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The extensive use of molecular machine-like processes in
biology[1] is inspiring efforts to exploit similarly well-con-
trolled motions in functional synthetic systems.[2] Stimuli-
responsive “molecular shuttles”—rotaxanes in which a key
feature of the tertiary structure, the relative positions of the
interlocked components, can be changed in response to an
external input—constitute a basic kind of nanoscale mechan-
ical switch,[3] capable of varying physical properties such as
conductivity,[4] circular dichroism,[5] and fluorescence.[6] How-
ever, there are few examples[7] where shuttling has been
demonstrated in the polymer-based media upon which many
materials applications may ultimately depend, and only
simple rotaxanes (not switchable molecular shuttles) have
been used to create information-rich quaternary structures,

such as patterned surfaces.[8] Here we report a system in which
the translocation of a ring along a peptide-based thread,
induced by changes in the nature of the local environment,
can be used to switch the fluorescence of a rotaxane “on” or
“off”. Remarkably, the system not only works in solution but
also in polymer films where patterns visible to the naked eye
can be generated solely through controlled submolecular
motion. A polymer film “INHIBIT” logic gate based on a
combination of control of submolecular positioning and
chemical modification (protonation) is also demonstrated.

Thread 1 consists of an anthracene fluorophore (which
also acts as a “stopper”) attached to a glycylglycine hydrogen-
bonding binding site or “station”, which, in turn, is connected
to a C11 alkyl chain that can act as a second “solvophobic”
station[9] and is terminated by a second stopper.[10] Rotaxanes
2 and 3 were prepared in 37 and 20% yields, respectively, by
condensing p-xylylenediamine with the appropriate bis(acid
chlorides) in the presence of 1 (Scheme 1).[11] Double proto-

nation of 3 with an excess of trifluoroacetic acid generated
3·2 H+·2 CF3CO2

� . The macrocycles in 2 and 3·2 H+ contain
nitrophenyl and pyridinium moieties, respectively, which are
known to quench the fluorescence of anthracene through
distance-dependent electron transfer.[6a,12]

A clear change in position of the rotaxane components of
2, 3, and 3·2 H+·2 CF3CO2

� between CDCl3 and [D6]DMSO
(dimethylsulfoxide) is clearly apparent from 1H NMR spec-
troscopy. Figure 1 shows the partial 1H NMR spectra
(400 MHz, 298 K) of thread 1 and rotaxane 2 in the different

Scheme 1. Synthesis and translational isomerism exhibited by environ-
ment-switchable molecular shuttles 2, 3, and 3·2H+·2CF3CO2

� .
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solvents. In CDCl3 (Figure 1 a) the chemical shift differences
of the glycylglycine protons between 1 and 2 indicate that the
macrocycle resides principally over the peptide residue of the
rotaxane.[13] The solid-state structure of a close analogue of 3
(only the non-anthracene stopper is different in 3’) shows the
macrocycle binding to the glycylglycine station through a
network of intercomponent hydrogen bonds (Figure 2).[14] In
contrast, in [D6]DMSO (Figure 1b) it is the signals for the
protons of the alkyl chains of 2 that are shielded by up to
1.2 ppm through encapsulation by the macrocycle. The
discrimination of the macrocycle for the different regions of
the thread is less well expressed in solvents of polarity and
hydrogen-bonding basicity that lie in-between those of CDCl3

and [D6]DMSO (e.g. [D3]MeCN, [D4]MeOH, [D8]EtOAc,
[D7]DMF (DMF = N,N-dimethylformamide), [D8]THF etc.),
with smaller shifts involving more thread protons observed in
the 1H NMR spectra in these solvents than with CDCl3 or
[D6]DMSO. However, the switching of the preferred transla-
tional isomer between the relatively nonpolar solvents and
[D6]DMSO is quite general for rotaxanes with this type of
amphiphilic thread, with 3 and 3·2 H+·2 CF3CO2

� exhibiting
similar shift patterns to 2 (see Supporting Information).

