted in mechan-

ical forces. The emerging field ofmechanobiology aims to understand howmechan-

ical information translates into complex processes such as cell growth,

differentiation or motility [118, 119]. Mechanical energy makes sense in this

context as numerous cellular processes involve the activation of stress-sensitive

molecules or fluid flow generation. On the other hand, overlooked pathologies

caused by low-power sound and low-frequency noise (up to 500 Hz) are most

likely associated with changes in mechanotransduction cellular signalling [120].

In close mimicry of biological systems, mechanical motion and other chemical

responses can be performed by external stimuli. A plethora of micro/nanomotors

have been designed in recent years, with varied degree of functionalisation, which

work under physical force, including ultrasonic acoustic waves [121, 122]. Surface

acoustic waves (SAWs) that can be generated in miniaturised devices are ideal for

lab-on-a-chip applications. A seminal demonstration by Hu and associates showed

how an acoustic needle that vibrates under the action of a piezoelectric transducer

was able to trap and rotate small particles around its tip in water. The rotation of

trapped particles can be controlled by the acoustic pressure near the tip or by

controlling the frequency and power (via voltage) of the transducer [123]. An

extension of this concept is the use of SAWs on a piezoelectric substrate (made

of lithium niobate) with a pair of interdigital transducers to induce rotation of a
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small disk (5 mm diameter) immersed in a water drop. Large radial accelerations

(172 m/s2) were obtained and hold potential for microcentrifugation [124].

The autonomous motion of metallic microrods, in the form of levitation, rota-

tion, propulsion, alignment and particle assembly has been induced in water or

saline solutions using SAWs at 3.7 MHz [125]. Moreover, results obtained with

metallic and polymer (polystyrene) materials are substantially different and depend

strongly on shape and symmetry (Fig. 23). Metal rods induce strong vortices upon

alignment and display preferential axial motion, while spherical metal particles

induce vortices as well, but scarcely show directional motion. Polymer particles

show neither directional motion nor induce vortex formation, irrespective of shape.

The fact that polymer rods display no directional motion, but weak axial rotation,

when aligned suggests that such trends are influenced by different acoustic field

effects. Thus, axial propulsion arises chiefly from the scattering of acoustic waves

travelling in the z-direction and its rate can be altered either by modifying the

amplitude and frequency of the continuous irradiation or by means of pulsed

sonication. It would appear that the swimming trajectory of an object is governed

by the balance between the orienting force induced by the physical field and the

effects that randomise particle orientations, such as rotary Brownian motion and/or

a tumbling mechanism resembling that of flagella in bacteria [126].

Fig. 23 Schematic illustration of the different types of motion: (a) axial directional motion with

chain assembly, (b) in-plane rotation, and (c) axial spinning and pattern formation, of metal

microrods in a 3.7-MHz acoustic field. AuRu rods (gold-silvery colour in dark image) showed

similar behaviour to of Au rods, except that they moved from the Ru ends (silvery end in the

image) forward and aligned heat-to-tail into chains. Images (d) and (e) show chain structures and

ring patterns formed by Au and AuRu rods. Reproduced with permission from [125]. Copyright

2012 American Chemical Society
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Wang et al. have recently displayed the modulating effect of an ultrasonic field

on the bubble propulsion of a chemically-fuelled microengine [127]. The latter,

fabricated by electrodeposition, consists of a poly(3,4-ethylenedioxythiophene)

(PEDOT)/Ni/Pt tubular arrangement (15 μm long, 5 μm diameter at its wide

side). The catalytic decomposition of hydrogen peroxide fuel on the inner Pt surface

releases oxygen microbubbles, which leads to microengine propulsion. The appli-

cation of ultrasound disrupts bubble evolution, thus hindering and stopping move-

ment. In the absence of sonication, the microengine moves at high speed (231 μm/s)

with a characteristic bubble tail. When irradiation is applied (at 10 V of the US

transducer), the microengine almost stops completely within 0.1 s and only main-

tains a negligible velocity of 0.6 μm/s. When the ultrasonic field is turned off, the

original speed is regained once again within 0.1 s. Reproducible on/off cycles are

observed and different velocities can be obtained by simply tuning ultrasonic

power.

Acoustic propulsion in biological fluids and cells opens the door to biomedical

applications, from drug delivery to the selective transport or capture of biological

targets (e.g. bacteria) [128], and has perhaps taken its inspiration from the film

“Fantastic Voyage”. The fuel-free propulsion of a nanomotor by means of acoustic

energy can be additionally oriented in the presence of a magnetic field, thus

targeting specific cells and tissues. As a proof of the concept, a ferromagnetic

nickel stripe has been electrochemically grown between diamagnetic Au and Ru

segments, which then responds to a weak external magnetic field (40–45 mT) used

to orient nanowires moving along their long axes, propelled by SAWs (~3.7 MHz)

[129]. These features enable μm-level precision toward living human cervical

cancer cells (HeLa cells) cultured in an aqueous phosphate buffer (Fig. 24). More-

over, viability tests showed no significant cell degradation in the presence of

metallic nanowires after 20 min of acoustic irradiation (at 10 V peak values).

This experiment demonstrates clever random motion suppression in microengines

which were fine-tuned by a second controlling field. Ultrasound-excited motion

(at ~4 MHz resonant frequency) of Au nanorods inside HeLa cells, which remain

viable after ultrasonic exposure, has also been reported and shows the aforemen-

tioned directionality patterns of axial propulsion and spinning [130].

In a different strategy to achieve ultrasound-guided motion, Wang and

coworkers prepared microbullets with an inner Au layer which permits conjugation

to a monolayer of thiolated cysteamine. The entire functionalisation also enables

electrostatic attachment to perfluorocarbon (PFC) (either perfluoropentane or

perfluorohexane) droplets to be carried out. Under ultrasonic irradiation, the PFC

droplets are vaporised, leading to the net motion of microbullets towards lamb

kidney tissue. Propulsion can be modulated by adjusting external parameters such

as acoustic pressure, pulse duration or surfactant concentration [131].

Although not directly related to acoustic nanomotors, one might wish to pay

attention to the selective binding control of single molecules in biological media.

As an illustrative example, low-power ultrasound radiation, mediated by magnetic

particles, can selectively dissociate non-covalent bonds according to their inherent

strengths [132]. Consider, for instance, as shown in Fig. 25, two types of
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non-covalent bonds to biological receptors, one occurring between a magnetically

labelled ligand and receptor 1, the other involving interaction between the ligand

and receptor 2, which is assumed to have a weaker binding constant than the former.

Low-power sonication is only able to dissociate the weaker bond selectively. The

dissociated magnetic particles cause a decrease in the magnetic signal because of

the randomisation of their magnetic dipoles. Subsequent application of a slightly

higher-power ultrasound dissociates the stronger bond between the ligand and

receptor 1. Different antibodies and DNA duplexes have been mechanically

resolved using this approach.

Fig. 24 Acoustically-propelled nanomotor targeted at a HeLa cell (a–c). (d) Nanowires are

moving parallel to a group of cells, with their direction indicated by the arrow. (e) When the

external field is turned, nanowires are magnetically steered toward the cells through an approxi-

mately 90� turn. Reproduced with permission from [129]. Copyright 2013 American Chemical

Society

Fig. 25 Schematic illustration of the acoustic radiation force (ARF)-based FIRMS (force-induced

remnant magnetisation spectroscopy) approach for the selective cleavage of non-covalent bonds.

Reproduced with permission from [132]. Copyright 2014 The Royal Society of Chemistry
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6 Cleaning, Erosion and Streaming: New Developments

Cleaning, erosion, emulsification and streaming are paradigmatic effects of the

mechanical action of high-amplitude waves and cavitating bubbles. This penulti-

mate section does not intend to re-emphasise these aspects, as they are well

established and lie at the core of sonochemistry. Rather, we provide glimpses of a

few recent applications which harness these mechanical mechanisms.

Fluid recirculation enhancing acoustic streaming [26] can be used in the

sonoprocessing of solid particles and, most notably, make use of low-cost commer-

cially available devices which operate at low frequencies. The so-called Ca-looping

process is a viable technology with which to perform post-combustion CO2 capture

with high efficiency. In short, it involves the separation of CO2 via the carbonation

of CaO in a fluidised bed at high temperature, followed by limestone calcination to

regenerate the sorbent. Capture is increased under low frequency acoustic vibration

(ca. 100 Hz) and intensities of around 140 dB [133, 134]. The operational setup is

shown in Fig. 26. Fine particles (with diameters smaller than 100 μm) are entrained

in the oscillating gas flow induced by the low-frequency field, which leads to the

strong agitation of the bed and enhances gas-solid contact. Moreover, acoustic

streaming (i.e. intense convection of gas flow) is generated on the surface of larger

particles (otherwise immovable by the acoustic wave) and promotes both heat and

mass transfer at the gas–solid interface. These mechanisms, used combined or

Fig. 26 Diagram showing

Ca-looping sonoprocessing.

1: Compressed gas used for

carbonation (15 vol.% CO2/

85 vol.% N2); 2:

compressed gas used for

calcinations (dry air); 3:

mass flow controllers; 4:

temperature controller; 5:

furnace; 6: quartz reactor; 7:

sound waveguide; 8: elastic

membrane; 9: microphone;

10: loudspeaker; 11:

differential pressure

transducer; 12: particulate

filter; 13: mass flow meter;

14: gas analyzer; 15: signal

amplifier; 16: signal

generator; 17: oscilloscope;

18: air cooling system.

Reproduced with

permission from

[133]. Copyright 2013

American Chemical Society
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separately, increase carbonation/decarbonation rates, but depend heavily on aver-

age particle size and sound parameters.

It should be noted that audible sound (generated by cheap loudspeakers) can be

used for related separation techniques, even on large scales (pilot plant). A reduc-

tion in particle emissions from coal combustion fumes has been achieved using an

array of stepped-plate piezoelectric transducers, which produce a homogeneous

distribution of high-intensity waves (145–165 dB), located along the wall of the

chamber at that high-temperature environment [135].

Cleaning and erosion can be visualised on the small scale using miniaturised

devices and provide fine details of the mechanical action. Material removal exper-

iments have been conducted using the setup shown in Fig. 21 (top) for the

elimination of biofilms [110]. The cavitation cell does not enable an optical

visualisation of the cavitating bubbles because of the opaque character of materials

deposited on the glass slide. However, some observations, which are also dependent

on the pit arrangement and intensity (Fig. 27),were made. For deposited gold, a

small opening in the Au layer (right on top) is seen (where the pits are located) when

low power irradiation is applied (0.182 W). At constant power, the size of the

removed layer increases slowly. The maximum area removed for one pit is

ca. 0.03 mm2. This increases proportionally upon increasing the power for two,

three or four pit geometries (linear, triangular or rectangular shapes, respectively,

are seen). While this kind of surface removal is observed for both Au and Pt,

deposited Cr and Ti (expected to have harder passivating coatings) do not undergo

removal under the above conditions and the bubbles are able to detach small pieces

only occasionally. When the ultrasound is switched off, the pits are filled with water

and, if a bubble is still inside a pit, further bubble nucleation can no longer be

attained. When ultrasound is turned on, no cavitation is observed from the

micropits. As mentioned in Sect. 4, streaming does not account for surface removal

Fig. 27 From top to bottom
(and left to right): bubble
generation from 1 to 4 pit

arrangements at low and

high power. Left: Bright
field illumination (inverted
colour) showing bubble

patterns at slow speed

imaging. Right: Shapes of
cleaned areas in gold

(black) caused by bubble

cavitation. Reproduced with

permission from

[110]. Copyright 2012 AIP

Publishing

Interplay Between Mechanochemistry and Sonochemistry 275



and the cleaning effect is locally restricted to the pits and how close the nucleated

bubbles are from the surface to be removed.

The influence of radical production by the cavitation bubbles was also investi-

gated by exposing all the metal surfaces to hydrogen peroxide. No Au reaction was

observed in the first 5 min, although some small regions showed tiny amounts of

detachment (ca. 1 mm2) after that time. Some chemical activity was detected in Pt

in the form of bubbling and gas formation, most likely H2/O2 generation, which led

to the removal of the entire layer in a few seconds. On the other hand, Cr and Ti did

not undergo reaction after 10 min of irradiation. The latter allows one to conjecture

that any contribution from radical species (such as H· or HO·) to the removal rates is

minimal under the conditions employed to produce cavitating bubbles, which

nucleate from the pits [110].

Surface damage can be caused by bubble cavitation and shock waves on

non-coinage metals. Silicon is an oft-studied case where surface erosion has been

studied in various crystallographic orientations – namely (100), (110) and (111)

surfaces at 191 kHz [136]. The most significant damage caused by cavitation was

observed on the (100) face, with an eroded area which was ca. 2.5 times larger than

in other crystallographic orientations after 180 min of irradiation. Erosion pits

increased at a constant rate for (110) and (111), although this effect stopped in

(100) after 120 min.

More complex transformations have been observed for crystalline silicon under

acoustic cavitation in water sparged with Ar at temperatures of between 10 and

20�C [137]. Spectroscopic investigation reveals that Ar, which is bubbled contin-

uously through the liquid phase, is ultrasonically excited via mechanolumi-

nescence, i.e. light emission produced by mechanical action on the Si surface.

This phenomenon also triggers physico-chemical transformations at the solid–

liquid interface (Fig. 28), thus causing stress and defects as well as an increase in

Fig. 28 SEM images of crystalline silicon showing the propagation of cracks and defects after

sonication for (a) 5 h, (b, c) 7 h, (d) 9 h, (e) 12 h, and (f–h) 15 h. Acoustic intensity is 32W/cm2, Ar

bubbling at 20�C in water (250 mL). Reproduced with permission from [137]. Copyright 2012

American Chemical Society
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roughness and wettability. Interestingly, progressive amorphisation of the crystal-

line was also observed. The latter can be attributed to a loss of lattice stability

during the high-energy environment created by the collapsing bubbles in compres-

sion/decompression cycles. This shock wave-caused mechanical effect should also

be considered as the local pressures generated by such waves are similar to those

employed in high-pressure transformations of crystalline silicon.

7 Concluding Remarks: Open Questions

It should now be unnecessary to underline the mechanical connection between

sonochemistry and other subfields of mechanochemistry. The former clearly pos-

sesses a series of inherent characteristics by virtue of various forces generated in a

liquid under the action of pressure waves. Both chemical and physical activation,

especially when cavitation is present, are able to drive numerous transformations

and often provide a useful mechanistic rationale.

As a leading sonochemist [9], who was paraphrasing Churchill, once said:

sonochemists and mechanochemists are one people separated by a common phe-
nomenon. This phenomenon is obviously the conversion of mechanical energy into

chemistry, which includes a vast territory of applications worthy of exploration.

The present survey simply summarises a few fundamentals plus some scenarios of

current and active interest. The interplay between sonochemistry and its mechanical

relationships invariably leaves open questions and new avenues to investigate. To

mention a few:

1. Further developments in theoretical modelling, particularly via high-level

quantum-mechanical calculations, are required and can boost our understand-

ing of the forces involved. Cavitational modelling is, in any case, a challenge

because of its nonlinear effects.

2. How can selectivity be controlled in macromolecular or supramolecular

arrangements?

3. What kind of physical effects are involved in the acoustically-promoted for-

mation of metastable crystals, co-crystals and nanostructures?

4. How do cavitation and other physical effects influence or alter phenomena such

as mechanoluminescence or chemiluminescence?

5. How does reactor design affect efficiency and reproducibility?

6. Should energy efficiency also be analyzed in terms of batch vs continuous

processes?

7. How different are acoustic fields from other forms of flowing energy?

(e.g. hydrodynamic cavitation).

8. What kind of safety concerns should be addressed? (in particular mechanical

input in single cells and biofluids).
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9. How can we assess sonomechanical mechanisms? Are there suitable molecular

probes?

10. Can we probe cell mechanics with ultrasonics via non-invasive and innocuous

techniques?

Ultrasonication tells us that liquid flows may offer rich science, merging physics

and chemistry. We are often fascinated by liquid patterns observed in common and

cheap cleaning baths or bubble clouds around an ultrasonic horn. Many years ago,

Leonardo da Vinci, the prototypical Renaissance genius, was a man who loved

fluids [138]. His drawings reflect passion and curiosity and show swirling, curving,

revolving and wavy patterns with precision. He recognised that flow was an

essential ingredient of life. Had Leonardo known more about the action of sound

in liquids, he would certainly have conveyed science and beauty to mesmerise

future generations forever.
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Huxley’s Model for Muscle Contraction

Revisited: The Importance of Microscopic

Reversibility

R.Dean Astumian

Abstract Andrew Huxley’s model for muscle contraction is the first mechanistic

description of how an energy-providing chemical reaction, ATP hydrolysis, can be

coupled by a molecule (myosin) to do work in the environment in a cyclic process.

The model was originally used to fit experimentally obtained force vs velocity

curves, and has served as a paradigm for understanding mechanochemical coupling

ever since. Despite the remarkable success in fitting kinetic data, Huxley’s model is

thermodynamically inconsistent in several regards, most notably in its failure to

include thermal noise in the description of the mechanical transitions by which

motion occurs. This inconsistency has led subsequent workers to incorrect conclu-

sions regarding the importance of mechanical transitions for determining the

direction of motion, the efficiency of energy conversion, the ratio of forward to

backward steps, and the applied force necessary to stop the motion of chemically

driven molecular motors. In this chapter an extension of Huxley’s model is

described where the principle of microscopic reversibility provides a framework

for developing a thermodynamically consistent description of a molecular machine.

The results show clearly that mechanical strain and the so-called “power stroke”

are irrelevant for determining the directionality and thermodynamic properties of

any chemically driven molecular motor. Instead these properties are controlled

entirely by the chemical specificity that describes how the relative rates of the ATP

hydrolysis reaction depend, by allosteric interactions, on the mechanical state of the

molecule. This mechanism has been termed an “information ratchet” in the litera-

ture. In contrast to the results for chemical driving, a power stroke can be a key

component for the operation of an optically driven motor, the transitions of which

do not obey microscopic reversibility.
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1 Introduction

In 1938, A.V. Hill proposed [1] a remarkably simple hyperbolic equation,

Fþ að Þ V þ bð Þ ¼ c;

which captures the experimentally observable relationship between the shortening

velocity of muscle, V, and a load force, F. This phenomenological expression for

the force-velocity curve can be recast in terms of a single fit parameter as

~V ¼ K 1� ~F
� �
K þ ~F

; ð1Þ

where ~V ¼ V=V0 is the sliding velocity normalized by the velocity at zero load and
~F ¼ F=Fstall is the load force normalized by the stall force Fstall – the force

necessary to bring the sliding velocity to zero – and K ¼ a=Fstall ¼ b=V0 is a fit

parameter.
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In 1957, Andrew Huxley described [2] an explicit mechanistic model for muscle

contraction based on consideration of the structure of muscle [3, 4]. These early

structural studies, along with subsequent work, have been featured in a Nature

retrospective web focus (http://www.nature.com/nature/focus/slidingfilaments/) on

the sliding filament model of muscle contraction. Huxley’s model introduced

position-dependent rate constants for reversible binding of actin to myosin followed

by an energetically downhill process that completes hydrolysis of ATP and triggers

release of actin by myosin. This model is perhaps the first mechanistic description

of how energy released by a chemical reaction can be coupled to do mechanical

work in a cyclic (repeatable) process. Significantly, the force-velocity relation

derived from Huxley’s picture, with a few additional assumptions, can be cast in

the form of A.V. Hill’s earlier phenomenological expression at (1) [5].

Subsequent workers, notably Terrell Hill and colleagues [6], extended the model

to include back reactions for the chemical processes so that thermodynamic param-

eters such as efficiency can be calculated. In their analysis the motion of the myosin

while attached to actin is modeled as a deterministic elastic relaxation often termed

a “power stroke.” Unfortunately, this treatment of the mechanical motion as a

deterministic process is not thermodynamically consistent and leads to incorrect

predictions about the importance of the mechanical properties of the myosin.

Here, Huxley’s model [2] and its extension by Hill, Eisenberg, Podolsky, and

Chen [6] is revisited in light of the principle of microscopic reversibility [7]. The

conclusion is that, when the rate constants for the chemical reactions of ATP

hydrolysis and for the mechanical transitions of the motor are constrained by

microscopic reversibility, the “power stroke” is seen to be irrelevant for determin-

ing the direction of motion, the optimal efficiency, the stopping force of the motor,

or the ratio of forward to backward steps. These thermodynamic quantities are

controlled entirely by molecular recognition that allows the rates of the different

steps in ATP hydrolysis to depend strongly on the mechanical state of the myosin

head [8]. Consistent incorporation of microscopic reversibility gives rise to a model

known as a Brownian information ratchet [9] and leads to a simple relation for the

force/velocity curve which, although not strictly hyperbolic, is practically indistin-

guishable from plots of A.V. Hill’s (1) in the region between zero force and stall

force.

2 Huxley’s Model

The basic idea of Huxley’s model is that the myosin filament has a subgroup

(termed a head) attached to the main filament by a spring-like element. This

subgroup fluctuates back and forth because of thermal noise and can form tempo-

rary interactions and attach to sites on the adjacent actin filament with a rate,

denoted by f(x), which depends on its position x. The temporary interactions can

be broken by a free-energy releasing process (ATP hydrolysis) that detaches the

myosin from actin with a rate g(x) that also depends on position. These two
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mechanical states of myosin are often described as attached (A) and detached (D),

respectively.

In any interval x� dx a certain fraction, n(x, t), of the myosin heads is attached,

and a fraction 1� n x; tð Þ is detached. When the head is attached to actin, the spring

pulls the actin with a force given by the deviation of the spring from its equilibrium

position. Given the spring constant and equilibrium position (or equivalently the

free energy profile U(x)), it is straightforward to relate the distribution n(x, t) to the

instantaneous force exerted on actin.

2.1 Steady-State Analysis

At steady state the sliding velocity is constant and the fraction of actin/myosin pairs

attached at any x does not change with time. The time-independent spatial distri-

bution n(x) is then given by the differential equation

�V dn xð Þ
dx
¼ f xð Þ � f xð Þ þ g xð Þ½ �n xð Þ; ð2Þ

where V is the experimentally observed velocity of sliding. Using simple piecewise

linear functions g(x) and f(x) (see Fig. 1), Huxley calculated the fraction n(x), and
hence the average force on actin as a function of velocity. The fit to experimental

results such as force vs velocity curves and rate of energy dissipation – the same

data that had led A.V. Hill to the phenomenological (1) – is very good. With a few

plausible assumptions regarding the dependence of the rates on the velocity [5],

Huxley’s model can be cast into the identical mathematical form as Hill’s phenom-

enological equation describing a hyperbolic relation between velocity and force.

myosin lament

actin lament equilibrium position
of the myosin head

g(x)

g(x)

f(x)

position, x

Fig. 1 Huxley’s model for

how a cyclic binding of

myosin to actin (with rate f
(x)) and release of actin

(with rate g(x)) can cause

net translation of the actin,

and ultimately leads to

contraction of the actin-

myosin fiber bundle
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2.1.1 Microscopic Reversibility and Chemical Transitions

Despite excellent success in fitting kinetic data, however, Huxley’s model is not

thermodynamically complete because there is no explicit dependence of the veloc-

ity or average force on the free-energy released by ATP hydrolysis (Δμ ¼ μATP
�μADP � μPi ). Huxley recognized that the process described by g(x) is not the

microscopic reverse of the process described by f(x) and that each cycle of attaching
by f(x) and detaching by g(x) implicitly involves hydrolysis of one ATP molecule,

but (2) cannot be used to investigate such important questions as “what happens

when the ATP hydrolysis reaction is near equilibrium?,” or “does externally driving

the muscle to slide with a negative velocity lead to the synthesis of ATP?” To probe

these thermodynamic questions, the rates of the microscopic reverses for both

attachment and detachment, f 0 (x) and g 0 (x), respectively, must be included in the

description. The rates in general depend on position, but obey an important ther-

modynamic constraint,

f xð Þg xð Þ
f 0 xð Þg0 xð Þ ¼ eΔμ ; ð3Þ

which must hold at any particular value of x. To make the notation as compact as

possible, all energies are written in units of the thermal energy kBT, and we choose

length units in which the period along the myosin is unity.

2.1.2 Chemical Specificity

Hypothetical energy profiles for ATP hydrolysis are shown for two different

positions, 0 and α, in Fig. 2. At any position, ATP hydrolysis obeys the simple

Michaelis–Menten mechanism shown at the bottom of Fig. 2. The chemical spec-

ificities (i.e., the relative rates of the “f” and “g” processes) depend on the transition

state energy difference ΔE{ xð Þ ¼ E{
g xð Þ � E{

f xð Þ. We can write relationships

between the rate constants in terms of these transitions state energy differences:

f 0ð Þ g0 αð Þ
g0 0ð Þ f αð Þ ¼

f 0 αð Þ g 0ð Þ
g αð Þ f 0 0ð Þ ¼ e�ΔE

{ 0ð ÞþΔE{ αð Þ: ð4Þ

The transition state energies are not thermodynamically constrained and are thus

subject to evolution or to chemical design. Some of the individual rate constants, f
(x), f 0 (x), g(x) and g 0 (x), depend on the concentrations [ATP], [ADP], and [Pi], but

the ratios in (4) do not.
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2.1.3 Focusing on Trajectories

Amodel that is consistent with the constraint on the transition rates expressed in (3)

is essential for understanding the thermodynamics of energy coupling – stoichiom-

etry, thermodynamic efficiency, stopping force, ratio of forward to backward steps,

etc. Further, to address what is perhaps the most basic question about muscle –

“why does ATP hydrolysis drive myosin to move actin one way and not the other?”

the velocity must be an output of the theory rather than an input as it is in Huxley’s
model. We can better understand this question in terms of a mechanistic description

Fig. 2 Free energy profiles

for the chemical process at

two different positions

0 and α. The selection
between the “f” and “g”

processes depends on the

transition state energy

differences. In Fig. 3 E{
f 0ð Þ

�E{
g 0ð Þ > 0 and

E{
f αð Þ � E{

g αð Þ < 0, so at

position 0 the myosin is

specific for the g process

and at position α the myosin

is specific for the f process.

The energy of the bound

state at position α, UA(α), is
greater than the energy of

the bound state at position

0, UA(α). The energy-
releasing mechanical

transition from position α to

0 (see Fig. 4) is termed the

power stroke
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of possible trajectories between the two points labeled 0 and α shown in Fig. 3.

Starting at the top of Fig. 3, movement to position α while detached, then binding at

position α with subsequent movement to position 0 while attached, followed by

dissociation at position 0 results in movement of actin a distance α to the left. This

path is illustrated going from top to bottom in Fig. 3 by the arrows at the right.

Starting at the bottom, however, binding at position 0 with subsequent movement to

position α while attached, followed by dissociation and return to position 0 results

in movement of actin a distance α to the right, as indicated by the arrows at the

left in Fig. 3. What parameters govern whether a forward step (the sequence from

top to bottom in Fig. 3) or a backward step (the sequence from bottom to top in

Fig. 3) is more likely?.

2.2 Terrell Hill’s Extension of Huxley’s Model

A natural answer proposed by Terrell Hill and colleagues [6] is that the direction of

motion is governed by the asymmetry of the spring. Hill et al. [6] explicitly

described the motion of the actin filament in terms of an asymmetric free-energy

landscape for the actin site as shown in Fig. 4, where in the attached state the

myosin exerts a position-dependent force on the actin, and in the detached state

PD(0→α)

PA(0←α)

f(α)+g’(α)

0 α

0 α

0 α

0 α

0 α

g(0)+f’(0)

g(α)+f’(α)

f(0)+g’(0)

PA(0→α)

PD(0←α)

Fig. 3 Possible sequence of steps by which myosin transports an actin site, shown in light gray,
between points α and 0. The sequence from top to bottom transports actin to the left relative to the
myosin, a direction we call a forward step, whereas the sequence from bottom to top transports

actin to the right relative to the myosin, a direction we call a backward step
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the myosin head does not exert a force on actin. There may be a load force which is

typically modeled as being homogeneous and giving rise to a net tilt of both UA(x)
and UD(x).

The asymmetry in the harmonic potential guides the eye to recognize that

diffusion from the dissociation site i, for i ¼ . . . , � 1, 0, 1 . . ., over the short

distance 1� αð Þ to the binding site at α� ið Þ � 1 is more likely than diffusion

over the greater distance α to the binding site at iþ α. In the limit α � 1, no

diffusion is required and, seemingly, the myosin would then work almost deter-

ministically. The only stochastic aspect of the motion would reside in the chemistry

described by the “f” and “g” processes, and each hydrolysis would result in motion

of actin one step to the left. Hill et al. [6] presented only a single period of the

schematic potential energy landscape and included only the transitions represented

as solid green lines in which the myosin moves the actin to the left (forward) while

hydrolyzing ATP according to the path denoted ℱ. They described this path as

having a near “optimal efficiency,” arguing that “it is clear there is no way the

efficiency could be greater than Γ/Δμ.” These seemingly commonsense assertions

are wrong.

For a complete analysis we must recognize the possibility of another sequence

[10], shown by the dashed arrows in Fig. 4, in which myosin moves the actin a

period to the right, while also hydrolyzing ATP. This backward path, denoted ℬ, is

often ignored because it contains the macroscopically implausible (and determin-

istically impossible) uphill motion on the potential UA from the energy minimum at

the position zero to a strained configuration at the position α.

Fig. 4 Schematic illustration of the free-energy functions for the attached (A) and detached

(D) states similar to that given by Hill, Eisenberg, Chen, and Podolsky [6]. The energy change

Δμ is the total energy provided by ATP hydrolysis, and Γ is the energy released during the “power

stroke” in which the myosin pulls the actin filament to the left. Hill et al. gave only a single period
of the functions UA(x) and UD(x), and showed only the solid green transitions representing a step

(denoted ℱ ) in which the myosin moves the actin to the left (forward) while hydrolyzing ATP. The
unnormalized probabilities for all transitions are shown on the diagram. By periodicity

PS i αþ ið Þ�PS 0 αð Þ; PS αþ i 1þ ið Þ�PS α 1ð Þ; PS i! αþ ið Þ�PS 0! αð Þ; and PS

αþ i! 1þ ið Þ�PS α! 1ð Þ for S ¼ A,D
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2.3 Microscopic Reversibility and Mechanical Transitions

For chemically driven motors the asymmetric well with depth Γ is a trompe l’oeil
that fools the reader into concluding that the directionality of motion and other

thermodynamic aspects of muscle behavior are governed by the spring and its

anharmonicity. As is shown using the principle of microscopic reversibility, this

is not the case. In fact, the intrinsic (zero load) direction of motion, and every

thermodynamic property of muscle behavior, is governed solely by the activation

barrier differencesΔE{(α) andΔE{(0) that determine the chemical specificities, and

not by the energy difference UA αð Þ � UA 0ð Þ that drives the power stroke.
We can most easily see the importance of the ΔE{(xi) by first considering the

relationship between forward and reverse mechanical motions. Using the Onsager–

Machlup thermodynamic action theory [11], Bier et al. [12] provided explicit

relations based on the principle of microscopic reversibility for the relative prob-

ability of a down-slide vs an up-slide on an energy surface, which for Fig. 4 can be

expressed as

PA 0! αð Þ
PA 0 αð Þ ¼ eUA 0ð Þ�UA αð ÞþαF,

PA α! 1ð Þ
PA α 1ð Þ ¼ e�UA 0ð ÞþUA αð Þþ 1�αð ÞF,

PD 0! αð Þ
PD 0 αð Þ ¼ eαF,

PD α! 1ð Þ
PD α 1ð Þ ¼ e 1�αð ÞF;

ð5Þ

where αF is the force� distance work done in moving the actin a distance α in the

presence of an external homogeneous force, F, and we choose as a sign convention
that positive F tends to move the actin filament to the right.

We can obtain an additional constraint on the rate constants for the chemical

transitions with these relations by using a “thermodynamic” box, as shown in Fig. 5.

