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The operation of nanomachines is fundamentally different from that of their macroscopic counterparts. In particular, the role of solvent is critical yet rarely associated with machine functionality.

Here we study a minimal model of one of the most advanced molecular machines to gain control of its operation by engineering components and the employed solvent. Operation kinetics were changed over more than four orders of magnitude and could be modulated by solvent. Leveraging solvent properties, it was possible to monitor the relaxation of the molecular machine towards equilibrium and measure the heat exchanged in the process. Our work expands the capabilities of acid-base powered molecular machines, confirming experimentally that such systems have a dominant entropy content.

Introduction

Artificial molecular machines have held the limelight of the scientific community due to their potential to bridge the gap between the natural and artificial worlds. [1][2][3][4][START_REF] Liang | Proc. Natl. Acad. Sci[END_REF] The term "molecular machine" [2,3] encompasses a broad range of molecular architectures. The simplest case is represented by molecular switches, which interconvert between two states as a consequence of perturbed environmental conditions. [START_REF] Aprahamian | [END_REF][START_REF] Feringa | Molecular Switches[END_REF] At an increasing level of complexity, [START_REF] Chatterjee | [END_REF] we find systems that can undergo a cyclic sequence of reactions. The ability to perform cyclic reaction sequences is particularly relevant because it enables repeating endergonic processes. Indeed, from the point of view of the underlying physics, cyclic chemical reaction networks that are traveled unidirectionally represent a clear demarcation point between networks that can or cannot absorb work from the environment repeatedly, operating as molecular ratchets. [9][10][11][12][13][14][15][16][17][18] Thus, cyclic reaction sequences are a prerequisite to performing more elaborated tasks. [4,19] As a general example, we consider a square reaction scheme for pseudorotaxane assembly that can be traveled unidirectionally upon alternating acid-base stimuli, leading to the relocation of a macrocycle to an energeticallyunfavored location along a molecular axle (Figure 1). [20][21][22][23] This choice stems from the simplicity of pH changes as stimuli to power molecular machinery and the importance of simplicity for the progress of the field. [24] When the axle is deprotonatedstate ithe separated components are thermodynamically more stable than the pseudorotaxane; however, protonation of the axle forms a recognition site for the ringin state iileading to thermodynamically favored assembly in state iii. Addition of a base will ultimately revert the system to state i. In principle, this process can occur via either state ii or state iv. Indeed, dethreading from protonated state iii, followed by deprotonation of the uncomplexed axle, might take place, given the reversibility of self-assembly processes, and the high basicity of basic sites encircled by macrocycles, an established effect in interlocked structures. [25][26][27] In this scenario, dethreading occurs via the microscopic reverse process of threading under acidic conditions, and the machine does not complete a cyclic process. Therefore, it is important to distinguish if relaxation occurs via state iv or ii. The norm is to observe the conversion of each of the explored states into the following one of the sequence. [11,28] Here, this implies observing the formation of state iv from state iii, and then following dethreading relaxation from high-energy state iv to state i. This observable dynamic is considered a dissipative process, of high current interest in relation to transient supramolecular assemblies. [29][30][31][32][33][34][35][36][37] Engineering dethreading kinetics in crown ether rotaxanes is challenging, because subtle changes in stopper structure often lead to a sharp transition from pseudorotaxane to rotaxane-like character of the complex, an effect termed "all-ornothing" substituent effect. [38,39] So far, studies that approached self-assembly kinetics investigated the threading processes affording thermodynamically stable complexes, whereas the dethreading kinetics from high-energy states remained essentially unexplored. [22] To advance the understanding of minimal molecular ratchets, we focused on a versatile molecular pump module developed by Leigh and coworkers, capable of accumulating macrocycles in a high-energy state upon a sequence of acid-base stimuli. [20,40] The operating mechanism in action is based on the self-assembly of a crown ether macrocycle onto a dibenzyl ammonium ion. [START_REF] Bruns | The Nature of the Mechanical Bond : From Molecules to Machines[END_REF][START_REF] Ashton | [END_REF] A key design element is a benzyl aldehyde terminal in the axle component, which under acidic conditions can react with a hydrazide to form a hydrazone. If the hydrazide bears sufficiently bulky substituents, the hydrazone acts as a stopper, affording a rotaxane. The dibenzyl ammonium recognition site is lost if a base is added, resulting in kinetic trapping of the threaded crown ether in a high-energy state. [20,40] Here, we study the dethreading process from high-energy states in a minimalistic machine powered by acid-base stimuli. Control of its operation was gained, modulating the relaxation kinetics over four orders of magnitude by appropriate choice of the stopper unit, which allowed measurement of the heat exchanged during the dethreading process.

