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ABSTRACT: A multifunctional bis-branched [1]rotaxane
containing a perylene bisimide (PBI) core and two identical
bistable[1]rotaxane arms terminated with ferrocene units was
prepared and characterized by 1H NMR, 13C NMR, and 2D
ROESY NMR spectroscopies and by HR-ESI spectrometry.
The system is shown to possess several key features: (1) In
acetone solution, external acid−base stimuli can result in
relative mechanical movements of its ring and thread, which
can induce extension and contraction movements of the whole
system accompanied by a rotational movement of the
ferrocene units, thus realizing dual-mode molecular motions,
and the optimized conformations at different states are
obtained through molecular dynamics simulations employing the general Amber force field. (2) The introduction of PBI
enables the system fluorescence encoding through distance-dependent photoinduced electron transfer process from the ferrocene
units to the PBI fluorophore. (3) The addition of Zn2+ can increase the degree of aggregation of the system, while adding base
hinders aggregation because of the movement of the macrocycle. The tunable aggregated nanostructural morphologies of
[1]rotaxane were examined by scanning electron microscopy. These results can pave the way to achieve precise control of
integrated and coupling nanomechanical motions at a single-molecule level and provide more insight into controlling the
aggregate behavior of switchable mechanically interlocked molecules.
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■ INTRODUCTION

Inspired by naturally occurring biological motors, such as the
ATPase rotary motor and the kinesin or myosin linear motor
systems,1 chemists have constructed a variety of artificial
molecular machines,2−8 such as unidirectional rotors,9,10

shuttles,11−15 scissors,16−18 and even molecular muscles,19−22

elevators,23−25 and walkers26−30 that can perform diverse
molecular motions. The control of molecular motion is the
key in the design of a molecular machine system. However, the
realization of controllable dual-mode motions in a single
molecular system still remains a great challenge.17 A bistable
[1]rotaxane, in which a thread part is covalently connected with
and threaded into a macrocycle, is an interesting species of the
family of mechanically interlocked molecules (MIMs)2−8 due
to its rather unique and appealing architecture and tunable
physical properties such as conductivity,31 fluorescence,32,33

electrochemical signals,34 and circular dichroism.35,36 In a
bistable [1]rotaxane system, it is possible to realize controllable
coupling of multiple mechanical motions by introducing a
specific moving unit at the terminal of the molecular system.
Controllable molecular aggregation with well-organized mor-
phologies of organic functional molecules remains a hot topic

because of their potential applications in the fields of molecular
electronics and catalysis.37,38 Introducing a specific chromo-
phore perylene bisimide (PBI) into bistable rotaxanes can
provide the possibility of alteration of molecular aggregation via
the reversible moving of a macrocycle along a thread.39

However, to the best of our knowledge, a mechanically
interlocked system that can combine multilevel performances,
such as dual-mode molecular motions and tunable molecular
aggregations, still remains unexplored.
In this work, we report a new bistable bis-branched

[1]rotaxane (Scheme 1) that can combine the performances
of dual-mode molecular motions and tunable nanostructural
morphologies in a single molecular system, which can provide
more insight into the application of MIMs. As shown in
Scheme 1, the multifunctional bis-branched [1]rotaxane Fc−
PBI has two mechanically interlocked [1]rotaxane arms
containing two distinguishable stations, namely, a dibenzylam-
monium (DBA)40−42 and a N-methyltriazolium (MTA)43−45
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recognition station for dibenzo[24]crown-8 (DB24C8) ring
and a terminal ferrocene46−48 (Fc) unit situated at each end of

the rotaxane arm that is introduced as a rotary moving part and
an electron-donating functional unit. A PBI fluorescent dye was

Scheme 1. (a) Chemical Structure of Target [1]Rotaxane and (b) Preparation of Target [1]Rotaxane and Conformations in
Response to Chemical Stimuli
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introduced as a bridge to separate the two [1]rotaxane arms
because of its remarkable photostability and controllable
molecular aggregation properties.49−55 A 1,2,3-triazole unit is
located on the rotaxane thread to separate the two recognition
sites, designed as a coordination site56,57 with a transition metal
to tune the aggregation degree of the PBI unit.
This bis-branched [1]rotaxane system is shown to undergo

