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ABSTRACT

Donor-acceptor (DA) m-interactions are weak attractive forces that are exploited widely in
molecular and supramolecular chemistry. They have been characterized extensively by ensemble
techniques, providing values for their energies that are useful for the design of soft materials. In
order to implement motions or operations based on these DA m-interactions in wholly synthetic
molecular machines, the mechanical strength and force associated with their out-of-equilibrium
performance are the key parameters, in addition to their energies obtained at thermodynamic
equilibrium. In this context, we have used single-molecule force spectroscopy as a
non-equilibrium technique to determine the mechanical strength of individual DA n-interactions
in solution. We designed and synthesized a molecular tweezer able to encapsulate n-donors and
also demonstrating a precise opening extension. The mechanical breaking between viologen units
—m-acceptors commonly employed in mechanically interlocked molecules— and several
n-donors afforded a characteristic force-distance signature, revealing to the opening of individual
viologen tweezers with an unambiguous extension. Single-tweezer host-exchange experiments
performed in situ demonstrated the sensitivity of the technique. This simple design could be
exploited in quantifying the force of a large range of weak noncovalent bonding interactions as

well as the potential work that molecular machines can generate at the single-molecule level.



INTRODUCTION

Noncovalent bonding interactions are weak attractive forces that link different molecular entities
or components.'-? These hydrophobic, n- and electrostatic interactions are all known to play key
roles in the conformational stability and dynamics of biomacromolecules and biological
molecular machines.?* The action of many weak interactions in parallel results in high stabilities
in proteins folds and in DNA double helices.* The ease of breaking a single noncovalent bonding
interaction, compared to the breaking of covalent bonds can also be beneficial, leading to a fast
response towards an external stimulus. Investigations of this kind have already been reported>-
for biological machines such as DNA polymerases, helicases, and other biomolecular motors.
The fast dynamics of these molecular systems is based on the possibility of breaking weak
interactions sequentially and recreating them following an alternative path or at another location
in the molecule, leading to conformational changes and eventually to a task being performed.

In parallel, the design of artificial molecular machines is now flourishing with many bio-inspired,
wholly synthetic molecules.”!! These (supra)molecules are rationally designed to exhibit a well-
defined motion of one part of their molecular structure, or the movement of one component
relative to another. The increased interest in a new type of bond, the mechanical bond,'? has led
to a wide range of molecules able to demonstrate controlled motion at the nanoscale level.
Mechanically interlocked molecules!? (MIMs) can exploit weak noncovalent bonding interactions
in their working domains to perform a precise task'3, e.g., transport, catalysis, etc. Most of them
are designed following template strategies, i.e., employing recognition units with high association
constants.!? For instance, many MIMs have been synthetized using n-interaction-based template-
directed synthesis'* and take advantage of this type of interaction for the controlled motion of one

component in relation to the others.!? This associative interaction between aromatic components



is stronger between electron-rich and electron-poor moieties— namely, donor-acceptor (D-A) -
interactions. '

Both biological and artificial molecular machines and motors require a source of energy to be
driven away from their thermodynamic equilibrium, thus permitting an energetically-favored
modification to perform a specific task.!6-!® Although artificial molecular machines are subjected
to non-equilibrium thermodynamics,'” their design principles are still based on equilibrium
parameters such as association constants (K4 values) in solution. The application of these values
remains acceptable as far as synthetic chemistry is concerned, but another vision arises when it
comes to characterizing the operation and mechanical work performed by individual molecular
machines in comparison with the performance of their biological counterparts.

In this context, single-molecule force spectroscopy techniques are imperative and have already
demonstrated promising developments for the quantitative determination of the mechanical force

and work generated by individual (supra)molecules.?’-!

Atomic force microscopy (AFM) in
addition to optical and magnetic traps are powerful techniques to perform force spectroscopy
experiments at the single-molecule level. Single-molecule force spectroscopy (SMFS) consists??
in trapping a molecule of interest and in stretching it mechanically in a controlled manner in
order to observe a specific event, e.g., a (co)conformational change, the breaking of an
interaction, a mechanical resistance, etc. A wide range of molecules including biopolymers,?3-24
synthetic polymers,? biological molecular machines>2%2” and prototypes of artificial machines?®-
32 has been studied using these techniques during the past three decades. All these investigations
require a proper interfacing strategy to reach the single-molecule limit and probe the desired

interaction or (co)conformation. To the best of our knowledge, the measurement of an individual

donor-acceptor m-interaction has never been reported. Cutting-edge investigations in this domain



so far only include a series of multiple donor-acceptor n-interactions combined with hydrogen
bonding.3!-32

