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Force can induce remarkable non-destructive transformations along a polymer, but we have a limited understanding of the
energy transduction and product distribution in tandem mechanochemical reactions. Ladderanes consist of multiple fused
cyclobutane rings and have recently been used as monomeric motifs to develop polymers that drastically change their proper-
ties in response to force. Here we show that [4]-ladderane always exhibits ‘all-or-none’ cascade mechanoactivations and the
same stereochemical distribution of the generated dienes under various conditions and within different polymer backbones.
Transition state theory fails to capture the reaction kinetics and explain the observed stereochemical distributions. Ab initio
steered molecular dynamics reveals unique non-equilibrium dynamic effects: energy transduction from the first cycloreversion
substantially accelerates the second cycloreversion, and bifurcation on the force-modified potential energy surface leads to
the product distributions. Our findings illustrate the rich chemistry in closely coupled multi-mechanophores and an exciting
potential for effective energy transduction in tandem mechanochemical reactions.

ognized in the last decade as an external means to direct

non-destructive transformations on judiciously designed
molecules, dubbed mechanophores, and has opened exciting ave-
nues for developing novel materials that can sense, respond and
adapt to external stress'. Mechanical force can induce reaction path-
ways different from thermal or photochemical processes’, stabilize
reactive intermediates’, activate latent catalysts’, fluorescence™*
and chemoluminescence”®, as well as release small molecules”
and generate acid"' or stable radicals'>"". Besides enabling unprec-
edented materials, polymer mechanochemistry has been investi-
gated to reveal several unique mechanistic features that arise due to
the force-modified potential energy surface, such as the lever-arm
effect', the generation of force-induced minima*'*'¢ and the force-
accelerated dissociation of unloaded bonds'”'. Detailed under-
standing of mechanochemical pathways provides the foundation
for future development of this new chemistry modality.

In the quest for polymers that dramatically transform their
intrinsic properties in response to mechanical stimulation, we
have developed a class of polyladderenes that undergo rapid force-
triggered unzipping to transform into polyacetylene with a long
conjugation length's. The repeating unit of polyladderene can be
considered a unique multi-mechanophore consisting of a linear
sequence of fused cyclobutane/ene rings, which have been shown to
be privileged mechanophores in polymer mechanochemistry>”'*=.
The unzipping of [4]-ladderene involves two consecutive mecha-
nochemical cycloreversion events of four-membered rings, with
four bonds being broken. Interesting questions then arise regarding
the tandem mechanochemical activations of closely coupled multi-
mechanophores, as in ladderene/ane (Fig. 1). Understanding the
mechanochemical behaviour of multi-mechanophores can provide
insights into the mechanotransduction along covalent bonds and
the design of multi-mechanophore systems with sensitive ampli-
fied response®. The rapid unzipping and formation of insoluble

l |sing polymers to apply mechanical force has been rec-

conjugated polyacetylene prohibits detailed interrogation of the
sequence and stereochemistry of the mechanoactivation of indi-
vidual ladderene units. Therefore, we embedded one or multiple
units of ladderane in polymers with saturated backbones to break
the extended conjugation and carefully analysed the sonochemical
products using NMR spectroscopy and computation. We observed
highly selective ‘all-or-none’ activation and an interesting stereo-
chemical distribution of the formed olefins. This study provides
important mechanistic insights into consecutive mechanoactiva-
tions to aid the future design of multi-mechanophores with poten-
tially amplified response and controlled products.

Results and discussion

Tandem mechanochemistry of individual [4]-ladderene/ane. To
understand the mechanochemical behaviour of an individual lad-
derane architecture, we first sought to synthesize ladderene/ane ini-
tiators using chloroladderene 1 in order to grow two long strands
of polymers to incorporate the mechanophore in the middle of a
polymer chain (Fig. 2a). Due to its rapid ring-opening metathesis
polymerization (ROMP), we failed to derivatize 1 via ring-opening
cross metathesis. Instead, ozonolysis of 1 with reductive work-up
led to the [4]-chloroladderene diol 2 in moderate yield. Elimination
of HCl afforded [4]-ladderene diol 3 in quantitative yield, which was
then functionalized with initiators for atom transfer radical polym-
erization. We thus obtained high-molecular-weight poly(methyl
acrylate) (PMA) with one ladderene unit embedded in the centre.
Pleasingly, the terminal cyclobutene motif on the ladderene was
preserved under the mild polymerization condition, as indicated by
"H NMR spectroscopy (Fig. 2f).

