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Chirality can have unexpected consequences including on properties other than spectroscopic. We show herein that a racemic mixture of bis-urea stereoisomers forms thermodynamically stable supramolecular polymers that result in a more viscous solution than for the pure stereoisomer. The origin of this macroscopic property was probed by characterizing the structure and stability of the assemblies. Both racemic and non-racemic bis-urea stereoisomers form two competing helical supramolecular polymers in solution: a double and a single helical structure at low and high temperature, respectively. The transition temperature between these assemblies, as probed by spectroscopic and calorimetric analyses, is strongly influenced by the composition (by up to 70°C). A simple model that accounts for the thermodynamics of this system, indicates that the stereochemical defects (chiral mismatches and helix reversals) affect much more the stability of single helices. Therefore, the heterochiral double helical structure predominates over the single helical structure (whilst the opposite holds for the homochiral structures), which explains the aforementioned higher viscosity of the racemic bis-urea solution. This rationale constitutes a new basis to tune the macroscopic properties of the increasing number of supramolecular polymers reported to exhibit competing chiral nanostructures.

Introduction

Supramolecular polymers, i.e. chain-like assemblies of selfcomplementary monomers, are a class of compounds with unique properties and applications. [1][2][3][4] The directional but reversible noncovalent interactions responsible for their self-assembly provide a responsiveness [5] towards a range of stimuli that has contributed to the development of innovative catalysts, [6] optoelectronic materials, [7,8] self-healing materials, [9][10][11] chiroptical switches [12] and gels [13][14][15] amongst other applications. It was recently realized that the properties of these supramolecular polymers can be considerably diversified when their formation occurs in competition with other assemblies. Indeed, pathway complexity can lead to supramolecular polymorphism, when two supramolecular polymers form under kinetic [16][17][18][19][20][21] or thermodynamic [22][23][24][25][26][27][28][29][30][31][32][33][34][35] control. In the latter case, the transition between the two competing structures can be responsible for unusual behaviors such as self-assembly triggered by increasing the temperature, [28] or by dilution. [23] The modification of the supramolecular structure is particularly useful when it leads to a controllable and sudden change of macroscopic (such as rheological [22,30] or emissive [31,32] ) properties. In addition, the sharpness of the transition can actually be exploited to quantify weak intermolecular interactions [36,37] or solvation effects. [38] In this context, chirality is often used as a probe to allow monitoring subtle structural changes by circular dichroism (CD) spectroscopy. [16,[39][40][41][42][43] Moreover, chirality also directly impacts the thermodynamic stability of the assemblies. In the case of fibrillar self-assemblies or gels, heterochiral contacts can either increase or decrease the stability of the assemblies, compared to the homochiral situation. [44][45][46][47][48][49] In the case of supramolecular polymers made by stacking of a single row of monomers, rare cases exist where heterochiral dimers are more stable than homodimers, [50,51] but the usual situation is that heterochiral contacts lead to stereochemical defects. [52][53][54][55] When a heterochiral copolymer is formed by mixing two enantiomeric monomers, mismatches and helix reversals occur that destabilize the copolymer. If interpolymer interactions are negligible, the stability of the copolymer is therefore expected to increase with the enantiomeric purity as a result of the presence of fewer chiral defects. [56,57] Indeed, Shikata et al. have shown that an increase of the enantiomeric purity of a benzene-1,3,5-tricarboxamide monomer results in fewer defects along the supramolecular chains and thus in a higher viscosity of the solution. [58] Now, the situation is more complex when a chiral monomer can self-assemble through two distinct pathways: both resulting supramolecular polymers can potentially be affected by packing defects, so that the net result is difficult to predict. For example, we show herein that a racemic mixture of bis-urea stereoisomers forms thermodynamically stable heterochiral assemblies that result in a more viscous solution than that of homochiral assemblies formed by its chiral non-racemic stereoisomers. We show that this counter-intuitive result can actually be traced to a huge relative stability difference of the competing assemblies (ca 70°C), that can in turn be rationalized by a thermodynamic model that quantitatively accounts for the stereochemical defects.

