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Yielding and flow of solutions of thermoresponsive
surfactant tubes: tuning macroscopic rheology by
supramolecular assemblies

Anne-Laure Fameau*a and Arnaud Saint-Jalmes*b

In this article, we show that stimuli-induced microscopic transformations of self-assembled surfactant

structures can be used to tune the macroscopic bulk and interfacial rheological properties. Previously,

we had described the formation of micron-sized 12-hydroxystearic acid tubes having a temperature-

tunable diameter in the bulk, and also adsorbing at the air–water interface. We report now a detailed

study of the bulk and interfacial rheological properties of this solution of thermoresponsive tubes as a

function of temperature. In the bulk, the structural modifications of tubes with temperature lead to sharp

and non-monotonous changes of rheological behavior. As well, at the air–water interface, the interfacial

layer is shifted several times from rigid-like to fluid-like as the temperature is increased, due to

morphological changes of the adsorbed interfacial layer. The temperature-induced variations in the fatty

acid supramolecular organization and the richness in structural transitions at this microscopic level lead

to unique rheological responses in comparison with conventional surfactant systems. Also, this study

provides new insights into the required packing conditions for the jamming of anisotropic soft objects

and highlights the fact that this system becomes glassy under heating. Due to these unique macroscopic

properties both in the bulk and at the interface, this simple system with stimuli-responsive viscoelasticity

is of interest for their potential applications in pharmacology or cosmetic formulations.
1. Introduction

In aqueous solutions, surfactants are known to self-assemble
into a variety of structures viz. spherical micelles, at lamellar
structures, bilayered vesicles and worm-like elongated
micelles.1 Surfactants can also self-assemble into hollow cylin-
ders or tubules, a far more unusual type of structure.2 Surfactant
self-assembled structures can transform from one morphology
into another under stimuli such as pH,3 temperature,4 light,5

shear6,7 or other variations under the physical conditions of the
dispersion media.8,9 Various systems are described in the liter-
ature showing spherical micelle to vesicle transitions,10–13

vesicle to spherical micelle transitions14–17 and spherical micelle
to worm-like micelle transitions.18–22 But only a few systems
providing tube-like structures are known to exhibit reversible
transitions as a function of the physicochemical conditions; for
instance, some surfactant tubule systems can transit towards
micelles with temperature.23–26

These structural transformations of surfactant self-assem-
blies at the microscopic level under the action of external
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stimuli such as light and temperature can modify the physical
properties of the system on the macroscopic scale, such as the
rheological ones.27 Solutions of spherical micelles yield low
viscosities up to very high surfactant concentrations, whereas
the formation of wormlike micelles or vesicles can have strong
effects on the rheological properties providing in some cases
highly viscous solutions.19 For instance, the vesicle-to-wormlike
micelle transition induced by heating in the system combining
CTAB and 5-methyl salicylic acid leads to a sudden increase of
the uid viscosity.28 As well, several studies have demonstrated
that with some specic surfactants, UV irradiation leads to a
wormlike-to-spherical micelle transition which induces an
instantaneous change in viscosity.29–32 As another example,
structural changes in a DMPG system from gel-state vesicles
toward a bilayer network and uid-state vesicles induce several
viscosity transitions with temperature.33 However, note that
most of the reported systems have a single structural transition
induced by an external stimulus, leading to only one rheological
change. Also, these studies are mostly based on micelles or
vesicles; by comparison, rheological studies of solutions
involving self-assembled tubular structures obtained with
surfactants remain scarce.34

To fabricate responsive materials with various and revers-
ible changes of rheological properties under stimuli, novel
surfactant systems with several structural modications have
to be designed. In that spirit, we have recently developed a
Soft Matter
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thermoresponsive surfactant system displaying multiple
morphological phase transitions. The system is simple and
consists of 12-hydroxystearic acid coupled via ion-pairing
with ethanolamine as the counter-ion: the composite self-
assembles into multilamellar tubes of micron size.26,35 The
tubes present reversible structural transitions with tempera-
ture: (i) the tube diameter is temperature-tunable, it rst
increases and then decreases within a few degrees upon
heating36 and (ii) tubes transit into micelles at high temper-
ature.37 Moreover, we have shown that the self-assembled
tubes can adsorb at the air–water interface, in association
with a monolayer, and exhibiting the same temperature
tunable structure than in the bulk.38 The details of the
previous studies on the microscopic structure in the bulk and
at the interface are given in Section 3.

The primary objective of the present work is to explore the
rheological properties in the bulk and at the interface of this
new tubular so system. The second objective is to determine
how these macroscopic properties depend on and reect the
structural transitions of the self-assembled system as a
function of the temperature. As described below, it turns out
that the bulk viscoelasticity can indeed be widely tuned by the
tube morphology and packing fraction i.e. by adjusting the
bulk temperature. At the interface, we show that the layer is
also non-monotonously tuned from an elastic to a uid
behavior, within only a few degrees, and it is a direct conse-
quence of the structural transitions of the adsorbed layers. We
also address issues on how such solutions of surfactant tubes
can be glassy under high enough volume fractions, how such
systems can develop a temperature-dependant yield stress
and how they ow. These yielding and ow features are
compared to those of other yield-stress uids, composed of
packed so colloids (like foams, emulsions, microgels and
star polymer glasses).
2. Materials and methods
2.1 Sample preparation

12-Hydroxystearic acid molecule (Sigma-Aldrich, 99% purity)
was added to ultra-pure water, in order to reach concentrations
of 5, 10 and 20 g L�1. The desired volume of a 1 M stock solution
of ethanolamine (Sigma-Aldrich, 99% purity) is added to reach
equivalence (12-hydroxystearic acid/ethanolamine molar ratio
R ¼ 1/1). The mixture is vigorously vortexed and heated at 80 �C
for 15 min until all components are dispersed. Prior each
measurement, each sample was heated at 80 �C for 15 min and
cooled at room temperature.
2.2 Interfacial methods

The dynamics of the adsorption at the interface is measured by
the pendant drop method using a bubble tensiometer. In this
method, the surface tension s is calculated by image analysis
from the shape of a bubble attached to the tip of the syringe
needle using the Laplace equation. The same technique, in
oscillatory mode, provides measurements of the interfacial
rheological properties.39 The interfacial dilatational modulus
Soft Matter
E is obtained by performing controlled oscillatory variations of
bubble volume. Oscillations are performed 10 min aer drop
formation, once the interfaces are in equilibrium. The
frequency of the oscillations is varied from 0.005 to 0.01 Hz, and
the amplitude is kept constant at 0.05. For harmonic pertur-
bations of the surface area A, the elastic and viscous part of the
complex modulus E are derived from the amplitude and phase
lag of the surface tension response.

