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ABSTRACT 

Replicating the ability of biological systems to convert energy into directional molecular motion to perform functions is a central 
challenge in nanoscience. Artificial molecular pumps that can move substrates energetically uphill remain elusive, particularly 
when powered by light in an autonomous fashion. We report a molecular pump that uses light to actively transfer macrocycles from 

solution into a high-energy intramolecular compartment. The system operates via a photon-driven energy ratchet mechanism, 
sustaining a non-equilibrium distribution of species under continuous irradiation. All relevant kinetic and thermodynamic 
parameters were determined, and a comprehensive mechanistic model was developed. This minimalistic and robust design 
establishes a foundation for fully synthetic light-controlled non-equilibrium systems with potential applications in adaptive 
materials and solar energy conversion. 
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 Introduction 

iving organisms rely on sophisticated molecular systems that
onvert external energy inputs into functions, such as transport,
egulation and replication, by means of controlled molecular
ovements [ 1 ]. These nanoscale motors operate away from
hemical equilibrium by continuously dissipating energy and per-
orming controlled movements of their molecular components
nd substrates [ 2 ]. Among such systems, ion pumps—namely,
iomolecular motors that can use an energy supply to move ions
irectionally in the absence of a chemical gradient, or against
t—are widespread and play a crucial role for life [ 3 ]. 
ederico Nicoli and Chiara Taticchi contributed equally to this work. 
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Since the advent of artificial molecular machines [ 4 ], there
has been considerable interest in the development of syn-
thetic systems that can move molecules [ 5–7 ] or ions [ 7–9 ]
energetically uphill [ 10–13 ]. As the field progressed [ 14 ], and
the underlying fundamental principles became better under-
stood [ 15–18 ], prototypes of artificial molecular pumps began
to be reported [ 19 ]. In recent years, promising examples driven
by chemical [ 20, 21 ] and electrochemical [ 22 ] energy were
described. However, the rational development of synthetic
molecular pumps that can process energy autonomously and
operate away from equilibrium remains extremely demanding
[ 14–19 ]. 
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n this context, making molecular pumps capable of harness-
ng light energy in the form of visible or near-UV photons
ould be a far-reaching goal for both basic science and tech-
ological purposes. Light excitation can provide excellent spa-
iotemporal and intensity control, induce clean and reversible
ransformations, avoid the formation of waste products, and
epresent a non-invasive tool, also for biological matter [ 23 ]. It
s worth noting that the direct conversion of light energy into
olecular motion is a rare event in nature, the only notable
xception being the bacteriorhodopsin proton pump [ 24 ]; in
ost instances, the energy is first converted by photosynthesis
nto an electrochemical potential, which is ultimately employed
o produce chemicals (e.g., adenosine triphosphate) that power
iomolecular motors [ 25 ]. This blueprint was followed in early
utstanding reports of hybrid (natural-artificial) transmembrane
on pumps [ 26, 27 ]. Nonetheless, the opportunities offered by
upramolecular photochemistry [ 23, 28 ] make it possible to
ationally design synthetic systems that can directly convert light
nto directional molecular movements [ 29–33 ] and store the
nergy in non-equilibrium states [ 34–37 ] or enable the synthesis
f thermodynamically unfavored molecular structures [ 38, 39 ]. In
erspective, novel and unconventional approaches for artificial
hotosynthesis [ 40 ] could emerge. 

espite promising preliminary studies [ 41–43 ], artificial molecu-
ar pumps powered by light that translate their operation into a
angible effect are still missing. Recently, light-driven transport
f ions or molecules across phase-separated compartments was
emonstrated [ 44, 45 ], in these cases, however, the function relies
n macroscopic asymmetry (most typically, differential irradia-
ion at the two arms of a U-tube) rather than on molecularly
ngineered properties. 

n our laboratory we described [ 46 ], optimized [ 47–49 ] and
horoughly characterized [ 50, 51 ] a supramolecular rotaxane-type
ssembly in which light irradiation causes the directionally biased
ransit of a macrocycle relatively to a non-symmetric (oriented)
xle owing to a photon-driven energy ratchet mechanism. The
ystem is modular, robust and simple, and it can autonomously
arness light energy to create non-equilibrium concentrations
f the species involved; until now; however, it has operated in
olution, where the lack of organization prevents the pumping
ffect from being used to accumulate chemical potential. Here
e report on a device that exploits the light-driven process
escribed above to capture macrocycles from solution and move
hem energetically uphill along the thread, thus behaving as a
hotochemically driven molecular pump. 

