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A light-driven molecular whirligig

Chuan Gao,™ Andreas Vargas Jentzsch,!? Emilie Moulin® and Nicolas Giuseppone*[
[a] SAMS Research Group, Université de Strasbourg, CNRS, Institut Charles Sadron UPR22, 67000 Strashourg, France

ABSTRACT: An unidirectional light-driven rotary motor was looped in a figure-of-eight molecule by linking two polymer chains
between its stator and rotor parts. By properly tuning the size of these linkers, clockwise rotation of the motor under UV light was
shown to create conformationally strained twists between the polymer chains and, in this tensed conformation, the energy stored in
the molecular object was sufficient to trigger the reverse rotation of the motor back to its fully relaxed state. The functioning principle
of this motorized molecular device appears very similar to the one of macroscopic whirligig crafts used by children for fun. In addi-
tion, we found that in its out-of-equilibrium tensed state, the fluorescence emission of the molecular motor increased by 500% due to
the mechanical constraints imposed by the polymer chains on its conjugated core. Finally, by calculating the apparent thermal energies
of activation for the backward rotations at different levels of twisting, we quantitatively determined a lower estimate of the work
generated by this rotary motor, from which a torque and a force were extracted, thus answering a long-term open question in this field

of research.

INTRODUCTION

Synthetic chemists working in the field of artificial molecular
machines®® often take inspiration from machines that we know
and use at macroscale (elevators,'®* cars,*>! pumps**¢ and
transporters,'”18 robots and synthesizers,'*% muscles,?*2* walk-
ers,?5% etc). Even if the functioning principles are different at
nanoscale because of the Brownian environment,?”% it appears
very fruitful to make use of such analogies with the macro-
scopic scale to potentially find new ideas and useful applica-
tions.3-%3 Toward this direction, there is also an imperative need
to interface these nanomachines with their environment and in-
tegrate them at all scales in order to make use of their motions®-
% as well as to convert, store, and release energy.%"®

In the present work, our macroscopic inspiration came from the
whirligig crafts used by children for fun (Figure 1a). In this very
simple toy, the forward rotation of a circular disc results in the
twisting of the strings passing through its center, and leading to
an accumulation of elastic energy by the whirligig craft. In such
a tensed conformation, the backward rotation of the disc can be
activated by the torque generated from the twists, leading to the
unwinding of the strings through the release of their elastic en-
ergy. When increasing the power applied by pulling on the
strings, the system can produce faster alternation of clockwise
and anticlockwise rotations.®® To achieve a similar principle at
the molecular scale, and therefore without the help of inertia,
we based our strategy on the figure-of-eight molecule W3 we
originally designed back in 2015 (Figure 2a).*° This molecule
combines a second generation light-driven rotary motor with
two polymer chains creating two loops between its rotor and
stator parts. We already studied and proved the internal twisting
of the polymer chains by activation of the clockwise motor ro-
tation using AFM and SAXS measurements. It should be noted
that a variation of our early figure of eight appeared very re-
cently in a publication by Feringa et al.** In this highly interest-
ing study, the authors integrated 2 exchangeable imine bonds in
the polymer loops and, by twisting the system, they demon-
strated the subsequent impact on the out-of-equilibrium popu-
lation of the different possible twisted imines, as compared with

the distribution at thermodynamic equilibrium. With our origi-
nal figure-of-eight construct, that is with no possible chemical
exchange through dynamic covalent bonds, we wanted to study
the possibility to make the rotation of the system reversible by
clockwise and anticlockwise rotations at the motor level (Figure
1b). In particular, in an analogy with the whirligig craft, we
wanted to probe the potential anticlockwise rotation of the mo-
tor through the ground state helped by the mechanical tension
created within the twisted conformation. Hereafter, we demon-
strate that indeed rotation of the molecular motor can be fully
reversed by the strained twists generated by its initial rotation.
We also highlight how this out-of-equilibrium situation can be
coupled to a strong enhancement of the motor fluorescence
which subsequently decreases when the system dissipates
strains. Finally, we quantitatively determine important charac-
teristics of this machine, such as the mechanical work produced,
the value of the torque, and the force generated.
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Figure 1. Schematic representation of a macroscopic spinning
whirligig craft (a) and of a molecular whirligig as designed in the
present study, and which involves a light-driven rotary motor en-
tangled in a figure of 8 using polymer chains (b). In both cases, at
macro and nanoscale, the rotation of the central unit involves a
twisting of the strings attached, and the untwisting of these strings
enforces the back rotation of the central unit.