The product of the probabilities for the clockwise transitions must equal the product

of the probabilities for the counterclockwise transitions,

PA 0 αð ÞPD 0! αð Þ f αð Þ f 0 0ð Þ ¼ PD 0 αð ÞPA 0! αð Þ f 0 αð Þ f 0ð Þ; ð6Þ

with an analogous relation holding for the transitions of a thermodynamic box (not

shown) formed using the “g” rates:

g0 αð Þg 0ð Þ
g0 0ð Þg αð Þ ¼

f αð Þ f 0 0ð Þ
f 0ð Þ f 0 αð Þ ¼ e UA 0ð Þ�UA αð Þ½ �: ð7Þ

The ratio of the probabilities for path ℱ and path ℬ is then seen to be
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Pℬ

PF
¼ PA 0! αð ÞPD α! 1ð Þ f 0ð Þ g αð Þ

PA 0 αð Þ PD α 1ð Þ f αð Þ g 0ð Þ ¼ e ΔE{ αð Þ�ΔE{ 0ð Þ½ � eF; ð8Þ

where the second equation is obtained by using (7) and (4). In the absence of an

applied force, the selection between the path in which ATP is hydrolyzed and actin

moves a period to the left (ℱ) and the path in which ATP is hydrolyzed and actin

moves a period to the right (ℬ) is determined solely by ΔE{ αð Þ � ΔE{ 0ð Þ (the
chemical specificities) and is independent of the shape, UA(x), or amplitude, Γ, of
the mechanical potential energy landscape! In other words, myosin operates as a

Brownian information motor [9] or ratchet [13], the directionality of which is

determined by allosteric interactions that allow the relative activation barriers for

the “f” and “g” chemical processes to vary as a function of position. When

ΔE{ αð Þ � ΔE{ 0ð Þ� �
< 0 the path ℱ is favored and when ΔE{ αð Þ � ΔE{ 0ð Þ� �

> 0

the path ℬ is favored, irrespective of the shape or details of the mechanical

potential profile UA(x).

2.4 General Coupled Transport Relations

2.4.1 Microscopic Reversibility and Path Probabilities

In addition to paths ℱ and ℬ (and their microscopic reverses ℱR and ℬR, respec-

tively) there are also paths in which the motor moves without hydrolyzing ATP

(slip), or in which ATP is hydrolyzed without moving (futile cycling). To add

further complexity, to evaluate explicitly all terms, we would have to integrate over

f‘(0)  

f‘(α) f(α)

f(0)

PD(0→α)

PD(0←α)

P A(0
←α)

P A(0
→α)

Fig. 5 Illustration of a thermodynamic box used to derive a relationship between the rate

constants f(0), f 0 (0), f(α) and f 0 (α). A similar box (not shown) that involves the “g” rates can be

drawn. Irrespective of the magnitude of Δμ, or of whether there is a load force, the product of the

probabilities in the clockwise direction must be equal to the product of the probabilities in the

counter-clockwise direction (see (6)), resulting in (7)
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all possible values for α. We can cut through this complexity by focusing on

possible outcomes in the environment for every complete cycle that starts and

ends at periodically related positions, e.g., 0� i with myosin in the detached state

[14]. These paths can be summarized:

ℱ/ℱR Actin to left with ATP hydrolysis/actin to right with ATP synthesis

ℬ/ℬR Actin to right with ATP hydrolysis/actin to left with ATP synthesis

S=SR Actin to left without chemistry/actin to right without chemistry

C=CR Hydrolysis of ATP without motion/synthesis of ATP without motion

The ratio for the probability of any process and its microscopic reverse is a

thermodynamic identity [14]:

PF

PFR

¼ e�FþΔμ;
Pℬ

PℬR

¼ eFþΔμ;
PS
PSR
¼ e�F;

PC
PCR
¼ eΔμ: ð9Þ

The net probabilities to take a forward step, and for an ATP to be hydrolyzed, in

terms of these probabilities are

Pforward � Pbackward ¼ PF þ PℬR
þ PSð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

forward steps

� PFR
þ Pℬ þ PSRð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

backward steps

,

Phydrolysis � Psynthesis ¼ PF þ Pℬ þ PCð Þ|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
ATP hydrolysis

� PFR
þ PℬR

þ PCRð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ATP synthesis

:
ð10Þ

To calculate the overall ratio between the forward and backward paths we need

to integrate Pℱ and Pℬ over α for a complete period (i.e., from 0 to 1) and take the

ratio of their integrals. For each value of α we can use the relation (8) so we have

ð1
0

Pℬdα

ð1
0

PFdα

¼
eF
ð1
0

eΔΔE
{
PFdα

ð1
0

PFdα

¼ eΔΔE
{

D E
eF�qeF; ð11Þ

where ΔΔE{ ¼ ΔE{ αð Þ � ΔE{ 0ð Þ and the parameter “q” is the no load ratio of the

overall likelihood for an ATP driven backward step to the likelihood for an ATP

driven forward step.

2.4.2 General Equations for Velocity and Rate of ATP Hydrolysis

The average velocity and rate of ATP hydrolysis can be obtained by dividing the net

probabilities (10) by a common time constant and then using the thermodynamic

identities in (9) and the definition in (11) to simplify the resulting expression to

obtain
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V ¼ τ�1 1� eF�Δμð Þ � qeF 1� e�F�Δμð Þ½ � þ PS
PF

1� eF
� �� �

,

vATP ¼ τ�1 1� eF�Δμð Þ þ qeF 1� e�F�Δμð Þ½ � þ PC
PF

1� e�Δμ
� �� �

:

ð12Þ

The equations (12) are exact. The terms in brackets ( � � �½ �) describe the coupled

transport and the terms PS
Pℱ

1� eFð Þ and PC
Pℱ

1� e�Δμð Þ describe the slip (stepping

without ATP hydrolysis/synthesis) and futile cycling (ATP hydrolysis/synthesis

without stepping), respectively. It should be noted that when F,Δμ << 1 the

exponentials in the general (10) can be expanded and truncated to first order in

F and Δμ. Onsager reciprocity [15] is apparent in that the coefficient of Δμ in the

expanded equation for V and the coefficient of F in the expanded equation for vATP
are equal.

We arrive at an important conclusion by examining the ratio of net forward to

backward steps (“the step ratio”) ¼ Pbackward=Pforward ;

step ratio ¼ 1þ qe�Δμ þ PS
PF

qþ e�Δμ þ PS
PF

 !
e�F: ð13Þ

It should be noted that the velocity can be written most simply as

V ¼ τ�1 1� step ratioð Þ ð14Þ

It is immediately apparent from (13) that whenΔμ ¼ 0 the factor in parentheses � � �ð Þ
is unity as expected for a system in chemical equilibrium. On close examination we

also see that when q¼ 1 this factor is unity irrespective of the value of Δμ
[16]. Directed motion of a molecular machine requires both that the system be

away from equilibrium (Δμ 6¼ 0) and also that the symmetry of the system be broken,

q 6¼ 1. For a chemically driven motor, this symmetry breaking has nothing to do with

the amplitude, Γ, or with the underlying mechanical potential, UA, and is governed

solely by the spatial dependence of the transition state energies that determine “q.”

The dependence of the term PS
Pℱ

on [ATP] can be obtained for specific models and has

been used to fit [16] the ATP concentration dependence of the velocity and stopping

force observed by Clancy et al. [17] for a mutated form of kinesin which displays

incomplete coupling (i.e., significant slip and futile cycling).

2.5 Simple Approximations for ATP Hydrolysis-Driven
Processes: The Fully Coupled Limit

In the situation of our interest, muscle contraction, the free energy released by ATP

hydrolysis, Δμ, is typically between 50 and 70 kJ/mol (Δμ ¼ 17� 20 in our units)
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and q << 1 so the term qe�Δμ can be neglected in comparison with the other terms.

Further, ATP hydrolysis is almost fully coupled to actin transport so slip and futile

cycling (the third term in the first and second equations at (12), respectively) can be

neglected. This is the fully coupled limit in which every ATP hydrolysis or

synthesis is associated with one step forward or backward [16]. We find simple

approximations

V � τ�1 1� qþ e�Δμð ÞeF½ �,
vATP � τ�1 1þ q� e�Δμð ÞeF½ �: ð15Þ

Setting

A ¼ qþ e�Δμ
� �

; A* ¼ q� e�Δμ
� � ð16Þ

the velocity and rate of ATP hydrolysis at zero load and the stall force can easily be

calculated from (15) to be

V0 � τ�10 1� A½ � ; v0ATP � τ�10 1þ A*
� �

; Fstall � ln Að Þ�1
	 


: ð17Þ

2.5.1 Almost Hyperbolic Relation from an Information Ratchet Model

Taking a Boltzmann expression for the force dependence of the time constant τ�1

¼ e�a~Fτ�10 we find the normalized velocity

~V ¼ Aa~F 1� A 1�~Fð Þ
1� A

 !
ð18Þ

and the normalized rate of ATP hydrolysis

~vATP ¼ Aa~F 1þ A* 1�~Fð Þ
1þ A*

 !
; ð19Þ

where ~vATP ¼ vATP=v
0
ATP. Plots of the hyperbolic expression (1) and of the expo-

nential expression (18) are shown in Fig. 6. The plots are very close to one another

between zero load and stall force with a¼ 1 and A¼ 0.015. Nevertheless, the

underlying physical pictures behind these two equations are very different.

The hyperbolic expression can be derived from a picture in which the mechan-

ical motion involves a deterministic power stroke. Although this power stroke

model can be generalized to include thermodynamically consistent rate constants

(see (3)), the description of the mechanical transitions as deterministic processes is

not consistent with microscopic reversibility and is incorrect.
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In contrast, the information ratchet model [9], on which (18) and (19) are based,

is consistent with microscopic reversibility for both the chemical and the mechan-

ical processes. The shape of the curve described by (18) is governed by both the

force dependence of τ�1 and by the term q that parameterizes the relative likelihood

of a forward ATP driven step vs a backward ATP-driven step. The force velocity

curve is close to hyperbolic with a¼ 1, but with a¼ 0, the velocity is nearly

constant up to a force of slightly more than half the stopping force and then

dramatically decreases to zero at the stopping force, and with a¼ 0.25 (not

shown) the velocity is a nearly linearly decreasing function of the applied force

up to Fstall. The thermodynamic properties such as the step ratio, stoichiometry,

efficiency, and stall force are independent of τ�1.
Plots of ~V and ~vATP vs applied force ~F are shown in Fig. 7 for a¼ 0.5. As

predicted by Astumian and Bier [10], the rate of ATP hydrolysis falls with applied

force, but then increases again beyond the stopping force when the motor moves

backward. This prediction was supported experimentally by Nishiyama et al. [18]

and by Carter and Cross [19], whose results are consistent with ATP stimulated

backward stepping at forces greater than the stall force. Their observations are not

consistent with so-called tight coupling models [20] in which every ATP hydrolysis

leads to a forward step, but are consistent with fully coupled models [16] in which

every hydrolysis or synthesis of ATP is associated with a forward or backward step

and vice versa.
We can obtain a better understanding of the relative importance of the kinetic

splitting factor q and the thermodynamic driving forceΔμ by considering two limits

to the behavior of a molecular motor.

0.5 1.0

0.5

1.0

V
~

~
F

Eq. (16), a=1

Eq. (16), a=0

Eq. (1)

Fig. 6 Plots of (1) (blue dashed line) with K¼ 0.2 (consistent with the fit in Hill’s original paper),
and (16) with A¼ 0.015 and α ¼ 1 (orange solid line) and with A¼ 0.015 and α ¼ 0 (green solid
line). Although the orange and dashed blue curves virtually overlap in the region between no load

and stall force, the symmetry is different. Equation (1) is invariant under the transformation ~F

$ ~V whereas (16) is not. Predictions of the two equations can be easily distinguished in the super-

stall and assisting force regimes
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2.6 Thermodynamic vs Kinetic Control

2.6.1 Thermodynamic Control

When q << e�Δμ, A � �A* � e�Δμ, and the motor is thermodynamically con-

trolled. This limit is also known as the tight coupling limit in which each hydrolysis

of an ATP is associated with one forward step and each backward step is associated

with synthesis of one ATP. The step ratio and the thermodynamic efficiency are

step ratioð Þth ¼ eF�Δμ; ηth ¼
F

Δμ
tanh

Δμ� F

2

� �
: ð20Þ

This thermodynamic limit represents the optimal behavior for a molecular motor

where all the evolvable (or designable) features are such that the behavior of the

motor is limited only by energy conservation. With Δμ ¼ 20 the efficiency is

maximized at about 80% when F¼ 18, and there is no fundamental limit lower than

unity [21]. The FoF1-ATPase is an example of a thermodynamically controlled

motor. The difference in activation barriers for the kinetic processes are >2� (40)

kJ/mol as can be seen from the energy landscape for rotation [22]. This value is

indeed significantly larger than the Δμ for ATP hydrolysis. When an ATP-driven

thermodynamically controlled motor is forced backward, ATP is synthesized.

2.6.2 Kinetic Control

When e�Δμ << q then A � A* � q and the motor is under kinetic control. The step

ratio and efficiency are well approximated as

1.0 1.4

1.0

0.5

0.5

V
~

vATP
~

~F

Fig. 7 Plot of ~V and ~vATP from (16), with K¼ 0.015 and with a¼ 1/2. As predicted by Astumian

and Bier based on a kinetic model for a Brownian motor, the ATP hydrolysis rate increases beyond

the stall force, Fstall. A concomitant prediction – that ATP can stimulate rather than inhibit

backstopping – was supported experimentally by Nishiyama et al. [18] and by Carter and Cross

[19]
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step ratioð Þkin ¼ qeF; ηkin ¼
F

Δμ
tanh

ΔΔE{ �� F

2

" #
: ð21Þ

This kinetic limit is clearly appropriate for muscle. The value q¼ 0.015 corre-

sponds to ΔΔE{ ¼ ΔE{ 0ð Þ � ΔE{ αð Þ � 10kJ=mol. Myosin V is another example

of a kinetically controlled motor. The difference in activation barriers for the ℱ and

ℬ kinetic processes are �40 kJ/mol, as can be seen from the energy landscapes for

the functional (ℱ) and non-functional (ℬ) paths [23]. Both of these values are

indeed significantly smaller than the Δμ for ATP hydrolysis. Forcing an

ATP-driven kinetically controlled motor backwards causes enhanced ATP hydro-

lysis, not synthesis, a behavior predicted by Astumian and Bier [10].

3 Ratchet Models of Molecular Machines

3.1 Understanding Ratchets in Terms of Chemical
Specificities

The major conclusion of our reinvestigation of Huxley’s model for muscle con-

traction is that the power stroke, long thought to be an essential element of the

operation of many molecular machines, is in fact a red herring and is irrelevant for

determining the direction and thermodynamic behavior of any chemically driven

molecular motor. To understand better how the chemical specificity and not the

mechanical potential governs the directionality of a molecular machine, let us

consider a so-called power stroke model (Fig. 8) which has been used to describe

the bacterial flagellar motor [24], where the position variable x is now replaced with

an angle variable θ.
Xing et al. [24] included only the downward pointing green arrows in the shaded

reaction windows of the potentials U1(θ) (deprotonated) and U2(θ) (protonated),
giving rise to a simple story. Two protons bind from the periplasm in the reaction

window at the bottom of potential U1(θ). The motor finds itself in a strained

configuration on the protonated state potential U2(θ), thus deterministically initiat-

ing power stroke 1 as the system relaxes to the bottom of the well on U2(θ). Then, at
the bottom of the well, the two protons dissociate to the cytoplasm, thereby

inducing a transition to a strained state on U1(θ) which deterministically initiates

power stroke 2 as the system relaxes to the bottom of the well. In each complete

cycle, two protons are transported from the periplasm to the cytoplasm and the

motor makes one step to the right.

Neglect of the backward transitions (short arrows) is justifiable based on the

large proton electrochemical potential, Δμ, which drives the process. Neglect of the
red arrows is justifiable based on structural considerations showing that at one angle

the proton binding site is open to the periplasm but not to the cytoplasm, and at
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another angle the proton binding site is open to the cytoplasm but not to the

periplasm. Either of these approximations is perfectly sensible – very large Δμ
implies kinetic control where e�Δμ << q. A very large difference between high

(closed) and low (open) energy barriers implies thermodynamic control where

q << e�Δμ. However, making both approximations is not correct and is equivalent

to assuming that q is both much greater than and simultaneously much less than

e�Δμ, a logical impossibility. When the analysis is carried out correctly, using rate

constants consistent with microscopic reversibility, we find, contrary to the visual

impression conveyed by Fig. 8, the direction of motion, the step ratio, and the stall

force are governed solely by the chemical specificities and by Δμ and are indepen-

dent of the forces produced by the slopes of the potentials ∂U1 θð Þ=∂θ and

∂U2 θð Þ=∂θ.
To reify this very important point further, let us consider the two ratchet models

shown in Fig. 9. At first glance it would seem that the ratchet in Fig. 9a is designed

for transport to the right and that in Fig. 9b is designed for transport to the left.

Despite appearances, however, both ratchets operate as Brownian information

motors [9]. When the rate constants are assigned consistent with microscopic

reversibility, the intrinsic directionality of each ratchet is controlled by the

parameter

q ¼ g1 f
0
2

f
0
1g2

: ð22Þ

When q < 1 the motion is to the right for both ratchets, and when q > 1 the motion

is to the left. Further, the step ratio and stall force for both ratchets are identical, and

in the fully coupled limit the efficiencies are identical as well. The essential feature

determining the directionality and stall force is the allosteric interaction by which

U1(θ)

U1(θ)

U2(θ)

Power Stroke 1

Power Stroke 2

Ch
em

is
tr

y

Δμ

Clockwise rotation 

Fig. 8 A power stroke

model for a bacterial

flagellar motor that has been

described in terms of two

asymmetric sawtooth

potentials whose spatial

periods are out of phase

with one another. In the

original depiction [24], only

the long green arrows
pointing downward in the

shaded reaction windows
were drawn for the chemical

(proton binding and release)

transitions, but this

approximation represents a

logically impossible limit
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the chemical rates are position dependent and not the slopes of the mechanical

potentials.

3.2 Plausible Logic and Incorrect Conclusions: A
Cautionary Tale

It is, however, easy to fool ourselves by making natural, but subtly incorrect,

assignments of the rate constants. A simple assignment for Fig. 9,

f 1 ¼ f 2 ¼ g1 ¼ g2 ¼ σeΔμ=4,
f
0
1 ¼ f

0
2 ¼ g

0
1 ¼ g

0
2 ¼ σe�Δμ=4;

ð23Þ

is patently consistent with the constraint of microscopic reversibility expressed in

(3). In a linear approximation the forward rate constants can be written as σ þ ε and
the reverse rate constants as σ � ε, where ε ¼ σΔμ=4. According to Presse

U1(θ)

U1(θ)

U2(θ)

U2(θ)

U2(θ)

U1(θ) g2g2g1 g1 g1

f1 f1 f1f1 f2 f2 f2 f2‘‘

f2 f2‘f1 f1‘ f2 f2‘f1 f1‘

g2‘g2‘ g1‘‘

g2 g2‘ g2 g2‘g1 g1‘ g1 g1‘

‘ ‘

a)

b)

Fig. 9 Two shift ratchets

with different mechanical

potentials U1(x) and U2(x).
Appearance suggests that

the ratchet in (a) is designed

to move to the right and that
in (b) is designed to move to

the left when Δμ > 0.

However, when rate

constants consistent with

microscopic reversibility

are used in the description

of the chemical transitions,

this is seen not to be the

case, and that the direction

is controlled by the

chemical specificity

q ¼ g1 f
0
2

f
0
1g2
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et al. [25] “ε represents some driving force, the degree to which detailed balance is

broken to drive the system in one direction. In biology, εmay depend on the amount

of ATP concentration driving a motor, for example.”

When we use the assignment of rate constants in (23) to analyze the ratchets in

Fig. 9, we find, just as naive and superficial expectation leads us to believe, that the

ratchet in Fig. 9a drives motion to the right and the ratchet in Fig. 9b drives motion

to the left. Doesn’t this prove the importance of the power stroke? The answer is

no. The assignment of the rate constants in (23), although consistent with one

requirement of microscopic reversibility, (3), is not consistent with the second

requirement, (7). In explicit terms of the rate constants shown in Fig. 9, these two

requirements are

f 1g1
f
0
1g
0
1

¼ f 2g2
f
0
2g
0
2

¼ eΔμ ð24Þ

and

f 1 f
0
2

f
0
1 f 2
¼ g2g

0
1

g
0
2g1
¼ eΔU θ1ð Þ�ΔU θ2ð Þ; ð25Þ

where ΔU θð Þ ¼ U1 θð Þ � U2 θð Þ. Maintaining consistency with both requirements

of microscopic reversibility assures that, for any values θ1 and θ2, the product of

clockwise and counterclockwise transitions for the thermodynamic boxes

corresponding to that shown in Fig. 5 are equal:

P1 θ1 ! θ2ð Þ f 2P2 θ1  θ2ð Þ f 01 ¼ f 1P2 θ1 ! θ2ð Þ f 02P1 θ2  θ1ð Þ,
P1 θ1 ! θ2ð Þg02P2 θ1  θ2ð Þg1 ¼ g

0
1P2 θ1 ! θ2ð Þg2P1 θ2  θ1ð Þ: ð26Þ

This relationship must hold irrespective of whether the system is or is not at

equilibrium. When we take rate constants that are consistent with all requirements

of microscopic reversibility1 we once again arrive at the correct conclusion that the

step ratio (i.e., the directionality) and stall force are independent of the slopes of the

mechanical potentials and are governed solely by the parameter q.
Equation (26) describes the discreet version of a curl free vector field [26–

28]. We can thus define a scalar field by specifying the potential energies (i.e.,

U1(θ) or U2(θ)) and transition state energies E f(θ) and Eg(θ), and linearly interpo-

lating between these specified energies . In the resulting two-dimensional potential

1 Using windowing functions where some of the rate constants are zero except in certain windows

is mathematically incorrect. The ratios of the rate constants specified by microscopic reversibility

must hold everywhere, even if the magnitudes of some of the rate constants become very small in

some regions. Note that the relationships (26) hold when the ratios of rate constants are propor-

tional to the exponentials of the energy differences f θð Þ= f 0 θð Þ / eΔU θð Þ and g
0
θð Þ=g θð Þ / eΔU θð Þ

with θ independent proportionality constants.
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Fig. 10 Plots of the 2-D potential calculated by taking piece-wise linear functions for the shift

ratchet shown in Fig. 9b with amplitude of 13 along the mechanical coordinate, and transition state

(saddle point) energies of E{
f θ1ð Þ ¼ E{

g θ2ð Þ ¼ 8:5 and E{
f θ2ð Þ ¼ E{

g θ1ð Þ ¼ 0. Two periods in each

direction are shown. In (a) we set Δμ ¼ 0. In (b) the system is away from chemical equilibrium

with Δμ ¼ 20. Already in (a) we see that the difference in saddle point energies (i.e., q ¼ e�10)
strongly selects the path Pℱ =Pℱ R

over the path Pℬ=Pℬ
R
, but the ratios between forward and

microscopic reverse pairs are unity so there is no net directional motion. Then in (b), where Δμ
¼ 20 the path Pℱ is strongly favored over its microscopic reverse, Pℱ R

, resulting in net motion to

the right on the mechanical coordinate driven by chemical energy. Even so, there is nothing that

could sensibly be called “torque generation”. (c) Three-dimensional representation of the contour

plot shown in (b). The selection between ℱ and ℬ is because of the lower energy barriers for ℱ
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energy surface, one coordinate (often denoted ξ) represents chemistry and the other

coordinate (θ here) represents the mechanical process as shown in Fig. 10a. Energy

landscapes have recently been explored using computational models explicitly

based on structural studies for the F0F 1-ATPase [22].

3.3 Visualizing the Mechanism of Chemically Driven Motors
on a 2-D Potential Energy Surface

Contour plots of the shift ratchet in Fig. 9b are shown in Fig. 10a forΔμ ¼ 0 and in

Fig. 10b for Δμ > 0, where the effect of chemical free energy gradient is modeled

as a homogeneous force acting along the chemical coordinate ξ. The applied load is
zero in both cases. Figure 10a is the equilibrium case but already we see nascent

directionality – starting from the white circle, the path ℱ with motion to the right

and hydrolysis of an ATP is much more likely than the path ℬ with motion to the

left and hydrolysis of an ATP. Of course it is also true that the path ℱR with motion

to the left and synthesis of an ATP is much more likely than the path ℬR with

motion to the right and synthesis of an ATP, so there is no net left/right direction-

ality because Pℱ ¼ Pℱ R
and Pℬ ¼ PℬR

– see (9). What then can having excess ATP

do to cause directed motion? In Fig. 10b we see a contour plot with the effect of

Δμ > 0 incorporated as a homogeneous force acting along the chemical coordinate

ξ. NowPℱ > Pℱ R
and the nascent directionality already apparent in the equilibrium

plot Pℱ > Pℬ is manifest.

From this picture we recognize that even such ubiquitously used phrases as

“torque generation” or “force generation” are imprecise at best and very misleading

at worst when applied to chemically driven molecular machines. In a recent paper,

Mukherjee and Warshel [29] asserted “In particular, it is important to explain that

the experimentally observed torque and related observations cannot be reproduced

without proper coupling to the chemical energy that leads to the torque.” Of course

there is no such thing as “experimentally observed torque.” What is observed is

rotational motion. In the macroscopic or even mesoscopic world the inference that

the observed motion is produced by a torque �∂U=∂θð Þ is certain. For molecular
machines, however, thermal noise causes random translational and rotational

motion even without forces or torques apparent from the energy landscape on

which the motion occurs. The idea behind a Brownian motor [30] is to use input

energy to prevent backward motion, rather than to cause forward motion, and then

allow thermal noise to do the job of moving the motor along the least energy path

hewn out by structural features that surround the path with high barriers. Let us

explore this idea in the context of the energy landscape shown in Fig. 10.

In the absence of an external load, the average torque over a period,
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þ
∂U θ; ξð Þ

∂θ
dθjξ¼constant ¼ 0; ð27Þ

is zero for any fixed value of the chemical coordinate for any rotary molecular

motor, irrespective of the value of Δμ. The value of the integral over the forward

path ℱ

ð
F

�∂U θ; ξð Þ
∂θ

dθ

� �
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

Torque

þ �∂U θ; ξð Þ
∂ξ

dξ

� �
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

Chemistry

8>>><
>>>:

9>>>=
>>>; ¼ Δμ ð28Þ

gives the work done by/on the environment, Δμ, in moving along this path. The

separation of terms into “torque” and “chemistry” follows from the fact that the

forces or torques are derived from a potential (scalar) field, which in turn follows

from the constraints of microscopic reversibility. It is tempting to see in this

separation a validation of the “power stroke” model for molecular motors in

which torque is generated by the release of chemical energy, but this idea is horribly

wrong. For the model shown in Fig. 10b, the term describing torque in the least

energy path is negative – i.e., work is done on the rotor by the environment rather

than vice versa – and the term describing chemistry is greater than Δμ by this same

amount. We can most easily see this in the context of Fig. 9b from which the

potential energy landscape in Fig. 10 is derived. With q < 1 and Δμ > 0, the most

probable mechanism is that in which the motor moves from U2(θ2) to U2(θ1) by
thermal noise, reacts by process f1 to arrive at U1(θ1), moves to U1(θ2) by thermal

noise, then reacts by process g2 to arrive again at the starting point U2(θ2), having
transported two protons from the cytoplasm to the periplasm while completing one

clockwise rotation of 360	.
The value of the integral in (28) is path independent and depends only on the

start and end points. The values of each of the terms identified as torque and

chemistry, however, depend on path. Further, had we chosen the ratchet in

Fig. 9a rather than that in Fig. 9b on which to base the 2-D potential landscape,

the term describing torque in the integral over the least energy forward path ℱ
would be positive and that for the chemistry would be less than Δμ. It is therefore

perhaps tempting to categorize mechanisms for which

ð
ℱ

�∂U θ;ξð Þ
∂θ dθ > 0 as power

stroke motors, and those for which

ð
ℱ

�∂U θ;ξð Þ
∂θ dθ 
 0 as Brownian motors, but this

separation seems artificial and misleading – the essential mechanism by which

directed motion occurs in either ratchet is the selection between Pℱ and Pℬ. This
selection, governed solely by the specificity parameter q, is already evident at

equilibrium, although directed motion is manifest only when Δμ 6¼ 0. The answer

to the quintessential question regarding molecular machines: “How does ATP

hydrolysis drive directed motion,” is seen to be the doubtless unsatisfying, but
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nonetheless accurate, description – mass action. Irrespective of whether

ð
ℱ

�∂U θ;ξð Þ
∂θ

dθ is positive or negative, the mechanism works as a Brownian information ratchet.

3.4 FoF1 ATP Synthase: A Beautiful Illustration of a
Brownian Information Ratchet

Recent computational work on the FoF1 ATP synthase offers a beautiful, experi-

mentally connected, illustration of the basic Brownian information motor principle.

Figure 11a shows the energy landscape for the different chemical and rotational

states of the F1 ATPase calculated by Mukherjee and Warshel [22]. The diagram is

drawn without incorporating the effect of Δμ and can be thought of as the equilib-

rium case. The critical feature determining the coupling is the zigzag diagonal

energy valley running from the lower left to upper right corner, already present at

equilibrium. Of course, at equilibrium the probability of a transition from the

bottom left to top right corner is exactly as likely as a transition from the top

right to lower left corner. When Δμ > 0 there is effectively a net tilt from left to

right driving the system to the right � � � ! D1E2T3 ! E1T2D3 ! T1D2E3 ! � � �,
and, because of the zigzag diagonal energy valley, upward (clockwise rotation)

as well.

Key points on an energy landscape are energy minima (the states A/C and B with

energiesUA/C andUB) and saddle points (transition states with energies E
{
H and E{

L).

If the state energies are exchanged UA=C $ UB, nothing significant changes with

regard to the overall appearance of the energy landscape – there is still a zigzag

energy valley running from the lower left to the upper right corner. In stark contrast,

if the transition state energies are interchanged E{
H $ E{

L, the appearance of the

landscape is dramatically changed – the zigzag energy valley runs from the upper

left corner to the lower right corner. On such an energy landscape, an imposed Δμ
drives motion downward (counterclockwise rotation). As pointed out by Mukherjee

and Warshel “once the free energy surface is determined, the motor functionality

and the corresponding vectorial process becomes clear because the individual rate

constants follows the Boltzmann-based transition state theory” [22]. As is clear

from the present chapter, the specific features of the energy landscape that govern

the coupling are the saddle points – the transition states – as predicted by a

Brownian motor model and not the energy differences between the states as

predicted by the mechanical paradigm in which the power stroke plays a

crucial role.

The presentation of Mukherjee and Warshel [22] of the energy landscape for the

F1 ATPase echoes earlier descriptions of generic molecular machines based on

discrete kinetic lattice models such as shown in Fig. 11b [31]. The selection

between the light gray zigzag path from the lower left to upper right corners and

the dark gray zigzag path between the upper left to lower right corners is
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independent of the equilibrium constants, and depends only on the ratio of the rate

constants out of the states circled in red. As noted, “The equilibrium energies of the

states and of the barriers between the states constrain the motion on the multi-

dimensional lattice to one or a few paths in which completion of a chemical cycle is

coupled to moving forward by a spatial period. The function of a Brownian machine

is specified entirely by the equilibrium energies of the states (stabilities) and of the

barriers between them (labilities). Structure is important only insofar as it deter-

mines the energies. Addition of the chemical substrate such that the free energy
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Fig. 11 (a) Two-dimensional potential energy profile calculated for the different rotational and

chemical states for the F1 part of the FoF1 ATP synthase, where the energies are given in kcal/mol.

The calculation is carried out without adding the effect of a non-zero Δμ and can thus be

considered an equilibrium result. The underlying potential energy surface is taken from [22]. (b)

Kinetic lattice for a generic chemically driven molecular machine redrawn from [31]. The

selection between the paths ℱ/ℱR and ℬ/ℬR is determined at the kinetic switching points

highlighted by the red circles. ForE{
H >> E{

L (i.e., q << 1) the dark gray pathℬ/ℬR is negligible.

