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Abstract

Natural and artificial autonomous molecular machines operate by constantly dissipating energy
coming from an external source to maintain a non-equilibrium state. Quantitative thermodynamic
characterization of these dissipative states is highly challenging as they exist only as long as
energy is provided. Here we report on the detailed physicochemical characterization of the
dissipative operation of a supramolecular pump. The pump transduces light energy into chemical
energy by bringing self-assembly reactions to non-equilibrium steady states. The composition of
the system under light irradiation was followed in real-time by '"H NMR for four different irradiation
intensities. The experimental composition and photon flow were then plugged into a theoretical
model describing the non-equilibrium dissipation and the energy storage at the steady state. For
the first time in an artificial system, we quantitatively probed the relationship between the light
energy input and the deviation of the dissipative state from thermodynamic equilibrium. Our results
provide a testing ground for newly developed theoretical models for photoactivated artificial

molecular machines operating away from thermodynamic equilibrium.



Natural and artificial molecular machines, such as molecular motors and pumps, can be rationally

2,3,4,5,6,7,8,9,10

described as networks of reactions where energy-harvesting chemical’ or

,12,13,14,15,16,17,18,19,20

photochemical’ reactions are coupled with large-amplitude intramolecular

motions or self-assembly processes which can be driven towards a non-equilibrium state (Fig.
1 a)_2‘1 ,22,23,24,25,26

The determination of the speciation in the out-of-equilibrium state is highly desirable as
several thermodynamic and kinetic parameters of the machine operation could be extracted. The
characterization of dissipative states, however, is extremely challenging as it requires any analysis

to be performed during operation, that is in the presence of the fuel-to-waste conversion.?”2%2
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Figure 1. Simplified energy diagrams of operation of the pump and molecular structures of the
components. a) ldealized landscape of the total Gibbs free energy of a chemical system, showing the
global thermodynamic minimum that corresponds to the thermal equilibrium (1), a local equilibrium state (l1),
and a dissipative non-equilibrium state (lll). State Il exists only if energy is continuously supplied to the
system (solid green arrows) to prevent its relaxation to state Il (dashed gray arrow). b) Schematic
representation of the relative unidirectional translation of molecular ring and axle components triggered by
light, i.e., a supramolecular pump powered by light. The simplified potential energy curves (free energy
versus ring—axle distance) corresponding to the two structures illustrate the energy ratchet mechanism that
rectifies the Brownian motion of the ring. ¢) Molecular structure of the components of the supramolecular

pump of the present study: the DB24C8 macrocycle 1 and the nonsymmetric molecular axle E-2*.

We recently reported on a series of light-powered molecular motors based on a
pseudorotaxane complex architecture. The operational principle lays on the reversible
photoisomerization of the azobenzene moiety of the axle which enables a flashing energy ratchet
mechanism (Fig. 1b). As the system realizes linear directed transport of one molecular component
relative to another, thanks to the Brownian ratchet mechanism, we refer to it as a supramolecular
pump. Under continuous irradiation the crown ether macrocycle undergoes autonomous and
directional cycling between the assembled and disassembled states.’***%" In the setup described

here, our pump operates “freewheel” and, unlike other systems,®%°

it cannot build up a
concentration gradient. Nonetheless, its dissipative operation as a molecular motor was proven
comparing the thermodynamic and kinetic data for the two — E and Z — isomers, as well as by
'"H NMR irradiating the sample solution inside the NMR probehead.**3'?*? Specifically, this

technique allows for the real-time monitoring of the system composition at the dissipative steady
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state. Building upon these results, we focused here on the physicochemical characterization of
the operation cycle and dissipative steady state of a previously reported supramolecular pump.
The cycling rate, quantum yield, energy storage, and power conversion efficiency were derived
from the experimental concentrations at different incident photon flows. Moreover, for the first time
in an artificial system, we probed a relationship between the light energy input and the deviation

of the dissipative state from the equilibrium composition.

