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Abstract

We investigate the linear and nonlinear viscoelastic response of a supramolecular gelator formed by association of a bisurea monomer

(EHUT) via hydrogen bonds, in a nonpolar organic solvent (dodecane). 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, in particular, its chain stopper effects on the EHUT supramolecular assembly. Here, we present new measurements

with this system under conditions of controlled humidity, achieved by means of a simple setup developed for this purpose. We resolve the

discrepancy and demonstrate that humidity (both during sample storage and measurement) can substantially affect the linear viscoelastic

response (frequency spectra). The magnitude of the terminal relaxation time, st, is significantly reduced (by as much as 1 order of magnitude)

and its concentration dependence follows st� c0.77 6 0.06. This scaling differs from the theoretical prediction with nearly double exponent

(1.25). We tentatively attribute this difference to the polydispersity in the supramolecular chain length, which results mainly from the EHUT

self-assembly association mechanism, and propose that constraint release effects of smaller chains should be considered as they may weaken

the concentration dependence of the terminal relaxation. On the other hand, the magnitude of the plateau modulus G0 is affected by humidity

to a lesser degree (not exceeding 50%), whereas its concentration dependence is in accordance with predictions, G0� c2 6 0.21. Finally, the

nonlinear viscoelastic properties are also affected, again experiencing weakening in the presence of humidity. VC 2017 The Society of
Rheology. [http://dx.doi.org/10.1122/1.4997600]

I. INTRODUCTION

Adding small amounts of organogelator to an organic,

nonpolar liquid is known to result in a sharp increase in 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 prerequi-

site 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 fea-

tures. Focusing on such molecules that self-assemble into

fibrillar aggregates, the gelation may be understood by

invoking the entanglement of fibrils leading and the forma-

tion of a network [3–6]. The self-assembly of organogelators

is driven by their propensity to form intermolecular H-bonds

and/or develop other specific interactions such as dipolar

associations. When each small molecule is linked to its

neighbors by such noncovalent reversible bonds, the result-

ing 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 liter-

ature [5,10–22]. EHUT forms long cylindrical filaments in

nonpolar solvents [20], giving rise to strong viscoelastic

response. In fact, these aggregates are reported to be equilib-

rium structures [5], contrary to those formed by most organo-

gelators, which are metastable, i.e., they keep building up

their structure with time [23–25].

Figure 1 represents the phase diagram of EHUT solutions

in toluene where the transition between monomers and

supramolecular filaments was determined by isothermal titra-

tion calorimetry (ITC) and the transition between filaments
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and tubes was determined by ITC, viscometry, fourier trans-

form infrared spectroscopy, and differential scanning calorim-

etry. In this work, we chose to work in the “tube” region from

the phase diagram at a temperature of 25 �C, over a concentra-

tion range from 2 to 12 g/l, where the tubes are long enough to

entangle, and exhibiting rich viscoelastic response.

The above diagram has formed the basis for extensive

rheological investigations of EHUT supramolecular assem-

blies in different apolar solvents and regimes over the last 15

years [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 (sb) due to the exchange of associating units

(lifetime of bonds) and the longer terminal relaxation time

(st) of the whole WLM. The former is associated with the pla-

teau modulus of the physical network, whereas the latter with

the terminal crossover of the storage and loss moduli, follow-

ing 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 G00 [27,28], which is assigned to the maxi-

mum value of the breaking (and reformation) time (sb) of the

supramolecular structure. On the other hand, the slow termi-

nal relaxation time (st) is taken as the inverse of the low-

frequency crossover (st¼ 1/xc). These times are linked via

st¼ (srep sb)
1=2, where srep is the reptation time of the living

assembly (this expression holds in the limit sb � srep). They

scale with the average micellar length L as sb� L�1 and,

based on the classic scaling of the reptation time with concen-

tration in good solvent conditions [29,30]

srep � L3c3=2: (1)

By further assuming that L� c
1=2 [7], which is a direct conse-

quence of the Flory–Huggins mean field theory, one can

rewrite the concentration scaling of the terminal relaxation

time as

st � c1:25: (2)

In addition to that and by analogy with semidilute polymer

solutions in good solvent, Cates and Candau [8] proposed a

scaling of the plateau modulus with concentration in WLMs

G � c2:25: (3)

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 the data with one WLM system

with constant length at a single concentration. Nevertheless,

by using the scaling in Eq. (1) and by further considering the

scaling of the breaking time sb� L�1, the terminal relaxation

time [7] is found to scale as st�L1.

