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Abstract : Supramolecular polymers are linear chains of low molar mass monomers held together by reversible 

and highly directional non-covalent interactions. In suitable experimental conditions, they can display polymer-

like rheological or mechanical properties, because of their macromolecular architecture. However, the fact that 

non-covalent interactions are involved, means that the assembly can be reversibly broken and can be under 

thermodynamic equilibrium. This reversibility brings additional features compared to usual polymers, which 

potentially lead to new properties, such as improved processing, self-healing behavior or stimuli responsiveness. 

The present chapter focuses first on particular examples where macroscopic properties of HBSPs are clearly 

demonstrated, and then on the numerous engineering options explored so far to obtain functional materials. 

Finally, because the obtained properties depend strongly on the molar mass of the supramolecular polymer in the 

conditions of use, the last part describes the techniques available to characterize the molar mass of 

supramolecular polymers. 
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1 
Introduction 

Supramolecular polymers are linear chains of low molar mass monomers held together by 

reversible and highly directional non-covalent interactions. In suitable experimental 

conditions, they can display polymer-like rheological or mechanical properties, because of 

their macromolecular architecture. However, the fact that non-covalent interactions are 

involved, means that the assembly can be reversibly broken. This reversibility brings 

additional features compared to usual polymers, which can potentially lead to new properties, 

such as improved processing, self-healing behavior or stimuli responsiveness.  

It is possible to find in the literature early examples describing the formation of hydrogen 

bonded oligomers from simple monomers such as 4-(thio)pyridone [1, 2] or dialkylureas [3, 

4]. However, the concept of supramolecular polymers was really demonstrated in 1990 by 

Lehn et al., who prepared a liquid crystalline supramolecular polymer by self-assembly of two 

complementary monomers [5]. Moreover, a decade ago, Meijer et al. described the first 

supramolecular polymer which formed highly viscous dilute solutions [6], thus proving that it 



is possible to obtain polymer-like rheological properties. Usually, the monomers can be 

schematized as two (or more) hydrogen bonding moieties linked through a spacer (Fig. 1). 

According to the topology of the hydrogen bonding groups, three main classes of hydrogen 

bonded supramolecular polymers (HBSPs) can be found: self-complementary A-A or A-B 

monomers, or complementary A-A + B-B monomers. 

 
Figure 1 Schematic representation of supramolecular polymers assembled from self-complementary AA 

(a) or AB (c) monomers or complementary A-A + B-B (b) monomers. 

 

In some cases, the term “supramolecular polymer” is given a wider meaning, encompassing 

the huge field at the crossroad between supramolecular chemistry and polymer science [7 - 

10]. In the present chapter, we stick to the more restricted definition mentioned above: we 

focus on synthetic hydrogen bonded low molar mass compounds which self-assemble to form 

dynamic polymer-like chains. Thus, the related fields of organogelators [11, 12], nanofibers 

[13 -15] or crystal engineering [16, 17], where crystal packing forces play a major role, are 

not covered. Likewise, systems where the main driving force for assembly is electrostatic, 

metal-ligand, hydrophobic or p-stacking interactions are not systematically included, even if 

some hydrogen bonding is involved. In fact, HBSPs have been reviewed in the past [18 - 22], 

but the fast development of this field justifies the present work, which concentrates on the last 

few years. This chapter focuses first on examples where macroscopic properties of HBSPs are 

clearly demonstrated, and then on the numerous engineering options explored so far. The last 

part describes the techniques available to characterize the molar mass of supramolecular 

polymers. 

 



2 
Macroscopic properties of HBSPs 

Three kinds of properties are considered here: rheological properties of solutions, properties 

of bulk materials and liquid crystallinity. 

2.1 
Rheological properties of HBSP solutions 

Depending on the system, different rheological behaviors can be obtained. However, a 

common requirement is that the association must be very stable for the HBSP to have a 

significant molar mass in dilute conditions (see § 4). The following examples have been 

chosen because of the large amount of rheological data available, and have been grouped 

according to the nature of the hydrogen bonding moiety driving the association.  

2.1.1 
Ureidopyrimidinone (UPy) 

The quadruple hydrogen bonding motif of UPy (Fig. 2a) has been designed to form very 

strong dimers (Kdim = 2 107 L mol-1 in chloroform at 25°C) [23 - 25]. Consequently, 

difunctional monomer 1 (Fig. 2b) forms long chains even in dilute solutions: from the value 

of the equilibrium constant, a degree of polymerization of DPn = 1800 (Mn = 1.3 106 g mol-1) 

at 0.04 mol L-1 (30 g L-1) in chloroform can be estimated. It is then not surprising that these 

solutions show a high viscosity (h/h0 = 12 at a concentration C = 0.04 mol L-1) and a high 

concentration dependence of the viscosity (h/h0 ~ C3.7) [6]. The value of this exponent is in 

agreement with Cates’s model for reversibly breakable chains above the overlap concentration 

[26, 27]. 



 
Figure 2 Structure of UPy dimer (a) and monomer 1 (b). 

 

2.1.2 
Benzene-tricarboxamide (BTC) 

Several BTC derivatives (Fig. 3a) have been shown to form viscoelastic solutions in non polar 

solvents such as n-alcanes [28]. Based on the crystalline structure of a model compound [29], 

a supramolecular structure has been proposed. In this proposed structure, monomers are 

stacked onto each other due to the formation of three hydrogen bonds between the amide 

groups and to p-stacking between the aromatic groups (Fig. 3a). Because aromatic and amide 

groups tend to favor a coplanar conformation, the hydrogen bonds do not lie parallel to the 

column axis, but are tilted. Thus, the hydrogen bond pattern is believed to be helicoïdal [30, 

31]. However, the presence of a significant fraction of free NH groups detected by FTIR 

spectroscopy suggests that many defects are present in this helical hydrogen bonding pattern 

[32]. 

