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Chapter I
Introduction: Mechanochemistry -- from destructive to
constructive

Polymer mechanochemistry has attracted much
interest over the past decade. With the design of new
mechanophores, mechanochemistry has changed from

a destructive to a constructive process. Upon application of mechanical force,
the mechanophores undergo productive chemical reactions to provide
functionality to materials or to give feedback to understand the state of the
materials. This chapter focuses on the techniques usually employed in polymer
mechanochemistry and discusses four recently developed mechanophores in
detail.

ABSTRACT
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1.1 Mechanochemistry: from destructive to constructive

The presence of highly developed sensory and nervous systems provides creatures
with a favorable position in the hierarchically organized ecological pyramid because
such complicated system gives the subject a clear view of the surroundings to avoid
danger or at least make preparations to face it. Among sensory neurons,
mechanoreceptors (Figure 1.1 (a))1, responding to mechanical forces such as
pressure or distortion, play irreplaceable roles for creatures during their lifetime. The
response to mechanical force by mechanoreceptors is a biochemical or electrical
signal, as is shown in Figure 1.1 (b).2 Chemical reactions initiated by direct
absorption of mechanical energy are defined as mechanochemical reactions and
establish the realm of mechanochemistry. Mechanochemistry is sometimes referred
to as the fourth sub-discipline of chemistry in a classification based on the specific
mode of supplying energy to promote chemical reactions - alongside
thermochemistry, electrochemistry, and photochemistry.3 Mechanochemical
reactions do not only occur in living systems, since many mechanically induced
chemical reactions have been found or invented by researchers and are used in
practical applications. Examples include milling and grinding of crystals, metals,
and alloys, molecular weight reduction of polymers, and breaking of individual
chemical bonds in single molecule force spectroscopy. The first documented
example of a mechanochemical reaction was reported in 315 B.C. by Theophrastus
of Ephesus, the successor of Aristotle, who demonstrated that the grinding of
cinnabar (mercury(II) sulphide) in a brass mortar in the presence of vinegar resulted
in reduction to form liquid mercury. Modern mechanochemistry is employed in
many applications, such as fabrication of nanoparticles4, inorganic/organic
synthesis5, treatment of waste6, and preparation of catalysts7.

Since Bakelite, the first entirely man-made polymer, was invented by Leo Hendrik
Baekeland in 1907,8 a multitude of synthetic polymer materials has been developed
and used in a wide range of daily applications such as coatings, packaging,
engineering composites, and electronic materials, because polymers combine
strength and toughness with a high processability. During use, polymer materials
may lose part of their strength due to mechanochemical reactions from erosion.
Therefore, it is of great importance to understand the influence of mechanical stress
on the mechanical properties and stability of polymeric materials. Traditional study
methods can only provide the relationship between stress and mechanical properties
on a macroscopic scale (usually shown as a stress-strain curve, see Figure 1.1 (c)),
from which it is difficult to obtain detailed information at the molecular level. The
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development of mechanochemistry, however, allows scientists to understand this
relation in more detail, and to give a view on how to reduce such stress to extend the
service life of the materials. Polymers present a particular convenient platform for
the study of mechanical effects on molecular chemical bonds: the macroscopic
forces applied to a polymer can be transferred along the polymer chain on the
molecular level and accumulate to an extent that they are sufficient to break covalent
bonds.

Figure 1.1. a) A schematic of the mechanoreceptors embedded in the skin. Reprinted with
permission from Ref. [1]. b) Mechanoreceptor currents in C. elegans mechanoreceptor
neurons activate in response to the application and removal of mechanical stimulation.

Reprinted with permission from Ref. [2]. c) A typical stress-strain curve for polymer materials.
d) Morse energy potentials of a covalent bond at rest (dot-dashed line) and under force (solid
line). The activation energy to decomposition is reduced from D to D’ by the mechanical work

(dashed line). Reprinted with permission from ref. [10].

It is obvious that in its early stage, polymer mechanochemistry focused on the
degradation of polymer materials and mechanochemistry was regarded as a



- 4 -

destructive process. In the 1930s, Staudinger was the first to describe polymer
mechanochemistry when he interpreted the decrease in molecular weight upon
mastication of polymers.9 Later on in 1940, Kauzmann and Eyring10 studied the
activation of chemical bonds in large molecules within fluids and developed a
theoretical framework for the enhanced scission of covalent bonds under force. In
the absence of an external force, the potential energy of a chemical bond with a
dissociation energy D, is described by a Morse potential, U(r), as depicted in Figure
1.1(d) (Eq. 1.1). If the bond is stretched with an external force of F from its
equilibrium position �� to a new position r’, the potential energy will be lowered

by an amount equal to the work by the external force, 0( ) ( ' )W r F r r  , and the

Morse potential for the stretched bond (U’(r)) will be expressed with a new
activation barrier D’ where the relation between D and D’ is expressed by Eq. 1.2.

0( ) 2( ) (1 )a r rU r D e   Eq. 1.1

1 1 2'/ log( ) 1 2x xD D x x
x

  
   Eq. 1.2

In these equations r is the length of the bond, r0 is the equilibrium separation of the

atoms, D is the dissociation energy, and a = ���� , k being the force constant of
the bond in the neighborhood of the equilibrium separation, x = F/Da.

It can be inferred with the Thermally Activated Barrier to Scission (TABS) model11

that if D is lowered by a mechanical force to reach to a level that is sufficiently low,
the barrier to dissociation may be overcome through thermal fluctuations (RT ~ 2.5
kJ/mol at 25C), that is, the bond is activated mechanically. The fundamental work
of Kauzmann and Eyring opened the door towards the realm of polymer
mechanochemistry and based on their work, more refined theoretical approaches12

have been developed and tailor-made mechanoresponsive systems13 have been
designed for use in experimental studies. Such systems have been coining
mechanophores. Since Moore introduced the term mechanophore14 in the context of
functional groups that change color under force, scientists have begun to design new
mechanophores for specific functions in mechanochemistry. As an example, the
incorporation of novel functions in mechanophores, such as mechanically activated
catalysts (mechanocatalysts), turns mechanochemistry into a productive process
rather than just a destructive one. However, there is still a long way to go to extend
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mechanochemistry to practical applications.

1.2 Techniques used for mechanically induced chemical reactions

In order to investigate mechanochemical reactions, external mechanical forces have
to be applied, but the preferred technique depends on the specific reaction.
Ultrasound sonication is often used for mechanochemistry studies in dilute solutions,
while tensile and compression tests are utilized in the solid state. To investigate the
effect of swelling stress on materials, continuous swelling is also employed in
mechanochemistry, while single molecule force spectroscopy (SMFS) is a suitable
method to study the reaction within one polymer chain at the molecular level. In
addition, less well defined techniques such as grinding and ball milling, and some
other techniques are also used in polymer mechanochemistry, including elongational
flow and laser-induced acoustic waves. All these techniques differ significantly in
the maximum attainable strain rates and forces (Figure 1.2),13 therefore it is of great
importance to make appropriate choices for particular reactions.

Figure 1.2. Common techniques to study mechanical reactivity in polymers, with their
accessible ranges in strain rate and applied force. Reprinted with permission from ref. [13].

1.2.1 Techniques for solution mechanochemistry

As a first screening for new mechanophores, ultrasound sonication of dilute polymer
solutions is usually employed in more fundamental investigations of
mechanoreactivity. Because higher strain rates of 106-107 s-1 are accessible than with
other solution techniques15,16, ultrasound allows mechanical activation to be obtained
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in polymers of lower molecular weight and with high scission rates. As shown in
Figure 1.3, sonication of solutions creates high-frequency pressure oscillations,
leading to the nucleation and growth of gas bubbles17. At a certain size, the
generated bubbles becomes unstable and collapses violently, resulting in the
formation of local hotspots within the bubbles in which the temperature and pressure
increase drastically. Polymer chains outside collapsing bubbles experience a velocity
gradient, with the part of the chain closest to the center of the cavitation being pulled
in at a greater velocity than the far end of the chain. This velocity gradient creates
stress along the polymer backbone. The large elongational stresses cause the
polymer to uncoil, and the stresses are accumulated through the polymer backbone,
after which the covalent bonds along the polymer chain begin to deform, ultimately
leading to chain scission. Because the flow field is centrosymmetric with respect to
the molecule, the stress reaches a maximum at the center of the polymer chain, and
as a consequence chain scission preferentially takes place around its midpoint.18

Further study demonstrated that under the extreme conditions close to the hotspots
created by the collapse of the cavitation bubbles, the volatile content pyrolyzes and
this results in reactive species such as radicals, protic secondary byproducts etc.19

Figure 1.3. Schematic of mechanism of sonication-induced mechanoactivation of polymer
chain scission: a) formation and growth of cavitation bubbles from pressure variations; b)
collapse of bubbles generates solvodynamic shear force; c) molecules with different lengths

respond to the shear force. Reprinted with permission of Ref. [13].

The first report of cavitation in liquid media dates back to 1895 by Thornycroft and
Barnaby20 when they observed that their torpedo boats suffered from erosion and
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vibration coming from the consequence of collapsing bubbles due to hydrodynamic
cavitation that generated intense pressure and temperature gradients in the local
vicinity. Later on, the investigation of this phenomenon by Lord Rayleigh21 was
launched and his pioneering work on the problem of the collapse of an empty cavity
inside a liquid provides the theoretical foundation for cavitation studies. It was not
until 1927 with the appearance of the first report22 on the effects of ultrasound on
chemical and biological processes that cavitation became a useful tool in chemistry,
and one of the first applications23 reported the ultrasound-induced degradation of
biological polymers. Price and Smith18 (c) found that a lower solubility of saturating
gas results in a lower limiting molecular weight and higher degradation rate for
degradation of polystyrene, and recent studies in Sijbesma’s group24 also
demonstrated that the heat capacity of the dissolved gases affects the formation of
the products. The use of methane instead of argon for instance, significantly
decreases the production of radicals because the increased degrees of freedom in
methane result in a higher heat capacity, which in turn decreases the temperature in
the hotspots and suppresses the formation of the reactive byproducts. Both examples
illustrate that dissolved gasses play a significant role in sonication-activated
mechanochemical reactions.

1.2.2 Techniques for solid-state mechanochemistry

Polymer mechanochemistry studies how molecules react directly to forces, so
mechanical forces should be transferred to polymer chains and activate the reactions.
Solution-based mechanochemical reactions are usually activated by ultrasound
sonication, cross slots and contraction flow, while mechanoactivation in solid state
polymeric materials is achieved predominantly in compression, shear or tension. In
some cases grinding or ball-milling25, mastication9, squeezing26, compression from
the touch of a pen27 or other non-standard loading techniques can also be used, but
it is difficult to control the applied force with those techniques. In this introduction
we therefore focus on well-controlled compression and tension tests.

A tension test, also known as tensile test, is probably the most fundamental type of
mechanical test performed on a material to quickly determine its response to tensile
forces. As the sample is being pulled (Figure 1.4), it will be stretched and the
strength along with its elongation (known as strain) can be determined. The external
loading, F, is distributed over the cross section, A, resulting in a stress σ = F/A.28

Therefore, in a homogeneous and isotropic sample, microscopic stress is controlled
by the macroscopic force. Strain rate is also an important parameter that needs to be
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carefully controlled in materials testing. Many mechanochemical reactions in the
solid state have been studied by compression rather than by tension because
compression produces less stress concentration (resulting in necking); in a
compression test, the specimen usually remains homogeneous until higher strains.
Upon necking, the deformation is limited to a very small part of the sample and
results in less overall activation. Hence, the activation by compression is much more
efficient than that by tension. An example of compression-induced
mechanoactivation is the activation of a ruthenium complex that results in
polymerization and cross-linking reactions of the monomers in situ29 upon
compression

Figure 1.4.A schematic of tensile testing.[28]

The effects of solvent swelling in bulky polymers on bond scission has also been
studied in mechanochemical reactions. It is difficult to control and measure the
swelling stress, but because since swelling is very common in certain applications,
especially for hydrogels, it is necessary and important to study the mechanical
behavior of materials during swelling. The different concentrations of absorbed
water during the first stage of diffusion induces non-uniform swelling. The swelling
stress field comes from the mutual constraint between swollen and un-swollen zones
in the sample, and is conveniently detected by photoelasticity experiment.30 Usually
the swelling stress is not large enough to break covalent bonds, but in specific cases,
large enough for some mechanochemical reactions to take place. For example,
spiropyran in Moore’s group31 and 1,2-dioxetane in Sijbesma’s group32 were
successfully activated by swelling stress. Furthermore, Ma’s group33 found that
swelling stress can trigger a retro Diels-Alder reaction at the surface of
polyelectrolyte-carboxylated poly(OEGMA-r-HEMA) as well.
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1.2.3 Single molecule force spectroscopy for mechanochemistry at the molecular
level

Characterization of the mechanoreactivity at the molecular level can be achieved
with single molecule force spectroscopy (SMFS) techniques, such as atomic force
spectroscopy (AFM), which can provide the force threshold for unbinding or
activation of chemical bonds within a single molecule. Since the invention of AFM
by Binnig34 in 1986, AFM has been used in many experimental studies on
nano-scale phenomena for imaging the atomic topography and measuring interacting
forces in a variety of research fields, including physics, chemistry, biology and
engineering; especially during last two decades, it has emerged as a powerful
approach for investigating the mechanical processes involving proteins35 and
recently for studying how single molecules react to mechanical force36 (Figure 1.5
37). The example shown in Figure 1.5(b) with SMFS demonstrates a cycloreversion
of triazole into azide and alkyne by mechanical force. Although the initial report of
this reaction (a so-called retro-click reaction of triazole) was retracted38, the AFM
experiments and quantum chemical calculations clearly showed the activation of the
cycloreversion of triazole; furthermore, the computational work from Stauch and
Dreuw39 also offered its support on the possibility of a mechanically induced
retro-click reaction.

Figure 1.5. a) Schematic diagram showing the steps involved in obtaining a force-extension
trace; Reprinted with permission of Ref. [37]. b) Upon stretching of the molecule, a double
rupture event is observed if bond rupture occurs first in the triazole branch. Reprinted with

permission of Ref. [36]
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As shown in Figure 1.5, AFM uses a sharp tip mounted at the end of a flexible
cantilever whose position is controlled by a piezo-electric device to probe the
properties of the sample, including its topological features and mechanical
characteristics. In SMFS experiments, a molecular spring is attached to an anchored
molecule or molecular assembly.40 Pulling transfers mechanical stress within the
molecular system and, eventually, forces a molecular transition such as the unfolding
of a nucleic acid or protein or the dissociation of a chemical bond. Figure 1.5(a)
schematically shows the steps involved in obtaining a force-extension trace.

1.3 Design of mechanophores

Regardless of use or processing method of a material, mechanically induced
degradation, deformation or damage is unwanted, harmful and/or destructive.
However, it is inevitable and often occurs unpredictably and randomly within the
material. A need for understanding these processes has spurred chemists and
materials scientists to search for functional groups that report the force-induced
chemical events leading to degradation. Mechanophores are usually designed as
relatively weak chemical bonds or unstable units, such as metal-ligand coordination
bonds41, covalent peroxide and azo linkages42, which can undergo a chemical
reaction induced by mechanical force. In 2005, azo-functionalized poly(ethylene
glycol) underwent a homolytic scission under sonication in Moore’s group42(b) and
produced two nitriles; by then, polymer mechanochemistry started to enjoy a
renaissance. In a polyladderene example43, the unstable four-membered rings along
the polymer chain are the mechanophores. Upon ultrasound sonication,
polyladderene rearranges dramatically, converting the strained σ bonds to π bonds
with continuous extended conjugation; the stress from the cavitation collapse results
in an increased ring strain and transforms the insulating non-conjugated structure
into a semiconducting conjugated structure. Similarly, the mechanochemical
cycloelimination44 of a β-lactam generates a ketene and an imine, demonstrating
that mechanical force can lead to a retro-Staudinger cycloaddition reaction. In 2012,
Moore’s group triggered a mechanochemical transduction: a
gem-dichlorocyclopropane (gDCC)-based crosslinked network is activated by
compression and the mechanophore rearranges and spontaneously releases H+,45 .i.e.
a mechanoacid.

Although many mechanophores have been developed, to date only four
mechanophores have been systematically and thoroughly studied: spiropyran-,
bisadamantyl 1,2-dioxetane-, gem-dihalocyclopropane (gDHC)-, and coordination
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complex-based mechanophores. In the following part of this section these four
mechanophores will be discussed in more detail.

1.3.1 Spiropyran-based mechanophore

Spiropyran belongs to a family of compounds with a structure of (substituted) 2
H-pyran having a second ring system attached to the 2-carbon atom of the pyran in a
spiro manner.46 This compound has been known since the beginning of the
twentieth century47 and evoked wide interest in the middle of the 1920s when its
thermochromic and photochromic properties were discovered48. The isomeration of
spiropyran is shown in Figure 1.6(a)49; of the two isomers, spiropyran is colorless
while merocyanine is strongly colored, and the reversible switch between these two
isomers is usually triggered by light or heating, i.e., the aforementioned
thermochromic and photochromic properties.

Inspired by the mechanochromic systems developed by Huck et. al. 50, in 2009, the
work with a tension or compression loading upon a spiropyran-based
mechanophore-crosslinked poly(methyl methacrylate) (PMMA) network from
Moore’s group51 opened a door to the exploration of mechanochromic properties of
spiropyran. In this work, spiropyran was incorporated into PMMA network as
mechanophore crosslinker, when applying tensile loading, the colorless elastomeric
network becomes strongly colored (Figure 1.6(b)), indicating that the isomerization
from spiropyran to merocyanine occurs upon stress loading. This work is further
evidence that macroscopic mechanical loading can trigger the activation of
molecular scale events, and has become one of the pioneering investigations of
modern polymer mechanochemistry. To this date studies on mechanochemistry with
spiropyran are still continuing.

In 2010, a polyurethane (PU) was synthesized via step-growth polymerization and
employed to study the bulk mechanical activation of the spiropyran mechanophore.
It was found that the absorbance in visible spectroscopy increased linearly with
strain and under a constant strain, the merocyanine did not switch back to the
thermodynamically preferred spiropyran form, providing evidence of the
strain-induced change in the energy landscape of the system.52 In 2011, two papers
on mechanoactivation of spiropyran53 were published in Journal of Materials
Chemistry. One focused on environmental effects on the mechanoactivation of
spiropyran in linear PMMA with a Tg of 127C. This work demonstrated that the
activation of spiropyran in linear PMMA occurred post-yield within a temperature
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window of 90 to 105 °C; it was found that the activation was localized in the
drawing regions and that the addition of plasticizer reduces the activation
temperature to room temperature and lowers the onset strain for activation to 10%.
The other paper tried to activate the spiropyran-crosslinked PMMA by torsional
testing to investigate influence of shear rate on activation of spiropyran, illustrating
that the activation strain increased slightly with increasing shear rate.

Figure 1.6. a) Schematic of isomerization of spiropyran; Reprinted with permission of Ref.
[49]. b) mechanically induced switch of spiropyran to merocyanine within PMMA. Reprinted

with permission of Ref. [51].

Moreover, the observation of a strong correlation of cross-sectional fluorescence
intensity and location of the elastic-plastic interface provided strong evidence that
the activation is induced by mechanical transduction after yielding and upon large
scale plastic flow. Further work with spiropyran-crosslinked PMMA was performed
in 201354, studying the mechanoactivation in a time scale. It was found that the time
required for the onset of activation decreased with increasing the creep stress level,
but the strain corresponding to the activation increased. The results confirm that

a)

b)
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reaching a large-scale polymer deformation, the onset of flow, and stress-induced
mobility are necessary to achieve mechanoactivation. The role of the orientation of
mechanophore was also studied later on55, concluding that mechanophores in the
direction of loading force promotes activation, and are preferentially activated. A
spiropyran mechanophore was also used as force probe providing insight into the
force distribution in each local environment of segmented materials containing
microphase separated hard and soft domains.56 In the material with a high
percentage of hard domains, the mechanically induced activation shows different
behavior in each domain: the level of orientation is higher in the soft domains, while
the fluorescence in the direction perpendicular to the force is higher in hard domains.
In the parallel direction, the levels of the fluorescence in both domains are similar. It
was concluded that mechanoactivation of spiropyran in the hard segments occurs at
a lower level of alignment. Spiropyran was also used to study fracture-induced
mechanoactivation in rubber toughened PMMA57 and the effect of polymer chain
alignment and relaxation on the mechanochemical response in an elastomer.58 The
mechanics of mechanoresponsive elastomers containing spiropyran as
mechanophore were also studied in Craig’s group in collaboration with Zhao’s
group.59

Many techniques can be used to trigger a mechanochemical reaction. Shockwave as
the external mechanical loading was used in a spiropyran incorporated into glassy
polystyrene (PS) thin films, showing a stress threshold of approximately 180 MPa to
achieve the activation with a corresponding strain of 7%. With increasing stress
levels, the activation approached a saturation level.60 However, at low strain rates,
there was no evidence of activation, even at the failure strains. Besides using
shockwaves, solvent swelling was also employed to activate the
spiropyran-crosslinked network, as an example mentioned above reported in ref.
[31]. Because swelling is slow or even absent with highly polar or apolar solvents.
they do not activate the mechanophore; only a few solvents with intermediate
polarity could successfully trigger the activation. However, some solvents, such as
THF in this case, interact with the mechanophore and influence the equilibrium
between spiropyran and merocyanine, indicating that not all solvents are suitable for
the study of swelling-induced mechanoactivation.

It is well known that ultrasound sonication is an efficient technique to activate
mechanochemical reactions. However, calculation shows that below a certain chain
length, the activation is impossible to reach to a detectable extent as the strain rates
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required for chain scission are higher than those provided by sonication61. In 1980,
Encina and co-author found that in ultrasound-induced degradation there is a
limiting length of each type of polymer chain - denoted as Mlim - which can be
obtained empirically by plotting rate constants of scission vs molecular weight and
extrapolating to a rate constant of zero.62 However, not until 2015 when spiropyran
was incorporated into a series of acrylate polymers by Moore's group63 it was
realized that one should not use the concept of limiting molecular weight, but that of
limiting degree of polymerization. Upon sonication, the mechanoactivation behavior
of these polymers with different repeating unit compositions and side-chain
branching showed a degree of polymerization dependence rather than a molecular
weight dependence as commonly reported in the literature.

The work on mechanochemistry with spiropyran as mechanophore mentioned above
was done in Moore’s group. The group of Craig’s also did a lot of work on
spiropyran either alone or in collaboration with other groups, and in recent years
published mostly on the practical applications, such as repeatable macroscopic shape
recovery materials64, on-demand fluorescent patterning65, mechanochemically active
soft robots66, 3D printing of complex structures67, force-sensitive mechanochromic
touch screen68, etc. Besides, SMFS was employed by Craig and coworkers to
quantify the magnitude of the force necessary for activation of spiropyran-based
mechanophore, finding that a force of ~240 pN is enough for the ring-opening of
spiropyran on the time scale of tens of milliseconds.69

1.3.2 Gem-dihalorocyclopropane (gDHC)-based mechanophore

Craig’s group also pioneered the mechanochemistry of gDHC, including
gem-difluorocyclopropane (gDFC), gem-dichlorocyclopropane(gDCC), and
gem-dibromocyclopropane (gDBC). In 2009, they reported that under sonication, a
gDCC-contained polymer underwent mechanically assisted ring-opening reactions
when coupled to elongational shear flows70, and the final products were
characterized by 1H NMR. The results confirmed that a polymer with a molecular
weight of 310 kDa underwent an average of one scission per polymer after ~4.5 min
of sonication, and after 4 hours, over 80% of the gDCC rings opened with a decay of
molecular weight from 310 to 39 kDa. Since then, a series of follow-up studies on
gDHCs have been published. In these studies, hundreds of gDHCs as
mechanophores were introduced into a single polymer chain so that multiple
ring-opening reactions occur within the time scale of chain scission, providing a
mechanochemical map of the stress distribution.
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As noted above, the application of a mechanical force effectively reduces the
activation barrier of a reaction. This activation barrier difference (ΔEact) can be
described by the mechanical work, given by ΔEact = F Δx, where F is the applied
force and Δx is the distance over which that force is applied as the reactant goes
from its ground state to an excited transition state. By learning the force curve from
SMFS, it is easy to determine the magnitude of the threshold force for
mechanoactivation of a reaction. Most work on gDHCs performed in Craig’s group
was investigated by SMFS. For instance, in 2010 the magnitude of the threshold
force for the irreversible extension of gDBCs on the time scale of 10-2 s was
determined to be 1.2 nN with the aid of SMFS.71 All the experimental and
computational studies provide a view of mechanophore activity as a function of: (1)
force-free reactivity, 2) the geometry of attachment, and 3) the polymer backbone
through which force is transferred to the mechanophore.