Structure and operation of the supramolecular pump.
The supramolecular pump is composed of a dibenzo[24]crown-8 (DB24C8) ether macrocycle (1)
and a molecular axle (2*), which comprises a secondary ammonium recognition site for 1 flanked
by a photoswitchable azobenzene gate and a cyclopentyl ‘pseudostopper (Fig. 1c). Briefly, in
acetonitrile the macrocycle encircles the secondary ammonium station of the axle to form a stable
hydrogen-bonded rotaxane-type complex for both the E and Z isomers of 2*. The E complex is
slightly more stable than the Z complex (K.£ > K.?) and its formation occurs almost exclusively by
slippage of the ring over the E-azobenzene moiety (Table 1). The non-photoactive pseudostopper
was selected to ensure that the formation of the Z complex occurs almost exclusively by slippage
of the ring over the cyclopentyl moiety .3

The E—Z isomerization of the axle has therefore two key consequences: (i) the
destabilization of the threaded complex, and (ii) the increase of the activation energy for the
slippage of the ring over the azobenzene extremity.>**'3* As a result, light induced unidirectional
transport of the rings over the pump occurs according to an energy ratchet mechanism (Fig. 1b).
As both E and Z isomers of azobenzene are photoreactive and exhibit highly overlapped
absorption spectra, photons of the same wavelength can trigger both E—~Z and Z—E
isomerization. The system is, thus, able to repeat the cycle autonomously under constant

illumination, reaching and maintaining a stationary non-equilibrium state dissipating light energy.

Table 1. Thermodynamic and kinetic parameters in air-equilibrated CD3CN at 298 K for the rotaxane-type
complexes formed between 1 and either E-2* or Z-2* .12

Ka Kin Kout
(mol LT")P! (L mol™ g7y (s
1+ E-2" 230 £ 30 16 + 3L 0.071
1+ 272" 115 + 3519 (3.1 £0.8)x1072M (2.7 £ 0.5)x107* ™M

BFrom ref. 31. PlAssociation constant. “IThreading rate constant. [“Dethreading
rate constant. ©lDetermined by stopped-flow UV-Vis absorption method.
fCalculated as kin/Ka. ICalculated as Kin/kout. MDetermined from time-dependent 'H
NMR concentration profiles.




The operation of the molecular pump can be described with the reaction network depicted
in Fig. 2. Two thermal processes (self-assembly, numbered 1 and 3, following mass-action
kinetics) and two photochemical processes (E/Z isomerization, numbered 2 and 4, following non-
linearized photokinetics) are involved in the cycle and only the former ones must satisfy
microscopic reversibility, as photochemical processes result from reaction mechanisms involving
excited states of the molecules.>***%37 Since the photoisomerization quantum yields and molar
absorption coefficients of the free and complexed axle are almost identical (Table S2), they exhibit
essentially the same E/Z composition at the photostationary state (PSS), that is Kn" = Kn°.*®
Conversely, the equilibrium constants for the self-assembly processes are different, specifically
KaE > K..3' As a consequence, under irradiation detailed balance in this reaction network cannot
be fulfilled and the cycle is travelled clockwise with a non-zero net rate.*'* The ability of the system
to cycle preferentially clockwise with respect to anticlockwise — that is its kinetic asymmetry — is
quantified by the ratcheting constant (K:), defined as the ratio between the clockwise and
anticlockwise rates.*®*' For our system under irradiation, K; is well approximated by the ratio
K.F | K% = 2 meaning that, on average, the system loops anticlockwise once every two cycles in

the clockwise direction (see the Supplementary Section 3.3).
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Figure 2. Operative reaction network of the supramolecular pump. a) Thermal self-assembly equilibria

(1 and 3) and photochemical isomerization reactions (2 and 4). The dashed circular arrow indicates the net

direction of travelling of the cycle. Conventionally all the parameters are positive for the reactions read from

left to right and from top to bottom. b) Left: General rate law for the self-assembly reactions (1 and 3)

following mass-action kinetics. Right: generalized photokinetics for photochemical reactions (2 and 4, gnp:

photon flow, ¢: quantum yield, &: molar absorption coefficient, F: photokinetic factor, i = photoactive species).
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Study of the light-dependent dissipative regime.
A typical feature of dissipative systems is that a fraction of the energy input is employed to shift
concentrations away from equilibrium values and is, thus, stored as free energy into the

system. 2134243 |n fact, in a closed cycle of reactions when detailed balance is not fulfilled, the

cycling net rate must be equal for all steps and non-zero (Vey = V1 = V2 = —v3 = —v4 # 0).% To satisfy

this condition, the concentration of the species under operation must adjust to a level which is
different from that of equilibrium. This is exactly what is observed for the cycle of the
supramolecular pump (Fig. 2a).>’

