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1. Difference from adaptation to a gradient

An essential feature of the present work is that the host-guest equilibrium participates in the reaction
sequence funneling electrons from one electrode to the other. This coupling results in non-
equilibrium populations of host and guest, which are associated with energy absorption from the
imposed gradient. This behavior is markedly different from simple adaptation to a gradient in a Le
Chatelier-like manner. To clarify this very important difference, here we compare the two cases in

greater detail.

Case 1: adaptation according to Le-Chatelier's principle. The self-assembly equilibria do not

participate in the reaction cycle.
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Figure S1. Chemical reaction network associated with a system in which the self-assembly reactions do not
participate in the reaction cycle (state of the art).

In case 1, at the steady-state, the self-assembly reactions are at equilibrium. Detailed balance
applies to these steps. Since the concentration of oxidized/reduced paraquat follows a gradient in
space, the concentration of host-guest complex also follows a gradient in space. In such systems,
energy cannot be stored in the self-assembly steps, and the concept of efficiency does not apply.
The flow of an electron from the cathode to the anode is not associated with any net reaction
(paraquat simply transfers electrons from cathode to anode).

Case 2: non-equilibrium adaptation (this work). The assembly equilibria participate in the reaction
cycle.
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Figure S2. Chemical reaction network associated with a system in which the self-assembly reactions
participate in the reaction cycle (this work).




In case 2, at the steady-state the self-assembly reactions are not at equilibrium, because they are
part of the cycle. Detailed balance is not respected in the self-assembly steps (on average, oxidized
paraquat assembles and the reduced host-guest complex disassembles). Therefore, the
concentration of host-guest species is not merely adapting to the concentration gradient of
oxidized/reduced paraquat. In such a system, part of the energy provided by the electric current is
harvested to afford a biased distribution of species (the assembly reactions not being at equilibrium).
Contrary to case 1, now the flow of an electron from the cathode to the anode is coupled with a
chemical reaction, specifically a disassembly event.



2. Materials and methods

Reagents and solvents. Compounds 1, 2(TsO). and 3(TsO). were available from previous
investigations, where a detailed NMR, MS, UV-vis, and electrochemical characterization is
available.! Dichloromethane used as the solvent was anhydrous > 99.8%, purchased from Sigma
Aldrich and was used as received. Tetrabutylammonium hexafluorophosphate and ferrocene were
purchased from Aldrich; the latter was purified by sublimation.

UV-Visible spectra and kinetic experiments. Absorption spectra collected prior to kinetic studies
were recorded on a Cary 300 (Varian - Agilent) spectrophotometer, using a dedicated tandem
cuvette, which comprises two compartments separated by a wall with a hole for the mixing (optical
path length of each compartment 0.44 cm). Such a cuvette enables a direct comparison of the sum
of the spectra of two components with the spectrum of the mixture of the same components (see
e.g. Figure S4), thereby allowing the detection of minimal spectral changes upon mixing. Threading
kinetics were investigated on air-equilibrated solutions thermostated at 20° C using a stopped-flow
spectrophotometer equipped with a 1 cm pathlength cell and a driving ram for the mixing system at
the N pressure of 8.5 bar. The data obtained were fitted with software SPECFIT? with a a kinetic
model comprising a second-order forward and a first-order backward reactions, with the constrain
that the ratio between the two constants should equal the thermodynamic constant.

Conventional voltammetric experiments. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) experiments with conventional microelectrodes were carried out in argon-purged
CH_CI, with an Autolab 30 multipurpose instrument interfaced to a PC. The working electrode was
a Pt electrode (Amel, diameter 1 mm) carefully polished with an alumina-water slurry on a felt
surface, immediately before use. A Pt wire, separated from the solution by a frit, was employed as
counter electrode, whereas an Ag wire was used as a quasi-reference electrode. Ferrocene was
added as an internal standard. The supporting electrolyte was added in a 100-fold proportion with
respect to the sample concentration. Cyclic voltammograms were obtained at sweep rates varying
from 0.05 to 5 V s, Differential pulse voltammograms were recorded with a rate of 0.02 V s and
a peak height of 0.075 V. The IR compensation implemented within the software was employed to
minimize the resistance of the solution. In any instance, the full electrochemical reversibility of the
voltammetric wave of ferrocene was taken as an indicator of the absence of uncompensated
resistance effects. Samples could be investigated for at least a full day without noticing any sign of
fatigue, provided the rigorous exclusion of oxygen.

