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ABSTRACT: We have recently reported a series of ladder-type
cyclobutane mechanophores, polymers of which can transform from

nonconjugated structures to conjugated structures and change many & '
properties at once. These multicyclic mechanophores, namely, exo- .
ladderane/ene, endo-benzoladderene, and exo-bicyclohexene-peri-
naphthalene, have different ring structures fused to the first /

. . . . ™ o
cyclobutane, significantly different free energy changes for ring- d p S

opening, and different stereochemistry. To better understand their
mechanochemistry, we used single molecule force spectroscopy
(SMES) to characterize their force—extension behavior and measure
the threshold forces. The threshold forces correlate with the activation energy of the first bond, but not with the strain of the fused
rings distal to the polymer main chain, suggesting that the activation of these ladder-type mechanophores occurs with similar early
transition states, which is supported by force-modified potential energy surface calculations. We further determined the
stereochemistry of the mechanically generated dienes and observed significant and variable contour length elongation for these
mechanophores both experimentally and computationally. The fundamental understanding of ladder-type mechanophores will
facilitate future design of multicyclic mechanophores with amplified force-response and their applications as mechanically responsive
materials.

Multicyclic Mechanophores

B INTRODUCTION

Stress-induced nondestructive chemical transformations of
mechanophores in polymers are of considerable interest to
develop force-responsive materials and explore selective force-
activated chemical pathways different from those of force-free

thermally induced reactions. A fundamental understanding of

. o nN, dependent on the stereochemistry and structure of the
mechanochemistry has significantly advanced on several fronts, ) 317
. . . . substituents.” * The Moore group also demonstrated that the
exploring force-modified reaction pathways and reaction L
.. 1-6 7,8 . 9,10 ease of mechanoactivation depends on the number and
selectivity, lever arm effects,”” and dynamic effects.

Four-membered rings are a common motif in the design of
mechanophores. For example, Moore and co-workers showed
that benzocyclobutenes (BCBs) can undergo force-induced
ring opening contrary to the Woodward—Hoftmann thermal
reactivity, and Craig and co-workers quantified the forces for
ring opening of different substituted BCBs to be about 1-1.5

. . 18 .
The threshold force for activation of covalent bonds on a given stereochemistry of‘subsuutelnts. Boulatov, Qralg, and Weng
have used mechanically active cyclobutane rings to gate the

activity of a second mechanophore.'”*°

Recently, we have reported several ladder-type mechano-
phores that contain multiple fused four-membered rings. Their
polymers can be force-activated to transform from non-
conjugated structures to conjugated structures and induce
dramatic changes in many materials properties.u_24 We
developed three families of ladder-type cyclobutene mechano-

time scale of interest is one of the most important parameters
in mechanochemistry. To advance the design and development
of mechanophores, it is important to understand how different
molecular features affect the threshold force of mechanoacti-
vation experimentally and computationally. However, the
accurate prediction of such threshold force remains a
challenge. Constrained geometries simulate external force
(COGEF) models offer maximum force predictions that
correlate with experimental threshold forces and have proven
useful for predicting relative trends,'"'” but they lack precise
predictive power. Theoretical approaches to treat the influence
of external forces on reactivity have advanced over the last two
decades with increasing use of models that explicitly consider
external forces and treat reactions under more realistic
conditions."* "¢
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phore monomers, [5]ladderene/ ane,'?"*? benzoladderenes, ™
and bicyclohexene-peri-naphthalenes™ with increasing syn-
thetic scalability, functional group diversity, and thermal
stability (Scheme 1). These monomers can be directly

Scheme 1. Previously Reported Ladder-Type Cyclobutene
Mechanophore Monomers and Their Polymers before and
after Mechanoactivation”
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“The mechanophore repeat units are circled by dashed lines, and the
calculated free energy changes (based on B3LYP-D3/6-31G(d)
theory) upon ring opening of the first cyclobutane ring in these
mechanophores under force-free conditions are shown.

