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General introduction and thesis outline 
 

 

1. Global warming promoting the emergence of batteries 

 

Global warming turns out to be the major self-induced challenge the humanity must cope with 

during the 21st century. It is mainly caused by CO2 emissions that represent 75% of global greenhouse 

gas (GHG) emissions (Figure 1.a.b). The IPCC report1, that was published on August 9th, 2021, 

dramatically emphasizes the influence of human activities on the global temperature rise and 

subsequent devastating environmental changes that have been observed during the past decades. 

The situation has gotten so critical that some world policies are being launched, as witnessed by the 

Paris Agreement2 that was adopted by 196 parties on December 12th, 2015. The different scenarios 

envisioned show that a strong reduction of GHG emissions is necessary to maintain a “reasonable” 

global surface temperature rise to 1.5°C by the end of the century (Figure 1.c, scenarios 4 & 5). 

 

 

 

Figure 1: Assessed contributions to global warming: a human-induced phenomenon, adapted from ref1. 

Observations were made between 2010 and 2019. a) Observed increase in the global surface temperature. b) Details of 

the contributions to global warming. c) Projections for the five emissions scenarios of the global surface temperature 

changes in °C described by the IPCC. Historical values are included in the graph to provide context for the projected future 

changes. 
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Therefore, great efforts must be pursued to decarbonate our economy. In this sense, the energy 

sector currently undergoes a significant mutation with (i) the integration of renewables in the energy 

supply, -they are intrinsically intermittent energy sources-, (ii) the improvement of efficiency and the 

reduction of energy consumption of our energy systems, (iii) the electrification of our transport 

facilities and (iv) the development of carbon capture, storage and utilization technologies. The French 

Environmental and Energy Management Agency (ADEME), has foreseen such a transformation of our 

methods of energy production to almost halve the French global energy demand, by 2050 (-47%)3.  

 

To achieve these sustainability objectives, energy-storage devices, especially rechargeable batteries, 

have become crucial actors. In its basic configuration, a battery is an electrochemical cell composed 

of one positive (cathode) and one negative (anode) electrodes, separated by an ion-containing 

electrolyte solution. Electrodes are connected to an electrical circuit that allows the electrons flow 

while the ions flow is only possible through the electrolyte. Simultaneous electrochemical reactions 

occur at the two electrodes, leading to the charge (energy storage) and the discharge of the battery 

(energy delivering), depending on the electrons flow direction (Figure 2.a). The kinetics and 

reversibility of these electrochemical processes are intimately linked to the rate capability and 

cyclability respectively. The cell voltage (V) is defined as the potential difference between the two 

electrodes while the extent of the reaction determines the cell capacity (Ah). The energy (Wh) stored 

by the battery is calculated as the product of the cell voltage and the cell capacity (Ah). 

 

Several requirements are desired in a good rechargeable battery: high gravimetric and volumetric 

energy densities (Wh.kg-1 & Wh.L-1), low cost, long cycle lifetime, high energy efficiency and high-

power density (W.kg-1) which is correlated to rate capability. Consequently, in the past decades, 

scientists have mainly worked to increase energy densities by developing extreme voltages electrode 

materials or switching to other chemistries inducing higher intrinsic capacities.  
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Figure 2: Overview of Li-based batteries. a) Working principle of a rechargeable Li-based battery during charge. The 

movements of Li+ and e- are inversed during discharge. b) Roadmap of the different rechargeable battery technologies in 

terms of volumetric (Wh.L-1) and gravimetric (Wh.kg-1) energy densities, highlighting the Li-based technologies envisioned 

in this thesis : Li-S (yellow) and Si anode (blue). Figure adapted from ref4 and PhD thesis from Gaurav Assat, 2018. 

 

Because of their improved energy densities, high efficiency, and cost-competitiveness, Li-ion 

batteries have ousted their predecessors (Pb-acid, Ni-Cd and Ni-MH) and stand out as the key 

technology (< $100/kWh) (Figure 2.b). They are ubiquitous in consumer electronics and are currently 

deployed for the massive development of electric vehicles encouraged by the government’s policies. 

They are also being considered for larger scale grid-applications and stationary storage. The massive 

research in material science coupled with engineering efforts, which have led to the growth of 

manufacturing volumes of Li-ion batteries, allow us to expect an optimistic future for the next-

generation batteries that are classified into two categories: advanced Li-ion and post Lithium-ion 

technologies5.  

 

Advanced Li-ion consists in innovation in material (anode, cathode) and electrolyte chemistry, 

electrode design, cell geometry to improve today Li-ion batteries performances while post Li-ion 

technology refers to other battery chemistries such as lithium-sulfur (Li-S), lithium-air or sodium-ion 

batteries. This thesis deals with both Li-S battery (post-Li-ion technology) and the development of 

silicon (Si) anode for advanced Li-ion battery, which suffer from inherent failure mechanisms that are 

preventing them to reach the commercialisation (Figure 2.b). The originality of our approach lies on 

the use of supramolecular chemistry to address these issues. 
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2. Supramolecular prospects to improve battery cycling life 

 

In the context of sustainability, the rising challenge of this new decade is to reduce the carbon 

footprint of batteries, in addition to improve energy densities. The large-scale and long-term 

European initiative BATTERY 2030+, which has been launched to develop a neutral chemistry 

approach, is entirely dedicated to this problematic6. One of the main pillars of this program is to 

enhance the cycling life and reliability of batteries, resulting in a lower environmental impact. To do 

so, smart functionalities, sensing and self-healing, are integrated in batteries. 

 

A large research work is carried out to monitor the batteries cycling life in real time from the inside7. 

Very sensitive sensing tools have been integrated in batteries to detect the degradation mechanisms 

responsible for their premature end of life. As illustrated in Figure 3, these failures are intimately 

associated to the loss of interactions between the electrode components during cycling. They are 

mostly correlated to some structural changes at the components level (pulverization, micro-

cracking), some morphology changes (Li dendrites growth) or some electrode/electrolyte interfacial 

reactivities, such as the uncontrolled formation of passivating layers (solid electrolyte interphase, SEI) 

or dissolution processes (chemical cross-talks, red-ox shuttle). 

 

 

 

Figure 3: Overview of the degradation mechanisms occurring in Li-based batteries. 
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Once the diagnostic of these degradation mechanisms is completed, some curing strategies need to 

be developed to repair the damages, hence extending the batteries lifetime. Notably, life sciences 

have inspired the development of batteries embedded with some self-healing functionalities. Thus, 

a unique opportunity is offered for supramolecular chemistry to design adaptive systems that can 

respond to the local structure changes and restore the battery components configuration.  

 

Supramolecular chemistry deals with spontaneous reversible non-covalent interactions, including 

hydrogen bonding, Van der Waals forces, π- π stacking, ion-ion, ion-dipole, hydrophobic and host-

guest interactions. Such supramolecular interactions play a fundamental role in biological systems to 

preserve their integrity or ensure their functions. For instance, the double helix structure of DNA, the 

reaction antigen-antibody or the ribosome’s translation of DNA information can be realized by the 

means of these non-covalent interactions. Equipping battery components with smart supramolecular 

materials enables self-healing functionalities and addresses the challenge to develop more 

sustainable batteries with longer cycle life. 

 

3. Thesis outline 

 

This thesis aims to contribute to the improvement of Li-based batteries performances by using the 

knowledge of supramolecular chemistry. More specifically, the focus is made on cyclodextrins (CDs) 

which are bio-sourced cage molecules that can give reversible supramolecular host-guest 

interactions with a large variety of molecules. Inspired from the nature processes, we target the 

underlying origins of capacity fading of two different high-energy density electrode materials, 

namely the sulfur (S) cathode and the silicon (Si) anode, using CD as a “swiss army knife”. 

 

This thesis is structured in the following four chapters: 

 

Chapter I begins with a brief introduction of the CD host-guest supramolecular chemistry. The large 

panel of smart architectures made of CDs is then described to underline the promising properties 

such materials can offer to the battery field. Finally, this chapter provides a review of the recent works 

in which the CD host-guest interaction has been successfully exploited to enhance Li-based batteries 

performances. 
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Chapter II addresses the main issue from which lithium-sulfur (Li-S) batteries suffer : the so-called 

“polysulfide red-ox shuttle” associated to the undesirable dissolution of active red-ox intermediates 

(lithium polysulfides) in the electrolyte. The demonstration of the host-guest interaction between 

polysulfides and CDs outlines a novel chemical approach to trap polysulfides. It also allowed the 

successful discrimination of polysulfides with a single sulfur atom resolution by nanopore, which is a 

characterization tool borrowed from biology, hence opening new ways for the design of new 

powerful batteries electrolytes sensors.  

 

Chapter III presents the synthesis and characterization of mechanically interlocked architectures 

prepared from CDs-based polyrotaxanes, consisting of the supramolecular assembly of CDs on a 

threading polymer. The sliding motion of CDs provides these architectures with enhanced 

mechanical properties. A systematic synthesis strategy is adopted to investigate structure-properties 

relationships, with the ultimate goal for these polymer networks to serve as Si anode binders. 

 

Chapter IV explores the electrochemical performances of the mechanically interlocked architectures 

disclosed in Chapter III, when used as Si anode binders. This investigation aims to unveil the origin 

of the performances’ improvement of this new class of binders compared to traditional binders. The 

influence of the structural parameters of such architectures on the cyclability of Si anodes is finally 

discussed. 

 

The general conclusion summarizes the main achievements of the thesis along with the remaining 

questions. We hope this work will help in a wider acceptance of considering supramolecular 

chemistry as a useful tool for the battery community. Some opening future directions for further 

studying the role that CDs can play to improve Li-based batteries performances are also presented. 

The thesis is then closed by my personal opinion about the exciting research that can be conducted 

at the interface of several different scientific fields.
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Chapter I: Prospects for cyclodextrins 

supramolecular chemistry in Li-based batteries 
 

Beyond traditional molecular chemistry that involves the formation of covalent bonds by the sharing 

of electron pairs between two atoms, supramolecular chemistry deals with weak, reversible non-

covalent interactions between molecules. In this thesis, cyclodextrins (CDs) are emerging as versatile 

supramolecular building blocks in the design of smart materials for batteries applications. Indeed, 

they are well-defined cyclic oligosaccharides which can form host-guest complexes with a large panel 

of compounds, from small molecules to polymers. The CD-based host-guest inclusion complexation 

and the different classes of adaptive materials made of CDs are presented next, followed by a brief 

overview of the already successful utilisations of CD supramolecular chemistry in enhancing Li-based 

batteries performances. 
 

1. Cyclodextrin host-guest supramolecular chemistry 

 

a. Structure and properties of cyclodextrins (CDs) 

 

Cyclodextrins (CDs) are cyclic oligosaccharides naturally occurring from enzymatic starch 

degradation. They are non-toxic and biodegradable. Three main types of CDs have been isolated so 

far : α-CD is composed of six glucopyranose units in chair conformation, linked by α-1,4 glycosidic 

bonds, whereas β-CD and γ-CD consist of seven and eight units respectively (Figure I.1.a.). They can 

adopt a truncated cone shape with a 7.9 Å depth cavity. The secondary hydroxyl groups are 

orientated towards the wide rim of the cone (secondary face) and the narrow rim (primary face) is 

decorated with the primary alcohols, hence making them soluble in water. The interior of the cavity 

is lined with glycosidic oxygens and rows of CH groups coming from C3 and C5, which provide some 

non-polar and rather hydrophobic properties. α-CD, β-CD and γ-CD differ from the diameters of 

their primary and secondary faces: 4.7 Å and 5.3 Å for α-CD, 6.0 Å and 6.5 Å for β-CD and 7.5 Å and 

8.3 Å for γ-CD8 (Figure I.1.a.) Moreover, they exhibit disparate solubilities in water that are often 

correlated to the presence of intramolecular hydrogen bonds between primary alcohols (sα = 145 

g.L-1, sβ = 18.5 and sγ = 232 g.L-1)9. 
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The possession of this cavity makes CDs attractive since they can form host-guest inclusion complexes 

with a large panel of rather hydrophobic guest molecules (Figure I.1.b.). Since their discovery by 

Villiers in 1891, this molecular recognition property has raised intensive research and CDs-based 

materials have been successfully developed for many emerging applications such as drug delivery, 

tissue engineering, diagnostics and therapies, smart coatings, foods, cosmetic, textile, or pollutant 

removal to cite only a few9,10. For these applications, the major advantage lies in the water 

solubilization of rather hydrophobic guest molecules by the means of CD complexation. 
 

 
 

Figure I.1: Cyclodextrins. a) Representations of α-, β-, and γ-CDs, with the indication of the nomenclature used to identify 

the different protons and carbons of the glucopyranose units. b) CD host-guest complexation equilibrium. 

 

The inclusion complex forms through a reversible elementary reaction involving two partners, the 

guest molecule and the host molecule (here CD). The most commonly reported stoichiometric ratio 

is 1:1. Although the complex formation is spontaneous (𝛥𝐺<0), inclusion complexes easily dissociate 

under mild conditions (dilution or temperature rise) because of the reversible nature of the 

supramolecular interactions that hold the structure. Thus, the stability of a complex is expressed 

through its association or binding constant 𝐾𝑎, (𝛥𝐺 = −𝑅𝑇𝑙𝑛𝐾𝑎 =  𝛥𝐻 − 𝑇𝛥𝑆). A wide number of 

analytical methods are available for the characterization of inclusion complexes in solution: 

spectroscopic, chromatographic or calorimetric methods are the more generally used11,12. 
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We will succinctly review the supramolecular interactions that participate in the CD host-guest 

interaction8,13. In aqueous medium, the encapsulation of a guest molecule by the CD cavity is mainly 

supported by hydrophobic effect. Indeed, the inclusion complex formation is favoured by the poor 

interactions existing between water molecules and both, the CD cavity and the surface of the guest 

molecule. The expulsion of water molecules from the cavity constitutes the main complexation 

driving force that is correlated to an exothermic contribution (𝛥𝐻). The self-reorganization of these 

released molecules through H-bonding mainly composes the entropy contribution (𝛥𝑆). Van der 

Waals interactions also participate by stabilizing the complex and they can even monitor the 

orientation of the guest molecule. Additionally, size- and shape-matching between host and guest 

play a role in the binding strength. Finally, hydrogen bonding with the CD hydroxyl groups implies 

a greater complexation strength for guest molecules embedded with H-bonds donor or acceptor 

groups. So in short, we must remember that the complexation strength depends on the 

complementary between CD and the guest molecule (nature, size, conformation) as well as on the 

environment (solvent, temperature, pH).  

 

The host-guest interaction of CD offers great opportunity to realize “macroscopic molecular 

recognition”. Indeed, CDs can participate in supramolecular assemblies involving macromolecular 

chains, either as supramolecular building blocks or via the functionalization of their hydroxyl groups. 

The resulting architectures provide design opportunities that are exposed in the following section. 

 

b. From molecular recognition to macroscopic molecular recognition 

 

The CD molecular recognition can be exploited to form (i) sequential, (ii) side chain or (iii) main chain 

complexes, hence categorising three main types of architectures14 (Figure I.2). This section is 

dedicated to the description of these different structures from the synthesis point of view. 

 

 

 

Figure I.2: Three types of macromolecular complexes based on CD host-guest interaction. 
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Sequential complexes  

Sequential complexation leads to the formation of supramolecular polymers (SMP) under equilibrium 

conditions. They are self-assembled macromolecules constituted of monomers that interact to each 

other through non-covalent reversible and directional interactions. Lehn et al first demonstrated this 

concept by introducing H-bonding self-assembled polymers15. CDs also appear as suitable 

monomers to synthesise SMP held by host-guest interactions, because they can be easily 

functionalized through their hydroxyl functions16,17. Different types of architectures can be obtained 

: ditopic monomers form linear or cyclic SMP (Figure I.3.a.), while multitopic monomers can reach 

ramified architectures (Figure I.3.b)18.  

 

 

Figure I.3: Examples of SMP obtained from CDs-based monomers. To designate the monomer, H and G stand for the 

CD host and the guest molecule moieties respectively. a) Linear SMP made of a (HG) ditopic monomer. b) Ramified 

architecture made of a (HHG) tritopic monomer. 

 

Despite the great variety of architectures that can be fabricated, the reversible nature of the host-

guest interaction leads to the poor stability of these dynamic systems either in temperature or in 

solution. Furthermore, the development of CDs-based SMP requires a sophisticated organic 

chemistry to selectively functionalize CD hydroxyl groups. Therefore, for practicability issues this 

thesis focuses on the side chain and main chain complexes that involve macromolecular chains of 

polymer, hence ensuring a better stability control. 

 

Side chain complexes 

The high reactivity of hydroxyl functions offers opportunities for CDs to be incorporated as pendent 

units of a desired polymer. Such architectures, called host-polymers, are obtained either by the 

polymerization of CD-based monomers or by the post-functionalisation of CDs on the polymer 

chain19 (Figure I.4.a.). On the one hand, CD-based monomers are commonly embedded with 

acrylamide functions to undergo a conventional radical polymerization20–27. On the other hand, 
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various conjugation chemistries can be used to react CD-based derivatives with side chains polymers: 

amidation28–32 and Huisgen-type cycloaddition involving alkyne-pendent polymers and azide 

modified CDs33–35 are the most prevalent synthetic routes. Other widespread host-polymer matrices 

are the commercialized hyperbranched CDs-polymers that are prepared from CDs cross-linked with 

epichlorohydrin36,37. Despite its easy implementation, the latter method falls short in controlling the 

architecture of the targeted network as well as the aforementioned strategies. 

 

 
 

Figure I.4: Side chain complexes of CDs. Synthetic routes of host-polymers as a) CD-pendent polymers b) hyperbranched 

CDs-polymer. c) Example of the most common guest moieties used in the design of guest-polymers with the indication of 

their Ka towards β-CD (from ref8). 

 

Simultaneously, some guest-polymers can be synthetised from adamantane28–30,35,36,38, azo-

benzene23,25,37,39–41, naphthalene20,21,31 or pyrene substituents21,22 to cite only a few molecules known 

for being complexed by CDs (Figure I.4.b). Thus, the cooperative binding of host- and guest polymers 

though numerous interaction points is promoted by the side chain molecular recognition process 

which is very related to the antigen-antibody complex or the secondary structure of DNA or proteins. 

It enables the formation of a myriad of easily-processable adaptive materials that display some 

attractive functions that will be overviewed subsequently.  

 

Main chain complexes 

CDs can also interact with polymer chain to form threaded molecular systems (Figure I.5.a.) as 

demonstrated by Harada et al through X-ray analysis and turbidity measurements42. The threading 

process of α-CDs on poly(ethylene oxide) (PEO) leads to pseudopolyrotaxane (PPR). The major 

driving force for forming these tubular architectures lies on the supramolecular interactions between 
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the inner surface of the CD ring and the polymer units (see 1.a.). Moreover, the structure is 

strengthened by the hydrogen bonding between the hydroxyl groups of neighbouring CDs which 

preferentially arrange through head-to-head and tail-to-tail modes43,44. 

 

A wide variety of PPR has been synthetized from linear polymers, the most common ones being 

poly(ethers), poly(esters), inorganic polymers or polyolefins18,45 (Figure I.5.b). The adequation of the 

size of the CDs cavities with the cross-section of the threading polymer is needed to achieve a high 

yield PPR formation. This is well illustrated by the work of Harada et al, showing that β-CDs produce 

complexes with poly(propylene glycol) (PPG) whereas no PPR could be isolated with PEO46. A similar 

conclusion was drawn for γ-CDs from which PPR could be obtained with poly(methyl vinyl ether) 

(PMVE), while negligible complexation occurs with PPG47. Interestingly, γ-CDs does not include 

spontaneously PEO, but they can accommodate two PEO chains resulting in a double-stranded PPR48.  

 

 
 

Figure I.5: Various synthetic routes of CDs-based PRs. a) Scheme of the two-step’s PR synthesis. b) Examples of 

threading polymers: poly(ethylene oxide) (PEO), poly(propylene glycol) (PPG), poly(methyl vinyl ether) (PMVE), poly(ε-

caprolactone) (Pε-CL), poly(alkylene adipate) (PEA), poly(dimethylsiloxane) (PDMS), poly(dimethylsilane) (PSi), oligoethylene 

(OE), poly(propylene) (PP), poly(isobutylene) (PIB). c) Examples of end-capping groups. 
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The poor stability of PPR in solution, mainly due to the nature of their constituting interactions, led 

researchers to synthetize polyrotaxanes (PR) via the attachment of bulky substituents at the end-

chains of the threading polymer (Figure I.5.c). The end-capping groups must be sufficiently large to 

prevent CDs from dethreading, hence ensuring a “molecular necklace” architecture for the PR. 

Different synthetic pathways have been developed with a particular attention paid to the kinetics 

because there is a competition between the end-capping reaction and the PPR dissociation. 

 

The first α-CD based PR reported was prepared through the nucleophilic aromatic substitution of 

dinitrofluorobenzene (DNFB) which reacts with the terminal amino groups of a pre-functionalized 

PEO under homogeneous conditions. Despite the undesirable secondary reaction which can occur 

between DNFB and α-CD hydroxyl groups, this route remains the most employed nowadays to 

synthetize α-CD based PR49. Other grafting approaches have been pursued by reacting PEO terminal 

amino groups with phenylalanine50–52, fluorescein derivatives53,54 or by introducing adamantane 

moieties to PEO end-chains pre-functionalized with amino55 or carboxylic acids groups56. Moreover, 

impressive yields have been obtained through the reaction of pre-tosylated end-chains of PEO with 

dimethylphenol57 or by the radical coupling reaction of terminal PEO methacrylate functions with 

pyrene moieties58. More recently, to overcome the dethreading phenomenon and achieve highly 

compact PR, some groups have taken advantage of isocyanate reactivity and have developed a 

solvent-free synthesis59 and a one-pot PR synthesis60 involving the grafting of a tritylphenyl and 1,3-

dimethyl benzene derivatives respectively. 

 

In addition to the various synthetic methods mentioned above, PRs can be precisely tailored using 

different types of CDs and any molecular weight for the threading polymer, by obtaining different 

PR ring coverage, ie the number of CDs threaded per polymer, by easily modifying the threaded CDs 

or synthesizing PR from block copolymers, brush, star or branched polymers45,61. The sliding of CDs 

along the polymer chain gives a dynamic feature, hence opening the feasibility of integrating these 

interlocked macromolecules into real systems. 
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c. Smart properties induced by CD macroscopic molecular recognition 

 

The dynamic nature of the CD host-guest interaction provides the above-described supramolecular 

materials with some smart attractive features. In the following section, we will report the most striking 

examples of CDs-based adaptive materials, stressing the role of the architecture design. The selective 

molecular recognition originating from the side chain complex approach has mainly been considered 

for self-healing and stimuli responsiveness. In contrast, main chain complexes are rather exploited to 

enhance mechanical properties or facilitate macromolecular recognition for biomaterials (Figure I.6). 

 

 
 

Figure I.6: Smart CDs-based adaptive materials categories. a) Self-healing through β-CD/adamantane cooperative host-

guest interaction, adapted from ref62. b) Red-ox responsive sol-gel switching through β-CD/ferrocene, adapted from ref63. 

c) Improved mechanical properties for slide-rings materials adapted from ref64. d) Multivalent binding molecular 

recognition, adapted from ref64. Yellow ligand indicates the successful ligand-receptor binding. 

 

Self-healing properties 

Self-healing is the ability that a material has to spontaneously repair the cracks or fractures. The 

repairing mechanism of CDs-based self-healing materials lies on the reversibility of host-guest 

interaction. Kakuta et al designed the first self-healable supramolecular hydrogel based on the 

selective β-CD/adamantane interaction, adopting the side chain complex approach (Figure I.6.a.). 

Furthermore, they compared two guest-hydrogels equipped with either adamantane or butyl groups 

and showed the self-healing efficiency is intimately linked to the host-guest binding strengths62. 

Many other self-healing CDs-based materials have arisen from this work and have been recently 

inventoried by Mohamadhoseini et al65. 

 

Later, Kobayashi et al coupled the side chain and the main chain complexes approaches to prepare 

a supramolecular gel relying on the spontaneous interaction of a β-CDs-pendent polymer with 
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adamantane moieties grafted on an α-CDs-based PR. The better healing rate of these gels was 

attributed to the enhanced flexibility originating from the sliding motion of α-CD on the polymer 

chain66.  

 

Stimuli-responsive properties 

The association and dissociation of host-guest complexes depend on the environmental conditions. 

Temperature, light or red-ox have been largely exploited to design stimuli-responsive materials. 

Ferrocene derivatives are used to embed the materials with red-ox responsiveness since the 

oxidation of ferrocene results in the dissociation of CD/ferrocene complex (Figure I.7.a.). Thus, some 

supramolecular sol-gel transition materials were fabricated from the side chain complex approach 

involving a β-CDs-pendent poly(acrylic acid) (PAA) (host-polymer) and PAA possessing ferrocene 

moieties (guest-polymer)63 (Figure I.6.b). 

 

 
 

Figure I.7: Stimuli-responsive CD complexation. a) Ferrocene red-ox, b) azobenzene light and c) adamantane 

temperature responsiveness towards CD complexation. 

 

Light also appears as an interesting stimulus since it can be precisely applied both temporally and 

spatially. Azobenzene derivatives, which are efficiently accommodated in CDs cavities, are often 

chosen for the design of light-responsive materials. Indeed, under UV irradiation, they exhibit a 

reversible isomerization from the trans to cis conformation, inducing the dissociation of the host-

guest complex. Visible light irradiation allows the conformation to go back from cis to trans and the 

re-complexation (Figure I.7.b). Therefore, sol-gel systems were successfully designed41,67 and the 
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different affinities of α-CD and β-CD towards the trans-azobenzene and cis-azobenzene were 

exploited to prepare of a photo-switchable gel assembly system (𝐾𝛼−𝑡𝑟𝑎𝑛𝑠 = 2000 >  𝐾𝛽−𝑡𝑟𝑎𝑛𝑠 =

770 𝑀−1 𝑣𝑠 𝐾𝛼−𝑐𝑖𝑠 = 35 >  𝐾𝛽−𝑐𝑖𝑠 = 280 𝑀−1)23. Moreover, systems containing α-CD/azobenzene68 

and β-CD/ferrocene25 host-guest interactions have shown promising results in realizing muscle-like 

movements as they can convert light or chemical red-ox stimuli respectively into mechanical energy 

(deformation, contraction, expansion). 

 

Finally, CDs inclusion complexes display reversible thermal properties (Figure I.7.c). Due to their 

negative association enthalpy, they dissociate when increasing the temperature and form again at 

lower temperature8. A clear example is the colour change, from transparent to purple, of a hydrogel 

based on the host-guest interaction of β-CD and phenolphthalein (purple) that can be triggered by 

thermal (80°C) or electric (Joule effect) stimuli69. Low temperatures can also be used to boost the 

complexation strength as emphasized in Zheng’s work70. At 5°C, benzyl gels self-assemble with α-, 

β- and γ-CDs gels whereas at ambient temperature, the macroscopic self-assembly only occurs for 

β-CDs gels, which is consistent with the binding constant values (𝐾β~ 102 𝑀−1 vs 𝐾α~101 𝑀−1). 

 

Mechanical properties 

Unusual degrees of freedom are ascribed to CDs that are constituting main chain PRs, such as 

rotating motions and sliding along the threading polymer. Inspired from the working principle of 

moving pulleys, PRs have been integrated in polymer networks to form slide-rings materials (Figure 

I.6.c). Owing to mobile interlocked cross-links, such polymer allows the stress dissipation in a 

cooperative manner inducing some impressive mechanical properties. The influence of this 

topological cross-linking is well-reported in the recent review of Hart et al, in terms of decline of 

Young’s modulus decline, greater strain at break and better strain recovery than conventional fixed 

cross-linked polymers64. These novel materials have been developed for many industrial applications 

from the scratch-resistant coatings, vibration-proof insulating materials71, to stimuli-responsive 

hydrogels72,73. A more detailed overview of the structure-properties relationship of these interlocked 

architectures is provided in the introduction of Chapter III. 

 

Molecular recognition for biomedical applications 

Eventually, the CD host-guest interaction has been exploited for biomedical applications owing to 

the hydrophilicity and biocompatibility of CDs. On the one hand, PRs have recently drawn particular 
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attention because they can be used as precursors for the synthesis of molecular tubes. Obtained by 

cross-linking adjacent CDs (mostly epichlorohydrin) and then cleaving the covalent bond between 

the threading polymer and the end-capping groups74,75, these molecular tubes exhibit some inclusion 

abilities76, which offer some great opportunity in the design of drug/gene delivery systems. On the 

other hand, the ring mobility (sliding and rotation) in PRs has also been used to enhance biological 

targeting of synthetic systems. Considering weak ligand-receptor interactions, biological ligands 

grafted on the threaded CDs achieve more efficient and adaptive multivalent interactions with the 

binding sites of their receptor proteins due to the mobility of CDs52,77,78 (Figure I.6.d). 

 

In conclusion, adaptive features result from the dynamic nature of the CD host-guest interaction. The 

research currently undergoes a turning point with the willingness to introduce these smart 

supramolecular systems into real applications. Clearly the biomedical field seems to be befitting but 

a significant attention has also been gained in the energy sector in the last decade, especially for 

electrochemical energy storage systems such as batteries. Indeed, equipping batteries components 

with smart CDs-based materials has already demonstrated some performances improvements while 

integrating into an eco-compatibility approach. The following part of this Chapter report and discuss 

the successful implementation of the CD host-guest interaction to enhance Li-based batteries 

performances. 

 

2. Cyclodextrin architectures enabling Li-based batteries improvements 

 

Recently, the increasing demand for higher performances batteries has led to the design of new 

functional organic polymers to improve the operation of existing materials or facilitate the 

development of next-generation batteries. Although most polymers are electrochemically inactive, 

they are ubiquitous in Li-based batteries either in liquid or solid state. They commonly operate as 

binders, separators, and solid electrolytes to provide mechanical stability, adhesion, and structural 

support to the devices79. In this context, CD supramolecular chemistry stands as an ideal engineering 

platform to introduce advanced functionalities to polymeric materials. To facilitate the 

understanding, we will briefly describe the role and structure of each aforementioned polymer-based 

battery component (Figure I.8). 
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Figure I.8: Summary of the organic polymers mainly used in the Li-based batteries design. The scheme shows the Li-

based battery charging mode (Li+ moving from the cathode to the anode). 

 

The basic role of a binder is to maintain the cohesion between the electrode components (ie, active 

material, conductive additive), while preserving a good adhesion to the current collector. Depending 

on the nature of the active material, different linear polymers have been used as conventional 

binders: poly(vinylidene fluoride) (PVDF), styrene butadiene rubber (SBR), poly(tetrafluoro ethylene) 

(PTFE), sodium carboxymethyl cellulose (CMC), poly(acrylic acid) (PAA), poly(vinyl alcohol) (PVA), or 

poly(ethylene oxide) (PEO).  

 

The simultaneous electrochemical reactions occurring at the battery electrodes induce an electrons 

flow in the external circuit and an ions flow through the electrolyte. In liquid-based batteries, the 

separator electrically isolates the two electrodes from each other, while allowing the ion conduction 

through its pores (~30-100 nm). Separators are generally made of poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP) or polyolefins such as poly(ethylene) (PE), poly(propylene) (PP).  

 

To enhance battery safety aspects, such as flammability of liquid electrolytes, some efforts have 

simultaneously been pursued to turn liquid Li-ion batteries into solid devices, implying the 

development of solid electrolytes. Polymers have been widely studied as solid polymer electrolytes 

(SPE), which consist of a polymer hosting dissolved Li-salts. Although PEO remains the most widely 

used, poly(propylene oxide) (PPO), poly(tetrahydrofuran) (PTHF), poly(ethylene carbonate) (PEC), 

poly(vinylene carbonate) (PVCa), perfluoropoly(ether) (PFPE) have also been utilized. 
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Interestingly, the CD host-guest interaction has been recently exploited to design new types of 

battery polymer-based components such as binders or customized electrolytes. Several desirable 

properties have been achieved such as (i) the tailoring of electrolytes (liquid or SPE) for advanced Li-

ion batteries, (ii) the design of efficient Si anode binders and (iii) the molecular recognition of 

parasitic soluble red-ox species, as the so-called polysulfides that cause undesirable effect in Li-S 

batteries performances. In the following sections, we discuss the benefits of the CD host-guest 

chemistry in the above-mentioned realizations. For reason of clarity, for each case, some battery 

context is provided to highlight the inherent drawback that is targeted via the implementation of 

CDs-based materials. 

 

a. Tailoring Li-ion batteries electrolytes 

 

The composition skeleton of Li-based electrolytes has not varied much since the first Li-ion cell was 

brought to the market in 1991 by Sony. Liquid electrolytes consist in a lithium (Li) salt that is 

solubilized in a mixture of organic solvents. Figure I.9 references the most generally used Li salts and 

carbonate and ether solvents. 

 

 

 

Figure I.9: Main composition of liquid electrolyte for Li-based battery (from ref80). LiTFSI and LiPF stands as lithium 

bis(trifluoromethanesulfonyl)imide and lithium hexafluorophosphate.6 
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Besides being stable over a wide range of potential ([0-4V]) and meeting the requirements of 

interfacial stability with both anode and cathode, the electrolytes key property is the ionic 

conductivity (𝜎). It quantifies how mobile the ions are (Li+ for Li-based batteries), for participating in 

the electrochemical reactions at the electrodes. The Li transference number (t+) evaluates the 

contribution of Li+ to the total electrolyte conductivity. For liquid electrolytes, numerous interwoven 

factors affect the ionic conductivity, such as the solvent dielectric permittivity εR (dissolution of salts), 

the viscosity η, the glass transition, melting and boiling temperatures (facilitating ion transport), as 

well as the interactions of both anions and solvent with Li+. For SPE, the empirical Vogel-Tammann-

Fulcher (VTF) model is often used to describe the ion transport, relying on the strong inter-relation 

between ionic conductivity and polymer chain motion81. In the context of this thesis, we have spotted 

two recent strategies benefiting from the CD host-guest interaction to design liquid of SPE 

electrolytes with enhanced Li transport properties. They are discussed hereafter. 

 

The first approach tackles organic liquid-based electrolytes containing LiTFSI. Taking advantage of 

the CD host-guest interaction at the molecular level, Jeschke et al reported a new concept of capture 

of the TFSI anion, to reach a close to 1 Li transport number (t+). The principle is simple : if TFSI anion 

is immobilized, the Li+ contribution to the total ionic conductivity is enhanced. Overwhelmed 

evidence of TFSI encapsulation by randomly methylated β-CD (RMβ-CD) was obtained in organic 

solvent. However, the anticipated decrease in TFSI ion mobility was not successfully achieved owing 

to dynamic guest exchange in RMβ-CD/TFSI complexation. Therefore, this promising concept calls 

for a more efficient trapping of TFSI in RMβ-CD. According to the authors, both the chemical 

modification and the grafting of the host molecule on immobilized components of the batteries (such 

as separator) can be envisioned82.  

 

The second strategy is part of the overall challenge facing SPES about finding the right balance 

between mechanical strength and ionic conductivity to enable the resulting solid-state polymer 

batteries at ambient temperature. A new class of SPEs prepared from CDs-based PPRs83 or PRs84 

mixed with LiTFSI has been recently introduced by Winter’s group. The main interest of considering 

these mechanically interlocked architectures lies on the numerous tailored structures that can be 

synthetized varying the CD cavity dimensions (α-, β- to γ-CD) or the polymer backbone (nature, 

molecular weight) and functionalizing the threaded CDs (Figure I.10).  
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Figure I.10: Polyrotaxanes as the new platform for tailored solid polymer electrolyte, adapted from ref83,84. 

 

First, the ionic conductivity of the most widely used SPE (~10-6 S.cm-1 for PEO+LiTFSI at RT) was 

compared to the ones of (PPR+LiTFSI) SPE, that were obtained by a one-pot self-assembly process83. 

Although they are not competitive, they interestingly rise with the ring size of CDs 

(𝜎𝛼~10−10;  𝜎β~10−8 & 𝜎γ~10−6 𝑆. 𝑐𝑚−1 at RT). The authors attributed this finding to steric effect 

induced by the different diameters of CDs. We also assume that the different PR ring coverages may 

play a role in the resulting flexibility of the threading polymer. Next, PPRs were methylated to prevent 

H-bonding between neighbouring CDs to enhance flexibility. These modified PPR-based electrolyte 

exhibit the same trend in terms of ring size : they get more conductive (× 101.5) and the Li transport 

number (Li+) becomes three times higher than (PEO+LiTFSI) SPE83. An alternative modification route 

was carried out to simultaneously achieve PEO end-capping and graft poly(ε-caprolactone) flexible 

side chains on γ-CDs85. The corresponding PR-based SPE exhibits some impressive ionic 

conductivities (𝜎~10−4 𝑆. 𝑐𝑚−1) as well as enables great cycling performances at 40°C while 

(PEO+LiTFSI) cannot be cycled at such temperature84. 

 

In conclusion, both approaches have brought into the scene original concepts to tailor Li-based 

battery polymer or liquid electrolyte, by taking advantage of the CD-based supramolecular chemistry. 

However, real performances benefits are still awaiting to be proved. Indeed, the first example raises 

the question of the dynamic nature of the CD host-guest interaction equilibrium that complicates any 

efficient trapping strategy in bulk solution. Turning to the second, PPR and PR have been used as 
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highly flexible scaffold macromolecules to achieve tailored hyperbranched architectures by 

modifying the threaded CDs. It remains to determine if the channel-type architecture combined with 

the CD sliding motion have an influence on the electrolyte properties. An earlier study suggested 

that tubular structures may provide directional pathways for Li+ fast transport86, while preventing the 

access of anions by size exclusion. Molecular dynamics simulations confirmed the latter assumption 

but showed that Li+ were mostly distributed outside the channels 83,84.  

 

b. Designing Si anode binders 

 

Si stands among the most promising candidate for advanced Li-ion batteries anode materials, owing 

to its theoretical capacity of 3600 mAh.g-1, which is almost ten times higher than the commercialized 

graphite anodes (372 mAh.g-1). The interest in Si also stems from its abundance in nature, its low 

cost and low discharge voltage (< 0.5 V vs Li+/Li). However, during the electrochemical alloying 

processes of lithiation (charge) and delithiation (discharge), Si experiences colossal volume 

fluctuations (~300%) leading to the electrode structural collapse. Si electrode undergoes cracking 

and pulverization which contribute to its delamination and thus the electrical isolation of some Si 

domains. Moreover, a critical issue is the stability of the solid electrolyte interface (SEI), which is the 

layer composed of electrolyte reduction products, that forms at the electrode-electrolyte interface87. 

