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A light-fuelled nanoratchet shifts a coupled

chemical equilibrium
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Biological molecular machines enable chemical transforma-
tions, assembly, replication and motility, but most distinctively
drive chemical systems out of-equilibrium to sustain life"% In
such processes, nanometre-sized machines produce molecular
energy carriers by driving endergonic equilibrium reactions.
However, transforming the work performed by artificial nano-
machines®- into chemical energy remains highly challenging.
Here, we report a light-fuelled small-molecule ratchet capa-
ble of driving a coupled chemical equilibrium energetically
uphill. By bridging two imine®® macrocycles with a molecular
motor'®", the machine forms crossings and consequently
adopts several distinct topologies by either a thermal (tem-
porary bond-dissociation) or photochemical (unidirectional
rotation) pathway. While the former will relax the machine
towards the global energetic minimum, the latter increases the
number of crossings in the system above the equilibrium value.
Our approach provides a blueprint for coupling continuous
mechanical motion performed by a molecular machine with a
chemical transformation to reach an out-of-equilibrium state.

Taking inspiration from the fundamental property of biological
nanoscale machines governing transmission and directionality of
motion to produce energy carriers and allowing precise mechanical
functioning at the molecular level, recent years have witnessed
remarkable advances towards the design of artificial molecular
motors and machines (AMMs)**'*'*. Autonomous rotary and
translational movement and dynamic control of assembly, trans-
port and catalysis have been demonstrated using molecular motors,
as well as amplification, propagation and coupling of motion>>'"-.
AMMs can drive the directional movement of a secondary geared
unit'”?, transport and assemble molecular fragments in a specific
manner'”?', actively pump molecular entities”* or transduce
motion from the molecular to the macroscopic scale’>””. However,
in order to address the fundamental question of how to shift a
chemical reaction out of its equilibrium state and develop AMMs
that can drive endergonic chemical processes, we need to find
ways to couple a chemical (equilibrium) reaction to the continuous
motion of a molecular machine®-*.

Herein, we describe the design and operation of an artificial,
light-fuelled molecular rotary motor that can drive a coupled
chemical equilibrium energetically uphill.

Our AMM =+n (Fig. 1a; n represents the number of twists, while
+ describes the chirality of the crossing; the (S,R,R) configured
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AMM =+n shown in Fig. la induces a positive (+) crossing per
half-turn)*' consists of two complementary parts: two imine macro-
cycles bridged by a light-driven molecular rotary motor, connecting
the contrarotating top and bottom halves of the central motor unit.
This bridged bicyclic system can adopt several topologies by form-
ing n crossings between the two macrocycles via two orthogonal
pathways: a photochemical and a thermal one (Fig. 1a). Basically,
we combine two fundamental dynamic functions of (1) a molecular
rotary motor'®'! and (2) dynamic covalent chemical bond forma-
tion®’. The photochemical process takes advantage of a light-driven
rotary motor to deliver energy to the system. Our design is based on
a second-generation molecular motor'® in which the central olefinic
bond, connecting the top (indane rotor part) and bottom halves
(thioxanthene stator part), functions as the rotary axle. Several
intrinsic features, including the combination of two stereogenic
elements, that is, the helical structure and the stereogenic centre,
stilbene-type E-Z photoisomerization and thermal helix inversion,
allow for unidirectional light-driven rotary motion. Building on
dynamic covalent chemistry®~’, we explore reversible imine bond
formation in combination with increasing strain in the system via
the rotary motor.

In the thermal pathway, the imine bonds can undergo a revers-
ible intermolecular exchange reaction with a nucleophile®”’, lead-
ing to a temporary ring-opening of the bicyclic compound (Fig. 1a,
brown). In this open form, the side arms can slip through or
undergo an intramolecular imine exchange with the other macro-
cycle to generate an entangled structure. Subsequent ring-closure by
intramolecular imine formation fixes the twists in the system, thus
reforming the bicyclic molecule and leading to the formation of
distinct topological isomers. Since the imine exchange is a dynamic
andreversible process thatis constrained by microscopic reversibility,
the minimization of the Gibbs free energy of the system dictates
the population of distinct topological states. The population of
these distinct states at thermal equilibrium is shown in Fig. 1b,
top, with the expected abundance indicated in brown. It should be
emphasized that, in the absence of light, the motor moiety is merely
serving as a rigid unit to prevent the macrocycles from unwinding
in a mechanical manner.