Results and discussion

Leveraging Leigh's design, we prepared axle 1aH + as a minimal molecular ratchet capable of trapping a macrocycle in a highenergy state (Figure 2a). Axle 1aH + comprises two key functional elements: a dibenzyl ammonium recognition site and symmetric terminal aldehydes. The synthesis of 1aH + is achieved using a convergent 6-step strategy, having an overall yield of 34% (SI section 3.1). As macrocyclic component we selected the extensively used crown ether dibenzo-24-crown-8 (DB24C8, Figure 2a), which is known to have a high affinity for dibenzyl ammonium ion in non-polar organic solvents. [43] The addition of DB24C8 to 1aH + resulted in the formation of pseudorotaxane [1aH + ⊂ DB24C8], as evidenced by the appearance of new upfield shifted signals for the protons of the macrocycle, both in the aromatic (e.g., from 6.91 to 6.81 ppm) and in the aliphatic region (e.g., from 4.10, 3.80 and 3.69 ppm to 4.05, 3.77 and 3.59 ppm, respectively, Figure S47). While pseudorotaxane formation is slow on the NMR time-scale, as increasing amounts of DB24C8 are added, the resonances of uncomplexed 1aH + progressively shifts towards lower frequencies (e.g. from 7.04 to 7.02 ppm), disclosing the underlying rapid equilibrium associated with ion pair formation between 1aH + and its counterion PF6 -, in agreement with previous reports. [44] Addition of 1.1 equivalents (eq.) of phosphazene base P1-t-Bu-tris(tetramethylene) (P1-t-Bu) resulted in complete dethreading, as revealed by the disappearance of signals associated with pseudotoraxane, and the appearance of peaks related to free, deprotonated 1a species. (Figure S47). Threading and dethreading processes occurred on a timescale slower than the NMR timescale, yet faster than the time required to record an NMR spectrum, indicating that benzaldehyde terminals do not provide a significant kinetic barrier for DB24C8 slippage on this time scale. Having established the ability of 1aH + to thread DB24C8, we focused our attention on hydrazone stopper features, selecting as starting point hydrazide 2a (Figure 2a), which was previously employed to stopper the larger dibenzo-30-crown-10 macrocycle. [20] Optimization studies associated with hydrazone formation were performed using commercially available 3-(2hydroxyethoxy)benzaldehyde (3, Figure 2a), which served as a minimal model of 1aH + terminals. Solutions of 3 and hydrazide 2a (6 mM of both components in CD3CN or CDCl3:CD3CN 3:1) were kinetically stable over time, showing no evidence of hydrazone formation under neutral conditions. The nucleophilic addition of hydrazide could be promoted by addition of acids, such as trichloroacetic acid (TCA) or triflic acid, CF3SO3H (TfOH). In particular, a screening of experimental conditions indicated that hydrazone formation could take place quantitatively (>95%), either upon addition of 0.2 eq. of TCA over 30 min, or alternatively upon addition of 0.05 eq. of TfOH over 90 min (Figure S50). When using higher amounts of acid, the extent of hydrazone formation to afford 2a•3 (Figure 2a) was lower in the same time range, possibly due to competitive protonation of the hydrazide. Hydrazone formation could also be monitored via UV-Vis absorption spectroscopy, following the formation of a new band at 295 nm (Figure S51). By using optical spectroscopy, we could confirm hydrazone formation even at a concentration of 120 µM for both components and observed that the rate of hydrazone formation under the employed conditions strongly depends on the total acid concentration. Indeed, in the presence of 220 µM TCA the reaction did not proceed, while in the presence of 15 mM TCA, the kinetic of hydrazone formation was comparable to that observed using 6 mM components. Control experiments excluded the relevance of light-induced isomerization of hydrazone under our experimental conditions. Indeed, we observed identical outcomes when performing hydrazone formation reaction in the dark or under ambient light.

