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ABSTRACT

Mechanically interlocked molecules, such as rotaxanes and catenanes, display complex internal dynamics and reciprocal
motions that are central to their use as artificial molecular machines. Revealing how these motions occur, the key interactions,
and the rate-limiting steps determining their kinetics is essential for understanding and designing functional systems.
However, due to scale-, space-, and time-resolution limits, this is typically not easy to access via experimental techniques.
In this Personal Account, we discuss representative examples from our recent work using classical molecular dynamics and
metadynamics simulations to investigate the key mechanisms, the thermodynamics, and kinetics of the internal dynamics of
rotaxanes and catenanes. This allows access to the dynamics of mechanically interlocked systems at atomistic resolution,
disentangling bound, unbound, and intermediate states and the dynamical interconversion between them, and providing
information on kinetic barriers and characteristic timescales. Such atomistic-scale simulations provide results that are reliable
and in very good agreement with the available experimental measurements. Overall, this account illustrates the value of
molecular simulations as a predictive and complementary tool for understanding mechanically interlocked molecules in
motion.

1 | Introduction of catenanes were reported by Wasserman [2] and Schill in the
1960s [3].

Mechanically interlocked molecules (MIMs), such as rotaxanes

and catenanes, consist of multiple molecular subparts that are
mechanically (but not chemically) linked together, in such a way
that separating them requires breaking the covalent framework
of at least one of the interlocked constituents. In [n]rotaxanes,
one or more macrocycles are locked onto a linear component,
called a thread, which has bulky substituents at its ends, called
stoppers, that prevent dissociation (Figure 1). The first synthesis
was reported by Harrison in 1967 [1]. On the other hand, [n]cat-
enanes feature two or more entangled macrocycles, forming an
interlocked chain (Figure 1c). The first examples of the synthesis

The mechanical bond is inherently dynamic, since it allows one
component to move with respect to the other [4]. Such internal
mobility is one of the defining features of MIMs and underlies
their relevance as prototypes of artificial molecular machines
(AMMs) [5-9]. The dynamics of these systems can be approxi-
mated as two main motions: linear motion, called shuttling,
and rotational motion of the macrocycle along/around the thread
(Figure 1b). During the last few years, many researchers have
tried to design and synthesize AMMs with controllable motion,
mimicking nature’s machinery. The controlled translational and
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FIGURE 1 | (a) Timescales achieved for computational techniques
like classical molecular dynamics (MD) simulations and metadynamics
(MetaD). (b) Schematic representation of a rotaxane with the dynamic
motions (shuttling and rotation) indicated with an arrow. (c)
Schematic representation of a [2]catenane with the dynamic motion indi-
cated with an arrow.

rotational motions of MIMs are not only of fundamental interest
but also constitute the basis for numerous functional applica-
tions. By coupling these well-defined molecular motions to exter-
nal stimuli such as light, redox processes, pH, or chemical fuels,
rotaxanes and catenanes have been developed as molecular
switches, artificial molecular machines, molecular pumps, and
transport systems [7, 10-12]. More recently, these dynamic prop-
erties have been exploited in the design of stimuli-responsive
materials, adaptive supramolecular assemblies, switchable cata-
lysts, and molecular information storage devices [13-16].

Understanding the free-energy landscape governing these con-
formational transitions is therefore essential for establishing
structure—function relationships and for the rational design of
next-generation molecular machines. In this context, atomistic
simulations and enhanced sampling techniques such as metady-
namics provide unique mechanistic insight into the pathways,
intermediates, and energetic barriers associated with these
molecular motions. Understanding the dynamics of these sys-
tems in realistic conditions of temperature and solvent, and
the underlying thermodynamic and kinetic features, is essential
for designing MIMs with controlled properties. One important
approach to synthesize these molecules is going through a
template-assisted synthesis, which involves the interaction of at
least one region of one component with the second one [17, 18].

Disentangling all dynamical processes controlling the dynamics
of MIMs remains experimentally very challenging. Techniques
such as nuclear magnetic resonance (i.e., variable-temperature
NMR (VT-NMR) and EXSY experiments) [19-22], or cyclic vol-
tammetry [23] can provide valuable kinetic information. Also,
more sophisticated approaches have been applied to extract

information on the shuttling dynamics of MIMs, such as time-
resolved vibrational spectroscopy [24], optical tweezers [25, 26],
and atomic force microscope (AFM)-based force spectroscopy
[27]. These techniques do not always resolve the underlying
molecular mechanism or identify the rate-determining step
directly. For this reason, complementary computational methods
are needed to analyze the internal dynamics of these systems at
atomistic level.

Molecular simulation methods, such as e.g., all-atom classical
molecular dynamics (MD) and metadynamics simulations,
may be very useful to this end, allowing to obtain atomistic-scale
details of the dynamical behavior of such interlocked systems
that are difficult to attain otherwise [28-33]. In this Personal
Account, we discuss a series of examples from our recent work
in which classical MD and different types of metadynamics
(MetaD) simulations (Figure 1a) were combined to investigate
the thermodynamics, kinetics, rate-limiting steps, and molecular
mechanisms governing the internal dynamic motions in rotax-
anes and catenanes. As we will discuss below, for some of these
systems, experimental shuttling data are also available, which
allow for direct comparison between measured and computed
rates. In two such cases, the computed and experimental data
were found to be in very good agreement [28, 32], demonstrating
the reliability of such computational techniques to access the
details of the internal dynamics and dynamical transitions of
MIMs. Furthermore, in a recently reported case, the simulations
predicted an unusually slow shuttling, on the order of one sec-
ond, which was later confirmed by VI-NMR experiments [32].
All this reinforces the concept that molecular models and com-
puter simulations are fundamental tools to support the charac-
terization and rational design of complex interlocked molecular
systems and to elucidate and even predict their internal dynam-
ical behaviors.