We then investigated the mechanoactivation of chain-centred
ladderene under ultrasonication in acetonitrile (Fig. 2b). Aliquots
of the reaction mixture at selected time points were analysed by
UV-vis spectroscopy. The starting polymer did not exhibit absorp-
tion above 250 nm, but three distinct absorption peaks at 316, 331
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Fig. 1| The mechanochemistry of ladderane/ene consists of tandem
cycloreversions. Key mechanistic questions include (1) whether there
is cooperativity in the tandem mechanochemical steps and (2) what
determines the stereochemistry of olefin products.

and 348nm emerged within 20min of sonication (Fig. 2c). The
wavelengths and vibronic pattern of the peaks are characteristic of
a conjugated pentaene”, as expected from complete unzipping of
[4]-ladderene. The intensity of these peaks slightly increased after
prolonged sonication to 60 min, but significantly decreased after 3h
of sonication, with concomitant growth of a broad peak between 260
and 300 nm. Ultrasonication is known to generate radicals*, which
we attributed to degradation of the formed pentaene, considering
that oligoenes such as carotenoids are common radical scavengers™.

To address the stability issue, we added 30 mM TEMPO as radi-
cal scavenger to the sonication solution and precipitated the poly-
mer to remove the TEMPO before analysis. With the addition
of TEMPO, we observed a steady increase in the intensity of the
pentaene peaks on increasing the sonication time to 3h (Fig. 2d).
Raman microspectroscopy of the sonicated sample under 532nm
excitation exhibited a new signal at 1,585 cm™" (Fig. 2e), which cor-
responds to the predicted C=C stretching frequency in pentaene™.
The '"H NMR spectrum of the activated PMA showed a signifi-
cantly decreased vinyl proton signal at 6.3 ppm from ladderene 5
and the simultaneous appearance of signals in vinyl (5.6-5.8 and
6.2-6.4ppm) and allylic (4.5-4.6 ppm) regions, corresponding to
the reported pentaene NMR resonances (Fig. 2f)*'. However, the
relatively broad NMR signals of the resulting pentaene hampered
detailed analysis of the stereochemistry of the formed olefins.

To interrogate the stereochemistry and confirm the absence
of partially opened intermediate, we sought to break the continu-
ous conjugation using [4]-ladderane as our target of investiga-
tion. A [4]-ladderane centred in high-molecular-weight PMA
was synthesized using a procedure similar to that described
above (Fig. 3a). Over the course of sonication, several 'H NMR
resonances emerged and intensified in the vinyl (5.4-5.8 ppm),
diene (5.9-6.6ppm) and allyl ester (4.5-4.6 ppm) regions, with
a concomitant decrease in signal intensity for both the cyclobu-
tane (2.6-2.9ppm) and a-methylene of ladderane (4.1-4.3 ppm)
(Fig. 3b,c). Comparing the integrations of the NMR signals, we
observed that about half of the [4]-ladderane was activated in 3h
of sonication, along with a decrease in polymer molecular weight
from 96 to 55kDa, measured by gel permeation chromatography
analysis (Supplementary Table 2).

To identify the stereochemistry of the formed olefins, we com-
pared theemerged "H NMR signals from unzipped ladderane to those
of model dienes and vinyl cyclobutane compounds (Supplementary
Table 3). Accordingly, we assigned the formed olefinic resonances
to a mixture of two dienes with E,E (major, ~80%) and E,Z (minor,
~20%) configurations, by matching the chemical shifts and coupling
patterns with two synthesized model diene compounds, I and II
(Fig. 3c). Notably, the relative intensities of the major and minor
mechanochemical diene products remained constant throughout
the course of 3h sonication, suggesting that this product distribu-
tion resulted directly from ladderane mechanochemistry instead of
subsequent cis-trans isomerization. Moreover, the ratio of EE to
E,Z diene products remained approximately 4:1 when sonication

