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Light-driven molecular pumps: entanglement of thermodynamic
and kinetic effects in the photocontrolled threading-unthreading
of pseudorotaxanes

Brian Sachini,®® Chiara Taticchi,>® Massimo Baroncini,?* Stefano Corra®® and Alberto Credi**°

Light-powered molecular pumps represent an intriguing class of artificial nanomachines capable of using the energy of
photons to perform directional transport. Pseudorotaxanes composed of macrocyclic crown ethers that encircle axles based
on azobenzene photoswitches and secondary ammonium recognition sites have emerged as promising architectures, as
light can modulate both the kinetics and thermodynamics of complex formation, thereby enabling directionally biased
motion by an energy ratchet mechanism. In this study, we examine the effect of photoisomerization on the threading-
unthreading dynamics of a symmetrical axle bearing decoupled azobenzene and dibenzylammonium units. The results are
compared with those obtained on a previously reported more compact axle in which the two units share a phenyl ring. We
found that, while Z-azobenzene significantly slows down the (un)threading kinetics with respect to the E-isomer, it does not
destabilize the pseudorotaxane. Hence, such a decoupling challenges a core design requirement for photoinduced molecular
pumps — namely, the light-induced modulation of both energy barriers and binding affinities. Our results underscore the
critical role of electronic and spatial proximity between the photoisomerizable unit and the ring recognition site in achieving
coupled kinetic and thermodynamic control. These insights provide refined design principles for the development of efficient

light-driven molecular pumps based on modular supramolecular motifs.

Introduction

The development of artificial molecular motors that can
autonomously harness an energy source to move directionally
under non-equilibrium conditions constitutes a grand challenge
of modern nanotechnology.l2345 Among these devices,
molecular pumps — namely, systems in which a component
translates unidirectionally with respect to another — are
particularly interesting, both for the underlying fundamental
concepts and the potential for applications in technology and
medicine.67.8

Despite the abundance and relevance of biomolecular pumps in
nature,® and the fact that a few outstanding examples of
artificial molecular pumps powered by chemical,10.111213
electrical'® or light!51617 energy have been reported in the
literature, the designed construction of this kind of devices
remains extremely demanding, particularly if an autonomous
behaviour (i.e. the ability to repeat the operation cycle when
energy is provided under constant conditions) is desired.1819
Among the different forms of energy to operate molecular
pumps, light is particularly appealing because of the advantages
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offered by photoexcitation in terms of control, flexibility,
reversibility and spatiotemporal resolution.20.21,22

We have previously described5-17.23 an autonomous light-
driven supramolecular pump based on a pseudorotaxane
architecture, consisting (Figure 1a) of an oriented axle-type
compound such as, for example, E-1H*, and a macrocycle such
as dibenzo-24-crown-8-ether (2). The former contains (i) an
azobenzene photoswitchable gate as a terminal unit, (ii) a
secondary ammonium ion as the recognition site for the ring in
the centre, and (iii) a non-photoactive “pseudo-stopper” at the
other extremity.2* The axle, being oriented, has a preferential
threading-unthreading  direction, which involves the
azobenzene end when it is in the E-configuration (gate open),
and the pseudo-stopper end when the azobenzene is in the Z-
configuration (gate closed). Additionally, the complex of the
ring with the E-axle is more stable than with the Z-axle.
Therefore, after directional threading of the E-axle,
photoirradiation triggers the E->Z isomerization and causes
directional unthreading of a fraction of the complexes. Because
light of the same wavelength can also induce the Z->E
isomerization — both azobenzene configurations are
photoreactive and exhibit absorption bands in the same
spectral regions — autonomous operation can be achieved.
Overall, light irradiation affords a periodic modulation of the
non-symmetric energy landscape enabling an energy ratchet
mechanism that rectifies the relative Brownian motion of the
components (Figure 1b).1819
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Figure 1. (a) The molecular components of a pseudorotaxane-based photochemically
driven molecular pump. (b) Cartoon representation of the photoinduced directional
threading-unthreading movement and simplified potential energy diagram showing the
light-dependent modulation of maxima and minima (ratcheting) at the basis of the pump
mechanism.
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Figure 2. Structure formula of the symmetric axles EE-3H* and EE-4H*.