The effect of the environment-induced positional change
of the interlocked components on the fluorescence emission
of the rotaxanes was also investigated. Fluorescence spectra
(lex = 340 nm) of 10�5

m solutions of rotaxanes 2 and
3·2 H+·2 CF3CO2

� were recorded in benzene, CH2Cl2,
CH3CN, CH3OH, DMF, DMSO, and H2NCHO (Figure 3,
Table 1). The variation in the 1H NMR and fluorescence

Figure 1. Partial 1H NMR spectra of a) thread 1 (top) and rotaxane
2 (bottom) in CDCl3, and b) thread 1 (top) and rotaxane 2 (bottom) in
[D6]DMSO. The assignments correspond to the lettering shown in
Scheme 1 and are based on COSY and GOESY experiments (400 MHz,
298 K). In CDCl3, the signals for Hc and He of the glycylglycine station
(orange) are shielded by d =1.2 and 0.4 ppm in the rotaxane with
respect to the thread because of the aromatic rings of the macrocycle.
In [D6]DMSO, it is the signals that correspond to the protons of the
alkyl chain that are strongly shielded, while the signals of the glycylgly-
cine unit are essentially unchanged, which confirms the position of the
macrocycle over the alkyl chain.

Figure 2. X-ray crystal structure[14] of 3’, a close structural analogue of
rotaxane 3 (the 3,5-di-tert-butylphenyl stopper in 3 is substituted for a
triphenylmethyl group to give 3’). C (macrocycle) blue, C (thread) yel-
low, O red, N dark blue, H white. Non-amide hydrogen atoms are omit-
ted for clarity. Intramolecular hydrogen-bond lengths [�] and angles [8]:
N2H-O56 1.93–170.7; N58H-O10 2.16, 140.6; N55H-O21 1.96, 174.4;
N29H-O53 2.03, 161.9.

Figure 3. a) Fluorescence spectra (lex = 340 nm, 1 � 10�5
m, 298 K) of

rotaxane 2 in CH2Cl2 (orange) and DMSO (black). b) Photograph of
the cuvettes that contain the solutions of rotaxane 2 illuminated at
254–350 nm which illustrate that the difference in fluorescence is
clearly visible to the naked eye.

Table 1: Fluorescence quantum yields (ff ) of rotaxanes 2 and
3·2H+·2CF3CO2

� in various solvents, together with the dielectric
constants (e) and hydrogen-bond-donating (as)

[15] and -accepting (bs)
[15]

constants of the solvents.

Solvent e as bs ff (2) ff (3·2H+·2CF3CO2
�)

benzene 2.3 1.0 2.2 0.004 0.003
CH2Cl2 9.0 1.9 1.1 0.003 0.004
CH3CN 37.5 1.7 4.7 0.003 0.004
DMF 37.0 1.6 8.3 0.013 0.007
CH3OH 32.7 2.7 5.8 0.005 0.008
DMSO 49.7 0.8 8.9 0.032 0.019
H2NCHO 109.5 2.9[a] 8.3[a] 0.029 0.042

[a] General values for the amide functional group.
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spectra does not directly follow from the dielectric or
hydrogen-bonding constants of the solvents, but is readily
explained by considering the functional group interaction
profiles (FGIP) recently introduced by Hunter (Figure 4).[15]

In solvents in which the intercomponent hydrogen bonding
should be strongest (benzene, CH2Cl2, CH3CN) the anthra-
cene fluorescence is virtually completely quenched, whereas
in solvents with a strong solvophobic profile for alkyl chains

(DMSO and NH2CHO), UV-stimulated fluorescence is
clearly visible at submicromolar concentrations. This con-
trasts with the trend whereby an increase in dielectric
constant generally increases the efficiency of other decay
pathways to result in a decrease in fluorescence intensity.[16] In
fact, the very efficient quenching observed in nonpolar
solvents suggests that the electron-transfer process in rotax-
anes 2 and 3·2 H+ is close to the Marcus optimal region, where