The consequence of this organization at the molecular level is that BTC solutions in decane 

are viscoelastic fluids with a nearly perfect Maxwellian behavior [33]. The reason why this 

BTC system is viscoelastic whereas the previous UPy based system is purely viscous 

(Newtonian behavior) is probably related to a more rigid backbone and/or to a slower 

breaking of the chains. 
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Figure 3 Self-assembled structure of BTC (a) and CTC (b) supramolecular polymers (R = alkyl group). 

Adapted with permission from [34]. 

 

2.1.3 
Cyclohexane-tricarboxamide (CTC) 

Some related CTC derivatives (Fig. 3b) also form viscoelastic solutions in several non polar 

solvents [35], but the rheological signature is different from the case of BTC: the frequency 

dependence of the storage and loss moduli cannot be described by a single relaxation time 

[36]. Two relaxation times are necessary to adequately fit the data, so that the authors propose 

a model where the supramolecular polymer would present alternative sequences of rigid rod-

like parts and more flexible parts. The increased rigidity of CTC compared to BTC is 

attributed to its particular hydrogen bonding pattern: because of the lack of p-stacking 

interaction and the lack of conjugation between the amides and the cyclohexane ring, the 

hydrogen bonds are believed to be parallel to the column axis (Fig. 3b). This hypothesis is 

supported by X-ray crystallography of a model compound [37]. The straight hydrogen 



bonding pattern of CTC may then lead to fewer defects (and thus more rigidity) than the 

helical pattern of BTC, because no helix reversal defects are expected. 

Finally, it is worth mentioning the synthesis of monomer 2 bearing two such CTC moieties  

(Fig. 4) [34]. The straight hydrogen bonding pattern of each CTC moiety is compatible with 

the formation of six parallel rows of hydrogen bonds, so that compound 2 self-associates 

strongly in chloroform. 

 
Figure 4 Structure of monomer 2. 

 

2.1.4 
Bis-urea 

A variety of compounds bearing only two urea functions have been shown to form stable 

supramolecular architectures, because ureas can form stronger hydrogen bonds than amides. If 

a parallel or antiparallel orientation of the two ureas is enforced by the spacer connecting 

them, then long one-dimensional supramolecular assemblies can be expected. Depending on 

the exact nature of the spacer and the lateral substituents, it is possible to tune both the 

structure and the dynamic character of the assemblies. With symmetrical spacers and regular 

substituents, crystallization of the bis-urea is favored, so that organogelators can be obtained 

[11, 12, 38]. These compounds are dissolved at high temperatures in a particular solvent, but 

after cooling, highly anisotropic crystalline fibers are formed and entrap the solvent. The 
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strong gels obtained are metastable and no dynamic exchange between the fibers occurs at 

room temperature. However, using an unsymmetrical spacer and/or branched substituents, one 

can try and destabilize competing crystalline structures and stabilize dynamic HBSPs. Bis-

ureas 3 to 6 with a 2,4-toluene spacer (Fig. 5) indeed form dynamic supramolecular polymers 

in non polar solvents [39]. 

 
Figure 5 Structure of bis-ureas 3, 4, 5 and 6. 

 

2.1.4.1 
Supramolecular structure of bis-urea 3 

Fig. 6 shows the pseudo-phase diagram of bis-urea 3 in toluene [40]. It is likely that other (not 

necessarily dynamic) supramolecular structures exist at lower temperatures or at higher 

concentrations, but the remarkable feature about this system is that it displays two distinct 

supramolecular architectures, which are stable over a wide range of concentrations and 

temperatures, and are in dynamic exchange with the monomer. Of course, the lines on this 

diagram are not true phase transitions, but limit the domains where each structure is the most 

abundant. For both supramolecular structures, FTIR spectroscopy can detect no free hydrogen 

bond. Moreover, small angle neutron scattering (SANS) shows that both structures are long 

and fibrillar (Fig. 7), the high temperature structure being thinner than the low temperature 

structure. Based on the SANS derived dimensions, on molecular simulation and on the 

structure of a monolayer probed by STM (Fig. 8) [41], a ladder-like supramolecular 
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arrangement has been proposed for the high temperature, thin filament structure (Fig. 9a) 

[40]. Similarly, a thick tubular arrangement has been proposed for the low temperature 

structure (Fig. 9b, 9c) [42]. Such a dynamic tubular structure can be expected to be stable only 

if the inner cavity is filled with solvent. Consequently, a very strong solvent effect is 

expected, with solvents of large molecular dimensions destabilizing the tubular structure. This 

effect was indeed demonstrated (Fig. 10) with a series of aromatic solvents of similar 

dielectric constants and solvating power [42]. For instance, the transition temperature between 

the thin and the thick structure is more than 50°C lower in bulky 1,3,5-triisopropylbenzene 

than in toluene. 

 
Figure 6 Pseudo-phase diagram for supramolecular polymer 3 in toluene solutions. Transition between 

monomers and thin supramolecular filaments determined by calorimetry (ITC) (¨). Transition between thin 

filaments and thick tubes determined by ITC (�), viscosimetry (■) and FTIR (•). SANS characterization of the 

thin filaments (o) and thick tubes (Δ). Reprinted with permission from [40]. 



 
Figure 7 SANS intensity (I) versus momentum transfer (q), for a 22.9 mM solution of supramolecular 

polymer 3 in d8-toluene at several temperatures (22°C (•); 36°C (¯); 52°C (*); 68°C (�)). Reprinted with 

permission from [40]. 

 
Figure 8 High resolution STM image of a monolayer of supramolecular polymer 3 on Au(111) (5 * 10 

nm2, -0.4 V, 1.9 nA), with insets of a space filling model 3. Reprinted with permission from [41]. 