Based on a compilation of various datasets with living pol-

ymers [32], the dependence of the plateau modulus on con-

centration 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. (3). However, the scaling of the

terminal relaxation time in Eq. (2) has not yet been confirmed

experimentally. Indeed, the 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 dif-

ferent 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 st have

been reported. 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 surpris-

ingly strong scattering of the extracted st data at different con-

centrations. On the other hand, Shikata et al. in [12] reported

a dual scaling for st with concentration in dodecane: In the

same concentration range probed by Ducouret et al. in [5], st

was independent of concentration, whereas at higher concen-

trations st� 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 param-

eter 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 condi-

tions, in an attempt to resolve the above-mentioned contro-

versies 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 h). We compare our

FIG. 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 aggre-

gates formed (out of scale), i.e., filaments and tubes [11]. Hydrogen bonds are

represented by dotted lines connecting the urea functions (black circles).
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humidity-free experimental results to the theoretical predic-

tions in Eqs. (2) and (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. Nonlinear rheology

is also found to be very sensitive to humidity. We attribute the

differences in the concentration scaling of the terminal relaxa-

tion time to polydispersity effects. The manuscript is orga-

nized as follows: After the introduction, we present in Sec. II

the experimental aspects of the work (sample preparation pro-

tocols, humidity control, and rheological measurements).

Then, in Sec. III, we present and discuss the experimental

results in humid and dry conditions and focus on the concen-

tration dependence of the terminal time and plateau modulus.

Finally, the main conclusions are summarized in Sec. IV.

II. EXPERIMENTAL

A. 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

50 �C for about 18 h, 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 h. The final

solution was completely transparent and thermodynamically

stable at room temperature (in fact, there was no sign of pre-

cipitation 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 Fig. 1). Solutions were measured immediately

after the end of the preparation protocol.

B. Rheology and humidity-control

Dynamic viscoelastic measurements were performed with

a sensitive strain-controlled ARES-rheometer (100FRTN1;

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 fre-

quency sweep, x, from 100 to 0.01 rad/s, and detecting the

storage and loss moduli, G0 and G00, 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 non-

linear rheological response was investigated by means of

startup experiments in steady shear (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

Fig. 2). It consists of an outer plexiglass chamber adapted on

the bottom plate and an aluminum cover fixed on the top

rotating rheometric fixture. These two elements were con-

nected by means of a solvent (dodecane) bath which allowed

rotation of the fixture and sealing of the measurement region.

The inner atmosphere of the measured sample is kept dry by

means of a drying agent (phosphorus pentoxide, P2O5). The

relative humidity level was monitored by means of a highly

sensitive (accuracy 61%) humidity probe (Testo 645/445;

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 proto-

cols 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

plate (dark gray part in Fig. 2) so as they rotated as one bulk

unit.

C. Karl-Fischer 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 (KF) titration” [35]. A C20 coulometric

KF Titrator (Mettler Toledo) was used with a Hydranal

Coulomat E (Fluka) reagent for Karl Fischer titration.

III. RESULTS AND DISCUSSION

A. Viscoelastic properties under humid
conditions: Protocol-1

Figure 3(a) shows the results of dynamic frequency

sweeps for 5 g/l EHUT solution prepared according to

protocol-1 and measured immediately after preparation

FIG. 2. Schematic illustration of the drying chamber: (1) Aluminum cover

attached to 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 plexiglass chamber adapted on the bottom Peltier

plate; (5) inner chamber for the drying agent; (6) drying agent P2O5; (7)

measured sample; and (8) humidity probe.
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(triangles) and 5 h later (squares), in open air. We clearly

observe a big difference between the two results. Indeed,

after only 5 h, the terminal relaxation is shifted to higher fre-

quencies, whereas the plateau modulus decreases slightly.

Figure 3(b) depicts the evolution of the crossover fre-

quency (xc) and the effective plateau modulus (G0) [36], as

functions of time during 5 h of consecutive measurements.

The increase in the crossover frequency by more than 50%

and the concomitant decrease in the plateau modulus by about

20% corroborate the weakening of the viscoelastic behavior

of the system. We note that the time dependence of the cross-

over frequency is nonmonotonic. It exhibits a maximum at

about 105 s. This is considered as an apparent behavior and

may relate in part to the fact that the ambient laboratory tem-

perature can fluctuate much over the duration of the experi-

ment, affecting the temperature inside the humidity control

cell, hence the relative humidity. At any rate, this does not

affect the message of the work.

B. Assessment of the humidity control setup

As mentioned above, in order to study the EHUT solution

in dry atmosphere, the humidity was controlled by means of

the drying chamber of Fig. 2. In this way, we managed to

reduce the humidity of the sample environment substantially,

as shown in Fig. 4, where we present the resulting humidity

level as function of time under different experimental condi-

tions, i.e., by sealing the system using the aluminum cover

(element 1 in Fig. 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 would still have a fairly

dry atmosphere around the measured sample (see Fig. 4).

