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General introduction 

 

Supramolecular polymeric systems are characterized by reversible bond formation which 

lead to hierarchical structures [1-4]. These particular reflects the action of noncovalent forces 

spanning a wide range of bonding energies such as hydrogen [5] ionic [6] or metal-ligand [7]. As 

illustrated in Fig. I.1, the respective energies are weak (2–250 kJ mol−1) when compared to those 

of covalent bonds (100–600 kJ mol−1) [8]. However, depending on their number, functionality and 

localization, they may generate highly stable assemblies which could overcome the binding energy 

of a single covalent bond. This gives access to a large range of association lifetimes [9]. 

 

10
0

10
1

10
2

10
3

Covalent bonds

Metal-ligand

 coodination

Hydrogen bonding

stacking

Bonding energy [kJ/mol]

Supramolecular interactions

Van der Waals 

S-S

 

Figure I.1: Schematic illustration for bonding energies corresponding to reversible supramolecular interactions 

inspired from [9].The light green arrow is at 400 kJ/mol indication the binding energy of the disulfide group [10]. 
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Coupling disassociation with new time scales with those of the relevant polymeric ones (Rouse 

time, disentanglement time) yields fascinating properties such as enhanced elasticity, shape 

memory [11, 12] and self-healing [13-15]. In fact, the latter property has received a lot of  attention 

recently [16] ; in part because of the tenability of supramolecular materials and a lot of effort has 

been devoted towards understanding the different mechanisms involved [13-15, 17-26]. 

While the understanding of the dynamics of conventional polymers of different molecular 

weights and architectures is well-advanced [27-31], and several tube base models, such as branch 

on branch (BOB) [28] and time marching algorithm (TMA) [29] have been proven to be highly 

successful predictive tools, the situation with associating polymers is different. Clearly, the 

dynamics of supramolecular is highly dependent on bonding, formation and destruction, polymer 

dynamics and segments between bonds [22, 32-35]. For unentangled associating polymers, based 

on the idea proposed initially by Green and Tobolsky [36] that the stress relaxation of systems 

containing reversible bonds is governed by breaking and reformation, the sticky-Rouse model [6, 

37] was developed to describe their dynamics (See Fig.I.2).  
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Figure I.2: Schematic illustration of storage modulus G’ as function of frequency ω for an untangled system without 

association groups (black) showing Rouse dynamics (G’ ~ ω-0.5) before reaching the terminal flow regime (G’ ~ ω-2). 

By increasing the number of association groups (from blue to purple) a delay in the terminal relaxation is observed 

along with an intermediate-ω G’ plateau which increases with increasing the number of associations. The schematic 

is inspired from [37]. 

 

This model predicts that by increasing the fraction of the associating groups along the polymer 

chain, a transition takes place in the storage modulus G’ from Rouse dynamics (G’~ ω 0.5) at high 

frequencies toward a plateau that reflects the number density of elastically active strands [38]. 

Eventually, the terminal flow regime is reached with G’ ~ ω 2, at a time controlled by the 

disassociation of the sticky groups. As we can see from Fig.I.2 more stickers yield higher plateau 

and slower relaxation time. 

A similar mechanism, introduced by Leibler et al. [39], holds for associating entangled 

polymeric melts. It is the so- called sticky-reptation model (See Fig.I.3), according to which the 

reptation of the chain along its tube is not possible before the stickers disassociate, hence enabling 

its diffusion and stress relaxation. In Fig.I.3a & Fig.I.3b, we show schematically an elementary 
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chain relaxation process where the chain ‘P’ is initially associated in point ‘i’ with chain 

‘P1‘(Fig.I.3a). A new association in ‘f’ is formed ‘P’ and another chain ‘P2’ (Fig.I.3b). During this 

exchange, the center-of-mass of segment (c-d) of ‘P’ is randomly displaced, hence, relaxing the 

stress. 

 

 

 

Figure I.3: Schematic representation of an elementary step of chain diffusion from [39]. (a) Initial situation: chain P 

has a crosslink i with chain P1 highlighted by the green circle (b) Final situation: sticker forms a new crosslink f with 

another chain P2. This exchange allows the segment ‘cd’ portion of P to relax its stress (c) Moduli for reversible 

association networks comprising linear chains with stickers (solid line) and linear chains without stickers (dashed 

line). See text for explanation of times and moduli levels. 
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Consecutive similar events along the chain yield eventually to stress relaxation spectrum of 

Fig.I.3c. At times shorter than the Rouse time of an entanglement strand 𝜏𝑒, relaxation is the same 

for entangled systems regardless of the additional stickers because the model is valid only when 

the segment between stickers is larger than that between entanglements (except for a small shift 

that could originate from the slight change in Tg). At times 𝜏𝑒 < t < τ, a first plateau modulus (G1) 

is exhibited similar to that observed in permanently crosslinked networks. It includes two 

contributions, from associations and entanglements: 

 

 𝐺1 =  𝜌𝑅𝑇 (
1

𝛭𝜒
+

1

𝛭𝑒
 ) Eq.I.1 

 

where M x is the molecular weight of a segment between stickers and Me is entanglement molecular 

weight. At the time where the stickers dissociate, τ, their stress relaxes, and the modulus drops to 

the entanglements level: 

 

 𝐺2 =  𝜌𝑅𝑇 (
1

𝛭𝑒
 ) Eq.I.2 

 

The second plateau persists until the terminal relaxation time of the reversible network, τd, which 

is longer than the terminal relaxation time of the respective entangled system without 

associations 𝜏𝑑
0. Recently, appropriately modified versions of TMA model proved able to predict 

the linear viscoelasticity of supramolecular systems (linear and star polymers) for both entangled 

and unentangled chains [40-42].  
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Despite this development, several outstanding challenges remain. For example, 

understanding of the coupling of supramolecular interaction and topological effects in polymeric 

systems with branching architectures is still missing [15, 43, 44].  In fact, the sticky-Rouse and 

sticky-reptation models fail to predict the linear viscoelasticity of branched associating systems. 

Nevertheless, a modified version of the time marching algorithm (TMA) involving the balance of 

associated and unassociated times [29] captures the linear viscoelastic spectrum of low 

functionality phosphoro-zwitterionic telechelic stars [45] and telechelic meta-ligand stars [46]. 

In addition, coupling highly branched architectures with multi-functional associating 

groups is expected to yield novel features due to their ability to link more than two chains at the 

time and their capacity to form stronger assemblies, but this will make their understanding more 

challenging [43, 47]. In Figure I.4, we show a recently proposed promising combination between 

a star polymer that could be with low or high number of entangled or unentangled arms terminated 

by multifunctional associating groups [20, 23, 47].  
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Figure I.4: Schematic illustration of the structure of multi-associations telechelic star. (a) Individual star with all the 

associations free. (b) A group of telechelic stars connecting to each other by mean of the associating groups 

highlighting the different configurations possible: inter-star (circles), intra-star (triangles) and intra-arm (squares). 

 

In fact, finger-like configuration for the associating groups give them different association 

possibilities. Indeed, they are able to link two or more different stars through one or more 

associations (inter-star) (circles in Fig.I.5b). They are also able to bridge two arms or more from 

the same star (intra-star) (triangles in Fig.I.5b) or simply bridge the fingers (intra-arm) in the same 

arm as shown by the squares in Fig.I.5b. They give rise to a rich viscoelastic response and facilitate 

their reformation after break-up through an inter/intra-star dynamic exchange which also promotes 

their self-healing ability [23]. 

Associating living polymers commonly referred to as wormlike micelles (WLM) are 

elongated flexible supramolecular structures formed by the aggregation of surfactants or small 

monomers in solution [48], under specific thermodynamic conditions controlled by 

surfactant/monomer concentration, salinity, temperature or type of counterion, etc. In the 

semidilute regime, these wormlike chains form a dynamic entangled viscoelastic network, and 
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their properties are analogous to those observed in solutions of flexible polymers. However, unlike 

ordinary polymers which relax stress by reptation (τrep) and some important non-repetitive modes, 

wormlike micelles can break and recombine with a characteristic time (τb), so their terminal 

relaxation (τt)  in a combination of τrep and τb   [49-53]. A typical linear viscoelastic spectrum of 

WLM (an organogelator based on hydrogen bonding) is shown in Fig.I.5 where τb is associated 

with the plateau modulus of the physical network, whereas the latter with the terminal crossover 

of the storage and loss moduli, following a single Maxwell behavior at low frequencies.   
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Figure I.5: Frequency dependence of the storage (G’, filled symbols) and loss (G”, open symbols) moduli for WLM 

data discussed in chapter 4. The arrows indicate the frequencies where the terminal relaxation (τt) time and breaking 

time (τb) have been taken. The thick red lines through the data is a Maxwell fit.  

 

The maximum value of the breaking (and reformation) time (τb) of the supramolecular structure is 

extracted from the linear viscoelastic spectrum as the inverse of the frequency at the G’’ minimum, 

as indicated by the arrow in Fig.I.5.  On the other hand, the slow terminal relaxation time (τt) is 

taken as the inverse of the low-frequency crossover (τt=1/ωc). These times are linked via       τt = 
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(τrep τb)
 ½ in the limit where   τb << τrep [52].  Furthermore, based on this model, living polymers 

were predicted to depend on concentration in analogy with conventional polymeric systems [51, 

52] as illustrated in table 1, where experimental data are also shown [54].  

 

 

 

 

Table I.0: Experimental and theoretical scaling exponents with concentration for some relevant quantities in semidilute 

regime of wormlike micelles reviewed in [54]. 

 Scaling exponents 

(theory) 

Scaling exponents 

(experiments) 

Elastic modulus, G0 2.25 1.8 … 2.4 

Terminal relaxation time, τt 1.25 > 0 and/or < 0 

Zero shear viscosity, η0 3.5 1… 4 

 

Remarkably, the predicted scaling of the plateau modulus is confirmed by experiments, whereas 

those of the terminal relaxation time and viscosity deviate significantly. As a reason for this 

disagreement, the non-universal scaling of WLM length with concentration (assumed by Cates as 

L ~ C0.5 for all systems [52]) was pointed out. However, this remain an open question and efforts 

are needed in order to understand this disagreement and clarify the dynamics of living polymers. 

Addressing it is important, in particular in view of the presence of external molecules that could 

alter the growth of micelles and compete with the self-assembly akin to chain poison used to stop 

chemical reaction [55-57]. For example, the effect of water molecules, as strong hydrogen bonding 

competitor, on the linear and nonlinear viscoelasticity of living polymers needs proper attention 

[58-60]. 
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So far, the linear viscoelasticity of supramolecular systems in melt and solution has been 

the focus of the majority of investigations. Only fragmental information on nonlinear shear, and 

especially transient response is available [5, 15, 43, 61, 62]. In fact, due to their wide range of time 

scales when interrogated at different shear rates, supramolecular systems may yield intriguing 

behavior such as  shear banding [63, 64] and strain hardening [65, 66]. Moreover, the relaxation 

upon cessation of steady shear flow may give insights into the mechanisms and relaxation time 

distributions relevant to the structure arrangement/rearrangement under shear, due to the dynamic 

character of the supramolecular interactions. Furthermore, challenging new experimental 

protocols combining the linear and nonlinear tests [15] shed the light into different macroscopic 

features of supramolecular systems such as self-healing. To realize this task, home-made set-ups 

are often required, for example orthogonal superposition rheometry [67], cone-partitioned-plate 

fixture [68], and drying chambers [69]. 

Finally, linking molecular-level properties understanding of supramolecular to application 

properties is important technologically and scientifically. An obvious challenge is the attempt to 

rationalize fluid mechanical response to microscopic features in an attempt to engineer materials 

and processes. We address this here by revisiting the problem of impact of a viscoelastic fluid drop 

on a solid surface which results in their spreading into axisymmetric sheets until a maximum 

diameter (under the influence of capillary and viscous forces) and subsequently their receding. The 

latter is associated with different kinds of instabilities like cracks and satellite droplets [70, 71]. 

This problem has significant implication on agricultural, food and biological products and function 

[72-76]. 

Motivated by the above open issues, the key objectives of this Ph.D project is to advance 

the molecular level understanding of the rheological response of supramolecular polymers. The 
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thesis is structured around this main theme and divided into different chapters addressing specific 

challenges as authored below. 

Chapter 1 presents the materials and methods used, along with the necessary 

characterization and other details. 

Chapter 2 addresses the linear viscoelasticity for two telechelic unentangled PnBA stars 

with a finger-like disulfide associating groups configuration with 3 and 7 associations at each arm 

extremity. Qualitative comparison with the sticky-Rouse model was made showing a small 

deviation related to the strength of the disulfide bond. We show that BD simulations capture nicely 

the plateau in G (t) proportional to the number of active associations, the latter being analyzed 

through the affine and phantom model of rubber elasticity.  

Chapter 3 discusses the linear and nonlinear viscoelastic response of a two marginally 

entangled star polymers with about 40 arms terminated by the same finger like disulfide 

associating groups, 6 for one and 17 for the second. Their linear response conforms to sticky-

reptation model because of the dynamic character of the disulfide bonds. Comparison with 

simulations links viscoelasticity to structural arrangement and re-arrangement of the system 

triggered by the dynamic association groups. The rich nonlinear response shows evidence of 

instabilities. 

Chapter 4 examines the linear viscoelasticity of a model organogelator living polymer in 

non-polar solvent. The weakening of the moduli and shortening of relaxation times due to humidity 

is addressed and measurements under dry conditions are presented. The chain-stopper-like effect 

of water molecules is shown to compete with the self-assembly due to hydrogen bonding. 
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Humidity also weakens the nonlinear response by means of the same. Concentration scaling of 

viscoelasticity is addressed. 

Chapter 5 is dedicated to a systematic investigation of the nonlinear viscoelastic response 

of the organogelator living polymer by means of start-up and relaxation tests. While a comparative 

analysis of the different transient quantities is made, pronounced strain-hardening in the transient 

regime was observed and is observed and rationalized by means of modeling based on the finite 

extensibility of the network strands. The steady state regime exhibits shear banding instabilities 

and the relaxation after flow cessation is bimodal with a shear rate dependent fast time and a slow 

time comparable to the terminal time of the system. 

Chapter 6 discusses the use of theses supramolecular living polymers in impact droplet 

experiments, in order to study explore the spreading dynamics. Two spreading regimes for the 

maximum expansion diameter are observed. The capillary regime, where the maximum expansion 

does not depend on viscosity, and a viscous dissipation regime where the maximum expansion is 

reduced with increasing viscosity. A combination between shear and biaxial deformation is 

proposed in order to explain the overall response of the impacted drop. Indeed, accounting for 

biaxial deformation seems to control the expansion, whereas the shear seems to rationalize the 

instabilities of the spreading film. 

Finally, the final chapter summarizes the main findings of this thesis in terms of key 

conclusions and makes specific recommendations for future directions.  
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1.1 Materials 

1.1.1 2, 4-bis (2-ethylhexylureido) toluene (EHUT) 

In order to study the effect of humidity on a supramolecular hydrogen bonding living 

polymer, we investigate the linear and nonlinear rheology of 2, 4-bis (2-ethylhexylureido) toluene, 

abbreviated as EHUT [1]. The EHUT synthesis, thermodynamic and some rheological properties 

have been already reported in the literature [2].  

 

Figure 1.1: Pseudo-phase diagram for EHUT solutions in toluene showing the transition between monomers and 

supramolecular filaments. The structure of the EHUT monomer is shown, along with a schematic illustration of the 

various aggregates formed (out of scale), i.e., filaments and tubes. Hydrogen bonds are represented by dotted lines 

connecting the urea functions (black circles) 

 

The particularity of the EHUT bis-urea based monomer is that it self-assembles in apolar 

solvents in two structures (thin filaments and thick tubes). Figure 1.1 represents the phase diagram 

of EHUT solutions in toluene where the transition between monomers and supramolecular 

filaments was determined by isothermal titration calorimetry (ITC) and the transition between 

filaments and tubes was determined by ITC, viscometry, FTIR and DSC. In fact, FTIR 

spectroscopy shows the formation of hydrogen bonds between the urea groups and the increased 
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viscosity of the solutions suggesting the presence of large assemblies. This was confirmed by small 

angle neutron scattering (SANS) which proves that the molecules self-assemble into long rods. 

However, the cross section of the rods depends on the solvent and the temperature as shown here 

where the thin filaments have a cross section comparable to the size of one EHUT monomer and 

the thick filaments have across section equivalent to three EHUT monomers [3]. 

In this work, we prepared samples in the “tube” region of the phase diagram at a 

temperature of 25⁰C, over a concentration range from 2 g/L to 12 g/L, where the tubes are long 

enough to entangle, and exhibiting rich viscoelastic response. The desired amount of EHUT 

powder was added to the appropriate volume of dodecane and left under stirring at 80 °C for 48 

hours. The final solution was completely transparent and thermodynamically stable at room 

temperature, i.e., 25 °C. This corresponds to the regime of tubes in the concentration range 

explored (see Figure 1.1). Solutions were measured immediately after the end of the preparation 

protocol.  

 

1.1.2 SS-functionalized PnBA stars 

The disulfide-functionalized PnBA star polymer consists of a small core of ethylene glycol 

dimethacrylate (EDGMA) and block copolymer arms, each including  a poly butyl acrylate (Poly 

BA) block and a poly bis (2 methacryloyloxyethyl) disulfide (Poly SS) block. It was synthesized 

by ATRP using disulfide cross-linker by the Matyjaszewski Polymer Group at Carnegie Mellon 

University [4, 5]. 

The precursor star polymers were first synthesized, then the disulfide functionality was 

introduced into the extremity of each arm (the “shell” of the star polymer) by using a disulfide 
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cross-linking agent, bis (2 methacryloyloxyethyl) disulfide (DSDMA), in order to link the arms of 

the stars and generate star-star gels. Figure 1.2 depicts a cartoon illustration for its structure.  

 

Figure 1.2: Schematic illustration of the structure of the SS-functionalized stars in different network states, i.e., initially 

interconnected stars (in blue) via the disulfide bond (in red), individual stars by mechanical or chemical break-up of 

the disulfides and the recovered network after a healing process through the reformation of the free disulfide bonds. 

The chemical structure of the DSDMA is also shown. 

 

The self-healing follows the break-up of the final crosslinked gel when it is subjected to a 

chemical reduction or mechanical stimulus, some of the disulfide groups give place to two thiol 

groups (SH) or two sulfur free radical (S˙), respectively, hence the network structure is partially 

lost. By chemical re-oxidation [4] or by increasing temperature above the glass transition [5], the 

gel recovers fully or partially its original state thanks to the thiol or the sulfide free radical 

recombination either with the same or a different free partner, respectively. 

We investigated three different samples: The star precursor without any disulfide sticker, stars 

with three stickers at the extremity of each arm and stars with seven stickers at the extremity of 

each arm. Table 1 summarizes the main molecular characteristics of these samples [4]. 
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Table 0-1: Molecular characteristics for the SS-PnBA stars. (1) Measured by THF GPC-MALLS. (2) Measured by DSC. 

Codes 

 

Core Shell f Mn 

Kg/mol 

Mw 
(1) 

Kg/mol 

PDI Tg (2) 

DPEGDMA DPBA DPSS 

SS0 2 129 0 13 16.6 (arm) 

214 (star) 

- 

265 (star) 

 

1.2 

-59.54 

SS3 2 129 3 13 - - - -44.37 

SS7 2 129 7 13 - - - -44.72 

 

The samples (SS3 and SS7) were prepared in two different ways. The first method consists of 

shaping the samples with a scalpel blade from the as-received sample. In the second method the 

samples were shaped in a vacuum mold at 120 °C for 4 hours. At 120 °C, the sample was subjected 

to a pressure of 0.1 tones for 30 min. Subsequently, it was cooled down to 60 °C by keeping the 

same pressure, i.e., 0.1 tones. Finally, the pressure was removed at 60 °C and the sample reached 

room temperature. 

 

1.1.3 SS-functionalized PnBMA stars 

The disulfide-functionalized PnMBA has a core composed of poly (ethylene glycol 

dimethacrylate) (Poly EDGMA) and poly (methyl methacrylate) block copolymer and arms 

composed of poly (butyl methacrylate) and poly (bis (2 methacryloyloxyethyl) disulfide) block 

copolymer. It was synthetized by mean of ATRP in the Matyjaszewski Group at Carnegie Mellon. 
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The reader is referred to Fig.1.2 for an illustration of the structure and Table 2 for the main 

molecular characteristics of this system. 

 

Table 1.2: Molecular characteristics for the SS-PnMBA stars: (1) the functionality is estimated based on knowledge 

from similar systems.(2) DSC didn’t yield any clear transition, hence, the glass transition temperatures for the three 

systems are deduced from rheology, a peak in the loss modulus (G’’) versus temperature. 

Codes 

 

Core Shell f (1) Mn 

Kg/mol 

Mw 

Kg/mol 

PDI(2) Tg (2) 

°C DPEGDMA DPMMA DPMBA DPSS 

SS0 4 13 183 0 38 989 - 1.34-1.74 ~ 50 

SS6 4 12 186 6 38 1 073 - - ~ 50 

SS17 5 15 183 17 38 1 178 - - ~ 50 

 

The preparation protocol for the precursor, 6-stickers and 17-stickers stars consists of 

heating-up the raw sample to 140 °C in the vacuum mold and keeping it at this temperature for 30 

min. Then applying 1 tone pressure for 1 min and cooling down to room temperature. The same 

protocol was used in order to prepare samples for shear and extensional rheology too. Additional 

preparation-like protocols were used for the different extensional rheology experiments which we 

call “healing protocols” (see Chapter 3).  
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1.2 Experimental Methods 

1.2.1 Melt Rheology 

To perform the linear viscoelastic characterization of the SS-functionalized stars, we used 

a strain-controlled ARES rheometer (TA Instruments, USA) equipped with a force rebalance 

transducer (2KFRTN1) and a convection oven with a continuous flow of nitrogen flow in order to 

reduce the risk of ample degradation. Stain less parallel plates of 6 mm 8 mm diameter were used. 

For all the systems probed the temperature was varied between -50 ºC and 200 ºC with a precision 

of ± 0.1ºC. Temperatures below 30 ºC are reached by means of a liquid nitrogen Dewar connected 

to the oven. Additional measurements (mainly for the SS-PnBMA stars) were performed with an 

MCR501 stress-controlled rheometer (Anton Paar, Austria). Temperature control (from 30 ºC to 

200 ºC) was achieved by means of a Peltier element and continuous nitrogen flow. Stain less 

parallel plates with 8mm diameter were employed. 

 

1.2.2 Cone-partitioned plate 

Nonlinear shear measurements with the SS-PnMBA stars melt were performed using the ARES 

rheometer (2KFRTN1) and the home-made CPP fixture. The CPP geometry used here (Fig.1.3a) 

includes a 6 mm upper measuring plate and a bottom rotating cone with a diameter of 25mm, angle 

0.1 rad and a truncation 0.051 mm. The upper plate is surrounded by an outer ring with inner 

diameter of 6.2 mm and outer diameter of 15 mm [ref Costanzo thesis]. The specimen measured 

with the CPP fixture has a diameter of 8 mm. This configuration delays edge fracture instabilities 

at the measuring plate (Fig.1.3b). The choice of the above diameter and angle for the cone 

constitutes the good compromise between reducing axial compliance and preventing edge fracture. 

Indeed, normal forces arise in strong shear (start-up) and tend to push the tools apart, resulting in 



38 
 

a squeeze flow which occurs over a characteristic time scale 𝑡𝑎 =  
6𝜋𝑅𝜂

𝐾𝑎𝜃3
 where: 𝑅 being the radius 

of the sample, η the viscosity, 𝐾𝑎 the axial stiffness, 𝜃 the cone angle. Therefore, the larger 𝜃, the 

smaller is 𝑡𝑎, the smaller the delay of the normal force signal. On the other hand, larger cone 

implies larger gap at the edge of the sample which will enhance edge fracture. More thorough 

explanation about the CPP, the reader is oriented toward the following references [6, 7]. 

 

 

Figure 1.3: (a) Schematic illustration of a Cone-Portioned Plate (CCP): A is a cone attached to the motor of the 

rheometer, B is the inner measuring plate attached to the transducer. The latter is surrounded by the outer partition. 

(b) Schematic illustration of the evolution of edge fracture in cone-and-plate flow. Upon rotation the cone, the edge 

of the sample evolves from its initial regular shape (light grey) to an increasing fractured edge (dark grey to black) 

with time under influence of the second normal stress difference. 

 

Further measurements were performed with the MCR702 (Anton Paar, Austria) which was 

also equipped with a CCP fixture. Temperature control was ensured by a hybrid controller CTD180 

(with water circulation and air convection) and continuous Nitrogen flow was ensured in order to 

reduce the risk of sample degradation. Despite of the relatively slow time response in transient 

shear experiments, this rheometer has advantage of the non-fixed motor zero position when going 
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from the transient to the dynamic mode, contrary to the ARES rheometer. Since our systems were 

not relaxing in the temperature window probed in this work, the above feature allowed us to record 

the linear data right after each start-up and relaxation tests without the need to move back the motor 

to a particular position (more details in the text). In addition its normal transducer can afford much 

larger load (5kg) compared to ARES (2kg), hence, allowing measurements at higher shear rates. 

 

1.2.3 Solution Rheology 

In order to measure the linear and nonlinear rheology of the EHUT/dodecane solutions, an 

ARES strain-controlled rheometer with a force balance transducer (100FRTN1). A 25 mm 

diameter stainless steel cone-plate geometry (0.04 rad) cone angle was utilized whereas the 

temperature was set at 25 °C by means of a Peltier element with a precision of ± 0.1 °C. Additional 

selected measurements were performed with the stress-controlled MCR501 rheometer (as above).  

 

1.2.4 Nonlinear uniaxial extensional rheology: SER fixture 

For uniaxial extensional characterization, we used the Sentmanat Extensional Rheometer 

(SER) [8] mounted on ARES rheometer (See Figure 1.4). This fixture consists of paired master 

(A) and slave (B) wind-up drums housed in bearings (C) within a chassis (E) and mechanically 

coupled via intermeshing gears (D), as shown in figure 1.4a. The rotation of the drive shaft (F) 

results in a rotation of the affixed master drum (A) and an equal but opposite rotation of the slave 

drum (B) which causes the ends of the sample (H) that are attached to the drums by means of 

securing clamps (I) to be wound-up onto the drums resulting in the sample being stretched over 

an unsupported length, L0. 



40 
 

  

Figure 1.4: (a) Schematic illustration of the Sentmant Extensional Rheometer fixture (SER), more details in the text. 

(b) Picture of the SER mounted on an ARES rheometer. The bottom shaft is connected with the motor and the top one 

is connected with the transduced. (c) Pictures of samples clamped (left) or adhered (right) on the master and slave 

drums. 

 

The Hencky stain, 휀Η is true strain rate that considers a logarithmic change in the strain as 

휀𝐻 = ln (
𝐿

𝐿0
) ; where 𝐿 is the actual sample length and 𝐿0 is its initial length [9]. Therefore, we 

applied to the sample a constant Hencky strain rate for a constant shaft rotating rate:                    

 ε̇Η =
2ΩR

L0
 Eq.1.1 

Where R= 5.155 mm is the drum radius and L0 = 12.75 mm the fixed unsupported length 

of the sample being stretched, which is equal to the centerline distance between the master and 

slave drums (see Fig.1.4a). 

The resistance of the specimen to elongation is detected as a tangential f stretching Force, acting 

on both the master and slave drums, which is manifested as a torque M on the transducer attached 

to the fixture. The measured torque M is related to F (t) as: 

 



41 
 

 𝛭 = 2𝑅𝐹(𝑡) Eq.1.2 

 

Under conditions of uniaxial extension, the instantaneous cross-sectional area A of a stretched 

specimen decreases exponentially with time t as: 

 

 𝐴 (𝑡) = exp(−휀�̇�𝑡) Eq.1.3 

   

For a constant Hencky strain rate, the stress growth coefficient ηE
+ (𝑡) is: 

 

 ηE
+ =

F(t)

ε̇HA
=  

M

2Rε̇HAexp(ε̇Ht)
 Eq.1.4 
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1.2.5 Impact droplets experiment 

The experimental set-up used to study the impact of a liquid drop on a small cylindrical 

target was originally designed by Vignes-Adler et al. [10]. A schematic of the set-up is shown in 

Figure 1.5.   

 

 

Figure 1.5: Schematic illustration of the impact droplets experimental set-up: (1) Pump, (2) syringe filled with the test 

solution, (3) tube connecting the syringe and the needle (4). Needle for systematic formation of a perfectly spherical 

droplets (5). The impact target (7). The evolution of the sheet expansion after impact is monitored using a high speed 

camera (6). The height, h, is adjusted by changing the needle position in order to produce different impact velocities. 

 

A glass surface target of diameter, dt = 6.5 mm (7) is fixed on top of an aluminum rod. The 

liquid is injected from a syringe pump (1) with a flow rate of Q = 1 ml/min through a needle (4) 

placed vertically above the target. The size of the falling droplets (5) is dictated by the inner 

diameter of the needle and the equilibrium surface tension of the samples.  
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In order to maintain a constant droplet size of d0 = 4 mm, needle with an inner diameter of 

4 mm is used. The combination of the above values allow us to estimate a shear rate experienced 

by the droplet at the exit of the needle �̇� =
4𝑄

𝜋𝑟3 = 2,65 𝑠−1  .  This hear rate is in the thinning 

regime for our systems (see Chapter 6).However, the time needed to produce one droplet with a 

flow rate of 𝑄 =  1 𝑚𝑙/𝑚𝑖𝑛 is 𝑡’ ≥  0.5 𝑠. Moreover, the time needed for the droplets to reach 

the target from a height of 91 cm with an exact impact velocity 𝑣0  =  3.92 𝑚/𝑠 is 𝑡’’ =  0.23 𝑠. 

Therefore, 𝑡 =  𝑡’ +  𝑡’’ = 0.73 𝑠  which is more than 3 time the equilibrium breaking and 

reformation time (𝜏𝑏   ≈  0.22 𝑠) which will so that it is the relevant time scale for our system in 

Chapter 5&6. Hence, we believe that the droplets are at equilibrium when reaching the target. 

 The latter is fixed on transparent plexiglass plate, illuminated from below by a high-luminosity 

backlight (Phlox LLUB, luminance of 19.842 cd/m2). The drop impact is recorded from the top 

using a high-speed camera (Phantom V 7:3) operated at 6700 frames/s and resolution of 800 × 600 

pixels2. The camera axis is kept as perpendicular as possible with the sheets expansion plan, hence, 

the angle is fixed at about 80 degree.   