RESULTS AND DISCUSSION

This work started with the synthesis of molecular whirligigs
W1, W2, and W3 incorporating the same central second-gener-
ation light-driven rotary motor, but with different lengths of
polyethyleneglycol (PEG) chains to loop the upper and lower
part of the motor in the figure of eight (Figure 2a). The idea
behind the variation of the chain lengths was to change the pos-
sible number of twists generated by the motor rotation, as well
as the resulting mechanical tension to reverse the rotation. Us-
ing our previously described bis-acid bis-alkyne motor 2,%° we
performed classical amidation reactions, in the presence of
EDC and HOBt, with NH,-PEGs-N3 (My, = 300 g.mol™), NH,-
PEG73-N3 (MW =~ 3000 g.mol’l), and NH2-PEG248-N3 (MW =
10000 g.mol™). Star-shaped molecular motors S1, S2, and S3
were respectively obtained with yields comprised between 52%
and 90% (see Sl for detailed synthetic protocols and character-
izations, sections S1 and S8). Molecular whirligigs W1, W2,
and W3 were then synthesized with yields comprised between
43% and 71% by intramolecular cyclisation using copper-cata-
lyzed azide—alkyne cycloaddition (CUAAC) reactions from di-
luted DMF solutions (¢ = 0.5-1 10 M). The structures and pu-
rity of the three molecules were unambiguously confirmed by
NMR spectroscopies and mass spectrometry (see Sl).

Starting with W1, we probed the possibility to wind its polymer
chains under UV irradiation through the rotation of the motor.
As represented in Figure 2b, each 180° clockwise rotation of the
motor should create a supplementary crossing of the polymer
chains leading to right handed twists. In the following, the num-
ber X of half-rotations / crossings compared to the initial mole-
cule W1 will be denoted as W1-X.*2** An important asset of
W1 is that it exists as a single (monodisperse) molecule, and not
as a polymeric structure with a distribution of molecular

weights such as it is the case for W2 and W3. Very satisfyingly,
this property allowed us to accurately follow the evolution of its
conformation upon light irradiation using ultra performant lig-
uid chromatography coupled to mass spectrometry (UPLC-MS)
(Figure 3a). Initially, W1 was solubilized in THF (c = 230 uM)
at a temperature of 293 K in the dark. The corresponding chro-
matogram confirmed the presence of a single species with an
elution time at 1.77 min and displaying the expected mass spec-
trum of W1 (Figure 3a,b). Interestingly, UV irradiation of the
W1 solution (365 nm, 1.2 mW.cm-2) for 35 min led to the ap-
pearance of new species perfectly separated on the UV-Vis
chromatograms. Because the mass spectra of all the new ap-
pearing peaks remain superimposable (Figure 3b and S1), we
were reinforced in our expectations that these isomers were ob-
tained by the repetitive 180° clockwise rotation of the motor,
leading first to W1-1 (elution time 1.73 min), then W1-2 (re-
tention time 1.91 min), and then W1-3 (retention time 2.08
min). The full distribution profile of this irradiation experiment
is plotted in Figure 3c, which illustrates better the relationship
between the species. From 5 min to 30 min, the ratio W1-1/W1-
2 gradually decreased over time and W1-2 became the main
component. It reveals that W1 first transformed to W1-1, which
subsequently converted to W1-2. Moreover, from 30 min to 35
min, the percentage of W1-1 remained unchanged and the ratio
of W1-2/W1-3 decreased, indicating the transformation from
W1-2 to W1-3. After 35 min of irradiation, the system reached
the photo-stationary state (PSS). According to these results, the
transformation of W1 under light irradiation can be clearly es-
tablished, that is W1 — W1-1 — W1-2 — W1-3. It should be
noted that in the described experimental conditions, no degra-
dation was observed over the full experiment, but attempts to
increase the lamp power led to new products with mass spectra
different from the necessarily invariable W1-X figure of eight.
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Figure 2. (a) Synthetic pathway for molecular whirligigs W1, W2, and W3, from motor 2, incorporating different lengths of polyethylene
glycol chains. (b) Schematic representation of the forward and backward stepwise 180° rotations of molecular whirligig W1, leading to new
entanglements in the figure of eight and incorporating 1, 2, or 3 crossings (W1-1, W1-2, and W1-3, respectively).
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Figure 3. (a) UPLC-MS/UV chromatograms of molecular whirli-
gig W1 in THF (230 uM) for different times of light irradiation
(365 nm, 1.2 mW.cm), and subsequent heating in the dark. (b)
Typical mass spectrum displayed by all isomers W1, W1-1, W1-2,
and W1-3 after UPLC separation. (c) Normalized concentrations of
twisted isomers as a function of irradiation times.