The equilibrium tension and the viscoelastic modulus are
determined as a function of the temperature. A thermostatic
bath allows the regulation of the temperature inside the quartz
cell which is covered during the measurement of aluminum
foil in order to limit heat loss. The syringe is not thermostat-
ically controlled but the tip of the needle is situated in the
insulated container. A thermal probe placed within the vessel
as close as possible to the drop, allows access to the real-time
temperature.
2.3 Bulk rheological methods

For the bulk rheology, an Anton Paar MCR301 rheometer is
used, and experiments are performed in a cone–plate, plate–
plate and Couette cell setup. As the results are independent of
the setup geometry, a largest part of the results presented here
has been performed in the cone–plate geometry.

Oscillatory and steady-shear protocols are the two investi-
gated types of measurements. In the oscillatory mode, ampli-
tude- and frequency-sweeps are made, leading to measurements
of elastic and viscous moduli, G0 and G00, as a function of the
strain amplitude g at a constant frequency f, and as a function
of the frequency f at a constant strain amplitude g. In steady-
shear measurements, the shear stress s and the viscosity h are
measured as a function of the imposed shear rate _g. For
comparisons, some creep tests are also performed (where the
applied stress is controlled, and one monitors the induced ow
in the sample).

In practice, one has to be careful about the possible slip at
the walls, and artifacts linked to high temperatures. First, we
selected tools in contact with the samples with roughened
walls. Concerning the temperature, the cell is thermalized by
the rheometer, and further measurements with an IR camera
give us the actual sample temperature. To prevent evaporation,
the sample within the cone–plate setup is enclosed in a closed
box, and also thermalized using the rheometer. Nevertheless,
to be sure to eliminate possible problems linked to evapora-
tion, experiments at high temperature are limited in time. This
mostly impacts the steady-shear measurements, and implies a
minimal possible shear rate (as discussed below in the text).
With these limits, rheological experiments typically require
only a few minutes at a given T (especially for the amplitude-
sweep oscillatory measurements). Consequently, direct
observations, aer the experiments at any T, do not show any
sample modications; as well, the fact that all the rheological
data are non-monotonous with T and do not simply always
increase with T (as discussed below) also indicates that our
observations cannot be simply due to an artifact like
evaporation.
This journal is © The Royal Society of Chemistry 2014
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3. Summary of the previous results on
the supramolecular structure in the
bulk and at the air–water interface

We rst recall some previous results, mostly obtained from
neutron scattering techniques (a small angle and reectivity
setup), from which the morphology of the supramolecular
arrangements is deduced. At room temperature, 12-hydroxy-
stearic acid (12-HSA) coupled via ion-pairing with ethanolamine
as the counter-ion self-assembles into multilamellar tubes of
micron size.35 The 12-HSA tubes mean dimensions are 10 mm in
length (L) and 0.6 mm in diameter (D), with some polydispersity.
Such 12-HSA tubes exhibit morphological structural transitions
with temperature since the outer tube diameter remains rst
constant with T, and starts to rapidly increase at 47 �C, reaching
its maximum value around 50 �C. The maximum value of the
tube diameter depends on the initial tube length and diameter,
but it can reach a few microns for the longest tubes. On average,
the diameter is multiplied by 3 at its maximum value, when
compared to the minimal value at room temperature. Then, it
decreases again upon a further increase of temperature back to
the same value than at room temperature (D � 0.6 mm). Finally,
from around 70 �C, 12-HSA tubes melt into micelles. All these
structural transitions are completely reversible (Fig. 1).26 These
previous studies mostly dealt with the structure of the indi-
vidual supramolecular objects, and did not focus on the
concentration of tubes in volume. However, the associated
microscopic observations tend to show that the density of tubes
is high; we will come back to these issues in Section 6.

Moreover, in our previous work we demonstrated the ability
of these 12-HSA tubes to adsorb at the air–water interface in
equilibrium with a fatty acid monolayer (produced by a simul-
taneous tube unfolding) by using specular neutron reectivity.38

Similarly to 12-HSA tubes in bulk solution, the 12-HSA tubes
adsorbed at the interface have a temperature tunable diameter.
At 50 �C, the temperature at which in the bulk the 12-HSA tube
Fig. 1 Sketch summarizing the previous results obtained on the 12-
HSA–ethanolamine structure in the bulk and at the interface as a
function of the temperature.

This journal is © The Royal Society of Chemistry 2014
diameter is maximal, a peculiar behavior is deduced by
analyzing the scattering data: the 12-HSA tubes at the interface
unfold and coalesce to form a multilamellar phase (Fig. 1).
Upon further heating, the 12-HSA tubes re-folded and their
diameter decreases again, exactly at the same temperature than
for 12-HSA tubes in the bulk. At 70 �C, 12-HSA tubes melt into
micelles in the bulk and no more tubes stabilize the interface,
only monomers are adsorbed. Remarkably, all these structural
transitions at the interface are completely reversible as in the
bulk (Fig. 1). The 12-HSA–ethanolamine system thus exhibits
multiple structural transitions as a function of the temperature
both in the bulk and at the air–water interface.

