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Distal conformational locks on ferrocene
mechanophores guide reaction pathways for
increased mechanochemical reactivity
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Mechanophores can be used to produce strain-dependent covalent chemical responses in polymeric materials, including stress
strengthening, stress sensing and network remodelling. In general, it is desirable for mechanophores to be inert in the absence
of force but highly reactive under applied tension. Metallocenes possess potentially useful combinations of force-free stabil-
ity and force-coupled reactivity, but the mechanistic basis of this reactivity remains largely unexplored. Here, we have used
single-molecule force spectroscopy to show that the mechanical reactivities of a series of ferrocenophanes are not correlated
with ring strain in the reactants, but with the extent of rotational alignment of their two cyclopentadienyl ligands. Distal attach-
ments can be used to restrict the mechanism of ferrocene dissociation to proceed through ligand ‘peeling’, as opposed to the
more conventional 'shearing’ mechanism of the parent ferrocene, leading the dissociation rate constant to increase by several
orders of magnitude at forces of ~1nN. It also leads to improved macroscopic, multi-responsive behaviour, including mechano-
chromism and force-induced cross-linking in ferrocenophane-containing polymers.

transformations within a polymer through the manipulation

of force-sensitive functional groups (mechanophores)~
Covalent polymer mechanochemistry holds great promise through
two approaches: using stress transfer in strained polymers to alter
reaction pathways and obtain products that are otherwise difficult
or impossible to access’”, and using mechanically coupled chem-
istry to drive changes in the properties and functions of polymers,
including stress sensing®'’, self-strengthening''-* and the conver-
sion of electronic properties'®. Practical applications of covalent
mechanochemistry in materials, however, are often limited by low
levels of activity. The low levels of activity are exacerbated by the
simultaneous desire for mechanophores to be inert in the absence
of force.

Recent studies have shown that metallocenes display signi-
ficant mechanical activity despite being highly inert*"". For
example, the Fe-cyclopentadienyl (Cp) bond (bond dissociation
energy (BDE) is up to 90kcalmol™) has a mechanical strength
that under conditions of pulsed sonication is phenomenologically
similar to that of the carbon-nitrogen bond of azobisdialkylni-
trile (BDE < 30kcal mol)'*. These observations have motivated
us to further investigate the mechanical reactivity of metallo-
cenes, to increase their mechanochemical activity while retaining
their force-free inertness. Of particular interest is the relation-
ship between mechanical lability and the mechanism of metal-
ligand dissociation. When metallocenes are stretched, their initial
conformational response is rotation around the central ligand-
metal-ligand (L-M-L) axis so that the two Cp ligand attach-
ments have a dihedral angle of ~180° that is, opposite to each
other. Further increasing the force induces a ‘shearing’ or slid-
ing dissociation motion of the labile Cp ligands (Fig. 1a). Because

Akey concept of polymer mechanochemistry is to trigger

mechanochemical coupling depends on the reaction pathway, we
wondered whether alternative pathways might display substan-
tially different mechanical labilities.

We reasoned that judicious placement of ansa-bridging substitu-
ents (that is, Cp ligands connected by a bridge) could ‘locK the initial
Cp rotation and steer Cp ligand dissociation into a ‘peeling’ pathway
(Fig. 1b). Here, the mechanical reactivity of ansa-bridged ferrocenes
(ferrocenophanes, FCPs) has been quantified using single-molecule
force spectroscopy (SMFS), which revealed that conformational
restriction through distal attachment greatly influences the mecha-
nochemical reactivity. Specifically, the conformational freedom of
unbridged ferrocene actually reduces its mechanochemical activity
by driving Cp dissociation into a less active ‘shearing’ pathway. By
contrast, conformational restriction in FCPs can be used to direct
Cp dissociation into a ‘peeling’ pathway that increases the rate
constant of force-coupled dissociation by several orders of magni-
tude. The resulting mechanochemical reactivity of FCPs was subse-
quently exploited to improve colourimetric and network structure
changes in bulk materials.

