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ABSTRACT: The unique reactivity of molecules under force
commands an understanding of structure—mechanochemical
activity relationships. While conceptual frameworks for under-
standing force transduction in many systems are established,
systematic investigations into force-coupled molecular torsions are
limited. Here, we describe a novel fluorenyl naphthopyran
mechanophore for which mechanical force is uniquely coupled to
the torsional motions associated with the overall chemical
transformation as a result of the conformational rigidity imposed
by the fluorene group. Using a combined experimental and
theoretical approach, we demonstrate that variation in the pulling
geometry on the fluorene subunit results in significant differences in sin(a)
mechanochemical activity due to pronounced changes in how force

is coupled to distinct torsional motions and their coherence with the nuclear motions that accompany the force-free ring-opening
reaction. Notably, subtle changes in polymer attachment position lead to a >50% difference in the rate of mechanochemical
activation in ultrasonication experiments. Our results offer new insights into the structural and geometric factors that influence
mechanochemical reactivity by describing how mechanical force is coupled to a reaction that principally involves torsional motions.
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B INTRODUCTION

Mechanophores are stress-sensitive molecules that undergo
productive chemical transformations in response to mechanical
force, which is transduced via covalently bound polymer
chains.' ™ Over the past two decades, a wide variety of
mechanophores have been developed that can be harnessed to
design force-responsive polymers and materials capable of
myriad functions such as changes in color or luminescence,"~
small molecule release,® ' conductivity switching,m’15 and
catalysis.'®'” Remarkably, the reaction pathways promoted by
mechanical force often diverge from those under more
conventional thermal or photochemical modes of activa-
tion."®*° Canonical examples include the mechanochemical
ring-opening reactions of benzocyclobutene®' and gem-
dihalocyclopropanes,” which follow pathways that formally
violate classical orbital symmetry rules.

The unique reactivity of molecules under the bias of
mechanical force has inspired extensive investigations into
structure—mechanochemical activity relationships.”®> At a
fundamental level, mechanical force effectively reduces a
reaction barrier by coupling mechanical work to the atomic
motions inherent to the reaction coordinate.”* Because force is
a vector, the directional nature of mechanical force is a critical
factor that influences reactivity. The regiochemistry™> ™" and
stereochemistry”>*' by which the polymers are connected to
the mechanophore dictates the directionality of force trans-
duction, and more specifically, how effectively mechanical
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force is coupled to elongation of the target scissile bond. Even
relatively remote changes in the regiochemistry of polymer
attachment on a diphenyl-substituted cyclobutane mechano-
phore were recently shown to significantly impact reactivity.>>
Likewise, a lever-arm effect associated with both polymer
conformation®® and the stereochemistry of alkene substituents
adjacent to the mechanophore®* reduces the force required for
mechanochemical activation by increasing the efficiency of
force transduction. A similar effect was implicated in the
mechanochemical cis-to-trans isomerization of tetrahydrofuran-
flanked C—C double bonds;>® however, systematic inves-
tigations into force-coupled molecular rotations remain
limited. For mechanophore reactions that principally involve
rotational motions, we reasoned that effectively coupling
external force to torsion would result in more efficient force
transduction and greater mechanochemical reactivity.
Naphthopyran mechanophores undergo a ring-opening
reaction under mechanical force to generate a colored
merocyanine dye (Scheme 1a).'” The tetrahedral carbon
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Scheme 1. Mechanically Activated Ring-Opening Reactions
of (a) Typical Diaryl Naphthopyrans, and (b) a
Conformationally Restricted Fluorenyl Naphthopyran

(b)

Fluorenyl
2H-Naphthopyran (FNP)

