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Nature uses molecular motors and machines in virtually
every signiﬁcant biological process, but demonstrating
that simpler artiﬁcial structures operating through the same
gross mechanisms can be interfaced with—and perform
physical tasks in—the macroscopic world represents a
signiﬁcant hurdle for molecular nanotechnology. Here
we describe a wholly synthetic molecular system that
converts an external energy source (light) into biased
brownian motion to transport a macroscopic cargo and
do measurable work. The millimetre-scale directional
transport of a liquid on a surface is achieved by
using the biased brownian motion of stimuli-responsive
rotaxanes (‘molecular shuttles’) to expose or conceal
ﬂuoroalkane residues and thereby modify surface tension.
The collective operation of a monolayer of the molecular
shuttles is sufﬁcient to power the movement of a microlitre
droplet of diiodomethane up a twelve-degree incline.
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iological motors rectify random motion in the molecular
world to generate directional force and carry out macroscopic
tasks1 . Indeed, they do this so eﬀectively that they can
be capable of transporting objects many times more massive
than themselves2 and have even been used to power prototypical
hybrid mechanical devices3–8 . However, performing well-deﬁned
mechanical tasks and measurable work with synthetic molecular
systems that bias brownian motion has proved much more
elusive9–13 . Here we report on the macroscopic (millimetre-scale)
directional transport of a droplet on a photo-responsive surface
created by using the nanometre displacement of the components
of light-switchable molecular shuttles to expose or conceal
ﬂuoroalkane residues and thereby modify the surface properties.
Stimuli-responsive molecular shuttles are rotaxanes in which
the macrocycle is translocated from one position (‘station’) on the
thread to a second site through biased brownian motion in response
to an external trigger (for example, light, electrons, temperature,
pH, nature of the environment, reversible covalent bond formation,
and so on)9–20 . These systems are viewed as potential elements for
molecular machinery and the change in position of the subunits
has been used as a nanoscale mechanical switch to vary physical
properties such as conductivity14 , induced circular dichroism15 and
ﬂuorescence16–19 . Using such a stimuli-induced co-conformational
change, we envisaged that the macrocycle in a shuttle such
as 1 (Fig. 1) could expose or conceal a short ﬂuoroalkane
segment (the tetraﬂuorosuccinamide station) in response20 to
photoisomerization of the fumaramide station (which has a high
binding aﬃnity for the ring) to maleamide (which has a low
binding aﬃnity for the ring). As the contact angles of both
polar and apolar liquids are highly sensitive to small variations
in the concentrations of ﬂuoroalkane groups21 , it seemed possible
that the biased brownian motion associated with an E-1 to Z -1
transformation could be used to produce a rotaxane-terminated
surface with switchable wettability characteristics22 .
Rotaxane E-1 was prepared in 65% yield from thread E-2, then
protonated with triﬂuoroacetic acid to mimic the methodology
subsequently used for self-assembled monolayer (SAM) formation
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Figure 1 Synthesis and light-induced positional change of the macrocycle in a
ﬂuorinated molecular shuttle, 1. Rotaxane E-1 contains a fumaramide (green)
station and a tetraﬂuorosuccinamide (orange) station. E → Z photo-isomerization of
the fumaramide group generates the maleamide (dark blue) station (Z-1), which has
a low afﬁnity for the macrocycle. The E/Z-1 ratio is 50:50 at the photostationary
state in CH2 Cl2 at 298 K. Reaction conditions: (i) 10 equiv. 3,5-pyridinedicarbonyl
dichloride, 10 equiv. p-xylylenediamine, Et3 N, CHCl3 , 65%; (ii) CF3 CO2 H, CH2 Cl2 ;
(iii) 254 nm, CH2 Cl2 , 5 min, 50%; (iv) piperidine, CH2 Cl2 , RT, 2 h then CF3 CO2 H,
100% or 115◦ , C2 H2 Cl4 , 24 h, 90%.