To summarize, the two most important temperature ranges
linked to structural transitions are the following: a rst one
associated with the maximum tube diameter (50 �C < T < 53 �C),
and a second with the transition to the micelles (68 �C < T <
70 �C). In the new experiments reported below, we will super-
pose – without any adjusting parameters – these two “micro-
scopic/structural” temperature ranges on the graphs of the
“macroscopic/dynamical” data.
4. Bulk rheology results
4.1 Oscillatory measurements

By sinusoidal oscillatory experiments, one can rst monitor
how the stress s evolves with the amplitude of the applied strain
g, at a given frequency. In Fig. 2, s(g) is reported for three
temperatures, at c¼ 10 g L�1 and f¼ 1 Hz. Two regimes are well
separated: at low g, s varies linearly with g, and at higher strains
s� gd with d < 1. Such a behavior indicates that the 12-HSA tube
solution has rst an elastic glassy response, and that it starts to
ow above a yield point. These tests provide a direct measure-
ment of the yield stress and strain – sy and gy – dened as the
coordinates of the point where the two asymptotic regimes cross
(Fig. 2). The yield stress sy strongly varies as a function of T,
whereas gy remains within the same range of 0.5 to 1.5%
without clear T-dependence. The exponent d varies between 0.2
and 0.5 with T. The evolution of sy with T is shown in Fig. 3, for
Fig. 2 Shear stress s as a function of the strain amplitude g (at constant
f¼ 1 Hz) for three different temperatures at a 12-HSA concentration of
10 g L�1, evidencing the elastic regime (with a slope of 1 at low g)
followed by the solution yielding.

Soft Matter
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Fig. 3 Evolution of the yield stress s with T, for three different
surfactant concentrations. The vertical grey bars are discussed in the
text and correspond to characteristic temperature ranges obtained
from structural studies.
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three concentrations of surfactants (c ¼ 5, 10 and 20 g L�1). The
same qualitative trend is recovered at all concentrations c, with
the same non-monotonous behavior, and a maximum in the
same range of T. For T > 70 �C, the total stress drastically falls to
less than 1 Pa, and the elastic regime and the yielding behavior
vanish for all c. This vanishing of a yielding behavior is also
found at the lowest temperatures, but only for c¼ 5 g L�1: for T <
35 �C, there are no more elastic regimes and yielding.
Fig. 4 Results of oscillatory measurements: (a) elastic and viscous
moduli plotted as a function of the strain amplitude, g (at constant f¼ 1
Hz); only four temperatures are selected for clarity. (b) Elastic and
viscous moduli plotted as a function of the frequency, f (at constant g
¼ 0.1%).

Soft Matter
Secondly, oscillatory tests can be presented in terms of G0

and G0 0, and their evolution with amplitude and frequency. In
Fig. 4a, results of amplitude sweeps (at a xed frequency f ¼
1 Hz), for 12-HSA tubes at a concentration of 10 g L�1 and four
temperatures are shown. At room temperature (T ¼ 25 �C), low
values of a few Pa are measured and G0 � G00. As T increases, the
moduli G0 and G0 0 both increase but also separate, leading to a
range of low amplitude g where G0 > G0 0, followed by a regime
where G0 0 > G0 at higher g. This behavior is more and more
pronounced up to T � 50–52 �C, as shown in Fig. 4a. At such a
temperature, these two regimes can be well identied. For T >
55 �C, the differences between G0 and G00 vanishes at room
temperature. At the highest T, no more elasticity is observed.
These results are consistent with the data shown in Fig. 2, the
shape of the curve and the balance between the viscoelastic
moduli, G0 and G0 0, also conrms a jammed and glassy state at
low g, followed by yielding of the solution. In such graphs, a
usual criterion to dene the yielding consists in pointing the
start of decrease of G0. With this denition, the yield occurs for
the strain amplitude gy which does not depend on T: it remains
always between 0.5% and 1.5%, without any signicant trend.
By contrast, the yield stress varies strongly with T, and in
quantitative agreement with Fig. 2.

Fig. 4b shows how this viscoelastic behavior depends on the
frequency, once the amplitude is kept constant (g ¼ 0.1%). As
previously, the moduli strongly depend also on T. As T
increases, both the moduli G0 and G0 0 rst globally increase.
There is a high frequency regime where G0 > G0 0, and a low
frequency range where G0 0 > G0. The crossover frequency, fc, has
a non-monotonic behavior: it rst decreases strongly with T
Fig. 5 Bulk viscoelastic moduli as a function of temperature for three
concentrations. (a) Elastic modulus as a function of temperature and
(b) viscous modulus as a function of temperature. Error bars corre-
spond to the experimental dispersion of the data. The vertical grey bars
are discussed in the text and correspond to characteristic temperature
ranges obtained from structural studies.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Viscosity as a function of temperature, for three different shear
rates for a 12-HSA concentration of 10 g L�1. The vertical grey bars are
discussed in the text and correspond to characteristic temperature
ranges obtained from structural studies.
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(down to f < 0.05 Hz at T ¼ 50 �C) and increases at higher
temperature. For T > 70 �C, much smaller values are obtained
(down to the experimental resolution), with no more elastic
contribution. So the glassy regime below yielding only exists
above a frequency fc, depending non-monotonously on T.

In Fig. 5, the quantitative dependence on temperature can be
summarized by focusing on the values of G0 and G00 found in the
glassy limit, below the yielding, of low amplitude (g < gy) and
high frequencies (f > fc), where they do not depend anymore on
g and f. These values are reported as a function of T in Fig. 5a
and b, showing the non-monotonous behavior and the strong
moduli variations in only few degrees.

