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For instance, in muscular tissues, the coordinate movements of thousands of myosin heads lead to the gliding of thick myosin filaments along thin actin filaments which result in a cooperative contraction of the entire sarcomere. In that particular case, the individual shifts of the proteins take place in the 10 nm range whereas their integrated translation produces a 1 m contraction of the sarcomeres, these latter being in turn coupled together, up to producing macroscopic motions. [4] The chemical synthesis of artificial molecular machines (AMMs) is thus of central interest to mimic their biological counterparts with the hope of engineering dynamic microscopic devices and macroscopic functional materials by bottom-up approaches. [5][6][7] To date, a number of seminal works have been established regarding the design of individual AMMs which can produce internal motions such as i) translation in bistable single rotaxanes [8,9] or on molecular tracks, [10] ii) scissor-like motions, [11] and iii) unidirectional circumrotation [12] (in multi-station catenanes) or rotation [13,14] (around a central bond) in molecular motors driven far from equilibrium by light. In particular, going towards the design of synthetic molecular muscles, Sauvage and coworkers described the first unimolecular linear array capable of stretching and contracting on demand thanks to the action of a chemical stimulus. [15] In this approach, the authors used a double-threaded rotaxane (i.e. [c2]daisy chain, Figure 1A) in which both strings can glide along one another although locked together thanks to the rotaxane nature of the system. By introducing two kinds of specific ligands on the rotaxane axle, as well as a complementary ligand on the macrocyclic part, either contracted or extended forms can be simply obtained by exchanging the nature of the coordinated metal ions (Cu + or Zn 2+ in the present case). More recently, two important works published concomitantly by the groups of Stoddart [16,17] and Grubbs [18] attempted to couple together pH-responsive [c2]daisy chain rotaxanes through "click" polymerization, with the aim of summing the contractions and extensions of the single machines along the polymer chains. However, and in both cases, the low degree of polymerization (average DP of 11 and 22, respectively) as well as the low solubility of the produced oligomers precluded the actuation and characterization of coupled translational motions towards mesoscopic scales. Thus, and although specifically targeted for a long time by the scientific community, [19] the linear amplification of muscle-like translational molecular motions by orders of magnitude has not been yet demonstrated experimentally.

[]

[] The research leading to these results has received funding Here we describe the design of a pH-triggered muscle-like system in which tailored bistable [c2]daisy chain rotaxanes are combined linearly by taking advantage of a metallo-supramolecular polymerization process (Figure 1B). Our approach leads to sufficiently long and soluble polymer chains to measure micrometric changes of their contour length upon synchronization of thousands of contractions and extensions. To this end, targeted monomer 1 has been synthesized by a 13-step pathway in its longest sequence starting from commercially available 4-bromobenzyl alcohol (Scheme 1). After acetylation of the alcohol, introduction of TMS-protected acetylene catalyzed by palladium and subsequent desilylation, compound 4 was engaged in a copper-free Sonogashira coupling with terpyridine triflate 5 to yield acetate 6. The efficient three-step sequence to introduce the azide group affords compound 7 which can then be readily engaged in a Huisgen cycloaddition catalyzed by copper(I) with the already described bis-alkyne pseudorotaxane 8. [20a] The final steps of this sequence consist in the protection of the terpyridine with copper triflate prior to selective methylation of triazole 9 with iodomethane. The removing of coordinated copper with EDTA followed by the exchange between iodide and hexafluorophosphate counterions gives the desired [c2]daisy chain 1 with an excellent overall yield of 21%. The bistable nature of this rotaxane is provided by the two binding sites on its axle, i.e. the secondary ammonium and the triazolium, which are known in the literature [20b-e] to present different binding constants with the dibenzo-24crown-8 ether. In its protonated form, the ammonium binds to the macrocycle (extended 1 ext ), whereas in its deprotonated one the crown ether moves to the triazolium site (contracted 1 cont ), as confirmed by 1 H NMR titrations in both directions using either trifluoroacetic acid or sodium hydroxide (Figure S1 in SI). We then turned to the supramolecular polymerizations of 1 cont and 1 ext using one equivalent of either Zn(OTf)2 or FeCl2 as metal ions in a CDCl3/CD3CN 1:1 solution ([1] = 10 mM). As expected, the 1 H NMR spectra of the four resulting products (namely Zn1 cont , Zn1 ext , Fe1 cont , and Fe1 ext ) were too broad to be informative although strong shifts could be identified in the terpyridine region, indicating a probable binding of the metal ions. This coordination was however unambiguously confirmed by UV-Vis analyzes (Figure S2 in SI) in which the appearing band around 340 nm in the four solutions, as well as the new charge transfer band at 580 nm for Fe1 cont and Fe1 ext are in agreement with the formation of the bis-terpyridine complexes. [21,22] To probe further the length of the expected supramolecular polymers, as well as their conformation, we have combined a series of light and small-angle neutron scattering (SANS) experiments and extracted key structural parameters grouped in Table 1. SANS is the most powerful method to determine characteristic sizes and shapes of objects in solution over the range of 1-300 nm. The scattering pattern for a 10 mM solution of Zn1 cont that is below the overlap concentration is displayed in Figure 2A. The product MwP(q) as a function of the scattered wave-vector q [23] has been obtained by coupling low-q static light scattering (SLS)

