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ABSTRACT:

Mechanical forces are known to control rates of chemical reactions and govern reaction pathways, possibly inducing a
change of mechanism with respect to the zero force one. Here, we report on a switching of mechanism from concerted
at zero force to sequential under tension for the retro Diels-Alder reaction of four furan—maleimide adducts,
mechanophores widely used in polymer mechanochemistry for their ability to undergo reversible breakage under
tension. The four adducts differ by their regio- and stereochemistry. The reaction paths on the force modified potential
energy surfaces were characterized by isometric and isotensional approaches and determining stationary points
(equilibrium geometries and transition states) as a function of the applied force, as well as by analyzing the redistribution
of strain energy over the internal degrees of freedom. We evidence different bond breaking pathways and rate constants
for the four isomers, the proximal configurations being favored over the distal ones. The switch from a concerted
pathway at zero force to a sequential one occurs for a threshold force that is significantly higher (= 2.4 nN) for the distal-
exo adduct than for the other three (= 1 nN), explaining its larger resistance to breaking and its almost inert character
under tension. The switch is accompanied by the rupture of one of the two scissile bonds which leads to a twice smaller
imaginary frequency of the transition state and an increase of the activation barrier, which then decreases for higher
force strengths (> 3nN) to become barrierless at a critical force value.

INTRODUCTION

Dynamic covalent bonds, like the archetypal furan-maleimide Diels—Alder (DA) adduct, are vastly used in synthetic
chemistry and polymer science, and are now expanding into biology.'* Furan-maleimide adducts are characterized by
dynamical covalent bonds that are longer and weaker than typical ones. The DA reactions on these adducts proceed via
a low reaction barrier that leads to reversible reactions. In solution, the adducts need to be heated at high temperatures
to break open.' The retro-DA reaction can also take place at room temperature when the adduct is sonicated, thus
subjected to mechanical forces.* * Four adducts with a different regio- and stereochemistry can be synthesized, namely
the endo or exo configurations and proximal or distal geometries. These features make the furan—maleimide adducts
attractive to design intelligent materials and logic devices driven by mechanical forces. Under thermal conditions, the
reactivity is dictated by the stereochemistry, favoring the endo stereoisomers over the exo ones for bond breaking.**
Sonication bulk experiments by one of us have shown that unlike the thermal counterpart, the mechanical reactivity is
mainly dependent on the regiochemistry.* Remarkably, the thermally active distal-exo adduct was shown to be inert
under sonication. Recently, Craig and co-workers probed the relative mechanical lability of stereoisomers of proximal
DA adducts under sonication and found that the mechanical lability also depends on stereochemistry.’ Despite these
important findings, a more complete and more quantitative picture of the effects of regio- and stereochemistry on the
mechanics of DA adducts is clearly missing.

Beyond stabilizing intermediates and shifting chemical equilibria, due to the vector character of the force,
mechanochemical reactions can follow specific pathways on the force modified potential energy surfaces (FM-PES)’,
yielding products that may differ



from those of non-directional classical activation in solution (like thermal activation). {, 2015 #9;Akbulatov, 2017
#10;Garcia-Manes, 2017 #11;Ribas-Arino, 2012 #12} Changes in the reaction mechanism upon applying an external
force have been demonstrated in several mechanophores with the support of theoretical simulations, '*'¢ i.e., in [2+2]
cycloreversion of substituted "', multicycle ?° and ladder type 2!?? cyclobutane and in dimethylbenzocyclobutene?* %,
Various [4+2] mechanophores have also been investigated* > 2> as well as other functionally active systems.’* %
Single-molecule force spectroscopy (SMFS), which consists in trapping and stretching a single molecule between an
atomic force microscopy (AFM) tip and a surface, has contributed to further developments in mechanochemistry. '% 12
It has enabled the mechanical activation of covalent bonds,**¢ with applications in irreversible bond scission,'! 2432 37-
4 and opening of mechanophores. 2* “-2 However, without an extensive theoretical support, the information that can
be extracted from such experiments is limited.