In the photochemical pathway, the motor unit performs a
unidirectional 360° rotation around its central double bond, which
is solely driven by light energy and therefore not constrained by
microscopic reversibility but by the Bose-Einstein relations for
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Fig. 1| Working principle of AMM +n. a, A photoresponsive molecular motor is constrained by two imine macrocycles, allowing AMM +n to adopt
distinct topologies by forming twists in the strands of the bicyclic molecule. Crossings can be established by either thermal nucleophile exchange of the
imines (brown), leading to temporary ring-opening of one macrocycle, or by light-driven unidirectional rotation (blue) via photochemical-induced E-Z
isomerization and subsequent thermal helix inversion (blue), which increases the number of chiral crossing per half-turn by +1in the case of (5,R,R)
configured +n. b, Thermal equilibration (brown) takes place by temporary ring-opening of the imines and will populate all accessible, distinct topological
states so that the Gibbs free energy of the system is minimized. The expected population is indicated by the brown bar diagram. Light-driven winding
(blue) twists the bicyclic molecule in a unidirectional and sequential manner, increasing the number of crossings in the system above its equilibrium

level until mechanical resistance in the system hinders further winding. The expected population is indicated by the blue bar diagram. The maximum
number of crossings that was experimentally observed is +3. Lighter colour refers to lower energy, whereas darker colour refers to higher energy. Thermal
nucleophile exchange (Fig. 1a, brown) leads to restoration of the initial equilibrium.
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Fig. 2 | Sequence-specific, light-driven winding mechanism of AMM +n. a, Illumination (4,,=365nm, 18 min) of an equilibrium mixture of (S,R,R) motors
—1, 0 and +1 yields species +3 via intermediate +2. Because of the unidirectional rotation of the motor, the process is topologically stereoconvergent
and sequence specific. The representative kinetic profile was obtained by '"H-NMR spectroscopy (500 MHz, 10 °C, TmM in C,Dy). b, CD spectra (0 °C,

10 pM in THF/CDy) of an equilibrated (brown) and illuminated sample (blue) at PSS of both contrarotating motor diastereomers (S,R,R) (solid lines) and
(R.R,R) +n (dashed lines). No sign inversion indicates that the motor core retains its helical chirality. ¢, IM-MS measurements: ATDs of the equilibrated
(brown) and illuminated (blue) +n sample showing a transition from three species —1, 0 and +1 to one species +3. d, Scattering intensities of a+n
sample obtained by SAXS measurements (23 °C, TmM in toluene-dg) at equilibrium (brown, globular particles) and at PSS (blue, rod-like particles).

e, Proposed mechanism for the photochemical formation of +3 in sequential and unidirectional half-turns, starting from —1.

absorption and emission of photons. This involves a four-step
rotary cycle, that is, two photochemical E-Z isomerizations con-
verting a stable to a metastable isomer each followed by a thermal
helix inversion (Fig. 1a, blue). Upon illumination with ultravio-
let (UV) light, its direction of rotation is governed by the methyl
group at the stereogenic centre in the allylic position of the over-
crowded alkene (Fig. 1a)'®'’. This transduction from Euclidean
chirality into directed movement enables the mechanical formation

of chiral twists within the bicyclic molecule. A positive (+) cross-
ing is induced by every 180° turn of the motor until winding is
hindered by mechanical resistance in the system. The molecular
motor increases the number of entanglements (strain build-up)
in the bicyclic system far from its equilibrium level, performing
chemical work on a coupled chemical equilibrium in a topologically
stereoconvergent manner, thereby acting as a light-fuelled ratchet
(see Supplementary Fig. 42 and the Supplementary Information
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Fig. 3 | NMR spectra of AMM +n at different winding states. Partial 'H-NMR spectra (500 MHz, 10 °C, TmM in C,D) of (5,R,.R) +n at PSS (4,,=365nm,
18 min; top), after partial thermal relaxation (60 °C, 6 min; middle) and at equilibrium (bottom). The conversion of key signals is indicated with grey arrows
(signal labels are shown in Fig. 1a; for more information see Supplementary Figs. 1-22 and Supplementary Tables 1and 2).