Fluorenyl
Merocyanine (FMC)

center of the pyran ring is typically substituted with two aryl
groups, which are oriented perpendicular to the naphthalene
core. The conversion of naphthopyran to the merocyanine
product is accompanied by rehybridization at that position
from Csp3 to Csp2. In effect, mechanical force causes a
rotation at this diaryl-substituted carbon leading to a new
coplanar arrangement in the merocyanine. However, modeling
(and intuition) supports that the reaction actually proceeds
with significant geometric distortion about the tetrahedral
center. The regiochemistry of polymer attachment in
archetypal naphthopyrans putatively influences force trans-
duction to the scissile C—O pyran bond by controlling its
alignment with the external force vector.”” We hypothesized,
however, that tethering the diaryl substituents at C2 in the

form of a fluorene group would increase the conformational
rigidity and enable more effective coupling of mechanical force
to the torsional motion that accompanies the overall ring-
opening reaction (Scheme 1b). Furthermore, we reasoned that
varying the position of polymer attachment on the fluorene
unit would modulate the degree to which mechanical force is
coupled to this torsional motion, thereby leading to significant
differences in reactivity.

B RESULTS AND DISCUSSION

We identified three fluorenyl 2H-naphthopyran (FNP)
structures with polymer attachment via an ester linkage at
the 10-position and either the ortho, meta, or para position on
the fluorene subunit with respect to the pyran ring (Figure 1a).
We first sought to assess the relative mechanochemical
reactivity of the three FNP congeners by performing density
functional theory (DFT) calculations using the constrained
geometries simulate external force (CoGEF) method on
truncated models at the B3LYP/6-31G* level of theory
(Figure 1b).***® All three FNP regioisomers are predicted to
undergo the anticipated ring-opening reaction upon mechan-
ical elongation but at markedly different rupture forces (F,,,,),
which span from a relatively low value of 3.7 nN for the ortho-
FNP isomer to 4.9 nN for the para-FNP isomer (Figures lc
and S1-S3). A similar range of F,, values (1.1 nN) is
predicted for the mechanochemical ring-opening reactions of
an analogous series of FNP structures with polymer attach-
ment via an ester linkage at the 9-position of the naphthopyran
scaffold (Figures S4—S6). These results are consistent with the
hypothesis that the position of polymer attachment on the
fluorene group, rather than on the naphthalene core,
differentiates reactivity. Notably, if the aryl substituents at
C2 are not constrained by the biaryl bond, not only is a much
smaller difference in reactivity predicted with values of F,
ranging from 4.1 to 4.5 nN, but the para-substituted
compound is predicted to be the most reactive (Figures S7—
S9).
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Figure 1. (a) Truncated models of fluorenyl naphthopyrans with polymer attachment at the ortho, meta, or para position on the fluorene subunit.
(b) CoGEF calculations (B3LYP/6-31G*) were used to assess the relative reactivity of the fluorenyl naphthopyrans (representative data for the
ortho-FNP congener shown). Angle & was determined from the computed structures immediately prior to C—O bond cleavage. (c) Relationship
between predicted values of F,,,, and the effective torsional force as represented by the magnitude of sin(a).
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Figure 2. (a) Synthesis of poly(methyl acrylate) polymers containing a chain-centered FNP mechanophore via Cu-catalyzed azide—alkyne
cycloaddition (CuAAC) “click” coupling. Characterization by GPC (RI response shown) confirms successful coupling reactions to generate chain-
centered polymers (b) ortho-FNP, (c) meta-FNP, and (d) para-FNP.

To understand the differences in reactivity predicted for the reactivity in most mechanophores. We return to this idea with
FNP congeners, we examined the geometries of the computed a more complete discussion below.
structures from CoGEF calculations immediately prior to C— We next set out to experimentally investigate the relative
O bond cleavage to assess how changing the site of polymer mechanochemical reactivity of the FNP isomers using solution-
attachment on the fluorene group influences mechanochemical phase ultrasonication.*® Poly(methyl acrylate) (PMA)
coupling. In solid mechanics, the magnitude of the force that polymers ortho-FNP, meta-FNP, and para-FNP were
contributes to torque is equal to the component of the incident prepared via a Cu(I)-catalyzed azide—alkyne cycloaddition
force vector in the plane of rotation perpendicular to the lever (CuAAC) reaction between two equivalents of azide-