polymerized via ring-opening metathesis polymerization
(ROMP) to produce polymechanophores in quantitative
conversions. Upon sonication, ~40% repeat units of these
polymechanophores can be activated to transform into
conjugated structures.”"***

A comparison of this series of ladder-type cyclobutane
mechanophores will further our understanding of the
mechanochemistry of such scaffolds. As described in Scheme
1, we categorize the mechanophore structures in the repeat
units of these polymers as ladderane (LD), benzo-ladderane
(BLD), and naphtha-ladderane (NLD), for convenience. The
mechanoactivation of each mechanophore involves the ring-
opening of the first cyclobutane ring in the polymer backbone,
but several differences exist: (1) the second fused rings for LD,
BLD, and NLD are a cyclobutane, a formal cyclobutene, and a
five-membered ring, respectively. (2) The first cyclobutane
ring in both LD and NLD has an exo configuration, while that
in BLD has an endo configuration, as a result of their different
syntheses. (3) The force-free free energy change of ring-
opening, calculated via density functional theory (DFT) at the
B3LYP-D3/6-31G(d) level, varies significantly and is —32.0,
—21.1, and —2.2 kcal/mol for BLD, LD, and NLD with alkene
substituents, respectively (Scheme 1 and Table S1). The
almost thermodynamically neutral ring-opening of NLD,
despite the release of ring strain, is presumably due to the
steric clash of the generated diene at the peri positions of
naphthalene. Under force-free conditions, one might therefore

expect that the transition state would shift earlier on the
reaction coordinate as the enthalpy of reaction becomes
increasingly negative (or less positive), as predicted by the
Hammond postulate. These differences in the structural
features and energies of these three ladder-type mechano-
phores intrigued us to understand their effects on the threshold
forces and mechanochemical reaction pathways.

B RESULTS AND DISCUSSION

Ultrasonication, a commonly used technique for mechanoacti-
vation, §enerates high strain rates and broad force distribu-
tions.”>”® Here, we used single molecule force spectroscopy
(SMES) to directly measure the activation force in a kinetics
regime relevant to mechanoactivation for most potential
applications and provide information for comparison of
reaction pathways across different mechanophores. SMFS has
been used to study force-rate behavior and structure—reactivity
relationships of mechanophores such as spiropyrans,””** gem-
dihalocyclozpropanes,8 benzocyclobutanes,” and organometallic
complexes.”” "

We first needed to prepare mechanophore polymers suitable
for SMFS. The Craig lab has incorporated epoxides in the
polymer backbone to provide strong attachment to the atomic
force microscope (AFM) tip to allow application of nN-regime
forces that are high enough to mechanically activate covalent
bonds. Since we have previously achieved controlled ROMP of
the mechanophore monomers,”* >* we partly epoxidized the
backbone olefins of their resulting ROMP polymers or
prepared triblock copolymers containing the mechanophore
monomers flanked by short end blocks of norbornene
containing an appendant epoxide group. However, in the
many attempted SMFS experiments, these polymer designs
gave very low rates of successful pulls that reached the plateau
in the force curve that represents activation of multiple
mechanophores. Even in the few occasions that a plateau was
observed, the polymer chain broke from the tip or substrate
surface before the plateau was completed, and not all
mechanophores were activated prior to detachment (Figure
S17). These observations are consistent with reported
difficulties in SMFS characterization of other mechanophore
systems with relatively high activation forces.””** We also
attempted copolymerization of the mechanophore monomers
with cyclooctene epoxide via ROMP. The resulting copolymers
still detached before full mechanophore activation was
achieved (Figure S18).