If the rate constants for all transitions are consistent with the constraints of microscopic revers-

ibility, a potential energy landscape can be drawn for the mechanism and is qualitatively similar to

that shown in (a), with a pronounced energy valley running from the lower left to upper right
corner
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released is greater than the increase in the potential energy produced by motion

against an applied load causes the system to undergo directed motion by mass

action” [32]. In an important recent advance, Share, Parimal, and Flood have

demonstrated chemical control of a bi-labile system [33].

We can best understand the general principles of energy coupling in terms of an

energy landscape by zooming out to view the landscape from a distance where

several periods in each direction can be seen, rather than by zooming in to examine

the details of individual motions where attention is focused on less than a single

period. This is consistent with Terrell Hill’s emphasis on viewing energy coupling

in terms of complete cycles rather than steps within the cycles [34]. This approach

is illustrated in Fig. 12, where two periods in each direction are plotted for the F1
ATPase calculated by Mukherjee and Warshel [22]. Each of the four possible pairs

of forward and microscopic reverse trajectories – ℱ/ℱR, ℬ/ℬR, C=CR, and S=SR –

are shown on the perimeter of the plot. At this level of detail we see immediately

that the essential feature for coupling chemical reaction and mechanical rotation is

the deep zigzag energy valley surrounded by high energy barriers. The details of the

energies within the valley are more or less irrelevant – the relative probability of

moving left and up vs right and down is a thermodynamic identity Pℱ R
=Pℱ ¼ e�Δμ

irrespective of whether the energy of state A/C is greater than, less than, or equal to

the energy of state B. The key feature that assures coupling such that a large Δμ
drive clockwise rotation is the high energy barrier E{

H >> E{
L. The relative likeli-

hood of completing a backward, counterclockwise rotation while hydrolyzing ATP

vs completing a forward, clockwise rotation is q ¼ e2� E{
L
�E{

Hð Þ. Because q� e�Δμ

the F1 ATPase is under thermodynamic control and forcing the molecule to rotate

Fig. 12 Two periods in each direction for the F1 ATPase, with the trajectories corresponding to

hydrolysis of three ATPs and clockwise rotation/microscopic reverse (ℱ/ℱR), hydrolysis of three

ATPs and counterclockwise rotation/microscopic reverse (ℬ/ℬR), hydrolysis of three ATPs

without rotation/microscopic reverse (C=CR), and clockwise rotation without ATP hydrolysis or

synthesis/microscopic reverse (S=SR)
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counter-clockwise results in the synthesis of ATP, rather than enhanced hydrolysis

of ATP as appears to be the case for kinesin and myosin which are under kinetic

control.

4 Unreasonable Effectiveness of Equilibrium Theory

It has become almost obligatory when writing about molecular machines to stress

that they operate far from equilibrium. Unfortunately, this is a very confusing

observation, not because the statement is wrong, but because the statement is

correct in a misleading way. The chemical energy Δμ that drives the motion of

molecular motors is quite large in comparison to thermal energy, and hence, in

general, the probability distribution for an ensemble of molecular motors amongst

the possible states of the motor is very different from that predicted based on a

simple Boltzmann model for an equilibrium distribution function. An individual

molecular machine, however, is, in the only sense meaningful for an individual

molecule, very, very close to equilibrium – there is no inertia. This regime of

motion is known as the low Reynold’s number limit [35], and gives rise to what has

been termed an unreasonable effectiveness of equilibrium theory [36, 37]. For

example, see (20) and (21) where the step ratios for both thermodynamic and

kinetic control are seen to be simple exponential functions.

The unreasonable effectiveness of equilibrium theory is very important for

understanding why Onsager’s theory is so important in the analysis of

bio-molecular machines. It is often stated that the Onsager reciprocal relations

[15], and the Onsager–Machlup thermodynamic action theory [11] by which the

constraints of microscopic reversibility were derived (see (5)), are valid only near

equilibrium in the linear response regime. Although this is technically true, it is

important to consider Onsager and Machlup’s own words describing the limitations

of their approach: “The essential physical assumption about the irreversible pro-

cesses is that they are linear; i.e., that the fluxes depend linearly on the forces that

cause them.”

For individual trajectories on an energy surface such as shown in Figs. 4 or 11,

this is simply the statement that the motion occurs in the low Reynold’s number

regime where inertia is negligible, and hence where the velocity is proportional to

the local gradient of the potential. Thus, by using the Onsager–Machlup approach

[11] it is straightforward to derive many relationships between forward and micro-

scopic reverse trajectories [12] which provide important constraints for any model

of a molecular machine.

We have seen that the so-called power stroke has no role in determining the

thermodynamics of chemo-mechanical coupling by molecular motors. This irrele-

vance of the power stroke does not hold for optically driven motors as can be

demonstrated experimentally [38–40]. Let us investigate this difference between

chemically and optically driven motors in detail for a hypothetical molecular

walker.
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5 Three-State Mechanism for Energy Transduction:

Optical vs Chemical Driving

Biological [41] and synthetic [42] molecular walkers can often be described in

terms of a three-state mechanism shown that involves a mechanical transition

L⇌R along with two energy-driven processes, E⇌L and E⇌R, in which one of

the heads dissociates/binds to the molecular track as shown in Fig. 12. This

mechanism can also be written as a triangle reaction:

ð29Þ

where KLR ¼ kLR
kRL
¼ eΔULR�F. Each completion of a clockwise cycle results in one

step to the right, and each completion of a counter-clockwise cycle results in one

step to the left. The step ratio is the product of clockwise rate constants divided by

the product of counter-clockwise rate constants:

step ratio ¼ γREγEL
γLEγER

eΔULR�F: ð30Þ

As a reminder, we are working in energy units where kBT ¼ 1 and in length units

such that the step length is also unity.

The triangle reaction was introduced by Onsager [15] to illustrate the importance

of microscopic reversibility for chemical processes, and has been used by many

subsequent authors as a paradigm for understanding free-energy transduction from

a chemical reaction. This cyclic scheme may rightly be regarded as the simplest

mechanism encapsulating the essential features of coupled transport. Let us con-

sider two distinct cases for an autonomous molecular machine depending on how

energy is put into the transitions E⇌L and E⇌R (Fig. 13).

5.1 Optical Driving

The fundamental constraint on optical transitions between two states “i” and “j” of a

molecule is that given by Einstein [43] for absorption, spontaneous emission, and

stimulated emission:
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ωi j

ω ji

¼ ρ νij
� �

8πhν3
ij

c3 þ ρ νij
� �h i ; ð31Þ

where for simplicity we take the degeneracies of states “i” and “j” to be the same. If

the transitions between states E and L and between E and R are driven by light, the

ratios of the transition constants γEL/γLE and γER/γRE are given by the Einstein

relations for absorption and spontaneous and stimulated emission and we have

step ratioð Þopt ¼
ρ νERð Þ 8πhν3

EL

c3 þ ρ νELð Þ
h i

ρ νELð Þ 8πhν3
ER

c3 þ ρ νERð Þ
h i

8<
:

9=
;eΔULR�F; ð32Þ

where ρ(νij) is the radiation density at frequency νij ¼ ΔUij=h and h is Planck’s
constant. When the photon density is that of a blackbody radiator,

ρbb νij
� � ¼ 8πhν3ijc

�3 eΔUij � 1
� ��1

;

the factor in braces reduces to � � �f g ¼ e�ΔULR and then the step ratioð Þopt ¼ e�F.
However, in very bright light, where ρ νij

� �
>> 8πhν3ij=c

3, the factor in braces

reduces to � � �f g ¼ 1 and step ratioopt ¼ eΔULR�F: Clearly, directed motion requires

both a non-equilibrium light source and a power stroke, ΔULR 6¼ 0.

5.2 Chemical Driving

In contrast to the Einstein constraints for optical driving, transition coefficients for

chemical driving obey microscopic reversibility, where for any transition i⇌ j the

ratio of forward to backward transition constants is given by

En L R En+1

KLR

Power Stroke?

γ
EL

γ
ER

γ
LE

γ
RE

Fig. 13 A simple model for a molecular walker in which attachment and detachment of a head is

mediated by a reaction with rates γiE and γEi, respectively, where i¼L if the rear head attaches/

detaches, and i¼R if the front head attaches/detaches. The conformational change L⇌R (power

stroke?) shifts the position of the free head relative to the attached head
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kij
k ji

¼ Ai je
ΔUij ; ð33Þ

where Aij is a proportionality constant which may depend on the concentration of

ligands that bind in the reaction i⇌ j. For chemical driving, the transitions of the

triangle reaction (29) are γEL ¼ gL þ f
0
L; γER ¼ gR þ f

0
R; γLE ¼ g

0
L þ f L; and γRE

¼ g
0
R þ f R: Inserting these relationships into (30) we find [16]

step ratioð Þchem ¼
1þ qe�Δμð Þ þ sR þ s�1L e�Δμ

� �
qþ e�Δμð Þ þ sR þ s�1L e�Δμð Þ e

�F; ð34Þ

where si ¼ g
0
i= f i are the specificities in terms of which q ¼ sL=sR. If either Δμ ¼ 0

or q ¼ 1 the step ratioð Þchem ¼ e�F. Clearly, the step ratio and stall force depend

only on the specificities and not on ΔULR, and directed motion requires both a

non-equilibrium chemical driving and a kinetic bias, q 6¼ 1, but does not require a

power stroke.

6 Conclusions: “Power Stroke” Model is Just Plain Wrong

as a Description of Chemically Driven Molecular

Machines

It is important to state the conclusion of this paper clearly – the power stroke model,

on which so much attention has been focused over the last five decades, is wrong as

a description of a chemically driven molecular motor. This is not to say that there

aren’t energy releasing conformational changes in the cyclic mechanisms by which

molecular motors work, but only that they are irrelevant to the understanding of the

basic mechanism by which a chemical reaction (often ATP hydrolysis or proton

transport across a membrane) drives directed motion. One of the key results of the

present study is the understanding that, for chemically driven molecular motors,

the ability of a molecular machine to discriminate between substrate and product

depending on the state of the machine [44] is far more important for determining the

intrinsic directionality and thermodynamics of chemo-mechanical coupling than

are the details of the internal mechanical conformational motions of the machine.

The organizing principle by which we can best understand chemically driven

molecular machines is the principle of microscopic reversibility. In Fig. 9, if the

rate constants used in the analysis are not consistent with microscopic reversibility,

we arrive at the false conclusion that the slopes of the potentials (the forces or

torques) govern the direction of motion. If, however, the analysis is carried out with

rate constants that are consistent with microscopic reversibility, we arrive at the

correct conclusion that the direction of motion is governed solely by the single

kinetic parameter “q” and is independent of the slopes of the potentials.
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We further recognize that the often used phrases “force generation” and “torque

generation” to describe the action of molecular machines are imprecise and poten-

tially very misleading. In a viscous medium, the translation of a macroscopic, or

even mesoscopic, object requires a force, and rotation requires a torque. In contrast,

thermal noise can drive both rotational and translational diffusion of molecules.

The diffusion is random and does not of itself produce net directed motion.

However, the presence of diffusion opens to a molecular machine the possibility

of using input energy to control energy barriers to prevent “backward” motion, and

then letting thermal noise do the job of producing the forward motion. This

mechanism does not violate the second law of thermodynamics because free-

energy, or more precisely information, is used to control the positioning of the

barriers behind but not in front of the desired motion of a molecular machine

[30]. Directed translation is driven without “generating force,” and directed rotation

is driven without “generating torque.” In both cases, the motion can occur against a

load, thereby storing energy. It is possible and useful to ask “what constant force or

torque would be necessary to cause the observed velocity or angular velocity?”

[21]. The answer to this question can be used to determine the minimum energy

needed to cause the observed motion, and forms the basis for definition of a

generalized efficiency (minimum energy or power needed divided by actual energy

or power used) which characterizes the molecular machine even when the only

output work is done on the viscous environment [21].

The Brownian information ratchet mechanism by which all chemically driven

molecular machines work can be much better described in terms of a chemical

paradigm involving specificity gating, as discussed for ion pumps [45], than in

terms of a mechanical paradigm anticipated by Bustamante, Cheng, and Mejia

[46]. Chemically driven Brownian information ratchets based on this principle have

recently been synthesized [47, 48]. In contrast to the conclusions for chemical

driving, a power stroke is very important for the directionality and efficiency of

light-driven molecular machines and for molecular machines driven by external

modulation of thermodynamic parameters. These results are very important not

only for understanding biomolecular motors and pumps [14] but also in the design

of synthetic molecular machines [49, 50].
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Mechanical Properties and Failure
of Biopolymers: Atomistic Reactions
to Macroscale Response

GangSeob Jung, Zhao Qin, and Markus J. Buehler

Abstract The behavior of chemical bonding under various mechanical loadings is

an intriguing mechanochemical property of biological materials, and the property

plays a critical role in determining their deformation and failure mechanisms.

Because of their astonishing mechanical properties and roles in constituting the

basis of a variety of physiologically relevant materials, biological protein materials

have been intensively studied. Understanding the relation between chemical bond

networks (structures) and their mechanical properties offers great possibilities to

enable new materials design in nanotechnology and new medical treatments for

human diseases. Here we focus on how the chemical bonds in biological systems

affect mechanical properties and how they change during mechanical deformation

and failure. Three representative cases of biomaterials related to the human diseases

are discussed in case studies, including: amyloids, intermediate filaments, and

collagen, each describing mechanochemical features and how they relate to the

pathological conditions at multiple scales.

Keywords Amyloidosis � Biological materials � Bone � Lamin
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1 Introduction

Biological materials are intriguing because of their mechanical properties and

diverse physiological roles. Most biomaterials have hierarchical structures and

they derive their mechanical properties from multiple mechanisms at different

scales, ranging from nano- to macro-levels. Typically, each level of structure

features its own failure mechanism and, thus, failure of biomaterial is typically

complicated and dissipates large amounts of energy at different scales. Previous

studies have attempted to reveal various toughening mechanisms of biological

materials, and much progress has been made over the past decade or so. A prom-

inent mechanism is when a collection of weak sacrificial bonds dissipates a large

amount of energy in silk, which leads to a very high fracture toughness [1], and

concentrated stress at cracks or flaws is redistributed because of the inelasticity of

materials in nacre [2]. Many biological materials exhibit a combination of these and

other mechanisms that exist concurrently, enabled by the existence of hierarchical

structures. However, the fundamental deformation and fracture mechanisms of

many biological protein materials remain unknown for several reasons. First, in

many cases, the information about the structural assembly at each hierarchy is not

well known. Second, the deformation behavior and the fracture properties at a lower

hierarchy level affect the mechanical property of a higher hierarchy level

nonlinearly and in complicated ways. Finally, the responses of all hierarchy levels

to the macroscale mechanical loads can change under different loading conditions,

and hence be altered during the use of a material or as an organism evolves

[3]. Because materials failure basically arises from the chemical bond breaking,

studying the behaviors of chemical bonds is critical to understanding their defor-

mation and failure mechanisms. This connection between the chemical scale and

meso- and macro-level properties remains a fertile area of materials science and

engineering.

The robustness of biomaterials is important for performing their biological

functions which work in various physiological conditions. Over 6,000 diseases
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are directly or indirectly caused by genetic mutations [4]. Because the components

of biomaterials are complex and numerous, it is challenging to specify the roles of

all components and to distinguish the important parts from others. Thus, it is useful

to focus on their mutations and effects causing serious diseases to understand their

properties. Even a single base in a genetic sequence changed by random mutation

can cause serious disease in the human body because of the reordering of the

protein’s finely tuned chemical bond network, weakening the structural stability

and altering the mechanical properties of the associated biopolymer.

Moreover, some diseases are linked to reactions with foreign peptide deposits in

tissues (such as Alzheimer’s disease, Parkinson’s disease, etc.) [5]. Other diseases,
such as Hutchinson–Gilford progeria syndrome (HGPS, a genetically-caused rapid

ageing disease), are triggered by a genetic defect occurring in the building block of

the nuclear membrane structure of lamins [6–8]. Genetic disorders in collagenous

tissues, such as Osteogenesis imperfecta, have been linked to the variation of

material structure caused by mutations in genes that encode the tropocollagen

molecules [9–11].

In a given system, the deformation and fracture processes where the thermody-

namic state variables (e.g., the energy and stress) change because of mechanical

loadings is a very intriguing topic in mechanochemistry [12]. In particular, failure

mechanisms and their criteria have been examined extensively for engineering

applications. Not only for engineering materials such as metal and silicon, but

also for biomaterials, a detailed knowledge of their mechanical properties is crucial

for understanding their functions and malfunctions in the human body. For instance,

the mechanical robustness of amyloid fibrils makes it difficult to decompose them

in the human body [13]. Hutchison–Gilford progeria changes the deformation and

failure mechanisms of cells from allowing large deformation to localizing stress

[14, 15].

The deformation and fracture accompanying the remodeling of chemical bonds

in biological systems, the mechanochemical properties, provide a set of interesting

research questions with significant practical impacts. However, studying mechano-

chemical processes from a purely experimental point of view can be quite difficult

because of the limitation of experiments caused by associated time- and length-

scales [12]. To be specific, because the newly created surfaces during fracture can

feature a high reactivity because of unsatisfied valences on atoms or missing

counterparts, structural relaxation occurs on relatively short time scales via

rearranging of chemical bonds. The brevity of these time scales makes the phe-

nomena elusive to experimental approaches. However, advances in molecular

dynamics simulations, including powerful techniques such as steered molecular

dynamics (SMD), metadynamics, and replica exchange molecular dynamics

(REMD), make it possible to analyze the stable structures of biomaterials and the

behavior of chemical bonds under extreme loading on an extremely short time scale

(i.e., femtoseconds to nanoseconds).

Several earlier computational and experimental studies have revealed how

chemical bonds behave in biological systems during deformation and failure.

Although their structures and mechanical properties are significantly different,
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they share some common important features in terms of their mechanochemical

behavior. In biological materials, three different types of interaction are crucial for

their mechanical properties and structures: covalent bonds, ionic bonds, and hydro-

gen bonds. These bonds behave differently under external loads, affecting the

stability and mechanical properties of biological systems. Because of their complex

chemical bond networks, the different types of interactions interplay to maximize

the resistance to failure of materials or weaken mechanical properties in the cases

related to diseases. The key mechanochemical features of three representative

materials, amyloids, intermediate filaments, and collagen molecules, which closely

relate to human diseases and the different types of bonds related to their features are

summarized in Fig. 1.

In the following we focus on describing the behavior of these chemical bonds of

amyloids, intermediate filaments, and collagen under mechanical loads on the

atomic length scale. Understanding the complicated behavior and interplay of

these chemical bonds in biological materials can help us to analyze and predict

the mechanochemical processes in other bio/nano-materials, leading to the devel-

opment of new medical treatments, detecting tools for diseases, and new strategies

to design biomedical materials with novel functions [16–19].

2 Mechanochemical Mechanisms of Amyloidosis

2.1 Introduction

In general, the failure of proteins to remain in their native functional conformational

state leads to various human diseases. These misfolded proteins can no longer play

Biomaterials Mechanochemical  
Features Related chemical bonds

covalent ionic hydrogen salt-bridge

Amyloid

self-strengthening

length dependency

periodicity

Intermediate 
Filaments (IF)

alpha-beta transition

crosslink (IF network)

Mineralzied 
Collagen (MC)

mineral stiffening

thickness dependency

IF & MC rate dependency

Fig. 1 Summary of major chemical bonds and mechanochemical features in biological materials

discussed in this review. The mechanical properties result from interplay between chemical bonds

and deformation of biomaterials. The effect of each chemical bond becomes distinct or obscure

because of the states of deformation and loading
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their ordinary roles in organisms [20]. Amyloidosis is a disease caused by the

deposition of misfolded proteins called amyloids. These misfolded proteins are

polypeptide molecules with highly ordered and stable β-sheets.
Alzheimer’s disease is a representative amyloidosis, which is a neurodegenera-

tive disorder where the deposition and self-assembly of amyloid may block cell-to-

cell signaling at synapses. Once amyloid plaques are formed, they typically grow

uncontrollably. This formation leads to neurotoxicity hindering the normal biolog-

ical function of native tissues. Based on the knowledge of mechanical stabilities and

rigidities of amyloid plaques, new treatments of amyloidosis, such as weakening

the mechanical strength of the amyloid deposits, could be developed. This exem-

plifies a materials-driven approach to develop a treatment that invokes controlled

failure as a driving mechanism.

Most protein polypeptides possibly form amyloids through a structural transition

from their native soluble conformation into insoluble fibrillar depositions [18], but

their formation, including their forming rate and their structural stability, mainly

depends on their sequence [21]. In addition to the effect of sequence, there are

several factors affecting the formation of amyloids. Because the aggregation of

amyloid occurs in aqueous solution, the hydrophobicity of side chains determines

the aggregation propensity of a sequence; a series of hydrophobic residues facili-

tates the aggregation. Previous studies have shown that replacement of hydrophobic

residues of peptides (e.g., 17–19 residues of Aβ (1-43)) by hydrophilic residues can
reduce aggregation and enhance solubility [22–24]. Another critical factor of

aggregation is a net charge of the polypeptide. Because a high net charge can

make the protein unstable in a compact folded state because of the intra-molecular

repulsions, decreasing the positive net charge of the protein by mutations leads to an

accelerated formation of β-sheet containing aggregates [25, 26].

Although amyloids are associated with the neurodegenerative disorders in

organs, because of their exceptional sturdiness, strength, and stability under diverse

conditions, their highly ordered hierarchical structures can be utilized as a powerful

tool for creating future devices or interesting nanostructured molecular materials.

For example, several studies have shown the possibility of using amyloid fibrils as a

template for fabrication of conductive nanowires [16–19]. These great potentials

for technological applications increase the interest in amyloid protein material from

various fields of science.

2.2 Formation and Structure

Many mechanisms of aggregation of amyloids have been studied and provide us

with the insight into ways to control amyloid formation. Among the variety of

protein amyloids, β-amyloids (i.e., Aβ (1-40), Aβ (1-42), Aβ (1-43)) have been

considered critical to understanding Alzheimer’s disease [27]. The plaques in brain
tissue with Alzheimer’s disease are predominantly comprised of two Aβ amyloids,

Aβ (1-40) and Aβ (1-42).
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The structural information about the amyloid fibrils can be obtained by imaging

technique such as TEM (Transmission Electron Microscopy), AFM (Atomic Force

Microscopy), and X-ray diffraction [28, 29]. The analysis of amyloid structure is

challenging because of their extremely large size and the difficulty of forming

crystallized structures for NMR (Nuclear Magnetic Resonance) spectroscopy.

However, the progress in methods to grow microcrystals of small peptide

fragments and in preparation of amyloid fibrils for ssNMR (Solid State Nuclear

Magnetic Resonance) spectroscopy has contributed to identifying the structure

of amyloid fibrils [30]. Human Aβ (1-40) is composed of 40 amino acids:

Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys-Leu-Val-Phe-

Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-

Val-Val (DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGGVV),

and Aβ (1-40) peptide can form fibrils from the peptide solutions purified with

c

a b

d
No-mutation

D23

Twisted

Parallel

Sonificated fragmentsAbeta fibrils

Fig. 2 Structures of normal and mutated amyloid fibrils and mechanical responses under tensile

loadings. (a) Visualization of molecular structure of twofold symmetric amyloid Aβ (1-40) fibril

showing the characteristic twisting structure and one layers of amyloid fibril with highlighted salt

bridge (charged side chains) site at residue D23 (aspartate) and K28 (lysine). (b) Size dependency
of critical strain under tensile loading: the energy density as function of the applied strain with

different lengths, L20¼ 91.87, L30¼ 144.33 and L40¼ 189.75 Å. (Adapted with permission from

[95]. Copyright (2010), with permission from Elsevier). (c) TEM images of amyloid Aβ (1-40)

fibril with two different morphologies: twisted and parallel after synthesized (left), TEM images of

sonicated amyloid fibrils fragments (right) [32]. (d) Periodicity of mutated and normal Aβ (1-40)

fibrils (figures in a and d). (Reprinted with permission from [43]. Copyright (2010) American

Chemical Society)
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1.0 mM at pH 7.4 by incubation for 5–24 days [31]. In the models obtained from the

ssNMR data and by the energy minimization of the molecular structure with

CHARMM force field, residues 1–8 are fully disordered, and the peptide confor-

mation is composed of two β-strands, separated by a 180� turned bend formed by

residues 25–29. The cross-β unit is a double-layered structure, with parallel β-sheets
formed by residues 12–24 and 30–40. The assembly of these double-layered

β-sheets using hydrogen bonds constitutes a long fibril with an axis coinciding

with the direction of the intermolecular backbone (Fig. 2a) [30].

The self-assembled amyloid fibrils exhibit distinct morphologies, often charac-

terized as twisted or parallel assemblies of finer filaments in TEM images (Fig. 2c).

The morphology of Aβ (1-40) depends subtly on synthetic conditions, showing

significantly different toxicities in neuronal cell cultures [32]. This shows that the

structures of amyloid fibrils are not determined solely by the amino acid sequence.

However, the sequence of the peptides is important as it controls the formation of

the basic structural motifs. Because Aβ (1-42) has a different sequence, the struc-

ture shows different features from Aβ (1-40). Aβ (1-42) also can be synthesized and
form fibrils in vitro with slightly different conditions from that of Aβ (1-40) and the
structural information can be analyzed by the ssNMR as well. Unlike Aβ (1-40), it

has been revealed that residues 1–17 are disordered and residues 18–26 and 31–42

form two intermolecular β-sheets in Aβ (1-42) [33].

2.3 Mechanochemical Properties

The molecular mechanism determining the chemical response induced by mechan-

ical loading is crucial to identifying the mechanochemical properties of materials.

Although it is challenging to address directly the behavior of the chemical bonds

experimentally, the behavior of chemical bonds is reflected in mechanical proper-

ties in deformation. Thus, it is crucial to make an effort to measure the mechanical

properties of materials and compare them with the computational results. From the

computational methods, we could find reliable mechanisms that explain the behav-

ior of chemical bonds on the atomic scale.

The AFM indentation method has been used to measure the elastic properties of

molecular materials with high spatial resolution [34, 35]. The reported Young’s
modulus of amyloid fibrils by AFM indentation ranges from a few tens of MPa [36,

37] to a few tens of GPa [38, 39] depending on the sample size of fibrils, experi-

mental approach, and loading conditions.

Because the mechanical properties of amyloid fibrils are derived from AFM

nanoindentation measurements on the basis of assumptions about the geometry of

the fibrils, they cannot provide highly accurate information about deformation.

Because of the vague information on structures, to determine how different loading

conditions affect the amyloid fibrils’ structures and mechanical properties, we must

resort to simulation. Thanks to the development of the molecular dynamics

approach, one can obtain the Young’s modulus of a biological system
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computationally and literally see how the system deforms and fails under various

loading conditions.

Molecular dynamics simulations have been used to study the structure and

mechanical properties of the amyloid fibrils, revealing the deformation mechanism

of the compressive and tensile loading of amyloid fibrils [19, 40]. The results have

shown good agreement with experimental findings, showing that the computational

method is reliable for studying amyloid fibrils under various loading conditions

such as compression and tension.

Under both compression and tension, the Young’s modulus of amyloid fibrils

increases as the compressive or tensile strain is increased. Because the major

chemical bonds supporting the structural stability of amyloid fibrils are the hydro-

gen bonds in the β-sheets, the mechanical response to the external load comes from

the adjustment of the hydrogen bond network. The crucial deformation mechanism

is associated with the torsional twisting of amyloid fibrils along the fibril axis which

occurs with change in the density of the hydrogen bonds between β-sheets.
Under compressive loading, the number of hydrogen bonds increases because of

the contraction of the distance among the β-strands, resulting in self-strengthening.

This outstanding self-strengthening mechanical response to the compression could

explain why the amyloid is so stable and can withstand high stresses without failure.

On the other hand, as the amyloid fibril stretches under the tensile loading, the

average distance between interlayers increases. The increased distance leads to a

continuous decrease of hydrogen bond density until the fibril fails. However, the

energy of amyloid fibrils still increases (Fig. 2b) in spite of the continuous decrease

in the number of hydrogen bonds during the deformation. The increase in energy is

coupled with a torsional motion of the amyloid fibrils, showing a higher Young’s
modulus than under compression. Although the fibrils have little chance to increase

the number of hydrogen bonds under the tension, they can enhance their stiffness

produced by the behavior of the covalent bonds rather than hydrogen bonds. Both

compression and tension are associated with a torsional twisting deformation, in

which a variation of the interlayer twist angle is proportional to both the applied

stress and the measured strain. As described above, the different chemical and

structural rearrangements of the amyloid fibrils play a primary role in strengthening

their stiffness in responding to both compressive and tensile loading.

In addition to the Young’s modulus, measured by atomic force microscopy and

spectroscopy, the strength of amyloid fibrils is found to range from a few hundred

megapascals (MPa) to one gigapascal (GPa) [38]. Recent molecular dynamics

simulations studied the failure mechanism of amyloid fibrils under tensile stress

[41], demonstrating a length dependency of the failure strain and stress (Fig. 2b). As

described above, the number of hydrogen bonds continuously decreases as the

tensile strain increases. Intriguingly, during the failure, the density of hydrogen

bonds increases because of rearrangements and stabilization of the structures of

broken parts of fibrils, making it difficult to break the whole system. As the amyloid

fibril breaks into two parts, it is required to break a number of hydrogen bonds

between the β-sheets. However, only one set of hydrogen bonds breaks and others
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recover from damage after the amyloid fibril fails. This partial self-healing mech-

anism prevents the whole system from breaking into several parts.

Longer amyloid fibrils are more likely to be brittle and weak than shorter ones

(Fig. 2b). Because the hydrogen bond interaction is a relatively short-range force

(~4 Å), the critical strain and critical stress of the shorter amyloid fibrils can have

higher values than the longer amyloids based on the fibrils’ elastic response under
tensile loading. Previous studies have shown that the number of hydrogen bonds

that break simultaneously can be determined theoretically, providing a critical

strand length of hydrogen bond clusters [42]. Beyond the critical length, the

deformation of the system is more likely to be localized and the failure force of

the system decreases to a certain value. On the other hand, under the critical length,

the failure of the system is governed by the displacement rather than the critical

strength. The reported theoretical critical length and reference failure strength of

amyloid fibrils are about 1,000 nm and 175 pN, respectively [42]. These critical

length and strength predictions mainly originate from the behavior of hydrogen

bond clusters at the nanoscale, and are critical to understanding their ability to

develop a significant mechanical strength in human brain tissue.

2.4 Mutation Effects

The stability and mechanical properties of amyloid fibrils result from the highly

regular stacking of β-sheets and the dense network of hydrogen bonds. Because the
sequence of the peptide plays a key role in aggregation, it is worth studying the

effects of mutations to clarify the role of chemical bonds in structural stability and

formation by comparing the properties and structures between normal and abnor-

mal amyloid fibrils. The salt bridge between aspartate (D) 23 and lysine (K) 28

(Fig. 2a) is the key to understanding geometric properties of amyloid fibrils, as

disrupting these salt bridges by replacing the amino acid with glycine (G) affects

the stability and mechanical properties of amyloid fibrils [43].

The mutations damaging the salt bridge by replacing one of the residues (D23 or

K28) or both (D23K28) by G can change three important features of amyloid fibrils:

the length periodicity (Fig. 2d), failure strain, and Young’s modulus. The period-

icity is defined as the length of the amyloid fibrils needed to cover a complete twist

turn. The D23 increases the twisting angle between β-sheets from 1.32� to 3.11�,
decreasing the periodicity length to less than half. Removing one of the salt bridges

is the primary reason for the change in the twisting angle, because the twisting angle

of D23K28 remains less changed at 1.72�.
The modification of chemical bond networks is crucial to determining the

pathways of the mechanochemical behavior. This changes the critical strain and

the Young’s modulus of the amyloid fibril. Interestingly, the mutations weaken the

ability of fibrils to rearrange their internal structure through the twisting movement

described in Sect. 2.3. For example, the angle change at 0.4% strain decreases from

23% to 7% in K28 and from 23% to 2% in D23, the D23K28 unwinding under the
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compression. The Young’s modulus of the mutated fibrils shows significant varia-

tion from about 4 GPa (D23 and K28) to 19 GPa (D23K28). It is evident that

because of changes in their structure and chemical characteristics, the mutated

components of the amyloid fibrils can have significant influence on the aggregation

and mechanical properties of the amyloid fibrils.