These graphs also include the effect of the concentration: at
c ¼ 5 g L�1, moduli are close to the experimental resolution
and no signicant values can be found for T < 35 �C. By
contrast, for T > 35 �C, only small differences are observed
between the different concentrations, and the highest values
are found for the lowest concentration (5 g L�1). As previously
stated, at T > 70 �C, no more elastic responses are found, for
any concentration.
4.2 Steady-shear measurements

Fig. 6 shows the ow curves – viscosity vs. shear rate – for
different temperatures, of 12-HSA tubes at a concentration of
10 g L�1. A shear-thinning behavior is found at all temperatures.
The viscosity, h, also strongly depends on T, but again in a non-
monotonous way. To illustrate this behavior, h is plotted as a
function of T for three selected shear rates in Fig. 7. For 25 �C <
T < 45 �C, the viscosity remains constant. For T > 45 �C, a bump
of viscosity is observed. Then, from T > 55 �C, h decreases down
towards the lowest measured values (close to pure water
viscosity) corresponding to the highest temperatures (T > 70 �C).
Quantitatively, from the room temperature value, hlow, to the
maximal value, hmax (at T � 50 �C), the viscosity is multiplied by
a factor x ¼ hmax/hlow. This ratio x of the order of 10 becomes
independent of _g at high rates ( _g > 0.2 s�1), while it seems to
diverge as the shear rate decreases. Note also how the viscosity
is divided by orders of magnitude within a few degrees, from
T ¼ 65 �C to T ¼ 70 �C.
Fig. 6 Steady shear rheometry showing the solution viscosity as a
function of the shear rate for various temperatures for a 12-HSA
concentration of 10 g L�1.

This journal is © The Royal Society of Chemistry 2014
In parallel, we can describe the shape of the ow curves s ( _g)
by considering a local shear-thinning exponent, s ¼ _g�a, cor-
responding to the local slope in the log–log plot of Fig. 6. Under
the experimental conditions of Fig. 6, one nds that this expo-
nent a remains close to 0.7 � 0.05 over a large range of shear
rates and T, and that it shis towards 1 as T increases and _g

decreases (Fig. 6). Further information can be found by varying
the concentration and by focusing on the lowest accessible
shear rates. However, a measurement point requires an exper-
imental time texp > 1/ _g. As already introduced in Section 2.3, a
minimal shear rate – _g ¼ 1 � 10�3 s�1 – is selected to avoid too
long experimental times and to prevent any sample modica-
tion (especially at T > 50 �C). Nevertheless, this range remains
sufficient to identify two opposite behaviors, which are shown
in Fig. 8. The tendency shown in Fig. 6 at T¼ 52.5 �C, for the low
_g range, remains valid and measurable for c ¼ 10 and 20 g L�1

and for 45 �C < T < 60 �C: we always detect some divergence of
the viscosity with a approaching 1, and accordingly the occur-
rence of a cutoff in stress leading to a plateau value (Fig. 8).
Fig. 8 Shear stress and viscosity at low shear rates, illustrating the two
opposite types of behavior as the shear rates tends to zero: (a) viscosity
h vs. shear rate and (b) stress s vs. shear rate; a plateau of viscosity is
observed at c¼ 5 g L�1 and T¼ 25 �C, while a plateau of stress is found
at higher T. Solid lines correspond to either Herschel–Bulkley or Cross
fits, and the dashed lines are power laws with an exponent �0.7
indicating the scaling behavior at higher shear rates.

Soft Matter
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However, comparatively to T ¼ 50 �C, this behavior occurs at
smaller _g as T decreases towards 45 �C or increases toward
60 �C, with only the beginning of the divergence of viscosity and
plateau of stress which can be monitored within the experi-
mental values of _g. This is illustrated by the 60 �C data shown in
Fig. 8 where the dashed line corresponds to the _g�0.7 found at
high shear rates, and where only small deviations are measured
at _g < 0.05 s�1. These diverging behaviors are other proofs of a
yield stress, in agreement with the oscillatory results. In this
limit, data can be tted by a Herschel–Bulkley model, and
quantitative comparisons between the yielding points
measured by oscillations or by steady shear will also be done in
Section 6. By contrast, an opposite behavior is only well iden-
tied in the limit of room temperature and c ¼ 5 g L�1, and
corresponds to the presence of a plateau of viscosity, and
accordingly to a s ( _g) curve becoming linear (Fig. 8). Data tting
and discussions on the zero-shear viscosity plateau value will
also be given in Section 6.

5. Interfacial results
5.1 Surface tension

The equilibrium interfacial tension s between air and the
12-HSA solution as a function of the temperature is shown in
Fig. 9a. In all cases, the nal equilibrium surface tension was
obtained in about 10 to 30 seconds. The value remains almost
constant for 20 �C < T < 45 �C. Then at 50 �C, the equilibrium
surface tension slightly decreases with a value of s ¼ 22.7 �
0.2 mNm�1. Upon a further increase of the temperature, for T >
Fig. 9 Interfacial results for 12-HSA solution at 10 g L�1: (a) surface
tension and (b) dilatational modulus as a function of the temperature.
The vertical grey bars are discussed in the text and correspond to
characteristic temperature ranges obtained from structural studies.

Soft Matter
55 �C, the surface tension increases again, back to values
obtained for 20 �C < T < 45 �C. For T > 65 �C, the surface tension
increases more abruptly and reaches the maximal measured
value (s ¼ 31.5 mN m�1) at 70 �C.