Since Craig and co-workers have commonly used copoly-
mers of macrocyclic mechanophores and cyclooctene epoxide
for successful SMFS,**” we adopted the same design to
synthesize macrocycles containing each of the ladder
mechanophores. We prepared the di(hydroxymethyl) deriva-
tive of each mechanophore, which was then functionalized
with terminal alkenes (Scheme 2). The resulting dienes were
cyclized to form 14-membered macrocycles in moderate yields
under diluted conditions by ring closing metathesis. Finally,
entropy-driven ROMP was used to prepare statistical
copolymers of these macrocycles with epoxy-cyclooctene at
varied ratios using the second generation Grubbs catalyst. All
the mechanophore macrocycles gave similar M, of 25—40 kDa
and D around 1.7 (Table 1). High polymer molar masses are
desirable to ensure that each AFM pull could sample a large
number of mechanophores along the same polymer chain and
each chain has adequate substrate adhesion to reach the
activation forces. The mechanophore comonomer composition
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Scheme 2. Structure of ROMP Monomers and Synthesis of
ED-ROMP Polymers for SMFS Characterization”

from mechanophore activation (Figure 1), and the relative
extension varied as a function of mechanophore and
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“Conditions: (I) Pentenoic anhydride (2.2 eq vs diol), EDC (1.5
equiv), DMAP (0.1 equiv), CH,Cl,, r.t.; then Hoveyda-Grubbs II (3
mol %), CH,Cl, to 1 mM in substrate, r.t. (I) epoxy-cyclooctene,
Grubbs II, CHCl,;, 40°C. Specified stereochemistry for P1-9 refers
only to that of the repeat unit, not the polymer tacticity. Comonomer
ratio and M, for P1-9 are enumerated in Table 1.

was varied from 7% to 63% as determined by NMR
spectroscopy to enable correlation of mechanophore content
and the change in polymer contour length upon mechanoacti-
vation. All the mechanophores have the same syn di-
(methylcarboxylate) linkage to the polymer backbone, and
the analogous design and synthesis of polymers ensured that
the species being compared have the same polymer backbone
structures and mechanophore linkage.

These polymers in dilute toluene solutions were adsorbed
onto a silicon surface and then probed with a calibrated
cantilever by nanofishing in a toluene flow cell at a cantilever
retraction rate of 300 nm/sec. Delightfully, the flexible polymer
backbone design proved effective at providing a strong binding
of polymers to the AFM tip and substrate to capture the
complete mechanochemical chain extension.

In the force—extension curve, each polymer exhibited a
plateau characteristic of the change in contour length resulting
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Figure 1. Representative force curves of P3 (green), P6 (red), and P9
(blue) obtained by SMFS at a retraction velocity of 300 nm/s. Actual
forces are obtained by averaging over many such curves, and actual
changes in contour length are determined by fitting the pre- and post-
transition regions of the force curves to extended freely jointed chain
models.

mechanophore content. The force at the midpoint of the
plateau region was taken as the threshold force.”> The two
mechanophores with an exo configuration, LD and NLD,
exhibited similar threshold force of 1910 + 14 and 1920 + 25
pN, respectively. BLD exhibited a smaller threshold force of
1800 =+ 37 pN. These values fall within the range of previously
reported threshold forces for cyclobutane rings, such as 2.2 nN
for a cyclooctane fused cyclobutane'® and ~2 nN for a cyclic
acetal fused cyclobutane."”** Thus, the threshold force seemed
not to correlate with the identity of the ring sequentially fused
to the first cyclobutane ring or the thermodynamic energy of
the mechanochemical reaction, but potentially to the stereo-
chemistry of the first cyclobutane.

Mechanoactivation rate constants were calculated based on
fits to the individual force curves to account for measurement-
to-measurement variation in the contour length of the
measured polymers.”” The derived rate constants were plotted
as a function of force (Figure S16). Linear fitting of logarithmic
rate constant for the mechanoactivation vs force gave similar
slopes of 0.020 + 0.004, 0.020 + 0.004, and 0.023 + 0.004
In(rate/sec)/pN for P3, P6, and P9, respectively, which
experimentally suggests that these mechanochemical ring

Table 1. Polymers of Macrocyclic Mechanophores and Their Force-Response Characterization

