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Abstract

A series of mechanophores were studied computationally by employing the AFIR (Artificial Force
Induced Reaction) method, which applies an artificial force on the molecule to trigger reactions, and
meanwhile with a tensile force to simulate a mechanochemical reaction. The calculation results were
both qualitatively and quantitatively consistent to those reported experimentally, indicating that the
AFIR is a reliable approach to studying mechanochemical reactions. It was then applied to the study
of retro-Diels-Alder reactions for the theoretical predictions of activation force levels which are
currently unavailable. Moreover, it also helped to reveal the favored geometry for the enhancement of
force effect. Later, the AFIR method was employed to study the mechanodegradation of generic
polymers. The substituents effect and the polymer tacticity in strengthening the mechanical
responsiveness, were highlighted by our study. Given the importance of cross-linker molecules in the
double-network (DN) hydrogels, a fully automatic search of mechanochemical transformation
pathways of a commonly used cross-linker molecule, N, N'-methylenebisacrylamide (MBAA), was
also performed by the AFIR method. Through the work described in this article, we demonstrated that,
in the field of polymer mechanochemistry, the AFIR method utilizing two forces is a simple but
effective tool to give accurate predictions of activation force levels at any given timescale. In the
meantime, the mechanistic study of mechanochemical reactions shown in this article is believed to

provide insightful suggestions for the further design and application of mechanophores.

1. Introduction

Mechanochemistry, as one of the emerging fields in modern chemistry, is to use mechanical force
to trigger chemical reactions. Sometimes, the mechanical force can prompt the reactions which cannot
happen under normal circumstances or effectively redirect the reaction to a less favored pathway under
thermal conditions.! More interestingly, unlike the thermal and photochemical reactions, in which the
potential energy surface of the reaction is generally not affected, the mechanical force is believed to
distort the original potential energy surface and may therefore result in new reaction patterns.> Polymer
mechanochemistry is a key component of mechanochemical science, and it focuses on the chemical
reactions of polymers under force.’> Early polymer mechanochemistry involves the treatment of
polyalkenes with mechanical force, leading to the homolysis of backbone and generation of fragments
with lower molecular weight.*

Recently, the focus was diverted to discovering versatile reaction patterns by applying force onto
the specific molecules. These specially designed molecules, called mechanophores, are a group of
compounds that can easily undergo chemical reactions with loading of a mechanical force.> Notably,
the mechanophores are usually embedded into long polymer chains to allow the transduction of
mechanical force.>*> Owing to the pioneering works in this field, a series of mechanophores were

synthesized and subsequently investigated, such as gem-dihalocyclopropanes (gDHC),°
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benzocyclobutenes (BCB),” spiropyrans (SP)® and so forth. The properties of mechanophores, such as
the plateau force (i.e., the level of force by which the mechanophore gets activated), can be
quantitatively characterized through the SMFS (i.e., Single Molecule Force Spectroscopy)
experiments.’

Computational methods have also been developed to study the mechanophores.!® The CoGEF
(Constrained Geometry to Simulate External Force) method, which derives the force from a
constrained geometry, is widely used nowadays to study the bond rupture under mechanical forces.!!
Although CoGEF is useful in the qualitative discussions of mechanophore reactivity (excluding a few
unsuccessful exceptions),’ quantitative approaches that can predict the activation force level required
to induce chemical bond rearrangements are always desired. There are some such approaches in which
force are described explicitly, such as the AISMD (Ab Initio Steered Molecular Dynamics) method
developed by Martinez and co-workers'? and the EFEI (External Force is Explicitly Included) method
raised by the Marx group.'® Recently, the Zimmerman group also suggested a method called SE-GSM
(Single-Ended Growing String Method) to study mechanochemical reactions computationally.'* The
term called mechanochemical response index, which is obtained within the framework of conceptual
density functional theory, is also used for the description and monitoring of reactions under external
force."

The artificial force induced reaction (AFIR) method developed by our group, literally, is to explicitly
add an artificial force between certain fragments inside a molecule or a complex to trigger reactions.'®
Normally, the AFIR method employs a force to suppress the potentially interactive atoms or to
dissociate a bond so that a reaction can happen, and then, finds a force-free reaction pathway based on
the force-induced reaction path.!” However, from another perspective, we then envisaged, if a
repulsion force, F,, is added to the certain designated groups of a molecule, it is possible to simulate
and predict the chemical outcome of the molecule under stretching force. It is a new route to exploring
mechanochemistry computationally. Moreover, unlike the CoGEF method mentioned above, in which
the max rupture force is derived from varying the constrained geometry, our AFIR method handles
with the force in an explicit way. In this regard, we can observe how the molecule reacts responsively.

We have employed the AFIR method for the latter purpose (i.e., simulating reactions under
mechanical force), in our earlier publications to rationalize the experimental observations.'®®!° In this
article, we demonstrate its performance by applying it to a variety of compounds listed in Figure 1.
We first apply the AFIR method to a variety of mechanophores shown in Figures 1A, 1B, and 1C,
whose activation force levels have already been carefully measured through experiments. The
comparison between our calculation results and the experimental data verified the AFIR method as a
simple but highly reliable computational tool for the study of mechanochemical reactions under
tension. Therefore, the AFIR method is further employed to study a series of practical problems

encountered in the current polymer mechanochemistry, such as the force-promoted retro-Diels-Alder

317135



reaction of furan-maleimide adducts shown in Figure 1D, the mechanodegradation of generic
polymers presented in Figure 1E and the degradation of cross-linker molecule (used in the DN-
hydrogels) displayed in Figure 1F. These computational studies provided useful mechanistic insights

which can be used for the further improvement of relevant mechanochemical reactions.

A: Dihalocyclopropane B: Benzocyclobutane C: Spiropyran
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Figure 1. Mechanophores and substrates of mechanochemical reactions subjected to the
computational study in this article (A: dihalocyclopropanes; B: benzocyclobutanes, C: spiropyrans; D:
furan-maleimide substrates for retro-Diels-Alder reactions; E: generic polymers for

mechanodegradation; F: MBAA molecule for force-induced decomposition).