and converted into Z -1 by photoisomerization (Fig. 1). The
photostationary state of E/Z -1 at 254 nm is 50:50 in CH2 Cl2 at
room temperature and, starting from either isomer, is reached
within 5 min under our experimental conditions with no evidence
of any decomposition of the rotaxane or reaction with the solvent.
The NMR spectra (Figs 2 and 3) of E-1 in CDCl3 conﬁrms the
location of the macrocycle over the fumaramide residue in a
non-hydrogen-bond-disrupting environment. Hj and Hk are
shielded by 1.0 p.p.m. with respect to their position in E-2 and no
signiﬁcant shifts are observed for the ﬂuorine resonances between
rotaxane and thread. In contrast, the 1 H (Fig. 2) and 19 F (Fig. 3)
NMR spectra show that in Z -1 the macrocycle resides primarily
over the ﬂuoroalkane station. Hj and Hk occur at similar chemical
shifts in rotaxane and thread whereas the 19 F nuclei in Z -1 are
shielded by ∼0.7 p.p.m. by the xylylene groups of the macrocycle
(as aromatic ring currents change the local magnetic ﬁeld by a
value independent of the nuclei being observed, the magnitude
of the shielding in the 19 F NMR spectrum is similar to that
seen20 in the 1 H NMR spectrum for analogous non-ﬂuorinated

Figure 2 Locating the position of the macrocycle in a molecular shuttle using
proton chemical shifts. a–d, 1 H NMR spectra (400 MHz, CDCl3 , 298 K) of a, thread
E-2, b, [2]rotaxane E-1, c, thread Z-2, and d, [2]rotaxane Z-1. The shielding of
protons in the rotaxanes compared with the threads indicates the position of the
macrocycle in each diastereomer.

shuttles). The addition of up to 10 equiv. of CF3 CO2 H had
no eﬀect on the position of the macrocycle in either rotaxane
diastereomer. Molecular modelling studies faithfully reproduce the
relative positions of the components in both E and Z -1 and suggest
that both folded and extended chain co-conformers are present.
The macrocycle of the rotaxane contains pyridine groups
that have previously been used to graft similar molecular
shuttles onto well-ordered SAMs of 11-mercaptoundecanoic acid
(HO2 C(CH2 )10 SH, 11-MUA) on Au(111) deposited on SiO2
(ref. 23). Using this technique (see Supplementary Information),
ﬁlms were prepared with E-1 using 11-MUA SAMs on Au(111)
deposited on glass or mica (giving E-1.11-MUA.Au(111), Fig. 4).
The resulting ﬁlms were characterized by X-ray photoemission
spectroscopy (XPS; X-PROBE Surface Science Laboratories
photoelectron spectrometer) and scanning tunnelling microscopy
(STM), each conﬁrming that the ﬁlms featured complete and
uniform coverage of the SAM with a monolayer of physisorbed
shuttles23 , with the long axis of the rotaxane thread lying parallel
to the gold surface. As controls (Fig. 1), ﬁlms were prepared using
a similar non-ﬂuorinated shuttle (in addition to replacing the
ﬂuorine atoms of 1 with hydrogens, substitution of the amide group
nearest the succinic stopper with an ester group was necessary
because the low solubility of the tetra-amide thread hindered
rotaxane synthesis) and a simple non-photoactive ﬂuorocarbon,
heptadecaﬂuorodecanethiol (CF3 (CF2 )7 CH2 CH2 SH).
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Table 1 Contact angles of 1.25 µl droplets of various low-volatility liquids
deposited on E-1 grafted onto a 11-MUA SAM on Au(111) on mica (similar contact
angles were obtained using glass). The droplets were deposited before
(E-1.11-MUA.Au(111)) and after (E/Z-1.11-MUA.Au(111)) irradiation of the surface
with ultraviolet light (240–400 nm) for 5 min. Irradiation for longer periods had no
further effect on the contact angles. X-ray photoemission spectroscopy (XPS)
measurements indicate identical elemental composition before and after
irradiation. Drops were deposited on the ultraviolet-irradiated surface immediately
after the light was switched off. Olive oil, m-xylene, 1-methylnaphthalene,
1,1,2,2-tetrachloroethane, 1,1,2-tribromoethane, chlorobenzene, perﬂuorohexane,
1,4-dioxane, tetrachloromethane and tetradecane all fully wet the
E-1.11-MUA.Au(111) surface rather than form droplets.
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Figure 3 Locating the position of the macrocycle in a molecular shuttle using
ﬂuorine chemical shifts. a–d, 19 F NMR spectra (235 MHz, CDCl3 , 298 K) of
a, thread E-2, b, [2]rotaxane E-1, c, thread Z-2, and d, [2]rotaxane Z-1. The
shielding of the ﬂuorine atoms in Z-1 indicates the macrocycle is situated over the
ﬂuorocarbon station.