A key aspect of the mechanism is that the photoisomerization
of the azobenzene moiety affects both the thermodynamics (i.e.
the stability of the complex, or the energy well) and the kinetics
(i.e. the complexation rate, or the energy barrier) of threading-
unthreading. Understanding the origin of these phenomena and
their mutual influence is important for the development of
novel supramolecular pumps based on similar blueprints.2>
Previous experimental and computational investigations
performed on a symmetric molecular axle containing two
azobenzene terminal units (EE-3H*, Figure 2)26 suggested that
the EE and ZZ isomers exhibit different slippage kinetics and
stability as a result of a subtle combination of electronic and
steric effects.?? In this work, we aim at gaining more specific
information on the role of the azobenzene photoswitch in the
equilibria of pseudorotaxane formation. We synthesized a novel
symmetric axle EE-4H* and compared its behaviour with that of
EE-3H* (Figure 2). The former contains the same moieties of the
latter, but in the new species the dibenzylammonium
recognition site and the azobenzene units do not share a phenyl
ring and are electronically decoupled owing to the presence of
a short ethereal linkage. We envisioned that the spatial and
electronic separation of these moieties could enable us to gain
new insights into the consequences of photoswitching on the
thermodynamic and kinetic parameters of threading-
unthreading.

2 | J. Name., 2012, 00, 1-3

Results and discussion

Dibenzo-24-crown-8-ether (2) is commercially available and
EE-3H* was prepared according to the previously reported
synthetic route.26 The symmetric axle EE-4H* was synthesized in
8 steps starting from inexpensive starting materials with a
convergent and scalable approach. The two intermediates 5 and
E-6, whose synthesis is described in the Supporting Information,
were connected via nucleophilic substitution. Subsequent Boc
deprotection and salt exchange yielded the target species
EE-4H* as hexafluorophosphate salt (Scheme 1). The compound
was fully characterized by mass spectrometry, NMR and UV-
visible spectroscopies (see the Sl).

i) KoCO3, 18-crown-6, CH3CN

ii) THF/HCI
iii)H,O/NH,4PFg
1EU
P + PN
o \/\N/\/ N
° P
o T
N p
N N’N
EE-4H*
158V
hv', A hv
152
1ZU

7Z-4H*

Scheme 1. Convergent synthetic pathway to EE-4H* and photoisomerization product ZZ-
4H*.

Regarding the photophysical and photochemical properties, in
CH3CN at room temperature, EE-4H* shows the typical
absorption spectral features of azobenzene derivatives.
Namely, an intense n-n* band (Amax =329 nm) and a weaker
and broader n-rt* band (Amax = 441 nm), with molar absorption

This journal is © The Royal Society of Chemistry 20xx
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coefficients twice those of E-1H*. Irradiation with UV light
(365 nm) causes the E->Z isomerization of the azobenzene units
(Figure 3 and Sl), while the Z->E transformation can be
accomplished both photochemically, i.e. by irradiation with
visible light (436 nm), or thermally. The value of the molar
absorption coefficients, photoisomerization quantum yields,
and the presence of clean isosbestic points throughout the
irradiations, suggest that the two azobenzene units behave
independently, in line with the observations on EE-3H*.26

1.0

0.8 4
0.6 4

0.4+

0.24
0.0 : — —
200 300 400 500 600
A/nm

Figure 3. Absorption variations of a 1.6x10~° M solution of EE-4H* in CH3CN (black line)
upon irradiation at 365 nm until a photostationary state is reached (red line).

The 'H NMR spectrum of EE-4H* in CDsCN exhibits two
diagnostic resonances (Figure 4a): (i) the singlet associated with
the methylene protons 1£Y (4.15 ppm) and (ii) the resonance of
the methylene protons 6V (5.22 ppm). The photoisomerization
of EE-4H* was then investigated by irradiating the compound at
365 nm, a wavelength at which the ratio of the molar
absorption coefficients of the E and Z azobenzene isomers is
particularly high. Indeed, at the photostationary state (reached
in about 25 minutes under our conditions, see the Sl) a nearly
quantitative (>98%) conversion to ZZ-4H* is achieved, as
estimated by the UV-Vis spectra and determined from the
integration of diagnostic H NMR signals (Figure 4d and
experimental section).* As expected, for ZZ-4H* a clear upfield
shift of 62V methylene protons Conversely, those corresponding
to methylene groups 12V remain unchanged. This result
indicates that the central ammonium region in the new axle 4H*
experiences a similar chemical environment in both the EE and
ZZ isomers, in contrast with the behaviour of the previously
reported axle 3H*.26

Upon mixing axle EE-4H* and macrocycle 2, resonances clearly
indicating formation of complex EE-4H*C2 (Figure 4b).26 In
particular, the resonances of complex EE-4H*c2 associated
with the methylene protons that are adjacent to the oxygen
atoms (6£€) are shifted upfield (5.09 ppm; Figure 4b), and those
associated with the methylene protons next to the ammonium
center (1£€) are shifted downfield (4.56 ppm; Figure 4b).