2. Theory

In this study, the AFIR method'® is employed to simulate the stretching force added to the target
molecules. Notably, the AFIR method has been extensively used for the exploration of organic and
organocatalytic reactions under normal force-free conditions.!” The original idea of AFIR is simple,
as pushing or pulling two specific intramolecular (or intermolecular) fragments by an artificial force

can eventually lead to the reactions. The force is applied to the system by the following AFIR function

FQ).

FQ=EWQ + paw N

YieAXjeB Wij
In Eq. (1), £(Q) is the Born-Oppenheimer potential energy surface (PES) of the given geometrical

parameter Q and the second term applies the force to the system of interest. More specifically, the

term o controls the strength of the force added. The parameter p can be set to either 1 or -1, of which
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the former indicates an attractive force, and the latter leads to a repulsive force. From Eq. (1) we can
also notice the force is given as a weighted sum of the interatomic distance r; between atom i in

fragment A and atom j in fragment B, and the weight w;; is given as follows,

Ri+R;
wij = (T,’)6 ()

where R; and R;are the covalent radii of atoms 7 and j, respectively. The force-induced path is optimized
to a minimum energy path without mechanical force afterwards. This is done by using a chain-of-
)20

states method, such as the locally updated planes (LUP)™” method, to find an actual force-free reaction

path. In our cases, an in-house-modified LUP method is used in the implementation.'®

What makes this work different from the other AFIR calculations is that two types of forces are
used in this work, of which one is the genuine force that the polymer feels, while the other is the
artificial force same as the one in the usual AFIR calculations. First, we use the AFIR function to
construct the force-modified potential surface (i.e., FMPES) E™(Q), on which the second set of

artificial force used to cleave covalent bonds is then added.

Figure 2. Two types of forces used in our AFIR calculations, where 7 represents the strength of the
genuine force that the polymer feels, L is the left-hand side terminal group, R is the right-hand side
terminal group, A and B are fragments that are pushed or pulled in the AFIR procedure to induce a

reaction, and the other parameters, w, r, p, and a, are identical to those in equations 1 and 2.

More specifically, as shown in Figure 2, a repulsive force F, with a strength of 7 is added to the
termini of the molecule of interest (labeled as L and R), which therefore turns to be a stretching force

and helps to construct the FMPES E™(Q). The mathematical formula of E"™(Q) is shown in Eq. (3).

EPM(Q) = F(Q) — r Heimeury .

YieLXjeR Wij
Please note that the force was added to the designated groups, rather than two single atoms, which
therefore prevents some unwanted transformations (such as conformation change or even C-H
cleavage) at the terminal groups when large force is added. It is also noteworthy that the computation
of the force-coupled barrier AG*; is based on this FMPES, E™(Q). Meanwhile, as what is shown in
Eq. (4), another set of artificial force F>, of which the strength and direction is controlled by p and a,
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is added to the system.

F(Q) = EFM(Q) + pa ZieAZis iy .

YieaXjeB Wij
It should be emphasized that the latter force F» is a purely artificial force to trigger chemical
reactions. It is used for finding a possible reaction path and is finally eliminated, being same as the
usual AFIR calculations. Here, this is the first time we used two types of forces simultaneously in our
AFIR calculations, and it enables us to explore the mechanochemical reactions of any covalent bonds

of interest in the system.

3. Results and discussion

As what was mentioned previously, we envisaged that the AFIR method can be used as a simple but
effective tool to study the mechanochemical reactions in a quantitatively correct manner. Therefore,
to test such a hypothesis, we decided to first use it for the computational exploration of a series of
known mechanophores whose activation data have been measured experimentally, which include gem-
dihalocyclopropane, benzocyclobutane and spiropyran. It is noteworthy that each of them has some
distinctive features as a mechanophore. More specifically, for example, the reactivity of gem-
dihalocyclopropane can be adjusted by changing the halogen atom and the polymer chain. The
spiropyran chosen in our computational study was reported to have an extraordinarily low activation
force (~ 300 pN). The mechanochemical reaction of benzocyclobutane is a vivid example that breaks
the conventional Woodword-Hoffmann rules. A comparison will be made between the experimental
data and our computational results to demonstrate the accuracy of the AFIR method in handling with
these mechanochemical reactions. Moreover, our computational work helps to reveal new mechanistic
information for these known mechanochemical reactions. Once it is realized that the AFIR method
can deliver the activation data quantitatively consistent to the SMFS data, we then employed the AFIR
method to solve the practical problems encountered in current research, such as the force-triggered
retro-Diels-Alder reaction, the mechanodegradation of commercially available polymers and the
force-promoted decomposition of cross-linker molecules used in DN-hydrogels. Please note that there
is currently no SMFS data for the above-mentioned three types of reactions, which means that the
calculation results are helpful to the further study in this field.

Note that the activation tensile force required to cause a bond activation under a given condition
(temperature 7 in kelvin and timescale ¢ in second) is denoted as Facyr, 1, together with an indication
whether the value is obtained experimentally (i.e., FacT, q,exp) OF computationally (i.e., Fac(r, r],cale). The
computational timescale corresponds to the half-life time estimated by the Eyring equation, using an
activation Gibbs energy barrier under a given condition obtained on the FMPES. The common
assumptions, such as the standard ideal gas, rigid rotor, and harmonic approximations, are also

employed. Similarly, the (overall) Gibbs energy barrier AG*,¢ and rate constant ku for the bond
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activation under a given condition (temperature T in kelvin and tensile force 7 in pico-Newton) are
denoted as AG*.eq7, 7 and kacyr, 1, Tespectively, with the indication either “exp” or “calc.”
Gem-dihalocyclopropane system. Our study first focused on a variety of gem-DHC (gem-
dihalocyclopropane) molecules which have been synthesized and examined experimentally. The
experimental data reported can be used for the evaluation of our calculation accuracy.®?! Shown in
Figure 3 is the model molecule used in our initial calculations. Literally it is the gem-DCC (gem-
dichlorocyclopropane) embedded in Z-polybutadiene chain, and it is therefore named gDCC_PB. The
initial calculation conducted is called the MIN calculation, which is to fully optimize the force
modified potential energy surface £-M(Q) (i.e., taking the simulated tensile force F; as the constraint
while doing minimization calculations). As what can be seen from Figure 3, the repulsive force F; is
added between two methylene groups (CHb») at the terminal positions by setting them as L and R in
Eq. (3) to simulate the stretching force. Therefore, the minimization with the force F; as a constraint

shows a vivid image of how the molecule acts responsively with the external tensile force.
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of e

Cl Ci

gDCC_PB

Figure 3. Mechanophore gDCC_PB on which the tensile force F is applied.

