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Abstract

The insertion of force-sensitive motifs (mechanophores) into polymer backbones
provides a mechanism to induce forbidden reactions, stabilize transition state, and build
intrinsic stress-responsive materials. Although polymer mechanochemistry has provided
the basis for a variety of stressresponsive materials (e.g., those that are mechanochromic,
mechanoluminescent, and mechanocatalytic, or that release small molecules or generate
novel chemical reactions), many desirable stressresponsive behaviors have yet to be
realized. We applied molecular-level design and synthesis to engineer stressresponsive
materials that address several gaps in the prior polymer mechanochemistry toolbox:

Chapter 2 presents four studies of structure-reactivity relationships. First,
regiochemical effects on mechanophore reactivity is quantified in the context of three
spiropyran (SP) derivatives that are incorporated into polydimethylsiloxane (PDMS)
elastomers. Under thermodynamic control, we find that the relative activation of the
regioisomers is well correlated with the extent of mechanochemical coupling between the
equilibrium reaction coordinate and the applied force, as quantified by computational
modeling. Second, subtle differences in stereochemistry between two gem
monochlorocyclopropane (gMCC) stereoisomers (i.e.,synand anti, relative to the polymer
attachment points through which force is delivered) lead to dramatic differences in
reactivity and reactivity outcomes. The two gMCCs were embedded along a polymer
backbone and their mechanochemical reactivities were quantified using single molecule

force spectroscopy (SMFS). The mechanical ringopening of syn-gMCC proceeds along an
v



anti-Woodward -Hoffmann -Depuy pathway and exhibits significantly lower reactivity
than anti-gMCC. Further, under tension applied through ultrasonication, the syn-gMCC
isomer generates about 0.25 equivalents of HCI per ring-opening event, whereas ring
opening of the anti-gMCC led to no detectable HCI under identical conditions. Third, we
report the dependence of the mechanical strength of a CGS bond on the oxidation state of
the S atom (i.e., the relative mechanical strength of sulfide, sulfoxide and sulfone).
Ultrasonication of gemdichlorocyclopropane (gDCC) copolymers of each sulfur-
containing group rev eals that their relative mechanical strengths follow the order:
polysulfide ~ polysulfone > polysulfoxide. Finally, we demonstrate the effect of cyclic
polymer structure/architecture on mechanophore activation along a polymer backbone.
A multi -mechanophore, cyclic gDCC copolymer was prepared via ring expansion
metathesis polymerization (REMP), and its mechanochemical response to ultrasonication
was compared to a linear analog prepared using ring opening metathesis polymerization
(ROMP). The cyclic polymer experiences lessgDCC activation per fragmentation along
its backbone than does the linear analog. This observation suggests conformational
memory effects in the nascent cyclic polymer during elongation and fragmentation.
Chapter 3 introduces two new mechanophores that convert mechanical input into
potentially useful chemical signals, enriching the available toolkit of stress -responsive
behaviors. The first mechanophore is a 1,2diaitidinone (DAO) based four -member ring
that generates reactive isocyanate upn mechanical activation via pulsed ultrasonication;

evidence for the generation of isocyanate is acquired by H NMR analysis and trapping



experiments. We anticipate that this latent reactive isocyanate might lead to materials that
heal or strengthen in response to a mechanical load. A second mechanophore is a new
thermally stable and nonscissile mechanoacid that is based on a methoxysubstituted
gDCC and that overcomes drawbacks present in previously reported mechanoacids. The
introduction of the methoxy substituent not only facilitates the release of HCI as a result
of gDCC ring opening (0.58 equivalents per activation), it significantly low ers the force
necessary to trigger rapid ring opening, as evidenced by SMFS studies. The utility of this
new mechanoacid is demonstrated in PDMS elastomers, where its mechanical activation
leads to a straintriggered color change in a pH-sensitive dye prior to fracture of the
elastomer. The postactivation kinetics of coloration are used to demonstrate a new
concept in mechanochromism, namely not only a spectroscopic indicator of whether and
where a mechanical event has occurred, but when it occurred.

Chapter 4 describes how the wellknown photoswitch azobenzene, when
embedded into PDMS elastomers, can be used as a mechanochromic probe of the
molecular forces present in strained bulk materials. Specifically, the cisto-trans
isomerization of azobenzene is acelerated under uniaxial tension. The kinetics are cleanly
described by a single exponential first-order process (k = 2.7 x 18 s?) in the absence of
tension, but they become multi-exponential under constant strains of 40-90%. The
complex kinetics can be reasonably modeled as a two-component process. The majority
(~92%) process is slower and occurs with a rate constant that is similar to that of the

unstrained system (k = 2.3 2.7 x 1@ s1), whereas the rate constant of the minority (~8%)
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process increaes from k = 10.1 x 10 st at 40% strain to k = 21.3 x 1®s! at 90% strain.
Simple models of expected forcerate relationships suggest that the average force of
tension per strand in the minority component ranges from 28 pN to 44 pN across strains

of 40-90%.

Finally, in Chapter 5, polymer mechanochemistry is integrated into two
degradable polymers to demonstrate new concepts in mechanically coupled degradable
polymers. The unintentional scission of chemical degradable functionalities on the
polymer backbone can diminish polymer properties, and we report a strategy that
combats unintended degradation in polymers by combining two common degradation
stimuli | mechanical and acid triggers] POWEOw? - #wil EUI 2 wi EUT DOOS w 1
mechanophore is used as amechanical gate toregulate an acid-sensitive ketal that has
been widely employed in acid degradable polymers. This gated ketal is further
incorporated into the polymer backbone. In the presence of acid trigger alone, the pristine
polymer retains its backbone integrity, and delivering high mechanical forces alone by
ultrasonication degrades the polymer to an apparent limiting molecular weight of 28 kDa.
The sequential treatment of ultrasonication followed by acid, however, leads to a further
11-fold decrease in molecular weight to 2.5 kDa. Experimental and computational
evidence further indicate that the ungated ketal possesses mechanical strength that is
commensurate with the conventional polymer backbones. Single molecule force
spectroscopy (SMFS) revealghat the force necessary to activate the CB molecular gate on

the timescale of 100 ms is approximately 2 nN. With this success in hand, we noted that
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mechanical-only polymer degradation is intrinsically limited to one chain scission per

stretching event. To overcome this drawback, we integrate multiple copies of a
[4.2.0]bicyclooctene BCOE) based mechanophore into the polymer backbone.
Mechanochemical remodeling of the polymer backbone occurs through the force-
promoted forbidden ring -opening of BCOE, the product of which undergoes a
subsequent, slower cascade lactonization that leads to a spontaneous, forcdree decrease
in average molecular weight to 4.4 kDa (from an initial molecular weight of over 120 kDa)

over the course of 9 days.
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1. Introduction
1.1 A brief introduction to polymer mechanochemistry

A century ago, the foundational work of Hermann Stautinger ! revealed the
covalent bonding character that links the repeating chemical units of high polymers. Soon
thereafter, he and coworkers?# noticed the reduction of polymer molecular weight that
occurs as a result of mastication, and this molecular weight degradation was attributed to
the mechanically induced cleavage of covalent bonds along the polymer backbone.
Although a considerable amount of attention was thereafter paid to the investigation of
polymer mechanochemical degradation, the experimental observation of carbon radical
generation from mechanically induced homolytic C -C bond cleavage was not realized
until 1989 by Sohma and coworkers,> who utilized electron spin resonance to characterize
the generated radicals. For a long time, the investigation of mechanochemical polymer
degradation was limited to the random cleavage of strong C -C bonds within 15% of the
polymer midchain. ¢ Selective chain scission was then realized by the incorporation of
relative weak bonds, such as peroxide (1980Y, metal-ligand (2004).2 and carbon-azo (2005)
bonds, along the polymer backbone. These studies paved the way for the rational design
of functional motifs that are especially sensitive to mechanically triggered chemical
reactions ¢ motifs that are now known as mechanophores.

In 2007, benchmark work by Moore and coworkers ® demonstrated that the same

mechanical forces commonly associated with the destructive response of bond scission



could be used to trigger a potentially constructive response. They observed accelerated

ring -opening reaction of ciss and trans-benzocyclobutene (BCB) and found that both

isomers yield the same ring-opened E,E-isomer product under the mechanical forces

generated by pulsed ultrasonication of polymer solutions (Figure 1), establishing the

utility of directional mechanical force to bias reaction pathways and induce forbidden (in

the context of orbital symmetry rules) reactions. This pioneering report captured the

EUUI OUPOOw Oi w OEOCaw UIUI EUETT UUw EOQOEw | EEDODUEU

mechanochemistry.

Q conrotatory
 — 74 D —

E, E-isomer
cis-BCB trans-BCB

Figure 1: Mechanically induced ring -opening of cis and trans benzocyclobutene
(BCB) yields single E, E-isomer as product.

The theoretical interpretation of force -induced covalent bond cleavage was first
reported by Kauzmann and Eyring 1t in 1940, who proposed a modified Morse potential
for bond cleavage under fOUE 1 0 w 4 7 oA wwidere & @p)Jigkthe force-free Morse
potential and W(r) is the work input that results from the applied force coupling to the
reaction coordinate. This picture of force-coupled reactivity was refined by Bell (1978):2
and Evans (1997)#4who assumed aforceD OET x 1 OE1 O U wU IxEcEtheriadpeuO1 O1 01
in length along the reaction coordinate on going from reactant to transition state. The rate

constant of force coupled reactions k(F)) under an external force F was expressed as:

Qo QY7



where ko is the force-free rate constant,ks is the Boltzmann constant, and T is temperature.
Other models of modified potential energy surfaces have since been proposed, with

Dudko and coworkers (2006)* deriving the following unified equation:

- - e e o y ya T
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where v = 1/2 andv = 2/3 correspond to the sacalled Cusp and Cubic potential energy
surfaces. Note that the equation is exactly the same as BelEvans expression whenv = 1.
More recently, Makarov ¢ proposed the extended Bell theory (2011), and Boulatow’
further considered the force-dependent coordinate in reactant and product and rewrote
the equation by inserting a secondary term from Taylor expansion (2011). Lastly, potential
energy obtained from first -principle methods was also reported by Martinez (2009) ¢ and
Marx (2009)1°

The above brief introduction regarding the experimental and theoretical evolution
of polymer mechanochemistry is presented to track the timeline of the increasing interest
in polymer mechanochemistry. A more detailed history and state -of-the-art of polymer

mechanochemistry can be found in somereported reviews.2028

1.2 Principles of mechanophore design

The design of mechanophores plays a crucial role in developing stress-responsive
polymers, as both the latent function and the ease with which it is released by a
mechanical trigger are encoded within the mechanophore structure. To date, a wide range
of mechanophores have been incorporated into polymers, including those that change

color/fluorescence2*¥” chemiluminesce,®3% catalyze reactions?®4 release chemical
3



cargos;/#*’ and generate reactive units3% 4853 Nevertheless, developing mechanophores
with novel functionality remains an ongoing and important topic, as it enriches the scope
and utility of stress -responsive polymers. Mechanophores that have been reported as of
the time of this dissertation are summarized in Figure 2. As can been seen, the
mechanophores can be categorized into five groups based on their mechanically coupled
reactivity: homolytic/heterolytic cleavage, cycloreversion, dative bond dissociation,
electrocyclic ring opening, and flex activation.