It is noted for comparison that in the case of a pure air–water
interface, the surface tension decreases linearly with the
temperature. At 20 �C, the surface tension is s ¼ 72.8 mN m�1

and at 50 �C, s¼ 67.9 mNm�1.1 Thus, in the 12-HSA system, the
thermo-sensitivity in the surface tension comes from the
adsorbed layer at the interface.
5.2 Interfacial dilatational rheology

On equilibrated interfaces, the viscoelastic dilatational
modulus E as a function of the temperature was measured by
performing controlled oscillatory variations of bubble volume.
Two frequencies of the oscillations are tested 0.005 and 0.01
Hz, but without differences, and the amplitude is kept
constant at 0.05. The results are shown in Fig. 9b, where we
report the amplitude of the complex modulus E (the elastic
contribution being always much bigger than the viscous one).
For 20 �C < T < 45 �C, this modulus E smoothly decreases, but
with values always above 50 mN m�1. Then, for T � 50 �C, it
drops abruptly, down to less than 10 mN m�1. For 55 �C < T <
65 �C, the modulus is measured at values back to�30 mNm�1,
whereas for T ¼ 70 �C, the viscoelastic modulus eventually
vanishes.
6. Discussion
6.1 Quantitative correlations between microscopic
structures and macroscopic dynamics

Themain issue of this discussion is to understand the origins of
the unusual and non-monotonous rheological properties of this
12-HSA–ethanolamine solution in the bulk and at the interface
with temperature. Therefore, we compare the previous results
obtained on the 12-HSA microscopic structures in tubes and
micelles (Fig. 1) with the new macroscopic results (Fig. 3, 5, 7
and 9).

As already explained – shown in Fig. 3, 5, 7 and 9 – two
vertical grey bars are added to the new data, and correspond to
the two ‘microscopic’ characteristic temperature ranges:
where D is maximum (50 �C < T < 53 �C) and at the tube–
micelle transition (68 �C < T < 70 �C). In all the macroscopic
measurements, it is straightforward to observe that strong
correlations between the microscopic and macroscopic
measurements exist. All the changes of macroscopic behavior
always quantitatively t with some changes of the microscopic
structures. Both types of approaches provide the two same
relevant characteristic ranges of T: [50–53 �C] and [68–70 �C].
Microscopic and macroscopic properties vary within these
same temperature ranges; however, it remains to check and
understand if the rheological changes seen on the macro-
scopic scale are actually consistent with the proposed
temperature dependence of the microscopic arrangements
(Fig. 1).
This journal is © The Royal Society of Chemistry 2014
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6.2 Understanding the bulk rheological properties

In the bulk, as evidenced by the good correlations between
microscopic andmacroscopic measurements (shown in Fig. 3, 5
and 7), the changes of the supramolecular organization with T
are directly transposed to the bulk rheological properties. A
major result of both the oscillatory and steady-shear experi-
ments is that this solution containing self-assembled tubes can
be considered as a yield stress uid: below a yielding point, the
tubes are mechanically jammed and the system is in a glassy
state, while the solution only ows above this yield point.
Indeed, the rheological features reported here correspond to
what is typically observed for jammed systems obtained at high
concentrations of so and dispersed objects (droplets in
emulsions,40 bubbles in foams,41–43 microgels44,45 or star
polymers46–48).

A rst issue is then to determine whether or not these
jamming and yielding are consistent with the predicted micro-
structures. Also, the experimental results indicate that at c¼ 5 g
L�1 and at room temperature, the solution is not glassy. Another
main question is to understand if this frontier between solu-
tions with jammed or unjammed tubes is again consistent with
the microscopic picture.

It is known that a solution of bers or tubes can develop a
yield stress, if the bers/tubes are sufficiently concentrated.49–51

This is different from the jamming of spherical objects, occur-
ring at the random close packing (frcp ¼ 0.64),52 and which
implies that the objects must necessarily interpenetrate, overlap
or get deformed to go beyond this critical fraction.40–48 In fact,
the jamming of a solution of non-spherical ber-like objects
occurs at a critical volume fraction, fc, well below frcp, and
depends on the particle shape.49,53 As fc < frcp, there is still a lot
of void in the structure while it is already mechanically jammed.
This is originating from the local caging effect, and it requires a
minimal decorrelated number of contacts for blocking all
motions of a tube (typically 10).49,50 As a consequence, the
resulting critical volume fraction fc depends on the ber aspect
ratio L/D (L is the length and D is the diameter), such as fc �
5/(L/D) in the limit of L [ D, and fc tends to frcp as L/D
approaches 1.49,50 In our cases, at room temperature, the aspect
ratio b ¼ L/D is b � 20, providing fc ¼ 0.25. However, this
remains an estimate, as the polydispersity of the tube length L
and D must probably be taken into account.

For solutions containing 12-HSA tubes (T < 70 �C), the
volume fraction of tube in the solution is f ¼ nVtube/VT, where n
is the number of tube, Vtube is the tube volume, and VT is the
total volume of the solution. Moreover, increasing the tube
diameter D with T (Fig. 1) leads to larger tubes (Vtube ¼ pD2L/4)
and thus to larger f. However, as the number of monomer
remains constant, the length L must also change with D.
Conserving the number of monomers implies that the total area
A of one tube bilayer, A¼ pDL remains constant, so that D� 1/L.
In that case, Vtube and f nally scales as D, for a constant n
number.

Consequently, based on microscopic information, we can
calculate the expected tube fraction at T ¼ 25 �C for the various
concentrations. On the microscopic scale, the area per
This journal is © The Royal Society of Chemistry 2014
molecule, a, for the HSA in the tube is between 30 and 50 Å2

(values corresponding to highly packed or loosely packed
monomers),54 and we take t ¼ 4 for the number of bilayers per
tube.37 We obtain: f (T ¼ 25 �C) ¼ 0.08, 0.16, 0.32, respectively,
for 5, 10 and 20 g L�1 with a ¼ 30 Å2, and f (T ¼ 25 �C) ¼ 0.13,
0.27, 0.53, respectively, for 5, 10 and 20 g L�1 with a ¼ 50 Å2.
These estimations of f in the experiments consider mono-
disperse tubes and constant n number of tubes.37

First, we note that these values are qualitatively in agreement
with microscopy data of the solution, where the solutions
appear crowded with tubes.26,36 The most important result is
that these predicted values of f can be smaller or higher than
the theoretical threshold fc ¼ 0.25. From this theoretical
framework, using a single set of microscopic parameters for the
three concentrations, it is rst expected that the solution at c ¼
20 g L�1 is always sufficiently concentrated to develop a yield
stress at all T, as f is always higher than fc. Secondly, it comes
that the solution at c ¼ 5 g L�1 must not exhibit a yield stress at
room temperature, as f (T ¼ 25 �C) < fc. These quantitative
predictions correspond to what is observed (Fig. 3). For the
intermediate concentration c ¼ 10 g L�1, the results are also
consistent with the model: the experimental observation of a
yield stress, already at T¼ 25 �C, imply that a is closer to 50 than
30 Å2. However, the yield stress is actually so small (<1 Pa) that f
is probably in the vicinity of fc at T ¼ 25 �C.