As can be seen in Fig. 4, we can reach a very low humid-

ity level, less than 5% (region 3) when the drying chamber is

closed, for approximately 16 h, while the ambient relative

humidity is about 40%. Region 3 represents the dry experi-

mental conditions referred to in this work. To further appre-

ciate the efficiency of our drying chamber, we measured the

humidity level before the top cover was inserted (region 2 in

Fig. 4), which was stabilized to 5%. Further, following 16 h

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 increased

gradually to 12.5% at the end of the measurement. This

increase above 5% is due to the exposure of the sample envi-

ronment 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 h using phosphorus pentoxide (P2O5) helps in removing

FIG. 3. (a) Frequency dependence of the elastic (G0, filled symbols) and loss

(G00, open symbols) moduli for EHUT in dodecane at C¼ 5 g/l: Data are

shown for the 1st test in open air (triangles) and a test after 5 h of repeated

measurements (squares). No drying precautions were made in the prepara-

tion protocol neither during the measurement. Each measurement lasts about

20 min. (b) The evolution of G0-G00 crossover frequency, xc, (stars) and the

plateau modulus G0 (diamonds), during 5 h of measurements.

FIG. 4. Evolution of relative humidity at 25 �C 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 Fig. 2).

Region (2): Stabilization of the humidity level at 5% inside the drying cham-

ber 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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any humidity left in the solution and keeps the environment

of the sample at a very low humidity level (<5%) (Fig. 4).

We note that several works addressed the humidity effects in

different systems and presented alternative setups for con-

trolling 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, espe-

cially in melts, we achieve a long-time control for the solu-

tions. Humidity is continuously absorbed from the sample

and kept at very low levels. For the specific setup used, the

water content in air is estimated to be less than the 3.6 lg/l, a

cited value measured under flow conditions [45]. Given the

large excess of P2O5 (6 g) contained in the drying chamber,

this estimation ensures the efficiency of our setup.

C. 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 protocol-2 (see Sec. II A). The different

concentrations probed are as follows: 2, 2.75, 4.88, 8.41, and

12 g/l. The time evolution of the G0-G00 crossover frequency

and the plateau modulus are reported in Figs. 5(a) and 5(b),

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 h under

dry conditions (the level of relative humidity was kept below

5%), and the data are referred to as dry. Finally, the last meas-

urements were performed after removing the drying chamber,

with the data being referred to as humid-2.

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 [Fig. 5(a)]. The value of

the crossover frequency remains virtually constant over almost

16 h 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 cross-

over frequency at three experimental conditions was not

accompanied by any change in the plateau modulus. In fact,

as shown in Fig. 5(b), G0 remained virtually constant. This

situation differs from that of Fig. 3(a) with respect to the

sample preparation protocol: Unlike Fig. 3(a), here the sam-

ples in humid-1 condition were prepared from a predried

powder according to protocol-2 (Sec. II A).

In order to appreciate the effects of humidity on the entire

viscoelastic spectrum of EHUT solutions in dodecane, we show

in Fig. 6(a) an example of the evolution of the frequency-

dependent G0 and G00 at C¼ 4.88 g/l prepared according to

protocol-2 (predried 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 [Fig. 3(a)], we now manage to stabilize the sys-

tem over 16 h of measurements. Although both samples 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 (deter-

mined at the frequency position where G00 has a minimum)

from humid-1 to dry conditions for the sample prepared from

a predried powder. However, the plateau modulus of the sam-

ple prepared from a non-pre-dried powder is noticeably differ-

ent from the other data sets.

In Fig. 6(b), we compare two viscoelastic spectra in dif-

ferent conditions: Dry (1260 min) and humid-2 for the sam-

ple prepared from predried EHUT powder (protocol-2). A

jump of the terminal frequency crossover from 0.02 to

0.04 rad/s is evident, without accompanied change in the pla-

teau modulus.

FIG. 5. Time evolution of (a) the terminal G0-G00 crossover frequency and

(b) the plateau modulus. Inset: The frequency at the minimum of G00, xb,

where we took the breaking time. Data are shown for five concentrations:

2 g/l (squares), 2.75 g/l (circles), 4.88 g/l (triangles), 8.41 g/l (diamonds), and

12 g/l (stars). First open symbols: Humid-1 condition; close symbols: Dry

condition; last open symbols: Humid-2 condition.
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Given that the terminal relaxation time of the EHUT solu-

tion is a function of srep and sb as discussed in Sec. I [7], we

highlight in Fig. 6(b) the much smaller effect of the humidity

on the breaking time (sb¼ 1/xb) [27,28] compared to that on

the terminal relaxation time. The choice of the frequency cor-

responding to the minimum of G00 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. 6) and also corresponds to the deviation of the

Cole–Cole plot from the semispherical shape. [7–9,12,28,32].