Initial mechanophores were based on the inclusion of relatively weak bonds, so
that mechanical force selectively cleaves a specific bond along the polymer chain. These
examples comprise relatively weak bonds that are thermally scissile, such as free radical
initiators. Similarly, metal complexes that include dative bonds that are similarly weak
(or weaker) relative to those weak covalent bonds proved to be popular early on.

Another judicious class of mechanophore comprises the cycloaddition adducts,
which can undergo selective cyclo-reversion upon application of sufficient mechanical
force. Currently reported retro -cycloadditions include retro [2+2], [4+2], and [4+4]
cycloadditions, with considerable attention paid to the r etro [2+2] cycloaddition as four-
member rings (cyclobutanes, or CBs) are highly strained and thus are susceptible to
dissociation. Investigations of CB-core mechanophores have spanned: 1) the effect of
substituents on mechanochemical reactivity; 2) nonscissile CBs with stored length that
provides a potential mechanism for energy dissipation; 3) fluorophore/chromophore

integrated CBs that enable reversible activation-regeneration and detection of



stress/damage; 4) generation of reactive species that heal ostrengthen the material under
UOUT UUOWEOGEOW Kk AwUT T wUUl woOl w"! uEUWEWOOOI EUOE
photoreactivity and polymer degradability. Other [4+2] and [4+4] cycloaddition adducts
are mainly based on anthracene dimer and anthracenemaleimide adducts. These
mechanophores are generally designed as scissile types because the introduction of a
bridge would be synthetically tedious. Nevertheless, activation produces fluorescent
anthracene that can be observed and quantified easily. The photophysical properties of
anthracene can be chemically modified to meet specific demand of detection, for example
by extending the conjugation of anthracene to improve its fluorescence quantum vyield. 54
Another heavily investigated group of mechanophores is based on electrocyclic
ring -opening reactions. These mechanophores can be divided further into two subgroups
depending on whether the ring -opening reactions are irreversible or reversible. The
former (irreversible) type includes (benzo)cyclobutene, dihalocyclopropanes, ladderane,
and aziridine, whil e the latter (reversible) includes pyrans and rhodamines that are
usually both non -scissile and photo/thermochromic. The study of the irreversible ring -
opening mechanophores has mainly focused on their force-coupled kinetics and
mechanisms, or use in stres-responsive mechanical properties, whereas most reversible
mechanophores have been used as force probes to investigate force transduction, force

distribution and damage in strained bulk polymers and polymer composites.
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Figure 2 : Characterization of available mechanophores as of early 2020, with
apologies for any omissions. The blue dots are the attachments where force is coupled,
and the red bonds indicate breaking bonds.



Flex-activated mechanophores make up an interesting category that has received
less attention, probably because the relatively poor coupling between mechanical force
and the reaction coordinate leads to a relatively low mechanical reactivity. A promising
exception was reported recently by Boulatov and coworkers, %> who coupl ed force to the
unreactive positions in a phosphotriester substrate to accelerate the &2 reaction by a factor
of > 10% Relative to other mechanochemical motifs, developing new flex-activated
mechanophores requires a more careful design of molecular strudures to ensure desirable
mechanical reactivity.

In general, there is a trade-off between the mechanical reactivity of thermal
stability in mechanophores. One needs to consider proper stability in mechanophores that
is stable enough to give high mechanical reactivities. Notably, metallocene-based
mechanophores reported by Lattuada and Weder,*” Tang and Craig*: ¢ are both highly
thermally stable and mechanically active. Finally, exceptions to the above categorizations
exist. For example, Weder et al3! 5’recently reported a rotaxane-based mechanophore that
functions as a reversible force probe, in which mechanical force is used to overcome a
host-guest interaction that is weaker than the (relatively) large energy barriers associated

with covalent chemical reactions.

1.3 Technique s for coupling mechanical force

This dissertation reports obtained through the use of three main techniques to
trigger mechanochemical responses: ultrasonication, single molecule force spectroscopy,

and bulk mechanical tests. Other industrial processes, such as extrusion and mastication



et al., are not employed in the studies reported here and therefore are not described in this
section. A recent review highlights how polymer mechanochemistry can be conducted on

an industrial scale and discusses several related mechanical processe%.
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Figure 3: Mechanism of ultrasound -induced stretching of polymer chains in the
solution.

Ultrasonication is used to apply mechanical force to polymers in solution, and it
can be applied on a scale (tens of mg) that allows for the ready identification and
guantific ation of mechanically activated species. Despite uncertainty regarding the exact
mechanisms by which forces are generated and the magnitude and distribution of those
forces, it is generally accepted that the extensional flows originate from cavities that form
and grow in solution in response to the pressure waves that accompany sonication. Once
it grows to a certain size, the cavity will collapse, and the rush of surrounding solvent to
fill that void occurs with a velocity gradient in the direction of the f low (extensional or
elongational flow). That flow field stretches and pulls the polymer coil toward the cavity
center (Figure 3), leading to an expected parabolic force distribution along the stretched
polymer backbone with a maximum force near the polymer midchain. The peak force

depends on polymer contour length (long polymers = higher forces), and when the



polymer is long enough it becomes large enough to break conventional C-C (or other)
covalent bonds, leading to chain scission and a reduction in molecular weight. The
collapse of the cavity (and any associated mechanochemistry) occurs on the time scale of
OPEUOUI EOOEUOWEOEwWUT I wil 61 UEUI EwUI OUPOOwWT EVWE
intermedi ates and even forcefree transition state structures on that time scale> The

description of ultrasound here is also brief, and a more detailed discussion can be found

in prior reviews. 6061

Velocity ~ 300 nm/s

Typical SMFS curve

Force (pN)

Extention (nm)

Figure 4: Schematic of pulling a m ulti -mechanophore polymer using SMFS and
the corresponding force -extension curve. Mechanophores can be viewed as loops that
are bridged by weak bonds along the polymer main chain. As the polymer is stretched
and the force along its backbone increases, its response can be broken into three stages:
(@) The single polymer is uncoiled and extended until (b) the force becomes large
enough that bridge bonds start to break and stored length in the loops is released. This
release of stored length leads to a characteristic plateau in the force -extension curve. (c)
Further extension of the polymer chain after mechanophore consumption continues
until the polymer breaks or detaches from one of the surfaces.
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Single molecule force spectroscopy (SMFS) can be used to quaifly the force-
dependent reactivity of mechanophores, especially those that are non-scissile in the
context of the polymer backbone. A productive strategy, used extensively by Craig and
co-workers, is illustrated in Figure 4. A multi -mechanophore polymer chain is anchored
to the cantilever of an atomic force microscope and to an opposing substrate. The non
scissile mechanophores are depicted as bridged loops along the polymer chain. When the
substrate is moved away from the cantilever, the polymer chain will first be uncoiled,
which corresponds to the stage (a) in a typical force-extension curve. Eventually, the force
reaches a sufficiently high value to trigger meaningful reactions, and the activation of the
mechanophores releases stored length that gives tle polymer chain additional extension.
This process corresponds to the characteristic plateau (b) on the forceextension curve.
After all mechanophores have reacted, the polymer chain will be further stretched until it
breaks or detaches from the cantileveror substrate. Instead of a typical sawtooth feature
as observed in SMFS pulls of multi-E OOED Owx UOUT POUOWEOwWEx xEUI OUO0a i
observed on the force-extension curve. The lack of individual feature as observed in SMFS
pulls of multi -domain proteins, 2 EQWEx x EU] OUO0a w?1 OEU2 wx OEUI EVUwH
force-extension curve. The lack of individual features is due to the fact that the instrument
does not possess sufficiently high resolution to resolve individual events (~A of stored
length). This behavior is reminiscent of some polysaccharides and DNAS, %3¢ in which the

smooth transition plateau is ascribed to a large number of mechanically coupled

conformational changes. Further, the characteristic plateau gives a measure of the force

11



required to achieve activation on the time scale of the SMFS est, which is typically on the
order of 10-100 ms for standard experimental conditions. Analysis of SMFS curves using
an extended freely jointed chain model (eFJC) and BeltEvans or Cusp models of force-
coupled potential energy surfaces and kinetics allows us to retrieve the reaction
x EUE OI ©,whithuisl attributed to the difference in polymer contour length at the

transition state relative to the ground state of an individual reaction center embedded

along the polymer main chain.

Stress
Activation

Strain

Figure 5: Schematic of a stressstrain curve that might be obtained from a tensile
test of a mechanophore embedded polymer. The optical response versus stress/strain is
recorded in situ .

Mechanical tests, including tensile, shear, and compression tests, are generally
employed to study the mechanochemical behavior in bulk polymeric materials. For these
studies, optically active mechanophores are often embedded into the bulk materials, as
their activation can be monitored in situ and often in real time. Typical data is illustrated
in Figure 5. As the polymer bulk is subjected to tensile tests, the evolution in optical
properties is recorded over time. The relative activation can be quantified from the optical

signals and further correlated with stress-strain behavior. For non-crosslinked bulk

12



materials, there are fewer restrictions on the choice of embedded mechanophores, because
their activation can be monitored either in situ or by using post-event, conventional
solution -based analysis (e.g.,"H NMR, m ass spectroscopy). The combination of bulk
studies with ultrasonication and SMFS provides an opportunity to characterize and
connect mechanochemical response on different length and time scales, and the following
chapters in this dissertation draw on these techniquest sometimes individually, but more

often in combination ¢ in an attempt to help make that very connection.
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2. Structure -reactivity relationships in polymer

mechanochemistry

2.1 Regiochemical effects on mechanophore activation in bulk
materials '

Mechanochromic force probes, including spiropyran derivatives, have proven to
be useful in visualizing the stress/strain distribution and fracture behavior in polymeric
materials. Here, we report the macroscopic response of silicone elastomersincluding
crosslinks made up of three spiropyran (SP) regioisomers. The SP derivatives SP(0),
SP(m) and SP(p) are connected to the network through an identical attachment point on
the indoline fragment and regioisomeric attachments ortho metg and para to the
spirocyclic C-O bond on the benzaldehyde fragment, respectively. The relative
colorimetric response of these regioisomers under quaskstatic uniaxial tensile load is:
SP(@©) > SP({m) > SP({), consistent with the expected mechanical sensitivity of the
regioisomers obtained from molecular modeling. The extrapolated strain onset for
detectable activation of all three regioisomers, however, is indistinguishable and occurs
at ~90% uniaxial strain. Finally, the ratiometric response of the three isomers is ®nstant
across the strains investigated (90%- 135% uniaxial strain), in contrast to expectations

based on simulations of strained intact polymer networks.