 Results and Discussion 

.1 Design and Operation of the Pump 

he photoactive component of the device, E - 1 (Figure 1a ) consists
f two main compartments: (i) a light-driven pumping module
nd (ii) a ring collecting thread, or reservoir. The former com-
rises an azobenzene photoswitch—the light-powered engine—
inked to a benzylammonium recognition site (pumping station,
), and the latter is a C10 alkyl chain terminated with a diben-
ylammonium recognition site (receiving station, II) equipped
ith bulky t-Bu substituents to prevent macrocycle dethreading
of 9
on that side. The macrocycle 2 (Figure 1a ) is a dibenzo-24-crown-
8 (DB24C8) ether labelled with a trifluoromethyl (—CF3 ) group
that allows the ring to be monitored by 19 F nuclear magnetic
resonance (NMR) spectroscopy. 

Figure 2 shows the reaction network and potential energy dia-
grams that represent the planned operation of the pump. Mixing
E - 1 and 2 in the dark results in the initial formation of the complex
on station I, E - 1 ⊂2I , by fast threading of one macrocycle onto
the E -azobenzene (Figure 2a ). Shuttling of 2 between the two
ammonium stations on 1 enables the interconversion between the
two co-conformations of the [2]pseudorotaxane, namely E - 1 ⊂2I 
and E - 1 ⊂2II , which differ solely for the position of the ring, either
on station I or II. Then, a second crown ether can be complexed
to form a [3]pseudorotaxane, E - 1 ⊂( 2 )2 , in which both stations are
encircled by a ring. The distribution of free and complexed species
at equilibrium in the dark is governed by the binding constants
of the I and II stations with 2 . Under light irradiation, the E -
azobenzene unit is transformed into the Z -isomer (Figure 1b ), and
the corresponding complexes Z - 1 ⊂2I , Z - 1 ⊂2II , and Z - 1 ⊂( 2 )2 are
obtained. As previously demonstrated [ 46, 48–50 ], azobenzene
photoisomerization has two main consequences: (i) an increase
of the energy barrier for ring threading, and (ii) a decrease of
the binding constant with the neighboring ammonium station.
These phenomena make up the energy ratchet mechanism that
determines the directional transit of the ring along the axle.
However, while in the pump model the macrocycles are up-taken
from and released into the same solution, in the current system
we envisioned that the crown ether expelled from station I would
move toward the collecting compartment, thereby increasing
the ring population on station II beyond its equilibrium value
(Figure 2b ). Since the same photons can trigger both E→Z and
Z→E isomerization, it can be expected that continuous light
irradiation brings the system into a dissipative regime in which
it can autonomously collect rings from solution and trap them
intramolecularly in a high energy state. 

2.2 Spectroscopic and Photochemical 
Characterization 

Upon dissolving an equimolar amount of E - 1 and 2 in
CD2 Cl2 /CD3 CN 3:7, signals associated with the formation of
pseudorotaxanes, in which both ammonium sites on the axle are
encircled by the macrocycle, are detected by 1 H and 19 F NMR
spectroscopy (Figure 3 and Supporting Information, section 3.2 ).
Specifically, the 1 H NMR peaks of the benzylic protons adjacent to
the ammonium stations in 1 (Figure 3a , blue and cyan), undergo
deshielding and present the characteristic pattern of threaded
DB24C8-dialkylammonium complexes [ 47 ]. As the complexation
equilibria are slow on the NMR timescale, two sets of signals can
be identified in the dark besides the peaks of the free species: One
attributable to the complexed station I (Figure 3c , blue), and one
related to the complexed station II (Figure 3c , cyan). Analogously,
the 19 F NMR spectra show that the resonance of the —CF3 group
on the macrocycle (Figure 3b ) evolves into two distinct singlets,
corresponding to the ring located either on I or II (Figure 3d ,
marked respectively in blue and cyan). Irradiation of the solution
at λ = 365 ± 5 nm causes E→Z isomerization of the azobenzene
group, leading to the emergence of a new set of signals assigned
to the complexed station I in the Z -isomer (Figure 3ef , orange).
Angewandte Chemie International Edition, 2026
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FIGURE 1 Chemical structure and functional elements of the investigated system. (a) Molecular formula and cartoon representation of the pump 
components, axle E - 1 and macrocycle 2 . (b) The reversible isomerization of the azobenzene unit of the investigated compounds between E - and Z - 
conf igurations. (c) Molecular formula of model compounds E - 3 and 4 . 