Changes of mechanism under tension for retro-Diels—Alder thermally allowed [4+2] cycloaddition reactions have
been little systematically studied. *>3*3' Recently, a stepwise mechanism was evidenced upon the action of an electric
field®*. Here, we systematically modeled the response of the four DA adducts shown in Figure 1, proximal-endo (P ouao),
proximal-exo (Pexo), distal-endo (Dendo) and distal-exo (Dex,), to an external force applied on the anchoring atoms used
to tether them to a polymer linker (like the linkers used in ultrasound-induced mechanochemistry* or in AFM-based
SMFS**-%%) using isometric* * and isotensional*® approaches. For each force value, we characterized the strain energy
redistribution using the JEDI method * and the stationary points (equilibrium geometry and transition state (TS)). Our
results concurrently show that the effect of the external force is to switch the mechanism of the retro-DA (rDA) from a
concerted mechanism at zero force to a sequential one when a mechanical force is applied. The sequential path goes
through an asynchronous TS leading to a stable intermediate where only one C-C bond is broken. This TS exhibits a
slightly zwitterionic character. The switching of mechanism occurs in a small range of force value about =~ 1nN for the
two proximal adducts and the D4 one, and at a larger value (= 2.4 nN) for the D,,, one. The higher value of the
switching explains the resilience of the D.., adduct to bond breaking compared to the other three. This resilience is so
high that at larger force value, it is the anchoring bond between N and C on the maleimide moiety that ruptures and not
the second scissile bond. The switching of mechanism is confirmed by the change in geometry and polarity of the TS,
the twofold reduction of its imaginary frequency, and the localization of the frontier orbitals. We further identify the
critical force for which the first bond breaking becomes barrierless using the approach of Makarov.®" ¢
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Figure 1. The four furan/maleimide adducts investigated. They differ by their stereo (endo and exo) and regio (distal and
proximal) character. The putative scissile bonds are shown in red and labeled ‘a’ and ‘b’. ‘a’ is the bond along the shortest
distance between the two methyl groups to which the pulling force is applied.

Computational Methods

Several theoretical approaches have been developed to provide understanding on the control of reactivity that can be
achieved in covalent mechanochemistry using the directionality and the strength of the applied external force. Here we
employ a quantum chemistry based static approach, which consists in analyzing the force modified potential energy
surfaces (FMPES) computed within the Born-Oppenheimer approximation. The effect of the external force on the PES
can be computed in an isometric or in an isotensional way. The isometric way consists in imposing as a constraint the
distance between the two atoms that are pulled apart, here the two carbon atoms of the CH3 groups on the furan and on
the maleimide moieties (see Figure 1 and Figure 2a) and relaxing the geometry for a scan of the constraint distances.
This approach is called ‘Constrained geometry simulate external force” (CoGEF).% This is the approach adopted in ref.
* to simulate the response of the DA adducts. In CoGEF, the effect of the force is therefore modeled indirectly, through
imposing a distance, qo, which is the controlled parameter. In the isotensional approach, forces in opposite directions
are directly applied to the two carbon atoms.*® In this approach called ‘External Force is Explicitly Included’, (EFEI),
the geometry is therefore relaxed directly for a scan of the force value, Fo, which is the control parameter. It was shown
by Marx *® that at stationarity, the Ve potential, Verri(Fo) is the Legendre transform of the CoGEF one:



Verer (Fo) = Veooer (90) ~ Fod (1)

so that the state of mechanical equilibrium at a specified force, Fo, is associated with a unique constrained distance
qo. The EFEI method has the advantage to directly yield the force-modified Born—

Oppenheimer PES. The relaxed geometry describes the effect of the specified force, Fo, on the geometry. It also
allows for a direct determination of the equilibrium ‘reactant state (RS)’ geometry, qrs(Fo), and that of the transition
state (TS), qrs(Fo), under the specified force '**5. See also ref. , for a review of the different approaches. An approach
similar to EFEI, the ‘Enforced Geometry Optimization on Nuclei’ (EGO/N) was proposed simultaneously * and
extended to electrons.®® We compare below results obtained by the CoGEF and EFEI approaches using

F.=—F"-vyy where Fi' is the internal restoring force. For a stationa oint the relation between the
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constrained distance qo and the corresponding force Fj is not linear. The EFEI method does not allow us to determine a
relaxed geometry after the bond rupture while the CoGEF one does. We use the EFEI approach below to compute
transitions states, activation energies and rate constants because it is more straightforwardly related to AFM-based
SMES experiments since the force is the control parameter.