' This chapter is adopted from: Lin, Y.; Barbee, M. H.; Chang, C. C.; Craig, S. L. Regiochemical Effects on
Mechanophore Activation in Bulk Materials. J. Am. Chem. So2018,140, 1596915975.
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2.1.1 Introduction

At the molecular level, high strains in polymeric materials, including elastomer s,
leads to increasing tension along the polymer chains. At sufficiently high strains, that
escalating tension induces polymer chain scission and microcrack formation.® The
insertion of mechanically active moieties (mechanophores) into polymer structures
provides the opportunity to transduce typically destructive mechanical force into
constructive chemical responses® 6 that complements mechanically coupled
supramolecular responses in other systems®%6” By incorporating different
mechanophores, a variety of mechanically active polymer materials can be prepared,
including those that are mechanochromic,?® 5 683 mechanoluminescentgé 7475 or
mechanocatalytic,** 7677 and others that release small moleculeg?43 7879 or generate novel
chemical reactions!0 808 Not surprisingly, this rich range of mechanophores spans a
similarly wide range of force -rate relationships that guide their activation at the molecular
level. For example, the forces required to induce ring-opening reactions of previously
studied spiropyran (SP) and gemdihalocyclopropane (gDHC) derivatives so that they
occur on the time scale of 0.1 s have been quantified using single molecule force
spectroscopy (SMFS) to be 240~260 pN and 0.8~2.3 nN, respectiveiss

The disparate activities of mechanophores highlight the importance of expanding
the structure-activity relationships that guide mechanochemical response in bulk
materials. Although many mechanophores have been quantified and evaluated using

SMFS, little is known about the relative responsiveness of different mechanophores as a
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function of strain in bulk materials. In order to rationally design stress -responsive
materials based on mechanophores, the interplay between mechanophore and polymer
network structure needs to be established. Among the various structure -activity
relationships that have been investigated to date, the effect of regiochemistry on
mechanophore activity, which determines the distance over which force is applied in a
forceeEOUx Ol EwWOUEOUI OURB0@0O60WlPBEEOOHWBWDLLYODOI Ew
for force-coupled equilibria, has been studied from sonication and quantified at the single
molecule level using SMFS87.8%91 |n bulk materials, Robb et al.®? recently reported the
regio-specific mechanical activation of naphthopyran mechanophores in a silicone
elastomer. Of the three naphthopyran regioisomers studied, however, two displayed no
detectable mechanical activity, which prevents a more detailed evaluation of
regiochemical effects on mechanophore activation in the bulk materials. A more

systematic comparison of mechanically active force probes would allow important

structure -activity relationships to be ascertained.

a)
S Force
(i -
SP

b)

Cgb‘o?f}a > SP(p)

SP (o)

Figure 6: a) Spiropyran (SP) ring -opens to the highly colored me rocyanine (MC)
under mechanical force; b) Spiropyran regioisomers prepared for this study, with the
locations of the force handles indicated by arrows.

SP derivatives (Figure 6a) are well suited for this purpose. A range of SPs have

been widely employed as mechanochromic force probes in various polymer matrices,
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revealing the impact of chain mobility 3%, chain orientation 9 and chain relaxation®%1°
on macroscopic-to-molecular force transduction. The compatibility of SP with numerous

polymeric materials (e.g. PMA 2%, PMMA %, PCL1, PS%, PUs.102 PDMS9, hydrogel t° and
latex'*4) and the robust chemistry of SP preparation motivated us to explore the activity of

various SP regioisomers (Figure 6b) as a function of strain in bulk materials.

2.1.2 Experimental section
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Figure 7 : a) Synthesis of SP regioisomers and subsequent modification with
EPI Ol ws 1 E KSt@tdligc®dporktiérunf SP regioisomers into PDMS polymer
network via platinum catalyzed hydrosilylation and following mechanical activation
of SP into blue colo r MC.
2.1.2.1Preparation of SP regioisomers

SP regioisomers are named based on therelaf | wx OUPUDOOwWOI wEOOIT Ol ws
benzaldehyde-based half of the SP to the labile spirocyclic GO bond, whose scission leads

to a colorimetric response. Three derivatives, SP(0), SP(m), and SP(p) were synthesized
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from the well -known condensation of ind oline and benzaldehyde as shown in Figure 7a,

where the o, m and p refer to orthg metaand paraattachments, respectively. Indoline was

prepared according to a previously reported procedure, ® and by simply changing the
regiochemistry of the benzaldehyde building block, different SP regioisomers are

obtained. Unlike SP(0)-OH and SP({)-OH, SP(M)-OH was prepared from 2-hydroxy -4-
(hydroxymethyl)benzal dehyde instead of 2,4dihydroxybenzaldehyde, because the

relatively more electron-rich aldehyde results in low reactivity in the condensation

reaction.105106 Al SP-OH regioisomers were obtained in good yield (for details see section
21AKXOWEOQOEwWUT I PUWUUEUI @01 O0wl V0T UPI PEEUDPOOWDPOUUE
incorporation into the silicone via platinum catalyzed hydrosilylation (Figure 7b), as

described previously.

2.1.2.2Network preparation

SP(0), SP(m), or SP(p) diene (22 mg, 0.5 wt %) was dissolved in 0.4 mL xylene, and
4.0 g premixed Sylgard 184 part A was added to the solution. The resulting pale mixture
was vortex mixed for 3 min to give a clear blend. 0.4 g Sylgard 184 part B was then added
and the final mi xture was further mixed for 3 min. After degassing under house vacuum,
the obtained mixture was poured onto a freshly cut polypropylene film. Curing at 65 °C

overnight gave a clear, crosslinked PDMS film with thickness of about 0.30 -0.45 mm.

2.1.2.3Tensile tests
%D OOUwbl Ul wEOOLR GUOESEOQOWUUDPOT WEWEDI wbbUT wd
ASTM Die D. Tensile tests were performed on a TA Instruments RSA Ill Dynamic
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Mechanical Analyzer at strain rate of 0.5 mm sNvand color images were captured on a

Canon EOS RebelTM xsi camera.

2.1.3 Results and discussion

Because of the absence of the familiar nitro group at theparaposition to the labile
spirocyclic C-O bond, we anticipated that the SP-MC equilibrium would strongly favor
the colorless SP due to lack ofstabilization of the negative charge on the merocyanine
product. As expected, all prepared SP embedded PDMS films were clear and colorless
and had similar mechanical properties, as verified from uniaxial tensile testing (Figure
11). The lack of a nitro substituent also meant that the samples had negligible UV driven

photoswitching, which facilitated the studies.

2.1.3.1Relative activation

As an initial evaluation of mechanical responsiveness, a specimen of each SP
PDMS film was cut into a ~3 mm wide strip . For all prepared SP-PDMS samples, we
clearly observed mechanical activation of SP into a blue color consistent with the expected
formation of the more highly conjugated merocynine (MC) when the strip was manually
stretched (Figure 10). For more quantitative characterization of mechanochromism, the
SR/ #, 2wi POOUwPI UMHEWHWHOY Guwrd EGw EHLQEOx Ol UwWEOEWUUEN
tensile test while images were recorded. A typical set of images of each of the three types
of SP-PDMS specimen during tensile testing is shown in Figure 8a. The increasing blue

color with strain is most obvious in SP(0)-PDMS, while a less intense blue color is
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observed for SP(m)-PDMS, and less again forSP({p)-PDMS. In the latter case, the blue color

is barely visible to the naked eye even at a uniaxial strain of 135%.
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Figure 8 : a) Representative image set of SP-PDMS under quasi -static tensile
test; b) Stress-strain curve and corresponding B/G value from image analysis, where B
is the blue channel intensity and G is the green channel intensity; SP(0) (left), SP(m)
(middle) an d SP(p) (right). The blue dots in the SP(p) images of (a) are labels made by
marker and used to verify the strain; they are not included in the image analysis.

2.1.3.20nset of activation

To quantify the onset of color change and the relative strain-dependent activation
of each regioisomer, we collected RGB images using a previous developed procedure?’®
Analysis of these RGB images provides the intensity in red, green and blue channels. In
order to correct for the effect of any subtle changes in ambient light due to the movement
of the film under extension, the ratio of in tensity in different channels was used; the best
signal-to-noise ratio was found for the ratio of the B and G channels (Figure 18). We
therefore used the B/G ratio to evaluate the mechanophore activation. As illustrated in

Figure 8b, the B/G value of SP(0)-PDMS remains unchanged at about 0.991 from 0% to
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~90% strain. Further increases in strain, however, lead to a linearly increasing B/G value
that reaches 1.035 at a strain of 164%.

The linear B/G response can be extrapolated back to its baseline value to iye an
apparent strain at onset for detectable activation of 90%, which corresponds well with the
onset detected by the naked eye. The corresponding point on the stressstrain curve
indicates that the polymer network starts to enter the strain hardening se ction at this same
value of 90% strain. The correlation between macroscopic colorimetric response and
macroscopic strain hardening is intuitively reasonable, since the single molecule tension
required for SP activation involves forces that are in the non-linear (strain hardening)
deformation regime of the single molecule. 8 That enough strands are activated to observe
macroscopic coloration suggests a likelihood that enough strands might also be
deforming non -linearly to result in macroscopic strain hardening.

Somewhat unexpectedly to us, the onset behavior in the mechanochromic
response of SP(m) and SP(p) is indisting uishable from that of SP(©). The B/G value for
SP(m) is 0.992 at 0% and increases to 1.006 at 140% whereas it is 0.994 &®(p) at 0% and
1.002 at 135%. Extrapolation of B/G to baseline again gives apparent strains at color onset
of ~90%. While subtle differences beyond the precision of the measurements employed
here might exist, these results suggest that mechanochemical activation in these force
probes is determined more by the network structure and strain hardening physics than

the isolated molecular characteristics of the mechanophore.
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Figure 9 : a) Change in B:G intensity ratio of three SP regioisomers, where
T ! ¥ & A wBIGp!'and &BAG)o is the value at 0% strain; b) data in (a) normalized to
the value at 135% strain.

2.1.3.4Ratiometric activation as a function of strain

We next considered the possibility of differential response at higher strains. The
total response of a mechanophore within a strained network can be broken down into a
function of: (i) the strain at which response begins; and, (ii) how the activation grows as a
function of increasing strain from that point forward. As all three SP derivatives are
effectively indistinguish able with respect to their strains at color onset, we therefore
considered the relative strain dependence of their colorimetric response. A

straightforward comparison of relative mechanical activation can be seen in Figure 9a, by
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normalizing the increase in B/G to its initial (unstrained) value. All three derivatives show

a linear change in B/G as a function of increasing strain up to the limiting strain at break.
The normalized increase in B/G values at ~135% strain are 0.026, 0.013 and 0.008 8P (0),
SP(m) and SP({p), respectively. One correlant of the nearly linear response in the
individual regioisomers is that the relative activation of the SPs stays constant across the
accessible strain window. In other words, SP(0) is always more activated than SP(m) and
more activated again than SP(p), but the ratio of MC derived from any isomer to another
does not change.