Results and discussion

Our strategy was to synthesize multi-mechanophore-containing
polymers and characterize their mechanochemical reactivity by
SMES (Fig. 2). Three FCP diene derivatives were incorporated
into copolymers (number-averaged molecular mass, M, =115, 96
and 108kDa for cis-[3]ferrocenophane (cis-3FCP), trans-[3]ferro-
cenophane (trans-3FCP) and cis-[5]ferrocenophane (cis-5FCP),
respectively) through entropy-driven ring-opening metath-
esis polymerization (ED-ROMP)*® of the appropriate macrocyclic
monomer with 9-oxabicyclo[6.1.0]non-4-ene (epoxy-COD; Fig. 2a).
Epoxy-COD was employed as co-monomer to increase the adhesion
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Fig. 1| Schematic illustration of the proposed mechanochemical dissociation mechanisms and their relationship to metallocene structure. a, Shearing of
unconstrained metallocenes. b, Peeling of conformationally locked metallocenophanes. The structures shown here are merely to communicate snapshots
along a force-coupled reaction pathway and they are not necessarily true intermediates. Some of the steps may be reversible depending on the magnitude

of the force.

of polymers to the cantilever tips employed in atomic force micros-
copy (AFM), as described previously'.

Single-molecule force spectroscopy. In the SMFES study, constant
velocity and force clamping experiments were combined to access
a wider range of force'*-*2. In the constant velocity experiments, the
rupture of the Fe-Cp bond released the stored bridge length, which
resulted in a characteristic plateau in the force-separation curves
(Fig. 2b). In the force clamping experiments®, the polymer chain
was trapped between the AFM tip and the surface under a constant
force while the elongation of the polymer was measured as a func-
tion of time (Supplementary Figs. 3 and 4). The changes in polymer
contour length were obtained by fitting the pre- and post-transition
force curves in the constant velocity experiments to an extended,
freely jointed chain model*. The experimental changes in contour
length agreed well with the constrained geometry simulates exter-
nal force* (CoGEF) simulation results (Supplementary Table 14
and Supplementary Fig. 10), and the polymer extension was pro-
portional to FCP content in the backbone (Supplementary Fig. 10),
indicating the quantitative rupture of FCP units along the polymer
backbone and a negligible contribution from the partial rupture of
any ‘double tethers’ (Supplementary Fig. 11).

Surprisingly, as shown in Fig. 2b, the threshold force for cis-3FCP
opening is only 800 +25pN; at this force, the effective unimolecular
rate constant for Cp dissociation is 24s™!, which is roughly a factor
of 10" greater than that of the force-free reaction (see below). To
directly compare its activity with unbridged ferrocene, we employed
a common reference: the mechanochemical ring opening of a [4.2.0]
bicyclooctene (BCOE) mechanophore”. When BCOE ring opening
was probed by SMFS under identical conditions to those employed
for cis-3FCP, the transition force was found to be ~1,620pN, or
more than 800 pN greater than that of cis-3FCP. Extrapolation of the
force-rate behaviour to 1,250 pN gave a force-coupled rate constant
of 2.4X1072s™" (Supplementary Section 5.4). The relative mechano-
chemical activity of unbridged ferrocene and BCOE was determined
by the sonication of a random ferrocene-co-BCOE copolymer. Here,
the two mechanochemical reactions are in direct competition, and
a greater extent of BCOE ring opening (5% activation) than ferro-
cene scission (2% activation) was observed (Supplementary Fig. 1).

As for previous studies®, the forces that dominate the sonochemi-
cal responses were larger than those involved in the SMFS studies.
Because ferrocene dissociation is slower than BCOE ring opening at
zero force and also slower than BCOE ring opening at higher force,
we conclude that it is slower as well at the forces involved in the
SMES experiments, a conclusion qualitatively supported by an anal-
ysis of force-coupled strand-breaking of ferrocene-containing poly-
mers (Supplementary Section 5.1). Therefore, the analogous SMFS
transition force for ferrocene dissociation is >1,600 pN, and Cp dis-
sociation from cis-3FCP is ~107 (or more) times faster than from
unbridged ferrocene at the high force of ~1,250pN, a difference in
reactivity not seen in the corresponding low and/or force-free reac-
tions. The faster dissociation of Cp at high forces in cis-3FCP can-
not be attributed solely to its ring strain, as previous reports indicate
that the ring strain in cis-3FCP is only 2.8 kcalmol™. Thus, even if
that ring strain were completely relieved in the transition state for Cp
dissociation (that is, if the barrier to dissociation were 2.8 kcal mol™
lower), the effect of ring strain would be far too small to account for
seven orders of magnitude difference in reactivity (Supplementary
Table 8).