Shown in Figure 4 is the force-extension curve generated by the AFIR method. The value of the
extension is defined as the difference between the polymer chain lengths at F; = x pN and F; = 0 pN
(i.e., using the force-free polymer chain length as the reference). Each dot in the figure represents an
MIN calculation at the given tensile force F;. The curve shown in the figure can be easily divided into
four regions. The first region is where the twisted polymer gets decoiled and adopts a straight zig-zag
conformation. It is known that the polymer stays twisted under force-free condition (i.e., F; = 0 pN),
because of the effect of an entropy increase. In our calculation, we only considered part of the entire
polymer chain and there is no large-scale conformational rearrangement. Therefore, such a
conformational change is relatively easy in the model calculation. When a small force F;is applied,
the conformation of the polymer quickly turns straight and the distance between two termini can be
approximately regarded as the contour length of this polymer chain. In Figure 4, it could be noticed
that, once the polymer is fully extended to reach its contour length, the further increasing of the end-
to-end distance then becomes difficult, as it is now to deviate the C-C bond from its equilibrium
position. With the gradually increasing stretching force F7, the scissible C-C bond is further stretched

and finally breaks at a certain level of force. Since there are three gDCC units embedded in the same
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polybutadiene scaffold, the almost simultaneous C-C cleavage results in an instant and significant
increase of the polymer length. Such a phenomenon can also be seen in the real SMFS experiments,
and it is named signature plateau.® Once the incorporated mechanophores have all been activated, the
force F; at a higher level will further stretch the backbone of the product until the final rupture of the
backbone. This can be seen as the fourth region of the curve shown in Figure 4. In this case, for the
gDCC_PB, the plateau force was found as 3500 ~ 3700 pN, which indicates the C-C bond in the
cyclopropane moiety will be cleaved at the timescale of 0 second when the external tensile force F;
reaches this level. The simple MIN calculation using the AFIR method to simulate the external force
therefore offers us a straightforward way to observe how the mechanophore reacts under a stretching
force from the computational perspective. However, it must be emphasized that the activation force
predicted by the MIN calculation is the force needed to break the scissible bond at the timescale of 0
second and the temperature of 0 kelvin (i.e., Facir=0K, =0 s],calc). That is why this value (3500 ~ 3700
pN) is much larger than the actual activation force (Facqr=298.15K, r=0.1 sj,exp ~ 1330 pN) recorded in the

SMFS experiment.®

Force-Extension Curve of gDCC_PB (by MIN Calculations)
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Figure 4. Force-Extension (the distance between the terminal C atoms in A) curve of gDCC_PB trimer
generated through the MIN calculation of the FMPES in Eq. (3) (method: B3LYP-D3/6-311G(d,p)),

from which we can observe four regions and the geometry change at the signature plateau region.

In fact, each SMFS measurement has a certain timescale and is conducted at room temperature. If
we consider the timescale of the reaction, the real activation force level Faeqr, q should be much lower.
However, this requires us to obtain the free energy barrier of the mechanochemical reaction under

external force. In fact, with the assistance of the AFIR which provides the FMPES, we can locate the

8 /35



transition state of the expected reaction at any given F,. The data collected can be subsequently fitted
to a curve that correlates the force-coupled free energy barrier AG*; and the force level F,. Based on
such a curve, we are able to make a computational prediction of the activation force level Facq7, 1calc,

given the timescale of the experiment.

Relationship between AG*, and F, for cis-gDHCs
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Figure 5. Fitting curves that depict the relationship between the force-coupled Gibbs energy barrier
AG*; and the level of tensile force F, for gDCC PB, gDBC_PB, gDCC PNB and gDBC PNB. Here

PB means polybutadiene backbone and PNB represents polynorbornene backbone.

Shown in Figure 5 is the AG*, — F, graph for a series of gDHCs. Each dot in the figure represents
a transition state optimization calculation on the FMPES. It is clear from the figure that the free energy
barrier AG*; of the C-C cleavage process decreases with an increasing level of external force F,. More
specifically, a simple model derived from the Marcus theory?? suggests that the barrier decreases as a
quadratic function of the force level F; (please see SI for the derivation process). Therefore, this study
represents the AG*; — F, curves with a quadratic function. Inspection on the four curves shows the
reactivity of four gDHCs under the same level of F; is: gDBC PNB > gDCC _PNB > gDBC PB >
gDCC_PB, being consistent with the experimental observations reported by Craig and co-workers.*
Moreover, since the SMFS test which derives the activation force was conducted at the timescale of
0.1 s, the force-coupled free energy barrier AG* 7 = 298.15k. ].calc Should be around +68.2 kJ-mol™,
according to the Eyring equation (i.e., corresponding to a half-life time of 0.1 s at 298.15 K). Given
this, the computed activation forces Facir=298.15%, 1= 0.1 s),cale for gDCC_PB, gDBC _PB, gDCC_PNB
and gDBC _PNB are 1180 pN, 1010 pN, 820 pN and 660 pN, respectively. It is noteworthy these
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calculated activation force levels are very close to those reported experimentally, as what can be seen
from Table 1.

Besides the calculations concentrating on the halogen and backbone effects, we also employed the
AFIR method to study the stereo-effect which was reported to affect the activation force level as well.
The Craig group has reported that trans-gDCC has a much larger activation force than its cis-isomer.*

The experimental data Facqr=298.15K, 1= 0.1 sl,exp and our computed result Facijr=298.15K, 1 = 0.1 s],calc fOr

trans-gDCC are 2290 and 2230 pN respectively, which are also very close.

AG?, - F, Graph for the Ring Opening of trans-gDCC
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Figure 6. AG*, — F; graph for trans-gDCC_PB (from which we can clearly see the concerted transition
state is more energetically favored at low force-level region and the stepwise transition state is

predominant at high force-level region)

Very interestingly, our calculations helped to locate two different transition states for trans-gDCC,
including a concerted transition state and a stepwise one, of which the latter first leads to a diradical
intermediate. The concerted transition state (marked in grey color in Figure 6), in which the transfer
of chloride and the C-C breaking happen simultaneously, has a much lower free energy barrier at low
force-level region (i.e., with a small F;). However, the stepwise transition state becomes predominate
once the force F; is over 1490 pN. Thus, for trans-gDCC, it actually undergoes a stepwise transition
state for its activation (please refer to the SI for the IRC curves of these two transition states).