was performed at a much lower temperature (—40°C), in different
solvents (CH,CN and THF) and using PMA with several different
molecular weights (56-110kDa) (Supplementary Fig. 3). We also
designed a multi-mechanophore polymer 15 containing many units
of [4]-ladderane to significantly enhance the NMR signals from the
single chain-centred mechanophore and most unambiguously con-
firm the mechanochemical product distribution. This polymer was
synthesized by ROMP of a [4]-ladderane-containing macrocyclic
olefin 14 and a substituted cyclooctene (Fig. 4). The cyclooctene
comonomer was used to yield a high-molecular-weight (80kDa)
multi-mechanophore polymer and help to solubilize the activated
polymer. Sonication of polymer 15 for 3h resulted in 33% of the
[4]-ladderane units being activated, giving rise to much more intense
and well-resolved NMR signals with similar patterns to those from
chain-centred mechanophore 11 (Fig. 4). The clear NMR signals
allowed us to re-confirm the chemical shifts and coupling constants
that corresponded to the E,E and E,Z dienes (Supplementary Figs. 4
and 5). Their relative integrations (most clearly from the compari-
son of the new allylic proton signals at 4.55-4.65 ppm) allowed us
to precisely determine the product distribution to be 79+1% E,E
and 21 + 1% E,Z products. The unambiguous assignments and per-
fect integrations of all the generated "H NMR peaks in olefinic and
allylic regions also suggested the absence of the hypothetical singly
ring-opened intermediate 13, a 1,2-divinylcyclobutane structure.
These interesting observations collectively revealed unique features
in the mechanochemical unzipping of ladderane: (1) the unzipping
of ladderane occurred in an ‘all-or-none’ manner, either remaining
intact or unzipping completely; (2) the first cyclobutane cyclorev-
ersion formed all E olefins, where the initial stereochemistry was
completely retained, while the second cyclobutane cycloreversion
gave ~80% E,E and ~20% E,Z products.

Mechanistic insights into cascade unzipping of ladderane. The
mechanochemistry of ladderane/ene features sequential activation
events. Experimental observations of the cascade activation suggest
a facilitated second cyclobutane cycloreversion. It is widely accepted
that the mechanochemical cycloreversion of cyclobutane proceeds
through a sequential bond rupture mechanism via a 1,4-diradical
species'®'”?. Our previous calculation on ladderene unzipping fur-
ther confirmed that the transition states (TSs) on the force-mod-
ified potential energy surface (FMPES) are diradical structures’®.
The cascade unzipping behaviour of ladderane can be partly attrib-
uted to the lower thermodynamic barrier on the FMPES for the
second cycloreversion due to stabilization of the radical TS by the
generated olefins'.

However, on closely examining the two consecutive mechano-
chemical events, we discovered a striking dynamic effect—evidence
for effective mechanotransduction in tandem mechanoactivations
that also contributed to the cascade ladderane unzipping. We used
ab initio steered molecular dynamics (AISMD) to investigate the
reaction process, particularly the effect of the first cycloreversion
on the second cycloreversion. Using AISMD, we computationally
investigated the rate of mechanochemical cycloreversion of inter-
mediate structure 19 when being pulled under thermal equilibrium
as compared to the same structure being pulled as the second con-
secutive cycloreversion event during unzipping of ladderane 16.
This comparison would reveal any potential non-equilibrium
dynamic effect in a tandem process, where the strain release and
kinetic energy resulting from the first cycloreversion (16 to 19)
could affect the rate of the second cycloreversion (19 to 21/22).

We compared the opening of structure 19 using AISMD
under different forces from 1 to 3.1nN for 50ps at 300K using
UB3LYP/6-31g*. Geometry optimization and frequency analysis
were performed to generate a 300 K harmonic Wigner distribution
to serve as the initial conditions for AISMD simulations. An n-butyl
group was added to each terminus of [4]-ladderane 16 in our
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Fig. 2 | Mechanochemistry of chain-centred [4]-ladderene. a, Synthetic scheme for the [4]-ladderene initiator, which was used to grow two strands of
polymers for the study of chain-centred mechanophore. b, Sonochemical activation of [4]-ladderene, leading to the fully unzipped product, pentaene.