2 | Brief Methodological Preface

MD simulations have emerged as a powerful tool for reproducing
the motion of molecules at the atomic level [34]. They are used to
observe how molecules move and interact with one another, as
well as, e.g., to compute/predict their structural, thermodynamic,
and dynamic properties. In the last decades, MD has been used to
model a variety of systems, from hard to soft matter, from liquids
to solids, from synthetic to biologically relevant systems [35-43].
Well-suited to study intermolecular interactions and molecular
systems in motion, over the last few years, its application has
expanded to other research fields, such as self-assembling sys-
tems and supramolecular chemistry [44-52].

To give a very brief introduction, from a theoretical point of view,
MD is a simulation method where atoms are treated as particles,
and the classical Newtonian equations of motion are solved to
describe the dynamics of an atomic/molecular system over time
at a given temperature [39, 53-55]. In classical MD, bonded and
nonbonded interactions are typically defined by a force field,
which defines all bond, angle, and torsional terms, as well as
the nonbonded electrostatic and van der Waals terms [56].
Atoms in space are subject to forces originating from the inter-
actions with the other neighbor atoms, which induce over time
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atoms/molecules’ motions that are resolved in MD simulations
in terms of atomic/molecular trajectories. Unlike ab initio
approaches, which treat electrons explicitly, this enables the sim-
ulation of large molecular systems, typically comprising tens to
thousands of atoms, over time scales ranging from picoseconds to
microseconds (Figure 1a). While the coarse-grained description
granted by such force fields does not allow, on the other hand, for
studying phenomena where the electronic state of molecules
changes over the simulation (e.g., chemical reactions), in recent
years, enormous steps have been made in this sense using deep
learning and the training of neural-network potentials based on
ab initio calculations [57-63].

Despite these improvements and the access to more precise/
reliable force fields, one typical limitation of MD simulations
is in the timescales that can be effectively simulated, which typi-
cally makes it very difficult to observe and study phenomena
occurring on timescales larger than microseconds. To simulate
timescales up to milliseconds or more with classical MD, a pro-
hibitively high computational cost is required for systems of prac-
tical interest, which in most cases is not affordable. This means
that in the case of MIMs, where some transitions/steps in the
shuttling dynamics can take up to milliseconds or even seconds,
due to the high energy transition barriers separating the metasta-
ble states, the internal MIM’s dynamics cannot be effectively
studied by classical MD simulations (which allow effectively
sampling the crossing of low free-energy barriers of up to a
few kgT). In such cases where the internal dynamics of MIMs
are characterized by higher free energy barriers, it is thus typi-
cally necessary to rely on different simulation approaches, such
as enhanced sampling simulations.

Among a variety of methods, metadynamics was recently
demonstrated to work efficiently for sampling the internal
dynamics of MIMs [64, 65]. In brief, metadynamics is an
enhanced sampling approach that, thanks to the deposition of
a history-dependent free-energy bias, accelerates the crossing
of high-free-energy barriers, effectively enhancing the conforma-
tional sampling of systems, such as rotaxanes and catenanes
(Figure 1) [28, 31, 33, 66]. The method requires choosing one
or more collective variables (CVs) that are used to describe
the transitions and along which the energy bias is deposited dur-
ing the simulation to accelerate the escape of the system from
local energy minima and the recrossing between the metastable
states that might be present [67-70]. The choice of the CVs is a
crucial step: a poor CV selection may lead to incorrect estimation
of the free energy surface (FES), convergence problems, or even
fail to accelerate the dynamics of the studied transition. An ideal
well-suited CV should have distinct values in each different
metastable state and in the transition state separating them.
At the same time, the total number of CVs should remain limited
to avoid unnecessary computational cost and convergence prob-
lems. Metadynamics also presents some intrinsic limitations, such
as the difficulty of reaching and assessing convergence. If the sim-
ulation is prolonged excessively, the system may be pushed toward
physically unrealistic or irrelevant regions. To mitigate these
issues, for example, Well-Tempered Metadynamics have been
developed (WT-MetaD) [71], where the bias deposition rate
decreases in time (setting up an appropriate bias factor) along
the simulation, facilitating, in principle, convergence. At the same
time, even such a smoothly converging metadynamics variant has

limitations (e.g., a wrong setup of the bias factor may eventually
lead to issues related to incomplete sampling, fictitious conver-
gence, etc.). Despite such limitations, this has emerged in recent
years as a very well-suited technique to study supramolecular sys-
tems, such as MIMs, whose properties are intrinsically intercon-
nected to dynamical transitions and the crossing/recrossing of
high free energy barriers. At the same time, the characteristics
of MIM systems, supramolecular character, intrinsic dynamics,
but relative motions that are intrinsically confined in space and
relatively simple to be well described with a low number of CVs,
make these systems perfect examples to be studied with metady-
namics simulations, which in general (depending on the complex-
ity of the modeled MIM system) allow to estimate free-energy
differences between metastable states with good convergence in
relatively simple and efficient way.