It was also found experimentally that, a C=C double bond, if directly attached to the cyclopropane

ring, can lead to the ring-opening reaction at a relatively lower force.?! Moreover, the stereochemistry
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of the alkene moiety also plays a vital role in lowering the activation force Facr=298.15K, 7= 0.1 s],exp-
Compared to the C=C double bond in Z-configuration, the E-alkene moiety can significantly bring
down the activation force Facqr=298.15K, ¢ = 0.1 slexp t0 the level of 800 pN. The AFIR calculations
simulating the ring-opening reaction of these two gem-DCC species were carried out and the results
are also shown in Table 1. Despite the semi-quantitatively correct data that reproduced the
experimental activation force levels, our calculation also found that, both gDCC DBE and
gDCC _DBZ have similar intrinsic reactivity. That is to say, the breaking C-C bonds in both
compounds are similarly strong under force-free conditions (i.e., F- = 0 pN). Regarding this statement,
it can be verified if we inspect the low-force region of the AG*, — F, graph. When F, = 100.0 pN (i.e.,
low-force region, see Figure S3 in SI), the computed Gibbs energy barriers of the ring-opening
reaction are +91.0 and +94.4 kJ-mol™! for gDCC_DBE and gDCC_DBZ, respectively. The higher
reactivity of gDCC_DBE under tensile force F, is due to its stronger sensitivity towards the external
force, as what can be confirmed by the much steeper slope of its AG*, — F, curve. Therefore, the double

bond in E-configuration, can be regarded as a motif that enhances the force effect.
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Table 1. Experimental and computed activation forces Facir=298.15K, :=0.1 s of various gem-DHCs

WM\Y/\W

cl” cl Br Br
gDCC_PB gDBC_PB
H H H H
S H H _ S H H P
¢’ cl Br Br
gDCC_PNB gDBC_PNB
H ™
\ X
\/\/\/\u‘ H
Cl CI

trans-gDCC_PB

ClI CI ClI CI

gDCC_DBE gDCC_DBZ h
Species Fact{7=298.15K, 1= 0.1 sl,exp Fac{7=298.15K, 1=0.1 s],calc

gDCC_PB 1330 1180
gDBC_PB 1200 1010
¢DCC_PNB 900 820
¢DBC_PNB 740 660
trans-gDCC_PB 2290 2230
¢DCC_DBE 800 550
¢DCC_DBZ 1160 870

Spiropyran system. Having confirmed that our AFIR method can reproduce both qualitative and
semi-quantitatively correct data for the gem-dihalocyclopropane system, we then turned our focus to
another famous mechanophore, the spiropyran. Compared to the gem-DHC system, spiropyrans are
much more reactive under external force. The ring-opening reaction can be activated with an
extraordinarily low force as low as 300 pN.® In addition, the sensitivity of spiropyrans towards
external force F’; can be easily manipulated by changing the position of two polymer arms or switching
the substituent group on the benzene ring where the C-O bond locates. Given this, to further test the
broad availability of our AFIR method, we performed calculations on the spiropyran system. The

spiropyran SP1 was reportedly less reactive than SP2.8>%¢ Shown in Figure 7 are the transition states
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of ring-opening process for both SP1 and SP2 at F; = 500 pN.
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Figure 7. Optimized geometries of the transition states linked to the ring-opening reaction for SP1 and

SP2 with F;= 500 pN.

The force-coupled free energy barriers associated with these two transition states are +52.4 and
+25.6 kI-mol™!, respectively. It clearly indicates that SP2 is much more reactive under the same level
of external force F;. To furnish the ring-opening reaction at the timescale of 0.1 s (which connects to
a Gibbs energy barrier around 68.2 kJ-mol ™), the computed activation force level Facqr=29815K, 1= 0.1
slcale 18 indeed lower than 500 pN. Our calculations also showed that, the open-ring product is in fact
thermodynamically less stable. An s-cis to s-trans isomerization of the newly formed butadiene moiety
happens straightaway after the ring-opening step, affording a more stable merocyanine isomer (see the
SI for details).

Our later efforts were made to reproduce the substituent effect observed experimentally. The force-
coupled rate constants kacir, «,exp for a series of SP2 molecules were carefully measured and reported
by Craig and co-workers.’ Based on the Eyring equation, the rate constant kacr, «j.exp can be readily
transformed to the force-coupled Gibbs energy barrier as shown in Table 2. We also carried out
calculations using the AFIR method to provide a tensile force F; of 375.0 pN for three different SP2
molecules, named SP2 H, SP2 Br and SP2 NO2. The transition states of C-O cleavage under a
constraint F; of 375.0 pN force were successfully located and the force-coupled free energy barriers
AG*, were computed. The computed data is shown in Table 2, from which SP2_ NO2 was found most
reactive and then it comes SP2 Br. The unsubstituted SP2 H, is the least reactive. Note that the
process consists of two steps, i.e., C-O cleavage and s-cis to s-trans isomerization, and Table 2
presents the overall barriers that corresponds to the Gibbs free energy gap between the highest

transition state and the reactant (see SI for more details).
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Table 2. Substituent effect on the ring-opening reaction of spiropyran SP2 at F; = 375 pN (breaking
bonds are highlighted in red).

<z\/\/\jPZ NO2

Species AGiact[T= 298.15 K, =375 pNl,exp - AG* (7= 298.15 K, 375 pNJ,cale
SP2 H +67.5 kJ-mol! +51.8 kJ-mol!
SP2 Br +64.6 kJ-mol! +49.2 kJ-mol!

SP2 NO2 +54.7 kJ-mol™! +43.1 kJ-mol™!

@ Obtained by transforming ka7 = 298.15 K, z = 375 pNJexp (= 9.0, 32.0, and 1600.0 s™!, respectively, for
SP2 H, SP2 Br, and SP2_NO2)*¢ via the Eyring equation.