Scanning electrochemical experiments. Scanning electrochemical microscopy (SECM) studies
were carried out with a CHI910B SECM bipotentiostat from CH Instruments Inc. (Austin, Texas).
Platinum microelectrode (Sensolytics GmbH Pt 10 um diameter, RG 10) was employed as working
electrodes and probe of the SECM; a 2 mm Pt disk electrode (CH Instruments, Inc.) served as
substrate electrode. The Pt substrate electrode was mounted at the bottom of a Teflon cell. Both
probe and substrate electrodes were carefully polished with diamonded paper and sonicated in a
bath sonicator just before the use. A Pt wire was employed as counter electrode and a Ag wire
served as a quasi-reference electrode. A silicone bulb was used to shield the electrochemical cell
from atmospheric oxygen. The oxygen was removed from the solution by Ar bubbling. To position
the probe at micrometric distances from the substrate, we performed probe approach curves
following the reduction of the studied pseudorotaxanes or compound 2(TSO),, according to the
analyzed solution. In Figure S3 is reported a representative approach curve performed to position
the tip. The current signals were normalized to the T, value, namely the bulk current estimated
applying the same bias as for the approach curves at distances longer than 500 ym. The tip-
substrate separation is reported as L=d/r,, where d is the tip-substrate distance and rip is the active
radius of the tip. To estimate the precise position of the tip with respect to the substrate, approach
curves were fitted by Cornut- Lefrou equations for purely positive feedback.® MIRA software by Prof.
Wittstock (university of Oldenburg, DE) was used for fitting all current approach curves and for
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plotting the images. The CVs reported in the main text were recorded at tip-substrate distances in
the range of 4-25 ym. The amperometric measurements, reported in the following and conducted to
estimate the efficiency of the process, were conducted at about 25 um tip-substrate separation.
Small variations (of few um) of the tip-substrate distance, in the aforementioned range, would not
affect the observed qualitative behavior and eventually only the magnitude of recorded currents
would be influenced. The use of ultramicroelectrodes guarantees for small capacitive currents at the
tip and increases the temporal resolution and the sensitivity of the employed method. For this reason,
the discussed amperometric experiments take into consideration the current registered at the tip
electrode. Simulations of SECM experiments were performed using COMSOL Multiphysics 5.5
available on campus.*®
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Figure S3. Approach curve on the Pt substrate electrode (black points), in red is reported the fitted curve.
Probe working electrode Pt, 10 um diameter, C(22*) = 240 uM, E:p=-0.4 V. Experimental conditions: CH2Clz,
room temperature, >100-fold TBAPFe.



3. UV-Visible spectra and kinetic experiments
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Figure S4. Comparison of the sum of the spectra 1 and 22+ (black line) with the spectrum of the mixture of the
same components (red line) obtained with the tandem cuvette (vide supra). Concentrations before mixing:
C(1) =10.1 uM, C(2?*) = 10.7 uM. Experimental conditions: CH2Clz, room temperature, 100-fold TBAPFs.
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Figure S5. Time-dependent absorption changes at 258 nm (grey dots) observed upon mixing of 1 (5.05 yM)
and 22* (5.35 yM). The red line is the best fit to a kinetic model comprising a second-order forward and a first-
order backward reactions. Experimental conditions: CH2Clz, 293 K, 100-fold TBAPFs.



4. Conventional voltammetric experiments
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Figure S6. Cyclic voltammetry of a 0.58 mM solution of 22+ (black line) and of 22* in presence of 1 equivalent

of 1 (red line). Experimental conditions: Argon purged CH2Clz, room temperature, TBAPFs 57 mM, scan rate
200 mV s~ The process at +0.460 V is the oxidation of ferrocene, used as internal standard.
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Figure S7. Cyclic voltammetry of a 0.25 mM solution of 32* (black line) and of 32* in presence of 1.5 equivalents

of 1 (red line). Experimental conditions: Argon purged CH2Clz, room temperature, TBAPFs 30 mM, scan rate
200 mV s, The process at +0.460 V is the oxidation of ferrocene, used as internal standard.
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Figure S8. Cyclic voltammetries of a 0.58 mM solution of 22* in presence of 1 equivalent of 1. Black line: first
cycle; red line: second cycle, performed without renewing the diffusion layer. Experimental conditions: Argon
purged CH2Cl2, room temperature, TBAPFs 57 mM, scan rate 200 mV s,
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Figure S9. Cyclic voltammetries of a 0.24 mM solution of 3?* in presence of 1.5 equivalents of 1. Black line:
first cycle; red line: second cycle, performed without renewing the diffusion layer. Experimental conditions:
Argon purged CH2Clz, room temperature, TBAPF¢ 30 mM, scan rate 200 mV s,