Here, we have developed a strategy to quantify the mechanical force required to break individual
donor-acceptor m-interactions. The 4,4-bipyridinium (or viologen) dication has been selected as
the m-acceptor, since it is one of the most commonly used, as part of the blue box, 1.e.,
cyclobis(paraquat-p-phenylene).®? Different n-donors were selected (dimethoxybiphenyl, DMBP;
dimethoxynaphthalene, DMNP; diaminonaphthalene, DANP) as well-known molecules involved
in n-interactions.'? The lack of specificity of such interactions prevents us from using the
common molecular recognition experiments, e.g., antigen-antibody recognition. Instead, we
designed a bis(viologen) unit, connected by a biphenylmethyl linker, to act as an electron-
deficient molecular tweezer (Fig. 1A) able to encapsulate n-donors. The loop connecting both
viologen units has been designed specifically to show a well-defined (co)conformational change
large enough to be detected by AFM (details in SI). The interfacing for AFM-based SMFS
experiments was completed using two poly(ethylene glycol) (PEG) chains (M, = 2000 g-mol'!) at
both ends of the viologen tweezer, allowing the physisorption to occur onto the surface and also
onto the tip during the stretching experiments. This simple strategy does not require any covalent
interactions with the AFM probe, given that we are probing weak noncovalent bonding
interactions. During a standard experiment, the surface functionalized with the viologen tweezers
is immersed in a solution containing n-donors and the AFM tip is pushed onto the surface to
attach the PEG linker physically, following our previously described strategy?®?** to anchor
PEG linkers on AFM tips for SMFS experiments. Following this attachment, the molecule is
stretched in a controlled manner (Fig. 1B) and the force required to open the viologen tweezer

mechanically is measured.



RESULTS AND DISCUSSION

Synthesis of the viologen tweezer for AFM interfacing

The viologen tweezer used for AFM experiments was synthesized following the protocol
described in the SI. Briefly, viologen units were attached to bis[4-(bromomethyl)phenyl|methane
to create a loop long enough to detect the viologen tweezer opening by AFM. The AFM
interfacing was facilitated by clicking (CuAAC) modified PEG chains onto both ends of the
viologen tweezer. The product was purified and characterized by '"H NMR and *C NMR
spectroscopies.

Promoting single-molecule attachment

The viologen tweezers were drop-casted onto a mica surface (detailed protocol in the SI). The
low grafting density was controlled by AFM imaging (Fig. S6) showing well-dispersed molecules
on the surface. Standard approach-retraction cycles were performed using very soft cantilevers to
detect small forces and small length variations of the viologen tweezers during the force-induced
m-interaction breaking. The experiments were performed in acetonitrile (MeCN), a good solvent
for the solvation of the modified viologen tweezers and the n-donors. The first experiments in the
absence of m-donors showed (Fig. 2) a single-peak profile. This behavior is typical of a flexible
polymer such as PEG chains and can be fitted using a statistical mechanical model —namely the
worm-like chain (WLC) model.*® This model relates the force exerted by the molecule to its
extension and provides the persistence length value of the chain being stretched by the AFM tip,
reflecting the chain flexibility. The single-peak pattern, which was adjusted automatically by the
WLC model, revealed a persistence length value of 0.3 + 0.05 nm in agreement with the
flexibility of a PEG chain. The rupture force corresponding to the desorption extends to values up
to 150 pN, in agreement with a polymer physisorption, and is high enough to detect the

intramolecular interactions of interest.?>3! The rupture distance is always below 40 nm, which is



the maximum extended length of the molecule. These values are in favor of the stretching of
individual molecules exhibiting the viologen tweezer component in an open form.

Mechanical opening of a single viologen tweezer

Similar approach-retraction cycles were performed in the presence of 1,5-dimethoxynaphthalene
(DMNP) in MeCN. Since derivatives of dioxynaphthalene (DNP) are used'? routinely as m-donor
templates in the synthesis of MIMs, the viologen-DNP interaction force has already been

characterized in one of our previous investigations?!