Benzocyclobutane system. Another famous mechanophore, the benzocyclobutane system (BCB),
was also revisited by our AFIR method. The ring-opening of cis-BCB under mechanical force was
confirmed as a vivid case that violates the Woodward-Hoffmann rules. Furthermore, the thermally
inert cis-isomer was found having a smaller activation force Facqr=298.15K, r=0.1 sl,exp (i.€., being more
reactive), if compared to the trams-isomer, according to the experimental observations.”® Being
consistent to the experimental data, our calculations also suggest that the cis-isomer (cis-BCB) is more
reactive than the trans-isomer (trans-BCB), of which the computed activation forces Facr=298.15K, 1 =
0.1 sl,cale are 1430 pN and 1620 pN. Shown in Table 3, our calculation results do not only correctly
predict the order of reactivity for these two BCB molecules under external force, but also reproduce
the quantitatively consistent activation force level with an error less than ~ 120 pN. Interestingly, we
also found that the disrotatory ring opening reaction is not favored for the cis-BCB at low-force region,
as the slope of the fitting curve of cis-BCB is much steeper than that of the trans-BCB (see Figure S8
for more details). It therefore indicates that the ring-opening reaction should follow the Woodward-

Hoffmann rules under force-free conditions, which is exactly what can be seen experimentally.
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Table 3. Experimental and computed activation forces Faciir=298.15k, =0.1 5] for two benzocyclobutanes

ﬁ\»

q ? F, 0 0

& (0] (0] =

@\/\)\ Jk/\/@ </—/_<O O>_\_\>
cis-BCB B —

trans-BCB
Species Fact{7=298.15K, 1= 0.1 sl,exp Fac1=298.15K, 1=0.1 s,calc
cis-BCB 1370 1430
trans-BCB 1500 1620

Force-triggered retro-Diels-Alder reactions. The Diels-Alder reaction is a one of the most famous
pericyclic reactions leading to the formation of a stereospecific six-member ring simply from a diene

and a substituted alkene (i.e., dienophile).?*

Due to the simplicity of the reactants and the complexity
of the products it leads to, it therefore serves as a powerful and reliable tool in organic synthesis.?® It
should be noted that the Diels-Alder reaction is less reversible under low temperatures. Nevertheless,
recently, De Bo and co-workers revealed that the retro-Diels-Alder reaction, can be realized with the
assistance of mechanical force even at low temperatures (5-10 °C).%%® It was also found that the
geometry of the Diels-Alder adduct strongly affects its reactivity.?® Shown in Figure 8 are the four
furan-maleimide Diels-Alder adduct compounds subjected to the force-triggered retro-Diels-Alder

reaction.
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Figure 8. Furan-maleimide Diels-Alder adducts subjected to tensile force.

We noted that De Bo and co-workers have shared their computational studies on the mechanism of
retro-Diels Alder reaction?” using the EFEI method.'® They highlighted that the external force F, helps
to transform the concerted transition state to a stepwise one. For compounds 1¢, 2¢ and 3¢, such a
critical force is around 1.0 nN while it is 2.4 nN for compound 4¢. Here, we also would like to explore
this force-promoted retro-Diels-Alder reaction using the AFIR method, aiming at providing a
prediction of the activation forces Facr = 29815 K, ¢ = 0.1 s}calc, Which are currently unavailable
experimentally. In our case, a repulsive force F; is directly added to the two terminal -CH3 groups (see
Figure 8). The optimization to find minima and transition states was with this force constraint. A set
of forces F; were eventually tested and the force-coupled free energy barrier under each force level

(AG*,) was successfully obtained for all four isomers (see Figure 9 for the details).
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AGH, - F, Graph of rDA Reaction for furan-maleimide
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Figure 9. Effect of stretching force F, on the force-coupled free energy barrier AG*, of retro-Diels-

Alder reaction for furan-maleimide.

Gratifyingly, in our AFIR exploration, it is also confirmed that Distal-Exo (4¢) is the most force-
resistant compound. Even at F, = 3000 pN, the barrier AG*. is still up to +72.2 kJ-mol™. However, the
retro-Diels-Alder reaction for the other three isomers (1¢, 2¢ and 3c¢) are almost barrierless with a
tensile force F, of 3000 pN, being +10.5, +14.6 and 24.1 kJ-mol’!, respectively. Though the SMFS
data for this set of compounds is not available till now, based on the AG*, — F, relationship concluded
in Figure 9, we can predict the activation force Facqr=298.15K, ¢ =0.1 s},calc for 1¢ (Proximal-Endo), 2¢
(Proximal-Exo), 3¢ (Distal-Endo) and 4¢ (Distal-Exo) as 900 pN, 1370 pN, 1330 pN and 3220 pN.
Therefore, Diels-Alder adduct compounds 1¢, 2¢ and 3¢ are qualified mechanophores. Meanwhile, we
believe the SMFS data for 4¢ will be difficult to obtain due to the extremely large activation force
required. From the generated AG*, — F, graph, it is also noteworthy that compound 2¢ is much more
sensitive to the external force if compared to 3¢. At high force region, 2¢ is more reactive than 3c,
while it is more inert than 3¢ if F’ is lower than 1550 pN. It is consistent to the experimental data that

3¢ is more reactive than 2¢ under thermal conditions.
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Figure 10. Optimized transition state geometries for all four isomers at F; = 2000 pN

Shown in Figure 10 are the transition states of all four isomer at F; = 2000 pN. Similar to what De
Bo and co-workers have indicated,?’ the external force greatly affects the geometry of transition states,
resulting in unequally long C-C bonds which are prone to break (see SI for the detailed table of C-C
bonds at transition state under different F;). For example, in 1¢ (Proximal-Endo), these two C-C bonds
are 2.27 A and 1.64 A long, respectively. The C-C bond, which has the tensile force directly passing
through, extends much longer and breaks first. The stepwise transition state is defined based on the
bonding rather than the energy. According to the IRC calculations, in fact, there is no intermediate
showing up after the first C-C bond breaks on the FMPES E™(Q). By AFIR method, we also
confirmed there is a certain threshold for the special stepwise transition state switching to the
conventional concerted transition state with equally long C-C bonds. For 1¢ and 2c, the force level is
around 500 pN, while it is around 200 pN for 3c¢. For compound 4c¢, the switching point comes much

earlier as the critical force is around 1000 pN. Please refer to the SI for the details.