 
Figure 9 Tentative supramolecular structures proposed for bis-urea 3: thin filament (a) and tubular 

arrangements: (b) side-view, (c) top-view. 



 
Figure 10 Transition temperature (T**) between the thin filaments and tubes for supramolecular polymer 

3 solutions in aromatic solvents, versus length (L) and width (W) of the solvent molecules. The length (L), width 

(W) and thickness (Th) are defined as the respective dimensions of the smallest rightangled parallelepiped 

containing the molecule, such that L>W>Th. Reprinted with permission from [42]. 

 

2.1.4.2 
Properties of the thin filament structure 

The bis-urea thin filaments can be very long in non polar solvents such as 1,3,5-

trimethylbenzene. Consequently, these solutions show a high viscosity (h/h0 = 8 at a 

concentration C = 0.04 mol L-1 and at T = 20°C) and a high concentration dependence of the 

viscosity (h/h0 ~ C3.5) [43]. As in the case of UPy based supramolecular polymers, the value 

of this exponent is in agreement with Cates’s model for reversibly breakable polymers [26, 

27]. However, the solutions are not viscoelastic, even at concentrations well above the overlap 

concentration [43]. Consequently, the relaxation of entanglements, probably by chain 

scission, must be fast (t < 0.01 s). 

2.1.4.3 
Properties of the tubular structure 

In contrast, the tubular structure yields strongly viscoelastic solutions in the semi-dilute 

regime [44, 45]. Fig. 11 shows a Cole-Cole plot for a dodecane solution of 3 (C* = 0.1 g L-1). 

Experimental data can be fitted at low frequencies with a Maxwell model, in agreement with 

the release of entanglements through scission and recombination, but the departure from 

monoexponentiality at higher frequencies is an indication that the scission-recombination of 

the supramolecular polymer chains may not be much faster than their reptation. Moreover, a 

static light scattering study on cyclohexane solutions has shown that the persistence length of 

the bis-urea tubes is at least 100 nm [46]. In the framework of Cates theory, the rheological 



characteristics of the bis-urea tubular structure can thus be explained by the presence of 

semiflexible filaments for which the breaking and reptation times are of the same order of 

magnitude [47]. 

In the non-linear regime, the bis-urea solutions display stress-strain curves typical of shear-

banding [45]. 

In summary, the rheological properties of these bis-urea solutions can be switched from a 

viscoelastic behavior (at low temperatures) to a purely viscous behavior (at high 

temperatures). Moreover, the transition has been shown to be fast, reversible (without 

hysteresis) and extremely cooperative: the conversion of tubes into thin filaments occurs 

within a temperature range of 5°C only [40]. This transition can be triggered by temperature, 

but also by a change in the solvent composition or by a change of the monomer composition. 

 
Figure 11 Cole-cole plot for a 7.8 gL-1 solution of supramolecular polymer 3 in dodecane, at 25°C.  

 

2.1.5 
Oligopeptides 

Carefully designed oligopeptides can self-assemble to form very long b-sheet tapes (Fig. 12). 

Of course, hydrogen bonding is not the only interaction involved, but if the b-sheets do not 

further crystallize into irreversible fibers, then these oligopeptides can be considered to be 

HBSPs, as defined in the Introduction. Boden et al. have indeed prepared several such 

oligopeptides which form dynamic antiparallel b-sheet tapes at very low concentrations in 

alcohols or in water [48, 49]. At higher concentrations, the tapes dimerize into twisted ribbons 

due to side-chain interactions, and at still higher concentrations, the ribbons further assemble 

into fibrils of discrete thickness (Fig. 13) [50, 51]. The different stages of the assembly can be 

controlled by changing the concentration or the pH. 



Small-strain oscillatory shear experiments show that the b-sheet tapes form elastic gels over 

the whole frequency window (10-2 – 102 rad s-1), implying that the relaxation time of the 

network is very long [49]. 

 
Figure 12 Schematic representation of the self-assembly of a six-residue peptide to form a growing 

antiparallel b-sheet tape. 

 
Figure 13 Hierarchical self-assembly of b-sheet forming peptides. Reprinted with permission from [51]. 

 

2.2 
Material properties of bulk HBSPs 

In the absence of solvent, low molar mass compounds tend to crystallize. Therefore, if 

polymer-like properties are desired, it is necessary to reduce at least partly their crystallization 

tendency, through adequate molecular design. The following examples were chosen to 

illustrate the range of properties currently achieved with HBSPs. 
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2.2.1 
Amorphous glasses 

A few low molar mass compounds form molecular glasses [52], even without strong specific 

interaction between molecules. However, such compounds are quite rare, and the stability of 

their glass is usually low. A good way to improve the glass forming ability of low molar mass 

compounds is to introduce hydrogen bonding groups [53, 54]. For instance, mixing bisphenol-

A with tetrapyridine 8 (Fig. 14) in a 2:1 ratio yields a stable glass with a glass transition of 

31°C, whereas the pure components are crystalline [53]. Another example is provided by the 

family of rigid tetrahedral compounds 9 (Fig. 15). If the substituent R is a butyl group, the 

compound crystallizes, but if R is a longer alkyl group, amorphous solids are obtained, 

probably because the steric hindrance of the alkyl group introduces sufficient disorder [54]. In 

this case, high Tgs are obtained (Tg = 135°C for R = hexyl), due to the rigidity of the 

compounds. Above the glass transition, high viscosity Newtonian fluids are obtained. 

 
Figure 14 Structure of bisphenol-A 7 and tetrapyridine 8. 