FIGURE 2 Reaction scheme and operating principle of the molecular pump. (a) The network of reactions that describes the operation of the 
molecular pump; please refer to Figure 1a for description of the cartoons. The complexation equilibria and isomerization reactions are the horizontal 
and vertical processes, respectively; light is involved only in the vertical processes. kn are the rate constants of the corresponding reactions, while the 
subscripts h ν and Δ denote the photochemical and thermal isomerization processes, respectively. The pink arrows and yellow background highlight 
respectively the ring steps and reactions that are functional to pumping. A complete scheme with the description of all reaction parameters is reported 
in the Figure S55 . (b) Simplified energetic profiles (potential energy versus ring-axle relative position) that describe the light-driven energy ratchet at the 
basis of pumping. The number of pink disks represents the ring population in the various states: uncomplexed, complexed at station I, and complexed 
at station II. Overall, repeated E ⇆ Z isomerization by continuous light irradiation results in the accumulation of the [3]pseudorotaxane and in the 
depletion of the free macrocycle. 

Angewandte Chemie International Edition, 2026 3 of 9
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FIGURE 3 Partial NMR spectra (CD2 Cl2 /CD3 CN 3:7, 298 K) showing the changes in the peaks associated with the ─CH2 ─NH2 
+ 

─CH2 —moiety 
of axle 1 (a, c, e; 1 H NMR) and the ─CF3 group of ring 2 (b, d, f; 19 F NMR). (a) 1 H NMR spectrum of E - 1 (10 mM, 500 MHz). (b) 19 F NMR spectrum 

of 2 (10 mM, 470 MHz). (c) 1 H NMR (10 mM, 500 MHz) and (d) 19 F NMR (10 mM, 470 MHz) spectra of an equilibrated 1:1 mixture of E - 1 and 2 . (e) 
1 H NMR (10 mM, 500 MHz) and (f) 19 F NMR (10 mM, 470 MHz) of an equilibrated 1:1 mixture of E - 1 and 2 after exhaustive irradiation at λ = 365 nm. 
The signals of the stations in a, c, and e are color-coded and those corresponding to stations encircled by a macrocycle are marked with a magenta dot. 
In (d) and (f), each coloured dot on a particular signal identifies the station encircled by the ring. The colours are coherent with those of the cartoons 
in Figure 2a , namely: blue, station E -I; orange, station Z -I; cyan, station II; magenta, ring 2 . Given the impossibility to deconvolute the signals of the 
individual compounds, each label in the graph (except 2 ) refers to all the species that have the same azobenzene configuration and/or station occupancy. 
Hence, the signals labelled E -I are the convolution of the resonances of the species that possess an E -azobenzene unit and an uncomplexed station I, 
namely E - 1 and E - 1 ⊂2II ; similarly, II = E - 1 + E - 1 ⊂2I + Z - 1 + Z - 1 ⊂2I ; E -I ⊂2 (or 2 ⊃E -I) = E - 1 ⊂2I + E - 1 ⊂( 2 )2 ; Z -I ⊂2 (or 2 ⊃Z -I) = Z - 1 ⊂2I + Z - 1 ⊂( 2 )2 . II ⊂2 
(or 2 ⊃II) = E - 1 ⊂2II + E - 1 ⊂( 2 )2 + Z - 1 ⊂2II + Z - 1 ⊂( 2 )2 . See the text for details. 
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hile isomerization induces a significant shift ( Δδ≅ 0.15 ppm) of
he 1 H NMR signals associated with station I, in line with earlier
bservations [ 46, 48, 49 ], the peaks related to II are unaffected,
uggesting that the receiving station is far enough away from the
umping compartment that it is not affected by it. 