In parallel, in this limit at c ¼ 5 g L�1 and T ¼ 25 �C, the ow
curve of Fig. 8 provides complementary and consistent infor-
mation. The stress and viscosity curves can be tted by a Cross
model:55

(h � hN)/(h0 � hN) ¼ 1/(1 + z _gq) (1)

where h0 and hN are the viscosities at the limit of zero and
innite shear rate. It turns out that this model describes well the
data, and from the t shown in Fig. 8 we especially determine a
zero-shear viscosity h0 ¼ 2 Pa s. Such a value is similar to values
found for concentrated dispersions,40 at a volume fraction (f ¼
0.55–0.57) just below the jamming (at frcp in systems of packed
spheres). In fact, there are models describing the divergence of
the zero-shear viscosity as the volume fraction tends to the
critical jamming fraction. The Krieger–Dougherty phenomeno-
logical model states that the relative viscosity acts as:56

hr ¼ h/hs ¼ (1 � f/fc)
�k (2)

The viscosity hs corresponds to the uid viscosity in which
the tubes are dispersed (here, water, so that hs ¼ 1 mPa s) and
the exponent k depends on the particle shape and on fc.57 For
our tubular particle, we use k¼ 6.5. As a consequence, a value of
h0 ¼ 2 Pa s implies that the experimental volume fraction is
equal to 0.7 fc, leading to f ¼ 0.17 and in fair agreement with
the previous estimations of f (T ¼ 25 �C) for c ¼ 5 g L�1.
Therefore, this is conrming that the solution at c ¼ 5 g L�1 is
below the jamming fraction, and that a small increase in T is
sufficient to shi to a glassy state with a yield stress (which is
indeed detected at T ¼ 35 �C). Altogether and despite the
approximations, we are able to delimit quite well under which
Soft Matter
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conditions the 12-HSA tube solution is either glassy or not,
validating quantitatively the microscopic structure.

Once in the glassy state, regarding the evolution of the yield
stress and viscoelastic moduli with T, the tube volume fraction
increases when T approaches 50 �C (as f� D), meaning that the
tubes have to arrange themselves to adjust to this packing
increase. Note that this is always possible as this network of
tubes is still far from a closely packed organization. The result
of such a further packing of the tubes is an increase of the
elasticity of the system. As a consequence, it is expected that sy
and G0 increase with T up to the point where D is maximum; this
is indeed what is found experimentally (Fig. 3 and 5). To be
complete, wemust add that as D increases with T, the length L is
also reduced. This means that the aspect ratio b decreases.
Therefore, the critical value of packing fc also increases with T.
But as fc remains bounded by frcp when b goes to 1, the
difference (f � fc) still increases with T.

More quantitatively for the variation of sy with T, there are
predictions for the yield stress, stating that sy � f3.58,59 As f� D,
we get sy � D3. On average, the diameter is multiplied by 3 at its
maximum value, when compared to the minimal value at room
temperature. This would imply that the yield stress is multiplied
by typically 33 between their minimal and maximal values.
Experimentally, this is consistent with the variation of sy (on the
order of 30) found for c ¼ 5 and 10 g L�1 when T increases from
30 to 50 �C (Fig. 3). However, the experimental increase of sy for
c ¼ 20 g L�1 is about twice as low as that at 5 or 10 g L�1. In fact,
the predicted linear dependence of f with D would lead to f

approaching 1 at 50 �C; this shows the limits of our approxi-
mations, and we expect that when reaching such high values of
packing, the initial tubes must probably rupture and rearrange
(leading in particular to a higher fc). Note also that, as gy is
almost constant, G0 must vary in the same way as sy with T; this
is what also what is found (for c¼ 10 g L�1, G0(50 �C)/G0(25 �C)�
30). Lastly, in terms of steady-shear viscosity, for any type of
solid dispersion, the uid viscosity always increases with the
concentration of the particles, so with f � D. This is qualita-
tively consistent with our data showing a maximum viscosity for
the larger diameter and packing. Quantitatively, as reported in
Section 4, the viscosity ratio is x � 10 between 25 and 50 �C (at
stresses well above the yield stress), implying that h possibly
scales like D2.

For further analysis of the solution yielding and ow,
comparisons between oscillatory and steady shear measure-
ments can also be made. As explained before, for high enough c
and T, the available range of shear rates is sufficient to quali-
tatively detect features corresponding to a yield point (cutoff in
stress and divergence of viscosity shown in Fig. 8). Quantita-
tively, we can try to t the data by a Herschel–Bulkley form (eqn
(3)), where the total stress is the sum of a constant yield stress
and a viscous one:

s ¼ sy + x _gp (3)

This is the model that is most widely chosen for describing
the ow curves of dispersed systems in the glassy state.40,44,47,60,61

As shown in Fig. 8, the stress data can actually be tted by this
Soft Matter
model. Accordingly, the viscosity, h ¼ s/ _g, can also be well tted
(Fig. 8b). Adjusting such data allow getting another measure-
ment of the yield stress sy, and of the viscous exponent
p. However, to unambiguously determine sy, there must be a
signicant range of _g where the viscous term in eqn (3) has to be
comparable or small compared to sy. Thus, if a yield stress sy
becomes low, one must investigate at lower and lower shear
rates to be able to detect the signature of this yield stress.
Therefore, given our xed experimental range of shear rates, it
is only between 45 and 60 �C that a signature of the yielding
(cutoff in the stress) is observed, because this cutoff yield stress
is indeed high enough (Fig. 3). For T < 45 �C and T > 60 �C, it
would require much lower _g to detect an experimental signature
of the yield point. We must also point out that the plateau in
stress is not always well dened (Fig. 8), as it is oen observed in
other systems.40,47,61 Thus, even if the data can be tted, only an
apparent value (deduced from a t) of the yield stress is found,
and this method is always much less direct than the oscillatory
measurements (where sy is easily observed).