This layer constantly grows as some fresh Si surfaces are created (Figure I.11). Unsurprisingly, these 

main degradation mechanisms result in poor cycling performances of Si anodes88–91, hence the 

colossal amount of studies devoted to improving Si electrode cyclability87,92,93. 

 

 

 

Figure I.11: Illustration of the desired working principle of a Si anode binder. 
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In this thesis, we focus here on the design of Si anode binders that can maintain the electrode 

structure and accommodate the mechanical stress along cycling94–96. Up to now, the most widely 

implemented Si anode binders are synthetic and bio-derived polymers containing carboxyl and 

hydroxyl groups, such as poly(acrylic acid) (PAA)97, sodium alginate98 and sodium 

carboxymethylcellulose (CMC)99 (Figure I.11). Their spontaneous interactions with the Si surface (Si-

OH) through hydrogen bonding can reform if locally broken under stress, hence leading to self-

healing effect. Other parameters such as polymers architectures, the type of cross-links (covalent, 

non-covalent) as well as the mechanical properties are known to play a role in the performances of 

Si anode binders. They will be discussed in detail in the introduction of Chapter III. 

 

The chemical similarities between CD, PAA, CMC, alginate make it not farfetched to envision CDs-

based binders (Figure I.11). The self-healing and mechanical properties imparted to the CD host-

guest interaction have inspired the engineering of new Si anode binders that can mimic the 

“breathing” of Si electrodes upon cycling (ie expansions and contractions). Two main designs, relying 

on the (a) side chain and the (b) main chain complex approaches, have been proposed by the same 

research group100,101 (Figure I.12). 

 

The side chain complex approach relies on host-guest cross-linking between an hyperbranched 

polymer prepared from β-CDs (host-polymer) and a dendritic modified gallic acid, containing six 

adamantane moieties (guest-crosslinker)100 (Figure I.12.a.). If the β-CDs hyperbranched polymer 3D 

structure was already shown to reinforce the mechanical properties and facilitate the recovering of 

broken linkages (Si-binder and binder-binder interaction)102, the self-healing ability is even more 

promoted through the addition of the dynamic host-guest cross-linking. Finally, a very striking finding 

is that the greater binding strength of β-CD toward adamantane at the molecular level is directly 

translated in the cycling performances since poorer results were obtained with analogous α- and γ-

CDs hyperbranched polymers. Overall, such binder design has resulted in improving the cyclability 

of Si electrodes as compared to PAA, CMC or alginate binders. 
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Figure I.12: Design variations of Si anode binders exploiting the CD host-guest interaction. a) Host-guest cross-linking 

inspired adapted from ref.100 b) Topological cross-linking adapted from ref101. 

 

The second example lies on the main chain complex approach and explores the CD host-guest 

interaction from a whole new side (Figure I.12.b). Getting inspiration from the working principle of 

moving pulleys, Choi et al introduced a novel topological cross-linking concept101. PAA is cross-linked 

to α-CDs based PRs, resulting in a mechanically interlocked (PR-PAA) network equipped with 

movable cross-links. Tensile tests revealed that PR-PAA networks can sustain large strain (390%) 

while having better stress-strain recovery properties than PAA, owing to the sliding motion of CDs 

along the threading polymer. They can also resist to higher mechanical strength. Moreover, when 
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used as binder, they outperformed PAA in terms of capacity retention and microscopic analyses 

highlighted the presence of less cracks in the Si particles. These impressive capacities retentions have 

inspired several other works and this topological cross-linking concept was combined with boronic 

esters (reversible covalent bond) to provide both high elasticity and self-healing properties to the Si 

anode binder103. Recently, the use of PR-PAA was extended to silicon monoxide (SiO) electrodes104 

and carbon nanotubes, which are seen promising mechanically stable lithium hosts in the context of 

Li metal anode development105. 

 

Although quite elegant and promising, the underlying science associated to these two approaches 

was not deeply scrutinized. If a systematic study was performed to rationalize the host-guest cross-

linking binder (a) performances (CD type, the binder loading, the guest cross-linker nature), the 

influence of the structural parameters on the topological cross-linker (b) remains vague. This missing 

fundamental-applied link last remark invites us to move on to the following paragraph to examine 

some examples in which CDs intimately interact with active red-ox species (here Li-S batteries red-

ox intermediates). 

 

c. Preventing the solubilization of red-ox active species 

 

A typical Li-S battery consists of a Li metal anode associated to a sulfur (S) cathode. Li-S batteries 

have emerged as candidates for high-energy storage systems as their high theoretical specific energy 

(2600 Wh.kg-1) largely exceeds the energy delivered by conventional Li-ion batteries (~300 Wh.kg-1) 

composed of a transitional metal oxide cathode and a carbon-based anode. Despite the other 

considerable advantages of S which is an abundant, low cost and environmentally friendly element 

that can accept two electrons per atom, some technical obstacles have prevented the practical 

application of Li-S batteries. The major issue occurs during discharge when S is reversibly converted 

into Li2S through a multi-step red-ox process involving the formation of soluble lithium polysulfide 

intermediates with various chain lengths (Li2Sx with x = 2-8). Part of the polysulfides migrate back 

and forth the electrodes, leading to the so-called “polysulfide red-ox shuttle”. The entire reduction 

at the anode results in a poorly controlled Li/electrolyte interface since insoluble Li2S is deposited. 

The low utilisation of active material induces the poor electrochemical performances of Li-S 

batteries106 (Figure I.13). 
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Figure I.13 : Illustration of the polysulfide red-ox shuttle in Li-S battery. 

 

Much progress has been made to circumvent the persistent polysulfide migration by designing 

entangled separators (porosity, trapping, repulsive interactions)107, developing novel materials 

(electrolyte)108 and new cell configurations. A special attention has been paid towards innovation of 

sulfur encapsulation techniques at the positive electrode to limit polysulfides dissolution via oxides 

surface adsorption109, mesoporous carbon confinement strategies or the development of “wrapping” 

binders. In this context, efficient CDs-based binders were reported110–112. The following section aims 

to evaluate the influence of the CD molecular recognition properties towards polysulfides in the 

efficiency of these reported CDs-based binders.  

 

First, in comparison to the commonly used PVDF and PTFE, an oxidised β-CD derivative was identified 

as a viable aqueous binder. Its better cycling performances were attributed to its superior water 

solubility that offers a good surrounding of the S particles during the slurry process111. Later, placing 

a β-CD hyperbranched polymer (cf Figure I.4.b) in S-based cathode further improved the Li-S battery 

performances, owing to the good wrapping properties of such 3D polymer architecture112. Then, a 

polysulfides immobilization strategy was proposed by grafting some cationic moieties (quaternary 

ammonium cations) on the hydroxyl groups of β-CDs of such hyperbranched polymer. The authors 

ascribed the resulting improvements in cycling performances to the attractive electrostatic 

interactions between the negatively charged polysulfides and the cationic CDs-based binder. 

 

Such use of CDs has been remaining empirical with no clear rationalization of the role played by CD 

cavities dimensions8 with respect to the size of the polysulfides intermediates113. A host-guest 

interaction might be suggested. This observation triggers the way that my research thesis topic was 

initiated and pursued. 
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3. Conclusion and thesis prospects 

 

In a nutshell, the first part of this Chapter provides a comprehensive review of the CD host-guest 

interaction and describes the smart properties resulting from its exploitation through the synthesis 

of a large panel of supramolecular architectures. The second part of the Chapter covers the recent 

adoption of CDs-based materials by the battery community. Although the field is still at its infancy, 

the embracement of this biomolecule has not only enabled the establishment of a sound engineering 

platform relying on host-guest supramolecular interactions, but it has also led to encouraging designs 

for electrolytes and Si anode binders as well as a new confinement strategy to tackle the polysulfide 

red-ox shuttle.  

 

Among the three depicted examples, the customization of either liquid or polymer electrolytes 

appears as the less appropriate to take advantage of the CD host-guest interaction. On the one hand, 

despite the elegant TSI trapping concept, the sobering reality is that the intrinsic reversibility of the 

complexation phenomenon is responsible of the poor encapsulation efficiency. On the other hand, 

in the synthesis of SPEs, the interlocked macromolecules (PPR and PR) are used as synthesis platforms 

on which to graft ion conducting functions which is, in a certain sense, minimizing the underlying 

properties of such supramolecular architectures. 

 

Nevertheless, more exciting perspectives are reflected in the development of novel Si anode binders 

relying on the dynamic nature of the CD host-guest interaction. The host-guest cross-linking binder 

(side chain approach) clearly showed CD/adamantane self-healing systems can also be successfully 

applied for battery applications. However, the underlying reasons for the impressive performances 

of the topologically cross-linked binder (main chain approach) remain unclear. From a synthesis point 

a view, this study has raised one major question: to what extent the structural parameters of this 

topologically cross-linked binder play a role its performances (PR ring coverage, polymer molecular 

weight, cross-linking, PR doping ratio compared to PAA)?  

 

When it comes to mitigating the polysulfide red-ox shuttle effect, the assumption according to which 

CD cavities participate in the polysulfides immobilization, has drove us to push further the 

characterization of the interaction occurring between CDs and polysulfides. Interestingly, other 
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research groups have also committed to this task and new CDs-based binders that can efficiently 

trap polysulfides have been reported in the last two years114,115. As these works are concomitant with 

our findings, they will be discussed in the results part (Chapter II). 

 

Finally, the stimuli-triggered responsiveness of CD complexation has not been envisioned yet, while 

it is expected to offer a large scope of possibilities for self-healing applications such on-demand 

trapping or control release of “curing” species. Therefore, the floor is entirely opened to new scientific 

contributions to extend our fundamental knowledge about the benefits CD can bring to the battery 

community and develop new viable CDs-based systems in batteries. This thesis aims to participate 

in this new research adventure and explore different directions to specifically answer to the 

abovementioned arising questions. 

 

Along that line, Chapter II is dedicated to Li-S batteries and especially to the deep understanding at 

the molecular level of the host-guest complexation equilibrium between CDs and polysulfides. 

Chapters III and IV target the understanding of the structure/property relationships of the 

topologically cross-linked Si anode binders that were first reported by Choi et al101. Chapter III 

focuses on the synthesis of mechanically interlocked binders while Chapter IV concerns their 

electrochemical performances. For reasons of clarity, we decided to focus on the structure of CDs-

based materials in this Chapter, prior to provide a more detailed battery-orientated section in the 

introduction of each following chapter.
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Chapter II: Cyclodextrin host-guest chemistry to 

address the Li-S battery polysulfides red-ox shuttle 
 

 

1. Background and motivation 

 

This Chapter aims to evaluate the relevance of novel strategies, that rely on the CD supramolecular 

host-guest interaction, to address an inherent drawback of Li-S batteries that suffer from: the so-

called polysulfide red-ox shuttle. The originality of our work lies on the implementation, for the first 

time in the energy field, of the nanopore sequencing approach to characterize this parasitic 

phenomenon resulting from the massive solubilization of red-ox polysulfide intermediate species. 

Consequently, for sake of clarity, a brief overview of this nano-sensing technique borrowed from 

biology is given in introduction. Then, we expose the strategy we adopted to demonstrate the 

benefits of the nanopore technology involving the CD host-guest interaction. 

 

a. Li-S batteries and polysulfides red-ox shuttle characterization 

 

A liquid electrolyte-based Li-S battery is composed of a Li metal anode associated to a sulfur (S) 

cathode, that are immersed in an electrolyte, commonly made of 1M LiTFSI dissolved in a mixture of 

ether-based solvents, dioxolane (DOL) and dimethoxyethane (DME). Li-S batteries stand as post Li-

ion technologies and have emerged as candidates for high-energy storage systems because of their 

high theoretical specific energy (2600 Wh.kg-1), which largely exceeds the energy delivered by a 

conventional Li-ion battery (~300 Wh.kg-1). Additionally, as already mentioned, S is an abundant, low 

cost and environmentally friendly element that can accept two electrons per atom. Notwithstanding, 

some technical inherent issues induce poor cycling performances for Li-S batteries and have 

prevented their practical application so far106.  
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Figure II.1: Li-S battery and polysulfides red-ox shuttle, adapted from ref106. a) Schematic illustration of the working 

principle of liquid electrolyte Li-S battery exhibiting the parasitic polysulfide red-ox shuttle. b) First galvanostatic discharge 

and charge voltage profiles with the stepwise cathodic reduction of S involving the formation of the polysulfide 

intermediates, originating from the two plateaus. The inset presents which the capacity retention of Li-S battery. 

 

The Li-S battery operates on discharge by the reduction of elemental S at the cathode to be 

converted into Li2S. Lithium polysulfide intermediates, which exhibit various chain lengths (Li2Sx with 

x = 2-8) are formed through a multi-step red-ox process (Figure II.1). These discharge products are 

soluble in the electrolyte, leading to their diffusion through the separator towards the Li anode where 

they are reduced to lower polysulfides that can migrate back to the cathode (red-ox shuttle). The 

entire reduction at the anode results in a poorly controlled Li/electrolyte interface since insoluble 

Li2S is deposited. Therefore, poor rechargeability of S electrode and a fast capacity decay emerge 

from the massive solubilization of polysulfides (inset Figure II.1.b). 

 

Unfortunately, the strategies dealing with S cathode engineering, separator design or electrolyte 

tuning that were undertaken to address the persistent polysulfide dissolution and migration were 

only partially successful107,109. In this work, we propose to focus on the root of the problem by 

introducing a new characterization technique to sense polysulfides species : the nanopore 

sequencing technology. 

 

b. Nanopore sequencing technology 

 

To further develop high-performance Li–S batteries, a clear understanding of the S red-ox chemistry 

and the polysulfides outcome are extremely important. Up to now, various advanced electrochemical 

characterization tools116 and spectroscopic techniques117, have been developed to detect in-situ 
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polysulfide intermediates while Li-S battery is cycling. They rely on bulk measurements and cannot 

neither detect, nor sequence at the single molecule level these red-ox intermediates. Here, to 

increase the detection sensibility, we implement the highly-resolved nanopore technology for the 

characterization of these sulfide-based species (Figure II.2). 

 

 

Figure II.2: Illustration of the principle and experimental configuration of a nanopore sensor taking the example of 

a stranded molecule, adapted from ref118. 

 

The nanopore technology is a powerful single molecule technique, based on electrical detection, 

which has been inspired from biological voltage-gated ion channel119. With this approach, a 

nanopore is a nanometer-sized hole inserted into an insulating membrane that separates two 

electrolyte-filled compartments (Figure II.2). Applying a constant potential difference (< 1 V) between 

the two electrodes on both sides of the nanopore enables the measurement of a stable ionic current 

flowing through the pore (open pore current, pA). As individual molecules clog the nanopore without 

translocating, or pass through it, a detectable decrease of the open pore ionic current is observed 

since ion transport is partially blocked. These blockages can be characterised by three parameters : 

blockage current amplitude (Ib), blockage duration, ie dwell time (Δt) and frequency (f). They are 

specific of the molecule size, conformation, sequence, net charge, and geometry, hence allowing 

precise characterization of the studied molecules. Different types of nanopores have been reported 

enlisting protein ion channels inserted into lipid membranes118,120,121, solid state nanopores which are 

nano-holes drilled into a semiconductor membrane122 or hybrid nanopores consisting in a biological 

channel supported by a solid state membrane123. The lifetime of an experiment ranges from a few 

hours, with a protein nanopore to several hours or a few days with solid-state or hybrid nanopores. 
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Such single molecule approach using protein nanopores has already been successfully implemented 

for the ultrafast sequencing of nucleic acids124 together with the high-resolution size discrimination 

of biomolecules125,126, for biomarkers127,128 or pathogenic agent detection129. These nanopore-based 

sensors are now employed for the detection of subtle chemical modifications130,131 or to read the 

sequence of biomolecules121,132. Nanopores are also used to study protein conformational changes 

and transitions133,134 and to detect of DNA methylations135,136. Further pushing this technique to its 

limits researchers have recently identified the twenty amino acids131, paving the way to protein 

sequencing. Thus, a burning question regards the implementation of this technique to the field of 

batteries. 

 

c. Our strategy to implement nanopore sensing via CD host-guest interaction 

 

Herein, we have used Na-based polysulfide species Na2Sn (n = 3, 4, 5) in an aqueous medium that 

can be found as catholyte in aqueous Na-ion/polysulfide batteries137–139. Aqueous medium was 

chosen for stability considerations of the protein channel nanopore that we opted for. Moreover, we 

selected sodium rather than lithium polysulfides because they are more stable with less 

disproportionation141. Given the size of polysulfides113 and the sulfur atom difference to be detected, 

the nanopore sensitivity is the key feature to demonstrate the feasibility of polysulfides sensing. 

Therefore, α-hemolysin (α-HL)140 was chosen for its wide range of aqueous operating 

conditions142,143, as well as its high sensitivity that can be further enhanced by narrowing the α-HL 

channel constriction through a CD lodging in it144. Thus, the lodged CD acts as a binding site and the 

polysulfides detection is then closely correlated to the polysulfide/CD interaction (Figure II.3). This is 

where our expectations about the CD affinity towards (Sn)
2−, that we discussed in Chapter I, come in. 
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Figure II.3: Schematic of the ion−current measurement α-HL nanopore set-up used to discriminate supramolecular 

complexes β-CD/ Na2Sx, with a single sulfur atom resolution. 

 

Following this introduction, the first results section of this Chapter concerns the careful description 

of the reversible complexation equilibrium resulting from the host-guest interaction between CDs 

and sodium polysulfides. In the second section, we report a protein channel nanopore, α-HL, with a 

β-CD adapter as a new powerful detection tool enabling the successful discrimination of polysulfides 

in their complexed form (Figure II.3). Eventually, some exciting perspectives enrich this proof-of-

concept study. 

 

2. CD supramolecular recognition towards aqueous polysulfides 

 

In this section, the reversible complexation equilibrium between CDs and Na-based aqueous 

polysulfides (Na2Sx with x = 3-5) is thoroughly described by NMR spectroscopy. The resulting findings 

are completed by Molecular Docking calculations and Molecular Dynamics that were performed by 

our collaborators in the Tor Vergata University of Roma. For sake of clarity, the details of these 

calculations are mentioned in the Methods part of this Chapter (Supplementary Information for 

Chapter II). 
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a. Host-guest complexation between CDs and polysulfides 

 

Evidence of the complex formation 

Several aqueous polysulfides solutions, (Na2Sx with x = 2-5), were prepared via a solution process, by 

mixing Na2S with S under Argon atmosphere in an aqueous buffer (25 mM NaHCO3, pH 10)145. The 

sulfur chain lengths were varied by introducing the precursors in stoichiometric proportions. As 

previously reported, we characterized these coloured solutions by UV-vis spectroscopy141. The UV-

vis spectra of the different aqueous polysulfides solutions exhibit two local maximum peaks λ =

(300.2 ; 376.6 nm), that we used to calculate the molar extinction coefficients of each polysulfides 

solution according to the Beer Lambert law (Figure SI.II.1).  

 

We are aware of the inherently poor evidence such characterization method provides in terms of 

monodispersity of the as-prepared polysulfides solutions. Although some other characterization 

techniques such as cyclic voltammetry (Figure SI.II.2) were investigated, they also fell short in 

addressing this question. However, the results obtained by nanopore (see 3.c) undeniably confirm 

the most abundant species of the different polysulfides solutions has the targeted stoichiometry, 

even though the monodispersity of each solution cannot be ensured. 

 

The interaction between polysulfides and the different α-, β- and γ-CDs was determined by liquid 1H 

NMR, following the chemical shifts of the different protons of CDs, once dissolved in a polysulfides 

solution that was prepared from a deuterated buffer (25 mM NaHCO3 in D2O) (Figure II.4). Figure 

II.4.b shows the 1H NMR spectrum of β-CD and Na2S5 in the deuterated buffer (red) with respect to 

the spectrum of β-CD alone in the same buffer (blue). 2D HSQC experiments were performed to 

finely attribute the signals to the different protons of CDs that are shifted (Figures SI.II.3-5). The 

chemical shifts differences undoubtedly indicate the existence of an interaction related to a 

complexation equilibrium. As the exchange rate of this equilibrium is very fast compared to the NMR 

time scale, the peaks assigned to free and complexed CD populations are merged and appear as the 

weight average chemical shift of both populations. Note that similar experiments with α-CDs and γ-

CDs confirmed the existence of an equilibrium complexation as well (not shown here).  
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Figure II.4: Demonstration of the host-guest complexation between CDs and Na2S5 by 1H NMR spectroscopy a) 

Structure and geometric dimensions of α-, β-, and γ-CDs with the indication of the nomenclature used to identify the 

different protons and carbons of the glucopyranose units8. b) Selected region of the 1H NMR spectra of native β-CD (10 

mM, blue) and β-CD in presence of Na2S5 (equimolar ratio 10 mM, red) (600 MHz, 298K, 25 mM NaHCO3 in D2O). For better 

readability, Na+ counter ions are not represented on the schematic representation of the host-guest interaction equilibrium 

between β-cyclodextrin and Na2S5. c) Variation of the CD protons chemical shifts of (i) α-, (ii) β- and (iii) γ-CDs in presence 

of Na2S5, which concentration was increased from 10 mM to 100 mM, while CD concentration was maintained constant to 

10 mM. The protons chemical shifts were compared to the initially recorded native CD references dissolved in the same 

deuterated buffer. 
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The shifting amplitudes of the α-, β- and γ-CDs protons were reported as a function of the proportion 

of Na2S5 introduced, keeping the concentration of CD constant (Figure II.4.c). Interestingly, CD 

protons are not affected in an equivalent manner and the most shifted protons turn out to be the 

ones pointing inside the cavity of the host molecule, such as H3. Note that despite its large shift 

amplitude, H5 was not reported because of its superposition with H6 signal, which makes the chemical 

shift measurement not precise. These observations clearly side with the host-guest interaction 

between Na2S5 and CDs and motivated the following quantitative analyses.  

 

Determination of the complex stoichiometry 

The continuous variation method, also known as Job’s plot, was performed to determine the 

stoichiometry of the CD/polysulfide complexes, using NMR spectroscopy146. Figure II.5.a shows the 

Job’s plot obtained for α-, β- and γ-CDs with Na2S5. This method consists in varying the mole fraction 

of Na2S5 while keeping the total concentration of host and guest molecules constant, respectively to 

50 mM, 16 mM, and 50 mM for α-, β- and γ-CDs. As they exhibit the greater shift, we mainly focused 

on H3 and we plotted the H3 chemical shift multiplied with the CD concentration (quantity 

proportional to the population of CD that is complexed) as a function of the stoichiometric ratio 𝛴, 

with 𝛴 = [Na2S5] / [CD] + [Na2S5]. According to the Job’s plot approach, the stoichiometry of the 

studied complex was obtained from the x-coordinate corresponding to the maximum of the curve 

that was fitted with a second order polynomial. Thus, stoichiometric ratios 𝛴 of 0.5 were calculated, 

which corresponds to the (1:1) stoichiometry for the inclusion complexation. 

 

In order to support these experimental findings, molecular docking calculations were also performed. 

As shown in Figure SI.II.8, docking results show that in all cases Na2S5 binds inside the CDs cavities 

and Figure SI.II.9 emphasizes that there is room for only one guest molecule (here Na2S5) per CD host. 

This is in full agreement with the NMR experiments, strongly hinting a (1:1) stoichiometry, that 

provided us with a 2-states thermodynamic equilibrium model, as illustrated in Figure II.4. 

 

Evaluation of the binding constant 

Then we carried out 1H NMR titration experiments with the aim to calculate the different association 

constants 𝐾𝑎 for the complexes formation of Na2S5 with α-, β-, and γ-CDs (Figure II.5.b). In presence 

of an increasing concentration of Na2S5, the H3 NMR chemical shifts were measured and fitted with 

the binding isotherm equation corresponding to the (1:1) stoichiometry inclusion complex (see 
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Methods section for further details). Comparable values to the previous reports were found8. 

Interestingly, β-CD turns out to have the best affinity towards Na2S5 with an association constant of 

𝐾β5 = 181 ± 4 M-1, almost three times larger than with α-CD and γ-CD, 𝐾α5 = 62 ± 11 M-1
 and 𝐾γ5 = 

52 ± 9 M-1, respectively. The molecular docking affinity ranking over all the CD/Na2S5 inclusion 

complexes led to the same result highlighting the stronger affinity for the β-CD (Figure SI.II.8). Hence 

our experimental and numerical results are consistent. 

 

 

 

Figure II.5: Influence of the CD nature on the host-guest interaction with Na2S5 a) Experimental Job’s plot obtained 

monitoring the H3 chemical shift for α-, β- and γ-CDs in presence of Na2S5 (respectively, top-down). Second order 

polynomial fitting which maximum matches with the stoichiometry of the complex (x-coordinate). b) 1H NMR titration plots 

for the inclusion of Na2S5 in the different CDs and fitted binding isotherms with indication of the resulting association 

constants 𝐾α5, 𝐾β5, and 𝐾γ5. The statistic error relative to the chemical shift measurement was obtained by the calculation 

of the standard deviation of 10 similar and independent points and is estimated to 9%. The plotted error bars were 

calculated considering the uncertainties propagation as explained in the Materials and Methods section (Supporting 

Information for Chapter II). 

 

b. Influence of the polysulfides length 

 

Tracking the most stable β-CD inclusion complexes, we investigated the influence of the polysulfides 

size by calculating the association constants of the different complexes prepared from Na2S5, Na2S4 

and Na2S3. To do so, we coupled the above-mentioned NMR experiments (Job’s plot & titration) with 
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molecular docking calculations. The Job’s plots presented in Figure II.6.a are characteristic of the 

formation of (1:1) stoichiometry complexes. As shown in Figure II.6.b, we calculated the 

corresponding binding constants 𝐾β5 = 181 ± 4 M−1, 𝐾β4 = 136 ± 4 M−1 and 𝐾β3 = 152 ± 14 M−1. 𝐾β3 

could not be estimated with as high reliability as the previous ones because of the experimental 

noise resulting from the very small chemical shifts measured for H3.  

 

As reported in Figure SI.II.6, we also determined these association constants considering the chemical 

shift of H6, another CD proton located at the secondary face (see Figure II.4.a) Although the constant 

values are different, quite a strong correlation is exhibited between the complexation strength and 

the length of the sulfur chain. The more sulfur atoms the polysulfide is made of, the greater the 

complexation strength is with β-CD. Therefore, the experimental noisy curve obtained for H3 could 

be rationalized by the position of Na2S3 in β-CD cavity which might tend to be located closer to the 

secondary face compared to the longer polysulfides (H6 more affected than H3). Similar experiments 

were performed with α-CD and they demonstrated the same influence of the polysulfide size on the 

association constant values (Figure SI.II.7).  

 

The correlation observed between the binding capability and the polysulfide length is consistent with 

the similar trend obtained by calculations performed by docking the different polysulfides on CDs 

structures (Figure II.6.c). In all cases, the general trend is a (1:1) complex formation, with (Sn)
2− located 

inside the CD cavity (Figure II.6.d). The calculated affinity scores increase with the length of the 

polysulfide chain and thus confirm the weakest affinity for the β-CD/Na2S3 complex. Therefore, these 

results indicate a non-specific complex formation but highlight a size-matching phenomenon 

(polysulfide’s size dependence). Additionally, the β-CD selectivity suggests the trapping depends on 

the CD conformation that induces different strength of interactions.  
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Figure II.6: Influence of the polysulfides length chain on β-CD complexation. a) Experimental Job’s plot obtained 

monitoring the H3 chemical shift of β-CD in presence of Na2S5 (red), Na2S4 (yellow) and Na2S3 (green). Indication of the 

corresponding stoichiometric ratios 𝛴. b) 1H NMR titration plots for the inclusion complexes and fitted binding isotherms 

with indication of the resulting association constants 𝐾β5, 𝐾β4, and 𝐾β3. The error bars were estimated similarly to Figure 

II.5. c) Best docking affinity scores (kcal.mol−1) for the β-CD inclusion complexes calculated from two types of CD structures 

(Molecular Dynamics simulations and crystallographic structures extracted from PDB147, see Supplementary Information). 

d) Corresponding best docking poses from the top and side views. β-CD is represented in sticks while a yellow space-fill 

representation is adopted for polysulfides. 

 

In conclusion, these complexation results successfully provide a fundamental understanding of the 

polysulfide immobilization strategy induced by the utilisation of CD-based binders for S cathode (see 

Chapter I). Two contemporary works have also addressed the questions of both the nature and the 

mechanisms of the CD/polysulfide host-guest interaction115,148. Ni et al have managed to isolate β-

CD/Na2S4 complex in solid-state and have used spectroscopic methods (NMR and Raman) to 

qualitatively demonstrate the interaction148. Then, in either case, the analogous lithium polysulfide, 

Li2S4, prepared in an organic medium has been considered and its encapsulation by β-CD has also 

been exhibited, combining spectroscopic techniques (UV-vis and XPS) and molecular modelling 

(DFT). Both studies agree in demonstrating the formation of Li-O bonds between the lithium 

polysulfides and CD, but different oxygens atoms are assumed to play the binding role (OH115 vs 

glycosidic O atom148). Interestingly, Ren et al have showed that β-CD had the strongest binding 

capability towards Li2S4 compared to α- and γ-CDs, which corroborates well with our results115. 
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Although our NMR experiments do not provide such interaction details, we successfully addressed 

the selectivity of this host-guest complexation towards the CD type and the polysulfides length, in a 

quantitative manner. As the host-guest interaction is governed by a complexation equilibrium, we 

found relevant to study how its reversibility, ie association/dissociation, could be triggered by an 

external stimulus. The following section tackles the influence of dilution and temperature on the 

complexation equilibrium of the already described complexes α-CD/Na2S5, β-CD/Na2S5 and β-

CD/Na2S4. 

 

c. A reversible complexation equilibrium 

 

For each CD/polysulfide complex, the determination of the association constant 𝐾𝑎, from the binding 

isotherm equation, comes along with the calculation of 𝛥𝑚𝑎𝑥, which represents the chemical shift 

that would be recorded if 100% of CDs were complexed (see Methods, Supplementary Information 

for Chapter II). Thus, the fraction of CD molecules that are complexed, 𝑓𝑏, is easily accessible as the 

ratio of the measured chemical shift 𝛥 over 𝛥𝑚𝑎𝑥. Therefore, we studied the influence of the dilution 

rate and the temperature on the equilibrium complexation of CD/polysulfide by calculating 𝑓𝑏. 

 

Role of dilution 

CD/polysulfide complexes solutions were diluted with the same aqueous buffer at different dilution 

rates. First, we investigated the effect of dilution on two α-CD/Na2S5 complex solutions of different 

initial compositions (Figure II.7.a) In both cases, the α-CD concentration was set to 10 mM while the 

concentration of Na2S5 was either set to 10 mM or to 100 mM, resulting in initial 𝑓𝑏 of 87 ± 4 % and 

30 ± 4 % respectively. 𝑓𝑏 decreases as diluting the complex solutions with a steeper slope at the 

beginning of the dilution process. Such behaviour was expected, since dilution induces a less 

frequent meeting of the host and guest molecules. 

 

Then, the influence of the guest polysulfide type was examined (Figure II.7.b). β-CD/Na2S5 and β-

CD/Na2S4 complex solutions were prepared by introducing 10 mM of β-CD and 100 mM of the 

corresponding polysulfide, leading to initial 𝑓𝑏 of 96 ± 4 % and 94 ± 4 %, respectively. An almost 

identical declining trend is observed for both complexes. It is worth noticing that, β-CD/Na2S5 

complex is less sensitive to dilution compared to α-CD/Na2S5 (58 ± 4 %, Figure II.7.a vs 38 ± 4 % 

Figure II.7.b, for a 30 dilution factor), which is consistent with their respective association constant 
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values (Figure II.5.b). Therefore, dilution definitely plays a role on the host-guest complexation 

equilibrium and can be used as an engineering tool to prepare some complex solutions with any 

desired composition. 

 

 

 

Figure II.7: Influence of dilution on CD/polysulfide complexation equilibrium. Concentration of CD remains constant 

to 10 mM. a) Influence of the initial composition of α-CD/Na2S5 complex solutions. Plain circle and ring markers correspond 

to a Na2S5 concentration of 100 mM and 10 mM respectively. b) Influence of the polysulfide type whose initial concentration 

is set to 100 mM. β-CD/Na2S5 (dark blue) and β-CD/Na2S4 (light blue) complexes are investigated. 

 

Role of temperature 

With respect to practicality, we investigated the thermal stability of CD/polysulfide complexes. The 

possibility to vary the temperature of the NMR probe allowed us to calculate the association 

constants of β-CD/Na2S5 and α-CD/Na2S5 complexes for three higher temperatures than 25°C, ie 35, 

45 and 60°C (Figures II.8.a & b). For both complexes, the binding constants decrease while rising the 

temperature. Figure II.8.c shows that 𝑓𝑏 also declines as increasing the temperature, the slope being 

more pronounced for α-CD than for β-CD complexes solutions of the same initial composition. In 

conclusion, the temperature effect is more stressed for the α-CD complex which displays a global 

lower binding strength than the β-CD complex (Figure II.5.b). 
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Next, an in-situ temperature cycling experiment was carried out to monitor the fate of the α-

CD/Na2S5 complex while varying the temperature (Figure II.8.d.). We found that, by increasing and 

decreasing the temperature, the complex can dissociate and form back with a fast kinetic over a 

narrow temperature range (35°C) in a neatly reversible way. Because of technical restriction of the 

NMR probe, we could not go to higher temperature, but we expect an almost total dissociation of 

the complex being achieved further increasing the temperature. This suggests that temperature can 

be used as a stimulus to regulate the capture and release of polysulfide species by CD. 

 

The elucidation of the temperature dependence of the association constants, 𝐾𝑎, allowed us to 

estimate the contributions of enthalpy 𝛥𝐻 and entropy 𝛥𝑆 associated to α-CD/Na2S5 and β-CD/Na2S5 

complexes formation (𝐾𝑎 = 𝑒−
𝛥𝐺

𝑅𝑇) (Figure II.8.d). Such observation comes as supporting evidence of 

the difference of binding strength observed for α- and β-CD towards Na2S5. Linear Van’t Hoff 

representations evidenced the exothermic nature of the host-guest interaction accompanied by 

rather unfavourable entropic contributions. Similar enthalpies are obtained for α-CD/Na2S5 and β-

CD/Na2S5 complexes, whereas the significant variation of the entropic terms indicates a less 

favourable complexation process for α- than for β-CD. Thus, it suggests that Na2S5 might be 

hampered to enter the α-CD cavity or that there are less degrees of freedom for the complex 

conformation. This does not come as a surprise in light of the different dynamical conformations of 

α- or β-CD in water, noted by our Molecular Dynamics simulations149, as well as the steric effect and 

“size-matching” feature to name only a few parameters.  
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Figure II.8: Influence of temperature on CD/polysulfide complexation equilibrium. 1H NMR spectra were recorded in 

the deuterated aqueous buffer (25 mM NaHCO3 in D2O). The tube was placed into the NMR probe 30 min before the 

acquisition (16 scans) to ensure a uniform temperature. Binding isotherms at four temperatures 25, 35, 45, and 60°C for the 

complexes a) α-CD/Na2S5 et b) β-CD/Na2S5. c) Influence of temperature on 𝑓𝑏 for two complexes solutions initially prepared 

from 10 mM α- or β-CD and 100 mM Na2S5. d) In-situ temperature cycling experiments performed on the α-CD/Na2S5 

complex solution. 𝑓𝑏 is represented as a function of temperature during heating up (60 °C, 55.1 ± 0.1%) and cooling down 

(25 °C, 84.3 ± 0.1%) cycles, where confidence intervals are calculated as reported in “Methods” section. e) Linear Van’t Hoff 

representations with the indication of the resulting enthalpic (𝛥𝐻) and entropic (𝛥𝑆) contributions to the complexation 

process of Na2S5 with respectively and α- and β-CDs. 

 

Altogether, these experiments successfully characterize the host-guest interaction phenomena 

occurring between CDs and aqueous Na-based polysulfides. β-CD/polysulfide complexes have been 

highlighted as being the more thermodynamically stable inclusion complexes. We have gathered the 

essential parameters pertaining to the β-CD interactions with polysulfides that turn out to be the key 

to successfully implement our nanopore sensing technique.  
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3. Aqueous polysulfides detection and discrimination by nanopore 

 

All the nanopore experiments presented hereafter were built on the recognize know-how of the 

LAMBE team members working preferentially on nanopore. The experiments were conducted by 

Benjamin Cressiot, with whom I collaborated with. 

 

a. β-CD interaction with the α-hemolysin (α-HL) nanopore channel 

 

In order to fine-tune the characterization of β-CD/polysulfide complexes, we used the nanopore 

approach to detect and discriminate at the single molecule level each species. We opted for the α-

hemolysin (α-HL) nanopore, which is a mushroom-shape heptameric complex that spontaneously 

insert into lipid bilayer to form a transmembrane channel of 26 Å diameter140 (Figure II.9.a). In the 

last years, β-CDs have been used to narrow the α-HL pore constriction (stem part) to enhance the 

capability of the pore to discriminate nucleotides150
 and organic compounds144. We used this strategy 

to compare β-CD and β-CD/polysulfide complexes using an α-HL pore. The electrical detection was 

undertaken in the basic buffer used to prepare aqueous polysulfides solutions (25 mM NaHCO3, pH 

10), to which 1M NaCl was added. All the experiments were carried out in an Argon glovebox. The 

description of the nanopore formation process and the data acquisition are detailed in the Materials 

& Methods (Supporting Information for Chapter II). 

 

Protein pores such as α-HL are ion-selective, resulting in an unbalance between cation (Na+ here) 

and anion (Cl- here) flows under any applied potential difference. This gives rise to a net motion of 

water molecules, hence creating an electro-osmotic flux (EOF). α-HL is an anion selective channel 

and the resulting EOF is known to affect the entrance of the neutral β-CD through the stem of the 

nanopore and its lodging into the channel151 (Figure II.9.a). The interaction of β-CD with α-HL has 

already been studied as a function of a wide range of pH (5 to 11), transmembrane potentials 

(hundreds of mV) and nature of electrolyte salts, in order to control the entry and dwell times of CD 

into the nanopore142,143
. A previous study152

 indicated that pH could affect the α-HL selectivity, with 

an inversion observed between pH 7.5 (anion selective) and pH 11 (cation selective), which seems 

not surprising since pH might alter the protonation state of the exposed amino acids that are 
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constituting the α-HL protein. Here, we work at pH10 where, to the best of our knowledge, no 

literature data provide any information about the α-HL selectivity and the EOF direction. 

 

 

Figure II.9: Experimental α-HL nanopore set up. a) Principle of the electrical detection method showing the ions flowing 

through an α-HL nanopore inserted in a lipid bilayer membrane according to the applied voltage sign. Trans refer to the 

stem side and cis to the cap. b) Current-potential curves in presence of 1M NaCl at pH 7.9 and pH 10 (25 mM NaCO3). 