Another limitation of metadynamics simulations that is worth
mentioning is that, in their typical variants, they suffer from lim-
itations in estimating the height of free energy barriers, due to
non-negligible bias deposition in correspondence with the barrier
during the simulated transitions. To mitigate such limitations
and obtain a better estimation of the kinetics for rare events such
as the crossing of high free energy barriers, infrequent metady-
namics was introduced [68, 72, 73], and in recent years widely
used to study molecular transitions/exchange events in supramo-
lecular systems of different kinds [44, 74-78]. In brief, infrequent
metadynamics do not require recrossing multiple times between
metastable states, but just sampling many times the escape out
from one metastable state. By performing multiple simulations,
one can build an empirical distribution of escape times, which is
fitted with the ideal Poisson distribution expected for rare events.
With this, the characteristic timescale of the transition (z) can be
estimated, and from this, the associated transition barrier AG*
can be easily calculated from the Eyring equation [31, 32].

A typical computational workflow consists of initial unbiased
classical MD simulations to explore the accessible conforma-
tional landscape and identify the slow motions of interest.
This information guides the selection of suitable CVs, after which
metadynamics are employed to efficiently reconstruct the FES
associated with rare events. An illustrative example is shown
in Figure 2, where a model rotaxane is represented. In this case,
the selected CV is the distance between the macrocycle and point
A on the thread. WT-MetaD simulations start from state B. As the
bias potential is progressively deposited along the CV, the FES is
being filled, which permits the system to reach state B and even-
tually state C (Figure 2).

The performance of WT-MetaD simulations strongly depends on
the choice of the simulation parameters [71, 79]. The bias factor
determines the rate at which the deposited bias potential
decreases over time and therefore allows the system to freely dif-
fuse over the free-energy landscape and has an important effect
on the convergence of the reconstructed FES. Likewise, the
Gaussian deposition frequency and the height should be chosen
to bias slow transitions without excessively perturbing the under-
lying dynamics, whereas the Gaussian width should be consis-
tent with the natural fluctuations of the selected CVs. In
practice, these parameters are not universal but depend on the
characteristic timescales and free-energy barriers of the system
under investigation. Their careful selection is therefore
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FIGURE2 | (a)Representative example of a rotaxane with three bind-
ing sites (A, B, and C). Shuttling of the macrocycle between the three
states indicated with a red arrow. Description of the CV, being the dis-
tance between the geometrical center of the macrocycle and the geomet-
rical center of binding site A. (b) Trajectory of the system as a function of
the CV along the simulation time. (c) FES (black line) as a function of the
CV. The red-filled area represents the bias potential added to the CV
space at different times.

important to achieve efficient sampling while ensuring reliable
free-energy estimates.

Clearly, the limitations of metadynamics (the need to preselect a
CV, convergence, etc.) make it not as “unbiased and accurate” in
sampling transition states and transition kinetics as other methods
that may be considered, in principle, more unconstrained (such as
transition path sampling, etc.). At the same time, the good match
between flexibility, simplicity, efficiency, and accuracy of metady-
namics made it well-suited to be applied with success in a variety
of scientific fields. Metadynamics-based approaches have been
used, for example, to compute the rate of different molecular pro-
cesses in biology, chemistry, and material sciences. In the supra-
molecular arena, it has been used to explore the dynamics of guest
exchange in-and-out the cavity of a coordination cage [44, 76],
molecular exchange events in supramolecular polymers [74, 75],
as well as to investigate complex higher-scale supramolecular sys-
tems and their emergent properties [78, 80]. Also, metadynamics
have been used to gain insight into the assembly process of nano-
cages [81], or studying guest release [82, 83]. In particular, these
have been used with considerable success to explore the dynamics,
thermodynamics, and mechanisms of function of interlocked
molecular systems, which are central in this account. For example,
metadynamics have been used to investigate threading and deth-
reading mechanisms in pseudorotaxanes, providing atomistic
insight into kinetic barriers and transition pathways [84-87].

In the following sections, we discuss representative rotaxane and
catenane systems to illustrate how these types of simulations can
help understand MIMs, revealing aspects of their behavior that
are difficult to obtain with other approaches.

3 | Rotaxanes

[n]Rotaxanes consist of a thread or axle that has one or more
macrocyclic rings interlocked around it. The nomenclature is
such that the letter “n” signifies the total number of components,
so a [2]rotaxane comprises one thread and one ring. The stoppers
at the end of the thread prevent the dissociation of the two com-
ponents. The translational movement of the macrocycle along
the thread is typically called “shuttling.” There is also another
important dynamic degree of freedom in these molecules,
namely the rotation of the macrocycle. This account focuses only
on describing examples of the study of the shuttling, without
entering in detail on the macrocycle’s rotation. The energy bar-
rier associated with shuttling can depend on the conformational
freedom of the thread. If the thread is flexible, it can eventually
fold in solution, which can cause a significant increase in the
shuttling rate. Some studies have reported that shuttling can
be blocked in folded conformations due to steric barriers [88].
In some other cases, flexibility can allow the macrocycle to inter-
act simultaneously with both initial and final recognition sites,
which can change the mechanism completely [89]. It is also dem-
onstrated that the length of the thread does not affect the shut-
tling dynamics in rotaxanes with rigid spacers [90].