Table S1. Reduction potential values of the examined compounds versus the saturated calomel electrode

(SCE).
Compound E1 (V vs SCE) E> (V vs SCE)
22 -0.28 -0.81
[152]% a -0.81
32 -0.28 -0.83
[1o3]? a —0.82

a Irreversible process
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5. Determination of the diffusion coefficients

The diffusion coefficients of 2% and 32* were determined by means of cyclic voltammetric
experiments, applying the Randles—Sevé&ik equation 1:°

(1)

i=0.4463xnxEx AxCx (M
RxT

where i is the peak current, n is the number of exchanged electrons, F is the Faraday constant, A is
the electrode area, C and D are respectively the concentration and the diffusion coefficient of the
electroactive species, v is the scan rate, R is the gas constant and T is the temperature.

Cyclic voltammetries of the two compounds were recorded at different scan rates, ranging from 0.05
to 0.2 V s, in the presence of ferrocene. The concentration of both the examined compounds and
ferrocene were known. From the ratios of the peak currents, by rearranging equation 1, the diffusion
coefficients D of compounds 2%* and 3%* were calculated as follows:

C(Fc)x ij 2

D = D(Fc) x
C xi(Fc)

where D(Fc) is the diffusion coefficient of ferrocene (2.3x10° cm? s™?),” C(Fc) and C are the

concentrations of ferrocene and of either 22* or 32*, respectively, and i(Fc) and i are the peak currents

of ferrocene and of either 22* or 32*, respectively.

The diffusion coefficients of the pseudorotaxane complexes [152]?* and [123]** were determined
from the diffusion coefficients of the related axle molecules 22" and 32*, respectively, using the
following correlation®® between molecular weight (MW) and diffusion coefficient (D):

D1 IMW2
Y b (3)
D2 \mwi

Values of diffusion coefficients are gathered in Table S2.

Table S2. Molecular weight and diffusion coefficient of the examined compounds.

Compound MW (g mol) D (cm? 57
2(TsO): 641 9.6-107%2
3(TsO)2 837 7.7-10°62
[152](TsO)2 2107 6.5-1076"
[153](TsO)2 2303 5.5.1076"

a Measured from cyclic voltammetry (see the text for details).
b Calculated with equation 3.
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6. Time scales for diffusion, threading and dethreading

Diffusion. For a one-dimensional diffusion process, the mean square displacement <x>? is related
to the diffusion coefficient D and diffusion time = by the formula:

<x>2=2D m (4)

Thus, on the basis of the diffusion coefficients reported in Table S2, the time periods necessary for
the examined compounds to cover an inter-electrode distance d = 250 ym = 2.5-10=2 cm are:

22 1 = d? / 2D(22*) = (2.5-1073)%/(2x9.6-10%) = 0.326 S = 326 s

(5)
32 1 = (2.5-10%)%/(2x7.7-10%) = 0.406 s = 406 Ms

(6)
[152]2": m = (2.5-10-%)2/(2x6.5-10°) = 0.481 s = 481 ms )
[153]2*: o = (2.5-10-%)2/(2x5.5-10%) = 0.568 s = 568 Ms (8)

Threading of 2%*. Under the employed experimental conditions, the threading process follows
second-order kinetics and the half-life of 2%* can be calculated as follows:

ty, = 1/ (kBoxxCo) 9)

where kBy is the rate constant for the self-assembly of [152]?* and Cy is the initial concentration of
calixarene 1. As kBy = 2.3:10° Mt s and Co = 1.4-10™* M, the half-life of the free axle calculated
from equation 9 is t,,(22*) = 3 ms.

Since t4(2%") << m(2?*) (equation 5), the (re)-threading of 1 and 22" generated at the anode is
complete during the diffusion to the opposite electrode. Thus, the species that reaches the cathode
is [122]*".

