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Abstract A few examples of monomers are known which self-assemble into various high molar 

mass structures in solution. Controlling the morphology of the resulting supramolecular 

polymers is a highly desirable goal for many applications. Herein, we compare the self-

assembling properties of newly prepared ester bisurea monomers with those of previously 

investigated alkyl bisurea monomers. The ester functionality decreases the hydrogen bonding 

strength of the bisurea monomers but does not prevent the formation of long assemblies in non-

polar solvents: gels are formed at millimolar concentration. Surprisingly, ester bisureas self-

assemble at room temperature into rod-like urea-bonded supramolecular polymers that are 

different from the ones formed by alkyl bisureas. The rods formed by ester bisurea 

supramolecular polymers are compact (instead of tubular in the case of alkyl bisureas) and 

display two monomers in the cross-section (instead of three in the case of alkyl bisureas). The 

stability of the structures formed by ester bisureas can be easily tuned by changing the nature of 

the substituent in the α-position of the urea functions and/or the nature of the alkyl side chains. 

Introduction  
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The chain-like assembly of self-complementary monomers by means of reversible, dynamic and 

directional non-covalent interactions provides supramolecular polymers: a class of compounds 

with unique properties and applications.1-4 Notably, the responsiveness5 of supramolecular 

polymers towards a range of stimuli has contributed to the development of innovative 

optoelectronic materials,6-8 self-healing materials,9-11 chiroptical switches12,13 and gels14,15 amongst 

other applications. Ongoing efforts in the field are devoted to a better control of their mechanism 

of formation16-18 (and its associated energetic/kinetic pathways)19-23 as it governs the final 

polymeric structure in terms of its length and composition.24-29 Altogether with a deeper 

understanding of the organization of the assemblies at the molecular level, it will lead to the 

emergence of sophisticated functional materials.30 

Synthetic supramolecular polymers are composed of homo- or heteropolytopic monomers 

which assemble into polymer-like aggregates that can further form macrocycles, fibers, micelles 

or in rare cases more complex structures including tapes, ribbons, tubes, cylindrical micelles or 

vesicles. The final morphology of the polymers is hardly predictable as it depends on the 

conformation of the monomers at the molecular level (e.g. the shape of the repeating unit), the 

relative arrangement of the monomers in the self-assemblies and the ability of discrete self-

assemblies to associate into hierarchical structures (e.g. α-helices which assemble into coiled-

coil). Nevertheless, controlling the morphology of the polymers in solution is a highly desirable 

task. A possible strategy consists in designing self-complementary monomers possessing well-

defined primary associating units able to enforce a polymeric morphology, and to probe the 

effect of additional, weakly interacting, moieties. These secondary features may allow to slightly 

alter the morphology of the polymeric structures, and in some cases to lead to hierarchical 

nanostructures.31-40 Controlling the assemblies of such monomers is of particular interest as they 
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can be used to design discrete, dynamic and reversible functional polymers for applications as 

conductive materials41 and catalysts.42-47 

 

Figure 1. Left: schematic representation of the self-assembly behavior of Alk2 (hydrogen bonds 

are symbolized by dotted lines connecting the urea functions.) Right: pseudo-phase diagram of 

Alk2, with structural transitions determined by various analytical techniques.48 

 We have applied this strategy to structurally-simple alkyl bisureas (Alk1-3, Scheme 1) that were 

shown to form two types of long supramolecular polymers exhibiting distinct properties in 

solution (Figure 1).48-50 At low temperature and high concentration, long and rigid self-assemblies 

are formed which are able to gelate apolar solvents. This structure is actually tubular and 

contains three bisurea molecules in the cross-section. Upon increasing the temperature or upon 

dilution, the tubular structure cooperatively transforms into filaments (i.e. long one-dimensional 

fibers with a single monomer in the cross-section). For Alk2, the morphology and geometrical 

features of both the tubular and filament structures have been characterized in solution48-50 by 

means of various analytical techniques, and models of the molecular arrangement of the 

monomers within the assemblies have been proposed based on molecular mechanics/molecular 

dynamics (MM/MD) simulations.51-53 The transition between the two structures can be followed 

10

30

50

70

0,00001 0,0001 0,001 0,01 0,1

Te
m

pe
ra

tu
re

 (°
C)