Since the rates of the individual photochemical reactions (v. and vs) are dictated by the
photon flow (Fig. 2b), variation of the latter will modify the overall cycling rate. Therefore, the
self-assembly steps (1 and 3) must adapt their net rate of reaction to the new cycling rate adjusting
the concentration of reagents and products to a different level. As a consequence, for reactions 1
and 3 a larger deviation from the equilibrium concentrations is expected at a higher photon flow.
In turns, this means that, also in a light driven system, the amount of stored energy should be
correlated to the amount of energy provided by the external reservoir.*>>’

To probe this hypothesis it is crucial to measure the speciation in real time upon operation
of the pump. In situ irradiation in the NMR probehead, as demonstrated recently, is perfectly suited
for this task.?"*? We employed an optical fibre to deliver nearly monochromatic UV-light (Air = 365
1+ 5 nm) to the solution inside the NMR tube (Fig. S2). The monochromatic setup is advantageous
because (i) the behaviour of the system can be appropriately described using spectroscopic and
photochemical parameters independently measured for the pump components (Table S2) and (ii)
the photon flow can be accurately determined by chemical actinometry. Both these points are
fundamental to perform quantitative numerical simulations to support the pump operating cycle.

Typically, an equimolar mixture of E-2* and 1 (8.9 mM) was equilibrated in the dark and then
irradiated with full-power 365 nm light (photon flow, 4.4x107® Einstein s™') until a constant Z/E
composition is reached (35 min). During this time, the E-configured axle and complex are
photoconverted to the corresponding Z species faster than the disassembly of the Z complex.
Thus, the Z species are produced in relative concentrations that are not consistent with Ka%;
specifically, the Z complex is kinetically trapped in a concentration higher than its equilibrium
value. In a first instance, after reaching the PSS, the irradiation was turned off and spectra were
acquired over time. In the dark, a decrease in the concentration of the Z complex, accompanied
by a corresponding increase in the concentration of Z axle, was observed, as 1 dethreads to satisfy
the equilibrium condition. After about two hours, (local) equilibrium is reached with a decrease in
the Z complex concentration of about 10% (Fig. 3a).** It is important to note that the thermal Z—E
isomerization during this interval is negligible.

In a second instance, after reaching the PSS the irradiation was continued with the same
photon flow (4.4x107® Einstein s™"), or with a flow attenuated to 50, 25, or 10% of the initial value

(Fig. S2). In all cases, new PSS were reached within about one hour in which the concentration
5



of the Z complex is higher than the value reached in the dark (Fig. 3b-e). On the other hand, the
concentration of the Z axle is lower than that in the dark (Fig. S4). These results confirm that the
system reaches a dissipative non-equilibrium steady state in which the Z complex is kinetically
accumulated at the expenses of the Z axle.® The concentrations of the Z complex and Z axle
progressively deviate more from their equilibrium values upon increasing the photon flow. Hence,
we can qualitatively conclude that a larger energy input —more photons per unit time— drives the

system farther away from equilibrium.
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Figure 3. Time-dependent concentration profiles of complexed Z-2*. Experimental (left) and simulated
(right) molar fraction profiles after photogeneration of the kinetically trapped Z complex in the dark (a, f) and
upon constant irradiation at 365 nm with different light intensities (b-e and g-j). The photon flow employed
to maintain the dissipative state is indicated on the right-hand side of each panel. The dashed line marks
the molar fraction of the Z complex at the local equilibrium in the dark (panels a and f).

Conditions: CD3CN, 298 K, [1] = [2] (initial concentrations for each experiment are reported in Table S2).