The impact velocity υ0 is defined by the height “h” between the exit of the droplet and the 

target such that υ0 =√2gh , where g is the acceleration due to the gravity. We examined different 

concentrations at a fixed height of 91 cm which gives υ0 ≈ 4 m/s. However in some cases, we 

varied the height from 11 cm to 111 cm, υ0 = 1.3 m/s to υ0 = 4.3 m/s, respectively, in order to study 

the effect of the impact velocity at a particular concentration. Note that the values given 

theoretically by the above formula for the impact velocity where checked experimentally and a 

fair agreement was found within 7 % of error [11]. 
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1.2.6 Complementary techniques (used in collaboration) 

1.2.6.1 DSC 

Differential scanning calorimetry measurements were performed at Charles Coulomb laboratory, 

Montpellier, France, by “Edouard Chauveau” under the supervision of Dr. Caroline A. Genix, 

using a TMDSC Q2000 from TA Instruments (USA) in the standard mode under continuous 

nitrogen flow. Identical thermal cycle was applied to all the samples consisting of (i) 10 min 

equilibration at 40 °C; (ii) temperature ramp from 40 °C to – 80 °C at 10 °C/min;(iii) 10 min 

equilibration at  –  80 °C and (iv) temperature ramp from –  80 °C to 0 C at 10 °C/min. 

 

1.2.6.2  Brownian Dynamics Simulation (BD) 

BD simulation [12] [13] were performed by Vishal Metri in the group of Professor Wim Briels at 

the University of Twenty, the Netherlands, using the spring-bead model. In this model, one arm is 

simulated as a number of beads N connected by a spring of constant κs, where: 

 

 2𝑅𝑎𝑟𝑚 = 2√𝑁𝑏 Eq.1.5 

and 

 𝜅𝑠 =
3𝑘𝐵𝑇

𝑏2
 Eq.1.6 

 

  𝑅𝑎𝑟𝑚 is the end-end arm length, 𝑏 is the Kuhn length, 𝑘𝐵 is the Boltzmann constant and T is the 

temperature. 
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A number of beads N=7 is used to simulate the precursor data whereas an eighth bead was added 

at the extremity of each arm accounting for the additional sticker. This latter bead is associating 

two arms from different stars yielding to the network formation. Different association percentages 

were allowed in order to follow the increase of the elastic modulus. 

The shear stress relaxation modulus was calculated as:  

 

 𝐺(𝑡) = 𝜈𝑘𝐵𝑇 ∑ 𝑒
−6 

𝑘𝐵𝑇𝜆𝑘 
𝜉0𝑏2   𝑡

𝑁

𝑘=1

 Eq.1.7 

 

where ν is the number density of beads, ξ0 is the friction coefficient and λk is the k’th eigenvalue 

of the Rouse matrix. 

1.2.6.3 Small angle x-ray scattering (SAXS) 

SAXS measurements were performed by Dr. Guilhem P. Baeza (INSA, Lyon, France) on the beam 

line ID02 at ESRF Grenoble, France, on the three samples SS0, SS3 and SS7. The sample-detector 

distance was fixed to 1 m and the wavelength of the monochromatic X-ray beam was set to 1.1 Å. 

The rectangular beam size was approximately 0.1×0.05 mm2. Due to its viscoelastic liquid state, 

SS0 (no-sticker) was sandwiched between two Kapton tape pieces and its scattering intensity 

corrected accordingly. Its approximate thickness was estimated to 0.26 mm (+/- 0.05 mm). Solid 

samples SS3 and SS7 were directly placed on the sample holder with no particular treatment, they 

were both 0.12 mm thick. 
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Abstract  

We investigate the linear viscoelasticity of two low-functionality telechelic unentangled poly(n-

butyl acrylate) stars with finger-like disulfide associating groups at the free ends of the arms, with 

3 and 7 fingers. The sticky-Rouse model captures qualitatively the plateau modulus but not the 

higher frequency response, apparently due to the strength of the disulfide bonds. Brownian 

Dynamics simulations provide a quantitative description of the stress relaxation modulus G (t) and 

its plateau value with a realistic prediction of the fraction of active inter-molecular associations.  

 

2.1 Introduction 

Supramolecular systems have attracted the attention of the scientific community for 

decades [1-10] and still they remain an active research area due to their ability to form transient 

interactions, which provide a convenient control of the physical properties of this class of 

polymeric systems depending on the temperature or/and the concentration of the supramolecular 

groups[11]. The main characteristic of supramolecular interactions is their reversible association 

due to the non-covalent nature of the bonds: among others, hydrogen bonding [12], metal-ligand 

[13] and ionic aggregation [14]. Thanks to this reversibility, the supramolecular polymeric systems 

exhibits interesting proprieties like shape memory [15, 16] and self-healing [17, 18]. In fact, the 

stress relaxation of these systems is governed by the breaking and the reformation of the reversible 

supramolecular stickers which was initially proposed by Green and Tobolsky [19]. We highlight 

two pioneering works based on the above idea to describe the dynamics of entangled systems with 

associating groups, the sticky-reptation model by Leibler and coworkers [1] and the sticky-Rouse 

model by Chen and coworkers [14] describing non-entangled systems with associating groups. 
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Dynamic disulfide covalent bonds [20] are responsible for the formation a supramolecular 

assemblies and have been recently used in the context of self-healing materials [21]. Despite the 

fact that they are covalent bonds, they become dynamic at high temperatures [22]. In fact, having 

a healing group that could be activated at high temperatures only make it different than the classical 

picture of healing materials at room temperature and increase the applicability area of this class of 

materials [23]. Branching architecture which is characterized by low intrinsic viscosity [24], 

should be better suited than its linear counterpart with a similar molecular weight because it 

facilitates a rapid self-healing process after mechanical damage. Indeed, bonds formation/ re-

formation essentially needs intimate contact of materials, so that the surfaces of the damaged 

materials can readily approach a distance close enough for bond re-formation. Considering the 

above points, low functionality stars with unentangled arms and multiple disulfide associating 

groups at the extremity of each arm have been chosen. These telechelic stars were synthesized in 

the group of Professor Matyjaszewski [21, 25, 26] with the particular finger-like configuration of 

the associating groups at the star periphery. The synthesis of the specific systems have been already 

reported in [25] and their ability for self-healing after a chemical reduction or mechanical breaking 

have been established [27]. However, their linear and nonlinear viscoelastic characterization, 

which would provide a better understanding of the role of these associating groups on their 

dynamics, is still missing. Nevertheless, the linear viscoelastic characterization of precursor of the 

associative stars, PnBA stars, with different functionalities have been addressed previously [11, 

28-33]. 

In this chapter, we examine the linear viscoelasticity of two associating PnBA stars. The first 

star consists of PnBA with 13 arms and 3 disulfide groups at the extremity of each arm bridging 

the different stars together. The second system is identical the first one except that it has 7 disulfide 
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associating groups at each arm extremity. In addition to the associative stars, we present for 

reference the LVE data of the precursor system, the PnBA star without disulfides group. We also 

interpret the results in the light of the available theoretical framework and simulation. 

 

2.2 Linear viscoelasticity 

2.2.1 Precursor data 

Figure 2.1a shows the precursor master curve built by applying the TTS principle at a 

reference temperature of -15.17 °C which represents a temperature T ref =Tg + 44.37 °C. We 

assured at the same distance from T g when comparing with the master curves of the systems 

with stickers T ref = 0 °C = Tg + 44.37 °C.  

The data clearly confirm the unentangled nature of the arms. In fact, after the segmental 

relaxation at high frequencies characterized by G’’ > G’ [34], the data exhibit a power law of 

~ 0.5 at the intermediate frequency range, consistent with the Rouse dynamics [35]. At a 

frequency of 1 rad/s, the terminal flow region is reached with a power laws of 1.5 and 1 for G’ 

and G’’, respectively. Note that the terminal scaling G’~ω1.5 is different from the expected 

G’~ω2, possibly due to polydispersity [36].  

Figure 2.1b shows the horizontal (aT) and the vertical (bT) shift factors used to construct 

the master curve. Note that the horizontal shift factor (aT) follows a WLF [37] form with the 

following coefficients: C1 = 5.95 ± 0.44 and C2= 70.89 ± 3.60 in agreement with reported 

values in the literature [29, 30, 32]. The vertical shift (bT) being around the unity, is in 

agreement with the values calculated from the density compensation [38]. 
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Figure 2.1: PnBA star precursor data: a) Master curves G’ (squares), loss G’’ (circles) as function of shifted frequency 

ω at a reference temperature of Tref = - 15.17 °C. The lowest frequency data likely reflect phase angle issues associated 

with low torque; b) Horizontal aT (squares) and vertical bT (triangles) shift factors as functions of temperature T. The 

thick black line thought the aT data is the WLF-fit. 

 

2.2.2 SS3 telechelic association star 

2.2.2.1 Untreated-SS3 sample 

In order to probe the dynamics of the freshly synthetized system, we first measured the 

linear viscoelastic response of the 3-stickers system (SS3) without exposing it to any thermal 

annealing, hence, the specimen was used as received by only trimming it after placing it on the 

rheometer. Therefore we call it “untreated sample”. The results are presented in Fig. 2.2. 
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Figure 2.2: Linear viscoelastic of the untreated (SS3): a) Master curves showing G’ (squares), G’’ (circles) as function 

of shifted frequency ω at a Tref= 0 °C; b) Horizontal aT (squares) and vertical bT (triangles) shift factors as function of 

temperature T. The thick red line is the WLF-fit. For comparison we plot the master curve of the precursor in (a) and 

the shift factors in (b) in magenta.  

 

Figure 2.2a shows the LVE master curve of the untreated 3-stickers system (SS3) compared 

with the precursor data. We highlight the following observations: 

(i) The data do not superimpose at high frequencies, despite the fact that both are shifted at 

the same distance from Tg, there still a small horizontal shift needed. 

(ii) In the intermediate frequency range where the precursor follows a Rouse scaling, the SS3 

system exhibits a weaker dependence on the frequency, G’~ ω0.32 and G’’ ≠ G’. 

(iii) At lower frequencies when the precursor reaches the terminal regime (ω ≤ 1 rad/s), the 

SS3 exhibits a plateau, G’ ~ ω0. 

Figure 2.2b depicts the horizontal (aT) and the vertical (bT) shift factors used to construct the 

master curves. We observe that aT follows a WLF [38] temperature dependence with: C1 = 6.08 ± 

0.26 and C2= 91.61 ± 2.45 °C. The vertical shift factor bT = 1 was used because we manage to 

construct the master curve of the untreated SS3 by only by shifting the data horizontally without 

shifting it vertically. On the other hand aT and bT of the precursor do not overlap indicating that 

the stickers influence strongly the dynamic of this system. In this case, we obtained C2=70.89 ± 

3.60 °C which is slightly different from the value obtained for the untreated SS3, i.e., C2=91.61 ± 

2.45 °C. Note, however, that the value of C1 is comparable for both systems [C1 = 5.95 ± 0.44 for 

the precursor and C1 = 6.08 ± 0.26 for the SS3]. 
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Concerning the vertical shift factors, we highlight here the need to use a relatively high (albeit 

close to one) vertical shift for the lowest temperature data of the precursor (approaching Tg), i.e., 

b T = 1.5 at T = - 40 °C.  

 

2.2.2.2 Treated-SS3 sample 

For this sample we used the standard sample preparation protocol for melt samples which consists 

in pressing the sample in a vacuum mold at high temperature (see chapter 1: Materials and 

Methods). 

In this case, we pressed the sample at 120 °C (see Materials and Methods) and checked its 

stability by running a dynamic time sweep in the linear regime at T =30 °C. The result is presented 

in figure 2.3, where we can see clearly that the sample remained stable during more than 36 hours 

of measurements.  
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Figure 2.3: G’ (blue squares), G’’ (blue circles) at 30 °C as functions of frequency ω during the equilibration step prior 

to the LVE measurement for the treated (pressed) SS3 sample. 
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Figure 2.4a shows the LVE master curve of the SS3 untreated and treated samples. The latter 

were shaped in the press at high temperature T= 120 °C. We note the following: 

(i) Both data superimpose at high frequencies when the data are shifted at the same 

distance from Tg. 

(ii) The high-frequency moduli crossover occurs at the same frequency, ω = 400 rad/s. 

(iii) The low-frequency plateau for the treated sample is about 80 % higher compared to 

that of the sample shaped at room temperature (untreated sample). 

In figure 2.4b, we compare the horizontal and the vertical shift factors for the two samples. 

The shift factors for both samples virtually superimpose within a small error, indicating a similar 

dynamic nature. 
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Figure 2.4: Linear viscoelastic data of the untreated SS3 (black) compared with the treated SS3 (blue): a) Master 

curves showing G’ (squares), loss G’’ (circles) as functions of shifted frequency ω at Tref= 0 °C. The treated SS3 

shows a slightly higher low-frequency plateau; b) Horizontal aT (squares) and vertical bT (triangles) shift factors as 

function of temperature T. The thick red line is the WLF-fit. Both shift factors are in a good agreement. 
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2.2.2.3 SS7 telechelic association star  

For the SS7 sample shaped with the help of the press at high temperature (120 °C), we also 

performed a long equilibration test to check its stability. 
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Figure 2.5: G’ (squares), G’’ (circles) at 30 °C as function of time t during the equilibration step prior to the LVE 

measurement for the system with 7 stickers. 

 

Figure 2.5 depicts the evolution of G’ and G’’ with time during the dynamic time sweep in 

the linear regime at 30 °C and note that they are virtually constant during the course of 15 days 

(there is a small increase of less than 30 % after 2 days). 
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Figure 2.6: Linear viscoelastic data of the treated SS7 (red) compared the treated SS3 (blue) : a) Master curves showing  

G’ (squares), G’’ (circles) moduli as function of shifted frequency ω at Tref = 0 °C. The treated-SS7 shows a higher 

low frequency plateau; b) Horizontal aT (squares) and vertical bT (triangles) shift factors as function of the temperature 

T. The thick red line is the WLF-fit. Both shift factors agree reasonably. 

 

Figure 2.6a shows the master curve of the SS7 in comparison to SS3 both shaped using the 

press at high temperature T = 120 °C.  

(i) Both data superimpose at high frequencies when shifted at the same distance from Tg. 

(ii) The high-frequency moduli crossover of the SS7 is higher compared to the SS3         

(ωSS3 = 400 rad/s, ωSS7 = 1000 rad/s). 

(iii) The low-frequency plateau for the SS7 is 108 % higher than that of the SS3. 

In figure 2.6b, we compare the horizontal and the vertical shift factors. We can see clearly that 

for both samples they superimpose within a small error, indicating a similar dynamic nature.  
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2.3 Small angle X-ray scattering 

Small angle x-ray scattering experiments have been performed by Dr. Guilhem P. Baeza from 

INSA, Lyon, France on the precursor, SS3 and SS7 samples. 
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Figure 2.7: Scattering intensity as a function of the transfer momentum 𝑞 obtained from SAXS measurements from 

samples SS0, SS3 and SS7. a) Usual log-log representation 𝐼 = 𝑓(𝑞) and b) Kratky representation 𝐼𝑞2  =  𝑓(𝑞) 

 

In Fig.2.7a, we present the scattering intensity (SAXS configuration) of the precursor 

(SS0), SS3 and SS7. While SS0 does not show any particular feature over the two decades except 

a slight break in slope around 0.2 nm-1, a clear shoulder in the same q-range becomes visible in 

both SS3 and SS7.  In order to better illustrate the possible organization of the materials with 

adding the SS associative groups, we show in Fig.2.7b the Kratky representation of the three 

signals, i.e. we plot I(q)q2 as a function of q. This highlights the regions of the signal for which 

I(q) is not proportional to q2, revealing therefore possible soft structure factor peaks [39]. 

Interestingly, adding S-S stickers unambiguously leads to the apparition of a characteristic length 

(d*=2/q*=19.6 nm), which becomes more evident with increasing the S-S concentration. We 

believe that this length shall be interpreted as a distance between objects, i.e., as a periodicity in 

the material (structure factor) and not as a dimension of an isolated object (form factor).  
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2.4 Brownian dynamics (BD) simulation results 

Brownian dynamics simulations have been performed by Vishal Metri from Professor Wim J, 

Briels group in twenty university, the Netherlands. 
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Figure 2.8: a) Relaxation modulus G(t) as converted from the dynamic master curves: the precusor (black squares), 

untreated SS3 (black circles), treated SS3 (red circles) and treated SS7 (green triangles) together with the BD 

simulation results (thick lines) for the network with different fractions of inter-star stickers: 0% (Precusor) (black), 

5% (red) , 15% (blue) , 20 % (purple) , 25% (magenta), , 30 % (brown), , 40 % (cyan), 60% (orangr) and 80 % (pink). 

b) Zoom on the long time (low frequecy in dynamic data) plateau for the systems with stickers only. 

  

Figure 2.8 represents the results of the G (t) from experiments and BD simulations as described in 

the materials and methods chapter. In the former case G (t) was converted using Fourier 

transformation by means of the TA Orchestrator software for the 4 samples investigated here. This 

approach has been tested and found to be very satisfactory [40]. The simulated G (t) corresponds 

to the precursor star and stars with different percentages of inter-star sticking, i.e., 5%, 15%, 20%, 

25%, 30%, 40%, 60% and 80%. Fig.2.8b is magnification for the systems with stickers only with 

the some relevant stress relaxation modulus simulations, i.e., 25%, 30%, 40% and 60% of inter-

star association. We note the following: 
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(i) The prefect match of the simulated G (t) for the precursor with the experimental one. 

(ii) As the fraction of inter-star associations is increased, the simulated G (t) exhibits a 

higher value and slower relaxation time than the precursor one. 

(iii) The simulated G (t) exhibits a long time plateau starting from the inter-stars association 

fraction of 15% suggesting network formation. 

(iv) The simulated G (t) matches the long time plateau of the untreated SS3 star at 25 % of 

association fraction. 

(v) The simulated G (t) matches the long-time plateau of the high temperature treated SS3 

star at an association fraction between 30 % and 40%. 

(vi) The simulated G (t) matches the long-time plateau of the high temperature treated SS7 

at an association fraction between 40 % and 60%. 

(vii) The simulated G (t) saturates at an association fraction higher than 60%. 

 

2.5 Discussion 

2.5.1 Comparison against the sticky-Rouse model 

The sticky-Rouse model [14, 41], initially used to describe the dynamics of ionomers, 

predicts that by increasing the fraction of the ionomers groups along unentangled polymer chain, 

a transition in the storage modulus G’ from Rouse dynamics (G’~ ω 0.5) toward a plateau that 

reflects the number density of elastically active strands [42] (defined by the fraction of the 

ionomers groups). After that, it reaches the terminal flow regime with G’ ~ ω 2. 
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Figure 2.9: Schematic illustration of storage modulus G’ as function of frequency ω during the gelation of reversible 

gels on logarithmic scales at different distance from the gelation point, εG, (Green) [14]. 

 

 Comparing our LVE data of the precursor with the untreated SS3 (Fig.2.2), we can 

immediately appreciate the effect of adding disulfide groups, which is in a qualitative agreement 

with the sticky-Rouse model. A departure of the elastic modulus from the Rouse-like behavior at 

the intermediate frequency range with a weaker slope (G’~ω0.3) toward a plateau at G’ ≈1.4×104 

Pa. We first observe that transition from the segmental region toward the plateau occurs a slope of 

0.3 (G’~ω0.3), is weaker than those reported for the sticky-Rouse at different distances from the 

gel point (see Fig.2.9). This is attributed to the strength of the association group in our system (S-

S), which has a dissociation energy E dia ≈ 400 KJ / mol at 25 °C ,i.e., is only about 30 % to 40 % 

lower than the Carbon-Carbon (C-C) covalent bond [43]. This is supported by the fact that the 

association energies for the ionomers which are well-described by the sticky-Rouse model, amount 

to 65 KJ/mol as the maximum energy reported for the SPS-Na [67]. The latter energy was extracted 

from the rheological relaxation spectra which means that this energy represents multiple ionomers 
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dissociation/association events with the same partner and partner exchange allowing the chains 

relaxation [3, 44-47] , hence, one single disassociation energy will be lower.  

On the other hand, the finger-like configuration for the disulfide associative groups at the 

arm extremities could result in an agglomerate composed of many individual disulfide bonds as 

one big association which has a much stronger dissociation energy. The latter scenario has already 

been reported for a partially hydrolyzed entangled PnBA where the association is based on 

hydrogen bonding between carboxylic groups results in cluster formation [33]. Such a scenario 

will affect the Rouse dynamics of the unentangled arms, in the sense that, they may feel the 

association effect while they are undergoing Rouse relaxation. Therefore, they tend toward a G’ 

plateau at higher frequencies, where the relaxation of the arms is trapped by the associating groups. 

The same picture as above is used to rationalize the fact that the terminal regime of the 

untreated-SS3 is not reached despite large  frequency range explored, which amounts to11 decades, 

and it is usually sufficient for systems undergoing sticky dynamics to fully relax [14, 41, 45, 48].  

We believe that if enough energy is brought to disassociate (break) one disulfide groups and form 

free sulfur radicals (S˙), the latter will re-associate with their partner many times before they jump 

into different partners in the same agglomerate composed of three disulfide groups for the SS3 

systems and situated at the arm extremity. Hence, the arm is not allowed yet to relax even if the 

associating group has changed its old partner but the sticker needs to escape the agglomerate. In 

other words, the stickers have to bridge a different arm than the original one which is only possible 

if, for example, two stickers associate in one arm and the third sticker could bridge easily a 

different arm: a balance between intra-inter arm association.  

Note that thermally triggered disulfide exchange has been recently reported to occur at 

temperature of about 150 °C, where aliphatic disulfide bonds become fully dynamic [49] [16, 22, 
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50]. The highest temperature reached was 120 °C (which is already 170 °C above T g) for all 

systems studied (for shaping or measuring purposes). T this temperature the disulfide groups are 

only partially dynamic, hence, the full arm relaxation will occur probably at extremely slow time 

which is beyond the achievable experimental time in oscillatory measurements. Creep experiments 

may be the solution to extend the LVE spectrum to the terminal regime without exposing the 

samples to extremely high temperatures [51-53]. 

2.5.2 Rubber elasticity analysis 

We shall attempt at analyzing the low-frequency plateau originating from the trapped arms 

due to the long-time dissociation of the stickers, by means of rubber elasticity theory [42, 54, 55]. 

Our aim is to compare the affine and the phantom model of the rubber elasticity theory results 

starting from the known structure of our system to those obtained experimentally. 

2.5.2.1 The affine model 

In the case of affine deformation, the rubber elasticity theory links the modulus to the 

molecular weight of the elastically active strand as: 

 

 𝐺𝑎𝑓  =  𝜈𝑅𝑇 =  
𝜌

𝑀𝑥
 𝑅𝑇      Eq.2.2 

 

where: 𝐺𝑎𝑓 is the modulus in the case of affine deformation, 𝜈 is the concentration per unit volume 

of elastically active strands, 𝑀𝑥: is the molecular weight of the elastically active strand and 

𝑅, 𝜌 𝑎𝑛𝑑 𝑇 are the ideal gas constant, density and temperature, respectively. 
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Due to the position of the associating groups at the arms extremity, there is no noticeable 

difference between the above three associating systems as far as the static proprieties are concerned 

however different association groups number will affect only the terminal relaxation time. Hence, 

the molecular weight of elastically active chains (𝑀𝑥) is expected to be the same for the three 

systems. Defining it remains the challenge. To this end, we adopt the definition used for telechelic 

Polyisoprene stars in [48] where the authors took as 𝑀𝑥 the molecular weight of two arms .For our 

associative stars 𝑀𝑥 = 2 × 16.6 = 33.2 𝐾𝑔/𝑚𝑜𝑙, leading to an ideal modulus of 𝐺𝑎𝑓 ≈ 7 ×

104 𝑃𝑎 which is high compared the experimental moduli of all the systems, i.e., untreated SS3 and 

the treated SS3 and SS7. In fact, the experimental moduli for the above systems represent, only, 

20%, 34% and 71% from the ideal one, respectively. This means that the actual 𝑀𝑥 is larger than 

the sum of two arms which could imply that there is a considerable fraction of free arms (it may 

reach 80 %) that do not participate to the elasticity (likely not connected). Note that our SAXS 

data (see Fig.2.7) shows clearly that for both associating systems (SS3 and SS7) a structural peak 

appears at a characteristic distance of about d = 20 nm. This peak was not observed in the precursor 

system which means that the new chemistry (disulfide groups) for the associative systems brought 

contrast that allowed to observe it. We rationalize this by the extrapolating the diameter of a star 

in good solvent to the melt.  To this end, the diameter of similar stars with 𝑁 =  63 BA 

monomers/arm has been measured by light scattering in good solvent,  𝑑𝑔𝑜𝑜𝑑  =  24 𝑛𝑚.  [25]. By 

combining the scaling of the radius of gyration in good solvent and in the melt (θ solvent) as:  
Rg

Rθ
 ≈

 
N0.6

N0.5, where N = 129 is the number of BA monomers/arm for our stars (see materials and methods), 

we obtain  dθ = 2 × Rθ ≈ 22 nm, which is virtually identical to the characteristic length between 

objects revealed by the SAXS (d*= 19.6 nm). Thus, the disulfide actually decorate the periphery 

of the stars which confirms that each arm is connected to one disulfide group at least. 
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As mentioned above, this is a possibility that a fraction of arms are not elastically active 

and are forming loops, i.e., the associating groups are connecting two arms from the same star. 

This will reduce the modulus in two ways. First an increase of 𝑀𝑥 and second, the loops will act 

as dangling ends playing the role of effective diluents [56]. Indeed, loop formation has been 

established theoretically [57] for associative micelles solution where the attraction energy 

increases with the number of chains per micelle, which implies that the micelles tend to form 

clusters due to the intra-micellar looping. Experimentally, a fraction of 60 % was found for triblock 

copolymers [58-60] which is a comparable value to that we found for the untreated-SS3. 

2.5.2.2 The Phantom model 

Another looping-like scenario that could explain an increase of  𝑀𝑥 (reducing of modulus) 

is that the associating groups could simply close among each other (intra-arms) without 

participating to any loops or bridges (connecting two arms from different stars). Note that this 

scenario is only possible for systems that have multi-functional associating groups [61] where 

those groups could bridge more than two chains (arms) in one junction.  

In order to account better of the elasticity in this particular configuration, the phantom 

model of the rubber elasticity will be considered [42, 54, 55]. Contrary to the affine model which 

considers that the junctions are fixed in the space and move affinely with macroscopic network 

deformation, the phantom model assumes that the junction will fluctuate around its mean position 

and as a consequence the chains are allowed to pass through each other. Graessley [62] and Flory 

[54] showed that this fluctuation will result in a decrease of the free energy (i.e., the modulus) with 

deformation by the concentration of junctions per unit volume, μ. Hence, Eq.2.1 become: 
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 𝐺𝑝ℎ =  (𝜈 − 𝜇) 𝑅𝑇 Eq.2.3 

 

A junction is elastically active if three or more of its arms are independently linked to the network. 

A strand is elastically active if it is attached by both ends to an active junction [63] . For the ideal 

case of all the strands being attached and with only one type of junction with functionality f, Eq.2.2 

become: 

 𝐺𝑝ℎ =  (𝜈 −
2𝜈

𝑓
) 𝑅𝑇 =  (1 −  

2

𝑓
) 

𝜌

𝑀
 RT Eq.2.4 

 

Using eq.3, we obtain the following ideal modulus for the above two systems: 𝐺𝑝ℎ = 3.5 × 104 𝑃𝑎  

for the SS3, considering f=4 which means that now the experimental modulus of the untreated-

SS3 is 40 % from the ideal modulus and that the one of the treated-SS3 is almost 70 % from the 

ideal modulus; and 𝐺𝑝ℎ = 5.25 × 104 𝑃𝑎  For the SS7, considering f=8 which means that the 

experimental modulus is 95 % from the ideal one. 

 

2.5.3 The annealing process 

Annealing the samples at high temperature (T = 120 °C) provides energy for the disulfide 

bonds to open and close which results in increasing the number of elastically active junctions and 

strands because it allows them to change their configuration from intra to inter-stars, hence, 

increasing the low-frequency modulus. This is evident when comparing the LVE of the treated and 

untreated SS3 (see Fig.2.4a). On other hand, the system with more associative groups (treated SS7) 

exhibits a more pronounced and long-equilibration process (see Fig.2.5). A similar long 
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equilibration time was observed with associative branching systems [64] where the long time was 

attributed to the inter/intramolecular hydrogen bonding and π−π stacking exchange interactions. 

In fact, the big number of finger-like disulfide groups results in more complex configurations 

where the inter/intra star exchange needs more time and/or energy to reach equilibrium. This is 

clear when comparing Fig.2.3 with Fig.2.5. Nevertheless, the large number of associating groups 

increases the probability of obtaining higher number of elastically active junctions and strands, 

thus, increases the low-frequency modulus (see Fig.2.6a). 

Comparing the moduli of two equilibrated systems (treated SS3 and SS7) we observe that 

the phantom model results are closer to the experimental (70% for the treated SS3 and 95 % for 

the SS7), confirming that it is more appropriate for the case of crosslinkers with functionalities 

(finger-like) and further supporting the precise synthesis of these systems [25]. However, we were 

expecting that the modulus of SS7 would be better described with the affine model due to its high 

functionality. In fact, the phantom model for rubber elasticity [54, 55] suggests that the junctions 

having very high functionality will move affinely with the network. We think that the finger-like 

configuration of the associating groups will enhance the probability of intra-arm association of 

stickers, hence the junctions functionality is not too high and allows them to fluctuate around their 

mean position. Thus, the phantom-like behavior of our systems is maintained. 

 

2.5.4 BD simulations 

Comparing the above findings with the results obtained by BD simulations, we observe 

that the latter captures the low-frequency plateau with association fractions closer to the affine 

model, i.e., 25 % for the untreated-SS3, 30%-40% for the treated-SS3 and 40%-60% for the 

treated-SS7. Note here that above 60% the modulus saturates in the BD simulations. The 
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equivalence with the affine model makes perfect sense because in our simulation we assume that 

we have only one associating group at the extremity of each arm, hence, it can only form one bride 

or one loop at the time. In fact, the finger-like configuration for the associating groups is not 

possible. However, the simulation allows the chains to pass through each other which will make 

the behavior of the system more phantom-like and the ideal plateau modulus originating from the 

associating groups will be lower, hence, a closer (higher percentage from the ideal) experimental 

modulus is expected. Indeed, if one accounts for the simulation uncertainties in the association 

fraction which is evaluated to be ± 10 % (Metri, Louhichi et al. 2018), we will approach the 

phantom model results by adding 10% to the above reported BD results (Fig.2.8). 