Due to the low solubility of axle EE-4H*, all NMR studies were
performed in acetonitrile solutions whose concentration (about
2.0 mM) was accurately determined each time by employing an

This journal is © The Royal Society of Chemistry 20xx
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internal standard (see the SlI). In these copdjtionson@p
association of the molecular component®bf0dB8UP I nas
reproducibly observed in the presence of one equivalent of 2,
corresponding to a stability constant of the complex EE-4H*C2
(Keg) of 330 M1, It is worth noting that the complex of 2 with
EE-4H* is significantly less stable than that with EE-3H*, whose
stability constant was found to be 820 M-, in line with previous
data.26 This observation is attributed to the electron rich nature
of the methoxy spacer, which renders the ammonium centre of
EE-4H* a less efficient hydrogen bond donor than that of EE-3H*.
This observation is consistent with earlier studies on the
complexation of dibenzylammonium guests by dibenzo-24-
crown-8 ether (2).28

a 6ty 1EU
b 68 1Eu -
BEC
L (o W YML
c 62Y 1z .
7C
Jj 1 ML,L_
d 62Y 12v
L I ) B
5.0 4.5 4.0 3.5
o/ ppm

Figure 4. Stacked partial 'H NMR (500 MHz, CD3CN, 298 K, 1.4 mM) spectra of (a) axle
EE-4H*, (b) a 1:1 mixture of EE-4H* and crown ether 2, (c) the same sample after
exhaustive irradiation at 365 nm and (d) axle ZZ-4H*.

The UV-vis spectroscopic characterization of the EE-4H*c2 and
ZZ-4H*c2 complexes did not highlight remarkable differences
with respect to that performed on the free axles and confirms
the efficient photoisomerization of the azobenzene moieties.
To structurally investigate the effect of light irradiation on the
complex, a sample containing equimolar amounts of EE-4H* and
2 was allowed to equilibrate in the dark to form the EE-complex
and subsequently irradiated (Air=365nm) to afford a
photostationary state rich in ZZ-4H*c2. The 'H NMR spectra
show that the resonances of the methylene protons (6)
adjacent to the oxygen atom are distinguishable for all
complexed (Figure 4: EE-4H*c2, 5.03 ppm, 6f¢; ZZ-4H*C2,
4.90 ppm, 6%€) and uncomplexed species (EE-4H*, 6fY; ZZ-4H*,
62Y). On the contrary, photoisomerization does not affect the
resonances of methylene protons 1€ and 1%€ (Figure 4c). Taken
together, these results indicate that the presence of ring 2
around the ammonium station has no influence on the
photoisomerization process.

Interestingly, the presence of EZ-4H* axle — either free or
complexed by 2 — could not be observed because diagnostic
signals for these species could not be identified in the TH NMR

J. Name., 2013, 00, 1-3 | 3
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spectra. It cannot be excluded that resonances of the EZ species
overlap with those of the EE and/or ZZ ones. Nonetheless, their
concentration was estimated to be <2%.

The association of ZZ-4H* with the macrocycle 2, however,
could not be investigated using the same approach adopted for
the EE-axle. In fact, no complex formation was detected upon
mixing equimolar amounts of ZZ-4H* (obtained by exhaustive
irradiation of the EE isomer) and ring 2 within a timeframe
where the E isomers concentration is constantly <5%. This
observation is in line with previous studies indicating that when
the terminal azobenzene units of the axle are in the
Z configuration, the kinetic barrier for ring slippage increases
dramatically, making these processes very slow at room
temperature.26:27

To gain more detailed information on the kinetics of complex
formation, the equilibrium between axle 4H* and 2 was
investigated in the dark (EE-4H*) and upon irradiation (ZZ-4H*)
by means of bidimensional NMR exchange spectroscopy (EXSY,
Figure 4). In such experiments, cross peaks are observed for
spins that are in slow chemical exchange on the NMR
timescale.2930 Practically, EXSY spectra were acquired on
equimolar solutions of EE-4H* and crown ether 2. The presence
of in-phase cross-peaks between the methylene protons of the
free EE-axle and the EE-complex is indicative of chemical
exchange (Figure 5a). The magnetization rate constants were
extracted, from which the rate constants for threading
(kin=13.2 M1s1) and unthreading (kout=0.049s1) were
derived (Table 1, see the Sl for details).2930 These values are
quite similar to those previously determined for the system
consisting of EE-3H* and 2.26

Table 1. Summary of thermodynamic and kinetic constants of the complexation of axles
3H* and 4H* with ring 2.2

Axle K (o] kin Kout
[L mol?] [L mol?ts™] [s7]
EE-3H* 820 e 24.0 0.029
ZZ-3H* 400 e 2.9x1073 [e] 7.2x1076 [
EE-4H* 330 13.2 0.049
ZZ-4H* 370! 2.1x1073 5.8x10°¢

[a] Uncertainties for all data are reported in the Sl. [b] Stability constant of the
complex. [c] Threading rate constant. [d] Unthreading rate constant. [e] Data from
ref. 26. [f] The stability constant of the complex between ZZ-4H* and 2 was
estimated from the ratio kin/kout.