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 G00. This is a good estimation of the average breaking time;

however, the high-frequency maximum is not always reached

experimentally [see, for example, Fig. 3(a)]. On the other

hand, the minimum of G00 will yield a value associated with

the maximum estimated time in relation to chain-breaking

process. Nevertheless, by considering the maximum of G00, no

effect of humidity is detected at different experimental condi-

tions (Fig. 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 some-

times yields unphysically high values of the breaking times in

some supramolecular systems and seems to be relevant partic-

ularly for lower concentrations. It is therefore beyond any

doubt that the changes in terminal relaxation time (st) are

mainly due to the changes in the reptation time rather than the

breaking time.

D. Nonlinear response under dry conditions:
A comparison between protocol-1 and protocol-2

We also checked the humidity effect on the nonlinear rheol-

ogy by performing shear stress start-up experiments with a sam-

ple of concentration of 5 g/l prepared with both protocol-1 (no

powder drying prior to preparation) and protocol-2 (with pow-

der dried overnight at 50 �C prior to preparation). In Fig. 7(a),

we present the results for the transient shear viscosity at dif-

ferent rates for the sample prepared with protocol-1 and mea-

sured directly after the end of preparation without any drying

on the rheometer. Also shown are results for the sample pre-

pared with protocol-2 and measured in the dry condition (Sec.

III C). 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, it is the fact that at 0.1 s�1, there is no over-

shoot for protocol-1. It is also worth noting that at shear rates

of 3 s�1 and higher, a transient shear-hardening is observed,

being more pronounced for the dry samples (with longer

chains). This has been reported for associating systems and

attributed to stretching [47]. The nonlinear response EHUT

assemblies are complex [21], and a detailed analysis of the

present systems will be presented in a future study.

Figure 7(b) shows the viscosity at the overshoot as func-

tion of shear rate for the two cases studied. We observe

larger viscosity values for the sample measured in the Dry

condition (protocol-2). This difference is reduced at higher

shear rates, apparently due to flow-induced effects, but this

discussion is beyond the scope of the present work.

E. Rationalization of the role of humidity

The softening of the viscoelastic behavior of the EHUT

supramolecular structure observed in the rheological data

discussed in Sec. III B is consistent with the recent results of

Francisco et al. in [14]. These authors reported 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

FIG. 6. Frequency dependence of the storage (G0, filled symbols) and loss

(G00, open symbols) moduli at different experimental conditions for EHUT

in dodecane solution at C¼ 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 with a low-frequency crossover

of moduli at xc¼ 0.021 rad/s [low frequency solid arrow in (b)] and

G0¼ 20 Pa. Data are also shown for the 1st test in open air with the 5 g/l

sample prepared according to protocol-1: (G0, crossed squares) and (G00,
crossed circles). (b) Dry condition at 1260 min (circles), respective data for

humid-2 condition, after removing the cover (stars), showing an immediate

increase in xc 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 G00 for the dry

and humid-2 data, respectively. The solid lines indicate the fit of dry condi-

tion data with the Maxwell.
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alcohol and ethanol. It was observed that adding a very small

amount of ethanol molecules (at equimolar ratio EHUT/etha-

nol) resulted in a substantial drop of the relaxation time by a

factor of 2.38 and a rather modest drop of the plateau modu-

lus by a factor of 1.15. The crucial role of chain stoppers on

the EHUT supramolecular structures was also identified. It

leads to a weakening of their viscoelastic proprieties through

the competition of chain stopper-EHUT hydrogen bonding

and EHUT-EHUT self-association, which stops 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 properties of the

EHUT supramolecular assembly, supporting the above pic-

ture [14,18,19,48]. 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 out-

balances 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

[Figs. 5(a) and 6(a)]. Note that the same effect was

highlighted in the results presented in Fig. 3, where the ter-

minal crossover frequency shifted toward higher values in

open air. Concomitantly, the weak (albeit non-negligible)

drop of plateau modulus observed in Fig. 3(a) is attributed to

the fact that the EHUT/dodecane solution was prepared and

measured without any drying precautions. Water appears

responsible for a reduction in the average length of the

EHUT micelle, accompanied by a possible increase in poly-

dispersity 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 [Figs. 3(a) and 6(a)]. The reduction in the micellar

average length and polydispersity will also weaken the non-

linear viscoelastic response of the material. In fact, the lon-

ger the chains, the larger 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 Fig. 7).