Concentration (mol/L)

monomer

filament

tube



 4 

by spectroscopic or calorimetric techniques yielding a pseudo-phase diagram which highlights 

the predominance domains of each structure in solution (Figure 1).48 

Previous work in our group has shown that the relative thermodynamic stability of the tube and 

filament structures can be tuned by simple modification of the bisurea monomers, notably by 

changing the nature of the aromatic spacer.54-56 However, in all these cases, no significant 

difference in the morphologies of the resulting polymers has been observed. In our ongoing 

studies, we are interested to probe whether introducing an ester function at the β-position of the 

urea assembling units would affect the self-assembly properties of bisurea monomers. We show 

herein that bisureas derived from amino-ester (ester bisureas) assemble into filaments in 

competition with rod-like polymers in solution but that the latter are different from the classical 

tubular structure of alkyl bisureas. The influence of the ester function is also precisely 

investigated by comparing the stabilities of the hydrogen-bonded species. Our results highlight 

the structural versatility of bisurea-based supramolecular polymers in solution.  

Experimental Section 

Synthesis of the bisurea monomers. The detailed synthesis and characterization of Est1-Est4 

and their precursors are reported in the Supporting Information. 

Sample preparation for spectroscopic analyses. The desired bisurea was weighed into a glass 

vial, the volume was adjusted to the desired end concentration with an adequate glass 

microsyringe, and checked by weighing the sample. Vials were stoppered and briefly heated to 

ensure full dissolution of the bisurea compounds. 

Small-angle neutron scattering. Small-angle neutron scattering measurements were made at the 

LLB (Saclay, France) on the Pace instrument, at two distance-wavelength combinations to cover 

the 4 10-3 to 0.24 Å-1 q-range, where the scattering vector q is defined as usual, assuming elastic 
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scattering (q=(4π/λ)sin(θ/2), where θ is the angle between incident and scattered beam). Data 

were corrected for the empty cell signal and the solute and solvent incoherent background. A 

light water standard was used to normalize the scattered intensities to cm-1 units.  

The following form factor for infinitely long rigid fibrillar objects of homogeneous contrast 

(specific contrast,
2
bΔ ) and circular cross-section (radius, r) was used to fit the data for Alk1-3 

and for Est1-4 at 20 °C:50,57 
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Bessel function of the first kind. The values of the specific contrast (
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Differential scanning calorimetry. Solution-phase differential scanning calorimetry 

measurements were performed on a high sensitivity TA Instruments nDSC III system (baseline 

noise ± 15 nW). The sample cell (0.3mL) was filled with the bis-urea solution and the reference 
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cell with the corresponding solvent. The capillary cells were not capped, and a constant pressure 

of 5 105 Pa was applied. The solutions (5 mM), were analyzed between 20 and 70 °C, using 3 

full heating/cooling cycles, at 1 °C min-1. The transition temperature, T**, was measured from 

the heating scans. 

Fourier Transform Infrared Spectroscopy. Solution spectra were measured on a Nicolet iS10 

spectrometer in KBr cells of 1.0 mm pathlength and are corrected for air, solvent and cell 

absorption. 

Isothermal titrating calorimetry. Isothermal titrating calorimetry data were recorded on a 

Microcal VP-ITC apparatus, injecting a 0.25 mM (for Alk1) or a 1 mM (for Est1-Est4) toluene 

solution of the sample into neat toluene. Injections of 5 µL over 10 seconds were performed 

every 300 seconds at a stirring rate of 260 rpm. 

Results and Discussion 

Synthesis of the monomers and gelation ability. Ester bisureas (Est1-4, Scheme 1) have been 

synthesized in two steps starting from their respective racemic amino acids (see Supporting 

Information). The association properties of ester bisureas were compared with those of 

previously investigated alkyl bisureas Alk1,49,50,58 Alk248-53,57-60 and Alk3.61 Notably Est1 only 

differs from Alk1 by the presence of an ester functionality at the β-position of the urea moieties 

thus allowing a direct probing of the influence of the ester function on the morphology of the 

self-assemblies.   

Scheme 1 Structure of alkyl and ester bisureas. 
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Upon dissolution of Est1-Est4 in toluene (10 mM), gels are formed (Figure S1). This is a first 

indication that the presence of the ester functionality does not prevent the formation of long 

assemblies. 