Quantifying the exact extent of activation of each isomer is problematic, as the
extinction coefficients are not known, and the MCs cannot be generated photochemically
or by another means in order to get them accurately. Since the U\tvis absorption spectra
for all SP regioisomers are similar when mechanically activated to MC (Figure 12),
however, one could assume that the molar absorptivities and change in B/G ratio are
identical for purposes of estimating the relative activation. In this limit, the relative
activation of SP(0):SP(m):SP(p) is 3.2:1.6:1. These numbers are necessarily approximate,
and they are likely to be revised (perhaps substantially) iffas accurate extinction
coefficients become available. Interestingly, however, the ratiometricresponse (regardless
of the exact value of the ratios) of the three isomers is strain independent across the strains
accessed (90%135%, Figure 9b), and this result does not depend on the extinction

coefficients of the three merocyanine regioisomers.
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2.1.3.5Molecular origins of differential activation
The relative color change of the three SP isomers $P(@©) > SP(m) > SP({p)) is
consistent with the expected relative response of the isolated isomers. Previous studieg?
84, 8689, 107108 haye showed the significanE 1 w O wOi ET E O b )8 Ghe Ehénge<io D O1 w ol
contour length of a stretched polymer as an embedded mechanophore goes from its
ground to transition state + on the kinetically limited activation of mechanophores. Even
subtle modifications in the attachment site and/or the structure of the groups connecting
the mechanophore to the polymer can significantly affect the activation length and the
resulting mechanical susceptibility.
In the case of the quastistatic loading of the SP-PDMS films studied here, the extent
of activation is thermodynamically, rather than kinetically, determined (equilibration
times of ~1 s; see Figurel3). Although the mechanochromism is thermodynamically
determined, the considerations are similar as to the kinetically controlled cases. Namely,
OTT wlUIEVOT UwUT T wET EOT T wbOwoOl 01 UT ) beurho2b OT wi U
mechanically responsive the force-coupled equilibrium will be. Because the electronic
effects of these substituents on the forcefree SRMC equilibrium are rela tively modest, 109
it is the geometric effect that likely dominates the behavior here. This picture is consistent
with t he relative activation observed in the SP-PDMS films. Molecular modeling (Figure
25424 wUT OPUwWOT ECwUOT T ludfdB thdseEnteth&napbidids EpEasgdisutb the

trend observed in the relative extent of activation: SP() >SP (m) >SP(p).
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2.1.4 Conclusion

The results presented here provide some important insights into the molecular
mechanochromic response associated with deformation of the bulk elastomer.
Comparisons to single molecule behavior are illustrative. The extent of color as a function
of force at the molecular level depends on the force-coupled SP-to-MC equilibrium

constant:

y 'y

v o o 1)

In cases such as the S®PDMS films employed here, where T G° is roughly constant,
therefore, the reaction with the largest | L should reach a detectable limit at the lowest
force ¢ and therefore the lowest strain. In other words, stretching an individual molecule
would lead to detectable SP(0) opening before SP(m), which would open before SP(p). In
the bulk elastomer, however, the activation of all three isomers is triggered at the same
strain. It is very possible that the differences in onset strain for the mechanophores
employed here are simply too small for us to detect, but at a minimum the observations
here motivate further experimental and theoretical work to better understand the onset
behavior.

Even more interesting is the constant ratiometric response after the onset of
detectable mechanochromism. Referring to eq. 1, in systems that are characterized by a
single effective force, the mechanophore with the largest | L is expected to respond more

strongly with increasing force than those with smaller T L. This behavior is not observed
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in the SP regioisomers here,nor is it observed in a similar study involving different SP
force probes by Kim et al.11°

In the elastomers, of course, there is a distribution of forces rather than a sngle
force across the elastically active strands when the polymer is strained. Little is known
about the details of molecular tension distributions in strained polymer networks. Recent
computational work by Makarov ! suggests an exponential distribution for the high
tension portion of the strands in a network (those that would be responsible for any
mechanochemical response). Our attempts to rectify our observations with the theory
stretched with strain, so that the ratio of high force (i.e., SP(p)) mechanophore activation
to low force (i.e., SP(0)) activation should increase with strain. One possible contributor
to the lack of agreement might be the contributions from chain sci ssion events, which have
been detected at the same strains (> 90%) at which mechanochromism is observed heré?
For example, such events might create a highi OUET w? E1 DPODPOT » wOOwWUT 1T wi
leading to an accumulation of active strands that dominate the mechanochromic response,
but whose force distribution changes little with strain.

Looking forward, the observations reported here motivate a closer look at the
molecular tension details within strained networks. For example, careful characterization
of these and other force probes by SMF®° might allow for actual tension distributions to
be experimentally determined. In addition, work on other polymer networks would test

the generality of these findings and potentially rev eal possible interplays between the
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structure of the mechanophore and the network in which it is embedded. Finally, further
theoretical advances are likely to be critical. The ability to directly probe molecular
behavior in necessarily heterogeneous polymer networks, through methods similar to
those employed here, are likely to provide an important empirical anchor to such future

investigations.

2.1.5 Synthetic and general procedures
2.1.5.1Materials and characterization

Materials: Lab general solvents (dichloromethane, chloroform, hexane, ethyl
acetate, acetone, xylene, tetrahydrofuran, ethanol) were purchased from VWR or Sigma
Aldrich. 2,3,3-Trimethylindolenine, 2 -iodoethanol, piperidine, 2,3-
dihydroxylbenzaldehyde, 2,5 -dihydroxylbenzaldehyde, 3 -hydroxyme thylphenol, 6-
pentenoic acid, triethyl amine and 4 -dimethylaminopyridine were purchased from Sigma
Aldrich or Alfa Aesar and used without further purification. Sylgard®184 was purchased
from Ellsworth Adhesives, Germantown, WI. Flash chromatography was per formed on
CombiFlash®200 auto-column system from Teledyne ISCO.

Characterization: *H NMR spectra were collected on a 400 MHz Varian INOVA
spectrometer and 3C NMR spectra were collected on a 500 MHz Varian UNITY
spectrometer. Chemical shifts are given inppmey A WEOE wUIl 1 1 Ul OHipdakuUOw 0T |
at 7.26 ppm or 13C peak at 77.16 ppm in CDCk. 'H shifts are reported as chemical shift,
multiplicity, coupling constant if applicable, and relative integral. Multiplicities are

reported as: singlet (s), doublet (d), doublet of doublets (dd), doublet of triplets (dt),
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doublet of doublet of doublets (ddd ), doublet of doublet of triplets (ddt), triplet (t), triplet

of doublets (td), quartet (q), multiplet (m), or broad (br). Coupling constants (J) are

reported in Hertz. High -resolution mass spectra were collected on an Agilent LCMS-TOF

DART at Duke UniversPUa z Uw, EUU w2 x 1 E U wi®$pectialhveraicolieddd b Ua 8 w4 5

a Sl Photonics Model 440 UV/Visible Spectrophotometer while the film strips were

maintained at certain strain with a homebuilt stretcher. Images were recorded using a

Canon EOS RebelTM xsiwith a Canon EF-S 1855 mm 1/3.5-5.6 IS SLR lens. Images were

OEUEDPOI EwbpPUT OUUwWi OEUT WEOSEwWPDUT wi BRxOUUUI wxEUEOQ
Tensile test / Ul xEUI Ewi DOOU w kPE QA lug BWWiwep<G BEQuikxd CHD O1 ¢

modified ASTM Die D dimension. U niaxial tensile tests were performed on a TA

Instruments RSA Il Dynamic Mechanical Analyzer (Force resolution: 0.0001 N, strain

Ul UOOUUPOOO whwOOAWEUwW# U0l waODBYI UUPUazUw21 EUI E

prevent force constrained at the clamped position of the sample that may result in

premature sample break, additional two small pieces of films were placed on each side of

the sample film. The PDMS sandwich structure provided increased friction and prevented

slipping at high strains.

2.1.5.2Synthetic procedures

General synthesis scheme
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2.1.5.2.1Synthesis of SP(0) derivative

The synthesis of SP(0)-OH 113, SP(0) diene®®and hepent-6-enoic anhydride 8" have

been reported previously.

Synthesis 08P (0} OH

- o
HO\) HO

1 2a

Synthesis 08P(0) diene

2
N O Q DMAP, THF

HO
SP(o) diol

HO

2.1.5.2.2Synthesis of SP(m) derivative

Synthesis 08P(m)-OH

Pyperidine, EtOH O

reflux N O Q
HO
SP(0)-OH

HO

SP(o0) diene
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@6& Pyperidine, EtOH O
Y/
HO
N+ |- + reflux \; 0 Q
HO\) OH HO OH
1

2b SP(m)-OH

2-Hydroxy -4-hydroxymethylbenzaldehyde 2b was synthesized according to
reported procedure 114,

To a solution of 1 (662.4 mg, 2 mmol) and2b (304 mg, 2 mmol) in 10 mL ethanol,
added xml piperidine (394 pL, 4 mmol). The solution was then refluxed for overnight .
After cooling down, ethanol was removed under reduced pressure to give brown oil. The
oil was then dissolved in 100 mL ethyl acetate and washed with 3x100 mL DI water and
100 mL brine. Organic phase was further dried with MgSO 4. After evaporation under
reduced pressure, a light brown foam solid SP(m)-OH was obtained (658 mg 88.1%). An
analytical product was obtained by further purification from column chromatography (0%
~ 50% EtOAc/Hexane gradient).'H NMR (400 MHz, CDCl sA wix wA 8 hut wepUEOw) wé wA b
7.08 (dd, J = 7.3, 1.3 Hz, 1H), 7.03 (d, J = H8&, 1H), 6.91¢ 6.79 (m, 3H), 6.71 (d, J = 1.5 Hz,
1H), 6.63 (d, J = 7.7 Hz, 1H), 5.67 (d, J = 10.3 Hz, 1H), 4.57 (s, 2H), 3.74 (m, 4H), 3.50 (m,
1H), 3.33 (m, 1H), 1.30 (s, 3H), 1.17 (s, 3HEC NMR (125 MHz, CDClzA w» whuk + 8 WN O w huK .
143.31, 136.38, 1283, 127.60, 126.96, 121.84, 119.35, 119.28, 118.87, 117.76, 113.34, 106.56,
104.67, 64.64, 60.65, 52.25, 45.93, 25.87, 20.37. HRABE (m/z): calculated [M + H]* for
C21H24NO3, calculated 338.17507, found 338.17569.

Synthesis 08P(m) diene
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N O Q DMAP, THF o\)
HO\) g ¢ © A
OH I
SP(m)-OH SP(m) diene 0

To a solution of SP(M)-OH (0.5 g, 1.48 mmol, 1.0 eq.) in 12 mL dry THF, added
hept-6-enoic anhydride (740 mg, 3.11 mmol, 2.1 eq.) and DMAP catalyst (18 mg, 0.148
mmol, 0.1 eq.). The solution was allowed to stir at room temperature for ov ernight. After
the reaction completed, 0.5 mL E&N was added to the solution and stirred for additional
30 min. Then the solvent was removed under reduced pressure. Further flash
chromatography (0% to 25% EtOAc/hexane gradient eluent) gave SP(m) diene as a light
orange oil (704 mg, 85.4%)H NMR (400 MHz, CDCI sX w ¥ w AJ& 6 Ha i B)O107 (d,J
= 7.1 Hz, 1H), 7.02 (dJ= 7.7 Hz, 1H), 6.92 6.73 (m, 3H), 6.73 6.61 (m, 2H), 5.77 (M, 2H),
5.70 (d,J= 10.2 Hz, 1H), 4.98 (s, 2H), 4.9 4.90 (m,4H), 4.25 (dt,J= 11.0, 6.4 Hz, 1H), 4.16
(dt, J= 11.5, 6.3 Hz, 1H), 3.51 (m, 1H), 3.383.29 (m, 1H), 2.34 (tJ= 7.5 Hz, 2H), 2.26 (tJ
= 7.5 Hz, 2H), 2.03 (pJ= 7.3 Hz, 4H), 1.62 (m, 4H), 1.39 (m, 4H), 1.28 (s, 3H), 1.14 (s, 3H).
13C NMR (126 MHz, cdckA wy whuA + 8 Kk NOwhAt 6 k YOwhk K&+ | OwhKASdt Y
127.68, 126.96, 121.82, 119.84, 119.58, 119.42, 118.30, 114.81, 114.40, 106.57, 104.73, 65.71,
62.79, 52.38, 42.57, 34.18, 34.14, 33.44, 28.41, 25.96, 24.46, 24.40, 20.1.-HBMR®/z):

calculated [M + H]* for CssH43NOs, calculated 558.32140, found 558.32161.