Dethreading of [1o2]*. Treating the dethreading of the reduced pseudorotaxane as a first-order
process, and considering that the dethreading rate constant was estimated to be!® kfeq = 2-108 s71,
the corresponding half-life is:

t([152]*) = N2 / (KAeq) = 3.5-107 s = 0.35 ps (10)

Since the half-life of the reduced pseudorotaxane is much shorter than its inter-electrode diffusion
time, complete dethreading of the [122]" complex generated at the cathode takes place during
diffusion. Therefore, the species that reaches the anode is free 2™,

Threading of 32*. The second-order threading rate constant of 1 and 32" is kBox = 2.6-:102 Mt s71.2
Therefore, the half-life of 32* under the conditions employed is:

£4(32%) = 1/ (KBoxxCo) = 27.5 s (11)

Since t4(3%*) >> (3%*) (equation 6), no appreciable threading of the 3** axle generated at the anode
occurs during the inter-electrode diffusion. The species that reaches the cathode is free 32*.
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7. Additional amperometric experiment

0.0

-0.3

/ nA

tip

-0.6 1

o / .

0 60 120 180
Time /s

Figure S10. Amperometric experiment in which Esuw = 0 V and Eip =-0.8 V. Conditions: C(1) = 380 uM, C(22%)
=240 uM, d =25 um.
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8. Simulations

The simulated chemical reaction network is reported in Figure S11.

kE
1+2% P — [1o2]*
J\ kAﬂX
Eyp' (2-free) E.;’ (2-threaded)
kBr
1+2° P — 122
I'(‘Ared
A
Ey;” (2-free)
1+2

Figure S11. Simulated chemical reaction network with employed notation. The same network was employed
to simulate experiments performed using 32,

Electrochemical reactions were simulated according to Butler-Volmer equation, employing a transfer
coefficient equal to 0.5 in all cases. All cyclic voltammetry simulations were performed at a scan rate
of 100 mV s™. The parameters employed are collected in Table S3 and S4. These parameters are
very similar to those employed to fit cyclic voltammetry experiments reported in ref. 10, and are
coherent with quantitative disassembly of the investigated pseudorotaxanes, in line with
spectroscopic evidence reported by some of us in ref. 11.

Table S3. Electrochemical parameters employed to perform numeric simulations.

Name Value (units) Description

Ei’ (2-free) -0.28 (V)2 Reduction potential

Ei.” (2-free) -0.81 (V)2 Reduction potential

Ei (2-threaded) —0.70 (V)° Reduction potential

Ei.’ (3-free) —0.28 (V)2 Reduction potential

Ei” (3-free) -0.83 (V)2 Reduction potential

Ei2’ (3-threaded) -0.70 (V)© Reduction potential

i0 (2) 964850 (A m2)° Reference exchange current for free 2¢

i0 ([122]) 5790 (A m=2)° Reference exchange current for threaded 2¢

a Experimentally determined, see Table S1.

b From ref. 10.

¢ Assumed identical to Ei2’ (2-threaded).

d Identical reference exchange currents were employed for reactions involving 32+,

Chemical reactions were described according to mass-action kinetics, ensuring that the employed
rate constants respected the constraints imposed by microscopic reversibility. The parameters
employed are collected in Tables S4.
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Table S4. Parameters associated with self-assembly reactions employed to perform numeric simulations.

Constant Value (units)

kBox (2) 2.3x10% (m® mol* s7%)2

KPox (2) 2.9 (s

KBred (2) 1.3x10? (m® mol* s71)°

KPrea (2) 2.0x10° ()¢

kBox (3) 2.6x107* (m® mol~* s™)e
kPox (3) 3.3x107 (s

kBrea (3) 1.4x1072 (m® mol* s71)¢
KAred (3) 2.3x102 (s

a Experimentally determined, see main text and Figure S5.

b Determined according to k”ox = kBox / Kox, Using the experimentally determined value of Kox = 8.0x102 mM-1
obtained under the same experimental conditions, in the presence of excess TBAPFs.10

¢ Imposed by microscopic reversibility.

4 From ref. 10.

¢ From ref. 1.

f Obtained from the corresponding value for compound 2, multiplied by kBox (3) / kBox (2) = 1.13x10-4.