Figure 4. Functional group interaction profiles (FGIP) in a) chloroform (aS = 2.2, bS = 0.8), b) DMSO (aS = 0.8, bS = 8.9), c) formamide (aS = 2.9,
bS = 8.3),[18] and d) methanol (aS =0.9 and 2.7, bS = 5.8). Note, the FGIP of dichloromethane (aS = 1.9, bS = 1.1) is very similar to that of chloro-
form. Blue represents a favorable interaction, and red represents an unfavorable interaction. Parts (a), (b), and (d) are reproduced with permission
from Ref. [15]. The intercomponent interactions that largely determine the position and positional integrity of the macrocycle in 2, 3, and
3·2H+·2CF3CO2

� are the amide–amide interaction region (highlighted with a green circle and corresponds to the peptidyl translational isomer)
and the alkyl chain–phenyl ring interaction region (highlighted with a magenta square and stabilizes the alkyl translational isomer). a) Solute–
solute amide–amide interactions are strongly favored and alkyl chain—phenyl ring interactions are disfavored, so we can expect the tertiary struc-
ture for the peptide-based molecular shuttles to feature the macrocycle held firmly on the peptide station by a well-defined hydrogen-bonding net-
work, which leads to strong quenching of the anthracene fluorescence. b) Amide–amide interactions are strongly disfavored whereas alkyl chain–
phenyl ring interactions in the solvent–solvent interaction dominated quadrant (bottom left) are favored, so we can expect the macrocycle to be
localized on the alkyl-chain station but in a variety of positions and co-conformations owing to the general solvophobic interactions. As forma-
mide contains both strong hydrogen-bond donors and acceptors it should display a strong solvophobic interaction in the lower left quadrant, sim-
ilar to that for water. Indeed, this is the case as shown in (c), and the FGIP indicates that the solvophobic effect in NH2CHO should be at least as
strong as in DMSO, as suggested by the fluorescence measurements. d) In methanol, the amide–amide interactions are weak, but no driving
force exists for alkyl-chain–phenyl-ring interactions either. So we can expect the room-temperature Boltzmann-averaged distribution to feature the
macrocycle spending a significant amount of time over many positions along the entire length of the rotaxane thread; some of these conforma-
tions will lead to efficient quenching, while others do not.
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the reorganization energy is equal to the �DG value for
electron transfer (this inference is also supported by low-
temperature fluorescence spectra and thermodynamic con-
siderations, see Supporting Information). In such circum-
stances the electron-transfer process is barrierless and is
insensitive to the polarity of the solvent.[17] We can thus
conclude that the variations in intensity observed with the
different solvents is caused by the change in the relative
separation of the fluorophore and quencher. Although the
positioning of the macrocycle on the large alkyl-chain region
would be expected to be rather poorly defined through a
solvophobic effect, the ratio of fluorescence quantum yields
obtained solely by the average net displacement of the
macrocycle along the thread is as high as 15:1 (Table 1). This
is significantly less than the 200:1 on/off ratio reported
recently[6a] for a light-switchable shuttle with two discrete and
well-separated hydrogen-bonding stations, but is nonetheless
remarkable for such a simple system and easily visible to the
naked eye (Figure 3b).

To see if the same principles could be demonstrated to
work in environments that are more relevant to materials
applications, we synthesized well-defined polymer analogues
of 2 and 3 by transition-metal-mediated living radical
polymerization (often called ATRP)[19] using methyl meth-
acrylate as a monomer and [2]rotaxanes 5 and 6 as initiators.
The resulting poly(methyl methacrylate) (PMMA)-based
macromolecule [2]rotaxanes P5 and P6 had narrow polydis-
persity indices (PDI) of 1.17 and 1.14, respectively, and
contained approximately 10% w/w of peptide rotaxane end-
groups. 1H NMR studies in CDCl3 and [D6]DMSO showed
that the translational isomerism of the interlocked compo-
nents of polymers P5 and P6 in solution exactly mirrored
those of the small-molecule analogues, 2 and 3. Thin trans-
parent films of P5 and P6 on quartz slides were prepared
through either conventional spin-coating techniques or by the
evaporation of solutions of the polymers in dichloromethane.
The resulting colorless thin films were of good optical quality
and behaved in a manner independent of their method of
preparation.