for an in-depth discussion). The far-from-equilibrium distribution
upon light-driven winding is shown in Fig. 1b, bottom, with the
expected abundance indicated in blue. The system can return to its
equilibrium state by thermal nucleophile-promoted imine exchange
(Fig. 1a, brown).

To allow multiple entanglements in AMM =+n, the imine groups
were embedded in two large rings, each featuring two flexible
dodecyl hydrocarbon chains, which bridge the upper rotor and
lower stator parts of the rotary motor. In order to gain access to both
contrarotating diastereomers (S,R,R) and (R,R,R) £n (unless other-
wise stated, (S,R,R) £n was used for all experiments) of our optically
active second-generation motors, we utilized a versatile method to
access the stereoisomers developed by Giuseppone et al.”’. After
post-functionalizing the rotor part with two azide groups and the
stator part with two aldehydes, in situ macrocyclization was accom-
plished by aza-Wittig reactions using triphenylphosphine.

By choosing this specific substitution pattern, a selective con-
nection between the rotor and stator parts, and thus winding upon
rotation, is ensured”. The conversion to the imine was followed by
proton nuclear magnetic resonance ("H-NMR) spectroscopy (typi-
cally 5-10% of motors are mono cyclized, Supplementary Fig. 1).
The system was further characterized by one-dimensional (1D)
and two-dimensional (2D) NMR (Supplementary Figs. 1-22 and
Supplementary Tables 1 and 2) and circular dichroism (CD) spec-
troscopy (Supplementary Figs. 23-25), small angle X-ray scattering
(SAXS) (Supplementary Figs. 39 and 40 and Supplementary Table 3),
mass spectrometry (MS) and ion mobility (IM) (Supplementary
Fig. 36). Our data show that the formation of oligomers under our
experimental conditions is negligible.

To experimentally investigate the hypothesized operational
routine of the nanoratchet, we initially studied the light-driven wind-
ing process of AMM +n. Figure 2a shows the sequential formation
of distinct topological isomers as a function of time for (S,R,R) +n
(Supplementary Fig. 35 and Supplementary Data Set 1). With the
help of 'H-NMR spectroscopy (Fig. 3), we could follow the com-
positional change of a fully equilibrated sample upon illumination
with UV light (irradiation wavelength 4,,=365nm). In thermal

equilibrium, AMM +n can adopt up to one crossing and there-
fore exists as a mixture of distinct topological isomers —1, 0 and
+1 (the ratio is ~1:2:1). The obtained kinetic profile revealed
a sequence-specific and stereoconvergent reaction mechanism
(Supplementary Fig. 35), only possible due to the unidirectionality
of the rotary molecular motor (Supplementary Fig. 37), by which
the crossings in the bicyclic molecule are increased stepwise by one,
until the system selectively reaches its final state +3 via intermediate
+2 (Figs. 2a and 2e). The quantum yield (&) decreases with more
crossings (see Supplementary Figs. 35 and 41 and later Fig. 5a).
Repeating the illumination experiment with a non-macrocyclized
motor showed no winding (Supplementary Figs. 21 and 22).
Interestingly, the helical chirality of the motor moiety of both diaste-
reomers (S,R,R) and (R,R,R) £n at the photostationary state (PSS)
is retained during the winding process as evidenced by a relative
increase in the intensity of their respective CD spectra (Fig. 2b and
Supplementary Figs. 23-25 and 38). The formation of topological
isomer +3 from an equilibrium mixture of —1, 0 and +1 was also
observed using ion mobility interfaced with mass spectrometry
(IM-MS) (Fig. 2c and Supplementary Fig. 36). The arrival time dis-
tribution (ATD) of the fully equilibrated sample shows three con-
tributions that correspond to collision cross-sections (°*CCSy,) of
351 A% 342 A% and 338 A% These were respectively assigned to 0,
—1 and +1 by matching the experimental with theoretical collision
cross-sections calculated for in silico candidate structures. After
illumination with UV light, the ATD becomes narrower and shows
a single contribution corresponding to °"CCS,;, = 344 A2, which was
analogously attributed to +3. Additional support for the change
in shape of the machine came from SAXS measurements (Fig. 2d;
Supplementary Figs. 39 and 40 and Supplementary Table 3). At
thermal equilibrium, AMM +n adopts a globular shape with a
gyration radius of r=0.9nm. After illumination with UV light, an
increase in scattering intensity was observed”, which can be attri-
buted to the formation of elongated, rod-like and more compact
objects with a cross-sectional radius of r=0.7nm. The combined
data support a winding mechanism that is caused by the unidirec-
tional rotation of the motor.