By combining pseudorotaxane self-assembly with hydrazone formation it was possible to obtain complex [1a•2a2H + ⊂DB24C8], which however remains stable in CD3CN only for a few minutes, after which the solution becomes slightly turbid. Addition of DB24C8 to 1a•2a2H + promoted precipitation, indicating that pure CD3CN is not an optimal solvent for the present system. Since 1a•H + is not well soluble in pure CDCl3, we identified CDCl3:CD3CN 3:1 as a suitable mixed solvent system, which could ensure solubility of both 1aH + , and 1•2a2H + alone and in the presence of DB24C8. To obtain a high-energy state, 1.1 eq. of phosphazene base P1-t-Bu was added to preassembled [1a•2a2H + ⊂ DB24C8]. Contrary to what was observed in the absence of 2a, the signals of uncomplexed DB24C8 did not increase their intensity, with evidence from 1 H-NMR spectroscopy potentially compatible with the deprotonation of [1a•2a2H + ⊂ DB24C8] to afford a high-energy rotaxane [1a•2a2⊂DB24C8], in which DB24C8 resides onto the hydrazone moiety (Figure S48,49). However, the need to operate in a mixed solvent system and the lack of indicative peaks in the 1 H-NMR complicated monitoring machine operation. To improve system solubility and monitoring, we prepared axle 1bH + (Figure 2a) to be operated according to the reaction scheme in Figure 2b. 1bH + can be obtained with an overall 9% yield as a result of a convergent 8-step synthesis, based on the preparation of an asymmetric dibenzyl ammonium core having a pendant propargyl moiety and subsequent click reaction to afford a triazolium secondary station upon methylation (SI section 3.2). The as-synthetized axle 1bH + has an additional positive charge, improving the solubility in CD3CN, which was complete under all employed experimental conditions. Moreover, the triazolium moiety, along with the ethylic chain attached to it, offered distinctive 1 H-NMR signals for HB, HC HD, and HE (Figure 2a), facilitating monitoring machine operation. [45] Indeed, a stability constant of 225 M -1 in CD3CN for the assembly of [1bH + ⊂ DB24C8] was obtained from the integral ratio of peaks at 5.32 ppm and 5.14 ppm, ascribed to HB in uncomplexed and complexed 1bH + , respectively (Figure 3 [45,46] Considering the low acidity of protons encircled by crown ethers, [26] most likely the ring first shuttles thanks to Brownian motion away from the ammonium ion, followed by deprotonation; however, in the absence of spectroscopic evidence, shuttling and deprotonation are considered as a single process in Figure 1 We then turned our attention to controlling the relaxation kinetics from high-energy state IV to V, corresponding to the dethreading of DB24C8 from deprotonated axles of type 1b•2. Indeed, while triazolium has some binding affinity for DB24C8, the selfassembly equilibrium is shifted completely to the separated components at the employed mM concentration. [45] We therefore subjected 1bH + to stepwise reaction sequences from state I to state IV using hydrazides 2a-2m (Figure 2). Hydrazides 2a-2e were selected because they have a progressive decrease in steric hindrance and offer the possibility to investigate the effect of changing i-Pr position on the phenyl ring. Hydrazide 2f was selected because CF3 group is an isostere of i-Pr. [47] . Hydrazides 2i-2l provide information on OMe substitutions on the different positions of the phenyl ring, while hydrazide 2m can be compared with 2g and 2h to gain insights on methyl substituents. Investigated hydrazides displayed a sharp all-or-nothing substituent effect in terms of dethreading kinetics to afford state V. High-energy structures of type [1b•2⊂DB24C8] obtained from hydrazides 2a-2c, 2i, and 2l, were stable over time, and no changes were observed over at least 48 h in the 1 H-NMR spectrum. In sharp contrast, the addition of P1-t-Bu to pseudorotaxanes obtained from hydrazides 2d-2h and 2j-2k led to the formation of respective 1b•2 adducts in a time shorter than that required to record the first NMR spectrum after base addition (ca. 160 s). This evidence implies that the corresponding dethreading rate constants are either larger than 1.9×10 -2 s -1 or smaller than 3.0×10 -7 s -1 . On the basis of the present experimental data, it is not possible to unambiguously determine if the formation of state V from III occurred via intermediate IV or VI.