3 Intermediate Filaments: Structure, Mechanics,
and Disease

3.1 Introduction

The intermediate filament protein (IF protein) is a major component of animal cells

along with microfilaments and microtubules. Compared to microtubules and micro-

filaments, a single intermediate filament tends to be rather flexible, extensible, and

tough [44].

IF proteins assemble into a filament with a diameter of 8–12 nm which is the

intermediate size between those of microtubules (25 nm) and microfilaments (7–

9 nm). Whereas microtubules and microfilaments are more likely to be related to

many basic cellular functions [44, 45], intermediate filaments play a key role in

mechanical properties of tissues and cells, such as the stiffness and maximum

strain, and the mechanical integrity of various tissues such as muscle, liver, and

skin [44, 46].

More than 65 functional genes are related to the intermediate filaments and at

least 30 diseases are related to the mutations in these genes [47]. The intermediate

filaments gene family can be classified into five distinct types (I–V) based on their

primary structure, gene, and their regulated tissue expression pattern [48, 49].

Intermediate filament protein types I and II are acidic keratin and basic keratin,

found in epithelial cells. Vimentin, desmin, glial fibrillary acidic protein, synemin,

and peripherin comprise the type III intermediate filaments. The type IV interme-

diate filaments include nestin and syncoilin, which are located in nervous systems

and mostly found in neurons. The nuclear intermediate filaments, lamin A, its splice

variant lamin C, and lamin B1 and B2 (type V), form a filamentous support inside

the inner nuclear membrane [50].

Each intermediate filament type is closely related to a genetic disease associated

with certain mutations. For example, HGPS is a rare genetic disease caused by a

structural defect in the lamina nuclear membrane changing the mechanical proper-

ties at the cellular level [6]. This genetic disease causes the segmental premature

aging in children, who suffer from failing to reach full stature and experience hair

loss, thin wrinkled skin, and joint stiffness. Patients usually die of cardiovascular

disease or stroke in their early teens [51]. Various skin diseases have also been

associated with keratin mutations, which cause cytoplasmic aggregates and weaken

the mechanical properties of epithelial cells [52, 53].
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As with other biological materials, the change of nanostructure and the mechan-

ical properties of the intermediate filaments are crucial to understanding diseases

related to the intermediate filament mutations. Because the mechanical properties

reflect the chemical bond network at the crack surfaces or in the entire system, the

modification of structures by mutations severely affects how the chemical bonds at

the crack surface interact and respond to mechanical loads [15, 49, 54]. Understand-

ing how the different types of bonds in intermediate filaments react together under

various mechanical loadings can give us opportunities to control and utilize the

properties for medical applications.

3.2 Formation and Structure

Although various primary proteins form a variety of intermediate filaments, all

intermediate filaments have a similar structural design. The basic building block, a

monomer of IF protein, is a long central α-helix, called ‘rod’ domain, interrupted by

‘linkers’ and flanked by an N-terminal ‘head’ and a C-terminal ‘tail’ domain as

shown in Fig. 3a [49, 55, 56]. Two monomers twist around each other to form a

coiled-coil dimer, which is stabilized by a hydrophobic left-handed stripe that

winds around the axis of each α-helix [57]. This rod-like domain controls the

mechanical property of the single intermediate filament. Despite these similarities,

there are distinct differences at the tail domain between nuclear IF proteins (e.g.,

lamin) and cytoplasmic IF proteins (e.g., vimentin) [58].

Although physical features of intermediate filaments look similar, different

types of intermediates form different types of crosslinks affecting the elastic

properties of the filament networks. The strong covalent bonds among the individ-

ual filaments are formed in keratin [59, 60], or divalent cations such as Ca2+ and

Mg2+ glue vimentin intermediate filaments through coulombic interactions [61].

Vimentin filaments are the most widely distributed type among all IFs and are

the focal point in this section. Their basic unit is a long monomer made up of

466 amino acid residues consisting of four main segments: 1A, 1B, 2A, and 2B

divided by three linkers: L1, L12, and L2 as shown in Fig. 3a. Segment 2A (residues

264–282) is the shortest of all the segments. Segment 2B with 115 amino acids

(residues 291–405) features an α-helical coiled-coil geometry for the major seg-

ment. One of the discontinuities found in heptad repeats of an α-helical coiled-coil
protein is the ‘stutter’ region as pointed out in Fig. 3a [62, 63]. It can be seen that the
stutter is located at the end of the eighth heptad, in the vicinity of residue

351 [64]. An analysis of the amino acid sequence revealed that the vicinity of the

stutter region is hydrophilic, showing a parallel arrangement of two coils in the

α-helix rather than a coiled-coil configuration. Although parts of the vimentin dimer

structure have been revealed separately in independent experiments, a complete

atomistic-level model of the basic constituents of this kind of protein material

remains elusive.
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The known structures largely comprise the rod-like domain of the vimentin

dimer, as illustrated in Fig. 3a. However, some segments have unknown structures.

Experimental work using diffraction techniques has identified certain structural

characteristics, and work based on Electron Paramagnetic Resonance measure-

ments have revealed that the local stiffness of the L1 and L2 domains (both helical

structures) is close to that of the rod-like domain [65]. There appear to be persistent

experimental challenges in identifying the remaining parts of vimentin IF struc-

tures. However, the intrinsic limitations in experimental methods call for the

development of complementary computational methods that can provide a more

controlled condition to assess the relation between the nanostructure and the

nanomechanics of this class of materials.

3.3 Mechanochemical Properties

To understand the mechanical properties of intermediate filament networks, knowl-

edge of the mechanical behavior of single intermediate filaments is required. The

a

b
c

-helical rod

Fig. 3 Schematic view of the human vimentin protein and force-strain curves of coiled-coil

intermediate filament under tensile loadings. (a) Schematic representation of vimentin structure.

(b) Force-strain behaviors of a coiled-coil α-helical structures revealing the loading rate depen-

dency of the molecular-level stiffness under tensile loading. (Reprinted from [66], with kind

permission from Springer Science and Business Media). (c) α-β secondary structural transition

of coiled-coil α-helix under tensile loading. (Reprinted from [67])
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mechanical properties of coiled-coil α-helix dimers, basic building block of

vimentin intermediate filaments, under tensile loading were studied in molecular

dynamics simulations [66, 67]. The stretching process can be divided into three

regimes (Fig. 3b). Because the coiled-coil structure has multiple hydrogen bonds,

the number of hydrogen bonds could be a critical measure to distinguish different

regimes of the deformation. In the first regime at small strains (<50%), most

hydrogen bonds are stretched, and their mechanical response shows elastic behavior

as described in Fig. 3b. Unfolding of the α-helices leads to the second plateau

regime (around up to 90%). The third strain-hardening regime (leading up to 180%)

is associated with the stretching covalent bonds once all hidden length in the protein

is exhausted. This highly nonlinear mechanical feature of coiled-coil α-helices
results from the structural transitions of the chemical bond network which is

changing because of the mechanical loading.

The different stages of mechanical response of the intermediate filaments show

another important feature of the biological materials. In the second regime, the

hydrogen bonds rupture and the α-helices unfold; the unfolded structure is stretched
in the third regime. The transition between these two regimes and the stress–strain

behavior depends on the loading rate. In other words, the mechanochemical prop-

erties of intermediate filaments show rate dependency (Fig. 3b). At low loading

speed, the α-helices unfold smoothly by rupturing hydrogen bonds without covalent

bond stretching. At high loading speed, the covalent bonds extend in their folded

structure because there is less rupturing of hydrogen bonds. Thus, different levels of

pulling speeds control the ratio between hydrogen bond rupturing and covalent

bond stretching.

The ratio in which two different types of bonds respond to the mechanical

loading is governed by the molecules’ intermediate structures. It is a notable

observation that mechanochemical properties can be controlled through the mod-

ification of structures, and the structures can, in turn, also be controlled by loading

speeds. The intermediate filament protects its structure from rapid and small

deformation (such as an impact) by utilizing the strong covalent bonds. The

intermediate filament can also maintain its structure in spite of large and smooth

deformation by recovering broken hydrogen bonds and folding upon release of the

mechanical load.

In addition to the behavior of the hydrogen bonds, an α-β structural transition is

observed in both experiment and computational simulation in the final regime

(Fig. 3c) [67–69]. Because of rearrangement of the β-sheet structure during defor-

mation, the stress–strain behavior shows a plateau region (Fig. 3c IV) before

rupture, corresponding to the sticky sliding of β-strands with respect to each

other. In the plateau region, a large amount of energy is dissipated by forming

and breaking multiple hydrogen bonds as the protein fiber fails.

Different types of crosslinks play a key role in the higher structure of interme-

diate filament networks. As shown in previous studies, the intermediate filament

network is involved not only in the mechanical role but also in the cellular role. It is

intriguing that the intermediate filament network can withstand extreme

deformation>100% without rupture, even with the existence of defects [14,
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70]. This extreme capacity for deformation mainly results from the highly nonlinear

properties of the coiled-coil structures by sacrificing individual protein filaments

[65]. Also, the flaw-tolerant characteristic results from the stiffening behavior

during the secondary structural transitions for a single filament. In addition to the

properties of a single filament, the crosslinks between intermediate filaments are

also critical to the mechanical behavior of the intermediate filament network [42].

3.4 Mutation Effects

The important role of lamins in genetic diseases has been identified by recent

studies [49, 71, 72]. For example, HGPS is a rare genetic disease causing premature

aging early in life and leading to cardiovascular disease and death before age

16 years. The A- and B-type lamins comprise the intermediate filament that is the

main component of the nucleoskeleton at the inner face of the nuclear membrane of

the cell [73]. The LMNA gene encodes several A-type lamin proteins, mainly Lamin

A and C. The LMNB1 and LMBN2 gene encode B-type lamins (lamins B1 and B2).

Among the various lamin proteins, lamin A has received significant attention for its

mechanical role in biology. Because the loss of lamin A affects nuclear mechanics

more than other lamins in HGPS, a single point mutation in the LMNA gene

activates a cryptic splice site, causing 50 amino acids encoded by exon 11 to be

deleted, and the resulting mutant protein is called D50 lamin A (D50 LA) [7].

The properties of the hierarchical structure where individual intermediate fila-

ments strongly form crosslinks with each other and flexibility of lamin filaments

lead to the extremely large capacity of the larger-scale protein network to deform

without failure. Replica exchange MD simulations and experiments reveals that

D50 LA tail domain is more compact and displays less heterogeneity than the

mature lamin A tail domain [74]. The compact and stable lamin may lead to more

stiffness and reduced toughness. The increased stiffness could reduce the viability

of cells by impairing their ability to recover from damage [75].

4 Collagenous Diseases

4.1 Introduction

Collagenous protein is the most abundant biological material in the human body.

The three main types (I, II, and III) of collagen form 80–90% of the collagen in

people. Type I collagen is a crucial structural protein material which maintains the

integrity of many tissues such as bones, teeth, tendons, and ligaments. Many tissue

disorders are associated with structural alterations of tropocollagen molecules that

can be caused by over 300 mutations.
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One of the most intriguing tissues composed of collagen protein is bone. Bone is

extremely tough yet light, and can adapt to mechanical stimulus by changing its

structure and repairing itself. Bone is, similar to other biomaterials, a hierarchical

composite material composed of the soft tropocollagen and strong hydroxyapatite

minerals (HAP). The hierarchical structures allow bone to have extreme toughness,

dissipating high deformation energy without crack propagation. Distinct toughen-

ing mechanisms govern the mechanical properties at each level of hierarchy.

Osteogenesis imperfecta (OI) is a genetic disease characterized by high bone

fragility, also referred to as “brittle bone syndrome.” Patients with OI exhibit

associated symptoms such as short stature and loose joints. The origin of the disease

is the changes of the structure of tropocollagen molecules caused by the substitution

of a single glycine amino acid. The OI mutations lead to serious reductions in the

ultimate strength and the critical strain of OIM (Osteogenesis imperfecta murine)

collagen [76].

A basic building block of the bone is the mineralized collagen fibril. With

various percentages of mineralization, different types of bones have specialized

properties for their own purposes. As with other biomaterials, the atomistic

mechanical properties of its basic constitutive units are strongly correlated with

their chemical bond network induced by their structural stability, and their reactiv-

ity during deformation and fracture.

4.2 Formation and Structure

Several hierarchical structure levels play a role in the superior mechanical proper-

ties of bone. The most fundamental building block is a polypeptide composed of a

series of amino acids. Three strands of polypeptide assemble into the triple helical

tropocollagen molecules. The molecular structure of mineralized-collagen fibrils is

shown in Fig. 4a. The molecular segments repeat within a single unit cell called the

‘D period’ (length D¼ 67 nm). The D period consists of an overlap region

(0.46D¼ 30.8 nm) and a gap region (0.54D¼ 36.2 nm) [77]. Because of their

staggered geometry, which creates the gap regions, the tropocollagen molecules

form collagen fibrils mineralized by the hydroxyapatite crystals mainly in those

gaps [77].

The mechanism of nucleation of the minerals in bone has been intensively

studied. Although it is not clearly understood, previous studies show that amor-

phous calcium phosphate (ACP) is a precursor phase in bone formation. After ACP

is deposited as a first-formed mineral phase, it transforms into matured mineral

phase, HAP [5, 78].

Recent studies revealed the process of mineralization of type I collagen by using

horse tendon in solutions contacting CaCl2, K2HPO4, and polyaspartic acid (pAsp).

The time-resolved study shows that mineralized calcium phosphate particles are

found close to the gap regions after 24 h. After ACP diffuses into fibrils, it develops

to the oriented apatite (plate-shaped crystals with 2–5 nm thick, 15–55 nm long and

5–25 nm wide) (Fig. 4b) [79].
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The structure of HAP (Ca10(PO4)6(OH)2) is shown in Fig. 4a. The basic unit

comprises pairs of positively charged calcium ions (C-sites) and clusters of six

negatively charged phosphates (P-sites). Because the collagen protein is not stiff,

the distribution of HAP in mineralized-collagen fibril plays a key role in the

stiffness of bone. On the other hand, the mineral is less tough than the collagen

molecule. Bone is naturally designed to utilize the unique properties of both

minerals and proteins.

4.3 Mechanochemical Properties

Because tropocollagen is one of the basic components of bone tissue, it is critical to

understand the mechanical properties of a single tropocollagen molecule. The

Young’s modulus of the tropocollagen has been estimated both in experiments

and molecular dynamics simulations. The Young’s modulus of tropocollagen has a

wide range of values [80] and this wide variation comes from the tropocollagen

b
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Gap
Overlap

Z

a

b

Y

Ca
PO4

OH

Fig. 4 (a) Collagen fibril model with 0%, 20%, and 40% mineralization. (b) Cryogenic TEM

image of different stages of mineralization in vitro of type I collagen of horse tendon in the

presence of 10 μg ml�1 polyaspartic acid (pAsp) which is an inhibitor of hydroxyapatite crystal-

lization [96]; mineralization calcium phosphate particles were found outside the fibrils after 24 h

(white arrows), plate-shape crystal (2–5 nm thick, 15–55 nm long and 5–25 nm wide) after 72 h.

(Reprinted by permission from Macmillan Publishers Ltd: [79], Copyright (2010)). (c) Modulus-

strain curves showing HAP volume dependency in simulation. (a and c are reprinted from [43])
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nanostructure. A full atomistic simulation performed by Gautieri et al. reveals that

tropocollagen has three different deformation stages.

Initially, the tropocollagen molecules unwind with rotation in the first stage and

then the hydrogen bonds break, and release energy in the second stage. The

behavior of tropocollagen molecules in the second stage, where multiple hydrogen

bonds break, is the major mechanism mediating the deformation of collagen fibrils.

This process may allow the bone to dissipate large amounts of energy through large

deformation. In the final stage, the backbones of molecules are stretched and the

mechanical response is stronger than in previous stages because the deformation is

mainly related to the covalent bonds. It is also revealing that the Young’s modulus

depends on the loading rate (Fig. 5a), as with other biological materials described in

previous chapters, and the dependency results from the not fully unfolded structure

of tropocollagen molecules. Figure 5a shows how the structure changes with

different loading speeds. Although the tropocollagen molecules can fully unwind

under low-speed loading, partially unfolded structures are observed at high-speed

loading. The effects of differently deformed structures at different loading speeds

demonstrate the nonlinear elasticity or hyperelasticity of the collagen materials.

a

c

b

Low speed

High speed

Fig. 5 (a) Force-strain curves of tropocollagen under tensile loading showing rate dependency.

(Reprinted from [80], Copyright (2009), with permission from Elsevier). (b) Young’s modulus of a

single tropocollagen molecule, as a function of the amino acid replacing and as a function of OI

severity. (Reprinted from [86], Copyright (2009), with permission from Elsevier). (c) Effects of
mutation types on interchain hydrogen bonds. (Reproduced from [97], with permission of The

Royal Society of Chemistry)
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Because the mineral has higher modulus than the collagen molecules, it is

commonly believed that the presence of HAP is important to the stiffness of bone

[81, 82]. The mechanical and failure properties of bone depend on the relative

amount of the mineral deposited in the collagen fibrils [83, 84]. From tests on

various bone samples of mammals, it is known that the Young’s modulus of the

mineralized-collagen fibrils increases linearly with the mineral contents [81].

A full-atomistic mineralized-collagen fibril atomic model for MD simulations

was recently developed by Nair et al. (Fig. 4a) [85]. They performed tensile tests

with different volume fractions of mineralization. Their study reveals that mineral

content increases the stiffness of the mineralized-collagen fibrils (Fig. 4c). These

simulations show that the mineral crystals can withstand four times more stress than

the collagen, and the collagen can deform more than the mineral. Because the HAP

is largely deposited in the gap regions, as the HAP percentage increases, the gap

regions become stiffer because of the strong ionic forces in the HAP. On the other

hand, the collagen can deform more than the mineral because of its softness under

the external loadings. It is evident that the volume fraction of HAP is critical for the

stiffness of mineralized-collagen fibrils. In addition, the different stiffness between

the gap region and the overlap region can lead to the different structural deforma-

tion states, affecting the kind of unfolding that accompanies the hydrogen bond

breaking and strong electrostatic force between the HAP and proteins. The variation

may allow the mineralized-collagen fibrils to have a wide range of stiffness and

critical strain points. Similar to the intermediate filaments, this variation can play a

critical role in toughening bone at the macroscale.

4.4 Mutation Effects

Because the structure of the tropocollagen depends on its amino acid components

and sequence, the mutations replacing an amino acid affect the tropocollagen

structures. This structural difference leads to changes in the intermolecular inter-

actions in the system, affecting the collagen fibril packing and the space of the gap

regions, thus changing the mechanical properties of bone.

Molecular dynamics studies of the effects of OI at the molecular level have

shown a reduction in the Young’s modulus of up to 15% [86] (Fig. 5b). The

structural changes caused by OI mutations induce localized stress concentration

at the collagen fibril level, leading to lower stiffness and more brittleness than

observed in normal collagen fibrils. It was suggested that the decrease of the

Young’s modulus is strongly correlated with the density of the hydrogen bonds.

Figure 5c shows the effects of the mutated acids on the hydrogen bond density of

stabilized structures. As the density of hydrogen bonds decreases, the collagen

molecules become softer, and this effect is more pronounced as the severity of

mutation increases (Fig. 5b). Also, as a result of elongated equilibrium distance

between the collagen molecules by the mutation, the adhesion energy between the

molecules decreases. This weakened intermolecular interaction results in the
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reduction of the intermolecular crosslinks in the collagen fibrils. Molecular level

studies clearly show that even a single substitution induced by mutations has a

significant effect on the higher level of structures, critical for understanding the

mechanical properties and the catastrophic failure mechanism of bone.

Because of the different structures of the collagen proteins, the deposition of the

mineral in the gap regions can change. The X-ray diffraction data show that the

mineral plates in OI mineralized-collagen fibrils are more structurally disordered

and thinner than those of normal fibrils. The qualities of mineral crystals, such as

shape, thickness, and alignment, are related to a drastic change in the ability of

tropocollagen to bind to the minerals [87]. However, how these kinds of qualities

affect the mechanical properties of bone is still little understood. Modeling the

different mineral qualities in the mineralized-collagen fibrils remains challenging

because the mechanism of crystallization from the amorphous structures is not clear

yet. It would be interesting for future studies to clarify the crystallization process

and how the mechanical properties change.

Although the main mechanism of crystallization is not yet known, we can see

how the quality of mineral is important in the fibrils. In a previous study, how the

interaction between minerals and collagens changes as a function of HAP thickness

is reported [88]. Although the interaction between collagens and minerals is crucial

for understanding the mechanical properties of mineralized-collagen fibrils, the

strength and stiffness of each component should be considered individually to

obtain an accurate description of mechanical behavior. However, the changes in

those mechanical properties produced by the mineral qualities have not yet been

studied in atomic simulations. Here, we aim to shed light on the importance of the

qualities of minerals to the study of mineralized-collagen fibrils of OI bone by

performing simple tensile tests with different thicknesses of HAP minerals. Based

on experiments on mice and rats, the earliest measurable thickness of HAP is under

2 nm and it increases to more than 3 nm in 3 months [89]. Because the average

thickness of mineral crystals of OI mice is around 1.7 ~ 1.8 nm [87], we performed

tensile tests of HAP with different thicknesses (T¼ 1.7, 3.4, 5.1 nm).

Tensile tests are performed under different environments, in a vacuum and in

water. Although our model is extremely simplified, the results show meaningful

effects of mineral thickness usually ignored up to now. We observed that the

mechanical properties such as Young’s modulus, strength, and critical strain are

sensitive to thicknesses less than 5 nm. As the thickness increases, the sensitivity

decreases and the mechanical properties become closer to those of bulk materials.

In the vacuum, the critical strength of 1.7 nm HAP does not show a peak point

(~2.0 GPa under 8% tensile strain) because the structure is not so well ordered as

with the bulk crystals because of the lack of other layers in the thickness direction.

Because the ionic interaction based on Coulombic interaction reaches a longer

distance than other interactions, it is important to have enough layers to be

stabilized in a specific structure. However, because of the thinness of the minerals,

the interactions with environments such as proteins and water can disturb the

structure, making the minerals lose their bulk properties.
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On the other hand, in the water, we observe a clearer critical strength point of

1.7 nm HAP than that of 1.7 nm HAP in the vacuum. This means the mechanical

properties are affected by the interactions between HAP and the environments. Thin

HAP (under 2 nm) shows more ductility and fluidity because of the relatively

disordered structure. Although the structure is more amorphous and the structural

deformation occurs across the entire system during the tensile deformation with the

thin HAP, the deformation and failure of HAP become more localized as the

thickness of HAP increases. Because of the thinness of the minerals, the interac-

tions with environments such as proteins and water can disturb or stabilize the HAP

structure, making the minerals lose or gain their bulk properties.

We note that the drastic difference in the strength of 3.4 and 1.7 nm samples of

HAP is observed in both vacuum and water (50% and 30% difference in vacuum

and water, respectively). When the forces HAP can withstand in the fibrils with the

real size are considered, the effect of thickness is more significant. In the case of

15 nm width, the forces drop from to 200 to 50 nN in vacuum, and from 250 to

80 nN in water. Because the mutation of collagen molecules changes the structure

of collagen and, thus, the thickness of HAP, the brittleness of OI bone may derive

from the failure of HAP crystal. Although we do not consider the changes of shapes,

grains, or alignments of HAP produced by the collagen proteins, mineral crystal

qualities and their roles are intriguing subjects for future study.

The single point mutant of collagen and volume of mineral phase have a

significant effect on the mechanical properties and toughness of bone. Although

previous experiments suggest mutations change the mineral quality, the role of

mineral quality is still unclear. We performed tensile tests of HAP with different

thicknesses to address the importance of HAP quality in mineralized-collagen

fibrils. Even though the simulation is limited to only the thickness effect of HAP,

it has been shown that not only volumetric factor but also the quality of the minerals

has effects on the strength, stiffness, critical strain, and failure mechanism of

mineralized-collagen fibrils. To determine in more detail the roles of the quality

of mineral, understanding the formation mechanism of HAP in vivo and more

precise information about HAP are essential for future work.

4.5 Simulation Details

In our simulations we used the empirical force fields for the interaction among ions

of HAP reported earlier [90, 91]. Two-body ionic short-range interaction potential

of the Buckingham type and Coulombic interaction term were adopted. A Morse

potential was adopted for both O-H and P-O bond interactions. The harmonic three-

body potential was used to describe the tetrahedral configuration of oxygen ions

around phosphorus. The force fields describe the structures and the mechanical

properties of HAP reasonably well, and show excellent agreement with the exper-

imental data. For the interactions between water molecules and ions of HAP, we

adopted the same approach as in the previous study [92].
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We generated the HAP crystal structures using Visual Molecular Dynamics

(VMD) [93]. Because we aim to test the effects of thickness (in the y direction),

we build a slap system by inserting a vacuum layer (4 nm, Fig. 6a) and a water layer

(4 nm, Fig. 6b) around the HAP slap. After energy minimization, the temperature of

the system is initially set to 5 K with a Berendsen thermostat for 10,000 steps. Then

we apply a Berendsen barostat to relax the simulation box for 30,000 steps. Then we

gradually increase the temperature to room temperature (300 K). We relaxed the

system with the additional 70,000 steps. After relaxation, we fixed the edge part of

the longest side (the z direction) and deformed the system in the z direction as

quickly as 1.0 m/s. We performed the same tensile test for the bulk material with the

same geometry of 1.7 nm to show that the weakening strength mainly comes from

the finite thickness. All relaxations and running simulations were performed with a

0.5 fs time step. Our MD simulations were performed using LAMMPS [94] and

VMD was used for visualization.
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5 Remarks

Biological materials are important not only because of their physiological roles but

also because they hold significant potential for future applications in various areas

of technology, such as nanodevices. In this review, we have shown that the

mechanochemical properties of biomaterials are closely related to their structure

and loading conditions. Because of the mechanical stimuli, the behavior of different

types of chemical bonds can either enhance or weaken the mechanical properties of

biopolymers by affecting the failure and deformation mechanism at each deforma-

tion stage. The breaking and reforming of hydrogen bonds play the most crucial role

in defining the stability and capacity of protein materials to withstand extreme

mechanical loadings. First, the hydrogen bonds allow the system to have large

deformation by continuously changing the structures under the slow loading (e.g.,

unwinding the collagen and the coiled-coil alpha helix in the intermediate fila-

ments). Second, the weak hydrogen bonds can be relatively more easily recovered

than most engineering materials after the loading is removed, enabling the system

to recover from the damage (e.g., failure of amyloid fibrils under the tensile

loading). Finally, the hydrogen bond network controls the point where the covalent

bonds in the system start to withstand the external loadings (such as rate depen-

dency of the collagen fibrils and intermediate filaments).

We also discussed the mutation effects on mechanical properties of the mate-

rials. Basically, the mutation can change the stabilized structure of biomaterials,

affecting the chemical bond networks. The altered structures can change the

mechanochemical properties of materials under the various external loadings,

weakening or enhancing the strength and toughness of materials. In addition,

mutations can change the density of crosslinks between the basic units, critical to

determining the properties at a higher hierarchical level of the biological systems.

Because the rupture and fracture occur over an extremely short time span,

computational methods such as molecular dynamics and newly developed MD

techniques become essential tools to analyze the structure of materials and the

relations between mechanochemical processes and loading conditions. Through the

simple MD simulations of HAP crystals, we have shown that the thickness of HAP

can affect the behavior of ionic bonds under the tensile loadings, showing the

importance of the chemical environments of HAP crystals and the crystal quality.

The details of the effects of the HAP crystal quality and the nucleation mechanism

would make an interesting follow-up study in the future.

The hierarchical structures of biological materials are critical to understanding

the mechanical properties in the different level of structures. As discussed above,

the single mutation of the most fundamental building block of biomaterials affects

the chemical bond network, density, and structure. The fact that different types of

bonds respond differently to mechanical loadings and interact with each other

makes the biomaterials extremely intriguing. The knowledge of mechanochemical

properties and processes under various loading conditions provide valuable oppor-

tunities and insight for new materials design and applications in the future.
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into polymeric materials to impart them with function and in particular mechano-
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1 Introduction

Touch is one of the most primal senses in living organisms and can be broadly

defined as the ability to transduce a mechanical cue into an electrical signal, which

in turn can be transcribed by the cerebrum [1]. Whether dealing with stretching

motions, hair movement, or pressure, the detection of mechanical stimuli is based

on mechanotransducing cells which are capable of generating events that eventually

lead to the creation of an action potential traveling along the afferent neuron. The

paradigm for cellular transduction is based on the opening of transmembrane

proteins, which allow the formation of an ionic imbalance which triggers the

electrical signaling. It is important to recognize the general non-covalent nature

of the mechanotransduction pathways in living cells. In an attempt to emulate such

pathways and bestow mechanoresponsiveness upon synthetic materials systems,

researchers have begun to utilize weak bonds to impart polymers with new,

mechanically triggered functionalities such as catalysis, healability, and color or

pH changes [2–4]. Although many of the recently developed materials rely on

mechanically responsive motifs – also referred to as mechanophores – which

dissociate upon cleavage of weak covalent bonds, a subset of mechanically respon-

sive materials has emerged based on the dissociation of assemblies formed through

weak, dynamic, non-covalent interactions. The development of such materials

systems is rooted in the realization that a myriad of natural processes happen

through weak interactions [5, 6], such as the opening of transmembrane proteins,

pre-catalytic enzyme-substrate complexes, or actin polymerization. Although some

of the early work in the area of polymer mechanochemistry had largely focused on

fundamental experiments often involving sonochemical processes in dilute solution

[7–10], there has been a growing interest in solid materials capable of selectively

transducing macroscopic mechanical forces into molecular events that trigger

desirable macroscopic materials responses [2, 3, 8, 11]. Indeed, this emerging

design approach has recently permitted the development of a range of adaptive

solid-state polymers in which pre-programmed functions can be triggered by

external stimuli, including mechanical triggers [12]. Although the general aspects

of mechanochemistry with polymers have been the subject of several recent

reviews and articles [13–15], this report summarizes the development of polymer

mechanochemistry involving non-covalent mechanophores with pertinent exam-

ples from the recent literature. The materials are organized according to the types of

non-covalent interactions exploited (π–π, metal–ligand, and hydrogen bonding).

This account encompasses an extensive number of examples of molecular level

experiments – mostly based on sonochemistry in solutions – and also emphasizes

mechanochemical effects in solid-state materials. Because there are many examples

of thixotropic gels or otherwise mechanically responsive physical gels, this chapter

does not cover extensively this burgeoning field of supramolecular chemistry.

However, a selection of key systems that have influenced the direction of the

field is presented in relevant contexts.
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2 π–π Interactions

Whether transduction is based on the scission or disassembly of covalent or

non-covalent bonds, one of the perhaps most useful and most widely investigated

mechanically triggered responses is a color change. The latter is an effective

reporting handle that rapidly indicates the occurrence of a pre-defined mechanical

transduction event. Consequently, mechanochromic materials have garnered a great

deal of attention in the past decade, as they provide a one-of-a-kind solution to

harness mechanical force and investigate stress transfers down to the molecular

level [16]. In organic materials, colors and color changes are often introduced by

utilizing (poly)aromatic molecules with unique optical properties. In such systems,

π–π interactions have been shown to play a critical role in the mechanochemical

transduction process, because the absorption and/or photoluminescence properties

of aggregated organic or organometallic molecules are often significantly different

from those of individual molecules [17, 18]. Some chromophores undergo complete

quenching of photoluminescence in their aggregated states, others exhibit

aggregation-induced emission, and a third group displays different photolumi-

nescence and/or absorption colors in assembled or isolated (or monomeric) states.