162 NATURE NANOTECHNOLOGY | VOL 17 | FEBRUARY 2022 | 159-165 | www.nature.com/naturenanotechnology


http://www.nature.com/naturenanotechnology

NATURENANOTECHNOLOGY

LETTERS

a
S
(0]
o
=
©
°
=
=1
Qo
<<

Equilibrated PSS 10°C,60h  10°C,60h

no nucleophile  nBuNH,

C

o 0-1 — Fit

801k o0 — Fit

& A+l — Fit

® w42 — Fit

60 X 43— Fit

9 ¥ <l — Fit
@
o
=
(]
°
=
=1
Qo
<<

T T T T T T
1,000 1,500 2,000 2,500 3,000 3,500
Time (min)

T
0 500

=]

—
f I
CH
+3 +2

Z
AN
T

7%

Abundance (%)

T T T T T T T
0 500 1,000 1,500 2,000 2,500 3,000 3,500
Time (min)

Fig. 4 | Unwinding mechanism and thermal stability of AMM +n. a, Chemical composition of an equilibrated +n sample (left), a sample at PSS (middle
left), without addition of external nucleophile (middle right) and after relaxation at 10 °C for 60 h with 20 mol% of nBuNH, (right). Full relaxation at

10 °C only occurs in the presence of nucleophiles. b, Proposed mechanism for the thermal relaxation of wound up +n via temporary ring-opening in the
presence of catalytic amounts of nucleophile. ¢,d, Representative examples for the relaxation kinetics of an irradiated +n sample at 10 °C in the presence
of 20 mol% of nBuNH, (¢) and without nucleophiles (d). The chemical composition (a) and kinetic profiles (¢,d) were obtained by '"H-NMR spectroscopy

(500 MHz,10°C, TmM in C,Dy).

Next, we examined the unwinding of the system, both
under thermal and nucleophile-assisted conditions (Fig. 4a and
Supplementary Data Set 1). Full relaxation of the system at 10-40°C
can only be achieved in the presence of an external nucleophile,
such as catalytic amounts of n-butyl amine (nBuNH,, Figs. 4a
and 4c), under purely thermodynamic control as determined by
"H-NMR spectroscopy (Supplementary Fig. 27, for relaxation with
water see Supplementary Figs. 33 and 34). The competing nucleo-
phile can induce temporary ring-opening of the imine macrocycles
by amine-imine exchange (forming open n-butyl imine I in 5%,
Supplementary Fig. 27), leading to a topological reshuffling of the
wound-up machine in a non-sequence-specific manner (Figs. 4b
and 5a; Supplementary Figs. 27, 33 and 34), thus re-establishing
the initial topological equilibrium. Interestingly, an increase in
the number of crossings (and thus chemical strain) does not affect
the reactivity of the imine groups towards nBuNH, and therefore
the rate for amine-imine exchange, as indicated by the rate con-
stants (k) for nucleophile-induced ring-opening of the macrocycles
(Fig. 5a). A similar behaviour was already observed for thiol-
disulfide exchange® and hydrolysis of esters*’. However, the fact that
ring-opening of +3 and +2 with nBuNH, is an irreversible process
(there is no measurable rate for the ring-closure, Fig. 5a) indicates

NATURE NANOTECHNOLOGY | VOL 17 | FEBRUARY 2022 | 159-165 | www.nature.com/naturenanotechnology

that both topological isomers are high energy, strained species that
are not populated in thermal equilibrium.