In simulations performed in the absence of 1, the bulk and boundary concentration of 22* was initially
set to 240 pM. In the presence of 1, the following concentrations were employed: 1, 142 uM; 22*, 2
uM; [1o2]?*, 238 uM, which reflect the equilibrium populations of these species. The same initial
values were employed in simulations regarding compound 32*. The concentration of all other species
was set to 0 uM. All time-dependent simulations were preceded by a steady-state study, which was
used to refine the bulk concentrations of all species, which were then employed in time-dependent
simulations. In the case of amperometric experiments the starting concentrations were calculated
performing the steady-state study by fixing the substrate potential at the target value and disabling
the tip electrode. Boundary concentrations were kept fixed at the above indicated values.

Diffusion coefficients reported in Table S2 were used. The reduction coefficient of reduced species
was reasonably assumed identical to the one of the parent oxidized species.*?

The geometry was constructed using a 2D axial symmetry, based on the parameters reported in
Table S5, employed to construct the polygon described by the points indicated in Table S6 and
depicted in Figure S12. 25 um was employed as typical tip-substrate operating distance (d), while d
=4 um was employed to simulate the contact distance.
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Table S5. Geometric parameters employed to perform numeric simulations.

Name Value (um) Description
r_sub_boundary 1250 Total model radius

r sub_e 1000 Substrate electrode radius
r_tip_e 5 Tip electrode radius
r_tip_tot 50 Total tip radius
r_tip_upper 500 Geometric parameter
h_boundary 500 Geometric parameter
h_tip h_tip_sub + 300 Geometric parameter
h_tip_sub 250r4 Tip-substrate distance (d)

Table S6. Coordinates of the points used to construct model geometry.

x-coordinate

y-coordinate

0 0
r_tip_tot 0
r sub e 0
r_sub_boundary 0
r_sub_boundary h_boundary
r_tip_upper h_boundary
r_tip_upper h_tip
r_tip_tot h_tip_sub
r_tip_e h_tip_sub
0 h_tip_sub
a r_tip_upper, h_boundary r_sub_boundary, h_boundary b
! h r_tip_tot, h_tip_sub
i r_tip_e, h_tip_sub
Ll
g 0, h_tip_sub -
d
c ) f b c
r_sul;_e, 0 r_sub_boundary, 0 0,0 r_tlp_Tot,U ....................

Figure S12. (a) Geometry employed in the present simulations for d = 25 um and (b) magnification of the tip
electrode area, indicated by the dashed square in panel (a). Relevant point coordinates and segments are
indicated, with lines drawn to avoid ambiguity in the identification of selected segments.
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It was confirmed that further extending the dimension of the substrate electrode does not change
the results of simulations. Indeed, for a species having a diffusion coefficient of 1.0 x 10° cm? s? it
takes about 500 s to cover 1 mm by diffusion, which is longer that any time scale explored in this
model.

The mesh was constructed using a triangular user-controlled mesh setup, with minimum element
size of r_tip_e/100, and a maximum element growth rate of 1.1. The following specific constraints
were imposed:

- Atpoint (r_tip_e, h_tip_sub), a maximum element size of r_tip_e/50, decreased to r_tip_e/100
when calculating dissipation.

- Along segments a and b in Figure S12, a maximum element size of r_tip_e/10, decreased to
r_tip_e/50 when calculating dissipation.

- Along segment c in Figure S12, a maximum element size of 2xr_tip_e.

- Inthe domain comprised between the tip and the substrate, i.e. the rectangle with dimensions
r_tip_tot, h_tip_sub, a maximum element size of r_tip_e/3.

- When calculating dissipation, a maximum element size of r_tip/50 was imposed along the
substrate electrode boundary, up to 75 um from the origin, i.e., for additional 25 um beyond
segment b end. For the data presented in Figure S24b, a maximum element size of r_tip/200
was imposed along the tip electrode surface.

It was confirmed that further increasing the mesh density at the electrode surfaces and along the
symmetry axis did not change simulation outcomes.

Axial symmetry was imposed along segment d in Figure S12. Segment e served as tip electrode,
while segments b and ¢ served as substrate electrode. Bulk concentrations were imposed along
segments g and h., e.g. the concentration of [152]** is fixed at 238 uM, which is its equilibrium
concentration (vide supra). Segments f, i and j were imposed as insulating surfaces.