Morphology of the supramolecular polymers. Small angle neutron scattering (SANS) analyses 

were performed in toluene-d8 for alkyl and ester bisureas at 20 °C and 70 °C (at a concentration 

of ca. 0.6 wt%). All bisureas exhibit similar scattering profiles (Figure S2) showing a q-1 

dependence typical of rod-like objects, at intermediate q values. At 20 °C, the dependence is 

maintained down to the lowest measured scattering vector (q = 0.004 Å-1) indicating that the 

length of the rods is larger than 250 Å. Fitting the data according to the form factor for rigid rods 

with a circular cross-section and a uniform scattering length density yields the geometrical radius 

(r) of the rods, the length (2H) of the rods and the linear density (nL) of the repeating units along 

the central axis of the rods (see Experimental Section). Assuming a repeat distance of 4.6 Å (as 

observed in the X-ray structure of 1,3-dimethylurea) between the bisurea monomers within the 

rods, the number of bisurea monomers (n) in the cross-section of the rods can be determined (n = 

4.6 nL). Results of the fits are listed in Table 1.    
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Table 1. Geometrical radius (r), length (2H), linear density (nL) and number of bisurea molecules 

(n) in the cross-section of the cylindrical objects deduced from the fit of the SANS data (see 

Figure S2) below and above the transition temperature (T**).a,b 

 20 °C (<T**) 70 °C (>T**) T** 
(°C)c 

bisurea r (Å) nL (Å-1) nd r (Å) nL (Å-1) nd  

Alk1 14.4 0.56 2.6 9.0 0.23 1.1 61.1 

Alk2 14.1 0.55 2.5 8.6 0.22 1.0 43.0 

Alk3 14.4 0.53 2.4 8.3 0.22 1.0 49.1 

Est1 13.9±0.2 0.41±0.02 1.9±0.1 8.1 0.17 0.78 60.3 

Est2 16.1±0.1 0.48±0.02 2.2±0.1 9.1 0.18 0.83 35.5 

Est3 16.3±0.1 0.46±0.05 2.1±0.2 9.5 0.17 0.78 34.3 

Est4 15.4±0.2 0.45±0.01 2.1±0.05 8.9 0.17 0.78 33.0 

a SANS experiments were performed at ca. 0.6 wt% except for Alk2 (0.8 wt%). For each ester 
bisurea, SANS measurements at 20 °C were made on two different samples and the indicated 
values correspond to an average of the fitted data. 

b For Alk1-Alk3, 2H>250 Å. For Est1-Est4, 2H>250 Å at 20 °C and 2H = 160, 120, 120, and 
130 Å at 70 °C for Est1, Est2, Est3 and Est4 respectively. 

c T**: transition temperature between structures as determined by nano-DSC experiments (vide 
infra) performed at 5mM in toluene. 

d n: the number of bisurea molecules in the cross-section, assuming a repeat distance of 4.6 Å.  

For alkyl bisureas at 20 °C, the values of the fits are consistent with those obtained 

previously50,52,61 with a linear density of ca. 0.55 Å-1 corresponding to a number of bisurea 

molecules in the cross-section of ca. 2.5. For ester bisureas the linear density is smaller (0.41< nL 

< 0.48 Å-1) yielding a number of molecules in the cross-section comprised between 1.9 and 2.2. 

The geometrical radius of the cylindrical objects formed by Alk1 and Est1 are close (ca. 14 Å) 
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and consistent with the half-length of their extended conformation (ca. 12.9 Å).62 At 70 °C, the 

assemblies formed by alkyl and ester bisureas both rearranged into supramolecular polymers 

with ca. a single bisurea in the cross-section i.e. filaments (1.0<n<1.1 and 0.78<n<0.8363 for 

alkyl and ester bisureas respectively). In the case of ester bisureas at 70 °C, the leveling of the 

scattered intensity at low q is a clear indication of the limited size of the filaments. Their average 

length, deduced from the fit of a model of monodisperse filaments, is ca. 150 Å, i.e. about 30 

bisurea units.64 

Although SANS experiments suggest that the low temperature assemblies formed by alkyl and 

ester bisureas do not contain the same number of molecules in the cross-section (i.e. 