Nevertheless, in the limited range of possible T where it
seems reasonable to t the data, it nally turns out that the
values of sy in steady-shear are always smaller, by a factor 1.5–2,
than the one extracted from the oscillatory measurements
(Fig. 2 and 3). This is again oen observed and such a
discrepancy illustrates the known difficulties to measure
unambiguously a true yield stress from steady-shear measure-
ments.40,62–64 In fact, the two routes to determine the yield stress
do not necessarily rely on the same ow conditions. A rst value
is obtained by extrapolating the equilibrated and shear-oriented
ows at nite shear rates to the limit of _g ¼ 0, whereas the
second method is based on the occurrence of the rst irre-
versible ow within the initially jammed disordered structure.
In practice, it may also be due to the experimental protocol
(ramping up vs. ramping down the shear rate), but here we do
not nd signicant differences between such experimental
modes. Also, for thixotropic uids, large variation of the yield
stress with the experimental protocol are evidenced, in relation
to aging/rejuvenation of the sample, ow heterogeneity (when it
is the shear rate which is imposed) and avalanche-like
effects.63,64 A creep test (applied stress) is considered as a rele-
vant approach to evidence such thixotropic effects, while
providing another way of measuring a yield stress.62–65 Here,
creep experiments are tricky to perform as the yield stress are
very low (sy < 1 Pa, Fig. 3), and controlled experiments can only
be performed when sy is large at high T and c. Such tests nally
help us to check whether thixotropy is dominant in our system.
In fact, we do not observe the features corresponding to thix-
otropy: there is no signicant time-dependence of the viscosity
(or shear rate) at controlled stress, nor effects associated with a
viscosity bifurcation.63–65 Quantitatively, the estimated yield
stress (determined as the value of applied stress where some
macroscopic ow is induced) falls within the same range as the
one obtained from oscillatory measurements. But, as these
imposed stresses are small, we cannot have access to an accu-
rate value.

Another important source of discrepancy for the yield stress
is that the elastic storage contributions vanish also at low
This journal is © The Royal Society of Chemistry 2014
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frequencies, once f < fc (i.e. long time scales; Fig. 4b). In these
glassy states, this means that there exist intrinsic mechanisms
of stress relaxation able to unjam the objects.40,43,47,48,66 The non-
monotonous dependence of fc with T, similar to the one of sy,
indicates that this is not a thermal effect, but that it depends on
the tube volume fraction. Some recombination mechanisms
between tubes dominate if the oscillatory forcing is slow
enough (f < fc), avoiding the storage of elasticity. Otherwise,
above fc, the tubes act as solid bodies. Interestingly, the typical fc
falls within an experimentally accessible range of frequency
(fc � 10�2 s�1, at T � 50–55 �C); this is also the case in some
polymer star glasses,47 while it is oen shied to extra low
values (fc < 10�3 s�1) in emulsions or foams.43,55 A consequence
is that when _g approaches fc, the system loses its elasticity and
progressively corresponds to a viscous liquid. This implies that
the stress falls smoothly below the yield stress as _g decreases
below fc, preventing the occurrence of a true plateau and
providing a smaller apparent yield stress. This effect, seen also
in polymer glasses,47 is probably a major reason why the steady-
shear measurements underestimate the yield stress. In that
respect, the oscillatory mode turns out to be the most reliable
route to determine the yield stress.

Lastly, concerning the viscous stress – taken well above the
yield stress – it appears to be smaller when extracted from
steady shear measurements as compared to the oscillatory ones
(Fig. 2), suggesting that the Cox–Merz lawmay not be valid here.
Note though that the comparison can only be made on a small
range of oscillatory shear rates ( _g ¼ gu), and not well above the
yielding. Despite this possible discrepancy, the exponents of the
viscous contributions, d (Fig. 2) and p, are identical, varying
between 0.4 and 0.25, and again similar to others yield stress
uids made of concentrated dispersions.40,44,45,47,60,61

All together, we are able to understandmost of the rheological
features and dependence with T, and under which conditions
there is (or not) a glassy state and a yield stress. We want to point
out that all these results are linked to the tube volume fraction
and the fact that there is a critical fraction for jamming. All these
ndings illustrate that this solution of concentrated tubes is a
new example of a larger class of concentrated dispersions, as
foams, emulsions or pastes, and share the same complex bulk
rheology with the same issues62,64 (denitions of yielding, ow
homogeneity, coupling with intrinsic relaxation mechanisms,
etc.). In that spirit, it provides a new interesting candidate to test
more complex rheological models, especially because here the
dispersed object are no longer isotropic (opposite to droplets,
bubbles, microgels or so polymeric colloids) and have a size
tunable by T. Further studies are in progress on such issues.
6.3 Understanding the interfacial rheological properties