F. Quantifying water content in EHUT solutions

The water content in the final solutions under humid con-

ditions in the samples prepared with protocol-2 was mea-

sured 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 I). This is due to

hygroscopic nature of the EHUT assembly mentioned ear-

lier. Note that it was not possible to measure the 12 g/l solu-

tion due to its high viscosity.

In terms of molar concentrations, the above results lead to

the 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 lg. This is admittedly a very low

amount and is hardly detectable or measurable with conven-

tional spectroscopic techniques such infrared 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 supramo-

lecular chain length. Using Eq. (1) and the scaling of Cates

for the breaking time, we end up with st�L, which suggests

FIG. 7. (a) Transient viscosity versus time at shear rates (indicated in the

plot) for a sample at C¼ 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 vis-

cosity at the overshoot peak versus shear rate for the two samples prepared

and measured as described above (legends are inside the plot).

TABLE I. Karl-Fischer 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
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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 that we need at least two water molecules to stop

the growth of one chain. Considering that we typically need

more than two 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 precau-

tions for sample preparation and selection of measurement

protocols in order to achieve truly dry conditions. They con-

firm that rheology is a particularly sensitive quantitative tool.

G. Scaling viscoelasticity in dry conditions

Figure 8(a) presents the terminal relaxation time as func-

tion 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 apprecia-

ble scattering. On the other hand, data suffering from humid-

ity 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 attri-

bute 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 concentra-

tion independence of the relaxation time at low concentra-

tions 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

(1–10 g/l), by introducing a small fraction (0.015) of [2,4-

bis(dibutylureido)toluene, DBUT]. The latter is an efficient

chain stopper for the 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 stop-

ping the growth of the chain.

Interestingly, aside for the difference in the magnitude of

the terminal relaxation time, its concentration dependence

follows a universal scaling st�C0.77, with the exception of

the lowest concentration in [12]. This disagrees with the

scaling prediction in Eq. (2) of Cates and Candau [8]. We

note that a disagreement of this experimental scaling with

the prediction in Eq. (2) was found in many other living pol-

ymers, such as surfactant WLMs [32], and attributed to the

different scaling of the average micellar length with concen-

tration (which, in the theory of Cates scales as L�C0.5). We

tentatively attribute this difference to a polydispersity in the

length of supramolecular EHUT chains, possibly exceeding

their most probable value of 2, which is considered in the

model of Cates. The latter value is a direct consequence of

the nonisodesmic nature of the EHUT self-association

reported in [10]. The consequences of this kind of self-

assembly mechanism are strong association, sharp transition

between monomerlike and polymerlike properties and a

polydispersity likely larger than 2 [8,10,49–52]. By invoking

the constraint release ideas developed for polymers

[30,53–55], in such polydisperse systems the short chains act

as effective solvents of the longer ones, speeding up their

relaxation. Given the living character of this system, chain

polydispersity is expected to be different at different concen-

trations. In fact, knowing the distribution of chain lengths at

different concentrations, one should be able to predict the

terminal relaxation time, say by means of a relatively simple

double reptation model [55,56]. Such a task represents a

future direction in this research field. Note also that the

relaxation of the fast chains and redistribution of entangle-

ments of the longer ones may affect the breaking time as

well (see Sec. III C).

In contrast to the relaxation time, we observe in Fig. 8(b)

that the concentration scaling of the plateau modulus is con-

sistent with the prediction in Eq. (3), with all experiments

FIG. 8. (a) Experimental data of the terminal relaxation time versus concen-

tration obtained using the humidity control setup. The different symbols

refer to: Humid-1 (filled squares), dry (open squares), data from [5] (trian-

gles), and data from [12] (circles). All solid lines have a slope of

0.77 6 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 6 0.21.
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indicating that G0�C2.03 6 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 [Fig. 3(a)].

IV. CONCLUSION

The linear and nonlinear viscoelasticity of EHUT, a

supramolecular organogelator formed by hydrogen bonding

association of a bifunctional 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 forms hydrogen bonds with water instead of other

EHUT. This eventually yields a decrease in the average

chain length, possibly weak increase in 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 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 mole-

cules. Our data over a reasonably wide range of concentra-

tions in the tube regime of the phase diagram of the EHUT/

dodecane system reveal the correct experimental scaling

laws. The plateau modulus scales essentially with the square

of the concentration, in a very good agreement with the theo-

retical 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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