After this irradiation sequence, we subsequently let the system
evolve at the same temperature in the dark, and followed its
evolution using the same UPLC-MS protocol (Figure 3a). After
18 hours at 20 °C, W1-3 fully transformed to W1-2. Because
the next steps were slow at 20 °C, the temperature was then
raised to 45 °C to collect the necessary information within a
reasonable period of time. Interestingly, W1-2 was gradually
transformed into W1-1, which further converted to W1. After 9
days, the system reached the thermodynamic equilibrium. The
order of disappearance of the 4 isomers is symmetric to their
appearance under light irradiation. In this particular construct,
the only possibility for the system to go back to W1 from its
twisted isomers is to do it by inversion of the motor rotation
(that is here anticlockwise) and by crossing both thermal helix
inversion and E/Z isomerization by the ground state.

Before analyzing in more details the kinetic data corresponding
to these UPLC traces, we performed a few 1D and 2D *H NMR

experiments to confirm the global evolution of the system (Fig-
ure 4). Large chemical shifts were observed for a number of
resonance signals in *H NMR spectra starting from W1 under
photoexcitation (365 nm, 1.2 mW.cm2) (Figure 4a,d). Here, be-
cause of the higher concentration of the sample compared to
UPLC experiments, longer irradiation times were necessary (up
to 510 min to reach the PSS). In particular, the triazol protons
(k,I) were particularly affected by the rotation of the motor,
leading to new signals shifted both downfield and upfield. On
the motor part, protons j, p, g, and v were also particularly af-
fected. Satisfyingly, the relaxation in the dark proved the full
reversibility of the process, in agreement with UPLC-MS ex-
periments, and with an almost full recovery of W1 at thermo-
dynamic equilibrium (in addition to minor amounts of W1-1)
(Figure 4e). NOESY NMR spectra were also recorded between
the initial state containing pure W1, and after 510 min of UV
irradiation containing mostly twisted compounds W1-2 and
W1-3 (Figures 4b,c, S4 and S6). The appearance of new spatial
correlations upon light irradiation, in particular those showing
the closer proximity between the central motor and the polymer
chains are in good agreement with our initial claim of the in-
duced twisting upon rotation.

At that stage of the study, we noticed by naked eye an increase
of the fluorescent emission of the whirligig solutions with irra-
diation time, and we decided to determine the origin of this phe-
nomenon. In this direction, we first performed a series of exper-
iments by UV-Vis and electronic circular dichroism (CD) spec-
troscopies. Upon UV irradiation (365 nm, 1.2 mW.m), the ab-
sorption intensity of W1 between 322 and 400 nm decreased
very slightly, with a PSS reached after 25 min. Moreover, the
absorption peak slightly shifted from 330 nm to 322 nm, in
agreement with a more tensed conformation. After 18 hours in
the dark at 20 °C, the UV spectrum slightly evolved in the op-
posite direction, as expected for the transformation of W1-3 in
W1-2 (Figure 5a). Although these changes are very subtle, they
are real and significant. Indeed, the same experiment performed
on open molecule S1 as reference did not produce any measur-
able change (Figure S7). To further investigate the conforma-
tional change of W1, we performed CD experiments on the
same solutions. As shown in Figure 5b, the CD spectrum
showed no noticeable change and, in particular, no signal inver-
sion, indicating that the unstable helix of the motor was not
‘trapped’ after rotation in the twisted forms. As observed with
UV-Vis, the transformation of W1-3 in W1-2 led to the slight
reversibility of the CD signal (Figure 5b).

We then turned to fluorescence spectroscopy upon twisting of
W1 at 365 nm, and measured a gradual increase of emission
intensity from 469 nm to 461 nm that reached 500% at the PSS
(Figure 5c¢). The similar shapes of the spectra suggest a mechan-
ical restriction of the movement as a possible origin of the en-
hancement in fluorescence. Therefore, in parallel, we studied
the fluorescence emission of a reference motor M1 in solution
and evidenced an important aggregation induced emission
(AIE) with an enhanced emission from 465 nm to 458 nm fol-
lowing the addition of increasing amounts of water in THF (Fig-
ure S$8).4-4¢ Therefore, the enhancement of fluorescence inten-
sity within the whirligig device is certainly the consequence of
the limitation of intramolecular motions in W1 by increasing
the conformational strain induced by the twisting of the PEG
chains upon rotation. Back transformation from W1-3 to W1-2
in the dark led to a drop of emission intensity by 40% because
of the release of conformational strain (Figure 5c, dash line).
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Figure 4. (a) Chemical structure of molecular whirligig W1. (b) 2D NOESY spectra of W1 after 510 min of UV light irradiation (365 nm,
1.2 mW.cm?). (c-d) 'H NMR spectra of W1 (400 MHz, THF-ds, 298 K, ¢ = 10 mM) for different irradiation (c) and subsequent heating
times (d).