Concerning the interfacial results (Fig. 1b and 9), for the surface
tension at equilibrium, we can rst note that all the data are in a
low range of values (a typical soap surfactant leads to 35 mN
m�1), meaning that at the air–water interface the 12-HSA
monomers are more packed. Together with the rapid adsorp-
tion time, this tends to show that the interface is covered rst by
monomers, most likely coming from the unfolding of the rst
This journal is © The Royal Society of Chemistry 2014
adsorbed tubes, and then further tubes are adsorbed below this
monolayer. The different organization expected between 48 �C <
T < 52 �C with the formation of a multilayer at the interface has
only a small impact on the surface tension. In fact, whatever the
temperature T and as long as tubes are present, the top layer at
the interface is expected to be made of a dense monolayer of
monomers (Fig. 1), leading to a constant interfacial coverage,
and then almost independent of themore complex organization
below this rst monolayer, as it is conrmed by the surface
tension measurements. By contrast, the tube–micelle transition
occurring in the bulk above 68–70 �C is clearly recovered in the
interfacial tension, providing surface tension values more usual
for a soluble small molecular weight surfactant (30–35 mN
m�1), where the exchange of monomers between the bulk and
interface are possible, as for usual micellar solution.67

For dilatational rheology, we found stronger effects of the
organization of tubes/monomers adsorbed at the interface, and
the dynamical response of the interface is more sensitive to the
interfacial structure than the equilibrium surface tension. We
rst notice the anomalous high elasticity found at room
temperature for solution of a priori soluble surfactants: E is
around 80 mN m�1, a value usually corresponding to an insol-
uble interfacial layer. Remarkably, the fatty acid monomers,
once freed from the tubular structures and adsorbed at the
interfaces, recover their insoluble character, and then practi-
cally cannot desorb, leading to a dense insoluble monolayer
(in agreement with the low surface tension value). Moreover,
tubes are also adsorbed under this monolayer, possibly
enhancing the dilational modulus. Comparing Fig. 1b vs. 9b,
further links can be made between E and the structural orga-
nization at the interface. At T ¼ 50 �C, the expected different
interfacial organization, shown in Fig. 1, leads to a more
smooth and compressible layer, as E almost vanishes. It is
however difficult to separate the role of the multilamellar
structure from the fact that less tubes are adsorbed to explain
the lower values of E. Increasing T to 55 �C and 60 �C, tubes are
expected to be back at the interface with the same microscopic
structure and the same tube diameter than between 20 and
45 �C: indeed, the modulus E is once again high, though lower
than at room temperature, maybe due to a solubility increase
(still too low to be detected in the equilibrium surface tension).
At T > 70 �C, the interfacial layer has lost all its viscoelasticity, as
expected for a micellar solution of soluble surfactants able to
adjust a constant concentration at the interface, and in agree-
ment with the higher equilibrium value of the surface tension.

Thus, by using the structural modications of the 12-HSA
tubes adsorbed at the interface, it is possible to widely tune –

within a few degrees – the interfacial viscoelasticity from a
“solid-like” behavior characteristic of an irreversibly adsorbed
layer to a “uid-like” behavior of a interface covered by soluble
surfactants. For comparison, a PNIPAM layer at the air–water
interface is known to exhibit such a transition from “uid-like”
to “solid-like” with temperature.68,69 But in that case, there is
only one typical temperature separating only two regimes. To
the best of our knowledge, this is the rst system leading to
several consecutive transitions between the “solid-like” inter-
face and the “uid-like” interface with temperature.
Soft Matter
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7. Conclusions/perspectives

Bulk and interfacial rheological properties are tuned by the
12-HSA changes of the supramolecular organization in the bulk
and at the interface: we show here that the richness in structural
transitions of the 12-HSA system is directly transposed to the
rheological behavior. In the bulk, a ne tuning of the tube
diameter and the transition to micelles with temperature leads
to several rheological behaviors. It is striking to nd that – for
the same aqueous solution containing only simple surfactants
and well-suited salts – we can consecutively (and reversibly)
shi from a simple shear-thinning uid to a yield stress uid
and to a low-viscosity Newtonian uid by increasing the
temperature within a relatively small range (from 40 to 70 �C).
As well, note that the yield stress of the solution actually is
multiplied by 30 within less than 10 �C. Similarly, at the air–
water interface, the interfacial layer can easily shi from a
highly rigid-like to a uid-like layer in only few degrees due to
morphological changes of the adsorbed layer. These rheological
responses with temperature are unique in comparison with the
conventional low molecular weight surfactant system.

From a fundamental aspect, new results are also obtained to
better understand the rheology of concentrated solution of so
tubes. As a consequence of the anisotropic shape of the tube, we
show here that a glassy state, where the tubes are jammed, can
be obtained if the volume fraction is higher than a critical value
(fc¼ 0.25), which is more than twice smaller than the usual frcp

¼ 0.64 (found for isotropic objects). However, despite the
differences in the values of the critical fraction, our results show
that the jamming, yielding and ow of such a concentrated
solution of tubes share many features with those of concen-
trated solutions of isotropic objects (like emulsions, foams,
microgels or star polymer glasses). Thus, our system is original
as it provides information on the jamming of objects with a
topology different to the usual ones; as well, the originality
relies in the fact that we can adjust the packing, either above or
below the critical fraction for jamming, by both the surfactant
concentration and the temperature. It becomes then possible to
investigate if we could reach different glassy congurations
depending on the route used to produce a given high tube
volume fraction (either from the initial tube concentration or
from temperature variations). Note also that, though it has
already been observed in some polymeric systems,70 it is rather
unusual to obtain a transition from a viscous uid towards a
glassy regime by increasing its temperature. Another direction
of research would be to study mixtures, either by mixing tubes
of different lengths, or by adding other types of so colloids; in
the framework of star polymers, the study of the mixture has
indeed provided rich phase diagrams.48,71,72

From practical aspects, the structural transition between
tubes and micelles with temperature has already been used to
produce the rst foams exhibiting a temperature-tunable
stability.73 Moreover, the temperature range for the structural
transition can be tuned by the nature of the counter-ion, leading
to the design of similar systems for which the various rheological
behavior can be adjusted at any given desired temperature.37
Soft Matter
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