 

2.6 Conclusions 

In this chapter we have presented a linear viscoelastic study for two telechelic unentangled PnBA 

stars with a finger-like associating groups configuration (SS3 and SS7). Qualitative analysis was 

made using the sticky-Rouse model where the Rouse dynamic of the associating stars was not 

observed in the LVE data and attributed to the disulfide associations strength. SAXS data revealed 

a characteristic distance equal to the diameter of the stars in melt confirming that all the arms of 

the stars are decorated by the disulfide associating groups. The low-frequency elastic modulus was 

found to increase by annealing at high temperature due to the stickers dynamics and was analyzed 

by the affine and the phantom model of the rubber elasticity theory. The affine model’s results 

were closer to the experiment due to the junctions’ fluctuations. BD simulation captured the moduli 

of all the systems within an error of 10% for the association fraction, which represents the typical 

difference between the affine and the phantom model. Nevertheless, we believe that the phantom 

model is more appropriate to describe the elasticity of finger-like associative systems 
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(multifunctional stickers) considering the results obtained in this work. Analyzing the origin of the 

elasticity in other associative systems is required to confirm this finding.  
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Abstract 

We explore the linear and nonlinear viscoelasticity of two intermediate-functionality marginally 

entangled poly (n-butyl methacrylate) stars with 6 and 17 finger-like disulfide associating end 

groups. The linear spectrum is in qualitative agreement with the sticky-reptation model due to the 

dynamic character of the disulfide bonds at the high temperatures. Their transient response in 

nonlinear shear exhibits oscillations, while evidence of steady-state shear banding is also reported. 

Based on results from simulations, the complex and rich nonlinear rheology is attributed to the 

clustering and structural rearrangement of the telechelic stars triggered by the dynamic association 

groups.  These systems exhibit remarkable self-healing ability with ever improved mechanical 

properties. 

 

3.1 Introduction 

Supramolecular systems have attracted the attention of the scientific community for 

decades [1-10] and still remain an active research area due to their ability to form transient 

interactions networks with tunable rheology [11]. The main characteristic is the reversible 

association due to the non-covalent nature of the bonds: such as, hydrogen bonding [12], metal-

ligand [13] and ionic aggregation [14]. Thanks to this reversibility, supramolecular polymeric 

systems exhibits intriguing proprieties like shape memory [15, 16] and self-healing [17, 18].  

Indeed, thanks to their dynamic character, supramolecular systems could recover their 

properties after mechanical failure in absence of external stimuli. In such case they are called “self-

healing” materials [18]. However, an external stimulus like temperature above the glass transition 

temperature, will give the associating groups responsible of healing enough mobility to find their 
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old partners (before break), hence, recovering the initial state of the material. However small 

association constants will lead to low mechanical strength and stiffness [19]. A prominent example 

are solvent containing gels like hydrogels. They often display a very good ability to heal fracture 

but they are typically too soft and weak for application as structural parts [20]. Using weak 

covalent bonds as dynamic supramolecular groups such as nitroxide/carbon bonds [21] or 

disulfide-bonds [22], the mechanical properties can be strongly improved (also for very weak 

hydrogen-bonding interactions) through aggregations assembly formation [23]. Nevertheless, 

these systems usually have high Tg and their dynamic character is activated only at high 

temperatures [24]. Therefore, their ability of self-healing is only achieved at high temperatures 

[25]. 

As mentioned in Chapter 2, the stress relaxation of these systems is governed by the living 

character of the supramolecular bonds [26] and it is well described by the sticky-reptation model 

[1] for entangled systems and the sticky-Rouse [14] for non-entangled systems. 

In this chapter, we study a new supramolecular system with disulfide associating groups with 

the same fingers-like configuration as the system studied in Chapter2 which has been synthetized 

in the Matyjaszewski Group too. However, these stars have a higher functionality with marginally 

entangled arms. In addition, the number of the disulfides at the arms extremities is higher, 6 and 

17 (see materials and methods). These characteristics are expected to lead to new, tunable 

properties of the functionalized supramolecular stars. 

Although the self-healing ability for disulfides supramolecular systems has been already 

established [22, 25, 27], the present system offers wider tenability. Here, we aim at confirming the 

systems self-healing ability though a novel protocol [19] involving a combination of start-up 

steady and linear dynamic shear measurements. Extensional rheology is used in order to probe the 
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healed material. Furthermore, we investigate its linear viscoelasticity in order to understand the 

precise role of the associating groups on its dynamics.  

 

3.2 Linear viscoelasticity: experimental results 

We investigated the linear rheological behavior of a Disulfide-functionalized star polymer, 

poly (MMA-EGDA) – (poly BMA-b-poly DSDMA)n. DSDMA stands for bis (2 

methacryloyloxyethyl disulfide) and is responsible for the self-healing ability of this system via 

thiol-disulfide exchange reactions in which one SS group may break under mechanical 

deformation and subsequently reforms [22]. We first present the data of the precursor star and then 

the telechelics.  

 

3.2.1 Precursor 

In order to measure a well equilibrated system, free from any humidity trace and residual 

stress that could arise from the preparation step (press-molded at high temperature and pressure) 

or during sample loading, we run a dynamic time sweep test in the linear regime. Figure 3.1a shows 

the results of the equilibration step for the precursor system (without any disulfide stickers). The 

system is stable over 40 hours of measurement at 140 °C. Note also that small and broad fluctuation 

observed around a mean value are not important in view of the systems stability. Figure 3.1b 

depicts the master curve at a reference temperature T ref = 100°C and Figure 3.1c shows the 

horizontal (aT) and the vertical (bT) shift factors used to construct the master curve. The horizontal 

shift factor exhibits WLF behavior [28] with C1 = 14.11 ± 2.14 and C2= 250 ± 30.80 °C, and the 

vertical shift factor, which is around 1, is calculated based on the density variation of the Butyl 
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Methacrylate with temperature [29]. The LVE spectra presented in Fig.3.1b indicate a plateau at 

G’ = 2×105 Pa taken at the frequency of the minimum of G’’ [30]. The dynamic moduli reach the 

terminal flow regime beyond a crossover frequency ωc = 0.04 rad/s.  
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Figure 3.1: Linear viscoelastic data of the precursor: a) G’ (squares), G’’ (circles) at 140 °C as function of time t 

during the equilibration test prior to the LVE measurement; b) Master curves showing G’ (squares), G’’ (circles) 

moduli as function of shifted frequency ω at T ref = 100°C. The thick blue lines through the data are the BOB 

predictions; c) Horizontal a T (squares) and vertical b T (triangles) shift factors as function of temperature T. The thick 

red line is the WLF-fit. 
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3.2.2 Associating stars 

3.2.2.1 SS6-PnMBA 

Figure 3.2a represents the time evolution of the dynamic moduli over time at 140 °C. 

Contrary to the precursor, the SS6-PnMBA exhibits a 50 % increase in G’ over 25 hours of 

equilibration. Figure 3.2b compares the LVE master curves of SS6-PnMBA and the precursor at Tref = 

100 °C (T g is thought to be the same for both systems). We can easily appreciate the effect of adding 

disulfide associating groups. In fact, SS6-PnMBA modulus is 150 % higher than the precursor plateau and 

the relaxation time is expected to be slower from the shape of the data. The latter is evident from the fact 

that at the same frequency where the precursor data show a crossover (ωc =0.04 rad/s), the SS6-PnMBA 

seems toward depart to another plateau at G’~105 Pa. 
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Figure 3.2: Linear viscoelastic data of the SS6-PnMBA (red) compared with the precursor (black) : a) G’ (squares), 

G’’ (circles) at 140 °C as function of time t during the equilibration test prior to the LVE measurement; b) Master 

curves showing  G’ (squares), G’’ (circles) moduli as function of shifted frequency ω at Tref = 100 °C. The precursor 

data is shown as thick plain (G’) and dashed (G’’) line; c) Horizontal aT shift factors (squares). The thick red line is 

the WLF-fit.; d) vertical bT (triangles) shift factors as function of the temperature T.  

 

By comparing the horizontal shift factors in Figure 3.2c, we observe that SS6-PnMBA follows a 

WLF temperature dependence with C1 =10 and C2 = 189 °C, comparable to the precursor 

coefficients (C1 = 14.11 ± 2.14 and C2= 250 ± 30.80 °C). In addition, aT for both systems 

superimpose perfectly at low temperature (T ≤ 100 °C). However at high temperature (T > 100 

°C), the aT for the SS6-PnMBA are slightly higher than that of the precursor, suggesting a weak 

change in the dynamics of the system. 

Figure 3.2d depicts b T of SS6-PnMBA and the precursor. We observe that, while the 

precursor’s bT increases weakly with decreasing the temperature compensating the change in the 

density induced by the temperature variation, the bT of the SS6-PnMBA increases more sharply 

but its values are still around 1 (from 0.65 to 1.75) . 
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3.2.2.2 SS17-PnMBA 

Figure 3.3a shows the time evolution of the dynamic moduli of the SS17-PnMBA at 

different temperatures. 
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Figure 3.3: Linear viscoelastic data of the SS17-PnMBA (blue): a) G’ (squares), G’’ (circles) as function of time t 

during the equilibration test prior to the LVE measurement at different temperatures: 150°C, 180°C and 200°C; The 

insets are a magnification of the beginning and the end of the test as indicated by the arrows; b) Master curves showing  

G’ (squares), G’’ (circles) moduli as function of shifted frequency ω at Tref = 100 °C. The precursor data is shown as 

thick plain (G’) and dashed (G’’) line together with the SS6-PnMBA data (in red) for comparison; c) Horizontal aT 

shift factors (squares). The thick red line is the WLF-fit. The SS6-PnMBA aT (red); d) vertical bT (triangles) shift 

factors as function of the temperature T. The SS6-PnMBA bT (red). 

 

The polymer was measured at three different temperatures during the equilibrium step, i.e., 

150 ºC, 180 ºC and 200 ºC. This was done in order to accelerate the equilibration because this 
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system exhibited more pronounced time effects compared to SS6-PnMBA. In the first segment (at 

150 ºC) the dynamic moduli initially oscillate noticeably with time (see corresponding inset) and 

reach a value 125% higher than the initial value. In the segment at 180 ºC, the moduli are stable 

for more than 2 days. In the last segment at 200 ºC, the moduli are completely flat during more 

than 2 hours of experiment. Note that the above experiments were performed under nitrogen gas 

atmosphere and that the time for the sample exposure to 200 ºC was very short (only 2 hours) in 

order to avoid sample degradation. 

Figure 3.3b compares the LVE master curves of SS17-PnMBA and SS6-PnMBA at Tref = 

100 °C. The precursor data are plotted too for reference.  The data reflect well the enhancement of 

the mechanical properties due to increased number of associating groups, almost 3 times higher 

than SS6-PnMBA. In fact, in the frequency range where the precursor data exhibit a plateau at 

2×105 Pa, SS17-PnMBA exhibit a plateau at around 7×105 Pa, which is 250% higher than the 

precursor plateau and 40% higher than the SS6-PnMBA; and at the frequency where the precursor 

reaches the terminal regime (ωc =0.04 rad/s), the SS17-PnMBA data yield another plateau. 

Although the terminal regime was not reached for the associating systems, one can easily 

appreciate that low-frequency plateau of SS17-PnMBA (ωc < 0.04 rad/s) is more pronounced than 

the one of SS6-PnMBA, hence, its relaxation time will be slower reflecting the large number of 

stickers of the SS17-PnMBA.Comparing the horizontal shift factors in Figure 3.3c, we observe 

that the SS17-PnMBA follows a WLF behavior with C1 = 9.64 ± 2.90 and C2 = 189 ± 46.81°C 

equal to that of SS6-PnMBA (see above). In addition, aT for both systems superimpose perfectly 

at all the temperatures, implying a similar dynamics induced by the associating groups. Figure 3.3d 

shows the vertical shift factors of SS17-PnMBA compared to those of SS6-PnMBA. We observe 

for both systems an increase of bT with decreasing temperature.  
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3.3 Discussion of the LVE results 

3.3.1 Precursor 

The LVE master curve of the precursor system exhibits a plateau at the intermediate frequency 

range with G’= 2×105 Pa, akin to entanglement plateau of the PnMBA (See Fig.3.1). We have 

compared its value with the entanglement plateau values of Poly (methyl methacrylate) (PMMA) 

and the Poly (hexyl methacrylate) (PHMA) reported in [31] to be 3.1×105 Pa and 0.9×105 Pa , 

respectively. Our reported value is exactly the average value between those of the PMMA and the 

PHMA. The same averaging method was used to extract the entanglement molecular weight of the 

PMBA by Yang et al. [32] from the values of PMMA and PHMA reported in [28]. An 

entanglement molar mass of M e = 25Kg/mol for the PBMA was estimated. However, using the 

values from Fetters et al. [31] for a-PMMA and a-PHMA (‘a’ stands for Atactic) , we found a 

similar value, Me = 22.8 Kg/mol. Hence, the present stars consist of marginally entangled PMBA 

arms. In fact, the number average molecular weight for our PBMA arms is M n=26 Kg/mol which 

is not more than 1.14 entanglements per arm for both values discussed above. This is corroborated 

by the not too well developed plateau modulus. It decreases slightly in the intermediate frequency 

region. 

3.3.1.1 Modeling the precursor LVE master curve with the Branch-On-Branch model (BOB) 

We use the so-called branch-on-branch (BOB) model [33] (see blue lines in Fig.3.1b) to 

examine whether the precursor behaves quantitatively as low-functionality entangled star. The 

precursor was modeled with an arm molar mass, M n = 26 kg/mol, a molar mass of the BMA 

monomer, M 0 = 142.2 g/mol, a density ρ (at 100 °C) of 1.004 g/cm3. The two remaining model 

parameters are the relaxation of an entanglement τ e and the number of monomers between 

entanglements Ne. The model was fitted to the data using τ e = 2×10-3 s and Ne = 109. Note that 



87 
 

the value of Ne was varied until the fit plateau modulus matches that of the experimental data at 

the minimum of G’’. However, this value yields an entanglement molar mass of 15.5 kg/mol which 

is lower than the two values reported above and clearly differs from the value extracted using 

𝑀𝑒 =
4

5

𝜌𝑅𝑇

𝐺𝑁
0  , 𝐺𝑁

0 , being the value of G’ at the minimum of G’’. This discrepancy could be related 

to the fact that the arms of the precursor are only marginally entangled with no more than 1.14 

entanglements per arm [34]. In this regime, neither a Rouse nor a tube-based model (like BOB) in 

entirely appropriate. Nevertheless, the comparison of the data with the BOB model assuming a 

monodisperse stars is very good, thereby confirming that our system behaves like regular low-

functionality entangled star, even with a relatively high functionality, f = 40.  

 

3.3.2 Associating systems 

The sticky reptation model [1] predicts that the stress relaxation of an associating entangled 

polymer can be decomposed into on four regimes as shown in Fig.3.4. 

 

Figure 3.4: Moduli for reversible association networks comprising linear chains with stickers (solid line) and linear 

chains without stickers (dashed line). See text for explanation of times and moduli levels. 
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At time shorter than the Rouse time of an entanglement strand 𝜏𝑒, relaxation is the same 

for entangled systems regardless the additional stickers because the model is valid only if the 

associations strand is bigger than that of entanglements, except for a small shift that could originate 

from the slight change in Tg. At times 𝜏𝑒 < t < τ, there will be a first plateau (G1) similar to that 

observed in permanently crosslinked networks. This modulus has two contributions, associations 

and entanglements: 

 𝐺1 =  𝜌𝑅𝑇 (
1

𝛭𝜒
+

1

𝛭𝑒
 ) Eq.3.1 

 

Where M x is the molecular weight of an association strand and Me is the entanglement molecular 

weight. 

At the time where the stickers open, τ, the stress held by them relaxes, and the modulus drops to a 

level identical to that originated from entanglements only: 

 𝐺2 =  𝜌𝑅𝑇 (
1

𝛭𝑒
 ) Eq.3.2 

 

The second plateau persists until the terminal relaxation time of the reversible network, τd, which 

is longer than the terminal relaxation time of the entangled system without associations 𝜏𝑑
0. 

Qualitatively, the LVE master curves of our two associative systems (SS6 and SS17-PnMBA) 

comply with the above picture of the sticky reptation. In fact, we observe a first plateau higher 

than the entanglement plateau of the precursor system (𝐺𝑒
𝑃𝑟𝑒𝑐𝑢𝑠𝑜𝑟 = 2 × 105 𝑃𝑎) which will 

gradually drop toward a second plateau approaching a value of 105 Pa. Moreover, when comparing 

the first plateau moduli for the two associating systems after subtracting the entanglements plateau, 

we found 𝐺0
𝑆𝑆6 = 1.7 × 105 𝑃𝑎 and, 𝐺0

𝑆𝑆17 = 2.7 × 105 𝑃𝑎 , where based on the above 𝐺0 =
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𝐺1 −  𝐺2 = 𝜌𝑅𝑇 (
1

𝛭𝑥
 ). The stickers plateau for the SS17-PnMBA is 60% higher than that of the 

SS6-PnMBA which confirms the higher number of additional associating groups of the SS17-

PnMBA without reflecting the exact difference (17/6 = 2.8). In fact based on the above, we 

expected factor of 2.8 difference in the number of stickers will be found also for the moduli. We 

attribute the above discrepancy to the fact that some of the stickers may be not active, i.e., either 

by being linked to other stickers due to their finger-like configuration or bridging two arms from 

the same star, hence, forming loops which do not participate in the elasticity. In addition, as 

discussed in Chapter 2, the phantom model of rubber elasticity [35, 36] may be invoked in order 

to understand this difference. Indeed SS6-PnMBA may behave as phantom, probably due to the 

low number of associative groups compared to that of SS17-PnMBA which may behave as affine 

network. We also highlight that the stickers plateau for both systems is not well-developed, but 

decays gradually toward the entanglement plateau. This is attributed to the relaxation time 

distribution of the stickers due to their complex finger-like configuration, akin to the effect of 

polydispersity commonly observed in the rubbery plateau in entangled systems [37]. 

Nevertheless, the entanglement plateau is reached, yet without reaching the terminal 

regime, which means that the stress held by the stickers relaxed despite the high dissociation 

energy for the disulfide groups [38] and their ability to aggregate [23]. This differs from the case 

for the unentangled stars discussed in Chapter 2, where the relaxation of the stickers would 

coincide with the terminal regime. Because of the high Tg of the entangled stars (+50 °C), we 

managed to work up to a temperature of 170 °C which is 20 °C higher than the temperature reported 

for the disulfide groups to become fully dynamic (150 °C) [24, 25], hence, allowing the necessary 

associations exchange to allow the arms relaxation. This also visible in the deviation of the 

horizontal shift factors for the associating systems from those of the precursor at T > 100 °C, 
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suggesting the onset of the disulfide dynamics.  Additionally, the terminal flow region is expected 

to be reachable with creep experiments [39, 40] without further increase of the temperature (to 

avoid sample degradation).  

Furthermore, the finger-like configuration of the stickers which will favor their aggregation 

[23] and their strength [38] (see also Chapter 2) are thought to be responsible for the pronounced 

equilibration process observed for both systems (Fig.3.2a & Fig.3.3a). In fact, a similar long 

equilibration process (to that of the SS6-PnMBA) have been reported for associative branched 

systems [41] and it was attributed to the inter/intramolecular hydrogen bonding and π−π stacking 

exchange interactions. The situation appears to be more complex for the SS17-PnMBA because 

both annealing time and temperature affect equilibration (aging) time (Fig.3.3a). Indeed, the higher 

number of associating groups may result in a much stronger aggregations that require more time 

and energy (temperature) to stabilize. 

 

3.4 Nonlinear viscoelasticity of SS-PnBMA associating stars 

3.4.1 SS6-PnBMA system 

As discussed in the materials and methods section, in order to measure the nonlinear shear 

rheology we used the Cone-Portioning Plate (CPP) fixture mounted on the ARES strain controlled 

rheometer in order to minimize edge fracture problems. However, the CPP employs an overfilled 

samples with a modulus having a higher value compared to that in conventional parallel plate or 

cone-and-plate fixtures. This issue has been addressed and a modulus increase of up to 20 % has 

been reported to be the acceptable upper limit for a reliable data using the CPP [42]. 
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Figure 3.5: Dynamic frequency sweeps for the SS6-PnBMA measured at 140 °C using (a) 8 mm parallel plates (blue 

symbols) and (b) using the CPP for the nonlinear experiments. Data are shown for G’ (closed squares), G’’ (open 

squares) and tan (δ) (open circles). 

 

Figure 3.5 compares the linear data at 140 °C obtained using the CPP prior to the start-up 

nonlinear experiments with the linear data at the same temperature measured using parallel plates. 

The increase of the modulus due to the use of the CPP does not exceed 20%, it is 17% which 

indicates that the sample loading and equilibration is reliable. 
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3.4.1.1 Transient shear 
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Figure 3.6: Transient start-up shear viscosity η+ (a) as a function of time t and transient start-up shear stress σ+ (b) as 

a function of strain for the SS6-PnBMA applying the following shear rates: 0.01s-1 (black), 0.1s-1 (red), 0.5s-1 (green), 

0.8s-1 (blue), 1.25s-1 (cyan), 2s-1 (magenta) and 3s-1 (violet)  at temperature T =140 °C .The linear viscosity shifted at 

Tref =140 °C is shown as the orange thick line in (a) and is calculated (see text) from the linear master curve and the 

orange thick line in (b) has a slop of 2×105 Pa equal to value of the plateau modulus at this temperature. 

 

Figure 3.6a shows the transient start-up viscosity plotted as function of time t for different 

imposed shear rates. The LVE line is shown as well (orange thick line). This line is obtained by 

direct transformation of the dynamic master curves by applying the Cox-Merz rule 𝜂(�̇�) =

𝜂∗(𝜔)|𝜔=�̇� [43] in conjunction with the Gleissle relationship 𝜂+(𝑡) = 𝜂(�̇�)|�̇�=1/𝑡 [44].  As 

expected, the start-up viscosity data follows the LVE line for low strains. It should also follow 

fully the LVE line at low shear rates. The latter result was not confirmed because the terminal 

follow region was not reached (see linear data in Fig.3.3b) and is expected to occur at extremely 

low rates, below �̇� = 0.01 s-1, the lowest shear rate probed in this work. Nevertheless, this shows 

clearly that at the above mentioned shear rate �̇� =0.01s-1 the transient viscosity departs from the 

LVE line toward a plateau without any noticeable overshoot. At higher shear rates, the transient 

viscosity exhibits an overshoot before it reaches a plateau. Note that the values of the overshoot 

and plateau are decreasing with shear rate and the plateau shows a slight increase just before shear 
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cessation. Figure 3.6-b depicts the transient stress plotted as function of strain,𝛾 = �̇�𝑡, for different 

imposed shear rates. As expected, the stress increases with strain and the slope at low strain is 

equal to the linear plateau modulus (G’ = 2×105 Pa at 140 °C). The slope is shown by the orange 

thick line. Similarly to the transient viscosity behavior, figure 3.6-b shows that the transient stress 

also departs to a plateau without an overshoot at the lowest shear rate. At higher shear rates, the 

transition toward the stress plateau occurs after a sharp overshoot. It is worth noticing that the 

steady stress exhibits a noticeable oscillation. 
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3.4.1.2 Transient Analysis 

In order to analyze the start-up data presented in figure 3.6, several parameters were 

extracted. The results versus shear rate are presented in figure 3.7. 
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Figure 3.7: Μaximum stress σMAX (a), Steady state stress σSTEADY (b), Maximum viscosity normalized by the steady 

viscosity ηMAX/ ηSTEADY (c), strain at the maximum viscosity γMAX (d); and the strain the peak broadness γ Peak Broadness 

(e), as function of the shear rate 𝛾 ̇ for the SS6-PnBMA system. 



95 
 

Figure 3.7a depicts the maximum stress as function of shear rate highlighting its weak 

increase (slope of ~ 0.2). In Fig.3.7b, the steady stress shows even a weaker increase at �̇� <

0.5 𝑠−1 with a slope of ~ 0.1 and a clear plateau at the shear rates 0.5 s-1, 0.8 s-1 and 1.25s-1 

reminiscent of shear banding instabilities [45]. 

Figure 3.7c, depicts the ratio of the peak to steady-state viscosity as function of the shear 

rate. This ratio reflects the maximum deformation that the system has experienced at the particular 

shear rate. We can see that the above ratio has a value of about 1 the lowest shear rate (�̇� =

0.01 𝑠−1) where there is no viscosity overshoot and then increases at higher shear rates with a 

slope of 0.1 till a value of 2.  This is slightly below the slope reported for entangled polymer melts 

(about 0.25) [42]. Figure 3.7d shows the variation of the strain at the maximum viscosity as 

function of the shear rate. For linear monodisperse polymers, Doi and Edwards [46] predicted that 

γMAX, when arising solely from orientation of the chains (without stretch), should occur at a strain 

of γMAX = 2.3 and this has been confirmed experimentally [47]. However, in the present system 

γMAX ≈ 1. Figure 3.7e represents the strain of the peak broadness γ Peak Broadness determined as the 

strain of half height of the peak viscosity (ηMAX + ηSTEADY)/2 where its value increases with the 

shear rate from 0.9 to 2.3. Note that there is no γ Peak Broadness value for the lowest shear rate (�̇� =

0.01 𝑠−1) because there is no overshoot, hence, the peak is extremely broad.  

 

3.4.1.3 Stress relaxation after cessation of steady shear flow 

Figure 3.8a depicts the relaxation of stress after cessation of the steady shear flow σ− normalized 

to σ STEADY monitored as a function of time t for the imposed shear rates before cessation at T = 

140 °C.  After each relaxation step, the sample was brought to higher temperatures (T > 140 °C) 

in order to relax fully to its original state through what we will discuss later as a “healing process”. 
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The recovery to the original state was checked by performing a dynamic frequency sweep and 

comparing it to the one before the NLVE experiments. Subsequently, a next NLVE experiment 

was performed. 
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Figure 3.8: (a) Stress after cessation of the steady shear flow σ- divided by steady stress σSTEADY as function of time. 

The data after cessation of the shear rates: 0.01s-1 (black), 0.1s-1 (red), 0.5s-1 (green), 0.8s-1 (blue), 1.25s-1 (cyan), 2s-1 

(magenta) and 3s-1 (violet). The thick lines passing through the symbols are fits using three exponential decays (see 

text); (b) the three time decays: τ1 (squares), τ2 (circles) and τ3 (triangles) obtained from the fit of the data in (a) as 

function of shear rate. 

 

 

For all the shear rates, the stress never relaxes fully. This finding was also discussed in the 

linear section. We managed to fit all stress relaxation curves with a sum of three exponential decays 

as: 

 

 
𝜎−

𝜎𝑠𝑡𝑒𝑎𝑑𝑦 
= 𝐴1 exp (−

𝑡

𝜏1
) + 𝐴2 exp (−

𝑡

𝜏2
) + 𝐴3 exp (−

𝑡

𝜏3
) Eq.3.3 
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It is clear from the data that more relaxation modes are appearing with increasing shear rate and 

one could fit the data with more than three exponential decays. Figure 3.8b, shows the three 

exponential decays constants, τ1, τ2 and τ3 extracted from the fit in figure 3.8a using the above 

expression. They all decrease with shear with a slope of about - 0.7. 

 

3.4.2 SS17-PnBMA system 

Similarly to SS6-PnBMA, we performed an LVE check using the CPP fixture before 

proceeding with the start-up experiments. The result along with the data measured with the PP is 

presented in figure 3.9. 
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Figure 3.9: Dynamic frequency sweeps for the SS17-PnBMA system measured at 140 C using (a) 8 mm parallel plates 

(blue symbols) for the master curve construction and (b) using the CPP for the nonlinear experiments. G’ (closed 

squares), G’’ (open squares) and tan delta (open circles). 

 

As it is clear from the figure 3.9, the data obtained using CPP are higher than those obtained 

with the PP. This difference is much larger than that observed with SS6-PnMBA (almost factor of 

2) and could be attributed to an overfilling of the sample combined with some residual stress 

trapped in the system due to its complex equilibration as we showed in the LVE section (see 
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discussion concerning Fig.3.3a. Nevertheless, the tan (δ) for both cases is identical, expect for a 

small deviation at the lowest frequencies, which suggests that the dynamic of both systems is 

essentially the same. In the following section, the linear data obtained using the CPP will be 

considered.  

 

3.4.2.1 Transient shear 
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Figure 3.10: Transient start-up shear viscosity η+ (a) as a function of time t and transient start-up shear stress σ+ (b) 

as a function of strain for the SS17-PnBMA applying the following shear rates: 0.01s-1 (black), 0.1s-1 (red), 0.5s-1 

(green), 0.8s-1 (blue), 1.25s-1 (cyan), 2s-1 (magenta) and 3s-1 (violet)  at temperature T =140 °C .The linear viscosity 

shifted at Tref =140 °C is shown as the orange thick line in (a) and is calculated from the linear master curve and the 

orange thick line in (b) has a slop of 2×105 Pa equal to value of the plateau modulus at this temperature. 

 

Figure 3.10 shows the nonlinear transient start-up data for the SS17-PnBMA system. In 

Fig.3.10a, the transient start-up viscosity is plotted as function of time t for different imposed shear 

rates. The LVE line (obtained using the CPP) is shown as well (orange thick line). The same 

remarks hold as for SS6-PnBMA. The start-up viscosity data follows the LVE line for low strains 

and low shear rates and departs from the LVE line exhibiting an overshoot at high shear rates 

before it reaches a plateau. However the peak and steady state stress/viscosity exhibit more 
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complicated response compared to that of the SS6-PnBMA system. This is evident from Fig.3.10b 

where we plot the transient shear stress σ+ as function of strain γ = γ̇t. This is despite the fact that 

all the data follows the LVE line at low strains as shown by the orange line. The following section 

will focus on this behavior. 

 

3.4.2.2 Transient Analysis 

 

Figure 3.11 shows the maximum stress σMAX (a) and the steady state stress σSTEADY (b) extracted 

from the transient data in Fig.3.10 as function of the shear rate. 
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Figure 3.11: Μmaximum stress σMAX (a), Steady state stress σSTEADY (b) as function of the shear rate 𝛾 ̇ for the SS17-

PnBMA system. 

 

In Figure 3.11a, the maximum stress σMAX increases weakly with the shear rate until 𝛾 ̇ =

0.5𝑠−1 then it decreases exhibiting some oscillations at 𝛾 ̇ < 0.5 𝑠−1. Note that the slope of the 

initial increase is similar to that of SS6-PnBMA. Similarly, in Fig 3.11-b the steady state stress 

σSTEADY increases weakly akin to SS6-PnBMA (slope = 0.1) until 𝛾 ̇ = 0.5𝑠−1 before it decreases 
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until 𝛾 ̇ = 2 𝑠−1 and then further increases at  𝛾 ̇ = 3 𝑠−1. Note the big error bars obtained here 

when averaging the stress steady state value compared to that of the SS6-PnBMA system. 