We therefore considered that the increased mechanochemical
reactivity of cis-3FCP relative to the unbridged ferrocene is largely
due to a change in mechanism (and associated mechanical cou-
pling) enforced by the placement of the bridge. To test this hypoth-
esis, two additional mechanophores were synthesized: cis-5FCP,
which has minimal ring strain (~0.7kcalmol™, Supplementary
Table 8) but a similar bridge position to cis-3FCP, and trans-3FCP,
which has very similar ring strain (~2.8 kcal mol™) to cis-3FCP but
a different bridge position. Figure 2b shows that the threshold force
is 960 +34pN for cis-5FCP and 1,140 +30pN for trans-3FCP. At
a force of 1,250 pN, the dissociation rate constant for cis-5FCP is
8.1X10°s™" (extrapolation from the force-rate behaviour in Fig. 2c,
see details in Supplementary Fig. 5) whereas for trans-3FCP it is
only 2s7* (Fig. 2¢). It is therefore the position of the bridge, rather
than the strain the bridge introduces, that is the predominant deter-
minant of mechanochemical activity.

Calculations and reaction path analysis. To obtain a clear picture
of the dissociation mechanisms of the FCPs and ferrocene under
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Fig. 2 | FCP polymers used in this study and their respective behaviour in SMFS experiments. a, Synthesis of the polymers involved copolymerization
of the cis-3FCP, trans-3FCP or cis-5FCP macrocycle with epoxy-COD by ROMP. b, Representative single-molecule force-extension curves of copolymers
containing 18% cis-3FCP, 30% cis-5FCP and 7% trans-3FCP. The f* values correspond to the average value of the midpoint of the plateau of the multiple
force-extension curves (tip velocity =300 nms™). ¢, Rate-force relationships for cis-3FCP, cis-5FCP and trans-3FCP, plotted as In-linear graphs.

The empty blue and green circles were obtained from force clamping experiments (Supplementary Section 5.2); the filled circles were obtained from

constant velocity experiments.

force, density functional theory (DFT) simulations were performed
with a CoGEF method. The two terminal atoms of the monomers
were moved apart in a stepwise fashion and the structures were
minimized to mimic a quasi-static mechanochemical experiment.
The structural evolution of the four mechanophores as a function
of strain is shown in Fig. 3b. We chose the displacement from the
intersection point of the surface normal of the first Cp and the sec-
ond Cp to the mass centre of the second Cp as a parameter to define
the dissociation mechanisms. A peeling mechanism moves the top
Cp plane to the right (plus sign) while a shearing mechanism moves
it to the left (minus sign; Supplementary Fig. 15). In addition, the
projected dihedral angles of the initially parallel Cp rings (f) and
the dihedral angles of the initially eclipsing side-chain attachment
points (a) are especially informative and are shown in Fig. 3a,c (for
further details, see Supplementary Figs. 16 and 17). Interestingly,
the grouping of the observed mechanical reactivity is maintained
in the structural snapshots. For the more reactive cis-3FCP and
cis-5FCP mechanophores, the eclipsing angle between the two
side chains remains close to 0° until the Fe-Cp bond breaks while
the dihedral angle between Cp rings increases steadily, indicating
no relative rotation of the Cp rings but a gradual ‘peeling’ of one
away from the other. By contrast, for the less mechanically reac-
tive trans-3FCP and unbridged ferrocene (FC), the opposite is
observed: with increasing stretch distance, the angle between the
side chains increases while the two Cp ligands maintain a much
more parallel alignment (particularly in the unbridged ferrocene).
As seen in the snapshots in Fig. 3b, ferrocene dissociates through a
purely ‘shearing’ pathway that is triggered by the initial rotation of
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the Cp rings at a force of ~40 pN (Supplementary Fig. 14) to produce
oppositely positioned pulling points, whereas the modest increase
in the plane-plane angle for trans-3FCP before rupture suggests a
combination of shearing and peeling.

The change in mechanism, quantified by the projections in
Fig. 3b, is dictated at the molecular level by the structural restric-
tion on side-chain reorientation () imposed by the ansa bridges.
The correlation between the side-chain angle at the point of ligand
dissociation and the SMFS plateau force is shown graphically in
Fig. 4. Qualitatively, the dissociation force increases (mechano-
chemical reactivity decreases) with the force-coupled increase in
side-chain angle that is permitted by the ansa bridges. Additional
simulations on the effect of peeling on ferrocene dissociation were
performed by fixing the side-chain angle of a ferrocene monomer to
0° to enforce an eclipsed geometry in the absence of an ansa bridge.
Consistent with our interpretation, the computationally enforced
peeling of ferrocene results in much smaller maximum forces and
dissociation energies (Supplementary Fig. 14 and Supplementary
Table 17) than are observed in the unconstrained shearing path-
way. The data and discussion can be found in the Supplementary
Information. The above evidence supports peeling as the mechani-
cally favoured pathway for bridged ferrocene.