 

Therefore, we first tested the effect of our electrolyte (1M NaCl pH 10) by recording the current-

voltage (I-V) curves of the α-HL pore at pH 7.9 and pH 10 (Figure II.9.b). Similar currents as previously 

published were obtained143. Interestingly, the response of the pore to positive potentials is identical 

for pH 7.9 and pH 10 whereas at negative potentials, the conductance declines with decreasing the 

potential at pH 10, as shown by the I-V curve rectification change. In order to characterize the EOF, 

a computational analysis via all-atom Molecular Dynamics simulation was performed by our Italian 

colleagues. Two different plausible titration states of the amino acids constituting the α-HL channel 

were considered at pH 10 (Figure SI.II.10). We explored transmembrane electric potentials ranging 

from −500 mV to 500 mV and it was found that for both cases, the anion (Cl−) flow is much larger 

that the cation (Na+) flow and the EOF is directed as the anions (Figure SI.II.11). Hence the anion 

selectivity of the α-HL is demonstrated (Figure II.9.a). These results suggested us to perform 

experiments at a negative applied voltage (-100 mV) so that the direction of negative ions and of the 

EOF is from trans to cis compartment. 
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b. Polysulfides detection 

 

To show the feasibility of polysulfides detection by nanopore, preliminary experiments were carried 

out by adding β-CD (1 mM) into the trans compartment applying -100 mV (Figure II.10.a). Some 

partial transient ionic current blockades were detected due to interactions of β-CD with the α-HL 

stem (Figure II.10.b, blue), confirming the already reported results143,152. In the same conditions, we 

then added a β-CD/Na2S5 complex solution (1mM β-CD mixed with 10 mM Na2S5) and we also 

detected ionic current blockades with some events showing a deeper blockage amplitude (Figure 

II.10.b, red). No total current blockade was achieved, indicating that Na+
 and Cl- are still transported 

through the β-CD/Na2S5 complex lodged in the α-HL while the complex cannot go through due to 

steric hindrance. In addition, we do not expect the polysulfides to cross the membrane via β-CD 

constriction as well. This is based on the size of the (Sn)
2− species113, ~9.1 Å (S3)

2− or ~11.7 Å (S5)
2−, 

which is greater than the narrowest diameter (~6 Å) of the cone-like shape of β-CD8. Nevertheless, 

when β-CD or β-CD/Na2S5 complex was added to the cis compartment, no such current blockades 

were observed (data not shown). This result is indicative of an EOF from trans to cis compartment 

preventing molecules to enter the α-HL.  

 

A statistical analysis was performed on the current traces recorded for the β-CD and β-CD/Na2S5 

experiment. The blockade ratio, given by the relation 𝐼0 − 𝐼𝑏 𝐼0⁄ , where 𝐼0 is the ionic open pore 

current and 𝐼𝑏 is the blockade current, versus individual event dwell times scatter plot (Figure II.10.c) 

shows two distinct event populations for free β-CD compared to β-CD/Na2S5 complex. While dwell 

times cannot be used as a parameter for discrimination (Figure SI.II.12), we found that the general 

distribution of current blockade ratios for β-CD/Na2S5 complex solution could be deconvoluted 

(Figure II.10.d). Two populations centered in 74.0 ± 0.3% and 64 ± 2% were attributed to the β-

CD/Na2S5 complex (74.0 ± 0.3%) and the free β-CD in solution (64 ± 2%), respectively, which is 

consistent with the equilibrium governing the β-CD/Na2S5 host-guest complexation. Interestingly, the 

ratio between the number of events associated to the β-CD/Na2S5 complex (red distribution) and the 

total number of events (grey distribution) is 81 ± 2.5%. This is in very good agreement with the NMR 

calculated proportion of complexed β-CD in the same conditions, namely 𝑓𝑏 = 79 ± 4% (Figure 

SI.II.13). Therefore, bulk and single molecule characterization methods corroborate well. 
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Figure II.10: Discrimination of β-CD/Na2S5 complex vs β-CD. a) Schematic of the ion-current measurement α-HL set-

up. b) Detail of a part of current trace blockades arising from β-CD (blue) and β-CD/Na2S5 complex (red) interaction with 

the pore at -100 mV (1M NaCl, 25 mM NaHCO3, pH 10). c) Scatter plots of blockade ratio versus the dwell time in presence 

of β-CD (blue, 225 events) and the β-CD/Na2S5 complex solution (red, 761 events). (5 independent experiments). d) General 

distribution (grey) blockade ratio histogram in presence of the β-CD/Na2S5 complex solution (945 events). Deconvolution 

of the general distribution showing two populations attributed to β-CD and β-CD/Na2S5 complex centered in 64 ± 2% and 

74.0 ± 0.3% respectively. 

 

In conclusion, the electrical detection by nanopore allowed the successful distinction between β-CD 

and β-CD/Na2S5 complex. Is this technique sensitive enough to discriminate different polysulfides 

chain lengths ? 
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c. Polysulfides chain length discrimination 

 

We then characterized β-CD/Na2S5, β-CD/Na2S4, β-CD/Na2S3 complexes and compared our results 

to free β-CD molecules (Figure II.11). The current traces of each species show two kinds of current 

blockades associated with two types of events: (i) “bumping” events, characterized by brief low-level 

current blockades, which arise due to diffusion of molecules close to the pore; and (ii) interaction 

events, characterized by larger current blockades of longer duration. In order to characterize the 

interaction of β-CD and β-CD/Na2Sx complexes with α-HL, each current trace was statistically 

analysed to determine the event current amplitude and to separate bumping events from interaction 

events (see the Methods section in Supplementary Information, the reported data refer only to 

interaction events). We can observe a statistical decrease in the event current amplitudes correlated 

to a decrease of sulfur number for each complex (Figure II.11.a). We find 74.0 ± 0.3%, 68.8 ± 0.1%, 

66.7 ± 0.2% for β-CD/Na2S5, β-CD/Na2S4 and β-CD/Na2S3 complexes, respectively. Therefore, each 

complex is well discriminated from free β-CD in solution with an average blockade ratio of 61.8 ± 

0.3% (Figure II.11.b). These results confirm that polysulfide species are docked inside the β-CD cavity 

and that we can discriminate each species at a single sulfur atom level.  

 

In order to support this finding, our Italian collaborators calculated the nanopore hindrance estimator 

introduced as in a previous publication153. It reflects the steric hindrance of the pore channel 

corresponding to the volume occupied by β-CD and β-CD/Na2Sx complexes. The calculation is based 

on an approximated quasi-1D continuum description of the nanopore electric resistance. As a first 

step, for each pore section, the effective area available to the electrolyte passage for both the open 

α-HL and the α-HL with the β-CD lodged in the pore stem (Figure II.11.c) was calculated from 

Molecular Dynamics simulations. Then, from the effective area of the β-CD case, a section 

corresponding to the occupancy of the different polysulfides was subtracted. As already discussed153, 

this method is based on several simplified assumptions not satisfied at the nanoscale, the main being: 

(i) it is a continuum method where atomistic details enter only via the effective area profile, (ii) it is a 

quasi-1D method that, in principle, is valid only for smoothly varying pore section and (iii) it neglects 

electrical double layer effects. Although it does not provide a quantitative estimation of the current 

blockades, it allows to catch their qualitative trends, as shown by the good correlation with the 

experimentally observed average current blocked (Figure II.11.d). 
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Figure II.11: Discrimination of β-CD/Na2Sx complexes. a) Part of current versus time traces of an α-HL pore at −100 mV, 

in the presence of 1 mM β-CD (blue), β-CD/Na2S3 (green), β-CD/ Na2S4 (yellow), β-CD/Na2S5 (red). All experiments are 

independent (6 in total) and were performed in 1M NaCl, 25 mM NaHCO3 pH 10 in an Argon filled glovebox. b) Histograms 

of blockade ratio for β-CD (blue, 61.8 ± 0.3%), β-CD/Na2S3 (green, 66.7 ± 0.2%), β-CD/Na2S4 (yellow, 68.8 ± 0.1%), β-

CD/Na2S5 (red, 74.0 ± 0.3%). c) Accessible volume estimation from Molecular Dynamics simulations. α-HL constriction is 

highlighted in yellow, while β-CD atoms are represented as balls-and-sticks. The plot reports the radius of the effective (reff) 

pore section available for ion passage for β-CD, β-CD/Na2S3, β-CD/Na2S4 and β-CD/Na2S5 complexes. d) Experimental 

current blockades. e) Experimental current blockades versus nanopore hindrance estimator calculated from atomistic 

model (see Methods in Supplementary Information for Chapter II). 
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Therefore, via the use of a protein nanopore sensor inserted into a lipid membrane we have 

demonstrated the feasibility to discriminate molecules that solely differ by a single sulfur atom. 

Indeed, the different β-CD/polysulfide complexes can be identified with great sensibility by a unique 

pattern of events in term of current blockade that increases with increasing the number of sulfur 

atoms, as intuitively expected.  

 

4. Conclusions and discussions 

 

In summary, a comprehensive multidisciplinary approach combining NMR spectroscopy, electrical 

nanosensing experiments and Molecular Dynamics simulations was adopted to understand deeply 

and at the molecular level the host-guest complexation equilibrium between CDs and polysulfides. 

Thus, an extension of this work with respect to the Li–S technology is imminent, involving the 

exploitation of CD molecular recognition towards organic polysulfides and the prospects for 

nanopore in the battery field.  

 

a. Extension towards organic polysulfides 

 

Some preliminary experiments were carried out to investigate this host-guest interaction in organic 

medium. Lithium polysulfides solutions were prepared via a solution process, by mixing Li2S with S 

in organic solvent (DOL/DME, DME, PC and THF) for 24h in an argon glovebox. α- and β-CD, which 

are not soluble in this kind of solvent, were vigorously mixed with Li2S8 (2.5 mM in DOL-DME) to form 

an emulsion. After decantation, a brownish precipitate separates from the discolored electrolyte, 

showing the expected interaction. Therefore, CD is acting as a surfactant since it entails the 

polysulfides migration from the liquid organic phase to the solid phase by encapsulation. Such 

finding supports the usefulness of CD analogous in Li-S batteries in the set-up of a polysulfides 

immobilization strategy. Nevertheless, the precipitation of the complex does not allow us neither to 

calculate any association constant (𝐾𝑎), nor to assess the effect of the organic solvent on the binding 

thermodynamics (Figure II.12.a).  

 

From our exposed study, the β-CD/polysulfide complexes formed in solution are specifically blocked 

by a nanopore embedded in a lipid membrane, while enabling the cation (Na+) and anion (Cl-) flows. 
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That led us to envision the design of CDs-based separators that could prevent the diffusion of 

polysulfides. We prepared PVDF-HFP separators according to the Bellcore process154 and 

incorporated α-CD, which exhibits a temperature sensitiveness greater than β-CD. FTIR spectra of 

the different α-CD-based separators show the characteristic peaks of α-CD, coming from the cyclic 

ether function and corresponding to the C-O stretching (910 and 1030 cm-1). The C-H/C-H2 vibration 

(2900 cm-1) can also be observed in the mid-infrared region, as well as the O-H stretching vibration 

(3500 cm-1) (Figure II.12.c). Qualitative tests were performed to show the restraining ability of α-CD-

based separators on blocking the polysulfides migration (Figure II.12.b). A vial containing a 

polysulfide catholyte (Li2S8 in PC) was dipped into polysulfide-free electrolyte contained in a bigger 

size beaker. PVDF-HFP separators (with and without CDs) were placed at the vial lids. We observed 

a progressive polysulfides diffusion, as witnessed by the coloration of the initially transparent 

electrolyte, which is quite slower for the beaker using a α-CDs-based PVDF-HFP membrane. This 

indicates the trapping of polysulfide species by α-CDs molecules pertaining to the separator 

membrane. Besides, the colour change was monitored by time through UV-vis spectroscopy to 

confirm our eye visualisation. 

 

Then, galvanostatic experiments were carried out to asses the Li-S cells performances using α-CDs-

based PVDF-HFP separators. Sulfur composite electrodes were prepared from a sulfur impregnated 

carbon (60/40%wt) and PTFE (5%wt), through a self-standing method. Swagelock® cells were 

assembled using Li metal foil as the negative electrode and the tested separator was sandwiched 

between two layers of borosilicate glass microfibre membranes soaked with electrolyte (1M LiTFSI, 

0.25M LiNO3 in DOL/DME) (Figure II.12.d). The electrochemical performances of the α-CDs-based 

separator (green, 23%wt) and the control separator (grey, 0%wt) were compared. First initial 

galvanostatic discharge/charge profiles show the characteristic plateaux of Li-S red-ox processes and 

exhibit similar specific capacities106 (Figure II.12.e). However, the cell with the α-CDs-based separator 

(green) displays better cycling stability and higher specific capacity (388 mAh.g-1) than the one 

without CD (grey, 342 mAh.g-1) after 38 cycles (Figure II.12.f). Although the Li-S cell equiped with the 

α-CDs-based separator still shows obvious evidence of the persistence of redox shuttle (over charge 

capacity), these results confirm a positive effect of CD upon cycling, that will need to be further 

confirmed by improving the separator processing, investigating the most efficient CD type and 

adjusting the CD loading. 
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Figure II.12: Exploitation of CD molecular recognition towards organic lithium polysulfides. a) Discoloration of Li2S8 

solution (2.5 mM DOL/DME) before and after 10 h upon contact with α-CD or β-CD (1:1). b) Restraining ability of the α-

CDs-based PVDF-HFP separator (23 wt%) on blocking the diffusion of polysulfides (Li2S8, 2.5 mM in PC). c) FTIR spectra of 

α-CDs-based PVDF-HFP separators. d) Swagelock® cell configuration. e) First galvanostatic charge and discharge curves 

for Li-S equipped with the α-CDs-based (23 wt%) (green) and the control (grey) PVDF-HFP separators. f) Capacity retention 

upon cycling. 

 

The immobilization of polysulfides within the separator does not constitute a long-term solution 

since they become dead active material. That is where stimulus-responsive CD encapsulation, which 

has never been envisioned in batteries, may represent an added value in the design of thermo-

responsive regenerative separators, that could regulate polysulfides on demand (Figure II.13). It 

would require a cooling step during discharge, hence preventing diffusion of polysulfides 
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intermediates towards the Li anode, while a heating-up step during charge would release the trapped 

polysulfides, letting them to participate again in the red-ox processes. Despite the seducing concept 

of thermal regeneration, we are aware of the inherent obstacles that prevent a straightforward 

application, such as the temperature influence on the electrochemical performances, the 

concentration of dissolved polysulfides, the CD orientation to control the spatial release and the 

complexation selectivity82. Thus, we must remain realistic on the prospects for stimulus-responsive 

polysulfides regenerative separators. 

 

 

Figure II.13: Conceptual illustration of a thermo-responsive cyclodextrin material as an efficient regenerative Li–S 

battery separator. 

 

In conclusion, CD molecular recognition towards aqueous polysulfides is well extended to organic 

polysulfides and it may offer some opportunities to synthesize stimuli-responsive CDs-based 

materials. What about the extension of the nanopore technology to organic Li-based polysulfides ? 

 

b. Future for nanopores as new powerful electrolyte sensors 

 

In light of our results, single-molecule nanopore detection stands as a powerful sensing tool to 

scrutinize at the molecular level the sulfur speciation of Na-based aqueous polysulfides. Hence, it 

may be envisioned as a novel in-situ probe of the unwanted polysulfide shuttle effect Li-S batteries 

suffer from, with a reliable identification of the intermediate species. However, we must admit that 

implementing our developed methodology to discriminate polysulfides in organic solvent would not 

be straightforward. 
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First, the encapsulation approach must be reconsidered because native CDs and CD/polysulfide 

complexes are not soluble in organic electrolyte. As chemical modification of CD triggers its solubility, 

we came up with a soluble randomly methylated β-CD (RMβ-CD) and tried to implement our NMR 

protocol to thoroughly study the corresponding CD/polysulfide complexation equilibrium in organic 

medium (1H and 7Li NMR, data not shown). Unfortunately, the complex mostly precipitates, resulting 

in a very small proportion of soluble complex (not quantified). Although the translation of our 

previous strategy becomes then impossible, our successful proof-of-concept in aqueous media gives 

faith in the sensitivity that the nanopore technology benefits from. Therefore rethinking our approach 

is not regarded as an obstacle, but it rather represents the unique opportunity for the nanopore 

technology to strengthen its overall credibility and overcome the traditional characterization 

techniques. 

 

Additionally, non-aqueous electrolytes are not ideal for both biological nanopores and lipid 

membranes. The alternative way to conduct nanopore sensing consists in switching to solid-state 

nanopores made of drilled polymers or semi-conductors membranes mimicking biological ionic 

channels122. We must admit that the precise control of the nanopore size constitutes a challenge for 

the small pore sizes required (< 5 nm). However, owing to their chemical stability, such tailored 

membranes offer a nice playground for molecule discrimination and for characterizing at the 

molecular level, any parasitic redox products, chemical cross-talks or degradation products resulting 

from the electrolyte reduction, such as alkyl carbonates155.  

 

Independently to this organic proof-of-concept to be pursued, we should keep in mind that to be 

competitive with other non-invasive sensing tools that operate in-situ and the battery community 

has become more familiar with such as optical fibers156,157, nanopores must be integrated to the 

electrochemical device to monitor in real-time the electrolyte composition. This may come through 

the design of a microfluidic system collecting, analysing and reintroducing the electrolyte, but we 

must confess such integration strategy appears more elegant than practical for the moment.  

 

In summary, we have successfully rationalized the host-guest interaction between CD and 

polysulfides, hence explaining the benefit to use CD in the design of S cathode binders. Then, we 

have thrivingly implemented the nanopore technology for the first time in the battery field, exploiting 
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this encapsulation property. This electrical detection tool borrowed from biology appears as a very 

promising high-resolution tool to discriminate polysulfides only differing from a single sulfur atom. 

 

Nevertheless, our discussions have emphasized that further development is needed to pave the way 

towards smart regenerative Li-S batteries separators. Therefore, our willingness to implement CDs 

properties into real electrochemical systems has brought us to consider macromolecular synthesis 

of CDs-based architectures as well as to switch to another battery technology, ie the Si anodes for 

the next-generation Li-ion batteries. This is how we decided to dive in the understanding of the great 

performances induced by the use of mechanically interlocked architectures of CDs as Si anode 

binders101.
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Chapter III: Novel elastic deformable mechanically 

interlocked architectures synthetized from α-

cyclodextrins based polyrotaxanes 
 

 

1. Background and motivation 

 

As already mentioned before, this thesis fits in with the global goal of taking advantage of the 

dynamic nature of supramolecular chemistry in order to embed batteries components (ie, electrode, 

separator, electrolyte) with some added “smart” functionalities to improve their lifespan. In this part, 

we propose to use silicon (Si) anodes to demonstrate the benefits of α-CD supramolecular host-guest 

interaction towards ethylene oxide (EO) units of poly(ethylene oxide) (PEO). Two main reasons 

support this choice. First, Si stands among the most promising candidate for the next-generation 

high-capacity electrodes in Li-ion batteries, owing to its theoretical capacity of 3600 mAh.g-1, that is 

almost ten times higher than the commercialized graphite anodes (372 mAh.g-1)88,89. Secondly, the 

battery community has already witnessed the positive role played by polymers that involve 

supramolecular interactions, in addressing the issues caused by the massive volume changes of Si 

anodes94,158. 

  

Thus, in this chapter, the focus is made on the design of new types of α-CDs polymer architectures 

that meet the specific requirements to be used as Si anode binders. The general context of the study 

is depicted in this first section with a brief overview of the design principles of polymeric binders. 

The following sections are dedicated to the presentation of our experimental results dealing with the 

synthesis of mechanically interlocked architectures prepared from α-CDs based polyrotaxanes (PRs), 

which are supramolecular assemblies on which α-CDs can move freely on a threading polymer (here 

POE). As recently reported, polymer networks incorporating PR in their architecture exhibit 

outstanding mechanical properties64, hence offering the possibility to mechanically reinforce the Si 

electrode. Thus, we are paving the way for new routes of accommodating Si anode volume changes.  
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a. Si anode volume changes being addressed through the design of binders 

 

Due its superior high theoretical specific capacity (~3600 mAh.g-1), high abundance, low cost and 

low discharge voltage (< 0.5 V vs Li+/Li), Si is regarded as one of the most promising anode materials 

for the next-generation Li-ion batteries. Nevertheless, during the electrochemical processes of 

lithiation (charge) and delithiation (discharge), Si experiences massive cyclic volume changes 

(~300%) leading to structural collapse. This results in poor cycling performances88–91. Indeed, these 

colossal volume fluctuations induce some Si electrode cracking and pulverization which contribute 

to the delamination of the electrode and thus the electrical isolation of some Si domains. Moreover, 

a critical issue is the stability of the solid electrolyte interface (SEI), which constantly grows as the Si 

particles crack and create some fresh Si surfaces87. The illustration of these main degradation 

mechanisms originating from the large volume changes of Si anodes is provided in Figure III.1.a.  

 

 

 

Figure III.1: Si anode binder designs, adapted from ref87. a) Illustration of the three main failure mechanisms of Si 

anodes: delamination, pulverization, and interfacial issues due to the unstable SEI layer. b) Concept of the design of Si 

anode binders. 
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For more than a decade, great efforts have been devoted in solving these severe issues, with partial 

success, either by switching to an electrolyte that improves the SEI stability or by developing Si smart 

nanostructures that buffer well the volume changes87,92,93. Here, we focused on another widespread 

strategy which consists in developing well-designed polymeric binders to maintain the electrode 

structure and enhance its cyclability (Figure III.1.b)94–96. Prior to move to our achievements, we first 

propose a brief review of the different binders engineering strategies that have been recently 

implemented in the literature to achieve high-capacity Si electrodes. Interestingly, they rely on the 

mastering of polymer science and supramolecular chemistry. 

 

The basic role of a binder is to maintain the cohesion between the electrode components (ie, active 

material, conductive additive) while preserving a good adhesion to the current collector. This calls 

for the design of strong interactions between Si particles and the polymeric binder. With this in mind, 

sodium carboxymethylcellulose (CMC)99, which is a linear polymeric derivative of cellulose, and 

poly(acrylic acid) (PAA)97 were introduced as Si anode binders allowing a considerable improvement 

in the Si cycling performances. They feature many interaction points with silanol groups (Si-OH) of 

the Si surface via both supramolecular interactions, such as ion-dipole and hydrogen bonding, and 

covalent ester-like bonds. Bridel et al used 13C NMR to show for the first time the formation of these 

reversible ester-like bonds159. That led them to introduce the concept of self-healing that relies on 

the ability of these reversible bonds to act like Velcro®, by recovering in response to the external 

stress induced by Si anode volume changes. Subsequently, several studies addressed the influence 

of the density of Si-binder interaction contact points97,98 as well as the nature of these chemical 

bonds, covalent vs non-covalent160,161, on the binder performances.  

 

Besides, the polymer architecture is also underlined as a key parameter for the design of an efficient 

Si anode binder. 3D network polymers better accommodate the mechanical stress induced by Si 

volume fluctuations compared to linear polymers. Indeed, the stress can be dissipated along the 

branched chains, hence decreasing the force on each anchoring point102,162. The formation of a 3D 

network calls for cross-linking that can be made either via covalent bonding102,163,164 or through non-

covalent bonds with the use of supramolecular interactions such as hydrogen bonds165,166, ionic 

bonding167,168 and even host-guest interactions100. Supramolecular interactions have been shown to 

be the ideal class of bonding because they can reversibly associate and dissociate in mild conditions, 

hence demonstrating self-healing properties.  
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Then, another parameter to design Si binders is to pay attention to their mechanical properties. 

The first attractive intuitive idea was to focus on elastomers169 that can accommodate colossal 

volume changes because of their large stretchability before breaking. Several types of elastomeric 

binders, such as poly(vinylidene fluoride-tetrafluoroethylene-propylene) (PVDF-TFE-P)170 or styrene-

butadiene-rubber (SBR) mixed with CMC171, demonstrated some cycling improvements compared to 

the traditionally used poly(vinylidene fluoride) (PVDF). However, subsequent studies argued against 

this theory demonstrating that brittle polymers such as CMC99,172 or PAA97 were more effective than 

elastomeric binders. Thus, this demonstrates that not only elasticity is a relevant parameter but also 

other criteria are required such as the binder content, the binder-binder interactions and the Si 

adhesion173. 

 

Ideally, to maintain the Si electrode integrity and buffer its volume changes, a binder must exhibit 

superior stiffness (ability to resist deformation as defined by both its Young’s modulus E and 

geometry) and toughness (ability to absorb energy before fracture), high tensile strength (maximum 

stress at rupture), large breaking strain and particularly high elasticity combined with a good 

strain/stress recovery. Thus, a trade-off needs to be found via the fine tuning of the chemical bond 

strengths involved in the polymer network cross-linking and the Si adhesion. The cross-linking 

density or the flexibility of the chains must also be considered94,96. 

 

Despite the large variety of reported binders designs and the great number of independent studies, 

some unanswered questions remain. The main one being the following: which property is the most 

useful among Si adhesion, cross-linking, self-healing, stiffness, flexibility, stretchability…? Kwon et 

al160 were the first to address this question via a structure-properties relationship study of a 

copolymer composed of four monomer units, each one being responsible for one distinct function. 

It is precisely this kind of fundamental approach that we decided to adopt to understand the proper 

function of a new type of Si anode binders: the mechanically interlocked networks. 

 

b. Mechanically interlocked architectures inducing enhanced mechanical properties 

 

As mentioned previously, supramolecular interactions have largely been used in the Si binder 

chemistry100,165–168. Along that line, a recent work from Choi et al101 has attracted our attention, as 

described in Chapter I (see 2.b) in which they introduced a novel cross-linking concept inspired by 
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the working principle of moving pulleys (Figure III.2.a). This was done by cross-linking PAA with α-

CDs based polyrotaxanes (PR), which result from the mechanically interlocking of molecular rings 

(here α-CDs) with a linear polymer (here PEO), hence forming a necklace architecture. The 

supramolecular interactions at stake are host-guest interactions between α-CDs cavities with ethylene 

oxide (EO) units174 (Figure III.2.b). Thus, the authors attribute the high stretchability of the PR-PAA 

binder to the fact that α-CDs can slide on the threading polymer. Although the network is held by 

covalent cross-linking, this sliding motion ensures the dynamic nature of the polymer network.  

  

 

 

Figure III.2: Design and working principle of a molecular pulley PR-PAA binders, adapted from ref101. a) Working 

principle of the molecular pulley binder PR–PAA, which enables the stress dissipation and high stretchability. b) Chemical 

structure of PR-PAA and its schematic representation. PR were prepared from PEO of 20 000 g.mol-1 and α-CDs. c) 

Representative stress-strain curves for non-linear softening, non-linear stiffening (=strain hardening) and linear elastic 

mechanical responses to deformation. d) Stress-strain curves for PAA and PR-PAA binder. The PR-PAA binder shows a non-

linear stiffening behaviour at strain exceeding 200%. 

 

Tensile tests were carried out to examine the mechanical properties of PR-PAA networks (Figure 

III.2.d). They revealed that PR-PAA can sustain large strain (390%) while having good stress-strain 

recovery properties, as well as to resist to a high mechanical strength. Interestingly, the stress-strain 

curve presents a non-linear stiffening behaviour (second part of the curve) to be opposed to PAA 

that exhibits a non-linear strain softening (Figure III.2.c). Non-linear strain stiffening or strain 

hardening turns out to be advantageous for Si anodes since PR-PAA can accumulate small stress 
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with respect to a large increase in strain. Furthermore, to name only a few, it is noted that a similar 

behaviour can be found in biological systems such as artery walls or spider’s webs and they are also 

known to display excellent resistance to damage. 

 

Although it was the first time these topological architectures were engineered towards battery 

applications, polymer networks incorporating PR have already been the object of numerous studies64 

with many different targeted applications. To cite only a few examples, there are scratch-resistant 

coating, vibration-proof insulating materials71 or stimuli-responsive hydrogels72,73 designed for drug 

delivery, artificial muscles or biosensing. They are commonly called slide-rings materials175 owing to 

their movable junctions that can slide freely along the polymer backbone. The high degrees of 

motion and conformational freedom result from the interlocked nature of PR. 

 

The two different designs of slide-rings materials, prepared from α-CDs based PRs, that have been 

reported in the literature are illustrated in Figure III.3. First, there are the figure-of-eight gels176,177, in 

which the α-CDs of two different PRs are covalently cross-linked leading to “eight-shape” movable 

crosslinkers (Figure III.3.b). The other design consists in using PR as cross-linkers in a 3D polymer 

network by grafting α-CDs threaded on the PR to the desired polymer. This second design was 

already used to tailor properties of poly(acrylic acid) (PAA)101, acrylates178,179, poly(lactones)180,181, 

poly(amides)182. Compared to materials with fixed cross-links, slide-rings materials display lower 

elastic modulus, superior extensibility, improved toughness, and greater swelling64. Numerous 

structural parameters were shown to be of paramount importance to tune the mechanical properties 

of slide-rings materials prepared from α-CDs based PRs. Since that constitutes the corner stone of 

my study, I will succinctly review them. 
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Figure III.3: Two main types of design for slide-rings materials prepared from α-CDs based PRs, adapted from ref64. 

a) Illustration of the effect of stress on different nature of cross-links networks. For the fixed cross-links network, it results 

in the material fracture whereas the stress is dissipated thanks to the pulley-effect for the slide-rings cross-linked material. 

b) Schematic of a figure-of-eight slide-rings material obtained from the covalent bonding between α-CDs hydroxyl groups 

and cyanuric chloride. This example was taken from ref176. For high PR ring coverage, the proportion of uncross-linked rings 

is increased and the distance available for rings to slide is reduced, hence inducing different properties. c) Schematic of PR 

used as cross-linkers of a 3D polymer network. Here, the example was taken from ref183. PRs are grafted with 

poly(caprolactone) with the hydroxyl chain ends that can be covalently cross-linked in presence of diisocyanate. 

 

First, the distance available for ring sliding appears as an intuitive key parameter to be controlled. 

The sliding range can be broadened by increasing the molecular weight184 of the axis polymer or by 

decreasing the PR ring coverage, that is calculated as the percentage of the threading polymer being 

covered by the ring molecules. For a similar cross-linking density, several studies reported good 
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stress/strain recovery185 and higher stress/strain at break186,187 when decreasing the PR ring coverage. 

Additionally, a recent study188 effectively demonstrated that a low coverage slide-rings materials 

induces higher fracture toughness but also a slower propagation of cracks. Note that for figure-of-

eight gels, some unexpected stiffness was reported mainly due to the competition between 

intermolecular (between α-CDs of different PR) and intramolecular (between α-CD of the same PR) 

cross-links189.  

 

Secondly, the cross-linking density also plays a significant role which is not yet fully understood. 

The slide-rings networks mechanical response to a rise in cross-linking density is not as predictable 

as conventional fixed cross-linked networks, which display higher stiffness at the expense of 

toughness as well as lower swelling190. Indeed, some works reported a similar trend178 while other 

exhibited enhanced extensibility along with superior stiffness179,182,185. Thus, each slide-rings system 

requires a specific systematic study as the mechanical properties come from both the polymer chains 

and the ring sliding. 

 

The previously mentioned work101, dealing with the impressive electrochemical capacities achieved 

using PR cross-linkers in the design strategy of Si anode binders, has inspired several other works as 

mentioned in Chapter I103–105.Nevertheless, the underlying source of performance enhancement of 

such topological cross-linked binders remains unclear. Which structural factors give the PR-PAA 

binders their unique properties ? Such question drove us to conduct a structure-properties study to 

investigate the role of the different structural parameters on PR-PAA networks properties. 

 

c. Synthesis strategy of our binders 

 

Our motivation being exposed, our experimental results will be displayed in the following sections 

of this Chapter. To favour the pulley effect, we synthetized high molecular weight α-CDs-based PRs 

with different PR ring coverages that we incorporated in poly(acrylic) (PAA), as slidable cross-linkers. 

This Chapter is dedicated to the synthesis of PR-PAA networks and the characterization of their 

properties. The evaluation of the electrochemical performances of the PR-PAA architectures used as 

Si anode binders is the subject of Chapter IV. 
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Our PR-PAA synthesis route is composed of two main steps: the polyrotaxane (PR) formation and 

the cross-linking of poly(acrylic acid) (PAA) with PR (Figure III.4). The following sections thoroughly 

describe the different stages that govern the formation of such mechanically interlocked 

architectures: (i) the functionalization of the poly(ethylene oxide) (PEO) end-chains with methacrylate 

functions, (ii) the formation of the pseudopolyrotaxane (PPR) resulting from the inclusion complex 

between α-CDs and the modified PEO, (iii) the end-capping reaction of the methacrylate functions 

with pyrene groups through a radical coupling reaction to form the polyrotaxane (PR), (iv) the 

hydroxypropylation of the α-CDs born on the PR and (v) the condensation of the α-CDs 

hydroxypropyl moieties with the carboxylic acids of PAA through an esterification. 

 

To confirm the successful completion of the synthesis, we used different characterization techniques: 

Nuclear Magnetic Resonance spectroscopy (NMR), Size Exclusion Chromatography (SEC), Differential 

Scanning Calorimetry (DSC), mechanical testing and Fourier-transform Infrared spectroscopy (FTIR). 

For reasons of conciseness, we will present solely the results of these experiments, leaving the 

experimental details in the experimental section related to this Chapter (Supplementary Information 

for Chapter III). 
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Figure III.4: Illustration of the synthetic route of the formation of a PR-PAA networks. 
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2. α-CDs based polyrotaxanes (PRs) synthesis 

 

a. PR synthesis pathway 

 

In light of the targeted application, PRs were synthetized from commercial high number average 

molecular weights poly(ethylene oxide) (PEO) of 10 000, 35 000 and 100 000 g.mol-1. They are 

referred as PEO10K, PEO35K and PEO100K in the following of the report. The PEO end-chains were 

firstly functionalized with methacrylate functions through a microwave-assisted process, which has 

the major advantage to be a solvent-free reaction with fast kinetics191 (Figure III.4, (i)). This preliminary 

step is essential prior pursuing our synthetic pathway because methacrylate functions are involved 

in the end-capping reaction of pyrene moieties to form the PR and that none of such modified PEO 

is commercialized. As this modification step is not the main purpose of the study, there are no further 

detail here, but a more detailed description can be found in Supplementary Information (Figures 

SI.III.2-10 & Tables SI.III.2-3). 

 

The following step consists in the PPR formation that is enabled by a self-assembled process 

governed by the host-guest interaction between the ethylene oxide units (EO) of PEO and α-CDs 

(Figure III.4, (ii)). The major driving forces for forming these tubular architectures rely on 

supramolecular interactions between the inner surface of the α-CD ring and EO units. The head-to 

head and tail-to-tail threading mode is favoured by the formation of hydrogen bonds between 

neighbouring α-CDs43,44. The dimethacrylated POE was solubilized in a saturated aqueous solution 

of α-CDs and the mixture was stirred for 24h to get a white precipitate that was isolated by filtration 

(Figure III.4, (ii)). For the three different PEO molecular weights, PEO and α-CDs were introduced in 

stoichiometric proportions (2 EO units for 1 α-CD), which are known to allow the fully compact PPR174, 

referred as PPR10K, PPR35K and PPR100K in the following of the report. 

 

The complex formation between α-CDs and PEO was studied quantitatively by 1H NMR spectroscopy 

and SEC measurements, by estimating the number of α-CDs threaded onto the polymer chain (Figure 

III.5). On the SEC chromatogram of PPR10K, we can distinguish two main populations, that we 

attributed to PEO 10K and α-CDs, with a ratio in agreement with the fully compact PPR stoichiometry 

(Figure III.5.a). The presence of these two populations does not come as a surprise. Indeed, the 
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supramolecular interactions that hold the PPR structure dissociate in solution, leading to the two 

constituting components (PEO and α-CDs) in their native state (Figure III.5.c). We can also access the 

PPR10K stoichiometry, from 1H NMR spectroscopy, by integrating the signal of the α-CDs anomeric 

protons (H1 ; 4.79 ppm) and the signal of the protons of EO units (H7 ; 3.5 ppm). For PPR10K, PPR35K 

and PPR100K, the stoichiometry was also verified by considering the methyl protons of the 

methacrylate functions (1.9 ppm). Note that, NMR characterization is consistent with the synthesis 

of fully compact PPRs, ie 1 α-CD for 2 EO units, for PPR35K and PPR100K as well (Figure III.5.b). 

 

 

 

Figure III.5: Characterization of the PPR made the different PEO. a) SEC chromatograms of PPR10K, POE 10K and α-

CDs obtained with the RI detector (0.025 mg.mL-1 in DMF, Shodex KD-806M). We calculated the mass fraction of α-CDs in 

the PPR sample (86%wt) which corroborates quite well with the expected one (92%wt), using the calibration (Figure SI.III.1). 

b) 1H NMR spectrum of PPR10K (DMSO-d6, 308K, 600MHz) and molarity ratios (α-CD/EO) calculated by 1H NMR for PPR10K, 

35K and 100K (Figures SI.III.11-13 & Table SI.III.4) c) Scheme of the dissociation of PPR. 

 

 

However, note that the low mass yields obtained for PPR made of PEO35K (30 ± 4 %) and PEO100K 

(26 ± 1 %) in comparison with PEO10K (71%), suggest that the corresponding PPRs are not fully 

packed. Indeed, the quantities of PEO and α-CDs that were introduced should theoretically lead to a 
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100% mass yield. This observation is consistent with an early study showing that a threshold value 

for the PPR ring coverage was reached from a certain PEO molecular weight (>10 000 g.mol-1)192. But 

how can this finding be explained since it contradicts the NMR characterization ? A possible reason 

could be rooted in the sluggish dissolving kinetics and the lower mobility of high molecular weight 

polymers that render the NMR blind towards the highest molecular weight species. Thus by NMR, 

we could only detect the compact PPRs resulting from the complexation of α-CDs and the lowest 

molecular weights PEO, owing to the broadness of PEO molecular weight distributions (Figure SI.III.2 

& Table SI.III.2). Note that, the obtention of non-fully compact PPRs does not represent an issue for 

our study, since we are targeting the synthesis of PRs with low PR ring coverage to enhance the 

molecular pulley mechanism. 