The appropriateness of the parameters employed was confirmed by simulating the cyclic
voltammetry of mixtures of 1 and 2% or 32 at the substrate electrode (after increasing the tip-
substrate distance to 200 um). The results are reported in Figures S13 and S14, and reproduce the
behavior observed in Figures S8 and S9, with differences in current values due to the different size
of the electrodes.

The slight differences in current observed between numeric simulations and experiments can be
ascribed to the following main factors. (1) In the experiments, the real concentration can be higher
that the nominal one, because purging with an inert gas the solution to eliminate O; results in
dichloromethane evaporation, leading to an increase in solution concentration; this effect is
consistent with simulated currents being slightly smaller than experimental values. (2) In the
experiments, potentials are controlled with respect to a quasi-reference electrode, thus electrode
potential may slightly differ from the nominal values. We have confirmed that by adjusting the
concentration within the experimental error it is possible to precisely reproduce the experimental
current values. Herein, we report simulation obtained employing the nominal values for
concentrations and electrode potentials. (3) Amperometric simulations were performed following a
pre-equilibration step (vide supra) which includes the experimental response of the substrate
electrode. Instead, the experimental response of the substrate electrode reflects in a slower
approach of the current to its asymptotic value. This process follows a Cottrel-like evolution,
accounting for the observed induction time of ca. 20 s. Throughout the manuscript, amperometric
experiments have been discussed only considering the quasi steady-state properties of the system,
which follow the induction time.
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Figure S13. Simulated cyclic voltammetries of a 0.24 mM solution of 22* in presence of 1.5 equivalents of 1.

Black line: first cycle; red line: second cycle, performed without renewing the diffusion layer. Scan rate 200 mV
s,
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Figure S14. Simulated cyclic voltammetries of a 0.24 mM solution of 32* in presence of 1.5 equivalents of 1.

Black line: first cycle; red line: second cycle, performed without renewing the diffusion layer. Scan rate 200 mV
s,
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Figure S15. Simulation of experiment shown in Figure 3a. CV performed at the tip electrode while the substrate
is kept at a potential of —0.8 V. Conditions: C(22*) = 240 uM, d = 25 uym.
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Figure S16. Simulation of experiment shown in Figure 3b. CV performed at the tip electrode while the
substrate is kept at a potential of 0 V. Conditions: C(22*) = 240 uM, d = 25 pum.
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Figure S17. Simulation of experiment shown in Figure 4a. CV performed at the tip electrode while the
substrate is kept at a potential of —0.8 V. Conditions: C(1) = 380 uM, C(22*) = 240 uM, d = 25 um.
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Figure S18. Simulation of experiment shown in Figure 4b. CV performed at the substrate electrode while E:ip
is kept at a potential of —0.6 V. Conditions: C(1) = 380 uM, C(22*) = 240 uM, d = 4 pm.
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Figure S19. Simulation of experiment shown in Figure 4c. CV performed at the substrate electrode while Etp
is kept at a potential of —0.6 V. Conditions: C(1) = 380 uM, C(32*) =240 uM, d =4 um.
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Figure S20. Simulation of the amperometric experiment reported in Figure 5a in which Esuw =—0.8 V and Etip
=0 V. Conditions: C(1) = 380 uM, C(22*) = 240 uM, d = 25 pm.
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Figure S21. Stationary concentrations of (a) 1, (b) 2, (c) 2*, (d) [1o2]?*, and (e) [122]*, obtained from the
simulation of the amperometric experiment in which electrode potentials are fixed at Esun =—-0.8 V and Eiip = 0
V. The shown region of space corresponds to the rectangular section comprised between tip and substrate
shown in Figure S12b. Panel f reports the full simulated map for [1>2]%*, to highlight boundary conditions.
Conditions: C(1) = 380 uM, C(2?*) = 240 uM, d = 25 um, t = 150 s (Figure S20).