No fluorescence was detected when slides coated with the
P5 film were illuminated with UV light (254–350 nm), which
suggests that in the nonpolar environment of the PMMA-like
film the macrocycle resides over the peptide portion of the
thread and efficiently quenches the anthracene fluorescence.
However, although exposing the P5-coated slides to DMSO
vapor (generated by gently warming an open beaker of the
solvent in the vicinity of the film for 5 min) did not result in a
noticeable change to the film under natural light, upon
illumination with the UV source the characteristic blue
anthracene fluorescence became apparent. Masking regions
of films of P5 from DMSO vapor with aluminum grids again
produced no perceptible change under natural light, but
distinctly shaped and clearly visible patterns were revealed
with the UV source (Scheme 2b). The system is reversible:
warming the slides to 70 8C at 0.1 Torr for 15 minutes to drive
off absorbed solvent resulted in the loss of the fluorescent
patterning. The behavior of P5 implies that the environment-
induced change in position of the interlocked components
occurs in the polymer film just as it does in solution. This view

is supported by molecular dynamics simulations (see Sup-
porting Information) in which close similarities are seen
between the average intercomponent separation of 2 in
CH2Cl2 and DMSO and P5 in a solvent-free environment and
with the addition of several molecules of DMSO.

The quartz slides coated with P6 films were fluorescent
when illuminated with UV light as the pyridine units of the
macrocycle need to be protonated to quench the excited state
of anthracene. Accordingly, when quartz slides coated with P6
were exposed to CF3CO2H vapors (P6!
P6·(2H+·2CF3CO2

�)n) fluorescence was no longer observed.
Figure 5b shows a distinct pattern of dark (nonfluorescent)
bands resulting from thin films of P6 upon exposure to
CF3CO2H vapor through a striped aluminum mask (Fig-
ure 5a) and then illuminated with UV light. When the
resulting dark strips of P6·(2H+·2CF3CO2

�)n were exposed
to DMSO vapor through the same mask rotated by 908, a
criss-cross pattern was produced (Figure 5c) in which only
segments that had been exposed to CF3CO2H vapor but not to
DMSO vapor were dark when illuminated with the UV
source, which suggest that displacement of the macrocycle

Scheme 2. a) Chemical structures of rotaxane initiators 5 and 6 and
the corresponding PMMA-based polymers P5, P6, and P6·(2H+

2CF3CO2
�)n. b) Images obtained by casting films of polymer P5 on

quartz slides, then covering the films with aluminum masks, and
exposing the unmasked area to DMSO vapor for 5 minutes. The pho-
tographs were taken while illuminating the slides with an 8-watt
Camag UV lamp (254–350 nm) and reveal representative triangle,
circle, cross, and square symbols.
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from the peptide station to the alkyl chain restores fluores-
cence to the exposed regions. The response of P6 to the
different combinations of two stimuli (DMSO and protons)
corresponds to an “INHIBIT” Boolean logic gate.[20,21] The P6
logic gate does not operate with full reversibility as a film,
however, because although the DMSO could be removed by
warming under reduced pressure (as with P5), the effects of
the acid stimulus could not be reversed without some
deterioration in the optical quality of the film. In solution,
P6 is cleanly regenerated by treatment with base, for example,
triethylamine.

In conclusion, we have described a class of molecular
shuttles in which translational isomerism of the components
can be controlled to either permit or preclude fluorescence
quenching by intercomponent electron transfer in both
solution and polymer films. As the shuttling mechanism
does not require a change to the covalent structure of the
shuttles, the optical response can be unambiguously ascribed
to changes in the relative positions of macrocycle and thread;
a visible optical response from a mechanical submolecular
event.[21] Although using exposure to chemical vapors as a
stimulus is unlikely to be practically useful beyond sensing or,
perhaps, security applications, related hydrogen-bonded shut-
tles can be switched in solution by using light,[23] electro-
chemistry,[24] changes in temperature[25] or pH,[26] and cova-
lent-bond-forming chemical reactions.[27] The present work
demonstrates that some of the switching mechanisms, proper-
ties, and logic operations established for molecular shuttles in
solution can be transferred to media that are more suitable for

developing materials which function through controlled
submolecular motion.
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