With the nearly identical mechanisms that gDHCs undergo disrotatory ring opening
reactions with concomitant halide migration to form corresponding
2,3-dihaloaclkene, SMFS showed that the forces required to activate gDBC and
gDCC fixed along the backbone of poly(butadiene) on the time scale of ~0.1 s are
1210 ± 100 pN and 1330 ± 70 pN, respectively.72 It demonstrates that in a reaction
coupled to a tension from tensile load through the same attachment points and
proceeding via the same mechanism, the Δx is expected to be similar. This principle
is also observed in solid state mechanochemistry with gDHCs in extrusion73 or
compression74. The work with extrusion and compression delivered additional
information that extrusion of gDBC, embedded along a polybutadiene scaffold, in
the presence of benzyltriethylammonium chloride salt does not only lead to ring
opening but also subsequent bond formation, which was shown to be over 25 times
more prevalent than cleavage in response to the applied stress. Tension from tensile
load, however, did not result in measurable activation even till the point of failure, in
contrast to the behavior in extrusion and compression experiments.

The dependence of the activity of a mechanophore on geometry changes associated
with going from ground state to an excited transition state, was studied for two
possible effects: 1) the direction of pulling changes Δx and 2) the direction of pulling
changes the reaction mechanism. In 2014, SMFS was employed to study the effect
of stereochemistry on mechanically induced electrocyclic ring opening of gDCC,
demonstrating that the force required to open the E-alkene-substituted gDCC is 0.4
nN lower than that required in the corresponding Z-alkene isomer on a time scale of
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ca. 0.1 s.75 Moreover, in 2015, the study of mechanically induced reactions along
both their symmetry-allowed and symmetry-forbidden pathways with SMFS enabled
to quantify how forbidden each reaction is.76 On a time scale of 0.1 s, the force for
the forbidden ring opening reactions of gDFC and gDCC are quantified as
approximately 560 pN more and 1000 pN more, respectively than their
corresponding allowed analogues (Figure 1.7); this is the first study providing
quantitative data for the mechanical acceleration of symmetry-forbidden reactions. It
can be explained that because the cis-isomer is initially more compact than the
trans-isomer, Δx is changed by the direction of pulling changes (disrotatory pulling
or conrotatory pulling or different sequential combination of two ways), so the
cis-isomer will have a greater activation length if the two proceed through a
common (or structurally very similar) transition state. The underlying reaction
mechanism can be changed by the direction of pulling so that the activation energy
barrier is affected significantly. As for the ring opening of gDHCs, cis
stereochemistry pulling triggers a disrotatory ring-opening that is symmetry allowed;
however, trans stereochemistry pulling triggers a conrotatory ring opening that is
symmetry forbidden. In 2010, work with trans-gDFC proved that the thermally
forbidden conrotatory pathway could be driven by sonication77, offering its solid
support to the conclusion of previous work78 that Woodward-Hoffman orbital
symmetry rules could be overridden by mechanical activation. It was revealed by
SMFS that the transition to s-trans/s-trans 1,3-diradicaloid, which is a minimum on
the force-modified potential energy surface, occurs at f* ~1290 pN and f* ~1820 pN
for cis-gDFC and trans-gDFC respectively.72

The lever-arm effect was suggested by Craig’s group72 to express how the polymer
backbone transfers the force into the reaction points when they tried to quantify and
compare the forces associated with the ring opening of gDBC and gDCC
incorporated along the backbone of cis-polynorbornene and cis-polybutadiene: the
critical force for isomerization drops by about one-third in the polynorbornene
scaffold relative to polybutadiene, for polynorbornene acts as a phenomenological
lever with greater mechanical advantage than polybutadiene. The lever-arm effect
illustrates that the backbone of the polymer chain has significant influences on the
mechanoactivity of the mechanophores.
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Figure 1.7. Force-separation curves of gDHC-based polymers. Reprinted with permission of
Ref. [76]

SMFS studies also demonstrate that tension along a polymer main chain can trap
species that are at or very near the transition state from the mechanically induced
ring opening of gDFCs, and this trapping results in a new disproportionation
reaction between two simultaneously trapped diradicals taking place79. And two
transitions are observed in the force vs. extension curves of polymers.80 The first
transition occurs at the force of ∼1300 pN, attributed to the conversion from
cis-gDFC to fully opened 1,3-diyl undergoing competing reactions between
irreversible diyl consumption to a ring-opened diradicaloid intermediate and
isomerization of about 5% of cis-gDFC to its trans isomer81. A second transition is
observed at forces of ∼1800 pN and reveal the partial formation of the trans-gDFC
isomer which is further converted to 1,3-diradicaloid till fully consumed (Figure
1.8).

Further study82 on gDHC polybutadiene with pulsed ultrasound provides insights
into a smooth and monotonic force distribution from the midchain peak toward the
polymer ends. However, the mechanically induced ring opening of gDHC and chain
scission always takes place simultaneously. The study on structure-activity
relationships of gDCC-based polymer solutions demonstrates that the competition is
invariant to sonication power, temperature, polymer concentration, and solvent but is
sensitive to initial polymer molecular weight.83 The distribution of peak forces that
are experienced by the polymer chain upon sonication is less dependent on the
conditions involved, but instead limited by the force at which the polymer chain
breaks. The competition between ring opening of gDCC and chain scission is



- 18 -

sensitive to initial molecular weight because both secondary chain scission and
chain relaxation have significant molecular weight dependencies.

Figure 1.8. Force-induced activation of gDFCs: a) Ring-closing dynamics of a freed tension
trapped transition state, and ca. 5.0% of the released structures close to the trans-isomer.
Reprinted with permission of Ref. [81]. b) Representative SMFS force curves of cis-gDFC
polymer obtained in methyl benzoate(MB in blue line) and toluene (red line). The plateau at

1800 pN evidences that the 5.0% of the in situ formed trans-gDFC is pulled open to
1,3-diradicaloid and fully consumed. Reprinted with permission of Ref. [80]

The mechanical properties and mechanochemical responses of an SBS-based
triblock thermoplastic elastomer were improved by the incorporation of
gDHCs-riched polybutadiene as the central block. When the triblocks are aligned to
fiber mats by electrospinning, however, a much greater improvement by a factor of
seven in the films was observed.84 Within the triblocks, the glassy styrene domains
provide weak points for fracture, and the fracture might dissipate energy that might
otherwise be channeled into mechanophore activation. Additionally, when gDBC
was activated mechanically, two active bromides would be formed and form a
crosslinked network in the presence of sebacic acid salts as crosslinker,
strengthening the initial polymers (Figure 1.9).85
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Figure 1.9.Amechanically induced self-strengthening via crosslinking with sebacic acid salts
as crosslinker. Reprinted with permission of Ref. [85]

1.3.3 Bisadamantyl 1,2-dioxetane-based mechanophore

1,2-Dioxetane, the cyclic four-membered ring peroxide, and its derivatives are
widely known for their application in chemiluminescence, but because of the
instability of the ring, most dioxetanes decompose upon moderate heating (40-80C)
to form a mixture of ground state, triplet and a small amount of excited singlet state
carbonyl products.86 In 1971, however, adamantylideneadamantane peroxide
(known as bis(adamantyl)-1,2-dioxetane) was synthesized and has showed
remarkable thermal stability, providing opportunities for practical application.87

Bis(adamantyl)-1,2-dioxetane decomposes in a first order chemiluminescent process
with an activation energy of 35 kcal/mol and a half-life of less than a few minutes
when heated up to 200C88 to form singlet and triplet products in a ratio of 1:7.5
and a total chemiexcitation yield of 17%, as determined via chemical titration.89 It is
interesting that crystallography90 showed that the four-membered ring is non-planar
with one oxygen atom being lifted about 20  from the plane defined by the two
carbons and the remaining oxygen of the four-membered ring. Stretching of the O-O
bond causes a compression of adamantyl substituents, and the alternative twisting
motion does not appear to be sterically restricted.

Sijbesma’s group introduced the use of 1,2-dioxetane in mechanochemistry. In order
to incorporate 1,2-dioxetane into polymer chains, the exceptionally stable derivative,
bis(adamantyl)-1,2-dioxetane, was chosen so that it would be stable before it was
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activated by mechanical force. In 2012, pioneering work of using dioxetane as
mechanophore was reported.91 Bis(adamantyl)-1,2-dioxetane was introduced into a
rubber-like poly(methyl methacrylate) (PMMA) network. Upon application of stress,
bright blue luminescent light was produced by activation of the dioxetane, allowing
real-time monitoring of chain-scission events with high resolution. Later, Clough92

investigated the mechanoactivation products of dioxetane in detail and found that
the ratio of singlet/triplet products is similar to the ratio of thermoactivation products.
This provides a platform to study the stress distribution in polymers by varying both
the dioxetane spacing and the network topology. The work on elastomers in
collaboration with Creton’s group93 clearly showed that the chemiluminescence
induced from decomposition of dioxetane mechanically maps of the bond breaking
during propagation, providing a view of stress distribution within the network.
Furthermore, Chen94 studied the mechanoactivation of dioxetane based on
polyurethane thermoplastic elastomers, concluding that the mechanoluminescence is
influenced by the strength of hydrogen bonding of polymer chains within the matrix,
the molecular weight, the concentration of mechanophore and the strain rate. The
bond scission is determined by the balance between strain rate and disentanglement
rate, and the disentanglement rates decrease continuously when chains are longer
than ca. 50 hard segments. Dioxetane as force probe was employed to study the
Mullins effect of silica-filled elastomer by providing a real-time visualization of
stress-induced covalent bond scission (Figure 1.10).95 It was unambiguously
observed that covalent bond scission is brought about in an anisotropic fashion and
is highly sensitive to the direction of the applied strain. The amount of light
increases with hysteresis energy in a power law of exponent 2.0, demonstrating that
covalent bond scission becomes increasingly important in the strain regime studied.
Covalent bond scission contributes significantly to irreversible stress-softening upon
the initial extension (i.e., the Mullins effect). Swelling stress-induced activation of
dioxetane was also investigated in a glassy polymer network PMMA.96 Localized
cascades of covalent bond-breaking, which were probably initiated at a sharp,
relaxation-controlled diffusion front, was observed upon application of osmotic
pressure. The proportion of bonds involved in fracture was observed for the first
time by eye through mechanoluminescence.
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Figure 1.10. Study of Mullins effect with aid of mechanically induced chemiluminescence of
dioxetane: a) true stress (black) and light emission (blue) on straining

dioxetane-functionalized silica-filled PDMS; b) Image stills from camera recording of
mechanoluminescence over the tensile cycle. Reprinted with permission of Ref. [95]

1.3.4 Coordination complex-based and other mechanophores

Strictly speaking, coordination complex-based mechanophores are totally different
from aforementioned covalent mechanophores which usually involve cleavage of
covalent chemical bonds in mechanochemical reactions, but these coordination
complex-based mechanophores, incorporated into polymer chains, usually undergo
heterolytic scission of coordination bonds.

Coordination complex-based mechanophores are usually used as mechanocatalyst
activated by external mechanical force. The work on mechanochemistry of
coordination polymers has been pioneered in Sijbesma’s group since 2004.97 With a
Pd complex polymer in dilute solution, mechanically induced ligand dissociation
from complexes was realized by ultrasound. With special design, two long
macromolecules were attached to transition metal-organic complexes which acted as
mechanophores to yield the dormant catalyst with undectectable catalytic activity.
Upon sonication, cleavage of the metal-ligand coordination bond took place,
resulting in an active metal site and a ligand, which can further catalyze chemical
reactions. Palladium (Pd), platinum (Pt), silver (Ag) and ruthenium (Ru)
N-heterocyclic carbene (NHC) complex-based mechanophores were studied in depth
and were used for transesterification and ring-opening metathesis polymerization,
respectively, upon mechanoactivation by sonication.98 Recently, a Pd-NHC complex
was used to trigger chemiluminescence of dioxetane derivatives upon sonication.99

Free carbene, generated mechanochemically, acted as a base and deprotonated the
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phenol group from dioxetane to afford an unstable intermediate dioxetane species
which decomposes within minutes with the concomitant emission of blue light. Later,
other groups also stepped into mechanochemistry of coordination complexes.
Binder’s group triggered a copper(I)-NHC catalyst for click reaction by sonication
and compression100, and Craig’s group activated a Pd complex by SMFS101 and
increased the maximum achievable strain of a covalent polymer by combination of
coordination complex and dioxetane mechanophores in collaboration with
Sijbesma’s group102.

Spiropyran, cyclohalopropane, 1,2-dioxetane, and coordination complexes perform
well in mechanochemistry, while with the rapid development of this area and
increasing number of groups starting work on it, more and more mechanophores
with certain functionality have been and will be created for special functions and
studied in depth. A coumarin dimer was developed by Craig’s group as a force probe
of mechanochemical scission103, a mechanogenerated aid was achieved by
proton-coupled mechanochemical transduction in Moore’s group in 2012104, and
upon activation, the designed mechanophore incorporated in an elastomeric material
will release a free furan molecule105. Much pioneering work was done in the last
decade, but more work on mechanochemistry will be done in the future, and the
methods employed in mechanochemistry will become more systematic and
sophisticated.

1.4 Heterolytic scission induced by mechanical force

Bond cleavage proceeds either in a homolytic fashion to produce two radicals or in a
heterolytic fashion to produce a cation - anion pair, and the mode of bond scission
depends critically on the chemical environment. In a non-polar system, the
formation of radicals via homolysis is favorable while a polar environment will
promote the formation of ions by heterolysis. Thermal organic chemical bond
scission can be either homolytic or heterolytic106, but mechanochemical reactions are
most often homolytic, with just a few exceptions reported in literature. Mechanically
induced heterolytic scission has been observed a long time ago in the mechanical
fracture of bulk polymer, such as poly(vinylidene fluoride)107, but the design of
mechanophores that break heterolytically moves forward at a slow pace. Up to date,
there are only two reports on mechanophores that break heterolytically, both from
Moore’s group. Inspired by the photolysis of triarylsulfonium salts108, PMMA
polymer containing a triarylsulfonium salt at the center of the chain was used for
mechanoactivation, and upon sonication, phenyl cation was generated via a
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heterolytic scission of C-S bond which further reacted with its counter-anoin
(trifluoromethanesulfonate) to form a trifluoromethyl benzene-terminated polymer.
The second example is based on the sonication-induced zwitterionic
depolymerization of poly(o-phthalaldehyde) (PPA).109 Both linear and cyclic PPA
undergo heterolytic scission and revert the material to monomer. The scarcity of
reports on mechanically induced heterolytic scission demonstrates that there is a
long way to go to obtain deeper insight in mechanically induced heterolytic scission,
requiring the development of new mechanophores.

1.5 Outline of this thesis

The aim of this thesis is to further explore the potential of mechanochemistry to
uncover new modes of chemical activation, and to help shed light on failure
mechanisms in polymeric materials.

In Chapter 2 of this thesis, a study of the influence of strain loading rates on
mechanoactivation of this mechanophore is reported. The
bis(adamantyl)-1,2-dioxetane-based mechanophore was incorporated into a
poly(hexyl methacrylate) network, and the mechanoresponsive behavior of the
network upon tensile testing with different strain rates was studied.

In Chapter 3, The mechanochemistry of a poly(N-isopropyl acrylamide)
(PNIPAm)-network, crosslinked with a Diels–Alder adduct-based mechanophore is
reported. With different degrees of swelling with water, the compression-induced
mechanoactivation of the mechanophore was studied and the generated highly
fluorescent product was used to map the damage of the materials to give a detailed
view of the strain on the microscale.

Up to date, few studies in polymer mechanochemistry have focused on heterolytic
scission. In Chapter 4, an exploration of mechanophore candidates, including an
imidazolium-based mechanophore, an N-benzylpyridinium-based mechanophore
and a triphenylmethyl ether-based mechanophore is reported. In each case, the
targeted scission mode did not appear to occur as expected, but the reason was
surveyed in detail.

Further exploration of mechanochemical themes was performed with bis(viologen)
and is reported in Chapter 5. Inspired by the reversible switch of monomeric and
dimeric states with different electromagnetic properties of the reduced form of
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bis(viologen), several polymerizable (a)symmetric viologens or bis(viologen)s were
prepared, and the redox properties and electromagnetic properties were investigated
with cyclic voltammetry and electron paramagnetic resonance spectroscopy
respectively, demonstrating a good reversibility of the two reduced states and
temperature-dependent electromagnetic properties. However, due to technical
limitations on the characterization of the bis(viologen) containing hydrogels under
tension in an inert atmosphere, conclusive results on the mechanoactivation were
difficult to achieve.
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Chapter II
Mechanically induced chemiluminescence in a poly
(hexyl methacrylate) network

The influence of strain loading rate on
mechanochemical response in a poly (hexyl
methacrylate) network was studied with

bis(adamantyl)-1,2-dioxetane units as the mechanophore. The scission of the
dioxetane as the force probe maps the strain loading during the tensile tests,
demonstrating a strong localisation at low strain rate. The effect of the strain
loading rate on the total intensity of generated light shows that there is a
maximum emission at mediate strain rate as a dynamic glass transition.

ABSTRACT
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2.1 Introduction

2.1.1 Mechanochemiluminescence

Mechanochemical transduction plays irreplaceable roles in the mediation of a
diverse array of natural processes such as hearing, touching, tissue growth and
bioluminescence.1 To fully understand the principles of those mechanically induced
natural processes and mimic them with synthetic polymer materials to fabricate
functional materials for practical applications, the concept of polymer
mechanochemistry was introduced in late 1980s.2 Polymer mechanochemistry aims
at understanding and exploiting the principles and practical applications of
mechanically induced chemical transduction within macromolecular chains. With
the development of polymer mechanochemistry, many mechanoresponsive systems
have been developed: for example Moore’s group3 mainly focuses on
spiropyran-based mechanochromic material which can change its color under
external force through isomerization of spiropyran to merocyanine, and Craig’s
group4 has done much research on Gem-dihalocyclopropanes (gDHC)- which
produce functionalities for further reaction upon application of mechanical force,
with potential applications in self-healing materials. In Sijbesma’s group,
mechanically induced chemiluminescence based on bis(adamantyl)-1,2-dioxetane
(Figure 2.1) was reported in 2012.5 The four-membered 1,2-dioxetane ring
incorporated either as a crosslinker or in the main chain of a linear polymer opens
upon mechanical activation, and generates an excited state ketone in the singlet or
triplet excited state. When the singlet excited state reverts to the ground state, the
excess energy is released as a photon. Initial research focused mostly on the
spatiotemporal resolution of the luminescence, and the feasibility to incorporate
dioxetane mechanophore into other polymers either well below Tg, or in the rubbery
state.6 However, the effect of strain rate on the intensity and distribution of
mechanoluminescence upon straining a polymer network close to Tg has not been
studied yet and sparked our interest. To study the effect of strain rate,
bis(adamantyl)-1,2-dioxetane was incorporated into a hexyl methacrylate-based
network, and tensile tests were employed as the source of the external force, an
electron-multiplying charge-coupled device (EMCCD) camera was employed to
record the light emission during the tensile experiments, and MATLAB and ImageJ
were employed to do the analysis..

2.1.2 Scientific cameras for image recording

When mechanically induced chemiluminescence was first recorded by Chen5, a
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Canon EOS 5D Mark II digital SLR camera (a scientific Complementary Metal
Oxide Semiconductors (sCMOS) camera) was used, and Clough6 studied the
Mullins effect of a filled elastomer with mechanoluminescence, using the same
sCMOS camera, but osmotic stress induced mechanoluminescence6 was studied in
our group with an Andor iXon Ultra 888 EMCCD camera. In recent years, both
sCMOS and EMCCD cameras have widely been used in scientific research.

Figure 2.1. Mechanically induced chemiluminescence based on bis(adamantyl)-1,2-dioxetane

The sCMOS and CCD are the two image sensors for digital imaging constituted by
many square "pixels". When recording images, the targeted image is projected
through a lens onto the capacitor array (a photoactive region in those pixels), and the
hit of photons on the photoactive region results in the conversion of incoming
photons into electric charge at the interface and the electric charge is accumulated in
each capacitor; the sCMOS or CCD reads out these charges and stores it as
information. The sCMOS and CCD are similar in many ways, but the different
readout modes, global shutter and rolling shutter, respectively (Figure 2.2), affect
illumination synchronization, exposure timing, spatial distortions and noise levels in
different ways. Popular CCD cameras usually employ interline transfer CCDs in a
global shutter mode in which each pixel is exposed at the same instant in time.
However, because the signals from all of the pixels are serially moved to an



- 34 -

analog-to-digital (A/D) converter when the exposure is complete, the more pixels
there are to transfer, the slower the total frame rate of the camera is. This
disadvantage is eliminated with the CMOS by utilizing an A/D for all of the columns
of pixels, which can be in the thousands, allowing shorter readout times and
ensuring faster frame rates. But for quick capture and switching between several
excitation channels, common rolling shutter acquisitions employed usually by
CMOS camera can lead to channel bending caused the overlapping of rolling
shutter readout, results in artifacts under certain conditions. In all applications, a
wise choice of specific camera is necessary to achieve optimal images.

Figure 2.2. Schematics of CCD (left) and sCMOS (right) sensor architectures

2.2 Results and Discussion

2.2.1 Synthesis

The bisacrylate-functionalized 1,2-dioxetane-based mechanophore crosslinker was
synthesized according to previous work by Chen and Clough in our group (Scheme
2.1).5,6 The bromination of adamantanone yields 2,2’-dibromoadamantane which
was homocoupled through Grignard reaction to generate adamantylideneadamantane.
Another bromination reaction was used to introduce two bromine atoms that allowed
reaction with ethylene glycol to introduce hydroxyl functionalities for further
derivatization. The photo-activation of hydroxyl-functionalized
adamantylideneadamantane catalyzed by methylene blue formed the dioxetane units,
and esterification with acryloyl chloride to obtain the polymerizable functionalities
produced the final bisacrylate crosslinker. The mechanophore-containing PHMA
network was prepared by thermopolymerization of hexyl methacrylate saturated

https://www.azom.com/ads/abmc.aspx?b=18816
https://www.azom.com/ads/abmc.aspx?b=18816
https://www.azom.com/ads/abmc.aspx?b=18816
https://www.azom.com/ads/abmc.aspx?b=18816
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with the energy acceptor diphenylanthracene (DPA), with tetraethylene glycol
dimethacrylate as crosslinker and bisacrylate-functionalized 1,2-dioxetane as
co-crosslinker (total crosslinker content 4.5 mol.%, including 0.9 mol.% of
dioxetane crosslinker). The raction was performed under N2 atmosphere at 65 °C for
24 h with AIBN as thermoinitiator. The resulting PHMA network films were cut into
5 mm × 25 mm slices for tensile experiments.

Scheme 2.1. Synthetic routine towards bisacrylate-funcationalzied 1,2-dioxetane-based
mechanophore crosslinker

2.2.2 Mechanical properties of the mechanophore-contained PHMA network.

The glass transition7, or Tg is a key characteristic of amorphous polymer materials or
semi-crystalline materials, describing the change of the mobility of the polymer
chains -- below Tg the polymer chains are frozen in a glassy state with little mobility
while above this temperature, the mobility of the polymer chains increases
significantly and the polymer becomes rubbery. Tg is one of the most important
properties both in fundamental research on understanding the motion of polymer
chains and in practical applications, such as determination of the processing
temperature. Around Tg, the mechanical properties change dramatically. Chen’s
work5 demonstrated that in dioxetane-based mechanochemistry, the emission of light
in rubbery materials can readily be detected but in glassy materials the signal is
weak. In this study, poly(hexyl methacrylate) (PHMA) was selected as the backbone
of the network because the glass transition of PHMA is slightly below room
temperature, and was determined by DSC as 2.5 °C, within the range of -20 °C to
3 °C from literature values8.