2.1.5.2.3Synthesis of SP(p) derivative

Synthesis 08P (p)OH
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0= —
Pyperidine, EtOH O
V,
@6&7 + HO:@*OH N O Q OH

Ho\) |- reflux HO\)
1 2c SP(p)-OH
Piperidine was added to a solution of 1 (1.656 g, 5 mmol) and2c (0.691 g, 5 mmol)
in 40 mL ethanol. The solution was then refluxed for overnight. After cooled down to
room temperature, ethanol was removed. The obtained brown oil was further purified by
column chromatography (0% to 70% EtOAc/He xane gradient eluent) to give SP(p)-OH as
a brown solid (703 mg, 43.5%).:H NMR (400 MHz, CDCl zX w» wA 8+t 7uled HE OH)
7.07 (dd,J= 7.3, 1.4 Hz, 1H), 6.85 (tJ= 7.4 Hz, 1H), 6.74 (dJ= 10.2 Hz, 1H), 6.61 (dJ=7.8
Hz, 1H), 6.56 (t,J= 19 Hz, 2H), 6.52 (dt,J= 2.7, 1.5 Hz, 1H), 5.68 (dJ= 10.2 Hz, 1H), 3.83
¢ 3.69 (M, 2H), 3.5% 3.46 (m, 1H), 3.36 (M, 5.4 Hz, 1H), 1.30 (s, 3H), 1.15 (s, 3HIC NMR
(125 MHz, acetonedsA wy wl Yt 61 + Owhk d KY OwhK W6 K W®S,u2uRg 6 Nk Owh
119.83, 119.22, 116.86, 115.65, 113.55, 106.91, 104.70, 60.82, 52.45, 46.75, 30.12, 29.96, 29.81,
29.66, 29.50, 29.35, 29.19, 26.01, 20.33. HRESI (m/z): [M + H]* for C20H21NO3, calculated

324.15942, found 324.15962.

Synthesis 08P (p) diene

O = (\/\/\J\}O O B

2 N O Q o\n/\/\/\
X
\; 0 O OH DMAP, THF o\) 3
HO /\/\/\n/
o
SP(p)-OH SP(p) diene

To a solution of SP()-OH (0.5 g, 1.55 mmol, 1.0 eq.) in 12 mL dry THF, added

hept-6-enoic anhydride (774 mg, 3.26 mmol, 2.1 eq.) and DMAP catalyst (19 mg, 0.155
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mmol, 0.1 eq.). The solution was allowed to stir at room temperature for overnight. After

the reaction completed, 0.5 mL EtN was added to the solution and stirred for additional

30 min. Then the solvent was removed under reduced pressure. Further flash
chromatography (0% to 25% EtOAc/hexane gradient eluent) gave SP(p) diene as a light

yellow oil (777 mg, 92.5%).'H NMR (400 MHz, CDCI s&A w ¥ wA 3+7A7uicd BI£ CH) 7.07

(dd, J= 7.2, 1.2 Hz, 1H), 6.85 (tJ= 7.4 Hz, 1H), 6.79 (m, 2H), 6.77 (dJ= 1.6 Hz, 1H), 6.66

(dd, J= 8.7, 3.2 Hz, 2H), 5.88 5.70 (m, 2H), 5.74 (d, J = 10.3 Hz, 1H), 5.G94.90 (m, 4H),

4.30% 4.12 (m, 2H), 3.52 (dtJ= 15.0, 6.4 Hz, 1H), 3.36 (dt)= 15.1, 6.4 Hz, 1H), 2.54 (t)=

7.4 Hz, 2H), 2.27 (tJ= 7.5 Hz, 2H), 2.12 (qJ= 7.2 Hz, 2H), 203 (q,J= 7.2 Hz, 2H), 1.80t

1.70 (m, 2H), 1.55 (dpJ= 32.5, 7.4 Hz, 4H), 1.38 (p]= 7.6 Hz, 2H), 1.29 (s, 3H), 1.14 (s, 3H).

13C NMR (125 MHz, CDClsA wy whuA + 6 k't OwhiA | 8kt Owhik 6t KOwWhKABS I |
128.99, 127.67, 122.57, 121.8(0.54, 119.44, 119.39, 118.84, 115.69, 114.94, 114.79, 106.55,
104.70, 77.41, 77.16, 76.91, 62.71, 52.40, 42.51, 34.21, 34.11, 33.42, 28.37, 25.94, 24.48, 24.38,

20.19. HRMSESI (m/z): [M + H]* for CzsHuNOss, calculated 544.30575, found 544.30596.

2.1.5.24 Preparation of SP incorporated PDMS film

PDMS film was prepared using modified procedure according to previous
literature 3. 115

To a 20 mL scintillation vial, SP diene (22 mg, 0.5 wt%) was dissolved in 0.4 mL
xylene. Sylgard®184 PDMS base (4.0 g) was added and mixed completely with Votex.
Then PDMS curing (0.4 g) was added and further mixed to form a clear homogenous

mixture. The viscous mixture was casted on a Teflon mold and cured at 65 °C for overnight.
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test.

2.1.5.3Mechanical activation of SP regioisomers

2.1.5.3.1Manual stretch of SP -PDMS strip

Figure 10: Mechanical activation of SP regioisomers by manual stretch of PDMS

SP(o) SP(p)

strips

2.1.5.3.2Quasi-static tensile test

8x109%+ 8x10%-
SP(0) SP(m)
6x10% _ Bx10%-
™ ©
o o
0 4x10%+ @ 4100
@ o
= ;-]
@ 2101 D 21001
04 : i = . 01 r r T :
0 50 100 150 200 0 50 100 150 200
Strain % strain
8x10%+
SP(p)
610
w
o
w 410084
("]
[+
]
@D 2,100
0_
T T T 1
0 50 100 150 200
Strain %

Figure 11: Additional stress -strain curves of SP(0), SP(m) and SP(p) specimen
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premature break due to force constrained at the clamping position.

2.1.5.3.3UV -vis spectra of SP(0), SP({n) and SP(p) under mechanical force

The film was fixed at a constant strain while the UV -vis spectrum was collected.

0.60+ 0.324
SP(o0) SP(m)
0.554 0.304
2 0.504 2 0.28
< <
0.454 0.264
0.40 T T T 1 0-24 T T T 1
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)
0.55+
SP(p)
0.50+
8 .45
<<
0.404
0.35 T T T 1
500 600 700 800

Wavelength (nm)

Figure 12: UV -vis spectra of mechanical activated SP(0), SP(m) and SP(p). All
show a broad absorption peak between 460~700 nm.

2.1.5.3.4Time -dependent test for activation of SP( 0) at constant strain

A specimen of SP)-PDMS was maintained at 105% strain and the evolution of
absorption at 580 nm and 780 nm were monitored. The differential value of A ssonmand

A7som Was applied to track the activation.
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Figure 13: Plot of stress and (A580 nm ¢ A780 nm) value against time for SP(0) -
PDMS at constant 106% strain.

2.1.5.3.9mage recording and analysis for specimen under tensile test

Image is recorded using a Canon EOS RebelTM xsi (with a Canon EFS 1855 mm
f/3.5-5.6 IS SLR lens) camera while the SPDMS specimen is subjecting to tensile test. The
images were taken at manual mode with exposure parameters § Uw U O why vk wUl EOw8
100. Recorded .CR2 format raw files are further imported into Adobe Lightroom Classic
""" wUOwx1 Ul OUOWEEOI UEwOI OUWEEOPEUEUPOOWEOQEWPT B
Color & White Balance Card in the background). Those unmodi fied images are then saved
as .tiff format files. The image sequence is imported to Fiji image J and split into red, green

and blue channels. A representative image sequence in three channels is show here:
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Figure 16 : Representative image montage of SP(0)-PDMS specimen in blue
channel.
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The length of stretched specimen in the image was measured to calculate the strain
and intensity in each channel are retrieved. A same size region near the center of the SP

PDMS specimen is set as region of interest in FIJI.

Red channel Green channel Blue channel
e e --
@ @ @
Length: 3.858
0 [

Area: 0.151 Area: 0.151 Area: 0.151
Mean: 57460. Mean: 57412.23 Mean: 59406.228

\ 4L [ = A e

Figure 17: Image analysis from FIJI in red, green and blue channels. The length
of sample is measured in arbitrary unit (blue line in red channel) and the analyzed
region is indicated with green square in the image.
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Table 1: Representative data from analysis of image set of SP( 0)-PDMS

specimen

© 00 ~NO Ul WN P H*

NDNDNNNNMNMNNMNNNRPRPRPPRPERPRPEPRPEPRPRPRPERE
O~NOO O, WNPOOWONOOUDd»WNEO

Length

1.463
1.537
1.597
1.658
1.716
1.783
1.842
1.905
1.971
2.042
2.108
2.212
2.316
2.423
2.525
2.645
2.733
2.838
2.941
3.038
3.142
3.25
3.347
3.456
3.551
3.654
3.752
3.858

Strain %

0.0

51

9.2
13.3
17.3
21.9
25.9
30.2
34.7
39.6
44.1
51.2
58.3
65.6
72.6
80.8
86.8
94.0
101.0
107.7
114.8
122.1
128.8
136.2
142.7
149.8
156.5
163.7

Area

0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
0.151
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Red
59980.9
59928.521
59946.153
60038.45
59991.111
60044.083
60035.986
60026.877
60011.316
59837.485
59910.715
59889.355
59942.378
59866.176
59794.162
59979.734
59940.014
59710.905
59453.145
59213.888
59086.173
58854.014
58667.683
58389.335
58187.5
57876.056
57648.563
57460.53

Channel
Green

60121.202
60095.926
60106.073
60197.243
60145.073
60193.48
60192.003
60178.846
60168.837
59990.653
60060.51
60043.986
60089.165
60014.083
59938.24
60115.186
60079.15
59816.056
59534.44
59263.406
59101.04
58857.097
58659.985
58367.999
58160.914
57834.783
57606.686
57412.234

Blue
59577.523
59533.716
59549.321
59642.978
59583.864
59637.408
59626.348
59624.248
59624.596

59446.02
59519.824
59505.048
59564.032
59490.138
59426.759
59656.051
59676.039
59549.951
59433.084
59355.808
59395.773

59388.06
59409.841
59370.503
59406.949
59363.246
59373.012
59406.228
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Figure 18 : The intensity in each channel was analyzed in B/G, B/R and R/G
versus strain to determine the activation. The B/G provides best signal to noisy ratio,
therefor, is selected to analyzed and compare all other results.
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Figure 19: Additional B/G versus strain pots of SP( 0), SP({m) and SP(p) specimen
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2.1.54 Kinetic and thermodynamic parameters

Due to the UV inactive nature of SP(0), SP(m) and SP(p), the forward reaction rate
kicould not be determined using reported procedures. An estimation method was applied
here. The equilibrium constant K eqwas estimated from phenol part in the MC form while
the backward reaction rate k-1 can be determined experimentally.