relative mechanical movements of its macrocyclic ring and
thread in response to external acid−base stimuli and generated
a remarkable fluorescence signal output visually. The time-
evolution of the structures at the two states obtained from
molecular dynamics (MD) simulations showed that the system
can mimic the extension and contraction function of an artificial
molecular muscle, and accompanied by simultaneous molecular
rotation of the ferrocene unit, thus realizing the dual-mode
coupling motions. Moreover, the introduction of a PBI unit
into the center of the rotaxane can provide diverse nano-
structural morphologies of the molecule under different
external stimuli, indicating that the degree of the molecular
aggregation can be altered by the chemically driven motion of
the macrocycle or by the addition of transition metal Zn2+ to
coordinate with the 1,2,3-triazoles of the rotaxane Fc−PBI. In
particular, deprotonation of the DBA unit triggers the motion
of the macrocycle to the MTA unit and decreases in the degree
of aggregation, while the addition of Zn2+ ions results in
enhancement in the degree of molecular aggregation. This
study benefits us to better understand how to design
multifunctional molecular machines with specific motion
types and provides us with more insight of possible applications
of switchable MIMs in the solid state.

■ RESULTS AND DISCUSSION

Syntheses. The target [1]rotaxane Fc−PBI is shown in
Scheme 1. Starting from the derivative of 1,6,7,12-tetrachlor-
operylene tetracarboxylic acid dianhydride 5, imidization with

ammonium acetate, then treatment with sodium hydride, and
subsequent nucleophilic substitution with 3-bromopropyne,
further copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition
reaction with excess diazide compound 6 in the presence of CuI
and N,N-diisopropylethylamine, followed by methylation with
CH3I and anion exchange with NH4PF6 aqueous solution could
give azide 1 with a secondary MTA unit in a high yield (96%).
As demonstrated in our previous studies,33,34 compound 2 can
form a predominantly self-complexing [1]pseudorotaxane
structure in a polar solvent CH2Cl2, and subsequently, the
well-known “click” reaction with azide 1 can produce the target
[1]rotaxane Fc−PBI in a moderate yield (51%). The key
intermediates and the target [1]rotaxane Fc−PBI were
characterized by 1H NMR and 13C NMR spectroscopies and
high-resolution electrospray ionization (HR-ESI) mass spec-
trometry. The HR-ESI mass spectrum of [1]rotaxane Fc−PBI
features the most intense peaks at m/z 892.3481 and
1038.1058, corresponding to species having lost four and
three PF6

− counterions, that is [M − 4PF6]
4+ and [M −

3PF6]
3+, respectively.

1H NMR Measurements. Next, we investigated the
reversible acid−base-driven translocation movement of the
DB24C8 macrocycles between the DBA and MTA stations in
the system of rotaxane Fc−PBI, which was confirmed by 1H
NMR and 2D Roesy NMR spectroscopies, as discussed below.
Upon the addition of 2.5 equiv of 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) into CD3COCD3 solution of Fc−PBI, the DBA
moiety was deprotonated, which resulted in the migration of
MTA recognition station into the DB24C8 ring and in the
observation of obvious 1H NMR spectral changes (Figure 1).
As shown in Figure 1b, the peaks for the methylene protons
H15 and H16 on the DBA recognition site were split and shifted
upfield (Δδ = −0.54 and −0.63 ppm, respectively), which could
be due to the dissociation effects of the deprotonation of the
DBA centers and the mechanical moving of the DB24C8 rings.

Figure 1. Partial 1H NMR spectra (400 MHz, CD3COCD3, 298 K, 2.0 × 10 −3 M) of (a) Fc−PBI, (b) deprotonation with addition of 2.5 equiv of
DBU to sample a, and (c) reprotonation with addition of 5.0 equiv of TFA to sample b, where * denotes the residual proton signals of DBU.
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On the other hand, the protons H25 and H26 on the MTA
recognition station were also shifted with Δδ values of 0.23 and
−0.47 ppm, respectively. Moreover, the peak of the phenyl
protons H28 on the PBI was also shifted upfield with a Δδ value
of −0.07 ppm. These indicated that the macrocycles DB24C8
were located on the MTA sites in both rotaxane arms upon the
addition of excess DBU. Furthermore, 2D Roesy NMR spectra
of DBU-added CD3COCD3 solution of rotaxane Fc−PBI also
confirmed that the MTA sites migrated into the DB24C8 rings
upon addition of DBU (ESI; Figure S1b, Supporting
Information). Meanwhile, the generated dibenzylamine center
was reprotonated by adding 5.0 equiv of CF3COOH (TFA)
that resulted in the recovery of the original 1H NMR spectrum
(Figure 1c), which suggested that the DBA stations were
encircled completely by the macrocycles again. Using 1H NMR
and 2D Roesy NMR spectroscopies, we have proved the
reversible translational motion of the molecular thread relative
to the macrocycle in each rotaxane arm in CD3COCD3
solution.
Photophysical Properties and Molecular Dynamics