The tensile behavior and ultimate mechanical properties are of great importance for
the application of polymer materials, and the macroscopic properties are known to
highly depend on the strain loading rate, so an understanding of the strain rate
dependence of their mechanical properties is a priority before investigating other
behavior and applications9. The tensile experiments in this work were conducted on
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a rheometer equipped with two rotating drums (Figure 2.3) with strain loading rates
from 0.001 to 10 s-1. The results are plotted in Figure 2.4. The tensile strength
increases from 3.5 MPa to 120 MPa when the strain rate increases from 0.001 s-1 to
10 s-1, illustrating that the tensile properties of the PHMA networks are strain rate
dependent. In amorphous polymers near Tg, yield stresses are usually observed to be
a linear function of log(strain rate).10 In this work, the tensile strength has a similar
trend with change of strain rate: Figure 2.4 (b) shows two different ranges tensile
strength in dependence on strain rate -- the tensile strength displayed a slow increase
from 0.001 s-1 to 0.1 s-1, while from 0.1 s-1 to 10 s-1, the tensile strength increases
more strongly, with a transition between 0.1 s-1 and 1 s-1. The failure strains,
however, for all experiments are in the range of 1.2 - 2.5.

Figure 2.3. The rheometer used in tensile tests

The strong increase in tensile strength with increasing strain rates is ascribed to the
vicinity of the glass transition at 2.5 °C, just 20 °C below the temperature of the
experiment. It has been reported11 for polyurethanes that its behavior gradually
changes from rubbery to leathery to glassy with increasing strain rate, suggesting
that physical properties of materials are dependent on strain rate. At lower strain
rates, the material is above Tg and behaves as a rubber with a relatively low modulus
that is determined by the crosslinking density, while at higher strain rates, chain
dynamics in the material are too slow to respond to the strain, and the material
behaves more like a glass with a much higher modulus. Strain at break is only
weakly dependent on strain rate and varies between εbreak = 1.2 – 2.5.
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In Figure 2.4 (b), it can be seen that the error bars for the tensile strength are not
very large except at a strain rate of 10 s-1, while the error bars for the failure strain
are very large except at the intermediate strain rate of 0.1 s-1. The reason for large
error bars for the failure strain can be that at low strain rates, defects play an
important role, resulting in large error bars for the failure strain, and the microscopic
distribution of stresses in the rubbery material is inhomogeneous, leading to overall
failure at much lower global stress because the sample fails at a point of stress
concentration while, at higher strain rates the poor reproducibility of the data is
resulted from that at high strain rate, rupture takes place so quickly that the delay of
the computer leads to artifacts in the real-time tensile strength and failure strain
measurements although the material is more glass-like, and the crosslinking
inhomogeneities play a much smaller role.

Figure 2.4. (a) Typical stress-strain curves for the tensile experiments with different strain
loading rates and (b) the changing trend of the recorded tensile strength and failure strain with

changing of strain rates

According to Figure 2.5, it can be seen that the strain energy (here based on the
engineering stress and strain, the area till failure under the stress-strain curve) to
failure strongly increases from 0.12 to 4.5 GJ·m-3 over the same range, and the strain
energy changes with a similar trend to the tensile strength with increasing strain rate;
moreover, upon increasing the strain rate, the modulus changes strongly from
5.81Mpa to 31.3 Mpa, but its value (<40MPa) is still well below the modulus of a
glassy polymer (a few GPa, Table 2.1). The change from low strain rate to 1 s-1 is
dramatic while from 1 s-1 to 10 s-1, the modulus slightly increases a bit, which also
indicates that at lower strain rates, the network behaves more like rubber while at
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higher strain rates, the network behaves more like glass or leather.

Figure 2.5. The calculated strain-energy density (a) based on the engineering stress and strain
with the change of strain rate

Table 2.1 Calculated Young’s moduli at different strain rates

Strain rate/s-1 0.001 0.01 0.1 1 10

E1/ MPa - 2 5.81 4.05 17.9 5.1 29.6 10.9 331.2 6.3

1. E = Young’s modulus
2. Not available because no yield point showed in the strain-stress curves.
3. This value is obtained based on several recorded data points due to fast experiments at this high strain
rate.

2.2.3 Mechanically induced chemiluminescence of the PHMA network

The incorporation of mechanoresponsive units in polymeric materials provides great
opportunities to study how the materials react microscopically to external force in
tensile experiments. Previous work on strain-induced dioxetane cleavage in linear
acrylate polymers above Tg was carried out by Jakobs12, and the experiments at
different strain rates showed the role of viscoelastic relaxation on amount of bond
scission. Research in collaboration with Creton’s group13 demonstrated that
bis(adamantyl)-1,2-dioxetane-based crosslinks can be employed to map bond
scission during crack propagation in elastomeric networks. Here, we investigate the
effect of strain rate in a PHMA network on overall mechanoluminescence intensity.
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Figure 2.6 shows images of mechanically induced chemiluminescence recorded with
an Andor iXon Ultra 888 EMCCD camera with a frame rate of 16.8 s-1. In each
frame, the camera records light during 19 ms and is inactive during a 40.3 ms ‘dead’
time interval. Figure 2.6 A-D shows second last (A1, B1, C1, and D1) and the last
(A2, B2, C2, and D2) frame recorded before the samples failed. The last two frames
before failure at strain rates 0.01 and 0.1 s-1 only show little light which is strongly
localized around the crack, while in the last two images at 1 and 10 s-1, the whole
sample emits light. At a strain rate of 0.001 s-1, no light was recorded at all during
the entire experiment. The images demonstrate that at relatively low strain rates,
bond scission is strongly localized around the final crack while at high strain rates,
bond scission is much more homogeneous, and takes place throughout the film. As
mentioned above, at lower strain rates, inhomogeneities in the films and defects in
the networks play an important role in the failure of materials. The networks are
rubbery, and bond scission takes place around defects which are initiation sites for
the formation of cracks. At higher strain rates, however, crosslink inhomogeneities
have little influence on the initiation of failure, because the material is closer to the
glass transition and there is a high barrier to the motion of individual polymer chains
or molecular segments. As a result, bonds are broken more homogeneously
throughout the sample.

Figure 2.6. Typical full images of mechanically induced chemiluminescence based on
bis(adamantyl)-1,2-dioxetane mechanophore before failure during tensile test at different

strain rates: A1) second last frame and A2) last frame at strain rate of 0.01 s-1, B1) second last
frame and B2) last frame at 0.1 s-1, C1) second last frame and C2) last frame at 1 s-1, D1)

second last frame and D2) last frame at 10 s-1.
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2.2.4 Quantitative analysis of light emission

Further quantitative analysis was conducted with ImageJ and MATLAB. It has been
reported that bias and dark current influence the quality of CCD images
significantly.14 The bias is caused by a constant voltage applied to the CCD detector,
and the dark current results from the heat-induced electron motion from CCD itself
which is read by CCD when CCD accumulates electrons that will eventually be
recorded as light. The effect of the bias and dark current is evident in the frames
after time 0 when there is no bond scission yet. Ideally, the artifact from the bias has
a constant value and can be subtracted, while artifacts from the dark current can be
suppressed almost completely using a professional CCD below -100 °C in a
completely dark environment. In the current experiments, the camera was working
at -65 °C with exposure time of 19 ms and the environment could not reach
completely dark. Therefore artifacts from stray photons were unavoidable, which
resulted in an observable gray value of pixels in frames without mechanical
activation of the sample. Moreover, there are several other noise sources that affect
an EMCCD camera, such as clock-induced noise resulting from spurious electrons
created during charge transfers between pixels, and readout noise generated by the
readout register.15 CCD detector artifacts make it more difficult to distinguish
isolated activation events from background noise, especially for the smallest events.
To remove the artifacts, the raw images were processed using ImageJ and MATLAB
and the background was removed by subtracting the mean gray value of the first 50
frames. In Figure 2.7, light intensity vs. recorded frame is plotted along the x-axis,
and in Figure 2.7 (e) the total amount of light integrated over all frames is plotted as
a function of strain rate. The total intensity of generated light varies with strain rate:
the highest intensity of total light was obtained with a strain rate of 0.1 s-1, but these
experiments also have the highest variation between experiments. No light was
recorded at all at a strain rate of 0.001 s-1, so the data is not shown here. As
mentioned above, Figure 2.5 shows that the energy to break increases continuously
and nonlinearly with strain rate. However, the overall intensity of emitted light
(which is proportional to the energy dissipated in bond scission) does not increase
monotonously with strain rate, but reaches a maximum at 0.1 s-1, decreases at 1 s-1,
and goes up again at the highest strain rate. Although there are not enough data at
intermediate strain rates to state with certainty that the intensity at 0.1 s-1 is the actual
maximum, the reproducibility of the trend in duplicate experiments strongly
suggests that the maximum intensity in this range represents an underlying
mechanochemical feature. Because the data in Figure 2.7 are plotted against frame
number, the width of the active area - highlighted in yellow - does not reflect the
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strain over which light is emitted. Division of the number of active frames by the
strain rate indicates that the highlighted regions correspond to delta strain of 0.005,
1.1, 1.3 and 2.3 at strain rates of 0.01, 0.1, 1, and 10 s-1, respectively, suggesting that
most of the light was generated in the strain-hardening region. From Figure 2.4(a), it
can be seen that in the strain-hardening region, the strength of the material increases
with the strain rate. Strong increase strength above 1 s-1 suggests that dominant
relaxation times in the sample correspond to this rate.

At low strain rates, when the material behaves like a rubber, stresses are distributed
over the full length between crosslinkers, and the probability of scission of the weak
dioxetane link is maximized at the single chain level, but most of the light is emitted
from a small region of the sample, during a short strain interval just before failure.
As a result, the total generated light is not much. At high strain rates, when the
material has a high modulus like glass or leather, light is emitted from a much larger
area, and over a much wider strain interval. However, at the level of the chains, the
stress is distributed less effectively and a much lower fraction of dioxetane bonds is
broken up to the point of failure, even though the total number of bonds that breaks
up to the point of failure is much larger than at low strain rates. Inhomogeneities at
the microscopic level dominates the behavior at low strain rates and lead to
localisation of stresses, and the material fails at relatively low stress. At high strain
rates, the vicinity of the glassy regime homogenizes the material at the microscopic
scale and allows straining to much higher stresses. At the intermediate strain rate of
0.1 s-1 when the network approaches to its glass transition, the stress is distributed
effectively as at high strain rates, and the light is generated over a wide strain
interval as at low strain rates, therefore, the total generated light reaches its
maximum.
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Figure 2.7. Plot of the intensity of generated light along the record frames during tensile tests
at different strain rates: a) 0.01, b) 0.1, c) 1, and d) 10 s-1 and e) overall mechanoluminescence
light intensity in the tensile experiments as a function of strain rates obtained by ImageJ and

MATLAB respectively. Bars indicate individual experiments

2.3 Conclusions

In conclusion, a dioxetane-based mechanoluminescent probe was successfully
incorporated in a PHMA network and was investigated successfully with tensile
tests at different strain loading rates. The prepared PHMA networks in these
experiments have a glass transition temperature which is close to the experimental
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temperature, and is strongly strain rate dependent (“dynamic glass transition”)11, 16,
that is, Tg shifts with strain rate. The tensile strength and strain energy to failure
increase strongly and continuously with strain rate and have a similar trend while the
failure strain remains relatively constant in the range of 1.2-2.5.

The dependence of total intensity of emitted light on strain rate behaves neither as
the tensile strength nor as the strain energy to failure. At low strain rates, most of the
light is generated close to the final crack with a short strain interval before failure,
and the intensity of the total generated light is low, while at high strain rates, the
light is distributed homogeneously throughout the network film and is generated in a
wide strain interval, while the intensity of the total generated light is higher than that
at low strain rates; at the intermediate strain rate of 0.1 s-1, however, the total
generated light is highest, because at this strain rate, the network film is closer to its
glass transition and combines the properties of rubber and glass.

2.4 Experimental

2.4.1 Materials and instrumentation

Unless otherwise specified, reagents and solvents were purchased from
Sigma-Aldrich, Merck, or Acros and used without further purification. All reactions
were performed under Argon atmosphere unless otherwise specified, and all
glassware was oven dried before use. Thin layer chromatography (TLC) was
conducted on silica gel 60 F254 (Merck, 0.2 mm). Column chromatography was
carried out on silica gel, basic alumina, or neutral alumina (0.063-0.2 mm).
Deuterated solvents were obtained from Cambridge Isotopes Laboratories.

1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded on a 400 MHz
(100 MHz for 13C) Varian Mercury VX spectrometer at room temperature using
residual protonated solvent signals as internal standards (1H: δ(CDCl3) = 7.26 ppm,
δ(CD2Cl2) = 5.32 ppm, δ((CD3)2SO) = 2.50 ppm; 13C: δ(CDCl3) = 77.16 ppm, δ
(CD2Cl2) = 53.84 ppm, δ((CD3)2SO) = 39.52 ppm).

Matrix assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS) was performed on a Autoflex Speed MALDI-MS instrument
(Bruker, Bremen, Germany) equipped with a 355 nm Nd:YAG smartbeam laser.
MALDI-TOF MS experiments were performed by spotting samples on a MTP 384
target ground steel plate using an α-cyano-4-hydroxycinnamic acid (CHCA) (Fluka,
Switzerland) matrix. Samples were 1:1 premixed with CHCA in 50/50
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acetonitrile/water supplemented with 0.1% v/v trifluoroacetic acid (TFA). Mass
spectra were acquired in reflector positive ion mode by summing spectra from 500
selected laser shots. The MS spectra were calibrated with cesium triiodide of known
masses.

2.4.2 Mechanical testing

The sample of crosslinked polymers for tensile tests was prepared by cutting, using a
blade, the as-synthesized film into a rectangular shape (5 mm × 25 mm) of thickness
ca. 0.5 mm. Tensile experiments were performed on a rheometer equipped with two
rotating drums. Samples were clamped tightly between the two drums and strained
at different rotating rates. A camera was fixed in front of the two drums, in the dark,
to record the deformation process.

2.4.3 Synthesis

2,2-Dibromoadamantane

Finely divided phosphorus pentabromide was prepared by slowly adding 30 g
phosphorus tribromide to a cold, vigorously stirred solution of 17 g bromine in 75
ml n-heptane in a 250-ml round-bottomed flask, with a dropping funnel. When
addition was complete (ca. 15 min.) 15 g adamantanone was added to the
suspension of phosphorus pentabromide in n-heptane and was refluxed for 1.5 h.
The cooled mixture was poured into 100 ml ice water, The organic layer was
separated and washed twice with 75-ml portions of dilute sodium bisulfite and with
water. The organic layer was dried over anhydrous magnesium sulfate and
evaporated under reduced pressure. The residue 2,2-dibromoadamantane was
crystallized from ethanol to afford colorless needles. (22.65 g, yield : 77%)

Adamantylideneadamantane

The reaction iwass carried out under anhydrous conditions and the reaction
equipment was dried in a drying oven. In a 500-ml round bottomed flask, fitted with
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a reflux condenser, dropping funnel. 4 g of activated magnesium ribbons and 25 ml
of anhydrous ether. To this suspension was added dropwise a solution of 10 g
2,2-dibromoadamantane in 75 ml anhydrous ether. A small crystal of iodine was
added. After addition of ca.1 g of 2,2-dibromoadamantane, the reaction started, and
the remainder of 2,2-dibromoadamantane was added at such a rate that gentle reflux
was maintained. The reaction mixture was heated under reflux for1 hr. Then it was
cooled and poured into 100 ml water. The aqueous layer was separated and extracted
twice with 50-ml portions of ether. The combined ether layers were washed with 100
ml water and dried over anhydrous magnesium sulfate. After evaporation of the
ether under reduced pressure, the adamantylideneadamantane was washed with
methanol and allowed to dry. (4.2 g, 91%)

Dibromoadamantylideneadamantane

To a solution of 3.8 g of adamantylideneadamantane and 1.83 ml of
tert-butylbromide was added 18.13 g of AlBr3. After good mixture 4.35 ml of
bromine were added, which gave rise to the evolution of enormous amounts of HBr
gas. After 2 days of standing at room temperature, the reaction mixture was poured
into ice water and extracted with DCM in a very inconvenient separation (DCM:
1×300 ml, 1×150 ml; H2O: 2×150 ml). The organic layer was washed with water,
dried over MgSO4, and evaporated, furnishing a brown-black solid. The solid was
washed with warm ethanol (3×150 ml), followed by column chromatography (DCM,
neutral Al2O3) yielded brown solid (4.1 g, 68%).

5,5’/7’-Di(2-hydroxyethylenoxy) adamantylideneadamantane

To a solution of 5,5’/7’-dibromoadamantylideneadamantane (1.0 g, 2.35 mmol) in
1,4-dioxane (10 ml) was added ethylene glycol (56 mL, 1 mol). The flask was
brought under an Ar atmosphere. After the addition of AgBF4 (2.0 g, 10.27 mmol),
the reaction mixture was heated at 85 oC for 3 h. Diethyl ether (150 mL) was added
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and the mixture was washed with water (2×200 mL). The organic layer was
separated, dried over anhydrous Mg2SO4, and evaporated to dryness. The crude
product was purified by silica gel chromatography eluting with CHCl3 followed by
CHCl3/MeOH (20/1) to afford 5,5’/7’-di(2-hydroxyethylenoxy)
adamantylideneadamantane as a brown solid (0.47 g, 52%). 1H NMR (CDCl3, 400
MHz): δ 3.68 (m, 4H), 3.51 (m, 4H), 3.11 (br, 4H), 2.23-1.57 (m, 24H). 13C NMR
(CDCl3, 100 MHz): δ 132.21 132.19, 72.38, 72.30, 62.29, 61.12, 42.74, 42.68, 41.18,
41.12, 38.38, 38.34, 33.41, 33.40, 30.82, 30.78. MALDI-TOF (m/z): [M+] C24H36O4

calculated 388.54; found 388.34.

5,5’/7’-Di(2-hydroxyethylenoxy) adamantylideneadamantane 1,2-dioxetane

To a solution of 5,5’/7’-di(2-hydroxyethylenoxy) adamantylideneadamantane (0.3 g,
0.77 mmol) in CH2Cl2 (60 mL) was added methylene blue (30 mg). Oxygen was
bubbled through the mixture while irradiating with a 600 Watt high pressure sodium
lamp. After 4 h, the reaction was complete according to 1H NMR and the methylene
blue was removed with active carbon, followed by filtration. The CH2Cl2 was
evaporated under reduced pressure to afford 5,5’/7’-di(2-hydroxyethylenoxy)
adamantylideneadamantane 1,2-dioxetane as a slight yellow solid (0.29 g, 90%). 1H
NMR (CDCl3, 400 MHz): δ 3.67 (m, 4H), 3.51 (m, 4H), 2.84 (br, 4H), 2.20-1.44 (m,
24H). 13C NMR (CDCl3, 100 MHz): δ 94.58, 93.93, 72.31, 71.37, 70.75, 62.26,
62.19, 62.14, 61.50, 61.30, 61.18, 46.78, 41.53, 41.25, 41.21, 40.98, 38.50, 38.38,
36.19, 34.06, 34.01, 33.90, 33.76, 33.65, 33.50, 31.62, 29.46, 28.76, 28.57, 28.51.
MALDI-TOF (m/z): [M+] C24H36O6 calculated 420.54; found [M+-2O] 388.14.

5,5’/7’-bisacrylate-5,5’/7’-dihydroxyethylenoxy-adamantylideneadamantane
1,2-dioxetane
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To a solution of 5,5’/7’-di(2-hydroxyethylenoxy) adamantylideneadamantane
1,2-dioxetane (0.4 g, 0.95 mmol) and triethylamine (1.5 mL) in dry THF (18 mL)
was added dropwise a dry THF solution (20 mL) of acryloyl chloride (0.157 ml,
1.94 mmol) at 0 oC. After stirring at room temperature for 24 h, the solution was
poured into water (50 mL) and extracted with diethyl ether (2×30 mL). The
combined organic layer was washed with water (50 mL), dried over anhydrous
Na2SO4 and evaporated under reduced pressure. Crude product was purified by flash
chromatography on neutral alumina eluting with CH2Cl2 to afford the bisacrylate
(0.30 g, 60 %) as a slight yellow oil. 1H NMR (CDCl3, 400 MHz): δ 6.41 (m, 2H),
6.14 (m, 2H), 5.83 (m, 2H), 4.25 (m, 4H), 3.63 (m, 4H), 2.83-1.25 (m, 26H). 13C
NMR (CDCl3, 100 MHz): δ 166.20, 166.15, 130.99, 130.89, 130.84, 130.79, 128.39,
128.34, 128.29, 94.29, 94.26, 93.93, 72.30, 71.71, 71.60, 71.21, 70.99, 64.40, 64.32,
64.21, 64.13, 59.11, 58.72, 58.55, 58.46, 46.79, 41.55, 41.41, 41.27, 41.14, 41.09,
40.85, 40.47, 40.29, 38.45, 38.37, 38.33, 36.21, 36.16, 36.02, 34.07, 34.02, 33.90,
33.77, 33.65, 33.59, 33.49, 33.39, 31.60, 30.32, 29.57, 29.47, 28.77, 28.71, 28.52.

Preparation of PHMA network

In a glass vial, approximately 10 mg of AIBN, 61 mg of tetraethylene glycol
dimethacrylate, 25 mg of
5,5’/7’-bisacrylate-5,5’/7’-dihydroxyethylenoxy-adamantylideneadamantane
1,2-dioxetane, and 1 mL of hexyl methacrylate saturated with diphenylanthracene
(DPA) were homogeneously mixed with each other. The resulting solution was
transferred into a Teflon mold (25 mm×45 mm×5 mm), covered with a glass plate,
and put in an oven under N2 atmosphere for 1 hr, and then was heated up to 60 ℃,
kept for 24 h. The obtained polymer films were taken out and cut into rectangles of 5
mm×25 mm with a cutting blade. The average film thickness was 0.5 mm.
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Chapter III
Optical sensing of covalent bond scission for the
observation of mechanical damage in a PNIPAm
hydrogel network

The fluorescent anthracene generated by mechanically
induced activation of a retro Diels-Alder reaction in a
PNIPAm hydrogel network maps the deformation of

the material, demonstrating that the compressive deformation was strongly
localized close to the center of the sample. The loss of most of the fluorescence
by adding a solvent with matching refractive index suggested that mechanically
induced dissociation mainly took place at the surface of the material.