 

Next, the attachment of bulky substituents at the end-chains of the threading polymer constitutes 

the last stage of the PR formation (Figure III.4 (iii)). It ensures the “molecular necklace” architecture 

by preventing the ring molecules from dethreading. We adopted a previously reported radical 

coupling reaction between the methacrylate end-chains functions of PEO and the N-

hydroxysuccinimid ester group of the 1-pyrene butyric acid N-hydroxysuccinimid ester (PBS)193. The 

reaction was optimized under heterogeneous conditions in a mixture of water/DMSO (2/1) and 

sodium persulfate (Na2S2O8) is used as a free radical initiator58. The experimental conditions such as, 

water/DMSO ratio, addition time of Na2S2O8 and PBS, temperature (RT to 80°C), were varied to 

synthetize a panel of PRs with different PR ring coverages, ie the percentage of the threading polymer 

being covered by the ring. The detailed reaction mechanism is reported in Figure III.6. The initiation 

step consists in the homolytic cleavage of Na2S2O8 in water generating two radicals that react with 

the succinimidic ester derivative (PBS) through an homolytic substitution followed by a 

decarboxylation, hence forming pyrene radicals. During the propagation step, the reaction of these 

radicals with the methacrylate functions of the PPR leads to the formation of the PR. The termination 

reaction aims in neutralising the remaining radicals.  

 

The crude product was precipitated in diethylether and an additional purification step, involving a 

heating process, was conducted prior the SEC characterization. This purification method was 

developed during an upstream study and rely on the separation of PR and the free residuals α-CDs 

coming from the PPR dissociation194. 
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Figure III.6: Mechanism of PBS end-capping reaction to form PR. The proposed mechanism results in the formation of 

the most probable final product (steric effect). As discussed in litterature193, other radicals are likely to be part of the 

termination step through recombination leading to different secondary products. 

 

On top of the heterogenous conditions that prevent the spontaneous dissociation of the PPR, the 

main advantage of this radical coupling reaction relies on its kinetics which result in impressive yields, 

up to 90% reported58. Moreover, as the reaction is quasi-instantaneous, the time of addition of both 

PBS and Na2S2O8 theoretically governs the number of α-CDs born by the polymer. Additionally, it is 

worth noticing that no undesirable secondary reaction with α-CD hydroxyl group is encountered, 

which is a major benefit compared to the most popular synthetic pathway reported in the literature49. 

 

The characterization of the different PRs, that will subsequently be referred as PR10K, PR35K and 

PR100K, is discussed in the following paragraphs. The synthesis of such high molecular weight PRs 

using this radical coupling chemistry had never been described before. Indeed, the conditions had 
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been optimized for PR made of PEO of 1 000 g.mol-1 58. That is why we adapted the characterization 

protocol combining both SEC and NMR to determine the average number of CDs threaded on the 

PEO chain. First, we focused on PR10K and then we extended the approach to PR35K and PR100K.  

 

b. Characterization of PR10K 

 

Evidence of PR formation 

Prior to any SEC analysis, the calibration of the chromatography column is essential. All the calibration 

procedure and the sample preparation details are explained in the Materials and Methods section 

related to this Chapter (Supplementary Information). The calibration was carried out on the RI 

detection mode for the two different chromatography columns available to us (HR 4E Styragel and 

Shodex KD-806M) and consists in two main steps:  

 

- the calibration of PEO monodispersed standards to determine the average molecular mass 

of the synthetized architecture in PEO equivalents (Table SI.III.1) 

- the calibration in α-CD to determine the mass fraction of free residual α-CD in each PR sample 

(Figure SI.III.1) 

 

For the sake of clarity, we will analyse meticulously the RI and UV chromatograms of one batch of 

PR10K (PR1) (Figure III.7). The same analysis was performed on the other batches (8 in total) and the 

results are summarized in the following section in Table III.1. 
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Figure III.7: SEC characterization of a PR1 based on α-CDs and PEO10K. Overlapping of the chromatograms of PR1 

before (black) and after (red) the additional purification step (0.1 mg.mL-1). These chromatograms were obtained with the 

the a) HR 4E Styragel and b) Shodex 4D-806M columns respectively. Overlapping of the chromatograms of the purified 

PR1 (0.1 mg.mL-1, plain red line), α-CDs (0.125 mg.mL-1, dashed red line ) and standard PEO of 11 840 g.mol-1 (Đ =1.04, 3 

mg.mL-1, dashed black line) or PEO10K with methacrylate end-chains functions (Đ =1.48 ± 0.11, 3 mg.mL-1, dashed black 

line) for the c) HR 4E Styragel and d) Shodex 4D-806M columns respectively. Only the elution volume matters, no attention 

is to be paid to the intensity’s signals. SEC is carried out with different species natures prepared at different concentrations. 

Moreover, the recorded signal is a refractive index difference between the analysed sample and the eluent. e) Overlapping 

of the chromatograms of the purified PR1 obtained with the RI (red) and the UV (blue) detectors using the HR 4E Styragel 

chromatography column. 
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The RI detection provides us with a chromatogram showing two populations with a small and a larger 

elution volumes (5.8 & 8.55 mL for HR 4E Styragel, Figure III.7.a and 7.4 & 11 mL for Shodex KD-

806M, Figure III.7.b), that are associated to high and low molecular masses (1.3 106 & 1.5 103 g.mol-1 

for HR 4E Styragel and 31 103 & 1.4 103 g.mol-1 for Shodex KD-806M in PEO equivalents). They are 

respectively attributed to the PR and the residual free α-CDs. The efficiency of the additional 

purification step is demonstrated since the signal of the residual free α-CDs drastically declines 

whereas the one of the PR is clearly increased (Figure III.7.a & b).  

 

We calculated the mass fraction of free α-CDs using our calibration curves (Figure SI.III.1). 

Furthermore, for the purified PRs, we also can estimate this mass ratio as the ratio of the peaks area, 

assuming that refractive indexes of free α-CDs and PRs are close. Errors bars are then calculated as 

standard deviations. This second quantification could not be performed before the additional 

purification step because the PR signal is hardly distinguishable in the background noise. As 

expected, this quantification seems not to be column-dependent. Thereafter, we decided to estimate 

this free α-CDs residual mass fraction using the Shodex KD-806M column since we suspected an 

overestimation (119% compared to 93%) of this mass fraction when calculated from the HR 4E 

Styragel column probably due to desorption of adsorbed α-CDs. 

 

The attribution of the two different populations of the purified PR1 RI chromatogram is supported 

by the overlapping of PEO10K and α-CDs chromatograms (Figure III.7.c & d). As anticipated, PR1 

displays a lower elution volume than PEO10K, which agrees with the fact that α-CDs are born on the 

polymer chain, leading to a higher molecular weight. Nevertheless, no clear quantification of the 

average mass can be envisaged since PR and PEO, that are used as calibration standards, do not have 

neither the same composition, nor the same hydrodynamic volume and so behaviour in a DMF 

solution. 

 

Unsurprisingly, the HR 4E Styragel and Shodex KD-806M columns do not give the same RI profile for 

an identical sample in terms of elution volumes, due to their stationary phase composition 

monitoring their steric separation power. Moreover, shapes signals are also different, as suggested 

by the more gaussian shape of the high molecular weight population obtained with the HR 4E 

Styragel column (Figure III.7.c, plain red). The RI chromatogram recorded with the Shodex KD-806M 

column shows a high molecular weight population that could be deconvoluted into 3 populations 
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(Figure III.7.d, plain red). Therefore, these 3 populations can be attributed either to the different PR 

populations resulting from the polydispersity of the PEO (Figure SI.III.2) that implies different 

numbers of threaded α-CDs or to the different conformations adopted by PRs. For sure, these 

conformations depend on the number of threaded α-CDs. They might also be induced by the 

tendency of these ring molecules to form some separated compact micro-domains to be opposed 

to some random coil parts that would be closer to the bare PEO behaviour. Thus, with PRs containing 

the same number of threaded α-CDs, we can be in presence of different hydrodynamic sizes when 

dissolved in DMF and so different elution volumes measured by SEC. Further research would be 

needed to precisely ascribe these three different populations of PRs. 

 

The UV detection brings additional information to the characterization of PRs (Figure III.7.e). The UV 

chromatograms were recorded at the pyrene maximal absorption wavelength (λ = 345 nm). The low 

elution volume population signal undoubtedly exhibits the grafting of pyrene functions providing 

the PR formation. The absence of any high elution volume population is consistent with the fact that 

all the excess of pyrene was removed by purification. Note that a slight shift of the elution volume 

of the high molecular mass population between the RI and the UV signals can be distinguished. This 

is assigned to the fact that the RI and the UV detectors are placed in series. 

 

In the following of the report, the quantification of the residual α-CDs mass fractions is performed 

with the Shodex KD-806M calibration curves (Table III.2) because as mentioned above, we suspect 

an overestimation due to desorption when using the HR 4E Styragel column. However, we decided 

to plot the RI chromatograms obtained with the HR 4E Styragel column measurements leaving aside 

the conformations issues (Figures III.7 & 8). 

 

MALDI-TOF mass spectrometry (MS) was also used as a characterization method to confirm the PR 

synthesis route (data not shown). Unfortunately, as already disclosed, the MALDI-TOF spectra 

analysis cannot be interpreted as a direct quantitative analysis75. Indeed, low molecular masses 

polymers desorb better than higher ones resulting in the analysis of lower molecular masses PRs 

consisting of few α-CDs and low molecular masses of the PEO. Because of this reason, we did not 

dwell on this characterization method further. 
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Determination of the PR ring coverage 

The methodology that we adopted to evaluate the average number of ring molecules born by the 

PR relies on the combination of both 1H NMR spectroscopy and SEC measurements. For the purpose 

of clear illustration, we focus on PR3 with 62 % and 14 ± 3 % of residual free α-CDs before and after 

the purification step respectively. The analysis of the other PR10K was done similarly leading to the 

same systematic quantifications (Table III.1). 

 

The 1H NMR spectrum of PR3 was recorded before the additional purification step. All the peaks’ 

attributions are reported on the spectrum (Figure III.8). The integration ratio between protons of the 

pyrene end-capping functions (18) and the α-CD anomeric protons (451) leads to an estimated 

number of α-CDs per PR unit. Taking into account the mass fraction of residual free α-CDs quantified 

by SEC (62%wt), we can estimate to 38%wt the proportion of α-CDs that are threaded which means 

that PR3 consists in an average of 29 threaded α-CDs (0.38 × 451 6⁄ ).  

 

 

Figure III.8: 1H NMR spectrum in DMSO-d6 of PR3 (PR10K,128 scans, 308K) before the additional purification step. 

Traces of impurities and solvents are marked with an asterix (*). 
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Note that the 1H NMR spectra used for quantification were recorded before the additional 

purification step. Indeed, as shown in Figure SI.III.14, the removal of the residual α-CDs renders the 

signal fine attribution very complex. Indeed, the protons of the threaded α-CDs are in different 

chemical environments leading to some bunch of peaks corresponding to each type of α-CDs 

protons. We did not focus on the fine attribution of such signals since the previously described 

protocol was giving us the desired information. 

 

A large panel of PR10K 

As mentioned before, different experimental conditions were explored for the PR formation, with the 

objective to vary the PR ring coverage. Four parameters were investigated : (i) the water/DMSO 

mixture ratio, (ii) the temperature of PPR dissolution in DMSO, (iii) the addition time of H2O and 

Na2S2O8 and (iv) the addition time of PBS (Figure III.9). The stoichiometric proportions of PPR, PBS 

and Na2S2O8 and the PPR concentration remained constant as detailed in the Methods section 

(Supplementary Information). The experimental conditions and the resulting PR10K ring coverages 

are reported in Table III.1 (Figures SI.III.15-22). 

 

 

 

Figure III.9: Investigation of the role of the different experimental parameters during the PR formation 
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PR10K Run (x / y) T (°C) t1 (h) t2 (h) Reaction time (h) PR rings coverage (%) 

PR1 1  ( 2 / 1 ) RT 0 0 3 ~ 60* 

PR2 2  ( 2 / 1 ) 80 4 0 3 19 

PR3 3  ( 2 / 1 ) 80 1 0 3 25 

PR4 4  ( 2 / 1 ) 80 4 4 24 36 

PR5 5  ( 2 / 1 ) 80 72 72 72 48 

PR6 6 ( 2 / 1 ) RT 0 0 3 48 < x < 51* 

PR7 7 ( 1 / 2 ) 80 9,5 9,5 3 51 

PR8 8 ( 1 / 2 ) 80 7 7 72 > 51* 

 

Table III.1: Overview of the experimental conditions of formation of PR10K. DMSO was systematically added at t0 and 

after the addition of water the temperature was set to RT. When the signal to noise ratio was not good enough to clearly 

distinguish the protons signals of the pyrene extremities by 1H NMR and so to calculate exactly the number of threaded α-

CDs. The asterix stands for the estimation of the PR rings coverage that was performed instead thanks to our calibration 

curve (Figure III.10.b). 

 

The different experimental conditions successfully led to the obtention of PR10K with a wide panel 

of PR ring coverage, varying from 19% to 60%. Interestingly no highly compact PR was obtained, 

even using the “optimized” conditions reported in literature with the addition of all the reactants at 

the same time61. We could only get from 50% to 60% rings coverage (runs 1 & 6 Table III.1). The 

explanation may be rooted in the PEO molecular weight since the protocol was reported for a 

polymer of 1 000 g.mol-1. Switching from 1 000 to 10 000 g.mol-1 induces less mobility for the 

polymer chain and consequently less reactivity for the end-chain groups, leading to a more important 

α-CDs dethreading phenomenon. 

 

Then, from these conditions, we adapted the protocol to get some lower PR ring coverages. PPR 

were firstly dissolved in DMSO in presence of PBS and the mixture was stirred at 80°C for several 

hours. Water and Na2S2O8 were added afterwards (runs 2 & 3, Table III.1). Consequently, we obtained 

lower PR ring coverages, 19% and 25% for 4h and 1h of dissolution step respectively. Alternatively, 

PBS was added after the dissolution step at the same time as water and Na2S2O8 (runs 4 & 5, Table 

III.1) and we got PR ring coverages of 48% and 36% after a dissolution step of 72h and 4h 

respectively. Thus, not surprisingly, the temperature favours the dissociation of supramolecular 

interactions, here enhancing the α-CDs dethreading phenomenon. Such finding was already 

reported in an early work195. These results also highlight the role of the duration of the PPR 
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dissolution step, even if run 5 does not comply with this finding probably due to a failure in the 

temperature control. Finally, the lower PR ring coverages obtained for runs 2 & 3 might come from 

the formation of inclusion complexes between PBS and α-CDs originating from the dissociation of 

PPR, thus decreasing the reactivity of PBS during the radical coupling reaction196. 

 

Eventually, we enriched the medium with DMSO by switching to a water/DMSO mixture ratio of (1/2) 

(runs 7 & 8, Table III.1) and notably we obtained some high PR ring coverages up to 51%. We should 

mention that this finding was not consistent with the work that motivated our approach according 

to which such proportions would exacerbate the α-CDs dethreading phenomenon58. Nevertheless, 

this work had dealt with the formation of PR from a lower molecular PEO weight (1 000 g.mol-1), 

inducing a faster dissociation rate of the resulting PPR than what we observed for PPR10K. 

 

To conclude, we succeeded in achieving the synthesis of PR10K with different PR ring coverages 

thanks to our knowledge of PR chemistry. Table III.2 provides the characterization details for the 

different PR10K and Figure III.10 gathers the RI chromatograms of the different PR10K recorded after 

the additional purification step.  

 

 %wt of residual free α-CD    

PR 10K 

sample 

BEFORE add. 

purif. step 

AFTER add. 

purif. step 

PR peak elution 

volume (mL) 

Nb of threaded α-CD 

per PR 

Filling ratio of 

PR (%) 

PR1 93 % 13 ± 2 % 5.8  ~ 60 

PR2 62 % 14 ± 5 % 6.18 22 19 

PR3 62 % 14 ± 3 % 6.05 29 25 

PR4 101 % 19 ± 4 % 5.97 41 36 

PR5 80 % 11 ± 1 % 5.95 54 48 

PR6 73 % 9 ± 0 % 5.91  48 < x < 51 

PR7 80 % 15 ± 0 % 5.90 57 51 

PR8 89 % 16 ± 6 % 5.90  > 51 

 

Table III.2: Characterization of the different PR10K. PR ring coverages and mass fractions of free residual α-CDs were 

calculated as detailed previously (Shodex KD-806M, Figure SI.III.23). The PR peak elution volume was estimated as the 

maximum of the almost gaussian peak (HR 4E Styragel, Figure III.10). The shaded boxes correspond to an estimation and 

not a real calculation. 
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Figure III.10: Determination of the PR10K ring coverages. a) Overlapping of the RI chromatograms of the different 

PR10K (HR 4E Styragel column). The evolution of the elution volumes is unscored by the vertical dashed line. b) 

Representation of the PR ring coverage as a function of the elution volume of the PR10K. The corresponding molecular 

masses of the extreme PR are reported. The dashed line serves as an eye guideline.  

 

First, Table III.2 highlights the efficiency of the additional purification step involving the heat 

treatment process with a decrease by a factor of around 5 of the α-CDs mass fraction. This step is 

crucial for the detection of the PR peak.  

 

Interestingly, a nice correlation was drawn between the PR peak elution volume and the PR ring 

coverage: the higher the α-CDs density is, the lower the elution volume of the PR population is 

(Figure III.10). From an analytical point of view, our quantification of the number of α-CDs born by 

the polymer chain turns out to perfectly suit with the SEC partitioning principle. Indeed, the largest 

molecules elute first followed by components of progressively smaller sizes. Moreover, a linear trend 

that was not anticipated emerges from the plot representing the PR ring coverage as a function of 

the elution volume. This trend suggests that the combination of the HR 4E Styragel column, its 

thermostated temperature (60°C) and the eluent (DMF) is appropriate to separate PR10K with 

different PR ring coverages, ie different molecular masses that we approximated from ~30 000 to 

~70 000 g.mol-1 (Figure III.10.b). Thus, we consider the column to be in the linear separation range 

and we could envisage this curve as a molecular mass distribution calibration curve for such PRs. This 

represents a new result, namely enabling SEC quantification for such topological macromolecular 

architectures which differ from conventional polymers.  
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Additionally, this trend allowed us to provide an estimation of the PR ring coverage for PR1, PR6 and 

PR8 (Table III.2, shaded boxes). Indeed, the signal to noise ratio on their 1H NMR spectra was not 

good enough to clearly distinguish the protons signals of the pyrene end-capping functions and 

thus to calculate the average number of α-CDs born per PR (Figures SI.III.16, SI.III.20, SI.III.22). 

Interestingly, this concerns the most fully packed PRs and this is not surprising. Because of the high 

affinity between pyrene and the α-CD cavity, the probability of the pyrene end-capping function to 

be inside an α-CD cavity is increased196. This results in the restriction of mobility of the pyrene protons 

and so a lower intensity for their signals. 

 

c. Characterization of PR35K and PR100K 

 

On the basis of the above results, we caried out the same crossed-characterization methodology for 

PR35K and PR100K. As well as for PR10K, we explored different experimental conditions with the aim 

to tune the PR ring coverage (Figure III.9). These experimental conditions are summarized in Table 

III.3. The conditions that led to the highest rings coverages for PR10K (runs 1 & 6, Table III.1) were 

reproduced for PR9 and PR10 (runs 9 & 10, Table III.3). A dissolution step for the PPR in DMSO at 

80°C during 4h was also conducted for PR100K (run 11, Table III.3). Table III.4 gathers the 

characterization details of PR35K and PR100K and Figure III.11 displays their RI chromatograms. 

 

Sample Run PEO molecular weight (g.mol-1) T (°C) t1 (h) t2 (h) Reaction time (h) 

PR9 9 35 000 RT 0 0 16 

PR10 10 100 000 RT 0 0 16 

PR11 11 100 000 80 0 4 12 

 

Table III.3: Overview of the experimental conditions of PR35K and PR100K. The ratio of the water/DMSO mixture were 

kept constant to (2/1). DMSO was systematically added at t0 and after the addition of water the temperature was set to RT. 

The PPR concentration was of 45 and 100 mg.mL-1 for PPR35K and PPR100K respectively and the stoichiometric proportions 

of PPR, PBS and Na2S2O8 also remained constant. 
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  %wt of residual free α-CD  

Sample 
PEO molecular weight 

(g.mol-1) 

BEFORE add. 

purif. step 

AFTER add. 

purif. step 

PR peak elution volume 

(mL) 

PR9 35 000 87 % 16 ± 0 % 5.92 

PR10 100 000 85 % 49 ± 6 % 5.78 

PR11 100 000 76 % 32 ± 3 % 6.03 

 

Table III.4: Characterization of the different PR35K and PR100K. Mass fractions of free residual α-CDs were calculated 

from the RI chromatograms as detailed previously (Shodex KD-806M, Figure SI.III.27). The PR peak elution volume was 

estimated as the maximum of the almost gaussian peak (HR 4E Styragel, Figure III.11). 

 

First, we witness a poorer efficiency of the additional purification step, although the same conditions 

used for PR10K were adopted (200°C during 15 min). This is particularly marked for PR100K which 

shows three times more residuals free α-CDs than PR10K (Table III.4). Therefore, an optimization of 

the conditions could be envisioned later, such as modifying the temperature and/or the time.  

 

 

 

Figure III.11: Characterization of PR35K and PR100K. a) The RI chromatograms of two PR10K (PR1 & PR3) were added 

to PR35 and PR100K chromatograms for comparison (HR 4E Styragel column). The evolution of the elution volumes is 

unscored by the vertical dashed line. b) Overlaped 1H NMR spectra of the different PRs in DMSO (16 scans, 308K). A zoom 

was made on the pyrene chemical shift area.  
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Further analysing the RI chromatograms of PR100K, PR10 shows a lower elution volume than PR11 

(5.78 vs 6.03 mL) (Figure III.11.a). The observed signals shift corroborates with the logic observed for 

PR10K, the 4h of dissolution process inducing more dethreading, hence a lower PR ring coverage. 

Unfortunately, this assumption cannot be confirmed easily since we failed in implementing our 

crossed-characterization protocol to precisely calculate the PR ring coverages. Indeed, we can hardly 

distinguish pyrene signals on the different 1H NMR spectra (Figure III.11.b). Despite our trials to use 

a higher magnetic field spectrometer (800 MHz) or to increase the number of scans (128 scans), no 

real improvement in the signal to noise ratio was observed. The full 1H NMR spectra of these three 

higher molecular weight PRs can be found in Supplementary Information (Figures SI.III.24-26).  

 

In conclusion, we successfully manage to provide a detailed characterization of the synthetized 

PR10K, especially in terms of PR ring coverage. Nevertheless, quite a tough challenge has been 

pointed out for the highest molecular weight PRs. By extending our findings on PR10K, we assume 

that the shift in terms of elution volume can still be assign to a PR ring coverage change meaning 

that PR10 is more packed than PR11. This assumption is of importance since we are expecting more 

sliding motion of α-CDs on PR11 than on PR10. When it comes to comparing PRs obtained from 

different molecular weight PEO, we cannot transpose the PR ring coverage from the PR10K study. 

Indeed, PPR 35K and PPR100K differ from PPR10K because they are less fully packed with α-CDs. 

Additionally, the dethreading rate is likely to be slower increasing the PEO molecular weight. Thus, 

the only assumption we can make is that increasing the PEO molecular weight implies more sliding 

motion of the ring molecules.  

 

These hypotheses are investigated in the following section dealing with the properties of PR-PAA 

slide-rings networks in which PAA is cross-linked with the α-CDs based PRs. 
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3. PR-PAA network synthesis 

 

In this part, PRs were covalently integrated to PAA in order to form a three-dimensional PR-PAA 

network. The influence of the PR structural parameters exposed above (PEO molecular weight and 

PR ring coverages), the proportion of PR cross-linkers compared to PAA and the cross-linking density 

was evaluated using Differential Scanning Calorimetry (DSC) and mechanical testing to provide 

information about the PR-PAA mechanical properties such as deformability and elasticity.  

 

a. PR-PAA synthesis pathway 

 

The PR-PAA synthesis route was adapted from Choi’s early work101. It consists in the two following 

stages: the hydroxypropylation of the α-CDs born by the polymer chain (Figure III.4 (iv)) and the 

condensation of PAA carboxylic acid groups with the hydroxyl groups of α-CDs hydroxypropylated 

moieties through an esterification (Figure III.4 (v)). First, to confirm the synthesis pathway, we 

synthetized α-CD-PAA networks. The mechanism description is reported in Figure III.12.  

 

The protocol involves the nucleophilic substitution of α-CD hydroxyl groups at the unsubstituted 

carbon of propylene oxide in 1M NaOH aqueous medium at low temperature (0°C)197,198. The 

purification consists in the precipitation of the crude product in DMSO followed by a freeze-drying 

step (-80°C; 12 µbar). The hydroxypropylated α-CD (Hydroxy-α-CD) was characterized by 1H NMR 

and we showed that approximatively 53% the hydroxyl groups are substituted by 2-hydroxypropyl 

groups (Figure SI.III.28 & A.III.29).  

 

The esterification synthesis route is based on a N,N’-carbonyl diimidazole (CDI) mediated method 

developed for cellulose199. CDI was first dissolved in anhydrous DMSO and mixed with PAA for 24h 

at 50°C. An argon gas flow was used to remove evolved CO2. Indeed, during the carboxylic acid 

imidazolide formation, CO2 is part of the only two by-products with imidazole, the latter being 

removed by several precipitations in THF afterwards. Once the carboxylic acids are efficiently 

activated, the hydroxypropylated α-CDs are added to the mixture and the reaction proceed for 72h 

additional hours at 70°C to get the desired esters. The purification consists in two precipitations in 

THF and a final freeze-drying step (-80°C; 12 µbar). 
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Figure III.12: Scheme of the proposed mechanism of CDI-promoted esterification of carboxylic acids with α-CDs. 

 

This CDI-promoted esterification presents the advantages of mild reaction conditions, limited 

number of by-products and pretty high yields (80%)199. Note that any trace of water must be avoided 

because of its high reactivity with CDI, as displayed in the 1H NMR spectrum of CDI in DMSO-d6 

which is already partially hydrolysed (28%) (Figure SI.III.30).  

 

α-CD-PAA sample Cross-linking density (%) 
α-CD/PAA mass 

ratio (%wt) 
Network illustration 

α-CD-PAA 1 0.4 6 
 

α-CD-PAA 2 8.1 69 

 

 

Table III.5: Experimental conditions of α-CD-PAA networks preparation. The cross-linking corresponds to the 

proportion of CDI-activated COOH units. The illustration is purely explicative. 
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Table III.5 provides the reaction conditions used for the synthesis of α-CD-PAA networks. The cross-

linking density is directly correlated to the mass of CDI introduced. α-CD-PAA networks were 

characterized by means of FTIR spectroscopy (Figure III.13). The characteristic peaks of α-CD can be 

observed: C-O stretching at 910 & 1030 cm-1, C-H/C-H2 vibration at 2900 cm-1 and O-H stretching 

vibration 3500 cm-1. Concerning the carboxylic acid groups of PAA, the enlargement of the band at 

1700 cm-1 and the appearance of an ester stretching band at around 1730 cm-1 clearly indicates the 

successful cross-linking of the carboxylic acid units of PAA with the hydroxyl moieties of α-CD. As 

expected, this shifting phenomenon is magnified for α-CD-PAA 2 that corresponds to a larger 

amount of activated carboxylic acids leading to more ester bond formation. It is worth noticing that 

the set temperature of 70°C cannot lead to the formation of anhydride functions even if the IR band 

shift would be similar. Indeed, a much higher temperature is needed (~150°C)200.  

 

An attempt to characterize such α-CD-PAA networks by NMR spectroscopy was also made to support 

the ester bond formation (1H NMR, 13C NMR and HMBC, Figure SI.III.31). Although some shifts clearly 

exhibit a reaction occurring, this was not fully conclusive. 

 

 

Figure III.13: Validation of the esterification synthesis route: ATR-FTIR characterization of the two different α-CD-

PAA networks. a) Overlapped ATR-FTIR spectra of PAA, α-CD-PAA 1 and α-CD-PAA 2 b) Zoom-in of the carbonyl groups 

stretching bands showing the formation of the ester bonds. The vertical dashed line underscores the band shift resulting 

from the appearance of this new band of higher wavenumber. 
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The previously synthetized PRs were then used to prepare different types of PR-PAA networks (PR3, 

PR6, PR9, PR10 & PR11, Tables III.1 & III.3). First, the hydroxypropylation reaction was carried out and 

the conversion of α-CD hydroxyl groups into 2-hydroxypropyl groups was quantified by 1H NMR. 

The results are reported in Table III.6 and the 1H NMR spectra can be found in the Supporting 

Information (Figures SI.III.32-36).  

 

Hydroxypropylated 

sample 

Starting PEO molecular 

weight (g.mol-1) 

Residual free α-CDs 

in PR sample (%wt) 

Hydroxypropylation 

proportion (%) 

Hydroxy-α-CD / 100 53 

Hydroxy-PR3 10 000 62 34 

Hydroxy-PR6 10 000 76 47 ± 4 

Hydroxy-PR9 35 000 87 36 

Hydroxy-PR10 100 000 85 44 

Hydroxy-PR11 100 000 76 58 

 

Table III.6: PR hydroxypropylation characterization. The hydroxypropylation proportion corresponds to the yield of 

conversion of the α-CD hydroxyl groups into 2-hydroxypropyl groups. It was evaluated by 1H NMR (Figures SI.III.32-36). 

The residual free α-CD proportion was calculated by SEC (Tables III.1 & III.4). 

 

As expected, the hydroxypropylation yield is 10% lower for PRs than for α-CD itself. This is consistent 

with the mobility restriction originating from the interlocked architecture of PR that implies less 

reactivity for threaded α-CD than for free α-CD. 

 

The following step concerns the cross-linking reaction between PR and PAA. Different parameters 

were investigated to impart enhanced mechanical properties to the different PR-PAA networks 

synthetized. Besides to the PR structural parameters already evoked in the previous section, ie PEO 

molecular weight (x) and PR ring coverage (rc), we examined the PR/PAA mass ratio (y) and the 

cross-linking density (z), which corresponds to the proportion of CDI-activated COOH units per PAA. 

To make the discussion clearer, some illustrations of the expected PR-PAA architectures are provided 

in Figure III.14. Similarly to α-CD-PAA networks, FTIR spectra support the ester bond formation for 

PR-PAA networks. They are included in Supplementary Information for sake of clarity (Figure SI.III.37). 
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Figure III.14: Illustration of the four different parameters investigated in the PR-PAA networks synthesis. a) 

Influence of the PEO molecular weight (x) and b) PR/PAA mass ratio (y), keeping the crosslinking density (z) constant. c) 

Influence of the PR ring coverage (rc). d) Influence of the cross-linking density (z). 

 

The reaction conditions of PR-PAA networks formation are summarized in Table III.7. We took for 

reference the conditions published in Choi’s work101, that is to say activating 0.5% of the COOH units 

of PAA (ie 33/6250 COOH) and doping PAA with 5%wt of PR. PR was prepared from PEO20K and its 

ring coverage was evaluated to 29 %. Subsequently, the nine types of PR-PAA networks are identified 

using the following notation: PRX-PAA y % (z %) with X corresponding to the label of the PR sample 

implying the PEO molecular weight (x) and the PR ring coverage (rc). y and z stand as the PR/PAA 

mass ratio and the crosslinking density respectively. For reason of conciseness, we numbered PR-

PAA specimens (Table III.7).  

 

To highlight the value of such PR-PAA architectures as being efficient Si binders, we first evaluated 

their thermal properties by DSC. Then we set up a collaboration with SIMM lab at ESPCI to perform 

some mechanical strength tests to investigate their mechanical properties such as stiffness (Young’s 

modulus) or tensile strength/strain (maximum stress/strain at rupture). The ultimate goal is to draw 

a structure-properties correlation and exhibit the best PR-PAA network configuration that best meets 

the standards of being a good Si binder.  
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PR-PAA sample 

PEO molecular 

weight (x) 

(g.mol-1) 

PR ring 

coverage 

(rc) (%) 

Cross-linking 

density (z) (%) 

Mass ratio 

PR/PAA (y) 

(%wt) 

Network illustration 

PR-PAA 1 

PR3-PAA 5 % (0.5 %) 
10 000 25 0.5 5 

 

PR-PAA 2 

PR6-PAA 5 % (0.5 %) 
10 000 50 0.5 5 

 

PR-PAA 3 

PR6-PAA 10 % (0.5 %) 
10 000 50 0.5 10 

 

PR-PAA 4 

PR6-PAA 20 % (0.5 %) 
10 000 50 0.5 20 

 

PR-PAA 5 

PR6-PAA 5 % (5 %) 
10 000 50 5 5 

 

PR-PAA 6 

PR9-PAA 5 % (0.5 %) 
35 000 high* 0.5 5 

 

PR-PAA 7 

PR10-PAA 5 % (0.5 %) 
100 000 high* 0.5 5 

 

PR-PAA 8 

PR10-PAA 5 % (5 %) 
100 000 high* 5 5 

 

PR-PAA 9 

PR11-PAA 5 % (0.5 %) 
100 000 low* 0.5 5 

 

 

Table III.7: Experimental conditions of PR-PAA synthesis. The illustrations are purely explicative. The asterisk (*) refer to 

the PR ring coverages that we could not precisely determined. An indication of their estimate value is reported (high or 

low). 
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b. Thermal properties investigation 

 

The glass-transition temperature (Tg) of the different PR-PAA networks was measured using DSC via 

a heat-cool-heat procedure between -60°C and 180°C at a rate of 15°C.min-1. Figure III.15.a shows 

the thermograms of both PR-PAA 2 and PAA. The resulting Tg values, Tg1, Tg2, Tg3 collected for the 

first, second and third heating ramps are summarized in Figure III.15.b. For reason of conciseness, we 

solely report the detailed characterization of PR-PAA 2, the thermograms of the other PR-PAA 

networks can be found in Supplementary Information (Figure SI.III.38 & Table SI.III.5). 

 

 

 

Figure III.15: DSC analysis of PAA and PR-PAA 2. a) Overlapped DSC thermograms for PAA (black) and PR-PAA 2 (green) 

during the heat-cool-heat procedure carried out between -60°C and 180°C at a rate of 15.min-1. The measurements were 

carried out after the freeze-drying process for PR-PAA 2 and with no further purification for PAA. b) Tg values obtained by 

data treatment with the TRIOS software, the error bar on the temperature determination is estimated to ± 0.6°C. The 

overlapping of an endothermic peak and the glass transition temperature (Tg) signal does not allow measuring Tg1 for PAA. 

c) Mass fractions of remaining solvents. Errors bars were obtained by performing three independent experiments. 
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Interestingly, PR-PAA networks are amorphous and show a typical elastomer behaviour, with their Tg 

well below room temperature (25 °C) and almost 10 times lower than the Tg of PAA (Table SI.III.5). 

The Tg values of PAA (Tg2 = 126.3°C & Tg3 = 128.2°C) confirm its brittleness at room temperature 

(Figure III.15.b). On the contrary, the Tg values of PR-PAA are below room temperature which ensures 

the propagation of movements along the polymer chains (Tg1 = -22.9°C; Tg2 = -9.6°C & Tg3= -4.1°C). 

It may also indicate the presence of α-CD sliding motion. Moreover, the absence of any phase 

transitions of pure PAA, PEO, or α-CDs on the DSC thermograms suggests we are in presence of a 

homogeneous network structure.  

 

It is worth noticing the significant difference between Tg1 and Tg2 for PR-PAA. It partially originates 

from traces of solvents used during the synthesis, that may be trapped in the PR tubular architecture 

(water or DMSO). These residuals act as plasticizers and the first heating ramp was made to remove 

them (here for PR-PAA 2: Tg1 = -22.9°C < Tg2 = -9.6°C). This preliminary heating process was also 

relevant for commercial PAA which contain adsorbed water (endotherm at 100°C). The solvent 

residuals were estimated to approximately 10%wt for PR-PAA and PAA by simply weighting the DSC 

non-hermetic aluminium capsule at the end of the DSC experiments (Figure III.15.c & Figure SI.III.39). 

Thus, to compare PR-PAA networks, the attention will be solely paid on Tg3 in the following of the 

report. 

 

Next, we investigated the effects of the PR ring coverage (rc), the crosslinking density (z), the PEO 

molecular weight (x) and the PR/PAA mass ratio (y) on the thermal properties of the different PR-

PAA networks (Figure III.16). 
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Figure III.16: Influence of the structural parameters of PR-PAA networks on their glass transition temperature Tg. 

PR-PAA networks were called using their corresponding label (Table III.7). Tg1, Tg2 and Tg3 are reported for each sample. 

a) Influence of the PR ring coverage (rc) for PR10K (runs 1 & 2) and PR100K (runs 7 & 9). b) Influence of the crosslinking 

density (z) for PR10K (runs 2 & 5) and PR100K (runs 7 & 8). c) Influence of the PEO molecular weight (x): PEO10K (run 2, 

green), PEO35K (run 6, orange) and PEO100K (run 7, yellow). d) Tg of the dimethacrylated PEO10K, PEO35K and PEO100K. 

Verification of the Fox and Fleury law70. e) Influence of the PR/PAA mass ratio (y) for PR-PAA network prepared from PR6 

(PR10K, 50% ring coverage). 
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Effect of the PR ring coverage (Figure III.16.a) 

First, we investigated the influence of the PR ring coverage for PR-PAA networks prepared from 

PR10K (PR-PAA 1 and PR-PAA 2) and PR100K (PR-PAA 7 and PR-PAA 9). Both the cross-linking 

density (z = 0.5 %) and the PR/PAA mass ratio (y = 5 %wt) were kept constant. Clearly, PR-PAA 1 (Tg3 

= -5.8°C) exhibits a lower Tg than PR-PAA 2 (Tg3 = -4.1°C). Their corresponding PR ring coverages 

are 25% and 50% respectively. Therefore, the Tg difference demonstrates the influence of a low PR 

ring coverage on the mobility of the polymer chains. A similar trend was observed when comparing 

PR-PAA 9 (Tg3 = 0.5°C) with PR-PAA 7 (Tg3 = 4.3°C). Such observation validated our hypothesis of 

having successfully synthetized two PR100K only differing by their PR rings coverages, PR10 being 

denser than PR11.  

 

As a conclusion, the Tg value is slightly reduced as the PR ring coverage decreases, owing to a better 

mobility of the α-CDs on the threading polymer chain. Note that the decrease in Tg values is two 

times greater for PR100K than for PR10K: ΔTg3 [PR100K] = -3.8°C compared to ΔTg3 [PR10K] = -1.7°C. As 

expected, this sliding phenomenon is enhanced with PR100K as a result of a greater distance for 

sliding. Lastly, the decline in the average Tg values for PR-PAA networks prepared with PR10K 

compared to PR100K can be attributed to the restriction of mobility implied by incorporating a higher 

molecular mass PRs in the system. This assumption is supported by the Fox and Flory’s law70 which 

reports an increase of Tg as raising the molecular mass of a polymer. (Figure III.16.d & Figure SI.III.40).  