As can be seen from Figure 2a, each adduct has a different spatial configuration on which the external force projects
in a specific way on several internal degrees of freedom, including the scissile bonds. In contrast to a thermal activation,
the effect of the force does not only distinguish between endo/exo isomerism, but is also geometry-dependent and thus,
the four isomers correspond to four different responses upon mechanical activation.

The mechanochemical transduction of an applied force of a given strength and direction is determined by the force
constants of the Hessian matrix which governs the redistribution of the strain energy on the internal degrees of freedom
(bond length, angles, and dihedrals), and therefore indicate which bonds are more likely to rupture. Relying on the
harmonic approximation implies that the analysis can only be applied at low and moderate forces, when the anharmonic
effects are not too large. We analyze the redistribution of the strain energy using the JEDI (Judgement of Energy
Distribution) approach.®® ¢ ¢7-% We base our analysis of the strain energy redistribution on the EFEI approach which,
as discussed above, allows us to locate new stationary points as a function of the force in the FMPES and therefore is
more straightforward for updating the Hessian. The strain energy at a given force F in a given internal coordinate g; is
given by :
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where the Hessian matrix, H = AV , is transformed in redundant internal coordinates as in ref. °. qo refers to the

equilibrium geometry when no force is applied, Ati = ql-F - q? . The total harmonic strain energy is given by
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For the harmonic approximation to be meaningful, ~— $7%" should be comparable to the energy difference between
the relaxed geometry under force and the one relaxed under the force constraint. The increment in stress energy obtained
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for each force interval up to the force considered, F, are added to obtain the total strain energy, k=1 where
F =kdF . We updated the molecular Hessian at every step, dF' of JEDI, to better describe the energy landscape at larger

displacements.

Applying an external force can either enhance or decrease the reactivity of targeted bonds. It is therefore of interest
to determine the optimal force strength and direction to promote a desire outcome in a chemical reaction. 7' 7274 At
high force, the system can reach a very particular geometry that corresponds to a fold catastrophe”™ 7® where two
stationary points, for example the reactant state and the transition state, coalesce. > ' ¢% 7173 77. 78 For this critical force
value, F,, the destabilized stable reactant state (RS) coalesces with a 1* order transition state (TS) and undergoes a
barrierless rupture. At this force value, the determinant of the Hessian matrix is zero and the eigenvector which
corresponds to this zero eigenvalue provides the optimal direction of the force. 7'

Several algorithms have been proposed to locate this critical point.*" "' We implemented the approach proposed by
Makarov et al 77 to analyze the FMPES around these critical points and determine the structure of the transition
state in its vicinity. This algorithm has been shown to be very useful to analyze a broad range of chemical reactions
including rDA. ¢"-6277

The algorithm consists in following the trajectory followed by a stationary point (either the RS or the TS) as the force
is varied. The stationary points satisfy the equation

Vv=F 4)



where V'V is the gradient of the PES. If the force is increased by dF, then the change in the critical configuration
is given by

VV(q+dq)=VV(q)+AV(q)dg=F+dF (5)

AV(a)=H(ag)

where is the Hessian matrix corresponding to the FMPES at force F. One therefore

gets a path for the TS and a path for the RS respectively by integrating the following equation :
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q describes the molecular configuration of the RS or of the TS in the 3N-dimensional Cartesian space at the force

strength F, e is the unit vector describing the direction of the pulling force in the 3N space, dF = dFe and H™! is the
pseudo inverse of the molecular Hessian matrix with rotational and translational degrees of freedom appropriately
projected out. Eq (6) shows that the inverse of the Hessian matrix acts as a transformation matrix that connects two

Force-Modified PES (FMPES) for the specified direction of the force e. At the critical value of the force, H™! diverges.
The proximity to the fold catastrophe is located by following the eigenvalue spectrum of the Hessian. The trajectory of
the TS and of the RS determine the reaction path of the mechanochemical transformation. We report such paths below
for the four adducts. The force strength at the vicinity of the fold-catastrophe can be estimated with a precision that will
depend mostly on the quality of the numerical method used to integrate Eq. (6) and the initial conditions. We found that
Euler integrator, with a force step of 0.0002 a.u. performed well for our system. We implemented this algorithm in a
Fortran program, the Hessian being obtained through calls to Q-Chem program.” Using the zero-force RS and TS as
initial conditions, we integrated Eq. (6) for each up to a point where they coalesce using for the vector e in Eq. (6) the
pulling direction defined in Figure 2a. For these initial conditions, Eq. (6) leads to the same stationary points (reactant
state and transition states) as the EFEI approach. The advantage of using Eq. (6) is that one can more straightforwardly
determine the point corresponding to the critical force where the two stationary points coalesce.