ABSTRACT
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3.1 Introduction

“Smart” or “intelligent” materials are designed to have one or more properties that
can be significantly changed in a controlled fashion by external stimuli, such
as stress, temperature, pH, electric or magnetic fields. Since 1992, when
Kasiviswanathan and co-workers1 gave this definition of “smart”/“intelligent”
materials, a wealth of such materials has been developed and used in different areas.
Two books from Li et al.2 and Urban et al.3 reviewed intelligent materials and their
applications in 2013 and 2016, respectively. In recent years, intelligent systems that
report mechanical strain or failure have garnered much interest in the field of smart
materials. Incorporation of mechanophores4 into the polymer backbone is the most
common and straightforward approach for the implementation of this function for a
response upon exposure to external mechanical force. Activated by external force,
the mechanophore will undergo a chemical reaction—defined as the
mechanochemical reaction—and give feedback by changing its physicochemical
properties.5 The possibility to observe bond-scission or -reconfiguration at the
molecular level is an exciting challenge that could lead to fundamental insights into
the interplay between the microscopic and macroscopic properties of (bio)materials,6

giving a detailed view of damage mechanisms. One of the simplest modes of
detection is the change in optical properties, as this method is not only non-invasive
and spatiotemporally well resolved but in principle also detectable with the naked
eye. Spiropyran, introduced as a mechanophore by Moore’s group7, has widely been
employed as mechanochromic probe, while the 1,2-dioxetane-based mechanophore
from Sijbesma’s group8 was established as a highly sensitive chemoluminescent
probe to detect the failure of the bulk materials (Figure 3.1). The collaborative work
of Sijbesma’s group and Creton’s group9 demonstrates that a
bis(adamantyl)-1,2-dioxetane-based network can well be employed to map the
bonds breaking during crack propagation. The application of the
bis(adamantyl)-1,2-dioxetane-based mechanophore in mapping the breaking bonds
has also allowed us to study separate scission events in PMMA during solvent
swelling. Other mechanochromic moieties have also been successfully activated in
polymers, including azobenzene10, diaryl-bibenzofuranone11 and the coumarin
dimer12. Furthermore, the reorientation of chromophores in polymer blends has been
exploited to modulate the absorption spectra of materials.13 Mechanically induced
formation of anthracene as fluorophore is of interest for the time independent
detection of material failure, because its fluorescence quantum yield (φ=0.27) is
much higher than that of the widely used merocyanine (φ<0.02) generated
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mechanically from spiropyran. Several groups14 have studied the mechanically
induced retro Diels—Alder (DA) reaction releasing anthracene as fluorophore,
suggesting potential for practical applications.

Figure 3.1. Probes for the detection of failure of materials: a) spiropyran as mechanochromic
probe and b) 1,2-dioxetane-based mechanophore as chemoluminescent probe

Synthetic biocompatible hydrogels attract much interest because they can be used in
a wide range of applications and their properties can be easily engineered; their
mechanical properties, however, are dependent not only on the structure of the
parent polymers but also on the degree of swelling. Therefore, it is highly desirable
to get insight into their macroscopic mechanical properties through the application
of molecular level probes. Recently, the work from Moore’s group15 showed that
when the mechanophore is incorporated into either the glassy or the rubbery blocks
of a polyurethane network, the reaction to the external force depends on the
mechanophore’s relative orientation with regard to the force vector in uniaxial
extension experiments, providing a direction for the investigation of the
macroscopic mechanical properties with mechanochemistry.

Previous work16 has demonstrated that the mechanically induced retro DA reaction
of a 9,10-π-extended anthracene and maleimide results in enhanced fluorescence in
solution via sonication as well as in the solid state and the spectroscopic and
mechanochemical details of the mechanochemical process were unraveled. Under
compression, the Diels-Alder adduct-based mechanophore can undergo scission and
produce a fluorescent anthracene (Figure 3.2). These satisfying results led us to use
this mechanophore to study bond scission in a hydrogel network of crosslinked
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poly(N-isopropyl acrylamide) (PNIPAm). PNIPAm is interesting in biomaterial
hydrogel applications because the mechanical properties can be tuned by swelling
with water, and because the gels undergo a reversible Lower Critical Solution
Temperature (LCST) transition around 32 oC17 from a swollen to a dehydrated state.
In this work, the sensitive π-extended anthracene mechanophore was incorporated as
a crosslinker into gels of PNIPAm networks, with the aim to study the feasibility of
using this probe in establishing damage upon compression at different degrees of
swelling.

Figure 3.2. The mechanochemistry of the Diels-Alder adduct from a 9,10-π-extended
anthracene and maleimide

3.2 Results and Discussion

3.2.1 Synthesis

This study is based on PNIPAM networks containing a π-extended anthracene
mechanophore as crosslinker and was initiated by R. Göstl.18 The
bismethacrylate-functionalized Diels-Alder adduct-based mechanophore motif was
prepared according to previous work18 (Scheme 3.1). The synthesis of the
mechanophore - a bismethacrylate-functionalized Diels-Alder adduct - started with
the Pd-catalyzed Sonogashira-type cross-coupling of TMS-acetylene to commercial
9-bromoanthracene yielding ethynylated derivative (An-TMS) in moderate yields of
38%; subsequently, a Diels–Alder reaction between An-TMS with
N-(2-hydroxyethyl)maleimide (NHEM)--prepared according to procedure by
Haddleton and coworkers19 -- gave 9,10-adduct (HO-AD-TMS) in quantitative yield.
The deprotected product, HO-AD-H, from HO-AD-TMS is coupled with
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4-bromophenol using a Pd-catalyst to yield a dialcohol, HO-AD-OH. This precursor
was further esterified with methacryloyl chloride to give bismethacrylate crosslinker
MeA-AD-MeA for further use. The network was obtained by polymerization of
N-Isopropylacrylamide (NIPAm) with azobisisobutyronitrile (AIBN) as
thermoinitiator and the bismethacrylate-functionalized Diels–Alder adduct as
crosslinker at 65 °C under N2 atmosphere for 24 h. The overall crosslink content was
2 mol%, and the mechanophore crosslinker constituted 1% of the total amount of
crosslinker; therefore, the overall mechanophore content of the material was
0.02 mol% relative to NIPAm monomer units, highlighting the sensitivity of the
employed optical force probe. With different swelling degrees, the network was
utilized in the compression experiments. The swelling degree was defined by Eq.
3.1.

sw d
s

d

100
m md
m


  Eq. 3.1

where ds is the swelling degree, msw is the mass of the sample after swollen, md is the
intial mass of the sample.

3.2.2 Mechanical properties in uniaxial compression determined by micro
indentation

The mechanical properties of differently swollen PNIPAm cross-linked networks
were determined by uniaxial compression with a micro indenter. Millimeter-sized
cylinders of 2% cross-linked PNIPAm network were prepared by thermally initiated
polymerization at 65 °C for 24 h in a Teflon mold under N2 atmosphere. The
samples for mechanical testing were polymerized without mechanophore crosslinker.
As the optical probe constitutes less than 1 mol% of the overall amount of
crosslinker, it can be assumed that the mechanical properties of these networks are
virtually identical. The cylinders were cut with a blade into pieces of around 3 mm
in height, and then swollen with water to different swelling degrees. The swollen
PNIPAm cylinders were compressed with a CSM micro indenter with a maximum
applicable load of 10 N using a flat punch indenter of 6 mm in diameter, under
constant displacement control. Temperature was controlled with a Peltier device
sample stage for experiments at 4 °C.
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Scheme 3.1. Synthetic procedure of bismethacrylate-functionalized Diels–Alder adduct-based
mechanophore

A homogeneous deformation was applied in the compression experiments in order to
obtain a stress-strain curve that displays the intrinsic deformation response even at
high deformations. Measurements yielded displacement Δh and force F as
parameters which were transformed to compressive strain ε and compressive

engineering stress σn according to
0

h
h




 and n
0

F
A

  where h0 is the initial

height of the cylinder and A0 the initial area of the cylinder top contact surface. The
elastic modulus E was determined by fitting of the linear region of the loading curve
for the non-linear onset of the loading curve is attributed to uneven cylinder height
as in this region full contact with the sample surface is established while sudden
deviations of the linear loading curve during the experiments are attributed to
material failure which was confirmed by optical microscopy after the experiment.
Figure 3.3 (a) and (b) show the typical strain-stress curves of the swollen samples
with a swelling degree of 20% at 20 °C and 4 °C, respectively, and Figure 3.3 (c)
shows the elastic modulus as a function of the swelling degree. As can be seen, the
elastic modulus decreases with increasing swelling degree. The reason for the
decrease of the elastic modulus is that a) the uptake of water decreases the
crosslinking density, and b) water absorption results in the decrease of the glass
transition temperature by plasticizing the material and by destroying the secondary
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hydrogen bonding.20 Moreover, it has been shown that restricting the magnitude of
swelling in other acrylate hydrogels results in improved strain to failure values when
compared to their de-swollen or highly swollen counterparts.21

Figure 3.3. Typical stress-strain curves of swollen samples of 2% crosslinked PNIPAm
millimeter-sized cylinders without swelling determined at a) 20 °C and b) 4 °C including the
linear fit of the elastic region of the loading curve, and c) swelling degree dependence of

elastic modulus of differently swollen samples of 2% crosslinked PNIPAm millimeter-sized
cylinders at 20 °C and 4 °C as determined by uniaxial compression.

3.2.3 Mechanically induced fluorescence

A PNIPAm network film of ca. 2 mm thick, with 0.02 % bismethacrylate crosslinker
MeA-AD-MeA as the co-crosslinker was prepared by thermally initiated
copolymerization in a Teflon mold at 65 °C under N2 atmosphere. Prior to
compression experiments, samples of approximately 5 mm×5 mm were prepared by
cutting with a blade, swollen to targeted swelling degrees between 0 % and 179 %
(the equilibrium swelling degree), and stored at either 4 °C or 20 °C for at least 12 h
for further testing. Then a force of ca. 105 N was applied to the samples using a
pellet press for 15 seconds, during which the samples were compressed from a
thickness of 2 mm to a final thickness of ca. 0.7 mm, and the lateral dimensions

(c)

(a) (b)
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increased to a final diameter of 7 mm although the thickness varied from sample to
sample because of the variation in mass. It was difficult to obtain samples with
identical dimensions by cutting with a blade for the network is a stiff glass. At
swelling degrees higher than 40%, the swollen samples became so brittle that upon
compression, they broke into small pieces or even powder. After compression, the
samples were collected for fluorescence measurements.

The applied stress changed the samples from transparent to opaque. In general,
opacity is caused by inhomogeneities in the refractive index in a sample. When
stress is applied to a polymer material, the stress can be released by the polymer
chains aligning, resulting in increase of the local density. The difference in density
will cause a difference in light reflection and scattering. Furthermore, within the
stressed area, the stress can also be relieved through the formation of micro-cracks
which can also result in different light reflection and scattering properties. The
combination of these effects results in the opacification of the samples.

Location of activation

Bond-scission of the Diels-Alder adduct can conveniently be observed by
illumination of the compressed samples with a UV lamp at λexc = 365 nm.
Non-fragmented samples showed concentrated luminescence in the center of the
sample and fading along the radius while the powdered samples were much less
luminescent or even non-luminescent (Fig. 3.4).

Since the chemiluminescence of the generated anthracene maps the mechanical
activation, the effect that more activation takes place closer to the center of the
sample demonstrates that mechanically induced activation under compression is
strongly concentrated at the center of the sample.
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Figure 3.4. Typical images of PNIPAm network samples at two different degrees of swelling
compressed at 20 °C exposed to a) white light and b) 365 nm light.

It is reported22 that in a compression experiment, the deformation and failure of a
glassy polymer undergoes a cascade of changes from molecular level to macroscale
level: at molecular level, the entangled chain segments undergo the rearrangement,
slippage, orientation, disentanglement and scission; at a mesoscale level, the crazes
are initiated and grow until the breakdown of craze fibrils, and the microcracks start
to propagate; at a macroscopic level, the gross failure is induced by microcrack
cascades and macrocrack propagations, and the compressive deformation often
manifests itself via development of shear bands at the yield point, and it has been
observed that in shear bands the deformation is usually localized25. The initiation of
shear bands can be well accounted for on the basis of the phenomenological theory
of Bowden in which, localisation of shear strain is viewed as an inevitable
consequence of the strain softening that is characteristic of yield in glassy
polymers.23 Whenever strain softening occurs, the plastic shear deformation is
fundamentally unstable to small perturbations of strain rate produced by surface
stress concentrations, particulate inclusions, and ultimately, constitutional
heterogeneities, etc. Thus, the deformation which starts out will more or less rapidly
localize by concentration of the shear deformation inside shear bands, requiring less
and less deformation outside the bands.24 Moreover, for brittle materials, the
cracking mode is significantly influenced by the contact with the platens (namely the
geometry), the size of the specimen on compression tests, and the lateral pressure.25

Because the specimens for compression were much smaller than the indenter, at the
beginning of the compression, it can be inferred that the plastic yielding dominated
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the deformation, and when the specimens extended to the wall of the pellet press
machine, a lateral pressure along the radius of the indenter was received from the
wall, resulting in plastic deformation near the edge of the specimen. When Higo and
co-workers26 studied the microstructural changes in partially saturated soil during
deformation using microfocus X-ray CT, the strain localisation was observed with a
similar pattern to as observed with fluorescence in our compression tests. A similar
pattern was also observed in compression tests with different materials, and finite
element simulations have also shown stress concentration in the center of the
specimen.27 When spherical specimens of PMMA were employed by Moore’s
group28 a similar pattern was observed under compression, showing that the
maximum stress develops in the center of the bead and decreases along the radius.
Therefore, the localisation of mechanically induced activation is in line with the
localisation of compressive deformation within shear bands, a result of the strain
softening effect during compression tests.

Quantitation of fluorescence.

To study the mechanically induced activation of bond-scission of the Diels-Alder
adduct in PNIPAm network film quantitatively, solid state fluorescence spectroscopy
was employed. Figure 3.5 shows fluorescence spectra of the network films activated
by compression in the dry state at room temperature (20 °C) and 4 °C, respectively.
For each measurement, three points within the most luminescent area (the activation
area) of two samples were selected. The results shown in Figure 3.5 are the averages
of the six measurements. From Figure 3.5(a), it can be seen that the film is
non-fluorescent before compression, while after compression it is strongly
fluorescent, suggesting that fluorescent product was generated. Since the
fluorescence was not distributed homogeneously in the compressed samples, the
measured intensity of the fluorescence has a large error. In line with previous work
on the mechanochemistry of the Diels-Alder adduct by Göstl17 using sonication, the
generated fluorescent spectrum matches that of anthracene from a retro Diels-Alder
reaction. Therefore it can be concluded that compression activates the retro DA
reaction to produce fluorescent anthracene.



- 61 -

Figure 3.5. Baseline corrected solid state fluorescence spectra of unswollen PNIPAm network
compressed to failure with a pellet press at a) 20 °C and b) 4 °C.

Figure 3.5(b) illustrates the fluorescence of the PNIPAm network film compressed in
the dry state at 4 °C. Compared with the result of compression at 20 °C, the intensity
of the fluorescence decreases slightly. Generally, low temperatures promote brittle
fracture,29 and the strain-softening effect becomes weaker. We propose that this
effect results in a lower efficiency of mechanoactivation at 4 °C.

In an attempt to assess the fluorescence quantitatively, scattering of the opaque dried
samples was suppressed by adding a small amount of DMSO with a refractive index
close to that of the network (1.479 for DMSO and 1.47 for PNIPAm17). By doing
this, a transparent sample was obtained. The clear DMSO treated samples no longer
showed fluorescence (Figure 3.5(b)). Since the anthracene unit is not quenched by
the DMSO,30 the reduction in fluorescence must be related to decreased scattering.

This conclusion was corroborated by experiments in which a compressed sample
was swollen with water, a solvent in which the sample scatters light. Dry PNIPAm
network was compressed to give a fluorescent material (Fig 3.6a), and subsequently
swollen to equilibrium (ds = 179%). The fluorescence signal became smaller upon
swelling, but the decrease in intensity was approximately equal to the increase of
volume due to swelling, confirming that after compression the relative optical
dilution and a possibly altered fluorescence quantum yield in water are only minor
contributions to the observed trend.

In order to rationalize the complete loss of fluorescence in the films upon addition of
DMSO, it is proposed that in the compression experiments, nearly all activation is
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confined near the surface of the sample, and that the scattering enhances the
fluorescence from anthracene units near the surface. Upon addition of DMSO, the
enhancement is lost, and the fluorescence intensity is determined by the average
concentration of fluorophores.

From Beer’s law, in a homogeneous system, the fluorescence-to-excitation
reflectance ratio would be proportional to the product of fluorescence quantum yield,
path length, and fluorophore absorption coefficient. From Figure 3.4, it also can be
seen that the luminescence is scattered dramatically. The scattering effect is a result
of inhomogeneities both on the surface and within the body of the film. The
formation of crazes and cracks result in the inhomogeneities and changes the
trajectory of the light (Figure 3.6). For heterogeneous systems, the fluorescence
intensity is significantly influenced by absorption and scattering.31 In scattering
samples, incident light can only penetrate the top of the film.18,32 Reflection
(including diffuse reflection and specular reflection on the top layer), and scattering
within the bulk of the samples, however, causes amplification of the fluorescent
signal (Figure 3.7). In the transparent film with DMSO, light can directly penetrate
throughout the film, but there are a few activated anthracene units in the bulk. At the
same time, the enhancement at the surface due to scattering and reflection is lost,
resulting in a drop of the net fluorescence intensity.

Figure 3.6. Possible light trajectories on and within the top layer of compressed films.
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Figure 3.7. Fluorescence spectra recorded a) the uncompressed sample (black), compressed
sample (blue with green error bars) and the sample swollen with water after compression (red

with pink error bars)

Dependence of activation on degree of swelling

Despite the difficulties to determine the fluorescence intensities accurately, an
attempt was made to investigate to establish the dependence of mechanoactivation
on swelling degree and temperature during compression. The average fluorescence
intensity at the emission maximum (λmax = 429 nm) of water swollen films after
compression and subsequent drying was measured as described above and is plotted
against ds in Figure 3.8. As can be seen, with increasing swelling degree, the
intensity of the generated fluorescence at the maximum decreases, which might
result from the decrease of the elastic modulus. With a lower elastic modulus, the
materials become more flexible and rubbery, and the more supplied mechanical
energy is dissipated by the plastic deformation and is not used to activate the
mechanochemical reaction.

3.3 Conclusions

In conclusion, from the mechanically induced fluorescence, it is evident that
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compressive deformation activates the retro Diels-Alder reaction in glassy bulky
material, and with mechanoactivation of the retro Diels-Alder reaction, the
generated fluorescent anthracene can be employed to map the deformation of
materials. Compressive deformation is localized around the center of the cylindrical
sample. Most importantly, much of the observed fluorescence is lost when scattering
of the compressed sample is suppressed by adding a solvent with matching
refractive index. This phenomenon is tentatively interpreted as a result of scattering
enhanced fluorescence close the surface, where most of the mechanoactivation takes
place. Furthermore, swelling influences the mechanoactivation, and with higher
swelling ratio, the mechanoactivation is less, but because the activation becomes
weaker along the radius of the sample, the obtained data have very large error bars,
as a result, with the present experiments it is difficult to reach quantitative
conclusions about the dependence of the mechanoactivation on degree of swelling of
crosslinked PNIPAm films.

Figure 3.8. Fluorescence intensity (λexc = 372 nm) recorded at λmax = 429 nm as a function of
temperature and degree of swelling.

3.4 Experimental

3.4.1 Materials and instrumentation

Unless otherwise specified, reagent and solvents were purchased from
Sigma-Aldrich, Merck, or Acros and used without further purification. NIPAAm was
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purified by recrystallization from hexane at 65 °C. TEGDMA was purified by
passing over a short column of basic Al2O3. AIBN was recrystallized from MeOH at
45 °C. Dioxane was freshly distilled before use. Deuterated solvents were obtained
from Cambridge Isotopes Laboratories.

NMR spectra were recorded on a 400 MHz (100 MHz for 13C) Varian Mercury VX
spectrometer at room temperature using residual protonated solvent signals as
internal standards (1H: δ(CDCl3) = 7.26 ppm, δ(CD2Cl2) = 5.32 ppm, δ((CD3)2SO) =
2.50 ppm; 13C: δ(CDCl3) = 77.16 ppm, δ (CD2Cl2) = 53.84 ppm, δ((CD3)2SO) =
39.52 ppm).

Matrix assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS) was performed on a Autoflex Speed MALDI-MS instrument
(Bruker, Bremen, Germany) equipped with a 355 nm Nd:YAG smartbeam laser.
MALDI-TOF MS experiments were performed by spotting samples on a MTP 384
target ground steel plate using an α-cyano-4-hydroxycinnamic acid (CHCA) (Fluka,
Switzerland) matrix. Samples were 1:1 premixed with CHCA in 50/50
acetonitrile/water supplemented with 0.1% v/v trifluoroacetic acid (TFA). Mass
spectra were acquired in reflector positive ion mode by summing spectra from 500
selected laser shots. The MS spectra were calibrated with cesium triiodide of known
masses.

Compression until failure employing a pellet press

Samples of approximately 5 mm×5 mm were cut out from the respective ca. 2 mm
thick PNIPAm network. Compression with a pellet press exerting a pressure of ca.
1.2 GPa on the sample was performed for 30 s either at 20 °C or at 4 °C in a cold
room. The sample dimensions decreased in height and increased in area during the
compression until the final area of the compression cylinder of 0.785 cm2 was
covered. The equipment was stored at least for 12 h at the given temperature before
use.

Fluorescence spectroscopy

Fluorescence spectroscopy on compressed and uncompressed samples of differently
swollen PNIPAm networks was carried out on a PerkinElmer LS 50B fluorescence
spectrometer employing a sample holder for solid samples at room temperature. All
analyses were carried out with the same instrument setup (4 nm slit width excitation
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beam, 3 nm slit width emission beam, λexc = 372 nm, no cut-off filters). Before
compression, the background emission of the material was measured by analyzing
the uncompressed sample and found to negligible; it was thus omitted in some
measurements. Each sample was fixated between two glass object plates for
microscopy. For each swelling degree, two samples were prepared and for each
sample, several different points of the fluorescent compressed area were measured to
account for inhomogeneity of force distribution during compression. Baseline
correction to remove the influence of scattering on the solid-state samples was
performed using OriginPro 8.5. The mean standard deviation was calculated from
these two samples and is depicted as a faded shadow behind the curves.

3.4.2 Synthesis

(Anthracen-9-ylethynyl)trimethylsilane (An-TMS)

9-bromoanthracene (1.500 g, 5.830 mmol), Pd(PPh3)2Cl2 (0.205 g, 0.292 mmol), and
CuI (0.056 g, 0.292 mmol) were dissolved in dry THF (10 mL) and degassed with
Ar. To this solution were added subsequently TMS-acetylene (0.996 mL, 7,000
mmol) and dry diisopropylamine (10 mL) whereupon the solution turned orange and
then black. The whole was stirred at 60 °C under Ar over night. Afterwards, the
solution was cooled down and removal of the solvent in vacuo and column
chromatography (silica, cyclohexane with 1% toluene) yielded a red oil that was
recrystallized from MeCN at -30 °C to give (anthracen-9-ylethynyl)trimethylsilane
(An-TMS) (yield: 38%) as orange crystals. 1H-NMR (400 MHz, CDCl3): δ(ppm) =
8.59 (d, 2 H), 8.43 (s, 1 H,), 8.01 (d, 2 H), 7.61 (m, 2 H), 7.52 (m, 2 H), 0.45 (s, 9 H).
13C-NMR (100 MHz, CDCl3): δ(ppm) = 132.9, 131.0, 128.6, 127.9, 126.8, 126.7,
125.6, 106.2, 101.5, 95.4, 0.27. MALDI-TOF-MS: m/z = 274.16 (calcd. 274.12 for
C19H18Si+).
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(Anthracen-9-ylethynyl)trimethylsilane N-(2-hydroxyethyl)maleimide
9,10-Diels-Alder adduct (HO-AD-TMS)

(Anthracen-9-ylethynyl)trimethylsilane (An-TMS) (250 mg, 0.911 mmol) and
N-(2-hydroxyethyl)maleimide (193 mg, 1.366 mmol) were dissolved in toluene (9
mL) and stirred at 120 °C over night. Evaporation of the solvent in vacuo and
column chromatography (silica, cyclohexane : EtOAc = 1 : 1) yielded
(anthracen-9-ylethynyl)trimethylsilane N-(2-hydroxyethyl)maleimide
9,10-Diels-Alder adduct (HO-AD-TMS) (yield: 95%) as white foam. 1H-NMR (400
MHz, CDCl3): δ(ppm) = 7.81 (d, 1 H), 7.69 (d, 1 H), 7.40 (d, 1 H), 7.31 (m, 3 H),
7.23 (m, 2 H), 4.81 (d, 1 H), 3.34 (m, 2 H), 3.27 (m, 2 H), 3.10 (m, 2 H), 1.20 (t, 1
H), 0.42 (s, 9 H). 13C-NMR (100 MHz, CDCl3): δ(ppm) = 176.6, 174.3, 149.4, 147.1,
140.4, 139.9, 138.2, 137.5 127.4, 127.3, 127.2, 126.9, 124.9, 124.1, 123.9, 96.6, 60.3,
50.6, 47.5, 47.3, 45.0, 41.3, 0.16. HPLC-MS(ESI+): m/z = 416.00 (calcd. 416.16 for
C25H26NO3Si+). MALDI-TOFMS:m/z = 438.16 (calcd. 438.15 for C25H25NO3SiNa+).