An unusual feature of the observed reactivity is that the con-
formationally restricted reactants access a more favoured pathway
than the reactants that are initially unrestricted, an almost uniquely
mechanical effect that results directly from the fact that the applied
mechanical force literally pulls the unconstrained ferrocene into a
less mechanically reactive conformation. The mechanical steering
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Fig. 3 | The relationship between FCP structure and the structural changes that accompany ligand dissociation. a, lllustration of the side-chain dihedral
angle (a) and the plane-plane dihedral angle ($). b, Structural evolution of cis-3FCP, trans-3FCP, cis-5FCP and FC as a function of linear displacement of
the chain attachment points (not shown here). ¢, The overall calculated strain energy and # and a angles as a function of displacement for cis-3FCP,
trans-3FCP, cis-5FCP and FC. The data points corresponding to metal-ligand dissociation are marked in red.
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Fig. 4 | Correlation between side-chain angle at ligand dissociation and
the SMFS plateau force. The correlation between side-chain angle at break
and activation force (timescale of 0.1s) for cis-3FCP, cis-5FCP, trans-3FCP
and FC. The break in the y axis indicates that the exact activation force for
FC is not known, but ligand dissociation in FC has been shown to require
higher forces than are involved in the ring opening of BCOE (-1.6nN)®.

The apparent linear alignment of the four points is therefore artificial.

of a reactant into less reactive conformations and pathways is remi-
niscent of the ‘catch bond’-like behaviour that has been observed
in biological systems such as the mechanical separation of DNA%
or B-strands in proteins®. In synthetic chemical systems, numerous
theoretical studies have shown how pulling geometry can have sig-
nificant effects on reaction pathways and mechanochemical reactiv-
ity*-*, but the force-coupled reactivity differences best exemplified
by cis-3FCP and ferrocene are subtly but importantly different from
previous examples. In this system, the difference in coupling is not
due to differences in the initial regio- or stereochemistry of the
pulling attachments, which are essentially the same across the series
of mechanophores. Instead, the increased reactivity in cis-3FCP
results from the addition of a conformational restraint that is distal

Table 1| Ligand dissociation rate constants and activation
lengths for the FCP mechanophores

ko2 (s Ax* (cusp®) (A)  Ax* (computed?)
A)
cis-3FCP 3%x107" 255+0.08 3.02+0.12
trans-3FCP 3%x107" 1.84+0.03 216+0.17
cis-5FCP 1x10°%® 2.35+0.06 2.85+0.15

2The values of k, at room temperature were estimated from the activation energy of the
isomerization/decomposition kinetics at 220 °C (Supplementary Figs. 6 and 7 and Supplementary
Table 9). ®The uncertainties in the cusp fit do not account for the uncertainty in k, (Supplementary
Table 15). <The difference in X--X distance in the ground state compared with the transition state
(last CoGEF structure before ligand dissociation).

to the pulling points and serves to guide what is effectively the same
initial pulling geometry into a desired pathway.

The mechanochemical coupling that results from this confor-
mational locking is substantial. Force-free rate constants for Cp dis-
sociation were estimated from isomerization kinetics to be in the
neighbourhood of 107"7s~! (Table 1), as follows. The rate constant for
cis-to-trans 3FCP isomerization/decomposition at 220 °C was mea-
sured to be 2X 107°s7, corresponding to the Gibbs energy of activa-
tion AG*(493 K) =40kcalmol™. If the entropy of activation AS*=0,
then AG¥*(298 K) =40kcal mol ™ and the corresponding rate constant
is 3% 107757, In practice, AS* is likely to be slightly positive, but by
less than the entropy for the ring opening of five- or six-membered
rings (~10cal K™ mol™")*. Thus, AG*(298 K) =40kcal mol™" is likely
to be an underestimate, the rate constant of 107"7s~ is likely to be
a slight overestimate, and so forces of 1nN lead to rate constant
increases of up to 20 orders of magnitude. This force dependence is
not the result of Bell-Evans-type coupling, which assumes a constant
exponential dependence of the rate constant on force, as expressed
by equation (1)***. Here, k(F) is the force-coupled rate constant, k, is
the force-free rate constant, F is force, k; is Boltzmann’s constant, T is
temperature and Ax* corresponds to the change in polymer contour
length as the mechanophore goes from the ground state to the tran-
sition state and indicates the efficiency of mechanochemical cou-
pling. An Eyring extrapolation of the rate constant versus force data
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Fig. 5 | Multifunctional mechanochemical responses of cis-3FCP. a, Schematic illustration of phenanthroline capturing liberated Fe?* within a bulk material
and photographs of a polydimethylsiloxane plug with covalently embedded ferrocene (top) and cis-3FCP (bottom) before (left) and after (right) the drop
test. b, Schematic illustration of the cis-3FCP-containing polymer before sonication (top) and cross-linking by the Diels-Alder reaction (or dimerization)
between Cp units after activation (bottom) and photographs of the cis-3FCP-containing polymer completely dissolved in DCM before sonication (top) and