approximately 3 and 2 respectively), no definite structural information can be obtained solely 

from these data. Unfotunately, the low scattered intensity at high q values prevents comparing 

data with a core-shell model that would probe the tubular nature of the assemblies. Previously, 

the presence of a cavity in the tubular structure formed by alkyl bisureas has been assessed by 

various experimental techniques corroborated by molecular dynamic simulations.51,52,60 In 

particular, it has been demonstrated that the stability of alkyl bisurea nanotubes is correlated to 

the lateral dimensions of the solvents that can (or cannot) fit inside their cavity. Notably, the 

nanotubes formed by Alk2 are destabilized in wide aromatic solvents since these solvents are 

hardly accommodated within the cavity of the tubes. Therefore, the transition temperature 

(related to the stability of the tubular assemblies) that can be measured by high sensitivity 

Differential Scanning Calorimetry (nano-DSC) provides an easy way to probe the existence of a 

cavity in bisurea-based supramolecular polymers.  

Accordingly, nano-DSC analyses were performed in five aromatic solvents (toluene, p-xylene, 

1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene and 1,3,5-triethylbenzene) for alkyl and ester 
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bisureas (Table 2). All DSC traces show a totally reversible endothermal peak related to the 

structural transition between the assemblies (Figure S3). As previously found for Alk2, the 

transition temperature (T**) of Alk1 and Alk3 strongly decreases when the width65 of the 

solvent increases (Figure 2 left) as a result of the destabilization of the tubular structure. 

Conversely, the stability of the rods formed by ester bisureas is not affected by the width of the 

solvent (Figure 2 right). The difference in the structures formed by the two bisurea families is 

obvious while comparing the T** values of Alk1 and Est1: the T** values of Alk1 are strongly 

affected by the nature of the solvent (from 65.7 °C in p-xylene to 24.9 °C in 1,3,5-TEB the 

"wider" solvent investigated), but the T** values of Est1 are confined within a range of 10 °C. 

This result argues in favor of a non-tubular morphology for the rod-like assemblies formed by 

ester bisureas.  

Table 2 Transition temperature (T**, °C) between assemblies as determined by nano-DSC 

(5mM) in aromatic solvents of various widths (W).a 

solvent W (Å) 65 Alk1 Alk2 Alk3 Est1 Est2 Est3 Est4 

toluene 6.7 61.1 43.0c 49.1 60.3 35.5 34.3 33.0 

p-xylene 6.7 65.7 49.5c 56.0 67.4 46.3 67.0 40.9 

1,2,4-TMBb 7.5 54.1 34.1c 42.0 59.7 36.7 44.4 34.4 

1,3,5-TMBb 8.3 34.6 13.4c 21.9 56.4 24.3 44.0 37.3 

1,3,5-TEBb 10.1 24.9 <10d 11.9 66.5 46.0 73.7 40.5 

a For DSC traces see Figure S3. Indicated T** values measured at the maximum of the 
endothermal peak of the heating runs. 

b 1,2,4-TMB = 1,2,4-trimethylbenzene, 1,3,5-TMB = 1,3,5-trimethylbenzene, 1,3,5-TEB = 
1,3,5-triethylbenzene. 

c T** determined by FTIR.60 
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d No transition detected by nano-DSC (T**<10 °C). 

 

 
 
Figure 2 Transition temperature versus solvent width65 for alkyl (left) and ester (right) bisureas. 

The lines are drawn to visualize the evolution for Alk1 and Es1.  

Molecular arrangement (local structure). While the SANS and the nano-DSC experiments 

indicate that the tubular structure formed by alkyl bisureas and the rod structure formed by ester 

bisureas exhibit distinct morphologies, these analyses provide no insight into the nature of the 

interactions between the bisurea monomers within the assemblies. We thus performed Fourier 

Transform Infrared (FTIR) analyses of ester bisureas in toluene below and above the T** 

(determined by nano-DSC, Table 2). Whatever the bisurea and the temperature, IR spectra 

exhibit two stretching frequencies for the N-H bonds with maxima at ν = 3334±10 cm-1 and ν = 

3275±10 cm-1 corresponding to urea-bonded aliphatic and aromatic N-H, respectively (Figures 3 

and S5).49 The hydrogen-bonded assemblies are long since no peak for free N-H bonds (at ca. 