9-Ethynylanthracene N-(2-hydroxyethyl)maleimide 9,10-Diels-Alder adduct
(HO-AD-H)

To a degassed solution of K2CO3 (80 mg, 0.578 mmol) in MeOH (2 mL) was added
a degassed solution of (anthracen-9-ylethynyl)trimethylsilane
N-(2-hydroxyethyl)maleimide 9,10-Diels-Alder adduct (HO-AD-TMS) (300 mg,
0,722 mmol) in a mixture of CH2Cl2 (2 mL) and MeOH (2 mL) dropwise at rt under
Ar and was stirred at that temperature for 2 h. Subsequently, the solution was diluted
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with water and extracted with Et2O. The combined organic layers were dried over
anhyd. MgSO4 and removal of the volatiles in vacuo yielded pure
9-ethynylanthracene N-(2-hydroxyethyl)maleimide 9,10-Diels-Alder adduct
(OH-An-H) (yield: 92%) as white foam. 1H-NMR (400 MHz, CDCl3): δ(ppm) =
7.85 (d, 1 H), 7.74 (d, 1 H), 7.41 (d, 1 H), 7.31 (m, 3 H), 7.25(m, 2 H), 4.82 (d, 1 H),
3.32 (m, 4 H), 3.18 (s, 1 H), 3.11 (m, 2 H), 1.16 (t, 1 H). 13C-NMR (100 MHz,
CDCl3): δ(ppm) = 176.4, 174.7, 140.1, 139.8, 137.8, 137.4 127.6, 127.5, 127.2,
126.9, 125.0, 123.94, 123.92, 123.7, 79.5, 78.6, 60.0, 50.5, 47.4, 46.5, 44.9, 41.3.
HPLC-MS(ESI+): m/z = 344.00 (calcd. 344.12 for C22H18NO3+).

9-(4-Hydroxyphenyl)ethynylanthracene N-(2-hydroxyethyl)maleimide
9,10-Diels-Alder adduct (OH-AD-OH)

9-Ethynylanthracene N-(2-hydroxyethyl)maleimide 9,10-Diels-Alder adduct
(HO-AD-H) (180 mg, 0.524 mmol), 4-bromophenol (150 mg, 0.867 mmol),
Pd(PPh3)2Cl2 (18 mg, 0.026 mmol), and CuI (5 mg, 0.026 mmol) were dissolved in
dry THF (1.5 mL) and degassed. To this solution was added dry diisopropylamine
(1.5 mL) whereupon the solution turned black. The whole was stirred at 50 °C under
Ar for 4 h. Afterwards, the solution was cooled down, diluted with THF, and filtered
to remove the HBr salt. Subsequent removal of the solvent in vacuo and column
chromatography (silica, cyclohexane : EtOAc = 1 : 1) yielded
9-(4-hydroxyphenyl)ethynylanthracene N-(2-hydroxyethyl)maleimide
9,10-Diels-Alder adduct (HO-AD-OH) (yield: 54%) as off-white solid. 1H-NMR
(400 MHz, (CD3)2SO): δ(ppm) = 9.93 (s, 1H), 7.76 (d,1H), 7.55 (m, 4H), 7.27 (m,
5H), 6.87 (d, 2H), 4.84 (m, 1H), 4.62 (m, 1H) 3.33 (m, 2H), 3.01 (t, 2H), 2.56 (m,
2H). HPLC-MS(ESI+ ): m/z = 436.17 (calcd. 436.15 for C28H22NO4 + ).
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9-(4-Hydroxyphenyl)ethynylanthracene N-(2-hydroxyethyl)maleimide
9,10-Diels-Alder adduct dimethacrylate (MeA-AD-MeA)

9,10-Diels-Alder adduct (HO-AD-OH) (20 mg, 0.046 mmol) and Et3N (13 μL,
0.096 mmol) were dissolved in dry THF (0.5 mL) under Ar and the solution was
then cooled with an ice bath. Subsequently, methacryloyl chloride (9.3 μL, 0.096
mmol) was added and the final solution was left to stir over night at rt. Subsequently,
the reaction mixture was passed through a plug of silica and all volatiles were
removed in vacuo to yield pure 9-(4-hydroxyphenyl)ethynylanthracene
N-(2-hydroxyethyl)maleimide 9,10-Diels-Alder adduct dimethacrylate
(MeA-AD-MeA) (yield: 95%) as colorless wax that was stored at -30 °C in a
Schlenk flask under Ar and could not be characterized further due to its instable
nature. HPLC-MS(ESI+): m/z = 572.17 (calcd. 572.20 for C36H30NO6+).

PNIPAm network films with DA adduct

N-isopropyl acrylamide (1000 mg, 8.84 mmol) tetraethylene glycol dimethacrylate
(53 µL, 0.175 mmol), 9-(4-hydroxyphenyl)ethynylanthracene
N-(2-hydroxyethyl)maleimide 9,10-Diels-Alder adduct dimethacrylate (1.010 mg,
1.767 µmol), and AIBN (3.63 mg, 0.022 mmol) were dissolved in dioxane (1 mL) in
a vial and degassed by bubbling Ar through the solution for 30 s. Slight heating in a
water bath was necessary to dissolve the NIPAAm completely. Then, the whole
mixture was transferred into a Teflon mold, covered with a glass slide, and
polymerized in an oven at 65 °C under slight N2 flow for 24 h. Afterwards, residual,
non-evaporated dioxane was removed for 1 d in vacuo.



- 70 -

PNIPAm cylinders

This synthesis was carried out analogously to the general procedure with the
difference that no mechanophore crosslinker was used and the amount of TEGDMA
was increased to compensate for the lack of mechanophore crosslinker. The solution
was polymerized in a Teflon mold consisting of multiple cylinder-shaped gaps with
d×h of the gap being 3 mm×3 mm. Due to shrinkage during polymerization,
non-uniform cylinders were obtained and hence the top was flattened by cutting
away ca. 1 mm of height with a razorblade.

Swelling of the networks with water

Controlled swelling of the PNIPAm networks was carried out by weighing the
vacuum-dried samples and then adding a specific amount of water to the sample
with a microliter syringe to reach the desired ds. The samples were then weighed
after 1 d to determine the final ds. The degree of swelling ds of PNIPAm networks
was calculated according to

sw d
s

d

100
m m

d
m


 

where msw is the mass of the swollen sample and md the mass of the completely dry
material respectively. Equilibrium swelling of the samples was reached after 1 d of
immersion in excess water and confirmed by the lack of weight-change of the
sample.
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Chapter IV
Study on mechanochemistry of N-heterocyclic salts
polymeric materials

A trial on developing mechanically induced heterolytic
scission in polymer chemistry was launched in this
chapter. Three candidates polymeric materials

including bis(phenyl)fluorene-centered polymer (bPF-c-PMA),
imidazolium-centered polyTHF (Imi-c-pTHF), and N-benzyl pyridinium system
were prepared and synthesized. Both bPF-c-PMA and Imi-c-pTHF did not
undergo the targeted heterolytic bond scission under sonication. As for the
N-benzyl pyridinium system, grinding of the network did not produce active
initiation sites as thermally activation of the network, exhibiting that the
grinding is not enough for the activation of the initiator.

ABSTRACT
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4.1 Introduction to mechanically induced heterolytic bond cleavage

Polymeric materials exhibit an extraordinary range of responses to mechanical
tension, varying from simple conformational changes to bond stretching and
deformation, and finally to bond cleavage when sufficient mechanical energy is
absorbed. Although molecular dynamics work from Frank’s group1 demonstrates
that mechanical stress can cause not only a simple homolytic bond breakage but also
heterolytic bond scission, historically polymer mechanochemistry mainly focuses on
polymer degradation via homolytic scission reactions2. Up to date, most of the
literature on polymer mechanochemistry reports homolytic bond scission of
mechanophore-containing polymers under mechanical force, including
ultrasonication-induced elongational force3, tensile stress4, compression tension5,
and elongational tension from force spectroscopy6, while only few systems undergo
heterolytic scission which will be discussed in following sentences. One of the few
exceptions is the generation of a low yield of ionic products via mechanically
induced heterolytic bond scission from the mechanical fracture of a range of
polymers (polyethylene, polytetrafluoroethylene, polypropylene, poly(vinylidene
fluoride) in the presence of tetracyanoethylene (TCNE) as electron acceptor.7

Recent polymer mechanochemistry has focused on the use of weak units that break
preferentially to other bonds in the polymer chain, so called mechanophores.
Recently, there have been two synthetic polymers with designed mechanophores that
undergo heterolytic scission: one is a report on a polymer with triarylsulfonium salt
as mechanophore that produces phenyl cation through heterolytic bond scission8; the
second system concerns poly(phthalaldehyde) including both linear and cyclic
polymers (Scheme 4.1)9, which can generate mechanoions, with two reports that
investigate the kinetics and the influence of molecular weights on the
mechanochemical process. Compared to polymers undergoing homolytic scission,
polymers undergoing mechanically induced heterolytic bond scission are limited
both in number and applications; more efforts should be paid to seeking such kind of
functional materials and making them useful for applications.

Potential mechanophores that give heterolytic bond scission include compounds that
decompose to give stable cations. The current chapter reports on the investigation of
such building blocks, including neutral bis(phenyl)fluorene, and cationic
imidazolium and pyridinium salts. The formation of triphenylmethanium from
bis(phenyl)fluorene is favored because of delocalisation of the positive charge in
the conjugated cation.
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Scheme 4.1. Mechanically induced heterolytic scission of poly (phthalaldehyde)

N-heterocyclic salts constitute a large family of compounds that are widely used as
antimicrobials10, in catalysis11, as solvents12 etc. The neutral precursors of the
N-heterocyclic compounds are usually organic bases such as amines, pyridine,
imidazole or other N-heterocyclic compounds. These compounds are usually,
although not always, proton acceptors and play multifaceted roles in many
applications, particularly in catalysis because of their mild basicity or
nucleophilicity and good solubility in organic solvents. Among ammonium salts,
N-benzyl pyridinium salts are of specific interest for mechanochemistry because
they have been shown to act as thermally latent initiators to initiate the cationic
polymerization of various monomers, such as epoxides13 by decomposition into a
benzyl cation as the initiator and a pyridine as the terminator for the polymerization.
An analogous mechanochemical activation mechanism would create the possibility
to make mechanically activated polymerization initiators.

Scheme 4.2 illustrates the mechanism of thermal initiation of epoxide
polymerization by N-benzyl pyridinium salts which, at high temperature undergo a
heterolytic bond scission to form benzylic cations. Since N-benzyl pyridinium salts
undergo a thermally heterolytic bond scission, a proposal to test whether N-benzyl
pyridinium-based polymer networks can be activated mechanically is schematically
shown in Scheme 4.3 and will be investigated experimentally in this chapter.
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Scheme 4.2. Schematic illustration of mechanism for thermopolymerization of epoxides with
pyridinium salts

Scheme 4.3. Proposal for the mechanically induced heterolytic bond scission of
benzylpyridinium-based polymer network

The current chapter reports on the investigation of imidazolium and pyridinium
mechanophores: their mechanochemical activation and their potential use as latent
polymerization initiators. First, imidazolium-centered linear polyTHF was prepared
and subjected to sonication in solution. The product was characterized with NMR
and MALDI-TOF. Second, benzyl pyridinium was introduced into a network and
was mechanically activated by grinding for initiation of the ring opening
polymerization of epoxides. Additionally, a bis(phenyl)fluorene-based
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mechanophore was also studied by sonication.

4.2 Sonication of imidazolium-centered linear polyTHF

4.2.1 Synthesis

Linear imidazolium-centered polyTHF (Imi-c-pTHF) was synthesized via cationic
polymerization of THF and termination by sodium imidazolate. In Figure 4.1, 1H
NMR and MALDI-TOF MS analysis results of the polymer are shown. In the NMR
spectrum, the ratio of the integral values of each characteristic signal above 4.0 ppm
in 1H NMR spectrum is a: b: c = 1: 2: 4, which can assigned to the imidazolium
protons and CH2 protons next to the imidazolium center. Comparison of the
MALDI-TOF mass spectra of Imi-c-pTHF (Figure 4.1(c)) and pTHF-OH (Figure
4.1(b)), the molecular weight of Imi-c-pTHF is nearly twice of that of the pure
pTHF-OH obtained via termination of the polymerization with water. Both the NMR
and MALDI-TOF MS results suggest that the termination of the polymerization of
THF with sodium imidazolyl formed imidazolium-centered polyTHF (Imi-c-pTHF).

Figure 4.1. (a) 1H NMR spectrum of Imi-c-pTHF obtained via cationic polymerization of
THF and termination with sodium imidazolyl; (b)and (c) MALDI-TOF MS spectra of

polyTHF terminated by water and imidazolium, respectively.

The polymerization was terminated with sodium imidazolyl formed by
deprotonation of imidazole with NaH. Without NaH, the termination with imidazole
can only form imidazolyl-ended polyTHF, which was also found experimentally; the
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obtained product terminated with imidazole had a similar molecular weight as the
product terminated with water.14 To terminate the polymerization, NaH is necessary
for the formation of Imi-c-pTHF. The obtained Imi-c-pTHF has a molecular weight
of 51 kDa by MALDI -TOF MS analysis.

4.2.2 Chain scission in Imi-c-pTHF with sonication

Chain scission in Imi-c-pTHF was investigated by sonication in toluene solution.
Prior to and during sonication, methane was bubbled through the solution as blanket
gas15. The double-jacketed glass sonication vessel was cooled down to (5.0 ± 0.5) °C
by a water cooling circulation system from a thermostat-controlled bath. After
thermal equilibration for 15 min, sonication was initiated, and continued for 60 min
with 30% of the maximum amplitude (225 W). The solvent was removed in vacuum
and subsequently the product was analyzed by MALDI-TOF MS and 1H NMR
(Figure 4.2). After sonication, new 1H NMR signals in the range of 5.5-6.5 ppm
appeared, while the intensity of signals from imidazolium and the protons close to
imidazolium in the polymer chain decreased. The peak maximum in MALDI-TOF
moved from the initial molecular weight of 51 kDa to nearly half this value at 25.3
Da, indicating chemical bond cleavage during the sonication.

It is difficult to get detailed information about the generated product only with 1H
NMR spectroscopy and MALDI-TOF, so further characterization with
Diffusion-Ordered Spectroscopy (DOSY) was performed. In the DOSY spectrum of
a solution that was sonicated for 1 h (Figure 4.3), new signals appear in the range of
5.5-6.5 ppm corresponding to products with a lower diffusion constant than the
pTHF peaks above 6.8 ppm. This indicates that these signals derive from
low-molecular-weight fragments, while their chemical shift suggest that the signals
come from protons attached to sp2 hybridized carbon atoms. A scission pathway that
is in line with these observations is shown in Scheme 4.4, in which bond scission
takes place close to the center with a preference for the weaker ether bonds. The
ether bond breaks and generates a hydroxyl group and a C-C double bond via
hydrogen abstraction. Scission could, however, also take place in other chemical
bonds, and there are still some polymer chains which had not undergone any
scission left in the system. As a result, the product after sonication is a mixture, and
it is evident that imidazolium is not a good mechanophore.
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Figure 4.2. (a) 1H NMR spectra of Imi-c-pTHF before and after sonication; (b) MALDI-TOF
MS spectrum of Imi-c-pTHF after sonication.

Figure 4.3. Two-dimensional DOSY spectrum of Imi-c-pTHF after sonication.
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Scheme 4.4. Schematic of the suggested bond scission in ether bond along the polymer chain.

4.3 Study on mechanochemistry of linear bis(phenyl)fluorene-centered
poly(methyl acrylate)

Triphenylmethanium is a stable carbocation because the conjugated three phenyl
groups strongly stabilize the charge. A bulky substituent will promote formation of
methanium, via heterolytic scission of this unit. Inspired by this concept, a
bis(phenyl)fluorene-based mechanophore was designed and the possible scission of
bis(phenyl)fluorene-centered polymer chain is schematically shown in Scheme 4.5.
Because the triphenylmethyl radical is also stabilized, homolytic scission is a
potential competing mechanism for mechanoactivation of bis(phenyl)fluorene.

Scheme 4.5. Schematic of the proposed heterolytic scission of bis(phenyl)fluorene-centered
polymers.



- 81 -

4.3.1 Synthesis

Following the procedure in Scheme 4.6, the bifunctional initiator (bPF-initiator) was
prepared by direct esterification of
2,2'-(((9H-fluorene-9,9-diyl)bis(4,1-phenylene))bis(oxy))bis(ethan-1-ol) with
2-bromopropionyl bromide. With the obtained initiator, single-electron transfer
living radical polymerization (SET-LRP) was performed to obtain the
bis(phenyl)fluorene-centered poly(methyl acrylate) (bPF-c-PMA). Copper wire was
used as the copper(0) source, and CuBr2 as the copper(II) source, Me6TREN as
ligand, and methyl acrylate as the monomer. By varying the polymerization time,
linear bPF-c-PMA chains were obtained with molecular weights of 25, 43, 59 and 71
kDa. Figure 4.4(a) shows the 1H NMR spectrum of the prepared initiator. All the
signals from the spectrum can be assigned to the protons of the bPF-initiator, clearly
suggesting that the initiator is pure enough except some solvent residue from the
chromatography. Proton NMR and gel permeation chromatography (GPC) were
employed to characterize the products. The 1H NMR in Figure 4.4(b) gives a
reasonable explanation of the structure of the product with a molecular weight of 71
kDa (bPF-c-PMA-71K), and GPC results in Figure 4.5(a) demonstrates the
distribution of molecular weight of all obtained polymers. For the molecular weights,
they are relatively higher than theoretic value calculated according to the feed ratio
of the initiator to the monomer, which is because of the bimolecular termination and
clearly explained by the small peak side by the main peak within the GPC curve. All
the distributions are narrow with a PDI <1.10.

Scheme 4.6. Preparation of the bis(phenyl)fluorene-based initiator and
bis(phenyl)fluorene-centered polymer through SET-LRP.
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Figure 4.4. 1H NMR spectrum of a) the obtained initiator (bPF-initiator) and b) the prepared
polymer (bPF-c-PMA-71K).

4.3.2 Chain scission in bPF-c-PMA with sonication

The bPF-c-PMA chains prepared with narrow molecular weight distributions were
sonicated in toluene at a concentration of 10 mg/mL. Samples were taken to follow
the kinetics of bond scission with GPC, as shown in Figure 4.5. The polymer with a
molecular weight of 25 kDa did not exhibit any mechanoactivation upon sonication
for 3 h (Figure 4.5(b)) while for bPF-c-PMA-43K, only a small amount of polymer
chains underwent bond scission, as is demonstrated in Figure 4.5(c). However, the
GPC traces of bPF-c-PMA-59K and bPF-c-PMA-71K (Figure 4.5(d) and (e),
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respectively) show that new peaks emerged with a molecular weight around half
value of the main peak, while the decomposition of bPF-c-PMA-71K is much faster
than that of bPF-c-PMA-59K.

Figure 4.5(f) also shows the sonication-induced chain scission of PMA with a
molecular weight of 69 kDa. Although the molecular weight (the degree of
polymerization as well) of PMA-69K is almost the same as bPF-c-PMA-71K, the
mechanoactivity is much less than that of bPF-c-PMA-71K, further supported by the
kinetics in Figure 4.6. Because of the existence of high molecular weight polymer
chains from bimolecular termination which can be seen from the small peak in
higher molecular weight region in GPC curves, the conversion rate is referred by the
generation rate of the sonication-induced product. The sonication-induced chain
scission of bPF-c-PMA-71K appears to be a zero-ordered reaction while the
sonication-induced chain scission of PMA-69K is more like a first-ordered reaction.
Generally, the mechanoactivation of bPF-c-PMA-71K is much faster than that of
PMA-69K, suggesting that bis(phenyl)fluorene as mechanophore improves the
mechanoactivity upon sonication.

Figure 4.5. Molecular weight distribution of a) bis(phenyl)fluorene-centered PMA
(bPF-c-PMA) with different molecular weights obtained by SET-LRP; b) sonication product
of bPF-c-PMA-25K; c) sonication product of bPF-c-PMA-43K; d) sonication product of
bPF-c-PMA-59K; e) sonication product of bPF-c-PMA-71K; f) sonication product of

PMA-69K
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Figure 4.6. Plotting and fitting of conversion vs. time in sonication-induced chain scission of
bPF-c-PMA-71K and PMA-69K

To investigate the mechanism of chain scission, the product with lower molecular
weight was isolated by recycling GPC and then further characterized with 1H NMR
(Figure 4.7). The aromatic region of the spectrum of the polymer is identical to that
of the small molecule initiator except for a peak at 7.0 ppm from an impurity which
might be from decomposed inhibitor as labeled with an asterisk in Figure 4.7(b).
Between 4.00 - 4.50 ppm, the peaks from protons b, c, and d shift to higher-field and
have become broader in the polymer. Comparison of the spectra of the isolated
sonication product with the initial polymer showed no change, suggesting that bond
scission did not take place at the bis(phenyl)fluorene unit. However, halving of the
molecular weight of the initial polymer shows that the mechanophore indeed
increases the mechanoactivity of the polymer chain during sonication, and it can be
inferred that chain scission must have taken place close to the bis(phenyl)fluorene
unit. Good candidates for the location of bond scission are the ether bonds connected
to bis(phenyl)fluorene or the ester bonds of the initiator unit.
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Figure 4.7. 1H NMR spectra of the initiator, the prepared polymer before and after sonication
for 3 h

4.4 Study on mechanochemistry of an N-benzyl pyridinium-based network

4.4.1 Synthesis

For the study of mechanochemical activation of benzyl pyridinium initiators, low
molecular weight model compounds N-benzyl pyridinium with different counterions
(BbyBr, BpyOTf and BpySbF6, Scheme 4.7) and crosslinked benzylpyridinium
(#St/4VPSbF6, Scheme 4.7) compounds were synthesized. The model pyridinium
compound BpySbF6 was obtained via direct counterion exchange from BpyBr;
BpyOTf, however, could not be obtained by counterion exchange with silver
trifluoromethanesulfonate (AgOTf), a method reported in literature. BpyOTf was
therefore synthesized via direct reaction of benzyl triflate with pyridine.
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Scheme 4.7. Structures of the pyridinium’s and crosslinked benzylpyridinium network.