t should be remarked that both [2]pseudorotaxane co-
onformations, where the ring encircles either I or II, and
he [3]pseudorotaxanes, characterized by rings on both
tations, are formed as depicted in the reaction scheme in
igure 2a and confirmed by mass spectrometry (Figures S41
nd S43–S45 ). Unfortunately, the diagnostic NMR resonances
f the [3]pseudorotaxane species are isochronous to those of
he [2]pseudorotaxanes, preventing the monitoring of their
ariations separately. This observation, together with the perfect
orrespondence between the binding constants of stations I
nd II in E - 1 and in the related model compounds (Supporting
nformation, section 3.3 ), strongly suggests that the two stations
ehave independently of each other, and any (anti)cooperative
ffect can be ruled out. 
of 9

i

The UV–vis absorption spectra of axle 1 and its complexes with
2 are in line with those of previously studied related systems
(Supporting Information, section 4 ). The Z -isomer fraction at the
photo stationary state (PSS) reached upon irradiation at 365 nm in
CH2 Cl2 /CH3 CN 3:7 is 97% for 1 alone and 95% in the presence of a
large excess of 2 . The Z→E back-isomerization can be triggered
either photochemically or thermally; in both cases, the free
and complexed axle behave the same—for example, similar PSS
compositions upon irradiation at 436 nm and dark isomerization
rate constants ( kZ →E , Δ ≅ 10− 6 s− 1 ). 

2.3 Thermodynamic and Kinetic Parameters 

The complexity of the mixture, further enhanced by irradiation,
prevents the deconvolution of the contribution of each species
to the NMR and UV-vis spectral changes. The binding constants
of the macrocycle with either ammonium recognition site of
the axle were estimated from 1 H NMR experiments on 2 in the
presence of either E - 3 , Z - 3 , or 4 (Figure 1c ), which are models
Angewandte Chemie International Edition, 2026

ve C
om

m
ons L

icense



TABLE 1 Rate constants and activation free energies of the thermal reactions.a . 

k1 ( k3 )b 
(M− 1 s− 1 ) 

ΔG‡
1 
c 

(kJ mol–1 ) 
k–1 ( k–3 )d 
(s–1 ) 

ΔG‡
− 1 

c 

(kJ mol–1 ) 
k2 e 
(s− 1 ) 

ΔG‡
2 
c 

(kJ mol− 1 ) 
k–2 e 
(s− 1 ) 

ΔG‡
− 2 

c 

(kJ mol− 1 ) 

E - 1 + 2 19 66 1.8 × 10− 2 83 3.2 × 10− 3 87 5.2 × 10− 3 86 

k4 ( k6 )e 
(M− 1 s− 1 ) 

ΔG‡
4 
c 

(kJ mol− 1 ) 
k–4 ( k–6 )f 
(s− 1 ) 

ΔG‡
− 4 

c 

(kJ mol− 1 ) 
k5 g 
(s− 1 ) 

ΔG‡
5 
c 

(kJ mol− 1 ) 
k− 5 

e 

(s− 1 ) 
ΔG‡

− 5 
c 

(kJ mol− 1 ) 

Z - 1 + 2 1.1 × 10− 3 90 1.8 × 10− 6 106 5.6 × 10− 3 86 5.2 × 10− 3 86 
a CD2 Cl2 /CD3 CN 3:7, 298 K. 
b Determined by stopped flow UV–vis absorption technique. 
c Activation free energies calculated with the equation ΔG‡ = –RT ln( kh / kB T ), where R is the gas constant, h is the Planck constant, and kB is the Boltzmann 
constant. 
d Calculated as k–1 = k1 / KE -I . 
e Determined by time resolved 1 H NMR spectroscopy. 
f Calculated as k–4 = k4 / KZ -I . 
g Calculated according to the set of equations reported in the Supporting Information, section 6.2 . 
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or the portions of 1 containing the pumping station (I) near
 - or Z -azobenzene, and the receiving station (II), respectively
Supporting Information, section 3.3 and Table S1 ). The data
ighlight the destabilization of the complex at station I caused by
→Z isomerization: the binding constant of the pumping station
ecreases from KE -I = 1030 ± 60 M− 1 to KZ -I = 590 ± 60 M− 1