To rationalize these findings, we calculated the Boltzmannweighted Sterimol steric parameters for all the hydrazides investigated. [48] We found it insightful to represent the kinetic behavior as a function of parameters wL and wB5 (Figure 4), which report on the length of the substituent and longest dimension perpendicular to the L axis. In this representation, the two families of hydrazides occupy different regions, with hydrazides affording kinetically trapped states lying at the periphery of the graph. This representation suggests hydrazides having a large wB5 parameter and large wL facilitate blocking DB24C8. The peculiar behavior of 2b, [49] which blocks the macrocycle despite a relatively small wB5 might be rationalized considering that wB1, the shortest dimension perpendicular to L axis is 2.71 Å, a value larger than any other wB1 parameter associated with hydrazides that do not stopper DB24C8. (SI section 7).

To observe experimentally the dethreading kinetics associated with relaxation from state IV to state V, ensuring that the molecular machine performs a cyclic reaction sequence, we focused our attention on i-Pr substituted hydrazides 2c-2e: the fact that 2c afforded a kinetically trapped state, while 2d and 2e afforded the equilibrium state rapidly, as well as the fact that 2e is characterized by wSterimol parameters very similar to kinetically trapped 2b, was taken as an indication that dethreading was likely close to an experimentally accessible kinetics, having t1/2 in the minutes to hours timescale. [50] 10.1002/chem.202300295
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This article is protected by copyright. All rights reserved. By comparing literature data on the threading kinetics of pseudorotaxanes based on dibenzyl ammonium/crown ether recognition, we observed that when an analogous axle was investigated in CD3CN or dichloromethane (DCM), the threading rates were similar in the two solvents, while complex thermodynamic stability was much higher in DCM (ca. 10 5 M -1 vs 10 2 M -1 ). [51,52] Thus, we reasoned that since NMR studies suggest that DB24C8 interacts via hydrogen bonds also in the high-energy state IV (with triazolium station), the solvent composition could be used to stabilize such interaction, slowing down the dethreading kinetics. [53][54][55][56] Since some hydrazides are not soluble in pure CDCl3, we decided to operate in the mixed solvent system CDCl3:CD3CN 3:1 because CDCl3 is a less competitive solvent for hydrogen bonding interactions with respect to CD3CN. Experimental confirmation of hydrogen bond stabilization in the chosen solvent was the increase of the association constant for pseudorotaxane [1bH + ⊂DB24C8], from 225 M -1 to 1800 M -1 . We thus focused on hydrazides affording pseudorotaxanes which dethreaded rapidly in CD3CN, and measured their dethreading kinetics in the mixed solvent system.