arm, or Fsin(a), as illustrated in Figure 1b.”” In this case, the terminated PMA (PMA-N;, M, = 89.3 kDa; M, = 98.0 kDa;
lever arm is defined by the line connecting C2 of the pyran ring D = 1.08) and the corresponding bis-alkyne-functionalized
and the carbon atom of the fluorene unit (CF) bearing the fluorenyl naphthopyrans (Figure 2, see SI for details).
ester group, which rotates in the plane defined by C2, C*, and Importantly, this convergent synthetic strategy yields mecha-
C10. Carbon atoms C10 and CF were used to approximate the nophore chain-centered polymers with essentially identical
externally applied force vector (see SI for details).”” This molarlmass a.nd molar mass distribution, ens‘uring that upifqrm
geometric analysis reveals that the effective torsional force force is apPhed to eac}.1 mechanophqre during ultrasonication
scales linearly with the quantity sin(a), which is strongly an(.i e‘nabh-ng .th§9 direct comparison of mechanophore
correlated with the trend in reactivity represented by the activation kmepcs.
predicted values of F,,, (Figure 1c). The progressively smaller Dilute ‘solutlons of ortho-FNP, meta-FNP, e}nd para-ENP (2
values of sin(a) for ortho, meta, and para substitution illustrate mg/ mL'ln ,THF’ 30 mNo[ BHT) were subjected to pulsed
the diminishing proportion of the externally applied force that ;1\1; rcario_r;l)czlro;o(;;o (%0151” t(ljr,nle)s aonlzi/ ilis zf)f’tsz‘?liljz’efi'g d_i'__ce?lil
contributes effectively to torsion of the fluorene unit, thereby removed for characterization b ultravic(l)let—visibl ep (UV—ViS})’
requiring correspondingly greater force applied to the molecule bsorption spectroscoby to nzleasure merocvanine  accum.
to achieve the ring-opening reaction. In particular, mechanical ia sorp (Fi P 3ab pci’SB) Ul dii Z{ d hano-
force is most efficiently coupled to rotation of the fluorene atlon. 1gures 93,5 an - - frasoun “nduced mechano
: . oo chemical activation of the FNP-containing polymers is
group in the ortho-FNP isomer, which is also expected to have
the lowest activation barrier for merocyanine formation under
force (vide infra). We note that a complete description of
torque in this system would involve multiplying the quantity
Fsin(a) by the length of the lever arm, r. Using the more
complete geometric descriptor of r-sin(a) produces a similar
trend as above with the predicted values of F,,, (Figure S10).
To further evaluate the generality of this method, we also
performed a similar analysis on two different spiropyran

expected to generate a persistent merocyanine dye via scission
of the naphthyl C(O)—O ester bond that accompanies the
ring-opening reaction, as observed previously for related
naphthopyran scaffolds.*”*' Nevertheless, we also verified
that thermal reversion of the merocyanine dye containing an
intact ester group does not occur at these low temperatures,
thus guaranteeing the irreversible accumulation of all possible
merocyanine products in the sonication experiments (Figure
S14). The absorption spectra of the mechanochemical reaction

mechanophores that are envisioned to undergo a rotational products are unchanged 90 min after sonication, further
motion in their ring-opening reactions analogous to that of confirming that no merocyanine reversion occurs under the
fluorenyl naphthopyrans.26 We find that values of sin(a), r- experimental conditions (Figures 3b and S13). Finally, the
sin(a), and F,,, are similarly correlated (Figure S11). absorption spectra obtained upon mechanochemical activation
Furthermore, the predicted trend in reactivity for the FNP of ortho-FNP, meta-FNP, and para-FNP closely match the
congeners is inversely correlated with the degree of alignment spectra of independently prepared small molecule model
between the external force vector and the pyran C—O bond compounds, indicating that each FNP mechanophore produces
(Figure S12). This observation further supports that the the anticipated merocyanine dye (Figure S15).
mechanochemical reactivity of fluorenyl naphthopyran is The rate of mechanochemical merocyanine formation for
strongly influenced by force-coupled torsional motions rather each mechanophore was determined by fitting the time-
than the extensional motions typically considered to drive dependent absorbance values at the observed A, to an
3906 https://doi.org/10.1021/jacs.4c18395
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Figure 3. (a) Ultrasound-induced mechanochemical activation of fluorenyl naphthopyrans results in a ring-opening reaction and ester scission to
generate a permanent merocyanine dye. (b) Representative UV—vis absorption spectra acquired during and after the sonication of ortho-FNP. (c)
Absorbance monitored at 4,,,, as a function of sonication time for ortho-PMA (510 nm), meta-PMA (520 nm), and para-PMA (525 nm) fit to
first-order kinetics and normalized to the plateau value. Data points and error bars represent average values and standard deviation from 3—4
replicate trials. (d) Rate constants (k) for merocyanine accumulation determined from the data in (c).

