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A [2]catenane switch where the intramolecular pyrene excimer emis-

sion can be controlled by orthogonal cation binding and solvent

polarity change in various amplitudes and dynamic ranges is reported.

Catenanes and related mechanically interlocked molecules
(MIMs) are attractive structural units for the construction of
molecular switches, because the flexible and strong mechanical
bond could enable the interlocked macrocycles to undergo
large-amplitude intramolecular motions and switch between
different states in response to a stimulus.1,2 A common design
strategy of a catenane switch is to have two or more co-
conformations of considerable but different stabilities, where
the application of a stimulus will enhance or disrupt the
interactions at one recognition site, such that the relative
stability of the co-conformations is reversed and a switching
is resulted. Although co-conformation switching in MIMs has
been well studied and can be achieved by using various kinds of
stimuli,2 most reports are primarily focused on the structural
aspect of the switching process, where the stability of one of the
co-conformations is modulated by a single stimulus in the switch-
ing process. On the other hand, engineering a desirable output to
accompany the structural change is less straightforward because
the co-conformational change will have to associate with a
difference in the chemical and/or physical properties, and there-
fore a more elaborate way to control the relative stability of the co-
conformations is necessary if a specific output is to be generated.3

Instead of effecting the switching by altering the stability of
one of the co-conformations, decoupling the signal genera-
tion into separate processes such that the stability of each
co-conformation is controlled by an individual stimulus will
offer additional mechanisms in modulating the relative stability

of the co-conformations, and hence more elaborate control over
the associated output can be realised.4 In this work, a pyrene-
functionalised [2]catenane switch responsive to both cation
binding and solvent polarity change is reported (Fig. 1a). Speci-
fically, cation binding is employed to lock/unlock the interlocked
macrocycles from large-amplitude co-conformational change,
whereas a change in solvent polarity is used to fine tune the
intramolecular pyrene–pyrene distance to effect an excimer emission
(Scheme 1). Compared with other MIMs that are switched by one
kind of stimulus, the dual responsiveness will allow more flexible
and versatile control over the relative stability of the catenane co-
conformations, and the amplitude of the luminescent output can be
controlled in a progressive fashion with the orthogonal stimuli.

The [2]catenane switch 1 contains two interlocked, phenan-
throline-derived macrocycles that are appended with a pyrene
(Fig. 1b). When a cation binds to the interlocked phenanthrolines,
rotatory motions of the interlocked macrocycles will be ‘‘locked’’.
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Fig. 1 (a) Cation (un)locks 1 from large-amplitude co-conformational
change and hydrophobic interactions fine tune the intramolecular pyrene
distance. (b) Molecular structure of [2]catenane 1 and the control compound 2.
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Since the pyrene is attached onto the macrocycle at a point that is
farthest away from the phenanthroline, the pyrenes will be kept
from being in close proximity and no emission from intra-
molecular pyrene excimer will occur.5 In the absence of the cation,
1 will be in an ‘‘unlocked’’ state and co-conformational changes
are unrestricted. An increase in the water content in the solvent
will enhance the hydrophobic interactions between the two
pyrenes and favour the formation of an intramolecular pyrene
excimer with a new excimer emission.6 Synthesis of 1 is straight-
forward with a templated catenane formation, followed by a click
modification that appended the pyrenes (see the ESI,† for details).

A DMSO solution of 1 is light yellow and the UV-Vis
spectrum shows strong pyrene absorptions at 334 nm, e =
32 000 M�1 cm�1 and 351 nm, e = 34 800 M�1 cm�1 (Fig. S1,
ESI†). Photoexcitation (lex = 340 nm) of a 25 mM solution of 1 in
DMSO showed two emission peaks at 378 nm and 398 nm
which are characteristic of non-aggregated pyrene (Fig. 2a).7

There is also a broad and weak emission at 485 nm that can be
assigned as the emission from a pyrene excimer, suggesting
that the mechanical bond in 1 is flexible and that the [2]cate-
nane switch can adopt a co-conformation that favours excimer
formation.7 Upon increasing the solvent polarity by introducing
water as a co-solvent, a significant increase in the emission
intensity at 485 nm (I485) was observed when the water percentage
was above 50%. A 13-fold enhancement of I485 was resulted when
the water content is 90% when compared with that of 1 in pure
DMSO. In addition, a 50 mM solution of the non-interlocked

monomer 2 in DMSO showed no emission at 485 nm, confirming
that the excimer emission from 1 is intramolecular in nature and
that 1 is co-conformationally flexible and responsive to a change
in solvent polarity.