In contrast with previous experiments performed in CD3CN, when 2e and 2m were employed, it was possible to observe a dethreading kinetics from state IV to state V. Indeed, the addition of 1.1 eq. of P1-t-Bu to [1b•2eH + ⊂DB24C8] afforded the highenergy complex [1b•2e⊂DB24C8], state IV, as evidenced by the appearance of signals similar to those observed in kinetically trapped states. However, the intensity of these signals progressively decreased (Figure S53a), due to the dethreading of DB24C8 to afford uncomplexed 1b•2e. In the case of [1b•2e⊂DB24C8], complete dethreading occurs in less than 10 min. Nonetheless, the dethreading kinetics depends critically on both the dimension and position of hydrazide substituents: as a matter of fact, for [1b•2d⊂DB24C8] and [1b•2f⊂DB24C8], obtained with 3-isopropyl benzohydrazide and with 4trifluoromethyl benzohydrazide respectively, the dethreading occurs in a time shorter than that required to record a single NMR spectrum also in the mixed solvent system. Instead, for [1b•2m⊂DB24C8], the process advances in nearly 3 days. (Figure S54a) Fitting of the dethreading data confirmed that the process follows a first-order kinetics, with dethreading constants of (6.7±0.7)×10 -3 s -1 and (1.07±0.03)×10 -5 s -1 obtained when using hydrazide 2e and 2m, respectively (Table 1 and Figure S53b,54b). type complexes upon addition of 1.1 eq. of P1-t-Bu in the mixed solvent The slower dethreading kinetics observed using hydrazide 2m could be accelerated (t1/2 = 15 min instead of 18 h) by operating in the more polar mixed solvent CDCl3:CD3CN 1:1. Overall, these data demonstrate that it is possible to modulate kinetics to confirm stepwise evolution from state III to state V via state IV, by using a suitable solvent system. Being able to observe the dethreading relaxation kinetics allows investigating the heat exchanged in this process. To this aim, pseudorotaxane [1b•2eH + ⊂DB24C8] was prepared in the same conditions used in NMR studies, and 1.1 eq. of P1-t-Bu was added inside a calorimeter. The fast acid-base reaction afforded a highly exothermic process, which dominated the first 5 min of the dethreading experiment (Figure S56). Our interpretation was supported by control experiments of TfOH neutralization (Figure S56). After 5 min, an endothermic process was observed, which decayed exponentially over time (Figure 5 andS56). We could successfully use the rate constant determined in 1 H-NMR studies to fit the endothermic decay kinetics, confirming that the observed process occurs on the same time scale of dethreading. Our ability to monitor the dethreading kinetics is corroborated by control experiments performed by adding 1.1 eq. of P1-t-Bu to the noninterlocked mixture of 1b•2eH + and DB24C8, which do not show any heat exchange after 5 min (Figure S56), indicating that the observed process should be attributed to the thread and axle being interlocked. Since the dethreading reaction is exergonic (G ≤ -12 kJ mol -1 under the present experimental conditions, SI section 6.2 for details), the observed endothermic process implies that the dethreading reaction is entropy-driven. In particular, under the experimental condition employed, the calorimetry data afford a H of 20±7 kJ mol -1 for the relaxation to equilibrium, leading to an entropic contribution TS ≥ 32 kJ mol -1 . Considering the interactions involved, it seems reasonable to expect similar characteristics in other pseudorotaxanes bearing the same triazoliumcrown-ether recognition motif. As a comparison, this value is roughly twice as much as the total energy that can be stored in light-driven molecular whirligig, i.e., a derivative of Feringa rotary motor entangling glycol chains upon rotation. [57] 10.1002/chem.202300295

CDCl3:CD3CN 3:1 at 298 K. Hydrazide kout [s -1 ] [a] t1/2 [min] [b] ΔG ǂ [kJ mol -1 ] [a,c]
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This article is protected by copyright. All rights reserved. Leveraging the observed dethreading kinetics, we addressed the possibility of performing multiple cycles of threading and dethreading via states (III→IV→V→VI→III). Initially, state VI was prepared by reacting axle 1bH + and hydrazide 2e in the presence of 0.05 eq of TfOH. Then, adding 1 eq. of DB24C8 afforded [1b•2eH + ⊂DB24C8], which formed over 90 h, as evidenced by 1 H-NMR spectra (Figure S55). Under the present experimental conditions, state III is likely formed directly via threading from state VI, i.e., hydrazone dynamic formation does not play a role because in an identical experiment performed using bulky hydrazide 2a no threading was observed. Addition of 1.05 eq. of P1-t-Bu to [1b•2eH + ⊂ DB24C8], state III, afforded IV, which relaxed spontaneously to 1b•2e and DB24C8, as evidenced by the convergence of the HB peaks to a single signal at 5.27 ppm. Next, 1.1 eq of TfOH is added to form the ammonium station of 1bH + again, thus [1b•2eH + ⊂DB24C8]. Under these conditions, it was possible to perform three subsequent cycles (III→IV→V→VI→III, Figure 6, SI section 6) powered by the addition of TfOH and P1-t-Bu. Formation of [1b•2eH + ⊂DB24C8] for the fourth cycle could not be accomplished, presumably due to a progressive hydrolysis reaction of hydrazone to form starting aldehyde (hydrolysis was never observed in shorter kinetic studies). 