3.4.2.3 Relaxation after cessation of steady shear flow 

Figure 3.12a depicts the relaxation of stress after cessation of the steady shear flow σ− 

normalized to σ STEADY monitored as a function of time t for the imposed shear rates before 

cessation at T = 140 °C.  After each relaxation step, the sample was treated similarly to SS6-

PnMBA with a “healing protocols” in order recover its original state before another NLVE 

experiment was performed. The same remarks as for SS6-PnMBA system hold here as well 

(see above).  
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Figure 3.12: Stress after shear cessation σ- divided by steady stress σSTEADY as function of shear rate. The same colors 

as figure 3.6 for the different shear rates. The thick lines passing through the symbols are fits using three exponential 

decays (see text). (b) The three time decays: τ1 (squares), τ2 (circles) and τ3 (triangles) obtained from the fit of the data 

in (a) as function of shear rate. SS17-PnMBA (open symbols) and SS6-PnMBA (filled symbols) 

 

Figure 3.12b compares the three exponential decays constant τ1, τ2 and τ3 extracted from the fit in 

Fig. 3.12a (see above the fitting details) for the SS17-PnBMA to those of SS6-PnBMA (reported 

from Fig 3.8b. We can see clearly the match of both set of data with the same decreasing slope of 

0.7 suggesting a common relaxation mechanism. 
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3.5 Healing process after each shear cessation 

After each relaxation test following shear flow cessation, we checked the state of the 

system by performing a dynamic frequency sweep directly after the end of the test and after a 

different healing process each time.  The healing processes followed consists of increasing the 

temperature from 140 °C (the test temperature) to 180 °C. As soon as the temperature reached 180 

°C, we decreased it again to 140 °C and measured the LVE spectrum. The above described process 

is called “1st healing” in this section. We call “2nd healing”, the process involving an increase of 

the temperature from 140 °C to 190 °C but this time we waited some time (typically 2-3 min) until 

the temperature stabilized. After that, we decreased the temperature to 140 °C and measured the 

LVE data. Note that the 2nd healing process was used when the 1st healing did not produce of 

healed system, recovering its initial state, where a deviation higher than 10% was not tolerated. 

We had sometimes to use what we call here a 3rd healing process when neither the 1st nor the 2nd 

healing process succeed. The 3rd healing consisted of increasing the temperature from 140 °C to 

200 °C, waiting for the temperature to stabilize and back again to 140 °C. This procedure was 

repeated 3 times in a row. After the 3rd time, we measured the DFS at 140 °C. Furthermore, note 

that a similar protocol based on start-up nonlinear steady shear followed by dynamic linear 

experiments at different temperatures was recently used to study the molecular process for self-

healing in supramolecular Polyisobutylene (PIB) telechelic stars [19]. 

 

3.5.1 The healing of SS6-PnBMA 

Figure 3.13 presents two examples of results from the healing process of SS6-PnBMA 

system after the start-up and relaxation tests at two shear rates, 0.01 s-1 and 0.8 s-1. We plot the G’, 

G’’ and tan (δ) as functions of frequency, measured before the start-up tests (in black), directly 
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after the relaxation after shear cessation (red), after the 1st healing process (green) and after the 2nd 

healing process (orange). We highlight the following observations: 

(i) Directly after the relaxation following shear flow cessation, the moduli are lower compared 

to the initial ones. However, tan (δ) perfectly superimposed. 

(ii) After only the 1st healing process for the start-up and relaxation at 0.01 s-1, the system 

recovered its initial state. The same behavior of the tan (δ) as above was observed with all 

the shear rates. 

(iii)For the start-up and relaxation at 0.8 s-1, we had to run the 2nd healing process in order to 

recover the initial state. Note that the 2nd healing process was used also for the data obtained 

at shear rates higher than 0.8 s-1, i.e., 1.25s-1, 2 s-1 and 3 s-1 (data not shown). 
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Figure 3.13:  DFS at 140 C directly after the start-ups (red); after the 1st healing process (green) and after the 2rd 

healing process (orange). The start-ups presented are at 0.01s-1 (a) and 1.5 s-1 (b); (c) Healing efficiency in % (see text 

for more details) after each healing process, same colors as for (a) and (b). 

 

Fig.3.13c shows the healing process efficiency for all the start-up and relaxation tests 

performed at the different shear rates probed. The healing efficiency is defined as 
𝐺𝑛

′

𝐺𝐼𝑛𝑖𝑡𝑖𝑎𝑙
′ × 100, 

where G’initial is the elastic modulus at ω =100 rad/s from the initial DFS and G’n is the elastic 

modulus at ω =100 rad/s from the DFS immediately after the start-up/relaxation or one of the 

healing processes described above. The drop of the elastic modulus directly after the start-up and 

relaxation tests (red columns) does not exceed 30 %. Note that this drop is non-monotonic with 

the shear rate. With the first three shear rates (0.01 s-1, 0.1 s-1 and 0.5 s-1), we recovered more than 

95 % of the initial state only after a 1st healing process. However, at higher shear rates (0.8 s-1 to 3 

s-1) the 2nd healing process was needed to recover higher than 95 % with 0.8 s-1, ~ 90% with 1.25 

s-1, lower than 90 % with 2 s-1 and not more than 60 % with 3 s-1. Indeed, after 3 s-1 the initial state 

is completely lost within the probed healing time. 

 

3.5.2 The healing of SS17-PnBMA 

Figure 3.14 shows two examples of the results of the healing process for the SS17-PnBMA 

system after start-up and relaxation test at two selective shear rates, i.e., 0.01 s-1 and 0.1 s-1, 

respectively. We plot the G’, G’’ and tan (δ) as functions of frequency for the SS6-PnBMA system 

measured before the start-up tests (in black), directly after the relaxation after shear cessation (red), 

after the 1st healing (green), after the 2nd healing (orange) and after the 3rd healing (blue). The same 

result was obtained directly after the relaxation following shear flow cessation where a drop in the 
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dynamic moduli was observed with the tan (δ) being perfectly superimposed compared to the 

initial state (Fig.3.14a). However, the 3rd healing process was needed to recover the initial state as 

shown in Fig.3.14b. Note that the 3rd healing process was used for all the data obtained at shear 

rates higher than 0.1 s-1. 
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Figure 3.14: DFS at 140 C directly after the start-ups (red); after the 1st healing process (green); after the 2nd healing 

process (orange) and after the 3rd healing process (blue). The start-ups presented are at 0.01s-1 (a) and 1.5 s-1 (b); (c) 

Healing efficiency in % (see text for more details) after each healing process, same colors as for (a) and (b). 

 

Fig.3.14c shows the healing process efficiency, as defined above, for all the start-up and 

relaxation tests performed at the different shear rates probed for SS17-PnMBA. As for SS6-

PnMBA, we observed a non-monotonic drop of the elastic modulus directly after the start-up and 

relaxation tests with the shear rate (only the data for 0.01 s-1 and 0.1 s-1 are shown). With the first 
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shear rate (0.01 s-1), we recovered 99 % of the initial state only after a 1st healing process. 

Immediately at 0.1 s-1 the 3rd healing process was used to recover 97 % from the initial state. For 

higher shear rate: 0.5 s-1, 0.8 s-1, 1.25 s-1, 2 s-1 and 3 s-1, the 3rd healing process was used and the 

recovered initial state amounts only to 76%, 72%, 58%, 52% and 54%, respectively. Note here 

that the initial state was completely lost at lower shear rate compared to SS6-PnMBA. 

 

3.6 Discussion 

3.6.1 The stress response in the steady state 

As described above, the key observation from Fig.3.6a & Fig.3.10a is the progressive 

deviation of the transient viscosity data from the LVE envelope as the shear rate increases 

characterized by a steady-state viscosity value below the LVE one. As the shear rate increases the 

transient viscosity exhibits an overshoot and reaches a maximum before eventually dropping to its 

steady-state value. These findings discussed here are qualitatively similar to that found for linear, 

stars, comb polymer melts and solutions [47-51] however the oscillation of the stress in the steady 

state (Fig.3.6b) represents a new unambiguous findings characteristics of our system. To 

understand the origin of the oscillations, we first discuss the origin of the stress overshoot, i.e., the 

drop of the stress after reaching a maximum value. For entangled polymers, the primary raison for 

the drop of the stress in the disentanglement of the chains. However in our case the stars are only 

weakly entangled (~ 1 entanglement), hence, the noticeable drop observed in Fig.3.6b is thought 

not to originate primary from entanglements. Instead, the drop of the stress seems to indicate the 

disulfide bonds breaking coupled with arm disengagement. This is supported by the high 

temperature of the test (T = 140 °C) which is close to the onset temperature of the disulfide 

activation (150 °C) [24, 25] and facilitates their breakage. Thereby, the free thiyl radicals will start 
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immediately to recombine with the same or different partner. The recombination will be in inter-

star or intra-star configuration which results in star-clusters of different size, which could be prone 

to shear banding instabilities [45].  

Note that in the steady state regime, the applied shear induces cluster break-up and 

reorganization. We propose that the above mechanisms as responsible for the stress oscillation in 

the steady state. In fact, clusters with different size will store different amount of stress under the 

action of the same amount shear and their break-up or reorganization will make this local stress 

drops before it increases again due to the formation of new clusters.  Similar oscillations in steady 

state stress during a start-up experiments have been observed in a recent work [19] aiming at 

elucidating the self-healing molecular origin for a telechelic supramolecular star polymer in melt 

where the stars exhibit clustering under the action of the associating groups. However, the authors 

didn’t comment on the above mentioned stress oscillation. To qualitatively support the above 

proposed structural rearrangement picture we present in Figure 3.15 the simulation results for the 

response of a crosslinked network of deformable gels containing a small fraction of labile bonds 

to a tensile stress [52]. The systems modeled are nanoscopic gels (Nano-gels) that contains only 

permanent bonds (C-C) or permanent bonds with 20% of labile bonds (S-S) that could break and 

reform. 
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Figure 3.15: (Top) Stress-strain curve calculated for the permanent system without labile bonds (blue symbols) and 

for the system with 20 % labile bonds (red symbols). The stress σ* at which a permanently cross-linked sample 

fractures and the stress σcr2 at which the sample with initially 20% of labile bonds fractures are marked by horizontal 

arrows. Inset shows jumps in the stress-strain curve in an enlarged scale. (Bottom) Panels showing the evolution of a 

portion of the sample with the increasing strain ε. The moments of time at which the panels are plotted are labeled in 

the upper plot by vertical arrows. Panels 1 and 2 show the respective images of the sample just before and after the 

formation of holes between the gel particles because of the bond rupture and panel 3 shows that sample after the holes 

have collapsed at a later time. A cluster positioned near these structural rearrangements is marked by a vertical arrow. 

 

Figure 3.15 shows the stress- strain curves calculated for the system with only permanent 

bonds (blue) and for the system containing 20 % of labile bonds. The result shows a first peak at 

ε = 0.08 which is analogous to our transient overshoot. Panels 1-3 in Figure 3.15 illustrates the 

mechanism of structural rearrangement of the sample for ε > 0.08. As is apparent from panels 1 

and 2, the elongation of the sample is accompanied by the rupture of bonds and the formation of 

holes in the bulk of the sample. In the case of the system containing labile bonds, the holes collapse 

at later times due to the formation of new labile bonds between the clusters, as is evident from 
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panel 3.The bonds rupture and the clusters rearrangement is designed to be responsible for 

oscillations seen in the stress-strain curves. Note, however, that even the system without labile 

bonds shows also a small stress oscillation which could be because in the simulation the broken 

permanent bonds are allowed to recombine at a significantly slower rate than the reactive, labile 

bonds. Nevertheless, we observe a significant increase of the stress before the macroscopic failure 

for the system with labile bonds, compared to the permanent system, which is even higher than the 

stress of the initial peak. This resembles to the result obtained with SS17-PnMBA where the 

unusual increase (decrease) of the stress was observed (Fig.3.10b, eg. data at �̇� = 3 𝑠−1).We 

believe that the sheared SS17-PnMBA star, became stronger due to the creation of more elastically 

active inter-star disulfides bonds (bigger stars clusters) compared to the original system. However, 

SS6-PnMBA does not show such increase of the stress. In fact, the disulfides in the SS6-PnMBA 

system may bind intra-molecularly (arm) or form loops which don’t contribute to the elasticity, 

hence, they are not able to bridge clusters. Moreover, the simulation assumes that all labile bonds 

available will participate in the recombination process to preserve the network integrity and does 

not permit any bond lost, i.e., all the bonds are active.  

 

3.6.2 Parameters characterizing the transient response 

Fig.3.7a shows a very weak increase of the maximum stress σMax with shear rate (slope of 0.2), 

which actually implies that the system relaxes by virtually the same number of broken bonds. As 

mentioned above, breaking the disulfide bonds is the main process responsible for the drop of 

stress after the maximum. Fig.3.7b, depicts a similar behavior for the stress at steady state σSteady 

(a slope of 0.1), which we attribute to clusters of different sizes, formed by recombination of the 



109 
 

disulfide groups. As discussed above, this stress plateau is reminiscent of shear banding 

instabilities observed in associative systems [45]. 

Moreover, this behavior of σMax and σSteady holds for SS17-PnMBA as well, for the lowest 

shear rates (�̇� < 0.5𝑠−1 ) (Fig.11a & Fig.11b). At �̇� > 0.5𝑠−1, the situation is more complicated 

because of the structural rearrangement discussed above which results in a change of the original 

state of the system due to the large number of stickers.  

The ratio of peak to steady viscosity in Fig.7c increases as function of the shear rate with 

a slope of 0.1, comparable to that reported for entangled stars [51]. Fig.3.7d reveals that the γmax 

is about 1. We note that colloidal gels can exhibit yield strains due to bond breaking of about 1, 

but this value depends on particle volume fraction and increases with shear rate [53]. As discussed 

above, our system exhibits cluster rearrangements once the disulfides are broken, akin to the bond 

breaking of colloidal gels. The same peak broadness values as those of Fig.7e was reported for a 

highly entangled star [51]. Given that our stars are only marginally entangled (see above), we 

attribute this similarity to the reversibility of events, entanglement/disentanglement and bond 

breaking/recombination. 

 

3.6.3 Discussion of relaxation after shear cessation 

We attribute the different relaxation modes observed for the relaxation after flow cessation 

presented in Fig.3.8a & Fig.3.12a to the relaxation of the clusters formed in steady state regime 

(see above). In fact, clusters with different sizes will relax with different times or with modes 

having broad time distributions. 

Surprisingly, the slope of 0.7 found for the variation of the three modes with shear rate is 

comparable to that found for the fast relaxation time observed for different polymer architectures 
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in melt and solutions [47] and we obtained it for the fat relaxation time of our WLM (see chapter 

5), suggesting some kind of universality. 

 

3.6.4 Assessment of the healing efficiency 

In Sec.3.6.1, we linked the transient response to clusters formation and rearrangement, 

attributed to the dynamic character of the disulfide bonds at high temperature [24, 25]. This gives 

them the ability to immediately reform after breaking under the action shear. This mechanism 

appears to be responsible also for the drop of the modulus immediately after each start-up and 

relaxation, observed for both systems (Sec. 3.5). Indeed, the reformation of the associating groups 

in intra-star configuration or formation of individual clusters not connected to the network makes 

them elastically inactive, resulting in the modulus drop. After each healing step, the disulfide 

groups appear to forming stronger intra-star association loops or finger-finger links, hence, the 

initial state is gradually lost. Note that this mechanism is actually the first step to form individual 

clusters of different sizes (Sec.3.6.1). The initial state of SS17-PnMBA is recovered after the 3rd 

healing process at the two lower shear rates (0.01 s-1 and 0.1s-1) suggesting a more complicated 

healing process. In fact, the high number of associations in a finger-like configuration will enhance 

the intra-star clustering compared to SS6-PnMBA. Intra-star promoting configurations in SS17-

PnMBA does not affect its ability to exhibit an increase of the stress in the steady state (Fig.10b) 

apparently due to the presence of free association (SS) groups, disassociated by shear, that will 

yield to more efficient cluster formation and rearrangement compared to SS6-PnMBA (Fig.3.6b). 

In other words, under shear, there will be always enough new free stickers (SS) that will open-up 

(break) and induce a stress increase for SS17-PnMBA compared to SS6-PnMBA. However, during 

the relaxation and healing process, the inverse situation will be promoted, i.e., more intra-stars 
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formation for the SS17-PnMBA compared to SS6-PnMBA. In fact, the recombined stickers will 

not be open again in the absence of shear in these two cases. In fact, the larger the number of 

stickers, the higher is the probability that they close in intra-star or intra-finger configuration. 

 

3.7 Uniaxial extensional rheology: Results and discussion 

We assessed the self-healing efficiency of the SS6-PnBMA system by means of uniaxial 

extensional rheology using a strain-controlled ARES rheometer equipped with the Sentmanat 

Extensional Rheometer (SER) setup. 
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Figure 3.16: Extensional stress versus Hencky strain at a Hencky strain rate 휀̇ = 0.01 s-1 and temperature T = 50 °C: 

original sample (black), sample healed for 3 hours at 80 °C + 30 min at 100 °C + 30 min at 140 °C (green); sample 

healed for 30 min at 140 °C (red); sample healed for 15 min at 140 °C + 15 min at 180 °C (blue). The slop of the 

orange line is 3.6×106. 
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In figure 3.16, we plot the stress growth coefficient versus Hencky strain (ε) for SS6-

PnMBA obtained at 50 °C at a Hencky strain rate of 휀̇  = 0.01 s-1. The evolution of true stress 

versus Hencky strain (ε) is monitored until the sample ruptures, which results in an abrupt drop of 

the stress to zero. The figure depicts data with the original sample (black) prepared using the 

protocol described in the materials and methods part, i.e., 140 °C in a vacuum mold for 30 min, 1 

ton pressure for 1 min and cooling down to room temperature.    A sample was prepared similarly 

to the initial one was cut using a scalpel in two pieces at room temperature. The two pieces were 

brought into contact in a closed mold and the temperature was increased without any pressure until 

the cut trace disappeared completely. It was treated at different temperatures and times, i.e., 3 

hours at 80 °C, 30min at 100 °C and 30 min at 140 °C (green). Alternatively, the initial sample 

was cut into two pieces, then healed using the closed mold at 140 °C for 30 min (red). Finally, the 

two pieces of the broken initial sample were put together in the mold at 140 °C for 15 min and at 

180 °C for another 15 min (blue).  

The data presented in figure 16 highlight the following findings: 

(i) Regardless of thermal treatment with the different samples, all extensional data 

superimpose at low strains, i.e., in the linear regime. This is supported by the fact that the initial 

slope of the stress-strain curves is exactly 3 times the value of the elastic modulus extracted from 

the linear data at 50 °C. 

(ii) All data exhibit strong hardening at high strains, while the maximum stress growth 

coefficient at break is higher for healed samples compared to the initial. This suggests that the 

system is stronger after each healing process. 
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(iii) If we compare the blue and red data we see that the initial temperature is the same, i.e., 

140 °C. But while the red data correspond to sample treated with 140 °C for 30 min, the blue data 

concern a sample subject to 140 °C for 15 min and 180 °C for another 15 min. Hence, the treatment 

(healing) protocol is important. 

A close look at the different healed samples indicates a dependence of the maximum stress-

strain at failure on the healing temperature and time. We speculate that cutting the system 

mechanically into two pieces at room temperature results in breaking primary intra-association 

which are elastically inactive. Upon underdoing healing, the free stickers will re-bond in an inter-

star configurations which make the system elastically active, hence, enhancing its resistance to 

failure. Moreover, the higher the initial temperature and the longer the time used for healing, the 

higher the stress-strain at failure. In fact, at higher temperature the mobility of the stickers is 

increased allowing them to recombine with another partner from a different star whereas at low 

temperature the mobility is less important and the stickers will primary recombine with their 

closest neighbors which will either belong to the same fingers group or to an arm of the same star 

[54-56]. This is evident by comparing the green and red data in Fig.3.16 where a temperature (80 

°C) for 3 hours was used for the green curve compared to 140 °C and only 30 min for the red 

curve. This results in more inter-star associations for the red curve and more intra-star associations 

for the green curve despite the additional healing segments of the latter ,i.e., 30 min at 100 °C for 

30 min at 140 °C (because all stickers were already consumed in the intra-star configuration). The 

picture holds also for the blue curve where annealing by 15 min at 140 °C and another 15 min at 

180 °C favors more inter-star association than the red curve treated with 140 °C for 30 min. 

Furthermore, we tested also SS17-PnMBA in uniaxial extension but we didn’t manage to break it. 

In fact, the system was so strong than the drums that slipped and rotated in the inverse direction of 
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the motor rotation. The large number of stickers in this system favor inter-star associations which 

make it very strong in agreement to the above proposed explanation. Note finally that similar 

enhancement of the mechanical proprieties was achieved in nanoscale single crystal metals 

through low-amplitude cyclic deformation [57]. The mechanism at the origin of the enhancement 

of the crystal strength was reduction of dislocation (imperfection) density by gentle cyclic 

deformation. In fact, the authors termed it as “mechanical healing”. In our case, we regard 

elastically inactive intra-star loops as network imperfections that we break mechanically, allowing 

their healing later, and forming inter-star configurations. 

 

3.8 Conclusions 

In this chapter we investigate the linear and nonlinear rheology for two strongly associating 

telechelic stars with marginally entangled arms systems. The LVE data of the precursor is well 

fitted by the branch-on-branch (BOB) model, whereas the data of both associative system seems 

to qualitatively agree with the sticky-reptation model, due to the dynamic nature of the disulfide 

associating groups at high temperatures. The nonlinear shear data exhibit an uncommon oscillation 

and eventual increase of stress at steady state which, with the help of simulations was rationalized 

as structural rearrangements triggered by the labile nature of the associating groups, akin to shear 

banding instabilities observed with WLMs systems. The extensional rheology of SS6-PnMBA 

shows an enhancement of the stress growth coefficient after healing. This finding confirms the 

self-healing ability of these systems. 
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Abstract 

We investigate the rheology of a supramolecular gelator formed by association of a bisurea 

monomer (EHUT) via hydrogen bonds, in a non-polar organic solvent. Past experimental studies 

reported contradictory results concerning the concentration dependence and the magnitude of the 

terminal relaxation time. The discrepancies among data were attributed to the presence of water 

and its chain stopper effects on the EHUT supramolecular assembly. We present new 

measurements under conditions of controlled humidity, achieved by means of a simple set-up 

developed for this purpose. We demonstrate that humidity (both during sample storage and 

measurement) substantially affects the linear viscoelastic response. The magnitude of the terminal 

relaxation time is significantly reduced and its concentration dependence follows τt~c0.77 ± 0.06,    

which differs from the theoretical prediction (1.25). We attribute this difference to the 

polydispersity in the supramolecular chain length and propose that constraint release effects of 

smaller chains should be considered as they may weaken the concentration dependence of the 

terminal relaxation.  The plateau modulus G0 is affected by humidity to a lesser degree and its 

concentration dependence is in accordance with predictions, G0~c 2 ± 0.21.  The nonlinear properties 

are also affected, again experiencing weakening in the presence of humidity. 
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4.1 Introduction 

 

Adding small amounts of organogelator to an organic, non-polar liquid is known to result 

in a sharp increase of its zero-shear viscosity and eventually to its gelation [1]. Such a variation in 

macroscopic properties is particularly important not only scientifically but also technologically, as 

it finds applications in a wide range of products and processes such as coatings, cosmetics and oil 

recovery.  The main prerequisite is the synthesis of appropriate low molecular weight compounds 

[1, 2]. A large variety of chemical structures has been reported in the literature, bearing 

organogelator features.  Focusing on such molecules that self-assemble into fibrillar aggregates, 

the gelation may be understood by invoking the entanglement of fibrils leading and the formation 

of a network [3-6].   The self-assembly of organogelators is driven by their propensity to form 

intermolecular H-bonds and/or to develop other specific interactions such as dipolar associations. 

When each small molecule is linked to its neighbors by such noncovalent reversible bonds, the 

resulting chains may be viewed as “living polymers”, akin to wormlike surfactant micelles (WLM) 

[7, 8] hence they can undergo scission and recombination mechanisms which affect the overall 

dynamics of the system [7, 9].  

A much investigated system that serves as an archetype, is the reversible supramolecular 

polymer based on a bis-urea moiety (EHUT). Its synthesis, thermodynamic and some rheological 

properties have been already reported in the literature [5, 10-22]. EHUT forms long cylindrical 

filaments in non-polar solvents [20], giving rise to strong viscoelastic response.  In fact, these 

aggregates are reported to be equilibrium structures [5], contrary to those formed by most 

organogelators, which are metastable, i.e, they keep building up the structure with time [23-25].   
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Figure 4.1 represents a phase diagram of EHUT solutions in toluene where the transition 

between monomers and supramolecular filaments was determined by isothermal titration 

calorimetry (ITC) and the transition between filaments and tubes was determined by ITC, 

viscometry, FTIR and DSC. In this work, we chose to work in the “tube” region from the phase 

diagram at a temperature of 25⁰C, over a concentration range from 2 g/L to 12 g/L, where the tubes 

are long enough to entangle, and exhibiting rich viscoelastic response. 

 

 

 

Figure 4.1: Phase diagram for EHUT solutions in toluene showing the transition between monomers and 

supramolecular filaments. The structure of the EHUT monomer is presented, along with a schematic illustration of 

the various aggregates formed (out of scale), i.e., filaments and tubes [11]. Hydrogen bonds are represented by dotted 

lines connecting the urea functions (black circles). 

      

The above diagram has formed the basis for extensive rheological investigations of EHUT 

supramolecular assemblies in different apolar solvents and regimes over the last decade [5, 10, 12, 

14, 17-22].  The linear viscoelastic properties of the EHUT supramolecular solution were discussed 

in the framework of the classic theory of Cates for living polymers [7, 8, 26].  The key element of 

this theory is the fact that worms are characterized by two relaxation times, the local breaking time 
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(τb) due to the exchange of associating units (lifetime of bonds) and the longer terminal relaxation 

time (τt) of the whole WLM. The former is associated with the plateau modulus of the physical 

network, whereas the latter with the terminal crossover of the storage and loss moduli, following 

a single Maxwell behavior at low frequencies.  In this work we define the fast time as the inverse 

of the frequency at the minimum of G” [27, 28], which is assigned to the maximum value of the 

breaking (and reformation) time (τb) of the supramolecular structure.  On the other hand, the slow 

terminal relaxation time (τt) is taken as the inverse of the low-frequency crossover (τt=1/ωc). These 

times are linked via τt = (τrep τb)
 ½, where τrep is the reptation time of the living assembly (this 

expression holds in the limit τb << τrep).  They scale with the average micellar length L as τb ~ L-1 

and, based on the classic scaling of the reptation time with concentration in good solvent conditions 

is used [29, 30]: 

 

 𝜏𝑟𝑒𝑝~ 𝐿3 𝑐3/2    Eq.4.1 

 

By further assuming that L ~ c½ [7], which is a direct consequence of the Flory-Huggins mean 

field theory,  one can rewrite the concentration scaling of the terminal relaxation time as: 

 

 𝜏𝑡~ 𝑐1.25    Eq.4.2 

In addition to that and by analogy with semidilute polymer solutions in good solvent, Cates [8] 

proposed the scaling of the plateau modulus with concentration in WLMs:   

 

 𝐺~ 𝑐2.25    Eq.4.3 
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Concerning the dependence of the terminal relaxation time on L, this relies on the 

estimation of the former. Larson [31] reviewed different approaches to calculate the average chain 

length from experimental linear viscoelastic data. He suggested that the most accurate way to 

estimate the average length of the micelles is based on their reptation time. However the relation 

of the average micellar length to the reptation time was based on data with one WLM system with 

constant length at a single concentration.  Nevertheless, by using the scaling in Eq.4.1 and by 

further considering the scaling of the breaking time τb ~ L-1, the terminal relaxation time [7] is 

found to scale as τt ~ L1.   

Based on a compilation of various datasets with living polymers [32], the scaling exponent 

of the plateau modulus with concentration was found to follow a scaling with an exponent that 

varied from 1.8 to 2.4, in reasonable agreement with the theoretical prediction in Eq.4.3. However, 

the scaling of the terminal relaxation time in Eq.4.2 has not yet been confirmed experimentally. 

Indeed, results from different WLMs indicate scaling exponents ranging from negative to positive 

values, e.g., -1.4 [33] to 1.02 [34]. This large variability of response brought into question the 

scaling of the average micellar length with concentration.  It was suggested that different WLMs 

may exhibit different scaling [32]. 

For the EHUT supramolecular system investigated in this work, besides the above 

mentioned issue, discrepancies in both the magnitude and the concentration scaling of τt have been 

reported. Furthermore, a scaling exponent of 1.5 can be extracted from the data of van der Gucht 

et al. in cyclohexane in [17]. Ducouret et al. in [5] used dodecane and reported a value of 0.77. 

However, this value is only indicative due to the surprisingly strong scattering of the extracted τt 

data at different concentrations. On the other hand, Shikata et al. in [12] reported a dual scaling for 
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τt with concentration in dodecane:  in the same concentration range probed by Ducouret et al. in 

[5] τt was independent of concentration, whereas at higher concentrations τt ~ c1. 

Given that EHUT is highly hygroscopic and can form hydrogen bonds, we suspect that 

humidity is primarily responsible for the observed discrepancies, since this parameter was not   

controlled in earlier investigations. Here, we present a systematic investigation of the linear and 

some nonlinear viscoelastic properties of EHUT in dodecane over a wide range of concentrations, 

under humid and dry conditions, in an attempt to resolve the above mentioned controversies and 

explore the potential effects of humidity on terminal relaxation and plateau modulus. In order to 

achieve this goal, we have built a small drying chamber and adapted it to the rheometer. This has 

allowed conducting experiments at conditions of well-controlled humidity (typically the relative 

humidity was kept below 5% for 16 hours).  We compare our humidity-free experimental results 

to the theoretical predictions in Eq. (2) and Eq. (3) and show that even a small degree of humidity 

affects substantially the magnitude of the terminal relaxation time, whereas the modulus is 

noticeably affected only when the degree of humidity is high.  We attribute the differences in the 

concentration scaling of the terminal relaxation time to polydispersity effects. The manuscript is 

organized as follows: after the introduction, we present in section II the experimental aspects of 

the work (sample preparation protocols, humidity control and rheological measurements). Then, 

in section III we present and discuss the experimental results in humid and dry conditions and 

focus on the concentration dependence of the terminal time and plateau modulus. Finally, the main 

conclusions are summarized in section IV. 