Going further, we tried to correlate the 500% increase of fluo-
rescence by measuring the relative quantum vyields of the
twisted species by pushing the system at the PSS (see Sl, section
S5). We found a value of 0.08% for W1 and of 0.4% at the
highest PSS (36% W1-3; 55% W1-2; 9% W1 + W1-1). In ad-
dition, and as an overall correlation of the increased tension
generated with the generation of new twists, we measured a sig-
nificant decrease of the photo-isomerization quantum yields,
from about 11% for W1 to W1-1 and W1-1 to W1-2, to about
3% for the transformation W1-2 to W1-3 (see Sl, section S6).

Interestingly, the plot of maximum emission intensity of W1 as
a function of irradiation time shows a clear sigmoid shape (Fig-
ure 5d). The first 7 min of irradiation (corresponding to the first
10 min of irradiation in UPLC due to a change in concentration
(Figure 3)) induced a relatively slow emission enhancement.
However, from 7 min to 22 min (corresponding to 10 min to 30
min in Figure 3) the emission intensity increased more rapidly
due to the increase in the percentage of W1-3 (Figure 3), and in
agreement with a much higher conformational strain of W1-3
compared to W1-2. Because the transformation from W1-3 to
W1-2 can be reversed after 18 hours at 20 °C in the dark, we
were pleased to also notice a decrease of fluorescence after this
time (dashed line in Figure 5c). Satisfyingly, a subsequent irra-
diation of 6 min resulted in the full recovery of the emission
spectrum of the tensed state W1-3 (Figure 5e). This reversed
transformations between W1-3 to W1-2 by opposite 180° rota-
tions could be repeated for at least 3 irradiation/dark cycles
(Figure 5f). This observed phenomenon is in itself remarkable
as it confers a dissipative out-of-equilibrium tunable function to
the system through an original motorized induced emission

(MIE) and which is due to the mechanical restriction of the in-
ternal molecular motions of the fluorophore.

Then, we probed the behavior of W2 and W3 by the same opti-
cal measurements (Figures S9 and S10). In both cases, UV and
CD spectra remained almost fully superimposable, revealing a
smaller conformational impact of the rotation on the motor it-
self. In agreement, the fluorescence enhancement was limited
to 100% for W2 and to 50% for W3 after reaching the PSS.
Therefore, one can suggest that the tension created in the whirl-
igig is inversely proportional to the length of the polymer
chains. This interpretation is further reinforced by the fact that
the system was much less reversible for longer polymer chains.
Indeed, W2 was shown to produce the same fluorescence inten-
sity at the PSS and after 20 hours at 45 °C in the dark. In addi-
tion, in this case, gel permeation chromatography (GPC) al-
lowed us to measure a decrease of the apparent mass of W2
from My, app = 6424 g.mol™* before irradiation, to My,app = 4592
g.mol? after irradiation, confirming by another technique the
twisting of the polymer chains and the contraction of the mole-
cule (Figure S11). However, in agreement with the fluorescence
signal, we did not measure any clear untwisting of the system
after 20 hours in the dark at 45°C (Myapp = 4714 g.mol ).