expression of simple first-order kinetics (Figure 3c, see SI for
details). Average values of the observed rate constant, kg, for
each mechanophore were determined from 3—4 replicate trials
(Figure 3d). The relative rate of merocyanine formation
follows the order ortho-FNP (most reactive) > meta-FNP >
para-FNP (least reactive), in agreement with the trend
predicted from CoGEF calculations. Analysis using an
unpaired f test confirms that the differences in the measured
rate constants are statistically significant (p < 0.05). Control
experiments also confirm that the observed kinetics are not
convoluted by either the secondary ester scission reaction or
variation in the rate of nonspecific backbone scission. Reaction
rates for an analogous series of FNP mechanophores with
polymer attachment at the 9-position of the naphthopyran,
which do not undergo ester scission to generate a persistent
merocyanine,*>*' follow the same trend as above with rate
constants for the ortho- and para-substituted mechanophores
closely matching those of ortho-FNP and para-FNP,
respectively, while the meta-substituted mechanophore reacts
at an intermediate rate (Figures S16—S18). Notably, kg,
represents the sum of the rate constants for mechanophore
activation and nonspecific backbone scission, which is always a
competing pathway.*”** GPC measurements further con-
firmed that the rate of nonspecific backbone scission is
invariant with changes in the attachment geometry on the
fluorene group (Figure S19, see SI for details). Mechanochem-
ical activation rates were also determined for another series of
polymers with M, ~ 150 kDa incorporating chain-centered
ortho-ENP, meta-ENP, and para-ENP mechanophores, reveal-
ing the same trend in reactivity with average values of k,, of
0.128, 0.107, and 0.082 min~}, respectively (Figure S20, see SI
for details). These results further support that the significant
differences in mechanochemical activity for the regioisomeric

3907

FNP mechanophores are conserved across different batches of
polymers and for polymers of substantially different molar
mass.

To better understand the impact of polymer attachment
position on the mechanochemical reactivity of the FNP
mechanophore system, we consider the changes in molecular
geometry associated with the force-free ring-opening reaction
that are distinct from the rotational motions considered
previously (Figure 4). Progression from the equilibrium
geometry of fluorenyl naphthopyran to the force-free transition
state is accompanied by a significant increase (+32°) in the
angle y defined by a line that bisects the fluorene group and the
C2—C3 bond (Figure 4a). Ring opening of the pyran is
accompanied by rehybridization of C2 from Csp3 to Csp2,
which causes an increase in angle y approaching 180° in the
merocyanine product. Interestingly, CoGEF calculations
predict this same torsional motion to be well-coupled to
mechanical elongation of the ortho-FNP mechanophore; ¥ is
similarly increased by 33° in the structure immediately prior to
C—O bond cleavage relative to the starting material (Figures
4b and S21). In contrast, only a slight increase in y of 7° is
observed for the meta-FNP analogue, while mechanical
elongation of the para-FNP model actually decreases y from
127 to 113° prior to bond rupture. The correlation between
the rate of mechanophore activation and Ay suggests that the
pulling geometry not only dictates the efficiency with which
mechanical force is coupled to the rotation of the fluorene
group as described earlier, but secondary structural effects*~*
strongly influence the coherence with which the torsional
motions under applied tension mimic the natural nuclear
motions associated with the ring-opening reaction and thus
mechanochemical coupling. We note that similar secondary
structural effects from rehybridization have been previously