The shuttling in simple rotaxanes is controlled by the unbinding
of the macrocycle from the recognition site, corresponding to the
rate-determining step. Usually, this transition requires the break-
ing of noncovalent interactions, resulting in a significant energy
barrier. For this reason, in the modeling of these systems, we
used metadynamics simulations to sample the shuttling transi-
tions and estimate the associated barriers and shuttling rates.
In the systems that we discuss herein, once activated (rate-
limiting step), the shuttling diffusion along the thread is, in com-
parison, faster, and in some cases can also be studied through
classical MD simulations. Of note, such a hierarchy in the
dynamical steps defining the motions of MIMs does not depend
only on its structure, but also on surrounding conditions, such as
the effect of the external solvent and temperature [28].

In the following sections, four representative [2]rotaxane systems
are discussed to illustrate how different structural features influ-
ence the shuttling mechanism in terms of thermodynamics and
kinetics [28].

3.1 | Formamidinium [2]rotaxane

As a first example, a case in which both the thread and the mac-
rocycle are somewhat flexible was considered, namely the min-
imalistic formamidinium [2]rotaxane (hereafter named R-1)
reported by Borodin et al. in 2021 [91]. It is formed by an N,
N’-disubstituted formamidinium ion and the 24-crown-8
(24C8) macrocycle (Figure 3a). The binding site exists in differ-
ent configurations, and the E,Z and E,E isomers can, in
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FIGURE 3 | (a) Structure, schematic representation, and atomistic

model of the rotaxane R-1 [28]. Collective variable (CV) ‘d’ is the differ-
ence in distance between the center of masses of the macrocycle (in red)
and each lateral position of the thread. (b) FES as a function of ‘d’ with
the characteristic transition timescales between each state.

principle, interconvert within the timescale of the simulations.
This system is a good first representative example since, in this
case, the use of metadynamics is unnecessary because the shut-
tling dynamics are very fast and can be accessed with classical
MD simulations.

Asingle CV was used, which can well describe the position of the
24-crown-8 macrocycle along the thread (d in Figure 3a). The
FES can be directly extracted from unbiased MD trajectories by
converting the histogram of the probability density (Figure 3b).
The most stable structure corresponds to the macrocycle binding
the central formamidinium ion in its E,E configuration. There
are also two identical lateral minima when the macrocycle
approaches the terminal stoppers. The shuttling takes place at
a timescale of 0.1 ns. With this, it can be corroborated that clas-
sical MD simulations are a useful method to study dynamics that
occur on the nanosecond timescale.

3.2 | [R4-H,]*" [2]rotaxane

The second system consists of a rigid H-shaped dicationic
[R,~H,]** [2]rotaxane (R-2) reported by Gholami et al. in
2017 [19]. The rotaxane R-2 contains two equivalent benzimida-
zolium recognition sites (in blue) connected through four phenyl
rings and a flexible dibenzo[24]crown-8 ether (DB24C8) macro-
cycle (in red) (Figure 4a). The shuttling rate was determined by
EXSY NMR experiments at room temperature, revealing a value
of 9.0x107*s™*, which corresponds to an energetic barrier of
19.8 kcal mol™!. With this experimental rate, it can be clearly
seen that the shuttling occurs on longer timescales than those

dbenz —benz

(a)
d1
(b)
€ 3
£ 15
2 3
5 "
£ fre

-2 -1 0 1 2
d (nm)

d(nm)

D s
.cjooe| |loojoe-

FIGURE4 | (a)Structure, schematic representation, and atomistic model of the rotaxane R-2 [28]. Description of the two CVs: d, being the difference in
distance between the center of masses of the macrocycle (in red) and each benzimidazolium recognition site (in blue), and dyen,-penz> being the distance
between the two benzene rings of the macrocycle. (b) FES of the shuttling process as a function of the two CVs (d on the x-axis and dpenz-penz ON the y-axis).
Snapshots of each state A, B, and C. (c) FES as a function of d with the characteristic transition timescales between each state.
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that can be measured with classical MD simulations. For this
reason, we turned to WT-MetaD simulations.

At first sight, one might expect that a single CV describing the
position of the macrocycle along the axle could be sufficient to
reconstruct the free-energy profile. But sometimes, more than
one CV is needed to do it properly. Here, two different CVs were
used: CV1, being the difference in the distance between the geo-
metrical center of the DB24C8 and the center of each recognition
site (d), and CV2 being the distance between the two benzene
rings of the macrocycle (dpenz benz) (Figure 4a). This allowed
for better sampling, good convergence, and facile physical inter-
pretation of the obtained data. Looking at the FES (Figure 4b),
the macrocycle is more stable when it is located close to the lat-
eral benzimidazolium recognition sites. When the ring is in this
bound conformation, three different states (A, B, and C) can be
distinguished (Figure 4b), in which d presents almost the same
value (around 1.5 nm), while dpen,_pens differs between states A
and C from B. Due to the flexibility of the macrocycle, it can be
folded, showing n-stacking of its benzene rings with the phenyl
rings of the stoppers (as in state A), or with the central phenyl
ring of the thread (as in state C); on the other hand, state B
corresponds to the extended macrocycle. Without the use of a
second CV, discrimination between these three states would
not have been possible. The macrocycle goes to an unbound
and intermediate state D, by breaking the hydrogen bonds
(H-bonds) between the macrocycle and the benzimidazolium
groups on the recognition sites.