The ﬂuorinated molecular shuttle substrate, E-1.11-MUA.Au
(111), did indeed provide a photo-responsive surface (Table 1)24 .
Small (0.5−5 µl) drops of several low-volatility liquids (for
example, water, formamide (H2 NCHO), ethylene glycol and
diiodomethane (CH2 I2 )) each gave signiﬁcantly (8−22◦ ) lower
contact angles on surfaces physisorbed with E-1 after irradiation
for 5 min with ultraviolet light, providing evidence that positional
switching of the macrocycle was occurring on the surface
of the SAM (that is, E/Z -1.11-MUA.Au(111), Fig. 4)25–30 . In
contrast, the ﬁlms with the surfaces terminated with either
the non-ﬂuorinated shuttle or heptadecaﬂuorodecanethiol gave
contact angles that did not change on irradiation. Lower
contact angles for the non-ﬂuorinated shuttle-terminated surface
compared with E-1.11-MUA.Au(111), and the invariance of the
contact angle to the E/Z ratio using the non-ﬂuorinated system,
suggest that the photo-induced lowering of the contact angle in
E/Z -1.11-MUA.Au(111) is caused by a reduction in the number
of ﬂuoroalkane residues exposed at the surface of the substrate,
although the partial self-satisfying H-bonding requirements of
the maleamide group may also contribute to the increase in the
surface energy.
Surface energy heterogeneity31–35 brought about by photoinduced wetting/de-wetting has previously36,37 been used to move
droplets of liquids across surfaces. In a two-stage process,
an azobenzene-terminated surface was photoisomerized to cis
(wetting the surface) and then asymmetrically irradiated at the rear
of the droplet at a second wavelength (cis-to-trans isomerization),
selectively de-wetting the back edge of the droplet and pushing
it forward. We investigated photo-driven drop transport on
E-1.11-MUA.Au(111) using a single irradiation method (see
Supplementary Information Videos and Figs 5 and 6).
A 1.25 µl drop of diiodomethane, the liquid that shows
the most discrimination between the pristine and irradiated
surfaces (Table 1), was deposited on a freshly prepared sample of
E-1.11-MUA.Au(111) on glass (contact angle 35 ± 2◦ , Fig. 5a)
and the sample was irradiated with a perpendicular beam of
240–400 nm light focused on one side of the drop and the
706

Diiodomethane
Water
Formamide
Ethylene glycol
Bromoform
Dimethylformamide
Nitromethane
1,2-dibromoethane
∗

Deposited before
ultraviolet irradiation
of surface

Deposited after
ultraviolet irradiation
of surface

35
55
40
48
18
15
6†
8

13
45
31
40
12
−‡
5†
−‡

Measured 30 and 60 s after deposition. Experimental error ±2◦ .

†

Signiﬁcant evaporation after 2.5 min.

