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ABSTRACT

Two [3]rotaxanes with an electron-rich pyrene moiety at the wheel and an electron-deficient naphthalenediimide (NDI) unit in the middle of the
axle were prepared through “click chemistry”, in which the intramolecular charge-transfer (ICT) process occurred between the pyrene moiety
and the NDI unit, and the addition of acid and/or base can adjust the intensity of ICT.

Mechanically interlocked molecules, including rotaxanes and
catenanes,1 have become typical candidates in the design of
artificial molecular machines during the past decade owing
to their ability to reversibly switch between different states
under various external stimuli. They have potential for
creating organized, functioning molecular-scale devices
which are able to interpret, store, process, and dispatch
information just like the sophisticated machines found in
natural systems. By employing the stimuli,1b,d,2 such as
illumination,3 electrochemical potential,4 pH changes, and
ions,5 chemists can adjust relative positions of the compo-
nents in interlocked molecules to induce conformational

motions and construct various artificial molecular machines
like molecular shuttles,4b,e,5a,6 molecular muscles,7 molecular
elevators,8 molecular motors,1e,9 molecular information
ratchet,10 and so on. The varying photophysical properties
during their conformational motions are significant, especially
for performing their functions.

The bistable rotaxane3a,4e,8,11 is an important prototype of
artifical molecular machines. Bistable [3]rotaxanes7b and
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bistable [4]rotaxanes,8,11d which can be considered as two
or three bistable [2]rotaxanes, give us new understanding of
applications of bistable [2]rotaxanes in surface chemistry.
We recently reported the molecular keypad locks based on
robust self-assembled pseudorotaxane systems, in which 24-
crown-8 and secondary dialkylammonium are selected as
binding motifs and anthracene at the wheel and naphtha-
lenediimide (NDI) in the axle as two matching rigid
spacers.12 Herein, we synthesized a [3]rotaxane (3) and a
pH-controlled bistable [3]rotaxane (4) with an electron-rich
pyrene moiety at the wheel and an electron-deficient NDI
unit in the middle of the axle through “click chemistry”.
Different from those reported bistable [3]rotaxanes or [4]ro-
taxanes in which the charge-transfer behavior was controlled
by the redox states between donor and acceptor,7b,11d the
present bistable [3]rotaxane 4 displays an intramolecular
charge-transfer (ICT) process controlled by the spacial
distance of the pyrene moiety with the NDI.

The synthesis of the [3]rotaxanes 3 and 4 is depicted in
Scheme 1. The template-directed synthesis of rotaxane and
catenanes by click chemistry (CuI-catalyzed Huisgen 1,3-
dipolor cycloadditions between azides and alkynes) is an
effective method for end-blocking of these systems.13 The
crown ether macrocycle 2 was synthesized in 50% yield by
treating 4-hydroxymethyldibenzo-24-crown-8 with 1-pyreneb-
utyric acid in the presence of N,N′-dicyclohexylcarbodiimide
(DCC) and 4-dimethylaminopyridine (DMAP) (Scheme S3,
Supporting Information). The [3]rotaxane 3 was prepared
in 11% yield by adding 3,5-di(tert-butyl)benzyl azide to a
CH3CN solution of the bis(ammonium) rod 1 (Scheme S2,
Supporting Information) and 2 via click chemistry. Finally,
the N-methylation of two triazoles in 3 and the subsequent
salt exchange gave 4 in 75% yield.

To demonstate the importance of the stopper in 3 and 4
for controlling the ICT behavior between the wheel and the
axle, we first performed the UV/vis absorption spectroscopy
experiments of the resultant pseudorotaxane of 1 with 2
(Figure S14, Supporting Information). When 2 equiv of 2

was added to the CH3CN solution of 1, the color of the
solution changes from slightly green to red. This is a result
of the charge transfer (CT) between the pyrene moiety and
the NDI unit. In the controlled experiments, the color change
was hardly observed upon addition of 2 to the CH3CN/CHCl3

(1:1) solution of the axis molecules 5/6 (Figure S17,
Supporting Information). In addition, comparing the 1H NMR
spectra of the mixed solution of 2 and 1 with only the wheel
molecule 2 and the corresponding axis molecule 1 (Figure
S18, Supporting Information), we can validate that the
macrocycles 24-crown-8 locate at the ammonium of the
aliphatic chain of 1. These observations confirm the forma-
tion of a pseudorotaxane between 1 and 2. Furthermore, upon
addition of 2 equiv of Et3N, the red solution of the
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Scheme 1. Synthesis of the [3]Rotaxanes 3 and 4 and the
Structures of the Axis Molecules 5 and 6
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pseudorotaxane turned light red and the absorption band at
about 516 nm decreased, indicating that the pseudorotaxane
gradually disassociated.

