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ABSTRACT: While the field of polymer mechanochemistry
has traditionally focused on the use of mechanical forces to
accelerate chemical processes, theoretical considerations
predict an underexplored alternative: the suppression of
reactivity through mechanical perturbation. Here, we use
electronic structure calculations to analyze the mechanical
reactivity of six mechanophores, or chemical functionalities
that respond to mechanical stress in a controlled manner. Our
computational results indicate that appropriately directed
tensile forces could attenuate (as opposed to facilitate)
mechanochemical phenomena. Accompanying experimental
studies supported the theoretical predictions and demon-
strated that relatively simple computational models may be used to design new classes of mechanically responsive materials. In
addition, our computational studies and theoretical considerations revealed the prevalence of the anti-Hammond (as opposed to
Hammond) effect (i.e., the increased structural dissimilarity between the reactant and transition state upon lowering of the
reaction barrier) in the mechanical activation of polyatomic molecules.

■ INTRODUCTION

The use of mechanical forces to bias chemical reactions,
commonly referred to as mechanochemistry,1 has increasingly
found applications in the synthetic and materials science
communities. Within this field, polymer mechanochemistry, or
the mechanical manipulation of reactive functional groups
(termed mechanophores) embedded within polymeric ma-
trices, has attracted considerable attention due to its ability to
facilitate a number of otherwise kinetically inaccessible
processes.2 While theoretical models have been shown to
successfully account for these experimental observations,3 such
models are typically used as postexperimental rationalizations.
Here, we show that theoretical analysis may be used to guide
the rational design of mechanophores that exhibit novel, force
induced reactivity. Moreover, our results uncovered general
trends in the mechanical response of polyatomic molecules that
have significant implications for the design of new mechano-
phores and force responsive materials. These trends stem from
the inherent multidimensionality of mechanochemical pro-
cesses and, therefore, cannot be accounted for by one-
dimensional models commonly used to explain mechanical
activation.4 Indeed, while the one-dimensional approximation
necessitates that force acts in the direction of the reaction
coordinate (RC), thereby lowering the transition state (TS)
barrier and accelerating the associated transformation, we will
show that such an alignment between the force and a typical

RC is extremely improbable in the high-dimensional config-
uration space of a typical mechanophore.

■ THEORETICAL DISCUSSION
Misalignment between mechanical stress and the targeted
reaction pathway can result in a number of distinct scenarios.
Figure 1 illustrates some of these activation motifs using a
model two-dimensional potential energy surface (PES) that
exhibits a single minimum (which corresponds to the reactant)
and a saddle-point (which corresponds to the TS). Of the two
coordinates that specify the molecular configuration, R
quantifies the mechanical strain (which, in most experimental
studies, corresponds to the distance between a pair of atoms on
which the applied force is exerted), and X represents the
remaining molecular degrees of freedom. While similar
scenarios to those depicted in Figure 1 have been explored,5

we emphasize that the reduction to two degrees of freedom is
an oversimplification in the present context and is only used for
illustrative purposes.
A force F acting along the mechanical coordinate R performs

mechanical work (W = FΔR) as the molecule evolves toward
the TS, where ΔR is the change in the mechanical pulling
coordinate. The activation energy is effectively lowered by W
and the transition rate k(F) is enhanced by a factor of eW/kBT =
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eFΔR/kBT. This result, commonly referred to in the literature as
the “Bell formula”,4 however, does not account for the force
induced displacement of the reactant and transition states. If
the true RC (i.e., the steepest descent path connecting the TS
saddle point to the reactant state minimum on the PES)
coincides with the mechanical coordinate (Figure 1A), then a
stretching force pushes the TS toward the reactant. This
phenomenon is usually referred to as the Hammond effect,
which posits that the reactant and TS structures are driven
toward each other as the barrier separating them is lowered.3a,6

As the Hammond effect reduces the molecular distortion
(i.e.,ΔR), it weakens the force dependence of the reaction rate.
A very different scenario is shown in Figure 1B, where the

mechanical coordinate is misaligned with the RC in the vicinity
of the TS saddle such that the TS energy exhibits a minimum
(rather than a maximum) when R is varied. Consequently, a
pulling force F may increase the separation between the TS and
the reactant, thus resulting in “anti-Hammond” behavior. In this
case, the structural separation between the reactant and the TS
increases, but the energy barrier between these two states
decreases. As the anti-Hammond effect increases the work done
by the force, it provides an additional acceleration of the
reaction rate.
These considerations are quantified in the recently reported