To gain further insight into the pure thermal stability of the
‘spring-loaded” AMM, we studied the relaxation of a fully wound
motor sample at different temperatures in the absence of an external
nucleophile (Supplementary Figs. 26 and 28-32; trace amounts of
nucleophiles, such as water, cannot be fully excluded). Under these
conditions, the unwinding pathway via ring-opening is not feasible.
The kinetic data associated with the various steps at 10°C, both in
the absence (grey) and presence (brown) of nucleophiles, are com-
piled in Fig. 5a (see also Supplementary Figs. 26-35). We found that
bicyclic molecule +3, which is the most strained form, slowly decays
at 10°C (Fig. 5a, solid grey arrow; k(+3,+2) = 0.3 107> min™) to
selectively form less strained species +2 after 60h in ~60% yield
(Figs. 4a and 4d, Supplementary Fig. 26). At this temperature, for-
mation of species —1, 0, or +1 was not observed. Increasing the
temperature stepwise from 10-60°C led to an increase in the decay
rate of +3 by a factor of ~4 per 10°C steps (Supplementary Fig. 32).

At 40°C, complete unwinding was not observed even after one
week, while full equilibration could be achieved within 42 h at 60°C
(Supplementary Figs. 29 and 30). The kinetic profiles of the relax-
ation processes clearly indicate a sequence-specific mechanism
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relative standard deviation ~10%), nucleophile-catalysed unwinding (brown; relative standard deviation ~35%) and sequence-specific unwinding (grey;
relative standard deviation ~15%, solid arrow represents experimentally observed relaxation from +3 to +2, while dotted arrows indicate that further,
sequence-specific relaxation at 10 °C is not viable). An increasing number of crossings decreases the winding and increases the unwinding process. Note
that the rates for the nucleophile-catalysed unwinding are all in a narrow range irrespective of the winding-induced strain. This can be rationalized when
considering that the nucleophilic attack at the imine carbon atom is likely the rate-determining step in this reaction, while the subsequent ring-opening
and unwinding steps are fast and thus do not affect the kinetics of the amine-imine exchange. b, Calculated energies of the most stable conformer of
motors —1to +3 in the gas phase relative to 0. A higher number of crossings increases the electronic energy of the system. Experimentally, the system
was found to reach up to +3 crossings. ¢,d, Representative structures of one possible conformer of species 0 (¢€) and +3 (d). The energies and structures

in Fig. 5b-d were calculated at the M06-2X/def-SVP//GFN-xTB level of theory.

that can only be caused by an intramolecular reaction (there is no
direct equilibrium between —1 and +1 under these conditions,
Supplementary Figs. 28 and 29). Most importantly, an increase in the
number of crossings increases the rate of unwinding and renders
the relaxations from +3 — +2 and +2 — +1 irreversible, sug-
gesting that potential energy is built up during the winding process
(Figs. 5a and 5b). The potential energy accumulated during the illu-
mination process can be released in a stepwise and sequence-specific
manner when enough thermal energy is provided (Supplementary
Figs. 26 and 28-30).

