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ABSTRACT: The spiropyran mechanophore (SP) is employed as a
reporter of molecular tension in a wide range of polymer matrices,
but the influence of surrounding environment on the force-coupled
kinetics of its ring opening has not been quantified. Here, we report
single-molecule force spectroscopy studies of SP ring opening in five
solvents that span normalized Reichardt solvent polarity factors (ET

N)
of 0.1−0.59. Individual multimechanophore polymers were activated
under increasing tension at constant 300 nm s−1 displacement in an
atomic force microscope. The extension results in a plateau in the
force−extension curve, whose midpoint occurs at a transition force
f* that corresponds to the force required to increase the rate
constant of SP activation to approximately 30 s−1. More polar
solvents lead to mechanochemical reactions that are easier to trigger; f* decreases across the series of solvents, from a high of 415 ±
13 pN in toluene to a low of 234 ± 9 pN in n-butanol. The trend in mechanochemical reactivity is consistent with the developing
zwitterionic character on going from SP to the ring-opened merocyanine product. The force dependence of the rate constant (Δx‡)
was calculated for all solvent cases and found to increase with ET

N, which is interpreted to reflect a shift in the transition state to a
later and more productlike position. The inferred shift in the transition state position is consistent with a double-well (two-step)
reaction potential energy surface, in which the second step is rate determining, and the intermediate is more polar than the product.

■ INTRODUCTION
When a polymer network is subjected to externally applied stress
and strain, the molecular strands within it experience tension.
The tension is unevenly distributed at the molecular level, and
individual strands may experience forces that are large enough to
overstretch and even cleave covalent bonds. These bond
stretching1−4 and scissile5,6 physical properties of strands are
tied to the chemical composition of the polymer, and they are
implicated in the high strain behavior and degradation of
polymeric materials.7,8 Insights into the molecular responses
that accompany macroscopic mechanical behavior can be
obtained by embedding mechanophores9 that generate a
constructive response to high forces of tension. Mechanically
triggered signals that report stress or damage10 are particularly
useful. The capability to report stress or damage is realized
through insertion of force probes, typically mechanochromic
probes, and the corresponding mechanochromism can be
utilized to visualize forces in the materials.10−12

Reported mechanochromic probes include spiropyran
(SP),13,14 dioxetanes,15 and rhodamine,16,17 among others. SP
force probes have received considerable attention owing to their
accessible synthesis,18 the high extinction coefficient of the
merocyanine (MC) product of their mechanically coupled ring-
opening reaction (Figure 1), and the ability to tune their
mechanochemical activity though regiochemistry or substitu-
ents.13,14,19

SP probes have been explored in a range of polymer matrices,
including polyacrylates,13 polycaprolactone,12,20 polycarbon-
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Figure 1. Schematic representation of single molecule force spectros-
copy (SMFS) of spiropyran mechanophore opening to the
merocyanine form as a function of solvent environment.
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ate,21 poly(ionic liquid),22 acrylic latex,23 polystyrene,24 polyur-
ethanes,25 polyphenylenes,26 and hydrogels.27−29 SP mechano-
chromism has revealed contributions of mobility,30 relaxa-
tion,31−33 and alignment34−37 of polymer chains to molecular-
level force transduction. Underlying these responses is the actual
force required for SP activation, which is sometimes considered
explicitly.26,38,39 Quantitative interpretation is facilitated by a
handful of experimental14,40 and computational41−43 studies of
force-coupled SP reaction kinetics.
An important knowledge gap remains, however. The range of

materials investigated spans a range of dielectric constants and
protic/aprotic character, and whereas the effect of chemical
environment (solvent44) or polymer matrix45 on SP/MC
equilibria has been reported, the corresponding influence on
SP mechanochemistry has yet to be determined.46 We,
therefore, sought to quantify the mechanochemical kinetics of
a model SP ring opening in solvents of various polarities (ET

N),
providing an entry into the largely unexplored topic of solvent
effects on mechanochemical reactions47,48 that complements
other quantitative structure−activity relationships.14,49−57

Our approach comprises probing mechanically coupled SP-
to-MC kinetics via the single-molecule force spectroscopy
(SMFS) of multimechanophore polymers,58 a technique that
has been extensively applied previously.59 The use of multi-
mechanophore polymers means that a single successful pull
provides hundreds of reactions and thus good statistics for
analysis. As illustrated in Figure 1, a polymer bearing multiple
SPs is trapped between the cantilever of an atomic force
microscope and a substrate, which separates to extend the
polymer chain and accelerate the SP ring opening. Rates are
obtained by fitting the force curves. Here, we employ an SMFS
in a range of solvents to quantify solvent effects on the
mechanochemical reaction.

