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We report a pH-controllable molecular switch whose switching

can be monitored by the naked eye; this system involves the

formation of a complex between a [2]rotaxane—featuring

dibenzylammonium and 4,49-bipyridinium stations—and a

TTF-side-walled molecular clip.

The synthesis of molecular switches and actuators that function

through host–guest recognition continues to attract much atten-

tion because these systems have potential applicability in mesoscale

molecular electronic devices.1 Because of the need for reversibility

in the operation of these machine-like molecules, chemically

controllable molecular switches are generally operated through the

sequential addition and removal of electrons,2 metal ions,3 or

protons.4 Among these systems, acid/base-controllable molecular

switches are relatively simple to design because in general they

operate through charge repulsion or hydrogen bonding interac-

tions upon protonation of a receptor in the molecular structure of

either the host or guest.4 One example of such a system is a

[2]rotaxane in which the macrocyclic component can reside at one

of two stations. Ideally, the binding affinity of this macrocycle

should favor one station exclusively in the ‘‘on’’ state and the other

station exclusively in the ‘‘off’’ state—with clear optical output

signals in both cases—to ensure that the switching event can be

monitored effectively. Most acid/base-controllable molecular

switches do not, however, provide significant optical outputs

during their switching; rather, their operating states are monitored

using NMR spectroscopic techniques. Herein, we describe a

pH-controllable molecular switch whose switching can be

monitored by the naked eye; this system involves the formation

of a complex between a [2]rotaxane—comprising macrocycle 1 and

a dumbbell featuring dibenzylammonium and 4,49-bipyridinium

stations—and a TTF-side-walled molecular clip.5

The dual-use ‘‘oxygen-deficient’’ macrocycle 1 is the smallest

known macrocycle that is capable of forming relatively strong

complexes in solution with dibenzylammonium (DBA+) and

bipyridinium ions.6 Because the binding affinity of 1 with

DBA?PF6 (Ka = 200 ¡ 30 M21) in CD3CN is ca. 10-fold higher

than that with N,N9-dimethylbipyridinium bishexafluoropho-

sphate (Ka = 26 ¡ 2 M21), we suspected that a two-station

[2]rotaxane comprising these units would operate as an acid/base-

controllable molecular switch. We synthesized (Scheme 1) such a

[2]rotaxane through the reaction of the dibenzylammonium ion

2-H?PF6
7 with the monopyridinium salt 3?PF6

8 in CH3CN in the

presence of macrocycle 1; the semirotaxane9 intermediate

[1[2-H][PF6] reacted with 3?PF6 to afford the [2]rotaxane

4-H?3PF6 in 35% yield after subsequent ion exchange and

purification processes.

The 1H NMR spectrum of rotaxane 4-H?3PF6 displays (Fig. 1)

significant upfield shifts in the signals of the methylene protons

adjacent to the ammonium center relative to those of the free

dibenzylammonium ion 2-H?PF6, which suggests that the macro-

cyclic unit encircles the CH2NH2
+CH2 center.10 Because the

association and dissociation processes of the dibenzylammonium

ion and macrocycle 1 are slow on the 1H NMR spectroscopic

timescale,11 if macrocycle 1 were to reside anywhere else along the

dumbbell-shaped component, i.e., other than on the NH2
+ center,
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we should observe another set of signals representing a second

translational isomer; because we do not, it appears that the

macrocyclic unit in 4-H?3PF6 resides at the NH2
+ center with good

selectivity in CD3CN at room temperature. The addition of Et3N

to this solution led to deprotonation of the NH2
+ center, which

resulted in the disappearance of the multiplet in the 1H NMR

spectrum that we assign to its adjacent methylene protons (Fig. 1b).

Meanwhile, the signals for the a and b protons of the bipyridinium

unit underwent upfield shifts, implying the formation of the

[2]rotaxane 5?2PF6, in which the macrocyclic unit encircles the

bipyridinium unit. Subsequent addition of trifluoroacetic acid

(TFA) provided a 1H NMR spectrum (Fig. 1c) similar to that of

the original solution of rotaxane 4-H?3PF6 (Fig. 1a); this

observation implies that the macrocyclic unit had migrated back

to the NH2
+ center to regenerate the original rotaxane 4-H+ in

solution.

Although the switching of the macrocyclic unit from the NH2
+

unit to the bipyridinium moiety upon the addition of Et3N did

induce a weak charge transfer absorption between the electron-rich

phenol ring and the electron-deficient bipyridinium unit—turning

the solution from colorless to light yellow—this transformation

was not very striking to the naked eye, especially at low

concentration. Previously, we demonstrated that the TTF-side-

walled molecular clip 6 forms a complex with N,N9-

dimethylbipyridinium bishexafluorophosphate in CD3CN (Ka =

5600 ¡ 300 M21);12 this complex displays a green color that arises

from a charge transfer absorption between the bipyridinium ion

and the TTF units.13 Thus, we suspected that mixing the molecular

clip 6 with the [2]rotaxane 4-H?3PF6 in CD3CN would lead to the

formation of a [2]rotaxane/molecular clip complex (6[4-H?3PF6)

in which the molecular clip coordinates to the free bipyridinium

unit to result in a green solution (Scheme 2). The subsequent

addition of Et3N to this solution was expected to cause the

macrocyclic unit of the [2]rotaxane to compete with the molecular

clip for the bipyridinium center; ideally, this process would lead to

dissociation of the complex to provide the free [2]rotaxane 5?2PF6

and the free molecular clip 6 with simultaneous disappearance of

the green color.