‡

Fully wets surface.

adjacent area to produce a gradient in the surface free energy
across the length of the drop. After irradiation for 80 s the
front of the drop started to advance at a dynamic contact angle
of 30 ± 2◦ (see the ‘Droplet on ﬂat 1.11-MUA.Au(111).glass’
video in the Supplementary Information), which continued to
decrease during the wetting of the surface. The advancing contact
angle remained at least 1◦ lower than the receding contact angle
during this initial extension period, the inequality of contact
angles illustrating the diﬀerence in surface properties caused
by the irradiation. If irradiation was stopped at any point, no
further changes to the droplet were observed until irradiation was
re-started. After a total of 900 s irradiation time (Fig. 5b), the
droplet had elongated by 0.8 mm and the advancing dynamic
contact angle decreased to 13 ± 2◦ . From 900 to 1,010 s transport of
the entire droplet occurred at a mean speed of ∼1 µm s−1 , during
which time the contact angles on the illuminated and the nonilluminated side of the drop were essentially equivalent (Fig. 5c).
By 1,110 s (Fig. 5d), the contact angle had reduced to its minimum
value of 12 ± 2◦ and irradiation produced no further changes until
evaporation became signiﬁcant.
At a simple level, the mechanism of drop transport seems
straightforward: as the right-hand side (as shown in Fig. 5a) of
the drop and adjacent section of the surface is irradiated with
ultraviolet light, the E/Z ratio of shuttles on that part of the
surface starts to decrease and that part of the surface becomes
less polarophobic. The contact angle at the right-hand side of
the drop decreases, causing a Laplace pressure gradient inside
the droplet38,39 , and the forward edge creeps along the surface,
elongating the droplet and wetting the surface. As the E/Z ratio
on the irradiated region of the surface progressively decreases, the
droplet spreads further along the surface. A necessary consequence
of the forward movement of the front edge of the droplet is that the
back edge of the droplet is forced to make a thermodynamic contact
angle with the unchanged polarophobic surface that is shallower
than the original preferred angle. Consequently, at a critical point
the original position of the rear end of the droplet becomes so
nature materials VOL 4 SEPTEMBER 2005 www.nature.com/naturematerials

©2005 Nature Publishing Group

ARTICLES
a

Polarophobic

b

E-1.11- MUA.Au(111)
N

F F

Polarophilic

E/ Z-1.11-MUA.Au(111)
N

F F

N
F F
COOHF F COOH N COOH
N
F F
COOH
COOH
COOH
F F
N
F F
COOH F F COOH NCOOH

F F
COOH
N

COOH F FCOOH

F FN
COOH
COOH
N
N
F COOH
F
COOH
COOH
F
F
N
N
F F
COOH
F F
COOH N COOH
COOH
NF F

COOH
N

COOH

COOH

Ultraviolet light
(240–400 nm)

S

S

S

S

S

S
S
S

S

S

S

S

S

S

S

S

S
S

S

S

S

Au(111)

S
S

S
Au(111)

Figure 4 A photo-responsive surface based on switchable ﬂuorinated molecular shuttles. a, Light-switchable rotaxanes with the ﬂuoroalkane region (orange) exposed
(E-1) were physisorbed onto a SAM of 11-MUA on Au(111) deposited on either glass or mica to create a polarophobic surface, E-1.11-MUA.Au(111). b, Illumination with
240–400 nm light isomerizes some of the E oleﬁns to Z (giving a 50:50 ratio at the photostationary state if the reaction on the surface mirrors that in solution), causing a
nanometre displacement of the rotaxane threads in the Z-shuttles which encapsulates the ﬂuoroalkane units leaving a more polarophilic surface, E/Z-1.11-MUA.Au(111).
Photoemission spectroscopy data are consistent with the molecular shuttles lying parallel to the Au surface (but they are not directionally aligned or necessarily linear as
depicted for clarity in this cartoon).