Different molecular origins lead to such responses as excimer formation [19, 20],

charge-transfer complexes [21, 22], or exciton coupling [23], together with changes

in molecular mobility [24]. Thus, it is possible to influence the photophysical

properties of polymer-based materials by altering the aggregation state of embed-

ded π-conjugated chromophores through the application of mechanical forces [25–

28].

One of the first attempts to use strategically the mechanically induced disassem-

bly of aggregated chromophores in a polymer matrix involved a family of fluores-

cent dyes which form (static) excimers in their aggregated states [29]. Such

complexes between two identical photoluminescent (PL) molecules, one in an

electronically excited and one in its ground state, were discovered by F€orster and
Kasper 60 years ago [30, 31]. The excimer has a lower potential energy than the

separated components (i.e., a molecule in its first electronically excited state and a

molecule in its ground state) and therefore excimers emit at higher wavelengths

(lower energy) than the monomer species from which they are constituted (in line

with the common terminology, the term ‘monomer’ is used here to describe

optically active structures that involve single-molecule excited states, as opposed

to excimers). In solution, excimer formation is frequently a dynamic, diffusion-

controlled process [32, 33]. By contrast, diffusion of dye molecules in solid poly-

mers is slow in comparison to the lifetime of the excited states, so that in this

environment excimers predominantly arise from preformed ground-state aggre-

gates, which may also display different absorption characteristics compared to the

monomeric species [34].

Early work on the mechanically induced deformation of supramolecular assem-

blies of chromophores in polymer matrices was inspired by the surprising discovery

that solid-state tensile deformation of blends of minute amounts of the highly
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fluorescent, conjugated polymer poly(2,5-(2-ethylhexyloxy)-p-phenylene
ethynylene) (EHO-OPPE) and ultra-high-molecular-weight poly(ethylene) not

only led to uniaxial orientation of the conjugated guest molecules along the

elongational axis, but also promoted the break-up of small aggregates comprising

a few of these molecules into well-individualized structures (Fig. 1) [35]. This

process was monitored by single-molecule spectroscopy (Fig. 2) and did not cause

any noticeable color changes. Although the study did not involve well-defined

supramolecular assemblies, the results paved the way for subsequent work on

mechanochromic polymers comprising assemblies of aggregachromic, excimer-

forming cyano-substituted oligo( p-phenylene vinylene)s (cyano-OPVs) (Figs. 2,

3, and 4) [36–49].

Building on the above-summarized findings, L€owe and Weder reported the first

example of mechanoresponsive luminescent polymers comprising self-assembled

cyano-OPVs in 2002 [37]. This chromophore family was chosen because of several

attractive features, including high thermal stability, ease of color tuning through

peripheral group functionalization (Fig. 3a), and a strong tendency towards excimer

formation. The significant red-shift of the emission maxima (up to 140 nm) upon

aggregation makes them especially interesting, because the photoluminescence

color changes can be easily detected by the naked eye (Fig. 3b, c). Furthermore,

cyano-OPVs are readily accessible and their solubility and aggregation behavior in

Fig. 1 (a) Schematic representation of the mechanically induced transformation of a disordered

semicrystalline polymer comprising small aggregates of self-assembled chromophores (small-

molecule or polymeric) into an oriented structure in which the guest molecules are well dispersed.

(b) Structure of EHO-OPPE, a poly( p-phenylene ethynylene) derivative
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different host polymers can easily be modified via the choice of the peripheral

groups. The electronic properties of cyano-OPVs can be tuned over a wide range

and depend on both the electron-donating or electron-accepting character of the

substituents attached to the conjugated core [53, 54], as well as the nature of the

supramolecular assemblies [42, 55]. For example, in C1-RG (red-to-green), the

introduction of two alkoxy groups into the central aromatic ring reduces the

Fig. 2 Scanning confocal microscopy images of blend films of ultra-high-molecular-weight

polyethylene and 10�4 wt% EHO-OPPE (see Fig. 1). (a) As prepared film. (b) Uniaxially

deformed sample drawn to a draw ratio of 80. Both images were acquired by detecting the

polarization direction oriented parallel to the (eventual) deformation direction. Inset shows images

acquired by detecting the orthogonal polarization direction. Adapted with permission from

[35]. Copyright 2000 American Chemical Society

Fig. 3 (a) Examples of molecular structures of cyano-OPVs. (b, c) Images of C1-YB (b) and
C1-RG (c) recorded under excitation with ultraviolet light in chloroform (left) and in the

crystalline state (right). (b, c) reprinted with permission from [36]. Copyright 2003 American

Chemical Society
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HOMO–LUMO gap compared to the C1-YB (yellow-to-blue) analog, resulting in a

shift of the emission color in solution as well as in the crystalline state (Fig. 3). The

crystal structure of C1-RG features a parallel arrangement of neighboring mole-

cules, which are organized so that the electron-poor cyano-vinylene moiety of one

molecule overlaps with the electron-rich central ring of its neighbor. These assem-

blies display excimer emission. Surprisingly, increasing the length of the peripheral

alkyloxy groups in the YB series to dodecyloxy (C12-YB) or octadecyloxy (C18-
YB) leads to crystal structures in which the molecules do not adopt a “staggered”

array and where blue monomer emission is dominant [34]. This observation shows

that π–π and aliphatic (or other) interactions in cyano-OPVs must be carefully

balanced in order to achieve self-assembled structures that support excimer

formation.

A guest-diffusion technique was employed to introduce C1-YB and C1-RG into

linear low-density poly(ethylene) (LLDPE). Through optimization of the dyeing

conditions, i.e., dye concentration, temperature, and swelling time, cyano-OPV-

doped polymer films that exhibit a mechanically induced photoluminescence color

change were produced. Figure 4 shows the emission spectra of a C1-RG-doped

LLDPE film at different draw ratios. In the undrawn state, samples with sufficiently

high dye content display a broad emission band with a maximum at 650 nm,

characteristic of excimer emission. Emission bands with well-resolved vibronic

structures at 470–570 nm are also observed, which correspond to emission from

molecularly dispersed chromophores. Figure 4 shows clearly that, with increasing

strain, the intensity of the excimer band decreases relative to the monomer emission

bands. This relative intensity change suggests that nanoscale aggregates of C1-RG,

which are present in the as-prepared polymer film, are converted into monomeric

Fig. 4 Photoluminescence spectra of an LLDPE/C1-RG blend as function of draw ratio. Adapted

with permission from [37]. Copyright 2002 Wiley-VCH
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species in response to tensile deformation, as depicted in Fig. 1a. Thus, even though

the functionality-imparting motifs are not covalently attached to the polymer matrix,

stresses can effectively be transferred and cause the disassembly of aggregates which

are presumably small and held together by weak, non-covalent forces. In the context

of currently applied terminology, the cyano-OPV stacks should probably be referred
to as the mechanophores, although it can be argued that it would be appropriate to

utilize the term for the cyano-OPV motif itself. It is noted that this comment applies

to many of the mechanically responsive moieties discussed in this text.

Crenshaw et al. subsequently demonstrated that mechanically responsive blends

can also be produced by melt-processing LLDPE/cyano-OPV blends and presented

a detailed investigation of the phase behavior of these materials.[36] To avoid

large-scale phase separation, blend films were prepared by melt-mixing and

compression-molding at 180�C to form thin films (choosing the dye concentration

so that at this temperature thermodynamic miscibility is achieved; in case of

C1-RG, only 0.18 wt% was used) and subsequently quenching the blends into a

kinetically-trapped state. Because of the sub-ambient glass transition temperature

of LLDPE, the blends are thermodynamically unstable and the dyes slowly aggre-

gate under ambient conditions. The process was shown to span several months by

monitoring the increase of the excimer emission band (Fig. 5a). The aggregation

process was significantly accelerated when the blend films were immersed in

hexane (Fig. 5b), which swells the LLDPE and increases the translational mobility

of the guest molecules, but is a poor solvent for C1-RG. Mechanically responsive

behavior was demonstrated for polymer blends in which the cyano-OPVs had been

allowed to aggregate by either of the above-mentioned processes. The photolumi-

nescence color of blend films comprising either C1-RG or C1-YB exhibited a

Fig. 5 (a) Photoluminescence spectra of a blend film of LLDPE and 0.18 wt%C1-RG as function

of storage time under ambient conditions. (b) Photoluminescence spectra of a blend film of

LLDPE and 0.18 wt% C1-RG freshly prepared (dashed line) and after swelling the film for

15 min in hexane and subsequent drying (solid line). All spectra were normalized to the intensity

of the monomer peak. Adapted with permission from [36]. Copyright 2003 American Chemical

Society
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significant change upon tensile deformation (Fig. 6a), concomitant with a substan-

tial reduction of the relative intensity of the excimer bands (Fig. 6b, c). When

LLDPE/C1-RG blends were slowly cooled from the melt, the formation of large

dye aggregates with dimensions exceeding several micrometers was observed,

which could not be mechanically dispersed, leading to materials in which no

mechanochromic response was observed.

Based on the above-mentioned discovery that the size of excimer-forming

aggregates matters, Crenshaw et al. subsequently investigated how substituents

attached to the outer benzene rings of cyano-OPVs influence the aggregation

behavior of these dyes in poly(ethylene) blends [38]. C18-RG, featuring

octadecyloxy instead of methoxy groups in the lateral positions (Fig. 3a), was

shown to nucleate much more efficiently than C1-RG. The comparably inefficient

nucleation of C1-RG appears to limit the number of dye aggregates formed, which

results in the slow growth of larger aggregates. Smaller dye aggregates of C18-RG
in LLDPE film are more easily dispersed during tensile deformation, leading to a

more substantial photoluminescence color change compared to their C1-RG ana-

logs. However, it appears that in the case of C18-RG a semicrystalline matrix is

also required or is at least beneficial to nucleate dye crystal growth. Other effects on

the mechanoresponsive luminescence properties, i.e., the ability of the polymer host

to transfer stress and break up the chromophore aggregates upon deformation, have

also been investigated, such as matrix crystallinity or polarity. In poly(ethylene)

with higher crystallinity, dye aggregates are more easily disassembled than in poly

(ethylene) with lower crystallinity. The ability of the polymer host to break up dye

aggregates upon deformation, and thus the extent of color change observed upon

deformation, is related to the plastic deformation process of PE crystallites –

specifically those arranged in a lamellar morphology – and increases with increas-

ing polymer crystallinity, decreasing dye aggregate size, and decreasing rates of

deformation. The color-strain traces (where color was expressed by the ratio of

monomer to excimer emission intensity, IM/IE) of PE/C18-RG blends all mirror the

stress–strain profiles. In these cases, IM/IE increases steeply upon yielding, grows

Fig. 6 (a) Pictures of blend films of LLDPE and 0.18 wt% C1-RG (top) and 0.20 wt% C1-YB
(bottom) stretched at room temperature. The pictures were taken under excitation with ultraviolet

light. (b, c) Photoluminescence spectra of blend films of LLDPE and 0.20 wt% C1-RG (b) or
C1-YB (c) as a function of draw ratio. All spectra were normalized to the intensity of the monomer

peak. Adapted with permission from [36]. Copyright 2003 American Chemical Society
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moderately during neck propagation, and displays a slightly steeper increase during

strain hardening. Beyond poly(ethylene)s, the Weder group has used poly(ethylene

terephthalate) [39] and a semicrystalline fluoropolymer [40] as host matrices to

create mechanochromic materials based on cyano-OPVs.

Reversible, mechanically induced dissociation of cyano-OPVs has been

achieved in thermoplastic elastomers in which the chromophores were covalently

incorporated into the polymer backbones [41]. Although chromophore aggregation

and disassembly in these materials are intermolecular processes, the design is

reminiscent of more recently developed mechanoresponsive polymers with built-

in “mechanophores”, i.e., weak links designed to break upon application of a load to

the polymer chain. Several elastomers were prepared and the hard segment to soft

segment ratio and the dye content were systematically varied. Upon deformation,

all compression-molded, quenched polymer films containing C12OH-RG showed

a combination of monomer and excimer emission. In the best compositions, the

prepared polyurethane exhibited a pronounced change of the photoluminescence

color from an orange-red, excimer-dominated emission to green fluorescence

characteristic of molecularly dispersed chromophores (Fig. 7a, b). In situ opto-

mechanical studies, in which samples were exposed to a cyclic triangular strain

pattern, demonstrated that the fluorescence color change nicely mirrored the

reversible stress–strain response of the polymer (Fig. 7c).

Although the property of interest in all of the above-mentioned cyano-OPV-

containing materials was a mechanically induced change of the photoluminescence

color (i.e., a mechanically induced transformation from an excimer-rich to a

monomer-dominated emission), certain cyano-OPVs also display a changed of

their absorption color upon (dis)assembly. Thus, Kunzelman et al. reported

mechanochromic blend films based on C18-RG and either poly(ethylene

Fig. 7 (a) Picture of a mechanochromic elastomer made by integrating C12OH-RG into a

thermoplastic polyurethane backbone in the unstretched state. (b) Picture of the same material

in the stretched state. Both pictures were taken under illumination with ultraviolet light. (c) Ratio
of monomer to excimer emission IM/IE (circles) and tensile stress (solid line) under a triangular

strain cycle between 0% and 500% at a frequency of 0.0125 Hz. Adapted with permission from

[41]. Copyright 2006 American Chemical Society
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terephthalate glycol) (PETG) [43] or LLDPE [42]. Figure 8 shows how the absorp-

tion spectrum (Fig. 8a) and visual appearance (Fig. 8b) of an LLDPE/C18-RG
blend film change in response to solid-state tensile deformation. The spectral shift

indicates that small dye aggregates are molecularly dispersed upon elongation.

Similar changes in absorption have also been reported for PETG-based polymer

films in which a cyano-OPV dye was covalently introduced into the polymer

chain [43].

Beyond cyano-OPVs, several other dyes that form excimers in their aggregated

state have also been used for mechanosensing purposes. Pucci and coworkers have

reported that poly(propylene) (PP) films containing bis(benzoxazolyl)stilbene

(BBS) (Fig. 9a) change photoluminescence color upon tensile deformation

[50]. In the as-prepared state, the emission spectrum (Fig. 9b) shows a broad

excimer emission band around 500 nm, along with sharper monomer emission

bands at 410, 430, and 455 nm. Mechanical deformation lowers the intensity of

the excimer band, resulting in a photoluminescence color change (Fig. 9c).

Fig. 8 (a) Normalized absorption spectra of a 0.5 wt% LLDPE/C18-RG blend film before (solid
line) and after (dashed line) stretching at room temperature to a draw ratio of ca. 300%. (b) Picture
of the same material in which the center portion has been uniaxially deformed. The image was

taken under ambient illumination. Adapted with permission from [42]. Copyright 2006 Wiley-

VCH

Fig. 9 (a) Molecular structure of bis(benzoxazolyl)stilbene (BBS). (b) Fluorescence spectra of a
PP/BBS blend film containing 0.5 wt% of BBS before and after tensile deformation (c) Picture of
the same material in which the center portion was uniaxially deformed. The image was taken under

excitation with ultraviolet light. (b, c) adapted with permission from [50]. Copyright 2005 Wiley-

VCH
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Mechanosensing behavior of blend films of poly(1,4-butylene succinate) and BBS

have also been studied by the same group [51].

Pucci and coworkers have also reported LLDPE-based films containing perylene

bisimide derivatives [52], which have been intensively examined because of their

attractive optoelectronic character and propensity to assemble into supramolecular

architectures. Blend films comprising N,N0-bis-(20-ethylhexyl)perylene-3,4,9,10-
tetracarboxyldiimide (EE-PTCDI) in LLDPE were obtained by melt-mixing pro-

cedures and blend films with 0.1 wt% of the dye exhibited mechanoresponsive

behavior as shown in Fig. 10. The intensity of the emission band around 620 nm,

which is ascribed to emission from EE-PTCDI aggregates, decreased drastically

after drawing, indicating that the perylene compound became molecularly dis-

persed. The transition dipole moment of EE-PTCDI was also shown to align

along the direction of drawing.

Most of the materials systems described above are based on blends of conven-

tional dyes to which small amounts of self-assembling polymers were added.

Another promising approach to mechanoluminescent polymeric materials is the

covalent attachment of mechanoresponsive luminescent molecular assemblies on

the surface of polymers. Sagara et al. have recently reported poly(lactic acid) (PLA)

beads that feature mechanoresponsive luminescent micelles on their surface

(Fig. 11) [56]. The latter consist of 1,6-disubstituted pyrene derivative Py1
(Fig. 12), and were attached to the surface of the PLA beads through covalent

bonds. Compound Py1 self-assembles in aqueous conditions to form micelles, on

account of its amphiphilic nature. Upon application of a sufficiently large mechan-

ical forces to the micelles (in aqueous conditions), their photoluminescence color

changes from yellow to green. The yellow emission is ascribed to excimer forma-

tion of the luminescent core of Py1. Using the amino groups introduced in the

peripheral positions of the dendrons, the resulting micelles could be covalently

attached to a variety of surfaces that had also been decorated with amine groups

using the amine-reactive crosslinker L2 (Fig. 12). Thus, the authors succeeded in

Fig. 10 (a) Molecular structure of N,N0-bis-(20-ethylhexyl)perylene-3,4,9,10-tetracarbox-
yldiimide (EE-PTCDI). (b) Fluorescence spectra of a LLDPE/EE-PTCDI blend film containing

0.1 wt% EE-PTCDI before and after uniaxial deformation to different draw ratios (Dr). (c) Picture
of the same material in which the center portion has been uniaxially deformed to a draw-ratio of

4. The image was taken under excitation with ultraviolet light. (b, c) adapted with permission from

[52]. Copyright 2008 American Chemical Society
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attaching the micelles to PLA beads (Φ¼ 70�150 μm) with amino groups on their

surfaces, which was confirmed by confocal fluorescence microscopy. Mechanical

stimulation was applied by vortexing the glass vial containing water and the

micelle-decorated PLA beads. A photoluminescent color change could easily be

observed by the naked eye when the PLA beads with the mechanoresponsive

micelles were vortexed in the presence of glass beads, which are heavier than

PLA beads. By contrast, no obvious change in emission spectra was observed

when micelle-bearing PLA beads were vortexed in the absence of said glass

beads. The mechanoresponsive luminescent PLA beads seem to have a threshold

below which no photoluminescence color change occurs. This threshold behavior

stems from the uniform size of the micelles consisting of Py1. In contrast to

polymer blends comprising mechanosensing dyes, no elongation or contraction of

the polymer beads themselves is required to induce a change in photoluminescence

color.

Mechanically responsive π–π interactions have also been utilized in supramo-

lecular polymers, where π–π stacking between electronically complementary (i.e.,

electron-rich and electron-poor) π-conjugated groups has been utilized to achieve

supramolecular polymerization [57–60]. For example, pairs of naphthalene diimide

groups that were introduced into the backbone and termini of polymer P1 (Fig. 13)

bind to pyrene moieties that were introduced to both ends of polymer P2.

Fig. 11 Schematic illustration of polylactic acid (PLA) beads with mechanoresponsive lumines-

cent micelles on the surface and change of their photoluminescent color upon application of a

mechanical force. The pictures were taken under excitation with ultraviolet light. Adapted with

permission from [56]. Copyright 2014 American Chemical Society

Fig. 12 Molecular structure of pyrene-based amphiphile Py1 and water-soluble cross-linker L2
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Combination of P1 and P2 leads to the formation of a supramolecular network

structure, in which cross-links are based on intermolecular interactions between

electron donor and acceptor groups [58]. The formation of donor-acceptor stacked

structures is not only evidenced through the material’s mechanical properties, but

can also be inferred from the appearance of a characteristic reddish color, which

arises from the naphthalene diimide/pyrene charge transfer interactions. The mate-

rials system at hand was designed to be healable after being damaged. Indeed, after

breaking samples of the P1/P2 mixture, the defect could be healed and the tensile

modulus could be completely restored by heating for 5 min to 50�C. The observed
healing efficiency was maintained over several cycles of breaking and heating.

Therefore, the π–π stacking moieties composed of donor and acceptor groups are

regarded as reversible units in polymeric materials. Although the authors did not

exploit this color change for mechanochemical purposes, one can easily foresee that

Fig. 13 (a) Molecular structures of P1 and P2, building blocks used to assemble a healable

mechanochromic supramolecular polymer. (b) Schematic illustration of the healable supramolec-

ular polymers using donor–acceptor interactions between P1 and P2. (b) reprinted with permission

from [60]. Copyright 2014 The Royal Society of Chemistry
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such systems would be prone to color change upon mechanochemical activation

and that adequately connected charge-transfer complexes in general should yield

similar mechanochromic behavior.

3 Hydrogen Bonds

This section focuses on supramolecular polymers based on complementary

hydrogen-bonding motifs that exhibit association-dissociation in response to

mechanical stimuli. Hydrogen bonds are one of the most commonly utilized types

of intermolecular interaction in the fabrication of supramolecular polymers because

of their directional character and ideal strength [61–64]. Furthermore, the associa-

tive character of a given supramolecular motif can be fine-tuned by controlling the

number of hydrogen-bonding sites. The inherent reversible nature of hydrogen

bonds bestows supramolecular polymers made from such motifs with adaptive

characters such as thermo-, photo-, chemo-, and mechanoresponsive properties

[61–66]. In the last 15 years, a large number of hydrogen-bonding supramolecular

polymers have been investigated [67, 68]. Interestingly, however, only a few

reports have described mechanically active hydrogen bonds in supramolecular

polymers with unambiguous experimental evidence that shows dissociation and

formation of hydrogen bonds in response to mechanical stimulation [69–72].

Some of the most compelling examples of mechanoactive hydrogen bonds in

polymers have been inspired by the natural protein titin [69]. Titin is a giant protein

of muscle sarcomeres and has 200–300 repeating modules which are unfolded

sequentially when a mechanical force is applied (Fig. 14a), leading to a saw-tooth

pattern in the force-extension curve. Each peak is ascribed to individual unfolding

events of the repeating modules and reflects the constant force required to unfold

each of them. Using a biomimetic design, a modular polymer with multiple loops

(Fig. 14b) was developed by the Guan group. Module polymer P3-1 featuring the

Fig. 14 Concept of biomimetic modular polymer design. (a) A small section of titin, which has

200–300 repeating immunoglobulin domains. (b) Design of modular polymer containing multiple

loops held by secondary forces. Reprinted with permission from [69]. Copyright 2004 American

Chemical Society
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quadruple-hydrogen-bonding motif 2-ureido-4[1H]-pyrimidinone (UPy) was pre-

pared using pre-polymer 3-1 and free UPymonomer 3-2 (Fig. 15). Control polymer

P3-2 was also synthesized using pre-polymer 3-1 and protected UPymonomer 3-3.
Single-molecule force-extension studies using atomic force microscopy were car-

ried out for both modular polymer P3-1 and control polymer P3-2. A distinct

saw-tooth pattern appeared in the force-extension curve for modular polymer

P3-1 (Fig. 16a), whereas the force-extension curves for control polymer P3-2 did

not show the saw-tooth character. Instead, only one peak was observed, which is

Fig. 15 (a) Molecular structures of pre-polymer 3-1, free UPy monomer 3-2, and protected UPy

monomer 3-3. (b) Scheme illustrating the synthesis of P3-1 and P3-2

Fig. 16 AFM single chain force-extension data. Both the modular polymer P3-1 and the control

polymer P3-2 were subjected to single-chain force-extension studies in toluene. (a) An overlay of

several force-extension curves for modular polymer P3-1. (b) One representative single chain

force-extension curve for the control polymer P3-2. (c) A typical single-chain force-extension

curve for the modular polymer P3-1. In (b) and (c), all scattered dots represent experimental data

and the solid lines are fitting results. Reprinted with permission from [69]. Copyright 2004

American Chemical Society

Mechanochemistry in Polymers with Supramolecular Mechanophores 359



typical for the entropic extension of a random coil chain. These observations

indicate that sequential unfolding of UPy dimers in the modular polymer P3-1
occurs along the polymer chain during single-molecule force-extension studies.

When the modular polymer chain is gently pulled, the force increases until the UPy
dimers can no longer withstand the load. As a result, the quadruple hydrogen

bonding between two UPy moieties yields and the loop opens, extending the

chain length of the modular polymer. Therefore, the peak force shown in Fig. 16

represents the force required to disassemble the UPy dimers, and the gaps between

two peaks are characteristic of the unfolding of the extra slack provided by the loop

following dimer dissociation. Because the UPy dimers can be connected in differ-

ent ways during the synthesis, the force needed to deform the dimer varied between

ca. 200 pN for the preferred head-to-head arrangement vs ca.100 pN for the less

favorable head-to-tail or tail-to-tail connectivity. Additionally, the force-extension

curve showed different length between force peaks because of the chain length

distribution of the pre-polymer 3-1.
To overcome several limitations of the modular polymer P3-1 (e.g., interchain

interactions), a newly designed monomer 3-4 which forms quadruple hydrogen

bonds was subsequently prepared by Guan and coworkers using peptidomimetic

β-sheet motif (Fig. 17a) [70]. Two loops were used to promote proper intrachain

dimerization, thereby limiting dimerization with a nonadjacent unit within the same

polymer or with units in different polymer chains. Alkyl chains were used as the

loop-forming unit in lieu of polydisperse poly(tetramethyleneoxide), which led to

constant gaps between force peaks in the force-extension curve. The double-closed

loop (DCL) polymer P3-3 (Fig. 17b) was obtained by reacting equimolar amounts

of 4,40-methylenebis-(phenyl-isocyanate) (MDI) and the DCL monomer. Single-

molecule force-extension studies using atomic force microscopy were also carried

out for the DCL polymer (Fig. 18). Compared to the modular polymer P3-1, the
saw-tooth pattern showed greater uniformity. The force required to break each

module was, however, smaller (~50 pN), which was explained by the smaller

dimerization constant of the peptidomimetic β-sheet units (~104) compared to

that of UPy dimers (~107). Despite the increased uniformity, a distribution of the

contour length (ΔL ) between consecutive peaks in the force-extension curves was

observed (ΔL�5–21 nm). This phenomenon was thought to arise from π–π stacking

Fig. 17 Molecular structures of (a) double-closed loop monomer 3–4 and (b) the resulting

polymer P3-3
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between dimerizing units. The association energy between two dimerizing modules

is comparable to that of the four hydrogen bonds in each dimerizing module.

Therefore, during the polymer extension, the four hydrogen bonds in each module

as well as π–π stacking between modules dissociate simultaneously.

Taking into account the knowledge obtained from both modular systems, Guan

and coworkers prepared UPy-based cross-linker 3–5 having two alkyl chain loops

(Fig. 19a) in the module unit [71]. The authors expected that the mechanical

properties of the resulting cross-linked polymers would be significantly enhanced

because of the reversible nature of the UPy-based module and strength of quadruple

hydrogen bonds in each module. Cross-linked poly(n-butyl acrylate) was chosen
as the backbone because of its elastomeric character. Poly(ethylene glycol)

dimethacrylate was chosen as the control cross-linker. Several films were prepared

by copolymerization of n-butyl acrylate and cross-linker 3–5 or poly(ethylene

glycol) dimethacrylate. Figure 19b shows the stress–strain curves for samples

cross-linked with 6 mol% of either the cross-linker 3–5 or the poly(ethylene glycol)
dimethacrylate control. Upon cross-linking with 3–5, both modulus and tensile

strength substantially increased without sacrificing the maximum extensibility.

By contrast, the covalently cross-linked control suffered from a much smaller strain

Fig. 18 AFM single-molecule force-extension curves for the DCL modular polymer shown in

Fig. 17b. Reprinted with permission from [70]. Copyright 2004 American Chemical Society

Fig. 19 (a) Schematic representation of the design of a biomimetic modular cross-linker. (b)
Stress–strain curves for 6% cross-linked poly(n-butyl acrylate) rubber for the sample (blue) and
control specimen (strain rate: 100 mm/min at room temperature). Reprinted with permission from

[71]. Copyright 2007 American Chemical Society

Mechanochemistry in Polymers with Supramolecular Mechanophores 361



at break. The striking difference between the two materials was attributed to the

increased energy dissipation ability of cross-linker 3–5.
The same group also developed linear polymer P3-4 using UPy-based double

closed-loop modules (Fig. 20) [72]. To avoid undesired hydrogen-bonding and

prevent complicated folding structures, the polymer did not possess any

hydrogen-bonding sites other than the UPy moieties in each module. Linear module

polymer P3-4 and control polymer P3-5 were obtained by acyclic diene metathesis

using corresponding monomers. In control polymer P3-5, an o-nitrobenzyl (NBn)
protection group was introduced to suppress hydrogen-bond formation in each

module. As shown in Fig. 20a, the stress–strain curves of P3-4 and P3-5 are

completely different from each other. Control polymer P3-5 fractures at 7% strain.

By contrast, modular polymer P3-4 exhibited large deformation with a maximal

strain of >100%. At low strains, P3-4 is quite stiff and showed a relative high

Young’s modulus. After 5% elongation, P3-4 exhibited a large deformation with

modest increase in stress, which means that a large amount of energy is absorbed as

a result of the sequential unfolding of UPy-based modules upon stretching.

The shape-memory properties of the linear polymer P3-4 and its mechanical

behavior have also been investigated in a later study. After ten loading-unloading

cycles, the polymer was set at 135% of its original length. By leaving this sample at

room temperature for 18 h, P3-4 recovered up to 110% of its original length

(Fig. 21). The complete recovery of original mechanical properties of P3-4 was

achieved by heating the sample at ~ 80�C for ~30 s after loading-unloading cycles.

Moreover, when the sample was heated and elongated to 250% strain and then

cooled to 5�C, the temporary shape was fixed. A gradual temperature increase led to

sample retraction and further heating resulted in complete shape recovery of P3-4
film. The observed stress–strain responses and the shape-memory characters of

P3-4 are derived from the dynamic nature of UPy dimerization, as further corrob-

orated by the absence of similar properties for control polymer P3-5. The mecha-

nism to explain the observed phenomena is illustrated by the authors (Fig. 21). UPy

homodimers are unfolded upon mechanical or thermal stimulation. When the

stimulus is removed, UPy interchain cross-dimers form in the polymer films.

Subsequent heating induces recombination of UPy moieties and leads to the

recovery of the original shape and mechanical properties.

Fig. 20 Molecular structure of (a) linear double-closed loop module polymer P3-4 and (b) control
polymer P3-5
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4 Metal–Ligand Interactions

Metal–ligand interactions represent another class of non-covalent supramolecular

motifs, which have been shown to be very useful in the context of designing

stimuli-responsive supramolecular polymers. The motif type represents great ver-

satility, as the strength of the interaction between a polymer-bound ligand and metal

ions, the responsiveness to various stimuli, and the response can be varied over a

broad range via the variation of both metal ion and ligand. A major advantage of

metallo-supramolecular polymers is the possibility of combining the processability

of polymers, at the same time retaining some of the unique properties of the metal

centers. In 2003, a seminal contribution of Rowan and coworkers introduced

“multistimuli, multiresponsive metallo-supramolecular polymers” [73]. The mate-

rial introduced by the Rowan group consisted of a poly(ethylene glycol) (PEG)

backbone which was functionalized at both ends with a bis(2,6-bis(10-methyl-

benzimidazolyl)-4-hydroxypyridine) ligand (Mebip; Fig. 22). Such building blocks

can be used to construct longer polymer chains by adding various metal ions in the

form of weakly coordinating salts, such as nitrates, perchlorates, or bistriflimides.