Extended Bell Theory (EBT),3c−e which accounts for the force
induced shifts of the TS and reactant states along a given
reaction pathway in the 3N-dimensional (where N is the
number of atoms) configuration space of the molecular system
of interest. To second-order in the applied force, the reaction
rate k(F) is given by3d

χ≈ Δ + Δ−k F k k T F R Fln ( )/ (0) ( ) ( /2)B
1 2

(1)

The FΔR term in eq 1 is identical to Bell’s formula. The
quadratic term results from the interplay of two effects: (1) the
elastic energy stored in the molecule as a result of mechanical
deformation and (2) the additional work done by the applied
force as a result of the Hammond or anti-Hammond shift in
ΔR. This shift is described by the formula

χ χ χΔΔ = Δ − Δ = − = ΔR R R F F FTS r TS r (2)

where χr and χTS are, respectively, the compliances of the
reactant state and TS in response to pulling along R. These
compliances can be computed from the molecule’s (3N × 3N)
Hessians in the reactant and TS configurations3d as described
below. A key departure from one-dimensional theories4 is that
the TS compliance (χTS) can be either positive or negative.

3d As
a result, both anti-Hammond (ΔR > 0; Δχ > 0) and Hammond
(ΔR > 0; Δχ < 0) behavior is possible. We emphasize that the
Hammond or anti-Hammond behavior is controlled by ΔΔR,
which is the shift in the reactant-to-TS distortion in response to
the applied force.

■ COMPUTATIONAL RESULTS AND DISCUSSION
To explore the correlation between mechanical activation and
the direction along which the pulling force is exerted, we have
performed a comprehensive survey of all possible pulling
scenarios in the context of six previously reported mechanically
induced transformations: the conrotatory electrocyclic ring-
opening of cis- and trans-disubstituted benzocyclobutene,2a the
formal [3 + 2] cycloreversion of 1,2,3-triazoles,2c,e the formal [4
+ 2] cycloreversions of a furan/maleimide Diels−Alder adduct
and a maleimide/anthracene Diels−Alder adduct,2f and the
isomerization of a spiropyran derivative2g (Scheme 1).

In order to probe the intrinsic reactivity of each
mechanophore in the absence of strongly perturbing steric or
electronic environments, we employed truncated analogues
bearing only hydrogen substituents (although methyl sub-
stituents were used to account for stereochemistry when
necessary). For the same reason, polymeric handles, while
important,3g,7a were not included in the calculations. In other
words, the force appearing in eq 1 is assumed to be exerted
directly on a pair of atoms belonging to the mechanophore.
The mechanism through which the force is transmitted to the
mechanophore and its dependence on, e.g., experimental design
or the structure of the polymer backbone, is not considered
here. Instead, we sought to demonstrate that the qualitative
trends one obtains from our simplified model can aid in the
experimental design of new systems (even though some pulling
scenarios are strictly “thought” experiments).

Figure 1. Force induced changes on a reaction pathway. (A) The
Hammond effect, where the “true” reaction coordinate (RC, red line)
is aligned with the mechanical coordinate (R). Mechanical equilibrium
necessitates that a pulling force (F) shifts the TS toward the reactant
state minimum (because the TS energy exhibits a maximum along R).
The shifted RC and the new TS are shown as a dashed red line and a
blue “×”, respectively. (B) The anti-Hammond effect, where there is
misalignment between RC and R (so that the TS exhibits a minimum
as a function of R) and the TS is more compliant than the reactant.
(C) Catch bond behavior, where molecular distortion along R initially
decreases but later increases along the RC.