energetically unfavourable that the progressive driving force for
increasing wetting at the front end of the drop causes contraction of
the droplet from the rear to occur, leading to sudden and reasonably
rapid transport of the droplet towards the low E/Z ratio region of
the surface. Further irradiation only slightly reduces the contact
angle until a photostationary state is reached. Transport was not
observed on E-1.11-MUA.Au(111) using 1.25 µl droplets of water
or formamide and the movement of signiﬁcantly larger (>2.5 µl)
droplets of CH2 I2 was slower, suggesting that transport does not
occur when the gradient of the surface free energy arising from
irradiation is low compared with the adhesion, surface tension and
viscosity of the droplet37,40 .
The E-1.11-MUA.Au(111) surfaces are stable and can be
used repeatedly for contact angle measurements and transport
experiments with the same results over the course of several
weeks. In contrast, diiodomethane droplets on SAMs made
from the control non-ﬂuorinated shuttle or other shuttles23
or heptadecaﬂuorodecanethiol did not undergo contact angle
change or transportation even after 20 min ultraviolet irradiation.
Nevertheless, we investigated whether other (photo)chemistry of
E- or Z -1 and CH2 I2 , rather than just photoisomerization and
shuttling of the ﬂuorinated rotaxane, might be contributing to
the observed eﬀects. (i) Neither E- or Z -1 showed any trace
of alkylation of the pyridine groups when dissolved in a 1:1
mixture of CH2 I2 /CH2 Cl2 (the rotaxanes are not soluble in neat
CH2 I2 ) at room temperature for 24 h. (ii) The iodine atoms
of CH2 I2 do not act as a ‘heavy atom’ triplet sensitizer for the
oleﬁn in E-1; the rate of isomerization and the E/Z ratio in

the photostationary state is the same in CH2 I2 /CH2 Cl2 solution
as it is in CH2 Cl2 . (iii) X-ray photoemission spectroscopy (XPS)
reveals no damage or change in elemental composition after 10 min
ultraviolet irradiation of the E-1.11-MUA.Au(111) surface and also
shows that the shuttle is intact on the surface after the droplet
transport. (iv) Although the photo-induced cyclopropanation of
electron-rich oleﬁns with CH2 I2 is known to occur over 2–60 h
using strong ultraviolet sources41–43 , the oleﬁn in E-1 is electron
poor and no degradation, side product or reaction of E-1 besides
isomerization was observed when the solution photo-isomerization
experiment (254 or 312 nm) was carried out for 20 min (4× longer
than normal) in CH2 I2 /CH2 Cl2 . No discolouration of CH2 I2 was
observed (indicative of the formation of I2 ) either in solution or
in the liquid droplet experiments. (v) Finally, we note that the
contact angle of the droplet in Fig. 5b–d (that is, just before and
after transport) is similar to that of a non-irradiated CH2 I2 droplet
deposited on the irradiated surface (see Table 1), suggesting that any
photochemistry of CH2 I2 (ref. 44) during the experiment does not
signiﬁcantly eﬀect the ﬂuorophobicity of the droplet. However, we
cannot rule out that it may play some role in altering the viscosity,
surface tension or interaction with the monolayer.
Mica provides a ﬂatter and more regular surface than glass
and consequently SAMs are generally more ordered using Au(111)
deposited on mica. We found that although the contact angles
were the same for the SAMs on the diﬀerent substrates the
transport of CH2 I2 was signiﬁcantly more facile using mica (Fig. 6
and the Supplementary Information for the ‘Droplet on ﬂat
1.11-MUA.Au(111).mica’ video; and the ‘0.6 Microlitre droplet on
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Figure 5 Lateral photographs of light-driven directional transport of a 1.25 µl
diiodomethane drop across the surface of a E-1.11-MUA.Au(111) substrate on
glass. The direction of transportation was controlled by irradiation with a
perpendicular beam of 240–400 nm light focused on one side of the drop and the
adjacent surface. The irradiation time required for transport and the distance the
droplet travels depends on the precise position of the lamp. a, Before irradiation
(pristine E-1.11-MUA.Au(111)), contact angle 35± 2◦ . Immediately after this image
was taken, the ultraviolet light beam positioned as indicated was switched on.
b, After 900 s of irradiation, contact angle 13± 2◦ (illuminated side), 15± 2◦
(non-illuminated side). The diiodomethane drop has spread from the high E/Z-1
ratio area in the direction of the low E/Z-1 ratio region, increasing the total wetted
area, and is about to be transported. c, After 1,010 s of irradiation (just after
transport), contact angle 13± 2◦ . d, After 1,110 s of irradiation (at the
photostationary state), contact angle 12± 2◦ . Evaporation of the 1.25 µl drop of
diiodomethane becomes signiﬁcant after about 1 h. (See the ‘Droplet on ﬂat
1.11-MUA.Au(111).glass’ video available as Supplementary Information.)