and SANS measurements, where Mw is the weight-average molecular weight of the scattered species and P(q) the form factor (see SI). The scattering curve exhibits an overall behavior characterized by the following sequence: i) an onset of a smooth variation analogous to a Guinier regime at very low-q, associated with the finite size and mass of the objects; ii) a low-q regime in which the q-dependence of the data can be described by a power law with exponent close to -2, like in Gaussian coils; iii) a q -1 domain at intermediate q characteristic of a rigid rod-like behavior for distances smaller than the persistence length Lp, followed by iv) another Guinier regime associated with the cross-section of the polymers. This ensemble of variations is characteristic of worm-like chain behavior. [24] In such case, one usually represents scattering data by a "Holtzer plot" [25] of the product MwP(q) q as a function of q as is shown in Figure 2B, which directly demonstrates the crossover from a rigid rod-like to a coil-like behavior at a length scale of Lp. q / Å -1
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The ensemble of variations shown in Figure 2A,B can be considered as a form factor and fitted satisfactorily by a wormlike chain model, yielding persistence length Lp=15.5±1.6 nm, linear mass density ML=Mw/Lc =585±110 g/mol/nm, and contour length Lc=8854±900 nm. From the data at q=0, one obtains a polymerization degree (DP) of 1967±190, a value in agreement with the theoretical one expected from the thermodynamic stability of the complex at this concentration. The level of the intermediate q -1regime is controlled by the ML value, which is in excellent agreement with that of a single-strand polymer chain (linear mass density of deprotonated monomer 1 cont is m/a=2632/3.6=731 g/mol/nm, where m and a represent the mass and the length of a monomer unit respectively (Figure S3 and Table S1 in SI)). The high-q data has been fitted by a Guinier expression for the form factor of the polymer section, determining the cross-section, S=1.42±0.15 nm 2 , and the radius of gyration of the cross-section, Rc=0.3±0.03 nm, values in agreement with monomers section.

As shown by the dynamic light scattering (DLS) experiments presented in Figure 2C, Zn1 ext samples present a partial depolymerization. The size distribution obtained by applying the Contin analysis to our data shows two populations, one around 2-3 nm corresponding to monomers and another one around 200 nm corresponding to polymers. The hydrodynamic radius of the Zn1 cont sample obtained from extrapolation of the data at zero-q is RH=206±20 nm. This observation was confirmed by starting with the preformed polymer and by adding increasing amounts of trifluoroacetic acid, revealing a competition between protonation and coordination with the zinc ions. To avoid such drawback, we turned to Fe(II) ions as coordination metal which is known to bind even more strongly with terpyridine ligands (log =20.9 M -2 in water). [START_REF] Martell | Critical Stability Constants[END_REF] Gratifyingly, DLS measurements performed on iron systems indicate the presence of a single polymer population for all deprotonated and protonated samples at various temperatures (Figure 2D and Figure S4 in SI). We have determined after extrapolation of the data at q=0 a RH=167±17 nm for Fe1 cont and a RH=189±19 nm for Fe1 ext . The scattering patterns of Fe1 cont and Fe1 ext in 10 mM solutions are displayed in Figure 2E and at various temperatures in Figure S5 in SI. Both samples exhibit the same wormlike-chain behavior, characterized by the sequence described above for Zn1 cont . Scattering variations are fitted satisfactorily by the wormlike-chain model and one obtains respectively Lp=12.8±1.3 nm, ML=748±150 g/mol/nm, Lc=9398±1000 nm, and DP=2937±290 for Fe1 cont and Lp=17.6±1.8 nm, ML=498±100 g/mol/nm, Lc=15861±1500 nm, and DP=2937±290 for Fe1 ext . The contraction-extension process is clearly demonstrated by these results as for the Fe1 ext sample we observe i) an increase of the contour length of the chain, and ii) a reduction of the linear density. The values of the experimental linear mass densities are in agreement with that calculated for a single-strand contracted chain (m/a=665 g/mol/nm) and for a single-strand extended chain (m/a=559 g/mol/nm). Cross-section dimensions for both iron samples correspond to that of a monomer section, confirming that no lateral aggregation occurs: Rc=0.42±0.04 nm and S=1.7±0.15 nm 2 .

We have also checked by using SANS the effect of the in situ protonation of Fe1 cont which confirms the extension of the supramolecular polymer because, in the q -1 regime, the intensity of Fe1 cont + H + overlaps with the one measured for the sample Fe1 ext prepared by the supramolecular polymerization from already protonated monomer 1 ext (Figure 2F).