¢, Ultraviolet absorption spectra of 5 before and after sonication, indicating degradation of the formed pentaene during sonication. d, Ultraviolet absorption
spectra of 5 during sonication in the presence of 30 mM (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as radical scavenger, indicating stabilization of
the formed pentaene. e, Raman microspectroscopy of 5 before and after sonication. f, 'H NMR spectra of 5 before and after sonication (the methyl ester
peak of PMA is normalized for scaling). All the spectroscopic evidence supports the formation of pentaene as the fully unzipped product.

calculations to minimize any possible linker effect when using
short linkers (Supplementary Fig. 6)2. No mechanochemical
reaction occurred for 16 under forces of <2.9nN within the 50 ps
timeframe of dynamic simulation. Therefore, we instead carried out
dynamics sampled from a Wigner distribution centred on the TS
structure 17# (see Supplementary Section 3.2 for details). AISMD
showed that approximately half of the 177 population proceeded to
give 21/22 through 19, while the rest reverted to 16 (Supplementary
Table 6), supporting the correct assignment of the TS. We probed
the cycloreversion rate of 19 using dynamics that started from
either thermally equilibrated 19 (red trajectory, Fig. 5b) or 177 (blue
trajectory, Fig. 5b). The calculated fraction of remaining 19 as a

function of both force and reaction time showed that the cyclo-
reversion of 19 was dramatically accelerated (occurring within 1 ps
at forces exceeding 2nN) when starting from 17# as compared to
starting from equilibrated 19 (Fig. 5¢,d). The monoexponential
decay predicted by transition state theory (TST) was observed when
the AISMD simulations started with equilibrated 19, with a rate con-
stant of 1.75ns™" at 2.5nN of applied force (Supplementary Figs. 7
and 9; the procedure to compute rate constants from dynamics
simulations is detailed in Supplementary Section 3.3). In contrast,
a biexponential decay was observed when starting from 17%, with
an additional ultrafast component due to reaction to 20 bypassing
19 (Supplementary Fig. 8). This is a dynamic effect and cannot be
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Fig. 3 | Mechanochemistry of chain-centred [4]-ladderane. a, Synthetic scheme for the [4]-ladderane initiator, which was used to grow two strands of
polymers for the study of the chain-centred mechanophore. b, Sonochemical activation of [4]-ladderene, leading to a pair of dienes without half-opened
species 13. ¢, '"H NMR spectra of polymer 11 over the course of sonication (the methyl ester peak of PMA is normalized for scaling) and comparison with
the model diene compounds, indicating the absence of half-opened species and a stereochemical distribution of the formed pair of dienes in 80% EE,

EE and 20% EE, EZ configurations.

modelled with conventional TST. The large kinetic energy released
from the first mechanochemical event is partly transduced to sig-
nificantly accelerate the second cycloreversion. A kinetic model of
this process is described in Fig. 5f. Rate constants of the compet-
ing deactivation (k) and direct reaction (k,,,,) processes of acti-
vated 19 (19*) were extracted from the simulation (Supplementary
Section 3.4 and Supplementary Fig. 10). The dynamic effect resulted
in at least one order of magnitude acceleration of the second cyclo-
reversion under 2-3nN force (Supplementary Fig. 9). The effect of
acceleration was more dramatic with increasing force. For example,

at 2.5nN force, more than four orders of magnitude acceleration
was achieved. The dynamic effect is most significant at relatively
higher but still experimentally relevant forces when the mechano-
chemical reaction occurs within ~1ps, due to limited dissipation
of kinetic energy on this short timescale. This can be seen from
the rapidly increasing fraction of 19 that undergoes the accelerated
process as the force is increased beyond 2nN (Fig. 5e). The rigid
ladderane framework provides strong coupling between sequential
mechanoactivations (minimal energy dissipation and well-aligned
reaction coordinates) to allow energy transduction from the first
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mechanochemical event to the subsequent mechanochemical event.
This discovery represents an unambiguous example of a non-statis-
tical dynamic effect in mechanochemistry, analogous to the ‘chemi-
cal activation’ in some thermally driven chemical reactions®-*.