 KE -I / KZ -I = 1.7, ΔΔG◦ = 1.4 kJ mol− 1 ), thereby confirming the
ossibility to generate a dissipative non-equilibrium state. The
igher affinity of 2 for station E -I can be explained by considering
he inductive effect of the electron-withdrawing azo group that
ncreases the acidity of the adjacent benzylammonium site. The
inding constant of the receiving station is KII = 650 ± 20 M− 1 ;
herefore, the overall ring affinity trend is E -I > II
Z -I. 

he kinetic constants associated with thermal reactions in the
etwork (Figure 2a ) were determined by a combination of
V–vis and NMR spectroscopies (Table 1 ). Threading of 2 on
he E -azobenzene extremity of 1 was monitored by stopped-
low UV–vis spectroscopy; the rate constant k1 is coherent with
revious experiments on the pumping module (Figure S54 ). An
quilibration process follows, involving shuttling of 2 from station
 to II, which was monitored by 1 H NMR. In agreement with
he binding constants determined for the model compounds, at
quilibrium the ensemble of species with a complexed station E -
 is more populated than that of the species with a complexed
tation II (Figure 3c,d ). Rate constants k2 and k–2 were determined
y fitting the time dependent concentration profiles, extracted
rom 1 H NMR data, with a mixed-order kinetic model (Figure
52 ). In consequence of the high affinity of the ring for stations
 and II, shuttling along the collecting chain is quite slow ( t1/2 of
ing transfer from I to II is about 4 min at 298 K) and, as expected,
he co-conformational equilibrium constant ( k2 / k–2 = 0.6) favors
he population of station I. From the fitting of the concentration-
ime traces upon addition of an excess of 2 (6 equivalents) to
 - 1 , the rate constants of the reactions in the lower half the
etwork (Figure 2a ) were obtained (Supporting Information,
ections 6.2 and 6.3 ). The change in the co-conformational
quilibrium constant of the Z -isomer ( k5 / k–5 = 1.1) confirms that
pon isomerization the macrocycle at station I is destabilized.
he experiments also show that, at equilibrium, station II is
ore populated than Z -I, thus validating the order K > K ≳
E -I II 

ngewandte Chemie International Edition, 2026

t

KZ -I. We assume that the rate constants for threading-dethreading
of a second macrocycle, both before ( k3 and k–3 ) and after ( k6 
and k–6 ) irradiation, have the same values as those for the first
threading-dethreading. 

2.4 Experimental Demonstration of Pumping 

The data gathered so far indicate that the system fulfils the two
requirements to accomplish the directionally preferred transfer
of the macrocycle along the axle by an energy ratchet mechanism
upon E→Z photoisomerization, namely (i) the decrease of the
complex stability at station I ( KE -I > KZ -I ), and (ii) the increase of
the kinetic barrier on the azobenzene extremity that determines
the directionality of the process. The question is now to assess
whether the pump can operate autonomously under continuous
irradiation in a dissipative non-equilibrium regime. In general,
in dissipative states the concentrations of the species involved
differ from their equilibrium values as long as energy is provided;
once the input is stopped, the system returns to the closest energy
minimum [ 34 ]. In the present system, light irradiation should
deplete free 2 to generate a higher concentration of complexed
species, that is, rings are pumped from solution and stored onto
the axle. When light is switched off, part of the stored macrocycles
should be released, while the system first relaxes to a kinetic
trap ( Z -azobenzenes species) and then evolves to the global
equilibrium ( E -isomer) upon slow thermal back isomerization. 

