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Supramolecular chemistry of helical foldamers at the solid-liquid 
interface: self-assembled monolayers and anion recognition 
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The synthesis of a redox-active helical foldamer and its 

immobilization onto a gold electrode are described. These large 

molecular architectures are grafted in a reproducible manner and 

provide foldamer-based self-assembled monolayers displaying 

recognition properties. 

Foldamers constitute a class of synthetic oligomers that adopt 

well-defined and compact secondary structures.1,2 This feature 

provides them with hosting abilities for a wide range of guests 

–be they cationic, anionic or neutral– as extensively reviewed 

by Ferrand and Huc,3 Gong,4 Jeong,5 Li,6,7 and collaborators. In 

addition, these receptors sometimes show outstanding 

selectivity towards specific guests,8–11 since the shape of their 

inherent cavity and the electrostatic potential at the surface of 

the hosting pocket can be fine-tuned, through a well-selected 

sequence of the foldamer constituting monomers.12 

These studies have largely been led in solution. Therefore, a 

major challenge that chemists are now facing consists in 

incorporating these molecular structures within smart 

materials,13 while preserving their singular hosting properties. 

This definitely constitutes a demanding objective, given that 

intermolecular interactions may induce modifications of the 

three-dimensional organization, as demonstrated in the case of 

proteins.14  

Herein, we propose to tackle this objective by studying self-

assembled monolayers (SAMs)15 of helical foldamers 

chemisorbed onto gold, since their preparation is compatible 

with various chemical functions, allows reaching highly 

organized and dense monolayers in a reproducible manner 

(especially with alkyl disulfide anchoring groups),16 and was 

successfully used with other foldamers to produce conducting 

materials.17–22  

The oligopyridine dicarboxamide foldamer backbone (Figure 1) 

was selected by taking into consideration 1) their well-

established synthesis,23,24 which notably allows the introduction 

of desired substituents on the 4-position of pyridyl rings (e.g. 

solubilizing chains or anchoring function), 2) a redox inactivity 

in a relatively large range of potentials,25 3) the moderate 

propensity of shorter oligomers to form dimers,24,26,27 which 

constitutes a key point to favour a single helical state and 4) the 

presence of electropositive secondary amide protons oriented 

towards the center of the cavity, likely to provide the foldamer 

with anion recognition properties.28,29 To follow such a 

supramolecular process at the solid-liquid interface, 

electrochemical techniques have already shown their 

relevance.30–32 The binding of an anion is indeed likely to affect 

the local electric field and hence, to influence the redox 

potential of nearby electroactive probes. Thereby, the 

tetrathiafulvalene (TTF) unit appears well suited to probe such 

a binding event.33–35 Finally, to master the complexity of the 

system, be that from a synthetic or an electrochemical point of 

view, the targeted foldamer was designed to preserve its 

symmetry. Therefore, TTF units were grafted at both  

 

Figure 1. Schematic representation of the self-assembled monolayer based on 

foldamer F. 
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extremities of the foldamer core and the anchoring chain was 

introduced on the central pyridyl ring (Figure 1). 

Compound F displays a design, which is similar to the non-

anchorable foldamer analogue described elsewhere.36 Its 

synthesis (see Experimental details in the supporting 

information file) was performed via a multistep procedure 

presented in Schemes 1 and S1 and involved two major steps. 

The first one consisted in forming the foldamer skeleton 

through an acyl chloride activation of tetracarboxylic acid S4, 

which reacted with amine S5 with an excellent yield (four amide 

functions generated with a 73% yield). The corresponding 

tetraacetylenic derivative 1 constitutes a particularly appealing 

precursor to graft selected building blocks through copper-

catalyzed azide-alkyne cycloadditions (CuAACs) and reach 

foldamer-based SAMs endowed with desired properties. 

Herein, the CuAAC reaction was performed in the presence of 

azidomethyltetrathiafulvalene 2 (Scheme 1) to isolate the TTF- 

functionalized foldamer F (50% yield), whose structure was 

unequivocally confirmed through standard analytical 

techniques.  

The immobilization conditions of compound F on gold were 

optimized to achieve well-defined monolayers with 

reproducible electrochemical behavior. Therefore, parameters 

such as immersion time, choice of solvent and foldamer 

concentration have been thoroughly optimized (see SI). Since 

oligopyridine dicarboxamide-based foldamers may form 

duplexes,27 the chemisorption step was best performed in a 

dissociating solvent, dichloromethane, at low disulfide F 

 

Scheme 1. CuAAC reaction leading to the synthesis of disulfide F. 

concentrations in order to promote the immobilization of single 

helical foldamers on the surface. A foldamer F concentration as 

low as 5 µM proved sufficient to obtain a maximum surface 

coverage and overnight immersions were led for reaching 

higher degrees of organization.15 The cyclic voltammogram of 

the modified surface (Figure 2) shows two redox systems 

centered at E1 = 0.19 V and E2 = 0.61 V vs. Ag|AgNO3, which 

correspond to the well-described successive oxidations of 

neutral TTF to the TTF•+ radical cation and TTF2+ dication 

states.35 Voltammetric analyses confirmed the confinement of 

the redox-active foldamers onto the gold substrate with a linear 

dependency of the peak intensities with the scan rate (Figure 

S1). The value of full width at half maximum slightly deviates 

from the standard 90 mV for the first redox process (145 mV), 

which accounts for intermolecular interactions between TTF 

moieties, as previously observed for TTF-based SAMs on gold 

surfaces.37 These measurements also allowed determining a 

foldamer surface coverage of ca 3.10-11 mol.cm-2,38 by 

integration of the first oxidation peak. These results suggest a 

close proximity between the redox units and, given the large 

foldamer structure, a highly compact and probably intermingled 

arrangement of the foldamer units at the interface. 