Numerical simulations, performed using experimentally determined (photo)chemical and
photophysical parameters, provided time dependent concentration profiles for all species. It is
noteworthy that in the simulations the concentrations were assumed homogeneous in space. This

assumption is not a-priori obvious as the intensity of the photon flux bears a dependency on the
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radius of the NMR tube. Nonetheless, the concentration profiles are in excellent agreement with
the experimental data (Fig. 3f-j and S4), confirming the fast diffusion of the molecules with respect
to the pump's cycling time. Moreover, the simulated data also confirmed that the disassembly of
Z complex acts as the bottleneck for the reaction network and is thus kinetically accumulated in

different amounts depending on the intensity of the incident light.

Kinetic and energetic considerations.
The possibility to directly measure or estimate by means of simulations the concentration of the
species at the dissipative steady state provided us the unprecedented opportunity to gain
quantitative information on the reaction network under autonomous cycling away from equilibrium.
The first quantity that can be extracted from our data is the rate of cycling under irradiation.
As discussed above, in a closed cycle of reactions, at the steady state, all the reactions must
proceed at the same net rate. Therefore, the rate of cycling at the steady state can be calculated
on any reaction of the network (Fig. 2). The rate of reaction 3 (v3) was calculated using a mixed
order kinetic equation (equation 1) from the experimental concentrations at the steady state and

rate constants (Table 2).
vy = kZ,[Z axle][1] — kZ,.[Z complex] = —Vey (1)

The rate vs is negative for all photon flows, indicating that the Z complex is undergoing
dethreading, and that the cycle shown in Fig. 2 is being travelled clockwise (dashed circular
arrow), consistently with previous considerations on the kinetic asymmetry. As anticipated, the
cycling rate (vey) becomes larger upon increasing the photon flow (Table 2, Fig. 4a). Finally, the K;
of the system, calculated from the simulated clockwise and anticlockwise reaction rates, is close
to the estimated value of 2 (Table S3).

On the contrary, the quantum yield of the cycle (®., Table 2), that is the number of
molecules that have completed a full cycle upon the absorption of one photon, decreases from
11% at the lowest photon flow to 2% at the highest (Fig. 4a). This means that, on average at the
lowest light intensity, a given ring/axle pair needs to absorb 9 photons to complete a cycle, while
this number becomes more than five times larger at the highest intensity (Table 2).

The chemical potential difference (Ax) of each process at the steady state can be directly
calculated from the experimental or simulated concentrations (see Supplementary Section 5.1)
and can be interpreted as a measure of how far the reaction is from equilibrium.*® Both the steady
state Au of the self-assembly of the E (reaction 1, Auq) and Z (reaction 3, Aus) complexes increase
in magnitude upon increasing the photon flow (Table 2). This means that both reactions are
progressively displaced farther from their equilibrium state; however, they exhibit opposite trends.
Specifically, Az becomes more positive upon increasing the photon flow, showing that larger light

intensities drive reaction 3 more toward the product. Such an observation is consistent with the
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kinetic accumulation of the Z complex and with the increasingly negative values of vs. Conversely,
Apn becomes more negative at higher light intensities, indicating that reaction 1 is progressively
shifted back toward the reagents. At the steady state, therefore, the Z complex and E axle are
accumulated, whereas the E complex and Z axle are depleted due to purely kinetic effects.*®

From a thermodynamic point of view, our system can be thought of as a thermal machine
powered by the gradient between the temperature T of the solvent (the cold reservoir) and the
temperature T, of the radiation (the hot reservoir), which can be correlated to the experimental
photon flow using Planck’s law (see Supplementary Section 5.2). As a consequence, its efficiency
is limited by Carnot’s theorem.***® The gradient of temperature powering the machine also relates
to the chemical potential gradient generated by the radiation (Table S7). Larger photon flows
correspond to a higher temperature of the hot reservoir, thus producing a larger free energy
gradient to drive the machine farther away from equilibrium.®*3¢3"47 |n the present case, the
gradient is about one order of magnitude higher than that delivered by the hydrolysis of ATP in
physiological conditions, and comparable to that generated by e.g. the decarboxylation of the
fluorenylmethoxycarbonyl group employed to power other synthetic molecular motors.°

Each time a photon is absorbed by the system, its free energy can be either dissipated or
converted into chemical free energy by changing the concentration distribution.*>#23748 This can

be expressed with the following instantaneous free energy balance:
Wy =diG+TX (2)

where W,,, d.G, and TX are the free energy densities respectively absorbed, stored, and
dissipated by the whole system per unit time. By integrating equation 2 it is possible to compute
the amount of free energy dissipated and stored in any time interval (see the Supplementary
Section 5.3).