 



128 
 

4.2 Experimental 

4.2.1 Sample preparation 

The EHUT powder was synthetized according to [6].  We used two distinct preparation protocols: 

Protocol-1 consisted of using the EHUT powder after storage at room temperate in a vial, without 

any drying.  Protocol-2 involved drying the EHUT powder before use, under vacuum and 

temperature of 50⁰C for about 18 hours, in order to remove any trace of humidity absorbed during 

storage. Subsequently, the desired amount of EHUT powder was immediately added to the desired 

volume of dodecane and left under stirring at 80 °C for 48 hours. The final solution was completely 

transparent and thermodynamically stable at room temperature (in fact, there was no sign of 

precipitation or phase separation in the final solutions for more than a year at 25°C). Note that at 

this temperature we are well within the regime of tubes in the concentration range explored (see 

Figure 1). Solutions were measured immediately after the end of the preparation protocol.  

 

4.2.2 Rheology and humidity-control 

Dynamic viscoelastic measurements were performed with a sensitive strain-controlled ARES-

rheometer (100FRTN1 from TA Instruments, USA) equipped with a stainless steel cone-and-plate 

geometry of 25 mm radius and 0.04 rad cone angle. The linear viscoelastic spectra were obtained 

by applying a small-amplitude sinusoidal strain with varying angular frequency sweep, ω, from 

100 to 0.01 rad/s, and detecting the storage and loss moduli, G′ and G′′, respectively.  The linear 

viscoelastic regime was established by means of dynamic strain sweep tests at different frequencies 

(typically varying the strain amplitude from 0.1 to 100 %), whereas the time stability of the samples 

before the frequency sweep tests was ensured via linear dynamic time sweeps at 1 rad/s. The 

nonlinear rheological response was investigated by means of start-up experiments in steady shear 
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(at different rates) until steady state was reached.  All experiments were performed at 25 °C, 

achieved by means of a Peltier temperature control system.  In order to measure under dry 

conditions, we mounted a homemade drying chamber on the rheometer (see Figure 4.2). It consists 

of an outer aluminum chamber adapted on the bottom plate and an aluminum cover fixed on the 

top rheometric fixture.  These two elements were connected by means of a solvent (dodecane) bath 

which allowed roation of the bottom plate (Peltier element) and sealing of the measurement region. 

The inner atmosphere of the measured sample is kept dry by means of a drying agent (P2O5). The 

relative humidity level was monitored by means of a highly sensitive (accuracy ±1%) humidity 

probe (Testo 645/445 from Testo, Germany). On the other hand, measurements under humid 

conditions were carried out in the open air without any further precautions. Measurements under 

both humid (open air) and dry (using the drying chamber) conditions were conducted with samples 

prepared according to protocols 1 and 2. 

The quality of the results obtained with the drying chamber was ensured by taking all necessary 

precautions: no friction between elements 1 and 4 (they did not touch each other), keeping the 

viscosity of element 2 (dodecane) well below that of the lowest concentration investigated, and 

checking that element 4 (outer chamber) was firmly attached to the Peltier (dark grey part in Figure 

2) so as they rotated as one bulk unit. 
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Figure 4.2: Schematic illustration of the drying chamber: (1) aluminum cover fixed at the upper cone ; (2) dodecane 

bath in order to completely seal the inner measurement region ; (3) Tissue soaked with dodecane to saturate the 

atmosphere; (4) outer alumnium chamber adapted on the bottom Peltier plate ; (5) inner chamber for the drying agent 

; (6) drying agent P2O5 ; (7) measured sample; (8) humidity probe. 

 

4.2.3 Karl-Fisher titration experiments  

In order to quantify the amount of water present in the final solutions, we used the well-known 

reference method called “Karl Fischer titration” [35]. A C20 coulometric KF Titrator (Mettler 

Toledo) was used with a Hydranal Coulomat E (Fluka) reagent for Karl Fischer titration. 

 

4.3 Results and discussion 

4.3.1 Viscoelastic properties under humid conditions, Protocol-1  

Figure 4.3a shows the results of dynamic frequency sweeps for 5 g/L EHUT solution prepared 

according to Protocol-1 and measured immediately after preparation (triangles) and 5 hours later 

(squares), in open air.  We clearly observe a big difference between the two results. Indeed, after 
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only 5 hours the terminal relaxation is shifted to higher frequencies, whereas the plateau modulus 

decreases slightly.  

Figure 4.3b depicts the evolution of the crossover frequency (ωc) and the effective plateau modulus 

(G0)  [36], as functions of time during 5 hours of consecutive measurements.   The increase of the 

crossover frequency by more than 50% and the concomitant decrease of the plateau modulus by 

about 20% corroborate the weakening in the viscoelastic behavior of the system. We note that the 

time dependence of the crossover frequency is non-monotonic. It exhibits a maximum at about 

105s. This is considered as an apparent behavior and may relate in part to the fact that the ambient 

laboratory temperature can fluctuate a lot over the duration of the experiment, affecting the 

temperature inside the humidity control cell, hence the relative humidity. At any rate, this does not 

affect the message of the work. 

 

 

Figure 4.3: (a) Frequency dependence of the elastic (G’, filled symbols) and loss (G’’, open symbols) moduli for 

EHUT in dodecane at C = 5 g/L: Data are shown for the 1st test in open air (triangles) and a test after 5 hours of 

repeated measurements (squares). No drying precautions was made in the preparation protocol neither during the 

measurement. Each measurement lasts about 20 min.   (b) The evolution of G’-G’’ crossover frequency, ωc, (stars) 

and the plateau modulus G0 (diamonds), during 5 hours of measurements. 
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4.3.2 Assessment of the humidity control set-up 

As mentioned above, in order to study the EHUT solution in dry atmosphere, the humidity was 

controlled by means of the drying chamber of Figure 4.2. In this way, we managed to reduce the 

humidity of the sample environment substantially, as shown in Figure 4.4, where we present the 

resulting humidity levels as function of time under different experimental conditions, i.e., by 

sealing the system using the aluminum cover (Element 1 in Figure 4.2) and by removing this cover, 

hence exposing the sample to ambient conditions. The latter test was made in order to ensure that 

even if the drying chamber were not completely isolated, we still have a fairly dry atmosphere 

around the measured sample (see Figure 4.4).  

 

Figure 4.4: Evolution of relative humidity at 25⁰C in different conditions: The arrow shows the ambient humidity 

outside the chamber.  Region (1): Relative humidity measured by introducing the probe inside the drying chamber 

without closing the top with the aluminum cover (element 1 in Figure 4.2). Region (2): Stabilization of the humidity 

level at 5% inside the drying chamber without closing the top. Region (3):  Relative humidity inside the sealed 

measurement area (by closing the top), reaching an average value of about 1.5%. Region (4): Subsequent monitoring 

of the relative humidity inside the chamber after removing the top cover; its value jumped to 5% and kept increasing 

till about 12.5% at the end of the measurement. 
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As can be seen in Figure 4.4, we can reach a very low humidity level, less than 5% (region 3) when 

the drying chamber is closed, for approximately 16 hours, while the ambient relative humidity is 

about 40%. Region 3 represents the dry experimental conditions referred to in this work.  To further 

appreciate the efficiency of our drying chamber, we measured the humidity level before the top 

cover was inserted (region 2 in Figure 4.4), which was stabilized to 5%.  Further, following the 16 

hours of dry conditions, we removed the aluminum cover and recorded the evolution of the relative 

humidity for more than 3 days. After a first jump to 5%, the humidity level increasing gradually 

to 12.5% at the end of the measurement. This increase above 5% is due to the exposure of the 

sample environment to ambient humidity and the partial reaction of the drying agent with water 

vapor. However, this is a very slow process, which confirms the good control achieved in the 

present setup during measurements and handing.  

For the present supramolecular system, humidity could in principle affect the EHUT (in 

powder before preparation and in solution) and the solvent.  However, water has a very low 

solubility in dodecane [37, 38], hence the effect is almost exclusively associated with EHUT.  The 

sample treatment protocol which involves drying the EHUT powder for about 18 hours using 

phosphorus pentoxide (P2O5), helps to removing any humidity left in the solution and keeps the 

environment of the sample at a very low humidity level (< 5%) (Figure 4.4).  We note that several 

works addressed the humidity effects in different systems and presented alternative setups for 

controlling it [39-44]. Here, by using the particular drying agent instead of only saturating the 

sample environment with a mixture of dry gas/wet gas, which is commonly used, especially in 

melts, we achieve long-time control for the solutions. We absorb the humidity from the sample 

continuously and keep it at very low levels. Given the large excess of P2O5 (6g) in our set-up, and 
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the long drying times, we can estimate the water content in air to be less than the 3.6 μg/L measured 

under flow conditions. [45] 

4.3.3 Linear viscoelastic properties under dry conditions. Protocol-2 

 We performed a sequence of dynamic frequency sweeps at three different experimental conditions 

for five concentrations prepared according to the Protocol-2 (see Sec. II.1). The different 

concentrations probed are: 2 g/L, 2.75 g/L, 4.88 g/L, 8.41 g/L and 12 g/L. The time evolution of 

the G’-G’’ crossover frequency and the plateau modulus are reported in Figures 4.5a and 4.5b, 

respectively.  First, we measured the freshly prepared sample in open air, and the respective data 

are referred to as Humid-1.  We then performed long measurements for about 24 hours under dry 

conditions (the level of relative humidity was kept below 5 %), and the data are referred to as Dry. 

Finally, the last measurements were performed after removing the drying chamber, with the data 

being referred to as Humid-2. 

 

 

Figure 4.5: Time evolution of (a) the terminal G’-G’’ crossover frequency and (b) the plateau modulus. Inset: the 

frequency at the minimum of G’’, ωb, where we took the breaking time. Data are shown for five concentrations: 2g/L 

(squares), 2.75 g/L (circles), 4.88 g/L (triangles), 8.41 g/L (diamonds), 12 g/L (stars). First open symbols: Humid-1 

condition; close symbols: Dry condition; last open symbols: Humid-2 condition. 
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The terminal crossover frequency decreases noticeably (by almost a factor of 3) when the 

humidity is removed and reaches a plateau at around 300 min (Figure 4.5a). The value of the 

crossover frequency remains virtually constant over almost 16 hours of Dry condition 

measurements. We also observe that the terminal frequency at low concentrations depends weakly 

on time, in contrast to higher concentrations. Although this effect can be considered as 

insignificant, within experimental error, we note that even very low levels of humidity  may affect 

the lower concentrations more than the higher ones. 

On the other hand, upon re-exposing the measured sample to the air, the terminal frequency 

departs from its constant value.  However, the final value of terminal frequency in Humid-2 

condition remains well below the initial one (Humid-1).  Surprisingly, this change in the terminal 

crossover frequency at three experimental conditions was not accompanied by any change in the 

plateau modulus. In fact, as shown in Figure 4.5b, G0 remained virtually constant. This situation 

differs from that of Figure 4.3a with respect to the sample preparation protocol: unlike Figure 4.3a, 

here the samples in Humid-1 condition were prepared from a pre-dried powder according to 

Protocol-2 (Sec. II.1).   

In order to appreciate the effects of humidity on the entire viscoelastic spectrum of EHUT 

solutions in dodecane, we show in Figure 4.6a an example of the evolution of the frequency-

dependent G’ and G’’ at C = 4.88 g/L prepared according to Protocol-2 (pre-dried powder).  Here, 

we compare the results obtained initially in open air (Humid-1) and the results obtained at different 

times under Dry conditions (350, 840 and 1260 min) with the data  of a 5 g/L sample prepared 

according to Protocol-1. Contrary to the results obtained in the presence of humidity (Figure 4.3a), 

we now manage to stabilize the system over 16 hours of measurements.  Although both samples 
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have virtually the same concentration, the terminal relaxation time from the first experiment 

performed in open air for the sample prepared with Protocol-2 is much slower compared to the 

one of the sample prepared with Protocol-1.  Furthermore, we note a weak increase in the value of 

the plateau modulus (determined at the frequency position where G’’ has a minimum) from 

Humid-1 to Dry conditions for the sample prepared from a pre-dried powder. However, the plateau 

modulus of the sample prepared from a non-pre-dried powder is noticeably different from the other 

data sets.  In Figure 4.6b we compare two viscoelastic spectra in different conditions, Dry (1260 

min) and Humid-2 for the sample prepared from pre-dried EHUT powder (Protocol-2). A jump of 

the terminal frequency crossover from 0.02 rad/s to 0.04 rad/s is evident, without accompanied 

change in the plateau modulus.   

 

Figure 4.6: Frequency dependence of the storage (G’, filled symbols) and loss (G”, open symbols) moduli at different 

experimental conditions for EHUT in dodecane solution at C = 4.88 g/L.(a) Humid-1 condition (squares) and Dry 

condition at 350 min (triangles), 840 min (diamonds) and 1260 min (circles). The Dry condition spectra appear spectra 

with a low-frequency crossover of moduli at ωc = 0.021 rad/s (low frequency solid arrow in (b)) and G0 = 20 Pa. Data 

are also shown for the 1st test in open air with the 5 g/L sample prepared according to Protocol-1: (G’, crossed squares) 

and (G’’, crossed circles).  (b) Dry condition at 1260 min (circles), respective data for Humid-2 condition, after 

removing the cover  (stars), showing an immediate increase of ωc to 0.042 rad/s (low frequency dashed arrow), but no 

change in the plateau modulus. The high-frequency solid and dashed arrows show the small difference between the 

frequencies at the minimum of G’’ for the Dry and Humid-2 data, respectively. The solid lines through the Dry 

condition data are fits with the Maxwell model. 
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Given that the terminal relaxation time of the EHUT solution is a function of τrep and τb as 

discussed in the Introduction [7], we highlight in Figure 4.6b the much smaller effect of the 

humidity on the breaking time (τb = 1/ωb) [27, 28] compared to that on the terminal relaxation 

time. The choice of the frequency corresponding to the minimum of G’’ as an estimate of the 

inverse of the breaking time (in fact, the end of the breaking process) is consistent with the 

literature and further motivated by the fact that it clearly deviates from the Maxwell model (Fig.4. 

6) and also corresponds to the deviation of the Cole-Cole plot from the semi-spherical shape. 

[7,8,9,12,28,32]. In this context, it should be mentioned that different methods to estimate the 

average breaking time have been reported in the literature. Shikata et al. in [12] took the breaking 

time as the inverse of the frequency at the high-frequency maximum in G’’. This is a good 

estimation of the average breaking time, however the high-frequency maximum is not always 

reached experimentally (see for example Figure 4.3a).  On the other hand, the minimum of G’’ 

will yield a value associated with the maximum estimated time in relation to chain breaking 

process. Nevertheless, by considering the maximum of G’’, no effect of humidity is detected at 

different experimental conditions (Figure 4.6).  Turner and Cates proposed another method to 

estimate the breaking time from the linear data using the Cole-Cole representation [46]. However, 

this method sometimes yields unphysically high values of the breaking times in some 

supramolecular systems, and seems to be relevant particularly for lower concentrations.  It is 

therefore beyond any doubt that the changes in terminal relaxation time (τt) are mainly due to 

changes in the reptation time rather than the breaking time.  
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4.3.4 Nonlinear response under dry conditions. Compare Protocol-1 and Protocol-2 

We also checked the humidity effect on the nonlinear rheology by performing shear stress 

start-up experiments with a sample of concentration of 5g/L prepared with both protocol-1 (no 

powder drying prior to preparation) and protocol-2 (with powder dried overnight at 50 ⁰C prior to 

preparation). In Figure 4.7a we present the results for the transient shear viscosity at different rates 

for the sample prepared with Protocol-1 and measured directly after the end of preparation without 

any drying on the rheometer.  Also shown are results for the sample prepared with Protocol-2 and 

measured in the Dry condition (Sec.III.3). It is evident that the transient viscosity under Protocol-

2 is larger than that under Protocol-1.  We also highlight the weaker overshoot in Protocol-1 as 

compared to Protocol-2, and in particular that fact that at 0.1 s-1 there is no overshoot for Protocol-

1. 

 

Figure 4.7: a) Transient viscosity versus time at shear rates (indicated in the plot) for a sample at C= 5 g/L prepared 

according to Protocol-1 (lines) and measured without any further drying (solid lines) and for a sample at the same 

concentration (5 g/L) prepared according to protocol-2 (symbols) and measured in the Dry condition (symbols-thin 

lines). b) The maximum viscosity at the overshoot peak versus shear rate for the two samples prepared and measured 

as described above (legends are inside the plot). 

 

Figure 4.7b shows the viscosity at the overshoot as function of shear rate for the two cases studied.  

We observe the larger for the sample measured in the Dry condition (Protocol-2).  The difference 
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is reduced at higher shear rates, apparently due to flow-induced effects, but this discussion is 

beyond the scope of the present work.   

 

4.3.5 Rationalization of the role of humidity 

The softening of the viscoelastic behavior of the EHUT supramolecular structure observed in the 

rheological data discussed in section III.2.b is consistent with the recent results of Francisco et al. 

in [14]. These authors reported on the effects of chain stoppers on the viscoelastic proprieties of 

EHUT.  Different chain stoppers were used, having the ability to interact with EHUT monomers 

via hydrogen bonds: benzyl alcohol, and ethanol. It was observed that adding a very small amount 

of ethanol molecules (at equimolar ratio EHUT/ethanol) resulted in a substantial drop of the 

relaxation time by a factor of 2.38 and a rather modest drop of the plateau modulus by a factor of 

1.15.  The crucial role of chain stoppers on the EHUT supramolecular structures was also 

identified. It lead to a weakening of their viscoelastic proprieties through the competition of chain 

stopper-EHUT hydrogen bonding and EHUT-EHUT self-association, which stop the growth of 

the supramolecular assembly, hence shortening its average chain length. It turns out that several 

studies have focused on the chain stopper effect on the rheological proprieties of the EHUT 

supramolecular assembly, supporting the above picture [14, 18, 19, 47].  Inspired by these findings, 

we propose that in the presence of humidity, water molecules can act as chain stoppers, i.e., the 

water-EHUT hydrogen bonding outbalances the EHUT-EHUT self-association.  Consequently, 

the average length of the supramolecular EHUT chains is shortened and their viscoelastic 

properties are weakened. Indeed, the shortening of the supramolecular chains should be 

responsible of the faster relaxation observed in open air (Figures 4.5a and 4.6a). Note that the same 

effect was highlighted in the results presented in Figure 4.3, where the terminal crossover 
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frequency shifted towards higher values in open air.  Concomitantly, the weak (albeit non-

negligible) drop of plateau modulus observed in Figure 4.3a is attributed to the fact that the 

EHUT/dodecane solution was prepared and measured without any drying precautions. Water  

appears responsible for a reduction of the average length of the EHUT micelle, accompanied by a 

possible increase in polydispersity of the supramolecular chains, which  makes the constraint 

release effects more pronounced [29, 30], hence  leading to the observed decrease in the magnitude 

of the storage modulus and its stronger decrease with decreasing frequency (Figures 4.3a and 4.6a).  

The reduction of the micellar average length and polydispersity will also weaken the nonlinear 

viscoelastic response of the material. In fact, the longer the chains, the higher the maximum stress 

(or viscosity) they experience before it decreases to steady state (due to the apparent 

disentanglement and/or breaking), and the sharper the overshoot (see Figure 4.7). 

 

4.3.6 Quantifying water content in EHUT solutions  

The water content in the final solutions under humid conditions in the samples prepared with 

Protocol-2 was measured by means of the Karl-Fischer method. Despite the careful powder drying 

prior to the sample preparation, all solutions were found to have almost the same content of water, 

amounting to about 25 ppm (Table 4.1). This is due to hygroscopic nature of the EHUT assembly 

mentioned above. Note that it was not possible to measure the 12 g/L solution due to its high 

viscosity. 
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Table 4.1: Karl-Fisher titration results for the amount of water present in the EHUT solutions 

C [g/L] Amount of water [ppm] 

2 25.7 

2.75 24.8 

4.88 27.7 

8.41 26.9 

 

In terms of molar concentrations, the above results lead to values of the [Water] / [EHUT]  ratio 

ranging from 1/3.35 to 1/15, which are in the same range as the previous data reported for EHUT 

systems in the presence of chain stoppers [14, 18]. We also calculated the exact mass of water that 

was present in the actual measured sample volume (0.41 ml) and found a value of about 10 μg.  

This is admittedly a very low amount and is hardly detectable or measurable with conventional 

spectroscopic techniques such IR spectroscopy for example.  

In order to appreciate how consistent the water content measured with KF compared to the 

reduction in the terminal relaxation time by factor of 3, we first estimate the direct proportionality 

between the relaxation time and the supramolecular chain length. Using eq. (1) and the scaling of 

Cates for the breaking time, we end-up with τt ~ L, which suggests that a drop of the relaxation 

time by a factor of 3 implies a reduction of the length by factor of 3. By using the chain stopper 

model [18], the water needed to achieve such a drop of the relaxation time amounts to about 10 

ppm, based on the assumption than we need at least two water molecules to stop the growth of one 

chain. Considering that we typically need more than 2 water molecules to stop the growth of a 

chain, the KF results of Table I can be rationalized.  Overall, these results strongly suggest that 

one should take extreme precautions for sample preparation and selection of measurement 
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protocols in order to achieve truly dry conditions. They confirm that rheology is a particularly 

sensitive quantitative tool. 

 

4.3.7 Scaling viscoelasticity in dry conditions  

Figure 4.8a presents the terminal relaxation time as function of EHUT concentration under dry 

conditions (samples prepared with Protocol-2). In the same Figure, we plot the data for initially 

humid systems (Humid-1; Protocol-2) as well as data from the literature without humidity control   

[5], [12].  It is evident that under dry conditions the terminal relaxation times reach the highest 

values, while the data at different concentrations appear consistent without appreciable scattering.  

On the other hand, data suffering from humidity at different levels exhibit pronounced scattering 

and even change scaling behavior with concentration [5]. This seems to corroborate the above 

proposed idea about the effect of humidity on the terminal relaxation time.  We therefore attribute 

that discrepancies among different datasets for the same EHUT system to the variable, 

uncontrolled level of humidity [5], [12]. Furthermore, we suggest that the observed concentration 

independence of the relaxation time at low concentrations in [12] reflects the strong chain stopper 

effect of water.  Actually, a plateau in the relaxation time was also observed by Knoben et al. in 

[19] in the same range of concentrations (1 to 10 g/L), by introducing a small fraction (0.015) of 

chain stopper (2,4-bis(dibutylureido)toluene, DBUT) which is an efficient chain stopper for EHUT 

supramolecular chains reported, because it has the ability for simultaneous formation of four 

hydrogen bonds with EHUT without having the possibility to bond with another DBUT or EHUT 

monomer, hence stopping the growth of the chain.  
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Figure 4.8: (a) Experimental data of the terminal relaxation time versus concentration obtained using the humidity 

control setup. The different symbols refer to: Humid-1 (filled squares), Dry (open squares), Data from [5] (triangles), 

Data from [12] (circles). All solid lines have a slope of 0.77± 0.06, which is the extracted scaling exponent.  The 

dotted horizontal line is drawn to guide the eye through the data from [12] (see text). (b) Respective data of the plateau 

modulus versus concentration. The line has a slope of 2.03 ± 0.21.  

 

Interestingly, aside for the difference in the magnitude of the terminal relaxation time, its 

concentration dependence follows a universal scaling τt ~ C0.77, with the exception of the lowest 

concentration in [12]. This disagrees with the scaling prediction in Eq. (2) of Cates [8].  We note 

that a  disagreement of this experimental scaling with the prediction in Eq. (2) was found in many 

other living polymers, such as surfactant WLMs [32], and attributed to the different scaling of the 

average micellar length with concentration (which, in the theory of Cates scales as L ~ C0.5). We 

tentatively explain this difference with a possible higher polydispersity in the length of the 

supramolecular EHUT chains than their most probably polydispersity of 2, which is considered in 

the model of Cates. Actually, the latter value is a direct consequence of the non-isodesmic nature 

of the EHUT self-association reported in [10]. The consequences of this  kind of self-assembly 

mechanism are strong association, sharp transition between monomer-like and polymer-like 

properties and a polydispersity larger than 2 [8, 10, 48-51]. Indeed, by invoking the constraint 
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release ideas developed for polymers [30] [52-54], we argue that in such  polydisperse systems the 

short chains act as effective solvents of the longer one, hence speeding-up their relaxation. Given 

the living character of this system, chain polydispersity is expected to be different at different 

concentrations. In fact, knowing the distribution of chain lengths at different concentrations, one 

could predict the terminal relaxation time, say by means of a relatively simple double reptation 

model [54, 55]. Such a task represents a future direction in this research field.  Note also that the 

relaxation of the fast chains and redistribution of entanglements of the longer ones may affect the 

breaking time as well (see section 4.3.3).    

In contrast to the relaxation time, we observe in Figure 4.8b that the concentration scaling 

of the plateau modulus is consistent with the prediction in Eq. 4.3, with all experiments indicating 

that   G0~C 2.03 ± 0.21.   In this figure, the data from [5] are slightly below the other ones, as expected, 

given the weak humidity effect on the plateau modulus (Figure 4.3a). 

4.4  Conclusions 

The linear and nonlinear viscoelasticity of EHUT, a supramolecular organogelator formed 

by hydrogen bonding association of a bi-functional monomer in apolar solvent dodecane, is found 

to be strongly affected by the presence of humidity. Even in small amounts, water molecules 

compete with the EHUT-EHUT bonding, hence, a fraction of EHUT monomers form hydrogen 

bonds with water instead of other EHUT.  This eventually yields a decrease of the average chain 

length, possibly weak increase of polydispersity and speeds-up the terminal relaxation time. At the 

same time, the plateau modulus decreases only slightly, in the presence of substantial humidity. 

Similarly, nonlinear rheology is also strongly affected by the presence of humidity, which is 

responsible of the weakening of the transient response of the material during start-up shear 

experiments. Careful sample preparation protocol and measurements under dry conditions proved 
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necessary in order to clarify this important issue and resolve discrepancies in published 

experimental data with the same system.  Hence, achieving truly dry conditions is necessary for 

investigating this type of supramolecular assemblies having the propensity to bind with water 

molecules. Our data over a reasonably wide range of concentrations in the tube regime of the phase 

diagram of the EHUT/dodecane system reveal the experimental scaling laws. The plateau modulus 

scales essentially with the square of the concentration, in very good agreement with the theoretical 

predictions.  On the other hand, the terminal relaxation time exhibits a much weaker scaling with 

an exponent of 0.77, quite smaller than the theoretical prediction of 1.25. We tentatively attribute 

this difference to the polydispersity in chain length of these supramolecular living polymers, which 

introduces constraint release effects. Accounting for the length distribution and its consequences 

on both breaking and terminal relaxation times is a challenge for the future.  
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Abstract 

We present a systematic investigation of the nonlinear shear rheology of a supramolecular 

organogelator at different concentrations and shear rates. In the transient regime, we observe a 

strong strain hardening before the overshoot, attributed to the finite extensibility of elastically 

active strands, and show evidence of steady-state shear banding. The stress relaxation after 

cessation of steady shear flow is shown to provide insights into the mechanisms of association and 

response to flow in these living polymers. Two distinct relaxation modes are found, one fast and 

one slow. They are attributed to the breakage and reformation of hydrogen bonds responsible for 

the formation of the organogelator (fast time) and its overall motion (slow time).  

 

5.1 Introduction 

 

Wormlike micellar (WLM) solutions have been studied extensively as model viscoelastic 

fluids for more than two decades [1-18]. Their remarkable rheological simple behavior originates 

from their equilibrium structure, which leads to an apparent single Maxwell-like relaxation 

process. Cates proposed a model for the stress relaxation of these living systems which consists in 

a combination of the usual reptation process for unbreakable polymers and the breaking and 

reformation specific to these systems in the limit where the latter is faster than the former       [18-

20]. Coupling nonlinear shear with the living character of the worms leads to a very unusual flow 

behavior such as shear banding [9, 21] and strain-hardening [10]. Nevertheless, a link of the 

nonlinear rheological response to these two distinct time scales is missing. This is important for 

understanding the origin of the above phenomena. Furthermore, for investigating nonlinear 
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response is crucial and we show here that both start-up and relaxation tests are important in order 

to obtain an unambiguous picture [22-24].  

The EHUT supramolecular organogelator discussed in chapter 4 is a living polymer whose 

structure and linear viscoelasticity have been extensively investigated in the literature, whereas 

only fragmental information on the nonlinear rheology is [25-34].  

We present here a systematic study of its nonlinear rheological response at different 

concentrations by means of shear start-up and relaxation tests at different shear rates. In particular, 

we analyze the transient response where evidence of shear banding is shown. A rich transient 

strain-hardening behavior is detected and appears to depend on the equilibrium breaking and 

reformation time. The stress relaxation after shear flow cessation is bimodal with fast mode being 

attributed to the reformation of the structure and speeding-up with shear rate and the slow being 

comparable to the terminal relaxation time of the system. 
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5.2 Shear start-up at 25 °C 

  

 Figure 5.1 depicts an example for the transient viscosity obtained at different shear rates 

for two representative concentrations, 5 g/L (a) and 12 g/L (b). 
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Figure 5.1: Transient shear viscosity, η+, as a function of time, t, (solid lines) for a concentration of 5g/L (a) and 12g/L 

(b) at a temperature T= 25 °C by applying different shear rates as indicated in the legends inside the figures. The linear 

viscosity is shown in grey open symbols for both concentrations. 

 

Also plotted as grey open symbols the linear viscosity obtained by a direct transformation 

of the linear data by applying the empirical Cox-Merz rule 𝜂(�̇�) = 𝜂∗(𝜔)|𝜔=�̇� [35] in conjunction 

with the Gleissle rule 𝜂+(𝑡) = 𝜂(�̇�)|�̇�=1/𝑡 [36]. The transient viscosity follows the linear envelope 

at low shear rates and short times before it deviates at long times. The deviation is marked by an 

overshoot encompaning two regimes. The first regime, at  𝛾 ̇ ≤ 0.5 𝑠−1 in Fig.5.1a and   𝛾 ̇ ≤

0.2 𝑠−1 in Fig. 5.1b, is characterized by an overshoot below the linear envelope and occurs at low 

shear rates. At shear rates  𝛾 ̇ > 0.5 𝑠−1 and   𝛾 ̇ > 0.5 𝑠−1 for Fig. 5.1a & Fig. 5.1b, respectively, 

the second regime takes place where the overshoot appears above linear envelope. These two 

regimes will be discussed in the “Hardening” section below.  After the overshoots a steady state is 
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reached, decreasing with increasing shear rate. More quantitative analysis concerning these 

observations will be presented in the “Transient analysis” section below. We finally note the 

deviation from the linear envelope observed at short times for high shear rates, which is due to 

experimental errors coming from the resolution time of the ARES motor (about 30 ms) [37]. 