As the pyrene excimer emission from 1 is premised on the
flexibility of the [2]catenane to form an intramolecular pyrene
excimer, rigidifying the mechanical bond in 1 could disable the
solvent-induced switching of the excimer emission. By coordinating
the phenanthrolines in 1 to a Zn2+ ion, the [Zn(1)]2+ complex is
formed (see the ESI†). In addition, the phenyl linkers also p-stack
with the phenanthrolines as supported by an upfield shift of 0.3–
0.8 ppm for the phenyl protons in the 1H NMR spectrum of
[Zn(1)]2+ when compared to that of 1 (Fig. S37, ESI†). Such
p-stacking will further rigidify the mechanical bond and limit
the co-conformational flexibility of the [2]catenane switch.8

Consistent with the rigid structure, no intramolecular pyrene
excimer was formed and no emission at 485 nm was observed
from a 25 mM solution of [Zn(1)]2+ in water/DMSO of all tested
ratios (Fig. 2b). The fluorescent output from the [2]catenane
switch was therefore effectively turned-off in the ‘‘locked’’ state
upon coordination to a Zn2+ ion.

Co-conformational flexibility of the [2]catenane switch in the
‘‘locked’’ and ‘‘unlocked’’ states was also studied by molecular
dynamics (MD) simulations on 1 and [Zn(1)]2+ in DMSO and
water (Fig. 3). Consistent with the tetrahedral coordination
geometry, the angle between the phenanthroline planes (a) in
[Zn(1)]2+ was found to be consistently about 871 with a distance
of 7.1 Å between the centroids of the two phenanthrolines (d) in
both DMSO and water (Fig. S13 and S14, ESI†). The two pyrenes
were also found to be separated by B25 Å which is too distant
for efficient excimer formation. These observations agree well
with the mechanical bond being locked by the Zn2+ ion and the
observation that the excimer fluorescence was completely turned
off in the ‘‘locked’’ state. In contrast, MD simulations on 1 showed

Scheme 1 A dual responsive [2]catenane switch in which the (un)locking
of the mechanical bond and co-conformational change are controlled by
two orthogonal stimuli.

Fig. 2 Normalised emission spectra of a 25 mM solution of (a) 1 (unlocked
state) and (b) [Zn(1)]2+ (locked state) in DMSO with an increasing amount of
water (0%, 60%, 70%, 80% and 90%).

Fig. 3 Representative structures of 1 in (a) DMSO and (b) water, and
[Zn(1)]2+ in (c) DMSO and (d) water obtained using MD simulations.
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a more rapid relative oscillation of both a (from 741 to 1051) and d
(from 7.3 Å to 13.7 Å) in water. Similar fluctuations in a and d were
also observed when the dynamics of 1 were simulated in DMSO,
consistent with the [2]catenane switch being in the ‘‘unlocked’’
state with a more flexible mechanical bond. The averaged distance
between the two pyrenes in 1 is different in the two solvents. In
DMSO, the distance between the two pyrenes was found to vary
between 19.1 Å and 30.2 Å, but an average pyrene–pyrene distance
of o10 Å, which will allow the formation of pyrene excimer, was
found in water.9 Compared with most other phenanthroline-
based [2]catenanes in which the switching is effected only
by cation (un)binding,10 the use of two stimuli to effect the
co-conformational switching is advantageous as the relative
stability of the co-conformations, and hence amplitude of the
output, can be fine-tuned by a specific combination of the two
stimuli.