The reconstruction of the FES provides a reliable estimation
of the free-energy differences (AG) between the bound and
unbound states. However, to obtain the transition barriers (AG¥),
infrequent WT-MetaD simulations are needed. In this case, the
bound-to-unbound transition is in the order of seconds with an
associated transition barrier of ~18.5 + 0.4 kcal mol™! (Figure 4c),
in good agreement, compatible with the precision that can be
expected from such classical simulations, with the experimental
value extracted from EXSY experiments (19.8 kcal mol ™). Such a
good agreement supports the kinetic model obtained from the
simulations. Compared to the ring unbinding, the shuttling rate
along the thread is much faster, with a kinetic barrier of ~6.0 +
0.3kcalmol™ and occurring at the nanosecond timescale
(Figure 4c).

3.3 | Effect of the Solvent in the [R,-H,]**
[2]rotaxane

The dynamics of rotaxanes are controlled not only by their struc-
ture but also by external conditions, such as the solvent. This
statement can be supported by comparing the reconstructed
FES for rotaxane R-2 with three different solvents of different
hydrogen-bond donor (&) and acceptor (f) abilities: acetonitrile
(MeCN, a =0.19, = 0.40), chloroform (CHCl;, a = 0.44, = 0.10),
and dimethyl sulfoxide (DMSO, a = 0.00, # = 0.76) [92]. In this sys-
tem, the most relevant parameter is the hydrogen-bond acceptor
ability f, because the solvent can compete with the macrocycle by
accepting hydrogen bonds from the benzimidazolium recognition
site of the thread, which directly affects the dynamics of the rotax-
ane. Accordingly, DMSO is the strongest hydrogen-bond acceptor,

(a) 20.0
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FIGURES5 | (a)Comparison of FES for rotaxane R-2 in MeCN (black),
CHCl; (red), and DMSO (blue) as a function of d [28]. (b) Representative
snapshot of the unbound state, with the solvent forming hydrogen bonds
with the binding site, where applicable.

MeCN is a moderate hydrogen-bond acceptor, and CHCl; is only
weakly competitive (Figure 5b).

The reconstruction of the FES, via WT-MetaD, shows similar
results for MeCN and DMSO, while for CHCI; the barrier is
larger (Figure 5a). For CHCls, the energetic barrier separating
the bound and unbound states is ~21.2 % 0.4 kcal mol ™, calcu-
lated via infrequent WT-MetaD simulations, being the largest
among the three solvents. This is caused by the inability of this
solvent to form hydrogen bonds with the benzimidazolium sites.
Thus, the shuttling of the macrocycle is less favorable. The barrier
is slightly reduced in the MeCN case to ~18.5 + 0.4 kcal mol™
since the rupture of the hydrogen bonds between the macro-
cycle and the recognition site is somehow compensated by the
formation of hydrogen bonds with the MeCN molecules. The
lowest shuttling barrier of ~16.5+ 0.3 kcal mol™* was found for
DMSO, which is likely due to the exceptionally high hydrogen-
bond acceptor ability (f) of this solvent. The correlation of the
shuttling barriers with the f parameter means that the key pro-
cess determining relative shuttling kinetics is competition
between the solvent and the crown ether for binding the posi-
tively charged benzimidazolium site.

3.4 | [10]CPP-Fullerene [2]rotaxane

An unusual MIM reported by Xu et al. in 2018 consists of a
[10]CPP-fullerene-based [2]rotaxane (R-3) [93]. It is formed by
a rather rigid macrocycle, the [10]cycloparaphenylene ([10]CPP),
and a more flexible thread, which contains a bis-adduct Cgy
in the middle with two bulky Cg, hexakis-adduct stoppers,
separated by two long macrocyclic spacer groups (Figure 6a).
Due to the lack of a second binding site, the authors were unable
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FIGURE 6 | (a) Structure, schematic representation, and atomistic model of the rotaxane R-3 [28]. Description of the CV: d, being the difference in
distance between the center of masses of the [10]CPP nanohoop (in red) and each lateral Cg, position of the thread. (b) FES as a function of d with the
characteristic transition timescales between each state. (c) Description of the rotation angle ¢ (top) and tilting angle 6 (bottom) of the [10]CPP around the
central Cqo. FES as a function of the [10]CPP angular configurations (sin(¢), cos(¢), sin(6), and cos(#)) projected along the first two PCs.

to directly determine a shuttling rate for this rotaxane R-3, but
instead they used a pseudorotaxane without one of the stoppers
and spacers to calculate the barrier for decomplexation, which
can serve as a reasonable proxy for shuttling. By VT-NMR experi-
ments, they obtained an energetic barrier of 13.7 kcal mol™,
since the [10]CPP signal splits into two peaks at low temperature
due to the deceleration of the complexation/decomplexation
equilibrium. They concluded that the dynamic [10]CPP transla-
tion in the rotaxane likely occurs roughly on the same millisec-
ond timescale as in the pseudorotaxane. Although the shuttling
rate of the rotaxane R-3 could not be directly determined, the
authors observed some NOE signals between the [10]CPP

protons and various CH, groups of the macrocyclic spacer, indi-
cating the existence of translation along the thread. The use of
computational methods to extract the shuttling rate between
the bound state (when the [10]CPP is interacting with the central
fullerene Cgp) and the unbound states (when the [10]CPP is
placed on the spacers) is needed in this case, since it could not
be obtained experimentally. Also, the timescales are above the
ones reachable by classical MD simulations; therefore, WT-
MetaD is well-suited to investigate this process.