on a series of oligorotaxanes. However, in
oligorotaxanes, H-bond interactions between viologen protons and the electron-rich polyethers
that constitute the dumbbell also contribute to the measured rupture force. The present study is
thus a unique opportunity to evaluate the contribution of both interactions in the mechanical
strength detected in oligorotaxanes. In the presence of DMNP, we observe a characteristic pattern
in the force-distance curves, showing a deviation from the usual single-peak profile
corresponding to the desorption of the PEG linker. This pattern consists (Fig. 3A) of a first peak
at about 73 pN, followed by the final desorption peak. In order to relate this pattern to the
mechanical opening of the viologen tweezer, we measured the length increment (Ax) at constant
force after the appearance of the first peak. In other words, this Ax value corresponds to the
length released once the D-A m-interaction is broken mechanically. The distribution of the length
increment is shown in Fig. 3D: the most probable value is 1.4 + 0.2 nm. Considering the length
difference between the closed (0.7 nm) and open (2.3 nm) forms of the viologen tweezer
(distance between external pyridinium units), the experimental Ax value is in good agreement
with the theoretical value of 1.6 nm. Additionally, the rupture force, corresponding to the =-
interaction rupture (73 + 6 pN) observed here (Fig. 3E) matches perfectly the value (72 + 4 pN)
obtained?! recently under similar conditions (in MeCN) during the unfolding of single

oligorotaxanes. Hence, we suggest that this double-peak is the signature (Fig. 1B) of the



mechanical opening of one viologen tweezer from its closed form —from encapsulating 1,5-
dimethoxynaphthalene in its cavity— to its open form. We can thus also conclude that the
m-interactions in the oligorotaxanes are the main interactions contributing to the mechanical
stability, the H-bonds between the dumbbell and the rings having a minor contribution. We also
observe some single-peak profiles similar to the ones obtained for the experiments without
n-donors, corresponding to statistical events when only one part of the molecule (one PEG linker)
is stretched by the AFM tip or when the n-donor is interacting with the viologens of the tweezer
in its open form.

Modulating the interaction force with different m-donors

In order to demonstrate the possibility of probing various weak noncovalent bonding interactions
using our strategy of obtaining a force value instead of equilibrium energetic information, we
selected two other compounds showing, respectively, high and low affinities with the viologen
units. Firstly, we performed a similar experiment in presence of 1,5-diaminonaphthalene (DANP)
in MeCN. The association constant reported'?3¢37 in MeCN for DMNP derivatives with the blue
box is about 3 x 10* M- whereas the Ka value for DANP derivatives with the blue box is slightly
higher, i.e., 6 x 10* M™! (Table 1). In order to compare the rupture force values, we maintained
identical experimental conditions during all the SMFS experiments. These experiments in the
presence of DANP showed exactly the same type of profiles as the experiments conducted with
DMNP. Double-peak profiles were analyzed in the same way and returned an increment length
(Ax) of 1.5 £ 0.1 nm, similar to the length obtained with DMNP and in excellent agreement with
the mechanical opening of a single viologen tweezer. Remarkably, the first peak force is about 82
pN. The increase of the interaction force (Table 1) follows the increase in K. values!?36-37,
although the difference in K, is small. This higher force detected by the AFM cantilever is a

consequence of the presence of a slightly better m-donor hosted by the viologen tweezer.



In an attempt to assess the sensitivity of our strategy, we performed similar experiments in the
presence of dimethoxybiphenyl (DMBP) in MeCN. Derivatives of dioxybiphenyl have'?*® much
lower association constants (1.4 x 10> M) with the blue box, and so we expected a significantly
lower force required to break the viologen-DMBP interaction. In the event, we observed similar
double-peak profiles with a revealed length (Ax) of 1.5 = 0.1 nm, again in good agreement with
the theoretical value for the opening of the viologen tweezer. The most probable peak force value
is 58 pN (Table 1), which is much lower than the values observed in the cases of DMNP and
DANP. The force distribution (Fig. S8) is biased due to the impossibility of detecting the
additional peak at low force values. This observation is an indication that some peaks attributed
to the opening of a viologen tweezer occur at much lower forces and cannot be differentiated
from the inherent noise of the experiment. Again, the trend of K, values between the n-donor
derivatives and the blue box is maintained for the rupture force values between DMNP, DANP or
DMBP, and the viologen units.

In-situ mw-donor exchange

The strength of a noncovalent bonding interaction, as well as the force required to break it, is
dependent on the environment and local perturbations. In an attempt to detect the possible
ejection of a m-donor from the viologen tweezer cavity, we designed an exchange experiment in
solution. We started the standard stretching experiments in the presence of DMBP molecules
(weak m-donors), and then we added DANP molecules (strong n-donors) at similar concentrations
in the experimental medium (DMBP molecules were not removed). Before and after the addition
of DANP, we detected similar double-peak patterns, exactly as we did in the standard
experiments described previously. Figure 4 shows the distributions of peak force, i.e., the force
associated with the m-interaction breaking, before and after the addition of DANP. We clearly

observe a large shift from 50 pN (before the addition of DANP) to 84 pN (after the addition of



DANP). Before the addition, DMBP molecules are the only ones encapsulated in the closed form
of the viologen tweezers, leading to low peak force values. As soon as we add the DANP
molecules, the peak force increases to much higher values corresponding to the encapsulation of
these strong m-donors. It is important to note that, after the addition of DANP molecules, we did
not detect any second force population at low force values, that would have evidenced the
presence of DMBP molecules still encapsulated in the viologen tweezers. We observed only a
typical broadening of the distribution at higher force values. These results confirm the rapid

exchange of DMBP molecules in the cavity of the viologen tweezers by DANP molecules in sifu.