F, = 2000 pN

5.3-

1026

Proximal-| Endo (1c)

Distal-Endo (3c) Distal-Exo (4¢)

Figure 11. Illustration of “node” along the transduction path of force F:.

Further inspections on the geometries suggest that all the reactive isomers have a “node” at the

breaking C-C bond. Regarding the definition of node, careful inspections on the structural motif shown
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in Figure 11 suggest that, if we take the Newman projections concerning the breaking C-C bond, we
will find the angle between two stretching forces is less than or around 90°. It can be seen in the cases
of 1¢ (Proximal-Endo), 2¢ (Proximal-Exo) and 3¢ (Distal-Endo). However, the pair of tensile forces
are parallel in 4¢ (Distal-Exo) and the angle is around 180°. We believe such a node inhibits the
transduction of tensile force and is supposed to generate a torque on the bond prone to break first. In
the most force-resistant isomer 4¢ (Distal-Exo), such a node does not exist, and the tensile force can
pass freely through the breaking C-C bond without any hinderance. The computational study on the
retro-Diels-Alder reaction shows a vivid example that how a specially designed geometry can
significantly amplify the effect of mechanical force. The structural information (i.e., “nodes” on the
transduction direction of force) revealed by the AFIR calculations can be used for the further
enhancement of force-responsive ability, even for those less reactive compounds.

Mechanodegradation of generic polymers. The degradation of plastic wastes is always a
challenging work and meanwhile remains as a hot topic in modern society as the plastic wastes possess
a significant threat to the environment.”® Compared to the thermal oxidation pathway,?’ the
mechanodegradation is an eco-friendlier approach. Dated back to 1930s, Staudinger reported the first
case of mechanodegradation of plastic as he found that the molecular weight of polystyrene decreased
if treated with mechanical force.* It was then experimentally realized that generic polymers can be
degraded smoothly under the force provided by ball milling.>*!® The force-promoted decomposition
of polymers involves the homolytic cleavage of covalent bonds, and the mechanoradicals generated
from this process have been detected and characterized by ESR (i.e., electron spin resonance) method
experimentally.?® However, to the best of our knowledge, so far, there is no detailed computational
chemistry report for the feasibility of generic polymers towards the mechanodegradation process.
Experimentally, it is difficult to employ the conventional SMFS experiments for the measurements of
rupture forces Facr, n,exp Of generic polymers, since most of them possess a considerably large Facqr,
exp (Which will result in the detachment of sample from the tip of AFM (atomic force microscopy)).
Given this challenge, the AFIR method was used to systematically study the mechanodegradation
process of a series of commercially available polymers, from which we would like to obtain the
quantitative data of rupture forces. We also would like to acquire the useful structure-reactivity
information from the calculations, such as how the nature of covalent bond and the substituent effect
affect Facqr, 1.

The polymers chosen for our computational study are shown in Figure 12. They were firstly
categorized into three main groups: polymers with carbonyl substituents (e.g., PMMA and PMVK),
polyalkenes (e.g., PE, PS and PP), and polymers with C-S bonds embedded in the main chain (e.g.,
PPS and PSU). Given the stereochemistry of polymers, please note that we first studied the isotactic
polymers and then the syndiotactic ones. Considering the computational details, we used a trimer

molecule as the model molecule for our calculations. Meanwhile, the methoxy group -OMe, was
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assigned to all the model molecules as the end-group found in real polymers. A repulsive force F,
realized by the AFIR method, was added to these two methyl groups. Such a repulsive force F-

therefore acts as a tensile force that stretches the polymer chain.

PMMA PMVK

Ghe
[e] (o] O,
n n 'n
PE PS PP

H3C{ CH3

o) ooy

PPS

Figure 12. Generic polymers subjected to the computational study

The transition states of covalent bond homolysis under a variety of force levels were successfully
obtained and the data (including the force level F, and the force-coupled Gibbs energy barrier AG*,)
was subsequently used for the curve-fitting. Figure 13 shows the AG*, — F; curve of the isotactic
PMMA, from which we can clearly see AG*, of the C-C homolytic cleavage is quadratically dependent
on the tensile force F;. The force-coupled Gibbs energy barrier gradually decreases with an increasing
F starting from 1000 pN. Once the stretching force F; reaches 4000 pN, the Gibbs energy barrier of
the C-C homolysis in isotactic PMMA drops to only +25.2 kJ-mol™!, suggesting an instant reaction
under room temperature. With the AG*; — F, graph in hand, the rupture force Fac(r=298.15 K. r = 654 s].calc
of isotactic PMMA can be easily computed, which is around 2400 pN. Please note that here we use
AG*, of 90 kJ-mol™! (i.e., ti» ~ 654 s) as the threshold to determine the activation force, since the
timescale of the polymer degradation is much larger than that of the common SMFS experiments
(usually ~ 0.1 s). Further inspection on the optimized transition state under different level of forces
indicates the tensile force F; promotes an early transition state. The distance of the breaking C-C bond
at transition state strongly depends on the level of F;. When F; reaches 4000 pN, the C-C distance is
2.39 A. The C-C distance gradually extends with a decreasing force. When F; is 1000 pN, the C-C

distance in the transition state becomes 2.78 A (see Figure S13 in the SI for more details).
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AGHt, - F, Graph for Polymer Mechanodegradation — Isotactic PMMA
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Figure 13. Effect of tensile force F, on the force-coupled free energy barrier AG* of C-C bond
homolysis in isotactic PMMA (please note AG*. = 90 kJ/mol, which corresponds to a 12 = 654 s, is

set as the threshold to determine Flacq7, ,calc, considering the timescale of polymer degradation reaction).