Dissipative operation was observed by coupling time-resolved
NMR spectroscopy with in situ sample irradiation to continuously
monitor the concentration change of the species when the light
source is turned on and off. In a typical experiment, equimolar
amounts of E - 1 and 2 ( ∼ 10 mM) were allowed to equilibrate
in the dark at room temperature for 15 min. The mixture was
successively irradiated until a stationary composition of the
system was reached; at that point, light was switched off and
data acquisition continued [ 52 ]. Given the complexity of the 1 H
NMR spectra, the possibility to exploit 19 F signals, allowed by
the trifluoromethyl label of 2 , was crucial for observing the time
dependent evolution of the system, particularly with regard to
the concentration of the free ring. Irradiation of the equilibrated
mixture at λ = 369 ± 15 nm (Figure 4ab , yellow background)
5 of 9
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FIGURE 4 (a) Concentration-time traces extracted from an array of 19 F NMR spectra (470 MHz, 298 K) recorded on a mixture of E - 1 (10.1 mM) 
and 2 (10.2 mM) in CD3 CN/CD2 Cl2 7:3 upon irradiation (yellow background) and in the dark (grey background). The spectra were recorded at intervals 
of 20 s, and irradiation was performed with light of λ = 369 ± 15 nm at an estimated photon flow of 4.65 × 10− 8 Einstein s− 1 . About 300 s of irradiation 
were required to reach an E / Z photostationary state. (b) Simulated concentration profiles corresponding to the experimental conditions adopted in a. 
(c) Magnified view of the concentration profile of the free macrocycle 2 (experimental: magenta dots; simulated: pink line). (d) Concentration changes 
of free 2 extracted from an array of 19 F NMR spectra (470 MHz, 298 K) recorded on a mixture of E - 1 (9.8 mM) and 2 (11 mM) in CD3 CN/CD2 Cl2 7:3. The 
spectra were recorded at intervals of 10 s in a fatigue resistance test performed by alternating irradiation (300 s) and dark (300 s) periods. Irradiation was 
performed with light of λ = 369 ± 15 nm at an estimated photon flow of 8.46 × 10− 8 Einstein s− 1 . The meaning of colors and labels is described in the 
caption of Figure 3 . 
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auses the conversion of E -I ⊂2 (blue) into Z -I ⊂2 (orange); in
onsequence of the decrease of binding affinity of the pumping
tation ( KZ -I < KE -I ) and the inversion of the kinetic barriers
 k–4 << k5 ), complexed rings are transferred to station II instead
f being released in solution, thus increasing the concentration of
he species whose receiving station is encircled by a macrocycle
II ⊂2 , cyan). Significantly, exposure to light causes a decrease
f the concentration of free 2 (Figure 4c , yellow background,
agenta), mirrored by an increase of the overall concentration
f complexed species ([2] and [3] pseudorotaxanes, Figure S61 ).
s irradiation triggers both E→Z and Z→E isomerizations, re-
pening the azobenzene “gate” in the species where the ring
ncircles station II—for example, Z - 1 ⊂2II →E - 1 ⊂2II —allows a
econd macrocycle to be loaded onto the axle ( t1/2 ≅ 5 s) before
he first one can return to the pumping station ( t1/2 ≅ 130 s).
nder constant irradiation, 5 ×10− 8 mol ( ∼ 0.1 mM) of 2 is loaded
nto the axle, corresponding to about 8% of the uncomplexed
acrocycles available in solution in the dark. Such a decrease
f free rings is clearly a consequence of the dissipative non-
quilibrium pumping because (i) the E/Z PSS is established on
 faster time scale (about 300 s after the start of the irradiation),
nd (ii) the overall thermodynamic affinity of the axle for the ring
s diminished by irradiation. 
of 9
Upon switching the light off, a fraction of the accumulated
macrocycles is released in solution (Figure 4c , grey background,
magenta). Since rings can only escape from the azobenzene
side of the axle and the dethreading rate is consistent with that
of the E -isomer, it can be concluded that the increase of free
macrocycle arises from partial dissociation of pseudorotaxanes
E - 1 ⊂2I and E - 1 ⊂( 2 )2 present at PSS. A slight decrease of the
Z -I ⊂2 species (Figure 4a , orange) and an increase of E -I ⊂2
(blue) are also observed, while II ⊂2 is practically unchanged
(cyan). The interpretation of the complexes evolution is not as
straightforward as for free 2 , because the experimental profiles
result from the combination of multiple species. Since an effect of
thermal Z→E isomerization can be excluded ( t1/2 ≅ 130 h at 298 K),
these changes may be rationalized by considering a redistribution
of rings between the two stations in the [2]pseudorotaxanes,
namely, E - 1 ⊂2II →E - 1 ⊂2I and Z - 1 ⊂2I →Z - 1 ⊂2II [ 53 ]. The observed
profiles are consistently reproduced by the mechanistic simula-
tions (Figures 4b and S63 ). Alternated irradiation and dark cycles
(Figures 4d and S62 ) demonstrated the stability of the system and
the reproducibility of the phenomena. 