We next analysed the stereochemical distribution of the formed
olefin products based on our AISMD calculations. For the first pair
of formed olefins in 19, pathways to both Z and E configurations
were barrierless at >2nN force, and there was no stable minimum
for 18 (Supplementary Fig. 11). AISMD yielded only the E configu-
ration (Supplementary Section 3.6), agreeing with the experimental
observations. Such agreement suggests that the E selectivity is con-
trolled by a dynamic effect, but the presence of only one product
makes it difficult to investigate the branching behaviour on poten-
tial surface and reaction selectivity. We therefore focused our atten-
tion on the formation of the second pair of olefins. To understand
the stereochemical distribution of the second pair of olefins, trajec-
tory snapshots were binned based on the C-C distance and torsion
angle shown in Fig. 6b (see Supplementary Section 3.7 for details
of this procedure). Under each applied force, the minimum energy
within each bin gives the effective FMPES, which is significantly
different from the potential surface without applied force (Fig. 6¢).
Under 2nN force, structure 20 formed a ‘caldera™** on the FMPES
with exit barriers of 2.99 and 2.13kcalmol™' to 21 and 22, respec-
tively (Fig. 6d; see Supplementary Table 4 for barriers at other force
levels). Thermodynamic analysis using harmonic frequencies and
rotor approximations to low-frequency vibrations® yielded free
energy corrections of —1.15 and —1.03kcalmol™ for 21 and 22,
respectively (Supplementary Section 3.5, Supplementary Fig. 11 and
Supplementary Table 5). Based on these energy barriers, TST pre-
dicts that the Z olefin would be the major product with ~80% yield,
contradicting the observed product distribution. TST does not cap-
ture non-equilibrium dynamic effects, which can be significant for
low-barrier reactions™*’. At forces higher than 2.5nN, the topology
of the FMPES was fundamentally changed (Fig. 6¢): the caldera cor-
responding to 20 and the TS leading to 21 and 22 vanished and were

replaced by a valley-ridge inflection (VRI) point*?, which leads
to bifurcation of reaction pathways (Fig. 6f and Supplementary
Fig. 13). Force-induced modification of potential energy sur-
faces leading to reaction pathway bifurcation has previously been
demonstrated in cyclopropane mechanophores®, and our further
demonstration in the context of ladderanes suggests that the phe-
nomenon may be general. The bifurcation is clearly visualized by
the trajectories from AISMD simulations shown in Fig. 6f. As barri-
ers significantly diminish, TST is not applicable and strong dynamic
effects are expected. Capturing the dynamic effect, AISMD gave the
Z olefin as a minor product around 24 +14% in a wide force range
of 2-3nN (Supplementary Fig. 12), closely agreeing with the experi-
mental observations. We note that the 2-3nN force range in our
simulation is relevant to experimental values under sonochemical
conditions*. Additionally, the stereochemical distribution of the
second pair of formed olefins appeared statistically similar, whether
the cycloreversion started from 16 or 19 (Fig. 6a), at all simulated
force levels of 2-3nN. Therefore, the E,Z branching ratio is not
dependent on acceleration from the preceding cycloreversion event,
as discussed previously.

Analysis of AISMD trajectories revealed how the dynamic effect
affects the product branching ratio. For each trajectory passing the
VRI region under 3nN force, we computed the torsion angles and
the torsional velocities determining the EZ branching when the
length of the breaking C-C bond exceeds 1.9A from 20 to 21/22
(Fig. 6g). This bond distance corresponds to the TS to form the two
products. Using logistic regression, the phase space near the VRI
was divided into two areas that correlate to the products. This sim-
ple linear classifier was found to be a good predictor, and the tilted
boundary line showed that both the momentum and the torsion
angle near the VRI determine the product distribution in the bifur-
cation process (see Supplementary Section 3.8 and Supplementary
Figs. 14-16 for details). The area correlating to product 21 is much
larger than that correlating to product 22, agreeing with high selec-
tivity towards 21.
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The red elementary steps indicate strong acceleration by dynamic effects.

Conclusions

We have investigated the mechanochemical unzipping of individ-
ual [4]-ladderane/ene structures embedded in different polymers.
Although unzipping of [4]-ladderene to pentaene produced char-
acteristic ultraviolet and Raman features for sensitive detection,
[4]-ladderane allowed detailed analysis of the mechanochemical
products by "H NMR spectroscopy. We observed cascade activation
of [4]-ladderane without detectable half-unzipped intermediate.
The generated dienes also exhibited interesting stereochemistry: the
first cycloreversion gave only E olefins and the second cyclorever-
sion gave ~80% E and ~20% Z olefins, with partial inversion from
the ladderane stereochemistry.