When the system reaches the steady state, the power absorbed from the radiation is no
longer stored in the system (d;G = 0), but is entirely dissipated to sustain the non-equilibrium
steady state.*® Thus, over one cycle, Ay Wy, =TAZ. This free energy dissipation can be split
into two contributions: that of the self-assembly and that of the isomerization processes, namely
TAcyE = TAcyZsq + TAeyZiso.*° The self-assembly dissipation (T4.,2s,) is the portion of the
absorbed free energy responsible for keeping the self-assembly steps out-of-equilibrium, and for
sustaining the unidirectional motion of the rings with respect to the axles. This value can also be
calculated from A and Aus (see Supplementary Section 5.3.1). Dissipation increases with the
photon flow (Table 2), consistently with the self-assembly steps being progressively shifted away
from their equilibrium state. The fraction of free energy input dissipated by the self-assembly
reactions is the efficiency of free energy transduction from the photo-isomerization processes
towards the self-assembly ones (1 = TA.,Zsq/AcyWhy).*® The efficiency is relatively small at all

operating regime, meaning that most of the free energy harvested from the radiation is dissipated
8



by the photoisomerization steps.

The free energy density stored in the self-assembly steps (AG,) coincides with the
difference between the Gibbs free energy densities in the steady and local equilibrium states
(AGsq = Giight — Gaark, S€€ Supplementary Section 5.3.2). Thus, it can be computed from the
experimentally determined steady state concentrations. Noteworthy, the free energy storage

increases with the photon flow until it reaches a plateau around 0.6 J/L.

Table 2. Kinetic and energetic parameters of the cycle of the 1/ 2* ensemble for dissipative non-equilibrium
operation under different photon flows. !

o/ V3 Dgy A A TAcsta AGsq n
(Einstein s™)1 (uM s [Nhvicycle]d  (J mol™)®  (Jmol ") (Jmol)t (LN (%)M

0 — - 0 0 0 0 ~
4.4x107° -0.25 0.11[9] —40 1380 1420 0.25 0.3
1.1x107° -0.34 0.06 [16] —64 1776 1840 0.48 0.2
2.2x107® —-0.38 0.04 [28] -89 1961 2050 0.61 0.1
4.4x107° -0.42 0.02 [53] -149 1902 2051 0.63 0.08

[{iConditions: CD3CN, 298 K, [1] = [2] (initial concentrations for each experiment are reported in Table S2),
Airr = 365 nm. All the properties refer to the whole system with homogeneous (well-mixed) concentrations.
PlIPhoton flow at 365 nm, determined by chemical actinometry. [CRate of reaction 3 at the stationary state
calculated according to equation (1); see Figure 2 for the sign convention. “lQuantum yield of the cycle
calculated using Supplementary equation (S2); in brackets is the number of absorbed photons per cycle
(1/dey). EIChemical potential of reaction according to Supplementary equation (S9), determined from
simulated (reaction 1) or experimental (reaction 3) concentration values. [TFree energy dissipated by self-
assembly steps during a cycle of operation at steady state. 9Free energy density stored in the self-assembly
steps at the nonequilibrium steady state. NEnergy transduction efficiency, calculated as the ratio between
T4.,Zs, and the total amount of free energy absorbed during a cycle of operation at steady state.
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Figure 4. Dependence of the kinetic and thermodynamic parameters on the photon flow. a) Net
cycling rate (black dots) and quantum yield of cycling (red dots) at 298 K. b) Free energy dissipated by the
self-assembly steps during one cycle of operation at steady state. The fraction of free energy dissipated by
reaction 1 (green bars) and 3 (red bars) are indicated. c) Free energy density stored in the self-assembly
steps. d) Simulated forward (dark bars) and backward (light bars) rates for reactions 1 (green), 2 (purple),
3 (red), and 4 (blue) at different photon flows. In the bar graphs the photon flow is expressed as percentage
of the maximum flow (gnpmax = 4.4x1078 = 100%).