 
Figure 15 Structure of tetrahedral monomer 9. 
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2.2.2 
Macroscopic fiber formation 

When hydrogen bonds are established along a preferred direction, it is possible to extrude 

reasonably strong fibers from the melt [55 - 57] or from a concentrated solution [58, 59, 60]. 

For example, utilizing the CTC backbone (see § 2.1.3) substituted by branched alkylsilyl 

sidechains, Araki et al. succeeded in spinning fibers with tensile strengths in the 1 MPa range 

[57]. 

2.2.3 
Elastic materials 

More interestingly, functionalizing oligomers with strongly dimerizing units like UPy  (see § 

2.1.1) yields materials with elastic properties similar to high molar mass polymers. This 

approach is successful even in the case of a very short siloxane oligomer: compound 10 (Fig. 

16) displays a narrow rubbery plateau between its glass transition temperature (Tg = 25°C) 

and 70°C, whereas non hydrogen bonded reference compound 10-Bn is a crystalline solid 

below and a low viscosity liquid above its melting point [61]. With a longer spacer, PDMS 11 

shows even better properties. For instance, at low frequencies the complex viscosity of 11 is 

2000 times the viscosity of 11-Bn. Based on DSC and solid-state NMR experiments, it seems 

that this effect is only due to dimerization of chain-ends, and not to any microcrystalline 

domains [61]. This approach has been extended to the case of short telechelic 

poly(ethylene/butylene), polyether, polyester and polycarbonate oligomers [62]. The strong 

temperature dependence of the viscosity clearly gives a processing advantage to these 

materials. Moreover, the good thermal stability of the UPy group is to be noted [63]. 



 
Figure 16 Structure of monomers 10-Bn, 10, 11-Bn and 11. 

 

2.3 
Liquid crystallinity 

The use of hydrogen bonds in liquid crystalline materials at large is a very active area [64, 

65]. In the case of main chain thermotropic liquid crystalline HBSPs, two main approaches 

have been explored. The first approach is to mix two complementary monomers, usually of 

the AA + BB type (Fig. 1). The complementary hydrogen bonding units utilized are mainly 

modified nucleobases [5, 66, 67] and aromatic acid/pyridine couples [55, 68 - 75]. In the most 

successful cases, the pure components are not mesomorphous, but the mixtures are [66,70 - 

72]. At any rate, the stability range of the mesophase is usually increased. The second 

approach is to use a self-complementary monomer which self-assembles into columns 

stabilized by amide [76 - 84] or urea [85] bonds along the column axis. Sierra et al. recently 

proposed a system, which can be considered to be intermediate between the two approaches 

[86]. 

Lyotropic HBSPs have also been described [58]. 
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3 
Engineering possibilities 

HBSPs self-assemble because the monomers contain specific and directional complementary 

associating groups. In fact, the structure of a monomer can be understood as made of two 

independent parts: the associating groups, which can be engineered to optimize the self-

assembly process, and the remaining of the molecule (Fig. 1). The latter can be altered nearly 

at will without compromising the self-assembly, as long as no interfering hydrogen bonding 

groups are introduced. Consequently, it is possible to tune the properties and to add 

functionality through chemical design. The following examples illustrate this point. 

3.1 
Improving the strength of the association 

The quantitative treatment of the growth of supramolecular chains is discussed in § 4, but for 

the present discussion, a qualitative approach is sufficient. Usual associating groups such as 

acid, amide or urea functions can only form one or two hydrogen bonds and are therefore 

quite weak. It seems intuitive that the strength of the association increases with the number of 

hydrogen bonds involved in the assembly. This is indeed a major parameter, but not the only 

one: based on studies of monofunctional compounds, it has been established that the 

following parameters cannot be neglected: secondary electrostatic interactions, 

preorganization of the recognition unit and the presence of competing tautomers [25, 87]. 

Secondary electrostatic interactions (Fig. 17) arise from the repulsion or attractions between 

partial charges localized on heteroatoms and hydrogens [88, 89]. An example of the effect of 

preorganization is shown on Fig. 18, where the ureidotriazine 12 dimerizes more strongly than 

the amidotriazine 13, because the intramolecular hydrogen bond in 12 stabilizes the 

conformation suitable for association. However, Fig. 19 shows that the gain in 

preorganization may be offset by the influence of tautomerism, because compounds 14 and 15 

display similar dimerization efficiencies [90]. The self-association of UPy derivative 14 is 

enhanced by the presence of the intramolecular hydrogen bond, but is weakened by the 

existence of three different tautomeric forms, one of which cannot dimerize [25]. On the other 

hand, cytosine derivative 15 is conformationally flexible, but does not undergo tautomeric 

changes. In fact, it is difficult to rank the influence of these different effects, because any 

structural change also modifies the overall charge distribution of the recognition unit. Finally, 



obvious steric bulk effects have also been demonstrated in the case of simple dialkylureas 

[91]. 

 
Figure 17 Self-complementary dimers formed by linear arrays of four hydrogen bonding sites (A: 

acceptor, D: donor), and their stability constants in CDCl3 as predicted in reference [89]. Attractive and repulsive 

interactions are indicated by arrows. 

 
Figure 18 Structure of self-complementary compounds 12 and 13, and their dimerization constants in 

CDCl3 [25]. 

 
Figure 19 Structure of self-complementary compounds 14 and 15. 
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3.2 
Influence of the solvent 

Because of its electrostatic component, the hydrogen bond is affected by the solvent polarity: 

the lower the polarity of the solvent, the stronger the association [92]. Quantitatively, this 

effect can be quite significant for HBSPs: for instance the self-association constant of bis-urea 

3 is two orders of magnitude larger in toluene than in chloroform [93]. This translates into a 

ten-fold effect on the degree of polymerization. 