2.1.5.3.1Estimation of equilibrium constant

The Keq of these spiropyran derivatives were estimated from corresponding

benzaldyhyde part as follows:

SP(0)-NO, SP(0) SP(m) SP(p)
):o ):o ):o

The pKa of phenols describes the ability of phenol to give deprotonated form,
which could be used to estimate the ability of spiropyran to stay at MC form. Hence, the

following equation for two different spiropyrans was applied:

The pKa values of phenols were roughly obtained using tools from ChemAxon
website. Since Kq of SP(0)-NO:2 has been obtained expgimentally 8, the Keq of other
spiropyran derivatives could then be calculated. Obtained equilibrium constants were

summarized in Table 2.
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Table 2: Estimated equilibrium constants of SP( 0), SP{m) and SP(p) from SP(0)-

NO:2
SP(0)-NO> SP©) SPm) SP()
pKa 7.86 10.22 9.37 9.49
Keq 3.46x106 1.82x10 1.51x10 1.07x10

2.1.5.3.2ZFading rate of activated SP(0), SP(n) and SP(p)

Although SP(0), SP({m) and SP({p) are all UV inactive, the SP can be mechanically
active to form MC. The backward reaction rate can be further retrieved from fading rate
since the forward reaction rate is negligible compared to backward reaction rate. The
fading rates of SP(0), SP(m) and SP(p) are fast. The activated MC goes away fast (~2
seconds) when applied force is removed. A video was recorded while the SP incorporated
film was compressed locally with an iron cylinder to obtain color, and then the
compressive force was removed. The force-free ring-closing rate was then retrieved by
monitoring the intensity change of mechanically activated region. A representative
procedure for analyzing the fading rate of mechanically activated SPwas described here.
A video was recorded while SP(0) incorporated PDMS film was compressed with an iron
cylinder. The .MTS format video file was then converted into .MP4 file using Lightroom
classic CC software. Further, frames in the .MP4 video file were retrieved using Matlab
R2016a. The time intervalbetween each frameis 1/60 s. Then, the intensity of compressed
region in each image was analyzed with Fiji software. The fading in intensity as a function

of time gives the fading rate.
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Figure 20 : Representative frame montage f rom video of locally compressed
SP(0)-PDMS film in red channel.

Figure 21 : Representative frame montage from video of locally compressed
SP(0)-PDMS film in green channel.
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Figure 22: presentative frame montage from video of locally compressed SP( 0)-
PDMS film in blue channel.

Figure 23 : Representative frame analysis of locally compressed SP( 0)-PDMS
film in red, green and blue channels. The mechanically acti vated region was indicated
with yellow circle.

The intensities in red, green and blue channels were retrieved and were plot as B/R

or B/G as a function of time. Further fitting with one phase decay gives the fading rate.
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The fading rate of SP(m) and SP(p) were obtained using the same way as described above.
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Figure 24: Fading rate fitting of mechanically activated SP( 0).

Table 3: Backward reaction rate of SP(0), SP{Mm) and SP(p)

SP(©) SP(m) SP()
k-1 (s) 0.537 0.364 0.575
SD. (sY) 0.238 0.102 0.107

Table 4 : Kinetic and thermodynamic parameters of SP( 0), SP({m) and SP(p)

& &
Probe Kea ki (s) K1) calmol)  (kealimol)
SPE) 1.82x1  9.81x10 0.54 27.20 9.19
SP(m) 151x16  5.44x10 0.36 26.18 7.94
SPQ) 1.07x16  6.09x10 0.57 26.11 8.14
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2.1.5.5 CoGEF modeling

CoGEF modeling of ring-opening and ring -closed form for SP derivatives were
x1 Ul OUOI E wb O w2 wdrsiviat datebulauhviechanit SMMEF theory level. The
end-to-end distance of the molecule was constrained to a notice distortion when the
energy reached ~500 kcal more than the unconstrained state. The constrained endo-end
distance was then reduced gradually with an interval of 0.1 A. The energy at each step
was plotted vs. distance. This plot was further fitted with a quadratic equation, of which
the first derivative gave force vs. extension as a linear function. The extrapolation of force
vs. extension curve at zero force (xo) gave the contour length of repeating unit.

2.1.5.4.1CoGEF modeling of SP(0)

Chemical structures of SP(0) and corresponding ring -opening MC forms: CTT,

CTC,TTC,TTT and TCC.#

TTC TTT TCC

SP(0)
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Figure 25: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of SP(0): 22.733 A
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Figure 26 : Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of CTT: 25.173 A
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Figure 27 : Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of CTC: 26.319A
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Figure 28: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of TTC: 25.110 A
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Figure 29: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of TTT: 27.246 A
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Figure 30: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of TCC: 26.158 A

Table 5: Summary of contour length of MC isomers from SP( o) (unit: A)

SP(0) CTT CTC TTC TTT TCC
Trial 1 22.792 25.173 26.389 25.089 27.305 26.158
Trial 2 22.733 25.243 26.319 25.110 27.239 26.370
Trial 3 22.680 25.057 26.306 25.136 27.246 26.217
Avg. 22.735 25.158 26.338 25.112 27.263 26.248
SD. 0.056 0.094 0.044 0.023 0.036 0.110
TL / 2.423 3.603 2.377 4.528 3.513
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2.1.5.4.2CoGEF modeling of SP(m)

Chemical structures of SP(m) and corresponding ring -opening MC forms:

(e}
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dE/dx

100+
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Energy (kcal/mol)

R?=0.9998
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End-to-end distnace (A)

Figure 31: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of SP(m): 26.839 A
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Figure 32: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of CTT: 27.254 A
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Figure 33: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of CTC: 27.796 A

TTC

51



150+ r 1500

O Energy

— Fitting curve
3 — dE/dx
E 100+ 1000 o
g y = 35.15%-904.17 g
= [ ]
= Xo = 27.277 =
[ z
5 50- s00 <
S R? = 0.9997

0 0

27.5 28.0 28.5 29.0 29.5 30.0
End-to-end distnace (A)

Figure 34 : Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of TTC: 27.277 A
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Figure 35: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of TCC: 28.440 A
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Figure 36: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of TCC: 26.905 A

Table 6 : Summary of contour length of MC isomers from SP( m) (unit: A)

SP(m) CTT CTC TTC TTT TCC
Trial 1 26.788 27.254 27.816 27.311 28.456 26.905
Trial 2 26.839 27.261 27.796 27.277 28.440 26.876
Trial 3 26.891 27.225 27.773 27.264 28.415 26.908

Avg. 26.839 27.247 27.795 27.284 28.437 26.896

SD. 0.051 0.019 0.022 0.025 0.021 0.018

TL / 0.407 0.956 0.445 1.598 0.057

2.1.5.3.3CoGEF modeling of SP(p)

Chemical structures of SP(p) and corresponding ring -opening MC forms:
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Figure 37 : Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of SP(p): 25.062 A
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Figure 38: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of CTT: 26.190 A
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Figure 39: Quadratic fit of energy vs. distance curve (gree
curve (orange). End-to-end distance of CTC: 25.185 A
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Figure 40: Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of TTC: 25.622 A
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Figure 41 : Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of TTT: 25.271 A
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Figure 42 : Quadratic fit of energy vs. distance curve (green); force vs. distance
curve (orange). End-to-end distance of TCC: 25.987 A

Table 7: Summary of contour length of MC isomers from SP( p) (unit: A)

SP(p) CTT CTC TTC TTT TCC
Trial 1 25.032 26.192 25.205 25.622 25.271 25.987
Trial 2 25.062 26.181 25.183 25.654 25.272 25.974
Trial 3 25.074 26.190 25.185 25.572 25.232 26.011
Avg. 25.056 26.099 25.184 25.637 25.258 25.991
SD. 0.022 0.010 0.021 0.016 0.023 0.018
TL / 1.132 0.135 0.560 0.203 0.935
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2.2 Stereochemical effects on a mechanochemical reaction

In recent years, mechanical forces in polymers have been used to direct
electrocyclic ring-opening reactions that violate orbital symmetry rules. Here, we show
that differences in stereochemistry between two gemmonochlorocyclopropane (gMCC)
stereoisomers (i.e.,synand anti, relative to the polymer attachment points through which
force is delivered) lead to dramatic differences in reactivity and reactivity outcomes. The
mechanochemical ring opening reactivities of gMCCs embedded along a polymer
backbone are quantified using single molecule force spectroscopy (SMFS). As expected,
the anti-Woodward -Hoffmann -Depuy ring -opening of syn-gMCC requires significantly
higher forces to achieve forcecoupled rate constants of ~100 ¢ than does its anti-gMCC
isomer (2100 vs. 1300 pN). When tension is applied vs. ultrasonication, theanti-gMCC ring
opens to the expected allylic chloride product, whereas the syngMCC isomer generates
roughly 0.75 equivalents of the ally | chloride and 0.25 equivalents the diene formed from

subsequent elimination of HCI.

2.2.1 Introduction

The integration of mechanophores into polymeric materials has afforded an ever -
increasing range of force-activated responses, including: reporting stress/damage,32 3.37.57.
116119 catalyzing reactions,*t 120121 releasing chemical cargo#347- 78 and stressresponsive
strengthening or healing. 3¢ 51.12223 The rational design of mechanophores has been fueled
by mechanistic studies of mechanochemical reactions, which have revealed the roles of

tension-stabilized reactive intermediates, 3 promoted 82 8. 12427 gnd suppresseds 8reaction
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kinetics, and reactions that proceed along pathways that are forbidden on the basis of
orbital symmetry. 10. 8384 128 The first example of this latter class of mechanochemical
reactions was reported by Moore and coworkers,®who demonstrated that at high forces,
the mechanically induced ring -opening of cis- and trans-benzocyclobutenes (BCB) yields
the same E,E-isomer products; computational 1819 129 and experimental®* 107 work
supported the hypothesis that the ring opening of cissBCB proceeds through a disrotatory
mechanism that is forbidden by classical orbital symmetry (i.e., Woodward -Hoffmann)
arguments. 13%131 Subsequent examples ofmechanochemical reactions of this type include
the conrotatory ring -opening of trans-gemdihalocycopropanes (@DHCs)® and the
disrotatory ring -opening of cis-dialkyl epoxides. 1?6 Recently, Wang et al® considered
another interplay of mechanochemical reactivity and orbital symmetry in the ring
opening of syn-chloro-gemchlorofluorocyclopropane ( syn-gCFC) mechanophores (Figure
43). Pulling on substituents that are syn to the leaving group preserves orbital symmetry
through the disrotatory pathway, but violates the allowed, Woodward -Hoffmann -Depuy
(WHD) orbital mixing into the b*c-c) orbital associated with the chloride leaving group. 130
132 A series of observations suggested that the anttwHD reaction proceeds through a
transition state with diradicaloid character, in contrast to a cationic transiti on state in the
WHD -allowed analogue.