■ RESULTS
We prepared a copolymer comprising 44 mol % SP and 56 mol
% 9-oxabicyclo[6.1.0]non-4-ene (epoxy-COD) repeats along
the polymer backbone using methods based on entropy-driven
ring opening metathesis polymerization60 (Figure 2a). The
epoxy-COD comonomer enhances polymer adhesion to the
substrate and cantilever during the approach-retraction cycles, in
which the epoxide presumably allows for covalent bonding
between the polymer chain and surface.61 We sought to further
improve the reactivity of the bonding reaction using an amine-
functionalized silicon substrate (see Supporting Information).
Solvents were chosen based on desirable criteria: low viscosity,
high boiling point, and a wide range of relative polarity. These
criteria resulted in the use of toluene, methyl benzoate (MB),
pyridine, dimethyl formaldehyde (DMF), and n-butanol
(relevant parameters are listed in Table S1).
SMFS studies were performed using an approach/retraction

cycle at a vertical displacement velocity of 300 nm/s, and Figure
2b shows a representative set of normalized force−extension
curves obtained in a series of solvents. The characteristic
plateaus originate from the mechanically induced SP-to-MC
transformation, as MC is more extended than SP, and the
resulting extra extension (Lf/Li) agrees with computed values
(see Supporting Information). An increase in solvent polarity
(ET

N) leads to a shift in the plateau force, which decreases from
415± 13 pN in toluene to 234± 9 pN in n-butanol. Notably, the
relative length of transitions observed in these solvents is almost
identical, indicating that the plateau corresponds to the
mechanochemically triggered SP-to-MC transformation and

ruling out solvent-induced entropic change associated with
polymer conformation,62 consistent with previous observa-
tions.63,64

Prior SMFS studies in toluene − the least polar solvent
employed in this study − have demonstrated that the rate of the
reverse MC-to-SP reaction is slow relative to the time scale of
the SMFS experiment.14 In other words, the observed plateau is
under kinetic, rather than thermodynamic, control. Because the
barrier for the reverse reaction increases with solvent polarity,65

we expected that the kinetic control would extend to the polar
end of the solvent spectrum employed. That expectation was
confirmed by the observation of hysteresis in the loading−
unloading SMFS curve of a single polymer chain in n-butanol
(Figure 2c). The observed hysteresis rules out the possibility
that the plateau is reflecting a force-coupled equilibrium, and the
transition forces observed, therefore, reflect the relative force-
coupled kinetics of the ring-opening reaction at both ends of the
solvent polarity spectrum investigated.
Transition force was plotted against relative solvent polarity

(ET
N), where ET

N is defined as ET
30 of a given solvent normalized

to that of water (Figure 3a). We chose ET
N because of its prior

association with the kinetics of SP ring opening,66−68 and it
shows the best correlation out of multiple solvent parameters
considered (see Supporting Information). The plot shows a
strong linear correlation across the range of solvents
investigated. In more polar solvents, the reaction requires less
force to reach rates of reactive extension that are competitive

Figure 2. a) Synthetic scheme of a copolymer containing multiple SPs
(44 mol %) along the backbone. b) Overlay of representative force−
extension curves obtained in various solvents. The SMFS was
performed at a constant retraction rate of 300 nm/s, and the curves
are normalized to the corresponding extension at 1 nN force. c) SMFS
curve of the polymer in n-butanol during loading (green) and
immediate unloading (blue).
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with the rate of SMFS tip−surface displacement. This
correlation is consistent with a reaction that is intrinsically
more facile in a polar environment. The force-free SP-to-MC
conversion proceeds through an intermediate that is more polar
than the reactant, and whose zwitterionic character increases
with ET

N.66−68 A similar change in polarity has been inferred in
the mechanochemical reaction.14 Prior computations suggest
that developing charge separation during initial C−O bond
dissociation leads to a lower activation energy with increasing
ET
N.65,69 Figure 3a indicates that this trend applies to the SP

mechanochemical reactivity as well.
The SMFS curves were further analyzed by fitting them to two

classic, empirical models of mechanochemical kinetics: the

Eyring model popularized by Bell and Evans (eq 1),70 and the
so-called cusp model developed by Dudko, Hammer, and Szabo
(eq 2).71 The force-free rate constant k0 and activation energy
ΔG‡ were obtained and extrapolated from reported values
(Figure S1), and the two models were fit to the SMFS data by
varying the mechanical coupling parameter Δx‡, which within
the assumptions of the models corresponds to the difference in
end-to-end distance between ground and transition states that is
coupled to the tension applied to the reaction.

k F k( ) eF x k T
0

/ B=
‡

(1)

k F k F x
G

( ) 1
2

eF x k T F x G k T
0

/ ( ) /4B
2

B=
‡

‡
‡ ‡ ‡i

k
jjjjj

y
{
zzzzz (2)

