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Single-molecule force spectroscopy (SMFS) provides access to
details of molecular mechanics and features of potential energy
landscapes that hitherto have been inaccessible. SMFS studies have
included, but are not limited to, protein folding pathways,1

unimolecular isomerization,2 conformational changes within poly-
mers,3 and intermolecular forces,4 including metal-ligand bonds.4e-h

SMFS also holds promise as a mechanistic probe for studying
bimolecular potential energy surfaces, and we report here that the
mechanical activation of a leaving group accelerates nucleophilic
substitution of dimethyl sulfoxide (DMSO) for substituted pyridines
at square-planar pincer Pd(II) metal centers.5 The mechanical
responses of a pair of reactions are homologous and scale with the
rates of the unactivated reactions.

The experimental design is shown schematically in Figure 1.
Pyridine ligands2 were attached to both an AFM tip and a SiO2

substrate by coupling to the terminal amine of surface-tethered PEGs
(MW ∼ 3400 g/mol), a strategy that has been shown to be useful
in placing specific rupture events outside the range of nonspecific
adhesion.4e,f,6The surface chemistry, combined with the introduction
of a DMSO solution of bifunctional metal complex1, provides an
opportunity for bridging bond formation of the type shown in Figure
1. At appropriate concentrations of1, such events are thermo-
dynamically (equilibrium constants∼1300 and 30 M-1 for 2a and
2b, respectively) and kinetically (time scale of bond formation<
seconds) accessible.7

When the tip and surface, both functionalized with2a, are
brought into contact in DMSO and then withdrawn, only nonspecific
contact adhesion is observed in the force-extension curves; no
interactions involving adhesion other than single PEG stretching
(<25 nm) are detectable. When 0.86 mM1 is introduced, however,
specific bond rupture events are recorded at extensions centered at
∼43 nm, consistent with the expected length of two PEG tethers
(∼25 nm each), as shown in Figure 2a. The features are consistent
with the rupture of single-molecule bridging events of the type
shown in Figure 1. Support for the predominance of single-molecule
events comes from competitive inhibition of the1‚(2a)2 complex,
in which 100 mM 4-(dimethylamino)pyridine (DMAP) is added to
the DMSO solution of1. Under these inhibition conditions, the
same specific rupture events were observed, but with much less
frequency: ∼10% of force-extension curves before addition of
DMAP, compared to∼3% after addition of DMAP. A similar
treatment was carried out for system1‚(2b)2, where 100 mM of
added pyridine reduced the frequency of specific events from 16
to 5%.

Histograms were created from the force-extension curves (cor-
rected for viscous drag) to obtain the most probable rupture force,
derived from Gaussian fits to the distribution profiles. Rupture
events observed at extensions between 20 and 100 nm were used
in the data analysis; the distribution in extensions at rupture is
attributed to off-angle attachments and the coupling of some ligands

to the surface either directly or through sequentially coupled
polymers. Nonetheless, forces are largely independent of extension
at rupture (Supporting Information), and the use of a narrower range
of extensions (e.g., 30-60 nm) does not appreciably affect the
results. The most probable rupture force reflects a competition
between force loading and bond rupture, and, as expected, rupture
force increases with loading rate (from∼0.5 and 150 nN s-1, Figure
2b). A logarithmic dependence is expected from the Bell-Evans

Figure 1. Schematic representation of a single-molecule force spectroscopy
experiment. Poly(ethylene glycol) linkers were attached to an AFM tip and
substrate and subsequently functionalized with either2a or 2b. A DMSO
solution of1 was added between the tip and surface to carry out experiments.

Figure 2. (A) A representative force-separation curve showing bond rupture
in 1‚(2a)2 during retraction of the AFM tip. (B) Most probable force versus
loading rate of the1‚(2a)2 (b) and1‚(2b)2 ([) coordination systems (see
Supporting Information for details). Error bars reflect the standard error
(σ/xN) of Gaussian fits to the distributions. (C) Master graph of force versus
loading rate scaled by thermal dissociation rateskdissmeasured independently
by NMR. Data were acquired on multiple days with different cantilevers.
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model8,9 and observed in the data (Figure 2b). The slope of the
plot of rupture force versus ln(loading rate) gives the characteristic
force dependency of the rupture rate,fâ ) kâT/xâ, wherexâ is the
difference in ground state and transition state geometry projected
along the force vector. Along with thefâ andxâ values, the thermal
off-rate (kdiss) can be extrapolated from thex-intercept.

The fit to the Bell-Evans model providesfâ values of 22( 2
and 24 ( 2 pN for 1‚(2a)2 and 1‚(2b)2, respectively, and
concomitantxâ values of 1.9( 0.2 and 1.7( 0.2 Å. In contrast,
the extrapolated thermal off-rates of 1.4 and 40 s-1 for 1‚(2a)2 and
1‚(2b)2, respectively, differ significantly. Because the off-rate
increases proportionately with the number of bonds in series,9b,10

the corrected apparent stress-free dissociation rate constants are 0.7
( 0.4 and 20( 3 s-1 for 1‚2a and1‚2b, respectivelysin excellent
agreement with the values determined for similar associations by
dynamic NMR (1 and 17 s-1, respectively).7a,b

Previous mechanistic studies show that the stress-free dissociation
of the Pd(II)-pyridine bond occurs via bimolecular nucleophilic
displacement by DMSO (Figure 3),7b and so the transition state
involves bond-making and bond-breaking components. The agree-
ment between the stress-free values and off-rates extrapolated from
the SMFS experiments implies, but does not prove,11 that the same
mechanism is operative under mechanical load, where the reactants
are pulled away from the surface, into an environment similar to
that in the stress-free studies.7b The transition state geometry might
shift with increasing force,11 but the mechanics reflect the conserved
mechanism of the stress-free reactions. Conserved mechanics are
manifested in the effectively identicalfâ and xâ values for1‚2a
and1‚2b and in a master plot in which the loading rate is scaled
by the dissociation rates reported previously for model complexes
(Figure 2c).7a,b

This comparison is the first of which we are aware between
dynamic SMFS behavior and stress-free kinetic data for well-
characterized bimolecular reactions. The characteristic forcefâ

provides a measure of how mechanical load on the leaving group
accelerates the bimolecular nucleophilic substitution reaction (∼50
pN for 10-fold acceleration). The mechanics of the two reactions
are similar, differing only through the relative rates of the stress-
free reactions. The mechanical homology implies similarities in

transition state geometry that are consistent with accepted notions
about reaction potential energy landscapes (e.g., More O’Ferrall-
Jencks diagrams12), although subtle differences would likely exceed
the experimental sensitivity here.

In the future, the application of SMFS to bimolecular reactions
might reveal the stochastic contributions of individual constituents
of a canonical ensemble. Additionally, applied forces potentially
can change the rate-determining step of a reaction and reveal
features of potential energy surfaces that are otherwise invisible.
Finally, pincer complex1 and related analogues are versatile
mechanistic probes of mechanics in supramolecular polymers and
networks,7 and one can now look for macroscopic signatures of
the single-molecule mechanics.13
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Figure 3. Schematic potential energy surface for the equilibrium (top) and
nonequilibrium (bottom) solvent-assisted dissociation of pyridine from a
Pd(II) complex. Energy surfaces are normalized to identical reactant
energies. Additional transition states and intermediates may exist and are
not shown. Relative energy from the AFM tip (dashed line) is superimposed
upon the surface in the direction of applied force.
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