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Solvents have been recognized as a significant factor for modulating the shuttle of rotaxanes and
regulating their functions regarding molecular machines by a lot of published studies. The mechanism
of the effects of solvents on the motion of crown ether/amino rotaxanes, however, remains unclear.
In this work, a rotaxane, formed by dibenzo-24-crown-8 (C[8]) and a dumbbell-shaped axle with two
positively charged amino groups, was investigated at the atom level. Two-dimensional free-energy
landscapes characterizing the conformational change of C[8] and the shuttling motions in chloroform
and water were mapped. The results indicated that the barriers in water were evidently lower than
those in chloroform. By analyzing the trajectories, there was no obvious steric effect during shuttling.
Instead, the main driving force of shuttling was verified from electrostatic interactions, especially
strong hydrogen bonding interactions between the axle and water, which resulted in the fast shuttling
rate of the rotaxane. All in all, the polarity and hydrogen bond-forming ability of solvents are the main
factors in affecting the shuttling rate of a crown ether/amino rotaxane. In addition, C[8] would adopt
S-shaped conformations during shuttling except for situating in the amino sites with C-shaped ones
adopted due to - stacking interactions. The results of this research improve the comprehension of
the solvent modulation ability for shuttling in crown ether-based rotaxanes and illustrate the effects of
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key factors for the construction of molecular shuttles and
motors.””*?

1 Introduction
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Mechanical interlocked molecular machines are a kind of
molecules with some specific functions, which are composed
of two or more molecular elements entangled by mechanical
bonds in space. As the fundamental archetypes of these
molecules, molecular shuttles have attracted increasing public
attention due to their diverse functions and great applications
such as information storage," molecular logic gates,> molec-
ular switches,® and medical transportation®.>® Rotaxanes”™® are
a typical kind of molecular shuttle and are composed of
a linear molecule flanked with stoppers at both termini and
a macrocycle threaded onto the latter. The shuttling motion of
a rotaxane, namely, the macrocycle in a rotaxane shuttling
between two or more sites, could be triggered by assorted
external stimuli,”*® such as temperature changes,"*> pH
changes,"* and solvent changes,'>'® which drive rotaxanes as
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Many macrocyclic molecules can be available for the ring
components of rotaxanes, for example, crown ethers,**** pillar-
arenes,"” and cyclodextrins**.**** Crown ethers, as the most
flexible macrocyclic molecules,* were synthesized and first used
as the guest of rotaxanes by Stoddart and coworkers.*”*® Subse-
quently, a number of crown ether-based rotaxanes were synthe-
sized and studied such as mushrooms after rain.***** According to
these research studies, it was readily found that crown ethers
could shuttle between some recognition sites,>*>’ for example,
amino groups, benzimidazolium, and bis(pyridinium). Wherein,
the molecular machines with the positively charged amino sites
attracted more attention. For this kind of molecular machine, the
mechanism of movements in rotaxanes and the corresponding
driving forces can be summarized as a function of the environ-
ment. However, till now, the majority of published studies about
crown ether/amino rotaxanes focus on their synthesis and only
a small amount of them marginally considered the mechanisms
of the movement. In terms of this, Stoddart et al. synthesized
a molecular shuttle® with bis(pyridinium) and amino recogni-
tion sites, and found that the shuttle preferred to stay on the
positively charged amino sites and could be reversed by a deaci-
dified treatment. Then, Takata et al constructed
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a thermoresponsive rotaxane shuttling system® with amino
recognition sites, and the resulting molecular machine could be
driven by the chemoselective thermal decomposition of ammo-
nium trichloroacetate. Nonetheless, the mechanisms underlying
the solvent-controlled behavior of crown ether/amino rotaxanes
are still lacking in further studies.

Molecular dynamics simulations (MDS) are a widely used
strategy for revealing the internal mechanisms of molecular
machines. Cai et al.®® investigated a crown ether-based rotax-
ane with benzimidazolium and bis(pyridinium) using MDS
and indicated that solvents have a significant impact on the
shuttling rate. In addition, water could act as lubrication in
accelerating the motion of the rotaxane as well. Thus, in this
research, all-atom MDS were used for investigating solvent
effects on the motion of a crown ether/amino rotaxane. One
model of the rotaxane in Fig. 1 was built to compare two
solvents, chloroform (CHCl;) and water, which are of great
polarity difference. We determined the two-dimensional free-
energy landscapes characterizing the shuttling in the rotax-
ane accompanied by the conformational change of dibenzo-
24-crown-8 (C[8]) and then gaged the least free-energy path-
ways, according to which the most likely conformations of C[8]
during shuttling were inferred. By parsing trajectories and
dividing the total free energy into physically meaningful
individual components, the free-energy contributions extrac-
ted from the potentials of means force were analyzed to
interpret the driving forces of the shuttling motion and
conformational transition. The present work provided
a reasonable understanding of the characteristics of driving
forces and the mechanisms of the effect of the solvents on the
shuttling of crown ether/amino-based rotaxanes. These theo-
retical findings could be helpful for the rational design of

e
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crown ether-based molecular shuttles, which could be
controlled by solvents.