insoluble precipitates in DCM after sonication for 30 min (bottom).

presented in Fig. 2c gives force-free rate constants (Supplementary
Table 7) that are 10 to 11 orders of magnitude higher than the exper-
imental results (Supplementary Table 9). By comparison, fitting
with a potential energy that is a truncated quadratic (cusp model,
equation (2))***, which accounts for changes in the shape of the
potential energy surface, including the position of the transition
state, yields Ax* values that are in reasonable agreement with the
structural evolution captured by CoGEF simulation (within experi-
mental uncertainty; Supplementary Table 15). Although the cusp
energy surface is undoubtedly an oversimplified model of the reac-
tion, especially given the large changes in geometry, it allows us to
approximate differences in geometric changes among the reactions.
The fact that the force-coupled dissociation rate constant fits bet-
ter with the cusp model indicates that the relative position of the
reactant and transition state changes substantially as a function of
force, consistent with the large reactant distortions that are observed
in the simulations prior to dissociation (Fig. 3b,c). In addition, both
the SMFS analysis and the computational results (Table 1) show that
the mechanical couplings (Ax*) are large and the peeling pathway of
cis-3FCP is the best coupled (highest Ax*) among the three, whereas
the greater shearing character in trans-3FCP leads to the worst cou-
pling (lowest Ax¥).
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Activity in bulk materials. These mechanistic factors influence
the stress-responsive behaviour in bulk materials. We incorpo-
rated cis-3FCP and ferrocene as stress-bearing, covalent cross-links
into silicone elastomers (Sylgard 184, Fig. 5a) following previously
reported methods (Supplementary Section 1.5)**°. Phenanthroline
was used as a trap for released Fe?*, and was introduced into the
cured elastomer by swelling in dichloromethane (DCM), which
was subsequently removed by evaporation. The otherwise iden-
tical plugs of mechanophore-containing elastomers were sub-
jected to two high-strain rate impact tests: a drop test in which a
weight was released from a fixed height (Supplementary Fig. 20),
and a split Hopkinson pressure bar test. As seen in Fig. 5a and
Supplementary Fig. 22, in both cases the cis-3FCP specimen devel-
oped a deeper red colour following impact than the specimen with
ferrocene. To quantify their mechanochromic responses, UV-Vis
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spectra of the silicone specimens were obtained before and after
the drop test. The red colour and absorption spectra (4,,,,~ 520 nm,
Supplementary Figs. 21 and 24) of the activated materials are con-
sistent with those reported previously*' for the expected formation
of a [Fe(phenanthroline);]** complex. The fraction of cis-3FCP
activated in the drop test was ~1%, whereas the fraction of ferrocene
activated was ~0.4% (Supplementary Section 8.2). Notably, this
colour change was irreversible under ambient conditions, although
still providing a colourimetric indication of strain that is compara-
ble to that generated by other mechanochromic, but reversible, force
probes such as spiropyran® and naphthopyran derivatives®. The
qualitatively stronger bulk mechanochromic response of cis-3FCP
compared with ferrocene is attributed to the distal attachment of
the conformationally restrictive ansa bridge and enforced peeling
dissociation mechanism, as discussed above. In addition, a different
colourimetric response can be achieved by using a different exoge-
nous ligand. For example, the specimen developed a dark brownish
colour when ligand 2,4,6-tris(2-pyridyl)-s-triazine was used instead
of phenanthroline (Supplementary Fig. 25).