 

Effect of cross-linking density (Figure III.16.b) 

Then, we increased the cross-linking density by a factor of 10, from 0.5% to 5%, ie activating 32 and 

320 COOH units per PAA (6250 units in total). PR-PAA 5 and PR-PAA 8 correspond to a 5% cross-

linking density while PR-PAA 2 and PR-PAA 7 stand for a 0.5% cross-linking density. Considering 

PR10K, PR-PAA 5 exhibits higher Tg values than PR-PAA 2 (Tg3 = 2.2°C vs -4.1°C). The same trend is 

seen for PR100K, when comparing PR-PAA 8 to PR-PAA 7 (Tg3 = 5.9°C vs 4.3°C). Therefore, in our 

PR-PAA systems, Tg increases with raising the cross-linking density. Such finding suggests an 

equivalent behaviour between conventional cross-linked polymers and PR-PAA networks190. 

 

The rise in Tg values is two times higher for PR10K than for PR100K: ΔTg3 [PR10K] = +6.3°C compared 

to ΔTg3 [PR100K] = +1.6°C. Thus, despite the greater reticulation, we assume PR-PAA networks made of 
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PR100K still offer nice possibilities for α-CDs sliding motion compared to PR-PAA networks made of 

PR10K. 

 

Effect of PEO molecular weight (Figures III.16. c & d) 

Moreover, we examined the influence of the molecular weight of the PEO used to synthetize the PRs. 

We compared PR-PAA networks that exhibit a similar PR ring coverage : PR-PAA 2 (PR10K), PR-PAA 

6 (PR35K) and PR-PAA 7 (PR100K). Notably, the Tg values are very dependent on the PEO molecular 

weight. PR-PAA 6 exhibiting a lot higher Tg (Tg3 = 38.2°C) than both PR-PAA 2 (Tg3 = -4.1°C) and PR-

PAA 7 (Tg3 = 4.3°C). Some hints for interpretation of the upside down U-trend can be found in the 

following paragraph. 

 

We would have expected201 an increasing trend for Tg while incorporating higher molecular weight 

PRs in PR-PAA networks. Indeed, such observation is true for dimethacrylated PEO10K, PEO35K and 

PEO100K (Figure III.16.d & Figure SI.III.40). Therefore, the rupture reported for PR100K may be 

attributed to the enhanced α-CD sliding motion counterbalancing the expected increase in Tg. 

Moreover, the proportion of non-slidable α-CDs crosslinks cannot explain this huge difference, since 

the PR-PAA networks were synthetized from PRs having identical proportions of residual free α-CDs. 

 

Effect of PR/PAA mass ratio (Figure III.16.e) 

Finally, we evaluated the role played by the PR/PAA mass ratio in the PR-PAA networks prepared 

from PR6 (PR10K). Keeping the cross-linking density constant, we compared PR-PAA 2, PR-PAA 3 

and PR-PAA 4 corresponding to 5%wt, 10%wt and 20%wt respectively. First, we observed a decline in 

Tg when increasing the PR doping from 5%wt to 10%wt, whereas no more decline is seen, even a slight 

increase is seen for 20%wt. At this stage, it is difficult to give a clear explanation for these findings. If 

the first decline observed between 5%wt and 10%wt of doping ratio could be attributed to the 

amplification of the sliding motion phenomenon, the absence of further decreased in Tg might 

originate from the presence of too few cross-linkers. 

 

In conclusion, due to their Tg lower than room temperature, the PR-PAA networks are elastomers. 

That ensures the conditions for the presence of spontaneous mobility of the polymer chain, in 

particular the α-CD sliding motion. Moreover, this thermal analysis allowed us to bring to light the 

role played by the PEO molecular weight, the PR ring coverage and the cross-linking density on 
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enhancing the mobility of α-CDs along the threading polymer. The effect of PR/PAA mass ratio was 

also considered, but the complete understanding of this parameter would require a deeper study. In 

view of the targeted application, we then investigated the mechanical properties of these slidable 

PR-PAA networks.  

 

c. Mechanical properties evaluation 

 

As both PAA and PR-PAA networks are sticky powders, we prepared some standardized membranes 

on which to perform the mechanical strength tests. PAA and PR-PAA networks were dissolved in 

DMSO to form a transparent slurry that was casted in a rectangular mould and then cured 24h at 

80°C followed by an additional 24h at 80°C under vacuum. Transparent rectangular specimens (37 

mm x 14 mm x 100 µm) were obtained. We assume the good holding of the membranes is ensured 

through the reticulation of PAA chains (anhydride)200. Therefore, the membranes are composed of 

both sliding and fixed cross-linked points and the correlation between mechanical properties and 

thermal analyses is not always relevant. 

 

Preliminary tensile tests were performed on PAA membranes that were previously soaked in four 

different types of electrolytes : propylene carbonate (PC), 1M LiTFSI in PC, LP30 which is composed 

of 1M LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DMC) and 1M LiPF6 in ethylene 

carbonate/diethyl carbonate (EC/DEC) with fluoroethylene carbonate (FEC, 7.5%wt) and vinylene 

carbonate (VC, 5%wt) as additives. The two electrolytes composed of a mixture of carbonates are 

common for Si anodes cycling, the latter being used by Choi101 (Figure III.17.a). 

 

The mass increases (𝛥𝑚) were calculated for the different impregnation electrolytes according to the 

following equation: 𝛥𝑚 = 100 × (𝑚𝑠𝑤𝑜𝑙𝑙𝑒𝑛 − 𝑚𝑑𝑟𝑖𝑒𝑑) 𝑚𝑑𝑟𝑖𝑒𝑑⁄ . PAA membranes soaked in PC display 

a mass increase of 54 ± 3% whereas the 𝛥𝑚 value is lowered to 38 ± 7% for 1M LiTFSI in PC (Figure 

III.17.a & b) A similar swelling was obtained for 1M LiPF6 in EC/DEC (32 ± 12%). Note that we do not 

expect the mass increase measured for LP30 to be that high (72 ± 10%). It can be explained by the 

fact that there might be some extra solvent at the membrane surface that we could not easily remove 

because of DMC evaporation and EC solidification during the impregnation. 
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Figure III.17: Mechanical testing of PAA membranes soaked in different electrolytes. a) Composition of the LiPF6 

containing electrolytes. b) Equilibrium swelling ratio of the PAA membranes soaked in the different electrolytes. Errors bars 

were calculated as the standard deviations. For the tensile experiments, two different strain rates were investigated ℇ̇ = 

0.06 s-1 (plain line) and ℇ̇ = 0.0017 s-1 (dashed line). The Young’s moduli were calculated with the fitting of the 3% of the 

first deformation. Stress-strain curves obtained with the 10 N load cell for PAA membranes c) not impregnated in any 

electrolyte, d) in propylene carbonate (PC), e) in 1M LiTFSI in PC, f) in LP30 and 1M LiPF6 in ethylene carbonate/diethylene 

carbonate (EC/DEC) (1/1 v/v) with 7.5%wt of fluoroethylene carbonate (FEC) and 0.5%wt of vinylene carbonate (VC) (100N 

load cell). 
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The tensile tests were performed for the different impregnation electrolytes at two different strain 

rates (ℇ̇ = 0.0017 s-1 compared to ℇ̇ = 0.06 s-1) under ambient atmosphere. The dry PAA displays a 

conventional elasto-plastic stress-strain curve with an elastic modulus E = 46 ± 6 MPa (Figure III.17.c). 

When PAA membranes are soaked in PC, they show a rubbery behaviour: high strains are produced 

at very low stress levels. The Young’s modulus is lower than 1 MPa (E = 0.7 ± 0.1 MPa) (Figure III.17.d). 

PC acts as a plasticizer and its interactions with PAA importantly affect its mechanical properties. On 

the opposite, for LiPF6 containing electrolytes, the PAA membranes become brittle. They have higher 

Young’s moduli (E = 348 ± 5 MPa and E = 708 ± 5 MPa for the EC/DEC and EC/DMC mixtures 

respectively) and fracture while deforming elastically (Figure III.17.f) The Young’s moduli difference 

is explained by the solvents nature and the probable DMC evaporation resulting in EC solidification. 

For 1M LiTFSI in PC, there is a high resistance to deformation (E = 100 ± 16 MPa) but a plastic domain 

can be seen afterwards (Figure III.17.e).  

 

In conclusion, the PAA membranes behaviour is highly dependent on the impregnation electrolytes 

whereas the strain rate does not seem to have any influence (dashed vs plain lines). When PAA 

membranes are soaked in electrolytes composed of Li salts, the stress-strain curves are characterized 

by their stiffness, even their brittleness and they show similarities with the ones reported by Choi et 

al32 (see 1.b). Based on these results, we determined the experimental conditions to evaluate the 

mechanical properties of PR-PAA networks. With the objective to be close to the batteries operating 

conditions, we opted for 1M LiTFSI in PC because LiPF6 is known to decompose when exposed to 

moisture202. 

 

Membranes were prepared from the previously synthetized PR-PAA networks: PR-PAA 2, PR-PAA 3, 

PR-PAA 6 and PR-PAA 8 (Table III.7). They were swelled into the 1M LiTFSI in PC electrolyte and their 

equilibrium mass increases are reported in Figure III.18.a. The PR-PAA membranes showed a larger 

swelling ratio as compared with PAA membranes (+10%). The slidable cross-linkers play a dominant 

role in these swelling properties since they are assumed to relax the stress concentration in the 

increase in swelling pressure inside the material64. On the opposite, the fixed cross-linking points in 

the PAA network (anhydride bond) cause a small swelling property. These results, which exhibit the 

movability of the threaded α-CDs cross-linkers, are in adequation with the thermal analysis above, ie 

Tg PR-PAA < Tg PAA. 
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Then, tensile tests were conducted at a low strain rate (ℇ̇ = 0.0017 s-1) because the intention was to 

let enough time to the PR-PAA network to rearrange itself, and to observe the expected α-CDs sliding 

motion influence. On Figure III.18.b, the stress-strain curves of a PAA and a PR-PAA 6, manufactured 

from PR35K are overlapped. As shown, two drastically different profiles are obtained. The stiffness 

and the brittleness of PAA (E = 100 ± 16 MPa) differ from the PR-PAA 6 membrane which Young’s 

modulus is lower (E = 24 ± 2 MPa). Indeed, from points 1 to 2, PR-PAA 6 exhibits a linear profile 

similar to the one of PAA except that the stress is lower. This corroborates with the fact that PR-PAA 

networks are softer as underlined with their Tg. Then, another kind of regime providing high elasticity 

is observed between point 2 et 3. It is assimilated to a non-linear stiffening strain profile: while 

increasing strain, a smaller stress is accumulated (=strain hardening). The fracture takes place at a 

very high strain (~450%). It is assumed that α-CD sliding motion is responsible for the strain 

hardening and improvement in toughness that extend the end of the curve. 

 

Note that quite a significant difference in terms of tensile strength could be discussed when 

comparing our results with the PR-PAA mechanical behaviour exposed in Choi’s work (Figure III.2.c). 

Thus, for a comparable PR-PAA network made from PR20K with a 29% ring coverage, they report 

similar tensile strengths for PR-PAA and PAA itself (1.6 vs 1.5 MPa), which does not seem to be the 

case in our study (0.9 vs 2.4 MPa). The nature of the swelling electrolyte or the type of clamps that 

could induce a premature damage might contribute to this value difference. To conclude, fracture 

experiments on notched specimens should be run to quantify fracture resistance through a statistical 

analysis and overcome materials defect distribution or clamping effects.  

 

Next, we studied the influence of PEO molecular weight (Figure III.18.c) and the PR doping ratio of 

PR (%wt) (Figure III.18.d) on PR-PAA mechanical properties.  
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Figure III.18: Mechanical testing of PR-PAA membranes in soaked in the 1M LiTFSI in PC electrolyte. The stress-strain 

curves are obtained with the 10 N load cell under ambient atmospheric conditions with a strain rate of ℇ̇ = 0.0017 Hz. a) 

Equilibrium swelling ratios. Errors bars were calculated as the standard deviations. b) Overlapping of the stress-strain curves 

for PAA and PR-PAA 6 (Table III.7). c) Influence of the PEO molecular weight. d). Influence of the PR doping ratio (%wt) for 

PR-PAA network prepared from PR6 (PR10K, 50% rings coverage). e) Young’s moduli calculated with the fitting of the first 

1% of deformation. f) Illustration of the tested PR-PAA networks. 
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Effect of PEO molecular weight (Figures III.18.c) 

The PR-PAA 7 prepared with PR100K also shows a non-linear stiffening strain behaviour coupled with 

an impressive toughness. A higher tensile strength is obtained compared to PR-PAA 6 made of 

PR35K. The strain at rupture (~450%) along with the Young’s modulus (E = 34 ± 2 MPa) are of the 

same order of magnitude than the PR-PAA 6 (E = 24 ± 2 MPa). Switching to PR10K induces a clear 

modification of the stress-strain curve profiles. For PR-PAA 2, the non-linear stiffening profile has 

disappeared to give way to plastic deformation accompanied with a large increase in stiffness (E = 

102 ± 1 MPa). Thus, we expect the α-CD sliding motion being progressively attenuated while 

decreasing PEO molecular weight, hence the distance for sliding. Quite surprisingly, the Young’s 

moduli difference does not corroborate with the DSC results (Tg run 8 < Tg run 6) which is still not 

perfectly understood at the moment of writing. 

 

Effect of PR doping ratio (Figure III.18.d) 

Keeping the cross-linking density constant, we increased the PR mass fraction in the PR-PAA 

networks prepared from PR6 (PR10K with a 50% ring coverage) from 5%wt to 10%wt. A decrease in 

the Young’s modulus value is observed (E = 60 ± 15 MPa). The stress-strain curves do not show any 

non-linear stiffening behaviour though indicating the absence of α-CDs sliding motion. The decline 

in Young’s modulus is in agreement with the Tg decrease (section above). Increasing the PR doping 

ratio is supposed to reduce the number of cross-linking points on the same PR, hence leading to a 

softer material. The mechanical testing has not been carried out on the 20%wt yet, so it would be too 

ambitious to draw a clear conclusion about the PR doping ratio trend.  

 

However, given the reported results so far, this study would have been more relevant on PR35K or 

PR100K because they display the desired elastic behaviour. Indeed, in term of mechanical properties, 

no real interest lies in PR-PAA made of PR10K. Moreover, at the time of writing, the investigation of 

the PR ring coverage and the cross-linking density is missing to our study. 
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4. Conclusions and discussions 

 

Inspired from a recent original work, we have adopted a systematic synthesis strategy to prepare a 

large panel of PR-PAA networks resulting from the cross-linking of PAA with α-CDs based PRs made 

of high molecular weight PEO. As shown through SEC, 1H NMR and thermal analysis, different 

structural parameters were successfully varied. Among them, one can find the PEO molecular weight 

(x), the PR ring coverage (rc), the PR/PAA mass ratio (y) and the cross-linking density (z). 

 

The main goal of this project was to better understand the underlying mechanisms responsible for 

the better cyclability of Si anodes in which Choi et al incorporated PR-PAA binders. As we believe 

that the α-CD sliding motion is at stake, we have designed PR-PAA architectures with theoretical 

enhanced sliding ability by increasing the PEO molecular weight, lowering the PR ring coverage and 

the PR/PAA mass ratio. Of course, the best way to know which PR-PAA architecture has the best 

ability to accommodate Si volume changes is to investigate the cycling performances of the Si anodes 

which incorporate PR-PAA as binders. Thus, this synthesis work is to be intimately linked with the 

following Chapter dealing with the evaluation of the performances of Si anodes that incorporate PR-

PAA as binders. 

 

In our scientific approach, we aim to correlate the cycling performances of PR-PAA binders with their 

mechanical properties. Unfortunately, at the time of writing, the mechanical tests have not been 

carried out on all the PR-PAA, but some trends have already emerged from our thermal and 

mechanical analyses. For a 5%wt PR/PAA mass ratio, we expect a better ability to accommodate Si 

volume changes for PR-PAA made of PR35K and PR100K rather than PR10K, since they exhibit a non-

linear strain stiffening profile that we attribute to the α-CDs sliding motion. To go further in the 

understanding, some dynamic cycling experiments are also envisioned to evaluate the stretch 

recovery of our systems and especially the rearrangement of the network relying on the α-CDs sliding 

motion. 

 

Finally, we hope this systematic study to be useful in the more general design of Si anode binders. 

Indeed, the interconnection of the requirements that should be met for a polymer to sustain the Si 

volume changes is currently the main issue to be addressed (interaction, cross-linking nature and 
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density…). Moreover, the specifications in term of mechanical properties remain vague as underlined 

by the debate among brittle or elastomers polymer mentioned in the Chapter introduction. 

Therefore, providing such a broad range of model PR-PAA with the willingness to establish a 

structure/properties relationship makes our approach very original and unique. We hope this will 

pave the way towards a better understanding of the design principles of Si anodes binders. 
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Chapter IV: Understanding the electrochemical 

performances of Si anodes incorporating 

mechanically interlocked binders prepared from α-

cyclodextrins based polyrotaxanes 
 

 

1. Background and motivation 

 

Successful binders for Si anode must meet a variety of requirements to produce stable Si electrodes96. 

They should strongly adhere to the electrode components and sustain sufficient elastic deformation 

during charge and discharge to maintain connectivity. Moreover, they should be electrochemically 

stable, and show a reasonable electrolyte uptake to provide Li ions mobility. Among these criteria, 

the electrolyte uptake and the mechanical properties of PR-PAA networks, which synthesis has been 

thoroughly reported in Chapter III, have already been evaluated. 

 

This chapter concerns the electrochemical measurements that were carried out to verify the 

electrochemical stability of PR-PAA and to investigate the cycling performances of Si anodes in which 

these mechanically interlocked binders are incorporated. The main goal is to provide an 

understanding of PR-PAA structure-properties relationships to correlate the cycling performances 

with the specific structural parameters of the different binders, through a systematic study. 

 

Given the complexities of Si anode processing and their impact on the electrode stability, the first 

section deals with the development of reference Si composite electrodes using a commercial 

polymer, poly(acrylic acid) (PAA), as a binder. The second section tackles the incorporation of PR-

PAA in the Si electrode formulation and aims to elucidate the design criteria guiding the optimization 

of PR-PAA Si anode binders. 
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2. Development of reference Si composite electrodes 

 

Unlike graphite, where lithium ions are intercalated between the individual layers of graphene, silicon 

(Si) reacts with lithium ions via an alloying process203. Owing to the significant volume changes of 

such reaction (lithiation, delithiation), Si cannot be cycled otherwise than being processed as casted 

films. We got inspired from the formulation recipes developed by Beattie et al and Bridel et al159,204 

and we prepared Si electrodes with a relatively low Si content (50%) and high binder content (25%) 

to specifically observe the binder influence. PAA was used as the reference binder, to be compared 

with PR-PAA. 

 

a. Si particles choice 

 

Bearing in mind that the lithium alloying process depends on Si particle size205 (see 2.c), we have 

prepared Si electrodes from commercial Si nanoparticles (nano-Si, 40 nm) and microparticles (micro-

Si, 1-5 μm). Preliminary characterizations of the Si particles were performed by scanning electron 

microscopy (SEM), X-ray diffraction (XRD), infrared spectroscopy (FTIR) and thermal gravimetric 

analysis (TGA) (Figure IV.1). 

 

On the SEM pictures, only micro-Si particles can be seen at the particle level. They appear as sharp-

edged particles with a non-smooth surface, and they have a narrow particles size range distribution 

(μ = 2.3 µm & σ = 1.0 µm) (Figure IV.1.a & c). Nano-Si particles form micro-sized agglomerates which 

are five times larger than the micro-Si and wider size-distributed (μ = 10 µm & σ = 2.5 µm) (Figure 

IV.1.b & c). The XRD patterns of nano-Si and micro-Si only show sharp reflexions at 28°, 47°, 58° and 

69° which are ascribed to the cubic structure of pure crystalline Si. Unsurprisingly, micro-Si get more 

defined peaks than nano-Si, owing to their dimensions (Figure IV.1.d).  
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Figure IV.1: Characterization of micro-Si and nano-Si particles. Scanning electron microscopy (SEM) micrographs for 

a) micro-Si (blue) and b) nano-Si (red) particles (5 kV, 50 pA) and c) their size distributions with the corresponding gaussian 

fits. μ and σ stand as the means and the standard deviations respectively. d) XRD patterns, e) ATR-FTIR spectra and f) 

thermograms obtained by TGA (heating ramp 5°C.min-1 followed by a 2 hours isotherm at 1400°C) for micro and nano-Si. 

 

While XRD is relatively blind to amorphous phase such as SiO2, the FTIR spectrum of nano-Si exhibit 

the characteristic peaks of Si-O-Si and Si-OH stretching at around 1100 cm-1 and 900 cm-1 

respectively206–208. Such observation is consistent with the supplier information indicating the 

presence of SiO2 (3%wt). The signals at around 2200 cm-1 are assigned to Si-H stretching and the 

broad signal at around 3500 cm-1 corresponds either to the stretching of H-bonded silanols (Si-OH) 

and/or stands for residual adsorbed water, which could correlate with the small peaks at 1625 cm-1 

(bending mode of adsorbed water)209. Additionally, the peaks at 1400 and 2900 cm-1 may be 

attributed to C-H stretching, hypothesizing about the presence of a carbon layer. Notably, the 

presence of any oxidized form of Si is less straightforward for micro-Si, resulting from the lower 

surface reactivity of micro-sized particles (Figure IV.1.e) 

 

Subsequently, TGA was carried out under an air flux, to estimate the proportion of SiO2 (Figure IV.1.f). 

A heating ramp of 5°C.min-1 until 1400°C followed by a 2 hours isotherm was applied. Theoretically, 
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oxidation should occur at around 800°C210 and a 114% mass increase is expected for pure Si. For 

nano-Si, the mass starts to increase before 400°C, supporting the hypothesis of the existence of a 

carbon layer. Starting from 800°C, the mass gain was estimated to 107%, which corresponds to 6%wt 

of SiO2 and corroborates quite well with the supplier information (3%wt). Note that for micro-Si, the 

oxidation was not complete (mass increase of 47%) and it would be worth to extend the isotherm 

duration to estimate the SiO2 proportion. Notwithstanding, based on the FTIR spectrum, we expect 

a small SiO2/Si ratio. 

 

Interestingly, these preliminary characterizations allowed us to exclude Alfa Aesar Si nanoparticles 

(nano-Si AA, < 100 nm) from our study (Figure SI.IV.1). Indeed, TGA revealed the significant presence 

of SiO2 (64%wt), which was also confirmed by XRD with the broad and weak peak at around 2θ=23° 

(amorphous SiO2). Hence, the existence of a thick layer of inactive SiO2 may cause the poor capacity 

of the corresponding Si electrodes207. 

 

Following these characterizations, we proceeded to the preparation of Si electrodes from micro-Si 

and nano-Si. 

 

b. Si composite electrodes preparation 

 

Formulation process 

In typical Si composite electrodes, three components are present, the active material (here Si), the 

conductive additive, which enhances the electrical conductivity of the electrode and the binder that 

holds the electrode components together. Here, we use Si particles, conductive carbon Csp and PAA 

in a weight ratio of (2:1:1) respectively. The three powders were first hand milled prior to the addition 

of solvent (water, ethanol or DMSO), keeping the dry mass ratio between 15-25%. The obtained 

slurry was gently mixed for 24h to favour the intimate mixture and homogenisation. The resulting 

ink was then casted on a 26 µm thick copper foil using a doctor blade with a 200 μm slit and the film 

was later dried for at least 24 hours in a vacuum oven at 80°C (Figure IV.2.a). 
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Figure IV.2: Preparation of Si electrodes a) Photograph of a Si electrode film (nano-Si/Csp/PAA in EtOH) coated onto a 

Cu foil. b) Recto and verso of the corresponding 1.54 cm² punched electrodes. c) Mass distribution of 1.54 cm² Cu disks 

(68 in total) and the corresponding gaussian fit. μ and σ stand as the mean and the standard deviation respectively. 

 

Since this formulation process was developed to study the synthetized PR-PAA binders, several 

rational choices were made for the slurry preparation. No vigorous mixing conditions were 

investigated, to avoid any deterioration of the binder structure as already reported for high molecular 

weight PAA under high energy ball-milling step211. Moreover, different solvents were considered to 

anticipate any solubility difference between PAA and PR-PAA. Therefore, besides water and ethanol 

which are commonly used, we also worked with DMSO. It might be more exotic but note that it was 

the solvent chosen by Choi et al101 to incorporate PR-PAA binders in Si electrodes. 

 

Characteristics of Si electrodes 

For battery assembly, Si electrodes were punched as 1.54 cm² disks (Figure IV.2.b). Each electrode 

was weighted to evaluate its Si loading (mgSi.cm-2), knowing the Cu disk mass and the mass ratios of 

the electrode components. Figure IV.2.c shows the mass distribution of 68 Cu disks that was fitted 

according to a Gaussian law centered in 34.96 ± 0.04 mg (μ) with a standard deviation of 0.17 ± 0.03 

mg (σ). In average, the total mass of the electrode components represents ~2 mg, ie 6% of the total 

weight of Si electrode (electrode components + Cu disk). Therefore, Si loadings are estimated at ~0.6 

mgSi.cm-2, which is consistent with the literature. However, we should be aware that such evaluation 

might induce a meaningful error coming from the relatively close values of Si mass per electrode (~1 

mg) and the standard deviation of the Cu disk mass distribution (σ ~ 0.2 mg). Note that, in the 

following of the Chapter, Si loading refers to the mass of active material (50%wt), regardless the 

SiO2/Si ratio. 
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Besides from the Si loading, other physical characteristics of the different Si reference electrodes 

were evaluated (Table SI.1). Their thickness was determined with a palmer and their porosity was 

estimated from the true density of each electrode component that was measured on a Helium 

pycnometer. The porosity turns out to be a fundamental aspect to prepare good Si anodes. 

Nevertheless, we need to strike the right balance between a too high porosity which penalises 

electronic contact or a too compact electrode with no buffer volume to successfully accommodate 

the Si volumes variations212. Actually, we have shown the detrimental effect of calendaring the cycling 

performances of our Si electrodes (Figure SI.IV.2). 

 

c. Battery assembling and cycling performances 

 

During the alloying process of Si with lithium, various stable intermediates can be formed under heat 

treatment Li12Si7 (Li1.7Si), Li7Si3 (Li2.3Si), Li13Si4 (Li3.25Si) and Li22Si5 (Li4.4Si)213. Note that at ambient 

temperature, a new phase, Li15Si4 (Li3.75Si), is the highest lithiated phase achievable by electrochemical 

reaction of Si with lithium, with a specific capacity of 3579 mAh/gSi
88. This attractive theoretical value 

goes hand in hand with the linear volume expansion of the above-mentioned LixSi phases (Figure 

IV.3). As reported in the introduction of Chapter III, these colossal volume changes are responsible 

for : delamination, cracking and pulverization, and the SEI layer instability87, hence hindering the 

cycling performances of Si electrodes. 

 

 
 

Figure IV.3: Volume variation of LixSi, calculated from the reported lattice parameters of the LixSi phases214 

 

In the following section, we report our cycling protocol to study the influence of the formulation 

parameters (Si particle sizes and solvent of the slurry preparation) on both the lithiation/delithiation 

mechanisms and the cycling performances of our Si electrodes. 
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Half-cell assembly and cycling protocol 

To investigate the cycling performances of the prepared Si electrodes, coin cells were assembled in 

an argon-filled glovebox (Figure IV.4). Such cell configuration was preferred to Swagelock® cells 

because good airtightness and reproducible applied pressure can be achieved. Indeed, coin cells are 

sealed by an automatic crimping machine. Lithium (Li) half-cells were assembled using Li metal as 

the counter electrode and our homemade LP30+FEC electrolyte prepared by adding 5%wt of 4-

fluoro-1,3- dioxolan-2-one (FEC) to a commercial LP30 electrolyte. FEC is an often-used electrolyte 

additive that promotes the formation of a protective and flexible SEI able to accommodate Si volume 

changes upon cycling215,216. 

 

 

Figure IV.4: Photograph and schematic representation of a 2032 coin cell. 

 

The electrochemical performances of the cells were studied by galvanostatic discharge-charge 

cycling at constant current in the voltage range of 0.005 – 1.5 V vs. Li+/Li. The cells were cycled at 

C/10 (~360 mA/gSi) for at least 50 cycles. All specific capacities and current densities in this study are 

based on the mass of Si, that we estimated for each electrode (see 1.b).  

 

Influence of the particles size 

First, the influence of the Si particles size was studied by cycling coin-type half cells assembled with 

micro-Si and nano-Si electrodes prepared from the aqueous slurry process. Figure IV.5 reports the 

corresponding galvanostatic discharge-charge profiles of the two first cycles, with the voltage vs 

specific capacity plots (Figure IV.5.a & b) and the differential capacity (dQ/dV) curves (Figure IV.5.c 

& d) for micro-Si (blue) and nano-Si (red). 
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Each cycle of the voltage vs capacity plots can be divided into two regimes : the discharge (points 1 

to 2, 1st cycle), which corresponds to the electrochemically-driven alloying process of Si to form the 

Li15Si4 phase and the following charge (points 2 to 3, 1st cycle) associated to the delithiation of Si 

(Figure IV.5.a & b). During the first discharge, micro-Si and nano-Si produce high capacities of 4243 

and 3845 mAh/gSi respectively. After the subsequent charge, they display irreversible capacity losses 

of 962 and 874 mAh/gSi respectively, which correspond to approximately 23% of their respective 

initial discharge capacity. Such a large irreversibility loss for Si composite electrodes is commonly 

attributed either to the electrolyte decomposition at so low potential to form the SEI, or to 

consequences of Si volume changes that leads to the electrical isolation of disconnected Si particles91. 

During the second cycle, lower capacities are reached. Interestingly, a significant irreversible capacity 

loss is still observed for micro-Si whereas for nano-Si almost the full discharge capacity is recovered. 

 

 

 

Figure IV.5: Galvanostatic discharge-charge profiles for micro-Si and nano-Si. Coin-type half-cells were assembled 

with micro-Si and nano-Si electrodes (Si/Csp/PAA in water). They were cycled at C/10 between 0.005 V and 1.5 V. Only the 

two first cycles are represented (1st cycle in dark, 2nd cycle in light). a) and b) Voltage vs specific capacities curves for a) 

micro-Si and b) nano-Si. c) and d) Differential capacity vs voltage curves for c) micro-Si and d) nano-Si. The 2nd cycles are 

enlarged in the inset panels. 
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The electrochemical reaction of lithium with Si at room temperature differs from micro-Si and nano-

Si electrodes, as underlined by the differential capacity (dQ/dV) vs potential curves which amplify the 

voltage vs capacity profiles (Figure IV.5.c & d).  

 

For micro-Si, during the first discharge, the lithiation process is observed through the plateau at 

around 0.07 V where amorphous LixSi is formed (Figure IV.5.a). When the lithium concentration 

reaches the critical value of x=3.75, the transformation of amorphous a-Li15Si4 into the crystalline cr-

Li15Si4 induces a slope change89. During the following charge, the dQ/dV curve exhibits a sharp 

delithiation peak (flat plateau on the voltage curve), which indicates a two-phase region (Figure 

IV.5.c). Si does not transform back into the original crystalline Si (cr-Si) but remains in its amorphous 

state (a-Si). During the 2nd cycle discharge, two lithiation peaks are noted due to the amorphous 

phase changes (a-LixSi). The crystallisation of Li15Si4 is manifested by the well-documented small 

sharp peak at 0.05 V89. The 2nd cycle charge profile is similar to the 1st cycle charge.  

 

For nano-Si, the voltage profile slightly differs from micro-Si during the first lithiation (gently sloping 

plateau) (Figure IV.5.b). The absence of any sharp delithitation peak in the dQ/dV plots indicates that 

nano-Si did not transition to the cr-Li15Si4 (Figure IV.5.d). The resulting two delithitation peaks stand 

for the amorphous phase changes a-LixSi → a-Si. In theory, cr-Li15Si4 should occur independently 

from the particles size, notwithstanding several studies have also enlightened the absence of 

crystallisation of Li15Si4 at 0.05 V for Si nanoparticles203. We highlighted that polarization issues may 

shift the crystallisation under 0 V (data not shown), but we could also consider the reaction between 

nano-cr-Li15Si4 and FEC, as observed by Gao et al working under similar conditions217. 

 

Once the lithiation and delithitation mechanisms were elucidated for micro-Si and nano-Si 

electrodes, we evaluated their cycling performances through the analysis of the variation of the 

discharge capacity and coulombic efficiency upon cycling (Figure IV.6). The coulombic efficiency, 

defined here as the delithitation capacity divided by the lithiation capacity, indicates the good 

reversibility of the Si alloying process.  
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Notably, Si electrodes are losing capacity every cycle. However, despite their similar first irreversible 

capacities (micro-Si, 22.6 ± 0.3% and nano-Si, 22.1 ± 0.8%), nano-Si obviously show better cycling 

performances than micro-Si. The capacity of the latter dramatically decreases from the outset as 

witnessed by its poorer initial coulombic efficiencies (< 95% during the first 30 cycles, Figure IV.6.b). 

In order to rationalize this observation, we calculated the corresponding capacity retentions after 50 

cycles (=the ratio of delithitation capacity of the 50th cycle and the 1st cycle, hence not considering 

the first irreversible capacity loss). While micro-Si only retained 11 ± 0.8% of its initial capacity after 

50 cycles, 83 ± 5% of the capacity was retained for nano-Si with a coulombic efficiency of 98.52 ± 

0.03%.  

 

 

 

Figure IV.6: Cycling performances of the micro-Si and nano-Si electrodes. Coin-type half-cells were assembled with 

micro-Si and nano-Si electrodes (Si/Csp/PAA in water). They were cycled at C/10 between 0.005 V and 1.5 V. a) Discharge 

capacity vs cycle number for micro-Si (red) and nano-Si (blue), with the indication of their respective capacity retention at 

the 50th cycle. b) Coulombic efficiencies variation upon the first 40 cycles. Capacities retentions and first irreversible 

capacities are calculated as the mean of the two duplicate cells. 

 

The better cyclability of nano-Si was expected, as downsizing Si particles significantly enhances the 

fracture tolerance of electrodes as well as mitigate the physical stress205. This hypothesis was verified 

in our lab by placing non-invasive optical sensors on the top of our micro and nano-Si electrodes to 

measure their stress evolution upon cycling (L. Albero Blanquer et al. under review). Interestingly it 

was found that during the first lithiation, the stress response of micro-Si is drastic passing through a 

maximum (63 MPa), that we linked to cracking and the onset of pulverization mechanisms. For nano-

Si, the stress increases more smoothly and regularly to reach a maximum value around three times 

lower than for micro-Si (26 MPa). 
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Finally, we explored the critical role of the Si particles size and morphology on the cycling 

performances via SEM. At pristine states, the cross-sections of both electrodes (Figure SI.IV.3) show 

relatively similar thickness (16.4 vs 7.2 µm for micro and nano-Si respectively). Nevertheless, after 

cycling, micro-Si electrode delaminated (111 µm), while the electrode cohesion was maintained for 

nano-Si (11 µm). Additionally, both the size and depth of cracks are greater for micro-Si than for 

nano-Si. Altogether, these experiments rationalized the poorer cycling performances of micro-Si. 

 

Influence of the solvent of the slurry preparation 

We next investigated the role played by the solvent used in the slurry process on the cycling 

performances of the reference Si electrodes. The results are reported in Figure IV.7, left and right for 

micro-Si and nano-Si respectively. According to the dQ/dV plots (Figure IV.7.a & d), both the 

lithiation and delithitation mechanisms are not affected and the red-ox processes occur at the same 

potentials for these three solvents of slurry. On the one hand, micro-Si lithiation still ends up with 

the formation of cr-Li15Si4 (small sharp peak at 0.05 V, Figure IV.7.a). Note that the slight shift of the 

lithiation and delithitation peaks of DMSO-based micro-Si only results from the change in C-rate 

(C/37.5 vs C/10, marked with an asterisk). On the other hand, no crystallisation was observed for 

nano-Si. The difference in amplitude in dQ/dV plots (Figure IV.7.a & d) should not be considered 

since it is a consequence of the different Si loadings of the electrodes (Table SI.IV.1). 

 

When it comes to comparing cycling performances, we intentionally plotted the relative discharge 

capacity - normalisation against the 1st discharge capacity - vs the cycle number. Both micro-Si and 

nano-Si show similar capacity retention trends independently of the solvent used for the slurry 

preparation (Figure IV.7.b & e). A severe decline of capacity is observed for micro-Si, while nano-Si 

exhibit flatter capacity retentions. Interestingly, the drastic loss in capacity for micro-Si seems to be 

slightly mitigated for ethanol-based slurries during the first 20 cycles, as underlined by the higher 

coulombic efficiency (Figure IV.7.c). On the contrary, the capacity retention of nano-Si is not favoured 

by switching from water to ethanol since it is estimated to 83 ± 5% and 56 ± 1% after 50 cycles 

respectively. DMSO-based nano-Si electrodes show the lowest capacity retention (54 ± 12%) despite 

the reproducibility issues that arise. The reasons of the difference in capacity retention remain yet 

unclear. It could be nested in the affinity between the solvent and the electrode components that 

affects the slurry homogeneity and the resulting cohesion of the electrode or the porosity. 
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Figure IV.7: Influence of the solvent used for the slurry process on the cycling performances of the micro-Si and 

nano-Si electrodes. Micro-Si and nano-Si electrodes (Si/Csp/PAA) were prepared in water (blue), ethanol (green) and 

DMSO (red). Coin-type half-cells were assembled in duplicate and cycled between 0.005 V and 1.5 V at C/10, except the 

DMSO-based micro-Si electrode labelled with an asterisk (C/37.5). a) and d) Differential capacity vs voltage curves of the 

two first cycles for a) micro-Si and d) nano-Si. b) and e) Relative discharge capacity vs cycle number plots for b) micro-Si 

and e) nano-Si with the indication of the respective capacity retention at the 50th cycle. c) and f) Coulombic efficiency 

variations of c) micro-Si and f) nano-Si upon the first 80 cycles with the indication of the first irreversible capacity. Capacity 

retentions and 1st irreversible capacities are calculated as the mean value of the two duplicate cells. 
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Furthermore, the first irreversible capacity loss strongly depends on the solvent used for the slurry 

preparation, especially for micro-Si electrodes (22.6 ± 0.3% for water, 9.5 ± 0.2% for ethanol and 

11.5% for DMSO). The nano-Si electrodes show the same trend (22.1 ± 0.8% for water, 16.0 ± 0.3% 

for ethanol and 19.1 ± 0.3% for DMSO) but they exhibit higher irreversible capacity values, owing to 

their greater surface area which induces more parasitic reactions at the electrode/electrolyte 

interface (SEI). Such trend between solvents might originate from an imperfect drying of the 

electrodes leading to solvent residuals. Note that we cannot fully rule out the porosity effect. 