Together with an extensive computational analysis (Supplemen-
tary Data Set 2), the experimental and calculated data give a detailed
picture of the machine’s working mechanism on the molecular scale

164

(Fig. 5a-d and Supplementary Figs. 26-35, 37 and 41). The system
at thermodynamic equilibrium consists of bridged bismacrocycles
—1, 0 and +1, with an experimentally determined energy difference
between molecule 0 (Fig. 5¢) and singly twisted motors +1 and —1
of AG,,,(0,+1) = 0.24kcalmol™* and AG,,,(0,—1) = 0.39 kcal mol~",
respectively. Experimentally the system reaches up to three cross-
ings, that is, +3 (Fig. 5b). Species +2 and +3 (Fig. 5d) were not
detected in the relaxed reaction mixture (Supplementary Fig. 2),
as expected from the computational studies that predicted a steep
increase in the potential energy per half-turn (Fig. 5b). Due to
the irreversible nature of the transformation from +3 and +2 and
from +2 and +1 the experimental energy difference between these
species can only be estimated to be AG,,,(+2,+3) > 2kcalmol™

exp
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and AG,(+1,+2) > 2kcalmol™, respectively (under the conser-
vative assumption that the absolute measurement error for NMR
spectroscopy is +3%). The experimentally observed quantum yields
for the light-driven winding process diminish stepwise, going from
@d(—1,0) = 0.61 to P(+2,+3) = 0.29, meaning that the winding
rate decreases with increasing strain (Fig. 5a). After illumination,
the sequence-specific, intramolecular unwinding irreversibly forms
species +2 from +3 (k(+3,4+2) = 0.3x 107> min~") at 10°C. Full
relaxation at this temperature can only be achieved in the presence of
nucleophiles via dynamic and non-sequence-specific ring-opening
of the imine macrocycles via intermediate I (Fig. 5a top). Under
these conditions, species —1, 0 and +1 form with a comparable
rate constant of k=2.4-3.0 X 10~ min~' (for the kinetics of the
non-catalysed, intramolecular unwinding see Supplementary
Figs. 26 and 28-30), while ring-closure to +2 and +3 was not
observed. A significant dependence of the ring-opening rate on the
number of crossings in the system could not be detected.

This work demonstrates how the light-driven unidirectional
rotary motion in AMM#n can decrease the overall kinetic
(Fig. 5a) and thermodynamic (Fig. 5b) stability of the system dur-
ing the winding process of the macrocycles. The experimental data
clearly show that the small-molecule machine +n functions as a
nanoratchet able to drive a coupled chemical equilibrium energeti-
cally uphill by light. We anticipate that our study will serve as an
inspiration and blueprint for the design of AMMs of ever-increasing
complexity which, for instance, can store light in the form of chemi-
cal energy or perform sophisticated synthetic tasks on the molecu-
lar scale.
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Methods

Preparation of +n samples. A stock solution of bisaldehyde and bisazide functiona-
lized motor S21 (1.0mg, 0.60 umol, 1.0 equiv.) in C;Dg was lyophilized in a J. Young
NMR tube. Then, PPh, (0.60 mg, 2.4mmol, 4.0 equiv.) was added and the tube was put
under high vacuum for 16 h. After that, the solids were dissolved in dry (distilled from
CaH,) and degassed (three freeze-pump-thaw cycles) C;D; or toluene-d8 (0.6 ml)
inside a glovebox and activated molecular sieves (3 A) were added. The sealed NMR
tube was taken out of the glovebox and heated to 60°C for 7 d in an oil bath under
exclusion of light. Subsequently, the molecular sieves were removed inside a glovebox
and the sample was used for further experiments without purification. Since the
system is dynamic, the formation of the bridged bis-macrocyclic +n is concentration
dependent. Increasing the concentration leads to formation of an insoluble polymer.
The conversion of S21 to +n was followed using "H-NMR spectroscopy by observing
the decrease of the aldehyde signal (~9.7 ppm) and increase of the imine signals

(~8.1 ppm). Typically, bis-macrocyclic +n forms in 90-95%.

Illumination of +n samples for NMR spectroscopy. Typically, a J. Young NMR
tube containing a 1 mM solution of equilibrated (S,R,R) or (R,R,R) £n in 0.6 ml
C¢D; was illuminated with a hand-held UV lamp (365 nm, 6 W) on a shaker
plate for 18 min at 8 °C (in a walkable fridge) or room temperature. The distance
between lamp and NMR tube was kept constant throughout the experiment. To
prevent any significant relaxation, illuminated samples were cooled with a 10°C
acetone bath before the respective measurement.