The FCP architectures hold additional promise in
stress-responsive cross-linking. We sonicated a cis-3FCP-containing
polymer (cis-3FCP-co-gem-dichlorocyclopropane, 10% FCP molar
ratio) and observed that polymeric precipitates were formed over the
course of 30 minutes. This behaviour is reminiscent of that observed
in stress-responsive cross-linking systems'>*>*’, with cross-linking
further supported by the inability to dissolve the precipitate in
any of the numerous solvents tried (Fig. 5b). By comparison, no
cross-linking was observed for ferrocene-containing polymers under
the same conditions'. Several pieces of evidence suggest that the
cross-linking occurs mainly through the liberated Cp ligands (Cp is
prone to dimerization). First, unreacted protonated Cp ligands were
observed by 'H NMR analysis of the ferrocene-containing polymer
after sonication®, but were not detected in the soluble part of the
cis-3FCP-containing polymer (Supplementary Fig. 26). Second,
when an excess of the strong dienophile pyrenyl-maleimide was
added to the sonication solution, the cross-linking did not occur
(Supplementary Fig. 27) and the pyrenyl groups were attached to
the polymer backbone, as characterized by triple detection (UV-
multiangle light scattering-refractive index, UV-MALS-RI) gel
permeation chromatography (Supplementary Figs. 28 and 29),
suggesting that the Diels-Alder addition of Cp to the maleimide
suppresses the cross-linking chemistry.

Conclusions

Our strategy to use conformational restriction to programme a
reaction down a favoured pathway and therefore increased mech-
anochemical reactivity is complementary to other approaches
based on changing attachment positions or intrinsic reactivity. In
part as a result of this effect, FCPs themselves emerge as promis-
ing mechanophores because of mechanical susceptibilities that belie
their thermodynamic stabilities, creating opportunities for their
use in polymeric materials that are inert over a long time in the
absence of large mechanical forces but might be quite sensitive to
high loads. Incorporating lability into FCP mechanophores leads
to a multifunctional response to high stresses, including an irre-
versible colour change that complements the transient response of
popular spirocyclic-**** and dioxetane-based***” mechanophores.
This strong spectroscopic signal depends sensitively on exogenous
ligands, and it therefore can be tuned independently of the mecha-
nophore, facilitating its use in a range of materials and detection
platforms. Whereas the colourimetric response results from the
release of iron, a simultaneous but independent cross-linking
response results from the release of the Cp ligand, offering another
handle for tailoring the multifunctional response to a given mate-
rial or desired property. The production of chemically reactive and
optically active species also comes with the release of substantial

stored length that can be tuned through the ansa bridge. Beyond
the utility of the FCP architecture itself, these results suggest that
the rich potential of organometallic mechanochemistry in general,
and metallocene mechanochemistry in particular, should motivate
further quantitative mechanistic studies that account for the large
perturbations in reaction pathway that are possible under mechani-
cal coupling.
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Methods

Monomer synthesis. The FCP monomers were prepared by lithiation and
carboxylation of [3]ferrocenophane and [5]ferrocenophane and subsequent
esterification (Supplementary Section 2). Notably, a mixture of cis-3FCP and
trans-3FCP bis-acids were obtained from the lithiation/carboxylation of [3]
ferrocenophane. After esterification, the isomers of the dienes were isolated by flash
column chromatography on silica gel (ethyl acetate/hexane, 1:9, as eluent). The
structures were characterized by 'H and *C NMR spectroscopy (Supplementary
Section 10); the spectra were consistent with previous reports*. Subsequent
ring-closing metathesis of the dienes provided macrocyclic monomers that were
suitable for copolymerization.

Polymer synthesis. Polymers with multiple mechanophores embedded along the
backbone were synthesized by copolymerizing the macrocyclic mechanophore
monomers with epoxy-COD by ED-ROMP. DCM was used as solvent and the
monomer concentration was kept at 1-2 M to obtain high molecular weight
polymers. The resulting polymers were precipitated three times in methanol for
subsequent experiments. The synthetic procedure and characterization data are
described in detail in Supplementary Section 2.