 

5.3 Transient analysis 

  As established in Chapter 3, the average breaking and reformation time (τb) seems to be 

the relevant time scale for this system in view of controlling its dynamics and it does not depend 

on humidity, hence, it was used to scale the transient data. Indeed the choice of Wib =�̇�𝜏𝑏 rather 

than Wi0 =�̇�𝜏0 based on the terminal relaxation time (τ0). 
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Figure 5.2: Maximum stress σMAX (a); strain where the maximum viscosity occurs γMAX (b); Steady state stress σSTEADY 

(c); Maximum viscosity normalized by the steady viscosity ηMAX/ ηSTEADY (d); as function of Weissenberg number 

(Wib) for the concentrations: 3g/L (black symbols), 5g/L (red symbols), 9g/L (green symbols) and 12g/L (blue 

symbols). 

 

 

 Figure 5.2a depicts the overshoot stress (σMax) as function of Wib for concentrations at 25 

°C (3g/L, 5 g/L, 9g/L and 12g/L). It increases with Wib and tends toward a plateau at Wib = 1. The 

Wib dependence of the σMax at different concentrations can be classified in three regimes, separated 

by the dashed lines. In fact, at Wib < 1 the usual increase of the stress with shear rate is observed 

as for WLMs systems [14] [10] and polymer melts and solutions [37-42] attributed to the 

orientation of the chains. Moreover, at Wib < 0.1, the data are monotonic, i.e., the higher the 

concentration the higher the maximum stress. However, at 0.1 < Wib < 1 the increase of the stress 

is steeper and it is not monotonic anymore. This could be related to some kinds of instabilities 

coupled to chain stretching. The plateau in σMax Wib > 1 should reflect flow instabilities akin to 

shear banding [9, 21]. Note also that the overshoot is expected to occur not only due to the 

disentanglement of the worms similarly to entangled polymers [40] but also due to their fracture 

under shear [10, 43-46]. Figure 5.2b compares the peak strain for all concentrations as function of 

Wib. Again, we observe three different regimes. At Wib < 0.1, the data reach a constant value 
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around γMax ≈ 2 regardless of concentration. This is reminiscent of entangled polymers, where 

according to the Doi-Edwards theory [47] a value of γMax ≈ 2.3 reflects segmental orientation. In 

the second regime, 0.1< Wib <1, a sharp increase of γMax until a maximum at Wib ≈ 0.3-0.5 is 

observed. Note that the increase of γMax is sharper and reaches higher values with decreasing 

concentration. In the third regime, Wib >1, γMax seems to reach a plateau which is higher for lower 

concentrations.  The fact that γMax >> 2.3 suggests stretching of chains and/or formed network. It 

has been reported for WLMs [10] and for polymer solutions [41, 42]. Despite the fact that a 

decrease in γMax has not been reported, one could extract from the transient data of CTAB/NaSal 

WLMs reported in [10] a decrease in γMax with Wi for almost one decade (between Wi=2.3 until 

Wi=10) which is similar to the decrease in γMax  observed for our data (Wib=0.3 until Wib=1). 

Interestingly, the γMax of the CTAB/NaSal reported in [10] reaches a plateau at Wi >1, in agreement 

with our data. We hypothesize that the decrease in γMax could be a signature of finite extensibility, 

hence, they do not withstand more stretch which results in their breakage since the shear time is 

longer compared to the breaking and reformation time (Wib < 1). Furthermore, at Wib>1, the 

worms will not have time to break and the stretch which they experience is always the same 

regardless the shear rate, hence, γMax is constant. Note that the finite extensibility is supported by 

the fact that γMax in the plateau is higher for lower concentrations. In fact, the smaller the 

concentration, smaller its plateau modulus (G0). The latter is inversely proportional to the mesh 

size (ξ3) of the network and therefore higher mesh sizes (at lower concentrations) would resist 

higher deformations before failure. More insights about the finite extensibility scenario are 

presented in the strain-hardening discussion below. 

Figure 5.2c depicts the steady state stress σ Steady versus Wib. For Wib < 1, the data exhibit a plateau 

at higher concentrations or increase weakly with Wib at lower concentrations (this is more 
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pronounced at Wib <0.1 but the data are more noisy. For Wib >1  the data exhibit an increase 

as 𝑊𝑖𝑏
0.25 . The plateau in σ Steady strongly suggests shear banding [9, 14], where two regions having 

different shear rates but the same stress coexist. Moreover, it has been already confirmed that the 

system exhibits multiple steady shear banding transitions, as evidenced by velocity profile and 

birefringence experiments [21]. While there were no data for Wi < 1 for comparison, the increase 

of σ Steady with 𝑊𝑖𝑏
0.25 is similar to that we extract from the CTAB/NaSal reported in [10].   

Figure 5.2d depicts the evolution of the ratio ηMax/ηSteady with Wib. At Wib < 0.1, the data virtually 

collapse. At 0.1 < Wib < 1 the ratio icreases without any obvious scaling behavior, but it is steeper 

compared to polymer solutions [41]. Beyond a turning point at Wib = 1, the ratio exhibits a plateau. 

We point out that we extract the same decrease of ηMax/ηSteady  for the CTAB/NaSal in [10] at Wi 

> 10. We would like to comment the two characteristics transitions in the behavior at Wib = 0.1 

and Wib = 1 which suggests that there are two time scales in the system. The maximum of G’’ at 

high frequency was reached at the highest concentrations probed here (see chapter 3) and we found 

that it is about 10 times larger than Wib. Therefore, we attribute the transition at Wib = 0.1 to the 

onset of the breaking and reformation relaxation process and the transition at Wib = 1 to its end. 

 

5.4 Shear hardening analysis 

 A better appreciation of the hardening is obtained by plotting the transient stress as function 

of the strain in linear-linear plot. This presentation allows to extract the modulus from the slope 

and compare it against the linear plateau modulus. 
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Figure 5.3: Transient stress versus strain for the concentration of 5 g/L at two different shear rates regimes: Before (a) 

and after (b) the hardening. The dotted orange line has a slop of 21 Pa equal to the linear plateau modulus. 
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Figure 5.4: Transient stress versus strain for the concentration of 12 g/L at two different shear rates regimes: Before 

(a) and after (b) the hardening. The dotted orange line has a slop of 100 Pa equal to the linear plateau modulus. 

  

Figures 5.3 and 5.4 show examples of the transient stress behavior for concentrations 5 g/L and 12 

g/L, respectively. Panel (a) of both figures shows the data in the softening regime. The stress 

evolves, for different shear rates, below the linear modulus presented as the orang dashed line. 

Panel (b) depicts the hardening regime where the stress is superimposed on the linear one at low 

strains before it diverges, at a certain critical strain, above the linear data (the orange dashed line).  

Figure 5.5a depicts the critical shear rate (�̇�𝑐) and the corresponding Wib at the onset of the 
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hardening. Whereas Figure 5.5b depicts the respective strains (γc) at which the hardening occurs. 

Note that the critical shear rate for the hardening decreases with concentrations toward a plateau. 

The same decrease is observed for the critical strain without any saturation. In addition, it seems 

to be constant regardless the shear rate for each concentration. Nevertheless, the corresponding 

Weissenberg number Wib does not vary a lot and, in fact, it ranges between Wib = 0.3 and Wib= 

0.5. These values will be discussed together with the values extracted from the model presented 

below. 
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Figure 5.5: (a) the critical shear rate at the hardening onset (�̇�𝑐) and the corresponding Wib as function of concentration; 

(b) strain at onset of the hardening (γc) as function of concertation which seems constant at all shear rates above (�̇�𝑐). 

Both values were extracted graphically. 

 

 Many soft materials become harder when deformed [24, 48-50]. This is a property that 

protects them from damages at large deformations. Such nonlinear elastic behavior is refereed as 

strain hardening or strain stiffening and is defined as an increase in the modulus of a material when 

is deformed beyond its linear regime. Wormlike micelles in certain regimes of concentration and 

shear rate may also exhibit a pronounced strain hardening [10, 23, 51]. Associative and 
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supramolecular systems have demonstrated also a remarkable ability to harden under nonlinear 

deformation [52-55]. The existing theories for the explanation for the hardening are based on the 

nonlinear stretching of chains and the finite extensibility of elastically active strands. [10, 54] [48]. 

 In order to quantify this behavior and make connections with the structure of our 

associating system, a deformation-dependent strain energy function is used to predict the nonlinear 

elasticity. The model proposed by Erk et al. [48] and validated with different semi-flexible 

biological and synthetic materials [48, 50, 53, 56] is briefly presented. The following expression 

is used to describe the strain energy density, U: 

 

 U =
G0

2
J∗ [exp (

J1

J∗
) − 1] ; J1 =  λ1 

2 +  λ2
2 + λ3

2 − 3 Eq.5.1 

 

Where G0 is the plateau modulus and λ1, λ2 and λ3 are the principal extension ratios. 

 J1 =  I1 –  3, where I1 is the first strain invariant and commonly used to describe large-strain 

elasticity. 

Assuming an incompressible material  𝜆1 𝜆2 𝜆3 = 1 undergoing shear deformation in the 1˗2 

plane, flow and gradient direction, respectively, where 𝜆3 = 1,  𝜆1 =  𝜆2
−1, Εq.1 can be modified 

in order to obtain a strain energy function in terms of shear strain, γ: 

 

 𝑈𝑠ℎ𝑒𝑎𝑟 =
𝐺0

2
𝐽∗ [𝑒𝑥𝑝 (

𝐽1

𝐽∗) − 1] ; 𝐽1 = (𝜆1  − 𝜆2)2 =  𝛾2 ; 𝐽∗  =  (𝛾∗)2         Eq.5.2 
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By differentiating 𝑈𝑠ℎ𝑒𝑎𝑟 with respect to γ, we obtain the following expression for shear stress: 

 

 𝜎 = 𝐺𝑀𝛾 exp [
𝛾

𝛾∗
]

2

 Eq.5.3 

 

where γ* is the critical value of strain at the onset of the hardening and it should be the only fitting 

parameter. However, for our hardening data we left the modulus, GM , which should be equal to 

the linear plateau modulus, G0, as a second free parameter a well. This will be discussed later. 
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Figure 5.6: Representative transient stress as fucntion of strain in the herdening regime (open symoles) for C=  3 g/L 

at �̇� = 15 𝑠−1 (a) and for C= 12 g/L at �̇� = 7 𝑠−1. The red lines thought the data are fits from the Erk Model. The 

parameteres used are discussed in the text. 

 

 Figure 5.6 shows representative data of transient stress as function of strain fitted with the 

model (Eq.5.3) for a concentration of 3g/L at shear rate of 15 s-1 (Fig. 5.6a) and for concentration 

of 12 g/L of shear rate of 7 s-1 (Fig. 5.6b). The model captures perfectly the hardening behavior of 

the stress at all concentrations and at all shear rates. Note that this form of the model does not 
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capture the subsequent softening and the fitted segment of the data is always chosen before the 

inflection point toward the peak stress. 
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Figure 5.7: (a) Critical strain for the hardening γ* extracted from the model as fucntion of Wib for the different 

concentrations; (b) the average γ* extracted from the model at Wib > 1 (open triangles) together with the critical strain 

extracted graphically (closed circles) as function of cocnetrations. 

 

 In Fig.5.7a, we analyze the critical strain extracted from the model (Eq.5.3) at different 

concentrations and shear rates. The latter quantity is normalized by the equilibrium breaking time 

(τb) and expressed in terms of the breaking Weissenberg number (Wib). We observe clearly that 

the critical strain for the hardening, γ*, decreases with Wib toward a constant value. Interestingly, 

the constant value is reached at Wib > 1 for all the concentrations. Indeed, the results on different 

systems confirm that the critical strain for hardening is constant for a particular system regardless 

of the shear rate when the mesh size (or entanglement strand) does not vary [48]. In fact, the 

hardening is attributed to the nonlinear stretching and the finite extensibility of the elastically 

active strand connecting two neighboring junctions (entanglements). When a constant shear rate 

is applied to our entangled system, the distance between entanglements increases with deformation 
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and the entanglement strand is stretched adopting a non-Gaussian configuration. As the 

entanglement strand is stretched to its maximum extensibility, the hardening response becomes 

dominant, causing the stress to rapidly increase. Therefore, the critical value of the strain where 

stress diverges is controlled by the finite extensibility of the entanglement strands independently 

of shear rate [48]. Moreover, the model is expected to capture the hardening only at Wi >> 1 which 

is in agreement with our findings. We believe that at Wib < 1, our system has time to relax the 

stress by breaking and reforming which delays the entanglement strand stretching, hence, higher 

critical strains for the hardening onset , γ*. While at Wib > 1, the shear time is too short compared 

to the breaking and reformation time which results in the stretching of the entanglement strand 

causing the hardening. Fig. 5.7b, depicts the average critical strain γ* calculated at Wib > 1 form 

the model along with the values extracted graphically (see Fig.5.5b). The critical strain γ* 

decreases with increasing concentration, confirming the above scenario for hardening. Indeed, the 

plateau modulus increases with increasing the concentration (see Chapter 3) and scales 

as G’ ~ 𝜉−3. Therefore, higher the concentration, smaller is the entanglement strand which results 

in a small strain for the onset of the hardening. This explanation is consistent with data reported in 

Fig.5.5a for the critical shear rate for the onset of hardening,�̇�𝑐, where lower concentration, i.e., 

larger mesh size, needs higher shear rate. In that plot, we also show the corresponding Wib for the 

onset of the hardening in each concentration. It is clear that the critical Wib does not vary a lot 

(between 0.3 and 0.5) and , in fact, equal to the value where the maximum in γMax was reported 

(see Fig.5.2b) suggestion the highest stretch experienced by the material.  

 We further note that the value of γ* extracted from the model seems to saturate at the 

highest concentrations (9 g/L and 12 g/L). This implies that these two concentrations have the 

same mesh size which is not possible because the plateau modulus of the 12 g/L is clearly higher 
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than that of the 9 g/L (see chapter 3). This may arise from possible coupling of junctions 

(entanglements) and shear banded regions. It has been reported that our system is expected to form 

multiple shear bands in the steady state as explained above [21], and evidence of transient shear 

banding has been reported in the literature theoretically and experimentally [57, 58]. Another 

possibility is chain branching that could eventually saturate at high concentrations. Inoue and 

Watanabe in [10] referred to a possible relationship between shear banded structures and finite 

extensibility. However, they stated that more studied using rheo-optical measurements is required 

to clarify this relationship. In the same study [10], they state that the strain hardening behavior due 

to the finite extensibility of the network strands strongly suggests that the entanglements in the 

CTAB systems are sticky and cannot be represented as the usual freely sliding entanglements, at 

least under high shear. In fact, there is a statistical study for the occurrence of these crosslinks in 

semi-dilute solutions of WLMs through micelles fusion that has been proposed by Cates [59]. 

Micellar bundles have been proposed to explain the strain hardening in CTAB/NaSal WLMs in 

[23], which is in the same line as the above hypothesis. Nevertheless, the scenarios proposed above 

need to be tested experimentally. Note finally that one could in principle predict γ* from the 

structure of the system to verify the relevance of the model’s values: 

 

 𝛾∗ =  𝜆𝑚𝑎𝑥 −  𝜆𝑚𝑎𝑥
−1  Eq.5.4 

 

where 𝜆𝑚𝑎𝑥 is the maximum extensibility ratio and is defined as 𝜆𝑚𝑎𝑥 =  
𝑙𝑚𝑎𝑥

𝑙0
 , where 𝑙𝑚𝑎𝑥 is the 

length of a fully extended polymer chain and 𝑙0 is the end-to-end length of the upstretched polymer 
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chain. However, this requires additional measurements and the model is expected to fail 

quantitatively if the system exhibits instabilities which is clearly the case of our system.  
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Figure 5.8: (a) The linear plateau modulus GM extracted from the model as fucntion of Wib for the different 

concentrations. The horizontal dashed lines depicts the values of the plateau modulus G0 extracted from the linear 

experimental data for all the cocnetrations where a higher values correponds to a higher cocentration; (b) the average 

GM extracted from the model at Wib > 1 and normalized with G0 as |(GM/G0)-1| (open squares) as functions of 

cocnetration. 

 

 Fig. 5.8a depicts the moduli values used to fit the hardening regime of the start-up data for 

the different concentrations. We can see clearly that the modulus used for fitting the data (GM) is 

systematically lower than the plateau modulus (G0).  Also, we highlight that the model modulus 

values for the 3 g/L and 12 g/L are more stable than those of the 5 g/L and 9 g/L which show a 

decrease as function of Wib. This discrepancy is not a fitting problem but is due to the data which 

do not reflect the linear plateau modulus in the slope of stress versus strain at low values of the 

latter before hardening; instead, the extracted moduli decrease noticeably with Wib for the 5g/L 

and the 9 g/L. 
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 For a better visualization of this finding, we plot in Fig.5.8b the average modulus extracted 

from the model for the values taken at Wib > 1 normalized by the plateau modulus in this way: 

|(GM/G0)-1| as function of the concentration. In this plot, a closer value to zero means a closer 

value of the model modulus (GM) to that of the plateau modulus (G0). We observe that this quantity 

passes thought a maximum at 5 g/L where the model modulus of the 12 g/l and 3 g/L are the closest 

to the plateau modulus. We tentatively attribute this result to polydispersity (PDI) that could be 

enhanced in the transient shear compared to that at equilibrium, hence, lower the modulus. In fact, 

at equilibrium the polydispersity has similar behavior with the concentration for this system, i.e, 

the polydispersity is equal to PDI = 1 where the system is in its monomeric state and increases 

with the concentration to a value of PDI ≈ 7 before decreasing again toward a constant value at 

PDI = 2 at extremely high concentrations [32]. Nevertheless, we believe that the polydispersity for 

the concentration range probed decreases toward a plateau at 2. This is confirmed by the fact that 

the highest concentration (12 g/L) have the closest value to zero in this plot, i.e., the model modulus 

is almost equal to the plateau modulus. This scenario holds with 5 g/L and 9 g/L where the higher 

the concentration, the lower the polydispersity, the closest model modulus value (GM) to that of 

the plateau modulus (G0). However, the scenario fails at the 3 g/L which has a closer value for the 

model modulus to the plateau modulus than 5 g/L and 9 g/L. This suggests that the 3g/L together 

with the 12 g/L have a lower polydispersity than 5 g/L and 9 g/L which is in disagreement with 

the concentration polydispersity dependence at equilibrium. Furthermore, note that this two 

concentrations (3 g/L and 12 g/L) have the most stable model modulus values with Wib (see 

Fig.5.8a) translated as a very low error bars in Fig.5.8b. Recently Adams and Larson et al. in [23] 

proposed that additional relaxation processes might occur in WLMs upon nonlinear shear which 

is consistent with the increase of polydispersity with shear rate we introduce here. Therefore, the 
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increase of polydispersity may be due to the breakage of the micelles, hence, more relaxation 

modes. Furthermore, there may be a parallel reformation process that depends on concentration 

and results in a lower “non-equilibrium” polydispersity for the 3 g/L. This is probably due to its 

lower reformation rate compared to the higher concentrations.  We refer here to the scaling of the 

breaking and reformation time (τb) with length proposed by Cates as τb ~ L-1, hence, lower 

concentration, corresponds to smaller length and slower reformation time. Yet, this low value of 

modulus at low strains compared to the plateau modulus could also arise from the instabilities 

discussed in the previous section. In fact, the phantom crossing theory [60] proposes that the 

micelles could pass through each other by fusion which could result in a decrease of the modulus. 

 

5.5 Relaxation after shear flow cessation 

 After stopping the shear flow, we monitor the stress relaxation with the performed at 

different shear rates and concentrations. Representative data are shown in Figure 5.9, and in 

particular the stress decay 𝜎−  normalized by σSTEADY as function of time for the concentration of 

3g/L (a) and 9 g/L (b). 
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Figure 5.9: Stress after shear cessation σ- divided by steady stress σSTEADY as function of time of the relaxation process 

only (t-t Transient) for the concentrations 3 g/L (a) and 9 g/L (b). The data of the different shear rates ae presented as 

open symbols with different colors as in the figures legend. The thick lines passing through the symbols are fits using 

a non-stretch double exponential decays. 
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Two relaxation modes are captured by fitting the data with a sum of two single exponential decays: 

 

 𝜎−/ 𝜎𝑆𝑇𝐸𝐴𝐷𝑌  =  𝐴1 ∗ 𝑒𝑥𝑝(−𝑡/ 𝜏1)  +  𝐴2 ∗ 𝑒𝑥𝑝(−𝑡/ 𝜏2) Eq.5.5 

 

It is evident from the shape of the different plots in Fig.5.9a and Fig.5.9b that the fits are far from 

perfect but at present they help focusing on two times, fast (𝜏1) and slow (𝜏2).  
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Figure 5.10: (a) Fats relaxation time (τ1) as function of the Weissenberg number Wib for all the concentration studied 

here. The dashed orange line has a slope of 0.7 and plain vertical line indicates the transition at Wib = 1. (b) The slow 

relaxation time (τ2) as function of the Weissenberg number Wib for all the concentration studied here. The dotted 

horizontal lines represent the smaller and the higher terminal relaxation times extracted from the linear data. The data 

in both figures is presented as open symbols (circles for τ1 and squares for τ2) for the concentrations: 3 g/L (black), 5 

g/L (red), 9 g/L (green) and 12 g/L (blue).  

  

 Figure 5.10 depicts τ1 (a) and τ2 (b) as function of Wib. We can clearly see that τ1 is 

decreasing with Wib (Fig.5.10a). In fact the change of τ1 with Wib spans almost three decades of 

time, i.e., from τ1 ~ 7 s to τ1~0.04 s. The data seem to collapse into master curve at Wib > 1 
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regardless of concentration. We can extract a common slope for about 0.7 as shown by the orange 

dashed line in Fig.5.10a. In Fig.5.10b, we plot the dependence τ2 on Wib. This dependence less 

pronounced than that of τ1 .In fact, the change of τ2 with Wib is non-monotonic and does not exceed 

one decade of change, for example the data at 5 g/L, τ2 varies from 36 s to 4 s. Moreover, the order 

of magnitude of τ2 is comparable to the terminal relaxation time extracted from the LVE data as 

shown with the dotted horizontal lines in Fig. 5.10b. However, τ2 is systematically faster than the 

terminal relaxation time, and clearly the data do not collapse as in Fig.5.10a. 

Two-step relaxation after steady shear cessation has been already reported for entangled 

polymer melts and solutions with different architectures [37, 39] [61] and for associative systems 

using step-strain experiments [22]. For the latter case, the fast relaxation mode was attributed to 

chains which are more stretched which relax the stress as fast as the deformation is released, 

whereas the slower mode to the fraction of chains which are less stretched and relax the stress via 

a dissociation/association process similarly to the linear regime. In the former case for entangled 

systems, the fast relaxation mode was found to become faster with Wi in agreement with our 

results. It was attributed to an increasing effect of convective constraint release (CCR) with 

increasing Wi which results in decreasing the number of entanglements, hence, faster relaxation. 

The slow mode was linked to the terminal relaxation time extracted from the linear data.  

In this respect, our system is sharing both characteristics, i.e., entanglements and ability of 

association/disassociation which make the above two scenarios for relaxation possible. However, 

we proposed that our fast relaxation is related to the reformation of the broken fraction of the 

system prior to shear cessation. In fact, our system would break rather than disentangle. At higher 

Wib, the broken fraction of the system is larger, hence, the system has a lower local viscosity which 

results in a faster relaxation with increasing Wib.  At Wib > 1 the fast relaxation times collapse into 
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one master curve, suggesting that the reformation time is proportional to the equilibrium and 

breaking time (τb) regardless of concentration. Furthermore, we notice that the same collapse for 

the fast relaxation time was also observed for entangled polymer melts and solutions at Wi > 1 

with a comparable slope to ours (~ 0.7) [37, 39] pointing to a universal behavior. The slow 

relaxation mode for our system is also thought to be related to the linear terminal relaxation time 

judging from its order of magnitude. The systematic lower value that the linear time could be 

related to some residual stress due to non-relaxing shear bands in the system. 

 

5.6 Conclusions 

We have presented a systematic investigation for nonlinear response of a supramolecular 

living organogelator by means of start-up and relaxation tests at different shear rates and 

concentrations. The transient data exhibit a strong strain hardening which is modeled using a 

deformation-dependent strain energy function based on the finite extensibility of elastically active 

stands. However, the used modulus was lower than the plateau modulus, presumably due to 

transient instabilities that would occur at high shear rates.  Note that shear banding instabilities are 

also observed. The relaxation after shear cessation revealed two relaxation times. A fast attributed 

to instantaneous reformation of the structure, becoming faster with shear rate, and a slow which 

was comparable to the terminal time of the system.  
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Abstract  

When a droplet of a supramolecular living polymer hits a small solid target, it spreads until it 

reaches a maximum diameter and subsequently it receeds. Two spreading regimes are observed:  

the capillary regime, where the maximum expansion does not depend on viscosity and the viscous 

regime where the expansion is reduced with increasing viscosity due to viscous dissipation. A 

combination of shear and biaxial deformations is to control spreading, the former on the target and 

the latter in air.  Indeed, the calculated biaxial viscosity seems to quantitatively describe the 

maximum expansion of the viscoelastic droplet.  We propose an approach toward a universal 

description of the phenomenon for different classes of Newtonian and non-Newtonian fluids and 

discuss the limitations.  Finally, we quantify and rationalize the instabilities present in the spread 

sheets by considering as characteristic threshold time that corresponding to the relaxation of shear 

stress at the edge of the solid target. 

 

6.1 Introduction 

Rain represents a classic expanding liquid sheet, where water drops impact on a surface 

and yield axisymmetric spreading, splashing and sheet retraction. Already in the 16th century, 

Leonardo da Vinci [1] included in the Codex Hammer his observations of the remarkable splashing 

patterns after impact (see figure 6.1a).  Due to the short time scale of an impact droplet experiment 

(a few ms), the first systematic investigation on this phenomenon was realized and reported by 

Worthington [2] centuries later, thanks to the introduction of electric flash illumination. He used a 

bright flash in a dark room to illuminate the impacting drop and observe it by eye. Subsequently 

he drew the impact patterns from memory, as shown in figure 6.1b.  Few years later, Worthington 
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came-up with the first fundamental book concerning the impact droplet phenomena called “A 

study of splashes” [3]. 

 

Figure 6.1: Visualizations of drop impact. (a) Crushing of a water drop falling on a flat dense substrate. Drawing in 

the margin of folio 33r in the Codex Hammer by Leonardo da Vinci (1508), who already noted the asymmetry of an 

impacted drop imprint pattern and the existence of radial fingers. (b) Drawings of the impact of a boiled milk drop on 

a smoked glass slide by Worthington. 

 

Over the last 15 years, the understanding of drop impact has progressed considerably thanks to 

high-speed imaging methods [4], hence, people were able to conduct drop impact experiments in 

different experimental conditions regarding the target surface, the experimental system, the 

varying parameters and the output data.  

Concerning the target, the majority of literature concerns impacting droplets on flat surface with a 

size extremely big compared to the droplet size in a way that all the spreading event occurs on the 

target [4-11]. The droplet impacting a smooth or rough [12], horizontal or tilted [13], hydrophobic 

or hydrophilic [14] and small targets [15-17] were also studied.  Mainly Newtonian systems were 

examined [7, 9, 12, 16, 18-24] at different target temperatures, sample viscosities and/or impact 

velocities, in order to probe a rich variety of phenomena: a maximum spreading and thickness 

variation of the expanding sheets, the dynamics of sheets in the receding regime, fingering, satellite 

droplets, fractures and instabilities of the expanded droplets [25-27]. On the other hand, only a few 

relevant studies with shear thickening [28], shear thinning including WLMs [29-31] and yield 
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stress fluids [5] have been reported. Only recently viscoelastic materials impacting small targets 

were studied, where viscous dissipation due to friction was minimized [32]. The authors studied 

the dynamics of freely expanding sheets of model Maxwell systems whose characteristic elastic 

modulus G0, relaxation time τ , and zero-shear viscosity η0 = G0τ , varied by orders of magnitude. 

Two spreading regimes were observed. The first was characterized by a maximum spreading 

diameter, d Max, independent of viscosity, with the capillary forces outbalancing the viscous forces. 

The second regime was marked by a decrease in d Max with viscosity where the viscous forces 

being dominant. In fact, in this regime, the drop of d Max was attributed to the viscous dissipation 

that took place on the small target upon impact. This finding is further confirmed by the collapse 

of all data on one master curve together with the Newtonian system, when plotted against the 

dynamic viscosity, η’, calculated from the Maxwell expression for the loss shear modulus, G’’ at 

a frequency, ω, equal to the inverse of the time at the maximum spreading, tMax. Note that this not 

the zero shear viscosity but it reflects somehow the thinning due to the impact and spreading. 

Nevertheless, note that the Maxwell systems studied in [32] exhibit a very weak shear thinning. 

Indeed, their onset of shear thinning occurs at a shear rate of about 1000 s-1 which is in the same 

order of magnitude that the droplet experience upon impact, hence, the viscosity is not reduced too 

much and the viscous dissipation holds. Furthermore, some of the systems probed in [32] exhibited 

a weak shear thickening before thinning, which resulted in higher viscosity upon impact compared 

to the zero shear viscosity and   was not accounted for in the results rationalization.   

However, the expansion dynamics for viscoelastic systems that have more pronounce shear 

thinning regimes is not yet established. Furthermore, a clear understanding for the flow field 

experienced by the expanding sheets outside the target is still missing.  
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In this work we shall explore the consequences of spreading droplets made of 

supramolecular polymers in apolar solvent, by impacting a target with a comparable size to that of 

the droplet. The advantage of using this target size is the reduction of friction dissipation 

(compared with the big surfaces) since the large majority of the expanding process will be in air. 

Moreover, this arrangement addresses a specific technological challenges in the agriculture 

industry, which is of understanding the impact of pesticides droplets on plant leaves with 

comparable size [33]. The above considerations are also relevant to the ink jet printing industry in 

view of the production of high quality printing where the ink droplet size must be comparable to 

the roughness of the paper [34]. 