Similar to the above pseudorotaxane, there is also a CT
band at about 525 nm for 3 and 520 nm for 4, indicating
that the ICT process occurs between the pyrene moiety and
the NDI unit. Interestingly, when 2 equiv of phosphazene
base P1-t-Bu (PBB) was added to the solution of 3 or 4, the
intensity of the ICT bands does not decrease, but increases,
as shown in Figure 1. The addition of CF3COOH again

decreases the CT band. One reasonable explanation for the
enhancement of the absorption is that the spacial distance
between the pyrene moiety and NDI in 3/4 is an important
factor for their interaction.

Quantitative analyses on the CT band can provide more
information to evaluate the nature of the CT state. The feature
of the CT absorption band can been related to the Marcus-
Hush electronic coupling element HDA between the donor
and acceptor units involved in the charge-transfer transition.
As can been seen from Table 1, the values of HDA increase
in the order of HDA(4) < HDA(4+PBB+CF3COOH) < HDA(4+PBB). That
is, the charge-transfer transition ability of the donor-acceptor

pairs in 4 is the strongest in the presence of PBB, and that
is the weakest in the absence of both acid and base. This
supports the changes on the CT bands in Figure 1.

The luminescence properties of the two pyrene units in
the [3]rotaxane systems give further insights of the com-
plexation behaviors. The absence of the excimer peak in 3
and 4 implies that the two pyrene units cannot interact by
π-π stacking (Figure S21, Supporting Information). Inter-
estingly, the fluorescence intensity of 4 (Φ ) 2.85%)
decreases upon addition of PBB to the solution of 4 (Φ )
3.95%) and increases again upon further addition of
CF3COOH (Φ ) 3.36%) (Figure S22, Supporting Informa-
tion). The measurement of the fluorescence lifetimes shows
that there is only a lifetime for 2, 3, 4, 4 + PBB, and 4 +
PBB + CF3COOH, and all values obtained are in the scope
of the error of the instrument (Table 1). These observations
suggest that the charge transfer excited state in the [3]ro-
taxane systems should be nonfluorescent,14 and the lumi-
nescence in different systems comes from the free pyrene
moiety. That is to say, only one pyrene forms the CT
complex, while the other one may not stack with the NDI
unit.

To obtain in-depth mechanistic insight into the unusual
photophysical behavior, we performed 1H NMR experiments
of 4. As can be seen from Figure S12, there is an obvious
downfield shift for Hh (∆δ ) 0.26 ppm) and Hi (∆δ ) 0.18
ppm) in 4 relative to Hh and Hi in free 6. On the other hand,
the chemical shifts of Hd, Hf, Hb, and Hh′ are almost
unchanged. These observations suggest that DB24C8 in 4
is mostly located at the secondary N-alkylanilinium position
and not the triazolium group.15 On the basis of the change
of integrated area of the protons in NDI (Ha), we deduced
that the resonances of Ha split into two equal parts: Ha′ at
the original position and other peak(s) overlapped with HA

or HB. This means that not all of the protons in NDI
participate in the formation of the CT complex with the
pyrene moiety. In addition, the resonances of HA in pyrene
also exhibit obvious upfield shifts. This should be attributed
to partial π-π stacking between the pyrene of 2 and the
NDI of 6, due to their mutual shielding/deshielding effects.16

Therefore, the ICT process occurs between the electron-rich
donor (pyrene) and the electron-deficient acceptor (NDI).