Scheme 1. Mechanophore Models
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EBT calculations were performed with the NWCHEM
package8 using density functional theory,9 employing the 6-
31G* basis set10 and the B3LYP exchange-correlation energy
functional.11a To verify the insensitivity of our results to the
choice of the density functional and the basis set, we also
repeated calculations using the M05-2X hybrid meta exchange-
correlation functional11b and the 6-31++G**/6-31G* basis sets
(see the SI for details). The nature of the stationary points was
confirmed by a vibrational frequency analysis. In addition, each
TS was confirmed by following the reaction coordinate from
the TS to the reactant and the product using the intrinsic
reaction coordinate (IRC) method.12,13 The force dependence
of the reaction rate was estimated using eq 1, where ΔR = RTS

− Rr was computed from optimized reactant and TS
geometries. To compute Δχ = χTS − χr, we used the identity3d

χr,TS = 2/λ, where λ is the nonzero eigenvalue of the 6 × 6
matrix

̅ = − −h h h h h( )11 11 12 22
1

21 (3)

computed, respectively, from the reactant or TS Hessian matrix

=
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟h

h h

h h
11 12

21 22 (4)

In eq 4, this matrix is written in block form in terms of,
respectively, 6 × 6, 6 × (3N − 6), (3N − 6) × 6, and (3N − 6)
× (3N − 6) matrices h11, h12, h21, and h22.

3d Equation 4 further
assumes that the atoms are renumbered such that one always
pulls on atoms 1 and 2. In contrast to the experimental and
earlier computational studies, we evaluated all N(N − 1)/2
possible pulling points for each mechanophore scaffold of N
atoms, which resulted in a total of 1456 simulated pulling
experiments. The use of the EBT approximation allows one to
accomplish this seemingly formidable task at modest computa-
tional expense.
We systematically determined Δχ (i.e., χTS − χr) and ΔR

(i.e., RTS − Rr) for each atom pair, and the corresponding
results are summarized in Figure 2. Surprisingly, a comparable
number of instances of reaction suppression (ΔR < 0) and
enhancement (ΔR > 0) were observed. This finding is
counterintuitive, as is apparent from the thought experiment
involving the application of forces to the two atoms belonging
to a diatomic molecule. Suppressing bond scission would

Figure 2. Computed values of ΔR and Δχ for all possible combinations of pulling points for the indicated mechanophores. Nearly all combinations
result in a positive value of Δχ; however, both signs of ΔR are present with almost equal frequency.
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require that the forces push the atoms toward each other, but
such an arrangement of atoms leads to mechanical instability
akin to that experienced by a pencil balanced on its tip. Direct
bond compression, therefore, cannot account for reaction
suppression, which, instead, must require an indirect mecha-
nism involving coupled distortions of multiple bonds. A
cartoon depiction of this suppression mechanism is given in
Figure 1C, where an RC in the multidimensional configuration
space diverges from the mechanical coordinate such that the
stretching force pushes the molecule away from its energetically
favorable pathway.
A similar phenomenon has been observed for the forced

dissociation of biomolecular adhesion complexes,14 where
mechanical suppression of dissociation is known as the “catch
bond” or “molecular jamming” effect.15 While theoretically
predicted,3c,f,5 catch bonds are fairly atypical; conversely, “slip
bonds”, whose dissociation is promoted by force, are more
common.16 Only recently have catch bond effects (i.e., the
apparent strengthening of a covalent bond under mechanical
stress) been described in mechanochemical transformations
involving nonbiological chemical systems. In particular,
Boulatov and colleagues reported the kinetic stabilization of
esters toward hydrolysis under tension,17a and Marx et al.
showed that disulfide bonds are less susceptible to nucleophilic
attack under the action of mechanical force.17b Our results,
however, suggest that catch bonds may be common in a variety
of chemical transformations. A few salient examples are
presented in Figure 3, which show that even a subtle change
in mechanophore design may result in a switch from slip bond
to catch bond behavior. Moreover, a “rollover” phenomenon
similar to that predicted for biomolecular catch bonds3f,5 is
observed (i.e., a catch bond at low forces that becomes
superseded by a slip bond at higher forces; for further details,
see Supporting Information Figures S3−S5 and Videos S1−
S2). The ability to selectively suppress a chemical trans-
formation through the application of mechanical stress could
have important design implications, particularly in the context
of molecular machines or force responsive materials.18 For
example, mechanical degradation of such systems could be
attenuated by directing external loads to mechanically labile
bonds in a manner that would suppress bond scission.
Furthermore, catch bond effects could potentially be harnessed
to access materials that become more mechanically robust
under stress.