Upon exhaustive irradiation at 365 nm of the same solution,
nearly all the azobenzene units were converted to the Z-form.
An EXSY experiment was then carried out under the same
conditions (Figure 5b). In this case, however, no in-phase cross
peaks between axle ZZ-4H* and complex ZZ-4H*C2 were
observed, confirming that the threading and unthreading
processes of the ZZ-axle are remarkably slower than for the EE
isomer (Figure 5b).

4| J. Name., 2012, 00, 1-3
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Figure 5. Partial EXSY NMR (CD3CN, 500 MHz, 298 K, 1.4 mM, t,,x = 600 ms) spectra of (a)
an equimolar mixture of EE-4H* and 2, and (b) the same sample after exhaustive
irradiation at 365 nm. 6fY and 6£C in (a) indicates the free and complexed EE-axle,
respectively, whereas 62V and 6% in (b) denote the free and complexed ZZ-axle,
respectively.

The threading and unthreading rate constants of EE-3H*
reported in ref. 26 were measured with different techniques
than those used in the present study. Therefore, the values
were redetermined to be consistently compared with EE-4H*
using 2D EXSY NMR experiments. The results are consistent with
those previously obtained (kin = 24 M1 s71 and kout = 0.029 s71,
Table 1 and Sl). Subsequently, the sample was irradiated at
365 nm, generating ZZ-3H* and ZZ-3H*c2, and again submitted
to EXSY measurements. Similarly to what was previously
observed for ZZ-4H*C2, also in this case no chemical exchange

This journal is © The Royal Society of Chemistry 20xx
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between free and complexed axle could be detected (see the
Sl).

The formation kinetics of ZZ-4H*c2 was therefore investigated
by monitoring the time-dependent concentration change of the
species upon rapid mixing of ZZ-4H* (obtained by exhaustive
irradiation of the EE isomer)* and a 10-fold excess of 2 by means
of time-resolved 'H NMR spectroscopy. The excess of
macrocycle enabled an appreciable complexation of the ZZ-axle
within a few hours. The presence of distinct diagnostic
resonances (see Figure 4 and the Sl) enabled the concentration
profiles of the free and complexed axles in their EE and ZZ
configurations to be determined. An increase in the population
of ZZ-4H*c2 (red dots) and the concurrent depletion of the free
axle (blue triangles) was observed (Figure 6). The presence of a
large excess of macrocycle keeps the concentration of free
EE-4H* (black triangles) very low throughout the whole
experiment, because nearly all the EE-axle is complexed by 2
(green dots, Figure 6).

The analysis of the time-dependent concentration profiles was
carried out in a time window in which the thermal Z—E back
isomerization is negligible, but long enough to observe the
formation kinetics of ZZ-4H*c2 (up to 50% of its final
concentration). Fitting of the time-dependent traces with a
mixed order kinetic model allowed us to extract the threading
and unthreading rate constants for the ZZ-4H*c2 complex
(Table 1).

EE-4H*
EE-4H*complex
ZZ-4H*
ZZ-4H*complex

[ 2 2 BN 4

Figure 6. Time-dependent concentration profiles of ZZ-4H*C2 (red dots), ZZ-4H* (blue
triangles), EE-4H*C2 (green dots) and EE-4H* (black triangles). The black lines represent
the fitting of the traces. The total concentrations of the axle and the macrocycle,
determined from the H NMR spectra (CDsCN, 500 MHz, 298 K) are 2.2 mM and 24 mM,
respectively.