The determination of the equilibrium geometries of the ground electronic state at zero force and under force were
carried out using Density Functional Theory with the CAM-B3LYP functional including the D3 Grimme correction and
the triple zeta Pople basis set 6-311++G(2df,2p). The Q-Chem program’” was used throughout. The free energy
differences are computed within the harmonic-rigid rotor approximation, by means of a vibrational analysis. For more
computational demanding tasks like the determination of the enforced reaction path, we use the smaller basis set 6-
31G**.

RESULTS AND DISCUSSION

Mechanical response

The direction of the applied force is shown in Figure 2a. The results for the isometric CoGEF and isotensional EFEI pulling
protocols are shown in Figure 2b and c, respectively, where the total energy is plotted as a function of the control distance in
panel b and as function of the control force in panel c.
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Figure 2. a) Equilibrium geometry of the adducts at zero force and direction of the pulling force. b) and ¢) Change in the
potential energy of the furan—maleimide adducts with the external force simulated by isometric (b) and isotensional (c)
approaches. b) COGEF energy, the pulling coordinate refers to the distance between the atoms being pulled, see a). ¢c) EFEI
energies obtained for increasing values of the force applied on the same atoms in the direction of the pulling coordinate. d)
Geometries and colored view of the redistribution of the strain energy on the bonds of the adducts computed for an external
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force of 4 nN. Regions in red hold more than 10 kJ/mol of stress energy, those in yellow, between 5-10 kJ/mol and the ones
in green, exhibit less than 5 kJ/mol. 4 nN is close to the forces computed at the last CoOGEF point before the rupture of the
adducts that break apart (see Figure 2b). The strain energies are reported in Table 1. The scissile bond marked ‘a’ corresponds
to the bond on which the force shown in (a) has the largest projection. See SI for more details on the analysis of the energy
redistribution.

As can be seen from Figure 2b and c, the responses of the two distal adducts to tension are the most extreme. The
D..io adduct responds very smoothly to the stretching and undergoes the largest change in potential energy when the
external force is applied. The rupture of the scissile bond occurs for a force of 5.2 nN (Figure 2b). This implies that the
mechanophore embedded in the polymer in the D..4, configuration could be stretched significantly since the external
force remains in equilibrium with the internal restoring forces. On the other hand, upon pulling, the D.., adduct,
previously characterized as very resilient to the

rupture,* does not break apart into furan and maleimide fragments. By following the value of the external force that
corresponds to the controlled distance using F,= —Fént =Vv (qo), we see that the adduct reaches force values of the

same order of magnitude as the P..s, adduct, but instead of undergoing the breaking of a scissile bond between the
maleimide and the furan, it follows an alternative path until the N-CHj; bond ruptures, as is shown below. This means
that the CoGEF curve for the D.., adduct, to satisfy the geometrical constraint, is deviating from the EFEI path shown
in Figure 2¢ which allows to follow the response in the pulling direction for larger values of the force. In summary, an
external force applied to De., through a controlled distance (Figure 2b) does not promote the rupture of the
mechanophore at the scissile bonds, but instead promotes the rupture at a bond that links the adduct to the polymer
chain. This kind of fragmentation does not produce two stable fragments, and therefore a constrained optimization fails
to locate a minimum under the controlled distance as in the CoGEF protocol. Instead, the stationary point of the CoGEF
protocol corresponds to a TS, see Figure S6. The response of the adducts in a proximal configuration (P.y, and Peuo) is
intermediate between those of the distal adducts. The response of P..4, is closer to that of the D.., but one of the scissile
bond breaks for a rather small elongation. On the other hand, in the P.., configuration, a longer pulling distance can be
applied until the breaking occurs, but this adduct is not as resistant as Deyo.