AISMD simulations of the tandem ladderane mechanochemistry
revealed non-equilibrium dynamic effects, where the kinetic energy
generated from the preceding mechanochemical event is transduced
toaccelerate the subsequentactivation by several orders of magnitude
in one reaction step, and controls the stereochemical distribution of
products in another step. The external forces alter the topography of
the potential energy landscape, giving rise to reactive intermediates
and the post-TS bifurcation of reaction pathways near a VRI point.
TST predicted a stereochemical product distribution opposite to the

experimental observations, but AISMD showed excellent agreement
with the experimental results, revealing a further dynamic effect.
The existence of dynamic effects in multiple reaction steps during
the unzipping of a single ladderane unit suggests that such effects
may be ubiquitous in closely coupled tandem mechanochemical
processes with decreasing barrier heights and increasing exother-
micity under external force. These considerations are also impor-
tant in non-mechanochemical reactions, such as photochemical
processes, where dynamic effects are observed. The dynamic effect
can potentially be harnessed to enable a highly desired amplifica-
tion of the mechanochemical response. Additionally, we showed
that experimentally relevant forces can introduce VRI points along
the reaction path, suggesting the exciting possibility of controlling
non-equilibrium dynamic effects by modulating forces.

Ladderane structures represent a unique framework of multi-
mechanophores with well-aligned reaction coordinates and energy
transduction between individual mechanoactivations, and the
dynamic effects revealed herein present exciting opportunities
for understanding mechanotransduction along covalent bonds
and designing an amplified mechanical response using multiple
coupled mechanophores.
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to each product, obtained from logistic regression, with the boundary between the two regions shown as dotted lines. The light grey area represents model
prediction with <80% confidence. Trajectories start from 17# and the phase space cross-section is taken at the specified bond length of 1.9 A.



Methods

See Supplementary Information for detailed methods and protocols.

Sonochemical unzipping. Ultrasonication was performed in a 10 ml ultrasonic
vessel (Ace Glass 9843-25) with a Branson 450 sonifier equipped with a 1/8in
(3 mm diameter) tapered microtip. The distance between the tip and bottom of
the vessel was 1 cm. The vessel was connected to the horn with a bushing and an
O-ring to ensure air-tightness. Sonication was performed using pulsed ultrasound
(1.0s on, 1.0 off) at 20kHz under Ar with an output of 9.2 W cm~2. The vessel
was placed in an ice bath or an acetonitrile dry ice bath. In the ice bath set-up,
the internal temperature was measured to be 6-9 °C throughout the sonication
experiments. Sonication time in this paper refers to the on time, throughout.
The resulting polymer solutions were concentrated in vacuo and purified by
precipitation into methanol before analysis.

Ab initio simulation. The AISMD method" was used to simulate the mechanically
induced unzipping of a single ladderane unit embedded in a polymer chain. Two
n-butyl groups were attached to the ladderane unit, and external forces were applied
at the two furthest carbon atoms, mimicking the extensional forces exerted in
polymer chains under sonication (Supplementary Fig. 6). The forces on the two
steered carbon atoms were collinear, of equal magnitude and in opposite directions.
The AISMD simulations were performed using unrestricted density functional theory
with the B3LYP functional and 6-31g* basis set using the TeraChem program suite®.
All simulations were performed in the canonical (NVT) ensemble using Langevin
dynamics at 300K (26.9°C), where the surrounding solvent was approximated as a
constant-temperature external bath and facilitated energy dissipation after unzipping.
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Data availability

Optimized geometries for the structures discussed in the text are available in the
supplementary files in the online version of the paper. The experimental and simulation
data that support the findings of this study are available from the authors upon request.

Code availability

The program TeraChem (v1.92), used for steered ab initio molecular dynamics
calculations and reaction path optimization, is available from PetaChem, LLC
(http://www.petachem.com/products.html). The scripts used to analyse the trajectories
are available upon request from T.J.M.
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