Results and Discussion

The molecules described in this work contain four stereocenters (Fig. 1). In the following, we focus our attention only on the effect of the stereochemistry of the two valine units. The two ethylhexyl groups, that are used exclusively as racemates to improve solubility, [59] are assumed to have a negligible influence on the self-assembling bis-urea core. rac 2 -Val was synthesized by reacting an amine prepared from racemic valine with 2,4toluenediisocyanate and is therefore a mixture of four isomers (neglecting the isomerism due to the ethylhexyl groups). As previously reported, [60] it is readily soluble in non-polar solvents like toluene, where it forms a viscoelastic solution. Surprisingly, in the same conditions, SS-Val (derived from enantiopure S-valine) forms a fluid solution (Fig. 1). Small angle neutron scattering (SANS) measurements prove in both cases the formation of long and rigid rod-like assemblies (q -1 behavior at low wavevector q, Fig. 2). However, the scattered intensities differ by a factor of two at low q, indicating a difference in linear density of these one-dimensional supramolecular assemblies. A fit of the data with the form factor of long rigid rods with a circular cross section and a uniform scattering length density yields the values summarized in Table 1. These values indicate the presence of two (respectively one) monomers in the cross-section for rac 2 -Val (respectively SS-Val). The thicker rods can be expected to have a slower breaking dynamics, [22] which is qualitatively consistent with the obvious difference in viscosity of the samples (Fig. 1). SANS data show that at higher temperature (70°C), rac 2 -Val forms the same rods as SS-Val does at 20°C (Table 1). This actually suggests that RR, SS (and possibly RS and SR) monomers mix together and play a role in tuning the respective stability of the two rod-like structures. The influence of the optical purity of the monomers on the rheological properties of the solution is also observed in methylcyclohexane (MCH): mixing at room temperature the fluid solutions of SS-Val and RR-Val led to a viscous solution of rac-Val (see movie as supplementary material), which further demonstrates the dynamic nature of the supramolecular assemblies. This phenomenon was characterized more quantitatively by circular dichroism (CD) in MCH. Fig. 3a shows the CD spectrum of SS-Val in MCH at 20°C. The presence of a strong negative band at 233 nm is a clear sign of supramolecular chirality because this band is absent at high temperature (120°C). FTIR spectroscopy (Fig. S1) confirms that SS-Val forms hydrogen bonded assemblies in MCH at 20°C and SANS (Fig. S2, Table 1) proves that they consist in long rigid rods with a single monomer in the cross-section. Interestingly, a decrease in temperature triggers a significant change in the shape of the CD (Fig. 3a), UV-Vis (Fig. 3b) and FT-IR (Fig. S1a) spectra. These combined spectroscopic and scattering analyses prove that SS-Val selfassembles into helical rod-like objects, with two molecules (respectively, one molecule) in the cross-section at low (respectively, high) temperature. Their precise supramolecular structure has no consequence on the following analysis, but we surmise that SS-Val forms a double helix at low temperature and a single helix at high temperature, that are similar to the ones modelled for a structurally-related bis-urea monomer. [37] Figure 2. SANS analyses of bis-ureas rac 2 -Val and SS-Val performed at 20°C and at a concentration of ca. 6 g/L (10 mM) in toluene-d8. The curves are fitted according to the form factor for infinitely long [61,[START_REF]behaviour at low q is probably due to repulsive interactions between rods and precludes determination of their length[END_REF] rigid rods with a circular cross section and a uniform scattering length density. These features are reminiscent of the double helix and single helix structures found for similar bis-ureas (recalled as insets). [37] Table 1. Geometrical radius (r), linear density (nL) and number of bis-urea molecules (n) in the cross-section of the cylindrical objects deduced from a fit [61] of the SANS data at a concentration of ca. 6 g/L (10 mM). [a] Data from [60] . The transition between the two supramolecular structures of SS-Val is revealed by an abrupt change in the intensities of CD (Fig. 4a) and FTIR (Fig. S1b) signals in the range from ca. -10 to 0°C. The transition temperature (T**) has thus been measured as the midpoint of the jump in CD signal intensity for various mixtures of SS-Val and RR-Val (Fig. 4a). Since the racemic mixture is CD silent, the transition was measured by calorimetry (nDSC) (Fig. S3). [63] Fig. 4b shows that the CD, FTIR and nDSC data are consistent and that the evolution of the transition temperature is a strong function of the enantiomeric excess (ee). The racemic mixture (rac-Val) has a transition temperature that is 70°C higher than SS-Val and the relationship between T** and the ee is highly ) q (Å -1 )
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nonlinear. It confirms that SS-Val and RR-Val co-assemble and form heterochiral helical structures. Mixing RR-Val with SS-Val leads to a shift of the transition to higher temperatures: it therefore means that mixing the isomers either strongly stabilizes the low temperature structure or strongly destabilizes the high temperature structure. The stability of one-dimensional assemblies of chiral monomers is well-known to be affected by the presence of stereochemical defects such as mismatches (i.e. the presence of an enantiomer in a helix with its nonpreferred helicity) and helix reversals (i.e. a change of helicity within the assembly). [54] In the following part we propose a simple model to test if these intriguing results can be quantitatively accounted for. In the case of a scalemic mixture containing an arbitrary enantiomeric excess (ee) of SS-Val and RR-Val, the relative stability of the two kinds of supramolecular polymers is ruled by the free energy difference ∆𝐺 of binding a single monomer in the two types of assemblies [Eq. ( 1)]:

∆𝐺(𝑒𝑒) = 𝐺 '()' (𝑒𝑒) -𝐺 +,-(𝑒𝑒) (1) 
We decompose each of these free energies into two contributions: the part that is due to stereochemical defects and the part that is insensitive to them, i.e. that does not depend on ee [Eq. ( 2)]: 𝐺 '()' (𝑒𝑒) = 𝐺 '()' ./0/123 (𝑒𝑒) -𝐺 '()'
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the first contribution can be expressed as [Eq. ( 3)]: [START_REF] Van Gestel | [END_REF]65] 𝐺 '()' ./0/12 (𝑒𝑒) = ℎ '()' (𝑒𝑒) • 𝐻𝑅𝑃 '()' + 𝑚 '()' (𝑒𝑒) • 𝑀𝑀𝑃 '()' (3) where 𝐻𝑅𝑃 '()' (resp. 𝑀𝑀𝑃 '()' ) is the penalty for a helix reversal (resp. for a mismatch) in the high temperature supramolecular polymer, and ℎ '()' and 𝑚 '()' are the associated fractions of defects. Similarly, [Eq. ( 4)]: 𝐺 +,-(𝑒𝑒) = 𝐺 +,- ./0/123 (𝑒𝑒) -𝐺 +,- 4

with [Eq. ( 5)]:

𝐺 +,- ./0/123 (𝑒𝑒) = ℎ +,-(𝑒𝑒) • 𝐻𝑅𝑃 +,-+ 𝑚 +,-(𝑒𝑒) • 𝑀𝑀𝑃 +,- (5) 
Therefore, [Eq. ( 6)]: ∆𝐺(𝑒𝑒) = ∆𝐺 ./0/123 (𝑒𝑒) -∆𝐺 4 (6) with [Eq. ( 7)]: ∆𝐺 ./0/123 (𝑒𝑒) = ℎ '()' (𝑒𝑒) • 𝐻𝑅𝑃 '()' + 𝑚 '()' (𝑒𝑒) • 𝑀𝑀𝑃 '()' -

ℎ +,-(𝑒𝑒) • 𝐻𝑅𝑃 +,--𝑚 +,-(𝑒𝑒) • 𝑀𝑀𝑃 +,- (7) 
Since the fraction of defects is directly fixed by the value of the associated penalty (through the Boltzmann distribution), we see that the influence of ee can be quantitatively described by the four energetic parameters: 𝐻𝑅𝑃 '()' , 𝑀𝑀𝑃 '()' , 𝐻𝑅𝑃 +,-and 𝑀𝑀𝑃 +,-.