3410 cm-1, vide infra) can be detected below or just above the structural transition. It is of 

importance for the characterization of the assemblies to probe a possible participation of the ester 

functionality in the hydrogen bond network. For Est2, the frequency associated with the ester 
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carbonyl is the same in THF, in which the bisurea exists as a solvated monomer, and in toluene 

(Figure S4). Since a significant red shift of the ester carbonyl frequency is expected when 

engaged in a hydrogen bond interaction,66 this observation demonstrates that the ester 

functionality of Est1-Est4 is not involved in the hydrogen-bond network of the rods. This 

innocent role of the ester function in the hydrogen-bond network of Est1-Est4 is quite 

remarkable and differs from its active role in the self-assemblies of ester 1,3,5-benzene 

tricarboxamides in which it acts as a competitor of the amide CO for the bonding of the amide 

NH proton.67 Therefore, according to the FTIR data, the structural transition of Est1-Est4 occurs 

between two long urea-bonded assemblies similarly to Alk1-Alk3 (Figure S5). 

    

Alk1                   Est1                         
  

Figure 3 Infrared spectra in toluene of Alk1 (12.5 mM) and Est1 (10mM) below and above their 

T**. 

The shape and relative intensity of the NH bands are related to the conformation and 

environment of the urea functions within the hydrogen bond network. The aliphatic N-H band of 

Alk1-Alk3 decreases in intensity and becomes wider above the T**; it was attributed to a 

different pattern of the N-H bonds in the hydrogen bond network of the two structures and to a 

less regular assembly for the filament structure compared to the tubular structure.50 For Est1-
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Est4, while a similar decrease in intensity and increase in width is observed for the aliphatic N-H 

bands, the aromatic N-H bands also undergo a significant decrease in intensity. Therefore, the 

difference in the shape of the N-H bands between the rod and filament structures is less obvious 

for the ester bisureas than it is for alkyl bisureas between the tube and filament structures (see 

normalized IR spectra in Figure S6). A more precise description of the N-H pattern within the 

hydrogen bond network is not possible (see Figures S7-S9), but the different temperature 

evolution of the FTIR spectra (Figures 3 and S5) points out to a different reorganization of ester 

bisurea monomers during the structural transition of Est1-Est4 compared to Alk1-Alk3.  

Tentative molecular arrangement for the rod structure. At low temperatures (T < T**), the 

various data are coherent and show that the rod structure formed by ester bisureas is different 

from the tube structure displayed by alkyl bisurea. The SANS and DSC analyses (vide supra) 

support a non-tubular structure with two ester bisureas in the cross-section. Even though a 

precise picture of the molecular arrangement of the bisurea monomers within this structure is 

lacking at this time, a schematic structure is tentatively proposed in Figure 4: hydrogen bonds 

could be formed along the rod axis, and two bisureas at stage i could be perpendicular to the two 

bisureas at the stage i+1. The close packing of the bisurea monomer in this structure would 

prevent the encapsulation of solvent molecules, corroborating the fact that the stability of the 

structure is not significantly affected by the size of the solvent. 

At high temperatures (T > T**), both ester and alkyl bisurea monomers self-assemble into 

filaments with a single molecule in the cross-section but the exact conformation of the bisurea 

molecules within the filament structure is unknown at this stage. Previously, MM/MD 

calculations performed on a small series of alkyl bisureas showed that different filament 

structures may exist in solution which are very close in energy.53 
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Figure 4 Proposed molecular arrangement of the ester bisureas within their rod structure. 

Hydrogen bonds are symbolized by dotted lines connecting the urea functions. 

Structural transition In order to gain insight into the relative stabilities of the hydrogen bonded 

species in solution, the structural transition between the rod and filament structures of ester 

bisureas has been probed by means of nano-DSC, FTIR spectroscopy and isothermal titration 

calorimetry (ITC). 