For a same stereochemistry character, we therefore observe a difference between the adducts according to the
regiochemistry: the distal adduct tends to be more resistant than the proximal one. This could be a consequence of a
more general effect due to the specific directions of the applied external force used to pull the mechanophore apart
shown in Figure 2a. The stereochemistry can still be determinant since for the same regio character, the endo
configuration is found to favor the rupture. It is well-known that, at thermal conditions, the reactivity of the endo isomer
is higher than the exo counterpart, which is a consequence of a smaller energy barrier. Our results on thermal activation
are reported in the SI. They fully confirm these results and are in agreement with previous computational and
experimental results®,

Table 1. Redistribution of the stress energy among the internal modes in the furan-maleimide adducts in
equilibrium with a 4 nN force. Energies are given in kJ/mol. The bond ‘a’ is shown in Figure 2d.
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degrees of freedom of the adducts upon pulling, we analyzed
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adduct. The distal adducts contain significantly less strain in
the scissile bonds than proximal ones and the opposite is true for the torsions. The strain energies in angles are quite
similar for the four adducts. This agrees with the results shown in Figure 2b and ¢ where distal adducts are seen to be
more resistant to the external perturbation. Remarkably, the strain energy in the D.., adduct is the smallest of all the
compounds and this is because this adduct barely elongates at an external force of 4 nN. For the D., adduct, the force
primarily projects onto the bonds that link the mechanophore to the polymer chain, leaving the core quite unchanged
compared to the zero-force state (Figure 2a). In the D, adduct, the stress energy is considerably higher than in the
other three and redistributed more uniformly over all bonds. As a result, the molecule is very distorted at this force
strength as can be seen from Figure 2d. For this adduct and the proximal ones, the total stress energy is




consistent with the level of distortion of the molecular geometry that can be judged by comparing the geometries
shown in Figure 2a (zero force) and 2d (4 nN force).

Because of the asymmetry in the direction of the pulling force (see Figure 2a), the scissile bond ‘a’ that projects better
on the force direction, elongates more than the other scissile bond. In the case of the proximal adducts, a major part of
the strain is concentrated in the ‘a’ bond which explains why these adducts break at the lower force values. Although
the forces around the discontinuity point in CoGEF are similar, the elongation in the P..4, adduct is smaller than in the
P., and that is why the strain is smaller too. The D..q, mechanophore is still resilient to a force of 4nN, but there is a
considerable amount of strain in the scissile bond ‘a’ compared to the rest of the molecule. Although there is more
relative strain into the scissile bond ‘a’ compared to the D.,q adduct, the ‘scissile bonds’ of the D.., adduct barely
participate into the stress energy redistribution (Figure 2d). Conversely, at this stress energy the N-CH3 bond is activated
and this explains why the rupture occurs in that location as noted before.

Effect of the external force on the reaction mechanism

For a thermal activation, rDA reactions follow a concerted mechanism that involves the two scissile bonds
simultaneously and the reaction path involves a unique transition state (TS). The TS stereochemistry obeys that of the
adducts, so that there is an endo and exo TS. We show in Figure 3 the changes induced by a 0.5 nN and a 4 nN force on
the geometry of the TS and on the localization of the frontier MO’s for the D, (Figure 3a) and the P..q, (figure 3b).
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Figure 3. Geometries of Dy, (2) and P4, (b) TS for furan/maleimide rDA reaction at no force, low force (0.5 nN), and high
force (4 nN). Isocontours (0.02/A%) of the frontier MO’s are also shown. The geometries and MO’s of the Dy, and P,
adducts are reported in Figure S4 and S5 of the SI.

As can be seen from the geometries shown in Figure 3 for a force of 4 nN, the external force induces a significant
geometry change of the TS in the nN regime, while for sub-nN forces, as expected for such a small perturbation, the



geometry of the TS differs less from the zero force one. The change in geometry is a consequence of the rearrangement
of the system to reach a stationary point under the force constraint. Because of the asymmetry of the direction of the
force with respect to the two scissile bonds, as the force is increasing, one scissile bond (bond a) becomes longer than
the other one. A similar change was observed in the equilibrium geometry of the reactant state at 4nN, see Figure 2d.