In addition to this classical polarity effect, the solvent can have a more subtle influence. In the 

case of monomer 16 (Fig. 20) hydrogen bonding in chloroform leads to the formation of a 

usual flexible supramolecular polymer. However, in dodecane the dimerization of the 

ureidotriazine is reinforced by a solvophobic stacking of the aromatic parts, which yields a 

columnar architecture [94]. A similar solvophobic effect has been demonstrated with a UPy 

based monomer [95]. Another possible “side effect” of the nature of the solvent is the 

occurrence of specific host-guest interactions between the HBSP and the solvent [42, 96, 97]. 

The case of water is apart due to its biological and environmental relevance. However, 

designing a HBSP in water is a challenge, because of the polarity and hydrogen bonding 

ability of water. Nevertheless, several systems based on ureas [98], peptides [48 - 51, 99], 

heteroaromatic compounds [94, 100 - 103], or oligonucleotides [104 - 107] have been 

successfully developed by strengthening the hydrogen bond interaction with hydrophobic, p-

stacking and/or electrostatic interactions. 



 
Figure 20 Structure of monomer 16. 

 

3.3 
Tuning the ring-chain equilibrium 

Ring-chain equilibrium in flexible supramolecular polymers has been extensively studied both 

experimentally [60, 108 - 113] and theoretically [114, 115]. For strongly associating systems, 

a threshold concentration is expected below which only cyclic species are present, and above 

which the amount of cyclic species remains constant. It has been shown that the value of this 

threshold concentration, and thus the amount of cyclics, is a strong function of the length 

[108] and the conformation [109, 110, 114] of the spacer connecting the associating groups. 

In particular, for very preorganized monomers, it is possible to obtain high yields of cyclic 

dimers [116, 117] or tetramers [118, 119]. The physicochemical description of this situation 

has also been reported [120, 121]. In the case of supramolecular polymers formed by the 

assembly of two complementary monomers, the cyclic content is minimized if the lengths of 

the two monomers are mismatched [113]. Generally, a careful choice of the connecting spacer 

thus makes it possible to design supramolecular polymers with a given cyclisation tendency. 
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This in turn influences the properties, mainly because of the lower molar mass of cyclics 

compared to linear chains. 

3.4 
Copolymers 

In macromolecular science, copolymers are ubiquitous, because their properties can be 

adjusted by a change in monomer composition. In the case of supramolecular polymers, the 

preparation of copolymers is particularly straightforward since it requires a simple mixing of 

different monomers. However, in the vast majority of cases, only statistical copolymers have 

been reported [30, 31, 40, 72, 73]. To design more elaborate copolymers, some additional 

information has to be programmed in the structure of the monomers. This has been achieved 

for alternating HBSPs, where the alternating tendency comes from an improved 

complementarity [122] or from the non-homopolymerizability of a monomer, either for steric 

reasons [57] or because of lack of self-complementarity [123]. However, up to now, 

copolymers with neither statistical nor alternating sequences have only been reported for 

oligonucleotide-directed assembly [106, 107]. In this case, the availability of a vast number of 

orthogonal oligonucleotide recognition groups makes it possible to design copolymers with 

virtually any sequence. 

3.5 
Introducing branches or crosslinks 

The use of monomers bearing more than two associating groups is a straightforward way to 

introduce a controlled amount of branches or crosslinks in a supramolecular polymer structure 

[6, 59, 122, 124 - 128]. The improvement of the mechanical properties can be spectacular. For 

instance, trifunctional monomer 17 (Fig. 21) forms highly viscous solutions in chloroform, 

and is a viscoelastic material in the absence of solvent [125]. The reversibly crosslinked 

network displays a higher plateau modulus than a comparable covalently crosslinked model. 

This is explained by the fact that the reversibly crosslinked network can reach the 

thermodynamically most stable conformation, whereas the covalent model, which has been 

crosslinked in solution and then dried, is kinetically trapped. 



 
Figure 21 Structure of trifunctional monomer 17. 

 

3.6 
Responsiveness induced by external triggers 

HBSPs are intrinsically more responsive than polymers, due to the temperature and 

concentration dependence of their molar mass. Moreover, supramolecular polymers with 

added responsiveness can result from various functional elements introduced within the 

monomer structure. For instance, light controlled supramolecular polymers have been 

obtained by incorporating a photoresponsive chromophore between the two self-associating 

groups of the monomer. Thus, light can trigger a conformational switch [129 - 132] or the 

formation of a reversible bond within the monomer [133], which then leads to a change of  the 

length of the chains. Alternatively, it is possible to use a chain stopper (see § 3.10) bearing a 

photocleavable protecting group [134]. The deprotection improves the efficiency of the chain 

stopper, so that the viscosity of the solution decreases upon irradiation. 

Another approach is to introduce a suitable chemical function in between the two hydrogen 

bonding groups of the monomer. For example, this can be an organometallic complex cleaved 

by addition of a suitable ligand [135, 136]; or a reversible covalent bond [137]; or an ionic 

interaction controlled by the presence of CO2 [138 - 140] or pH [141]. 
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3.7 
Chirality 

Monomers decorated with chiral side-chains can induce a transfer of chirality at the 

supramolecular level. Indeed, several examples show that disk-like molecules, designed to 

pile up into long reversible columns, form in fact helical columns, driven by the favorable 

packing of the chiral lateral substituents [30, 32, 94, 95, 100]. This chiral packing effect is 

strong enough to induce a chiral amplification: a low amount of chiral monomer mixed with a 

non chiral monomer can still drive the formation of helical columns. 

With a different design, where chirality is directly built in the hydrogen bond pattern (Fig. 

22), Aida et al. have demonstrated that it is possible to enforce a homochiral supramolecular 

polymerization [142]. In this case, a mixture of L and D monomers exclusively forms 

supramolecular chains of polyL and polyD homopolymers instead of copolymers. 