Upon the addition of 2.0 equiv of PBB to the solution of
4, the signals of protons Hh, Hi, Hf, and Hh′ shift upfield,
while that of Hb (∆δ ) 0.8 ppm) exhibits downfield shift
(Figure 2). These combined observations suggest that the
DB24C8 moieties move from the secondary N-alkylanilinium
to the triazolium groups. It is noted that the peak of Ha′ is
completely absent, which indicates that all of the protons in
NDI participate in the formation of the CT complex with
the pyrene moiety, and results in the comfortable π-π
stacking between the electron donor and acceptor pairs.

(14) Hamilton, D. G.; Davies, J. E.; Prodi, L.; Sanders, J. K. M.
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(15) (a) Coutrot, F.; Busseron, E. Chem.sEur. J. 2008, 14, 4784–4787.
(b) Coutrot, F.; Romuald, C.; Busseron, E. Org. Lett. 2008, 10, 3741–3744.

(16) (a) Colquhoun, H. M.; Zhu, Z.; Williams, D. J. Org. Lett. 2003, 5,
4353–4356. (b) Colquhoun, H. M.; Zhu, Z.; Cardin, C. J.; Gan, Y. Chem.
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Figure 1. Absorption spectra of (a) the wheel molecule 2 (2 mM),
(b) the axle molecule 5 (1 mM), (c) the axle molecule 6 (1 mM),
(d) [3]rotaxane 3 (1 mM), (e) [3]rotaxane 4 (1 mM), (f) 4 (1 mM)
+ PBB (2 mM) + CF3COOH (4 mM), and (g) 4 (1 mM) + PBB
(2 mM) in CH3CN/CHCl3 ) 1:1.

Table 1. UV-Vis Absorption and Luminescence Properties of
the [3]Rotaxanes

compound HDA(cm-1)a Φ (%)b τ (ns)c

2 12.72 18.63
3 2176 2.00 17.32
4 1930 3.95 18.46
4 + PBB 3493 2.85 18.50
4 + PBB + CF3COOH 2019 3.36 18.42

a Donor-acceptor electronic coupling element and its values are taken
from Table S1 (Supporting Information). b Luminescence quantum yield.
c Lifetime.
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Hence, the increase of the absorption spectrum at about 520
nm is a natural process. As expected, when 4.0 equiv of
CF3COOH was added to the above solution, the peaks of
Hh, Hi, Hf, Hh′, and Hb return to their original positions
(Figure 2c). This means that DB24C8 shuttles again to the
secondary N-alkylanilinium position, accompanying the de-
crease of the absorption spectrum at about 520 nm. We also
carried out the molecular energy minimization on the system
(Figure S20, Supporting Information) to compare the distance
of pyrene with NDI in 4 in the absence and presence of PBB.
The calculation results indicate that the distance between
pyrene and NDI in the absence of PBB is larger than that in
the presence of PBB. This explains the above observations
on the ICT change. On the basis of all the above discussions,
the schematic representation of the mode for the base-acid-
controlled ICT behavior in [3]rotaxane 4 is illustrated in
Figure 3.

In conclusion, two [3]rotaxanes 3 and 4 have been
synthesized via click chemistry, and the photophysical
behavior of 4 upon addition of base and acid has been

investigated. In neutral conditions, the DB24C8 moieties are
located at the ammonium of the aliphatic chain of the wheel,
and a weaker CT band appears due to the interaction of the
pyrene moiety with the NDI unit. Addition of base leads to
the movement of the DB24C8 moieties from the secondary
N-alkylanilinium to the triazolium groups and accompanies
efficient enhancement of the ICT intensity. This bistable
[3]rotaxane represents a new prototype of performing pho-
tophysical function by adjusting the spacial distance between
donor and acceptor in mechanically interlocked molecules.
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Figure 2. 1H NMR spectra (400 MHz, CD3CN/CDCl3 ) 1:1, 298
K) of (a) 4 (1 mM), (b) 4 (1 mM) + PBB (2 mM), and (c) 4
(1 mM) + PBB (2 mM) + CF3COOH (4 mM); b, peak of
CF3COOH; /, peak of CDCl3).

Figure 3. Schematic representation of the mode for the base-acid-
controlled ICT behavior in [3]rotaxane 4.
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