A closer look at the nano-DSC traces (Figure S3) shows that the transition between the rod and 

filament structures of ester bisureas is moderately cooperative and occurs over a temperature 

range of ca. 15 °C. It has to be compared with the highly cooperative transition between the tube 

and filament structures of alkyl bisureas which is complete within a temperature range of only 5 

°C. Despite this marked difference in the cooperativity of the transition, the transition 

temperatures (T**) and enthalpies (∆Η**) of Alk1 and Est1 are quite similar in toluene: T** = 

61.1 °C and 60.3 °C respectively and ∆Η** ≈ 1.0 kcal mol-1. Their T** are also quite similar in 

p-xylene and 1,2,4-TMB but the rod structure of Est1 is more stable in 1,3,5-TMB et 1,3,5-TEB 

since tubular structure of Alk1 is destabilized in these solvents (Table 2). Interestingly, the 
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relative stability of the structures formed by ester bisureas can be tuned by modifying the nature 

of the alkyl group of the ester function (isobutyrate or 2-ethylhexanoate) and the nature of the 

substituent in the α-position of the urea functions (i-Pr, Me or Bn). Although Est1 and Est4 have 

similar structures in solution (see SANS and IR analyses above), Est4 exhibits significantly 

lower transition temperatures in all the investigated aromatic solvents (32.6<T**<40.6 °C for 

Est4 vs 56.4<T**<67.4 °C for  Est1). It implies that the 2-ethylhexyl side chain strongly 

destabilizes the rod structure. Previously, such drastic effect on the value of the transition 

temperature exerted by small changes in the nature of the bisurea side chains was ascribed to the 

interactions between alkyl groups or solvation effects.61  

The structural transition of ester bisureas was followed by measuring FTIR spectra every 5 °C 

between 25 and 100 °C in toluene (10mM). The maximum absorbance of the aliphatic NH band 

is normalized by the absorbance at 3300 cm-1 and plotted versus the temperature (Figure S10).50 

For all ester bisureas, a steep decrease in the absorbance ratio is observed at a temperature 

consistent with T** determined by nano-DSC. The decrease of the absorbance ratio occurs over 

a wide temperature range confirming that the transition is moderately cooperative. Above the 

transition, a shoulder appears at ca. 3410 cm-1 which corresponds to free N-H and its intensity 

increases upon further rising the temperature. These free urea functions can be attributed to the 

bisurea molecules located at the extremities of the filaments and/or to free monomers. These 

observations corroborate the SANS experiments performed at 70 °C since the fitted data indicate 

that the filaments formed by ester bisurea are short (see Table 1 and Figure S2). 

Isothermal titration calorimetry (ITC) is a particularly suitable technique to probe the dynamic 

nature and stability of supramolecular polymers.48, 59 ITC analyses were performed by injecting a 

solution of Est1-Est4 at 1 mM in toluene into a calorimetric cell containing pure toluene at 20 
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°C. In all cases, we observed similar heat flow curves composed of endothermal peaks of 

decreasing intensities upon incremental addition of bisurea. These endothermic peaks are related 

to the disruption of the hydrogen-bonded assemblies upon dilution. Above a certain critical 

concentration, the self-assemblies in the cell are stable enough and no more dissociation into 

monomers occurs. Enthalpograms of Est1-Est4 were obtained by integration of the heat flow 

peaks (Figure S11 a and b). Alk1 and Est1 present qualitatively similar enthalpograms: a sharp 

decrease of the heat of dissociation occurs and no more dissociation is observed afterwards.58 For 

Alk1, the transition was shown to be due to the disassembly of the tubular supramolecular 

polymers directly into monomers. Given that the transition enthalpy for Alk1 and Est1 are very 

similar (∆H* ≈ 11 kcal.mol-1) and that no further dissociation is observed after the transition, it is 

likely that the transition observed by ITC for Est1 corresponds to the transition from the rod 

supramolecular polymers to the monomers. The critical concentration c*, which corresponds to 

the concentration at which the rod structure is predominantly present over the monomers, can be 

extracted from the ITC data: 2.6 x 10-5 M and 1.5 x 10-4 M for Alk1 and Est1 respectively (25 

°C). The c* of Est1 is higher than the one of Alk1 suggesting that the ester functionality 

decreases the self-assembling capabilities of ester bisurea monomers. However, the competing 

ester groups do not prevent the association into long supramolecular polymers.  

The comparison of transition enthalpies (Figure S11 b) indicates that for Est2, the dissociation 

also occurs from rods into monomers (∆H* ≈ 11 kcal.mol-1), but the transition lies at higher c* 

(1.3 x 10-4 M) than that of Est1 (8.4 x 10-5 M, at 20 °C), consistent with the lower stability of its 

rod structure observed by nano-DSC. For Est3, the first injections observed by ITC also 

correspond to the dissociation from rods into monomers (∆H* ≈ 11 kcal.mol-1), but at the end of 

the titration, the significant heat effects that remain (∆H = 1.8 kcal.mol-1) indicate that the 
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monomers rearrange into filaments, because of the sufficiently high concentration in the cell. 