ﬂat 1.11-MUA.AU(111).mica’ video for the movement of a smaller
droplet). Indeed, the rear end of the droplet could be transported
more than 1.5 mm (compared with 0.8 mm using Au(111) on glass,
Fig. 5) on the new photo-responsive surface (Fig. 6d).
708

Figure 6 Lateral photographs of light-driven directional transport of a 1.25 µl
diiodomethane drop across the surface of a E-1.11-MUA.Au(111) substrate on
mica. a, Before irradiation (pristine E-1). b, After 215 s of irradiation (20 s before
transport). c, After 370 s of irradiation (just after transport). d, After 580 s of
irradiation (at the photostationary state). (See the ‘Droplet on ﬂat
1.11-MUA.Au(111).mica’ video and the related ‘0.6 Microlitre droplet on ﬂat
1.11-MUA.Au(111).mica’ video, both available as Supplementary Information.)

Finally, we investigated the ability of the monolayer of
molecular shuttles to do macroscopic work against gravity by
driving a droplet up a 12◦ incline using E-1.11-MUA.Au(111)
on mica (Fig. 7 and the ‘Droplet uphill 12 degree 1.11MUA.Au(111).mica’ video in the 
Supplementary Information)45 .
−1
The capillary length, κ = γ/ρg (where γ is the surface
tension of the liquid, ρ is its density, and g is gravity), above
which gravity eﬀects should appear is 1.25 mm for CH2 I2 and
the inﬂuence of gravity is clearly seen in the Fig. 7 photographs
(for example, the directional wetting of the surface and downhill
movement of the droplet between Fig. 7c and d). However,
even moving uphill, photo-induced wetting and subsequent
transport using E-1.11-MUA.Au(111) on mica proved much more
nature materials VOL 4 SEPTEMBER 2005 www.nature.com/naturematerials

©2005 Nature Publishing Group

ARTICLES
a

Ultraviolet light

1 mm

α = 12°

1 mm

α = 12°

1 mm

α = 12°

1 mm

α = 12°

b

c

d

Figure 7 Lateral photographs of light-driven transport of a 1.25 µl
diiodomethane drop on a E-1.11-MUA.Au(111) substrate on mica up a 12◦
incline. For clarity, on photographs b–d a yellow line is used to indicate the surface
of the substrate. a, Before irradiation (pristine E-1). b, After 160 s of irradiation (just
before transport). c, After 245 s of irradiation (just after transport). d, After 640 s
irradiation (at the photostationary state). Note how the drop moves slightly back
downhill under the effect of gravity from c to d as the E/Z ratio of the lower part of
the incline decreases and the droplet progressively wets more of the surface down
the slope. Our experimental set-up does not permit accurate contact-angle
measurements on an incline. (See the ‘Droplet uphill 12 degree
1.11-MUA.Au(111).mica’ video, available as Supplementary Information.)

rapid than on glass. Between 160 and 245 s, the 1.25 µl of
CH2 I2 (ρ = 3.325 g ml−1 ) moves 1.38 mm (at ∼16 µm s−1 )
up the 12◦ incline with no signiﬁcant change in droplet
shape or contact angle. The work done against gravity by the
collective action of the monolayer of molecular machines is thus
(1.25 × 10−9 m3 × 3.325 × 103 kg m−3 )(mass in kg) × (1.38 ×
10−3 m × 0.21(sin12◦ ))(height in metres) × (9.8 m s−2 )(gravity) =
1.2 × 10−8 J. The molecular shuttles each occupy an area of ∼3 nm2 ,
so ∼2 × 1012 molecules are under the elongated drop just before
transport. Therefore, if around 40% of the shuttles have been
isomerized by the time the droplet is transported uphill, each