As detailed above, the thread in this case is flexible. To simplify
the analysis and avoid folding effects, the axle was maintained
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extended during the simulations by softly restraining the position
of the fullerene stoppers. A single CV was chosen, which consists
of the difference in distance between the geometrical center of
the [10]CPP ring and the center of each lateral fullerene
(Figure 6a). Since the macrocycle is rigid, the FES can be recon-
structed through a converged WT-MetaD (with a single CV),
while the kinetic rates were extracted through multiple infre-
quent WT-MetaD simulations. The unbinding barrier is in the
order of tens of seconds (Figure 6b). Comparing it to the experi-
mental value obtained for the pseudorotaxane, it was concluded
that the unbinding of the [10]CPP from a terminal fullerene
group (as in the pseudorotaxane) is orders of magnitude faster
than the unbinding process in a rotaxane for the [10]CPP to dif-
fuse along the thread. This difference highlights that decomplex-
ation in a truncated host-guest model is not necessarily
equivalent to shuttling in the full mechanically interlocked archi-
tecture, where the topology and constrained thread geometry can
substantially reshape the kinetic barrier. The rotation (¢) and tilt-
ing (0) of the [10]CPP nanoring around the central fullerene
(bound state) were also studied, in this case through classical
MD simulations, since it takes place really fast (Figure 6¢). A
principal components (PC) analysis was carried out over four var-
iables (sin(g), cos(¢), sin(#), and cos(#)), obtaining the FES as a
function of the first two PCs (Figure 6¢). It exhibited 10 energeti-
cally equivalent minima separated by a transition barrier of
~2kcal mol ™.

3.5 | Rigid Bistable [2]rotaxane

The rigid bistable [2]rotaxane (R-4) reported by Nygaard et al. in
2007 features two recognition sites [94]. The rotaxane is formed
by two naphthalene (NP) recognition sites (in red) that are equiv-
alent and connected through a rigid spacer that simplifies the
dynamics (Figure 7a). The ring is the tetracationic macrocycle
cyclobis(paraquat-p-phenylene) (CBPQT*"), known as “blue-
box.” The shuttling rate in this system was extracted from
VT-NMR experiments, obtaining a value of 9.6 + 0.1 kcal mol™?
at a temperature of 199 K.

Again, a single CV was used, being the difference in distance
between the center of the blue-box macrocycle and each lateral
stopper of the thread (Figure 7a). Through WT-MetaD, the
FES was reconstructed (Figure 7b), and the energetic barrier
was obtained through infrequent WT-MetaD with a value of
~10-11 kcal mol ™%, which fits well with the experimental bar-
rier. The characteristic time of the transition going from one
station to the other is in the range of 107> s. Also in this case,
the computed barrier is consistent with the experimental
estimate.

4 | Catenanes

As described in the introduction, [n]catenanes consist of two
or more entangled macrocycles to give the formation of an inter-
locked chain, preventing the dissociation of the individual
components [95, 96]. Different types of catenanes exist depend-
ing on the number of macrocycles present and on how they
are entangled with one another. The [2]catenanes consist of
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FIGURE 7 | (a) Structure, schematic representation, and atomistic

model of the rotaxane R-4 [28]. Description of the CV: d, being the dif-
ference in distance between the center of masses of the blue-box and each
lateral position of the thread. (b) FES as a function of d with the charac-
teristic transition timescales between each state.

only two components, while the [3]catenanes consist of three
macrocycles, which can comprise either three identical rings,
or two identical macrocycles and one different (as in ABA-type
[3]catenanes) [97, 98] or all different (as in ABC-type hetero [3]
catenanes). Examples with even five or eight macrocycles have
been reported, giving the formation of [5]catenanes [99, 100] and
[8]catenanes [101] respectively. A higher degree of catenation
can be obtained, such as in poly[n]catenanes [102] and in com-
plex hierarchically self-assembled supramolecular catenanes
[66]. However, due to the intermediate self-assembled/interlocked
character, in this account, we shall not focus on such more complex
systems and focus only on purely mechanically interlocked
catenanes.

The dynamics of catenanes can involve the change of the rela-
tive positioning of one macrocycle with respect to the other.
One macrocycle can have one or more recognition sites, and
the shuttling is controlled by the unbinding of the other from
one recognition site. The mechanical movement in these kinds
of molecules is also directed by noncovalent interactions
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between the different components. In most cases, these transi-
tions are slow and cannot be studied using classical MD sim-
ulations alone, making enhanced-sampling approaches
particularly useful. In the following sections, we discuss two
[2]catenanes and one [3]catenane to show how differences
in topology and recognition sites affect their dynamics and
kinetics.

4.1 | Cg/[10]CPP-Based [2]catenanes

Carbon nanohoops like [n]CPPs have been recently incorporated
in MIMs, especially with C4o-based catenanes and rotaxanes, due
to the high affinity between these two molecules as a result of the
concave-convex n-m interactions. Two different [2]catenanes
containing both the [10]JCPP ring as a macrocycle and one or
two Cgp units that act as the recognition sites are studied.