In the case of oligopeptides which form dynamic antiparallel b-sheet tapes (§ 2.1.5), chirality 

of the amino-acids is directly responsible for the twisting of the tapes [143, 144]. Moreover, 

the lateral aggregation of the tapes can lead to the formation of fibrils of discrete thickness, 

and is in fact controlled by the twisting of the tapes [145 - 147]. 

 
Figure 22 Structure of enantiomeric monomers 18L and 18D. 
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[152, 153], porphyrins [118, 154 - 156] or merocyanine dyes [157], within the monomer 

structure. The self-assembly process, by altering the distance between the chromophores, may 

be coupled to a particular electro-optical property (fluorescence, energy transfer). This could 

be of interest in the fields of light harvesting and long-range vectorial transport of excitation 

energy. 

3.9 
Polarity of the chain 

By analogy with the pointed and barbed ends of actin filaments [158], it is worthwhile 

designing HBSPs with two different extremities. This feature is particularly useful in the 

context of surface grafting of supramolecular polymers (see § 3.11). Dialkylureas (Fig. 23) 

are very simple monomers where this breaking of symmetry directly results from the structure 

of the monomer: one extremity exposes a free carbonyl group to the solvent, while the other 

extremity presents hydrogen giving groups [4, 91, 159]. More complex bow-shaped monomer 

19 (Fig. 24) has also been shown to form directional assemblies [160]. In strongly associated 

systems like BTC [161] and CTC [162] (see § 2.1.2 and 2.1.3), the symmetry breaking along 

the chain is responsible for the build up of large macrodipoles that may be useful for 

electrooptical or electromechanical devices. 

 
Figure 23 Hydrogen bonding pattern of dialkyl ureas. 

 
Figure 24 Hydrogen bonding pattern of supramolecular polymer 19. 
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3.10 
Chain stoppers 

The fact that supramolecular polymers are assembled by highly directional interactions allows 

one to design chain stoppers, that is, molecules able to interact specifically with the chain 

ends of the filaments. For instance, a molecule bearing a single A function is expected to be a 

chain stopper for an A-A supramolecular polymer. Chain stoppers introduced in varying 

amounts have often been used simply to reduce the length of the supramolecular chains [6, 97, 

105, 124, 125, 134, 155, 163, 164]. Indeed, addition of even low amounts of a chain stopper 

to a supramolecular polymer solution can reduce its viscosity very significantly. More 

interestingly, chain stoppers can be used to block the concentration dependence of the length 

of the supramolecular polymer, over a useful concentration range [47, 165, 166]. Indeed, if 

the monomer concentration and the equilibrium constant of the chain stopper are large 

enough, nearly all chain ends are occupied by a chain stopper, which means that the length of 

the filament is inversely proportional to the chain stopper fraction, and independent of the 

monomer concentration. This feature can be exploited to derive the molar mass and radius of 

gyration of the stopped supramolecular chains [165, 166]. Moreover, it means that it becomes 

possible to independently vary the length and the concentration of the chains, so that scaling 

exponents for the chain length and concentration dependence of rheological properties can be 

obtained, and compared to theoretical values, in order to derive some information on chain 

flexibility and dynamics [47]. 

Finally, chain stoppers can also be exploited to decorate the chain-ends with particular 

functional groups or labels [167]. 

3.11 
Surface grafting 

Arguably one of the most interesting developments of the chain-stopper concept is the use as 

a surface anchor. Indeed, covalent grafting of a chain-stopper on a surface should yield a 

supramolecular polymer brush, if the surface is immersed in a supramolecular polymer 

solution. Such brushes have been realized experimentally with UPy [168] or oligonucleotide 

[169, 170] based monomers. The properties of the brushes (thickness, adhesion) have been 

studied by AFM, with chain-stopper grafted tips. The conclusion of these preliminary studies 

is that specific molecular recognition mediates direct bridging and thus adhesion between the 



surface and the tip. Moreover, the average length of the grafted chains seems to be shorter 

than the chains in the surrounding solution. 

Finally, the case of a polar A-B type supramolecular polymer chain with two complementary 

but different chain-ends is worth considering. If such a system is brought into contact of a 

surface grafted with an anchoring group bearing only A functions, then a theoretical model 

shows that the supramolecular brushes formed should exert repulsive forces between 

approaching surfaces [171, 172]. 

3.12 
Covalent capture 

Covalent capture of supramolecular assemblies can be tricky, because the energy involved in 

the covalent bond formation is large compared to the stabilizing energy of the self-assembling 

process [173 - 175]. Consequently, the covalent reaction should be very carefully designed, to 

avoid disrupting the supramolecular structure. Moreover, in the case of supramolecular 

polymers, inter-chain crosslinking can be a problem.  Up to now, two different approaches 

have been successful. Meijer et al. have polymerized columnar stacks of BTC derivatives 

bearing a photopolymerizable sorbate group [176, 177], and Craig et al. have captured 

oligonucleotide based supramolecular polymers by ligation with a DNA ligase [104]. Sol-gel 

chemistry has also been used, but in this case, the structure prior to covalent capture has not 

been characterized, so that it is not known if the final structure was present before the 

covalent reaction [178 - 180]. 

4 
Molar mass measurement 

The average molar mass of a supramolecular polymer is a useful information, because 

polymer-like properties can only be expected if long chains are really formed. Unfortunately, 

the dynamic nature of supramolecular polymers makes their characterization less 

straightforward than for usual polymers: the molar mass may change during measurement 

because of the measuring conditions (for instance in the case of chromatography or mass 

spectroscopy). Moreover, the knowledge of the molar mass in some particular condition is not 

really sufficient, because the molar mass changes with the experimental conditions, such as 

the solvent, the concentration or the temperature. Consequently, it is recommended to 

characterize the evolution of molar mass in a range of experimental conditions. 