Mechanophore Measured Extension Calculated Extension
Entry Polymera units M, mMarLs (kDa)® Mechanophore mol % Threshold Force (pN)d %° %/
1 P1 LD 35 7 1942 1.5 £02 6.7
2 P2 LD 27 14 1903 72+ 1.6 12.9
3 P3 LD 39 63 1910 358 +£2 44.1
4 P4 BLD 24 9 1687 4.6 £ 09 3.6
N Ps BLD 20 29 1800 9.0 + 2.0 10.3
6 P6 BLD 39 5SS 1800 16.3 + 0.9 16.9
7 P7 NLD 36 18 1893 83+ 0.1 7.9
8 P8 NLD S8 33 1908 147 £ 1.1 13.2
9 P9 NLD 24 46.5 1920 17.7 £ 0.9 17.2

“ROMP was run in reagent grade CHCl; under nitrogen at 40°C. Determined by GPC MALLS analysis in THF. “Determined by H NMR
spectroscopy. “Determined by SMFS plateau fitting. “Determined by SMFS curve fitting. /Determined by AISMD modeling. For LD, the transition
to the all-E tetraene was modeled; for BLD, the transition to the Z, Z diene was modeled; for NLD, the transition to the E, E diene was modeled.
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opening reactions occur via a similar mechanism. To calculate
the rate differences between each mechanophore, these force-
rate fits were extrapolated to 1.8 nN for each species (Table
S14). At this force, rate constants of 1.0, 4.3, and 1.3 s™! were
obtained for LD, BLD, and NLD, respectively.

Crystal structures of the three ladder mechanophores reveal
that the first rungs have similar lengths, about 1.57 A (Figure
2). But the second rungs exhibit larger variation with

Figure 2. Comparison between the bond lengths for each of the
mechanophore diol crystal structures and the transition states,
computed at B3LYP+D3/6-31G(d) level. Note that the structures
were optimized as the diacetoxy-mechanophore species, but they are
rendered here as the corresponding diol for visual clarity of
comparison.

increasing lengths of 1.580, 1.591, and 1.575 A for LD,
BLD, and NLD respectively, as affected by the structure of the
next fused ring. With these empirical ground state structures in
hand, we sought to computationally determine the length
change in the first bond in the TS structures using B3LYP
+D3/6-31G(d) (Figure 2). The first bond length increases by
0.76, 0.81, and 0.77 A in the diacetoxy derivatives of LD, BLD,
and NLD, respectively. This suggests that the mechanism of
activation is very similar for these mechanophores. The
activation energy at 2.0 nN for LD, BLD, and NLD was
calculated by CASPT2/cc-pVTZ on B3LYP+D3/6-31G(d)
geometries to be 17.1, 15.0, and 16.7 kcal/mol. The ~2 kcal/
mol higher activation energy of LD and NLD than BLD is
consistent with the experimentally observed ~100 pN higher
threshold force.

With relatively early TS’s, the bond strength of the second
rung would have a much weaker effect on the mechanoacti-
vation than the first bond. We calculated the force-modified
reaction coordinates for each mechanophore at 2.0 nN (Figure
3). Application of force not only significantly lowers the
activation energy for each mechanophore but also shifts the
first TS earlier as more force is applied. The distance in mass-
weighted coordinates between the reactant and TS is similar
for each mechanophore. Taken together, all the experimental
and computational data suggest that the cyclobutane-ladder
mechanophore activation occurs with an early transition state
and the chemical features of the first rung are the primary
determinant of ring opening forces in these systems.

In our previous designs of ROMPed mechanophore
monomers (Scheme 1), mechanoactivation led to the
formation of conjugated polymers, which makes it difficult to
analyze the stereochemistry of the mechanically generated
dienes. With the mechanophore diols 1, 3, and § on hand, we
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Figure 3. Force-modified reaction coordinates calculated at the
B3LYP+D3/6-31(d) level for the full ring opening of the first
cyclobutane ring at 0.5, 1.0, 1.5, and 2.0 nN for (a) LD, (b) BLD, (c)
NLD.