In summary, our data show unambiguously that continuous
irradiation drives the system to a dissipative non-equilibrium
Angewandte Chemie International Edition, 2026
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tate in which macrocycles are collected from solution to increase
he population of the [3]pseudorotaxanes Z - 1 ⊂( 2 )2 and E - 1 ⊂( 2 )2 .
hen the energy supply is interrupted, ring shuttling and
ethreading adapt the concentrations to the previously photo-
enerated E/Z distribution, and the system is kinetically trapped
ntil the stable E -isomers are thermally regenerated. Dissipative
umping can be resumed by turning the light on again. 

.5 Numerical Simulations and Energetic 
onsiderations 

he determination of all the (photo)kinetic and spectroscopic
arameters associated with the reaction network allowed us
o perform numerical simulations of the concentration time
rofiles. The simulations rely on some reasonable assump-
ions (Supporting Information, section 8 ); nevertheless, they are
onsistent with the experimental data, corroborating the hypoth-
sized mechanism and proving to be instrumental in rationalizing
he processes underlying the experimental observations. The
imulations reveal that the release of rings in the successive
ark phase is not simply related to the disassembly of E - 1 ⊂( 2 )2 .
ctually, the non-equilibrium population of Z - 1 ⊂2I is converted
nto Z - 1 ⊂2II by ring shuttling; the enhanced complexation of
tation II is balanced out by the disappearance of E - 1 ⊂2II that
ecomes E - 1 ⊂2I , from which 2 could be released (Figure S64 ). An
ntriguing effect observed both experimentally and in simulations
Figure S63 ) is that, at the beginning of the irradiation, the
ystem undergoes a transient regime in which a small amount
f complexed macrocycles is released before the actual pumping
tarts. The phenomenon can be explained considering that, at the
rradiation wavelength, the molar absorption coefficient of E - 1 is
lightly larger when it is free than when it is complexed (Table S4 ).
herefore, E→Z photoisomerization is somewhat more efficient
or the free axle, causing dethreading of the E -complexes by
ass action. In the present case, such an information ratchet
omponent counteracts the energy ratchet and lowers pumping
fficiency; future studies could; however, explore how such
ffects might be used to improve device performance. 

onsidering that in a typical irradiation experiment
 λ = 369 ± 15 nm, q = 4.65 × 10− 8 mol s− 1 , 1100 s) the axle
bsorbs 4.5 × 10− 5 mol of photons (Equation S20 ) and collects
 × 10− 8 mol of macrocycles, we can conclude that 900 photons
re used, on average, to pump one ring. Under these conditions,
he calculated energy density stored in the non-equilibrium
teady state is 0.012 J L− 1 (Equation S22 ) [ 11 ]. The efficiency of
ight-to-chemical energy transduction can be estimated when the
ystem reaches a stationary condition and the energy absorbed
rom light is only used to sustain the non-equilibrium steady state
 17, 51 ]. Based on the values calculated for the power dissipated
y the complexation reactions and the absorbed light power,
he energy conversion efficiency of the molecular pump in the
onditions employed is about 0.9%. Such a low value mainly
eflects the fact that most of the energy harvested from radiation
s dissipated by the photoisomerization steps. It is interesting to
ote that, although our pump is fundamentally different from
atural photosynthetic systems, it shares some common traits,
uch as the ability to process large amounts of light energy with
igh turnover, modest energy conversion efficiency, and minimal
hotodamage [ 24, 40 ]. 
ngewandte Chemie International Edition, 2026
3 Conclusion 

We have designed, synthesized and operated an artificial molecu-
lar pump capable of exploiting light energy to collect macrocycles
from a solution and store them intramolecularly in a high-energy
state. We demonstrated that the pump relies on energy ratch-
eting to directionally transfer macrocycles onto the collecting
compartment, persisting in a dissipative non-equilibrium state
sustained by light. Albeit with low efficiency, the energy of
photons is converted into chemical potential: this represents a
significant advance compared with previous systems, in which
the contribution of repeated directional molecular movements
could not be harvested and stored. These results highlight
the potential of the (supra)molecular bottom-up approach for
the construction of functional photoactive nanostructures and
provide a foundation for the development of useful molecular-
based light-controlled devices and materials. Future efforts will
be directed toward improving pumping efficiency, enhancing
energy storage capability, and integrating such systems into more
complex functional architectures. 
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