Following the same calculation procedure applied on isotactic PMMA, efforts were made to
generate the AG*, — F equations for all the other polymers (please refer to the SI for the calculation
details). Considering the timescale of the mechanodegradation reaction of polymers, the practical force
levels Facr=29815 K. ¢ = 654 s].cale (Which brings the free energy barrier to the level of +90 kJ-mol ™) used

to trigger the homolysis in isotactic polymers were summarized in Table 4.
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Table 4. Computed activation forces Facr = 29815 K. = 654 s)cale (that bring AG*; to 90 kJ-mol ™) of

isotactic polymers (breaking bonds are marked with red color)

OMe OMe OMe (0] (0] 0]
.‘ OMe MeO : : : OMe
Isotactic PMMA Isotactic PMVK
Me Me Me Ph Ph Ph
M
MeO. -~ opte Meo\/'\)\/'\OMe 0 OMe
PE Isotactic PP Isotactic PS

S S SMe
PPS
O\/O
B \S/
ZrCL
MeO O OMe
PSU

Polymers Iso-PMMA | Iso-PMVK PE Iso-PP Iso-PS PPS PSU

Facr=298.15 K, 1= 654 s)cale 2400 pN 2540 pN 3660 pN | 3040 pN | 2950pN | 1990pN | 1790 pN

It can be easily figured out from Table 4 that the polymers with C-S bonds embedded are most
reactive towards the mechanodegradation. The case of PSU provides a good example of how the C-S
bond is sensitive to the external force F7, since there are two possible cleavage sites, either the Ca-Cp
or the C-S(VI) bond. Though this Cs-Cg bond cleavage generates a stable tertiary carbon radical,
which is believed to promote such a bond scission, the rupture force of the C-C bond was found as
2760 pN, while that of the C-S bond is only 1790 pN. Even for the C-S bonds, there is a difference in
reactivity. The C-S bonds with sulfur in higher oxidation state were found more vulnerable. For
example, the C-S(VI) bond in PSU has rupture force Facr=298.15 K, ¢ = 654 s],calc Of 1790 pN, which is
lower than that of C-S(II) bond in PPS (Facir=298.15K, ¢ = 654 sl,calc = 1990 pN). It is consistent to what
Craig and co-workers found experimentally.’!

It was also found that the C-C bonds in polyethylene (PE) are the most force-resistant among all the
polyalkenes. Meanwhile, the polyalkenes possess the highest Facqr=298.15 K, ¢ = 654 s],calc 1f stretched.
Compared to PE, introducing the substituent groups to the main chain can reduce Fac(r=298.15K, 1 = 654
slcalc, Which can be seen from the case of PP and PS. Moreover, the polymers with electron-
withdrawing groups (i.e., EWGs) have significantly lower Facqr = 298.15 K, ¢ = 654 s],calc than their pure
polyalkene analogues. For example, the PMMA has a rupture force Facqr=298.15K, ¢ = 654 s],calc Of 2400

pN, more than 500 pN lower than that of polystyrene.
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Table 5. Computed activation forces Facr = 20815 K. = 654 s)cale (that bring AG*; to 90 kJ-mol ™) of

syndiotactic polymers

OMe OMe OMe O O O
—4
MeO
° OMe
Syndiotactic PMMA Syndiotactic PMMA
Me Me Me Ph  Ph Ph
< M b
MeO OMe e0 OMe
Syndiotactic PP Syndiotactic PS
Polymers Syn-PMMA Syn-PMVK Syn-PP Syn-PS
Fac(7=298.15 K, 1= 654 s.cale 2430 pN 2880 pN 3410 pN 3180 pN

Calculations of syndiotactic polymers were also conducted (see Table 5), and we found that the
syndiotactic polymers are more force-resistant if compared to their isotactic isomers. A generally
higher Facqr=298.15K, ¢ = 654 s].calc Was observed for syndiotactic polymers. We noticed that a very recent
experimental work from Disendruck and co-workers stated the helical polyglutamates are much more
force-responsive than its random coil isomer.*? The helical polyglutamates are isotactic polymers, and
it is consistent to our theoretical study.

To the best of our knowledges, the calculations shown here represent the first detailed computational
and quantitative study of how different generic polymers react if treated with external tensile force F.
It suggests introducing the EWGs to the polyalkenes can greatly facilitate the mechanodegradation.
Such a polymer is therefore not a good candidate to hold the reactive mechanophore in the SMFS
experiments. Meanwhile, the isotactic polymers are more sensitive to the external force F%, if compared
to its syndiotactic isomer. Polymers with C-S bonds have the potential to be employed as a
mechanophore to effectively generate mechanoradicals, as the computed rupture force Facr=298.15K, ¢
— 654 ].cale Was found lower than 2000 pN for a force-coupled barrier of 90 kJ-mol ™.

Study on the DN-hydrogel system. The double-network (DN) hydrogels show an extraordinary
mechanical property, and can be used as a novel biomedical materials.** Recently, Gong and co-
workers reported a novel DN-gel system which can undergo a structural reconstruction process to be
even more strengthened after a force impact.>* In such a DN-hydrogel system, a cross-linker molecule
helps to connect each PAMPS (i.e., poly(2-acrylamido-2-methyl-1-propanesulfonic acid) polymer
chain so that the three-dimensional network structure can be realized. It is envisaged that, once the
DN-gel is treated with a stretching force, somewhere near the cross-linker area of the brittle PAMPS
network will experience a homolytic bond cleavage. The formed mechanoradicals then interact with
monomer existing in the system to trigger a radical polymerization process, thereby reinforcing the
material. Therefore, it would be interesting to perform the AFIR calculations on the DN-hydrogel

system, from which the results would be helpful to the further design and development of different
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DN hydrogel systems. Very recently, a preliminary computational work concerning the force-triggered
breaking of covalent bonds in a modeling PAMPS-MBAA (where MBAA stands for N,N-
methylenebisacrylamide crosslinker) and a modeling PAMPS-AAC (where AAC stands for azoalkane
cross-linker) was reported by us.!” The calculation results suggested the mechanoradicals can be
effectively generated under a relatively small F; from PAMPS-AAC network. Compared to the
azoalkane cross-linker, there are many possible cleavage sites in the cross-linker of MBAA molecule.
Here, instead of using a model molecule composed of two PAMPS chains and one MBAA, we turned
our focus on the cross-linker molecule exclusively. Please note that, in our calculations, the double
bond of MBAA has been saturated to simulate its status in the polymer network. To systematically

study all the possible reactions of MBAA under the external stretching force F;, a comprehensive SC-

AFIR study, which subsequently generates a reaction path network in a fully automatic manner,'’%!7¢
was performed by us.
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Figure 14. Reaction path network generated by the SC-AFIR calculation (in which each dot represents
a minimum structure, and the solid line represents a pathway connecting them) and three main

pathways.