This work shows, through a number of experimental evidences, that the coupling of thousands of molecular machines along a single polymer chain provides a pathway to integrate their single motions at mesoscale. The key features of the present system rests on a very efficient metallo-supramolecular polymerization of highly functional and bistable [c2]daisy chains which produce perfect worm-like chains. This crucial experimental aspect allows a clear and precise determination of the occurring onedimensional contraction process, and avoids parasitic effects that would be necessarily brought by cross-chain interactions. By looking at Fe1 ext and Fe1 cont , the shift between the two SANS curves is the signature of the relative change in linear mass density between the two samples and one can quantify it with an excellent precision ( ML=250±25 g/mol/nm). This local change of the polymer chain is directly correlated with the global change of the polymer contour length ( Lc=6.4±0.7 m; a value which is, by analogy, in the range of the contraction observed in sarcomeres). The measured effect is in good agreement with the expected theoretical value based on the distance between the two stations and on the degree of polymerization. They also perfectly fit with the experimental SANS values measured on both monomers as references. Thus, this amplification by four orders of magnitude of the mechanical output of thousands of molecular machines linked within a single-strand macromolecular chain, going from the low nanometer scale to the ten of micrometers, is accessible by combining molecular synthesis, supramolecular engineering, and polymerization processes. The next challenge to access macroscopic responses will consist in playing with the persistence length of these single chain polymers, and in bundling and orienting them in stiffer fibers, just as myofibrils do in muscles.
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 11 Figure 1. (A) General functioning principle of a bistable [c2]daisy chain rotaxane. The double threaded structure is kept interlocked by the presence of two gray stoppers at the end of each axle. The extended and contracted forms are selectively obtained by playing on the differential binding constants of the macrocycles with the two stations located on the axle. (B) The supramolecular polymer of this study is composed of [c2]daisy chains in which the stoppers can also bind to metal ions and produce coordination polymers. In this case, station 2 can be switched on and off by pH modulations, thus changing its relative binding affinity for the macrocycle compared to station 1. The integrated translational motion of the supramolecular polymer chain is the product of the individual contractions and extensions of each molecular machine by the degree of polymerization.

Figure 2 .

 2 Figure 2. (A) Log-Log plot of combined SLS and SANS measurements for a solution of Zn1 cont (10 mM in 1:1 CDCl3/CD3CN at T=20°C); (B)corresponding Holtzer plot. The continuous line represents the data fit by the wormlike chain model (eq. S10 in SI) and the dashed line represents the data fit at high-q by a Guinier expression for the form factor of the section (eq. S11 in SI). (C) Distribution of the scattering intensity with the hydrodynamic radii (RH) obtained by applying the Contin method to our data at =90° for Zn-based supramolecular polymers and (D) for Fe-based supramolecular polymers. (E) SLS and SANS data for Fe1 ext and Fe1 cont (10 mM in 1:1 CDCl3/CD3CN at T=20°C). The continuous lines represent the best fit of the data by a wormlike chain model (eq. S10 in SI) and the dashed line represents the data fit at high-q by a Guinier expression for the form factor of the cross-section (eq. S11 in SI). (F) SANS only showing the effect of in situ protonation (2 equiv. of CF3CO2D) starting from Fe1 cont and leading to Fe1 ext as compared with the reference of Fe1 ext polymerized from already extended monomer.
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 1 Characteristic structural parameters obtained from the DLS, SLS, and SANS experiments for polymers Zn1 cont , Fe1 cont , and Fe1 ext . (A)Theoretical values; (B) Experimental parameters obtained from the fitting procedure. According to the optimization of the fitting procedures, the calculation of the contrast and the measurement of the monomer density (see SI), we estimate an absolute error within 10% on the characteristic structural parameters of Table1B.

	(A)				
		M° (g/mol)	atheo (nm)	MLtheo	
				(g/mol/nm)	
	Zn1 cont	2334	3.6	648	0.0202
	Fe1 cont	2395	3.6	665	0.0184
	Fe1 ext	2687	4.8	559	0.0190
	(B)				
			Mw fit	DP	Lc	Lctheo [A]
			(x10 6 g/mol)		(nm)	(nm)

Ml exp(g/mol/nm)

  

	Zn1 cont	5.179	1967	8854	8261	585	
	Fe1 cont	7.030	2937	9398	10573	748	
	Fe1 ext	7.890	2937	15861	14097	498	
	[A] Lctheo=DP*atheo						
		Lp (nm)	Rg Benoît-Doty (nm)	aexp(nm)	Rc	S (nm²)	Rh (nm)
					(nm)		
	Zn1 cont	15.5	213	4.5	0.30	1.412	206
	Fe1 cont	12.8	200	3.2	0.45	1.791	167
	Fe1 ext	17.6	305	5.4	0.40	1.596	189