Against this backdrop, we report here that the mechanochemical anti-WHD

electrocyclic ring opening reaction of anti-monochlorocyclopropanes (anti-gMCC) yields
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an unanticipated diene product that is distinct from the an alogous reaction of the syn

isomer.

Woodward-Hoffmann-Depuy rule:

X X t
Disrotatory & Inward m — { M } — ‘Sim
(X=F, H) cl & X
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Mechanically Induced Anti-Woodward-Hoffmann-Depuy Reactions:
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Figure 43: Schematic presentation of reactions that follow a WHD pathway and
mechanically induced reactions that proceed through an anti -WHD pathway. Force-
activated anti-WHD ring opening of syn -gCFC undergoes with a diradicaloid
intermediate, and a gMCC analog in this study proceeds through a cationic transition
state and generates distinct reaction outcome, i.e., HCI .

2.2.2 Results and discussion

To quantify the mechanical reactivity, we prepared multi -mechanophore
containing polymers using reported strategy. 8284 8788 As shown in Scheme 1, gMCC
monomer was first obtained as a mixture of synand anti stereoisomers (L and 2) in a ratio
of 3:1. Following kinetic resolution in the presence of AgNO s allows to isolate syn-gMCC
1 as a pure monomer.3 Further entropy -driven ring opening metathesis polymerization
(ED-ROMP) of gMCC mixtures (1 and 2) and 1 gave polymers 3 and 5, respectively.

Polymer 3was then subjected to epoxidation to incorporate epoxide units along backbone,
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which enhance the adhesion of polymer to cantilever.8 SMFS study of polymer 4 enables
to quantify mechanical reactivities of both anti -gMCC and syn-gMCC isomer at the same
time.

Scheme 1: Synthesis of gMCC stereoisomers 1 and 2, and polymers 3, 4, and 5
investigated in this study.

H
MeLl AgN03
DCM, O°C EtOH, reflux

1
(syn- gMCC) (anti- gMCC (syn-gMCC)

@ @ N
_mCPBA WWWW .

Grubbs I cat. H .
~ RomP _WTH%
Cl
5
To empower the quantitative study of mechanochemical activation, a multi -gMCC
polymer was prepared using a reported strategy. 8284 8788 As shown in Scheme 1,gem
monochlorocyclopropane (gMCC) monomer was first obtained as a mixture of syn and
anti stereoisomers (L and 2) in a ratio of 3:1. Following kinetic resolution in the presence
of AgNO s allows to isolate syn-gMCC 1 as a pure monomer133 The entropy-driven ring

opening metathesis polymerization (ED -ROMP) of gMCC mixture ( 1 and 2) and 1 gave

polymers 3 and 5, respectively. Polymer 4 was obtained after subjecting 3 to epoxidation
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reactions, which install epoxide units along the backbone to improve the adhesion of
polymer to -cantilever.®2  SMFS study of polymer 4 allows to quantify the
mechanochemical reactivities of both anti- and syngMCC isomers at the same time.

The mechanochemical activation of gMCC mechanophores was investigated
through ultrasonication treatment. A s olution (2 mg/mL) of polymer 3in tetrahydrofuran
(THF) was subjected to pulsed ultrasonication (1s on and 1s off, ice bath) for 20 min, and
the activation of backbone gMCC mechanophores was analyzed from *H NMR. As shown
in Figure 444 in addition to expected 3-chloroalkene species, we surprisingly observed
the generation of 1, 3diene products, which are obtained after elimination of HCI, as
evidenced by a rhodamine indicator (Figure 53). Because mechanochmical activation of
anti-gMCC follows the WHD pathway and so produces commonly anticipated 3 -
chloroalkene products,3* we postulated that activation of syn-gMCC, which proceeds
along the anti-WHD pathway, is accounted for the unexpected 1,3-diene products. TheH
NMR integration suggested that the activation of anti- and syn-gMCC isomers reaches
50% and 36%, respectively, and that the fraction of unexpected 1,3diene products is ~24%
of activated syn-gMCC.

To validate our pustulation, polymer 5, which contains only syngMCC
mechanophore, was treated with similar ultrasonication conditions for 30 min. As
revealed, both 3-chloroalkene and 1,3-diene species presented in the!H NMR after
sonication (Figure44b), and the release of HCl is validated by the rhodamine indicator as

well (Figure 53). Further, the integration analysis indicated that the fraction of 1,3 -diene
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over activated syn-gMCC is 25%, which is consistent with that in polymer 3. Therefore,
we conclude that the generation of HCI originates only from the mechanochemical
activation of syn-gMCC (anti-WHD reaction) and that the probability of HCI release is

~0.25 persyn-gMCC activation.
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Figure 44: a) Subjection of polymer 3 to ultrasonicatoin activates gMCC isomers
into 3-chloroalkene and 1,3-diene. *H NMR spectrum of polymer 3 before and after 20
min sonicatnion. The integration of peaks from 1,3 -diene species indicates that
generated HCI is abo ut 24% of activated syn-gMCC isomer. b) Polymer 5 was treated
with ultrasonication for 30 min to generate 3 -chloroalkenen, 1,3-diene, and HCI.

Integration analysis from 'H NMR suggests that 25% of activated syn -gMCC release
HCI.
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Single molecule force spectoscopy (SMFS) has been demonstrated useful in
quantifying mechanochemical reactions and retrieving force -coupling parameters
associated with transition states 8284 8788, 109Several forbidden reactions have been studied
using SMFS&84107\We then applied SMFS to quantitatively evaluate the mechanochemical

reactivities of two gMCC mechanophores and to unveil the mechanism of anti-WHD

pathway.
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Figure 45 : Representative force-extension curve of polymer 4. Retraction
velocity: 300 nm/s.

A representative force-extension curve of polymer 4 is provided in Figure 45. Two
characteristic plateaus appear at transition forces off2~ 1290+10 pN andfi ~ 2120460 pN,
and they are ascribed to the mechanochemically activation of anti-gMCC and syn-gMCC,
respectively. The apparent relative length of these two plateaus matches well with the
ratio of two gMCCC isomers in polymer 4. To confirm that the transition is a consequence

of gMCCs activation alone the polymer chain, we calculated the theoretical additional

extension using CoGEF modeling®3s and compared it with result obtained f rom SMFS
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curve fitting. Activation of anti- and syngMCC are determined to give sequential
additional extensions of 4% and 11%, respectively, which agrees well with results from
curve analysis (5x1% and 11+3%, details sesection 2.3.3.9. Therefore, the plateau at
1290+10 pN force was assigned to activation ofanti-gMCC isomer; the plateau at 1290+10
pN force, activation of syn-gMCC. In comparison to previously quantified gem
dichlorocyclopropane (gDCC) (~1330 pN)& 84the slightly lower transition force in anti-
gMCC is attributed to the absence of a second chlorine, which destabilizes the cationic
transition state and increases the activation barrier. On the other hand, the ~800 pN more
force in syngMCC activation suggests a significant lower mechanochemical reactivity
than anti-gMCC. As a result, the reactivity difference between WHD and anti -WHD
reactions is more prominent than that of gCFC isomers, as quantified previously.8 This
more profound difference is probably due to the cationic transition state in the anti -WHD
ring opening of syn-gMCC, in contrast to the diradicaloid transition state in syn-gCFC.
To draw some insights in the reaction mechanism, a mode based on cusplike
potential surfaces was applied to analyze the force-coupled reaction kinetics. The force-
free activation energy of WHD ring opening of anti-gMCC and syn-gMCC were estimated
to be 35 kcal/mol and 42 kcalmol, respectively (details see section 2.2.3.4.). Because the
anti-WHD pathway possesses an activation energy that is at least 4 kcal/mol more than
that of WHD pathway, & the activation energy of anti-WHD ring opening of syn-gMCC is
> 46 kcal/mol. Obtained activation energy parameters were then applied in the model to
Ul OUDPI Y1 wol ET E &pvihiehOdens €sUte thd éhdnge lof chain length from

65



reaction ground state to transition state. As shown in Table 8, analysis of anti-gMCC
EEUDY E UDP O Guys.2BEOYOP A WHikhuib identical to that of gDCC,%2 84and suggests
a same cationic transition state in the ring opening reactions. In the similar analysis of syn-
g " " wEEUDYE U@ Osudétérrinad t8 be ud | NpYS YK w @iue 81 PUw I R
comparable to anti-gMCC and gDCC, but substantially lower than syn-gCFC (1.52 A)8in
terms of anti-WHD pathway. Therefore, the anti -WHD ring opening of syngMCC
proceeds through a cationic transition state, instead of a diradicaloid one, as observed in
syngCFC. We reasoned that the absence of fluorine substituent, which otherwise
stabilizes the diradical intermediate, leads to a more cationic character in the intermediate.

Table 8. Force-Free Activation Energies, Mechanical " OUx OPQ@land R
Transition Force of gDCC and gMCC isomers.

_ G@ (kcal/mol) . x° (Cusp) (A) f (pN)

gDCC* 36 1.28+0.05 1330+90
anti-gMCC 35 1.28+0.07 1290+10
syn-gMCC 46 1.29+0.04 2120460

*Data were retrieved from report by Wang et al. 8

The mechanical generation of HCI was previously observed in an indene derived
gDCC4, which spontaneously aromatizes after ring opening, and a methoxy -substituted
gDCC derivative. “¢ The simultaneous release of HCI in the latter case is due to resonance
stabilization of cationic transition state by methoxy group. The SFM S analysis suggested
a cationic transition state, we therefore hypothesized that the force assisted anttWHD
reaction increases the possibility of HCI elimination in the cationic transition state (Figure
464). To rule out the radical mechanism, we further subjected polymer 5to ultrasonication

POwUT T wx Ul Ul OET wtétiamefh@pipérigined Odxyl @ T),dvhichtis an
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Figure 46 : a) Proposed radical and cation mechanisms for mechanical
generation of HCI from syn -gMCC. b) U Itrasonication of polymer 5 in the presence of
radical scavenger CT. The concentration of incorporated CT was plotted against
concentration of generated new chains. The result was compared with that of previous
studied gDFC,syn -gCFC, gDCC containing polyme rs and PB polymer.

efficient radical scavenger for trapping diradical transition state under ultrasonication. 5°
Addition of UV -active CT to polymer backbone was quantified and compared to some
reported polymers that possess either radical or cationic transition states.8 As shown in

Figure 46b, the amount of incorporated CT is lower than that of gemdifluorocyclopropane
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(gDFC) and syn-gCFC but similar to that of polybutadiene (PB) and gDCC, indicating a
nonradical transition state. To better understand the driving force for the elimination of
HCI under mechanical force, computational modeling is nece ssary.