 

6.2 Linear viscoelasticity 

We performed a basic linear and nonlinear viscoelastic characterization for the range of 

concentrations used in the impact droplet in the same experimental conditions of temperature and 

humidity. Indeed, the impact drop experiment is performed in open air where the samples are 

exposed to ambient conditions, hence rheology was performed at room temperature and humidity, 

i.e., around 25 °C and 40 % relative humidity. Examples of the results are presented in Figure 6.2. 
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Figure 6.2: (a) Frequency dependence of the elastic (G’, filled symbols) and loss (G’’, open symbols) moduli. The 

lines thorough the data are Maxwell Model fit for G’ (solid) and G’’ (dashed); (b) Complex viscosity as function of 

frequency (open symbols) together with steady viscosity as function of shear rate (solid lines). The superimposition 

for both data suggests that the Cox-Merz rule holds. Data in (a) and (b) are shown for the concentrations: 0.37 g/L 

(black), 1 g/L (red), 2 g/L (blue) and 3 g/L (green). 

 

Fig. 6.2a shows the dynamic moduli (G’, G’’) as function of frequency (ω) for some representative 

concentrations. As discussed in previous chapters, these systems behave as Maxwellian at low 

frequencies (see Maxwell fits as think lines through the data in the same figure). Note that the fit 

fails to capture the upturn in G’’ at high frequencies which is attributed to breaking and reformation 

relaxation process in living polymers. Furthermore, the Maxwell model seems less successful at 

the lowest concentration (C = 0.37 g/L), probably due to the high polydispersity. Fig.6.2b depicts 

the complex viscosity, η* (ω), as function of frequency, along with the steady viscosity, 𝜂 (�̇�), as 

function of shear rate. Despite the two orders of magnitude variation of the zero shear viscosity, 

we observe that the onset of shear thinning occurs at about 0.1 s-1 for all concentrations. In fact, 

these systems are strongly shear thinning. Moreover, the Cox-Merz rule [35] is validated as judged 

by the collapse of the dynamic and the steady data. In Table 1, we summarize the relevant 

viscoelastic quantities and some data pertinent to the impact droplet experiment for the range of 

concentrations studied here. 
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Table 6.1: Relevant linear viscoelastic quantities and some pertinent data to the impact droplets experiment. Details 

are discussed in the text and error bars are shown in the respective figures.  

C 

[g/L] 

η
0
 

[mPa s] 

τ
0
 

[s] 

τ
b
 

[s] 

G
0
 

[Pa] 

d
max

 

[mm] 

t 
Target Exit

 

[ms] 

t
max

 

[ms] 

d
max/

 t
max

 

[m/s] 

0 1.5 - - - 28.5 0.8 6 4.7 

0.37 490 2.5 0.4 0.15 28 0.8 6.5 4.2 

1 2615 4 0.2 0.7 28 0.8 6.7 4.1 

1.5 12168 6.2 0.2 1.8 23.4 0.8 6 3.9 

2 19216 6.8 0.2 3 21 0.8 6 3.4 

2.33 31392 7.3 0.2 4.5 14.5 0.8 2.2 6.5 

2.6 56682 9.4 0.2 5.8 11.2 0.8 2 5.6 

2.85 75470 12.7 0.2 6.5 12.3 0.8 1.8 6.9 

3 72962 9 0.2 8.5 12 0.8 1.6 7.3 

 

We observe that the terminal relaxation times, τ0, are very large compared to those studied in [32] 

where the highest relaxation time was τ0 ≈ 1 s. However, the values of the plateau moduli of our 

samples are very small compared to those of [32] where G0 ranged between 5 Pa and 3000 Pa. 

This results in a similar range of zero shear viscosities. In [32] η0 varied from 1 mPa s to 100 mPa 

s. Moreover, we report the values of the breaking and reformation time (τb) extracted from the 

minimum of G’’ (See Chapter III) which do not exhibit a noticeable variation. The other quantities 

reported in the table are: the diameter and the time at the maximum spreading (dMax, tMax), their 

ratio (dMax/ tMax) and the time at the exit of the target (tTarget), which will be discussed below. 



189 
 

6.3 Drop impact experiments 

Figure 3a shows the raw data for the time evolution of the expanding sheet diameter resulting from 

drops impacting on solid target at different EHUT/dodecane concentrations. We clearly see the 

increase of the sheet diameter with time until a maximum value, dMax, corresponding to a time, 

tMax, which represents the expansion regime. Immediately after, the spreading diameter decreases 

in the receding regime which will not be studied in this work.  
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Figure 6.3: (a) Time evolution of the sheet diameter for the samples of various concentrations as indicated in the 

legend (b) Time evolution of the sheet diameter for the samples at 0.37 g/L (black) and 2.33 g/L (green) along with 

their corresponding error bars. Error bars represent the standard deviation of three different impact experiments. The 

big circles represent the times and the diameters when snapshots were taken. (c) Snapshots at different times from the 

evolution of the expansion of the sheet at C = 0.37 g/L. The times are indicated in the legend and the frame colors 

correspond at the colors of the circles highlighted in (b). 
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Figure 6.3b shows two examples of the evolution of the spreading diameter with time for     

C = 0.37 g/L and C = 2.33 g/L along with their corresponding error bars. This plot highlights, the 

big uncertainties that could result from the impact droplet experiment. In fact, there are several 

error sources in these experiments such the initial droplets size d0 that could vary among samples 

and experiments. This is more pronounced at high concentrations where the big viscosity make 

the task of obtaining the same droplet size challenging. In addition, the loss of material upon impact 

at the solid surface is considered small for low concentrations, nevertheless it is a main source of 

uncertainties. Another ambiguity comes from the image analysis, especially with highly viscous 

samples, when the expanded sheets have a size comparable to the target, which affects the 

definition of the exact sheet area as determined by the thresholding method explained in the 

materials and methods chapter. Figure 6.3c, depicts snapshots at different times during the 

expansion process for C = 0.37 g/L. The times are shown with the different frame colors 

corresponding to the colors of the big circles Fig.6.3b. 

 

6.4 Dynamics of freely spreading viscoelastic sheets  

6.4.1 Comparison with Newtonian sheets 

As a first order analysis aiming at understanding the spreading dynamics of the present 

supramolecular sheets, we plot in Fig.6.4 the normalized maximum expansion diameter, d̃, as [30, 

32]: 

 

   d̃ = 
𝜆

 𝜆𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 = 

𝑑𝑀𝑎𝑥 /𝑑0

𝑑𝑠𝑜𝑙𝑣𝑒𝑛𝑡 /𝑑0
 Eq.6.1 
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In this manner we account for the deviation coming from the initial droplet diameter, d0, and also 

highlight the effect of viscosity change compared to the inviscid case, i.e., dodecane here. 
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Figure 6.4: Normalized maximum diameter (see text) as function of the zero shear viscosity. Data are for the 

EHUT/dodecane samples at different concentrations (blue squares) and for Glycerrol/water mixtutes with different 

viscosities (red squares). 

 

As for the Glycerol/water Newtonian references, we observe the already reported regimes 

[32] for the EHUT/dodecane solutions too. The capillary regime where the maximum expansion 

is mainly driven by the capillary forces and it is not affected by the viscous dissipation. The 

capillary regime is characterized by a plateau in the maximum expansion versus viscosity. In the 

viscous regime dMax decreases with increasing viscosity. However, the onset of the viscous regime 

for EHUT/dodecane takes place at much higher viscosity (by factor of 100) compared to that of 

Newtonian systems. One clear difference between the two systems which may be at the heart of 

their distinct responses, in the difference thinning behavior. 
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6.4.2 Shear flow analysis 

One of the challenging tasks is to find a proper way to account for the thinning effect and 

generalizing such analysis to other thinning systems. In fact many attempts have been made to 

account for the reduction of viscosity during spreading due to the shear thinning character of the 

studied systems [5, 30, 32, 36]. We followed the analysis of An et al. [30] based on the volume 

conservation of the initial droplet before impact. At the maximum expansion, the sheet is 

considered as a cylinder disc with a diameter dMax and a height 𝐻 =
𝑉

𝜋𝑟2 , where V is the volume 

and    𝑟 =
𝑑𝑀𝑎𝑥

2
  is the radius at the maximum expansion. Therefore, the shear rate could be 

calculated as �̇� =
 𝑣0

𝐻
, where the impact velocity ,𝑣0, is assumed to be constant during the entire 

expanding event. Accordingly, the corresponding viscosities are directly obtained from the flow 

curves for each sample. This analysis was successful in predicting the maximum spreading 

diameter by An et al. [30] using a modified version of the empirical model of Scheller and 

Bousfield [24] which was  made originally for Newtonian systems and predicted a  spreading 

factor 𝛽 =  
𝑑𝑀𝑎𝑥

𝑑0
= 0.61(𝑅𝑒2𝑂ℎ)1/6. The Reynolds (Re) and Ohnesorge (Oh) numbers are defined 

as: 𝑅𝑒 =  
𝜌𝑣0𝑑0

𝜂
 and ℎ =  

𝜂

√𝜌𝑑0𝛾
 , with 𝜂 is the viscosity, 𝜌 the density and 𝛾 the surface tension of 

the Newtonian system. The modification consisted of replacing the Newtonian viscosity by the 

thinning viscosity estimated at the appropriate shear rate as shown above. Andrade et al. [36] used 

also shear thinning viscosity and different combinations of Re and Oh in order to rationalize the 

interplay of inertia, viscous and capillary contributions to spreading [24, 37-40]. The predictions 

of the spreading factor β were improved when compared to experiments. However, these drop 

impact experiments were performed at a large flat surface where the entire spreading event took 

place. This ensured the non-slip condition at the bottom of the expanding sheet, whereas its top 
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was free to move. Under this conditions thinning was accounted for by using shear flow dominated 

spreading. However, even when the droplet impacts on a small target where most of the spreading 

sheet is in contact with air shear-dominated spreading seems to be the relevant mechanism. In fact, 

Arora et al. in [32] assumed that shear dominates the spreading until dMax, and by simply plotting 

dMax as function of the dynamic viscosity 𝜂′ =
𝐺′′

𝜔
=

𝐺0𝜏

1+(𝜔𝜏)2  taking the frequency ω = 1/tMax, 

instead of the zero-shear viscosity, all data collapse into a master curve, which suggests that the 

deviation from the Newtonian behavior can be accounted for using linear viscoelastic data only. 

Yet, neither the treatment proposed by An et al. [30] nor that by Arora et al. were successful in 

describing the maximum spreading for our supramolecular samples. Indeed, the method proposed 

by An et al. [30] is not supposed to work for our experimental results because our sheets experience 

shear only on the small target and not in all the expansion event [30, 36, 41].     In fact, estimating 

the shear rate using the method of An et al. yields values of the order of 2000 s-1 in our system, 

which corresponds to viscosity values at the limit of the measured range of shear rates (Fig.6.2b). 

Such low viscosities would result in a constant maximum spreading diameter dominated by 

capillary forces and no viscous dissipative regime where dMax decreases with viscosity. This is 

clearly not the case with our results which support further the expected failure of this method.  
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Figure 6.5: Normalized maximum diameter (see text) as function of the dynamic viscosity for the EHUT/dodecane 

samples at different concentrations (blue squares) and for Glycerrol/water mixtutes as function of the zero shear 

viscosity (red squares). 

 

Furthermore, even the method proposed by Arora et al. [32] does not describe our data 

despite the fact that the same experimental conditions are met (small target). The result of this 

analysis is presented in Figure 6.5, where we see clearly that accounting for the dynamic viscosity, 

η’, shifts our data to extremely low viscosities compared to the Newtonian counterpart. This is 

actually not a surprise when considering the large values of the terminal relaxation time (τ0) 

compared to the experimental time (tMax) (see Table 1). In fact, the definition of η’ would yield an 

extremely high value of (𝜏/𝑡𝑀𝑎𝑥)2  ≈  10002 , from which a drastic reduction of the zero shear 

viscosity (𝜂0 = 𝐺0𝜏) results. Note that for the systems studied by Arora et al. [32]  (𝜏/𝑡𝑀𝑎𝑥)2  ≈

 12 . Such low viscosities do not correspond to the regime where dMax decreases as function of 
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viscosity. Therefore, shear does not seems to be a sufficient parameter for controlling the 

expansion of our sheets. 

 

6.4.3 Biaxial flow analysis 

Actually, the deformation field during sheet expansion upon impacting a small target with 

a considerable area in air, free from any shear condition, is essentially biaxial. In the above 

circumstances, the flow field experienced by the sheets is more close to a biaxial deformation. This 

is because the droplet is elongated radially and compressed in perpendicular direction [42]. In this 

section, we present a first-approximation analysis of a biaxial sheet expansion. 

 

6.4.3.1 Estimation of the Hencky strain rate 

A first challenge is to account for the strain rate experienced by the expanding sheets. In 

fact, the Hencky strain rate defined as 휀̇ =
1

𝑑
×

𝛿𝑑

𝛿𝑡
  (Eq.6.2) [42] is not constant during the spreading 

event, but decreases with time (i.e., with the expansion radius), as is clear from the representative 

example shown in Figure 6.6 for the evolution of the strain rate with the expansion radius for the 

sample with C = 0.37 g/L. This behavior of the strain rate is not surprising because it is easily 

deduced from the time evolution of the spreading diameter presented in Fig.6.3a. In fact, the 

quantity 
𝛿𝑑

𝛿𝑡
 in Eq.6.2 which is the deformation velocity, decreases to zero at dMax. 
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Figure 6.6: Evolution of the Hencky strain rate calculated using Eq. 6.1 as function of the radius of the sheet. 

 

The average value for the strain rate is then calculated as: 

 

 

휀̇ ̅ =  
 ∫ 휀̇ 𝑑𝑟 

𝑟𝑀𝑎𝑥

𝑟𝐸𝑑𝑔𝑒

∫ 𝑑𝑟
𝑟𝑀𝑎𝑥

𝑟𝑒𝑑𝑔𝑒

 

Eq.6.3 

 

where: 𝑟𝑀𝑎𝑥 and 𝑟𝑒𝑑𝑔𝑒 are the sheet radii at the maximum expansion and the edge of the target, 

respectively. The resulting average strain rate for each sample is plotted in Figure 6.7 as function 

of concentration. 
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Figure 6.7: Average strain rate calculated according to Eq.2 as function of concentration. 

 

We see from figure 6.7 that the strain rates estimated from Eq.6.1 are very high, ranging 

from 300 s-1 to 1300 s-1. In addition, they increase in a monotonic way from C= 0.37 g/L to C = 2 

g/L, whereas their values scatter significantly from C = 2.33 g/L to C= 3 g/L. From the ratio 

between dMax and tMax reported in Table 6.1, we see that higher the concentration, the faster the 

sheet reaches its maximum expansion which is in agreement with the observations for Fig.6.7. We 

believe that above 2 g/L the data fluctuate due to the experimental errors associated with the size 

of the initial droplets (not well controlled)  and the spreading (too fast to allow for a precise 

recording for its time evolution ).  
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6.4.3.2 Modeling the Biaxial viscosity 

In absence of experimental data on biaxial viscosity for solutions, we opted to model it 

using a version of the so-called hierarchical multimode molecular stress function (HMMSF) 

model for entangled polymers [43].  The molecular stress function model (MSF) is a generalized 

tube-inspired model with strain dependent tube diameter. According to this model, the stretch of 

chains originates from the squeezing of the tube diameter and the extra stress for 𝜎(𝑡) is the sum 

of the stress contributions 𝜎𝑖 of each mode i: 

 

 𝜎(𝑡) = ∑ 𝜎𝑖

𝑖

= ∑ ∫
𝛿𝐺𝑖(𝑡 − 𝑡′)

𝛿𝑡′
𝑆(𝑡, 𝑡′)𝑓2(𝑡, 𝑡′)𝑑𝑡′

+∞

−∞𝑖

 Eq.6.4 

 

where G (t) is the (linear) stress relaxation modulus and can be represented through a sum of 

discrete Maxwell modes i with relaxation moduli, gi, and relaxation times, τi : 

 

 𝐺(𝑡) =  ∑ 𝐺𝑖(𝑡) = ∑ 𝑔𝑖𝑒𝑥𝑝(−𝑡/𝜏𝑖)

𝑛

𝑖=1

 

𝑛

𝑖=1

 Eq.6.5 

 

𝑆 (𝑡) is the Doi- Edwards orientation tensor and 𝑓(𝑡) is the MSF accounting for the stretch of the 

chains with strain. The model accounts for the hierarchical relaxation and the dilution of the tube 

segments by introducing the so-called dilution modulus (𝐺𝐷) which has the role of acting as stretch 

reduction in 𝑓(𝑡). In fact, the portion of chains that had already relaxed at time, 𝑡’ , having a 
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modulus 𝑔𝑖 > 𝐺𝐷 , will reduce the stretch of chains having a modulus  𝑔𝑖 < 𝐺𝐷 and experiencing 

deformation at time𝑡 > 𝑡′ due to tube diameter enlargement. The dilution modulus (𝐺𝐷) is the only 

fitting parameter for this system. 

The MATLAB based code for the model was kindly provided to us by Dr. Sara L. 

Wingstrand from Professor Ole Hassager’s group in DTU, Denmark. The code was originally used 

to model uniaxial stress growth function, hence, we modified it in order to model biaxial 

deformation. We used one Maxwell mode characterized by the plateau modulus, G0, and the 

terminal relaxation time, τ0 , for our systems as input parameters instead of  the commonly used 

multi-Maxwell modes characterized by a set of moduli and relaxation times (gi and τi).  

Accordingly, the modeling result for a specific concentration was always the same regardless the 

value of the dilution modulus 𝐺𝐷 used as long as it has a value within the range of the stress 

relaxation modulus 𝐺(𝑡). Representative results for concentration at C = 2 g/L are shown in Figure 

6.8. 
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Figure 6.8: (a) Time evolution of the complex viscosity data (black squares) and the modeled biaxial viscosity divided 

by 6 (the Trouton ratio) at different strain rate as indicated in the legend. (b) Complex viscosity (open squares) as 

function of frequency and the modeled biaxial viscosity divided by 6 (open circles) as function of strain rate. The 

dashed lines are plotted with a slope of – 1 (black) and – 0.5 (blue) to guide eyes. 
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Fig.6.8a depicts the transient biaxial viscosity divided by the Trouton ratio 6 as function of time at 

different extensional rates as indicated in the legend, together with the linear shear viscoelastic 

envelope. The model predictions capture the linear viscoelastic envelope at low strain rates and 

short times before they reach steady state plateau which validate the model results. At high strain 

rates (휀̇ > 10𝑠−1 ) the data exhibit extension hardening before steady state. Note that the time 

needed to reach steady state is faster with increasing strain rate. Fig.6.8b depicts model predictions 

for the steady state biaxial viscosity divided by 6 as function of 휀̇ , together with the dynamic 

complex viscosity as function of frequency ω. Both set of data superimpose at low rates, 

confirming the validity of the Trouton in the Newtonian limit [42, 44]. At a strain rate 휀̇ ≈

 0.1 𝑠−1 both data exhibit thinning but while the shear experimental viscosity exhibits a slope of -

1 associated with banding, the predicted biaxial viscosity has a slope of -0.5.  Focusing of the 

latter, the Doi-Edwards theory [44] predicts that in extensional flows when the strain rate is smaller 

than the inverse of the longest relaxation time, 휀̇ <  1/𝜏𝑑, the extensional viscosity will remain 

constant (Newtonian limit), i.e., 6η0 for biaxial extension. At 1/𝜏𝑑 ≤ 휀̇ ≤ 1/𝜏𝑅, where τR is the 

Rouse time, the uniaxial extensional viscosity is expected to decrease as 휀 ̇−1 and when 휀̇ > 1/𝜏𝑅 

(in the chain stretching limit), the uniaxial extensional viscosity is expected to rise again and reach 

steady state values larger than the Newtonian limit. However, experiments have shown that 

for 1/𝜏𝑑 ≤ 휀̇ ≤ 1/𝜏𝑅 the extensional viscosity decreases as 휀̇−0.5  instead of 휀 ̇−1 [45], and that the 

transition to the chain stretching limit can be delayed well beyond the expected value 휀̇𝜏𝑅  ≈ 1. 

The same scaling was found for planar extensional viscosity [46] and explained by the fact that 

the number of entanglements per chain decreased from its equilibrium value due to 

creation/destruction process in the range1/𝜏𝑑 ≤ 휀̇ ≤ 1/𝜏𝑅. Furthermore, a modification of the 

original Doi-Edwards model accounting for the change of tube diameter proposed by Marrucci 
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and Ianniruberto [47] yields a decrease of the extensional viscosity in the thinning regime 

according to 휀̇−0.5  for uniaxial, planar and biaxial deformation. The latter finding suggest that this 

scaling of biaxial viscosity with strain rate can be expected to hold experimentally, which conforms 

to our predictions.  

 

6.5 Linking spreading of biaxial viscosity 

We used the values of the calculated strain rates (휀̇) in Fig.6.7 to extract the corresponding 

biaxial viscosity for each concentration. In Figure 6.9, we plot the normalized maximum expansion 

diameter,�̃� as function of the biaxial viscosity predicted by the model together with that of the 

Newtonian samples (where ηΒ=6×η0). A very good collapse of both sets of data confirms the 

importance of biaxial deformation. The highest concentration data are off, was expected regarding 

based on the uncertainty in the relevant strain rate (Fig.6.7). In Fig.6.10b, we add two sets of data 

from Arora et al. [32] plotted as function of biaxial viscosity calculated as ηΒ=6×η0 because the 

shear viscosity of this data exhibits a plateau until �̇� ≈ 1000 𝑠−1, hence, there was no need to 

model the biaxial response. The obtained master curve is promising. 
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Figure 6.9: Normalized maximum diameter for  the EHUT samples (blue squares) as function of the biaxial viscosity 

calculated from the model and for the Glycerol/water mixtures as function of the biaxial viscosity calculated as                 

η Β=6×η0, where η0 is the zero shear viscosity (a). And for the data of C12-microemulsions (green triangles) and C12-

micelles (magenta circles) as function of η Β=6×η0 taken from Arora et al. [32]. 

 

6.5.1.1 Dimensional analysis 

Despite the master plot of Fig.6.9b. a remaining issue is that, unlike the maximum diameter in the 

vertical axis, the biaxial extensional viscosity in the horizontal axis is nor normalized, hence, the 

question is what would be an appropriate universal (dimensionless) parameter controlling the 

phenomenon. 

Inspired by Ohnesorge number, we propose another dimensionless number which also 

reflects the balance of capillary and viscous forces. To this end, we apply the Buckingham’s PI 

theorem [48]. The starting point is that the maximum diameter (dMAX) depends on (nonlinear) 

viscosity (η), modulus (G), surface tension (γ) and maximum time (tMAX).With 5 parameters and 

3 independent dimensions (M, L, T), we end-up with 2 independent dimensionless groups. The 

one of interest is:  
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 dMaxηatMax
b γc = (L)(ML−1T−1)a(T)b(MT−2)c =  M0L0T0 Eq.6.6 

 

Which gives: a = 1, b =  −1 and c =  −1; which gives the dimensionless number (DL):  

 

DL = d max η B /γ t max 

 

Where for our systems, the surface tension of dodecane was used (γ dodecane = 25 m N/m) and for 

the systems of [32] the surface tension of water was used (γ water = 72 mN/m. In Fig.6.11, we show 

the data shifted using DL for different systems considered [32]. 

 

10
0

10
1

10
2

10
3

10
4

0.4

0.6

0.8

1

1.2

 EHUT

 Glycerol/Water

 C12-Micro-emulsions

 C18-Micro-emulsions

 C12-Micelles

 C18-Micelles

DL= 
B
d

MAX
/t

MAX

~ d
 [

1
]

 

Figure 6.10: Normalized maximum diameter for the EHUT samples (blue squares), Newtonian (red squares) and for 

C12-microemuslions (close green triangles), C18-microemuslions (open green triangles), C12-micelles (close 

magenta circles) and C18-micelles (open magenta circles) from [32] as function of the new dimensionless number. 
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There are two different groups of data. Most data collapse into a master curve except for the EHUT 

and C18-Micelle data. In fact, at DL ≤ 40, all data superimpose in the capillary regime and in a 

small region of the viscous regime whereas, at DL > 40, they diverge from the master curve. The 

new dimensionless number DL seems appealing, however, since it does not describe universally 

the expansion of all systems, more work is needed in this direction. 

 

6.6 Instabilities and cracks in expanded sheets of supramolecular polymers 

 

6.6.1 Experimental observations 

Similarly to the findings of [32], we observed cracks and perforations in the sheets at their 

maximum expansion. Representative examples are shown in Figure 6.11. As is clear, not all the 

samples exhibit fractures. In fact, only the two highest concentrations exhibit cracks, i.e., 2.6 g/L 

and 3 g/L. The cracks do not occur in each impact experiment but they are rather random. On other 

hand, none of the impact experiments performed on the other concentrations leads to cracks at 

maximum expansion. 
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Figure 6.11: Snapshot for the sheets at the maximum expansion for each EHUT/dodecane as indicated in the legend. 

The red arrows indicate the location of the fracture for the sheets of the samples at 2.6 g/L and 3 g/L. Note that there 

was no fractures observed of the other concentrations. 

 

6.6.2 Quantification of the sheet heterogeneities 

The origin of cracks is thought to be due to thickness fluctuations of the sheet [32]. In order to 

study the thickness heterogeneities in a quantitative way, we measured the mean grey level 

intensity I and the grey level standard deviation ΔI at d Max. It have been previously shown that the 

grey scale of the image is quantitatively correlated to its thickness [17].  

 

6.6.2.1 Method and results 

To measure for each expanding sheet at dMax the mean grey level intensity I and the grey level 

standard deviation ΔI used the software ‘Image J’ by selecting the maximum available area of the 

sheet as shown in Figure 6.12 where target area (in black) and the outer rim are excluded from the 
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analyzed region. The two examples for the grey level analysis presented are for a relatively low 

concentration, C = 1 g/L, and for C = 2.6 g/L which is one of the high concentrations studied.  

 

 

Figure 6.12: Snapshot for the sheets at the maximum expansion for the samples at 1 g/L (a) and 2.6 g/L (b). The red 

line shows the area selected to calculate the grey mean and standard deviation highlighting the difficulty to get good 

statistics for high concentrated systems due to the small expansion and to its non-axisymmetric shape.   

 

Naturally, the selection of an area for the grey level analysis is more difficult for the concentrated 

samples due to the low expansion which is very close to the target diameter and the non-

axisymmetric shape. Note that, only the sheets that did not fracture were analyzed in order to avoid 

unrealistic grey-level standard deviations. The results of ΔI/I averaged over three different impact 

drop experiments for each sample versus concentration are shown in Figure 6.13. 
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Figure 6.13: ΔI/I averaged over the whole area of the sheet at maximum expansion and over three different sheets 

from the same concentration as function of the concentration.  The thick horizontal line is to indicate the plateau region 

and the arrow is at C=1.5 g/L highlighting its end. 

 

For C ≤ 1.5 g/L, ΔI/I shows a plateau with a value equal to the that of the solvent (dodecane) 

plotted as C = 0 g/L. At C > 1.5 g/L, a weak increase of ΔI/I followed with a sharp one until a 

maximum at C = 2.6 g/L, then it drops again at the highest concentrations, 2.85 g/L and 3 g/L. 

This is in agreement with the visual observations of the expanded sheets at different concentrations 

(Fig.6.11). Interestingly, occasional cracks occur only in the concentration region right after the 

increase in ΔI/I (2.6 g/L and 3g/L) without any crack observed in the concentrations of the ΔI/I 

plateau, as it is confirmed in Figure 6.11.  Note also that no cracks were observed for the 

concentrations C = 2.3 g/L and C = 2.85 g/L. We believe that the drop observed in ΔI/I at high 

concentrations, which is still higher than its plateau value, may reflect poor statistics at high 

concentrations due to the above mentioned reasons. As discussed by Arora et al. [32], the 

instabilities are correlated with fluctuations of the sheet thickness, which may lead to its fracture 
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(cracks). At present, the mechanism behind the cracks is not clear, hence we focus the following 

section to first order rationalization of the instabilities. 

 

6.6.3 Toward a rationalization of instabilities in supramolecular systems 

 

It has been proposed that the Deborah number based on the terminal relaxation time,    

 𝐷𝑒 =
𝜏0

𝑡𝑀𝑎𝑥
 , is the controlling parameter for the cracks and instability enhancement in freely 

expanding viscoelastic sheets [32]. Indeed, when De >>1, the relaxation time of the system is much 

larger than the experimental time taken, tMax, the time at which the sheets reach their maximum 

expansion, dMax, hence, the sheet does not have time to relax which induces cracks in the expanding 

sheet. Note that we have shown in the previous part that the expansion of our free-standing 

supramolecular system beyond the target is controlled by biaxial deformation (Fig. 6.9 & Fig. 

6.10). However, the flow field associated with the specific impact drop experiment is rather 

complex, and comprises both shear (target) and biaxial (air) deformations. Indeed, the spreading 

event occurs first on the small target where it experiences shear due to the non-slip boundary 

condition. At the edge of the target when the shear rate becomes zero, there is instant relaxation of 

the stress and then the sheet continues deforming biaxially until it reaches its maximum diameter. 

We shall analyze the observed instabilities in light of this and also by following the work of Arora 

et al. [32], i.e., comparing the stress relaxation with the experimental time (tMax) through the 

relevant Deborah number. Yet, this criteria seems not to hold with our systems despite the fact that 

testes for all concentrations probed here yield to very high Deborah numbers based on the terminal 

relaxation time, τ0, compared to one as plotted in Figure 6.14a. It is interesting that the evolution 

for De with concentration exhibits two behaviors: a weak increase at C < 2 g/L where it is almost 
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constant then a sharp increase at C > 2 g/L which is the regime where the onset of the instabilities 

occurs. This finding is only in a qualitative agreement with the idea proposed by Arora et al. [32]. 
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Figure 6.14: Deborah number based on the terminal relaxation time (a) and beased on the equilibirum breaking and 

reformation time (b) as function of cocentration. 

 

As established in Chapter 3, the breaking and reformation time (τb) extracted from the LVE data 

seems to be the relevant time scale in living supramolecular systems and is found not to be affected 

by humidity. We plot the respective Deborah number in Fig.6.14b. We observe that, 𝐷𝑒 =
𝜏𝑏

𝑡𝑀𝑎𝑥
  

has still high values compared to one. It also shows the same qualitative trend as that for De based 

on the terminal relaxation time, i.e., a sharp increase at C > 2 g/L which corresponds to the onset 

of instabilities. Yet, the agreement with the idea that the sheets cracks because the experimental 

time is smaller than their relaxation time remains qualitative. A quantitive agreement would be a 

time scale that yield to De values lower and above 1, hence, suggestion that it is the relevant time 

controlling the fractures. Note that the limited LVE data available at the highest frequencies 

indicate that the high-ω peak of G’’, associated with the onset of the breaking events, corresponds 
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to a  𝜏𝑏
𝑜𝑛𝑠𝑒𝑡 =  

1

10
𝜏𝑏. In fact, this would shift the plateau values of the Deborah number in Fig.6.14b 

toward unity. 