The resulting values of Δx‡ are shown in Figure 3b. The
accuracy and precision of the absolute values of the extracted
Δx‡ in terms of a specific molecular dimension are uncertain, in
particular because the low forces of the SP-to-MC transition
relative to other covalent mechanophores mean that the reacting
polymer in the present study is not as conformationally
constrained as in SMFS studies of other mechanophores.
Nonetheless, given that the same polymer, SMFS method, and
analysis methods are used across the series, the trend in Δx‡ is
likely to be informative. As seen in Figure 3, the effect of force on
the rate, captured by the empiricalΔx‡, increases with increasing
ET

N. A larger Δx‡ suggests that the transition state of the rate-
determining step of the reaction occurs later along the reaction
coordinate. In other words, the data suggest that increasing ET

N

simultaneously lowers the overall endothermicity of the
reaction, lowers the reaction activation energy, and shifts the
position of the transition state later on the reaction path (i.e.,
makes the transition state more productlike).
The computed mechanism of SP ring opening involves two

steps, as shown for the likely predominant MC isomer product
TTC (for trans/trans/cis, reflecting the stereochemistry across
the three carbon−carbon bonds in the center of the MC
structure) in Figure 4. Two aspects of the mechanism are
germane. First, the second step is rate determining; TS2 is
approximately 10 kcal mol−1 higher in energy than TS1.65

Second, the intermediate TCC formed from initial C−O bond

Figure 3. a) Observed transition forces in SMFS experiments as a
function of solvent polarity (ET

N), with the best linear fit shown (y =
−379x + 448, R2 = 0.982); b) Mechanochemical coupling parameter vs
solvent polarity (ET

N).

Figure 4.Calculated (DFT B3LYP/6-31G(d)) reaction coordinates in polar (red) and nonpolar (teal) solvents. Distances reported are those between
atoms denoted in blue. TTC is the most likely form of the product under mechanical force.65
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scission is calculated to have a larger dipole moment than TS2
and the ultimate product TTC.65 Thus, increasing the solvent
polarity makes the overall reaction less endothermic, but it also
makes the second elementary step in the reaction less
exothermic. As a result, traditional qualitative models of reaction
surfaces (Hammond’s postulate, Marcus theory, etc.) predict
that increasing solvent polarity will lead to a later transition state
in the second step and, therefore, a later rate determining
transition state for the overall reaction, as implied by the greater
Δx‡. DFT calculations agree well with this model of force-
coupled reactivity.

■ DISCUSSION
The relationship between SMFS plateau force and ET

N described
in Figure 3a is different from but related to classical linear free
energy relationships. In this case, a mathematical derivation
provided in the Supporting Information suggests that the linear
relationship of Figure 3amight reasonably be expected, given the
successful prior use of ET

N in linear free energy-type relation-
ships.72 Given the connection between the two, we emphasize
that relationships of this flavor are by their nature, empirical.
They quantify the strength of the correlation between two
thermodynamic quantities. As such, we do not presume the
universality of ET

N as a stand-alone predictor of all SP
mechanochemistry in any solvent or medium, and its validity
beyond the solvents examined should not be assumed.
Nonetheless, the correlation of f* and ET

N is perhaps not
surprising. The origin of ET

N lies in the molar transition energy
associated with the π−π* absorption of pyridiniophenolate,72

and the underlying physical interactions correspond to differ-
ential solvation of the excited state (more charge separation)
and ground state (less charge separation). There is likewise an
increase in charge separation as the SP-to-MC reaction
progresses, and the correlation of the associated reaction
kinetics and ET

N has been noted previously. As noted above
(and shown in the Supporting Information), the empirical
correlation of f* with ET

N is better than that with other common
solvent parameters. Still, the solvent-induced change in
reference electronic absorption energetics is obviously not
strictly identical with the solvent-induced change to SP-to-MC
reactivity, and so one should remain mindful of the limits of this
approach.
We were also struck by the interrelationship of solvent effects

and mechanochemical coupling, namely, the fact that solvents
that enhance reactivity also enhance mechanical susceptibility.
On the surface, the constructive reinforcement of the two
structure−reactivity effects might appear to contradict intuitive,
empirical models of reactivity such as the Bema Hapothle
interrelationships.73 The apparent disconnection arises from the
fact that fundamental reactivity concepts of this type are derived
in the context of single elementary reaction steps. In contrast,
the origin of the behavior here is well understood by the two-
step reaction mechanism shown in Figure 4, in which there is a
net increase in polarity on going from the reactant to transition
state, but the change in polarity is not monotonic. Rather, there
is a large increase in polarity in the first step of the reaction (SP
to TCC intermediate) and then a smaller decrease in polarity
during the second rate-determining step (TCC to TTC). In this
analysis, it is important to be mindful of the fact that the second
step of the reaction is rate determining, even though the
activation energy of the second step is smaller than that of the
first step, due to the reversibility of the first and its associated
pre-equilibrium. The connection highlights continuing oppor-

tunities to connect covalent polymer mechanochemistry and
classic physical organic principles of reactivity.74