The pyridinium network was synthesized from the copolymer poly(St-co-4VP) with
~10% of 4VP which was obtained by radical polymerization, crosslinked with
α,α’-dibromo-p-xylene. Iodomethane was used to convert all non-reacted pyridine
groups to pyridinium groups because any remaining pyridine groups in the polymer
will act as terminator for the cationic ring opening polymerization of epoxides. For
the counterion exchange, a large excess of silver hexafluoroantimonate (AgSbF6)
was added to a suspension of the network in toluene and kept stiring for 24 h,
followed by filtration and washing with toluene and water to ensure complete
conversion of all iodide ions to insoluble silver iodide. Figure 4.8 (a) shows the full
spectra of products of each step and Figure 4.8 (b), (c) and (d) give the zoom in
views of the differences. The benzylation of 4-vinylpyridine units in PS-co-P4VP
converts pyridine to pyridinium, which is supported by the emergence of a band at
1633 cm-1 in its IR spectrum (Figure 4.8(b)). This band is also found in the products
of the following steps. In the IR spectrum of the product after reaction with an
excess of iodomethane, a weak band is present at 732 cm-1 indicating methylation,
suggesting the pyridine was not completely converted to pyridinium in the previous
step and the methylation with iodomethane is necessary. Ion exchange of the iodide
and bromide with hexafluoroantimonate led to the appearance of bands at 657 cm-1

and 1115 cm-1 in the final product, while the band of iodide at 732 cm-1 disappeared,
indicating complete exchange of the counterion.
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Figure 4.8. FT-IR spectra of the product towards the benzylpyridinium network step by step

4.4.2 Cationic ring opening polymerization of epoxide initiated with model
pyridinium initiator

Phenyl glycidyl ether (GPE) was polymerized with the latent pyridinium initiators
either in a sample pan with DSC instrument or in a normal reactor using the
composition listed in Table 4.1. The GPC traces of the reaction mixtures without
workup are shown in Figure 4.9 and their NMR spectra are shown in Figure 4.10.
The 1H NMR spectra of the products in Figure 4.10(b) and Figure 4.10(e) are the
same as the spectrum of the monomer itself ((Figure 4.10(a)), indicating that BpyBr
and BpyOTf are inactive for the polymerization. Their inactivity can be explained by
their low solubility in GPE and in BpyBr potentially from the nucleophilicity of the
bromide ions, which react with the benzyl cations formed in the thermal activation
to form inactive benzyl bromide.

In contrast with BpyBr and BpyOTf, BpySbF6 did lead to polymerization of GPE
upon heating up to 120 ℃ for 2 h. In the presence of 2 wt% of this latent initiator, a
85.2% conversion to polymer was observed, while, the conversion was lower when
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4 wt% of of BpySbF6 was used, as can be seen in the GPC traces in Figure 4.9 and
by the monomer signals in the 1H NMR spectrum in Figure 4.10(d). The lower
conversion of sample III could be attributed to the larger amount of pyridine
generated from the excess of BpySbF6 which terminates the polymerization.

Table 4.1 Composition of GPE Polymerization reaction mixtures with benzylpyridinium salts
as initiator1

Sample GPE BpyBr BpySbF6 BpySbF6 BpyOTf PSbF6 3 AgBr Polym.4

I 98 2 0 0 0 0 0 -

II 98 0 2 0 0 0 0 

III 96 0 0 4 0 0 0 

IV2 98 0 0 0 2 0 0 -

V 98 0 0 0 0 8 0 

VI2 96 0 0 0 0 5 1 

1. all in mg, performed in the DSC instrument, with heating rate of 5 K min−1, up to 225 °C, and cooling
rate of 10 K min−1, down to room temperature.
2. performed in normal reactor for 2 h.
3. PSbF6 = Poly (St-co-4VPSbF6)
4. - = no polymerization,  = polymerization

The 1H NMR spectrum of reaction V in Figure 4.10 (f) provides evidence that at
higher temperatures copolymer initiator Poly(St-co-4VPSbF6) is an active initiator
for the polymerization. The high molecular weight of the product obtained with
sample V in GPC traces can be explained by the fact that the GPE chains are grafted
to the polymeric initiator backbone. The polymer product obtained in the presence of
AgBr (Figure 4.10 (g)) shows that the influence of AgBr on the polymerization is
minor.
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Figure 4.9. GPC traces for polymerization products initiated with pyridinium initiators

4.4.3 Kinetics

Polymerization kinetics of BpySbF6 and poly(St-co-4VPSbF6) as initiator at 150 °C
were compared by determining conversions with 1H NMR spectroscopy. The
conversion vs. time in Figure 4.11 demonstrates that the activity of the
macromolecular initiator is much higher than the small molecular initiator. After
polymerization for 1 h, the conversion was 84.3 % with poly(St-co-4VPSbF6) and
45.0 % with BpySbF6, respectively. The high activity of macromolecular initiator
can be attributed to its solubility promoted by the polystyrene backbone. Fitting
conversion vs. time at low reaction times shows a linear relationship. According to
the fitting results, the apparent reaction rate constant (k, the slope of the linear fitting)
are 0.032 s-1 and 0.012 s-1 for poly(St-co-4VPSbF6) and BpySbF6, respectively. It is
supposed that the activation and the propagation for both initiators should be same
for the activation energy of C-N(pyridinium) is always the same, and the activation
of the monomer for ring opening also does not change, therefore the difference of
the kinetics for two initiators should come from the deactivation. Deactivation is a
bimolecular reaction. If initiated with BpySbF6, the terminator is pyridine while if
initiated with poly(St-co-4VPSbF6), the terminator is a long polymer chain,
significantly slowing the deactivation rate.
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Figure 4.10. 1H NMR spectra of (a) GPE, monomer and the polymerization product initiated
by (b) BpyBr, 2 mg (sample I); (c) BpySbF6, 2 mg (sample II); (d) BpySbF6, 4 mg (sample
III); (e) BpyOTf, 2 mg (sample IV); (f) Poly (St-co-4VPSbF6), 8 mg (sample V); (g) 5 mg of

Poly (St-co-4VPSbF6) with 1 mg of AgBr (sample VI) with DSC.

4.4.4 Temperature-dependent reactivity of BpySbF6 for polymerization

Polymerization of GPE at different temperatures was performed to study the
influence of temperature on the reactivity of BpySbF6 and determine the lowest
temperature to activate initiation of polymerization. As shown in Table 4.2, after
polymerization for 2 h at 80 °C, the conversion is about 5.6 %, which is in the
tolerance range of 1H NMR, so it can be concluded that the temperature limit for the
activation of BpySbF6 is close to 80 °C. Since at low conversions, the conversion is
proportional to time; therefore, assuming the conversion at t = 0 is 0 %, then with
the conversions at t = 2 h (all the conversions are in the linear region), the apparent
rate constant can be calculated, and the results are shown in Table 4.2. With the
apparent rate constant 100, 120 and 150 °C, the apparent activation energy (EA) and
frequency factor (A) can be calculated according to the Arrhenius equation: EA =
56.8 kJ/mol, A = 11.8 s-1, respectively. Based on k100 and k120, it is calculated that EA



- 91 -

= 58.6 kJ/mol and A = 12.3 s-1, while based on k120 and k150, it is EA = 54.9 kJ/mol
and A = 11.2 s-1, but the differences are negligible, therefore the final values are
obtained as the mean of two values.

Figure 4.11. Conversion of monomer vs. time for polymerization with two pyridinium
initiators (with same molar of pyridinium units) at 150 °C and their linear fitting at low

conversion region

Table 4.2 Conversions and apparent rate constant of polymerization initiated with BpySbF6 at
different temperatures

Temperature/⁰C 80 100 120 150

Conversion 1/% 5.6 10.0 26.0 59.12

k3/( s-1) 0.000783 0.00124 0.00362 0.0119

1. Conversion for 2 h. polymerization, determined with 1H NMR.
2. Conversion for 1 h polymerization
3. Apparent rate constant
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4.4.5 Thermally initiated polymerization and mechanically induced
polymerization with N-benzyl pyridinium-based network

Polymerization of GPE, initiated with the prepared network, was performed
thermally in a normal tube reactor at 120 °C for 2 h. The solid was isolated, washed
with acetone for three times and dried in vacuum. FT-IR measurements of the
products are shown in Figure 4.12. In the 1036-1190 cm-1 region shown in the green
dashed rectangle in Figure 4.12, the absorption of the product after polymerization is
the same as the absorption of the poly (glycidyl phenyl ether) (shown as PolyGPE in
the Figure), and totally different from the absorption of both the monomer GPE and
the network itself, and also the same situation at 887 cm-1 and 810 cm-1, suggesting
thermo-polymerization took place within #St/4VPSbF6 and the polymer grows from
the network.

Figure 4.12. FT-IR spectra of GPE monomer, polyGPE, #St/4VPSbF6 and polymerization
product with #St/4VPSbF6 as initiator at 120 °C

The successful thermopolymerization of GPE with #St/4VPSbF6 is evidence that
#St/4VPSbF6 is active enough to initiate the polymerization. Mechanochemical
activation of the polymerization was tested by mechanical grinding. After the same
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workup, FT-IR of the product shows no bands of polyGPE (Figure 4.13). These
results with #St/4VPSbF6 as initiator indicates that this polymer is not mechanically
active. Mechanical grinding has been shown to activate mechanochemical
reactions16, but in #St/4VPSbF6, activation is apparently insufficient to form
appreciable amounts of polymer. The lack of activity might be due to the low
activity of the monomer at room temperature, or the relative fast deactivation of
benzyl cation with pyridine. The presence of moisture may also have affected the
activity. Because grinding was performed in open air, atmospheric water may have
acted as nucleophile and terminate polymerization.

4.5 Conclusions

The imidazolium-centered polyTHF (Imi-c-pTHF) was prepared via cationic
polymerization of THF and termination with sodium imidazolide. When the
prepared Imi-c-pTHF was sonicated in toluene, it underwent scission randomly
along the polymer chain, suggesting imidazolium is not a good mechanophore. So is
the bis(phenyl)fluorene as mechanophore for the bis(phenyl)fluorene-centered
polymer also did not undergo targeted bond scission to generate the cation as
expected.

Figure 4.13. FT-IR spectra of GPE monomer, #St/4VPSbF6 and product after grinding with
#St/4VPSbF6
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In the benzyl pyridinium systems, both small molecular pyridinium BpySbF6 and
large molecular pyridinium Poly (St-co-4VPSbF6) can be well activated thermally
to initiate the cationic ring opening polymerization of glycidyl phenyl ether (GPE),
but the pyridinium salt with bromide as counterion, BbyBr, is inactive, because the
nucleophilicity of bromide results in the inactivation of the initiator. Additionally,
the solubility has a large effect on the activity of the initiators. As a result, Poly
(St-co-4VPSbF6) is more active than BpySbF6 because of its better solubility in
solution. For thermopolymerization of GPE by BpySbF6 in the temperature range of
100-150, the apparent activation energy (EA) is = 57 kJ/mol. The pyridinium
network, #St/4VPSbF6, with SbF6- as counterion, was thermally activated to initiate
the polymerization, but unfortunately it was mechanically inactive for
polymerization in a grinding experiment.

4.6 Experimental

4.6.1 Materials and instrumentation

Unless otherwise specified, reagent and solvents were purchased from
Sigma-Aldrich, Merck, or Acros and used without further purification. Dry THF was
freshly taken from an MBRAUN Solvent Purification System (MB SPS-800),
deuterated solvents were obtained from Cambridge Isotopes Laboratories. Toluene
was dried over 4 Å molecular sieves for at least 12 h. prior to use.

NMR spectra were recorded on a 400 MHz (100 MHz for 13C) Varian Mercury VX
spectrometer at room temperature using residual protonated solvent signals as
internal standards (1H: δ(CDCl3) = 7.26 ppm, δ(CD2Cl2) = 5.32 ppm, δ((CD3)2SO) =
2.50 ppm; 13C: δ(CDCl3) = 77.16 ppm, δ (CD2Cl2) = 53.84 ppm, δ((CD3)2SO) =
39.52 ppm).

Matrix assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS) was performed on a Autoflex Speed MALDI-MS instrument
(Bruker, Bremen, Germany) equipped with a 355 nm Nd:YAG smartbeam laser.
MALDI-TOF MS experiments were performed by spotting samples on a MTP 384
target ground steel plate using an α-cyano-4-hydroxycinnamic acid (CHCA) (Fluka,
Switzerland) matrix. Samples were 1:1 premixed with CHCA in 50/50
acetonitrile/water supplemented with 0.1% v/v trifluoroacetic acid (TFA). Mass
spectra were acquired in reflector positive ion mode by summing spectra from 500
selected laser shots. The MS spectra were calibrated with cesium triiodide of known
masses.
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Gel permeation chromatography (GPC) was carried out on a Shimadzu
Prominence-i LC-2030C 3D system equipped with refractive index and UV/vis
detectors (Shimadzu RID-10A and Shimadzu SPD-M10A photodiode array detector
respectively) using Polymer Laboratories PL Gel 5 μm MIXED-C and MIXED-D
columns. THF or CHCl3 was used as eluent.

All infrared measurements were performed in ATR mode on a Perkin Elmer FT-IR
Spectrum Two apparatus.

Differential scanning calorimetry (DSC) experiments were performed in hermetic
T-zero aluminum sample pans using a TA Instruments Q2000 – 1037 DSC equipped
with a RCS90 cooling accessory.

Sonication experiments were performed with a Sonic Vibra-Cell VC750 setup using
a Sonics titanium alloy (Ti-6Al-4V) ultrasound probe (630-0220) at 20 kHz. The
sonication experiments were performed at 30% power and 5 ± 0.5 °C.

4.6.2 Sonication experiments

To a home-made 10 mL double-jacketed glass sonication vessel was added a
solution of Imi-c-pTHF in toluene (7 mL, concentration 10 mg/mL). The reaction
vessel was placed under an inert methane atmosphere and cooled to (5.0 ± 0.5) °C
with water from a recirculation thermostat bath. The reaction mixture was kept at
this temperature for 15 minutes during which it was saturated with methane by
bubbling through. The content of molecular oxygen is assumed to be below 1 ppm.
Following the saturation period, sonication was initiated. Sonication was carried out
using a Sonics VC750 sonication set-up (maximum power 750 W) operating at 20
kHz and 30% of the maximum amplitude (225 W). A continuous sonication protocol
was used for all the tests in this work. The sample was taken after an hour sonication,
and solvent was removed in vacuum. The residue product was used for MALDI-Tof
MS, GPC, and NMR characterization.
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4.6.3 General procedure for epoxide polymerization with pyridinium salts as
initiators

Scheme 4.8. General procedure for epoxide polymerization

Polymerization in normal reactor. Phenyl glycidyl ether (GPE) and the pyridinium
initiator were mixed together in a tube reactor and degassed with N2 by bubbling
through for 2 mins., and then the tube reactor was sealed, allowed to warm to
targeted polymerization temperatures for certain periods, respectively. After
polymerization, the products were utilized for characterization without further
purification.

Polymerization with DSC aid. About 9 mg of the mixture of GPE and pyridinium
initiators was loaded in DSC pans, and then sealed with lids. Polymerizations were
performed with heating rate of 5 K min−1, up to 225 °C, and then cooled to room
temperature with cooling rate of 10 K min−1. Without further purification, the
samples were either applied to 1H NMR characterization or to GPC characterization.

4.6.4 Synthetic procedures and characterization

Imidazolium-centered poly(THF) (Imi-c-pTHF).

Scheme 4.9. Synthesis of Imi-c-pTHF via cationic polymerization of THF

Imi-c-pTHF was synthesized via cationic polymerization of THF. All the glassware
and magnetic stirring bars were dried in 120 °C oven prior to reaction and THF used
for polymerization was directly obtained from solvent purification system. Under Ar
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atmosphere, 50 uL of ditert-butylpyridine (DTBP) was added to 50 mL of dry THF
in Schlenk flask. Subsequently, methyl trifluoromethanesulfonate (MeOTf, 50 uL)
was added to the reaction mixture to initiate the cationic polymerization. At the same
time, in a separate round bottom flask, the end capper imidazolyl was prepared by
addition of imidazole (10 mg) to sodium hydride (NaH, 15 mg) suspension in dry
THF under Ar atmosphere. After 2 h, the prepared imidazolyl was transferred into
the Schlenk flask to terminate the polymerization and the reaction was kept stirring
for another 40 min. Furthermore, several drops of methanol were added and the
solvent was removed in vacuum till there was about 15 mL left, and then the viscous
oily residue was poured into 100 mL water to get the crude product as precipitate
and stirred in water for hours. Afterwards, the water was decanted, and the solid
polymer was dissolved in diethyl ether, dried over magnesium sulphate, filtered over
filter paper, and cooled down in freezer overnight. The polymer product was
obtained by filtration and washed with cold diethyl ether.

(((9H-fluorene-9,9-diyl)bis(4,1-phenylene))bis(oxy))bis(ethane-2,1-diyl)
bis(2-bromopropanoate) (bPF-initiator)

2,2'-(((9H-fluorene-9,9-diyl)bis(4,1-phenylene))bis(oxy))bis(ethan-1-ol) (1.3156 g, 3
mmol) dissolved in 30 mL anhydrous dichloromethane in a 100 ml flask, and the
mixture was kept in ice bath for 15 min under stirring. Triethylamine (1.8215 g, 18
mmol) was added to the flask, to which further added 2-bromopropionyl bromide
(2.5905 g, 12 mmol) dropwised with the drop funnel. After 2-bromopropionyl
bromide was finished to add, the reaction mixture was moved to room temperature,
and kept stirring for another 15 h under nitrogen atmosphere. The solution was
washed with water and sat. NaHCO3 (aq.) respectively for twice. The organic layer
was dried with MgSO4 and condensed. The residue dissolved in acetone, and
precipitated from water twice, and went through a column with heptane/DCM (1:4)
as eluent to reach the pure initiator (bPF-initiator). 1.5292 g, yield: 72%. 1H NMR
(CDCl3, 400 MHz, ppm):7.79 (ddd, 2H), 7.38 (m, 4H), 7.29 (t, 2H), 7.12 (m, 4H),
6.79 (m, 4H), 4.47 (ddd, 4H), 4.41 (m, 4H), 4.16 (m, 2H), 1.79 (dd, 6H).
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Bis(phenyl)fluorene-centered poly(methyl acrylate) (bPF-c-PMA).

The obtained initiator, bPF-initiator (35.4 mg, 0.05 mmol), Me6TREN (2 µl, 8,00
µmol), methyl acrylate (3.2 mL, 35.00 mmol), and CuBr2 (0.56 mg, 2,50 µmol) were
dissolved in DMSO (3.2 mL) in a Schlenk flask and degassed by 3 consecutive
freeze-pump-thaw cycles. During that time, copper wire (0.5 cm) was activated in
conc. HCl, subsequently washed with water and acetone, and dried. Under argon
atmosphere, the activated copper wire was then added to the solution and the
polymerization was allowed to run at room temperature for different periods. Then,
the viscous solution was diluted with THF, passed through a plug of basic Al2O3, and
after concentration in vacuo, added dropwise to stirred, ice-cold MeOH. MeOH was
decanted and the viscous polymer redissolved in THF whereupon after concentration
in vacuo it was again precipitated dropwise in fresh MeOH. After repeating the
precipitation process 3 times, the polymer was dried in vacuo and received as a
ductile white solid. Mn (GPC): 71 kDa, 59 kDa, 43 kDa and 25 kDa.

Scheme 4.10. Synthetic route towards BpyBr and BpySbF6.

1-Benzylpyridinium bromide (BpyBr).

Pyridine (79.1 mg, 1 mmol) and benzyl bromide (188 mg, 1.1 mmol) were dissolved
in acetonitrile, and then the solution was heated up to 70 °C and kept overnight. The
product was obtained by precipitation from diethyl ether, and it is pure enough for
use after dried in vacuum without further purification. 235.1 mg, yield 94%. 1H
NMR (DMSO-d6, 400 MHz, ppm): 9.25 (d, 2H), 8.65 (t, 1H), 8.20 (t, 2H), 7.55 (m,
2H), 7.44 (m, 3H), 5.91 (s, 2H); 13C NMR (DMSO-d6, 400 MHz, ppm): 146.48,
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145.30, 134.76, 129.85, 129.71, 129.27, 128.96, 63.64; MALDI-TOF :[M-Br]+,
170.27.

1-Benzylpyridinium hexafluoroantimonate (BpySbF6).

BpyBr (250.1 mg, 1 mmol) and silver hexafluoroantimonate (AgSbF6, 429.5 mg,
1.25 mmol) were dissolved in water, and allowed to react at 55 °C overnight. The
precipitate solid was washed with diethyl ether and dried in vacuum to yield the
titled compound. 349.2 mg, yield 86%. 1H NMR (DMSO-d6, 400 MHz, ppm): 9.19
(d, 2H), 8.63 (t, 1H), 8.18 (t, 2H), 7.52 (d, 2H), 7.45 (m, 3H), 5.85 (s, 2H); 13C NMR
(DMSO-d6, 400 MHz, ppm): 146.47, 145.28, 134.70, 129.87, 129.73, 129.21,
128.96, 63.84; MALDI-TOF :[M-SbF6]+, 170.23

1-Benzylpyridinium Trifluoromethanesulfonate (BpyOTf).

Scheme 4.11. Synthesis of BpyOTf.

To a solution of benzyl bromide (0.855 g, 5 mmol) in anhydrous diethyl ether (10
mL) was added silver trifluoromethanesulfonate (1.2847 g, 5 mmol). Immediately a
yellow precipitate was formed. After half hour, the organic solution was isolated by
filtration, and then a solution of pyridine (0.395g, 5 mmol) in anhydrous diethyl
ether (5 mL) was added to the isolated solution. The mixture was kept stirring for
another half hour and formed a white precipitate. The crude solid product was
isolated, dissolved in acetone, precipitated again from diethyl ether, repeated the
precipitation procedure three times, and dried in vacuum to yield the titled
compound. 1.3 g, yield 82% 1H NMR (DMSO-d6, 400 MHz, ppm): 9.20 (d, 2H),
8.63 (t, 1H), 8.19 (t, 2H), 7.53 (d, 2H), 7.45 (m, 3H), 5.86 (s, 2H); 13C NMR
(DMSO-d6, 400 MHz, ppm): 146.48, 145.29, 134.71, 129.87, 129.73, 129.22,
128.97, 63.84; 19F NMR (DMSO-d6, 400 MHz, ppm): -77.74;
MALDI-TOF :[M-TfO]+, 170.23
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Poly (styrene-co-vinylpyridine) (Poly (St-co-4VP)).

Scheme 4.12. Synthesis of Poly (St-co-4VP).

AIBN was recrystallized twice from ethanol, styrene and 4-vinylpyridine were
distillated under reduced pressure, the solvent, toluene was dried over 4 Å molecular
sieves, and the flask and stirring bar were dried in 120 °C oven prior to use. Styrene
(3957.7 mg, 38 mmol) and 4-vinylpyridine (210.3 mg, 2 mmol) were dissolved in
45mL of toluene, degassed with argon for 1 h, and then heated up to 80 °C. AIBN
(32.8 mg, 0.2 mmol) in toluene solution was added subsequently after degassed for
20 min. Then the reaction was stirred for another 4 h. at 80 °C under Ar atmosphere.
After the reaction finished, the mixture was poured into n-heptane and the polymer
precipitated out as solid. The crude product was then dissolved in toluene again,
precipitated from methanol, filtered with filter paper and washed with n-heptane to
yield Poly (St-co-4VP) as white powder. Mw = 2.4 kDa (determined with GPC in
CHCl3), St/4VP = 9:1 (determined with 1H NMR).

Scheme 4.13. Synthetic route towards to Poly (St-co-4VPSbF6).

Poly (styrene-co-(1-benzyl-4-vinylpyridinium bromide)) (Poly (St-co-4VPBr)).

Poly (St-co-4VP) (208.4 mg, 0.2 mmol in 4-vinylpyridine units) and benzyl bromide
(42.7 mg, 0.25 mmol) were dissolved in 5 mL DMF, heated up to 100 °C, and kept
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stirring at this temperature overnight. DMF was removed in vacuum, and the residue
was dissolved in chloroform, precipitated from diethyl ether, and washed with
diethyl ether three times to yield Poly (St-co-4VPBr) as white powder.

Poly (styrene-co-(1-benzyl-4-vinylpyridinium hexafluoroantimonate)) (Poly
(St-co-4VPSbF6)).

A mixture of Poly (St-co-4VPBr) (121 mg) and silver hexafluoroantimonate
(AgSbF6, 103 mg) in 5 mL nitromethane was kept at 70 °C overnight, and then after
cooling down, the mixture was poured into diethyl ether and the precipitate was
collected and washed with diethyl ether for three times to yield Poly
(St-co-4VPSbF6) as off-white powder for further use.

Styrene/vinylpyridinium hexafluoroantimonate network (#St/4VPSbF6).

Scheme 4.14. Synthetic route towards to #St/4VPSbF6.