2 Simulation details
2.1 Molecular models

The molecular model of a rotaxane formed by a C[8] host and
a dumbbell-shaped axle was constructed, as depicted in Fig. 1.
The available three-dimensional crystal structure*” was used for
extracting the initial coordinate of C[8]. The molecule assembly
was energy-minimized using a conjugate-gradient algorithm
and then immersed respectively in a pre-equilibrated box of
chloroform and water using the solvate module of the visuali-
zation program VMD.** For adapting to periodic boundary
conditions, any atom of the complex must distance each edge of
the boxes from at least 15 A. Two chloride ions were placed 10 A
away from the rotaxane to ensure electric neutrality in each
solvent box. The detail of the molecular assemblies examined in
this work is given in Table S1.T Two coarse variables, £ and d,
describing translocation and conformational change of C[8],
respectively (defined in Fig. 1B), were chosen to form the tran-
sition coordinate. The transition pathways ¢ and d were
extending from —20 to +20 A and —3.9 to +3.9 A, and instan-
taneous values of both the forces were accrued in bins 0.1 A
wide. The more simulation details can be seen in ESL{

3 Results and discussion

3.1 Free-energy landscapes underlying the shuttling
movement

The two-dimensional free-energy landscapes, characterizing the
shuttling motion and conformational change of C[8] along the
axle of the rotaxane in CHCI; and water, are depicted in Fig. 2A
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Fig. 1

(A) Chemical structure of the rotaxane formed by C[8] and an axle molecule with two amino recognition sites. (B) Transition coordinates (£,

d) for free-energy calculations are utilized to explore the putative transition pathways. £ denotes the projection along the z-direction of the
Cartesian space of the vector connecting the centroid of C[8] and that of the axle. r; and r, are defined as the projection onto the z-axle of the
orientation of the benzo groups of CI[8]. d was defined as d = (r; + r,)/2 to describe the conformational change of C[8]. (C) Two C-shaped
conformations were derived from d = 4 3.0 A and one S-shaped conformation was derived from d = 0 A.
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Fig.2 Free-energy landscapes characterizing the shuttling and conformational change of the rotaxane in CHCls (A) and water (B). The black lines
show the least free-energy pathways. (C) Free-energy changes for the shuttling movements in two different solvents along ¢ according to the

least free-energy pathways.

and B. With a cursory glance, these profiles reveal that (i)
overall, the barriers of the free-energy landscape in CHCI; are
significantly higher than that in water; (ii) each map features
two basins separated by one wide ridge, and the ridge in the
free-energy landscape in water is wider than that in CHCl;; and
(iii) symmetric basin areas are around £ > +10.0 A and £ < —10.0
A for CHCl, and around ¢ > +12.0 A and £ < —12.0 A for water.
The minima of the low-energy areas in the two solvents can be
found at § = —16.0 A, d = —2.4 A and £ = +16.0 A, d = +2.4 A,
namely, the positively charged amino sites. In the correspond-
ing structures shown in Fig. 3a and ¢, C[8] adopts C-shaped
conformations. The least free-energy pathways connecting
these two minima represent the most reasonable transition
path for the shuttling of C[8] between two amino sites. It can be
seen that C[8] almost adopts S-shaped conformations (see
Fig. 3b) during shuttling unless it is located in amino sites.
Fig. 2C shows the one-dimensional free-energy profiles
(ODFEs) for shuttling along £ according to the least free-energy
pathways. From the results in CHCl;, the energy barrier to be
overcome for shuttling was inferred to be equal to about 81.6 kcal
mol ', while the barrier in water was estimated to be only 29.5
keal mol ", thereby indicating that the shuttling rate of the latter
is significantly faster than that of the former. Moreover, the two
maxima all appear at about £ = —4.5 A, wherein C[8] overlaps
with the neopentane moieties between the two ester groups.

Fig. 3 Representative structures during shuttling. The C[8] is located
in (a) and (c) the amino sites and (b) the middle of the axle.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.2 Free-energy decomposition

According to the above-mentioned analysis, the rotaxane can
shuttle between two sites and the shuttling rate is apparently
distinct in two solvents. Then, what are the driving forces of the
shuttling motion? For this purpose, the free-energy contribu-
tions along ¢ extracted from the potentials of means force by
dividing the total free energy into physically meaningful indi-
vidual components and binning, averaging, and integrating the
force. The results are shown in Fig. 4.