Chain extension is achieved by stoichiometric complexation of the metal by the

polymer-bound ligands. Of course, the nature of the metal ion plays a pivotal role in

the overall molecular architecture of the materials. In the most common case, i.e.,

where ditopic polymeric ligands are used, the metal center determines whether

linear connections (as in the case of bivalent ions) or branching/network points are

formed (as in the case of trivalent ions), because they are coordinated by two or

three telechelic ligands. Many properties of the resulting material can be adjusted

by carefully choosing the metal ion. For instance, luminescent europium ions may

be used as an internal probe indicating the status of the metal–ligand bond, because

they exhibit luminescence through an “antenna effect,” i.e., the energy initially

absorbed by the ligand is channeled to the metal through a metal-to-ligand charge

transfer [74, 75].

Fig. 21 (a) Stress–strain curves for polymer P3-4 and control P3-5 shown in Fig. 20. (b) Proposed
molecular mechanism for shape-memory behavior. Adapted with permission from [72]. Copyright

2009 American Chemical Society
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Although metallo-supramolecular polymers had been previously studied [76],

the work of Beck et al. opened new avenues by demonstrating that metal–ligand

bonds could be mechanically activated [73], although the materials studied were

gels, and thus not, strictly speaking, solid materials because of the presence of

solvent (here acetonitrile). The mechanical activation of weak coordination bonds

was demonstrated in metallo-supramolecular gels containing the telechelic building

block shown in Fig. 22 and Zn2+:La3+ (ratio 97:3) through the characteristic

thixotropic (shear-thinning) behavior of the gels. Upon manual agitation, stable

gels were rapidly liquefied as a result of the disengagement of the ligands from the

metal ions. When the system was allowed to rest, stable gels were reformed. The

behavior was shown to depend upon the amount of solvent present. Furthermore,

thermal stimuli-responsiveness was demonstrated, and lanthanide ions were shown

to separate from the ligands more easily than transition metal ions. Additionally,

responsiveness to chemical stimuli, such as a competing ligand (i.e., formate anion,

which binds preferentially to the Eu3+ ions in comparison to the Mebip ligands),

was also demonstrated. On account of the supramolecular nature of the binding

motifs, all stimuli, i.e., mechanical, thermal, and, chemical, could be used to

dissociate reversibly the metallopolymers studied.

A broad range of stimuli-responsive metallopolymers based on Mebip-

terminated macromonomer–metal ion interactions has in the meantime been inves-

tigated, not only with respect to the mechanical activation of the weak links, but

also in terms of kinetic formation of the metal–ligand complex [77], influence of the

metal centers (dynamic vs inert, two- vs three functional, and variation of optical

properties), and the polymers (e.g., polar vs nonpolar, rubbery vs glassy vs semi-

crystalline). It is noted that in solid materials the morphology has a great influence

on the mechanical properties and the underlying stress-transfer processes of these

materials [78]. Although mechanically induced disassembly of the metal–ligand

motifs has in some cases been inferred, this process has rarely been experimentally

supported. For example, the groups of Weder and Rowan demonstrated that optical

healing can be achieved in metallo-supramolecular polymers assembled from a

rubbery telechelic poly(ethylene-co-butylene) (15) that was chain-terminated with

Fig. 22 Illustration of chemical structure, mechanical response, and optical characteristics of

multi-stimuli responsive metallo-supramolecular polymers. Adapted with permission from

[73]. Copyright 2003 American Chemical Society
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2,6-bis(10-methylbenzimidazolyl)-pyridine (Mebip) ligands and Zn(NTf2)2 or La

(NTf2)3 to afford 15�Zn(NTf2)2 and 15�La(NTf2)3 (Fig. 23) [79]. The metal–ligand

binding is dynamic (more so in the case of La3+ than Zn2+) and the polymers can be

depolymerized upon exposure to certain external stimuli such as light, heat, and

presumably mechanical forces. Small-angle X-ray diffraction experiments and

electron microscopy revealed that these metallo-supramolecular materials micro-

phase separate into lamellar structures, in which the metal–ligand complexes form a

“hard” phase, which serves to crosslink physically the “soft” phase formed by the

poly(ethylene-co-butylene) cores. The Mebip ligands and Mebip/metal complexes

absorb ultraviolet (UV) light and exhibit a low fluorescence quantum yield. Thus,

when the materials are irradiated with UV light, the absorbed energy is converted to

heat. This results in the temporary disengagement of the metal complexes, or, in

other words, depolymerization of the metallopolymer and formation of a

low-viscosity melt. Upon removal of the light source, the metal–ligand complexes

reform and the material’s original properties are restored. This transformation

allows for optical healing of (mechanically induced) damaged areas of the material.

When deliberately damaged films of 15�Zn(NTf2)2 or 15�La(NTf2)3 were exposed
to UV light with an intensity of ~950 mW/cm2, the defects were repaired in less

than 1 min. Mechanical analysis showed that the original mechanical properties of

the materials could be fully restored and it was shown that the materials can be

repeatedly damaged and healed. It was shown that, under comparable conditions,

films of 15·[La(NTf2)3] healed more readily than films made from 15·[Zn(NTf2)2],
consistent with the lower stability of La3+/Mebip complexes vis-�a-vis the Zn2+/

a cb

h 1 min

h

Fig. 23 (a) Chemical structure of macromonomer 15 and the metallo-supramolecular polymers

15·[M(NTf2)v] where M¼Zn2+ (v¼ 2) or M¼La3+ (v¼ 3). (b) Schematic representation of the

lamellar structure of 15·[M(NTf2)v]. (c) Image illustrating the optical healing of a film of 15·[Zn
(NTf2)2] (ratio of 15:Zn(NTf2)2¼ 1:0.7) with UV light (λ¼ 320–390 nm, 950 mW/cm2, 2� 30 s).

Figures are adapted from [79]
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Mebip-based counterparts and a higher level of light-induced depolymerization of

the former. The concept of photothermally induced healing of supramolecular

materials is applicable to any supramolecular polymer with a sufficiently dynamic

binding motif and the concept has now been utilized in a variety of materials

systems [80–82].

The repeated healability of the metallo-supramolecular polymers discussed

above implies that, on the molecular level, mechanical damage exclusively causes

(reversible) disassembly of the metal–ligand motifs, as shown schematically in

Fig. 23, and not cleavage of covalent bonds. However, until recently, this mecha-

nism had not been confirmed. With the objective of probing the mechanistic aspects

of mechanotransduction in such materials, the Weder group recently embarked on

the investigation of mechanically-induced responses of metallo-supramolecular

networks. Their study showed that metallo-supramolecular polymers based on

macromonomer 5 (a telechelic poly(ethylene-co-butylene) with Mebip ligands at

the termini) and the europium salt Eu(ClO4)3 (Fig. 24a) are mechanoresponsive [83,

84]. The Eu3+:Mebip complexes serve both as mechanically responsive binding

motifs and built-in optical probes that can monitor the extent of (dis)assembly

Eu3+

Eu3+
Fe2+

Mechanical
Stress

Eu3+

a

b

Fe2+

+

Fe2+

c

Eu3+

withOr 
Mechanical

Stress

Eu3+

(i)

(ii)

(iii)

5

Fig. 24 Structure of a mechanoresponsive metallo-supramolecular polymer network and sche-

matic representation of (dis)assembly mechanisms. (a) Formation of (5)1.5·[Eu(ClO4)3] networks
by assembly of 5 and Eu(ClO4)3∙6H2O (ClO4

� counterions are omitted for clarity). (b)
(i) Reversible dissociation of the Eu3+-ligand complexes upon ultrasonication and irreversible

exchange with Fe2+ ions in films of (5)1.5·[Eu(ClO4)3] soaked in a Fe(ClO4)2 solution as a result of

(ii) ultrasonication or (iii) other mechanical forces. (c) Deprotonated dipicolinic acid ligands bind

strongly to Eu3+ and these complexes can hardly be mechanically dissociated (triethylammonium

ions are omitted for clarity). Reprinted with permission from [83]. Copyright 2014 American

Chemical Society
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because of their characteristic photoluminescent properties. Dose-dependent and

reversible metal–ligand dissociation occurs upon exposure to ultrasound in solution

(Fig. 24a, b). The absence of ultrasound-induced dissociation of a low-molecular

weight model complex and in-depth studies of temperature effects confirm that

the dissociation is indeed the result of mechanical activation (for an extensive

review of sonochemical activation please refer to [10, 13]). The influence of the

strength of the metal–ligand interactions on the mechanically induced dissocia-

tion was also explored. Metallo-supramolecular polymers in which the Mebip

ligands were substituted with more strongly coordinating dipicolinate ligands

(Fig. 24c) do not dissociate upon exposure to ultrasound. Finally, it was shown

that mechanochemical transduction in metallo-supramolecular polymers is also

possible in the solid state. This permitted the mending of damaged objects through

ultrasound (Fig. 25c) as well as mechanochromic behavior based on metal-

exchange reactions in metallo-supramolecular polymers infused with an auxiliary

metal salt (Fig. 25b). This was achieved by immersing the metallo-supramolecular

polymer in an Fe(ClO4)2 solution and subjecting the material thus treated to

ultrasound or a macroscopic force. Gratifyingly, no color change occurred by

immersion in the salt solution, and only upon mechanochemical activation was an

irreversible color change, characteristic of the Fe(Mebip)2 complexes, observed

(Fig. 25b).

In all of the studies summarized above, the Mebip ligands were covalently

attached to a telechelic core and served either to chain-extend or cross-link these

building blocks, in connection with various metal ions, into linear or cross-linked

metallo-supramolecular polymers. Rowan et al. took a different approach when

they blended complexes based on monofunctional dodecyl-Mebip and metal ions

into methacrylate-based polymer matrices [85]. Interestingly, when complexes with

platinum ions were used, a mechanically responsive material was obtained, which

0 250 500 750 1000
0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
.u

.)

Time (s)

a b c

Fig. 25 (a) Emission of (5)1.5·[Eu(ClO4)3] in CHCl3 monitored at 620 nm over time. The solution

was subjected to three ultrasonication pulses of 10 s each. (b) Images of (5)1.5·[Eu(ClO4)3] films

swollen in an acetonitrile solution of Fe(ClO4)2 for 5 days before (top) and after (bottom)
ultrasonication. (c) Image of two films of (5)1.5·[Eu(ClO4)3] mended together by ultrasonication.

Adapted with permission from [83]. Copyright 2014 American Chemical Society
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displayed a mechanically induced color change both in absorption and photolumi-

nescence. The mechanically induced optical changes were related to a variation of

the Pt–Pt interactions (i.e., the distances in small Pt-ligand crystallites that formed

in the glassy matrix), which were stable after applying mechanical forces in the

glassy state but could be deliberately reverted by heating to above the Tg of the

polymer matrix.

The discovery that mechanochemistry can be at play in metal-containing poly-

mers goes back to 2004, when Sijbesma and coworkers demonstrated mechano-

chemical activation in polymers comprising phosphine ligands that were

coordinating late transition metals such as palladium or iridium. Specifically,

poly(tetrahydrofuran) (pTHF) with telechelic phosphine moieties was used to

complex PdCl2, which resulted in the formation of linear supramolecular polymers

and smaller cyclic structures (Fig. 26) [86]. The Pd–phosphine bonds could be

selectively broken upon ultrasonication solutions of the metallopolymer and no

by-products could be identified by NMR spectroscopy. Also, because no irrevers-

ible polymer degradation upon multiple cycles of breaking and reformation was

observed, one can conclude that the Pd phosphine connection could be reversibly

and selectively cleaved. The reformation of the metallo-supramolecular polymer

was shown to be much slower than in the previously described Mebip systems

(dozens of hours vs minutes). Ultrasonication was shown to disrupt longer chains

preferentially, which is indicative that mechanical activation as a thermal process

should affect short and long chains alike. A most interesting feature of the mechan-

ically responsive Pd-containing material is the catalytic potential of the metal

centers, which can be reversibly activated. This feature was used, for example, to

induce the activation of an olefin metathesis catalyst mechanically [4, 87–89].

In a subsequent study, Paulusse et al. quantified the extent of the sonochemically

induced dissociation of slightly modified phosphine ligands (cyclohexyl instead

of phenyl substituents at the phosphorus) from the Pd centers by adding

1-(dicyclohexylphosphino)dodecane as a competing ligand [90]. The

metallopolymer was kinetically stable when it was mixed in solution with the

alkyldiphenylphosphine, because exchanges within the Pd coordination sphere

are very slow. However, upon ultrasonication, a significant and irreversible

Pd P O
O P

L

L

L = e.g. Cl
n = degree of polymerization of the macromonomer

m = degree of polymerization of the supramolcular aggregate
The dashed line indicates possible cyclic structures.

m

n

Fig. 26 General structure

of the mechanically

responsive Pd–phosphine-

containing metallo-

supramolecular polymers

studied by Sijbesma and

co-workers [86]
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reduction of the molecular weight of the metallopolymer was observable, on

account of mechanically induced dissociation of the metallopolymer and subse-

quent irreversible binding of 1-(dicyclohexylphosphino)dodecane to the free

Pd. The study revealed that the dissociation rate of the current system upon

ultrasonication was too slow for a practical application in catalysis.

Similar metallopolymers based on diphenylphosphine-terminated

macromonomers in combination with Rh+ or Ir+ ions resulted in the formation of

gel-like networks when the building blocks were combined in a solvent such as

dichloromethane or chloroform [91]. These gels could be liquefied upon

ultrasonication (Fig. 27) as a result of ligand exchanges that preserved the coordi-

nation stoichiometry of the metal centers while reducing the number of cross-links.

After sonication, the equilibrium network reformed almost immediately in the case

of Rh+ (gel phase after 1 h at +20�C), whereas the process was much slower in the

case of the Ir+-based gel (sol phase still present after 3 days at �20�C).
Through the study of “mixed” metallopolymers based on Pd2+ and Pt2+ salts and

phosphine-terminated telechelic macromonomers, Sijbesma and coworkers were

able to address the question of how selective ultrasonication induced chain scission

of metallopolymers can be [92]. Moore and coworkers had previously reported that

selectivity in chain scission requires that the bond energy of the “weak links” – also

referred to as mechanophores – is approximately 100–125 kJ mol�1 lower than that

of the other (residual) bonds [93]. The hybrid system containing both Pd2+ and Pt2+

metal ions focused on very small bond energy differences; according to density

functional theory calculations the complex formed between PtCl2 and pentyl-di-

cyclohexylphosphine features a metal-P bond that is ca. 30 kJ mol�1 stronger than

the corresponding Pd complex. Although such a small difference in coordination

strength should preclude complete selectivity, ultrasonication experiments of solu-

tions of the metallopolymer demonstrated that chain scission at the Pd centers was

favored over chain scission at Pt centers. Similarly, the degradation kinetics were

studied by ultrasonication of solutions that contained palladium(II) dichloride bis

(1-dodecyl)diphenylphosphine, where the phosphine serves as a competing ligand

[92]. An important factor limiting the selectivity is the position of the metal center

in the original metallopolymer. Degradation experiments with other polymers have

established a minimum molecular weight of ca. 30,000 g mol�1 at the time of the

Fig. 27 Proposed mechanism for the liquefaction of phosphine-Rh or phosphine-Ir supramolec-

ular gels upon ultrasonication [91]
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experiments for vinylic polymers such as poly(styrene) or poly(methyl methacry-

late) [94]. The macromonomers used in this study have a number-average molec-

ular weight of 12,000 g mol�1 and therefore the relative position of the complexes

to the middle of the chain (where the mechanical force reaches its maximum) might

significantly influence the selectivity because of a differing effective force felt by

each segment.

Another metallo-supramolecular system, on the basis of 2,6-bis(1,2,3-triazol-

4-yl)pyridine (BTP) as well as Zn2+ and Eu3+, respectively, was introduced by

Weng and coworkers [95]. The approach is quite different from the majority of

mechanically responsive metallo-supramolecular polymers heretofore described:

the ligands were designed to be part of the polymer backbone instead of being

located at the end of the polymer chains. Telechelic pTHF was thus copolymerized

with the dihydroxy-functionalized BTP ligand and hexamethylene diisocyanate to

produce a polyurethane that was further cross-linked through the addition of metal

ions (Fig. 28a). The metal-rich domains phase-separate from the pTHF soft

Fig. 28 (a) Chemical structure of a poly(THF)-BTP polyurethane. (b) Schematic representation

of structure and morphology of the metallo-supramolecular polymer network formed by combi-

nation of poly(THF)-BTP and Zn2+. (c) Pictures of a film of the metallo-supramolecular polymer

network made from poly(THF)-BTP and Eu3+ before and after stretching. Adapted with permis-

sion from [95]. Copyright 2013 The Royal Society of Chemistry
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segments, forming a hard phase. This phase-segregated morphology results in

additional physical crosslinks (Fig. 28b). The material featured – depending on

the ratios of BTP ligands to Zn2+ and to Eu3+ ions – high tensile strengths (up to

18 MPa), large strains at break (in excess of 1,000%, Fig. 28c), and high toughness

(up to 70 MPa), whereas these maximum values were observed for the material

containing solely Eu3+ metal centers. The metal–ligand hard phase was found to be

thermally stable but mechanically labile. Mechanical stress caused the disruption of

the hard phase domains and the dissociation of metal–ligand complexes, leading to

a mechanical behavior reminiscent of the titin-mimics designed by the Guan group

(see above). It is noted that in this case the mechanical properties are not the result

of the unfolding of modular domains, but the metal–ligand-based cross-links appear

to act as sacrificial bonds. The authors also demonstrated that UV-light induced

“reshuffling” of the supramolecular network under mechanical constraint allowed

for stress reduction upon irradiation with UV light on account of an increased

dissociation rate of the metal–ligand complexes under these conditions.

Most recently, Liang et al. reported an example system for mechanically trig-

gered drug release from metallo-supramolecular diblock copolymer micelles

(Fig. 29) [96]. The latter were based on bis(TPy)-Cu2+ (TPy¼2,20:60,200-terpyridine)
complexes employed to link poly(propylene glycol) (PPG) and poly(ethylene

glycol) (PEG) into an amphiphilic block copolymer. The material was shown to

be able to self-assemble in aqueous solution into spherical micelles with hydropho-

bic PPG cores. The micelles can be opened/disrupted via ultrasound, which revers-

ibly breaks the Cu2+-ligand complexes and thereby allows the release of

hydrophobic cargo molecules encapsulated in the micelles. After halting the son-

ication, the metal–ligand bonds were shown to reform, resulting in the re-assembly

Fig. 29 Schematic illustration of the self-assembly of amphiphilic metallo-supramolecular block

copolymers under encapsulation of cargo into micelles and disassembly of the micelles under

release of the drug upon ultrasound sonication via dissociation of the metal–ligand complex. Upon

cessation of the ultrasonication, the micelles re-assemble again [96]
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of (slightly smaller) micelles. In reference experiments with micelle systems based

on otherwise the same chemistry but stronger ruthenium–TPy complexes or cova-

lent bonds (block copolymer PEO-PPG-PEO), no drug release under similar

ultrasonication conditions was observed.

In addition to the work previously described, the studies of Bielawski and

coworkers in which hemi-telechelic pyridine-end-terminated poly(methyl acrylate)

was utilized to initiate ionic polymerization upon mechanically activated scission

of the boron-nitrogen coordination bond should be mentioned [97]. Although the

design of these systems is in principle very interesting, an “expression of concern”

was published and editorial review is currently underway to investigate “the

reliability of the data reported in the article.” Nevertheless, at this stage, no

definitive conclusion has been drawn.

5 Summary and Outlook

Chemical bond activation through mechanical force, a hallmark of many biological

materials, has long been known to occur in artificial materials, but such processes

have traditionally been regarded as a challenge and not an opportunity. Although

mechanical force is well known to be capable of altering the electronic states of

chemical bonds and thereby cause changes in chemical reactivity, optical proper-

ties, electrical conductivity, magnetic response, and other properties, it has been a

veritable challenge to harness this knowledge to design functional mechanore-

sponsive materials rationally. The last decade, though, has witnessed tremendous

progress in this domain. Researchers have been able to create mechanoresponsive

systems in different material families, including small organic molecules, poly-

mers, and inorganic materials. These materials have exploited a broad range of

mechanophores. Although the development of the field of mechanically responsive

polymers appears to have been catalyzed by early research involving supramolec-

ular motifs, efforts have shifted in the last 5 years towards polymers comprising

mechanophores that involve breaking of covalent bonds. Nevertheless, as summa-

rized in this overview, a number of supramolecular polymers have emerged in

which exposure to mechanical force fields causes the selective dissociation of

supramolecular motifs. Studies have evolved from proof-of-concept experiments

to the design of a range of functional materials in which the mechanically triggered

disassembly permits execution of a pre-programmed function. It appears that the

general concept of mechanochemistry in supramolecular materials is versatile and

can be exploited using a broad range of non-covalent interactions, that is,

mechanophores relying on hydrogen bonding, π–π stacking, metal–ligand binding,

and other non-covalent bonds. As the strength of such interactions can be tailored

over a broad range, and the molecular-level changes imparted by the (dis)assembly

appear to be virtually limitless, this framework opens up avenues for the develop-

ment of a plethora of new materials capable of transducing (weak) mechanical
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forces into a useful outcome, including, as discussed here, healing, color changes,

catalytic functions, and many others.
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Responsive Polymers as Sensors, Muscles,

and Self-Healing Materials

Qiang Matthew Zhang and Michael J. Serpe

Abstract Responsive polymer-based materials can adapt to their surrounding

environment by expanding and shrinking. This swelling and shrinking

(mechanotransduction) can result in a number of functions. For example, the

response can be used to lift masses, move objects, and can be used for sensing

certain species in a system. Furthermore, responsive polymers can also yield

materials capable of self-healing any damage affecting their mechanical properties.

In this chapter we detail many examples of how mechanical responses can be

triggered by external electric and/or magnetic fields, hygroscopicity, pH, tempera-

ture, and many other stimuli. We highlight how the specific responses can be used

for artificial muscles, self-healing materials, and sensors, with particular focus on

detailing the polymer response yielding desired effects.

Keywords Artificial muscles � Mechanochemistry � Responsive polymers � Self-
healing materials � Sensors

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 378

2 Artificial Muscles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 380

2.1 Dielectric Elastomers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381

2.2 Ionic Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 382

2.3 Conducting Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385

2.4 Liquid Crystal Elastomers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 388

3 Self-Healing Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389

3.1 Thermoresponsive Cycloaddition-Based Polymeric Smart Materials . . . . . . . . . . . . . . . 392

3.2 Dynamic Covalent Bonds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393

3.3 Hydrogen Bonding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 396

Q.M. Zhang and M.J. Serpe (*)

Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada, T6G 2G2

e-mail: michael.serpe@ualberta.ca

mailto:michael.serpe@ualberta.ca


3.4 Metal–Ligand Coordination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 398

3.5 π–π Stacking Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 399

4 Mechanotransducing Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 400

4.1 Mechanotransducing pH Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 401

4.2 Mechanotransducing Chemical Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 409

4.3 Mechanotransducing Biosensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 412

5 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 418

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419

1 Introduction

Sea cucumbers rapidly change their stiffness by several orders of magnitude in the

face of danger, Venus flytraps close their leaves and trap insects in response to

stimulation of their trigger hairs, and octopus, squid, and cuttlefish quickly change

their color for camouflage or to warn potential predators [1]. These are just a few of

the many examples of nature’s ability to respond to external stimuli. Polymer

scientists and engineers have been working very hard to develop novel materials

that can mimic this incredible behavior. To accomplish this, stimuli-responsive

polymers are often the materials of choice. Stimuli-responsive polymers (also

called smart/intelligent polymers) are capable of significantly changing their prop-

erties such as shape, mechanical properties, solubility, permeability, optical prop-

erties, and electrical properties upon the application of a stimulus; common stimuli

include temperature, pH, light, magnetic field, electrical field, sonication, solvents,

ions, enzymes, and specific organic compounds [2–8].

Several classes of stimuli-responsive polymers have been reported. Polysaccha-

rides, proteins, and nucleic acids represent one group of stimuli-responsive bio-

polymers which can be found widely in living systems [9–11]. Indeed, these

materials belong to the oldest class of substances in Nature with stimuli-responsive

properties. However, for many years, synthetic polymers with stimuli-responsive

properties have attracted a similar level of attention within the scientific community

[12]. Table 1 lists some examples of stimuli-responsive polymers, and the stimuli

that can be used elicit a response [13].

Of all stimuli-responsive polymers, temperature-responsive polymers are the

best known and most studied. Among those, polymers that exhibit a lower critical

solution temperature (LCST) have found the widest applicability [14]. The LCST is

a fascinating phenomenon found for various polymer solutions. Polymer solutions

often exhibit both an LCST and an upper critical solution temperature (UCST). For

the LCST, at temperatures below the LCST the polymer is completely miscible in

the solvent, whereas at temperatures above the LCST a phase separation occurs. In

fact, the most investigated temperature-responsive polymer featuring a LCST in

water is poly(N-isopropylacrylamide) (pNIPAm). The LCST of pNIPAm is ~32�C,
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which is close to human body temperature [15]. Consequently, by altering the

temperature of pNIPAm in water, its solubility can be tuned, e.g., pNIPAm transi-

tions from hydrophilic (soluble) to hydrophobic (insoluble) as the LCST is

exceeded. Other N-substituted polyacrylamides [16, 17] and other classes of poly-

mers such as poly(oligoethyleneoxide-(meth)acrylate)s [18] or poly(2-oxazoline)s

[19] have also been shown to exhibit thermoresponsivity and exhibit an LCST.

Another class of responsive polymers that have been found to be useful is light

responsive polymers. The response of the polymer, and its reversibility, depends

greatly on the functional groups making up the polymer. For example, some

photochromic molecules undergo a reversible isomerization upon irradiation

[20]. This process is usually accompanied with a polarity change as well as a

color change in the chromophoric units. Such phenomena can be observed in

chemical compounds such as azobenzene [21], spiropyran [22], and triphenylmeth-

Table 1 Abbreviated names of polymers with their associated responsivities

Polymer Types of stimulus

BIS Bisacrylamide

PAA Poly(acrylic acid) pH

PAAEM Poly(acetoacetoxyethyl methacrylate)

PAm Poly(acrylamides)

PBA Poly(butyl acrylate)

PDEA Poly[2-(diethylamino) ethyl methacrylate] pH

PDMS Poly(dimethylsiloxane) aE-field, bT-field

PDPA Poly[2-(diisopropylamino) ethyl methacrylate] pH

PEO Poly(ethylene oxide) T-field

PGMA Poly(glycerol monomethacrylate)

PHEMA Poly(hexyl ethyl methacrylate)

PHFBMA Poly(hexafluoro butylmethacrylamide) T-field

PLG Poly (glutamic acid) pH

PLLA Poly(L-lactides)

PMMA Poly(methyl) methacrylate

PMPC Poly[2-(methacryloyloxy) ethyl phosphorylcholine] E-field, T-field

PNaA Poly(sodium acrylate) pH

PNaVBA Poly(sodium-4-vinylbenzoate) pH

PNCL Poly(N-vinylcaprolactone) T-field, pH

PNIPAM Poly(N-isopropylacrylamide) T-field

PPO Poly(propylene oxide) T-field

PSMA Poly(stearyl methacrylate)

PVIm Poly(N-vinylimidazole) pH

Reproduced with permission from [13]
aElectrical field
bThermal field
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ane leuco [23]. Irreversible light responsivity is achieved when polymers contain

photocleavable units, which subsequently yield the polymer response [24]. For

example, the ester bond of o-nitrobenzyl ester (ONB) [25, 26] irreversibly breaks

upon exposure to UV light. Photocleavage reactions are generally initiated by

UV-light; however, under certain conditions, near infrared (NIR)-light can also

be used for cleavage of ONB-groups [25].

Mechanochemistry, even though a relatively new topic, has matured consider-

ably over recent years. It has implications for material wear, abrasion, friction, and

lubrication; this ultimately affects the performance of materials and their properties.

Most important for this submission are volume/conformational changes of respon-

sive polymers, which can yield a specific function [27]. While this kind of mech-

anochemistry is not a result of molecular scale bond breaking and reformation, it is

nevertheless mechanochemistry. This is because the system’s volume/conforma-

tional changes are in response to the environment, which changes the chemistry of
the system and yields a response. For example, as pointed out in examples below,

polymers composed of a weak acid can be ionized in a pH-dependent fashion; the

“chemical reaction” of base with the polymer causes its ionization and a "mecha-

nochemical" swelling response. Up to now, most reviews on responsive polymers

focus on its applications such as drug delivery and biomaterials [28]. In this review,

we showcase specific responsive polymers and their use as muscles, self-healing

materials, and sensors.

2 Artificial Muscles

The ability to mimic the muscles in humans, both for the improvement of the

quality of human life and in some cases simply for our amusement, has been a topic

of great interest for some time. The performance of the emerging polymer actuators

exceeds that of natural muscle in many respects, making them particularly attrac-

tive for real world applications. For example, muscle-like behavior is desirable in

medical devices, prostheses, robotics, toys, biomimetic devices, and micro/

nanoelectromechanical systems [29, 30]. Several “smart materials” have been

proposed as artificial muscles, such as shape memory alloys, magnetostrictive

alloys, piezoelectrics, and responsive polymers [31]. Polymer-based artificial mus-

cle technologies are being developed, which produce high strains and stresses in

response to electrostatic forces, electrostriction, ion insertion, and molecular con-

formational changes [32]. Materials used include elastomers, conducting polymers,

ionically conducting polymers, and gels.
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2.1 Dielectric Elastomers

Dielectric elastomers (DEs) behave as compliant capacitors, expanding in area and

shrinking in thickness when a voltage is applied [33]. They consist of a thin

elastomeric film coated on two sides with compliant electrodes. When an electric

field is applied across the electrodes, a stress is generated on the film because of

electrostatic attraction between opposite charges on these electrodes as well as

repulsion from similar charges on each electrode. This stress causes the film to

contract in thickness and expand in area. Most elastomers used are essentially

incompressible, so any decrease in thickness results in a concomitant increase in

the planar area. An all-silicone pre strain-locked interpenetrating polymer network

(all-S-IPN) elastomer has been developed as a muscle-like actuator [34]. The

elastomer was fabricated using a combination of two silicones: a soft room tem-

perature vulcanizing (RTV) silicone as the host elastomer matrix, and a more rigid

high temperature vulcanizing (HTV) silicone to preserve the prestrain in the host

network (Fig. 1). In the S-IPN fabrication procedure, the RTV and HTV silicones

Fig. 1 Process for preparing S-IPN films: (a) solution is drop cast onto treated glass; (b) solvent is

allowed to evaporate and the RTV silicone cures at room temperature; (c) film is peeled off of the

glass substrate; (d) film is stretched biaxially by 100� 100%; (e) HTV silicone is cured at 180�C
for 30 min; (f) film is relaxed and some prestrain is preserved. Reproduced with permission from

[34]
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were codissolved in a common solvent, cast into thin films, and the RTV silicone

allowed to cure before applying prestrain and finally curing the HTV silicone to

lock in the prestrain. A performance improvement of the prestrain-locked silicones

over standard silicone films was achieved, with a linear strain of 25% and an area

strain of 45% when tested in a diaphragm configuration. The process can also be

used to improve electrode adhesion and stability as well as improve the interlayer

adhesion in multilayer actuators. The improved interlayer adhesion showed a long-

life (>30,000 cycles at >20% strain) and repeated high-performance actuation

(>500 cycles at ~40% strain) of prestrained free-standing multilayer actuators.

A number of approaches have been explored for increasing the dielectric con-

stant of DEs. This is most commonly achieved by adding a high dielectric constant

filler material to an elastomer host, such as aluminum oxide, titanium oxide, and

barium titanium oxide [35–37]. For example, Standard Thai Rubber 5 L (STR 5 L)/

aluminum oxide (Al2O3) composite (60 wt% Al2O3) was modified by cross-linking

with 1 wt% dicumyl peroxide (DCP)/Irganox 1076 and cured at 170�C [35]. The

deflection responses of the dielectric elastomer actuators were investigated under

electrical field strengths of 0 and 650 V/mm at room temperature (27�C). The
devices deflect toward the anode side at the electrical field strength of 200 V/mm;

the degree of bending increases monotonically with increasing electrical field

strength up to 650 V/mm [38]. Upon removal of the applied electric field, the

device returns to its original position and shape (Fig. 2). The X-ray diffraction

pattern of the film suggests that the Al2O3 generates dipole moments in the

elastomer matrix, while scanning electron microscope images of the composites

show that Al2O3 particles were uniformly distributed in the natural rubber matrix.