A more realistic estimation of the relevant time in this regard seems to be the fast relaxation 

time (τ1) extracted from the relaxation after shear cessation, as presented in Chapter 4. In fact, this 

time was attributed to the instant reformation of the structure and decreases with the imposed shear 

rate. It was found that all data fall into a master curve at Wib > 1 regardless the concentration, 

which is equivalent to shear rates �̇� > 1.25 𝑠−1.   
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Figure 6.15: Data for the range of concentrations studied in Chapter 5 (a) the fast relaxation time after flow cessation 

as function of shear rate. (b) The time at which the transient data reach steady state as function shear rate. The 

horizontal and vertical arrows in both figures indicate the relevant shear rate and times for this analysis (more in the 

text).  

 

We plot this time for the range of concentrations studied in Chapter 5 as function of shear rate in 

Figure 6.15a. Indeed, within error all data seem to fall into one curve at high shear rates, suggesting 

a universal behavior regardless of concentration.  In other words, we inherently assume that this 

behavior holds for concentrations ≤ 3g/L, which were considered here. Therefore, the spreading 

of the sheet upon impacting the small target is regarded to a first approximation as akin to a shear 

start-up and relaxation experiment. At the exit (edge) of the target, the shear rate is zero and the 
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sheet undergoes a relaxation process. We calculated the shear rate on the target using An et al. [30] 

method as  �̇� =
 𝑣0

𝐻
 (see above). Limited by the target size, the sheet thickness for all samples will 

be the same and a constant impact velocity 𝑣0 = 4 𝑚/𝑠 is considered (which would be the velocity 

of the first instant of the droplet hitting the target and spreading). This yields a constant average 

shear rate for all samples  �̇� ≈ 3960 𝑠−1. Using the transient data presented in Chapter 5, we found 

that the time needed to reach steady state decreases with shear rate as 𝑡𝑠𝑡𝑒𝑎𝑑𝑦 ≈ 8 × �̇�−1,1 as 

indicated in Figure 6.15b with the dashed orange line through the data. In fact, this results in 

𝑡𝑠𝑡𝑒𝑎𝑑𝑦  ≈  0.81 𝑚𝑠 (horizontal arrow in Fig.6.15b) for a sample undergoing shear with �̇� ≈

3960 𝑠−1 (vertical blue arrow in Fig.6.15b) which is equal to the time needed for a sheet expanding 

with  𝑣0 = 4 𝑚/𝑠 to exit the target. Therefore, the sheets reach steady state before they leave the 

target (at which point the shear rate is zero and the relaxation process starts). To calculate the 

relaxation of the sheet, we assume that the fast relaxation time for the samples used for the impact 

droplet experiment will have the same behavior as in nonlinear shear, i.e., all data will collapse 

into a master curve at high shear rates. Based on the above, we extrapolate the data in Fig.6.15a to 

the actual range of shear rates. Accordingly, the fast relaxation time for our sheets, considering 

that they were sheared at  �̇� ≈ 3960 𝑠−1 (vertical arrow in Fig.6.15a), is  𝜏1  =  4.7 𝑚𝑠 (horizontal 

arrow in Fig.6.15a). The corresponding Deborah number 𝐷𝑒 =
𝜏1

𝑡𝑀𝑎𝑥
  as function of concentration 

is plotted in Figure 6.16. For C < 2 g/L, De has constant value just below 1. On the other hand, for 

C > 2g/ L, De increases sharply above 1 in the regime where enhancement of the sheet’s 

instabilities and eventually cracks were observed (see Fig.6.11 & Fig.6.14).  This suggests that the 

nonlinear reformation time (τ1) is the relevant time scale controlling the onset of sheet instabilities. 
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Figure 6.15: Deborah number based on the fast nonlinear relaxation time as function of cocentration. The dashed blue 

is at De = 1. 

 

This analysis conforms to the complex deformation field arising from the impact droplet 

experiment on a small target. Indeed, the results are consistent with the scenario according to 

which, upon impact the droplets experience a strong shear which persists until the sheets exit the 

target, where instant stress relaxation takes place; at that time, the sheet is freely expanding in air 

under biaxial deformation until dMax. However, in the case where the experimental time tMax is 

larger than the nonlinear fast relaxation time (τ1), the sheet can relax the shear stress and will not 

exhibit any instabilities. On the other hand, when tMax > τ1, the sheet exhibits instabilities because 

it did not have time to relax the shear stress. 

An alternative scenario would be that upon impact the structure of EHUT samples breaks and the 

sheets will expand to an equal large diameter in the inviscid limit. However, the broken systems 

will immediately start reforming their structure which will increase the viscosity again, hence, 
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reducing the maximum spreading diameter. Note that the estimated average shear rate corresponds 

to a time much shorter than the breaking/reformation time.  The break-up of WLMs upon impact 

on a large target (no exposure to air) has been already discussed by Cooper-White and Boger [31] 

in order to explain the observed equivalent dMax for a range of concentrations of CTAB-NaSal 

WLMs.  

 

6.7 Conclusions 

Drop impact experiments on small target surfaces were performed over a range of concentrations 

of a supramolecular living polymer. Two spreading regimes for the maximum expansion diameter 

for the freely expanding sheets were observed. The capillary regime, where the maximum 

expansion does not depend on viscosity and a viscous regime where the maximum expansion is 

reduced with increasing viscosity due to viscous dissipation, in agreement with previous findings. 

Considering biaxial deformation appears to be important in controlling the expansion. The biaxial 

viscosity was modeled with a hierarchical multimode molecular stress function model and its 

success to describe our findings was evidenced by plotting the maximum sheet expansion for our 

system together with Newtonian systems and systems reported in previous work as function of the 

biaxial viscosity. Using a new dimensionless number drives the data in the right direction without 

giving a universal description so far. On the other hand, shear seems useful in rationalizing the 

cracks and the instabilities. Accordingly, more experiments are needed to converge these 

approaches and further understand the impact drop experiment toward a universal description. 
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7 CHAPTER 7:                                           

Conclusions and recommendations 

 

 

In this thesis, we have studied novel combinations between supramolecular and topological 

properties in polymeric systems. Moreover, we have conducted systematic investigation with well-

characterized supramolecular systems, in melt and solution, by means of start-up and relaxation 

tests where a rich response was obtained. Our results, confirm the great potential to tailor flow 

properties by interrogating the wide range of supramolecular time and length scales. In addition, 

we have proposed new experimental protocols aiming at acquiring more insights into the properties 

of supramolecular systems. Finally, we have bridged the fundamental understanding of molecular 

rheology with applications, by using supramolecular systems in experiments that are important 

both technologically and scientifically and attempting to rationalize fluid mechanical response 

based on their microscopic features. The main conclusions and suggestions for future work are 

listed below. 

 

 

 

 

 



220 
 

1) Telechelic unentangled star polymers with finger-like associating disulfide (SS) behave 

qualitatively akin to sticky-Rouse chains. The development of plateau modulus due to SS 

association can be captured with BD simulations which can also provide the fraction of inter-stars 

associating groups. The limitation in capturing the entire terminal relaxation can be overcome by 

performing in the future long creep measurements. In fact, preliminary creep data with a treated-

SS3 star indicates a plateau in J (t) for more than 27 hours at 100 °C at two different applied 

stresses (100 Pa and 50 Pa), which means that at this temperature the associating groups are not 

dynamic yet. Note that this plateau amounts exactly to the inverse of the modulus observed in 

dynamic data (G’ = 2.4×105 Pa) at low frequencies. 

 



221 
 

 

Figure 7.1: Master curves for the precursor system (a) and one of the SS3 systems (b) showing G’ (blue), G’’ (green) 

as function of frequency at Tref = 0 °C. The lines through the data are TMA model fits. The parameters used are in the 

legend and for more details see the text. 

 

Further, to obtain a more quantitative mesoscopic description of the LVE spectra of these 

systems, the use of appears promising [1, 2]. We have already attempted to apply TMA to fit our 

data and the encouraging results are shown in Fig.7.1. 

As is evident from Fig.7.1a, TMA captures the precursor data with G0=1.6×105 Pa, Me =17.5 

kg/mol and τseg = 17 ms. In Fig.7.1b, we show two fitting attempts with data from one of the SS3-

star associating system, and very good agreement is clear. The red fit describes better the data than 

the yellow. In this case, we assume a complex distribution of the relaxation times with 56% of 

dangling arms (associated only at one end), 5% of chains relaxing as Maxwellian (τd = 62 s) (not 

associated in either end), 2% of chains relaxing as Maxwellian but with time τd2 = 3965 s almost 

the square of the previous one (a delayed relaxation due to the time of stickers dissociation) and 

finally 37 % of non-relaxing chains (associated at both ends) during the time of the experiment. 
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This latter fraction is very close to the association level in inter-star configuration captured by BD 

simulations (See Chapter 2). On the other hand, the yellow fit assumes only 56 % of dangling arms 

and 44 % of not relaxing ones. This result shows clearly that the TMA captures the LVE data of 

our system very sensitively, mimicking the complex structure due to the finger-like configuration 

of the associating groups.  

A more thorough analysis of the developed plateau modulus is possible with the Miller-

Macosko (MM) model, which was developed based on the recursive nature of the branching 

process and on elementary probability laws under the assumptions that (a) all functional groups of 

the same type are equally reactive, (b) all groups react independently, and (c) no intramolecular 

reactions occur in finite species [3, 4]. This model allows to statistically predict the number density 

of elastically active strands (ν) and junctions (μ) starting from the synthesis details such the initial 

of concentration of the bifunctional chain (B2) and the multifunctional crosslinker (Af) [5].  See 

the schematic in Fig.7.2 for a better visualization. 
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Figure 7.2: Schematic illustration of the polymer networks with multifunctional associating groups. Note that linear 

pendant chains (B1) are linked to the network structure only through one of the chain ends. In this work, we employed 

tetra-functional (A4) cross-linkers. Schematic from [6]. 

 

Comparison of the predicted plateau values with those extracted from the experiments provide a 

hint as to whether the elastic modulus is closer to the affine or phantom model. The latter assumes 

that the fluctuation of junctions around their mean position results a modulus reduction [7]. In fact, 

the need of such a prediction arises from the fact that a junction is elastically active if three or more 

of its arms are independently attached to the network and a strand is elastically active if it is 

attached at both ends to an active junction [7]. We have tested this model on the SS3-star system 

by taking the bifunctional chain (B2) as two arms that could be associated at both ends with tetra-

functional (A4) crosslinker. Therefore, the model yields the following formulation for the ν and μ 

[5]: 
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 ν = [𝐴4]0 ∑
𝑖

2
𝑃(𝑋𝑖,𝑓)

𝑓

𝑖=3

 Eq.7.1 

and 

 μ = [𝐴4]0 ∑ 𝑃(𝑋𝑖,𝑓)        

𝑓

𝑖=3

 Eq.7.2 

 

where [𝐴4]0 is the initial concentration of crosslinking molecules and: 

𝑃(𝑋𝑖,𝑓) = (
𝑓
𝑖

) 𝑃(𝐹𝐴
𝑜𝑢𝑡)𝑓−𝑖[1 − 𝑃(𝐹𝐴

𝑜𝑢𝑡)]𝑖 is the probability that Af is an effective crosslink of 

degree ′𝑖′ (for our case, f =4 implying that ′𝑖′ could be 3 or 4 according to the definition above), 

with (
𝑓
𝑖

) =  
𝑓!

𝑖!(𝑓−𝑖)!
 being the number of combination of ′𝑓′ things taken ′𝑖′ time and: 

𝑃(𝐹𝐴
𝑜𝑢𝑡) = (

1

𝑟×𝑝2 −
3

4
)

1/2

−
1

2
   the probability that extending out from a crosslink point A leads to 

a finite network, i.e., equivalent to dangling chain; note that  𝑝𝐵 = 𝑟 × 𝑝 =  
𝑓𝐴𝑓0

2𝐵20
𝑝𝐴 with 𝑝𝐴, 𝑝𝐵 

are the extend of the reaction and 𝐴𝑓0, 𝐵20 the initial concentrations of A and B, respectively [3]. 

Considering the synthesis details of our SS3 system and by applying the above 

formulations, we found the following values for the ideal modulus: 5.2×105 Pa in the case of affine 

deformation and 2.6×105 Pa in the case of a phantom deformation. Equations used for the modulus 

calculations for both models are detailed in Chapter 2. These values are one order of magnitude 

higher than 𝑘𝐵𝑇/𝑀𝑥 with 𝑀𝑥 =  2 × 𝑀𝑎𝑟𝑚. We postulate that the origin of the higher model 

modulus is due to some trapped entanglements. In fact, Mx = 33 kg/mol is about 2 entanglements 

per chain for PnBA if we take Me = 16 kg/mol [8]. Note finally that the model is able to estimate 

the fraction of trapped entanglements along with the fraction of the dangling ends, which is 
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motivating to further probing the origin of elasticity in our system within its framework, possibly 

in conjunction with TMA. 

The different contributions to the elastic modulus could be quantified by means of a novel 

experimental protocol consisting of a particular treatment of the double quantum NMR signal (DQ 

NMR) [6, 9-11]. Briefly, the DQ NMR signal of a crosslinked network has two contributions: the 

first coming from the mobile chains that are not connected to the network (elastically inactive) and 

the second representing the faction of chains connected to the network. The analysis method 

focuses on decoupling both contributions, hence, deducing the fraction of elastically active strands 

that are actually contributing to the network elasticity [10]. For our systems (SS3 and SS7) initial 

measurements were kindly performed by Dr. Paul Sotta from CNRS/SOLVAY, France.  

Figure 7.3a shows the DQ normalized signal for both systems as function of time. The initial slope 

is directly proportional to ν, the fraction of elastically active chains [10]. In fact, this result 

confirms the presence of loops that do not participate to the elasticity. Furthermore, the signal 

depends on temperature which suggests that the dynamics is complex even at high temperatures 

above Tg, T = 353 K (80 °C).  

Fig.7.3b and Fig.7.3c depict the relaxation of the DQ signal where in principle the  networked 

material (elastically active) corresponds to very fast relaxation (within a time scale of 20-50 μsec), 

while mobile material (loops) is associated with longer relaxation (of order 10 msec at least) [10]. 
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Figure 7.3: Normalized DQ signal for SS3 and SS7 at various temperatures as indicated in the legend (a). Transverse 

relaxation in sample S3 (b) and SS7 (c) at various temperatures as indicated in the legend. 

 

 

2) Marginally entangled stars polymer with SS-associating groups in finger-like configuration and 

high functionality exhibit linear viscoelasticity response consistent with the sticky-reptation model 

where the first plateau originating from the stickers relaxes to a second one due to entanglements. 

Indeed, at high temperatures (T > 150 °C) the SS-association groups are fully dynamics allowing 

for eventual chain relaxation. The complex nonlinear response in shear reflects the interplay of 
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clustering and structural rearrangement due to the above mentioned dynamic character of the 

disulfide supramolecular associating groups. The intra/inter structural exchange rearrangement 

is also at the origin of the intriguing self-healing ability of these systems which further exhibit an 

enhancement of their mechanical (tensile) properties after damage and healing process. Future 

work shall focus on probing its structure with the adequate tools, in order to link it directly to its 

rheology.  
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Figure 7.4: (a) 1×1μm2 AFM phase image for the PnMBA precuror.(b) Profiles analysis for a an 0.5×0.5μm2 area from 

the phase image of the precursor shown in (a). (c) 1×1μm2 AFM phase image for the SS6-PnMBA. 



228 
 

In this direction we have performed preliminary AFM experiments in collaboration with 

the Bio and Soft Matter Division (BSMA) at the “université catholique de Louvain-la-Neuve, 

Belgium. Phase images in tapping AFM mode are shown in Figure 7.4 along with some 

preliminary analysis. 

We have used the droplet deposit sample preparation method where a very dilute solution 

was prepared in THF/CHCL3 mixture (c < 0.05 g/L) and a droplet was deposited on a silicon 

wafer. The AFM images were recorded after leaving enough time for the solvent evaporation. 

Phase imaging in tapping mode is sensitive to chemical and height changes and is gentler on soft 

surfaces than other contact methods [12]. As it is clear from Fig.7.5a, a scan of 1×1μm2 of the 

precursor sample shows individual spheres with a diameter 𝑑 = 55.75 ± 7.50 𝑛𝑚 and a 

height 𝑒 = 4.09 ± 1.6  𝑛𝑚 (obtained from the analysis performed on 0.5×0.5μm2 area as 

illustrated in Fig.7.4b) suggesting the presence of individual PnBMA stars. Note that the 

agglomeration observed is probably due to stacking of two individual stars due to the manual drop 

deposition. More interesting is the result presented in Fig.7.4c, where a 1×1μm2 a scan of 1×1μm2 

area of SS6-PnMBA shows interconnected spheres at different ranges, suggesting that the 

individual PnBMA stars are now connected most probably under the action of the associative 

groups. We also observed some isolated intra-connected spheres, which is tempting to relate them 

to some kind of clustering due to intra-star association but this conclusion is premature for the 

moment.  

These results were complemented by SAXS measurements on the SSx-PnMBA stars. The 

results are presented in Fig.7.5. 
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Figure 7.5: Scattering intensity as a function of the transfer momentum 𝑞 obtained from SAXS measurements from 

the PnBMA precursor samples, SS6- PnBMA and SS17- PnBMA as indicated in the legend. 

 

Contrary to the data of the associating PnBA, the precursor data are richer than the associating 

systems, where a structural peak at about 40 nm (very close to the value extracted from AFM) 

suggests that the distance between the stars center-of-mass (SAXS) is comparable to the diameter 

of an individual star. The other broad peaks may be attributed to the form factor but more 

experiments must be performed for a complete view of the structural characterization.  

 

3) Supramolecular organogelator based on hydrogen bonding belong to a huge class of living 

polymers, often termed wormlike micelle WLM solutions. Humidity has been shown to drastically 

weaken their linear and nonlinear viscoelastic response because of the ability of water molecules 

to compete with the self-assembly, hence acting as chain stoppers. This important effect resolved 

the controversy in the experimental findings for this system. On the other hand, the high 
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polydispersity should be taken into account for proper modeling (ca constraint release effects). A 

relevant question is whether other living polymers will show the same behavior and what would 

be the behavior of such a living system if it is exposed to different levels of humidity. 

In order to probe the humidity effect on other hydrogen banding living polymer, we used lecithin 

reverse micelles (Chemical structure in Fig.7.6a) that have the ability to form elongate in nonpolar 

solvents by adding bile salts [13-15] as illustrated in Fig.7.6c. The chemical structure of the most 

used bile salt Sodium deoxycholate (SDC) is shown in Fig.7.6b.  

 

Figure 7.6: (a) Molecular structure for the lecithin and for (b) Sodium deoxycholate (SDC) bile salt. (c) Schematic of 

the reverse micellar structures formed by lecithin with and without bile salt. Lecithin is shown as a molecule with a 

blue head and two red tails, while the bile salt is schematically represented as indicated in the figure. (d) Zero-shear 

viscosity η0 as a function of the molar ratio of bile salt to lecithin B0 for lecithin/SC mixtures in water.  

 

 

In non-polar solvent, lecithin molecules arrange in a reverse micelles protecting their polar 

(Fig.7.6c) head in the micelle core [13]. By adding bile salt, its molecules will associate with 

lecithin by means of hydrogen bonding, which results in their elongation to wormlike structure, 
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and the viscosity of the solution increases. By further increasing the bile salt to lecithin molar ratio 

B0 until a certain threshold value, the viscosity decreases sharply and the solution phase separate 

(Fig.7.6d). 
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Figure 7.7: LVE data shwoing G’ (squares), G’’ (circles) and η*(trinagles) as fucntion of frequency measured in open 

air (black) and under dry condition (red) for a cocnetration C= 0.2M of lecething in dodecane and B0=0.12 at 25 °C 

(see text for more deatails) 

 

The LVE data shown in Fig.7.7 highlight the effect of humidity, where the moduli without using 

the drying chamber are weaker (lower moduli and faster relaxation time), confirming the drastic 

effect of humidity on hydrogen bonding living polymers. Note finally, that water molecules in the 

case of Lecithin WLMs could serve as an additional extender of the worms, akin to the role of the 

bile salt at a certain bile salt/lecithin molar ratio (before the B0 where the maximum viscosity 

occurs) which makes the study of their effect on this living polymer more challenging (Fig.7.6d). 
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Furthermore, using our drying chamber, the ability of different salts to saturate the sample 

atmosphere with the known level of humidity can be studied, with a possibility to monitor it with 

the humidity probe, therefore studying its effect of the viscoelasticity.  

 

4) The nonlinear viscoelastic response of the organogelator living polymer under start-up reveals 

strain hardening (modeled based on the network strands finite extensibility), transient instabilities 

(before the stress peak) in agreement with other experimental observations on WLMs, and steady 

state shear banding. The relaxation after flow cessation is bimodal reflecting structure breaking 

and reformation. In fact the fast relaxation times collapse into one master curve at 𝑊𝑖𝑏  =  1 

regardless of concentration, whereas the slow mode is comparable with the terminal relaxation 

time. 

An intriguing finding that requires future investigation is the unusual increase of the stress during 

the relaxation process after flow cessation (see Fig.7.8). Indeed, at the highest concentration 

studied C = 12 g/L and high shear rates �̇� ≥ 7 𝑠−1, the fast initial decay (of hydrodynamic origin) 

is followed by a surprising stress overshoot and eventual slow relaxation (of structural origin) 

(Fig.7.8a).  



233 
 

10
-2

10
-1

10
0

10
1

10
2

10
3

0.0

0.2

0.4

0.6

0.8

1.0


 -
/

0
 [

1
]

t [s]

 7 s-1

 10 s-1

 15 s-1

 20 s-1

 25 s-1

 30 s-1

(a)

20 30 40

0.0

0.3

0.6

0.9
(b)

M
o

to
r 

v
o

lt
ag

e 
(v

o
lt

)

t [s]

 0.1 s-1

 1 s-1

 2 s-1

 5 s-1

 15 s-1

 30 s-1

 25s-1

 10 s-1

 7 s-1

 20 s-1

 

10
-2

10
-1

10
0

10
1

10
2

10
3

0.0

0.2

0.4

0.6

0.8

1.0  10s
-1
 for 2.5 s

 10s
-1
 for 2.5 s  2

 10s
-1
 for 30  s

 10s
-1
 for 2.5 s  3

(c)


 -
/

0
 [

1
]

t [s]

10
-2

10
-1

10
0

10
1

10
2

10
3

0.0

0.2

0.4

0.6

0.8

1.0  25s
-1
 for 1 s

 25s
-1
 for 1 s  2

 25s
-1
 for 30  s

 25s
-1
 for 1 s  3

(d)


 -
/

0
 [

1
]

t [s]
 

Figure 7.8: Stress relaxation after shear cessation 𝜎− divided by steady stress 𝜎𝑠𝑡𝑒𝑎𝑑𝑦  as function of time for 12 g/L at 

different shear rates as indicated in the legend. (b) Voltage motor output at different shear rates as indicated in the 

legend. (c) 𝜎−/𝜎𝑠𝑡𝑒𝑎𝑑𝑦  for 12 g/L at �̇� = 10 𝑠−1 at different total deformations as indicated in the legend and explained 

in the text. (d) 𝜎−/𝜎𝑠𝑡𝑒𝑎𝑑𝑦  for 12 g/L at �̇� = 25 𝑠−1 at different total deformations as indicated in the legend and 

explained in the text. 

 

As first validation of this effect, we have checked the possibility of motor drift and performed the 

start-up and relaxation test while taking the voltage feedback of the motor (Fig.7.8b). The signal 

measured was an output signal (not a commanded one) which allowed to measure the voltage 

generated by any movement of the motor. No change of the motor feedback voltage in the 

relaxation step after the voltage was set to zero (shear rate = 0 s-1) was found, until the end of the 

relaxation. In Fig.7.8c & Fig.7.8d, we checked the reproducibility of the effect at selective shear 
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rates of 10 s-1 (c) and 25s-1(d), the effect occurred when the total deformation before relaxation 

amounts to 25 strain units (black data), then after waiting the total relaxation of the system, the 

effect was perfectly reproducible with the same total deformation (25 strain units) (red data). 

However, when the total deformation was increased to 300 strain units with �̇� = 10 𝑠−1 and 750 

strain units with �̇� = 25 𝑠−1, the effect disappeared (green data). Nevertheless, after waiting for 

relaxation of the system and shearing again the system at a total deformation of 25 strain units, the 

effect reappeared. The above results confirm the finding experimentally. 

In addition, this effect has been observed by other groups with different associative systems: (a) 

industrial associative system by Dr. Remi Fournier from the group of Professor Michel Cloitre in 

ESPCI Paris, France; (b) associative metal-ligand systems by Jan Hendricks from the group of 

Professor Christian Clasen in KU, Leuven, Belgium. This suggests the universality of this feature 

for associative supramolecular systems. Elucidating its origin further, with the help of simulation 

will be the aim of future work.  

 

5) Finally, linking the rheology of the supramolecular organogelator with its response in the 

impact droplet experiment on a small target provides an avenue to obtain design criteria for fluid 

mechanical application. In agreement with previous findings with Newtonian or weakly thinning 

(thickening) systems, two spreading regimes for the maximum expansion diameter were found. The 

capillary regime, where the maximum expansion does not depend on viscosity and a viscous 

dissipative regime where the maximum expansion is reduced with increasing viscosity. The 

phenomenon was dominated by shear deformation up to the edge of the target, beyond which shear 

stress relaxes, and biaxial deformation dominates in the free-standing sheet up to maximum 

diameter. 
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Further investigation should focus on independent measurements of the biaxial viscosity (which 

at present is estimated based on the dynamic and steady shear data. To this, we have developed a 

homemade bubble inflation setup for solutions. As initial attempt we placed a polymeric film by 

means of clamps (w other arrangement avoiding its detachment upon inflation) above a circular 

inflation orifice [16] (see Fig.7.9). The bubble inflation technique is widely used to study the 

fatigue of rubbers via of multiple inflation/deflation [17] [18] but also to measure the biaxial 

viscosity of polymeric melts [19-21] and even food stuff [22]. The principle of the measurement 

is to use air, gas or fluids to inflate a film attached on both sides as illustrated in Fig.7.9.  

 

Figure 7.9: schematic illustration for the bubble inflation principle from [17]. All the parameters are detailed in the 

text. 

  

By having an output of the pressure by means of a transducer and considering the 

deformation at the pole position which is homogenous (true biaxial) [23-25], we can calculate the 

stress: 

 𝜎 =  
𝑃𝑟

2𝑡
 Eq.7.3 

 

where P is the pressure, r the radius of curvature of the inflated film and t its thickness. 
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According to earlier experiments with rubbers, the thickness variation is calculated based on the 

top-view with camera from the volume conservation of the predefined section before inflation, 

where the radius of curvature is monitored by a side-view camera over time. By further assuming 

a homogeneous pressure in all inflated bubbles, the stress can be measured as function of time, 

hence the biaxial rate can be extracted as well. This yields a measure of the biaxial viscosity. 

 

Figure 7.10: Picture for our home-made bubble inflation set-up. The main pictures shows the three principle part: (1) 

The fixture arrangement for sample fixture, (2) syringe used to inflate air and (3) pressure transducer connected to an 

electronic plate with a pressure display. The bottom picture is a magnification of the zone of interest in element (1) 

showing the Teflon disc with holes serving as a sample holder for liquid samples and the outer stainless steel ring 

deciding for the sample thickness and serving as an analog fixture by mean of sample adhesion.  

 

These considerations were introduced in our home made setup presented in Fig.7.10 with the help 

of the Lab. Technician Mr. Antonis Mavromanolakis, where a similar arrangement was followed 
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to maintain the sample film fixed upon inflation above an inflation orifice with a diameter of 30 

mm (see element 1 in Fig.7.10). To load our solutions in air, we placed a Teflon disc with holes 

that serves as sample holder (see the bottom pictures in Fig.7.10). The outer ring tightening the 

Teflon has a step with a known thickness (3 mm), therefore defining the initial sample thickness. 

More importantly, the outer ring is made of stainless steel, and the adhesion of the sample to steel 

is better than that to Teflon. Therefore, upon inflation using the syringe (element 2 in Fig.7.10) the 

edge of the sample will stay fixed to the outer ring mimicking rubber inflation. The pressure is 

monitored using the transducer mounted into an electronic plate with a reading display (element 3 

in Fig.7.10).  
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Figure 7.11: Pictures for the buble infaltion experiment with a sample at 12 g/L. (a) & (c) side and top view imaging 

before the infalation, respectively. (b) & (d side and top view imaging at the maximum infalation prior to brusting, 

respectively. The thick line in the bottom of (c) has a length of 30 mm equal to the diamater of the infaltion orifice.  

 

In order to monitor the deformation with time (marking an area at the pole position in a liquid 

sample is not possible), we used only a side-view camera and fitted at each time a circle passing 

by the maximum points at the pole position. This yielded the change of radius of curvature along 

with the change of the periphery of the circle that is related to the change of thickness.  
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Figure 7.12: (a) Strain rate (black squars) and biaxial viscosity (red circles) mesured from the bubble inflation 

experiment for C=12g/L as described in the text. (b) The compleax viscosity as function of frquancy (black squars) 

along with the average biaxial viscosity measured at strain rate of 1s-1.  

 

Figure 7.11 shows an example of the experimental observations made using top (c,d) and side view 

(a,b) imaging and before (a,c) and at the maximum inflation (b,d)  prior to the bubble bursting. 

Preliminary results obtained with a sample with C = 12 g/L at room temperature are promising 

(see Fig 7.12). 
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In Fig.7.12a we observed that data for both strain rate and biaxial viscosity increase at short times 

before saturating to a plateau despite the experimental errors that arise after averaging the values 

(휀̇ = 1.10 ± 0.33 𝑠−1, 𝜂𝐵 = 14501 ± 2756 𝑃𝑎 𝑠). Indeed, comparing this average value with that 

of the shear data at the same rate, the biaxial value is higher than that of the shear and lower than 

the Newtonian limit for the biaxial viscosity (𝜂𝐵 = 𝜂0 × 6), which is in the good agreement with 

the thinning expected for this system and with the data obtained using the model presented in the 

thesis. Therefore, more work will help validating the setup and obtaining systematic results for 

biaxial viscosity of low-viscosity WLM solutions. 

 

 Overall, the present work provides ways to link molecular characteristics, rheology and 

flow properties. The developed protocols may help in the direction of molecular design of 

supramolecular polymers with tunable macroscopic properties and provide ingredients for future 

theoretical developments in this fascinating field.  
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