As shown in Fig. 4, the C[8]-axle interactions feature two
basins separated by one wide barrier and show similar
tendencies as the ODFEs, which indicates that the C[8]-axle
interactions constitute the main contributions to the barriers
of the ODFEs. The C[8]-axle interactions were further decom-
posed into van der Waals (C[8]-axle-vdw) and electrostatic (C[8]-
axle-elec) contributions. The C[8]-axle-vdw contributions for all
solvent conditions generally feature a wide valley, which is
because of the suitable size of the C[8] cavity to include the
linear molecule. It also illustrates that the solvents have little
effects on the C[8]-axle-vdw. It is noteworthy that there is a little
bump at about £ = —4.5 A, which is in agreement with the
maxima of the ODFEs. The contribution to the bump is the
steric hindrance caused by the neopentane moieties. What is
more, the right tail of the C[8]-axle-vdw is higher than the left
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Fig. 4 Breakdown of the total free-energy profiles into C[8]-axle and
C[8]-sol contributions, which were further decomposed into elec-
trostatic (C[8]-axle-elec) and van der Waals (C[8]-axle-vdw) contri-
butions, for the shuttling processes of the rotaxane in CHCls (A) and
water (B). ODFEs are the one-dimensional free-energy profiles for

shuttling along &.
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tail, which could be attributed to the slight asymmetry of the
structure, thereby resulting in the asymmetry of the free-energy
profiles. The C[8]-axle-elec contributions feature two basins
separated by one wide barrier and show similar tendencies as
the ODFEs, which illustrates that the electrostatic interactions
determine the stable binding sites of C[8] and constitute the
main driving force responsible for shuttling. Furthermore, the
C[8]-axle-elec in CHCIl; is markedly stronger than that in water,
suggesting that the polarity of the solvents has a significant
impact on it; the stronger the solvent polarity, the weaker the C
[8]-axle-elec. It can be further observed in Fig. 4 that the C[8]-sol
contribution in CHCI; presents a low mound, indicating that it
has little effect on the ODFE. By contrast, the C[8]-sol contri-
bution in water possesses two bumps, spanning § = —12 A and £
= 12 A, separated by a wide and flat domain, implying that
while C[8] is located in the amino sites, the C[8]-sol interactions
are unfavorable for the shuttling process. Accordingly, the C[8]-
sol interactions in the water partly contribute to ODFE.

To appreciate the effect of the solvents on C[8]-sol interac-
tions, the distributions of the solvent molecules around the left
amino moiety were monitored. This was achieved by computing
the bidimensional radial distribution functions, g{(r; &), of the C
atom of CHCl; or the O atom of water with respect to the
centroid of the selected moieties. The results are gathered in
Fig. 5.

As shown in Fig. 5A and B, the maximum density found in
the region spanning 5 <r <6 A in CHCl; and 3 <r <4 A in
water corresponds to the first solvation shell of the left amino
moiety, illustrating that the amino moieties are closer to water
molecules than to chloroform molecules. The solvation shell of
the left amino moiety is discontinuous along &, for { = —6 Ain
CHCI; and £ = —12 A in water, which means that the solvation
shell is disrupted as C[8] locates on the amino moiety. With the
former moving away from the latter, the solvation shell in water
forms faster than that in CHCl;, indicating that water could
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Fig.5 Variation in the radial distribution function of the center of mass
(left amino moiety)-C (CHClz)/O (water) pair as a function of r, the
distance separating the pair of atoms, for the shuttling process (A) in
CHCls, (B) in water. Variation in the radial distribution function of the
center of mass (C[8])-C (CHCl3)/O (water) pair as a function of r for the
shuttling process (C) in CHClz and (D) in water.
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promote the motion of C[8], namely, that water could act as
a lubricant and accelerate the shuttling rate of the rotaxane.
According to Fig. 5C, the first solvation shell of C[8], found in
the region spanning 4 = r = 6 A, is practically unchanged
during shuttling and the density is the highest. However, as
shown in Fig. 5D, the density of the solvation shell in water is up
t0 9.10 x 10 and evidently weaker than that in CHCl,, which
is up to 0.41. What is more, the density of the first solvation
shell in water is the lowest and is slightly weakened as C[8] is
located in the amino sites in water. These features illustrate that
C[8] has a clear affinity toward CHCIl; and the solvation shell is
not affected during shuttling, and instead, the solvation shell
can be disrupted because of the weak affinity of C[8] and water.

On balance, both the C[8]-axle and C[8]-sol interactions act
on the ODFEs together. Thereinto, the C[8]-axle-elec contribu-
tions constitute the main factor for the emergence of the free-
energy barriers. The solvent with higher polarity could have
a stronger binding ability with the amino moieties, and then
weaken the electrostatic interactions between C[8] and the axle,
finally accelerating the shuttling rate of the rotaxane. Besides
the polarity of the solvents, the hydrogen-bonding (H-bonding)
interactions could be one of the main reasons for contributing
to the C[8]-axle-elec interactions.