Simulations of [1]Rotaxane Fc−PBI. The absorption
spectrum of [1]rotaxane Fc−PBI in acetone (Figure 2a)
shows three main absorption wavelength at λmax = 440, 543,
and 580 nm, which exhibit all the typical spectroscopic features
of tetraphenoxy-substituted perylene bisimide chromophores.58

UV−vis absorption and fluorescence spectral changes were
observed in [1]rotaxane Fc−PBI in response to chemical
stimuli. After adding 2.5 equiv of DBU to the acetone solution
of Fc−PBI, the maximum UV−vis absorption wavelength had a
red shift of about 7 nm. At the same time, compared with the
original spectrum, the emission intensity of the PBI core at 612
nm decreased 86% upon the addition of 2.5 equiv of DBU
(Figure 2b). These phenomena could be ascribed to a closer
spatial distance between the ferrocene-functionalized DB24C8
rings and PBI fluorophore upon the addition of DBU. To
further investigate these results, we carried out theoretical
simulations of different states of the rotaxane Fc−PBI at 298 K
in acetone for 10 ns. Starting from the optimized geometries,
molecular dynamics simulations were conducted, employing
the general Amber force field59 in combination with the
parameters for ferrocene developed by Lopes et al.60 Snapshots
for the rotaxane at two different states are shown in Figure 3.
The average distance between the two Fe(II) centers and the
PBI unit is 3.03 ± 0.51 nm in the original state 1; however,
deprotonation of the DBA site leads to a closer spatial distance
between the two Fe(II) centers and the PBI unit at state 2
(1.67 ± 0.27 nm; Table 1 and Figure S3c, Supporting
Information). Thus, the distance-dependent photoinduced
electron transfer (PET) process from the electron-rich Fc
units to the electron-deficient PBI fluorophore became more
efficient in the deprotonated state 2, resulting in fluorescence
quenching. The UV−vis absorption and fluorescence spectra
could also be recovered upon addition of 5.0 equiv of TFA,
which can be observed visually, indicating that the UV−vis
absorption and fluorescence spectra of this system can be
reversibly adjusted using chemical stimuli (acid/base), even
after repeated cycles (Figure S2, Supporting Information).
The conformational changes at different states obtained from

molecular dynamics simulations indicate that the bis-branched
[1]rotaxane system can perform dual-mode coupling motions
in response to external stimuli. It can be seen in Figure 3 that
the rotaxane in state 1 has its two crown ether macrocyles
encircled at the protonated amine groups and features an

extended conformation, which could be attributed to the
electrostatic repulsion between the MTA cations and the
protonated amine groups. The average lengths of the extended
conformation is about 6.11 ± 0.88 nm; however, at state 2 the
two crown ether macrocyles encircle on the MTA stations, and
the optimized structure corresponds to a contracted con-
formation (4.38 ± 0.54 nm), where the central perylene unit
could form π−π stack with the phenyl ring in one of the crown
ether macrocyles. The percentage change in an average
molecular length is about 28.3% between the two states,
which is similar to the percentage change (∼27%) in human
muscle. Interestingly, the ferrocene terminal unit adopts
different rotational conformations in two different states, as
shown in Table 1 and Figure S3a (Supporting Information).
We then monitored the C*−Cp−Cp−C* dihedral angle in the
ferrocene unit, where C* and Cp denote the substitution
position and the center of the two Cp rings of ferrocene
moiety, respectively. In state 1, the two C*−Cp−Cp−C*
dihedral angles of the ferrocene units are averaged as 105.5°
and 26.8°, respectively, while in state 2, these two dihedral
angles become −61.5° and −35.4°, respectively. The optimized

Figure 2. (a) UV−vis absorption spectral changes and (b)
fluorescence spectral changes in acetone solution (1 × 10 −5 M) of
Fc−PBI, the mixture obtained after adding 2.5 equiv of DBU to the
solution of Fc−PBI, and the mixture obtained after adding 5.0 equiv of
TFA to the DBU-added solution of Fc−PBI. (Insets) Pictures of
corresponding changes in UV−vis absorption and fluorescence.
Excitation wavelength of all fluorescence spectra was 440 nm.
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conformations at the two states indicate that the bis-branched
system can perform reversible dual-mode coupling molecular
motions: chemical stimuli can result in the relative movement
of the ring and the molecular thread, thus inducing the
extension-contraction movement of the system. This is
accompanied by a simultaneous rotational movement of the
two terminal ferrocene units, mimicking the function of a
molecular machine with dual-mode movement type.
Tunable Molecular Aggregation of [1]Rotaxane Fc−