To do so, it is necessary to consider all the possible self-assembled species present in the 

medium. A convenient way to handle such a complex system is to use a theoretical model 

involving equilibrium constants between the different species. Determination of the 

equilibrium constants then makes it possible to compute the average molar mass at any 

concentration. For example, in the case of a self-complementary monomer A1, which is 

supposed to self-assemble into linear chains (An) of degree of polymerization n, the relevant 

theoretical model is described on Fig. 25 [181]. If necessary, the model can be extended to 

take into account the formation of cyclics [108, 115, 119]. 

 
Figure 25 Theoretical association model for a self-complementary monomer A1. 

 

Although addition to a growing chain is written as sequential, association may also occur by 

random association. For example, in addition to adding a monomer to a pentamer, a hexamer 

may form from two trimers or from a dimer and a tetramer. Since we are interested in the 

thermodynamic equilibrium state and not in the kinetically most favored pathway or in the 

mechanism of aggregate formation, the selection of expressions does not affect the final 

result, as long as all the possible species are included. As described in Fig. 25, this model 

involves an infinity of unknown parameters (Kn). Simplifying assumptions are thus required. 

The simplest model is the so called isodesmic model, which assumes no chain-length 

dependence of the equilibrium constants (Kn = K, for n > 1). In this case, the number average 

degree of polymerization can be very simply expressed from the equilibrium constant and the 

total monomer concentration C0 [182]. 

 

A direct information derived from this analysis is that very large equilibrium constants are 

required if long supramolecular chains are sought. For instance, at a concentration of C0 = 10-

2 mol L-1, a degree of polymerization of 100 is only possible if the equilibrium constant is K = 

106 L mol-1. 

The isodesmic model has been very successfully used in many cases [6, 108, 124, 149, 150]. 

However, steric or electronic effects may be responsible for significant departures from the 
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isodesmic model. In particular, anticooperative [183] or cooperative [129, 184 - 186] systems 

have been described. The case of cooperative systems, where the formation of long chains is 

favored over dimerization, is most interesting because the concentration dependence of the 

molar mass is stronger, so that the system is potentially more responsive than an isodesmic 

system [186]. 

Let us now focus on the different experimental techniques available to characterize the molar 

mass of supramolecular polymers. 

4.1 
Size exclusion chromatography (SEC) 

The separation of chains according to their hydrodynamic volume inside SEC columns is 

accompanied by their dilution. Consequently, the molar mass distribution is shifted toward 

lower values during the measurement. Usually, the dissociation of hydrogen bonded chains is 

fast compared to the elution time, so that only qualitative information can be derived [116, 

122, 142]. However, if the dissociation is sufficiently slow, it is possible to measure reliable 

molar mass values [187, 188]. 

4.2 
Light scattering 

The weight average molar mass of a polymer can be deduced from static light scattering 

experiments, through the classical Zimm treatment which involves extrapolation to zero 

concentration and zero angle. In the case of supramolecular polymers, the extrapolation to 

zero concentration is problematic because of the dynamic character of the chains. Two 

approaches have been proposed to circumvent this problem. The first consists in measuring 

the scattered light intensity at a sufficiently low concentration and to neglect the effect of the 

second virial coefficient [189]. Alternatively, it is possible to evaluate the second virial 

coefficient by using solutions containing controlled amounts of chain stoppers [165]. 

4.3 
Small angle neutron scattering (SANS) 

SANS is a useful technique to derive some information on the structure and the shape of 

supramolecular polymers [190]. In particular, the length of rigid-rod supramolecular polymers 



can be determined if it is below about 50 nm [94, 167, 191]. From the length of the rods, the 

molar mass can easily be deduced. 

4.4 
Viscosimetry 

Molar mass of polymers can be deduced from intrinsic viscosity measurement through a 

Mark-Houwink calibration curve. This approach can be applied to supramolecular polymers if 

Mark-Houwink and Huggins parameters are known [192]. However, finding a suitable 

covalent model to estimate these coefficients is a difficult task. 

4.5 
Vapor pressure osmometry (VPO) 

The measure of the osmotic coefficient by VPO is increasingly used to deduce the molar mass 

of supramolecular polymers [166, 193 - 196]. However, care must be taken to work at 

concentrations as low as possible to minimize other contributions than self-association to 

nonideality [197]. If not, the values obtained may only be considered as orders of magnitudes.   

4.6 
NMR spectroscopy 

Solution NMR spectroscopy is the most widely used technique to determine the equilibrium 

constant of supramolecular polymers [23, 24, 60, 124, 149, 150, 159, 198], either directly or 

with the help of a monofunctional model compound. In the usual case of a fast exchange 

between free and hydrogen bonded extremities, the equilibrium constants of a particular 

association model are derived from the analysis of the evolution of the chemical shift versus 

concentration (for self-complementary functions) or versus stoechiometry (for complementary 

functions). Equilibrium constants in the range below 106 M-1 are reliably accessible. 

Estimation of the molar mass of a bulk supramolecular polymer by extrapolation of values 

determined in solution is always questionable. Therefore, a method based on transverse 

relaxation measurements of bulk samples was proposed [199]. It takes advantage of the fact 

that the strength of residual dipolar interactions depends on the molar mass in entangled 

polymer melts. 



4.7 
FTIR spectroscopy 

Hydrogen bonding of associative groups is often characterized by a measurable shift of an 

absorption band. The measure of the intensity of these bands affords the equilibrium constant 

[91, 108, 186, 200]. However, the use of FTIR spectroscopy is less versatile than NMR 

spectroscopy because solvent absorption often limits the dilution range accessible. 