Since reduction and dethreading afford 2*, a species diffusing faster than [122]?*, diffusion of 2*
away from the electrode is not completely counterbalanced by the slower diffusion of [152]?* towards
the substrate electrode, leading to a non-equilibrium steady-state in which the local concentration of
all species containing 1,10-dipentyl-4,4’-bipyridinium is lower than its bulk concentration (imposed
as boundary condition). This effect is little when reduction occurs at the smaller tip electrode, but
significant when reduction occurs at the larger substrate electrode. The origin of this effect was
confirmed by performing amperometric simulations using the same diffusion coefficient for all
species containing 1,10-dipentyl-4,4’-bipyridinium. In these cases, the total concentration of 1,10-
dipentyl-4,4’-bipyridinium remains uniform and equal to the bulk concentration throughout the whole
simulated volume.
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Figure S22. Simulation of the amperometric experiment reported in Figure S10 in which Esus = 0 V and E:p =
—0.8 V. Conditions: C(1) = 380 uM, C(22*) = 240 uM, d = 25 um.
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Figure S23. Stationary concentrations of (a) 1, (b) 2, (c) 2*, (d) [122]?*, and (e) [122]*, obtained from the
simulation of the amperometric experiment in which electrode potentials are fixed at Esun = 0 V and Esp = -0.8
V. The shown region of space corresponds to the rectangular section comprised between tip and substrate
shown in Figure S12b. Panel f reports the full simulated map for [152]?*, to highlight boundary conditions.
Conditions: C(1) = 380 uM, C(2?*) = 240 uM, d =25 um, t = 150 s (Figure S22).
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9. Insights on system performance

Energetic considerations are referred to the amperometric simulations reported in Figure S20 (Eip =
0 V) and Figure S22 (Eup = -0.8 V). Values have been evaluated at the stationary state (t = 150 s),
at T = 298 K. Integrations have been performed directly in COMSOL.

Chemical rates and net fluxes were defined as follows:

VBox = kBox C(1) C(2%) (12)
VAo = kAox C([122]%) (13)
Vox = VBox — VAo (14)
VBreq = kBreg C(1) C(2%) (15)
VAred = K*rea C([122]) (16)
Vred = VBred — Vred (17)

The dissipated power (Z) was calculated as follows:*3

Tox = R T (Vox) In (VBox / VAoy) (18)
2ed=RT (Vred) In (VBred / VAred) (19)
2 =2ox+ Zred (20)

The values of Z are reported in Figure S24. The total dissipated power is obtained upon integration
of the dissipated power over a given volume. The maps of dissipated power (Figure S24) indicate
that dissipation processes occur in proximity of the electrodes, largely within the first 25 um from the
symmetry axis. Therefore Z.x and Zeq Were integrated over a cylindric volume with radius three times
larger than this distance, equal to 75 um (all the space shown in Figure S24), affording £V = ZVox +
>Vieq. Integration over the entire volume would not be representative due to reactions involving bulk
species, as occurring in real experiments. Integrating over a slightly larger or smaller cylinder (e.g.
70 or 100 um) afforded identical results, confirming that at ca. 75 um all chemical and
electrochemical processes are negligible. Accordingly, also the net assembly rates vox and Vieq Were
significantly different from 0 only within this volume, which was employed to integrate in space the
assembly rates, to obtain the resulting vVox and vVreq.

Taking this volume as reference was further corroborated by the fact that in the same portion of
space isub = —iiip in both amperometric experiments within <5% error, which is in good agreement with

the experimental collection efficiency.
I | D|55|pat\on (WiL)
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Figure S24. Stationary-state dissipation (2) associated with the self-assembly reaction of 1 with 22+ and 2*,
obtained from a simulation of an amperometric experiment in which (a) electrode potentials are fixed at Esu, =
0V and Eiip =-0.8 V or (b) Esuwn = —0.8 V and Esp = 0 V. Conditions: C(1) = 380 uM, C(2%*) = 240 uM, d = 25
um, t = 150 s. The scale of panel b has been selected to highlight the dissipation close to the substrate, while
most of the dissipation occurs close to the tip, where values up to ca. 10* W/L are observed. Selecting a
different scale does not improve the visualization of such a high dissipation in close proximity of the tip.
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Dynamic properties. In the simulation performed at Essw = —-0.8 V and Eip, = 0 V, iip = 0.465 nA
(Figure S20) and Vo = 3.4x107° nmol s = 3.4 fmol s

In 1 s the moles of electron injected in the system are:
n(e”) = 0.465 nA x 1 s /96485 s A mol = 4.82x107° nmol (21)

It follows that the average number of electrons required to complete one cycle of threading and
dethreading are:

N(e") = 4.82x10° nmol / 3.4x10° nmol = 1.4 (22)

The need for more than one electron to complete a cycle is ascribed to the concomitant reduction of
2™ to 2, which occurs at —0.81 V, a potential close to the operating one, acting as an unproductive
side-reaction.