Conclusions

In conclusion, we have studied a minimal molecular machine capable of trapping a macrocycle in a high-energy state according to an energy ratchet mechanism, powered by acidbase inputs. On-demand selection of stoppering units allowed controlling the dethreading kinetics over four orders of magnitude, from a persistent kinetically trapped state to a rapid equilibration. Remarkably, the careful selection of solvent allowed fine-tuning dethreading kinetics, making it possible to gain direct evidence of the machine exploring the square reaction network in a directional fashion. Importantly, through kinetic calorimetry measurements, it was possible to experimentally quantify the entropy stored in the investigated high-energy pseudorotaxane. While the considerable entropy content of high-energy pseudorotaxanes was already anticipated, [58] our work evaluates experimentallyto the best of our knowledge for the first timethis energetic contribution. Employing calorimetry to study molecular machines that operate away from equilibrium expands the toolbox available to gain insights into such systems. Monitoring the heat exchanged in time allows discriminating between fast reactions (here acid-base) and slow reactions (here dethreading) associated with the same process. By operating the machine under optimized conditions, it was possible to repeat the machine ratcheting cycle three times. Our work illustrates how tailoring structural details and solvent can afford on-demand functionality of molecular machines and sheds light on the energetic features of ordered supramolecular structures obtained as a result of endergonic processes.

Experimental Section

Materials & synthesis: Unless otherwise stated, all reagents and solvents were purchased from commercial sources and used as received. Commercial reagents included hydrazides 2b, 2e, 2f, 2g, 2h, 2i, 2j, 2k and macrocycle DB24C8. Hydrazides 2a, 2c, 2d, 2l, and 2m, were synthesized from corresponding carboxylic acids or esters. A complete description of the synthetic protocols and characterization data of synthesized compounds, including 1aHPF6 and 1bHPF6, are reported in the Supporting Information.

NMR experiments: In a typical cycling experiment, the NMR tube was charged with 500 μL of a 1bH + solution (3.6 μmol). After that, in sequence, 60 μl (3.6 μmol, 1 eq.) of a DB24C8 macrocycle solution, 100 μL (3.6 μmol, 1 eq.) of hydrazide 2 and 2.5 μL (0.18 μmol, 0.05 eq.) of TfOH are added. Spectra are recorded after every new addition. The spectrum is monitored until the disappearance (i.e., integration <5%) of the peak ascribed to the aldehyde proton (9.99 ppm). Finally, 22 μL (4 μmol, 1.1 eq.) of a P1-t-Bu solution (35 μmol, 175 mM) are added and quickly mixed. The final concentration after all the additions is 5.25 mM. Further details are reported in the Supporting Information.

Calorimetry experiments: Samples were prepared according to the same protocol used in NMR experiments. However, after hydrazone formation, the solvent was removed under reduced pressure, and 3.6 mL of CHCl3:CH3CN 3:1 were added. The resulting 1 mM solution is used for the measurement. Further details are reported in the Supporting Information.

Methods:

The stability constants were obtained from the 1 H-NMR spectra of equimolar solutions (6•10 -3 M) of DB24C8 and either axle 1aHPF6 or 1bHPF6, at r.t., using the single-point method. [59,[START_REF] Connors | Binding Constants: The Measurement of Molecular Complex Stability[END_REF] The concentration of all the species at equilibrium was determined using the initial concentrations and the integration of the protons of the complexed and uncomplexed species. The stability constant was calculated according to a 1:1 binding model. Data fitting of the exponential kinetics was performed using a homemade Python code. wSterimol parameters were calculated using the procedure described in ref. [48] with minimal modifications. Further details are reported in the Supporting Information.

Figure 1 .

 1 Figure 1. (a) Minimal scheme for the operation of a molecular ratchet mechanism driven alternating acid and base inputs, leading to the relocation of a macrocycle onto a thermodynamically unfavoured recognition site. Purple and olive units serve as recognition sites. (b) Kinetic traces associated with a relaxation from iv to ii that is too fast to be experimentally observed (left), slow enough to be observed (centre), or very slow leading to a kinetically trapped state (right) depending on the size of the stopper.

Figure 2 .

 2 Figure 2. (a) Molecular structure of investigated compounds, with indicative protons labeled. (b) Reaction network for the operation of 1bH + and a generic hydrazide 2 leading to kinetic trapping of DB24C8 in high-energy state (IV) as a result of sequential acid-base additions.