A polymer-based device capable of lifting many times its own mass was

fabricated by drying a solution of the polycation poly(diallyldimethyl ammonium

chloride) (pDADMAC) on a flexible surface coated with charged poly(N-isopropy-
lacrylamide)-based microgels (Fig. 3) [39–41]. Upon drying of the pDADMAC

solution on the microgel-modified surface, it bends. The authors proposed that the

microgels serve as “glue” that allows the contraction of the pDADMAC layer to be

translated to the underlying substrate. That is, there are multiple, electrostatic

interactions between pDADMAC and the charged microgels. Therefore, the con-

traction of the pDADMAC layer upon drying can be translated to the substrate

through its interaction with the microgels, and the microgels transfer the contrac-

tion to the Au-coated surface, thereby pulling the sides of the substrate up. Flexible

surfaces then curl up into scroll-like structures, which can be opened up at high

humidity. These arms are able to lift relatively large masses, and resist forces many

times their own mass.

2.2 Ionic Polymers

An alternative means of producing actuation in a polymer is to employ ions that are

mobile within the polymer phase. An applied field drives the motion of these ions

and entrained solvent, leading to swelling or contraction when the ions enter or

382 Q.M. Zhang and M.J. Serpe



leave regions of the polymer. If the polymer phase is electrically conductive, then

the ions serve to balance charge generated on these conductors as the potential is

changed, creating very strong local fields (but overall low voltage). The voltages

employed in these materials are low (1–7 V), but the energies are nonetheless high

Fig. 2 Photographs of deflection responses under electrical field strength of 100–650 V/mm of the

dielectric elastomer compounds of formula 8: (a) measured at 0 V/mm; (b) measured at 100 V/

mm; (c) measured at 200 V/mm; (d) measured at 300 V/mm; (e) measured at 400 V/mm; (f)

measured at 500 V/mm; (g) measured at 600 V/mm; (h) measured at 650 V/mm; (i) after switching

off the electrical field for 60 s. The tip of the red arrow is pointing at the device. Reproduced with

permission from [38]
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because of the close spacing between ions and electronic charges and the large

amount of charge that can be transferred.

A high-performance electro-active artificial muscle was prepared using pendent

sulfonated chitosan (PSC) and functionalized graphene oxide (GO), which

exhibited strong electro-chemomechanical interactions with ionic liquid (IL) in

an open air environment (Fig. 4) [42]. The GO-PSC-IL nano-biopolymer mem-

brane shows an increased tensile strength with ionic exchange capacity up to 83.1%

which increased ionic conductivity over 18 times. The high ionic conductivity

results in twice the bending actuation compared to the pure chitosan actuator

under the same electrical input signals. The GO-PSC-IL actuators could show

robust and high-performance actuation at low applied voltages (5 V) which are

required in realistic applications.

Ionic polymer–metal composites (IPMCs) have received enormous research

interest as unique electroactive polymers (EAPs) over the past decade because of

their soft and flexible structure, relatively large electromechanical bending, and low

driving voltage [43, 44]. With the ability to operate in an aqueous environment and

closely mimic the motion of biological muscles, IPMC materials are particularly

attractive for artificial muscle applications [43]. In one example, a nanostructured

electrode surface was fabricated using platinum nanothorn assemblies and a Nafion

membrane [37]. The nanostructured actuator shows a new way to achieve highly

enhanced electromechanical performance over existing flat/featureless electrodes.

The authors demonstrated that the formation and growth of the nanothorn assem-

blies at the electrode interface lead to a dramatic improvement (three- to fivefold

increase) in actuation range, as shown in Fig. 5. These advances are attributed to the

high capacitance of the nanothorn assemblies, which increases significantly the

charge transport speed during the actuation process.

Fig. 3 The preparation process (a) and strength test (b) of the device. Reproduced with permis-

sion from [39]
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2.3 Conducting Polymers

Conducting polymers are typically semiconducting when undoped and conducting

when doped with donor or acceptor ions [45]. The conformational changes of

conducting polymer-based artificial muscles are a result of electrochemical ion

insertion and removal, possibly along with other associated solvating species.

One example utilizing conducting polymers showed that interpenetrating poly-

mer networks (IPN) could be prepared using a hot pressing method to combine a

polytetrahydrofuran network for mechanical resistance and a poly(ethylene oxide)

(PEO) as a solid polymer electrolyte [46]. After interpenetration of two poly

Fig. 4 Schematic illustration for pendent sulfonated chitosan and graphene oxide-pendent

sulfonated chitosan-ionic liquid (GO-PSC-IL) nano-biopolymer actuator. Reproduced with per-

mission from [42]
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(3,4-ethylenedioxythiophene) (PEDOT) electrodes in both faces of the IPN film and

swelling in an ionic liquid, a 20 μm thick conducting IPN actuator was obtained,

which moved with large displacement at a 125 Hz fundamental frequency (Fig. 6).

A humidity-sensitive conducting polymer actuator made up of PEDOT doped

with poly(4-styrenesulfonate) (PEDOT/PSS) was fabricated [47]. Water vapor

sorption and electro-active actuating behavior of free-standing PEDOT/PSS films

were investigated by sorption isotherm and electromechanical analyses. The

non-porous PEDOT/PSS film, with a specific surface area of 0.13 m2 g�1, sorbed

water vapor of 1,080 cm3(STP) g�1, corresponding to 87 wt%, at relative water

Fig. 6 (a) Beam shaped IPN macroactuator (△E¼�2 V). (b) Oxidation-reduction process of

conducting polymer. Reproduced with permission from [46]

Fig. 5 Transported charge/displacement correlation. Peak-to-peak displacement vs transported

charge (a) at 0.1 Hz, 61 V and (b) at 0.1 Hz, �3 V AC square-wave input. Reproduced with

permission from [43]
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vapor pressure of 0.95. As temperature increased from 25�C to 40�C, the actuator
exhibited a lower sorption degree, which is an indicator of an exothermic process.

Isosteric heat of sorption decreased with increasing water vapor sorption and the

value reached 43.9 kJ mol�1, consistent with the heat of water condensation

(44 kJ mol�1). Upon application of 10 V, the film underwent 2.46% contraction

at 5�C, which was caused by desorption of water vapor, and the contraction slightly
decreased to 2.10% at 45�C (Fig. 7). The speed of contraction was an order of

magnitude faster than that of expansion and less dependent on the temperature. This

behavior is attributed to water vapor in the film desorbing at high temperature. In

contrast, the higher the temperature the faster the film expansion because the

diffusion coefficient at higher temperature is increased.

A series of strong and flexible polymer films were developed by combining both

a rigid matrix (polypyrrole (PPy)) and a dynamic network (polyol-borate (PEE))

[16]. Upon water sorption and desorption, the borate ester of PPy can be hydrolyzed

and reformed, which changes the mechanical properties of the composite at differ-

ent humidity (Fig. 8). Intermolecular hydrogen bonding between the PEE network

and PPy also modulates intermolecular packing of the polymer composite, altering

its mechanical properties in response to water. The polymer composite exhibits fast,

reversible, and dramatic mechanical deformation and recovery in response to

environmental moisture, visually reminiscent of “fast twitch” muscle activity.

Fig. 7 Time profiles of

electric current, surface

temperature, and length

change of PEDOT/PSS

films (50 mm long, 2 mm

wide, and 10 μm thick)

under 10 V measured at

50% RH and various

temperatures. Reproduced

with permission from [47]
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2.4 Liquid Crystal Elastomers

Liquid-crystalline polymers (LCPs) contain mesogens which are attached to the

polymer backbones with uniform alignment. Once the molecular alignment of the

mesogens is disordered by external stimuli such as heat [49] and/or electricity [50],

LCPs show contraction along the mesogen’s alignment direction. For example, UV

light can cause photoisomerization of azobenzene moieties; the conformation

change of azobenzene moieties causes the mesogens to become disordered. By

incorporating azobenzene chromophores into LCPs using monofunctional (mono-

mer) and difunctional (crosslinker) azobenzene monomers (Fig. 9), deformation

can be induced upon irradiation with UV light [51].

Photoinduced motion of the 10 μm thick LCP films was examined as shown in

Fig. 10. To irradiate the LCP films under the same experimental condition, part of

the LCP film was covered with a glass substrate and irradiated from above. By

irradiation with UV light at 240 mW cm�2, LCP films with a high azobenzene

Fig. 8 Characterization of PEEPPy composite films. (a) A PEEPPy composite film (black) is
composed of PPy polymer chains (gray lines) and a PEE-borate network (red lines). The structure
changes (involving H bonds and borate ester bonds) in response to water (blue dots) sorption and

desorption. (b) PEE-PPy weight change (red) synchronizes with air humidity change (black). (c)
ATR-IR spectra showing H/D exchange between the PEE-PPy film and water vapor. Top to

bottom: before D2O exposure and 0, 1, 2, 3, and 4 min after D2O exposure. Dashed lines indicate
the three pairs of shifting peaks. (d) A PEE-PPy film maintains its flexibility and mirror-like

surface after 6 months of open storage. Reproduced with permission from [48]
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content (a46) bent beyond 90� toward the UV light source (Fig. 10B-a), while LCP

films with a low azobenzene content (a42 and a20) are not capable of bending to

such an extent (Fig. 10B-b). The high azobenzene content films reverted completely

back to the initial flat conformation (Fig. 10B-c). The bending behavior is affected

by the thickness of the film and UV light intensity. When 20 μm thick LCP films or

UV light with low intensity (25 mW cm�2) were used, the films did not exhibit such

a “reverting motion.” A plausible mechanism for the unbending behavior is the

relaxation of the gradient of the deformation along the depth direction as described

in Fig. 10c. Because the incident light penetrates deep areas from the surface of the

film, photoinduced contraction occurs at the opposite side of the film and at the

irradiated surface. Consequently, the bent films revert to the initial shape.

A plastic belt was prepared by connecting both ends of the LCP laminated film

and then the belt was placed on a pulley system as illustrated in Fig. 11a [52]. By

irradiating the belt with UV light from top right and visible light from top left

simultaneously, a rotation of the belt was induced that drove the two pulleys in a

counterclockwise direction at room temperature, as shown in Fig. 11b. A plausible

mechanism of the rotation is as follows: Upon exposure to UV light, a local

contraction force is generated at the irradiated part of the belt near the right pulley

along the alignment direction of the azobenzene mesogens. This contraction force

is parallel to the long axis of the belt and acts on the right pulley, leading it to rotate

in the counterclockwise direction. At the same time, as the other side is irradiated

by visible light, there is a local expansion force at the irradiated part of the belt near

the left pulley. That causes a counterclockwise rotation of the left pulley. These

contraction and expansion forces generated simultaneously at the different parts

along the long axis of the belt give rise to rotation of the pulleys and belt in the same

direction. The rotation then brings new parts of the belt to be exposed to UV and to

visible light, which enables the motor system to rotate continuously.

3 Self-Healing Polymers

Self-healing polymers are defined as polymeric materials capable of reforming

bonds, and healing, in response to damage [53]. This research is driven by the

vision that, in the future, damaged materials may not have to be replaced so often,

Fig. 9 Chemical structures of monofunctional (monomer) and difunctional (crosslinker)

azobenzene monomers. Reproduced with permission from [51]
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Fig. 10 Schematic illustration of the experimental setup (A), photographs of LCP films exhibiting

photoinduced deformation (B), and schematic illustrations of the photoinduced deformation
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Fig. 10 (continued) mechanism (flat shape: film before UV irradiation; yellow: film; red:
mesogens) (C). The series of photographs in (B) show the motion of LCP films by irradiation

with UV light (366 nm, 240 mW cm�2) at room temperature: the first frame, before irradiation; the

second frame, after irradiation for 5 s; the third frame, after continuous irradiation with UV light.

The films showed different photoinduced deformation: (a) bending alone; (b) partly unbending

after bending by 90�; (c) completely unbending. Size of the film: 2� 3 mm� 10 μm. The white
dashed line in the photographs describes the edges of the film. Reproduced with permission from

[51]

Fig. 11 (a) Schematic illustration of a light-driven plastic motor system used in this study,

showing the relationship between light irradiation positions and a rotation direction. (b) Series

of photographs showing time profiles of the rotation of the light-driven plastic motor with the LCP

laminated film induced by simultaneous irradiation with UV (366 nm, 240 mW cm�2) and visible

light (>500 nm, 120 mW cm�2) at room temperature. Diameter of pulleys: 10 mm (left), 3 mm

(right). Size of the belt: 36� 5.5 mm. Thickness of the layers of the belt: PE, 50 μm; LCE, 18 μm.

Reproduced with permission from [52]
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which would result in cost and efficiency savings in many applications. Work in this

area is diverse, ranging from airplane and automotive part manufacturing to com-

puter circuit board generation and the development of high quality lubricants

[53]. Reversible systems have been based on either covalent bonds or

non-covalent interactions such as hydrogen bonding or π–π stacking [53]. The

rational design of self-healing materials is based on the interaction of chemical

functionalities with various forms of input energy/stimulus [54–56].

3.1 Thermoresponsive Cycloaddition-Based Polymeric Smart
Materials

Diels–Alder (DA) cycloadditions are one convenient route for the formation of

carbon–carbon bonds via a facile reaction under undemanding conditions [57]. As a

thermoreversible reaction, DA cycloaddition does not require the addition of

chemicals/catalyst to promote reaction [58]. This property makes it an ideal reac-

tion for the synthesis of self-healing polymers.

Functionalization of polymer chains with the chemical groups (furan and

maleimide) is a convenient approach to prepare DA-adduct based crosslinked

networks. Furan- (PA-F) and maleimide- (PA-MI) modified polyamides have

been prepared for the construction of crosslinked polyamides (Fig. 12)
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Fig. 12 (a) Preparation of furan-containing polyamides PA-F. (b) Thermally reversible cross-

linking reactions between PA-MI and PA-F. Reproduced with permission from [59]

392 Q.M. Zhang and M.J. Serpe



[59]. PA-MI/PA-F cross-linked polymers showed thermally reversible crosslinking

behavior via DA and retro-DA reactions. Cross-linked PA-MI/PA-F films exhibited

enhanced toughness and mechanical properties over PA-MI and PA-F precursors.

Moreover, PA-MI/PA-F films also showed excellent thermal self-repairing

behavior.

However, the number of suitable DA pairings which can be cycled in a reason-

able temperature range (i.e., below the materials’ degradation temperature) are

scarce. To date, only a few DA systems are used in self-healing materials with

cyclability at mild temperatures within reasonable times. To address this limitation,

a reversible system based on hetero Diels–Alder (HDA) reactions, utilizing acid

activated dithioesters as dienophiles and cyclopentadiene (Cp), has been developed

(Fig. 13) [60]. A novel self-healing material was prepared using a cyanodithioester

(CDTE) compound/Cp HDA pair. By employing CDTE/Cp multifunctional build-

ing blocks, healing can be achieved in a very short time (5 min) at relatively low

temperatures (120�C).
In another example, mechanical force can induce chain cleavage of perfluor-

ocyclobutane (PFCB), shown in Fig. 14, generating trifluorovinyl esters (TFVE),

which are also reformed by cycloreversion [61]. The chain cleavage proceeds via a

stepwise mechanism with 1,4-diradical intermediates. This thermal remending is

similar to that of other DA chain scission mechanisms, but is shown here to proceed

through a reactive intermediate which can participate in intermolecular radical

addition reactions.

3.2 Dynamic Covalent Bonds

Another class of reactions utilized in self-healing involves covalent bonding capa-

ble of chain exchange reactions, as shown in Fig. 15 [62]. Dynamic acylhydrazone

bonds were first utilized in a crosslinked self-healing network by condensation

reactions of acylhydrazines of polyethylene oxide (PEO) and aldehyde groups of

tris[(4-formylphenoxy)methyl]ethane [63]. Taking advantage of the equilibrium

acylhydrazone bond formation, as shown in Fig. 15a, these networks exhibit self-

healing properties under ambient conditions.

Trithiocarbonates (TTC) also offer an interesting alternative platform by

dynamic covalent reshuffling reactions of TTC via a free radical mechanism

shown in Fig. 15b. It was first introduced into poly(methyl methacrylate)

(PMMA) and polystyrene (PS) gels as a covalent crosslinker, which exhibited

dynamic properties [64]. Following this, it was found that the C–S bonds of TTC

can be photostimulated, and high segmental mobility of the polymer matrix

obtained by RAFT copolymerization of n-butyl acrylate (BA) and a TTC

crosslinker can facilitate repetitive network repairs using UV radiation at

330 nm [64].

Disulfide bonds can also undergo metathesis exchange reactions in which two

neighboring S–S bonds can be disrupted and reformed through free radical or ionic
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intermediates (Fig. 15c) [65]. The reversibility of S–S bonds can be achieved by

reduction reactions to form two thiol (S–H) groups which can be reversed by

oxidation. Once S–S bonds are incorporated into low glass transition temperature

(Tg) gel networks, room-temperature bond interchange is possible. Poly(n-butyl
acrylate) grafted star polymers were prepared by chain extension atom transfer

Fig. 13 (a) Reaction scheme for the preparation of the CDTE based tetra-linker 1. (b) Network

formation of 3 via DA/rDA chemistry during the deprotection reaction and the cycling process. (c)

Pressed pellet of 3. (d) Broken specimen after rheology experiments. (e) Healed specimen with

identical mechanical properties as the original one. Reproduced with permission from [60]
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radical polymerization (ATRP) from cross-linked cores. The cross-linked core is

comprised of poly(ethylene glycol diacrylate), which was further utilized as

macroinitiator for the consecutive chain extension of bis(2-methacryloyloxyethyl

disulfide) [66]. This approach introduces disulfide (S–S) reversible crosslinks into

Fig. 15 Self-healing via covalent bond reformation using chain exchange reactions: (a)

acylhydrazone equilibrium; (b) reshuffling reaction of trithiocarbonates (TTC); (c) disulfide

chain exchange; (d) siloxane chain exchange. Reproduced with permission from [62]

Fig. 14 Mechanical chain scission in PFCB polymers generates trifluorovinyl ether end groups

that can be repolymerized thermally. Reproduced with permission from [61]
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the branch peripheries of crosslinked star copolymers. It can be self-repaired by

oxidation/reduction equilibrium between S–H and S–S at ambient temperature.

When thiuram disulfide was incorporated into low Tg polyurethane networks, repair
could be accomplished using visible light under ambient conditions via radical

exchange reactions [67].

Silicone-based materials have been known for their ability to restructure under

certain conditions [68]. Recently, tetramethylammonium silanolate-initiated ring-

opening copolymerization of octamethylcyclotetrasiloxane (D4) and bis

(heptamethylcyclotetrasiloxanyl) ethane (bis-D4) showed that these crosslinked

polymers with ethylene bridges and active silanolate end groups are able to be

restructured [69]. Figure 15d depicts siloxane interchange reactions, which main-

tain their activity under ambient conditions, thus providing “ready-to-respond”

active groups.

3.3 Hydrogen Bonding

Taking advantage of high segmental mobility, low Tg self-healing materials were

also reported utilizing hydrogen bonding-like attributes as a function of temperature

or pH [70]. Self-healing supramolecular plastics were prepared by oligocon-

densation of a mixture of fatty mono-, di-, and triacids with diethylenetriamine

(DETA) (Fig. 16) [71]. The molecular weight and the degree of branching of the

backbones can be controlled and adjusted by selection of the ratio of di- and triacids

to 2-aminoethylimidazolidone (UDETA), which plays the role of a self-

complementary hydrogen bonding moiety. Additional complementary hydrogen

bonding units are introduced by grafting urea onto all secondary amines of DETA.

At room temperature they behave as viscoelastic melts. The highest molecular

weight materials, where the mechanical relaxation time is particularly long, behave

Fig. 16 Synthesis of supramolecular plastics in three steps. Fatty acids: n avg 2.03. (1) aminoethyl

imidazolidone (UDETA), (2) diethylenetriamine (DETA), (3) urea. Branching is shown in paren-
theses; brackets indicate polymers. Reproduced with permission from [71]
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as supramolecular self-healing rubbers: they can be reversibly extended several

times their initial size with little creep under stress, and when cut and put together,

they self-repair.

Self-healing poly(butyl acrylate) (PBA) copolymers containing comonomers

with 2-ureido-4[1H]-pyrimidinone quadruple hydrogen bonding groups (UPy)

were prepared (Fig. 17) [72]. The adhesion strengths of PBA–UPy polymers

depend on the UPy content, contact time, temperature and humidity level. The

increase of adhesion strengths is attributed to the strong UPy–UPy hydrogen

bonding interactions. Fractured PBA–UPy films can fully recover their self-

adhesion strength to 40, 81, and 100% in 10 s, 3 h, and 50 h, respectively, under

almost zero external loads.

Dimethylnorbornene ester (DNE) has been used as a cohealing agent, which

copolymerizes with dicyclopentadiene (DCPD). DCPD can form a hydrogen bond

with an epoxy matrix (Fig. 18) [73]. Dimethylphthalate (DMP) is structurally

Fig. 17 Schematic of (a) the chemical structure of P(nBA- r -UPy), (b) hydrogen bonds between

two UPy groups, and (c) polymer chains functionalized with UPy groups. Reproduced with

permission from [72]

Fig. 18 Schematic of noncovalent adhesion promotion in a self-healing system. The polymer

formed in the crack plane contains hydrogen-bond-donating groups that interact with hydrogen-

bond-accepting groups present in the epoxy matrix. Reproduced with permission from [73]
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similar to DNE because it contains ester groups capable of hydrogen bonding with

an epoxy matrix. An optimized blend of the monomers was encapsulated using a

urea-formaldehyde microencapsulation procedure, and the resulting capsules were

used for in situ self-healing experiments. Improved healing efficiency was observed

for samples containing the DCPD/DNE capsules.

3.4 Metal–Ligand Coordination

Because of their optical and photophysical properties, metal complexes offer many

advantages compared to other systems [74]. Reversibility and tunability by incor-

porating different metal ion and ligand substituents make coordination chemistry

particularly attractive.

A series of metallosupramolecular polymers have been reported, comprising an

amorphous poly(ethylene-co-butylene) core with 2,6-bis(19-methylbenzi-

midazolyl) pyridine ligands at the termini that coordinated metal ions through

ligand binding (Fig. 19). These polymers can be mended by exposure to light

[75]. Upon exposure to ultraviolet light, the metal–ligand motifs are electronically

Fig. 19 Mechanism and synthesis of photohealable metallosupramolecular polymers. (a) Pro-

posed optical healing of a metallosupramolecular, phase separated network. (b) Synthesis of

macromonomer 3 and polymerization by addition of Zn(NTf2)2. DEAD, diethyl azodicarboxylate.

Reproduced with permission from [75]
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excited and the absorbed energy is converted into heat. It caused temporary

disengagement of the metal–ligand motifs and a concomitant reversible decrease

in the polymers’ molecular mass as well as viscosity, thereby allowing healing of

mechanical damage.

There is increasing evidence that metal–ligand coordination plays an important

role in the dynamics of biological rearrangements. Molecular engines that generate

mechanical energy can be powered by chemical processes, resulting in swelling and

shrinking of macromolecular segments caused by metal–ligand interactions. Recent

studies took advantage of coordination between Fe3+ and catechol ligands, which

resulted in pH-induced crosslinked self-healing polymer with near-covalent elastic

moduli [76]. By attaching dopamine (DOPA) to an amine-functionalized polymer,

a multiresponsive system is formed upon reaction with iron (Fig. 20) [77]. The

degree of polymer crosslinking is pH controlled through the pH-dependent DOPA/

iron coordination chemistry. That is, when the solution is made more basic, the

hydrogels can self-heal. Close to the pKa value, or more precisely the pI (isoelectric

point) value, of the polymer, the gel collapses because of reduced repulsion

between polymer chains. Thereby a bistable gel-system is obtained. The polymer

system closely resembles mussel adhesive proteins and thus also serves as a model

system for mussel adhesive chemistry.

3.5 π–π Stacking Interactions

π–π stacking interactions were utilized in the development of thermally triggered

reversible self-healing supramolecular polymer networks. This was achieved using

end-capped π-electron-deficient groups which interacted with other π-electron-rich
aromatic molecules [78]. Upon heating, the π–π stacking interactions were

interrupted, enabling π-electron-rich aromatic molecules to disengage from

Fig. 20 (a) DOPA was randomly grafted onto polyallylamine. There are several pH responsive

parts of the polymer. The amine side chain itself is involved in an acid/base equilibrium with a pKa

around 9.3–9.7, which has been determined by potentiometric titrations. (b) Furthermore, the

catechol can be oxidized to the quinone form or it can be cross-linked by FeIII in the pH-dependent

manner. Reproduced with permission from [77]
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π-electron-deficient groups and flow because of the presence of a flexible “soft”

spacer [79]. Thus, repair of damage and restoration of mechanical strength was

achieved by reformation of π–π stacking.

A supramolecular healable polymer blend was formed via π–π interactions,

which is comprised of a π-electron-rich pyrenyl end-capped oligomer and a

chain-folding oligomer containing pairs of π-electron poor naphthalene-diimide

(NDI) units as well as cellulose nanocrystals (CNCs) for reinforcement (Fig. 21)

[80]. All the nanocomposites could be rehealed upon exposure to elevated temper-

atures. It was found that the healing rate was reduced with increasing CNC content.

The best combination of healing efficiency and mechanical properties was obtained

with the 7.5 wt% CNC nanocomposite. It exhibited a tensile modulus enhanced by

as much as a factor of 20 over the matrix material alone and could be fully rehealed

at 85�C within 30 min. Thus it is demonstrated that supramolecular nanocomposites

can afford greatly enhanced mechanical properties over the unreinforced polymer,

while still keeping efficient thermal healing.

4 Mechanotransducing Sensors

“Sensor” is derived from the Latin word “sensus”, which directly translated means

“sense,” or to “sense something.” When one thinks of “sensing,” we can turn to the

basic five human senses: sight, hearing, taste, smell, and touch. These senses allow

the human body to receive signals or sense stimuli from the environment and react

or respond to them [81]. If a sense gives the ability to receive and respond to a

signal, we can transfer this to the technical level and define a sensor as: “A device

that receives and responds to signals and stimuli from the environment”. There has

been a consistent increase in research output related to the development and

application of optical chemical sensors in the late twentieth century. The develop-

ment of novel molecular sensors capable of detecting environmental changes

(temperature, pH, concentration of enzyme or ionic species, etc.) has been pursued

Fig. 21 Molecular structure of healing polymer blend 1 · 2 (1:3 w/w ratio). Reproduced with

permission from [80]
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in medical, biological, and environmental applications [9, 82]. In this section, we

highlight pH sensors, chemical sensors, and biosensors.

4.1 Mechanotransducing pH Sensors

pH is a key parameter to measure for a broad range of applications, e.g., in life

sciences, food and beverage processing, soil examination, and marine and pharma-

ceutical research to name a few. The development of an optical pH sensor, which

can be used in real world applications, is not trivial. pH-sensitive hydrogels can be

weakly acidic or weakly basic, depending on the nature of the ionizable moieties on

the polymer backbone. Therefore, charges can be generated on the polymer back-

bone in a pH-dependent fashion. The charges formed on the polymer backbone at

certain pHs yields the polymer response caused by electrostatic interactions and

osmotic pressure effects [83].

In one example, a poly(acrylic acid-co-isooctyl acrylate) hydrogel was coupled
with a magnetoelastic sensor, the resonance frequency of which corresponds with

applied mass load [84]. The gels were found to respond rapidly to changes in

solution pH, reversible swelling and shrinking, leading to mass changes; the mass

changes can be detected as a shift in the resonance frequency of the sensor (Fig. 22).

The response of the pH sensor is accurately fitted using the equation

fr¼ 49.891� 1.04 pH+ 0.048 pH2. The average change in sensor resonance

Fig. 22 Resonance frequency of the pH sensor, as it is repeatedly cycled between pH 4.03 and

7.02 solutions. The pH-sensitive polymer layer is approximately 1.36 μm thick. Reproduced with

permission from [84]
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frequency is 506 Hz/pH, approximately 1%/pH of the resonance frequency value,

from pH 4.4 to 8.5.

A pH sensor with ultrahigh sensitivity could be fabricated using microcantilever-

based technology (Fig. 23) [85]. Silicon-on-insulator wafers were used to fabricate

cantilevers on which a polymer consisting of poly(methacrylic acid-co-ethylene
glycol) was patterned using UV-initiated free-radical polymerization. When the pH

around the cantilever was increased above the pKa of poly(methacrylic acid),

negative charges were formed in the polymer network, which resulted in its

expansion and caused the microcantilever to bend. Excellent mechanical amplifi-

cation of polymer swelling as a function of pH change within the dynamic range

was obtained, with a maximum deflection sensitivity of 1 nm/5� 10�5 △pH [85].

At low pH, the cantilever is bent downwards as the hydrogel is swollen because

of the liquid around it, when compared to the dry state. As the pH is increased above

Fig. 23 Schematic of the cantilever/polymer structure with associated dimensions. Reproduced

with permission from [85]

Fig. 24 Equilibrium cantilever deflection as a function of solution pH. The solid line is experi-

mental results and a sensitivity of 5� 10�5 pH for a 10 nm bending deflection resolution can be

obtained. The dotted line is obtained with the cantilever and polymer modeled as a composite

beam with no slip at the boundary. Small deflections with respect to the length are assumed.

Polymer elastic modulus of 85 MPa is used to fit the model to experiments. The inset shows a
three-dimensional plot of the deflection of the cantilever/polymer at pH 7.0, obtained from the

model. Reproduced with permission from [85]
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5.7, the polymer swells rapidly and eventually the cantilever touches the bottom of

the well. Between pHs of about 5.9 and 6.5 (dynamic range of the sensor), the slope

of the deflection at the tip vs pH curve, and hence the sensitivity, is maximum at

about 18.3 μm/pH (Fig. 24). If a laser-based deflection measurement system is used,

such as the one used in conventional atomic force microscope, where deflections of

1 nm can easily be detected, the above number translates to a sensitivity of

5� 10�5 pH for a 1-nm bending detection resolution. These sensitivities are

among the highest reported for any micro-scale pH detectors.

The color changes of some sensors can be detected by the naked eye, making

them especially useful and inexpensive. One unique class of materials is obtained

from the self-assembly of colloidal particles to form crystalline arrays (CCA)

[86]. These arrays exhibit bright, visible colors similar to the opal gemstone,

which can be “locked” into place by polymerization of a hydrogel into the inter-

stices of the array to form a soft photonic material which possess the volume-phase

transition phenomenon of polymer gels [87]. Specifically, when light impinges on

the periodic structure, it is reflected/refracted/diffracted from each interface formed

by the particles. This light, under suitable conditions, interferes constructively/

destructively and reflects/transmits certain wavelengths of light according to the

well-known Bragg condition, modified for the photonic crystals, given by [88–91]

mλ ¼ 2 n d sin θ; ð1Þ

where m is the diffraction order, λ the wavelength of the reflected light, n the mean

refractive index of the periodic structure, d the lattice period of the crystalline

direction of propagation of light, and θ the angle between the incident light and

diffraction crystal planes.

The pH-dependent volume-phase transitions of a hydrogel network surrounding

a CCA could be monitored using Bragg diffraction/color [92]. The pH-dependent

charges on the polymer network induce the polymer to change volume, and hence

size. The hydrogel size changes yield a change in the lattice spacing of the CCA,

and a concomitant color change. The Young’s modulus of the hydrogel could be

determined from the CCA hydrogel Bragg diffraction to determine the elastic

restoring forces [93]. They describe a detailed hydrogel volume-phase model,

which accurately models swelling with no adjustable parameters. Finally, the

results demonstrate that carboxylated CCA photonic crystals are excellent pH and

ionic strength sensors.