https://doi.org/10.1021/jacs.4c18395
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Figure 4. (a) Optimized geometries calculated by DFT for unsubstituted fluorenyl naphthopyran and the force-free transition state structure
(B3LYP/6-31G*). (b) Truncated models ortho-FNP, meta-FNP, and para-FNP from CoGEF calculations immediately prior to C—O bond
cleavage. The angle y is defined by a line bisecting the fluorene group and the bond between carbon centers C2 and C3.
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Figure §. (a) Calculated barrier height (AE?) for naphthopyran ring opening as a function of applied force from EFEI calculations (uB3LYP-D3BJ/
def2-TZVPP). The dashed gray line represents the activation barrier (6.3 kcal/mol) below which the thermal ring-opening reaction is expected to
occur rapidly at =70 °C. (b) Angle 7 in each fluorenyl naphthopyran congener, and (c) comparison of angle y between the transition state (TS)
and reactant structures as a function of applied force.

reported by Craig and co-workers to describe the mecha- ring-opening reaction requires approximately 2.1, 2.5, and 3.0
nochemical dissociation of phenyl benzyl ether, for example, nN of force for ortho-FNP, meta-FNP, and para-FNP,
which is less labile than expected due to an overall molecular respectively. Thus, the calculated barriers support that the
contraction that occurs during C—O bond elongation that is mechanochemical reactivity of FNP mechanophores follows
poorly coupled to an applied force of tension.** the order ortho-FENP > meta-FNP > para-FNP consistent with
The structures obtained from CoGEF calculations immedi- the experimental observations and CoGEF calculations.
ately prior to C—O bond cleavage offer a compelling snapshot To confirm that the secondary structural effects involving
of the mechanochemical reaction, but fail to quantitatively the torsional motion of the fluorene group illustrated in Figure
describe the energetic and geometric changes that occur over 4 are not merely a consequence of varying degrees of distortion
the relevant range of forces. Therefore, we performed DFT at different forces resulting from changes in the pulling
calculations using the external force is explicitly included geometry, we examined how angle y evolves as a function of
(EFEI) method*”*® on the same truncated models used in the applied force in structures from the EFEI calculations (Figure
CoGEF calculations to quantify how the reaction barriers and 5Sb). At low force (0.5 nN), a sharp increase in angle y from
molecular geometries, including angle ¥, evolve as a function of 126 to 139° is observed for ortho-FNP, which continues to
external force (Figure S, see SI for details). In agreement with increase toward linearity reaching 153° at 3.5 nN of applied
the experimental kinetic data and CoGEF calculations, the force. This trend is consistent with the CoGEF predictions
EFEI calculations predict that the barrier (AE*) of the described above and replicates the geometric changes
naphthopyran ring-opening reaction is lowest for ortho-FNP associated with the expected rehybridization at C2 from
and highest for para-FNP at all forces (Figure 5a). The dashed Csp® to Csp” that accompanies the naphthopyran ring-opening
gray line in Figure Sa represents the activation barrier (6.3 reaction. In contrast, only a small increase in angle y of 4° is
keal/mol) below which the thermal ring-opening reaction is observed for meta-FNP at 0.5 nN, and y remains relatively
expected to occur rapidly on the microsecond time scale of constant across the range of forces studied up to 4 nN. For
cavitation-induced chain extension during ultrasonication at para-FNP, angle y decreases from 127 to 118° at 0.5 nN and

—70 °C (see SI for details).”®*” At this threshold of AE, the steadily reaches a minimum of 110° at 4.5 nN of applied force.
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Again, the force-induced nuclear distortions of para-FNP
oppose the natural torsional motions of the fluorene group that
accompany rehybridization at C2. These observations strongly
support the results from CoGEF calculations above and
confirm that the highly differentiated changes in reactant
geometry for each FNP congener are evident across the entire
range of relevant forces.