Gratifyingly, solutions of the colorless [2]rotaxane 4-H?3PF6

and the yellow molecular clip formed a green solution upon their

mixing (Fig. 2A-a). The UV-Vis spectrum (Fig. 2B-a) of the

complex formed between 4-H?3PF6 and 6 in MeCN/CHCl3 (5 : 1)

displays a charge transfer band at 709 nm. The 1H NMR spectrum

of this solution indicates (Fig. 3b) that upfield shifts occurred to

the signals of the b-pyridinium protons of the [2]rotaxane and the

PhOCH2 protons of the molecular clip; these changes are similar

to those that occur after the complexation of molecular clip 6 with

N,N9-dimethylbipyridinium bishexafluorophosphate under similar

conditions.11 A Job plot based on the signal of the PhOCH2

protons in the 1H NMR spectrum of the molecular clip afforded

conclusive evidence (see Supporting Information) for 1 : 1

complexation in CD3CN/CDCl3 (5 : 1). The electrospray

ionization (ESI) mass spectrum recorded on an equimolar mixture

of 6 and 4-H?3PF6 reveals two peaks at m/z 1374 and 867, which

correspond to the formation of complexes [6[4-H?PF6]
2+ and

[6[4-H]3+, respectively. These results suggest the formation of the

[2]rotaxane/clip complex (6[4-H)?3PF6, for which we determined

Fig. 1 Partial 1H NMR spectra [400 MHz, CD3CN/CDCl3 (5 : 1), 298 K]

of (a) rotaxane 4-H?3PF6, (b) the mixture obtained after adding Et3N

(2 equiv) to the solution in (a), and (c) the mixture obtained after adding

TFA (2 equiv) to the solution in (b).

Scheme 2

Fig. 2 (A) Photograph depicting the color changes that occur to the

solution [MeCN/CHCl3 (5 : 1), 4 mM, 298 K] during the switching process

and (B) the corresponding partial UV-Vis spectra [MeCN/CHCl3 (5 : 1),

2 mM, 298 K] of (a) an equimolar mixture of 4-H?3PF6 and 6, (b) the

mixture obtained after adding Et3N (2 equiv) to solution (a), and (c) the

mixture obtained after adding TFA (2 equiv) to solution (b).
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the association constant (Ka) in CD3CN/CDCl3 (5 : 1) to be

4100 ¡ 400 M21, based on a 1H NMR spectroscopic dilution

experiment.14 The addition of Et3N to the mixture immediately

switched the color of the solution back to yellow, with a

concomitant substantial decrease in the intensity of the charge

transfer absorption in the UV spectrum (cf. Figs. 2A-b and 2B-b);

in addition, the corresponding 1H NMR spectrum displays the

existence of both the free molecular clip 6 and [2]rotaxane 5?2PF6

in the solution (Fig. 3c). Thus, the [2]rotaxane/molecular clip

complex dissociated upon the addition of Et3N, most likely as a

result of the macrocyclic unit encircling the bipyridinium station in

5?2PF6 to the exclusion of the molecular clip 6. Subsequent

addition of TFA to this solution restored the charge transfer band

at 709 nm (Fig. 2B-c), immediately switched the color of the

solution back to green (Fig. 2A-c), and resulted in a 1H NMR

spectrum (Fig. 3d) similar to that of the mixture of only molecular

clip 6 and [2]rotaxane 4-H?3PF6 (Fig. 3b); this evidence suggests

that regeneration of the [2]rotaxane/molecular clip complex

occurred in solution upon protonation of the amino center in

5?2PF6. Thus, sequential addition of a base and an acid induces

migration of the macrocyclic unit of this [2]rotaxane from the

NH2
+ station to the bipyridinium unit and back again, in turn

controlling the availability of the bipyridinium station for

complexation with the molecular clip 6 and resulting in significant

color changes that are clearly visible to the naked eye. This process

occurs without the need to covalently link chromophore(s) to the

macrocyclic and/or dumbbell-shaped components.

We have demonstrated that the presence of a TTF-side-walled

molecular clip allows the mechanical motion of a pH-controllable

molecular switch to be monitored by the naked eye. We believe

that such rotaxane/molecular clip complexes may play roles in

functional chemically, electrochemically, and photochemically

controllable molecular switches, and possibly in new types of

‘‘supramolecular nanovalves’’15 that control the flow of important

molecules within porous materials.
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Fig. 3 Partial 1H NMR spectra [400 MHz, CD3CN/CDCl3 (5 : 1), 298 K]

of (a) rotaxane 4-H?3PF6, (b) an equimolar (10 mM) mixture of rotaxane

4-H?3PF6 and molecular clip 6, (c) the mixture obtained after adding Et3N

(4 equiv) to the solution in (b), and (d) the mixture obtained after adding

TFA (4 equiv) to the solution in (c).
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