■ CONCLUSION
Single-molecule force spectroscopy provides the force-coupled
kinetics of the spiropyranmechanophore reactivity. The inferred
solvent effect on mechanical susceptibility is qualitatively
consistent with computed potential energy surfaces and with
longstanding fundamental structure−activity concepts applied
in the context of a multistep reaction. Within the caveats
associated with any empirical relationship derived from a finite
set of data, the relationships in Figure 3 provide a basis for
estimating the forces involved for SP ring opening in a range of
solvents or other continuum environments, including gels and
bulk polymers, as long as ET

N is known.We note with interest that
a linear relationship between λmax of merocyanine and ET

N has
been reported,44 meaning that the in situ absorbance spectrum
of the activated MC could in principle be used to ascertain the
relevant polarity of a given system, which could then be used to
determine the force required for activation. Some circum-
spection is always warranted when extrapolating beyond an
available data set, but it is worth noting that the linear fit in
Figure 3a leads to an expected transition force of 68 pN in water
(ET

N = 1), which provides a foundation for interpreting future
studies of SP mechanochemistry in hydrogels.
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(26) Kempe, F.; Brügner, O.; Buchheit, H.; Momm, S. N.; Riehle, F.;
Hameury, S.; Walter, M.; Sommer, M. A Simply Synthesized Tough
Polyarylene with Transient Mechanochromic Response. Angew. Chem.
Int. Ed. 2018, 57, 997−1000.
(27) Chen, H.; Yang, F.; Chen, Q.; Zheng, J. A Novel Design of Multi-
Mechanoresponsive and Mechanically Strong Hydrogels. Adv. Mater.
2017, 29, 1606900.
(28) Huang, Y.; Huang, S.; Li, Q. Mechanochromic Polymers Based
on Mechanophores. ChemPlusChem. 2023, 88, No. e202300213.
(29) Li, M.; Zhang, Q.; Zhou; Zhu, S. Let Spiropyran Help Polymers
Feel Force! Prog. Polym. Sci. 2018, 79, 26−39.
(30) Beiermann, B. A.; Davis, D. A.; Kramer, S. L. B.; Moore, J. S.;
Sottos, N. R.; White, S. R. Environmental Effects on Mechanochemical
Activation of Spiropyran in Linear Pmma. J. Mater. Chem. 2011, 21,
8443.
(31) Degen, C. M.; May, P. A.; Moore, J. S.; White, S. R.; Sottos, N. R.
Time-Dependent Mechanochemical Response of Sp-Cross-Linked
Pmma. Macromolecules 2013, 46, 8917−8921.
(32) Grady, M. E.; Beiermann, B. A.; Moore, J. S.; Sottos, N. R.
Shockwave Loading of Mechanochemically Active Polymer Coatings.
ACS Appl. Mater. Interfaces 2014, 6, 5350−5355.
(33) Shannahan, L. S.; Lin, Y.; Berry, J. F.; Barbee, M. H.; Fermen-
Coker, M.; Craig, S. L. Onset of Mechanochromic Response in the
High Strain Rate Uniaxial Compression of Spiropyran Embedded
Silicone Elastomers. Macromol. Rapid Commun. 2021, 42, 2000449.
(34) Lee, C. K.; Beiermann, B. A.; Silberstein, M. N.; Wang, J.; Moore,
J. S.; Sottos, N. R.; Braun, P. V. Exploiting Force Sensitive Spiropyrans
as Molecular Level Probes. Macromolecules 2013, 46, 3746−3752.
(35) Beiermann, B. A.; Kramer, S. L. B.; Moore, J. S.; White, S. R.;
Sottos, N. R. Role of Mechanophore Orientation in Mechanochemical
Reactions. ACS Macro Lett. 2012, 1, 163−166.
(36) Beiermann, B. A.; Kramer, S. L. B.; May, P. A.; Moore, J. S.;
White, S. R.; Sottos, N. R. The Effect of Polymer Chain Alignment and
Relaxation on Force-Induced Chemical Reactions in an Elastomer. Adv.
Funct. Mater. 2014, 24, 1529−1537.
(37) Raisch, M.; Genovese, D.; Zaccheroni, N.; Schmidt, S. B.;
Focarete, M. L.; Sommer, M.; Gualandi, C. Highly Sensitive,
Anisotropic, and Reversible Stress/Strain-Sensors from Mechanochro-
mic Nanofiber Composites. Adv. Mater. 2018, 30, 1802813.
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