 

This study clearly highlights how formulation can drastically affect the cycling performances of Si 

particles and therefore justifies that this step was mandatory prior to explore the performances of 

PR-PAA binders. Moreover, to strengthen the quality of our investigation, we felt it was needed to 

benchmark our binders’ performances against the performances of “credible” reference Si electrodes, 

which is unfortunately often not the case in many studies dealing with the design of new 

binders98,100,102,166. Whatever, the influence of PR-PAA binders on the performances of Si anodes are 

next described. 

 

3. Evaluation of the cycling performances of PR-PAA binders 

 

PR-PAA binders are referred according to the nomenclature adopted in Chapter III and their cycling 

performances are discussed next. In the interests of clarity, Table IV.1 summarizes the structural 

parameters of the different mechanically interlocked architectures which have been prepared. We 

also added the PR-PAA network that was used in the work of Choi101 (data in red).  
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Sample 

PR X = ( x K, rc ) 
y 

PR/PAA mass ratio 

(%wt) 

z 

Cross-linking degree 

(%COOH) 

x 

POE molecular weight 

(x103 g.mol-1) 

rc 

PR ring coverage 

(%) 

PR-PAA 1 10 25 5 0.5 

PR-PAA 2 10 50 5 0.5 

PR-PAA 3 10 50 10 0.5 

PR-PAA 4 10 50 20 0.5 

PR-PAA 5 10 50 5 5 

PR-PAA 6 35 high 5 0.5 

PR-PAA 7 100 high 5 0.5 

PR-PAA 8 100 high 5 5 

PR-PAA 9 100 low 5 0.5 

PR-PAA  20 29 5 0.5 

  

Table IV.1: Structural parameters of the PR-PAA binders. 

 

a. Electrochemical stability 

 

Prior to examine the performances of PR-PAA binders, we ensured that they were electrochemically 

stable at low potentials. Using graphite (SLP50) as a model material (372 mAh.g-1), we conducted 

cyclic voltammetry studies and galvanostatic cycling. This choice is justified by the fact that graphite 

operates in the same voltage window as Si [0.005-1.5 V] and it is more processable. 

 

Cyclic voltammetry 

Cyclic voltammetry was carried out to evaluate the electrochemical stability of α-CD architectures 

composing the PR-PAA binders (Figure IV.8). Native α-CD and two α-CDs-based PR differing by the 

molecular weight of their threading polymer (PEO 10K and PEO 100K) were hand-milled together 

with a powder mixture based on SLP50/Csp (80:20%wt). Li half-cells were assembled using LP30 

electrolyte in a Swagelock® configuration and cyclic voltammograms (CVs) were recorded in the 

voltage range of 0.005-1.5 V at a scan rate of 0.2 mV.s-1. 
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Figure IV.8: Cyclic voltammograms of α-CD architecture/graphite/Csp mixtures in LP30 vs Li metal. CV starts from 

open circuit voltage (OCV). Current is normalised with the mass of graphite (SLP50). SLP50/Csp ratio was maintained to 

(80:20 %wt) and α-CD architectures were added in 25%wt of the total mass. 50 cycles at a scan rate of 0.2 mV.s-1 were 

recorded for a) the reference SLP50/Csp (7.85 mg), b) SLP50/Csp/α-CD (6.32 mg), c) SLP50/Csp/PR10K (3.93 mg) and d) 

SLP50/Csp/PR100K (3.81 mg). 

 

It must be observed that the four CV profiles are identical, showing an irreversible anodic peak at 0.6 

V which is ascribed to the formation of SEI. A pair of broad cathodic (0.4 V) and anodic (0.1 V) 

reversible peaks reflect the delithitation and lithium insertion respectively in graphite. No additional 

peaks can be seen on the CVs of α-CD architectures, hence confirming their electrochemical stability 

at low potentials. 

 

PR-PAA as graphite anode binders 

Then, graphite electrodes were prepared to verify the use of PR-PAA as binders focusing on the slurry 

preparation and the adhesion on the copper substrate. For this study, SLP50, Csp, PR-PAA 9 or PAA 

were mixed in 92:4:4 weight ratio and solubilized in water for 24h (37% dry mass ratio for PAA and 

33% for PR-PAA) and the resulting slurry was casted as described earlier (see 2.b). SLP50 loadings 

were estimated to 4.3 ± 0.2 mg.cm-2 and 4.8 ± 0.2 mg.cm-2 for PAA and PR-PAA respectively. Half-

type coin cells were assembled using LP30+FEC electrolyte and Li metal as the counter electrode and 

each experiment was duplicated. Galvanostatic cycling was carried out at C/10 between 0.005 and 

1.5 V (Figure IV.9). 
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Figure IV.9: Galvanostatic cycling of graphite electrodes with PAA and PR-PAA as binders in LP30+FEC vs Li metal. 

a) Voltage vs Capacity curves of the two first cycles of PAA (black) and PR-PAA 9 (red). The corresponding differential 

capacity curves (dQ/dV) for the 1st cycles are overlapped in the inset. b) Discharge capacity vs cycle number plots and 

coulombic efficiencies variation upon the first 30 cycles with the indication of the capacity retention at the 25th cycle and 

the first irreversible capacity. Capacities retentions and 1st irreversible capacities are calculated as the mean value of the 

two duplicate cells. 

 

Voltage vs capacity curves for PAA and PR-PAA almost perfectly overlap for the two first cycles 

(Figure IV.9.a). Lithium insertion in graphite occurs through the well-known multi-step process as 

shown by the three plateaux in discharge (0.18 V, 0.09 V and 0.02 V), that can be better distinguished 

as three anodic peaks on the differential capacity curves (dQ/dV). Three cathodic peaks (0.12 V, 0.18 

V, 0.25 V) are associated to the delithitation stages of graphite. These peaks were not detected on 

the CV performed on graphite in powder, most likely owing to the too fast scan rate (Figure IV.8.a). 

Moreover, we assume that the small shifts in the graphite intercalation/desintercalation peaks that 

can be observed between PAA and PR-PAA only result from the small polarization differences 

between the cells. 

 

During the first discharge, PAA and PR-PAA graphite electrodes produce high capacities of 440 and 

409 mAh/gSLP50 respectively (Figure IV.9.a), with identical irreversible capacity losses corresponding 

to approximately 22% of their respective initial discharge capacity. These irreversibility losses are 

mainly associated to the SEI formation. After 25 cycles, the capacity retentions – calculated as the 

25th charge capacity divided by the 1st charge capacity – are impressive both for PAA and PR-PAA 

(~100%) (Figure IV.9.b). Equally, high coulombic efficiencies (99.74% for PR-PAA vs 99.51% for PAA 

after 25 cycles) can be obtained. 
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Having checked that PR-PAA binders do not show any detrimental effect at low potentials, the series 

of PR-PAA binders was analysed through their electrochemical performances in Si composite anodes 

in half-cell batteries. Our first idea was to tackle the short cycle-life of micro-Si (Figure IV.7.b), which 

are more susceptible to pulverization during the severe volume variations of Si as compared with 

their nano-Si counterparts. In reality, in turns out that the capacity fading induced by these volume 

expansions is excessively drastic, and our expectations for PR-PAA binders to strikingly mitigate this 

loss for micro-Si were too high (Figure SI.IV.4). Nevertheless, we succeeded in enhancing both the 

capacity retention and coulombic efficiency of such micro-sized particles during the 5 first cycles, 

attributing these improvements to the better stress dissipation of PR-PAA binders as compared with 

PAA. 

 

In spite of such improvements, the capacity decay was remaining too severe. Thus, we decided to 

conduct our study on nano-Si rather than micro-Si particles, that were already shown to display a 

better capacity retention. So from on, we solely focus on nano-Si electrodes. 

 

b. Aqueous formulation 

 

According to the formulation protocol established in water (see 2.b), Si anodes were produced using 

PR-PAA binders. Their cycling performances are reported in Figure IV.10. The influence of the 

different PR-PAA structural parameters (Table IV.1) was examined: the PEO molecular weight (x, 

Figure IV.10.a), the PR/PAA mass ratio (y, Figure IV.10.b) and the PR ring coverage (rc, Figure IV.10.c). 

Note that for lack of time, we have not included the role played by the crosslinking density (z) since 

the cells are still cycling at the moment of writing. 
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Figure IV.10: Cycling performances of aqueous nano-Si electrodes incorporating PR-PAA binders. Galvanostatic 

cycling was performed at C/10 in LP30+FEC vs Li metal between 0.005 V and 1.5 V. Nano-Si electrodes were made through 

the aqueous slurry process and consist of nano-Si/Csp/PR-PAA in weight ratio of (2:1:1). Their Si loadings are lower than 

0.7 mgSi.cm-2. The relative discharge capacities were calculated by normalising the discharge capacity of each cycle by the 

initial discharge capacity. The capacity retentions after 50 cycles – 50th charge capacity divided by the 1st charge capacity – 

are reported on the plots as well as the first irreversible capacity losses. a) Influence of the PEO molecular weight: PR-PAA 

2 (dark green, 0.5 ± 0.1 mgSi.cm-2), PR-PAA 6 (orange, 0.2 ± 0.1 mgSi.cm-2) and PR-PAA 7 (yellow, 0.3 ± 0.1 mgSi.cm-2). b) 

Influence of the PR/PAA mass ratio: PR-PAA 3 (light green, 0.6 ± 0.2 mgSi.cm-2), PR-PAA 4 (khaki green, 0.2 ± 0.1 mgSi.cm-

2). c) Influence of the PR ring coverage: PR-PAA 9 (red, 0.6 ± 0.1 mgSi.cm-2). d) Comparison with the cycling performances 

of the reference Si electrode (nano-Si/Csp/PAA 2:1:1 in water, 0.5 ± 0.1 mgSi.cm-2). 

 

Cycling performances 

First, the influence of the PEO molecular weight was examined (Figure IV.10.a), comparing PR-PAA 

2 (PR10K), PR-PAA 6 (PR35K) and PR-PAA 7 (PR100K). During the initial cycles, the three capacity 

retentions are relatively steady, but PR-PAA 2 and PR-PAA 6 undergo an accelerated decline in 

capacity at the 10th and 20th cycle respectively. This results in the poor capacity retentions of 32% for 
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PR-PAA 2 and 56% for PR-PAA 6 after 50 cycles. Notably PR-PAA 7 exhibits the best performances 

since it retains 82% of its initial capacity after 50 cycles. 

 

Thereafter, we looked at the PR/PAA mass ratio (Figure IV.10.b). We also notice a point of significant 

capacity fading for PR-PAA 3 (10%wt), but this onset of capacity fade is delayed compared to PR-PAA 

2 (5%wt), since it occurs at the 18th cycle. Interestingly, increasing the PR/PAA mass ratio to 20%wt 

(PR-PAA 4) leads to a flatter capacity retention profile. As a comparison, PR-PAA 4 exhibits a 73% 

capacity retention after 50 cycles, whereas PR-PAA 2 and PR-PAA 3 only reach 32% and 41% 

respectively. 

 

Then, we compared PR-PAA 7 with PR-PAA 9 to investigate the influence of the PR ring coverage 

working with PR100K (Figure IV.10.c). After 50 cycles, almost identical capacity retentions are 

achieved whether the PR ring coverage is high (PR-PAA 7, 82%) or low (PR-PAA 9, 77%). However, 

we note that a better cyclability is observed for PR-PAA 9 during the first 20 cycles, which is in 

accordance with our expectations. Indeed, a more pronounced α-CD sliding motion should improve 

the electrochemistry performances (Figure IV.10.c). 

 

Lastly, we confronted the cycling performances of PAA and the best PR-PAA binders (Figure IV.10.d). 

Some promising findings are underscored, since after 50 cycles, the capacity retention of PR-PAA 7 

exceeds the one of PAA (82% vs 80% for PAA). This trend is even more stressed after 25 more cycles 

(75% vs 70% for PAA) (Figure SI.IV.5). Nevertheless, the most apparent aspect is the significant first 

irreversible capacity losses of PR-PAA. They vary between 41% and 55% depending on the binder, 

while we only report a 22% irreversible initial capacity for PAA. This severe issue prevented us to push 

further the understanding of the relation between structure and electrochemical properties of PR-

PAA binders. Instead, we tried to unveil the origin of this major first irreversible capacity loss, 

occurring in the aqueous Si anodes incorporating PR-PAA binders.  

 

Understanding the first irreversible capacity loss 

The large irreversibility that we have brought to light above cannot be attributed neither to the 

electrolyte decomposition, nor to the consequences of Si volume changes since exactly the same 

experimental conditions were used to cycle our reference Si electrodes (see 2.c). Therefore, it can 

only be induced by our PR-PAA binders. Several sets of experiments were conducted to elucidate 
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the origin of this initial capacity loss by looking again at (i) the electrochemical stability of PR-PAA, 

or (ii) investigating the stability of PR-PAA during the water-based slurry process. Key experiments 

are reported in Figure IV.11 while the others can be found in Supplementary Information (Table 

SI.IV.2 & Figures SI.IV.6-8). 

 

We found that electrochemical degradation of PR-PAA (i) upon cycling might lead to the 

formation of a thick SEI layer which blocks the Li transport to the Si particles. This assumption is 

supported by the higher ohmic resistances measured after the 1st delithiation for PR-PAA electrodes 

(Table SI.2) and the intense sharp signal at 110 mV which emerges in the differential capacity curves 

(dQ/dV) for PR-PAA electrodes (Figure SI.IV.6). Next, we prepared a nano-Si electrode in which a 

mixture of PAA and PR-PAA (1:1) was incorporated as the binder (Figure IV.11.a). The lower 

irreversible capacity loss observed during the first cycle (33% vs 52% for PR-PAA alone), reinforces 

the causal relationship between PR-PAA and the first irreversibility. 

 

Later, considering the chemical composition of PR-PAA, we questioned the pyrene extremities of our 

PRs which are the only difference lying between our binders and the one synthetized by Choi et al, 

equipped with dinitrobenzene101. Despite the successful implementation of pyrene in low potential 

binders104, we performed cyclic voltammetry (CV) on Csp alone and on a Csp/pyrene mixture to 

compare their electrochemical signatures (Figure IV.11.b). The first anodic peak of the Csp/pyrene 

mixture is broader than Csp, indicating an additional reduction, and the reduced intensity of the 

following cathodic peak could confirm the formation of a passivating layer that might hinder the 

reversible red-ox process. We also considered (Na2S2O8), a synthesis precursor which might exist as 

residuals in the binder, but the CV of Csp/(Na2S2O8) was strictly identic to the Csp one (Figure SI.IV.7). 

Consequently, the contribution of PR-PAA to the irreversible capacity loss seems to be verified. 

 

Nevertheless, as no such drastic irreversible capacity loss was observed neither for micro-Si (Figure 

SI.IV.4) and nor for graphite (Figure IV.8) electrodes, we believe the binder electrochemical stability 

is not the only feature behind the high irreversibility. Thus, we investigated as a last option the role 

of the water-based slurry process (ii) and namely possible pH changes. 
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Figure IV.11: Investigation of the irreversible capacity loss of aqueous Si anode in which PR-PAA are incorporated 

as binders. a) Voltage vs Capacity curves of PR-PAA 6 (dark red) and PAA+PR-PAA 6 (light red). b) Cyclic voltammograms 

of Csp and Csp/pyrene (95:5) mixtures. CV starts from open circuit voltage (OCV) and 10 cycles at a scan rate of 1 mV.s-1 

were recorded. The current is normalised with the mass of Csp. c) Influence of the pH on the cycling performances of PR-

PAA 9 binder. The slurry pH was controlled at pH ~ 6 through the addition of droplets of NaOH (1 M). d) Influence of the 

drying process on PR-PAA 7 binder. The drying process for the blue curve is 72h at 120°C in a vacuum oven (Büchi). 

Galvanostatic cycling was performed on aqueous nano-Si electrodes (nano-Si/Csp/binder) at C/10 in LP30+FEC vs Li metal. 

The dark red curves correspond to the electrodes made through the reference protocol, ie 24h of slurry mixing and 24h of 

drying at 80°C in a vacuum oven (see 2.b) 

 

The possible importance of pH arises bearing the fact that ester bonds that are holding PR-PAA 

structures through the PEO/pyrene linkage and the PR/PAA cross-links might be broken. To check 

this point, we prepared a new nano-Si slurry controlling the pH to 6 as compared to nearly 3 in our 

original electrode preparation (Figure IV.11.c). Although the resulting irreversible capacity loss 

slightly improved, the capacity retentions immediately got worse after the second cycle, so this pH-

controlled procedure cannot be used to solve the initial capacity loss. We also tried to reduce the 

slurry mixing time from 24h to 4h with no success (Figure SI.IV.8). Finally, we envisioned that the 
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drying process of the Si electrodes was not efficient enough, hence the feasibility of having minute 

amounts of water traces trapped in the PR tubular architectures. Despite our trials to better dry the 

PR-PAA electrodes, no improvement of both the irreversible capacity and the capacity retention 

profiles was detected (Figure IV.11.d).  

 

In conclusion, by conducting a survey of several parameters and colossal amount of experiments, we 

concluded that such the large initial irreversible capacity was mainly nested in a specific detrimental 

chemical interaction between PR-PAA, nano-Si and water. Indeed, no comparable capacity loss was 

noted neither for graphite (Figure IV.9), nor for micro-Si electrodes (Figure SI.IV.4) prepared through 

the aqueous slurry process and incorporating PR-PAA, hence implying that this synergy is surface 

dependent. However, we could not find any chemical-physical ways to cure it. Therefore, we decided 

to modify the slurry process and switch from water to ethanol or DMSO. 

 

c. Ethanol-based formulation 

 

Accordingly, nano-Si anodes were prepared using PR-PAA binders through either an ethanol-based 

or a DMSO-based slurry process. Their cycling performances were evaluated similarly as before 

(Figure IV.12 & Figure SI.IV.9 respectively). The overall trend is an enhanced cyclability for PR-PAA 

than for PAA. This time, the initial capacity losses are broadly acceptable comparing to the reference 

electrodes: ~21 ± 2% for all PR-PAA vs 16% for PAA when the Si electrodes are prepared in ethanol 

(Figure IV.12), and 25 ± 1% for PR-PAA 9 vs 19 ± 0% for PAA for DMSO-based electrodes (Figure 

SI.IV.9). However, due to better initial coulombic efficiencies and a more environmentally friendly 

solvent, we focused on ethanol-based electrodes to investigate the relation between structure and 

electrochemical properties of PR-PAA binders.  

 

Subsequently, Figure IV.12 was built similarly to Figure IV.10 with the study of the influence of the 

PEO molecular weight (x, Figure IV.12.a), the PR/PAA mass ratio (y, Figure IV.12.b) and the PR ring 

coverage (rc, Figure IV.12.c) on the Si electrodes cyclability. 
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Figure IV.12: Cycling performances of ethanol-based nano-Si electrodes incorporating PR-PAA binders. 

Galvanostatic cycling was performed at C/10 in LP30+FEC vs Li metal between 0.005 V and 1.5 V. Nano-Si electrodes were 

made through a slurry process in ethanol and consist of nano-Si/Csp/PR-PAA in weight ratio of (2:1:1). Their Si loadings 

are lower than 1 mgSi.cm-2. The relative discharge capacities were calculated by normalising the discharge capacity of each 

cycle by the initial discharge capacity. The capacity retentions after 50 cycles – 50th charge capacity divided by the 1st charge 

capacity – are reported on the plots as well as the first irreversible capacity losses. a) Influence of the PEO molecular weight: 

PR-PAA 2 (dark green, 0.9 ± 0.1 mgSi.cm-2), PR-PAA 6 (orange, 0.5 ± 0.0 mgSi.cm-2) and PR-PAA 7 (yellow, 0.08 ± 0.04 

mgSi.cm-2). b) Influence of the PR/PAA mass ratio: PR-PAA 3 (light green, 0.2 ± 0.1 mgSi.cm-2), PR-PAA 4 (khaki green, 0.3 

± 0.0 mgSi.cm-2). c) Influence of the PR ring coverage: PR-PAA 9 (red, 0.5 ± 0.1 mgSi.cm-2). d) Comparison with the cycling 

performances of the reference Si electrode (nano-Si/Csp/PAA 2:1:1 in ethanol, 0.4 mgSi.cm-2). 

 

Cycling performances 

Interestingly, the capacities retentions trends of ethanol-based electrodes are very similar than the 

ones observed for aqueous electrodes. Notably, a high PEO molecular weight seems to improve 

the cycling performances (Figure IV.12.a). As a result, PR-PAA 7 (PR100K) preserves 60% of its initial 

capacity after 50 cycles and therefore outperforms both PR-PAA 6 (58%) and PR-PAA 2 (52%). 
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Although the trend is less pronounced than for aqueous electrodes, this agrees with our expectations 

according to which a better sliding distance is possible for longer PR.  

 

Looking at the PR/PAA mass ratio, the red-ox processes of the Si electrode doped with 20%wt of PR 

(PR-PAA 4) are highly reversible during the first five cycles, as shown by a quite high coulombic 

efficiency for the 5th cycle : 96.32% to be compared with 82.36% and 86.67% for PR-PAA 2 (5%wt) and 

PR-PAA 3 (10%wt) respectively (Figure IV.12.b). It induces an impressive capacity retention of 85% 

after 50 cycles, which largely exceeds both PR-PAA 3 and PR-PAA 2 only reaching 74% and 52% 

respectively.  

 

When it comes to the influence of the PR ring coverage, a real improvement arises for PR-PAA 9 

which retains 83% of its initial capacity after 50 cycles, compared to PR-PAA 7 which has a higher PR 

ring coverage resulting in a smaller capacity retention (60%) (Figure IV.12.c). The rationale according 

to which a low PR ring coverage favour the α-CD sliding motion is reflected. The main enhancement 

of the capacity retention is occurring during the first 20 cycles, as it is the case for aqueous electrodes 

even if it is less pronounced (Figure IV.10.c). 

 

Finally, we compared the cycling performances of PAA and the best PR-PAA binders namely PR-PAA 

4 and PR-PAA 9 (Figure IV.12.d). Undeniably, these PR-PAA binders show better cyclability than that 

of PAA preserving almost one third more capacity than PAA after 50 cycles (56%), and this trend is 

even more emphasized after 80 cycles (Figure SI.IV.10).  

 

Ex-situ analysis of cycled Si composite electrodes 

The high capacity retentions of PR-PAA 4 and 9 prompted us to study their critical role on the 

electrochemical performances through the analysis of ethanol-based electrodes morphology by SEM 

(Figure IV.13). After approximately a hundred of cycles for PAA (107th delithitation) and PR-PAA 9 

(150th delithitation), we dismantled the cells. Visually, the electrode cohesion is preserved with PR-

PAA as proven by the smooth surface and no visible degradation, whereas the surface of the 

reference PAA electrode is highly damaged as the electrode is peeling off (Figure IV.13.i). This striking 

macroscopic observation reveals the superior role of PR-PAA through the more robust adhesion of 

the electrode onto the copper foil. 
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Figure IV.13: Ex situ SEM characterization of ethanol-based nano-Si electrodes after cycling. Nano-Si/Csp/binder 

(2:1:1) electrodes were cycled vs Li metal in LP30+5FEC electrolyte at C/10 between 0.005 V and 1.5 V. Coin cells were 

dismantled, and the Si electrodes were washed with DMC prior SEM analysis. All images in this figure are obtained under 

secondary electron mode. The thicknesses and the sizes of the cracks are measured using ImageJ software. The electrodes 

morphologies were imaged for a) PR-PAA 9 and b) PAA after the 150th and 107th delithitation respectively. i) Photographs 

of the cycled electrodes. Top-viewed SEM images ii) x 650 and iii) x 5000. iv) Cross-sectional SEM image (x 2500). c) Size 

distributions of the cracks observed by SEM for PAA (black) and PR-PAA (dark red) with the corresponding gaussian fits. μ 

and σ stand as the means and the standard deviations respectively. 

 

We then performed microscopic imaging on the cycled electrodes to evaluate the electrodes 

cohesion. Unfortunately, the delamination of PAA electrodes made them too fragile under vacuum 

and only top-viewed images of some remaining areas were obtained (Figure IV.13.b.ii & iii). On Figure 

IV.13.b.ii the copper foil is apparent as an indication of the poor adhesion of the electrode. By 

contrast, the good adherence of the PR-PAA electrode on the copper foil is shown on the cross-

section image (Figure IV.13.a.iv). Its thickness increased from 12.2 µm (measured with a palmer) to 

18.1 µm, hence reflecting that the cohesion of the electrode is maintained. Moreover, the PR-PAA 

electrode shows a better surface homogeneity as compared with PAA (Figure IV.13.ii & iii). This 
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implies the better stability of the SEI layer under cycling and underlines the efficiency of PR-PAA to 

accommodate volume changes of the Si electrodes. The poorer ability of PAA to adapt to the volume 

expansions also translates into the size of the electrode cracks which are three times bigger than PR-

PAA electrode (3.11 µm vs 0.76 µm for PR-PAA) (Figure IV.13.c). 

 

Although these preliminary SEM analyses are succinct, they are very convincing about the beneficial 

aspects of such binders in buffering volume changes and cracking of Si composite electrodes. They 

are also consistent with Choi et al’s work and highlight that PR-PAA binders can resolve issues 

originating from the volume expansion of Si electrodes in a better way than commercial traditional 

binders such as PAA. We attribute such performances to the sliding motion of α-CDs which induces 

an enhanced stretchability and recovery. 

 

4. Conclusions and discussions 

 

In summary, an essential preliminary study led us to the development of stable model Si composite 

electrodes using PAA as the binder. Such an optimized electrode formulation was taken as a 

reference to investigate the cycling performances of Si electrodes in which PR-PAA were 

incorporated as binders. We have thus demonstrated some cyclability improvements resulting from 

the use of such mechanically interlocked architectures as Si anode binders, hence confirming the 

previous work of Choi et al101. The better performances of PR-PAA result from its ability to 

accommodate the Si volume changes better than PAA, owing to the sliding motion of α-CDs along 

the treading polymer. Therefore, the cohesion of Si electrode is more maintained upon cycling 

preventing any delamination or uncontrolled growth of the SEI. 

 

What makes our study unique is the investigation of the influence of the design of PR-PAA 

architectures on the cycling performances of Si anodes which incorporate them as binders. The 

systematic cycling experiments highlighted the most relevant structural parameters leading to the 

improvement of the cycling performances of Si anodes. As expected, enhancing the α-CD sliding 

motion seems to be the key to design efficient PR-PAA binders. In this sense, working with high 

molecular weight POE (x) results in better cycling performances, as it favours the α-CD sliding 

motion. Moreover, tuning the PR ring coverage (rc) to low values has a positive impact on the 
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cycling performances as illustrated by the impressive capacity retention of PR-PAA 9 (x=100K, 

rc=low, y=5%wt). Finally, increasing the PR/PAA mass ratio (y) drastically improves the cyclability 

of Si electrodes as shown by the cycling performances of PR-PAA 4 (x=10K, rc=50%, y=20%wt) which 

displays a similar profile than PR-PAA 9. Accordingly, some new PR-PAA networks are being 

synthetized to enhance the pulley effect, such as (x=100K, rc=low, y=20%wt). Moreover, the influence 

of the cross-linking density is currently being investigated with the evaluation of the cycling 

performances of Si electrodes in which PR-PAA 5 and PR-PAA 8 were incorporated as binders. 

 

Obviously, improvements can still be made. The rationalization of the cycling performances of the 

different PR-PAA binders is imminent, involving a more systematic post-mortem study of the cycled 

electrodes by SEM and the correlation between electrochemical performances and mechanical 

properties of the different binders. The latter is very challenging since the mechanical tests are not 

carried out exactly in battery operating conditions (polymer only, different electrolyte, speed) and 

some practical reproducibility issues have been encountered (see Chapter III).  

 

One of the crucial aspects this study has pointed out is that the production of stable Si anode is very 

sensitive to the formulation process and that the change of binder dramatically affects the electrode 

preparation. As an illustration, we compared the performances of our best nano-Si/PR-PAA 

electrodes prepared through the ethanol-based process, with the reference aqueous nano-Si/PAA 

electrode (Figure IV.14). Despite the greater performances of PR-PAA during the first 30 cycles, over 

a long-term cycling, ethanol-based PR-PAA and aqueous PAA display an identical capacity retention. 

Thus, this study underlines the somewhat wobbly nature of the development of new viable Si anode 

binders, and we must admit that we are still far from defeating the commercial ones such as PAA. It 

seems necessary to find the right balance between the elegance of supramolecular chemistry and 

the more realistic practical application. 
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Figure IV.14: Comparison of the long-term cycling performances of nano-Si electrodes equipped with PAA or PR-

PAA independently from the slurry process. Nano-Si/Csp/binder (2:1:1) electrodes were cycled vs Li metal in LP30+5FEC 

electrolyte at C/10 between 0.005 V and 1.5 V.
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General conclusion and perspectives 
 

This PhD work is the result of the recent collaboration between LAMBE (Laboratory of Analysis and 

Modelling for Biology and Environment, University of Evry Val d’Essonne) and CSE (Solid-state 

Chemistry and Energy Lab, Collège de France). Therefore, we have explored a fairly new research 

direction dealing with the role that supramolecular chemistry can play in extending batteries lifespan, 

hence targeting sustainability. To this end, we selected cyclodextrin (CD) as a versatile supramolecular 

tool, which main property lies in the host-guest interaction, and identified some of the various 

benefits this biocompatible cage-molecule can provide to address inherent batteries issues. In this 

general conclusion, we summarize the main achievements of this PhD work, further bearing in mind 

that much remains to be done. Then, guided by both the pending questions and the discussions 

initiated as a result of each chapter, we will propose some future research directions that would 

deserve to be investigated.  

 

As the implementation of the CD host-guest supramolecular chemistry in battery is still in its infancy, 

I have intentionally written Chapter I from the CD point of view. This organisation actually reflects 

the scientific approach that I have adopted to show the benefits that CD can bring to batteries. First, 

we depicted the design of CDs-based systems equipped with some smart properties lying on the 

dynamic host-guest interaction. Thereafter, we enlisted all the battery technologies in which this host-

guest interaction had already been implemented. After having acquired a global view of the different 

persistent batteries’ failures, we have finally identified the two most promising playgrounds for CD, 

ie the electrode swelling, illustrated by Si anode, and the uncontrolled dissolution of electrode as 

exemplified by the parasitic polysulfides dissolution occurring in Li-S batteries. 

 

Chapter II first deals with the characterization of the host-guest complexation equilibrium between 

CDs and polysulfides, while providing an insight on the thermo-responsiveness of this process. Such 

a clear rationalization of the trapping properties of CD towards polysulfides was missing in the 

literature and we have closed this gap. We have unveiled the influence of the CD cavity size or the 

polysulfide chain lengths on the interaction strength. We have viewed the deep exploration of this 

host-guest interaction as an attractive way to a new sulfur confinement strategy with the 

development of CDs-based binders. 
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Then, using the CD/polysulfide complexation, we have shown that the nanopore single-molecule 

detection can be envisioned to elucidate the unwanted polysulfide red-ox shuttle. Indeed, it has 

enabled a reliable identification of the aqueous polysulfide intermediates with a single sulfur atom 

resolution. Provided that an easy implementation into practical cells is possible, there is a 

considerable scope for this characterization tool borrowed from biology, to be widely adopted by 

the battery community as a powerful electrolyte probe. Among the main obstacles, we report the 

extension of our aqueous proof-of-concept to organic media, that is currently undertaken through 

the post-Doctoral project of Erika Trindade. Retrospectively, I also think that, from the battery point 

of view, further insight would be gained by implementing such sensitive tool in the context of 

electrolytes design by identifying the nature of the electrolyte degradation products leading to the 

formation of the SEI. 

 

Note that the image of the selective protein channel inserted into a lipidic membrane has gotten us 

inspired and we have come up with the idea of the design of a regenerable CDs-based separator for 

Li-S batteries. While trying to develop this disruptive concept, some discussions rapidly drove me to 

the conclusion that this project needed to be aborted for practical reasons. Not only the orientated 

release would require a sophisticated grafting chemistry, but the significant concentrations of 

polysulfides in the electrolyte as well as the thermal stimulus also make our approach somehow 

unrealistic.  

 

Facing our concerns about the viability of the design of CDs-based separators for Li-S batteries, I 

reoriented my PhD project towards the design of Si anode binders. This time, we extended the 

exploitation of the CD host-guest interaction to the macromolecular scale. We synthesized a large 

panel of PR-PAA, which are mechanically interlocked architectures prepared through the cross-

linking of α-CDs based PRs with PAA, a commercial Si anode binder. The sliding motion of α-CDs 

provides these prototypes with new routes of accommodating Si anodes volume changes, hence 

improving their cycling performances. Throughout Chapter III and Chapter IV, we have shown that 

an optimized design for PR-PAA binders could be reached by controlling their structural parameters. 

Working with high molecular weight PEO, tuning the PR ring coverage to low values and increasing 

the PR/PAA mass ratio have drastically improved the cyclability of Si anodes. The benefits of such 

binders in buffering volume changes and maintaining the integrity of Si composite electrodes have 

been demonstrated through SEM post-mortem analyses of cycled electrodes. Unfortunately, I remain 
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frustrated at this stage because of the difficulty to correlate the electrochemical performances of 

these advanced binders with their mechanical properties, owing to the lack of characterization tools 

for monitoring the mechanical properties of electrodes under operating conditions.  

 

As a perspective, the design of chelating membranes may be more appropriate to tackle the 

dissolution of transition metal cations from the Li-ion batteries cathodes (LNO, LMO, LCO) than for 

trapping polysulfides. Although not reported in the manuscript, we have shown that CD was not a 

suitable candidate to trap these parasitic cations, whereas great hope is expected for amine or 

pyridine functions which exhibit stronger supramolecular interactions. Since October 2021, a new 

PhD student, Dorian Crevel, has been dedicated to this research direction. The nature of the chelating 

molecules218, their doping proportions and the incorporation or grafting strategies are one of the 

parameters that could be investigated to further optimize the design of chelating membranes. 

 

However, our results have undeniably revealed how supramolecular chemistry can enable the battery 

community to move forward by bringing some revolutionary concepts to enhance batteries lifespan. 

This burgeoning dynamic has been made possible by building my PhD through the prism of different 

research fields such as, supramolecular chemistry, batteries, and biophysics, with both fundamental 

and practical aspects. This demanding scientific environment was my driving fuel for these 3 years, 

through which I have learned that working at the interfaces of various disciplines is essential for 

innovation. The most considerable challenge has been to acquire an in-depth knowledge from the 

different fields and particularly the requirements specifications of each battery technology not to 

pursue in a too exotic dead-end project, as we could have done by pushing further to the regenerable 

separator for Li-S batteries. Moreover, I have learned that designing a collaborative project, equally 

appealing for all the scientific communities involved, is challenging. For example, the discrimination 

of polysulfides with a single sulfur atom resolution represents a breakthrough for the nanopore 

community but it is still seen as a more elegant than practical concept for the battery counterpart, 

which research is driven by the “be practical” motto.  

 

Finally, the study of the molecular pulley Si anode binders allows me to uncover the beauty of 

research: providing some novel seducing concepts while achieving great fundamental knowledge. 

Indeed, the elegance of the scientific approach has prevailed over realism and viability in order to 

highlight the added-value that CD supramolecular chemistry can provide to the battery community. 
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1. Materials & Methods 

 

Materials: All materials were used as received without further purification step. Sodium sulfide 

anhydrous (Na2S), lithium sulfide (99.9%) and sulfur (S) were purchased from Sigma Aldrich. Sodium 

salts NaOH, NaHCO3 (99%) and NaCl were obtained from Sigma Aldrich. To prepare the planar lipid 

bilayer membrane, diphytanoyl-phosphatidylcholine-lecithin purchased from Avanti was solubilized 

in anhydrous decane (Sigma Aldrich). The monomeric α-HL was obtained from Sigma Aldrich. α-

cyclodextrin (α-CD, >99%), β-cyclodextrin (β-CD 98%) and γ-cyclodextrin (γ-CD) were produced by 

Wacker and purchased from Sigma Aldrich. Randomly methylated β-cyclodextrin (RMβ-CD) was 

kindly supplied by collaborators. Poly(tetrafluoroethylene) dispersion 60%wt (PTFE) was obtained 

from Sigma, PVDF-HFP (2801) was supplied by Solvay. Conductive carbon black acetylene was 

received from Alfa Aesar. Whatman borosilicate glass microfibre membranes were purchased from 

GE Healthcare Life Sciences. Lithium bis(trifluoromethane sulfonyl)imide (LiTFSI, 99.9%, extra dry) and 

LP30 were obtained from Solvionic and stored in an argon glovebox. Lithium nitrate (LiNO3, 99.99% 

trace metal basis), lithium metal (99%), 1,3-dioxolane anhydrous (DOL, >99.5% stabilized) and 

dimethoxyethane anhydrous (DME, 99.5%) were purchased from Sigma Aldrich before being stored 

in an argon glovebox. 

 

Preparation of polysulfides solutions: Sodium polysulfides solutions (Na2Sx, 100 mM) were 

prepared according to a previously described method145. Na2S and S are added in stoichiometric 

ratios to a degassed aqueous buffer solution set (25 mM NaHCO3, pH 10) and the solution is 

continuously stirred for a week. All the preparations are done in under argon atmosphere. The 

characterization of the different polysulfides solutions was performed by UV-vis absorbance 

spectroscopy through the calculation of the different molar extinction coefficients (ε). Absorbance 

spectral profiles were measured over 200–1100 nm in a 1 cm airtight quartz cuvette for different 

diluted polysulfides solutions (0.3 mM to 1 mM) with a UV5 Bio Mettler Toledo spectrophotometer. 