Interestingly, two distinct trends can be identified in the dependence of the determined

quantities on the light intensity. Upon increasing the photon flow, AGsa, T4,y 254, and vey increase,

reaching a plateau between 1 and 2x10® Einstein s, while n and ® decrease (Fig. 4a-c). This
observation is in qualitative agreement with the results of stochastic simulations performed on a
closely related molecular pump, which predicted that the network can process photons efficiently
only as long as the photoreactions are the rate limiting steps.* To support this claim, we compared
the forward and backward rates of each reaction in the network (Fig. 4d). At the steady state, the
forward and backward reactions rates (Fig. 4d) can assume different values for the four processes,
provided that their relative difference is the same for all reactions. In fact, for photon flows up to
1.1x107® Einstein s (i.e., 25% of gnp.max), the photochemical reactions are slower than the thermal
ones and determine the overall cycling rate in either direction. Conversely, at higher flows reaction
3 becomes rate limiting (red bars in Fig. 4d), while photoreactions proceed faster dissipating a
larger fraction of light energy, thus reducing the energy transduction efficiency.

The observed decrease of the quantum yield of the cycle (@) (Table 2) is also coherent
with this picture. Notably, already at the lowest flow employed, completing one cycle requires nine
photons (Table 2), a number significantly larger than the theoretical minimum value of two. This

means that, in the investigated light intensity range, a given axle (complex) undergoes several
10



ESZ photoisomerization events before threading (dethreading). Increasing the rate of the
photoreactions increase the number of unfruitful ESZ isomerization events. As indicated by earlier
simulations,® only at low photon rates the pump can operate close to the maximum quantum

efficiency.

Conclusions

A combination of experimental data and numerical simulations was used to characterize from a
kinetic and thermodynamic point of view the dissipative photostationary states of a supramolecular
pump for four intensities of incident light. Our measurements quantitatively probed the relationship
between the deviation from thermodynamic equilibrium and the photon flow and provided an
unprecedented insight in the non-equilibrium behaviour of (photo)chemical reaction networks.
Although in the current design the stored energy cannot be converted into work, our analysis
allows to quantify the maximum amount of free energy which can potentially be converted into
work. We believe that this approach is applicable to investigate any kind of light-fuelled non-
equilibrium chemical ensemble, providing a testing ground for recently developed theoretical
models.?” We envision that our results will stimulate research on new, more sophisticated light-
driven artificial molecular machines and materials capable of operating away from thermodynamic

equilibrium.
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Methods
Dissipative operation of the supramolecular pump. Typically, an equimolar solution of 1 and

E-2* in air-equilibrated CDsCN (8.9x10° M, 0.6 mL) was allowed to reach thermodynamic
11



equilibrium in the dark at 298 K. Subsequently a non-equilibrium mixture of the corresponding free
and complexed Z-2* was obtained by photoisomerization of the azobenzene unit.
Photoisomerization was performed in situ using a LED llluminator (1.5 W, Anax= 369 nm, FWHM,
15.56 nm) equipped with a bandpass filter centred at (365 + 5) nm. A quartz optical fibre (core
1000 pym, 5 m) was used to channel light to the solution. The terminal end of the optical fibre the
quartz core was exposed and submerged into the solution within the NMR tube. Upon reaching a
stable Z/E composition (PSS) irradiation was interrupted (dark, relaxation to local equilibrium) or
regulated (light-on, dissipative operation) using the appropriate neutral density filter and the time-

dependent concentration changes of the species were followed by 'H NMR.

Dynamic simulations. The linear time-variant (LTV) system of differential equation describing
the pumping cycle was implemented considering three subsequent time-invariant steps (LTI): a)
equilibration in the dark, b) photoisomerization, and c) operation regime. For each LTI step the
reaction rates for all process and species concentrations were computed separately at any time

point. The final concentrations were taken as initial conditions for the subsequent LTI step.

Data Availability
All data needed to evaluate the conclusions are present in the main text and/or the Supplementary
Information. Additional data related to this paper may be requested from the authors on

reasonable request.
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