  -I,II). Hydrazone formation occurred effectively upon the addition of hydrazide 2a and 0.05 eq. of TfOH, as indicated by the disappearance of HA signal at 9.99 ppm and the progressive rise of the HF signal of 2a in [1b•2aH + ⊂DB24C8] at 10.26 ppm (Figure 3-III). Addition of 1.1 eq. of P1-t-Bu to [1b•2aH + ⊂DB24C8] afforded the high-energy complex [1b•2a⊂DB24C8], as evidenced by the disappearance of the HB signal at 5.14 ppm and the appearance of a new set of peaks, including a singlet at 9.11 ppm and a singlet at 4.73 ppm, relative to HC and HB, along with two triplets at 5.45 and 4.70, relative to HD and HE (Figure 3-IV); the observed signals are in line with DB24C8 encircling the triazolium station, and interacting via hydrogen bonds.

and 2 .

 2 The obtained high-energy, kinetically-trapped state was stable in solution for at least 48 h at r.t., during which the 1 H-NMR spectrum remained unchanged, indicating the kinetic stability of [1b•2a⊂DB24C8]. 10.1002/chem.202300295 Accepted Manuscript Chemistry -A European Journal This article is protected by copyright. All rights reserved. 15213765, ja, Downloaded from https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/chem.202300295 by Cochrane France, Wiley Online Library on [10/03/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Figure 3 .

 3 Figure 3. Partial 1 H-NMR spectra (500 MHz, CD3CN, r.t.) describing states I -IV (Figure 2b) for axle 1bH + and hydrazide 2a. (I) 7.2 mM axle 1bH + alone, (II) upon addition of 1 eq. of DB24C8, (III) upon subsequent addition of 1 eq. of hydrazide 2a and 0.05 eq. of TfOH to form [1b•2aH + ⊂DB24C8], and (IV) upon subsequent addition of 1.1 eq. of P1-t-Bu to form [1b•2a⊂DB24C8]. Full spectra are reported in Figure S52.

Figure 4 .

 4 Figure 4. a) Schematic representation of the Sterimol parameters L and B5 for 2a. The view is perpendicular to the L-axis, i.e. the direction along the connecting point of the examined parent molecule. b) Kinetic properties for the dethreading of DB24C8 from [1b•2H + ⊂DB24C8] type complexes upon addition of 1.1 eq. of P1-t-Bu in CD3CN. at 298 K, with respect to wSterimol parameters of corresponding hydrazides, to which notation refers.

  Apparent dethreading rate constant. Upper and lower bound values were calculated assuming a first-order kinetic with a residual fraction of complex of 0.05 after 160 s for fast processes. [b] Half-life of the complex, calculated as t1/2 = ln2/kout. [c] Calculated from the measured rate constants using the relationship ΔG ǂ = -RT ln(kout h/kb T), where R, h, and kb correspond to the gas, Planck and Boltzmann constants. [d] Investigated only in mixed solvent due to poor solubility in CD3CN.

Figure 5 .

 5 Figure 5. a) Heat exchanged over time from [1b•2eH + ⊂DB24C8] (1 mM) upon addition of 1.1 eq. of P1-t-Bu in the mixed solvent CHCl3:CH3CN 3:1 at 298 K. Solid black line refers to the fit of the experimental data (red circles) according to a first-order dethreading process, having kout = 6.7×10 -3 s -1 , as determined in 1 H-NMR experiments. b) Thermodynamic parameters, determined from calorimetry measurements.

Figure 6 .

 6 Figure 6. Repeated acid-base cycles ratcheting DB24C8 onto 1b•2e thread to form [1b•2e⊂DB24C8]. Initial conditions: CDCl3:CD3CN 3:1, components 5.4 mM subsequent additions of 1.1 eq. base P1-t-Bu and 1.05 eq. of TfOH acid. Association % are obtained from the integration of 1 H-NMR signals. The reported values are an average of two independent experiments. TfOH is added ca. 30 min after the addition of base; P1-t-Bu is added ca. 90 h after addition of acid. Lines are intended as a guide to the eye.
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Table 1 .

 1 Kinetic data for the dethreading of DB24C8 from [1b•2H + ⊂DB24C8]
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We studied a minimal model of an acid-base powered molecular machine, gaining control on its dethreading kinetics by engineering its components. Leveraging solvent properties, we could monitor the relaxation of the molecular machine from a high energy state to equilibrium. By measuring the heat exchanged in this process, we could confirm experimentally that such systems have a significant entropy content.
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