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The impact of light-matter strong coupling on chemical kinetics and chemoselectivity, transport, [22][23][24][25][26] work-function, [27] non-linear optics [28,29] and magnetism [30] has opened a new dimension for tuning material properties. In such studies, molecules are placed in the confined resonant electromagnetic field of a cavity or a surface plasmon mode. Under the right conditions, hybrid light-matter states are formed, causing changes in properties. This occurs even in the dark due to the involvement of the zero-point energy fluctuations of the material and optical transitions. In the last several years, it has been shown that coupling vibrational modes in this way has a pronounced effect on chemistry and molecular properties [3,[5][6][7][8][9][10][11][12][13][14][15][START_REF] Li | Proc. Natl. Acad. Sci[END_REF][START_REF] Li | [END_REF]20] . In this vibrational strong coupling regime (VSC), vibro-polaritonic states (VP+, VP-) are formed, separated by the so-called Rabi splitting energy (ħΩR) (Figure 1a). In typical experiments, a large number N of molecules are coupled by VSC to a single optical mode which leads to the formation of N-1 dark states (DS) which are, together with VP+ and VP-, delocalized over many molecules. Note that the DS are not necessarily centered between VP+ and VP-. [31] If a solute and a solvent have vibrational modes at the same frequency, it is possible to couple the solute via the solvent to achieve VSC. This process, cooperative coupling, [6,7,21,30] is used in this study of supramolecular assembly. Supramolecular systems are dominated by non-covalent intermolecular interactions such as hydrogen bonding, dispersive forces, electrostatic, hydrophobic and π-π interactions. [32- 35] Therefore solvent molecules play a key role in determining stability, thermodynamics and kinetics of self-assembly of molecules through different stages of aggregation. [36] Dynamics and morphology of supramolecular assembly can also be modulated and regulated via external stimuli such as heat, [37] light, [38][39][40] sound, [41] mechanical force, [START_REF] Guo | Proc. Natl. Acad. Sci[END_REF] chemical, electrochemical and magnetic effects [START_REF] Cui | [END_REF]44] and localized surface plasmons. [45] Self-assembly is critical for applications such as sensing, tissue engineering, and drug delivery.

Recently Hirai et al reported that VSC of the solvent could drive selective crystallization of metal-organic frameworks (MOFs), suggesting that VSC can alter molecular organization. [20] Here we demonstrate that VSC modifies supramolecular assembly and its dynamics. We study the gelation of rigid-rod conjugated polymers under strong coupling. For years, these polymers have been of great interest for sensor and OLED applications due to their opto-electronic properties such as luminescence and efficient charge transfer because of the extended conjugation between the triple bonds and the adjacent phenyl groups. [46][47][48][49][50][51] For the purpose of our study, we selected dinonanyloxy-substituted poly(paraphenyleneethynylene) (PPE, inset of Figure 1c). The gelation behavior of PPEs with alkyl-or alkoxy-side-chains has been well investigated. [52,53] Concentrated solutions of PPEs form onedimensional nanowires growing into a fibrous network via thermal saturation. [54] In its gelform, PPEs exhibit lamellar packing which is responsible for the appearance of a well-resolved planarization band in the absorption spectra. [55][56][57][58] In general, both the absorption and the fluorescence spectra of PPEs are sensitive to molecular packing.

To study the effects of VSC on the supramolecular organization of PPE, microfluidic tunable optical Fabry-Perot (FP) cavities were used. The FP cavity (Figure 1b) consists of two parallel mirrors which were fabricated by sputtering 10 nm of Au on CaF2 substrates and protecting them with 100 nm thick layer of spin-coated polyvinyl alcohol (PVA). The two mirrors were separated by a 10 m thick Mylar spacer and assembled into a microfluidic cell.

The spacing between the two mirrors is finely tuned with four screws holding the microfluidic cell together (see url: https://seafile.unistra.fr/d/7bb78e5a4607424f94b5/) to couple the desired vibrational mode of the solvent o-dichlorobenzene (dcb) in which PPE is dissolved. Figure 1c shows the vibrational spectra of PPE and dcb and due to the low concentration of PPE in dcb, the FTIR transmission spectrum of the solution is dominated by that of solvent (Figure 1d). To achieve strong coupling of PPE, cooperative VSC at 1460 cm -1 is used, where the aromatic C=C stretching mode of both PPE and dcb overlap. As seen in Figure 1d, strong coupling was achieved with the 7 th optical mode of the FP cavity. The Rabi splitting (ℏ𝛀R, 62 cm -1 ) is larger than the FWHM of the optical (24 cm -1 ) and vibrational modes (PPE and dcb: 19 and 29 cm -1 ). Note that the solvent vibrational mode at 1435 cm -1 in the vicinity of the coupled band splits the VP-peak, nevertheless as we will see further down, it does not induce any change in the supramolecular assembly. For control experiments, we prepared cavities without Au mirrors ("non-cavity") by only spin-coating PVA on CaF2 windows. We also repeated the same experiment in the FP cavity that is detuned from the vibrational mode ("OFFresonance" cavities), as an additional reference.