molecular machine’s contribution to the collective work against
gravity—energy stored as potential energy by their action—is
∼1.5 × 10−20 J, that is ∼9 kJ mol−1 . Extra work, lost as heat,
also has to be done to overcome the viscous forces that resist
transport of the droplet. The NMR experiments (Figs 2 and 3)
and studies on related rotaxanes20 indicate that the energy available
to do work through the macrocycle in E-1 hydrogen bonding
to the fumaramide station rather than the ﬂuoroalkane group
is of the order 15−18 kJ mol−1 . So even if the 12◦ slope is the
maximum they can overcome (we have yet to determine this), the
eﬃciency of the molecular machines in elevating a droplet by biased
brownian motion to store potential energy is at least 50% of the
total free energy made available by the nanometre movements of
the individual machine parts.
The extrapolation across the length scales from mechanical
motion at the molecular level to macroscopic transport is
considerable. However, the mechanism by which it occurs is not
a continuous mechanical process. Light fuels chemical reactions,
which cause nanometre positional changes in individual molecules
by biased brownian motion, which collectively cause a change in the
physical properties of the surface, ultimately leading to transport of
an object on a length scale a million times larger than the initial
change in molecular co-conformation. In doing so, the rotaxane
molecules are not individually well described as ‘motors’. In both
oleﬁn diastereomers of 1 the macrocycle is in equilibrium between
the binding sites at either end of the thread, the light-fuelled
chemical reaction simply changes the position of this equilibrium.
If the thread is converted back to its original structure (Fig. 1)
the net change in position of the macrocycle is undone, that is 1
acts a mechanical switch not a motor. (A key diﬀerence between
a ‘switch’ and a ‘motor’ is that the former is simply a function of
state. The property of the system it is inﬂuencing does not depend
on the trajectory of how the system evolved, merely on what the
current state of the switch is.) However, the collective action of the
monolayer of molecular mechanical switches does act as a motor,
transporting the diiodomethane droplet to a position that it did
not sample previously through brownian motion.
The physics of scale means that the transport of small
volumes of liquids cannot be achieved using mechanisms based on
scaled-down macroscopic pumps32–34 . Liquid transportation using
photo-responsive surfaces may prove useful for delivering analytes
in lab-on-a-chip environments, or for performing chemical
reactions on a tiny scale without reaction vessels37 by bringing
individual drops containing diﬀerent reactants together.

METHODS
Grafting of the rotaxanes onto the carboxylic acid-terminated SAMs (see Supplementary Information)
was achieved by immersing the substrates in a 0.5 mM dichloromethane solution for 6 days. The
grafted samples were rinsed three times in pure dichloromethane and dried under argon before the
contact-angle measurements. The contact-angle measurements were carried out at room temperature
(21 ◦ C) by the sessile drop method, using a custom-built microscope–goniometer system. A 1.25 µl
drop of the liquid was placed on a freshly prepared sample using a Hamilton micro-syringe and the
contact angle was measured after 30 and 60 s. The samples were irradiated with a perpendicular beam
of 240–400 nm light focused on one side of the drop and the adjacent surface and photographs were
taken every four (Fig. 5) or ﬁve (Figs 6 and 7) seconds. As well as providing the stills shown in the
ﬁgures, these photographs form the basis of the videos supplied as Supplementary Information. The
photo-irradiation experiments on the rotaxane-terminated surfaces were carried out using
240–400 nm light emitted by a 300 W Xe lamp (Thermo Oriel, Model 66902) using a combination of
Thermo Oriel glass ﬁlters, 57396 and 51650. The beam was focused on the sample using Thermo Oriel
77376 ﬁbres positioned 1 cm above the substrate. Light intensity was measured using a 2 W broadband
power/energy meter, 13 PEM 001/J Mellers Griot. The intensity of the ultraviolet light measured 1 cm
from the optical ﬁbres was 2.9 mW. The photo-isomerization experiments in solution were carried out
at 254 nm using a multilamp photo-reactor (Model MLU18, Model 3022 lamps, Photochemical
Reactors, Reading, UK).
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