We then consider the free energy difference between the scalemic and the enantiopure systems [Eq. ( 8)]: ∆∆𝐺(𝑒𝑒) = ∆𝐺(𝑒𝑒) -∆𝐺(0) = >ℎ '()' (𝑒𝑒) -ℎ '()' (0)? • 𝐻𝑅𝑃 '()' + >𝑚 '()' (𝑒𝑒) -𝑚 '()' ( 0

)? • 𝑀𝑀𝑃 '()' -[ℎ +,-(𝑒𝑒) -ℎ +,-(0)] • 𝐻𝑅𝑃 +,--[𝑚 +,-(𝑒𝑒) -𝑚 +,-(0)] • 𝑀𝑀𝑃 +,- (8) 
This free energy difference is directly related to the experimentally determined transition temperatures and can be calculated according to the supramolecular balance principle [Eq. ( 9)]: [36] [37] ∆∆𝐺(𝑒𝑒) = ∆𝐻 31B+/C(1 D𝑇 * * 31B+/C(1 -𝑇 * * GG H 𝑇 * * GG I

where both transition temperatures and the enthalpy have been measured (Fig. 4b andS3). Therefore, the energetic penalties are constrained by equation ( 10):

>ℎ '()' (𝑒𝑒) -ℎ '()' (0)? • 𝐻𝑅𝑃 '()' + >𝑚 '()' (𝑒𝑒) -𝑚 '()' (0)? • 𝑀𝑀𝑃 '()' -[ℎ +,-(𝑒𝑒) -ℎ +,-(0)] • 𝐻𝑅𝑃 +,--[𝑚 +,-(𝑒𝑒) - 𝑚 +,-(0)] • 𝑀𝑀𝑃 +,-= ∆𝐻 31B+/C(1 D𝑇 * * 31B+/C(1 -𝑇 * * GG H 𝑇 * * GG I ( 10 
)
Moreover, following the van Gestel model for majority-rules experiments, [START_REF] Van Gestel | [END_REF] the helix reversal and mismatch penalties can be determined from the variation of the net helicity as a function of ee. Therefore, we selected temperatures below and above the lowest and highest T** values, respectively, to ensure that a single supramolecular polymer is present and we measured the CD spectra of the scalemic supramolecular polymers, both for the single helix supramolecular polymer (at 80°C) and the double helix supramolecular polymer (at -10°C) (Fig. S4). The deduced net helicity at 233 nm is plotted in Fig. 5a (single helix) and Fig. 5b (double helix) as a function of the ee of the SS-Val / RR-Val mixture. These plots show that the extent of net helicity amplification is strong for double helices, for which the net helicity reaches 70% for mixtures only slightly biased from the racemic mixture (20% ee), while it is modest for single helices, for which net helicity varies nearly linearly versus ee. Fig. 5c shows the thermodynamic data of Fig. 4b that is replotted according to equation (9). Finally, we used the equations of the van Gestel model (applied both to the single and double helices) together with equation (10) to simultaneously fit the data. The best fit is represented on Figs. 5a to 5c and the values obtained for the energetic penalties are collected in Table 2. The extent of net helicity amplification is reflected in the values of the energetic parameters deduced from the fit: the double helix is characterized by both a higher HRP and a lower MMP than the single helix. Both features are known to be necessary for amplification. [START_REF] Van Gestel | [END_REF]66] In addition, the larger HRP value for the double helix is expected, since a helix reversal should be more unfavorable in a thicker, probably less flexible, supramolecular polymer.

Table 2. Energetic parameters for stereochemical defects in SS-Val / RR-Val mixtures, extracted from the fits (Fig. 5). With these energetic parameters in hand, it is now possible to address the initially unanswered question whether the higher transition temperature of the racemic mixture is due to the stabilization of the low temperature supramolecular polymer or to the destabilization of the high temperature supramolecular polymer. Fig. 6a and6c show the fraction of defects that are present at temperatures above or below the transition temperature and Fig. 6b and6d show the associated energetic penalties derived from equations ( 3) and (5). For each supramolecular polymer, mismatches are much more numerous than helix reversals (i.e. 𝑚 '()' > ℎ '()' and 𝑚 +,-> ℎ +,-), but their energetic weight are similar (Fig. 6b and6d) because of the much higher penalty for a helix reversal than for a mismatch (i.e. HRPhigh > MMPhigh and HRPlow > MMPlow). As expected, for both supramolecular polymers the racemic composition contains more stereochemical defects that the non-racemic one, however the high temperature supramolecular polymer is much more destabilized by this effect than the low temperature one, because the difference between 𝐺 '()' ./0/123 (Fig. 6b) and 𝐺 +,- ./0/123 (Fig. 6d) is more than twice larger for the heterochiral than for the homochiral supramolecular polymer). This implies that for heterochiral assemblies, the double helical structure predominates over the single helical one, while the opposite holds for homochiral assemblies. Subtle energetic differences governing the stability of the two competing helical structures thus translate into a major change of the macroscopic properties of solutions of racemic versus enantiopure monomers. 