Lithium polysulfides solutions (Li2Sx) were prepared similarly by mixing Li2S and S for 24h in an 

organic electrolyte (DOL/DME, DME, PC, THF). An additional heating process could be carried out 

(80°C). 
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Aqueous CD/polysulfide complex characterization by NMR: Both continuous variation method 

and titration experiments were performed as previously described using a 600 MHz NMR 

spectrometer from Brüker146. The stoichiometry of the different CD/polysulfide complexes was 

determined using continuous variation method, also known as Job’s plot. The mole fraction of 

polysulfide, Na2Sx, was varied while keeping the total concentration of CD and polysulfide constant, 

to 50 mM, 16 mM, and 50 mM for α-, β-, and γ-CDs respectively. Approximately 8 different host-

guest concentration ratios were investigated for each complex and a 1H NMR spectrum was recorded 

for each condition (298K, 16 scans). The chemical shifts 𝛥 of the selected host protons (H3 essentially) 

were measured with Top Spin 3.6. The resulting chemical shift multiplied with the CD concentration 

(quantity proportional to the population of CD that is complexed) was plotted as a function of the 

stoichiometric ratio 𝛴, with 𝛴 =  [𝑁𝑎2𝑆5] [𝑁𝑎2𝑆5]⁄ + [𝐶𝐷]. According to the Job’s plot approach, the 

stoichiometry of the studied complex was obtained from the x-coordinate corresponding to the 

maximum of the curve that was fitted with a second order polynomial. The resulting association 

constants 𝐾𝑎(𝑇) were determined from the binding isotherm equation corresponding to the (1:1) 

stoichiometry, approximating the activity coefficients to unity, as mainly performed in cyclodextrins 

experimental studies8. 

2 × [𝐶𝐷] × 𝛥

𝛥𝑚𝑎𝑥

=  [𝐶𝐷] + [𝑁𝑎2𝑆𝑥] +
1

𝐾𝑎

− √([𝐶𝐷] + [𝑁𝑎2𝑆𝑥] +
1

𝐾𝑎

) ² − (4 × [𝐶𝐷] × [𝑁𝑎2𝑆𝑥]) 

 

Different diluted solutions of polysulfides (from 10 mM to 100 mM) were prepared in a deuterated 

buffer (25 mM NaHCO3 in D2O) and mixed with pre-weighted cyclodextrin (±1 mg) under argon 

atmosphere. Mixtures were vortexed for 1 min before the NMR acquisition. The CD protons chemical 

shifts were measured and compared to the chemical shifts of the native CD (10 mM) in the same 

deuterated buffer. The resulting variations of chemical shifts were plotted against the concentration 

of polysulfides introduced to obtain the experimental binding isotherm. An iterative least-squares 

fitting procedure was performed with Igor software (Wavemetrics) to calculate 𝐾𝑎(𝑇) and 𝛥𝑚𝑎𝑥 which 

corresponds to the maximum chemical shift recorded if 100% of CDs are complexed. Therefore, the 

fraction of CD molecules that are complexed 𝑓𝑏 is easily accessed by 𝑓𝑏 = 𝛥 𝛥𝑚𝑎𝑥 .⁄  The statistic error 

relative to the chemical shift measurement, estimated to 9%, was calculated as the standard deviation 

of 10 similar and independent experiments. The plotted error bars were calculated considering the 
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uncertainties propagation assuming the experimental errors (dilution ± 10 µL, and weighting ± 0.1 

mg) for each condition. 

 

Molecular docking of polysulfides with CDs: To provide molecular information on the 

CD/polysulfide inclusion complexes, we performed a series of Molecular Docking calculations. In a 

first set of calculations we used as receptors all the CD crystallographic structures extracted from the 

Protein Data Bank (PDB)147. In a second set, we used as receptors the structures generated by 

Molecular Dynamics simulations. The structures of the polysulfides ligands S3, S4, S5 were extracted 

from crystallized proteins extracted from PDB (ID PS5, S4P and S3H respectively). All the calculations 

were performed using Autodock Vina219. The center of the box was aligned with the center of CD 

glycosidic oxygens while the search space is 20 × 20 × 20 Å3. The results for each calculation are the 

affinity score (kcal mol−1) values for each ligand conformation in its respective complex. 

 

Electrical detection, data acquisition and analysis: Membrane lipid bilayers were made according 

to previously described methods220,221. In brief, a film of a 1% solution of diphytanoyl-

phosphatidylcholine-lecithin in anhydrous decane was spread across a 150 μm diameter hole drilled 

in a polysulfone wall separating the two compartments of a chamber. Each compartment contained 

900 μL of 1M NaCl, 25 mM NaHCO3, pH 10 in an argon filled glovebox. After thinning of the decane 

film and formation of a planar lipid bilayer, a single α-hemolysin (α-HL) pore is inserted by adding 

monomeric α-HL (Sigma) from a stock solution into the cis compartment. Insertion and orientation 

of the α-HL pore was systematically checked to ensure transport of β-CD or β-CD/Na2Sx complex 

into the stem part of the pore. 100 μL of 10 mM β-CD or 10 mM β-CD/Na2Sx complex was added to 

the trans compartment. Each data set was collected using independent experiments and different 

pores. Data were collected using Chimera Instruments VC100 at a sampling rate of 4.17 MHz and 

low-pass filtered at 10 kHz. Data were analyzed with a homemade macro using Igor software 

(Wavemetrics). The event measurements were based on a statistical analysis of the current traces: 

425, 3904, 1254, and 1178 events analyzed for β-CD, β-CD/Na2S3, β-CD/Na2S4 and β-CD/Na2S5, 

respectively. The statistical analysis of the current traces has been previously described120. As the 

blockades shorter than 100 μs are attributed to bumpings of β-CD or complexes at the entrance of 

the channel, we removed them from the scatter plot to obtain Figure II.10.c. Nevertheless, in this 

figure, blockades could be attributed both to β-CD or complexes. In order to discriminate both 

blockade types, we took the blockade ratio into account (Figure II.10.d), which depends on the nature, 



Supporting Information for Chapter II 

 

160 

shape of the analyte. From the blockade ratio distribution, we removed the part attributed to the β-

CD, which was previously characterized in Figure II.10.b, left (blue). Finally, we obtained the blockade 

ratio distribution attributed to the complexes (Figure II.11.d). The center of each blockade ratio 

distribution was calculated from the average of results obtained from 5 different positions of the 

interval fits. 

 

Atomistic simulation of the α-HL nanopore and nanopore hindrance estimator : see ref149. 

 

Li-S battery assembly and testing : Sulfur composite electrodes were prepared through a self-

standing method by thorougly hand-grinding a sulfur impregnated carbon (60/40 wt%), obtained by 

heat-treatment under air (160°C during 7h), and PTFE (5%wt) as an aqueous binder. Sulfur electrodes 

were punched into circular disks of ~0.785 cm² from the self-standed film and were dried under 

vacuum at 70°C for 10h. Swagelock® cells were assembled in an argon-filled glovebox using Li metal 

foil as the negative electrode and the above mentioned sulfur composite electrode as the positive 

electrode. The tested PVDF-HFP separator, prepared according to the well-known Bellcore process154, 

was sandwiched between two layers of a Whatman borosilicate glass microfibre membranes soaked 

with electrolyte. The electrolyte used was 1 M LiTFSI and 0.25 M LiNO3 in 1,3-dioxolane (DOL) : 

dimethoxyethane (DME) in a 1:1 volume ratio. The cells were cycled with a VMP2 potentiostat 

(BioLogic, France) at ambient temperature. The electrochemical performances of the cells were 

studied by galvanostatic discharge-charge cycling in the voltage range of 1.7 – 2.8 V vs Li/Li+ at a 

constant current (C/10). 
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2. Supporting Figures: Polysulfides characterization 

 

 

 

Figure SI.II.1: Characterization of aqueous sodium polysulfides solutions by UV-vis 

spectroscopy. a) UV-vis spectra of aqueous polysulfides solutions (Na2S5, Na2S4, Na2S3 and Na2S2) 

at 0.5 mM in a 1 cm quartz UV-vis. Inset showing the typical colour of sodium polysulfides at 100 

mM (25 mM NaHCO3, pH 10). b) Summary table of the different molar extinction coefficients (ε) of 

the different sodium polysulfide solutions for two defined wavelengths (λ = 300.2 nm and 376.6 nm). 

Errors bars were estimated as the standard deviations of 13, 17, 14, and 18 of independent UV-vis 

spectra acquisitions for different concentrations of respectively Na2S5, Na2S4, Na2S3 and Na2S2. c) 

Evidence of Beer Lambert law shown for Na2S5. The dashed line represents the linear fit. 
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Figure SI.II.2: Characterization of aqueous sodium polysulfides by cyclic voltammetry. a) 

Scheme of the tight 3-electrodes electrochemical cell that was used involving glassy carbon as the 

working, Pt as the counter and Ag/AgCl as the reference electrodes, adapted from ref222. b) 

Overlapping of the cyclic voltammograms obtained for aqueous polysulfides solutions at 1mM, Na2S2 

and Na2S5, with a 50 mV.s-1 scan rate. Na2S5 and Na2S2 are electrochemically active as shown by the 

oxidation and reduction peaks, but the low differences values of these potentials do not allow the 

distinction of the different species. Cyclic voltammetry curves obtained for c) Na2S5 and d) Na2S2 

solutions at 1 mM (25 mM NaHCO3 pH 10) over a wide range of scan rates, from 5 to 300 mV.s-1. e) 

Evidence of the linear dependence of the oxidation peak current with the square root of the scan 

rate. Verification of the Randle-Sevcik equation, 𝑖𝑝 = 0.446𝑛𝐹𝐴𝐶0 (
𝑛𝐹𝑣𝐷0

𝑅𝑇
)

1/2
with 𝑖𝑝 the current 

maximum peak, 𝑛 the number of transferred electrons in the red-ox process, 𝐹 the Faraday Constant, 

𝐴 the electrode surface, 𝐶0 the species concentration, 𝐷0 the diffusion coefficient, 𝑣 the scan rate, 𝑅 

the Gaz constant, 𝑇 the temperature, enlightening the free diffusion a diffusion process for the 

polysulfides species in such experiment. 
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3. Supporting Figures: CD/polysulfide interaction by 1H NMR 

 

 

 

Figure SI.II.3: 2D 1H-13C HSQC NMR (600 MHz, D2O, 25 mM NaHCO3, 298K) spectra of α-CD with 

Na2S5. The pink-boxed cross peaks are a zoomed-in (insert) to perform the signals attribution. 
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Figure SI.II.4: 2D 1H-13C HSQC NMR (600 MHz, D2O, 25 mM NaHCO3, 298K) spectra of β-CD with 

Na2S5. The pink-boxed cross peaks are a zoomed-in (insert) to perform the signals attribution. 
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Figure SI.II.5: 2D 1H-13C HSQC NMR (600 MHz, D2O, 25 mM NaHCO3, 298K) spectra of γ-CD with 

Na2S5. The pink-boxed cross peaks are a zoomed-in (insert) to perform the signals attribution. 
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Figure SI.II.6: Binding isotherms and resulting association constants for β-CD complexes considering 

H6 chemical shifts instead of H3 (Figure II.6). Errors bars were estimated similarly to Figure II.6. a) β-

CD/Na2S5 b) β-CD/Na2S4 and c) β-CD/Na2S3. The correlation between the length of the sulfur chain 

of polysulfides is validated.  
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Figure SI.II.7: Job’s plot and binding isotherm for α-CD/polysulfide complexes. a) Job’s plot for α-

CD/Na2S5 (red), α-CD/Na2S4 (yellow), α-CD/Na2S3 (green) and α-CD/Na2S2 (blue). b) 1H NMR titration 

plots for the corresponding inclusion complexes and fitted binding isotherms with indication of the 

association constants that could be determined. 
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4. Supporting Figures: CD/polysulfide interaction by Molecular Docking 

calculations 

 

For the Molecular docking experiments, two sets of calculations were carried out depending on the 

CDs structures used as receptors. On the one hand, the calculations were performed from CD 

crystallographic structures extracted from the Protein Data Bank, denominated as “X-ray”. On the 

other hand, CDs structures were generated from Molecular Dynamics Simulations which are 

supposed to represent better the CDs behaviour in solution. The exhaustive details of calculations 

are provided in the Materials & Methods part of ref149. 

 

 

 

Figure SI.II.8: Molecular Docking calculations. a) Best Docking Poses. Receptors structures, ACX 

(α-CD), BCD (β-CD) and RCD (γ-CD), are those obtained from MD simulations, as described in the 

Methods part of ref149. Polysulfides are represented in yellow. Non-polar hydrogens are not shown 

for sake of clarity. b) Best Docking Affinities (kcal.mol-1) over all the calculated CD/polysulfide 

inclusion complexes. Red, blue and green bars are related to the affinity of sulfide (Sx
2-), sulfanide 

(HSx
-) and sulfane (H2Sx) respectively. Indeed, dissolved polysulfides are known to form such species 

in aqueous media223. Two sets of calculations (I & II) were carried out depending on the CDs 

structures used as receptors. 
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Figure SI.II.9: Second polysulfide docking. Best docked conformations of the second sulfide 

(purple) docked on the pre-formed complex shown in Figure SI.II.8. Columns from left to right 

represent α- (ACX), β- (BCD) and γ-CD (RCD) receptors, while from top to bottom rows are the 

representative of S3
2-, S4

2-, S5
2-, respectively. For most cases there is no room to accommodate a 

second sulfide in the CD cavity, except for S3
2- in γ-CD (RCD). At best the second sulfide resides on 

top of the cavity, with very little contact with CD and in general with a lower affinity score with respect 

to the first docked sulfide. Affinities are reported in Table SI.II.1. 

 

 

 

 

kcal.mol-1 S5
2- S4

2- S3
2- 

α-CD -1.1 -1.0 -0.9 

β-CD -1.4 -1.1 -1.0 

γ-CD -1.6 -1.4 -1.4 

 

Table SI.II.1: Docking affinities of the second sulfide docked on the pre-formed complex, see Figure 

SI.II.9. 
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5. Supporting Figures: Nanopore detection 

 

 

 

Figure SI.II.10: α-HL titratable amino acid residues with 8 < pKa < 11. a) Side and b) top view of 

the α-HL pore with the identification of the amino acids that might be deprotonated at pH 10 (lysine, 

alanine and tyrosine). They are colored in magenta, yellow and grey when exposed to the interior, to 

the exterior of the pore or buried respectively. c) Deprotonation fraction of each titratable amino 

acid (see ref149 for detail of calculations). Two different protonation cases, pH10a and pH10b, are 

considered taking into account only the amino acids orientated to the interior of the pore. For pH10a, 

the only exposed residues that change protonation state is Ala1 (the N-terminal, d = 0.95) while for 

pH10b we also deprotonated one, out of seven, Lys8 (d = 0.11) and one, out of seven, Tyr102 (d = 

0.12).  
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Figure SI.II.11: Ionic current and electro-osmotic flux (EOF) from MD simulations for α-HL in 

the three different protonated systems pH7, pH10a and pH10b. a) α-HL nanopore Molecular 

Dynamics (MD) set-up at pH7. Highlight of the residues that change protonation state in the b) 

pH10a and c) pH10b titration cases. d) I-V curves, e) EOF vs applied voltage, f) total anion and cation 

currents and g) EOF at +125 mV and -125 mV. Error bars in panels d) and e) are smaller than the size 

of the symbols. The substantial equivalence among the pH7, pH10a, ph10b systems indicates that 

the change in the protonation due to the increase of the pH from 7 to 10 does not significantly affect 

the rectification of the total current. The α-HL remains anion selective and EOF has, in essence, the 

same intensity in the three analysed conditions. 
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Figure SI.II.12: Dwell time histograms of β-CD (blue), β-CD/Na2S3 (green), β-CD/Na2S4 

(orange) and β-CD/Na2S5 (red). a-d) Short dwell times events attributed to bumping events are 

fitted by a gaussian (dashed line). The corresponding short dwell times events are 151.6 ± 3.0 µs, 

155.1 ± 1.9 µs, 169.0 ± 1.6 µs and 155.7 ± 3.0 µs for β-CD, Na2S3/ β-CD, Na2S4/ β-CD and Na2S5/ β-

CD respectively. Long dwell times events attributed to interactions with α-HL are fitted by a gaussian 

(solid line). The corresponding long dwell times events are 261.0 ± 5.0 µs, 258.7 ± 1.6 µs, 276.5 ± 3.0 

µs and 256.4 ± 4.0 µs for β-CD, Na2S3/ β-CD, Na2S4/ β-CD and Na2S5/ β-CD respectively. e) Dwell 

times as a function of sulfur number. The dashed line represents a linear fit with an average dwell 

time of 262.9 ± 1.1 µs. 
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Figure SI.II.13: NMR quantification of fb in the nanopore experiment conditions. The β-

CD/Na2S5 complex solution was initially prepared mixing 1 mM β-CD with 10mM Na2S5. The 

nanopore experiment conditions correspond to this solution being diluted 10 times.
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1. Materials & Methods 

 

Materials: All materials were used as received without further purification step and the solvents used 

for synthesis were purchased “pure for analysis” from VWR (dichloromethane CH2Cl2, diethyl ether, 

dimethyl sulfoxide DMSO, tetrahydrofuran THF). α-cyclodextrin (α-CD, > 99%) was produced by 

Wacker and purchased from Sigma Aldrich. 2-isocyanatoethyl methacrylate (IEM, 98%), poly(acrylic 

acid) (PAA, Mw ≈ 450 000 g.mol-1), 1,1-carbonyldiimidaole (CDI, for synthesis), poly(ethylene oxide) 

(PEO10K, Mw ~10 000 .mol-1 and PEO35K, Mw ~35 000 g.mol-1), sodium persulfate (Na2S2O8), sodium 

hydroxide pellets (NaOH, 98%) and propylene oxide (for synthesis) were obtained from Sigma 

Aldrich. 1-pyrene butyric acid N- hydroxysuccinimid ester (PBS) was purchased from ChemCruz. 

Poly(ethylene oxide) (PEO100K, Mw ~100 000 g.mol-1) was obtained from Polysciences Inc. Lithium 

bis(trifluoromethane sulfonyl)imide (LiTFSI, 99.9%, extra dry), LP30 electrolyte (99.9%) and were 

purchased from Solvionic. 4-fluoro-1,3-dioxolan-2-one (FEC, 98%) was purchased from Alfa Aesar, 

vinylene carbonate (VC, 99.5%) was obtained from Sigma Aldrich. Lithium hexafluorophosphate 

(LiPF6), propylene carbonate (PC) and ethylene carbonate (EC) were supplied from DodoChem and 

diethyl carbonate (DEC, 99+%) was purchased from Alfa Aesar. 

 

PEO microwave-assisted dimethacrylation synthesis191: The synthesis is conducted in a 

microwave synthesis reactor (Anton Paar Monowave 300). PEO (1 eq.) and IEM (10 eq.) are introduced 

in a microwave vessel that is irradiated at 100°C (by modulation of power < 450 W) for 2 min. The 

solution is cooled rapidly in an ice bath. The crude product is dissolved in CH2Cl2 and filtrated under 

vacuum. Once the solvent is evaporated, the dimethacrylated PEO is precipitated in diethylether and 

dried under vacuum to obtain a stringy white powder. 

 

PR synthesis: PR is synthetized according to a modified procedure from litterature61,64. 

Dimethacrylated PEO is added to a saturated solution of α-CDs (145 g.L-1) in H2O at room 

temperature for 24h. As described in litterature33, precursors are introduced in stoichiometric 

proportions: 1 eq. of α-CD for 2 eq. of ethylene oxide (EO) units. The corresponding inclusion 

complex, called PPR, precipitates as a white paste. After the PPR (1 eq.) is gathered by filtration by 
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suction and dried under vacuum (yield > 25%), PBS (10 eq.) and sodium persulfate (5%w) are added 

and stirred at room temperature in a H2O/DMSO mixture (2/1) (v/v) for 12h at ~60 mg.mL-1. When 

the two solvents are added at the same time, a high number of α-CDs born by the PEO chain is 

ensured. To get a PR with fewer threaded α-CDs, PPR wis firstly dissolved in DMSO at 80°C and H2O 

is added secondly after several hours with PBS and sodium persulfate as a free-radical initiator. Once 

the solvent is removed by evaporation, the crude product is solubilized in small amount of DMSO 

and purified by 3 successive precipitations in diethyl ether. The PR is finally lyophilized and stored as 

a yellowish powder. To isolated the PR from the remaining free α-CDs, an additional purification step 

is performed72. Hand-milled PRs are heated to 200°C for 15 min and the calcinated product is 

dissolved in milliQ water for 1 week. After filtration or sonication to remove the insoluble part, the 

purified PR is obtained by lyophilization of the aqueous filtrate and stored as a brownish powder. 

 

PR-PAA synthesis: PRs are hydroxypropylated according to an already published protocol67. PR (10 

mg.mL-1) is dissolved in 1M NaOH aqueous solution at 0°C. Propylene oxide (11 eq. per OH) is added 

dropwise, the mixture is then stirred for 12h from 0°C to RT while the ice bath is melting. After the 

neutralisation of the medium, salts are removed by two precipitations in DMSO. The soluble 

hydroxypropylated PR is finally freeze-dried. The grafting of PR on PAA is carried out according to a 

reported protocol32. The reaction is conducted in a three-necked round-bottomed flask equipped 

with a condenser under magnetic stirring. A solution of both PAA (50 mg.mL-1) and CDI is prepared 

in anhydrous DMSO and stirred at 50°C for 24h under argon atmosphere. This solution is cooled 

down and a solution of PR (100 mg.mL-1) prepared in anhydrous DMSO is added. The mixture is 

stirred at 70°C for additional 72h under argon atmosphere. CDI proportions are varied from 0.5% to 

5% equivalents of PAA COOH units and the PR/PAA mass ratio is also varied from 5%wt to 20%wt. The 

resulting PR-PAA polymer is precipitated from THF and filtered three times. It is then lyophilized to 

yield a white powder. 

 

Synthesis characterization: 1H Nuclear Magnetic Resonance (NMR) spectra were recorded on a 

Brüker spectrometer (600 MHz) at 308K for samples prepared in DMSO-d6 and 298K in other 

deuterated solvents. Spectra were analysed with TopSpin 3.6. Size exclusion chromatography (SEC) 

was performed in DMF, as the eluent, with both UV (λ=345 nm) and refractive index (RI) detectors (T 

= 35°C ; sensibility = 256). Two different types of columns from Waters were used: HR 4E Styragel 

column thermostated at 60°C and Shodex KD-806M. The eluent flow rate was 1 mL.min-1 and the 
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samples were injected at low concentrations: 3 mg.mL-1 for PEO and 0.1 mg.mL-1 for α-CD, PPR and 

PR samples in order to prevent parasitic phenomena such as CDs adsorption or diffusion in the 

columns. The reported molecular weights are expressed in PEO equivalents as the calibration was 

performed with PEO standards (Table SI.III.1) using a conventional calibration method for 

homopolymers (OmniSECTM). As the peaks area is proportional to the mass concentration injected, 

both columns were calibrated with α-CD solutions to titrate the weight proportion of free α-CDs in 

each sample (Figure SI.III.1). FTIR spectra were acquired in ATR mode on a NicoletTM iSTM 5 FTIR 

spectrometer (Thermo Fisher Scientific) in the range of ~500 to 4000 cm-1.  

 

 

PEO standard Mp (g.mol-1) PEO standard Đ 

1 470 1.03 

4 120 1.02 

7 100 1.02 

11 840 1.04 

20 000 1.05 

31 380 1.04 

58 700 1.06 

71 700 1.06 

106 500 1.04 

 

Table SI.III.1 PEO standards used for SEC calibration 
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Figure SI.III.1 SEC calibration in α-CD with the two different chromatography columns. Samples 

were solubilized in DMF. a) Overlapped SEC chromatograms obtained with the HR 4E Styragel 

column by RI detection for different concentrations of α-CD solutions and b) linear fitting between 

peak areas and α-CD concentration. c) Overlapped SEC chromatograms obtained with the Shodex 

KD-806M column by RI detection for different concentrations of α-CD solutions and d) linear fitting 

between peak areas and α-CD concentration. 
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Thermal characterization: DSC measurements were carried out with a DSC Discovery 25 (TA 

Instruments) in non-hermetic aluminium capsules. From -60°C, specimens were heated to 180°C at 

a rate of 15°C.min-1, then cooled to -70C° at a rate of -15°C.min-1 and heated back to 180°C at the 

rate of 15°C.min-1. The DSC thermograms were recorded in the third steps. Residual solvent traces 

(DMSO and water) were removed during the first heating and their quantities were estimated by 

weighing the capsules after de DSC experiments. 

 

Mechanical characterization of polymers: For tensile experiments, PR-PAA and PAA membranes 

were prepared according to already reported protocol32. Polymers were dissolved in DMSO (50 

mg.mL-1) to make a transparent slurry that was casted in a Teflon rectangular mould (37 mm x 14 

mm) . They are then dried 24h at 80°C in a convection oven and additional 24h at 80°C under vacuum. 

The dimensions of the polymer membranes are approximatively 37 mm x 14 mm and their thickness 

is approximately 100 µm. The samples were soaked in an electrolyte until the equilibrium state was 

reached either in a argon glovebox or under ambient atmospheric conditions depending on the 

electrolyte nature. Several electrolytes were investigated: PC ; 1M LiTFSI in PC ; LP30 ; LP30 with 5%wt 

of FEC ; 1M LiPF6 in EC/DEC (1/1 v/v) with 7.5%wt of FEC and 0.5%wt of VC. Mechanical tests were 

performed under ambient atmospheric conditions with an Instron tensile machine (model 5965) 

equipped with Bluehill software and a load cell (10 N of 100 N). Tensile tests were performed on 

soaked polymer membranes (the electrolyte on the surface was removed using tissue paper) at room 

temperature using home-made clamps covered by Velcro®-like grips to avoid any slippage (12 

cN.m). The deformation was followed using a video extensometer (relative uncertainty of 0.11% at 

full scale), by drawing 2 separate white dots on the sample. The strain rates used are either 0.06 s-1 

or 0.0017 s-1. The Young’s modulus of the polymer membranes was calculated by a linear fit within 

the first 10% deformation of the stress-strain curves. 
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2. Supporting Figures: PEO end-chains methacrylation 

 

 

 

Figure SI.III.2 Dimethacrylated PEO SEC characterization. Samples were solubilized at 3 mg.mL-1 

in DMF. a) Overlapped RI chromatograms of commercial PEO10K, PEO35K and PEO100K (Shodex 

KD-806M column). Overlapped RI chromatograms of the commercial vs the end-chains modified 

PEO b) 10K c) 100K and d) 35K. The end-chains methacrylation reaction does not affect the 

polydispersity index Đ except for PEO100K whose distribution has been considerably narrowed and 

centered on a lower average molecular mass. After the synthesis, modified PEO are recovered by 

solubilization in CH2Cl2, the solubility issues observed for high molecular weight polymer chains may 

explain the selection of lower masses. Errors bars were calculated as the standard deviation of the 

measured Đ for different synthesis batches.  
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Table SI.III.2 PEO and dimethacrylated PEO SEC characterization. Samples were solublized in 

DMF at 3 mg.mL-1. All the average masses were determined by SEC using the RI detector coupled 

with the SHODEX column that was previously calibrated with PEO standards according to the 

protocol described in Methods (Table SI.III.1). Errors bars on polydispersity index Đ were calculated 

as the standard deviations of the measured Đ for different synthesis batches when several batches 

were synthetized. Note that no correction was made on the measured Đ which might explain a 

possible overestimation by the column. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Polymer 
Mw th 

(g.mol-1) 

Mw exp 

(g.mol-1) 

Mn exp
 

(g.mol-1) 

Mp exp 

(g.mol-1) 
Đ = Mw / Mn 

PEO 10K 10 000 10 900 7 800 11 800 1.39 

Dimethacrylated PEO 10K 10 310 10 000 6800 10300 1.48 ± 0.11 

PEO 35K 35 000 35 500 24 800 36 200 1.43 

Dimethacrylated PEO 35K 35 310 32 600 22 800 33 900 1.38 ± 0.17 

PEO 100K 100 000 109 600 17 000 47 100 6.46 

Dimethacrylated PEO 100K 100 310 107 200 13 700 35 600 2.57 
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Table SI.III.3 PEO and dimethacrylated PEO 1H NMR characterization. Theoretical number of EO 

units was calculated from the number average molecular weight of the different PEO and the 

molecular mass of a EO unit (44 g.mol-1) taking into account the end-chains hydroxyl groups. 1H 

NMR spectra were acquired in DMSO-d6 and CDCl3 for commercial and dimethacrylated PEO 

respectively. The protons signals attribution is performed in detail in each following spectrum 

(Figures SI.III.5-9). The integration ratio between protons of EO units and protons of the end-chains 

(hydroxyl groups and methacrylate functions respectively) for commercial and modified PEO leads 

to the estimated number of EO units per PEO chain. Interestingly, the estimated number of EO units 

correlates quite well with the theoretical one except for PEO100K. Such difference may be explained 

by both the broad molecular weight distribution and the sluggish dissolving time of the highest 

molecular weight chains, thus distorting the estimation to lower values. It is worth noticing that for 

the analysis of dimethacrylated PEO, CDCl3 was used for solubility consideration. However, the 1H 

NMR spectra of these synthetized products in DMSO-d6 showed the disappearance of the triplet at 

4.5 ppm attributed to the end-chains hydroxyl groups evidencing the dimethacrylation reaction 

(Figure SI.III.10). 

 

 

 

 

 

Polymer 
Theoretical number of ethylene 

oxide units 

Estimated number of ethylene 

oxide units by 1H NMR 

PEO 10K 
227 

245 

Dimethacrylated PEO 10K 232 

PEO 35K 
795 

819 

Dimethacrylated PEO 35K 913 

PEO 100K 
2272 

525 

Dimethacrylated PEO 100K 1147 
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Figure SI.III.3 1H NMR spectrum in CDCl3 of 2-isocyanatoethyl methacrylate (IEM) (16 scans, 

298K) 
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Figure SI.III.4 1H NMR spectrum in DMSO-d6 of PEO10K (16 scans, 308K). Identified impurities 

are marked with an asterix (*). 
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Figure SI.III.5 1H NMR spectrum in CDCl3 of end-chains modified PEO10K (16 scans, 298K). 

Impurities marked with an asterix (*) results from the degradation of the plastic vial by CDCl3. IEM 

residuals were identified and quantified (0.6%wt). No further purification step was performed. 
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72 

Figure SI.III.6 1H NMR spectrum in DMSO-d6 of PEO35K (16 scans, 308K). Identified impurities 

are marked with an asterix (*). 
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Figure SI.III.7 1H NMR spectrum in CDCl3 of end-chains modified PEO35K (16 scans, 298K). 

Impurities resulting from plastic vial degradation by CDCl3 are marked with an asterix (*). IEM 

residuals were identified and quantified (0.1%wt). No further purification step was performed. 
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Figure SI.III.8 1H NMR spectrum in DMSO-d6 of PEO100K (16 scans, 308K). Identified impurities 

are marked with an asterix (*). 
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Figure SI.III.9 1H NMR spectrum in CDCl3 of end-chains modified PEO100K (16 scans, 298K). 

Impurities resulting from plastic vial degradation by CDCl3 are marked with an asterix (*). No IEM 

residuals were identified. 
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Figure SI.III.10 Evidence of the PEO dimethacrylation reaction. Overlapped 1H NMR spectra in 

DMSO-d6 of the commercial (colored line) and dimethacrylated (black line) a) PEO10K b) PEO35K 

and c) PEO100K. The focus is made on the region [4 ; 5 ppm] to observe the disappearance of the 

terminal hydroxyl groups (t; ~4.5 ppm) of PEO when methacrylate functions are added. 
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3. Supporting Figures: PPRs characterization 

 

Sample 

OE units 

number per 

polymer chain 

Integration of OE 

units signal  

(3.5 ppm) 

Integration of the anomeric 

proton signal of α-CD 

 (4.8 ppm) 

α-CD 

number 

Molarity ratio 

(α-CD / OE ) 

PPR10K 227 908 763 127 1.1 / 2 

PPR35K 795 3180 2943 490 1.2 / 2 

PPR100K 2272 9088 5449 908 0.8 / 2 

 

Table SI.III.4 1H NMR characterization of PPRs based on α-CDs and PEO. Samples were 

solubilized in DMSO-d6 a day before the NMR spectrum acquisition in order to analyse PPRs in a 

completely dissociated state. The protons signals attribution is performed in detail in each following 

spectrum (Figure SI.III.11-13). Molarity ratio α-CD / OE was calculated with the integration and can 

be compared to the expected stoichiometry is (1 / 2)42. Interestingly, the estimated molarity ratio 

correlates quite well with the theoretical one. For the PPRs based on PEO35K and PEO100K the 

difference may be explained by the slower dissociation kinetics for highest molecular weight chains. 

Indeed, the α-CD hydroxyl protons signals are broadened for PEO100K, which suggests the non-

complete dissociation of the architecture and the remaining existence of H-bonds between α-CDs 

threaded on PEO chains. One could also mention the mobility restriction of the protons born by a 

macromolecule as a threaded α-CD. The dissociation was tried to be forced by heating up to 80°C 

the NMR tube, but this approach was not successful. Dilution may have also been considered. 

Nevertheless, a balance would have to be found since dilution would have decrease the protons 

signal intensities. 
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Figure SI.III.11 1H NMR spectrum in DMSO-d6 of PPR10K (16 scans, 308K). Traces of 

dichloromethane (s, 5.89 ppm) and diethylether (t, 1.06 ; q, 3.39 ppm ; t, 4.29 ppm) are marked with 

an asterix (*). 
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Figure SI.III.12 1H NMR spectrum in DMSO-d6 of PPR35K (16 scans, 308K). Traces of 

dichloromethane (s, 5.74 ppm) and diethylether (t, 1.06 ; q, 3.46 ppm ; t, 4.30 ppm) are marked with 

an asterix (*). 
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Figure SI.III.13 1H NMR spectrum in DMSO-d6 of PPR100K (16 scans, 308K). Traces of 

diethylether (t, 1.06 ppm; q & t are hidden in the background noise) are marked with an asterix (*). 
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4. Supporting Figures: PRs characterization 

 

 

Figure SI.III.14 Overlapped 1H NMR spectra in DMSO-d6 of PR3 before (black) and after the 

additional (red) purification step (16 scans, 308K). Impurities and traces of residual DMF (s, 7.95 

ppm ; s, 2.89 ppm ; s, 2.73 ppm) are marked with an asterix (*). Not all the protons of the polymer 

chain were visualized because of the poor signal to noise ratio. The vertical black dashed lines 

underline the different signals assigned to the protons of the threaded α-CDs. 
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Figure SI.III.15 1H NMR spectrum in DMSO-d6 of 1-pyrene butyric acid N- hydroxysuccinimid 

ester (PBS) (16 scans, 308K).  
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Figure SI.III.16 1H NMR spectrum in DMSO-d6 of PR1 based on α-CDs and PEO10K (128 scans, 

308K) before the additional purification step. Impurities and traces of residual DMF (s, 7.95 ppm ; 

s, 2.89 ppm ; s, 2.73 ppm) are marked with an asterix (*). PR1 was the first batch synthetized and DMF 

was used as the solvent of dissolution before the PR precipitation in diethylether. This implies residual 

signals in the 1H NMR spectrum, one of which is superimposed with the pyrene functions signals 

used for quantification. That is why, from this stage, DMSO was used as an alternative solvent. Not 

all the protons of the polymer chain were visualized because of the poor signal to noise ratio. The 

integration of the protons signal of the EO units is lower than expected. This difference can be 

attributed to poorer mobility of such protons which are inside the α-CDs cavities.  
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Figure SI.III.17 1H NMR spectrum in DMSO-d6 of PR2 based on α-CDs and PEO10K (128 scans, 

308K) before the additional purification step. Impurities are marked with an asterix (*). Not all the 

protons of the polymer chain were visualized because of the poor signal to noise ratio. The 

integration of the protons signal of the EO units is consistent with the expected one. 
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Figure SI.III.18 1H NMR spectrum in DMSO-d6 of PR4 based on α-CDs and PEO10K (128 scans, 

308K) before the additional purification step. Impurities and traces of acetone (s, 1.9 ppm) are 

marked with an asterix (*). Not all the protons of the polymer chain were visualized because of the 

poor signal to noise ratio. The integration of the protons signal of the EO units might be 

overestimated because of the broad water signal. 
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Figure SI.III.19 1H NMR spectrum in DMSO-d6 of PR5 based on α-CDs and PEO10K (128 scans, 

308K) before the additional purification step. Impurities and traces of acetone (s, 1.9 ppm) are 

marked with an asterix (*). Not all the protons of the polymer chain were visualized because of the 

poor signal to noise ratio. The integration of the protons signal of the EO units might be 

overestimated because of the broad water signal. 
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Figure SI.III.20 1H NMR spectrum in DMSO-d6 of PR6 based on α-CDs and PEO10K (128 scans, 

308K) before the additional purification step. Impurities and traces of acetone (s, 1.9 ppm) are 

marked with an asterix (*). As emphasized in the insert, the signal to noise ratio of the pyrene 

chemical shift area was too low to carry out any quantification, even though some signal can be 

guessed. 
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Figure SI.III.21 1H NMR spectrum in DMSO-d6 of PR7 based on α-CDs and PEO10K (128 scans, 

308K) before the additional purification step. Impurities and traces of acetone (s, 1.9 ppm) are 

marked with an asterix (*). Not all the protons of the polymer chain were visualized because of the 

poor signal to noise ratio. The integration of the protons signal of the EO units might be 

overestimated because of the broad water signal. 
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Figure SI.III.22 1H NMR spectrum in DMSO-d6 of PR8 based on α-CDs and PEO10K (128 scans, 

308K) before the additional purification step. Impurities and traces of acetone (s, 1.9 ppm) are 

marked with an asterix (*). As emphasized in the insert, the signal to noise ratio of the pyrene 

chemical shift area was too low to carry out any quantification, even though some signal can be 

guessed. 
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Figure SI.III.23 Overlaped RI chromatograms of the different PR10K obtained with the Shodex 

KD-806M. The evolution of the elution volumes is unscored by the vertical dashed line.  
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Figure SI.III.24 1H NMR spectrum in DMSO-d6 of PR9 based on α-CDs and PEO35K (16 scans, 

308K) before the additional purification step. Impurities are marked with an asterix (*). As 

emphasized in the insert, the signal to noise ratio of the pyrene chemical shift area was too low to 

carry out any quantification, even though some signal can be guessed. 
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Figure SI.III.25 1H NMR spectrum in DMSO-d6 of PR10 based on α-CDs and PEO100K (16 scans, 

308K) before the additional purification step. Impurities are marked with an asterix (*). As 

emphasized in the insert, the signal to noise ratio of the pyrene chemical shift area was too low to 

carry out any quantification, even though some signal can be guessed. 
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Figure SI.III.26 1H NMR spectrum in DMSO-d6 of PR11 based on α-CDs and PEO100K (16 scans, 

308K) before the additional purification step. Impurities are marked with an asterix (*). As 

emphasized in the insert, the signal to noise ratio of the pyrene chemical shift area was too low to 

carry out any quantification, even though some signal can be guessed 
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Figure SI.III.27 Overlaped RI chromatograms of the different PR35K and PR100K obtained with 

the Shodex KD-806M. The evolution of the elution volumes is unscored by the vertical dashed line. 
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5. Supporting Figures: PR-PAA network characterization 

 

 

Figure SI.III.28 1H NMR spectrum in DMSO-d6 of propylene oxide (16 scans, 308K).  
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Figure SI.III.29 1H NMR spectrum in DMSO-d6 of Hydroxy-α-CD (16 scans, 308K). According to 

the integration ratio between the α-CD anomeric proton (1; 4.98 & 4.80 ppm) and the methyl protons 

(9; 1.022 ppm), it is calculated that average 53 % of hydroxyl groups of α-CD are substituted with 2-

hydroxypropyl groups. 
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Figure SI.III.30 1H NMR spectrum in DMSO-d6 of CDI (16 scans, 308K). As highlighted by the 

presence of imidazole characteristic peaks (7.26 & 8.15 ppm), CDI is already partially hydrolysed 

(28%). Thus, for all the following PR-PAA network syntheses, a corresponding mass correction 

(+124%wt) was adopted to achieve the desired CDI activation proportion. 
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Figure SI.III.31 NMR characterization of α-CD-PAA 2 network. As expected, clearer evidence 

demonstrates the esterification for α-CD-PAA 2 than for α-CD-PAA 1 because of the chosen 

experimental conditions. These conditions choice was only made to show the NMR characterization 

of α-CD-PAA 2. Both PAA (black) and α-CD-PAA 2 (red) were dissolved in DMSO-d6. 
1H NMR, 13C 

NMR and HMBC spectra were acquired at 308K with 16, 4096 and 4 scans respectively. a) Overlapped 

1H NMR spectra of PAA and α-CD-PAA 2. Signals of the imidazole by-product can be seen on the α-
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CD-PAA 2. 1H NMR spectrum (s, 7.77 ppm and s, 7.07 ppm marked with an asterix) because it was 

acquired before the second precipitation in THF. The carboxylic acid proton signal is widened and 

shifted for α-CD-PAA 2. Moreover, the 18% lower integration value suggests that the esterification 

reaction was efficient. b) Zoom in of the overlapped 13C NMR spectra of PAA and α-CD-PAA 2 in the 

region of the carbonyl groups. For α-CD-PAA 2, the signal is shifted towards higher chemical shift 

(dashed line) which is consistent with the formation of ester bonds. c) Zoom in of the HMBC spectrum 

of α-CD-PAA 2. Such 2D-NMR experiment was run with the ultimate goal to confirm the ester bond 

formation between PAA carboxylic acids and α-CD hydroxypropyl moieties. Unfortunately, no plot 

was seen between the carbonyl carbon (C11, 175.8 ppm) and the methyl protons of α-CD (9, s, 1 

ppm). Either the distance between these two atoms is too big to see any correlation plot or in 

proportion there is still more carboxylic acid groups than esters (max 503/6250). An idea could be to 

add even more CDI to generate more ester bonds. 
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Figure SI.III.32 1H NMR spectrum in DMSO-d6 of Hydroxy-PR3 (128 scans, 308K). According to 

the integration ratio between the α-CD anomeric proton (1; 4.98 & 4.80 ppm) and the methyl protons 

(9; 1.022 ppm), it is calculated that average 34% of hydroxyl groups of α-CDs are substituted with 2-

hydroxypropyl groups. Not all the protons of the polymer chain were visualized because of the poor 

signal to noise ratio. 
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Figure SI.III.33 1H NMR spectrum in DMSO-d6 of Hydroxy-PR6 (128 scans, 308K). According to 

the integration ratio between the α-CD anomeric proton (1; 4.98 & 4.80 ppm) and the methyl protons 

(9; 1.022 ppm), it is calculated that 49% of hydroxyl groups of α-CDs are substituted with 2-

hydroxypropyl groups. Not all the protons of the polymer chain were visualized because of the poor 

signal to noise ratio. This synthesis was performed twice leading to an average of 47 ± 4% of 

hydroxypropyl groups per α-CD. 
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Figure SI.III.34 1H NMR spectrum in DMSO-d6 of Hydroxy-PR9 (128 scans, 308K). According to 

the integration ratio between the α-CD anomeric proton (1; 4.98 & 4.80 ppm) and the methyl protons 

(9; 1.022 ppm), it is calculated that average 36% of hydroxyl groups of α-CDs are substituted with 2-

hydroxypropyl groups. Not all the protons of the polymer chain were visualized because of the poor 

signal to noise ratio. 
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Figure SI.III.35 1H NMR spectrum in DMSO-d6 of Hydroxy-PR10 (128 scans, 308K). According 

to the integration ratio between the α-CD anomeric proton (1; 4.98 & 4.80 ppm) and the methyl 

protons (9; 1.022 ppm), it is calculated that average 44% of hydroxyl groups of α-CDs are substituted 

with 2-hydroxypropyl groups. Not all the protons of the polymer chain were visualized because of 

the poor signal to noise ratio. 
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Figure SI.III.36 1H NMR spectrum in DMSO-d6 of Hydroxy-PR11 (128 scans, 308K). According 

to the integration ratio between the α-CD anomeric proton (1; 4.98 & 4.80 ppm) and the methyl 

protons (9; 1.022 ppm), it is calculated that average 58% of hydroxyl groups of α-CDs are substituted 

with 2-hydroxypropyl groups. Not all the protons of the polymer chain were visualized because of 

the poor signal to noise ratio. 
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Figure SI.III.37 ATR-FTIR spectra of PR-PAA. Only 4 different PR-PAA networks FTIR spectra are 

shown here. a) Overlapped ATR-FTIR spectra of α-CD, PAA, PR-PAA 2, PR-PAA 3, PR-PAA 6, PR-PAA 

7. b) Zoom-in of the carbonyl groups stretching bands showing the formation of the ester bonds. 