Figures 2 a-c show the progression of supramolecular self-assembly followed with a Shimadzu spectrophotometer in the visible spectrum at 24 °C in non-, OFF-and ON-resonance cavities. In non-and OFF-resonance cavities, the results are identical with the appearance of a sharp maximum at 478 nm corresponding to band of the planarization (planar assembly of the PPE), as well as a slight decrease in the band at 440 nm in agreement with the literature. [54- 58] Spectral evolution under ON-resonance is completely different with a red-shifted isobestic point suggesting a new type of assembly. The band at 478 nm is less pronounced and the 440 nm band is red-shifted and broader. The self-assembly rate constant increases by ca. 20% under cooperative VSC (see Table 1).

Figures 2 d-f show the final absorption and fluorescence spectra of the assemblies. The latter are again very different for the supramolecular assembly under cooperative VSC. Finally, VSC of other vibrational bands of the solvent such as the ones at 1127 cm -1 (C-H deformation mode) and 1435 cm -1 (asymmetric aromatic C=C stretching mode) modify the kinetics as summarized in Table 1. While the absorption spectra of the final assembly are very similar to the non-cavity case, there is a small 4 nm shift in the isobestic points (Figures S3 andS4) indicating some change in the organization at the molecular scale. It should be recalled that in these cases, only the solvent is coupled.

To verify whether the supramolecular organization is modified under cooperative VSC, the resulting assemblies were characterized by scanning and transmission electron microscopies (SEM and TEM). The different cavities were opened after the evaporation of solvent and CaF2 substrates were directly studied first by SEM. The deformation of CaF2 windows under tuning restricts the ON-resonance region to the tuned central area of the cavity.

When analyzing this area, the SEM images of material in non-cavity and ON-resonance cavity show a significant difference in the structure of the supramolecular organization (Figures 3 a andd). A fibrous network is seen for both non-and OFF-resonance cavities which is typical of PPE self-assembled structures. In contrast, for the ON-resonance condition, the PPE formed large flakes as seen in Figure 3d. To further understand the packing structures on a smaller scale, PPE self-assembled material was transferred to a TEM grid and imaged. Figures 3 b andc reveal the ordered lamellar packing of the PPE fibers in agreement with the literature. [55,58] For ON-resonance cavity on the other hand, the flakes are completely amorphous as seen in Figure 3e andf. In Table 1, it is clear that while cooperative VSC perturbs both the kinetics and the morphology of the PPE supramolecular assembly, coupling of the solvent alone just leads to kinetic changes. In order to gain further insight into the factors influencing these results, the PPE assembly was studied in a deuterated solvent, 1,2-dichlorobenzene-D4. While cooperative coupling is not possible in this case because none of the vibrations of this deuterated solvent match that of PPE, the spectral changes in a non-cavity (deuterated) are very similar to the ONresonance under cooperative VSC (Figure 2c, non-deuterated) with the appearance of flakes as shown in Figure 4. Under VSC of the deuterated solvent, nothing changed in morphology and spectra with respect to the non-cavity of the same solvent as summarized in Table 1 and shown in Figure S5. These differences between the isotope effect and VSC shows that the effects of VSC is not just due to changes in the vibrational frequencies of the coupled mode. Furthermore, there is no evidence of kinetically trapped states, as can be seen in Table 1, unlike other studies. As known from quantum electrodynamics, universal vacuum electromagnetic field fluctuations occur everywhere and play an important role in van der Waals dispersive forces. [61] Therefore it is perhaps not surprising that the supramolecular interactions are modified under strong coupling with the vacuum field. Changes in solvent polarizability, polarity and dynamics under strong coupling may be at play. [18,19] After all, solvent polarity plays a role in determining the degree of aggregation as it affects the solubility of molecules. [59,62] In addition, solvent coupling has been found to have a pronounced impact on enzymatic activity [3][4][5][6] and to modify the polymorphism of metal-organic frameworks. [20] Together with the present results, it points to the fact that solvent properties and solvation can be altered by VSC.

The modification of supramolecular organization under VSC is a powerful example of the potential of strong coupling to control molecular processes. Once the complex effect of
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 1 Figure 1. a) Schematic representation of cooperative strong coupling between molecular vibration and
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 2 Figure 2. Absorption spectra showing the evolution of self-assembly in a) non-cavity, b) OFF-
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 3 Figure 3. SEM and TEM images of PPE rigid polymer forming fibrous network in non-cavity (a-c) and
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 4 Figure 4. a) Absorption spectra showing the evolution of self-assembly of PPE in D4-dcb in non-cavity.

  

Table 1 :

 1 Morphology and rate constants of the PPE supramolecular assembly.

	Experiment	Vibrational mode	Rabi splitting	Morphology Rate constant
		(cm -1 )	(ℏ𝛀R, cm -1 )		(10 -3 sec -1 )
			PPE/dcb		
	Non-cavity			Fibers	6.2 ± 0.19
	OFF-resonance			Fibers	6.3 ± 0.25
	Coop. ON-resonance §	1460	62	Flakes	7.4 ± 0.07
	ON-resonance †	1435	40	Fibers	8.1 ± 0.21
	ON-resonance †	1127	46	Fibers	1.8 ± 0.02
			PPE/D4-dcb		
	Non-cavity			Flakes	3.4 ± 0.03
	ON-resonance †	1345	64	Flakes	*
	§= ON-resonance cavity experiment under cooperative VSC of solvent and solute; † = ON-
	resonance cavity experiments with VSC of only solvent. * = no simple kinetic rate could be
	extracted.				

VSC on solvents and intermolecular interactions are better understood, its full potential for supramolecular organization will be unlocked and become a new tool box. The authors declare no competing financial interest.