To gain corroboration of the value of the unthreading rate
constant obtained from the fitting of the concentration-time
profiles, we performed a ring extrusion experiment using K+ as
a competitive guest for 2. Macrocycle extrusion experiments
were performed by adding solid potassium
hexafluorophosphate to an acetonitrile solution of the ZZ
complex and monitoring its subsequent time-dependent
disassembly. KPF¢ was selected because: (i) potassium cations
form a stable complex with crown ether 2 in acetonitrile (the

This journal is © The Royal Society of Chemistry 20xx
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stability constant is 7.6x103 M1, that is, higher thapthat.of botb
the EE and ZZ complexes)3%; (i) both its ionS'd® ABTXigiifieaktly
affect the ring-axle interaction,26 and; (iii) KPFg is silent in the 1H
NMR spectra. With these premises, it is expected that K+*
displaces ZZ-4H* from 2 and the process is observable by NMR
spectroscopy. Practically, a solution containing equimolar
amounts of axle EE-4H* (1.6 mM) and ring 2 was exhaustively
irradiated at 365 nm to generate the Z species; KPFg (2.6 equiv,
4.2 mM) was then added and 'H NMR spectra were acquired
over time (see the Sl). The changes in the resonances of 2 clearly
indicate the formation of K*c2 at the expense (unthreading) of
ZZ-4H+*C2. Fitting of the time-dependent data according to a
mixed-order  kinetic model yielded the threading
(kin = 4.5%x1073 M1 s71) and unthreading (kout = 4.7x107% s71) rate
constants of ZZ-4H* with 2. These values are in line with those
measured in the absence of K* cations (Table 1) and confirm the
hindering effect of the Z-azobenzene terminal unit on
complexation and decomplexation.

Overall, the presence of Z-azobenzene moieties at the
extremities of the axle lowers the (un)threading rate constants
of more than three orders of magnitude compared to the E-
isomer. This observation is in line with the behaviour of the
parent axle EE-3H*.26 The stability constant of ZZ-4H*c2,
calculated as the ratio between the threading and unthreading
rate constants, resulted to be identical (within error) to that of
EE-4H*C2 (Table 1). Such a result marks a substantial difference
of axle 4H* with respect to the previously investigated 3H*,
which exhibited an appreciable change in the stability constant
on going from the EE to the ZZ isomer. The latter observation
could be assigned to the presence of stabilizing w-stacking
interactions between the aromatic units of the crown ether and
E-azobenzene.’> While for axle 3H* the aromatic azobenzene
protons located next to the ammonium (7£€, 3£C, see Sl for the
full assignment) are markedly shifted upfield upon
complexation with 2, due to m-m stacking interactions with the
ring, in axle 4H* the same shift is not observed for the
photoactive unit. It can be hypothesized that such interactions
are weaker in EE-4H* because the azobenzenes, being farther
from the recognition site, may not be able to interact with the
macrocycle.

On the other hand, the differences observed in the threading
and unthreading rate constants with 2, that are respectively
about 5 and 2.5 times slower for EE-4H* than for EE-3H* (Table
1), could be ascribed to the different stiffness of the two axles.
While EE-3H* is remarkably rigid and preorganized to threading,
EE-4H* has a larger conformational freedom arising from the
flexible ethereal linker.32:33

Finally, we investigated the possibility to chemically induce
unthreading by adding a base capable of deprotonating the
ammonium centre of the axle.2426:3435 Deprotonation of the
axle vyields a neutral amine that, according to earlier
investigations,3436 should exhibit a negligible affinity for the
crown ether. Unfortunately, treatment of axle EE-4H* (both free
and complexed by 2) with either triethylamine or a resin-bound
amine resulted in the formation of a precipitate which
prevented further investigations (see the SI).

J. Name., 2013, 00, 1-3 | 5
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Conclusion

A novel symmetrical azobenzene-dibenzylammonium axle was
prepared, and the thermodynamic and kinetic properties of its
pseudorotaxane complex with dibenzo-24-crown-8 were
investigated both in the dark and upon light irradiation. The axle
differs from a previously investigated one2627 in which the
azobenzene units are closer to the secondary ammonium center
and share a phenyl ring with it. In the present compound the
photoactive and recognition moieties are spatially and
electronically decoupled. Such a strategy allowed to study how
the E/Z configuration of the azobenzene groups affects the
stability of the pseudorotaxane and its threading-unthreading
rates. Furthermore, the separation allowed us to qualitatively
understand how these two aspects are related — an information
which is important to develop light-driven molecular pumps
with non-symmetrical axles based on similar designs.1>24 Qur
results confirm that Z-azobenzene slows down the threading-
unthreading into/from the macrocycle much more efficiently
than the E-isomer, which is a crucial requirement for
implementing a light-triggered energy ratchet mechanism.
However, the stability of the complex is unaffected by the
configuration of the azobenzene extremities of 4H*; this
observation highlights the significance of the other basic
requirement of energy ratchet, namely the destabilization of
the complex caused by light, which provides the driving force
for unthreading.

This study, on the one hand, confirms the modular nature of this
kind of systems, in which the azobenzene and secondary
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