The vertical dashed line underscores the band shift resulting from the appearance of this new band 

of higher wavenumber. 
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Figure SI.III.38 DSC thermograms of PR-PAA networks. They were recorded according to a heat-

cool-heat procedure between -60°C and 180°C at a rate of 15°C.min-1. PR-PAA networks are called 

using their corresponding label (Table III.7). a) PR-PAA made of PR10K (runs 1, 2, 3, 4) b) PR-PAA 

made of PR35K (run 5). c) PR-PAA made of PR100K (runs 6, 7, 8). 
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PR-PAA sample 
1st heating ramp 

Tg1 (°C) 

1st cooling ramp 

Tg2 (°C) 

2nd heating ramp 

Tg3 (°C) 

PR-PAA 1 -15.2 -12.2 -5.8 

PR-PAA 2 -22.9 -9.6 -4.1 

PR-PAA 3 -22.8 -22.4 -15.3 

PR-PAA 4 -20.8 -15.5 -9.4 

PR-PAA 5 -29.4 -0.9 2.2 

PR-PAA 6 -19.6 31.7 38.2 

PR-PAA 7 -20.6 0.0 4.3 

PR-PAA 8 -23.7 2.5 5.9 

PR-PAA 9 -13.3 -4.7 0.5 

 

Table SI.III.5 Glass transition temperatures (Tg) of PR-PAA networks. They are calculated using 

the TRIOS software. DSC thermograms were recorded according to a heat-cool-heat procedure 

between -60°C and 180°C at a rate of 15°C.min-1. 

 

 

 

 

 

Figure SI.III.39 Residual solvents mass proportion in PR-PAA (%wt). PR-PAA networks are called 

using their corresponding label (Table III.7). The error bar of PR-PAA 2 was calculated by performing 

3 times the experiment and it was extended to the other PR-PAA syntheses. 
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Figure SI.III.40 Verification of the Fox and Flory’s law on end-chains modified PEO. The end-

chains modified PEO10K, PEO35K and PEO100K were analysed by DSC using a heat-cool-heat 

procedure between -60°C and 150°C at a rate of 15°C.min-1. The reported 𝑇𝑔 values are the one 

obtained at the second heating ramp. 𝑇𝑔∞
was calculated by fitting the measured 𝑇𝑔 values with the 

following equation 𝑇𝑔 = 𝑇𝑔∞
−

𝐾

𝑀
.
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Supporting Information for Chapter IV 
 

1. Materials & Methods 

 

Materials: All materials were used as received without further purification step. Microparticle-sized 

silicon powder (micro-Si, 1 – 5 µm) was purchased from Alfa Aesar and nanoparticle-sized silicon 

powder (nano-Si, 40 nm) was received from Nanomakers. Super P conductive carbon black (Csp, 99 

%), 4-fluoro-1,3-dioxolan-2-one (FEC 98%) were purchased from Alfa Aesar and poly(acrylic acid) 

(PAA, Mw ≈ 450,000 g.mol-1) and lithium metal (99.9%) were obtained from Sigma Aldrich. LP30 

electrolyte (99.9 %) was purchased from Solvionic. Graphite Timrex SLP50 (SLP50) was received from 

Imerys Graphite and Carbon®. 

 

Si particles characterization: Si particles images were performed using a scanning electronic 

microscope (SEM-FEG Hitachi SU-70) in secondary electron mode (5kV; 50pA). Particle size 

distributions were obtained analysing the SEM images with ImageJ. XRD measurements were carried 

out with a Bruker D8 ADVANCE diffractometer operating in the Bragg−Brentano geometry with Cu 

Kα radiation (λ(Kα1) = 1.54056 Å, λ(Kα2) = 1.54439 Å) and a Lynxeye XE detector. FTIR spectra were 

acquired in ATR mode on a NicoletTM iSTM 5 FTIR spectrometer (Thermo Fisher Scientific) in the range 

of ~500 to 4000 cm-1. Thermogravimetric analysis (TGA) was performed using a Netzsch STA449C 

Jupiter equipped with a mass spectrometer under an air flux (50ml.min-1) to observe the oxidation of 

Si particles. A heating ramp from 25°C to 1400 °C with a heating rate of 5°C.min-1 followed by a 2h 

isotherm at 1400°C were imposed. 

 

Si electrode preparation: The silicon anodes were prepared through a slurry coating process. Silicon 

active material (micro-Si or nano-Si), Csp and PAA, were first hand milled in a weight ratio of 2:1:1, 

and milliQ water, ethanol or DMSO was then added to the powder mix to achieve a dry mass ratio 

between 15 – 25 %. After 24 hours stirring, the homogeneous slurry was casted onto a copper foil 

(thickness of 26 µm after heat treatment) using a doctor blade (Elcometer, 200 μm gap, 5 mm.s-1) 

and then dried for 24 hours in a vacuum oven at 80°C for the slurries prepared in water and ethanol 

and for 48 hours for the slurries prepared in DMSO. The dried films are stored in an argon-filled 

glovebox. 
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Battery assembly and electrochemical tests: Si electrodes were punched on the dried films (1.54 

cm²). CR2032 coin-type half-cells were assembled in an argon-filled glove box, using lithium metal 

as the counter electrode. LP30 electrolyte composed of 1M Lithium hexafluorophosphate (LiPF6) in 

EC:DMC (1:1 by volume), was used to prepare our LP30+FEC electrolyte by adding 5%wt of 4-fluoro-

1,3- dioxolan-2-one (FEC). Whatman paper was used as separator, soaked with 15 droplets of the 

corresponding electrolyte. The electrochemical performances of the cells were studied by 

galvanostatic discharge-charge cycling at constant current in the voltage range of 0.005 – 1.5 V vs. 

Li+/Li. The cells were cycled at 0.1C (360 mA.g-1) with a BCS-805 or MPG2 potentiostats (Bio-Logic, 

France) at room temperature. All specific capacities and current densities in this study are based on 

the mass of Si only. For each Si electrode, two duplicate cells were cycled. The variations in initial 

Coulombic efficiency and capacity retention are calculated as the mean values of the two testing 

cells. The analysis of the electrochemical data was performed on EC-Lab software. 

 

Electrode porosity : The porosity of the electrodes was estimated by comparing the actual volume 

of an electrode (thickness measurement) to its expected volume regarding the true density of each 

material (here micro-Si, nano-Si, PAA, Csp). This density was measured on a helium pycnometer with 

a Micromeritics AccuPyc 1330 and Helium Messer gas (≥ 99.996 vol. %). One analysis is composed 

of 20 helium purges followed-up by 5 runs of measurements. 
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2. Supporting Figures: reference Si/PAA electrodes 

 

 

 

Figure SI.IV.1: Characterization of Si nanoparticles purchased from Alfa Aesar (nano-Si AA). a) 

XRD pattern showing the presence of crystalline Si (star marker), amorphous SiO2 (2θ = 23°) and SiC 

(circle marker). b) Thermogram obtained by TGA (heating ramp 5°C.min-1 followed by a 2 hours 

isotherm at 1400°C). From the mass increase of 41%, the proportion of pure Si is estimated to 36%wt 

while SiO2 proportion is 64%wt. Galvanostatic cycling performances of Si/Csp/PAA (2:1:1) electrode 

cycled vs Li metal in LP30+5FEC electrolyte at C/37.5. The cell was cycled between 0.01 V and 1.5 V 

in a coin cell configuration. c) Voltage-capacity plot of the first five cycles. The first discharge capacity 

reaches 1000 mAh.g-1 supporting the presence of almost two thirds of inactive SiO2 in Si 

nanoparticles. d) Capacity retention and coulombic efficiency profiles over the first thirty cycles. 
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Table SI.IV.1: Physical characterization of Si reference electrodes. The electrode composition is 

Si/Csp/PAA in a (2:1:1) weight ratio. Errors bars are calculated as standard deviations if different 

batches of electrodes were prepared. Two types of Si particles were investigated. a). Micro-Si 

electrodes prepared from aqueous or ethanol-based slurries show similar thickness (~20 µm), high 

porosity (~75-80 %) and relatively high Si loading (~1 mg.cm-2). The thickness of DMSO-based micro-

Si electrodes is doubled (~40 µm) and the Si loading increases to 1.5 mg.cm-2, resulting from the 

higher viscosity of DMSO. Their corresponding porosity is lowered to 60%. For nano-Si electrodes, 

lower Si loadings were achieved. Interestingly, they are still comparable for aqueous and ethanol-

based slurries (~0.5 mg.cm-2) and reach more than 1 mg.cm-2 for DMSO-based slurries. In general, 

porosities are enhanced for nano Si-electrodes, which corroborates well with the micrometric size of 

the agglomerates of nano-Si particles (Figure IV.1.c). However, this trend is not observed for nano-

Si electrodes prepared from aqueous slurry (45 vs 75% for micro-Si). 
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Figure SI.IV.2: Effect of calendaring on Si electrodes cycling performances. Nano-Si/Csp/PR-

PAA (2:1:1) electrodes were cycled in duplicate vs Li metal in LP30+5FEC electrolyte at C/10 between 

0.005 V and 1.5 V. Relative discharge capacity vs cycle number curves of a) PR-PAA 6 electrodes 

(~0.32 ± 0.02 mgSi.cm-2) before (orange) and after (red) calendaring and b) PR-PAA 9 electrodes 

(~0.69 ± 0.15 mgSi.cm-2) before (dark red) and after (brown) calendaring. The corresponding 

porosities are estimated assuming PR-PAA have the same density than PAA. 
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Figure SI.IV.3: Ex situ SEM characterization of micro-Si and nano-Si AA electrodes before and 

after cycling. Si/Csp/PAA (2:1:1) electrodes were cycled vs Li metal in LP30+5FEC electrolyte at C/10 

between 0.01V and 1.5V. The studied Si electrodes are composed of micro-Si and nano-Si AA (Figure 

SI.IV.1). Micro-Si and nano-Si AA electrodes were observed after the 100th delithitation and the 26th 

delithitation respectively. a) and b) Cross-sectional images of the a) micro-Si and b) nano-Si AA 

electrodes before cycling. c) and d) Cross-sectional images of the c) micro-Si and d) nano-Si AA after 

cycling. e) and f) Top-viewed images of the e) micro-Si and f) nano-Si AA electrodes before cycling. 

g) et h) Top viewed images of the g) micro-Si and h) nano-Si electrodes after cycling. All images in 

this figure are obtained under secondary electron mode. The thicknesses and the sizes of the cracks 

are measured using ImageJ software. 
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3. Supporting Figures: Si/PR-PAA electrodes 

 

 

 

Figure SI.IV.4: Electrochemical performances of micro-Si electrodes incorporating PAA and PR-

PAA, in LP30+5FEC electrolyte at C/10 between 0.01 V and 1.5 V vs Li. PR-PAA 2 was chosen for this 

study. Si electrodes are composed of micro-Si and have three different Si loading regarding the 

binder : PAA (1.1 mg.cm-2, black), PR-PAA (1.1 mg.cm-2, light green) and PR-PAA (1.5 mg.cm-², dark 

green). a) Initial discharge-charge profiles of the PR-PAA and PAA Si electrodes. b) Relative discharge 

capacity vs cycle number curves. c) Coulombic efficiency variation upon cycling (20 first cycles) with 

the indication of the first irreversible capacity loss calculated as the mean value of the two duplicate 

cells. 
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Figure SI.IV.5: Cycling performances of aqueous nano-Si electrodes incorporating PR-PAA 

binders upon 80 cycles. See Figure IV.10 for details. The capacity retentions after 70 cycles – 70th 

charge capacity divided by the 1st charge capacity – are reported. 

 

 

 

 

Binder Ohmic resistance (Ω) 

PAA 22 ± 14 

PR-PAA 2 45 ± 5 

PR-PAA 3 25 ± 7 

PR-PAA 6 82 ± 41 

PR-PAA 7 62 ± 12 

 

Table SI.IV.2: Ohmic resistance of aqueous nano-Si electrodes. Ohmic resistances were evaluated 

as the ratio between voltage and current, after the OCV period (10 s) following the first delithitation. 

The time interval of the calculations was systematically inferior to 50 ms. 
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Figure SI.IV.6: Differential capacity curves (dQ/dV) vs voltage of PR-PAA 7 (dark red) and PAA 

(black). Galvanostatic cycling was performed at C/10 in LP30+FEC vs Li metal between 0.005 V and 

1.5 V. Nano-Si electrodes were made through the aqueous slurry process and consist of nano-

Si/Csp/PR-PAA or PAA in weight ratio of (2:1:1). 

 

 

 

 

 

Figure SI.IV.7: Cyclic voltammograms of Csp/(Na2S2O8) (50:50) mixtures. CV starts from open 

circuit voltage (OCV) and 10 cycles at a scan rate of 1 mV.s-1 were recorded. The current is normalised 

with the mass of Csp. 
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Figure SI.IV.8: Time-controlled nano-Si electrode showing some bad adhesion, as shown by the 

razor-sharp trace.The aqueous slurry nano-Si/Csp/PR-PAA 9 (2:1:1 weight ratio) was mixed for 4h 

before its casting. 

 

 

 

 

 

Figure SI.IV.9: Cycling performances of DMSO-based nano-Si electrodes incorporating PR-PAA 

binders upon 100 cycles, in LP30+5FEC electrolyte at C/10 between 0.01 V and 1.5 V vs Li. Si 

electrodes are composed of nano-Si/Csp/binder. PR-PAA 9 (0.67 mgSi.cm-2, dark red) performances 

are compared to PAA (0.82 mgSi.cm-2, black). The first irreversible capacity loss and the capacity 

retentions after 70 cycles – 70th charge capacity divided by the 1st charge capacity – are reported. 

Cells were assembled in duplicate and the mean values of the first irreversible capacities are 19 ± 0% 

and 25 ± 1% for PAA and PR-PAA respectively. 
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Figure SI.IV.10: Cycling performances of ethanol-based nano-Si electrodes incorporating PR-

PAA binders upon 100 cycles. See Figure IV.12 for details. The capacity retentions after 70 cycles – 

70th charge capacity divided by the 1st charge capacity – are reported. 
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Glossary 
 

1D  One dimension 

ADEME French Agency for Environment and Energy Management 

a-Si Amorphous Si 

CD Cyclodextrin 

CDI N, N’-carbonyl diimidazole 

CD-PAA CD cross-linked with PAA 

CE Coulombic efficiency 

CMC Sodium carboxymethylcellulose 

CO2 Carbon dioxyde 

cr-Si Crystalline Si 

Csp Carbon super P 

Cu Copper 

CV Cyclic voltammetry 

DEC Diethyl carbonate 

DFT Density functional theory 

DMC Dimethyl carbonate 

DME Dimethoxyethane 

DMF Dimethyl formaldehyde 

DMSO Dimethylsulfoxyde 

DNA Deoxyribonucleic acid 

DNFB Dinitrofluorobenzene 

DOL Dioxolane 

dQ/dV Differential capacity 

DSC Differential scanning calorimetry 

EC Ethylene carbonate 

EMC Ethyl methyl carbonate 

EO Ethylene oxide 

EOF Electro-osmotic flux 

FEC Fluoroethylene carbonate 

FTIR Fourier-transform infrared spectroscopy 

GHG GreenHouse Gaz 

H2O Water 
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HSQC Heteronuclear single quantum coherence 

IEM 2-isocyanatoethyl methacrylate 

IPCC Intergovernemental Panel of Climate Change 

Li Lithium 

Li2S Lihtium sulfide 

Li2Sx Lithium polysulfide 

LiNO3 Lithium nitrate 

LiPF6 Lithium hexafluorophosphate 

Li-S Lithium-sulfur 

LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 

LP30 1M LiPF6 in EC/DMC 

MALDI TOF Matrix-Assisted Laser Desorption/Ionization-Time Of Flight 

micro-Si Micrometer-sized Si particles 

MS Mass spectrometry 

Na2S Sodium sulfide 

Na2S2O8 Sodium persulfate 

Na2Sx Sodium polysulfide 

NaCl Sodium chloride 

NaHCO3 Sodium bicarbonate 

Nano-Si Nanometer-sized Si particles 

NaOH Sodium hydroxyde 

NMR Nuclear Magnetic Resonance 

OE Oligoethylene 

P(ε-CL) Poly(ε-caprolactone) 

PAA Poly(acrylic acid) 

PBS 1-pyrene butyric acid N-hydroxysuccinimid ester 

PC Propylene carbonate 

PDMS Poly(dimethylsiloxane) 

PE Poly(ethylene) 

PEA Poly(alkylene adipate) 

PEC Poly(ethylene carbonate) 

PEO Poly(ethylene oxide) 

PEO100K Poly(ethylene oxide) 100 000 g.mol-1 

PEO10K Poly(ethylene oxide) 10 000 g.mol-1 

PEO35K Poly(ethylene oxide) 35 000 g.mol-1 
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PFPE Perfluoropoly(ether) 

PIB Poly(isobutene) 

PMVE Poly(methyl vinyl ether) 

PP Poly(propylene) 

PPG Poly(propylene glycol) 

PPO Poly(propylene oxide) 

PPR Pseudopolyrotaxane 

PPR100K Pseudopolyrotaxane prepared from PEO100K 

PPR10K Pseudopolyrotaxane prepared from PEO10K 

PPR35K Pseudopolyrotaxane prepared from PEO35K 

PR Polyrotaxane 

PR100K Polyrotaxane prepared from PPR100K 

PR10K Polyrotaxane prepared from PPR10K 

PR35K Polyrotaxane prepared from PPR35K 

PR-PAA  Polyrotaxane cross-linked with PAA 

PSi Poly(dimethylsilane) 

PTFE Poly(tetrafluoro ethylene) 

PTHF Poly(tetrahydrofuran) 

PVA Poly(vinyl alcohol) 

PVCa Poly(vinylene carbonate) 

PVDF Poly(vinylidene fluoride) 

PVDF-TFE-P Poly(vinylidene fluoride-tetrafluoroethylene-propylene) 

RMβ-CD Randomly methylated β-cyclodextrin 

RT Room temperature 

S Sulfur 

SBR Styrene-butadiene-rubber 

SEC Size exclusion chromatography 

SEI Solid electrolyte interface 

SEM Scanning electron microscopy 

Si Silicon 

SiO Silicon monoxyde 

SiO2 Silicium dioxide 

SLP50 Graphite 

SMP Supramolecular polymer 

SPE Solid polymer electrolyte 
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TFSI  Bis(trifluoromethanesulfonyl)imide 

Tg Glass transition temperature 

TGA Thermal gravimetric analysis 

THF Tetrahydrofuran 

UV-vis Ultraviolet-visible 

VC Vinylene carbonate 

VTF Vogel-Tammann-Fulcher  

XPS X-ray photoelectron spectrometry 

XRD X-ray diffraction 

α-HL α-hemolysin 
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Résumé détaillé 
 

Pour sauver la planète et limiter les effets du changement climatique, l’humanité n’a pas d’autre choix 

que de réduire drastiquement ses émissions de gaz à effet de serre, et principalement de CO2 qui 

représente 75% des émissions mondiales. Cet avertissement du Groupe d’Experts 

Intergouvernemental sur l’Evolution du Climat (GIEC) a été rappelé lors de la publication de leur 

rapport du 9 août 20211. Ce dernier souligne l'influence des activités humaines sur les changements 

climatiques observés ces dernières décennies comme l’augmentation de la température mondiale 

ou les perturbations notables des conditions météorologiques. La situation est devenue tellement 

critique que des politiques mondiales ont été lancées, comme en témoigne l'Accord de Paris2, adopté 

par 196 parties le 12 décembre 2015 pour maintenir une augmentation "raisonnable" de la 

température à la surface du globe à 1,5°C d'ici la fin du siècle. 

 

Par conséquent, le secteur de l'énergie connaît actuellement une mutation importante. Parmi les 

solutions envisagées pour décarboner notre économie, on note : (i) intégrer des énergies 

renouvelables dans l'approvisionnement énergétique, -par essence intermittentes-, (ii) améliorer 

l'efficacité énergétique de nos systèmes de production d’énergie et réduire leur consommation, (iii) 

électrifier le secteur des transports et (iv) développer des méthodes de capture, de stockage et 

valorisation du carbone. Selon l'Agence de l'environnement et de la maîtrise de l'énergie (ADEME), 

une telle transformation de nos méthodes de production d'énergie serait à l’origine de la réduction 

de près de la moitié de la consommation énergétique en France d'ici 2050 (-47%)3.  

 

Pour atteindre ces objectifs de durabilité, les dispositifs de stockage d'énergie, en particulier les 

batteries rechargeables, sont devenus des acteurs essentiels et indispensables. Une batterie est une 

cellule électrochimique composée d'une électrode positive (cathode) et d'une électrode négative 

(anode), séparées par une solution ionique (électrolyte). Les électrodes sont reliées à un circuit 

électrique qui permet la circulation des électrons tandis que le mouvement des ions n'est possible 

qu'à travers l'électrolyte. Des réactions réversibles d’oxydo-réduction se produisent simultanément 

aux deux électrodes, conduisant à la charge (énergie stockée) ou à la décharge de la batterie (énergie 

fournie), selon le sens de circulation des électrons. La tension de la cellule (V) est définie comme la 

différence de potentiel entre les deux électrodes, tandis que la capacité de la cellule (Ah) est 
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intrinsèque à la nature des électrodes qui sont le siège des réactions électrochimiques. L'énergie 

(Wh) stockée par la batterie est calculée comme le produit de la tension de la cellule et de sa capacité 

(Ah). 

 

Afin de satisfaire aux exigences du marché, les batteries rechargeables doivent répondre au cahier 

des charges suivant : densités d'énergie gravimétrique et volumétrique élevées (Wh.kg-1 et Wh.L-1), 

faible coût, longue durée de vie, rendement énergétique élevé et densité de puissance élevée (W.kg-

1). Au cours des dernières décennies, les scientifiques se sont principalement concentrés sur 

l’augmentation de la densité énergétique des matériaux actifs. En raison de leur compétitivité en 

termes de coût, de rendement et de stockage, les batteries Li-ion ont envahi le marché et s'imposent 

désormais comme la technologie clé (< 100 $/kWh). Omniprésentes dans les systèmes électroniques 

grand public, elles sont actuellement déployées dans le cadre du développement des véhicules 

électriques largement encouragé par les politiques gouvernementales, et sont également envisagées 

pour des applications de stockage stationnaire. 

 

Les recherches en science des matériaux, associées aux efforts d'ingénierie qui ont conduit à la 

croissance des volumes de fabrication des batteries Li-ion, nous rendent optimistes quant au 

développement de prochaines générations de batteries encore plus performantes. Elles sont classées 

en deux catégories principales : les technologies Li-ion avancé et post-Li-ion5. Si le Li-ion avancé 

consiste à améliorer les performances des batteries Li-ion actuelles par l’optimisation des matériaux 

(cathode, anode), de l’électrolyte ou de la géométrie des cellules ; le post-Li-ion fait référence aux 

autres chimies de batteries telles que les batteries lithium-soufre (Li-S), lithium-air ou sodium-ion. 

Cette thèse s’intéresse à la fois aux batteries Li-S (post-Li-ion) et au développement d'anodes en 

silicium (Si) dans le cadre du Li-ion avancé, technologies connues pour présenter des mécanismes 

de dégradation intrinsèque les empêchant d’être commercialisées malgré leurs densités 

énergétiques théoriques supérieures au Li-ion actuel. 

 

L'originalité de notre approche repose sur l'utilisation de la chimie supramoléculaire pour résoudre 

ces défaillances. Elle s’intègre ainsi dans le contexte de l’initiative européenne BATTERY 2030+ lancée 

pour réduire l’empreinte carbone des batteries6. L’un des principaux piliers de ce programme repose 

sur l’amélioration de la durée de vie et de la fiabilité des batteries. Ainsi, d’importants travaux de 

recherche sont menés pour intégrer des systèmes de détection afin de mieux comprendre et 
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surveiller en temps réel les mécanismes de dégradation responsables de la fin de vie prématurée des 

batteries7. Ces défaillances, qui sont intimement liées à la perte de cohésion entre les composants 

de l'électrode pendant le cyclage, se manifestent par des changements de structure et de 

morphologie des électrodes (gonflement, pulvérisation, microfissurations) ou des réactivités aux 

interfaces électrode/électrolyte, comme la formation de la SEI (film de passivation créé à cette 

interface), la croissance de dendrites de lithium ou la dissolution partielle des électrodes (navettes 

électrochimiques). Une fois le diagnostic de ces mécanismes de dégradation posé, nous proposons 

d’intégrer des fonctions d’auto-réparation, en s’inspirant des processus de la nature, afin d’améliorer 

la durée de vie des batteries. C’est ici qu’intervient la chimie supramoléculaire pour développer des 

systèmes adaptables aux changements locaux de structure et ayant pour but de restaurer la 

configuration initiale des composants de la batterie.  

 

En s’appuyant sur les principes de la chimie supramoléculaire, (= chimie des liaisons non-covalentes 

et réversibles), cette thèse vise à contribuer à l'amélioration des performances des batteries au 

lithium. Plus spécifiquement, nous avons sélectionné la cyclodextrine (CD), molécule-cage 

biosourcée capable de former des complexes supramoléculaires d’inclusion de type hôte-invité. 

Nous avons structuré ce travail de thèse selon les quatre chapitres suivants : 

 

Le chapitre I débute par la description des propriétés de complexation de la CD. Y est ensuite décrite 

la grande variété d’architectures macromoléculaires qui en résultent. Le caractère dynamique de 

l’interaction hôte-invité leur confère des propriétés mécaniques exceptionnelles ou adaptables 

comme l’auto-réparation ou encore des réactivités réversibles sous l’effet d’un stimulus externe. Ces 

propriétés ont déjà été mises en œuvre dans les batteries, bien que très récemment, et leur revue 

nous a permis d’identifier les deux applications les plus prometteuses pour la CD, à savoir les 

problématiques de gonflement et de dissolution d’électrodes qui se manifestent de manière 

exacerbée dans les anodes de Si et les batteries Li-S respectivement. 

 

Le chapitre II s’intéresse aux batteries Li-S et se concentre sur le caractère néfaste de la dissolution 

des polysulfures (navette red-ox). En effet, la réduction du soufre, qui est complexe et encore peu 

décrite, fait intervenir des réactions en cascade au cours desquelles sont formés différents 

intermédiaires réactionnels composés de chaînes d’atomes de soufre de différentes tailles Li2Sx (x=2-8) 

: il s’agit des polysulfures. Ces derniers sont solubles dans l’électrolyte, la diffusion des chaînes 
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longues dans l’électrolyte jusqu’à l’anode de Li entraîne leur réduction en chaînes plus courtes qui 

migrent à nouveau vers la cathode de soufre pour y être oxydées etc… De plus, leur réduction totale 

en Li2S à l’anode de Li contribue à une perte irréversible supplémentaire de matière active. Tout 

d’abord, nous avons étudié la complexation de la CD avec les polysulfures, en s’attachant à décrire 

le caractère réversible de ce processus sous l’effet d’un stimulus externe (température ou dilution), 

ce qui n’avait encore jamais été fait. Nous avons étudié l’influence de la taille de la cavité des CDs 

ainsi que la nature du polysulfure (longueur de la chaîne soufrée). Ensuite, en utilisant la 

complexation CD/polysulfure, nous avons utilisé la technologie nanopore, outil de caractérisation en 

molécule unique empruntée à la biologie, pour démontrer la possibilité de détection à l’atome de 

soufre près des polysulfures. Ces résultats prometteurs ouvrent la voie à l’utilisation de nanopores 

comme sondes ultra-sensibles des électrolytes, mais aussi au développement de nouvelles stratégies 

de confinement de la cathode de soufre impliquant la CD149. 

 

Nous avons ensuite utilisé le pouvoir complexant de la CD à l’échelle macromoléculaire pour 

synthétiser des polyrotaxanes (PR), assemblages supramoléculaires où les CDs sont enfilées le long 

d’une chaîne polymère (ici poly(oxide d’éthylène) PEO) et ont l’aptitude de coulisser. Le chapitre III 

présente la synthèse et la caractérisation d'architectures PR-PAA qui résultent de la réticulation de 

l’acide poly(acrylique) sur les CDs portées par les PRs. Nous avons fait varier différents paramètres 

structuraux dans le but d’augmenter le mouvement de glissement des CDs, qui confère à ces 

architectures des propriétés mécaniques exceptionnelles. Parmi ces paramètres on note : la masse 

molaire du PEO, le taux de remplissage en CDs des PRs, la densité de réticulation et la proportion 

massique PR/PAA.  

 

Par la suite dans le Chapitre IV, les PR-PAA sont envisagés comme nouveaux liants polymères pour 

anode de Si, capables de remédier aux changements de volume conséquents (~300%) dont souffrent 

ces électrodes au fur et à mesure des charges (lithiation) et décharges (délithiation). Ces variations 

de volume répétées sont à l’origine du craquellement des électrodes de Si, ce qui empêche pour 

l’instant qu’elles remplacent les anodes de graphite malgré leur capacité cinq fois supérieure (3600 

mAh.g-1). Le chapitre IV explore les performances électrochimiques des anodes de Si dans lesquelles 

sont incorporés des PR-PAA. Notre étude permet de conclure quant à l'origine de l'amélioration des 

performances de cette nouvelle classe de liants par rapport aux liants polymères traditionnels (ici 
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PAA). L'influence des paramètres structuraux des PR-PAA sur les performances en cyclage et la durée 

de vie des anodes en Si est enfin mise en lumière. 

 

Ainsi, via le prisme de la CD, nous avons montré comment la chimie supramoléculaire peut être mise 

au service des batteries au lithium et proposer de nouveaux concepts pour augmenter leur durée de 

vie en se focalisant sur deux technologies : les batteries Li-S et l’anode de Si. Nous espérons que ce 

travail a ouvert la voie et qu’il contribuera au développement de nouvelles innovations de rupture à 

l’interface entre électrochimie, chimie supramoléculaire et biologie.  
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Abstract : Our increasing dependence on lithium-ion 

batteries for daily energy storage applications calls for 

the enhancement of their performances. Research 

efforts, which have so far relied on increasing energy 

densities, have recently been focused on durability 

and sustainability. In this context, the inspiration of 

life sciences has placed great hope on supramolecular 

chemistry to equip batteries with some added smart 

functionalities, in order to address their inherent 

failures such as electrodes swelling and partial 

dissolution, hence enhancing their lifespan. This work 

aims to evaluate how relevant this new worldwide 

research interest is, by focusing on cyclodextrins 

(CDs), which are bio-sourced cage molecules that can 

give reversible supramolecular host-guest 

interactions. 

 

We first successfully exploit the selective host-guest 

interaction of CDs towards polysulfides to 

discriminate these soluble lithium-sulfur batteries 

intermediates by nanopore, with a single sulfur atom 

resolution. Not only this approach lays the ground to 

the design of powerful sensors for electrolytes, but it 

also confers weight to a new sulfur confinement 

strategy based on CD. 
 

Next, we apply this host-guest interaction at the 

macromolecular scale by synthetizing mechanically 

interlocked architectures to be used as Si anode 

binders. Prepared from CDs-based polyrotaxanes 

(PRs) cross-linked with poly(acrylic acid), the PR-PAA 

prototypes disclose new routes of accommodating Si 

volume changes. Finally, we identify the crucial 

structural parameters involved in the better cyclability 

of Si anodes and provide an optimized design for PR-

PAA binders.
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Résumé : Pour satisfaire aux exigences du marché, les 

batteries lithium-ion, devenues aujourd’hui 

indispensables, font l’objet d’intenses études. Cette 

recherche, jusqu’alors concentrée sur l’augmentation 

de la densité énergétique des matériaux actifs, se 

tourne désormais vers les problématiques de 

durabilité ou plus généralement liées au 

développement durable. En s’inspirant de la nature, la 

chimie supramoléculaire suscite de nombreux espoirs 

pour résoudre certaines défaillances intrinsèques aux 

batteries, comme le gonflement ou la dissolution des 

électrodes, ce qui permettrait une augmentation de 

leur durée de vie. Dans ce contexte, cette thèse 

s’intéresse aux cyclodextrines (CDs), molécules 

biosourcées capables de former des complexes 

supramoléculaires d’inclusion de type hôte-invité. 
 

Tout d’abord, nous avons étudié la complexation de 

la CD avec les polysulfures, rendant ainsi possible la 

détection à l’atome de soufre près par nanopore de 

ces intermédiaires parasitant l’électrolyte des 

batteries lithium-soufre. Ces résultats prometteurs 

ouvrent la voie à l’utilisation de nanopores 

comme sondes ultra-sensibles des électrolytes, mais 

aussi au développement de nouvelles stratégies de 

confinement de la cathode de soufre impliquant la 

CD. 
 

Nous avons ensuite utilisé le pouvoir complexant de 

la CD à l’échelle macromoléculaire pour synthétiser 

des polyrotaxanes (PR), assemblages supra-

moléculaires où les CDs ont l’aptitude de se mouvoir 

le long d’une chaîne polymère. Les architectures PR-

PAA, qui résultent de la réticulation de l’acide 

poly(acrylique) sur les CDs portées par les PRs, 

constituent de nouveaux liants polymères pour anode 

de silicium, capables de remédier à leurs 

changements de volume conséquents. L’étude de la 

relation entre structure des PR-PAA et leurs 

performances ont permis de nettes améliorations en 

cyclage. 