Poly (St-co-4VP) (208.4 mg) and α,α’-dibromo-p-xylene (29 mg) were dissolved in
1 mL of toluene to get a clear solution. The prepared solution was transferred to a
Teflon mold, and kept under N2 flow for 1.5 h., and then heated up to 80 °C and kept
at this temperature for 36 h. under N2 atmosphere. After the reaction, the obtained
polymer network with the Teflon mold was soaked in toluene to remove the
uncross-linked linear polymer. The insoluble solid was collected and dried in
vacuum for further use.

To the obtained solid was added an acetonitrile solution of iodomethane, and the
suspension was kept at 70 °C under N2 atmosphere overnight. The solid product was
collected by filtration and washed with diethyl ether three times.
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The counterion exchange from halide to hexafluoroantimonate was performed
following the procedure to synthesize Poly (St-co-4VPSbF6) and the network
#St/4VPSbF6 was obtained after dried in vacuum.
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Chapter V
Electrochemistry of mono and bifunctional viologen
derivatives

A family of viologens and bis(viologen)s were
prepared and studied with cyclic voltammetry. The
compounds showed differences of the formal potentials

of two reduction steps which were around 0.43 and 0.56 V for viologens and
bis(viologen)s, respectively. The difference suggests dimerization takes place in
bis(viologen)s, which is further supported with temperature-dependent ESR
measurements. After incorporation of a polymeric bis(viologen) into hydrogel
networks, the reduction of bis(viologen) was successful, the limitation of the
characterization, however, prevented us to get more information on
mechanically induced switching of spin states of the reduced diamagnetic
bis(viologen).

ABSTRACT
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5.1 Introduction

Since 1933, when Michaelis1 first gave the name of viologen to the family of
1,1’-disubstituted 4,4’-bipyridinium dications, there have been successive waves of
interest in this class of compounds. Viologens2, which can undergo two reversible,
one-electron reductions to a radical cation and a neutral form,3 respectively
(Scheme 5.1), have attracted a lot of interest recently because they can be used in
various applications, such as (photo)electrochromic materials4, host-guest chemistry5,
anion receptors6, solar cell or fuel batteries7, redox pairs8, herbicides9, etc. In polar
environments, the product of the first reduction of viologens, the radical cations, can
form face-to-face dimers/pimers by stacking at low temperature in relatively high
concentration, while the dimers can also dissociate reversibly with an equilibrium
constant for the methylviologen radical cation in aqueous solution at 25 °C in the
range of 380-840 M-1.10 Kosower et. al.11 reported that the dissociation constant for
methylviologen is 2.6×10-3 M (385 M-1 for equilibrium constant) at 1 mol/L salt
concentration, corresponding to a ΔG of -14.7 kJ/mol, which is consistent with the
reported values from Evans12 for various viologens: ΔG0 ranges from -10.6 to
-16.37 kJ/mol. The free radical cations obtained from the first reduction of viologens
are paramagnetic because of the unpaired electron within the rings, giving a
significant Electron Spin Resonance (ESR) signal while the diamagnetic
dimers/pimers are ESR silent.

Scheme 5.1. Reduction of viologens, the corresponding dication, radical cation and neutral
form of viologens, and the inter-/intramolecular dimerization of the radical cation

When two viologen units are connected by a bridge to give a bis(viologen), the
effective molarity of viologen units is high; as a result, upon reduction, the viologen
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units dimerise regardless of concentration. The intramolecular equilibrium between
the dimers/pimers and the free radical cations is concentration-independent, but
changes with temperature. Atherton et. al.13 studied the redox reactions of three
bis(viologen)s with different bridges, reaching the conclusion that the redox
reactions of bis(viologen)s with a number of types of oxidants and reductants
conform well to Marcus theory; and Passon et. al.14 studied the effect of the
electrolyte anion on redox properties of (bis)(viologen)s, suggesting the influence is
more pronounced for the highly charged tetra-cationic bis-viologen species.
Bis(viologen)s have been employed in multiple applications. Their use in host-guest
systems was studied by Yuan et. al.15 and Madasamy et. al.16 with cucurbituril and
calixarene, respectively, and the application in photocatalysis was studied by
Hiraishi et. al.17 with bis(viologen)-linked ruthenium complexes, who suggested
that a two-step electron transfer from the photoexcited state of ruthenium complexes
to bis(viologen) may occur.

The spin states of reduced bis(viologen)s can be switched by host-guest interaction
with cucurbit[7]uril and a tighter-binding guest, and the process is reversible (Figure
5.1).18 The successful switch from diamagnetic diradical dimer to stable
paramagnetic diradical form by host-guest interaction indicates that the bridge
bonding of two viologen units is weak enough to be reverted with small force, such
as mechanical strain. Here, we suggest to combine elements of mechanoresponsivity
and electroresponsivity in these materials. By incorporation of bis(viologen)s into a
cross-linked network we aim to obtain a hydrogel which undergoes highly
interesting nonlinear behavior resulting from coupling of volume transitions with
diffusion of redox reactants.

Cyclic voltammetry (CV) is a straightforward way for the determination of the redox
potentials of viologens. In electrochemistry, the Nernst equation (Eq. 5.1) is usually
used to determine the formal potential (E0’) and standard potential (E0) for the
investigated redox reaction based on the chemical activities of substrates, which at
low activities can be replaced with its concentration (Eq. 5.2). At the potential in a
cyclic voltammogram where the concentration of the reduced form ([Red]) is equal
to the concentration of the oxidized form ([Ox]), E0’ = E0 for a reversible process.
For a reversible redox couple in CV measurements, the equimolar concentrations of
reduced and oxidized species occur at the midpoint between the anodic and cathodic
waves, therefore E0 can easily be determined using the anodic (Epa) and cathodic (Epc)
peak potentials according to Eq. 5.3.
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Figure 5.1. Schematic illustration of the reversible switch of reduced bis(viologen) between
diamagnetic diradical dimer and paramagnetic diradical form by cucurbit[7]uril (CB[7]) with

host-guest interaction. Reprinted with permission from ref. [18]
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wherein R is the universal gas constant, T is the temperature in Kelvin, n is the
number of moles of electrons transferred in the redox reaction, F is the Faraday
constant, αRed and αOx are the chemical activities of reduced and oxidized form,
respectively, and [Red] and [Ox] are the concentrations of the reduced and oxidized
form, respectively.
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 (Eq. 5.3)

wherein anodic (Epa) and cathodic (Epc) are the potentials of anodic and cathodic
peaks, respectively.

In this Chapter, several (a)symmetric viologens and/or bis(viologen)s (abbreviated
to (bis)(viologen)s) with different counterions were synthesized, and the Gibbs free
energy and the reversibility of the redox reaction, the equilibrium constant of the
dimerization of radical cations for the bis(viologen)s, and the comproportionation
constants for all (bis)(viologen)s were investigated with CV, and the
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temperature-dependent dimerization of (bis)(viologen)s were studied with ESR. The
incorporation of polymeric bis(viologen)s into a network is reported, and attempts to
shift the dimerization equilibrium of the radical cation of bis(viologen) cross-linkers
with mechanical force are discussed.

5.2 Electrochemistry of viologen and its derivatives

To study the electrochemical properties of viologens and bis(viologen)s, a series of
compounds was prepared ： asymmetric viologen C1VC6I and C1VC6PF6,
symmetric viologen C6VC6I and C6VC6PF6, asymmetric bis(viologen)
C1VC3VC6PF6, symmetric bis(viologen) BisVI and BisVPF6, and BisVMeI as
reference. The structure of the synthesized (bis)(viologen)s is showed in Scheme
5.2.

Scheme 5.2. The structures of synthetic viologens and bis(viologen)s

Electrochemical measurements (cyclic voltammetry (CV)) were performed with 0.1
M NBu4PF6 in anhydrous acetonitrile as electrolyte solution at 5 × ���� mol/L for
viologens or 2.5 × ���� mol/L for bis(viologen)s. The ferrocene/ferrocenium redox
couple was used as internal reference. Potentials and currents after normalization
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with ferrocene/ferrocenium internal reference are listed in Table 5.1 and 5.2.
According to Eq. 5.3, the formal potential (E0’) (or standard potential (E0), because
the CV measurements were performed at low concentration, E0’ can be replaced by
E0 in this work) of each reduction of every compound are listed in Table 5.1 and 5.2:
reduction of dications to radical cations, takes place at formal potentials around -0.8
V and -0.7 V for viologens and bis(viologen)s, respectively; while reduction of
radical cations to neutral molecules, occurs at potentials around -1.25 V for all
(bis)(viologen)s. According to Eq. 5.4, the differences of the formal potentials of
two reductions for each compound have been determined and are listed in Table 5.2:
the values of ΔE are around 0.43 V and 0.56 V for viologens and bis(viologen)s,
respectively. The stability of the radical cations with respect to disproportionation
(Seen Scheme 5.3) is expressed by their comproportionation constants (kconp), which
were calculated according to Eq. 5.4 , in which R is the universal gas constant, T is
the temperature in Kelvin, F is the Faraday constant, and kconp is the
comproportionation constant.

0' 0 '
1 2 lnRTE E E

F
    kconp (Eq. 5.4)

Table 5.1 shows that the values of kconp are quite large with values in the order of 107

and 109 for viologens and bis(viologen)s, respectively, suggesting that little
disproportionation occurs in both systems and that the radical cations obtained from
bis(viologen)s are more stable against disproportionation than those from viologens.

Scheme 5.3. The possible conversion of the radical cation from (bis)(viologen)s

The stability of the radical cations of bis(viologen)s is influenced significantly by
the intramolecular stacking dimerization. Intramolecular dimerization of
bis(viologen)s stabilizes the bis(radical cation) relative to the neutral state and the
bis(dication), reflected in a lowering of the formal reduction potential of
bis(viologen)s and a higher comproportionation constant than for viologens. For
viologens, at the experimental concentration 5 × ���� mol/L, dimerization of the
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radical cation is negligible, while for bis(viologen)s, the local concentration is much
higher than the bulk concentration, and intramolecular dimerization is favored,
leading to a lower reduction potential.

The energy diagram of BisVI (Scheme 5.4) can be used to provide the Gibbs free
energy for dimerization if the free energy of the open form of the bis(radical cation)
is known. This energy can be calculated under the assumption that the change in
electrostatic repulsion for two consecutive reduction steps of the bis(viologens) are
the same. The difference in total free energy change upon full reduction of the
viologen and the bis(viologen) is 9.4 kJ/mol, and therefore the bis(radical cation) is
calculated to be 4.7 kJ/mol less stable than the the mono(radical cation) according to
Eq. 5.5:
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(Eq. 5.5)

Wherein the subtitle er refers to electrostatic repulsion, r refers to redox reaction, m
refers to viologens, b refers to bis(viologen)s, i refers to ith (bis)(viologen), 1 refers
to the first reduction, and 2 refers to the second reduction.

Subsequently, based on the calculated Gibbs free energy of the first reduction for
viologens, the Gibbs free energy for the dimerization was estimated according to Eq.
5.6:
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          (Eq. 5.6)

Wherein the subtitle b refers to bis(viologen)s, d refers to dimerization, r refers to
redox reaction, m refers to viologens, er refers to electrostatic repulsion, 1 refers to
the first reduction, and 2 refers to the second reduction.

Equilibrium constants were calculated according to Eq. 5.7 and Eq. 5.8:
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(Eq. 5.8)

Wherein R is the universal gas constant, T is the temperature in Kelvin, Kdim is the
dimerization equilibrium constant, ΔG0 is the standard free Gibbs energy of the
equilibrium.

It can be seen in Table 5.3 that the estimated equilibrium constants for
bis(viologen)s in this work are 200-400 in acetonitrile solution based on
experimental results and estimated calculations. The dimerization equilibrium
constants in non-aqueous solution for bis(viologen)s have rarely been reported.
Bucher and co-workers19 reported the estimated equilibrium constants for two
ferrocene-based bis(viologen)s at 1248, and 2756 in DMF solution based on a
similar calculation.

Scheme 5.4. The energy diagram of typical bis(viologen) (BisVI) and viologen (VI) and their
reduced forms: the values in the scheme are given as kJ/mol, black (obtained from CV results)

and red (obtained based calculation).
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Table 5.1 The electrochemical properties of various (bis)(viologen)s in acetonitrile (part 1)

Dication to radical cation ΔrG01/
Ec1/V Ea1/V E0’1/V ΔEp1/mV Ipc1/μA Ipa1/μA |Ipa1/Ipc1| (kJ/mol)

C1VC6I -0.7812 -0.8520 -0.8166 70.8 4.2397 -3.9841 0.94 78.8
C1VC6PF6 -0.7788 -0.8521 -0.8155 73.3 5.9557 -6.4571 1.11 78.7

VI -0.7739 -0.8447 -0.8093 70.8 3.4171 -3.1573 0.92 78.1
VPF6 -0.7751 -0.8435 -0.8093 68.4 4.4030 -4.7466 1.08 78.1

C1VC3VC6PF6 -0.6921 -0.7360 -0.7141 43.9 5.4352 -5.4657 1.00 68.9
BisVI -0.6872 -0.7336 -0.7104 46.4 4.2082 -3.6293 0.86 68.5

BisVPF6 -0.6994 -0.7483 -0.7239 48.9 5.4596 -5.2986 0.97 69.8
BisVMeI -0.7092 -0.7361 -0.7227 26.9 6.0212 -5.7303 0.95 69.7

Table 5.2 The linear fitting of the function of I~ υ1/2 (part 1)

Ipc1 (A) ~υ1/2 ((Vs-1)1/2) Ipa1 (A)~υ1/2 ((Vs-1)1/2)
B×105 h×107 R2 D×1012/(cm2s-1) B×105 h×107 R2 D×1012/(cm2s-1)

C1VC6PF6 2.0957 -9.8534 0.998 12.3 -2.2327 9.1861 0.997 14.0

VPF6 1.3834 0.7592 0.999 5.36 -1.4845 -0.8761 >0.999 6.18

C1VC3VC6PF6 1.8004 -1.8117 >0.999 9.09 -1.7470 -0.0517 >0.999 8.56

BisVPF6 1.7673 -1.2148 >0.999 8.76 -1.6549 -0.8116 >0.999 7.68
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Table 5.1 The electrochemical properties of various (bis)(viologen)s in acetonitrile (part 2)

Radical cation to neutral form ΔrG02/
ΔE/V kconp

Ec2/V Ea2/V E0’2/V ΔEp2/mV Ipc2/μA Ipa2/μA |Ipa2/Ipc2| (kJ/mol)
C1VC6I -1.2109 -1.2841 -1.2475 73.2 4.7815 -4.5411 0.95 12.0 0.4309 1.92×107

C1VC6PF6 -1.2061 -1.2793 -1.2427 73.2 5.8273 -6.0805 1.04 12.0 0.4273 1.67×107

VI -1.2084 -1.2792 -1.2438 70.8 3.4711 -3.4432 0.99 12.0 0.4345 2.21×107

VPF6 -1.2097 -1.2830 -1.2464 73.3 4.4466 -4.4684 1.00 12.0 0.4371 2.45×107

C1VC3VC6PF6 -1.2560 -1.3000 -1.2780 44.0 4.9250 -5.1811 1.05 12.3 0.5640 3.42×109

BisVI -1.2463 -1.2903 -1.2683 44.0 3.5855 -3.2872 0.92 12.2 0.5579 2.70×109

BisVPF6 -1.2609 -1.3049 -1.2829 44.0 4.7906 -5.0692 1.06 12.4 0.5591 2.83×109

BisVMeI -1.2634 -1.3049 -1.2842 41.5 5.5176 -5.8428 1.06 12.4 0.5615 3.10×109

Table 5.2 The linear fitting of the function of I~ υ1/2 (part 2)

Ipc1 (A) ~υ1/2 ((Vs-1)1/2) Ipa1 (A)~υ1/2 ((Vs-1)1/2)
B×105 h×107 R2 D×1012/(cm2s-1) B×105 h×107 R2 D×1012/(cm2s-1)

C1VC6PF6 1.9613 -6.2070 0.992 10.7 -2.0495 5.9859 0.993 11.8

VPF6 1.3180 2.6954 >0.999 4.87 -1.3592 -2.1482 >0.999 5.18

C1VC3VC6PF6 1.5248 1.5626 >0.999 6.52 -1.5429 -3.0495 >0.999 6.67

BisVPF6 1.3596 4.6876 >0.999 5.18 -1.5118 -2.5219 >0.999 6.41
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Table 5.3 The estimated dimerization equilibrium constants of bis(viologen)s

ΔrG01/ ΔrG02/ ΔrG0/ ΔG0b-d/
Kdim

(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

C1VC3VC6PF6 68.9 12.3 81.2 -14.2 307

BisVI 68.5 12.2 80.7 -14.6 361

BisVPF6 69.8 12.4 82.2 -13.3 214

BisVMeI 69.7 12.4 82.1 -13.4 223

In electrochemical systems, CV curves can provide information on the reversibility
of the reaction with |Ipa/Ipc|, the differences of the cathodic and anodic peak
potentials, and the relation between the peak current Ip vs. the square root of the scan
rate υ1/2. According to Eq. 5.9, the differences of the cathodic and anodic peak
potentials for each redox reaction are determined and listed in Table 5.1 and 5.2. It
can be seen that for viologens, the differences are around 70 mV, suggesting a one
electron reduction occurs. For the multielectron reduction in bis(viologen)s, the
differences are around 45 mV. However, the difference for the first reduction of
bisVMeI is only 27 mV, suggesting that the reversibility of the first reduction for
bisVMeI is much better than others. All the differences are relatively small, so it can
be concluded that both reductions for all (bis)(viologen)s are reversible, and it is
further evident by |Ipa/Ipc| and the linear relation between Ip vs. υ1/2. All values of
|Ipa/Ipc| are close to 1, and the linear fitting of Ip vs. υ1/2 is excellent with R2 larger
than 0.99. Furthermore, the peak potentials do not change, also suggesting the good
reversibility of the redox reaction.

p pc paE E E   (Eq. 5.9)

wherein Epc is the cathodic peak potential, Epa is the the anodic peak potential.

From theory, it is expected that for the reversible reaction under conditions of
semi-infinite planar diffusion, the peak current of reversible reactions will depend on
the square root of the scan rate (Eq. 5.10). From the slope of a linear plot of peak
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current vs. the square root of the scan rate, the diffusion coefficient can be
determined with Eq. 5.11. For the current measurements, the scan rate was varied
from 10 to 400 mVs-1. The calculated diffusion constants are listed in Table 5.2. The
diffusion constants of four (bis)(viologen)s with PF6- as counterion are around 10-12

cm2s-1. The diffusion constants of the asymmetric bisviologens are larger than that of
the symmetric ones. For the symmetric ones, the long aliphatic tails slow down the
diffusion. In the viologen systems because the molecule itself is relatively small, the
influence becomes more profound, and the diffusion constant of C1VC6PF6 is
double of that of C6VC6PF6 while in bis(viologen) systems, the diffusion constant
of C1VC3VC6PF6 is only a bit larger than that of BisVPF6.
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(Eq. 5.11)

wherein Ip is the peak current, n is the number of the electrons transferred in the
reaction, A is the area of the electrode, D is the diffusion constant, c is the total
concentration of the redox substrates, υ is the scan rate, and B is the slope of the
linear function of between Ip vs. υ1/2.

5.3 ESR dimerization studies of (bis)(viologen)s

The peak potential differences of the two reduction steps for bis(viologen)s in CV
are larger than for viologens, as described in section 5.2. The difference is attributed
to the dimerization of the radical cation; however, more evidence is needed to prove
the dimerization. Dimerization of the radical cation was studied with ESR at
different temperatures.

The radical cations usually give significant ESR signals, while the dimers/pimers are
ESR silent, and the fast equilibrium of the dissociation and dimerization can also
give a broad signal in ESR spectra. As shown in Figure 5.2, at low temperature, both
BisVI and BisVMeI showed obvious broad signals. The difference is that BisVI also
showed some slight hyperfine signals while BisVMeI did not. With increasing
temperature, the hyperfine signals from both bis(viologen)s became stronger, and
the broad signals became unclear compared with the those at relatively low
temperature. For the hyperfine structures of both ESR spectra, there are perfect 27
lines, consistent with the results from literture20.
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For BisVI, , the hyperfine splitting is already obvious at low temperature, and the
hyperfine structure in the spectra clearly demonstrates the presence of unpaired
electrons. When temperature increases, the equilibrium between the dimers/pimers
and the diradical forms moves to the direction of radical cations (Scheme 5.5), and
the signals became stronger. Reference compound BisVMeI, only showed a broad
signal at low temperatures, suggesting that most of the radical cations are dimerized,
while at 80 °C, the hyperfine structure emerged, suggesting that the dissociation of
the dimers/pimers started. Dimers/pimers formed from BisVMeI are more stable
than those formed from BisVI, which might be attributed to the long aliphatic tails
that provide more flexibility to BisVI.

Figure 5.2. The temperature-dependence of ESR signals in DMSO: a) BisVI, and b) BisVMeI
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Scheme 5.5. The equilibrium of the dimerization and dissociation of the radical cation form
of bis(viologen)s

5.4 Mechanical activation of diamagnetic bis(viologen)

Polymeric BisVI as crosslinker was polymerized with 2-hydroxyethyl methacrylate
(HEMA) as monomer, phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (PI) as
photoinitiator, poly(ethylene glycol) diacrylate (PEGDA, Mn = 700 Da) as
co-crosslinker to obtain film networks. The films are slightly yellowish with
bis(viologen) while without bis(viologen), the film is colorless, as can been seen in
Figure 5.3, and with addition of reductant, sodium dithionite, within minutes, the
network with bis(viologen) became purple while the network without bis(viologen)
remained colorless.

The networks after reduction with sodium dithionite were kept in pH 9.6 aqueous
buffer solution under N2 atmosphere. As can be seen in Figure 5.3, before and after
reduction, the UV-vis absorption of the networks changed differently: the absorption
of the network without bis(viologen) did not change while with bis(viologen), before
reduction, the absorption was zero, but after reduction, the absorption reached a
maximum at around 850 nm. The network with bis(viologen) after reduction was
further placed between two glass plates and compressed with two metal clamps in
order to induce opening of the dimers by straining the network (Seen Figure 5.4).
The UV-vis absorption of the compressed film did not show any clear changes. A
possible explanation is that the open and closed forms of reduced bis(viologen)
changes very little at very low concentration,21 and especially when the efficiency
of the mechanically induced switch between two forms is low, detection of the
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open-formed isomer is not possible with UV-vis. Further trials were performed with
ESR, however, because the reduced forms are very sensitive to oxygen, these
measurements were not successful.

Figure 5.3. The images of prepared film networks without (1) and with (2) BisVI before and
after reduction and the corresponding UV-vis absorption spectra of the network with BisVI

before and after reduction

Figure 5.4. The normalized UV-vis absorption spectra of the film network with BisVI before
and under compression
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5.5 Conclusion

A Cyclic voltammetry study on viologen and its derivatives demonstrates that the
(bis)(viologen)s have reversible redox reactions, and differences of the formal
potentials of two reductions are around 0.43 V and 0.56 V for viologen and
bis(viologen)s, respectively. The comproportionation constants are quite large in the
order of 107 and 109 for viologens and bis(viologen)s, respectively, suggesting that
little disproportionation take places in both systems, and the radical cations in
bis(viologen)s systems are much more stable than those in viologens systems. The
estimated dimerization equilibrium constants in acetonitrile are in the range of
200-400. The diffusion constants of the asymmetric (bis)(viologen)s with one
aliphatic tail are larger than that of symmetric ones with two tails for the long
aliphatic tails slow down the diffusion. The temperature-dependent ESR
measurements support dimerization in bis(viologen)s and indicates a very fast
equilibrium between open and closed forms. A polymeric bis(viologen) was
incorporated into hydrogel networks, and was reduced successfully, but the
limitation of the characterization prevented us from drawing further conclusions on
mechanoactivation of reduced diamagnetic bis(viologen)s.

5.6 Experimental

5.6.1 Materials and instrumentation

Unless otherwise specified, reagent and solvents were purchased from
Sigma-Aldrich, Merck, or Acros and used without further purification. Dry THF was
freshly taken from an MBRAUN Solvent Purification System (MB SPS-800),
deuterated solvents were obtained from Cambridge Isotopes Laboratories.