Results of the EFEI calculations also provide further insight
into the force-modified potential energy surface by illustrating
how the transition state geometries of the FNP mechano-
phores evolve relative to the reactant structures as a function of
applied force (Figure Sc). Similar to the transition state
structure of the unsubstituted fluorenyl naphthopyran model
illustrated in Figure 4a, angle y is approximately 160° in the
force-free transition state structure of each FNP regioisomer.
Upon increasing the applied force from 0.5 to 4.5 nN, the
difference in angle y between respective reactant and transition
state structures decreases as the transition state geometries
become more “reactant-like”.”> That is, consistent with
Hammond’s postulate, angle y converges as the reactant and
transition state structures of each FNP mechanophore become
exceedingly similar upon lowering the reaction barrier with
increasing applied force; the force at which angle y converges
reflects the relative mechanochemical activity of each FNP
congener. This convergent behavior further supports that the
changes in angle y describe a motion that is coupled to the
naphthopyran ring-opening reaction.

Finally, we sought to further understand the importance of
torsion by examining other factors that may contribute to the
force-coupled reactivity of fluorenyl naphthopyran mechano-
phores. Using structures from the EFEI calculations, we
interrogated alternative molecular motions including torsion of
the pyran ring as well as the naphthalene core; however, these
molecular distortions are poorly coupled to either external
force or the natural atomic motions accompanying the thermal
ring-opening reaction, respectively (Figures $22—S523). We
further examined the FNP mechanophores in the context of
other popular methods for describing mechanochemical
couplin§. As mentioned above, force vector alignment
analysis”’ reveals that para-FNP exhibits the best alignment
between the external force vector and the labile C—O bond
while ortho-FNP exhibits the poorest alignment (see Figure
S12). While only qualitative, this trend is nevertheless in direct
contrast to the theoretically predicted and experimentally
observed relative reactivities of the FNP mechanophores and
suggests that the externally applied force is not directly coupled
to the elongation and rupture of the C—O pyran bond to
induce the ring-opening reaction. Activation length (Ax*) is a
more quantitative descriptor of mechanochemical coupling™*
that has been used extensively to describe the relative activity
of various mechanophores including gem-dihalocyclopro-
panes,”** benzocyclobutenes,” sspiropyrans,26 and furan—
maleimide Diels—Alder adducts.”’ The activation length
reflects the extension in the transition state relative to the
reactant structure projected along the external force vector. For
reactions with similar force-free activation energies, such as the
case of the FNP mechanophores, a transformation that is
better coupled to a force of tension would be expected to have
a larger value of Ax* and exhibit a faster rate of reaction at a
given force or under similar experimental conditions. Notably,
activation length analysis reveals similar values of Ax* for
ortho-FNP, meta-FNP, and para-FNP (0.57, 0.4S, and 0.45 A,
respectively) despite the significant differences in measured
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mechanochemical activation rates (Figure $24, see SI for
details). In particular, the identical values of Ax* for meta-FNP
and para-FNP strongly suggests that mechanochemical
coupling does not arise from the direct elongational activation
of the C—O pyran bond for the fluorenyl naphthopyran
mechanophores. Taken together, the inconsistency of these
models with the theoretically predicted and experimentally
determined activities of the fluorenyl naphthopyran mechano-
phores further supports that mechanochemical reactivity in this
system is differentiated by changes in force-coupled torsional
motions distinct from more conventional frameworks for
describing mechanochemical coupling.

B CONCLUSIONS

In summary, we describe the mechanochemical reactivity of a
series of regioisomeric fluorenyl naphthopyran mechano-
phores. Unlike typical diaryl naphthopyrans, the conforma-
tional rigidity of the fluorene group enforces well-defined
torsional motions in the ring-opening reaction leading to the
merocyanine product. Our results demonstrate that the
efficiency with which external force is coupled to the rotation
of the fluorene unit varies systematically depending on the
position of polymer attachment. Moreover, variation in pulling
geometry is shown to significantly impact the torsional motion
of the fluorene group with respect to its coherence with the
natural nuclear motions associated with the force-free ring-
opening reaction. These aspects are fundamental in dictating
mechanochemical coupling, and therefore the relative
mechanochemical reactivity of the fluorenyl naphthopyran
mechanophores. This study offers new insights into the
structural features that govern mechanochemical reactions
and, in particular, how mechanical work is coupled to chemical
transformations that principally involve torsional motions.
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