CONCLUSIONS

The stability of noncovalent bonding interactions in terms of thermodynamic association
constants or free energies are used routinely to make wholly synthetic compounds with specific
functions. When it comes to describing or comparing the mechanical work performed by artificial
molecular machines or motors, non-equilibrium thermodynamics applies and the relevant
measure is a mechanical force. Given the vector character of force, the mechanical stability of an
interaction can differ considerably from its thermodynamic stability. In this context, single-
molecule force spectroscopy allows the determination of the force required to break molecular
interactions. In the research described in this paper we designed and synthesized a molecular
tweezer suitable for carrying out AFM-based force spectroscopy and demonstrate that we are able
to quantify the mechanical strength of individual donor-acceptor n-interactions. Force-extension
double-peak profiles reveal the mechanical opening of viologen tweezers with different n-donors.
The rupture forces detected follow the trend observed for the K, values with the blue box in
solution.*3# [n situ weak-to-strong n-donor exchange experiments also showed the sensitivity of

our strategy with a clear change in force.
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In summary, we are in a position to propose a simple way to measure the mechanical force of
donor-acceptor m-interactions under similar stretching conditions. Such measurements are
required for the characterization of the mechanics and operation of molecular machines, always
driven out-of-equilibrium to carry out their specific tasks. It also highlights the importance of
single-molecule force spectroscopy techniques for the comparison of the performance between

biological and wholly synthetic molecular machines in the future.
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CAPTIONS AND FIGURES

Figure 1. Structural formula of the viologen tweezer (A) and a scheme of the AFM force
spectroscopy experiment (B). The viologen tweezer, modified with PEG tethers, is trapped
between an AFM tip and a mica substrate. The tip is pulled away from the surface and the forces
applied on the close (B, /eft) and opened (B, right) forms are measured. The n-donor is
represented in red. Information about the distances between the viologen units are given in the SI.
PFs~ Counterions are not represented.

Figure 2. Pulling experiment performed on the viologen tweezers in MeCN in the absence of n-
donors. The force-distance profile illustrates the typical stretching of a flexible linear polymer,
based on a worm-like chain (WLC) model (fit in red).

Figure 3. Pulling on the viologen tweezers in presence of m-donors. (A,B,C) Typical force-
distance curves (with WLC fits in red) showing a second peak in presence of 1,5-
dimethoxynaphthalene (DMNP, A), 1,5-diaminonaphthalene (DANP, B) or dimethoxybiphenyl
(DMBP, C). (D) Distribution of the length increment between the first and the second peak,
measured at constant force in presence of DMNP. The Gaussian fit (in red) affords Ax=1.4 £0.2
nm. PDF Distribution is added in dotted line. (E) Distribution of peak force, i.e., first peak in
force curve A, with a Gaussian fit (in red) giving Fpeak = 73 + 6 pN. PDF distribution is added in
dotted line.

Figure 4. Distributions of the force of the first peak for double-peak profiles in exchange
experiments, before (green) and after (blue) addition of DANP. Histograms are superimposed
with associated Gaussian fits on the data, giving Fpear = 50 = 7 and 84 £ 10 pN, respectively,
before and after the addition of DANP. A clear change in force is observed corresponding to the
exchange of the weak DMBP n-donor by the strong DANP n-donor within the viologen tweezer

cavity.
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Table 1

(Left) Association constant between n-donors and the blue box.!263% (Righf) Values of length increment

(Ax) and m-interaction force (Fjeqt) determined by SMFS for various n-donors in the cavity of the viologen

tweezer.
n-Donor derivative K. with blue box n-Donor Ax Fpeak
/ mol! / nm / pN
Dioxybiphenyl ~ 102 Meoowle 15+0.1 5847
OMe
Dioxynaphthalene ~3x10* OO 1.4+0.2 73+£6
OMe
NH,
Diaminonaphthalene ~6x10* 1.5+0.1 82+6
NH,

Experimental Ax values are in agreement with theoretical revealed length during the mechanical opening

of the viologen tweezer. The trend observed for the peak force is consistent with K, values for n-donors.
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Figure 4
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