The first example was reported by Steudel et al. in 2023 and con-
sists of a trans-3 bis-adduct of C4, with two malonates connected
via alkyl chains and a central bisphenol A (BPA) unit (C-1 in
Figure 8a) [31]. Since the malonates are nonsymmetric bearing
two different (ester) substituents, three diastereoisomers (in,in,
in,out, and out,out) can be formed. The major product obtained
was the in,out-trans-3 isomer, giving the formation of this [2]
catenane C-1 with one single C¢, recognition site. The unbinding
of the [10]CPP from the Cqq site was studied with infrequent WT-
MetaD, since it requires crossing a large free-energy barrier. The
predicted characteristic unbinding time in this system is about
~30s, which corresponds to a 19.3 + 0.2 kcal mol ™! kinetic bar-
rier (Figure 8b). This high energy barrier is caused by the break-
ing of the n—=n interactions between the shape-complementary
Ceo and the [10]CPP. In contrast, the translation of the [10]CPP
from any position of the aliphatic spacer chain to bind the
fullerene is extremely fast, at a timescale of hundreds of nano-
seconds, and for this reason, it can be studied simply by classical
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FIGURE 8 | (a) Structure, schematic representation, and atomistic model of the catenane C-1 [31]. (b) FES as a function of the position of the

[10]CPP with the characteristic transition timescales between each state. (c) Description of the rotation of the [10]CPP around the Cg, station.
FES as a function of the [10]CPP angular configurations (fcos(p) and 6sin(g)).
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MD simulations (Figure 8b). Interestingly, the rotation and tilt-
ing of the [10]CPP at the recognition site was also analyzed,
observing ten energetically equivalent minima, separated by a
small energetic barrier of around ~2 kcal mol™" (Figure 8c), sim-
ilar to the results obtained for the Cqo-containing rotaxane R-3
(Figure 6¢).

The second example, reported by Steudel et al. in 2025 [32], was
specifically designed to test agreement between theory predic-
tion and VT-NMR experiments. To make VI-NMR experiments
on shuttling kinetics possible, a catenane architecture with two
binding sites and only one ring was pursued (similar to R-2 and
R-4 discussed above). In a “tour de force” synthesis work, two
Ceo bis-adducts that act as the two recognition sites were con-
nected through relatively rigid chains into a large ring that is
mechanically interlocked with the smaller [10]CPP ring (C-2 in
Figure 9a) [32]. As in the previous example, the malonates are
nonsymmetric, giving rise to different diastereoisomers. The
major product obtained corresponded to the in,in-trans-3 con-
figuration at both fullerenes, resulting in a symmetric [2]cate-
nane C-2 (with a degenerate binding site). The shuttling of the
[10]CPP from one fullerene to the other was investigated by
VT-NMR studies, revealing a kinetic barrier of 16.4 kcal mol™".
By comparing VT-NMR data for different stereoisomeric cate-
nanes and host-guest complexes, the authors hypothesized that
the rigidity of the linker somewhat hinders the exchange
motion of the nanohoop. Comparing the experimental data
on shuttling (barrier: 16.4 kcal mol™") with the prediction by
combined MD/WT-MetaD simulations (barrier: 17.3 kcal
mol ™) revealed the excellent agreement between experiment
and theory, despite the structural complexity of the architec-
ture. Again, the simulations revealed additional insights that

are not easily accessible by experiment. In this case, it was
found that the [10]CPP ring can also be stabilized at the linker
by simultaneously binding the phenyl rings of two different
chains (Figure 9b). The process going from one phenyl ring
of the linker to the other is considerably fast, occurring at a
timescale of around ~16 ns. The binding from this position
on the linker to the Cg is also fast, with a kinetic barrier of
~9.4 kcal mol ™. These results show that shuttling is not limited
by diffusion along the axle, but by the initial unbinding of the
macrocycle from the recognition site, which is the real rate-lim-
iting step in the shuttling process.

This case is particularly important because the simulations
were predictive rather than merely interpretative. The subse-
quent agreement with VT-NMR experiments shows that, when
the relevant transition can be described by appropriate CVs,
metadynamics can provide quantitative kinetic predictions
even for complex MIM architectures. In fact, it is worth noting
that estimating such high free energy barriers at the atomistic
level is not easy. Large barriers can typically be accompanied by
hidden metastable states that can easily compromise a correct
estimation of the barrier and kinetics. The fact that good agree-
ment is obtained here even for such high barriers and with a
low number of CVs suggests that these barriers, although high,
are relatively simple and neat. This again reinforces the idea
that MetaD simulations are well-suited to study MIMs and that,
at the same time, MIMs are perfect case studies for MetaD. This
also suggests that this type of simulation is not only useful for
obtaining deep insights into the factors that control the dynam-
ics of MIMs, but also for their predictive power, which makes
them a fundamental tool toward the rational design of MIMs
with controllable dynamical behaviors.
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FIGURE 9 | (a) Structure, schematic representation, and atomistic model of the catenane C-2 [32]. Description of the CV: d being the difference in

distance between the center of masses of the [10]CPP (in red) and each Cg, recognition site. (b) FES as a function of the position of the [10]CPP with the

characteristic transition timescales between each state.
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4.2 | [3]catenane

In general [3], catenanes are challenging to synthesize, so the
examples reported to date in the literature are scarce. Thanks
to ingenious “ring-in-ring template” design, the synthesis and
dynamic studies of an ABC-type hetero [3]catenane were
recently reported by Shi et al. in 2025 (C-3) (Figure 10a) [33].
The catenane is formed by three different components: a flexible
24-crown-8 as the inner ring, a rigid [12]CPP macrocycle, and a
flexible dibenzylammonium thread. The “ring-in-ring template”
approach means that the dibenzylammonium promotes the sec-
ondary interactions between [12]CPP and 24-crown-8, resulting
in the formation of the [3]catenane C-3. This molecule features
diverse noncovalent interactions, including C-H---n interactions
between the 24-crown-8 and the aromatic rings of the [12]CPP
and hydrogen bonds between the 24-crown-8 and the dibenzy-
lammonium component. Experimentally, it was not possible
to characterize the dynamic motion due to limitations related
to the experimental conditions and the complexity of the mole-
cule. This case further highlights the value of molecular simula-
tions for resolving complex motions that remain difficult to
characterize experimentally.