Shown in Figure 14 is the reaction path network generated through our SC-AFIR calculations. A
simulated tensile force F; of 3000 pN, realized by the AFIR method, is applied to the MBAA molecule
(see the highlighted blue part for how the force F’ is added). A second set of force with a = 7000 pN,
which is artificial, was then employed on the entire molecule to trigger reactions under F;. In other

words, all possible products and their formation pathways were explored systematically by the SC-
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AFIR method with 7 (in Eq. (3)) = 3000 pN and « (in Eq. (4)) = 7000 pN. Obtained products (i.e., EQs,
shown as the dots in Figure 14) were further analyzed and categorized into different groups, regarding
its bonding connectivity. Based on the grouped EQ structures, in total 37 unique pathways including
isomerization and degradation were located for the unimolecular reaction of MBAA under force.
Further analysis based on the energy availability indicates that there are in fact three possible

mechanodegradation patterns of MBAA and the details is shown in Figure S24.

Table 6. Force-coupled free energy barrier AG*, of MBAA degradation under different levels of F,
and the rupture force Facqr - 20815 K, ¢ = 654 sjcale (force that brings AG*; to 90 kJ-mol™!) for each

degradation pathway (note that the breaking bonds are highlighted in green).

Path A Path B Path C
@«\/5\ r*t. @—\rz\",k “@ ®,\ \A>¥@
L §

DF, @ DF, @ oF;

F. Path A (Cayi-N) | Path B (Caeyi-C) | Path C (Caeyt-N)

4000 pN +46.6 kJ-mol! +55.7 kJ-mol! +88.1 kJ-mol!

AGH 3000 pN +80.6 kJ-mol! +105.4 kJ-mol! +138.7 kJ-mol!

2000 pN +123.0 kJ-mol™! +159.9 kJ-mol! +198.8 kJ-mol!

1000 pN +182.4 kJ-mol! +222.3 kJ-mol! +270.6 kJ-mol!

Fac{7=298.15 K, t = 654 5] calc 2740 pN 3290 pN 3960 pN

The relevant transition states were further studied and re-optimized under force levels ranging from
4000 pN to 1000 pN. Considering the timescale of reaction, which is different from a SMFS test, AG*,
= 90 kJ-mol™! was used here to determine Fyc(7, r].calc, Which is labelled as Faeqr = 298.15 K, ¢ = 654 s].calc
According to the results, it is found that cleavage of Cacy1-N bond (Path C) requires the highest rupture
force (Facr=298.15K, 1 = 654 sl,calc = 3960 pN), which is understandable due to the breaking of -CO-NH-
conjugation interaction. The C-C cleavage (Path B), which then generates an acyl radical and a
secondary carbon radical, was found having Facqr = 298.15 K, ¢ = 654 s],calc OF 3290 pN. Interestingly, the
systematic search of all possible pathways revealed a new degradation pattern, labelled as Path A in
Table 6. The Cayi-N bond in the center part of the MBAA molecule can rupture if given F; = 2740
pN. Indeed, the real DN hydrogel system is much more complex in geometry and the transduction of
force within the network is also much more complicated. Many factors will weigh on the possible
cleavage sites in the network. Here, the SC-AFIR calculation results showed a vivid image of the
systematic search of reaction pathways on the FMPES in an automatic manner. We believe it could be
used for the further screening of possible cross-linker molecules used in the multidimensional polymer

network.
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4. Conclusion

The AFIR method was applied to study the force-assisted ring-opening reaction of a variety of
mechanophores and successfully rendered the experimental data obtained through the SMFS
experiments. It should be noted that this is the first time we use two sets of forces, of which one
explicitly simulates the stretching force that polymer chain feels, and the other, which is artificial, is
applied on the covalent bonds of interest to trigger chemical reactions. The former force, named F,
helps to construct the FMPES, which allows us to study the mechanochemical reactions on the
potential energy surface under the tensile force, including locating the force-coupled transition states.
The latter artificial force allows us to explore the force effect on any chemical bonds of interest. In
this study, the AFIR method was further employed to study several practical problems encountered in
this field. Through the computational study on the retro-Diels-Alder reaction, a special stereo-
structural motif, which is believed to enhance the force effect, was revealed. We also evaluated the
behaviors of several common polymers under tensile force, and to the best of our knowledge, give the
first detailed quantitative report for them. Discussions on the factors that affect the mechanical strength
of polymers, for example, the substituent effect and the tacticity effect, was also made in this article.
Finally, with the assistance of the AFIR method, a fully automatic search of reaction pathways for a
commonly used cross-linker molecule, was realized. Instead of proposing those possible cleavage sites,
the AFIR method allows us to systematically study all the possible reactive sites on the FMPES, from
which we can work out the rupture force for each bond. Based on the study shown in this article, we
believe the AFIR method could be helpful for further study and design of mechanophores and force-

responsive polymers.

Computational Details

All of the calculations were performed at the DFT level of theory with the B3LYP hybrid
functional®® as implemented in Gaussian 16.® To describe the dispersion properly, an explicit
dispersion correction term called GD3,*” was also employed in the DFT calculations. The 6-311G(d,p)
basis set*® was used for all the atoms (except for Br) involved in this study during both the geometry
optimization and the single-point calculation processes. The Stuttgart/Dresden pseudo-potential basis
set SDD,* as well as a d-polarization function ((=0.428),* is used for Br atom. To describe the open-
shell singlet species involved in the homolysis process, the unrestricted DFT, as well as the procedure
to test and optimize the wavefunction were used in this work.*' To describe the solvation environment
in which the molecule stays, the implicit solvation model, IEF-PCM,* is applied to all the calculations
involved in this study. For the calculations concerning DHC, spiropyran and BCB systems, toluene (&
=2.3741) was used as the solvent. While in the case of retro-Diels Alder reaction and degradation of

MBAA molecule, acetonitrile (¢ = 35.688) and water (¢ = 78.3553) were employed as the solvents,
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respectively. All of the structures were fully optimized with the consideration and constraint of external
tensile force. The external tensile force F; is properly simulated through our AFIR method. All the
geometries shown in this article is visualized by the CYLview software.*’ The calculated activation

forces Facr, i,calc are rounded to the nearest tenth.
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