PBI. In this system, PBI fluorescent dye was introduced not
only as a fluorescent moiety to monitor the molecular motions,
but also as an adjustable molecular aggregation unit, the
aggregation of which can lead to either a red-shifted and
narrowed or a blue-shifted and broadened absorption spectra in
response to temperature,61,62 solvent,63,64 or concentration.65

To gain further insight into the molecular aggregation
properties of [1]rotaxane Fc−PBI, the solvent-dependent
UV−vis and fluorescence emission spectra were studied. As
shown in Figure 4a, the UV−vis absorption maximum (λmax)
gradually decreased and then red-shifted with the increasing
proportion of methylcyclohexane (MCH, low polarity) in
acetone (high polarity) solution of rotaxane Fc−PBI under the
same concentration (1 × 10 −5 M). This is also accompanied by
a decrease in fluorescence (Figure 4b). These results can be
ascribed to the degree of π−π stacking aggregation of the PBI
in rotaxane Fc−PBI. In other words, upon the addition of
MCH to the acetone solution of Fc−PBI, the polarity of the
mixed solution is slowly reduced, and the degree of aggregation
of the PBI in rotaxane Fc−PBI is enhanced, which results in the

Figure 3. Schematic illustrations of the structures of the rotaxane Fc−
PBI at the two states extracted from molecular dynamics trajectories.
The optimized conformations at different states were obtained through
molecular dynamics simulations employing the general Amber force
field.

Table 1. Average Length of the Rotaxane, Fe−Fe Distance of the Dumbbell, Distance between the Fe(II) Center and the PBI
Unit, and the C*−Cp−Cp−C* Dihedral Angle of Ferrocenea

dFe‑PBI (nm) φC*−Cp−Cp−C* (deg)

average length (nm) dFe−Fe (nm) Fe-1 Fe-2 Fe-1 Fe-2

state 1 6.11 ± 0.88 4.19 ± 0.49 3.11 ± 0.37 2.95 ± 0.64 105.5 ± 53.3 26.8 ± 17.8
state 2 4.38 ± 0.54 3.17 ± 0.38 1.78 ± 0.31 1.55 ± 0.23 −61.5 ± 44.9 −35.4 ± 37.2

aEach quantity is listed as an average over the last 5 ns of simulation trajectory together with its standard deviation.

Figure 4. (a) UV−vis spectral changes and (b) corresponding
fluorescence emission spectral changes of [1]rotaxane Fc−PBI (1 × 10
−5 M) in different ratios of acetone and methylcyclohexane (MCH; v/
v), (c) UV−vis spectral changes and (d) corresponding fluorescence
emission spectral changes of [1]rotaxane Fc−PBI (1 × 10 −5 M)
during a titration of Zn(ClO4)2·6H2O in acetone/MCH solvent
mixtures of 1:1 (v/v); corresponding fluorescence emission spectral
changes with λex fixed at 440 nm; arrows indicate the changes in the
spectra with increasing the concentration of Zn(ClO4)2·6H2O (0−2.0
equiv).
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red-shifted UV−vis absorption and quenched fluorescence.
Similar results are also observed for the mixed solution of
dichloromethane/MCH and 1,2-dichloroethane/MCH of
rotaxane Fc−PBI (Figure S4, Supporting Information), which
indicates that the system is in an aggregated state in the mixed
solvents. Furthermore, the coordination between the 1,2,3-
triazole units of the Fc−PBI and transition metal Zn2+ was
proved by the changes of 1H NMR spectra of Fc−PBI upon
different concentrations of Zn(ClO4)2·6H2O (0−2.0 equiv;
Figure S5, Supporting Information), and their effects were
investigated by undertaking measurements of UV−vis
absorption spectra and fluorescence emission spectra. As
shown in Figure 4, upon increasing the concentration of
Zn(ClO4)2·6H2O (0−2.0 equiv) in acetone/MCH solvent
mixtures of 1:1 (v/v) of Fc−PBI, the UV−vis spectra (Figure
4c) exhibit a clear bathochromical shift accompanied by a
decreased intensity. The maximum of the absorption band was
red-shifted 19 nm to λmax = 601 nm with two well-defined
isosbestic points at 511 and 596 nm. Meanwhile, fluorescence
intensity (Figure 4d) also decreased. These phenomena can
also be attributed to the fact that the PBI units have a higher
aggregation degree upon the addition of Zn2+, due to the
coordination with the 1,2,3-triazoles of the Fc−PBI. However,

it should be noted that we also investigated the aggregation
behaviors of DBU-added Fc−PBI upon the addition of Zn2+

(Figure S7, Supporting Information). As a result, there is a
stronger aggregation degree under the higher concentration of
Zn2+ (>1.1 equiv) in the DBU-added Fc−PBI system.