In this case, a combination of classical MD and WT-MetaD sim-
ulations was needed to sample the different dynamic degrees of
freedom (motion modes) present in the [3]catenane C-3 and their
thermodynamics and kinetics. If the dibenzylammonium ring (in
blue) is considered as fixed and the protonated station as a rec-
ognition site for the [12]CPP (in red) and the 24-crown-8 (in
gray), it can be distinguished: the unbinding of the [12]CPP from
the 24-crown-8 and the unbinding of the 24-crown-8 from the
protonated site of the dibenzylammonium. The characteristic
time of the [12]CPP unbinding from the 24-crown-8 was deter-
mined to be around 10 ps (Figure 10b). The unbinding of the
24-crown-8 from the recognition site of the dibenzylammonium
has a characteristic time of around ~120 ps (Figure 10b). This
shows that the diffusion of the crown along the dibenzylammo-
nium thread is one order of magnitude slower than the separa-
tion of the crown from the [12]CPP, meaning that the [12]CPP

N

—— A

and the crown diffuse separately along the dibenzylammonium
thread. Another important motion to consider in [3]catenanes is
the rotation of the different macrocycles around themselves.
Usually, these motions are relatively fast and can be studied
using classical MD simulations, as seen in previous systems, such
as [2]catenanes and rotaxanes. In this case study, the [12]CPP
nanohoop and the 24-crown-8 ring can freely rotate and tilt
(Figure 10c). This analysis suggests that the different components
are not transported as a single rigid unit but display partially
independent motions on distinct timescales.

5 | Summary and Outlook

The combination of MD and MetaD simulations has recently
proven to be a powerful and versatile approach to study the
dynamics of MIM systems such as rotaxanes and catenanes.
The kinetic rates of shuttling and of the different thermally-
activated transitions involved in these molecules are often diffi-
cult to determine experimentally. For this reason, it is important
to develop a computational procedure enabling their estimation.
The timescales at which these dynamics occur are often not
accessible to unbiased MD simulations, and for this reason,
enhanced-sampling approaches become necessary. WT-MetaD
allows the reconstruction of the relevant free-energy profiles,
while infrequent MetaD simulations enable the estimation of free
energy barriers and the associated transition times. In the cases
where shuttling has been measured experimentally, the agree-
ment between computed and experimental results supports
the precision and therefore utility of these methods. Across
the systems discussed here, a recurring feature is that the kinet-
ics of shuttling are governed by the unbinding step from the
recognition site, whereas diffusion and local rearrangements
are substantially faster. The simulations show that shuttling
kinetics are shaped not only by the strength of the recognition
sites but also by the flexibility of the components, the presence
of intermediate states, and the availability of alternative binding
configurations.
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FIGURE10 | (a)Structure, schematic representation, and atomistic model of the catenane C-3 [33]. (b) Representation of the [12]CPP unbinding (in
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External conditions are also fundamental for the dynamics of
MIMs. The solvent, for example, can affect shuttling kinetics
in a rotaxane by competing with the macrocycle for hydrogen-
bonding interactions with the recognition site.

This MD/WT-MetaD approach performs particularly well for
MIMs containing at least one relatively rigid component,
where the shuttling process can be effectively described using
a low-dimensional CV. However, important limitations arise
when all components of the MIM are highly flexible. In these
cases, the shuttling mechanism is no longer governed by a
single dominant coordinate, but instead involves a complex
coupling between translational motion, conformational rear-
rangements, and entropic contributions. As a result, a single
CV is generally insufficient to capture the full transition kinet-
ics and free-energy landscape accurately. This is an important
aspect to take into account when applying this MD/WT-MetaD
approach.

Although the dynamic transitions discussed throughout this
account are generally well described by classical atomistic force
fields, future developments are expected to increasingly integrate
quantum mechanical descriptions with enhanced sampling tech-
niques. In particular, ab initio and QM/MM metadynamics may
provide valuable insight into molecular machines especially
when their function is controlled by chemical reactions, proton or
electron transfer, photoresponsive units, or other processes in
which electronic structure changes play a decisive role. Further-
more, recent advances in machine-learning interatomic potentials
offer a promising route to combine near-quantum accuracy with
the computational efficiency required to investigate complex free-
energy landscapes. These developments are expected to further
expand the applicability of enhanced sampling methods to increas-
ingly sophisticated MIMs.

In light of the continued emergence of MIMs with extraordinary
functional properties [103-105], we expect that MD and MetaD
simulations of MIMs will gain further momentum in the years to
come. At the same time, we see potential for gaining deeper
insights into the dynamics of other complex supramolecular sys-
tems, such as multishell (Matryoshka-type) or oligomeric MIM
assemblies.
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