Compared with gCFC isomers, the WHD and anti-WHD ring opening of gMCC
isomers reveals a more significant gap in mechanochemical reactivities, which we
attribute to the absence of fluorine group that transforms the reaction from proceeds
through a di radicaloid intermediate to undergoes with a cationic transition state. Further,
the ani-WHD ring opening of syngMCC generates unexpected 0.25 HCI per activation.
This distinct mechanochemical outcome indicates a unique intermediate under force and
expands the investigation purpose of forbidden reactions. In complement to previous
mechanically coupled proton (mechanoacid), the generation of mechanoacid here
requires a higher force (2120 pN vs. 880 pN) and enriches the mechanoacid tool kit. The
utility of me chanoacids that span a wide range of force allows for probing force
distribution in the strained bulk and triggering responses (e.g., crosslinking,

polymerization/depolymerization, degradation) at different level of mechanical impact.

2.2.3 Experimental se ction
2.2.3.1 Materials and characterization

Materials: Lab general solvents (dichloromethane, ethanol, acetone, toluene,
tetrahydrofuran, methanol) were purchased from VWR or Sigma Aldrich. Methyl lithium

solution (1.6 M in Et20), cyclooctadiene, silver nitrate, Grubbs Il catalyst, and meta
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chloroperoxybenzoic acid (NCPBA) were purchased from Sigma Aldrich, Alfa Aesar or
TCI and used without further purification.

Characterizations: *H NMR spectra were collected on a Bruker Advance Neo-500
MHz multinuclear NMR spectrometer. Chemical shifts are provided in ppm oy Aw E O E w
referenced to the residual *H peak at 7.26 ppm in CDCls. *H shifts are reported as chemical
shift, multiplicity, coupling constant if applicable, and relative integral. Multiplicities are
reported as: singlet (s), doublet (d), doublet of doublets (dd), doublet of triplets (dt),
doublet of doublet of doublets (ddd), doublet of doublet of triplets (ddt), triplet (t), triplet
of doublets (td), quartet (q), pentet (p), multiplet (m), or broad (br). C oupling constants (J)
are reported in Hertz. Gel permeation chromatography (GPC) was performed on two
Agilent PLgel mixed-C columns (1IC@OwA 8 k At YYwOOOwk ws OGHORE U0 w O U
using THF (stabilized with 100 ppm BHT) as the eluent. Molecular weights were
calculated using a Wyatt Dawn EOS multi -angle light scattering (MALS) detector and
Wyatt Optilab DSP Interferometric Refractometer (RI). The refractive index increment
(dn/dc) values were determined by online calculation based on injections of known
concentration and mass.

Single molecule force spectroscopy. Sharp Microlever silicon probes (MSNL) and
Silicon Nitride AFM Probes (PNP -DB) were correspondingly purchased from Bruker
(Camarillo, CA) and NanoAndMore(Watsonville, CA). All of the SMFS studies w ere
conducted at ambient temperature (~23 °C) using a homemade AFM, which was

constructed using a Digital Instruments scanning head mounted on top of a piezoelectric
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positioner, similar to the one described in detail previously. 8 8 The AFM pulling
experiments were conducted in a solution of toluene. The spring constant of each
cantilever was calibrated in air, using the thermal noise method, based on the energy
equipartition theorem as described previously. 82 8 Measurements were carried out in a
closed fluid cell with a scanning set for a series of approaching/retracting cycles. Probes
were prepared by immersing in piranha solution (H 2SQOs: H202 = 3:1) for 15 minutes at
room temperature and then immersing in deionized water and dried by touching them
against a borohydride. Silicon substrates were prepared by first allowing each to soak in
hot piranha solution for 30 minutes and then washed with deionized water and dried
under a stream of nitrogen. Caution should be used when handling piranha solution: it
has been reported to detonate unexpectedly. The substrate and the cantilever were then
placed in a UVO cleaner (ozone produced through UV light) for 15 minutes. After
ozonolysis, the cantiOl YT Uw PEUwOOUOUI EwPOwUT |-l iyl EwWET OO
polymer solution was added to the silicon substrate surface and allowed to dry. The
silicon substrate was then placed on the piezoelectric stage of the AFM. Force curves were
collected in dSPACE (dSPACE Inc. Wixom, MI) and analyzed using Matlab (The
MathWorks, Inc., Natick, MA). All data were filtered during acquisition at 500 Hz. After
acquisition, the data were calibrated and plotted by using homemade software written in

Matlab language.

2.2.32 Synthetic details

Synthetic of (Z)-9-chloro-bicyclo[6.1.0]non-4-ene @MCC, syn-Cl (1) and anti-Cl (2)):13¢
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MeL|
DCM, 0 °C

(syn- gMCC) (anti- gMCC
To an ice-cold solution of cyclooctadiene (10.8 g, 100 mmol) in 25 mLDCM, slowly
added Methyl lithium solution (31 mL, 1.6 M in Et 20, 50 mmol) for 1h using a syringe
pump. After the addition was completed, the reaction was slowly warmed to room
temperature and further stirred for overnight. A white suspension was obtained. DCM
phase was washed with 30 mL DI water and dried with MgSO 4. After DCM was removed,
the desired product was obtained by distillation under reduced pressure (49~52 °C/2
mmHg) and gave 1and 2 sterecisomers as a mixture (2.32 g, 29.6% yield based on MeLi).
IH NMR (500 MHz, CDCI & w ¥ 6-5166 GmA 2.69H), 3.28 ()= 7.4 Hz, 1H), 2.55 (tJ= 3.8
Hz, 0.33H), 2.482.34 (m,2H), 2.32-2.20 (m,1.38H), 2.17-2.06 (m, 2H), 2.062.00 (m, 0.69H),
1.991.78 (m, 4H), 1.491.37 (m, 0.71H), 1.35L.28 (m, 0.68H), 1.13..03 (m, 2H). The ratio of
stereoisomers1 and 2 is determined from H NMR: 1:2 =1/0.33=3:13C NMR (125 MHz,
CDClaAwy 6 wht YO YA OQuwh!l N6t KOwt NGAKOwt W AKOw! WéYkOuwl
Isolation of stereoisomer 1 (syn-gMCC):
H
_ AgNO;
@ @ EtOH, reflux @
(syn- gMCC ant/-gMCC (syn-g1|v|<:C)
To a solution of 1 and 2 mixture (468 mg, 3 mmol) in 12 mL ethanol, added silver

nitrate (153 mg, 0.9 mmol). The reaction was then stirred under reflux. tH NMR indicated
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that the isomer 2 was completed consumed after 1h. The reaction was cooled down to

room temperature and quenched with water. After ethanol was removed, product was
extracted with 3x15 mL hexane. The combined hexane was washed with 30 mL brine and

dried with MgSO 4. After hexane was removed, the product was purified by column
chromatography with hexane as eluent (327 mg, 71.4%)."H NMR (500 MHz, CDCIl A w ¥ 0 w
5.725.55 (m, 2H), 3.28 (tJ= 7.4 Hz, 1H), 2.482.34 (m,2H), 2.17-2.06 (m, 2H), 1.991.78 (m,

4H), 1.131.03 (m, 2H).3C NMR (125 MHz, CDCl A w % 6 w 8174\ Z618% ZBu2, 19.14.

Synthesis of polymer 3:

H o
. Grubbs Il cat. WW
ROMP %
Cl H

1 2 3

Monomer 1 and 2 mixture (156 mg, 1 mmol) was weighted in a frame dried
scintillation vial and kept under N 2. To another frame dried scintillation vial, added
Grubbs Il catalyst (1.7 mg) and 2 mL dry DCM. The solution was then sparged with N 2
for 3 min. Then, 0.5 mL of caalyst solution was added to the monomer vial. The vial was
then sealed and stirred under room temperature for 1h, after which several drops of ethyl
vinyl ether was added quench the polymerization. After further stirred for 30min, the
viscous solution was precipitated from MeOH thrice to give a white polymer (93 mg,

60%). The polymer was analyzed from GPC: Ma = 171.3 kDa. PDI = 1.686, dn/dc = 0.127.

Synthesis of polymer 4:

H H Cl Cl
mCPBA — —
3 _— [e) (0] %
Cl Cl H H
4
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Polymer 3 (31 mg, 0.2 mmol) was dissolved in 2 mL DCM, and mCPBA (50 mg,
70%75%, 0.2 mmol) was added to the solution in portions. After stirred at room
temperature for 15 min, the solution was condensed and precipitated from methanol.
Additional round of precipitation was performed. Then, the polymer was dissolved in 2
mL DCM, methanol was slowly added to the solution. When the solution turned cloudy,
the vial was capped and subjected to centrifuge to give a thin layer of polymer with high
molecular weight at the bottom. This polymer was used for single m olecule force
spectroscopy (SMFS) study.

Synthesis of polymer 5:

H

Grubbs Il cat. H .
ROMP W%%
o]
1 5
Monomer 1 (78 mg, 0.5 mmol) was weighted in a frame dried scintillation vial and

kept under N 2. 0.3 mL of Nz sparged Grubbs Il catalyst solution (1.7 mg in 2.4 mL DCM)
was added. The polymerization underwent for 1h, after which several drops of ethyl vinyl
ether was added. The viscous solution was further stirred for 30min. After three rounds

of precipitation from methanol, a white polymer was obtained (74 mg, 95%). The polymer

was analyzed from GPC: Mn = 103.7 kDa. PDI = 1.529, dn/dc = 0.109.

2.2.3.3.Sonication ex periment

General sonication procedures. A solution of 36 mg polymer ( 3 or 5) in 18 mL dry
THF was transferred into a dry Suslick cell. The solution was sparged with N 2 for 10 min

while cooled with an ice bath. Pulsed ultrasound was applied (1s on, 1s off) at 30%
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amplitude. Aliquots of 0.8 mL sample were draw out for GPC analysis at each sonication
time. Each of these samples was further rotavaped in a 10 ml scintillation vial to give a
thin layer of polymer at the bottom. The polymer was washed with methano | and further
dried under high vacuum. Obtained polymers were further subjected to *H NMR analysis.

2.2.3.3.1Analysis of mechanical activation

gMCC activation in polymer 3 :

— 0O min
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4 min 1501 ©
6 min

10 min
15 min
20 min

1.07 Sonication time 2001
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NN
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Figure 47 : GPC traces of polymer 3 (M = 171.3 kDa, PDI = 1.686) (left) and
corresponding M n evolution (right) at various sonication time.

The activation of gMCC was analyzed from *H NMR. Due to the slight overlap of

peak d, ¢, g and t, the integration of total alkene was calculated as;, ( . ( 2

¢ .. .«

The ring-opening (RO) percentage ofsyn-gMCC.:

o (
2 /1 & # #b > T b
P Th o0 L ¢ (L mw P
The ring-opening percentage of anti-gMCC.:
2/ 0e QO #HP p - pmmp

O GO T G (R S (R ( T8 g

Percentage of released HCI relative o totalgMCC mechanophores:
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prmp

Figure 48: Stack of tH-NMR (CDCI 3, 500 MHz) spectra of polymer 3 at various
sonication time.
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