Overall, by combining chromatographic, spectroscopic and
spectrometric methods, we can strongly validate the whirligig
concept we propose in this paper, and restrict its validity to en-
tangled systems which can produce highly strained confor-
mations out-of-equilibrium, and which may be limited to rela-
tively small polymer chains.
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Figure 5. (a) UV-Vis spectra of W1 (THF, 25 uM) for different irradiation times (solid line) and after 18 hours in the dark at 20 °C (dashed
line); (b) CD spectra of W1 (THF, 25 pM) for different irradiation times (solid line) and after 18 hours in the dark at 20 °C (dashed line);
(c) Emission spectra of W1 (THF, 25 uM) for different irradiation times (solid line) and after 18 hours in the dark at 20 °C (dashed line); (d)
Maximum emission intensity of W1 for different irradiation times; (e) Emission spectra of W1 (THF, 25 uM) for an initial 25 min irradiation
time (red solid line), after 18 hours in the dark at 20 °C (green line) and after re-irradiation for 6 min (purple solid line); (f) Out-of-equilibrium
modulation of the maximum emission intensity during three irradiation/dark cycles as in (e).
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To extract a quantitative mechanical information from our sys-
tem using W1, we fitted the relaxation data obtained in the dark
from UPLC-MS chromatograms at 4 different temperatures,
and performed Eyring plot analyses for the three transfor-
mations W1-3 to W1-2, W1-2 to W1-1, and W1-1 to W1 (see
Sl section S6). We found that the apparent activation energies
necessary to reverse the motor rotation at the ground state are
the following: 110.4 kJ.mol for W1-1 (corresponding to a half-
time of the anticlockwise rotation of 62 days at 20 °C); 109.9
kJ.mol? for W1-2 (corresponding to a half-time of the anti-
clockwise rotation of 51 days at 20 °C) and 96.7 kJ.mol for
W1-3 (corresponding to a half-time of the anticlockwise rota-
tion of 5.7 hours at 20 °C). These activation energies encompass
both thermal and mechanical contributions. Because we ob-
served both W1 and W1-1 at thermodynamic equilibrium, we
were also able to determine a reference activation energy (that
is purely thermally activated) to isomerize the double bond of
W1 (113.6 kl.molY). Therefore, the mechanical energy af-
forded by the fully twisted system W1-3 can be calculated to be
16.9 kJ.molt, which represents the work the whirligig can ef-
fectively deliver in three half rotations. It is also apparent that it
is within the last half rotation during UV irradiation that most
of the energy is stored in the system. This latter energy allows
us to state that the molecular motor can, at least, produce 13.2
kJ.mol* of effective work in a single half rotation to be able to
overcome this thermal barrier. It should also be noted that the
energy stored in the whirligig must be slightly higher than this
value, because some is lost by dissipation and does not produce
work during the reverse rotation process. It is, however, a very
interesting lower estimate that is determined here as it shows

the useful energy stored mechanically. In addition, even if the
work delivered during the photoisomerization process could be,
in principle, higher than this value, due to the absence of micro-
reversibility between the forward and backward reactions, the
thermal relaxation becomes a limiting factor because the ratchet
mechanism (here involving the thermal E/Z isomerization of the
double bond) cannot withstand a higher force. We present the
overall picture of our whirligig approach with quantitative data
in Figure 6. Knowing the value of the work produced, we deter-
mined the torque ~ 7 pN.nm) produced by a single whirligig
W1-3 (see Sl section S7). Finally, by averaging the distances
between the axle of the rotary motor with the atomic positions
linked to the polymer chains (lever arm), we calculated an ap-
plied force of ~ 20 pN. As a reference, the torque produced by
ATP synthase is evaluated in the literature at 40 pN.nm.*” This
experimental value of about 7 pN.nm determined for light trig-
gered rotary motor is therefore very encouraging for their im-
plementation in a number of applications.

CONCLUSION

By revisiting our original design of the figure-of-eight molecu-
lar motor / polymer conjugates,*® we found structural conditions
in which the system can both twist through the excited state un-
der UV irradiation, and untwist fully at the ground state by re-
versing the directionality of the motor rotation. This observa-
tion should be kept in mind as a contributing (sometime limit-
ing) factor when designing future systems using entanglements
in single molecules****“® or in polymer networks such as gels.®
Further, this exciting clockwise/anticlockwise inversion within



the molecular whirligig represents a new possibility to reset mo-
lecular motors pushed far from equilibrium through a dissipa-
tive pathway. Such cycles to store (by the excited state) and re-
lease (by the ground state) elastic energy may also be used to
make these motors useful. Indeed, our observations demon-
strate that the energy stored in the strained entanglements can
be effective enough to produce a mechanical work which is suf-
ficient to perform chemical transformations passing through
high transition states (i.e. E/Z isomerization of a double bond),
and thus opening new possibilities for mechanochemistry and
catalysis in general. Moreover, our whirligig approach demon-
strates the control of a function (i.e. strongly enhanced fluores-
cence by a motorized induced emission) which is modulated by
this dissipative out-of-equilibrium pathway. Last but not least,
the whirligig device turned out to be an unexpected platform of
choice to quantitatively measure a lower estimate of the me-
chanical work, the torque and the force that can be reached with
such light-triggered rotary motors. These questions were pend-
ing for a long time in the molecular machine community, and
are now answered experimentally.
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