4.8 
Fluorescence spectroscopy 

In the case of fluorescent monomers, monitoring the change of fluorescence upon association 

directly yields the equilibrium constant [150, 183]. Alternatively, it is possible to label the 

monomer with a suitable excimer forming chromophore [24] or with a pair of chromophores 

for fluorescence resonance energy transfer studies [201]. The clear advantage of fluorescence 

spectroscopy is its high sensitivity enabling the measurement of equilibrium constants as high 

as 108 L mol-1. 

4.9 
Isothermal titration calorimetry (ITC) 

ITC has been used to determine the equilibrium constant of supramolecular polymers formed 

either from complementary monomers [202] or from self-complementary monomers [93, 

165]. In the former case, the A-A monomer solution is injected into the B-B monomer 

solution. The exchanged heat measured is proportional to the number of hydrogen bonds 

formed and thus directly related to the equilibrium constant. In the latter case, the self-

complementary monomer is simply diluted into pure solvent. This time, the exchanged heat 

measured is proportional to the number of hydrogen bonds broken and related to the self-

equilibrium constant. ITC is a very powerful technique because equilibrium constants as high 

as 109 L mol-1 are accessible [203]. Moreover, a single experiment yields the equilibrium 

constant together with the molar enthalpy of association (DHassoc). 



5 
Conclusions and outlook 

HBSPs thus constitute a very versatile family of compounds with interesting properties, 

whether in the presence or in the absence of solvents. Because of the reversibility of the 

interactions involved, HBSPs are under thermodynamic equilibrium. Consequently, their 

properties can be adjusted beforehand by a careful structural design, but also in-situ by 

external stimuli. The obtained properties depend strongly on the molar mass of the 

supramolecular polymer in the conditions of use (solvent, concentration, temperature). 

Fortunately, several techniques to measure their molar masses are now available. 

Among the many interesting current developments in this field, the properties of 

supramolecular polymers at interfaces have been relativelly little explored so far, but seem 

especially promising. This includes the preparation of supramolecular polymer brushes [168 - 

172], of monolayers for surface nanopatterning [41] or the study of the influence of 

supramolecular polymers on colloidal stability [164]. 
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Figure legends 

 

Figure 1 Schematic representation of supramolecular polymers assembled from self-complementary AA 

(a) or AB (c) monomers or complementary A-A + B-B (b) monomers. 

 

Figure 2 Structure of UPy dimer (a) and monomer 1 (b). 

 

Figure 3 Self-assembled structure of BTC (a) and CTC (b) supramolecular polymers (R = alkyl group). 

Adapted with permission from [34]. 

 

Figure 4 Structure of monomer 2. 

 
Figure 5 Structure of bis-ureas 3, 4, 5 and 6. 

 
Figure 6 Pseudo-phase diagram for supramolecular polymer 3 in toluene solutions. Transition between 

monomers and thin supramolecular filaments determined by calorimetry (ITC) (¨). Transition between thin 

filaments and thick tubes determined by ITC (�), viscosimetry (■) and FTIR (•). SANS characterization of the 

thin filaments (o) and thick tubes (Δ). Reprinted with permission from [40]. 

 
Figure 7 SANS intensity (I) versus momentum transfer (q), for a 22.9 mM solution of supramolecular 

polymer 3 in d8-toluene at several temperatures (22°C (•); 36°C (¯); 52°C (*); 68°C (�)). Reprinted with 

permission from [40]. 

 
Figure 8 High resolution STM image of a monolayer of supramolecular polymer 3 on Au(111) (5 * 10 

nm2, -0.4 V, 1.9 nA), with insets of a space filling model 3. Reprinted with permission from [41]. 

 
Figure 9 Tentative supramolecular structures proposed for bis-urea 3: thin filament (a) and tubular 

arrangements: (b) side-view, (c) top-view. 

 
Figure 10 Transition temperature (T**) between the thin filaments and tubes for supramolecular polymer 

3 solutions in aromatic solvents, versus length (L) and width (W) of the solvent molecules. The length (L), width 

(W) and thickness (Th) are defined as the respective dimensions of the smallest rightangled parallelepiped 

containing the molecule, such that L>W>Th. Reprinted with permission from [42]. 

 
Figure 11 Cole-cole plot for a 7.8 gL-1 solution of supramolecular polymer 3 in dodecane, at 25°C.  

 
Figure 12 Schematic representation of the self-assembly of a six-residue peptide to form a growing 

antiparallel b-sheet tape. 

 



Figure 13 Hierarchical self-assembly of b-sheet forming peptides. Reprinted with permission from [51]. 

 

Figure 14 Structure of bisphenol-A 7 and tetrapyridine 8. 

 
Figure 15 Structure of tetrahedral monomer 9. 

 
Figure 16 Structure of monomers 10-Bn, 10, 11-Bn and 11. 

 
Figure 17 Self-complementary dimers formed by linear arrays of four hydrogen bonding sites (A: 

acceptor, D: donor), and their stability constants in CDCl3 as predicted in reference [89]. Attractive and repulsive 

interactions are indicated by arrows. 

 
Figure 18 Structure of self-complementary compounds 12 and 13, and their dimerization constants in 

CDCl3 [25]. 

 
Figure 19 Structure of self-complementary compounds 14 and 15. 

 
Figure 20 Structure of monomer 16. 

 
Figure 21 Structure of trifunctional monomer 17. 

 
Figure 22 Structure of enantiomeric monomers 18L and 18D. 

 
Figure 23 Hydrogen bonding pattern of dialkyl ureas. 

 
Figure 24 Hydrogen bonding pattern of supramolecular polymer 19. 

 
Figure 25 Theoretical association model for a self-complementary monomer A1. 

 