A separate but equally intriguing trend observed in Figure 2
is the predominantly positive sign of Δχ, which underscores the
prevalence of the anti-Hammond effect in this study. While
puzzling at first glance, this result stems from the multidimen-
sional character of the underlying PES. A negative sign for the
TS compliance (χTS), which would lead to a negative Δχ,
becomes statistically unlikely for systems of high dimension-
ality. Indeed, as shown in Figure 1A, χTS is negative only when
the RC is sufficiently aligned with the mechanical coordinate R
such that strain causes the TS energy to decrease. Since the TS
configuration corresponds to a first-order saddle, there is only
one normal mode along which the energy decreases, while
there are 3N − 1 modes along which the energy increases (or
remains constant). Thus, the probability of favorable alignment
between R and the RC becomes vanishingly small with
increasing number of atoms, N. If, for example, the pulling
direction is a random vector in the 3N-dimensional space, then
this probability is shown (Supporting Information) to decrease
exponentially with N, thereby rendering a negative value of χTS
highly improbable even for systems of modest size. Indeed, for
all cases displayed in Figure 2, χTS was found to have a positive
value (Supporting Information Figure S2). Note, however, that
symmetry requirements may lead to perfect alignment between
R and RC in certain pulling arrangements. Such cases would be
exceptions to the trend observed here.
Of course, a positive sign for χTS does not guarantee anti-

Hammond behavior, since Δχ could still be negative if χTS < χr.
This scenario, while explaining the few instances of negative Δχ
observed in Figure 2, should be rare, considering that the TS of
a reaction involving bond scission is expected to be more
mechanically labile than the relatively stable reactant state.
Although our findings are based on calculations that employ

the EBT approximation (whose limitations have been discussed
in the literature3c,d,7b), the above general considerations
indicate that our conclusions are, in fact, not critically
dependent on the underlying EBT assumptions. For example,
recent studies7a,b highlight the effect of the statistical
mechanical properties of the polymer backbone attached to
the mechanophore on the overall mechanochemical reactivity.
It would appear that multiple polymer conformations would
invalidate the EBT assumption of a single TS. This situation is,
however, common in condensed phase rate theory, where the
assumption of a single PES saddle is inevitably incorrect.
Coarse graining is the standard way of treating this problem,

Figure 3. Examples of mechanically accelerated and mechanically suppressed reactivity. (A) Computed changes in the activation energy (equal to
UTS − UR − FΔR, where Ur(TS) is the reactant (or TS) energy on the force-modified potential energy surface) for the cycloreversion of a Diels−Alder
adduct using pulling points for reaction acceleration (blue) and pulling points for reaction suppression (red). Note the rollover behavior: a catch
bond at low forces is superseded by a slip bond at a higher force. (B) Computed changes in the activation energy for the cycloreversion of a Diels−
Alder adduct using the pulling points for reaction acceleration (blue) and the pulling points for reaction suppression (red).
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where nonreactive degrees of freedom (such as those of the
polymer backbone or a solvent) are removed; as a result, the
PES becomes replaced by a (typically smoother) effective f ree
energy surface (FES).19a Within this framework, the EBT
formula 1 can be derived from Kramers’ type theory or its
multidimensional generalization due to Langer (see, e.g., the
work of Hanggi et al.19b), provided that the extension ΔR is
replaced by the statistically averaged extension and the
susceptibilities χr and χTS are computed from the Hessian
matrices of the FES.20,5a While the computation of a FES is a
nontrivial task, the above arguments show that the anti-
Hammond effect is not caused by some specific properties of
the underlying PES but simply by its inherent multi-
dimensionality. As such, this argument equally applies to any
multidimensional FES. In support of this coarse-grained view of
mechanochemical phenomena, studies of a two-dimensional
FES led to the prediction of anti-Hammond behavior in force-
induced protein unfolding,5c a finding supported by kinetic
studies.21