Various helical foldamers endowed with electropositive protons 

inside their cavity proved to show anion recognition 

properties.39 On this ground, and since the grafted foldamer 

includes four amide functions (see electrostatic potential map 

in Figure S2), the self-assembled monolayers were studied in 

the presence of two strongly different protic/aprotic anions 

(hydrogen sulfate and chloride). These analyses were led in a 

solution of tetrabutylammonium hexafluorophosphate (0.1 M) 

in dichloromethane, since this salt does not interact with the 

foldamer backbone.36 As shown in Figures 3 and S3, when 

increasing guest concentration, the first oxidation wave was 

cathodically shifted by ca. 30 mV in the presence of chloride 

ions and up to 90 mV in the case of hydrogen sulfate. This 

assessment is especially remarkable since Fave, Schöllhorn and 

collaborators have recently shown that TTF-labelled self- 

assembled monolayers do not interact with halides upon 

oxidation.40 Consequently, such a behaviour is assigned to an 

 

Figure 2. Cyclic voltammogram of a F-based self-assembled monolayer on gold electrode 

(nBu4NPF6 0.1 M, dichloromethane, v = 100 mV.s-1). 
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Figure 3. a) Evolution of the cyclic voltammogram of a F-based self-assembled monolayer (nBu4NPF6 0.1 M, CH2Cl2) upon addition of nBu4N+, HSO4
-. b) Variations of ΔE = E – Ei as a 

function of anion concentration (Ei stands for initial potential). Red lines correspond to the fitted Frumkin isotherms and error bars were calculated as the standard deviation on 

three independent measurements. 

anion recognition process involving the foldamer skeleton (see 

Figure S5 for potential binding modes). Besides, this process 

explains the stabilization of the oxidized species by the 

negatively charged hosted ion.34,41–43 Noteworthily, a simple 

flushing with dichloromethane allowed recovering the initial 

electrochemical response of the modified electrode, even after 

several cycles (Figure S4), thus confirming the reversible 

character of the binding process. Plotting the variation of the 

oxidation peak potential (∆E) as a function of guest 

concentration C allowed studying the recognition phenomenon 

in a quantitative manner. Fitting these data through Equation 

(S2), which derives from the Frumkin model (see SI),44 allows to 

model the observed variations of potential upon addition of 

anions efficiently (see Figure 3). This numerical analysis can be 

extended to the determination of Kox/Kneutral ratios (Kox and 

Kneutral stand for the binding constants in the oxidized and 

neutral states, respectively) according to square Scheme 2 and 

Equation 1. Assuming fast complexation reactions between 

anions in solution and immobilized foldamers, these were 

evaluated to Kox/Kneutral(Cl-) ≈ 3 and Kox/Kneutral(HSO4
-) ≈ 38, which 

evidences the contribution of electrostatic interactions to the 

 

Scheme 2. Simplified square scheme gathering the binding and redox processes 

occurring at the interface (H stands for Host and G for Guest). 

 

binding process. When considering the recognition of charged 

species, ionic strength represents a parameter that may have a 

critical impact over the experimental observations. 

Consequently, we led additional experiments at respectively 

lower and higher supporting electrolyte concentrations (Table 1 

and Figure S6). The corresponding data first evidence a strong 

influence of the chemical environment on the oxidation 

potential of TTF units, with a ca. 80 mV difference (from 

0.153 V (CTBAPF6 = 0.5 mol.L-1) to 0.231 V (CBu4NPF6 = 0.01 mol.L-1) 

vs Ag/AgNO3). More importantly, increasing the electrolytic salt 

concentration (0.5 M) led to smaller E variations (– 65 mV), 

which is consistent with stronger ion pairing, whereas a lower 

concentration (0.01 M) resulted in a significantly higher E 

variation (– 135 mV). These experiments highlight to which 

extent the variations of oxidation potential upon anion binding 

depend on ionic strength. Importantly, these strong variations, 

as well as the extracted  constants, demonstrate that this 

grafted foldamer displays anion binding abilities, even at high 

ionic strength (CBu4NPF6 = 103 × [HSO4
-]). 

Table 1. Ei°, E and  values determined through successive additions of 

tetrabutylammonium hydrogen sulfate over an immersed F-based self-assembled 

monolayer (CH2Cl2, v = 100 mv.s-1, E vs. Ag/AgNO3) and subsequent fitting to the adapted 

Frumkin isotherm model. 

nBu4NPF6 / M Ei° (TTF) / V Esat - Ei /mV  

0.01 0.231 – 135 6.8 (± 0.8) 104 

0.1 0.205 – 93 2.4 (± 0.1) 104 

0.5 0.153 – 65 1.6 (± 0.1) 104 

In summary, a redox-active helical foldamer was specifically 

designed and synthesized to prepare self-assembled 

monolayers on gold substrate. The corresponding surface 

coverage and reproducible electrochemical features suggest a 

close packing of the foldamer molecules on the surface. To our 

knowledge, the recognition properties of helical foldamers once 
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immobilized had not been reported in the literature. Herein, we 

demonstrated that an oligopyridine dicarboxamide-based 

foldamer exhibits a hosting ability towards anions after 

chemisorption on gold, and that its design was relevant for the 

successful electrochemical transduction of a host-guest binding 

event. Eventually, the reversible character of the anion 

recognition process makes these oligomers promising 

candidates for the design of future stimuli-responsive materials. 
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