Conclusions

Stereochemical defects are expected to destabilize a supramolecular polymer formed by a racemic mixture of monomers, compared to the enantiopure supramolecular polymer. However, when the monomers can assemble into two competing supramolecular polymers, the situation can be more complex. SS-Val self-assembles into two distinct supramolecular polymers; and the supramolecular polymer that is stable at low temperature is more viscous than the one stable at high temperature. When RR-Val is introduced in the system, it creates stereochemical defects that destabilize both supramolecular polymers. However, it is not possible, a priori, to predict how the relative stability of the two supramolecular polymers should evolve. The general thermodynamic model that we propose allows to rationalize this behavior based on four energetic penalties (for chiral mismatches and for helix reversals associated to both polymers). In the present experimental system, the high temperature supramolecular polymer is much more affected by stereochemical defects than the low temperature one, so that the relative stability of the low temperature supramolecular polymer is increased: its range of stability is increased by ca. 70°C. Consequently, at room temperature, the high temperature (low viscosity) supramolecular polymer is dominant in the case of SS-Val, but the low temperature (high viscosity) supramolecular polymer wins over in the case of the racemic mixture of monomers. This rationale should help understand the influence of chirality on the macroscopic properties of the increasing number of competing supramolecular chiral nanostructures reported in the literature. 
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 1 Figure 1. Structure of bis-ureas and photograph of their solutions at 10 mM (ca 6 g/L) in toluene (see also video as supplementary material).

  nL (Å -1 ) n[d] rac 2 -Val[a] 

  [b] Measured by nDSC. [c] Measured by CD. [d] Number of bis-urea molecules in the cross-section, assuming a repeat distance of 4.6 Å.
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 2 Val = SS-Val + RR-Val + RS-Val + SR-Val

Figure 3 .

 3 Figure 3. CD (a) and UV (b) spectra of SS-Val measured at various temperatures in MCH (1 mM).

Figure 4 .

 4 Figure 4. (a) CD intensity at 233 nm versus temperature for SS-Val / RR-Val mixtures of various ee (100% ee corresponds to SS-Val). Conditions: 1 mM in MCH. The dashed vertical lines materialize the temperatures selected for net helicity measurements (Fig. 5). (b) Transition temperature derived from CD (a) or from FTIR (Figure S1) or nDSC (Figure S3) measurements.

4 Figure 5 .

 45 Figure 5. Majority rules experiments for SS-Val / RR-Val mixtures. (a) Net helicity of the high temperature supramolecular polymer (measured at 80°C). (b) Net helicity of the low temperature supramolecular polymer (measured at -10°C). Conditions: 1 mM in MCH, l = 233 nm. The CD spectra are shown in Fig. S4. (c) Relative stability of two supramolecular polymers. Continuous lines represent the fits with the parameters shown in Table2.

Figure 6 .

 6 Figure 6. Fraction of defects (at 80°C (a) and at -10°C (c)) and their energetic contribution (at 80°C (b) and at -10°C (d)) (calculated according to equations (3) and (5)), as a function of the enantiomeric excess of SS-Val / RR-Val mixtures.
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 2 Subtle energetic differences (chiral mismatches and helix reversals) govern the stability of two competing helical structures and translate into a major change of the macroscopic properties of solutions of racemic versus enantiopure monomers. = SS-Val + RR-Val + RS-Val + SR-Val Val = SS-Val + RR-Val + RS-Val + SR-Val viscous! fluid
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