CD spectroscopic measurements. CD spectra were recorded on a Jasco J-815 CD
spectrometer. In a cuvette, 30 ul of a solution of (S,R,R) or (R,R,R) +n (1 mM in
C¢D;) was diluted with degassed and dry tetrahydrofuran (THF) to a total volume
of 3ml (concentration ¢=10 pM). Benzene absorbs in the deep UV region and
forces a cut-off at 270 nm. Spectra of illuminated samples were either recorded after
in situ illumination with a hand-held UV lamp at 365 nm for 5 min (the distance
between the cuvette and the lamp was ~2 cm) or by diluting a pre-illuminated
sample at PSS with THE. Partial relaxation of the irradiated sample was achieved by
heating the sample to 60 °C for 10 min.

NMR spectroscopic measurements and kinetic analysis. All experiments

were conducted on a Varian AVIII 500 NMR spectrometer that was precooled

or prewarmed to the proper temperature. (S,R,R) +n samples were typically
equilibrated for 5min inside the instrument until the lock signal reached a constant
value. The experimental data were subsequently fitted using COPASI v.4.29 (ref. **).
In order to obtain a fit that could give a realistic approximation of the irreversible
and reversible reactions involved in each experiment, we simulated a reaction
compartment of 0.6 ml (to match the volume of the solution of a typical NMR
experiment) with concentration of the species involved of 1 mM. In all cases, the
time unit used was minutes. The default Levenberg-Marquardt algorithm with

a tolerance of 10~ implemented in COPASI was used. The initial guess for the
kinetic parameter estimation was to consider all species to be in equilibrium with
one another. After every fitting run, visual inspection of the error associated to
each kinetic constant provided indication of the relevance of a certain reaction.
Kinetic constants with absolute values lower than 10~° min~' were approximated to
0 and the respective reaction deleted in the next iteration.

IM-MS measurements. lon mobility measurements were performed using a
custom drift-tube instrumentation hosted in the Fritz Haber Institute of the Max
Planck Society (Berlin, Germany) and adapted from a previous design™. The
instrument is designed around a nanoelectrospray ionization source interfaced
with a succession of radially confining entrance funnel, drift tube and exit funnel.
This ensemble is prolonged by a quadrupole mass analyser under high vacuum
and ended by an electron multiplier detector (ETP Ion Detect) for ion counting.
In practice, samples were diluted to 10 pM in acetonitrile and nanoelectrospray
ionization was used to generate ions using a needle voltage of 0.57kV and a
backing pressure of 0.8 bar (N,) The ~160-cm-long drift tube was filled with
helium buffer gas at a pressure of 4 mbar and subjected to a 2kV direct current
electric field for mobility separation. Ions were filtered for m/z=1,612 Da, which
correspond to the singly protonated molecular ion [M +H]*.

SAXS measurements. SAXS measurements were performed at the Multipurpose
X-ray Instrument for Nanostructure Analysis instrument at the University of

NATURE NANOTECHNOLOGY

Groningen. The instrument is built on a Cu rotating anode high brilliance X-ray
source, providing X-ray photons with a wavelength of A = 0.154nm. The SAXS
patterns were recorded using a 2D Vantec500 detector placed 24 cm away from
the sample. SAXS 1D profiles were obtained by radially averaging the scattered
intensity around the origin of the image (defined by the direct beam position on
the detector) using MATLAB. Standard corrections for the detector distortion and
sensitivity were applied. The scattering from the buffer solution was subtracted

to obtain the neat SAXS signal of the sample. The 1D SAXS profiles are plotted
against the modulus of the scattering vector defined as g =4 sin/4, where @ is
half of the scattering angle. The probed scattering angle range was calibrated using
the known positions of the diffraction peaks from a standard Silver Behenate
sample (NIST).

Data availability

All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Information. Additional data related to this paper may
be requested from the authors upon reasonable request.
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