In the co-conformational switching of 1, on–off control of
the excimer emission is achieved by cation (un)binding and the
excimer emission intensity is controlled by the solvent polarity. Due
to the strong Zn2+-phenanthroline coordination (log K E 12),11

locking of the catenane switch in the ‘‘off’’ state is very efficient and
the use of 1 equiv. of Zn2+ ions is sufficient to completely switch off
the excimer emission. By using other cations of different binding
strengths to bind to the phenanthrolines in 1, the dynamic range of
the polarity-controlled luminescent signal can be modulated. For
example, locking the mechanical bond in 1 using 1 equiv. of Cu+,
which is known to bind strongly to phenanthroline-based
catenane,10,12 resulted in a similar switching as that of using Zn2+

and no pyrene excimer emission at 485 nm was observed in 90%
water/DMSO (Fig. S6, ESI†). The use of weaker binding s-block
metals,12a,13 on the other hand, resulted only in a partial suppres-
sion of the polarity-induced excimer emission. For example, I485 of
1 in 90% water/DMSO was found to be reduced by B11%, B5%
and B18% when 1 equiv. of Li+, Na+ and Ca2+ was introduced
respectively (Fig. 4).14 Furthermore, the dynamic range of the
polarity-dependent excimer emission can also be tuned by using
different amounts of the s-block metals. For example, I485 of 1 in
90% water/DMSO was found to be reduced by 43% and 80% in the
presence of 10 equiv. and 100 equiv. of Na+ respectively. It is worth
noting that in most metal-based MIM switches, metals that opti-
mally satisfy the coordination properties at the recognition sites are

commonly used to effect the switching to a maximum extent.15 Yet,
with the present dual switching where the output is dependent on
two inputs, metal ions that are weaker binding with a ‘‘mismatch’’
in the coordination properties (i.e. hard Li+/Na+/Ca2+ with the
borderline, N-based phenanthrolines in a tetrahedral geometry)
could also be advantageously used to fine-tune the amplitude and
dynamic range of the output, thus making the [2]catenane much
more versatile with diverse ways of control and amplitude settings.

Finally, locking of the mechanical bond in 1 by acid has also
been studied. [2]Catenanes with two phenanthrolines similar to 1
have been previously reported to bind to a proton and the phenan-
throlines are held in the core of the [2]catenane in the resulting acid–
base adduct.10b,c,16 In our study, addition of 1 equiv. of trifluoroacetic
acid to 1 in 90% water/DMSO resulted in a decrease of I485 by 56%,
suggesting that the phenanthrolines in 1 were locked in the centre of
the [2]catenane and formation of the intramolecular pyrene
excimer was disfavoured.17 MD simulation on the mono-
protonated [(1)H]+ also showed that the two pyrenes are sepa-
rated by B15 Å which is slightly too long for the intramolecular
pyrene excimer formation (Fig. S15 and S16, ESI†). A representa-
tive structure of [(1)H]+ also showed that the two phenanthro-
lines are locked in the [2]catenane core with structural
parameters comparable to that of a published crystal structure
of a monoprotonated phenanthroline-containing [2]catenane,16a

showing that the flexibility of the mechanical bond in 1 can also
be controlled by acid–base chemistry (see the ESI,† for details).

In summary, a simple [2]catenane switch with a two-stage
control of the intramolecular excimer fluorescence is reported.
While the proximity of the pyrenes is dependent on the
strength of the hydrophobic interactions in solvents of different
polarity, flexibility of the mechanical bond for the pyrenes to
approach each other is controlled by the presence of a cation
that locks the phenanthrolines. A range of cations can be used
to lock the mechanical bond in 1 in different degrees and the
pyrene excimer fluorescence can therefore be versatilely controlled
by various stimuli including solvent polarity, transition metals,
main group metals and proton. With two orthogonal inputs to
generate a luminescent output, the [2]catenane switch can also be
considered as a molecular logic gate for applications such as
molecular keypad locks in which a signal is generated by a correct
combination of inputs in a specific sequence.18
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