The electronic structure also responds to this change in geometry, and the changes are very striking as can be seen
from the isocontours of the frontier MO’s plotted in Figure 3. Small forces do not significantly perturb the energies and
spatial localization of the MQ’s, and thus the TS remains similar to the zero-force case, which means that the concerted
mechanism is being preserved. However, as the force increases, the structural distortion is evident and thus the MO’s
are distorted too. At high force, there is significantly less electronic density localized in the region of the scissile bonds
for the HOMO-1 and HOMO-2 orbitals which are localized on the maleimide part. This trend already appears at low
force for the Peuq, adduct (Figure 3b). Consequently, a one-step concerted mechanism is less likely to occur and the
reaction pathway is likely to be different from the one followed at zero-force. The MO’s of the TS of the P,, and the
D.nio adducts follow similar trends as can be seen from Figures S3 and S4 of the SI.

Such a switch of mechanism has been reported in a polar solvent for the [4+2] Claisen rearrangement.® For this
reaction, in solution, the TS is found to evolve to a zwitterionic form while it is diradicalar in the gas phase.
Computational studies of the effect of a static

external electric field on the endo and exo reaction paths of a similar adduct, the cyclopentadiene—maleic anhydride
adduct, showed that the direction of the applied electric field can affect differently the endo and exo pathways.® The
activation or inhibition of the rDA by electric field of different orientations is shown to be due to the fact that the field
can stabilize or destabilize the reactant and the TS differently and in opposite directions, which leads to higher or lower
reaction barriers depending on its orientation. These authors also reported that the effect can be larger in a polar solvent
due to the larger geometry change resulting from the solvent effects. A clear zwitterionic transition state is characterized
in a polar solvent when the direction of the field is parallel to the scissile bonds. Such a switch in the reaction pathway
under the perturbation of an external electrical field was recently confirmed experimentally, ** by subjecting the adducts
tethered to a polymethyl methacrylate chain (PMMA) to high voltages in a graphene transistor.

Here we report a switch to a sequential pathway under a mechanical external force. Since the charge separation can
only arise from the geometry changes induced by the external force, the zwitterionic character of the TS and of the
stable intermediate are less pronounced than those observed under the effect of an external electric field in a polar
solvent. But the external force induces a large difference in the length of the C-C bonds, which is of the order of 0.9 A
at the force where the transition takes place.

The consequences that this switch in the TS have into the mechanism of the reaction can also be assessed by the
analysis of the thermochemistry under pulling. Having determined the geometry of the TS and of the adduct (called
reactant state (RS) from now) for each force value, we can compute the energetic barrier for the rDA reaction of the
four furan—maleimides adducts in gas phase at room temperature. This allows us to quantify the effect of the force on
the magnitude of the barrier which is important for assessing the reactivity of the system using the Eyring-Polanyi TS
theory. 8%

The variation of the barrier height under pulling is shown in Figure 4a, where two different regimes can clearly be
distinguished according to the value of the applied external force. The free energy barriers and the variation of the rate
constants under force are reported in the SI. For forces in the sub-nN regime, the barrier energy increases, which makes
the dissociation of the adduct less probable than at zero force. The four adducts become more resistant to the rupture.
However, for larger forces a decrease of the barrier is observed. For the two proximal and the D.,4, adducts, the barrier
drops quickly. For these three adducts, the reactivity is enhanced at forces larger = 2nN while it is suppressed at lower
ones. On the other hand, the barrier does not drop and remains quite high for the D.., adduct, which confirms the
mechanical resilience of this mechanophore to break under force, as observed experimentally* and discussed above. The
force suppresses the reactivity of the D.,, adduct.

The change in the molecular structure of the TS, in addition to the reduction of the barrier height, suggests a crossover
of the mechanism similar to the one previously reported by Meir et al computing the effect of an external electric field
as the perturbation® and recently observed experimentally.>® The mechanism switch between the two regimes is also
reflected in the value of the imaginary frequency of the TS, shown in Figure 4b. A dramatic decrease of the imaginary
frequency takes place at = 1 nN for the D., adduct. This value corresponds to the force for which the barrier shown in
Figure 4a reaches its maximum. The imaginary frequency corresponds to the negative eigenvalue of the Hessian matrix
which characterizes the topology of the PES around the first-order saddle point. When the adduct is distorted along the
direction of the eigenvector that corresponds to the imaginary frequency, there is no restoring force taking it back to a
stable equilibrium and such a distortion is said to be an unstable perturbation. The switch of mechanism suggested by
the sharp decrease (by a factor = 2) of the value of the imaginary frequency is supported by the structural rearrangement
of the TS shown in Figure 3 in which one scissile bond is much stronger (and shorter) than the other one. The difference
in bond length of the two scissile bonds is plotted in Figure 4c. We report in Table S1 and in Figure S3 the values of
the rate constants under mechanical force.