Aggregation Morphologies and Proposed Mecha-
nisms of [1]Rotaxane Fc−PBI. The aggregated nano-
structural morphologies of [1]rotaxane Fc−PBI in different
conditions were examined by scanning electron microscopy
(SEM; Figure 5) and their possible aggregation mechanisms
from molecular structures to the morphologies of the
nanostructures were also proposed. In the acetone/MCH
solvent mixtures of 1:1 (v/v) (Figure 5b), the intermolecular
π−π interactions drag two or more PBI units close to each
other owing to the low polarity of the solvent, forming the
actual building blocks for the generated nanospheres (d = ∼
200 nm; Figure 5e). More interestingly, upon the addition of
Zn(ClO4)2·6H2O and chelation of Zn2+ ions by the neutral
1,2,3-triazoles unit of the rotaxane, a more compact self-
assembly is formed because many molecular aggregations
formed without Zn2+ can move close to each other due to the
Zn2+-assisted self-assembly of the rotaxane. Furthermore,
because each rotaxane has two neutral 1,2,3-triazole chelation

Figure 5. Schematic representation of the formation of [1]rotaxane Fc−PBI nanostructures in different conditions: (a) obtained after the addition of
2.0 equiv of Zn2+ to the solution of Fc−PBI (1 × 10 −5 M) in acetone/MCH solvent mixtures of 1:1 (v/v); (b) rotaxane Fc−PBI; and (c) obtained
after the addition of 2.5 equiv of DBU to the solution of Fc−PBI. SEM images of (d) the structures obtained after the addition of 2.0 equiv of Zn2+

to the solution of Fc−PBI (1 × 10 −5 M) in acetone/MCH solvent mixtures of 1:1 (v/v); (e) rotaxane Fc−PBI; and (f) the structure obtained after
the addition of 2.5 equiv of DBU to the solution of Fc−PBI.
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sites, there are also possibilities of forming cross-linked
structures among the Zn2+ ions and rotaxanes,66 which can
further strengthen the aggregation (Figure 5a). Therefore, the
SEM image shows that some amorphous crystals of bigger size
appeared after adding 2.0 equiv of Zn(ClO4)2·6H2O to the
solution of Fc−PBI (Figure 5d). Differently, after addition of
2.5 equiv of DBU to the solution of Fc−PBI, the amine groups
become unprotonated and the crown ether macrocyles encircle
on the MTA stations, which not only decreases the solvent-
accessible surface area of the rotaxane as reflected by a small
length of the molecule but also hampers the π−π interactions
between adjacent PBI units (Figure 5c), leading to the
formation of the amorphous morphology (Figure 5f), which
is also proved by the results of the solvent-dependent UV−vis
and fluorescence emission spectra of DBU-added [1]rotaxane
Fc−PBI (Figure S6, Supporting Information). Furthermore,
these results are consistent with the simulation of the self-
assembly of rotaxane Fc−PBI dimers under the different
conditions obtained in acetone/MCH (1:1) solution (Figure
S10, Supporting Information). In short, the aggregation
behavior of rotaxane Fc−PBI can be affected by two factors:
the addition of Zn2+ can increase the aggregation degree of the
system, while the addition of DBU hinders aggregation because
of the shuttling motion of the macrocycle.

■ CONCLUSIONS
Inspired by naturally occurring biological motors and the
possibility of controlling molecular motions in molecular
machine systems, we have, in this work, prepared and studied
a multifunctional bis-branched [1]rotaxane that contains a
perylene bisimide unit as a core and two [1]rotaxane arms with
terminal ferrocene functional units. The system undergoes
relative mechanical movements of its ring and thread in
response to external acid−base stimuli, which can induce the
extension and contraction movements of the whole system,
accompanied by the rotational movement of the ferrocene
units. These results pave the way to achieve precise control of
integrated and coupled nanomechanical motions at a single-
molecule level. Moreover, the control of the aggregation degree
of perylene bisimide unit can be realized through the moving of
macrocycles by the addition of DBU and the coordination of
the 1,2,3-triazole chelation site with Zn2+ cations, respectively.
The addition of DBU can decrease the aggregation degree of
the system, while the addition of Zn2+ cations enhances it. It
should be noted that the introduction of the perylene bisimide
unit not only enables the system with fluorescence encoding
but also facilitates a controllable tunability of molecular
aggregation with diverse nanostructural morphologies. This
provides more insight of possible applications of switchable
mechanically interlocked molecules, for instance, in the areas of
supramolecular materials science.
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