■ EXPERIMENTAL METHODS AND DISCUSSION

To experimentally test the computational results and
conclusions discussed above, subsequent efforts were focused
on a system for which mechanical forces were predicted to
suppress chemical reactivity. The Diels−Alder adduct derived
from a 2-substituted anthracene moiety (c.f., the red pulling

points in Figure 3B) was selected for our study for two reasons.
First, our computational results predicted that a subtle change
in mechanophore design (as compared to the originally
reported system2f) would lead to a drastic change in reactivity.
Moreover, this prediction appeared at variance with chemical
intuition and thus provided a genuine example of designing a
mechanophore from first-principles. Second, no rollover
behavior was predicted in the force dependence of the reaction
rate in this case (Figure 3B); thus, the predicted change in
reactivity was expected to be observable under experimentally
relevant conditions.
As shown in Scheme 2, the difunctional polymerization

initiator III was prepared from the thermally promoted [4 + 2]
cycloaddition between I (obtained from commercially available
2-anthracenyl methanol) and known22a maleimide derivative II.
Subsequent Cu mediated controlled radical polymerization22b

of methyl acrylate from III afforded chains of poly(methyl
acrylate) (PMA) with varying number average molecular
weights (IVMn; Mn = 16, 56, 88, and 130 kDa; Supporting
Information), depending on the [methyl acrylate]0/[III]0.
Initially, IV88 (Mn = 88 kDa; Đ = 1.3) was dissolved in
acetonitrile (10 mg mL−1) and subjected to pulsed ultrasound
(1 s on; 1 s off; frequency = 20 kHz) for 5 h. Gel-permeation
chromatography (GPC) revealed negligible changes in the Mn
of the material isolated following acoustic treatment (c.f., Mn =
88 kDa vs Mn = 85 kDa for the presonicated and postsonicated

Scheme 2. Synthesis and Ultrasonication of Various [4 + 2] Cycloaddition Adductsa

a(A) Synthesis of a mechanophore predicted to exhibit mechanical suppression of reactivity. Me6TREN = tris[2-(dimethylamino)ethyl]amine. Et3N
= triethylamine. PMA = poly(methyl acrylate). (B) Controlled radical polymerization of methyl acrylate from an equimolar mixture of the
regioisomeric initiators III and V afforded a mixture of the associated PMA materials. Ultrasonication of the mixture resulted in the selective [4 + 2]
cycloreversion of the adducts prepared from the 9-substituted anthracene derivatives.
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materials, respectively; Figure 4A). Moreover, ultraviolet−
visible spectroscopy revealed no change in the material’s
absorbance profile following ultrasonication (Figure 4B). As a
mechanically induced cycloreversion would be expected to
generate anthracenyl terminated polymer fragments (which
would give rise to the detectable and characteristic absorbance
profile of anthracene2f), the lack of anthracene absorbances was
consistent with the conclusion that mechanical forces were not
effecting a formal cycloreversion of the centrally located Diels−
Alder adduct within IV88.

23 Similarly, ultrasonication of all the
aforementioned IVMn polymers did not result in any detectable
formation of anthracenyl terminated polymer fragments (as
determined by GPC and ultraviolet−visible spectroscopy;
Supporting Information). Moreover, the rate constants of
chain scission for the IVMn polymers were found to be 2 orders
of magnitude lower than those reported for the mechanically
labile analogues embedded within polymers of similar
molecular weight (c.f., 6.39 × 10−5 ± 3.42 × 10−8 min−1 for
IV88 vs 5.2 × 10−3 ± 0.1 × 10−3 min−1 for the mechanically
sensitive congener embedded in a PMA with an Mn of 71
kDa).2f Taken in combination with the lack of anthracene
generation following ultrasonication, these data strongly
indicated that the IVMn polymers were resistant to mechanical

activation and that the low rate constants of chain scission were
due to nonspecific cleavage along the polymer backbone.
Collectively, these results suggested to us that mechanical
forces were not inducing the formal [4 + 2] cycloreversion of
the centrally located Diels−Alder adducts present within the
IVMn materials.
To further demonstrate that the IVMn materials were not

susceptible to mechanically facilitated cycloreversion, we
polymerized methyl acrylate from an equimolar mixture of III
and the known2f mechanically responsive congener V (Scheme
2). Pouring the corresponding reaction mixture into methanol
(MeOH) resulted in the precipitation of a PMA material with
an Mn = 79 kDa (VI79; Đ = 1.3). Dissolution of VI79 in
acetonitrile (10 mg mL−1) and subsequent ultrasonication
afforded a new material that was isolated via precipitation from
MeOH and filtration. GPC analysis of the isolated material
revealed a bimodal distribution wherein a low molecular weight
material was present (Mn = 38 kDa; Figure 4C). Moreover,
ultraviolet−visible detection at 370 nm (a λmax of anthracene)
revealed that only the low molecular weight component
exhibited a strong absorbance at this wavelength (Figure 4C).
This result, in combination with the lack of mechanical
reactivity that was observed for the IVMn materials, was