The TS that corresponds to a sequential mechanism is more polarized than the concerted one, as can be seen from the
value of the permanent dipole moment plotted



in Figure 4d and the value of the partial charge on each fragment reported in panels e and f. The value of the dipole
moment increases by about a factor 2 at = 1nN. This change reflects both the geometry change that can be seen in Figure
3 and also a charge transfer from the furan to the maleimide moiety, as shown in panel e (partial charge on the furan
moiety) and panel f (partial charge on the maleimide moiety). However, in the case of a change driven by a mechanical
force, as expected, the polarity increase is less pronounced than the one reported when the adducts are perturbed by an external
electric field.% >* Here, the charge transfer results from the Born—Oppenheimer relaxation of the electronic density that adjusts
to the equilibrium position of the nuclei under constraint. It does not exceed a few tens of electron charge |e|.
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Figure 4a. a) Barrier height in kJ/mol of each furan—-maleimide adduct under force. b) Imaginary frequencies of the TS states
computed for the same range of forces. ¢) Difference in the bond lengths of the two scissile bonds. d) Dipole moment of the
transition state.

Critical force and force-induced reaction path

Catastrophe theory predicts’’ that for a specific direction of the force, the FMPES reaches a singularity where the
negative eigenvalue of the TS and one of positive eigenvalues of the RS become zero. This point on the FMPES is
called fold-catastrophe, because at this value of the force, the geometries of TS and RS coalesce. This also means that
at this point, the force aligns with an eigenvector of the Hessian matrix and a distortion along this direction does not
meet any resistance from the system. In these conditions, the molecule becomes mechanically unstable since a small
force along this direction can easily induce bond breaking.

The fold-catastrophe is the most typical case found in mechanochemistry. However other kinds of scenarios can
occur, see ref.®!, for an extensive discussion on the topic. In particular it is possible that the RS coalesces with TS
associated to another reaction than the one targeted. In this case, the molecule will break in a different position and
another reaction will occur.

Locating this singularity of the PES relying on the EFEI method is a very complex task, since it is very difficult to
converge a geometry optimization at the vicinity of the fold-catastrophe point. As explained in the Method section
above,* all the force-displaced stationary points obtained through an EFEI optimization satisfy Eq. (6). The numerical
integration of Eq. (6) starting from the TS and the RS zero force equilibrium geometries and increasing force values in
the pulling direction until a zero-eigenvalue is found for both stationary points can be used to assess whether the
direction of the force applied to the furan—maleimide adducts will eventually lead to the rupture of the scissile bonds.

Figure 5 shows the force-induced path followed by the four adducts as the force is increased up to the critical value.
It contains all the force-displaced stationary points (FDSP) that can be located through a conventional EFEI optimization
The fold catastrophe occurs when the RS and TS coincide. At this point of the FMPES, the force is the maximum
possible that can be exerted onto the system and its value is the threshold for the mechanical barrierless reaction. The
results shown in Figure 5 for the RS state are fully consistent with those shown in Figure 2c using the isotensional
approach.
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Figure 5 Potential energy as a function of the pulling force applied on each adduct (see Figure 2a for the direction), computed
at the geometries obtained by integrating Eq. (6). For the Dendo (a), Pendo (b) and Pey, (d) adducts, both the TS and RS energies
initially increase with the force but at the vicinity of the catastrophe point the energy of the TS decreases until it coalesces
with the RS. The curve of the RS energy is monotonically increasing, but the TS has an inflexion point around 1 nN, which
corresponds to the region of transition between a concerted and a stepwise dissociation, identified above on the basis of the
height of the barrier and the value of the imaginary frequency of the TS (see Figure 4). On the other hand, the TS and RS of
the Dex, adduct (panel c) reach an asymptote at higher force, where a highly unstable geometry (second order saddle point) is
located.