The transition observed (c* = 1.3 x 10-4 M) is thus the transition from monomers to the filaments. 

In the case of Est4, the two regimes are clearly visible: after dissociation of the rod structure into 

monomer, the monomers in the cell assemble into filaments (∆H* ≈ 9.0 kcal.mol-1) and then the 

filaments in the cell rearrange into tubes (∆H** = 1.8 kcal.mol-1). The latter value is in 

agreement with the transition enthalpy measured by DSC. Thus the two transitions, between 

monomers and filaments (c* = 1.2 x 10-4 M) and between filaments and rods (c** = 2.8 x 10-4 

M), can be distinguished. It is interesting to note that despite similar T** at mM concentrations, 

Est2-Est4 exhibit different critical concentrations at 20 °C. 

Pseudo-phase diagrams The transition temperatures and critical concentrations measured by 

ITC, DSC and FTIR enable the construction of pseudo-phase diagrams highlighting the stability 

of the hydrogen-bonded polymers in toluene relative to their monomers. Notably comparing the 

pseudo-phase diagram of Alk1 and Est1 is particularly instructive concerning the impact of the 

ester functionality on the self-assembly of the bisurea monomers (Figure 5). At low 

concentrations, the tubular structure formed by Alk1 is more stable than the rod structure of Est1 
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Figure 5 Comparison of the pseudo-phase diagrams of Alk1 and Est1 in toluene. a The low 

temperature structures displayed by Alk1 and Est1 have different morphologies (vide supra). 

The lines are drawn to guide the eye. 

by less than one magnitude order. At a concentration of a few mM, the low temperature 

structures of Alk1 and Est1, although having different morphologies, show similar stabilities.  

Finally, it is of interest to compare the pseudo-phase diagrams of Est1-Est4 (Figure S12). The 

nature of the amino-ester and alkyl moieties apparently affect much more the equilibrium 

between rods and filaments than between filaments and monomer. Notably, the stability of the 

rod relative to the filament decreases in the order Est1>>Est2>Est4>>Est3 possibly in line with 

the increased steric bulk. In contrast, this structural feature has no significant influence on the 

filament to monomer transition, which can be understood by the probably less densely packed 

filament structure. Whatever the reason, the nature of amino-ester and alkyl moieties can be used 
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to select one structure over the other in a given solvent which is of great interest for many 

applications.41-47  

Conclusion At first sight, alkyl and ester bisureas have similar association properties: i) self-

assemblies formed at mM concentration and room temperature are sufficiently long and rigid to 

gelate toluene, ii) these supramolecular polymers are in competition in solution with a 

supramolecular polymer which contains a single bisurea molecule in its cross-section (filaments), 

iii) both supramolecular polymers are composed of urea-bonded bisurea monomers. 

Nevertheless, the molecular arrangements of the bisurea monomers in the room temperature 

assemblies are different: alkyl bisureas form a supramolecular polymer with a tubular 

morphology while the rod-like structure of ester bisureas has no cavity.  

The impact of the ester functionality on the self-association properties of bisurea monomers and 

on the molecular arrangement of the monomer within the rod-like structure is subtle because 

despite its hydrogen-bonded acceptor nature, the ester moiety does not participate in the 

hydrogen bond network. Quantitative data on the stability of the hydrogen-bonded species in 

solution indicate that the ester function reduces only moderately the self-association capability of 

the bisurea monomers: rod-like assemblies are stable at mM concentration and room 

temperature. Precise probing of the role of the ester moiety also reveals that the ester 

functionality influences the cooperativity between the polymeric structures as well as their 

relative stabilities. Importantly, the nature of the substituent in the α-position of the urea 

functions and the nature of the alkyl group of the ester moiety can be used to tune the relative 

stabilities of the rod and filament self-assemblies. Ongoing work in our laboratory includes the 

elucidation of the rod structure formed by ester bisureas and the use of ester bisurea as co-
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monomers for different applications including probing weak interactions and asymmetric 

catalysis.  

Associated Content 
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Table S1, Table S2, Figures S1 to S12 and the synthesis and characterization of bisurea 
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