Integration of the concentration of all species comprising the axle in the cylindric volume considered
in proximity of the tip (vide supra) afforded a value of 86.9 fmol of axles (in any form) in the considered
domain. Thus, the time required for all these species to undergo a cycle is:

teycle = 86.9 fmol / 3.4 fmol s =26 s (23)

In the simulation performed at Esu, = 0 V and Eg, = —0.8 V, isip = —0.315 nA (Figure S22) and VVox =
2.2x107% nmol s = 2.2 fmol s7*. Following an identical mathematical procedure, it was calculated
that under this setup 1.5 electrons are required to complete one cycle, and 55 s are required for all
the axles (127 fmol) in proximity to the cycle to complete one cycle.

Efficiency. In the simulation performed at Esyp =—0.8 V and Egqp = 0V, ZVox = 2.26x1072 nW and XVreq
= 2.10x1072 nW. The value of XVq is subject to slight changes (e.g. by 20%) upon further refining of
the mesh. The reason for the observed behavior is tentatively ascribed to numerical difficulties to
accurately reproduce such a fast process involving species in low concentration (see Figure S21e).
Refining the mesh leaves unaltered the values of XV (and isp). For this reason, we calculated the
dissipation only considering the contribute of XVo to the total dissipation. Since the dissipation can
only be larger than zero, the resulting efficiency value is underestimated, i.e., considering the
contribute of XV the efficiency would be even higher.

We estimate an experimental lower bound for the energy injected in the system considering that
most of the current is sustained between the substrate electrode and the counter electrode. isu, = 3.5
HA is an experimentally accessible value, while Ecounter is assumed being 2.0 V considering the
electrochemical window of CH.Cl,. Therefore, the energy injected in the whole system in 1 s is:

Win=35uC x2.8V=9.8puJ (24)
The energy conversion efficiency is thus:
n=2Vx At/ Wi, =2.26x102nW x 1s/9.8 pJ = 2.3x10° (25)

Which represents a lower bound for the estimated efficiency. This estimation reflects the capability
of employed experimental setup, and is essentially determined by the unproductive energy loss
taking place between the substrate and counter electrodes.

To have an estimation of the efficiency that can be compared with that of other light- and chemically-
driven motors for which a detailed thermodynamic treatment is available, we need to apply the same
approximations, excluding the background energy loss. Therefore, the efficiency is recalculated
considering iip = 0.465 nA and the potential difference between tip and substrate electrodes.

The energy injected in the systemin 1 s is:
Wi, =0.465nC x 0.8V =0.375nJ (26)
The energy conversion efficiency is thus:

n =2V x At/ Wi, =2.26x102nW x 1s/0.375nJ = 0.06 (27)
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In the simulation performed with Esw =0 V and Eip = -0.8 V, ZVox = 8.3x10™* nW and
2Vied = 2.28x1072NW.

The total dissipation is thus:
2V = TVox + ZVred = 8.3x107* NW + 2.20x1072 nW = 2.28x1072 nW (28)
Following a mathematical procedure identical to the previous case, an efficiency n = 0.09 is obtained.

We note here that the thermodynamic efficiency considered herein is different from the efficiency
considered by other authors in related contexts.'#1516 Systems for which thermodynamic efficiency
has been calculated are reported in Table S7.

Table S7. Thermodynamic efficiency of autonomous systems for which such efficiency has been reported.

System Thermodynamic efficiency
Chemically-driven rotary catenanel’:8 108

Light-driven pump?®-?0 <3x10*

Light-driven pump# <4x103

Operation mechanism. To validate the operation of an energy ratchet mechanism we took as
reference the simulation performed at Esu, = 0 V and Egp = —0.8 V (Figure S22), in which vVox = 2.2
fmol s was observed. The stability of oxidized and reduced species was inverted by exchanging
the rate constants (e.g. kBox = 2.3x10° (m® mol~* s7!) was employed here as kB.q4). Consequently,
reduction potentials were also inverted to satisfy constraints imposed by microscopic reversibility.
Using the inverted stabilities, a current of vVox = =3.3 fmol s~ was observed at the steady state.
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