Poly(hydroxyethyl methacrylate)-based photonic materials were also prepared

and used as a pH sensor [94]. To accomplish this, the surface of monodisperse silica

particles was coated with a thin layer of polystyrene. Surface charge groups were

attached by a grafting polymerization of styrene sulfonate. The resulting highly

charged monodisperse silica particles were self-assembled into a CCA in deionized

water. Polymerization of hydroxyethyl methacrylate (HEMA) occurred around the

CCA to form a HEMA-CCA. Hydrofluoric acid was utilized to etch out the silica

particles to produce a three-dimensional periodic array of voids in the HEMA-

CCA. The authors also fabricated a CCA by utilizing a second polymerization to

incorporate carboxyl groups into the HEMA CCA. They were also able to model
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the pH dependence of diffraction of the HEMA-CCA by using Flory theory. An

unusual feature of the pH response is a hysteresis in response to titration to higher or

lower pH. The kinetics of equilibration is very slow because of the ultralow

diffusion constant of protons in the carboxylated CCA as predicted earlier by the

Tanaka group [95].

In spite of its simplicity, the long response time of the hydrogel photonic crystal

materials has limited their utility as sensors. This is because of the slow diffusion of

analytes in the hydrogel to influence the optical properties. New fabrication pro-

cedures of these hydrogel photonic crystal sensors were used to improve the

response time. The Lee Group [96] demonstrated a mechanically robust and fast

responsive photonic crystal pH sensor, which was fabricated by templated

photopolymerization of hydrogel monomers within the interstitial space of a self-

assembled colloidal photonic crystal, as shown in Fig. 25.

By optimization of photopolymerization conditions, these pH sensors show a

response time of less than 10 s upon a pH change. The fast response behavior is a

result of the void spaces in the structure. Most of the ionic species are expected to

diffuse rapidly through the voids, and then into the hydrogel, resulting in an

aqueous diffusion limited response time. Experiments revealed that the device’s

response was reproducible over many cycles, and the response was consistent for

>6 months. Mangeney’s group made a novel photonic crystal pH sensor for fast pH

response by incorporating a planar defect inside the photonic crystals, as shown in

Fig. 26a [97]. Figure 26b shows the typical SEM images of the used colloidal-

Fig. 25 Schematic illustration of experimental procedures. Reproduced with permission from

[96]
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crystal template with an embedded planar defect layer and the resultant photonic

polymer hydrogel films.

The Serpe group recently reported on structures that are colored, and their color

is capable of changing in response to stimuli [98–101]. These materials were

constructed by “painting” temperature and pH responsive poly(N-isopropyla-
crylamide)-co-acrylic acid (pNIPAm-co-AAc) microgels onto an Au coated glass

substrate [99]. Following further treatment, another Au layer is deposited onto the

microgel layer. As can be seen in Fig. 27 [102], this yields a mirror–dielectric–

mirror structure akin to a classic Fabry–Perot etalon. When the device was

immersed in water, the pNIPAm-co-AAc microgels swell and separate the Au

layers from one another. Light impinging on the structure scan enter the

microgel-based cavity and resonate between the two Au layers, which results in

Fig. 27 (a) Schematic of a traditional Fabry-Perot etalon (d, distance between two mirrors; n,

refractive index of the dielectric). (b) Schematic structure and proposed mechanism for our poly

(N-isopropylacrylamide) microgel based etalons fabricated by sandwiching (b) a microgel layer

between (a, c) two reflective Cr/Au surfaces, all on (d) a cover glass. Reproduced with permission

from [102]

Fig. 26 (a) Schematic illustration of the defect-containing direct opal and inverse opal hydrogel

(IOH) films. (b) SEM images of (a) the colloidal-crystal template with embedded planar defect

layer of larger particles and (b) the resulting inverse opal hydrogel film with a defect layer of larger

macropores. The resulting materials consists of a three-dimensional, highly-ordered, and

interconnected macroporous array of poly(methacrylic acid) which is sensitive to

pH. Reproduced with permission from [97]
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specific wavelengths of light being reflected/transmitted according to the following

equation:

mλ ¼ 2 n d cos θ; ð2Þ

where λ is the wavelength maximum of the peak(s), m is the peak order, n is the

refractive index of the dielectric, d is the spacing between the mirrors, and θ is the

angle of incidence [98, 103].

Once AAc groups are deprotonated in high pH solution, the microgel layer

swells because of Coulombic repulsion in the microgels [102]. Figure 28 shows

the visual color change which can be observed as a function of pH, as well as the

fact that different regions on a single device can be modulated independently,

which could have implications for display device technology [102].

F€orster resonance energy transfer (FRET) is a promising method for sensing at a

molecular level where FRET is generally referred to as an energy transfer between

fluorescent donor and acceptor [104]. Because the efficiency of FRET is very

sensitive to the distance between FRET donor and acceptor, FRET has been

traditionally used for monitoring single molecular events such as the conforma-

tional transition of macromolecules by labeling fluorophores at specific sites

[105]. A polymeric pH sensor with a FRET donor and a FRET acceptor attached

to both ends of a pH-sensitive polymeric linker has been reported [106]. The pH

sensor exhibits a blue color corresponding to the emission of the FRET donor at

pHs higher than 7.6, but the pH sensor emits green light when the pH is lower than

6.8. This is a direct result of FRET, induced by the conformational change of

polymeric linker bringing the FRET pair together (Fig. 29).

Fig. 28 Photographs of an etalon with solutions of various pH spotted on a single surface (a, c, e,

i) 25�C and (b, d, f, g, h) 37�C. (f) 3 min after heating; (g) 5 min after heating; (h) 6 min after

heating. In each panel, the scale bar is 5 mm. Reproduced with permission from [102]
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Relatedly, cadmium selenide/zinc sulfide (CdSe/ZnS) core-shell quantum dots

(QDs) were coated with pH responsive and fluorescent poly((1-pyrene)methyl-2-

methyl-2-propenoate))-b-poly(2-vinylpyridine) (PyMMP-b-P2VP) block copoly-

mers [107]. The synthesis and chemical structure of (PyMMP-b-P2VP)-CdSe/
ZnS QDs is shown in Fig. 30. FRET between these two distinguishable chromo-

phores of red emitting CdSe/ZnS cores and blue emitting polypyrene-based shells is

governed by the interspacing between them, which can be controlled through the
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Fig. 30 Synthesis of (PyMMP-b-P2VP)-CdSe/ZnS core-shell quantum dots. Reproduced with

permission from [107]

Fig. 29 (a) Diagrammatic representation of the induced FRET triggered by pH. (b) Fluorescence

images of solutions at (A) pH 7.6 and (B) pH 6.8 when the solutions are irradiated at 330 nm. Both

solutions have a concentration of 2.0� 10�2 g/L. Reproduced with permission from [106]
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pH-dependent conformation of the P2VP chains [107]. Furthermore, the emission

intensity ratio between the QDs and pyrene blocks can easily be balanced and

controlled by simply tuning the number of repeating pyrene units in the (PyMMP-b-
P2VP) chain. Therefore, polymer-coated QDs can exhibit not only ratiometric

pH-dependent fluorescence spectra but also a clear color change from blue to purple

to red as the solution pH is increased. These colors match well with the

corresponding photoluminescence (PL) spectra shown in Fig. 31.

A versatile platform for an efficient graphene oxide (GO)-based optical sensor

which exhibits distinctive ratiometric color responses has been developed [108]. A

key strategy for generating a colorimetric, wide pH range sensor is to use two

different blue- and orange-colored QDs anchored to a single GO sheet, as shown in

Fig. 32. The pH-dependent emissions of the blue and orange QDs were controlled

Fig. 31 (a) Photographic image of (PyMMP-b-P2VP)-QDs solutions under irradiation at 365 nm

using a UV lamp. (b) PL spectra of (PyMMP-b-P2VP)-QDs. Reproduced with permission from

[107]

Fig. 32 Structure of (a) P2VP-OQD and (b) PAA-BQD. (c) Schematic illustration of the

conformation and behavior of MQD-GO at a given pH value. Reproduced with permission from

[108]
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by using linkers of two different pH-responsive polymers which changed their

conformation in response to a different, but complementary, range of pH values

[108]. The conformational changes caused the QDs to approach the GO surface,

which influenced their emission properties. In addition, the GO-based sensor

exhibits excellent dispersion stability in aqueous media and reversibility, all of

which satisfy the critical requirements for a pH sensor.

4.2 Mechanotransducing Chemical Sensors

The emission of gaseous pollutants such as sulfur oxide, nitrogen oxide, and toxic

gases as a result of a variety of industrial processes has become a serious environ-

mental concern, especially in specific parts of the world. As a result, sensors are

needed to monitor the concentration of various contaminants, which can prevent or

limit uncontrolled releases of toxic compounds.

In one example, polyaniline (PAN) films were prepared by Langmuir–Blodgett

(LB) and self-assembly (SA) techniques [109]. NO2 is an oxidizing gas, which on

contact with the π-electron network of polyaniline results in the transfer of an

electron from the polymer to the gas. When this occurs, the polymer becomes

positively charged. The charge carriers thus created give rise to the increased

conductivity of the films, and a concomitant decrease in resistance. The response

time to NO2 and the relative change of resistance of films increase with increase of

the number of film layers, as show in Fig. 33. Thin films allow more contact with

NO2 than thick films, which increases the response time.

Quartz crystal microbalance (QCM)-based SO2 gas sensors were fabricated

using amino-functionalized poly(styrene-co-chloromethyl styrene) derivatives

[110]. SO2 can be absorbed by the polymer’s amine groups, which causes the

mass to change such that it can be detected by the QCM. The sensor reaches

equilibrium within 50 min in 50 ppm SO2. The sensors exhibit complete

Fig. 33 Plots of the relative change of resistance of polyaniline-based films prepared by LB

technique with various number of layers vs response time at 20 ppm NO2. (a) PAN; (b) PAA-AA.

Reproduced with permission from [109]
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reversibility at 70�C. A similar system for the detection of aromatic gases (e.g.,

toluene and p-xylene) was also reported [111]. The copolymerized propylene–butyl

film was chosen as the sensing membrane coated on the QCM [111]. The system

exhibits high sensitivity and excellent selectivity for aromatic solvent gases such as

toluene and xylene (Fig. 34).

In order to detect heavy metals, a single layer of polystyrene particles was

immobilized in hydrogel thin films, which contained molecular recognition agents.

In this case, 4-acryloylamidobenzo-18-crown-6 (4AB18C6) was the active compo-

nent in the hydrogel network, which responds specifically to Pb2+ (Fig. 35)

[112]. When exposed to Pb2+ solution, 4AB18C6 selectively complexed Pb2+,

which increased the charge density in the polymer network. This resulted in

Fig. 34 Typical transient

responses of the

copolymerized propylene–

butyl-film-coated sensor for

various gases with

concentrations of

5,000 ppm. Δf: quartz
resonator frequency.

Reproduced with

permission from [111]

Fig. 35 Fabrication of a

two-dimensional

(2D) photonic crystal for

sensing applications. (1, 2)

PS particles self-assembled

into a 2D close-packed

array, (3) A hydrogel film is

polymerized around the 2D

array, (4) The swollen

hydrogel with the

embedded 2D array is

peeled from the glass

substrate. (5) Diffraction

from the 2D array/hydrogel

sandwich is monitored

visually. Reproduced with

permission from [112]
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hydrogel swelling and correspondingly increased the distance between PS particles

and resulted in a color change of the thin film.

In another example, the Asher group showed that a periodic array of polystyrene

spheres could be locked in a polyacrylamide hydrogel [113]. The enzyme glucose

oxidase was incorporated into this system, which worked as a glucose sensor

(Fig. 36) [114]. These materials were shown to exhibit Bragg diffraction in the

visible wavelengths. Glucose solutions can then cause the hydrogel to swell,

resulting in a red shift of the diffracted light. The hydrogel swelling is a result of

the formation of a reduced glucose oxidase upon glucose turnover. The oxidized

glucose oxidase is uncharged at neutral pH; however, the reduced glucose oxidase

is anionic at pH 7. The reduced glucose oxidase is reoxidized by O2, as detailed in

the below reactions.

GOx oxð Þ þ glucose ! GOx � redð Þ þ gluconic acidþ Hþ HþþGOx redð Þ þ O2

! H2O2 þ GOx oxð Þ:

No response occurs for similar concentrations of sucrose or mannose because of

the enzyme selectivity.

Bisphenol A (BPA) is a common compound used in the synthesis of many

plastics and epoxy resins. However, recent studies have determined BPA is an

emerging contaminant, which can disrupt the endocrine system and potentially

cause cancer [115]. By molecular imprinting, Gao’s group created numerous

nanocavities in polymethyl methacrylate (PMMA) spheres, which can specifically

target BPA (Fig. 37). The monodisperse PMMA spheres can be made into a

CCA-based optical sensor. When the sensor is exposed to BPA solution, binding

Fig. 36 Visible extinction

spectra showing how

diffraction depends on

glucose concentration for a

125-mm-thick CCA glucose

sensor. Reproduced with

permission from [114]
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occurs because of the hydrogen bonding and spatial effects, and the recognition

process can swell the microspheres, resulting in smaller average refractive index

and decreasing the diffraction peak intensity [117].

Li’s group also developed imprinted photonic polymers for detecting the pesti-

cide atrazine (Fig. 38) [116]. This pesticide has recently shown up as a contaminant

in drinking water and consumption of this pesticide above the maximum contam-

inant level (MCLs) has been associated with adverse human health effects. To

accomplish this, the authors deposited silica colloids onto a glass substrate to form a

3D ordered array as a template. Pre-gel solution containing template molecule

(atrazine) was filled into the void space of the 3D ordered array. After polymeriza-

tion, silica and the atrazine molecular templates were removed from the hydrogel

film. The system now had highly ordered porous arrays with specific nanocavities

capable of recognizing atrazine through noncovalent interactions. When exposed to

different concentrations of atrazine, hydrogen bonding occurred between atrazine

and gels, and hence the gel swelled, resulting in a visual color change.

4.3 Mechanotransducing Biosensors

One of the most common and well-known sensors for the detection of biomolecules

is the blood glucose biosensor. Initially described by Clark and Lyons in 1962, the

sensor relies on monitoring the oxygen concentration in solution (using an oxygen

selective electrode); the amount of oxygen can be related to glucose concentration

from the reaction of glucose oxidase and oxygen [118]. With glucose sensing

Fig. 37 Experimental procedures for the reflectometric detection of BPA using an imprinted

nanocavity opal photonic crystal sensor. Reproduced with permission from [117]
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solved, attention has shifted to the development of sensors that can detect specific

DNA sequences, metal ions, small molecules, proteins, and cells. Biosensors were

recently prepared by attaching DNA to synthetic polymer backbones [119]. Two

strands of acrydite-modified DNA, S1 (50-acrydite-AAAACTCATCTGTGAAAG

AACCTGGGGGAGTATTGCGGAGGAAGGT-30) and S2 (50-acrydite-

AAACCCA GGTTCTTCTAGAGGGAGAC-30), were copolymerized with linear

polyacrylamide polymers to form polymer strands P-S1 and P-S2 in a transparent

liquid form, respectively (Fig. 39) [120]. S1 was designed to contain an ATP

aptamer fragment. A crosslinker L1 (50-GGGAGACAAGGATAAATCCTT

CAATGAAGTGGGTCTCCCTCTACTCACAGATGAGT-30), containing a

cocaine aptamer fragment, was designed to hybridize with S1 and S2. The polymers

transform into a gel as the hybridization proceeds during the mixture of P-S1, P-S2

with L1. In the presence of cocaine and ATP, the specific aptamer–target recogni-

tion causes the DNA hydrogels to undergo a macroscopic gel–sol transition.

In a related example, polyacrylamide hydrogel-based sensors functionalized

with a thymine rich DNA which can simultaneously detect and remove mercury

from water were fabricated [121]. Specifically, in the absence of Hg2+, the DNA is

in a random coil conformation, and the addition of SYBR Green I gives a weak

fluorescence (Fig. 40a, yellow line). In the presence of Hg2+, the DNA forms a

hairpin structure yielding a �ninefold emission increase. Using the naked eye, the
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Fig. 38 (a) Schematic illustration of the procedure used for the preparation of the molecularly

imprinted photonic polymer (MIPP). (b) Color change induced by exposure to atrazine at different

concentrations. Reproduced with permission from [116]
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Fig. 40 (a) DNA sequence of acrydite-Hg-DNA and fluorescence signal generation for Hg2+

detection. The 50-end is modified with an acrydite group for hydrogel attachment. (b) Covalent

DNA immobilization within a polyacrylamide hydrogel and interaction with Hg2+ and SYBR

Green I produces a visual fluorescence signal. (c, d) Chemical reaction schemes of Hg2+ binding

with thymine base pairs (c) and polyacrylamide in hydrogel (d), where “Gel” in the molecular

formula denotes the hydrogel matrix. Reproduced with permission from [121]

Fig. 39 (a) Photograph of aptamer-crosslinked hydrogels visualized with trapped BSA-GNPs

before and after addition of cocaine and ATP. (b) UV–vis spectrum of the results of the AND

logic gate. (c) Photograph of selectivity of the system to cocaine. (d) Photograph of selectivity of the

system to ATP. The input stimulus concentration was 1 mM. Reproducedwith permission from [120]
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detection limit in water solution is 10 nM Hg2+. This sensor can be regenerated

using a simple acid treatment, which removes Hg2+ from water within 1 h.

A simple and inexpensive cholesterol biosensor was fabricated by immobilizing

cholesterol oxidase (ChOx) and horseradish peroxidase (HRP) onto a poly

(thionine) modified glassy carbon electrode (GCE/PTH) (Fig. 41) [122]. Hydroqui-

none (HQ) was used as a mediator to promote the electron transfer between the

enzyme and the electrode. It results in excellent electrocatalytic activity of

immobilized HRP for H2O2 reduction, which was produced from cholesterol by

the enzymatic reaction with ChOx. The linear range for cholesterol spanned from

25 to 125 μM, with a detection limit and a sensitivity of 6.3 μM and 0.18 μA/cm2/μ
M, respectively. The highly reproducible and sensitive GCE/PTH/ChOx/HRP

sensor exhibited an interference-free signal for cholesterol detection with excellent

recoveries for real sample analysis.

There has recently been a growing interest in the use of block copolymer

photonic gels for biosensing applications[123]. Block copolymers offer the flexi-

bility of fabricating 1D, 2D, and 3D photonic materials through self-assembly.

Some photonic gels are extremely sensitive to changes in charge, the dielectric

environment, and biomolecules such as proteins and DNA. Exposure of the pho-

tonic gels to species that can alter the electrostatic and dielectric environment of the

Fig. 41 Schematic representation of the fabrication of GCE/PTH/ChOx/HRP biosensor (a) and

the reaction processes at the GCE/PTH/ChOx/HRP biosensor (b). The crystal structures of

cholesterol oxidase (ChOx) and horseradish peroxidase (HRP) enzyme was obtained from Protein

Data Bank (ID: 2IOK.pdb and IHCH.pdb, respectively). Reproduced with permission from [122]
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photonic gels can change the photonic gel’s optical properties dramatically

[123]. Kang and coworkers have reported a photonic gel sensor using polysty-

rene-b-quaternized poly(2-vinyl pyridine) (PS-b-QP2VP) modified with biotin

molecules for detecting streptavidin (Fig. 42) [123]. This was achieved by on-gel

(Fig. 42a) and in-gel (Fig. 42B) modification with biotin via the conventional

carbodiimide coupling reaction. An apparent visual color change with streptavidin

binding was observed for the in-gel photonic materials (Fig. 43). The color change

was induced by binding of a streptavidin to multiple biotin molecules, which acted

as a crosslinker, and resulted in the deswelling of the gels.

Fig. 42 Preparation of biotinylated photonic gels. Reproduced with permission from [123]

Fig. 43 Color changes of the inside-biotinylated photonic gels in response to streptavidin; (a)

[S]¼ 0 M; (b) [S]¼ 0.5 mM; (c) [S]¼ 10 mM. Reproduced with permission from [123]
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The Serpe group recently developed etalon-based biosensors [124]. They first

showed that biotinylated polycationic polymer can penetrate through the Au

overlayer of an etalon and cause the layer of negatively charged microgels to

collapse. The extent of peak shift depends on the amount of biotinylated polycation

added to the etalon; high polycation concentration yields a large shift, and vice

versa. This phenomenon can be exploited to sense the concentration of streptavidin

in solution at μM concentrations, as detailed in Fig. 44. Etalons are very interesting

because, unlike most biosensors, a large signal is obtained for low analyte concen-

tration, as can be seen in Fig. 45 [124].

The Serpe group went on to show that a similar concept can be used to detect μM
concentrations of target DNA in solutions [125, 126]. This detection originates

Fig. 44 Streptavidin (the analyte) is added to an excess amount of biotin-modified poly

(allylamine hydrochloride) (PAH). The streptavidin–biotin–PAH complex is then removed from

solution using biotin modified magnetic particles, leaving behind free, unbound PAH. The

unbound PAH is subsequently added to a pNIPAm-co-AAc microgel-based etalon immersed in

aqueous solution at pH 7.2 which renders both the microgel layer and the PAH charged. As a

result, the etalon’s spectral peaks shift in proportion to the amount of PAH–biotin that was added.

This, in turn can be related back to the original amount of streptavidin added to the PAH–biotin.

Reproduced with permission from [124]
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from the penetration of polyanionic DNA into the etalon’s positively charged

microgel layer. DNA interacts electrostatically with the positively charged

microgels and crosslinks them. The crosslinking results in shrinking of the confined

microgel between Au layers resulting in the peaks shifts, as predicted in (2). The

extent of shift can be related to the concentration of target DNA present in the

sample solution.

5 Summary and Conclusions

Various responsive polymer-based systems were reviewed here, and their utility as

artificial muscles, self-healing materials, and sensors detailed. These polymers,

expanding in area and shrinking in thickness during exposure to stimuli, have

been investigated as artificial muscles. Stimuli include electrostatic forces, pH,

light, magnetic fields, and others. Self-healing polymeric materials were also

detailed, where damage to materials can “automatically” result in a healing

response. We have shown examples using reversible covalent interactions or

non-covalent interactions such as hydrogen/ion bonding or π–π stacking. We

have also detailed many examples of sensors that use mechanotransduction mech-

anisms to yield responses from materials which can be quantified and related to the

concentration of various species in solutions.

This review has detailed how mechanochemistry can be used to yield desired

functions, and has illustrated the tremendous opportunities for both fundamental

and technological advances. Furthermore, many of the examples detailed in this

Fig. 45 Cumulative shift of the etalon’s reflectance peak upon addition of the indicated amounts

of streptavidin to PAH–biotin100:1. The pNIPAm-co-AAc microgel-based etalon was soaked in

pH 7.2 throughout the experiment, while the temperature was maintained at 25�C. Each data point
represents the average of at least three independent measurements, and the error bars are the

standard deviation for those values. Reproduced with permission from [124]
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chapter are not only useful for the specific applications detailed here, but are

responsible for pushing the field of polymer science forward. While much progress

has been made, many challenges still exist which prevent the use of these materials

in everyday applications. For example, regarding sensing, polymers with enhanced

sensitivities to specific species need to be developed and investigated. Furthermore,

response times need to be enhanced, and the strength of the muscles improved.

Additionally, many of the systems described here are prohibitively expensive for

real world applications, so less expensive functional components therefore need to

be identified. Finally, biocompatibility is a major issue; many of these materials are

difficult to use in biological settings. Regardless of the challenges, continuous

development of new responsive polymers and related technologies makes us opti-

mistic about the future positive impacts these materials can have on human life.

Acknowledgements MJS acknowledges funding from the University of Alberta (the Department

of Chemistry and the Faculty of Science), the Natural Sciences and Engineering Research Council

of Canada (NSERC), the Canada Foundation for Innovation (CFI), the Alberta Advanced Educa-

tion & Technology Small Equipment Grants Program (AET/SEGP), Grand Challenges Canada,

and IC-IMPACTS.

References

1. Derby CD (2007) Escape by inking and secreting: marine molluscs avoid predators through a

rich array of chemicals and mechanisms. Biol Bull 213:274

2. Rapoport N (2007) Physical stimuli-responsive polymeric micelles for anti-cancer drug

delivery. Prog Polym Sci 32:962

3. Schmaljohann D (2006) Thermo-and pH-responsive polymers in drug delivery. Adv Drug

Deliv Rev 58:1655

4. Ionov L (2010) Actively-moving materials based on stimuli-responsive polymers. J Mater

Chem 20:3382

5. Liu F, Urban MW (2010) Recent advances and challenges in designing stimuli-responsive

polymers. Prog Polym Sci 35:3

6. Stuart MAC, Huck WT, Genzer J, Müller M, Ober C, Stamm M, Sukhorukov GB, Szleifer I,

Tsukruk VV, Urban M (2010) Emerging applications of stimuli-responsive polymer mate-

rials. Nat Mater 9:101

7. Roy D, Cambre JN, Sumerlin BS (2010) Future perspectives and recent advances in stimuli-

responsive materials. Prog Polym Sci 35:278

8. Meng H, Li G (2013) A review of stimuli-responsive shape memory polymer composites.

Polymer 54:2199

9. Zhang J, Zhang M, Tang K, Verpoort F, Sun T (2014) Polymer-based stimuli-responsive

recyclable catalytic systems for organic synthesis. Small 10:32

10. Huo M, Yuan J, Tao L, Wei Y (2014) Redox-responsive polymers for drug delivery: from

molecular design to applications. Polym Chem 5:1519

11. Gil ES, Hudson SM (2004) Stimuli-reponsive polymers and their bioconjugates. Prog Polym

Sci 29:1173

12. Zhai L (2013) Stimuli-responsive polymer films. Chem Soc Rev 42:7148

Responsive Polymers as Sensors, Muscles, and Self-Healing Materials 419



13. Ahn S-k, Kasi RM, Kim S-C, Sharma N, Zhou Y (2008) Stimuli-responsive polymer gels.

Soft Matter 4:1151

14. Dimitrov I, Trzebicka B, Müller AHE, Dworak A, Tsvetanov CB (2007) Thermosensitive

water-soluble copolymers with doubly responsive reversibly interacting entities. Prog Polym

Sci 32:1275

15. Schild H (1992) Poly (N-isopropylacrylamide): experiment, theory and application. Prog

Polym Sci 17:163

16. Maeda Y, Nakamura T, Ikeda I (2001) Changes in the hydration states of poly

(N-alkylacrylamide) s during their phase transitions in water observed by FTIR spectroscopy.

Macromolecules 34:1391

17. Idziak I, Avoce D, Lessard D, Gravel D, Zhu X (1999) Thermosensitivity of aqueous

solutions of poly (N,N-diethylacrylamide). Macromolecules 32:1260

18. Lutz JF (2008) Polymerization of oligo (ethylene glycol)(meth) acrylates: toward new

generations of smart biocompatible materials. J Polym Sci A Polym Chem 46:3459

19. Hoogenboom R (2009) Poly (2‐oxazoline)s: a polymer class with numerous potential appli-

cations. Angew Chem Int Ed 48:7978

20. Dai S, Ravi P, Tam KC (2009) Thermo-and photo-responsive polymeric systems. Soft Matter

5:2513

21. Zhang QM, Li X, Islam MR, Wei M, Serpe MJ (2014) Light switchable optical materials

from azobenzene crosslinked poly (N-isopropylacrylamide)-based microgels. J Mater Chem

C 2:6961

22. Liu D, Chen W, Sun K, Deng K, ZhangW,Wang Z, Jiang X (2011) Resettable, multi‐readout
logic gates based on controllably reversible aggregation of gold nanoparticles. Angew Chem

Int Ed 50:4103

23. Zhang QM, Xu W, Serpe MJ (2014) Optical devices constructed from multiresponsive

microgels. Angew Chem Int Ed 53:4827

24. Schumers JM, Fustin CA, Gohy JF (2010) Light‐responsive block copolymers macromol.

Rapid Commun 31:1588

25. Kumar S, Dory YL, Lepage M, Zhao Y (2011) Surface-grafted stimuli-responsive block

copolymer brushes for the thermo-, photo-and pH-sensitive release of dye. Macromolecules

44:7385

26. Yan B, Boyer J-C, Branda NR, Zhao Y (2011) Near-infrared light-triggered dissociation of

block copolymer micelles using upconverting nanoparticles. J Am Chem Soc 133:19714

27. May PA, Moore JS (2013) Polymer mechanochemistry: techniques to generate molecular

force via elongational flows. Chem Soc Rev 42:7497

28. Mura S, Nicolas J, Couvreur P (2013) Stimuli-responsive nanocarriers for drug delivery. Nat

Mater 12:991

29. Madden JD, Vandesteeg NA, Anquetil PA, Madden PG, Takshi A, Pytel RZ, Lafontaine SR,

Wieringa PA, Hunter IW (2004) Artificial muscle technology: physical principles and naval

prospects. IEEE J Oceanic Eng 29:706

30. Madden JD, Schmid B, Hechinger M, Lafontaine SR, Madden PG, Hover FS, Kimball R,

Hunter IW (2004) Application of polypyrrole actuators: feasibility of variable camber foils.

IEEE J Oceanic Eng 29:738

31. Colgate JE, Lynch KM (2004) Mechanics and control of swimming: a review. IEEE J

Oceanic Eng 29:660

32. Mirfakhrai T, Madden JD, Baughman RH (2007) Polymer artificial muscles. Mater Today

10:30

33. Brochu P, Pei Q (2010) Advances in dielectric elastomers for actuators and artificial muscles.

Macromol Rapid Commun 31:10

34. Brochu P, Stoyanov H, Niu X, Pei Q (2013) All-silicone prestrain-locked interpenetrating

polymer network elastomers: free-standing silicone artificial muscles with improved perfor-

mance and robustness. Smart Mater Struct 22:055022

420 Q.M. Zhang and M.J. Serpe



35. Zhang Z, Liu L, Fan J, Yu K, Liu Y, Shi L, Leng J (2008) In: The 15th international

symposium on: smart structures and materials & nondestructive evaluation and health

monitoring. International Society for Optics and Photonics p 692610

36. Lotz P, Matysek M, Lechner P, Hamann M, Schlaak HF (2008) In: The 15th international

symposium on: smart structures and materials & nondestructive evaluation and health

monitoring. International Society for Optics and Photonics p 692723

37. Pei Q, Rosenthal MA, Pelrine R, Stanford S, Kornbluth RD (2003) Smart structures and

materials. International Society for Optics and Photonics p 281

38. Tangboriboon N, Datsanae S, Onthong A, Kunanuruksapong R, Sirivat A (2013) Electrome-

chanical responses of dielectric elastomer composite actuators based on natural rubber and

alumina. J Elastom Plast 45:143

39. Islam MR, Li X, Smyth K, Serpe MJ (2013) Polymer-based muscle expansion and contrac-

tion. Angew Chem Int Ed 52:10330

40. IslamMR, Serpe MJ (2014) Poly (N-isopropylacrylamide) microgel-based thin film actuators

for humidity sensing. RSC Adv 4:31937

41. Li X, Serpe MJ (2014) Understanding and controlling the self-folding behavior of polymer-

based muscles. Adv Funct Mater 24:4119

42. Jeon JH, Cheedarala RK, Kee CD, Oh IK (2013) Dry‐type artificial muscles based on pendent

sulfonated chitosan and functionalized graphene oxide for greatly enhanced ionic interactions

and mechanical stiffness. Adv Funct Mater 23:6007

43. Jo C, Pugal D, Oh I-K, Kim KJ, Asaka K (2013) Recent advances in ionic polymer–metal

composite actuators and their modeling and applications. Prog Polym Sci 38:1037

44. Palmre V, Pugal D, Kim KJ, Leang KK, Asaka K, Aabloo A (2014) Nanothorn electrodes for

ionic polymer-metal composite artificial muscles. Sci Rep 4:6176

45. Kumar D, Sharma R (1998) Advances in conductive polymers. Eur Polym J 34:1053

46. Khaldi A, Plesse C, Soyer C, Cattan E, Vidal F, Legrand C, Teyssié D (2011) Conducting
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