also synthesized poly(methyl acrylate) with chain-centered
mechanophores, which were then sonoactivated. 'H NMR
analysis of the mechanochemical products revealed that the
generated diene from BLD is 80% Z and 20% E, and that from
NLD is 100% E. Considering the different configuration of
BLD (endo) and NLD (exo), this result indicates 80% and
100% stereochemical retention for BLD and NLD mecha-
noactivation, respectively. From our previous experimental and
computational study, we have confirmed that the first pair of
generated dienes from LD is 100% E, completely retaining
stereochemistry, and the stereochemical outcome of ladderane
mechanochemistry is controlled by a dynamic effect.’” With
the knowledge of the product stereochemistry, we can more
accurately computationally calculate the percentage of
elongation in polymer contour length upon mechanoactiva-
tion. We measured the polymer contour elongation exper-

https://doi.org/10.1021/jacs.1c05857
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imentally by fitting a freely joined chain model to the enthalpic
distortion region of each force—extension curve before and
after the activation plateau. We carried out ab initio steered
molecular dynamics simulations (AISMD) to calculate the
contour lengths of each repeat unit before and after
mechanoactivation with an adaptive applied force of 1.9 nN
at the B3LYP/6-31G(d) level theory. By using molecular
dynamics with explicit forces rather than COGEF to determine
repeat unit contour lengths, we obtained a contour length that
was averaged over the conformational ensemble accessible at
real temperatures and that accounted for the enthalpic
distortion resulting from applied force. AISMD contour length
prediction of the mechanophore-macrocycle and cyclooctene
copolymers 3, 6, and 9 showed contour length increase of 44.1,
16.9, and 17.2% respectively (Table 1), which closely matches
the experimental results (Table 1). The good agreement
supports a match between the activated products from SMFS
experiments and those generated during sonication. Calcu-
lation indicates that the ROMP polymechanophore homopol-
ymers shown in Scheme 1 have even more dramatic contour
length changes with 215%, 89%, and 97% increase for
polyladderane, polybenzoladderene, and polynaphthaladder-
ene, respectively (Table S2), even though their direct
investigation by SMFS was unsuccessful. Since the “hidden
length” released upon mechanophore activation can relieve
localized strain,””** these mechanophores may impart
intriguing mechanical properties in aptly designed network
materials, which we are currently developing.

Retracing experiments of all the polymers showed full
hysteresis, suggesting the mechanoactivations were irreversible
as expected, but P9 displayed a more gradual relaxation
(slower reduction in stress per reduction in strain) than those
of P6 or P3 (Figure 4A). COGEF modeling of the contour
length relaxation of the ring-opened diacetoxy-NLD shows a
distinct conformational energy profile resulting from steric
clash from the close benzylic protons on the generated diene at
the peri positions of naphthalene, giving rise to a more gradual
reduction in stress at each reduction in strain (Figure 4B). This
observation manifests again how molecular properties impact
macromolecular behaviors (here, stress relaxation) at a longer
length scale, reinforcing the idea that design elements in
molecular architecture can be translated to tangible, macro-
scopic proper‘cies.35

B CONCLUSION

Using SMEFS and computation, we have quantitatively studied
the mechanochemistry of a series of closely related ladder-type
cyclobutane mechanophores to elucidate their reactivity—
structure relationships. Their threshold activation force and
transition states are insensitive to the nature of the ring fused
to cyclobutane but dependent on the steric or electronic
properties of the first bond to break in cyclobutane. Multicyclic
cyclobutane-based motifs have been increasingly leveraged to
induce polymer backbone transformations and as gating
elements to enable latent reactivity until an adequate
mechanical stimulus is applied.””*****” An understanding of
the mechanochemistry of the multicyclic fused rings and the
mechanical behaviors of their polymers will facilitate the future
design of such intriguing mechanophores and the translation of
the molecular behaviors to macroscopic properties as force-
responsive materials.
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Figure 4. (a) Representative retracing force curves of P3 (green), P6
(red), and P9 (blue) obtained by SMES at a retraction velocity of 300
nm/s. (b) COGEF modeling comparing the relaxation of the ring-
opened BLD (red) and NLD (blue), calculated at the PM6 level.
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