Upon integration using Eq. (6), the RS of all the adducts except the D.., coalesce with the TS of the rDA reaction.
Proximal adducts reach the critical point around similar forces (4.73 and 4.88 nN, for endo and exo isomers,
respectively). The D..4, adduct requires a larger force (5.62 nN) which confirms the larger resilience of this adduct to
the external force identified above based on the analysis of the strain energy, the TS geometry and MO’s, and of the
height of the reaction barrier. These values are in very good agreement with the computed rupture force of the isometric
CoGEEF protocol (Figure 2b) : 4.2 nN for P, 4.4 nN for P.., and 5.2 nN for D.,q. The difference can be understood
from the fact that in the CoGEF protocol, since the distance is the control parameter, one cannot vary the force in a
systematic way.

The D.., adduct was experimentally characterized as resilient to break.* The analysis based on the critical force
provides an explanation for such a behavior. As shown in Figure S6 of the SI, the RS coalesces with a TS corresponding
to the rupture of the N-CH; bond in maleimide part, not with the TS of the rDA reaction. The system is destabilized by
the force, and instead of following the same path as the rest of the adducts in the FMPES, an alternative one is pursued.
The RS coalesces with a first-order saddle point and the TS coalesces with a second order-saddle point. The force at
which it happens (around 7 nN) is quite large compared to the other adducts. Therefore, the mechanophore in a Dey,
configuration does not undergo the rupture of the scissile bonds in agreement with the experimental results. *

CONCLUSIONS

The effect of a pulling external force was investigated for four Diels—Alder adducts which differ by their regio- and
stereochemistry. Since the force projects differently on the scissile bonds in each adduct, this allows us to explore the
effect of the direction of the force on the adduct response. Our computational results agree with experimental results
based on ultrasound-generated elongational forces.* They explain why the proximal adducts are more reactive under the
force constraint than distal counterparts, which is a consequence of a better projection of the force on the scissile bonds.
In the case of the D, adduct, the resilience to undergo the DA reaction, also previously observed in experiments, * is
confirmed by our theoretical computations. The analysis of the redistribution of the strain in the D.,, adduct showed
that the external force affects preferentially the bonds that connect the mechanophore to the polymer chain, while the
scissile bonds are barely being distorted. This means that a rupture of the D.,, adduct through a rDA reaction, giving
back the furan and maleimide species, is very unlikely. For the D..4, adduct, the CoGEF and EFEI analysis of the effect
of the external force on the geometry and potential energies of the adduct show that the mechanophore in this
configuration can resist a long elongation without opposing a large restoring force. The analysis of the redistribution of
the stress energy shows that it is redistributed over the entire molecule and not in specific coordinates involving the
scissile bonds as for the rest of the adducts. The order followed by the breaking of the adducts in CoGEF isometric
protocol (Pendo = Pexo < Dendo) 1s in agreement with the one obtained following the force displaced stationary points and
correlates with the analysis of the redistribution of the strain energy.



We show that for low force values the reactivity is inhibited by the stretching of the adduct and the reaction barrier
becomes higher than at zero force. However, at larger forces (typically > 3 nN), the barrier decreases and the reactivity
of the rDA is enhanced. When we follow the force displaced stationary points, eventually, at a critical value of the
force, the reaction becomes barrierless and the molecule breaks without opposing to the external perturbation. This is
the value of the force for which the TS and RS coalesce in a singularity of the Force-Modified PES. The nature of the
resilience of D.y, to the rupture was attributed in an atypical catastrophe, that coalesced the RS to a different TS, which
conducts to the breaking of another bond of the adduct.

Finally, and most importantly, a crossover from a concerted to a stepwise mechanism was identified. The forces at
which this switch occurs were estimated at about 1 nN for the two proximal adducts and for the D.,.4, one, and at 2.4 nN
for the D.,, one. The abrupt changes observed in the localization of the frontier molecular orbitals, of the imaginary
frequencies of the TS, as well as in the difference in length of the two scissile bonds and in the values of the dipole
moment, suggest a transition to a sequential mechanism, with a more polar, asynchronous TS.

These computational results are an outstanding support for the interpretation of AFM-based single-molecule force
spectroscopy experiments that are currently in progress to obtain a detailed picture of the mechanical stability of the
adducts, including the time they can resist to a constant force.
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