Figure 4. Experiments designed to verify the mechanical suppression of reactivity. (A) IV88 (black) exhibited minimal chain scission following
ultrasonication (red). (B) The ultraviolet−visible absorption spectra of IV88 in THF (10 mg mL−1) presonication (black) and postsonication (red).
The absorbances characteristic of anthracene were not observed. (C) VI79 (i.e., the material prepared via polymerization of methyl acrylate from an
equimolar mixture of III and V; black) exhibited chain scission following ultrasonication (red); however, the bimodal distribution of molecular
weights was consistent with only some of the original polymer chains undergoing scission. Ultraviolet−visible detection at 370 nm (an absorbance
wavelength of anthracene) reflected the generation of anthracenyl terminated polymers in the low molecular weight region of the bimodal
distribution (Blue). (D) The ultraviolet−visible spectrum of IV88 in THF (10 mg mL−1) was obtained postsonication (black). The absorbance
characteristics of anthracene were not observed. VII120 was added to the postsonicated material, and the resulting mixture was resubjected to
ultrasonication. The resulting material was isolated via precipitation from MeOH and dissolved in THF (10 mg mL−1). Ultraviolet−visible
absorption spectroscopy revealed the generation of the absorbances characteristic of anthracene (red).
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consistent with the conclusion that polymers containing the
previously reported mechanophore2f (i.e., those bearing
polymer chains at the 9-position of the anthracene coupling
partner) were undergoing mechanical cycloreversion to afford
anthracenyl terminated polymer fragments.
To gain additional support for these results, we subjected

IV88 to ultrasonication for 3 h as previously described (vide
supra) and isolated the resulting material via precipitation from
MeOH. Next, a tetrahydrofuran (THF) solution (10 mg mL−1)
of the postsonicated IV88 material was analyzed using
ultraviolet−visible spectroscopy (Figure 4D). As expected, the
characteristic absorbances of anthracene were not detected.
Upon removal of the residual solvent, an equal mass of a
polymer containing the previously reported2f mechanophore
(Mn = 120 kDa; Đ = 1.4; VII120) was added, and the polymer
mixture was dissolved in acetonitrile (10 mg mL−1) and
subjected to ultrasonication for an additional 3 h. The resulting
material was isolated by precipitation from MeOH and
dissolved in THF (10 mg mL−1). Ultraviolet−visible
spectroscopic analysis revealed characteristic absorbances
associated with anthracene (Figure 4D). As such, we reasoned
that while mechanical forces were capable of inducing formal [4
+ 2] cycloreversions in materials comprised of the previously
reported2f mechanophore, the newly designed analogue (i.e.,
the cycloadduct in IVMn) did not undergo measurable
mechanochemical activation, despite the similarity between
the two systems. Taken together, these results were consistent
with the theoretically predicted trends for the two sets of
pulling points shown in Figure 3B. We note, however, that
precise experimental measurements of the force dependencies
of reaction rates (possibly via single-molecule pulling studies)
would be required to experimentally quantify our theoretical
predictions.

■ CONCLUSIONS
In sum, theoretical analysis revealed that anti-Hammond
(rather than Hammond) behavior should be prevalent in the
mechanically induced changes of molecular energy landscapes.
In addition, our computational model predicted that mechan-
ical forces may facilitate or suppress a given chemical
transformation, depending on how they are applied. Exper-
imental results supported the theoretically predicted reactivity
trends and demonstrated that subtle changes in mechanophore
design can lead to dramatic (and even counterintuitive)
changes in mechanically induced reactivity. Moreover, the
work reported here constitutes the first example of utilizing a
theoretical model in the a priori design and development of a
novel mechanophore. Beyond its fundamental importance, the
ability to mechanically suppress chemical reactivity is expected
to find applications in materials science (e.g., composites that
resist mechanical degradation under stress) and facilitate future
studies of force-induced biochemical phenomena.20
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