3.3 Analysis of the H-bonding and - stacking interactions

The variation in the average number of intermolecular H-bonds
formed between the solvents and the axle and between the
solvents and the C[8] by analyzing the trajectories is shown in
Fig. 6. The H-bonds could be formed between the O atoms of C
[8] as acceptors and N-H of the axle as donors. The largest
number of the H-bonds between the axle and C[8] is about 1.8 in
both solvents, illustrating that the axle will form H-bonds with C
[8] with preference to the solvents, while C[8] is located at the
amino sites. The difference is that the H-bonds between the axle
and C[8] can be maintained when —18 < £ < —6 A in CHCl;, and
only when —18 < £ < —12 A in water. It indicates that as C[8]
moves away from the amino sites, and the H-bonds between the
axle and C[8] in water will be released more easily than those in
CHCI;. Meanwhile, it can also be found that the number of H-
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Fig. 6 Variation of the average number of intermolecular H-bonds
formed between the axle and the solvents (axle—sol, colored black)
and between the axle and the C[8] (axle-CI8], colored red) in CHCls (A)
and water (B). The inset shows hydrogen bonds formed between the
N—H donors of the axle and the acceptor O atoms of the C[8] (N-H---
O). The hydrogen-bonding criteria are (i) the angle N-H---O > 135° and
(ii) the distance N---O < 3.5 A. The hydrogen bonds are highlighted in
gold.
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Fig. 7 Variation in the average number of =—m stacking interactions in
CHCls (colored black) and water (colored red). The m—m stacking

criterion is that the distance between the benzene rings of C[8]
(colored green) and these of the axle (colored purple) are below 4.

bonds between the axle and solvents increases from 0.6 to 1.2 in
CHCI; and from 1.8 to 3.6 in water, illustrating that the axle can
form more H-bonds with water molecules than with CHCl;
molecules. More stable H-bonds between water and the axle
impel the H-bonds between C[8] and the axle to be broken
earlier and promote the motion of C[8]. Furthermore, the
turning points of the curves are consistent with those of the C
[8]-axle-elec, illustrating that the H-bonding interactions are
one of the main reasons for contributing to the C[8]-axle-elec.

However, according to Fig. 3a and ¢, C[8] usually adopts C-
shaped conformations, while it is near the benzene rings at
both ends of the axle. Why? To this end, the m-m stacking
interaction, which is a direct attractive non-covalent interaction
between aromatic moieties,*" is considered. The variation in 7t—
T interactions between the axle and C[8] by analyzing the
trajectories is shown in Fig. 7. It can be seen that only while C[8]
locates at both ends of the axle, -7 stacking interactions are
formed between C[8] and the axle. That is to say that C[8] adopts
suitable conformations, namely, C-shaped ones, for matching
the axle to form the intermolecular forces with the latter,
thereby stabilizing the system. The interactions in CHCI; are
stronger than these in water, which illustrates that the stronger
the polarity of the solvent is, the stronger the interactions are.
However, relative to the H-bonds, - stacking interactions are
weak and thus make no difference to the ODFE, i.e., the shut-
tling rate of the rotaxane.

4. Conclusions

Two-dimensional free-energy calculations were utilized for
investigating the mechanisms of the crown ether-based rotax-
ane. The results clearly indicate that the barriers in CHCI; are
significantly higher than those in water and the shuttling of the
flexible C[8] along the axle is highly coupled with the confor-
mational transition. The C[8] would adopt an S-shaped
conformation during shuttling, unless it could be located in
the amino sites with a C-shaped conformation adopted. The
main driving force for shuttling is derived from electrostatic
interactions between C[8] and the axles by partitioning the free-
energy profiles into different components. Both the polarity of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the solvents and the capability of H-bonds formation in the
solvents have an effect on the barriers and then help to
modulate the shuttling of the rotaxane. In detail, the strong
solvent polarity can spur C[8] to move away from both the
amino moieties and the solvation shell of the latter forms and
then activate this motion. Moreover, the H-bonds can show
a faster shuttling rate in the solvents due to greater interactions
between solvent molecules and the axle due to its release, as C
[8] moves away the amino sites. In general, water can act as
a lubricant and accelerate the shuttling rate of the rotaxane.

The results in this article introduce a comprehensible
solvent modulation ability for shuttling in the crown ether-
based rotaxanes and disentangle the effects of the structural
modifications on the motions. In the future work, the rotaxanes
with crown ether and deprotonated amino sites in several
distinguished other solvents will be compared to explore the
response mechanisms of the crown ether/amino rotaxanes to
environmental change.
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