Single-molecule force spectroscopy. Dilute solutions of polymers (0.1-1 mgml™"
in tetrahydrofuran) embedded with cis-3FCP, trans-3FCP or cis-5FCP were
deposited on silicon substrates and dried, and then placed in an AFM fluid cell
and immersed in toluene. For the constant velocity experiments, the cantilever was
brought into contact with the surface and then retracted at a velocity of 300nms".
The amount of deposited polymer was adjusted so that only occasional successful
pulls (less than one for every ten attempts) were obtained. Force curves with a clear,
single plateau that was well separated from any detachment events were selected
for analysis. The force-extension curve data were fitted according to previously
published methods®.

Force clamping experiments were conducted and analysed as follows.

Sample preparation and data collection procedures were similar to those of the
constant velocity experiments. The only difference was that the instrument was
programmed so that it switched into force clamp mode when it detected a ‘catch’
event (defined here as the pulling force reaching the threshold value of 650-800 pN
for cis-3FCP and 750-900 pN for cis-5FCP, for a distance between probe and
surface greater than 150 nm). The AFM stage position relative to the probe was
adjusted by active feedback so as to maintain a constant ‘clamp’ force for up to 10s
or until the polymer chain detached, whichever came first. Additional details have
been published previously”. The elongation of the polymer as a function of time
was recorded and fitted with a single exponential decay function to obtain the
force-coupled rate constant at a given force.

In all cases, we verified that the experimental changes in contour length agreed
well with the expected extensions based on molecular modelling (Supplementary
Table 14 and Supplementary Fig. 10), indicating the quantitative rupture of
FCP units along the polymer backbone and supporting previous observations
that the presence of the epoxides did not make significant contribution to the
observed plateau, either through ring opening themselves or through the partial
rupture of multiple attachments. Possible contributions from the rupture of
multiple attachment points were also evaluated through simulation and found to
be negligible sources of measurement uncertainty (Supplementary Fig. 11). We
note that the calculated extension per monomer was 8.6 A for cis-3FCP, 6.3 A
for trans-3FCP and 9.5 A for cis-5FCP (for further details, see Supplementary
Tables 10-12), much longer than those of many non-scissile mechanophores,
including gem-dihalocyclopropanes*** and spiropyrans®. Therefore, even low FCP
incorporation can result in a substantial change in polymer contour length. For
comparison, gem-dibromocyclopropane (gDBC)-containing polybutadiene can
achieve ~30% extension with >98% gDBC content, whereas only 35% of cis-5FCP
is needed to realize a similar extension®.

Upper limit for unbridged ferrocene rupture. It is problematic, if not
impossible, to unambiguously characterize the rate constant of unbridged
ferrocene dissociation from SMFS experiments, because the signature of
ferrocene dissociation is the loss of a bridging chain (force goes to zero), which is
indistinguishable in the SMFS curves from the loss of a bridging chain through
other mechanisms (that is, detachment of the chain from either surface).
Nonetheless, the rate constant of bridging chain detachment can be taken as an
upper limit for the rate constant of ferrocene dissociation. The rate-detachment
relationship was extracted from multiple force curves using methods reported

previously, by taking the ratio of the total number of chain breaking events in a
given force range to the total residence time of chains in that range (Fig. 2c and
Supplementary Section 5.1)°'. At forces between 1,250 and 1,400 pN, the rate
constant for chain scission/detachment was determined to be 1 x10°s™"

(86 scission/detachment events in 0.08 s, Supplementary Fig. 2). To convert the
chain detachment rate constant into a rate constant for ferrocene dissociation,

we had to account for the statistical presence of ~70 ferrocenes along the average
trapped, tension-bearing polymer segments. This correction led to a rate constant
for ferrocene dissociation at these forces of 15+3s~' (Supplementary Fig. 2).

As discussed above, this is an upper limit for ferrocene dissociation, as the
loss of the bridging chain could be due to not only ferrocene scission, but also to
scission at a point other than ferrocene, such as a backbone C-C bond (although
previous studies have indicated that the unbridged ferrocene is a highly selective
point for mechanical scission'’) and/or chain detachment from the surface. In
fact, the rate constant for chain scission/detachment in the same force range for
a comparable polymer without the ferrocene is 150s~! (49 scission/detachment
events in 0.34s, Supplementary Fig. 2). It is therefore likely that the force-coupled
rate constant for ferrocene dissociation is less than 15+ 357, and the comparison
with the BCOE mechanophore supports this contention.

Data availability

All the data generated and/or analysed during the current study are available as
Supplementary Information, and the datasets supporting Fig. 2b,c through the
Duke Research Data Repository (https://doi.org/10.7924/r4gq62428).
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