NMR spectra were recorded on a 400 MHz (100 MHz for 13C) Varian Mercury VX
spectrometer at room temperature using residual protonated solvent signals as
internal standards (1H: δ(CDCl3) = 7.26 ppm, δ(CD2Cl2) = 5.32 ppm, δ((CD3)2SO) =
2.50 ppm; 13C: δ(CDCl3) = 77.16 ppm, δ (CD2Cl2) = 53.84 ppm, δ((CD3)2SO) =
39.52 ppm).

Matrix assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS) was performed on a Autoflex Speed MALDI-MS instrument
(Bruker, Bremen, Germany) equipped with a 355 nm Nd:YAG smartbeam laser.
MALDI-TOF MS experiments were performed by spotting samples on a MTP 384
target ground steel plate using an α-cyano-4-hydroxycinnamic acid (CHCA) (Fluka,
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Switzerland) matrix. Samples were 1:1 premixed with CHCA in 50/50
acetonitrile/water supplemented with 0.1% v/v trifluoroacetic acid (TFA). Mass
spectra were acquired in reflector positive ion mode by summing spectra from 500
selected laser shots. The MS spectra were calibrated with cesium triiodide of known
masses.

Electrochemical measurements (cyclic voltammetry) were performed under an inert
atmosphere with an Eco Chemie Autolab PGSTAT 30 potentiostat/galvanostat using
a three-electrode microcell with a Pt working electrode, A platinum working
electrode (2 mm in diameter), a silver counter electrode and a silver wire coated with
silver chloride (Ag/AgCl) quasi-reference electrode. The reference electrode was
calibrated against ferrocene/ferrocenium as an external standard.

5.6.2 Synthetic procedure and characterization

6-iodohexan-1-ol (Ihol)

To a 3-necked round-bottomed flash with a magnetic stirring bar, the mixture of
6-chlorohexanol (Clhol, 10.93 g, 0.08 mol) and sodium iodide (35.97 g, 0.24 mol) in
70 mL acetone were added and refluxed under nitrogen atmosphere for 24 hrs. The
mixture was filtered to remove the excess sodium iodide and the generated sodium
chloride. For the filtrate, the solvent was evaporated giving the raw product. The raw
solid product was dissolved in dichloromethane, filtered and the solvent was
evaporated. This dissolving-filtration-evaporation process was repeated twice. The
resulting oil was dissolved in a 1:1 mixture of diethyl ether/hexane and then filtered
again. The solution was washed with water and brine. The organic layer was dried
with MgSO4, filtered and the solvent evaporated in vacuum giving a red liquid (yield:
74.6%). 1H NMR (CDCl3, 400 MHz, ppm): 3.58 (t, 2H), 3.15(t, 2H), 2.15 (s, 1H),
1.79 (m, 2H), 1.53 (m, 2H), 1.37 (m, 4H); 13C NMR (CDCl3, 400 MHz, ppm): 62.72,
33.41, 32.45, 30.26, 24.72, 7.15.
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6-iodohexyl methacrylate (IhMeAcryl)

Ihol (4.56 g, 0.020 mol) was placed in a 3-necked round flask with a magnetic
stirring bar and dissolved in 35 mL dichloromethane, to which, triethylamine (7 mL,
0.050 mol) was added and stirring in an ice bath for several minutes. When the
solution cooled down, methacryloyl chloride (3.5 mL, 0.036 mol) was added
dropwise within 10 mins. at 0 °C under nitrogen atmosphere. After the methacryloyl
chloride was completely added in the reaction system, the reaction mixture was
removed to the room temperature and kept stirring for 7 hr. After reaction, the
generated triethylammonium chloride was removed by filtration. The filtrate was
washed by water, saturated NaHCO3 aqueous solution, 2 mol/L cold NaOH aqueous
solution, and NaCl solution sequentially. The organic layer was dried with MgSO4,
filtered and the solvent evaporated in vacuo giving the raw product. The raw product
was dissolved in acetone, isolated from water, and then dissolved in acetone again.
The solution was dried with MgSO4, filtered and the solvent was evaporated giving
the final product (yield: 78.6%). 1H NMR (CDCl3, 400 MHz, ppm): 6.06 (s, 1H),
5.52 (s, 1H), 4.11 (t, 2H), 3.16 (t, 2H), 1.91 (t, 3H), 1.81 (m, 2H), 1.66 (m, 2H), 1.40
(m, 4H); 13C NMR (CDCl3, 400 MHz, ppm): 167.44, 136.44, 125.25, 64.52, 33.31,
30.12, 28.44, 24.99, 18.34, 6.83.

1-methyl-[4,4'-bipyridin]-1-ium iodide (MePyI)

Following the modified literature procedure22: Methyl iodide (0.8 mL, 12 mmol, 1.2
equiv.) was added to a solution of 4,4′-bipyridyl (1.562 g, 10 mmol) in
dichloromethane and the reaction mixture was kept refluxing overnight. The
produced yellow precipitate was isolated by filtration and subsequently purified by
recrystallization from methanol, washed with diethyl ether three times, dried in
vacuum to yield the targeted compound. (yield: 92%). %). 1H NMR (DMSO-d6, 400
MHz, ppm): 9.12 (d, 2H), 8.85, (d, 2H), 8.60 (d, 2H), 8.02 (d, 2H), 4.36 (s, 3H).
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1',1''-(propane-1,3-diyl)bis([4,4'-bipyridin]-1-ium) iodide (BisVI)

According to the literature procedure17, BisV was prepared by N-alkylation of
4,4’-bipyridyl. In a 3-necked round-bottomed flask with a magnetic stirring bar,
4,4’-bipyridyl (Bpy, 2.46 g, 0.015 mol) was dissolved in 10 mL of DMF/methanol
(v/v = 5:2) mixture, to which, 1,3-diiodopropane (1.33 g, 0.005 mol) was added
dropwise. Then a reflux condenser was fitted to the flask, and the reaction was
heated to 70 °C under nitrogen atmosphere and kept stirring at 70 °C for 24 hr.
Toluene was then added to the solution, and the solvents were removed by filtration.
The resulting solid was washed with acetone and chloroform, after which the solid
was dried in vacuum. After drying, the solid was hot filtrated again using 95%
ethanol and then dried to get the targeted compound (yield: 67.5%). %). 1H NMR
(DMSO-d6, 400 MHz, ppm): 9.106 (d, 4H), 8.80 (d, 4H), 8.54 (d, 4H), 7.95 (d, 4 H),
4.73 (t, 4H), 2.68 (t, 2H); 13C NMR (DMSO-d6, 400 MHz, ppm): 153.06, 151.55,
146.06, 141.20, 125.92, 122.35, 57.65, 31.95. MALDI-TOF: 481.10, [M-I]+.

1,1''-(propane-1,3-diyl) bis((1-methyl)-[4,4'-bipyridine]-1,1'-diium) iodide
(BisVMeI)

BisVMeI was prepared following a modified literature procedure14, 0.6083 g of
BisV (1 mmol) was added to a 50 mL round-bottomed flask charged with a stir bar
fit with a reflux condenser, and dissolved in 15 mL of mixture of
acetonitrile/nitromethane (v/v = 2:1). Then, 0.35 mL of methyl iodide (5 mmol, 2.5
equiv.) was added to the solution and the reaction was kept refluxing for 36 h. Then,
most of the solvent was removed under a vacuum, and then crude product was
obtained by predication from diethyl ether. The solid was washed with diethyl ether
three times and acetone once to remove any unreacted starting material and dried in
vacuum to afford the red-colored salt. (yield: 71.2%). 1H NMR (DMSO-d6, 400
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MHz, ppm): 9.45 (d, 2H), 9.32 (d, 2H), 8.89 (d, 2H), 8.81 (d, 2H), 4.88 (t, 4H), 4.46
(s, 6H), 2.81 (p, 2H); 13C NMR (DMSO-d6, 400 MHz, ppm): 149.23, 148.34, 147.20,
146.56, 127.10, 126.53, 58.02, 48.61, 32.03.

1,1''-(propane-1,3-diyl)bis(1-(6-(methacryloyloxy)hexyl)-[4,4'-bipyridine]-1,1'-d
iium) iodide (BisVI)

In a 3-necked flask with a reflux condenser, BisV (0.61 g, 1 mM) and IhMeAcryl
(0.77 g, 2.5 mM) was added to 15 mL of mixture of acetonitrile/nitromethane (v/v =
2:1) under N2 atmosphere. The reaction was refluxing for 48 hr. After the reaction
mixture cooled down, it was poured into a mixture of hexane/ethyl acetate (v/v =
1:1). The solid was isolated by filtration, and then washed by 1:1 hexane/ethyl
acetate three times, giving the raw product without further purification (yield:
65.8%). 1H NMR (DMSO-d6, 400 MHz, ppm): 9.44 (dd, 8H), 8.89 (d, 4H), 8.83 (d,
4H), 6.01 (s, 2 H), 5.58 (s, 2H), 4.86 (t, 4H), 4.71 (t, 4H), 4.11 (t, 4H), 2.80 (dt, 2H),
2.02 (p, 4H), 1.88 (t, 6H), 1.64 (m, 4H), 1.39 (m, 8H); 13C NMR (DMSO-d6, 400
MHz, ppm): 167.25, 149.29, 148.80, 146.54, 146.32, 136.49, 127.10, 126.11, 64.52,
61.38, 58.12, 32.01, 31.13, 28.31, 25.25, 18.49.

1',1'''-(propane-1,3-diyl)bis(1-(6-(methacryloyloxy)hexyl)-[4,4'-bipyridine]-1,1'-
diium) hexafluorophosphate(V) (BisVPF6)

In a 3-necked flask, BisVI (1.2 g, 1 mM) was dissolved in 90 mL of mixture of
water/methanol (v/v = 8:1) at 45 °C, to which, NH4PF6 (0.978 g, 6 mM) aqueous
solution was added to the flask. The reaction was kept stirring at 40 °C overnight.
The produced solid was isolated by filtration. And then it was dissolved in acetone.
The raw product was obtained by precipitation from water and then from the mixture
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of diethyl ether/hexane (v/v = 1:1) respectively. Then it was washed by hexane three
times to give the final product (yield: 80.2%). 1H NMR (DMSO-d6, 400 MHz, ppm):
9.37 (m, 8H), 8.83 (m, 4H), 8.76 (m, 4H), 5.99 (s, 2 H), 5.65 (s, 2H), 4.80 (t, 4H),
4.68 (t, 4H), 4.08 (t, 4H), 2.74 (dt, 2H), 1.99 (p, 4H), 1.85 (t, 6H), 1.62 (m, 4H), 1.37
(m, 8H); 13C NMR (DMSO-d6, 400 MHz, ppm): 167.015, 149.37, 148.79, 146.55,
146.31, 136.40, 126.98, 126.03, 64.52, 61.41, 58.09, 32.03, 31.07, 28.25, 25.40,
18.45; FT-IR (cm-1): 3081, 1715, 1642, 1173, 816, 554; UV-vis : λmax =261 nm in
acetonitrile, εmax = 45 500 L·mol-1 cm-1; MALDI-TOF: [M-PF6]+, 1127.36.

1,1'-bis(6-(methacryloyloxy)hexyl)-[4,4'-bipyridine]-1,1'-diium iodide (VI) was
synthesized following the procedure to synthesize BisVI by changing the feeding
ratio of the start materials. 1H NMR (DMSO-d6, 400 MHz, ppm): 9.37 (d, 4H), 8.77
(d, 4H), 5.99 (s, 2H), 5.66 (s, 2H), 4.68 (t, 4H), 4.08 (t, 4H), 1.98 (m, 4H), 1.85 (s,
3H), 1.62 (m, 4H), 1.36 (m, 8H); 13C NMR (DMSO-d6, 400 MHz, ppm): 167.03,
149.07, 146.23, 136.45, 127.04, 126.07, 64.56, 61.34, 31.05, 28.30, 25.52, 25.30,
18.48; 13C NMR (DMSO-d6, 400 MHz, ppm): MALDI-TOF: 494.40, [M-2I+e]+.

1,1'-bis(6-(methacryloyloxy)hexyl)-[4,4'-bipyridine]-1,1'-diium
hexafluorophosphate(V) (VPF6) was synthesized following the procedure to
synthesize BisVPF6 by changing the feeding ratio of the start materials. 1H NMR
(DMSO-d6, 400 MHz, ppm): 9.36 (d, 4H), 8.75 (d, 4H), 5.99 (s, 2H), 5.66 (s, 2H),
4.66 (t, 4H), 4.08 (t, 4H), 1.98 (m, 4H), 1.85 (s, 3H), 1.62 (m, 4H), 1.36 (m, 8H); 13C
NMR (DMSO-d6, 400 MHz, ppm): 167.03, 149.03, 146.23, 136.42, 127.05, 126.08,
64.57, 61.23, 31.05, 28.31, 25.52, 25.31, 18.49; MALDI-TOF: 494.39,
[M-2PF6+e]+.
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1-(6-(methacryloyloxy)hexyl)-1'-methyl-[4,4'-bipyridine]-1,1'-diium iodide
(C1VC6I) was synthesized following the procedure to synthesize BisVI by changing
the feeding ratio of the start materials. 1H NMR (DMSO-d6, 400 MHz, ppm): 9.37 (d,
2H), 9.27 (d, 2H), 8.75 (m, 4H), 5.99 (s, 1H), 5.65 (s, 1H), 4.67 (t, 2H), 4.42 (s, 3H),
4.08 (t, 2H), 1.98 (m, 2H), 1.85 (s, 3H), 1.61 (m, 2H), 1.36 (m, 4H); 13C NMR
(DMSO-d6, 400 MHz, ppm): 167.02, 151.48, 148.81, 146.64, 141.32, 136.42,
126.56, 125.41, 122.32, 64.59, 61.30, 48.30, 31.06, 28.30, 25.51, 25.31, 18.49.
MALDI-TOF: 340.29, [M-2I+e]+.

1-(6-(methacryloyloxy)hexyl)-1'-methyl-[4,4'-bipyridine]-1,1'-diium
hexafluorophosphate(V) (C1VC6PF6) was synthesized following the procedure to
synthesize BisVPF6 by changing the feeding ratio of the start materials. %). 1H
NMR (DMSO-d6, 400 MHz, ppm): 9.36 (d, 2H), 9.27 (d, 2H), 8.75 (dd, 4H), 6.01 (s,
1H), 5.67 (s, 1H), 4.68 (t, 2H), 4.43 (s, 3H), 4.10 (t, 2H), 1.99 (p, 2H), 1.87 (t, 3H),
1.64 (m, 2H), 1.38 (m, 4H); 13C NMR (DMSO-d6, 400 MHz, ppm): 167.03, 149.05,
148.66, 147.10, 146.24, 136.43, 126.99, 126.53, 126.07, 64.57, 61.33, 48.52, 31.06,
28.30, 25.51, 25.31, 18.48. MALDI-TOF: 485.21, [M-PF6]+.

1-(3-bromopropyl)-1'-methyl-[4,4'-bipyridine]-1,1'-diium bromide iodide
(C1VC3Br)

MePyI (2.98 g, 10 mmol) and 1,3-dibromopropane (20.20 g, 100 mmol) were
dissolved in 50 mL of acetonitrile, and refluxed for 24 hr. After the mixture cooled
down, crude product was obtained by filtration and washed with diethyl ether for
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three times. The solid product was then recrystallized from ethanol to reach the pure
product. 1H NMR (DMSO-d6, 400 MHz, ppm): 9.46 (d, 2H), 9.33 (d, 2H), 8.88 (d,
2H), 8.79 (d, 2H), 4.84 (t, 2H), 4.45 (s, 3H), 3.61 (t, 2H), 2.57 (m, 2H); 13C NMR
(DMSO-d6, 400 MHz, ppm): 148.86, 146.87, 126.79, 60.11, 48.51, 33.56, 30.59.
MALDI-TOF: 292.09, [M-Br-I+e]+.

1-(3-([4,4'-bipyridin]-1-ium-1-yl)propyl)-1'-methyl-[4,4'-bipyridine]-1,1'-diium
dibromide iodide (C1VC3V)

C1VC3Br (1.5 g, 3mmol) and BPy (4.68 g, 30 mmol) were dissolved in 20 mL of
acetonitrile, and refluxed for 24 hr. After the mixture cooled down, crude product
was obtained by filtration and washed with acetonitrile twice. The final product was
obtained by recrystallization from ethanol. 1H NMR (DMSO-d6, 400 MHz, ppm):
9.29 (m, 6H), 8.79 (m, 8H), 8.05 (d, 2H), 4.77 (m, 4H), 4.42 (s, 3H), 2.70 (q, 2H).

1-(3-([4,4'-bipyridine]-1-ium-1-yl)propyl)-1'-methyl-[4,4'-bipyridine]-1,1'-diium
hexafluorophosphate(V) (C1VC3VPF6) was synthesized following the procedure
to synthesize BisVPF6 by changing the feeding ratio of the start materials. 1H NMR
(DMSO-d6, 400 MHz, ppm): 9.30 (m, 6H), 8.86 (m, 4H), 8.73 (m, 4H), 8.05 (d, 2H),
4.77 (m, 4H), 4.43 (s, 3H), 2.73 (q, 2H).
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1-(6-(methacryloyloxy)hexyl)-1'-(3-(1'-methyl-[4,4'-bipyridin]-1,1'-diium-1-yl)p
ropyl)-[4,4'-bipyridine]-1,1'-diium tris(hexafluorophosphate(V)) iodide
(C1VC3VC6) was synthesized following the procedure to synthesize BisVI by
changing the feeding ratio of the start materials.

1-(6-(methacryloyloxy)hexyl)-1'-(3-(1'-methyl-[4,4'-bipyridin]-1,1'-diium-1-yl)p
ropyl)-[4,4'-bipyridine]-1,1'-diium hexafluorophosphate(V) (C1VC3VC6PF6)
was synthesized following the procedure to synthesize BisVPF6 by changing the
feeding ratio of the start materials. 1H NMR (DMSO-d6, 400 MHz, ppm): 9.36 (m,
6H), 9.29 (d, 2H), 8.83 (m, 4H0, 8.76 (m, 4H), 5.99 (s, 1H), 5.66 (s, 1H), 4.79 (m,
4H), 4.68 (m, 2H), 4.43 (s, 3H), 4.08 (t, 2H), 2.73 (m, 2H), 1.99 (m, 2H), 1.85 (s,
3H), 1.62 (m, 2H), 1.38 (m, 4H); 13C NMR (DMSO-d6, 400 MHz, ppm): 167.04,
152.34, 151.48, 148.99, 148.62, 147.08, 146.61, 146.23, 141.32, 136.42, 127.02,
126.56, 126.09, 125.41, 122.32, 64.59, 61.30, 48.56, 48.04, 31.06, 28.30, 25.51,
25.31, 18.49; MALDI-TOF: 973.23, [M-PF6]+.

Film network

The film networks were prepared with a general procedure. To prepare different
films, the addition of the crosslinker changed according to component of the targeted
films. The 2-hydroxyethyl methacrylate (HEMA, 98.2wt% or 97.8wt%), BisVI (0 or
0.5wt%), and poly(ethylene glycol) diacrylate (PEGDA, Mn = 700 Da, 1.3wt% or
1.2wt%) were mixed together and stirred with a magnetic stirring bar under N2

bubbling for half an hour, then under yellow light,
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (0.5wt%) was added and stirred
for another 1 minute, and then 450 mg of the solution was transferred to a Teflon
mold, covered with a glass slide, exposed to 256 nm wavelength light with N2 flow
for 15 minutes. Afterwards, the film networks were obtained by soaking in pH 9.6
aqueous buffer solution (0.045 M NaHCO3/0.0091 M NaOH buffer).
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Summary

Productive Bond Scission Processes in Polymer Mechanochemistry

Mechanochemistry, defined as the fourth sub-discipline of chemistry based on the

different modes of supplying energy to promote chemical reactions alongside the

thermochemistry, photochemistry and electrochemistry, studies those reactions

which are activated by direct absorption of external mechanical energy, usually

observed in milling or grinding of crystals, metals, and alloys, and stretching of

single chemical bonds in single molecule force spectroscopy. Previous work in our

group demonstrates that mechanical force can produce light by reacting with

dioxetane-based polymers and improve the catalytic properties of latent catalysts.

Based on previous work, this project continued on mechanically induced homolytic

bond scission with dioxetane- and π-extended anthracene adduct-based

mechanoresponsive systems, and further developed to do a pioneering trial on

mechanically induced heterolytic bond scission with N-heterocyclic salts-based

polymeric materials and mechanically induced switch of electron spin states.

In chapter II, the study of the effect of strain rates was performed with PHMA-

based network films with a glass transition temperature close to room temperature.

The results from the tensile tests demonstrates that the mechanical properties

including tensile strength, strain energy, and glass transition temperature are highly

strain rate dependent, and the trend with the change of the strain rate suggests a

transition between the strain rates 0.1 to 1 s-1, although the failure strain is less strain

rate dependent. The recorded light intensity is also strain rate dependent: the

intensity of generated light increases with increasing the strain rate. The mechanical

behavior at a strain rate of 0.1 s-1 combines properties of rubber and glass, and the

total intensity of generated light at this strain rate is the highest. Light emission is

also strain rate dependent: at low strain rates, most of the light was generated close

to the final crack with a short strain interval just before failure while, at high strain

rates, the light was generated throughout the whole film with a wider strain interval.
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Based on dr. R Gostl’s work on π-extended anthracene adduct-based

mechanochemistry, in chapter III, the compressive force was employed to activate

the retro Diels-Alder reaction. The generated fluorescent anthracene unit by

compression can be well used to map the deformation of materials, and demonstrates

that the compressive deformation is highly localized in the area close to the center of

the sample. It is also concluded that swelling also influence the mechanoactivation

because the Tg is significantly lowered by the presence of water. However, much of

the observed fluorescence is lost when scattering of the compressed sample is

suppressed by adding a solvent with matching refractive index. Therefore we

conclude that mechanoactivation takes place at the surface layer of the samples and

the generated fluorescence is strongly enhanced by scattering and reflection, which

occurs commonly in turbid media.

Up to date, most of researches on mechanochemistry has focused on homolytic bond

scission reactions, and few heterolytic bond scission have been reported. A

pioneering trial on searching mechanically induced heterolytic bond cleavage was

launched in chapter IV. An imidazolium-centered linear polyTHF and a linear

bis(phenyl)fluorene-centered PMA were synthesized by living/controlled

polymerization, and sonication was employed to study the mechanochemical

scission, the results, however, did not show the expected type of bond scission.

Furthermore, benzylpyridinium was incorporated into network, and grinding was

employed and tried to activate the heterolysis to generate the initiator sites for ring-

opening polymerization. With thermoactivation, the inert precursor was activated

and showed initiation properties both in linear polymer and crosslinked network, it,

however, could not be activated mechanically by grinding, demonstrating that

grinding as the external mechanical force is not enough for the activation of the

benzylpyridinium-based crosslinked network for initiation of polymerization of

epoxides.

Inspired by a work from Winter’s group that host-guest interaction can switch the

spin states of reduced bis(viologen)s, in chapter V, a family of viologens and

bis(viologen)s were prepared and cyclic voltammetry technique was employed to
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study the electrochemical properties of all (bis)(viologen)s: the differences of the

formal potentials of two reductions are around 0.43 and 0.56 V for viologens and

bis(viologen)s, respectively. Temperature-dependent ESR measurements support

dimerization in reduced bis(viologen)s in polar solvents and indicates a very fast

equilibrium between open and closed forms. Polymeric bis(viologen) was

incorporated into hydrogel networks and reduced successfully, but the limitation of

the characterization prevented this project from going further and reaching the

further conclusions on mechanoactivation of reduced bis(viologen)s.

This work shows that mechanically induced homolytic bond scission, to some extent,

is easy to reach, there is, however, a long way to go on the study of mechanically

induced heterolytic bond scission and its use in mechanochemistry for practical

applications.
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